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1. Introduction

During the past two decades, theory and experiments have conspired to
produce'a cohesive and simple picture of nature. At least down to dis-

tances of 10718

cm matter is made of pointlike constituents leptons and
quarks. The leptons have e]ectromagnetic and weak interactions and are
directly observed as free particles. The quarks have colour and participate
in the strong interaction. So far only colour singlets - i.e. hadrons com-
posed of two or three quarks - have been observed in abundance. This ob-
servation has led to the hypothesis that the quarks are confined and do

not appear as free particles.

The forces, strong, electromagnetic and weak are predicted to arise from
tﬁe exchange of gauge bosons. Based on low energy experiments, there is now
a general belief that the electromagnetic and the weak interactions are
unified to a electroweak interaction on a mass scale of 100 GeV. Further-
more, there are ample specuiations that the strong and electroweak forces

1

are also unified on a mass scale of 10 5 GeV/cz. Heroic attempts are being made

to incorporate gravitation into this picture to create a truly unified theory.

Deep inelastic lepton-hadron or electron-positron annihilation experi-
ments have contributed much to bring thi; picture into focus. The existence
of quasi-free pointlike constituents in the nucleon was first discovered in
lepton-nucleon scattering and well defined jets of hadrons resuiting from

the fragmentation of quarks were observed in ete” annihilation at high

energies. Hadrons reflecting the existence of new quarks have been detected
.+ - _ .

in e e annihilation and both types of experiments have contributed much to
the determination of quark properties. A new sequential lepton, the T has

been found and its properties determined in ete™ annihilation.
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Neutrino experiments first revealed the existence of neutral weak
currents and their continuation has determined much of the Tow q2 pro-

perties of this new interaction.

The existence of gluons, the carrier of the strong interaction was
first inferred from deep inelastic lepton-hadron experiments and the

gluons were directly observed in three-jet events in eTe” annihilation.

Simplicity is one of the reasons why measurements of ete” annihilation
and deep inelastic lepton-hadron interactions have been successful. In
e'e” annihilation the neutral timelike current - electromagnetic or weak -

PC _ -~

couples directly to the basic constituents. The current with J 1

can also produce particles with the same quantum numbers. In deep inelastic

Tepton-hadron interactions the lepton interacts directly with the quarks in

the nucleon via neutral and charged spacelike currents.

These lectures will start with a few remarks on detectors and beams
used to study ee” annihilation and deep inelastic lepton-nucleon inter~
actions. The main part of the lectures will discuss recent results obtained
from a study of these processes including a discussion on the result of
recent particle searches. The picture which emerges from these data is con-
sistant with what has become known as the standard model. However, it is
important to bear in mind that the experiments so far have only investi-
gated masses which are small compared to 100 GeV/cZ, the characteristic
mass of the weak interaction. The new generation of ete” and ep collider
will allow us to extend these measurements into a mass range above 100 GeV/cz,

and thus provide answers to many of the questions confronting the standard

model.



2. The Experiments

2.1 Experiments at electron-positron colliding rings

2.1.1 The colliders

The art of colliding electrons and positrons has developed very rapid1y.
In only 20 years the field has progressed from the first model machinel)
with a circumference of 4.5 m to the present LEP projectz) with a circum-
ference of 27.4 km. |

The storage ring PETRA3)

at DESY is shown in Fig. 2.1 as an example of
a high energy e"e” machine. PETRA consists of a single ring made of eight
45° bends Jjoined by eight straight sections, four £08 m long and four

68.4 m long. The total circumference is 2.3 km. Two bunches of electrons
and positrons each are injected and travel around the ring in opposite di-
rections quided by a system of dipole, quadrupole and sextupole magnets.

The bunches cross in the middle of four straight sections and are here

focussed down to a Smalllcross section by two pairs of quadrupoles located

--experimental hall
Rogs.
™,
B8m
R it
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o
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rf. hatls

MARKJ SW "

Fig. 2.1 - Layout of the ete” collider PETRA
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symmetrically with respect to the interaction point. The distance between
the quadrupol pairsis a compromise between the free length needed to mount
an'experiment and the peak luminosity. At PETRA the free length has been

reduced?) from 15.0 m to 9.0 m leading to an increase in the luminosity by

2

a factor of three to 1.7 x 1031 cm secnl. Similar changes have also been

carried out at CESR in Cornell and at PEP at Stanford with encouraging results.

An electron with energy E0 travelling around & ring with a bending radius

o radiates an energy er per turn.

-6, m Eg
2.1 e, = 88.5 x 10 (EZ§5 ) - ;~
Thus a 19 GeV electron in PETRA radiates on the average 58.5 MeV per
turn. This energy loss is made up by the energy gain in the r.f. cavities
located in the long straight sections. Due to synchrotron radiation the beam
dimensions are Gaussian distributed. A bunch at the interaction point at
16 GeV is typically 0.12 mm high (oy), 0.5 mm wide (ox) and 20 mm long (oe)

and contains on the order of 2 - 1011 electrons.

As we will discuss below the cross section for hadron production in the
continuum is very small and decreases with the square of the energy. It

therefore becomes increasingly important to maximize the luminosity.
. . . + - ‘g . 5,6) . . .
The luminosity in an e e colliding ring is given by:

(n°) B f 2

;
- * X - ® ¥
4 oxcy 4y dey Bf - e

2.2

2

n is the number of particles per bunch, B the number of bunches per beam
and f the revoiution frequency. ci and c; are the horizontal and vertical

rms beam sizes at the interaction point defining an effective beam cross

section F = 47 c:q;. The circulating current in each beam is given by

i=enfB.



High luminosities can only be achieved by maximizing n. However,
when the bunches cross they interact e]ectromagnetica1iy and the ultimate
limit on the number of particles in a bunch is reached when its partner
is lost due to this interaction. This beam-beam interaction is parameterized

by the tune shift AQ with

*
r n g
2.3 8, = — ——a—y
. 2Ty (cX + oy) oy
-13

Here re = 2.82 - 10 cm is the classical electron radius and vy = E/me.

It has been found at the high energy ete” machines that AQ must be less than
0.03 to ensure stable operation. Therefore to maximize n the value of the
amplitude function g~ at the interaction point must be minimized. The ultimate
1imit  is presumably reached when B* is comparable to the bunch length,

i.e. a few cm. However, a practical limit for existing machines with the

detectors already in place is imposed by 8 the largest allowed value

max®
of the amplitude function at the quadrupoles adjacent to the interaction re-

gion. Roughly speaking g should not exceed 500 - 1000 m. However, since

max
B increases as B(s) = 8* + 52/8* with the distance s from the interaction re-
gion, this implies that these quadrupoles must be moved towards the interaction

point - i.e. the free region available to experiments must be reduced.

So far electron-positron colliders have operated efficiently only over
a rather narrow energy range centered near the peak energy. A typical lu-
minosity curve is sketched in Fig. 2.2. The rms beam size ¢ is given by
o = VeR where ¢ is the beam emittance and B the value of the amplitude
function at a particular location. In electron machines ¢ is not a constant
but rather determined by the synchrotron radiation and the focussing strength

of the lattice and grows, for constant g-values, with the energy squared.
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From eqns 2.2 and 2.3 it then follows that the Tuminosity for constant g
will increase as E4 until a maximum enerqy Emax given by the available r.f.
power is reached. According to eq. 2.1 the energy loss per turn increases
as E4 such that the r.f. power needed to produce the necessary energy gain
per turn grows proportional to E8. The available r.f. power is increasingly
used to establish the accelerating field.and the corresponding reduction in
circulating current leads to a very rapid drop in luminosity above Emax'

4 dependence

The Tuminosity at lower energies can be increased above the E
by increasing the beam emittance and hence the beam size. The emittance can
be varied by either changing the focussing strength of the lattice (variable
optics) or by the use of wiggler magnets. In this case the luminosity may
vary as E2. At high energies, where the r.f. power is the limiting factor,

the Tuminosity may be increased by reducing the emittance - i.e. by increasing

the focussing strength of the lattice.
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The data on e'e  annihilation discussed below are from experiments per-
formed at SPEAR and PEP at SLAC, DORIS and PETRA at DESY and CESR at
Cornell. The start up dates of these accelerators and the nominal center

of mass range are listed in Table 2.1.

Table 2.1
Ring Start of Center ofhmass Max.luminosity Interaction
operation energies (GeV) achieved G“~23—1 regions

SPEAR, SLAC 1973 3-8 1. 103 - 2

DORIS, DESY 1974 3 -10.5 (12) 3.5 . 100 2

PETRA, DESY 1978 10 - 36.8 (45) 1.7 - 10° 4

CESR, Cornell 1979 8 - 16 1 - 10°0 2

PEP, SLAC 1980 10 - 30 7 . 10% 6

Center of mass energies up to 12 GeV will be available at DORIS starting
May 1982. The energy in PETRA will be increased in steps, 40.5 GeV will
be available in the autum of .1982 and 45 GeY in 1983.

2.1.2 The experiments
Before we discuss the detectors it might be useful to recall the basic

+ o= . .
features of e e interactions.

In Towest order e'e” annihilate to a timelike current, electromagnetic
or weak which couples direct1y7'10) to the basic fermions as shown in Fig. 2.3,
At the small distances involved in present e'e” experiments the quarks

behave like free particles and quark and lepton pairproduction have therefore

similar cross sections and angular distributions. At present energies the



-11 -

Fig. 2.3
Feynman graphs and topologies

for a? processes in e'e  anni-
hilation

a) ee” » qq

b) e'e” + qqg

c) e'e” » 177 + ggg

a)

b}

<)

|99
A%k

e1ectromagnetic‘current dominates and the cross section for muon pairpro-
duction is given by:
ole’e” > ) = o = 4mo?/3s = 86.8/s nb Gevl

where s is the c¢c.m. energy squared.

The total cross section for hadron production is proportional to crmJ

and the constant of proportionality R is given by:

J
up

+ - -
e R = (e e » qq » hadrons) _ 3.7 (e.[e)z
N 1 *
i
The sum is over all iiberated quark flavours and the factor of 3 accounts
for colour.

As the quarks start to move apart the confining force increases and new

13 om

quark pairs are created from the vacuum. At distances on the order of 10~
the quarks combine into colouriess hadrons resulting in two acolinear hadron
jets along the direction of the original quarks (Fig. 2.3a). At a center of
mass energy of 36 GeV each jet on the average consists of 6 - 7 charged
particles within a cone of an opening angle of 340.'Rough1y 65% of the total
energy is carried off by charged particles. The angular distribution of the
hadron jets with respect to the beam axis is 1 + cosze reflecting the spin 1/2

nature of the quarks.
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11) 12)

The outgoing quark may also radiate a gluon at a large angle re-

sulting in three well separated hadron jets as indicated in Fig. 2.3 b.

The timelike current also couples directly to vector mesons as shown
in Fig. 2.3 c. Below the threshold for new flavour production, these re-
sonances are narrow and they decay13) according to QCD14) with three gluons
in the intermediate state resulting in three jet events (Fig. 2.3 c). Hid-
den flavour states with even charge -conjugation can be populated by photon

emission from the vector states.

A newrclass of processesls’ls) depicted in Fig. 2.4a, b, occur to fourth
order in o. The virtual photon cloud accompanying the electrons interacts
directly efe” » Y*y*e+e' > hadrons e'e . This spacelike interaction can be
divided in two groups depending whether the photon reveal its hadronlike or
poinf]ike character. In the first case the photons convert into vector mesons
which interact to produce a final state similar to that observed in hadron-
hadron collisions, where the final state hadrons in general emerge with low
transverse momenta with respect to the beam axis..A rough estimate of the
o(yy = hadrons) using factorization yields

o(yy - hadrons) = (GYD)Z / Upp = 300 nb

In the pointiike piece the photon couples directly to the quarks which

17)

4
fragments into hadron.jets. The hadrons are distributed™ '/ roughly as 1/p;

Wwith respect to the beam axis.

Fig. 2.4

Feynman graphs and topologies for
e some o processes in efe” interactions

+ - + -
a) e e - hadrons e e

e
a}
b) efe™ » qq e'e”
b) ‘.;::=€§§=_’€L
e

1M1
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The physics which can be investigated with an e*e” machine is therefore
both rich and varied and this results in conf]iéting demands on the detector.
Some of the factors which influence the detector design can be summarized
as follows,

The total cross section is low resulting in some 100 annihilation

1 at 36 GeV. The

events per day for an integrated luminosity of 400 nb~
detector should therefore cover a large solid angle. All annihilation
events are accepted and fhe trigger is used only to reduce the beam gas
background to an acceptable level. Since the annihilation physics is in-
dependent of angle there is no special incentive to cover the difficult

region very close to the beam.

In the continuum the hadrons in general appear in well defined jets.
The aim is to reconstruct the physics on the parton level from the particles
in the jet. To this end charged particles and photons travelling close to-
gether must be measured and identified. Good electron (muon) identification
within a jet is valuable to select either new physics or weak decays of
heavy flavours. For onium spectroscopy the photon calorimeter must be able

to measure low energy photons with good resolution.

Two photon physics imposes additional constraints on the detector.
The energy and the Q2 of the virtual phokon can be determined from a
measurement of the angle and the energy of the scattered electrons. This
requires an electron detector which extends down to small angles with respect
to the beam line. However, electrons radiating nearly real photons will
escape down the beam tube. In this case the c.m. energy must be determined from
a measurement of the final state particles. It is then important that the
detector covers extreme forward and backward angles to catch particles which

travel close to the beam line.

T T
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To see how these requirements are met we will discuss two different
types of detectors, the JADE detector18) as a repreéentative of detectors

19)

based on a solenoidal field and the Crystal Ball s @ non magnetic des

tector designed to measure photons with high resolution.

The main component of the JADE detector shown in Fig. 2.5 is a normal
conducting solencid which creates a longitudinal magnetic field of 0.5 T

parallel to the beam axis. The coil is 3.5 m long with a diameter of 2 m.
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Particle tracking is done using a drift chamber with a total of 48 co-
ordinate space points along each trajectory: The azimuthal coordinate

r and ¢ are measured to 160 u using the drift information and the axial
coordinate is measured by charge division to 1.6 an. The double track re-
solution is 7 mm., In addition dE/dx information is available at each co-
ordinate point. The chamber is 2.36 m long with an inner radius of 21 om
and an outer radius of 79 cm. A Tead glass detector consisting of 2688 se-
parate blocks is mounted outside the cylindrical part of the solenoid. The
endcaps are covered by 2 x 96 céunters. The whole detector is surrounded

by a segmented muon detector made of a steel concrete absorber interieaved
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with driftchambers. The region close to the beam is covered by counters
used to determine the Tuminosity via a measurement of small angle Bhabha
scattering or to measure the energy and direction of electrons in

ete™ 5 X e,

The Crysta1 Ball detectorlg) dep%cted in Fig. 2.6 is a non magnetic
detectof optimized for photon detection. Tracks emerging from the inter-
action region are detected by a set of proportional and magnetic chambers
which measure charge over 94% in 4w and tracks over 71% in 4n defined by
the last chamber. The chambers are surrounded by the main component of
the detector, a 16 r.1. thick shell of Nal (T1) which is subdivided into

672 units and stacked as a geodesic dome. The crystals are hermetically

Fig. 2.6
The Crystal Ball

detector at
SPEAR

sealed in two hemispheres. These are normally in contact but might be
moved apart to access the inner detector. The end cap detectors are made

of planar magnetostrictive spark chambers followed by 51 cm long hexagonal

Nal (T1) crystalls. Muon detectors made of iron interleaved with proportional

tubes, cover 15% of 4rn and are centered at 90°.
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The energy of photons and electrons is measured with an resolution

3/4

of o = 0.028 - E GeY and the angle of the photon is determined to about

0
2.0". These properties of the Crystal Ball have led to the discovery

of both the e and né in the presence of a high background.

2.2 Beams and detectors in deep inelastic lepton-hadron interactions

2.2.1 Neutrino-experiments

20) in neutrino-nucleon inter-

The basic processes which can be studied
actions are fndicated in Fig. 2.7a and b. The incoming neutrino interacts
with thé quarks in the target via a charged or neutral current. In the case
of charged current interactions the final state consists of a high energy
muon, a hadron jet resulting from the fragmentation of the struck quark and
hadrons from the target fragmentation. The jet and the target fragmentation
aré not separated at present energies. In the case of the neutral current

interaction the muon is replaced by a neutrino which escapes the detector

and a hadronic state similar to the one observed in charged current

interaction.
v u L Fig. 2.7 .
) . v é Feynman graphs and topologies
a W
: for neutrino-~quark interactions
dls) u(é) a) uuq +uq
b 1
) v a>v q

b)I %
§ 3

The two processes can be distinguished by the appearence or
nonappearence of a high energy muon in the final state. Every high energy
neutrino detector must therefore be capable of identifying high energy
muons. In the case of the charged current interaction Q2 and v of the pro-

cess are determined - if the energy of the incident neutrino is known -
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by measuring the energy and the angle of the outgoing muon. In a neutral
current event these quantities must be determined from a measurement of
the final state hadrons. Hence it's important to measure the momentum and

the production angles of both the muon and the hadrons in the event.

The total cross section, at present energie521),f0r charged current inter-

actions are given by c(qu +u X) = 0.6 x 10738 £, en™? for an incident

0.28 x 10738 ¢

neutrino beam and by o(GﬁN > utX) v en? for an incident
antineutrino beam. These are very small cross sections and it requires both
a high intensity neutrino beam and a large target mass to carry out detailed

measurements of these processes.

The neutrino beams at high energy accelerators are tertiary beams

resulting from the decay of secondary charged pions and kaons:

+

+ +, =~ -
™ > p(u )+ v (v)

KS = w' ) + 5 (v)
The twobody decay results in a neutrino spectrum which is flat up to the
maximum enerqy which is given by E_(1 - mz/mz), respectively £,(1 - m2/m2).

m uo K u oK

If the energy of the parent pion or kaon is known then it is sufficient to
measure the angle of the neutrino to determine its energy. The neutrino

beams originating from these twobody decays are contaminated on the few per-

cent level by neutrinos from the decays

0
K" »>e Mg and K-=upymn vu

The neutrino beam line at the CERN SPS is shown schematically in Fig. 2.8.
The primary proton beam is focussed on to a production target. The secon-
dary hadrons emerging from the target are sign selected, their momenta are

defined by a focussing device, and they are passed through a long decay
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region. At the end of the decay region the particles enter a massive

400 m long iron shield which absorbs remaining hadrons and muons. The

Tength of the shield is set by the requirement that all decay muons are

absorbed, this requires roughly 0.5 m of iron per GeV of muon energy.

Detectors to monitor the neutrino flux are installed in the shield.

The energy spectrum of the broad band neutrino beam resulting from

the decay of a hadron without well defined momenta is shown in Fig. 2.9.
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energy spectrum
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The flux of neutrinos and antineutrinos are given per GeV and m2 for

1013

incident protons. The flux is measured with a 1 m radius detector
at the position of BEBC. The spectrum is peaked around 20 GeV with a
rapid, nearly exponential fall off towards larger energies. The neutrino
flux near the endpoint energy is much higher than the antineutrino flux.
This simply reflects the prepondereance of positively charged particles
at high relative momenta.The rapid fall off with enerqy is one of the

problems associated with a precise determination of the flux. The flux is

monitored by both measuring the hadron beam and by observing the muons.

The intgnsity of the broad band beam is high but the neutrino energy is not
known. The neutrino energy can be determined by momentum selecting the hadrons
("narrow band beam") and measuring the emission angle of the neutrino. The latter
information is obtained by measuring-the transverse distance from the beam
center line to the event vertex. The neutrino energy as determined from a
measurement by the CDHS detector of the final state particles is plotted
versus the impact radius in Fig. 2.10. The upper band corresponding to
K - uGu decays and the lower band resulting from m - p Gu decays are clearly
seen. The knowledge of the neutrino enerngy leads typically to a loss in flux

by a factor 100.

The small cross section, the large size of the incident beam and the
necessity to identify the muon and if possible measure its energy and
angle makes it necessary to combine the target and the detector into a
single unit. Examples of such devices are bubble chambers and calorimeter

type electronic detectors.
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The bubble chambers offer high granularity, and can
be filled both with light and heavy fluids. The draw back of a bubble
chamber is its comparativiy low mass. The big European bubble chamber
BEBCEZ) has a total volume of 32 i and a fiducial volume of 10 - 20 m3.
It is surrounded by superconducting magnets producing a field of 3 Tesla.
The chamber can be filled with hydrogen, deuterium or neon. Data have also
been taken with a hydrogen target (TST) surrounded by liquid neon,

attempting to combine the advantages of both fluids. Downstream, the

chamber is followed by electronic detectors.

The second group of detectors is finely sampling hadron calorimeters
of enormous dimensions. The COHS 23) (CERN-Dortmund-Heidelberg-Saclay)
detector is the first one shown in Fig. 2.11. The detector is modular,
made cf 19 magnetic torroids, each 3.75 m in diameter, weighing
65 tons. Each of the 7 units is subdivided into 15 five cm thick

ironplates interleaved with scintillation counters. The remaining
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Fig. 2.11 - View into the CERN neutrino hall. The detector consisting

of iron toroids and hexagonal driftchambers is the
CDHS detector. The CHARM detector (square cross section)
follows directly behind.

12 units are each made of five 15 cm thick ironplates and scintillators.
The iron plates are magnetized by means of two vertical coils which pro-
duce an average field of 1.65 T in the plates. Three sets of drift wires
are instalied between each module to measure tracks, The detector has a

fiducial good resolution mass of 400 tons and an additional 800 tons with

poorer resclution.
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The CHARM24) (CERN-Hamburg-Ams terdam-Rome-Moscow) detector shown as
the second one in Fig. 2.11 is a finely grained calorimeter capable of
measuring the energy and direction of hadronic showers. Its primary goal

is to investigate neutral current events.

The detector consists of 80G sheets of 80 mm thick marble 3 x 3 m2

square. The sheets are surrounded by a picture frame magnet used to

determine the charge sign of muons produced in charged current events.

2.2.2 Charged lepton experiments

" The basic process which can be measured in muon (electron) nucleon
interactions is shown in Fig. 2.12., In fact it was the famous deep in-

25)

elastic electron-nucleon scattering experiments at SLAC which gave

the first direct evidence for pointlike constituents in the nucleon.

The incoming lepton interacts with a quark in the target
by the exchange of a photon or a neutral weak boson (ZO). The
Cross section at present energies is dominated by one photon

exchange. The final state consists of a muon (electron) and as

B o
¥+Z° A-%é

W

Fig. 2.12 - Feynman graph and topology for u (e a»u' (e')q
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in charged current interactions,of two hadron jets, one from the struck
quark and the other from the target fragments. The jets are not separated
at present energies. Clearly it is easier to reconstruct deep inelastic
muon hadron events than neutrino hadron events since the former have
charged leptons both in the initial and the firal state. However, muon-
hadron events have larger radiative corrections and the cross section

is supressed by the photon propagator at large values of 02. The Tepton
may also interact with the quark via the charged weak current uN - vX. The
resulting cross section is very small at present energies and the events
are more difficult to reconstruct due to the neutrino in the final state.

Data on this process have not been reported.

The SLAC Tinear accelerator delivers a well defined high intensity
14
beam of about 10° " electrons per second. The maximum energy has been
increased to 33 GeV by shorteningzs} the r.f. pulse length and in-

Creasing the peak power ({SLED). It is planned to increase the energy

to 50 GeV and beyond using this scheme,

The decay of kaons and pions into muons and neutrinos is the source
of the high energy tertiary muon beams at high energy proton machines.
While at FNAL both decay products are used simultanously by bending the
muons away from the neutrino beam, at CERN a special muon beam has been
built. It consists of four parts. The front end accepts parent pions and
kaons within an enerqy-dependent solid angle of 10 - 20 pusr in the forward

direction and separates off the unused primary protons. A momentum band of
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Ap/P(v,K) < + 10% is accepted by the second part, a FODO decay channel.
This 600 m long channel consists of a regular array of large aperture
quadrupoles, alternatively focussing and defocussing. The channel confine
with small losses both the parent pions and kaons and also the decay muons.
The third part, a hadron absorber, removes most of the pions and kaons
remaining at the end of the decay channel. It consists of 10 m beryllium
located at a.focus within the aperture of the momentum selecting magents.
Final]y.a back end consisting of two vertical bends and a 250 m FODO array

selects the muons and transports them to the experiments. The effective

14

momentum band is Ap/p = 5%. Per primary proton of 400 GeV incident on the

.

production target 3.8 10'5 positively charged muons with a momentum of
120 GeV/c are delivered to the experiment. The numbers for positively
charged muons with momenta of 200 and 280 GeV/c are 1.4 x 10-5 and

1.8 x 10"6 respectively. be negative muons the fluxes are Tower by a

factor 2.5 - 5.

It is difficult to defihe the size of the muon beam due to the high pene-
tration power of muons and special care has to be taken to avoid or at least
detect halo muons. A1l detectors therefore start with a wall of veto coun-
ters to reject muons outside the accepténce. As a target, hydrogen, deuterium,
carbon and iron has been used by the various experiments. The final state
particles are measured by a magnetic spectrometer. Since the muon-nucleon
cross section varies like 1/Q% (with Q% 4 4 EE' sin®9/2), it is essential
to measure the energies and directions of the in- and outgoing muons with
similar precision. The detector of the EMC 27), shown in Fig. 2.13, is a

good example for a high resolution muon scattering detector.
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Fig. 2.13 - The detector used by the European Muon Collaboration EMC
to measure deep inelastic muon interactions

To ach&eve the desired resolution in 02 and v, the spectrometer con-
sists of sets of driftchambers (wl’z) installed in front apd (w3,4’5) in-
stalled at the back of a large aperture dipole magnet (FSM). The tracking
through the magnetic field is done with proportional chambers (P1,2,3).
The ]argé distances betwéen-the drift chambers and their good spaciai re-

solution result in a momentum resolution. of Ap/p = 10'4

p GeV/c at 5 Tm.
A multicell Cerenkov counter 62 is used for particle separation in
a limited momentum range. Thus muons are identified as tracks in the

drift chambers HG and N7 linking with one of the tracks in H4 5

A

D T
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A lead, iron, scintillator calorimeter with a depth of 5 interaction
length is used to measure neutral particies. The caforimeter together with
a 10 interaction-length deep iron block is used to remove the hadrons.
While the ENC detector like the CHIOZ®) (Chicago-Harvard-111inois-Oxford)
9)

is designed as a general purpose detector, the BCDMS2 - (Bologna-Cern-
Dubna-Miinchen-Saclay) detector is désigned as a high statisfics experiment.
It is basicly a single arm spectroﬁeter for the muons. It consists of a
55 m Tong magnetized iron torus with a 40 m carbon target in the central
hole. Proportional chambers and scintillator hodoscdbes measure the muon
tracks. To be identified as a muon, it has to transverse at least 5.28 m

of iron. This requirement introduces a cutoff in 02 (Q2 > 20 GeVZ/cz at

E = 120 GeV).
-
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3. The Structure of the Electromagnetic and Weak Interactions

3.1 The standard model

The standard model is for the neutral current 30) pased on the group
G = SU(2) x U(1) and on a V-A interactionsl) for the charged current. The
 group SU{2) contains two massless gauge bosons W and W° with coupling
constant g and U{1) the massless gauge boson 8% with coupling constant g'.

The coupling constants are related to the electric charge:

3.1 el - gligT

2

The gauge symmetry must be spontanously broken in order fof the theory to

be renormatizable. There is at present no consensus how this is achieved.

In the standard model the symmetry is broken by introducing I = 1/2 scaiar

32)- In this case we get massive W* bosons which mediate the

Higgs fields
charged weak current corresponding to the weak isospin raising and lowering
operators T;. The massless B°, W° mix and we obtain two new bosons:

0 . e
cosGw NH - smew B11

n

Zo
3.2 H

A
n

. 0 0
51n9w wu + cosew B11
The Au remains massltess and can be identified with the photon coupled to

the electric charge. The 7%, however, will acquire a mass. In the standard

+
model with 1 = 1/2 Higgs fields the Z° and the W~ mass are related:

¢
3.3 p_—.m”2=1

Z
mzo . COS Qw

The 23 is coupled to a neutral current Jﬁ which is a mixture of the weak

isospin current and the electromagnetic current:

. 13 e inla . 18-
3.4 Ju = Ju 2s1n GN Ju
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The mixing angle eu is a free parameter defined by tggN = g'/g.
With this definition Eq. 3.1 becomes

3.5 g =g - sinew

2

At Tow values of q° the effective strength of the charged current

interactions is given by
' ‘ 2,02

N .
The W- mass and the Z° mass can be expressed in terms of a single parameter

sinzgu using equations 3.3, 3.5 and 3.6:

_37.4 GeV
m; = h§?7ﬂﬁ;‘“ and

my0 = 3?.4 GeV ‘
s1n9w . cosQw

3.7

To complete the model the transformation properties of leptons and quarks

under SU(2) x U(1) must be specified.

In the standard model all fermions are arranged in left-handed weak

ARV
o)

and in right handed singlets. The fermions in the first two generations

isospin doublets:

3.8

have all been found, whereas the last generation is still incomplete.
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Measurements from PETRA show that the mass of the top quark - if it
exists - must be above 18 GeV and the tau neutrino has not yet been ob-

served directly.

The weak effective Lagrangian at low energies can be written as:

G
3.9 L. = —F(J+J:

Q L0
eff /7 u ¥ Ju Ju ) -

The lepton charged current is given by the doublet structure:
1 .

3.10 v, ?-(l - YS)Q with 2 = e, u, T.

The quark charged current can be written as:

3.11 ot By p g (5

It is generally assumed that the d', s' and b' quarks in the weak iso-
spin doublets are related to the d, s and b quarks observed in the strong

33)

interactions by the Kobayashi-Maskawa matrix analogous to the Cabibbo

mixing in the four quark system

d' d
s! = Uls
b' b

The mixing matrix U can be written in the form:

3.12 / 4 -$1C3 5153
16 P8
y = 516, €1CnC3 = S5 C1CpS3 + S,Cqe
is : ig
515, 15,03 + Cp83e C1SoS3 = CoCqe

c; and s; are abreviations for cosei and singi, the generalized Cabibbo

angles and & is a complex phase which permits time violation.

I T
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The neutral current was defined in eq. 3.4, The axial 9a and vector 9y

coup?ihg of the fermions to the neutral current are then given by:

3
gy = 1
3.13 A L

IE - 20 - sine

Yy W

where Q is the charge and IE the third component of weak isospin (eq. 3.8).

They are explicitly Tisted in Table 3.1 for the various fermions.

Table 3.1 - Fermion neutral current coupling constants
Fermion 9 dy
Ver Yy Vo 1/2 i/2
& us -1/2 -1/2 + 2sin’g,
u, c, t 2 1/2 - 4/3sin%,
d', s', b -1/2 -1/2 + 2/3sin’0,

A fit to the available data %) gives sin?

Qw = 0.224. The vector coupling
constant of the neutral current to a charged lepton is therefore rather

small.

3.2 Test of QED

QED predictions are based on the validity of Maxwell equations and
on the assumption that leptons are pointlike objects without excited states.

35) at very small dis-

With e'e” machines these assumptions can be tested
tances in a clean environment with only small and well defined corrections

due to the strong interactions.
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The Feynman graphs for Bhabha scattering, lepton pair production and
two photon annihilation are shown in Fig. 3.1 and the differential cross
sections for these processes at 31.6 in c.m. is plotted versus scattering

angle in Fig. 3.2. A1l the cross sections scale with energy as 1/s with

2

s = (oo m)

E‘* [ y— e+ e

>___< Fig. 3.1
:>>~““4<i The Feynman graphs for:

- + - + -
e*e"w *u”  or a)ee —»ee

+ - + - -
0t b} ee +ynq (T+T)
:>"“”““‘<: :>’““*“*<: c) ee” » vy
r{t) it
eteT - vy
E__ﬂrw“mvy e ,fY
Q__J. y e :>A\Y

e gAlgV
: Y : Z°

The interference of the weak and the electromagnetic currents leads
to observable effects at the highest PETRA and PEP energies both in Bhabha
scattering and in the forward-backward asymmetry in muon pair production.

We will return to these effects after the discussion on QED limits.
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Fig. 3.2

Differential cross sections
2E = 31.6 GeV for two body QED reactions.

1%

il W P
0° 20° 40° 60° 80° 100° 120° 140° WC° 18D°
5]

33481

The standard procedure which is used to compare data with the QED pre-
dictions can be summarized as follows:
1) The data are corrected for weak effects assuming the Glashow-Salam-

0)

Weinberg mode]3 with the standard values for sinzew. These corrections

are small and in most cases negligible at present energies.

2} The measured cross section do / d@ js corrected for radiative effects
Sp and effects due to the hadronic vacuum polarisation Sy -
do do

3.14 — - e
ds da

(1 + SR + GH)'

3) The corrected cross section is compared to the QED predicted cross section
and deviations are parametrized in terms of formfactors. The formfactors

used for Bhabha scattering and lepten »air production can be written as:
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2
2 _ -
| Fs(a) = 1% iy
3.15 @ At
Z - S
F = 1
t(Q) +:—A§;

where FS and Ft are respectively the formfactors for spacelike and time-

1ike momentum transfers squared.

The differential cross section for ete” 5 e¥e” as measured by the va-
rious PETRA groups and normalized to the QED cross section are pTOttedBS)
in Fig. 3.3 versus scattering angle. The data have been corrected for ra-

diative effects and hadronic vacuum polarization but not for electroweak

effects.
L (IZEII.LO' ;30[«';-:;5.7;9\;' ) M
1. - . - -
ol o o —e gt e Differential cross section
‘-,------ﬁ + - + - ..
3 + f{f e for e'e »e e divided by
* e the QED prediction
s JADE 274 < VS <36.7 (ev PLUTD  27.4 < 3 < 216 GeY
é"lg N i * 4
e TR R
sle 10 -+-— ‘f -40--- g ————
s 2 *f*+ 5 1 + + ﬁ*H*
ol STERESL; LA PR C?e =
ek MARK ) 29sv333626ev | TASSO WO« <1675V 1
V.2
) Y Ww-- +{ ﬁiﬂ-; ;,;':.--
28
DEF 4 l?CC:S(:?I 1T | COSG I
-08 -0 Q 0.¢ 08 -0.8 0.¢ v VKA a8

33518

The total cross sections for muon and tau pairproduction as measured by

36)

the PETRA groups are plotted in Fig. 3.4 and Fig. 3.5 versus c.m. energy.
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The data are in good agreement with the QED predictions shown as solid

lines.

e+
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Fig. 3.4

~The total cross section measured

by the PETRA groups for muon
pair production plotted versus
c.m. energy. The solid line
shows the QED prediction.

Fig. 3.5

The total cross section measured
by the PETRA groups for tau

pair production plotted versus
c.m. energy. The solid line
shows QED prediction.
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The two photon annihilation process ete” o Y ¥ proceeds by electron

exchange in the t-channel. This reaction is unique among twobody QED re-
actions in that weak effects do not contribute to lowest order. The observed
cross section is related to the QED cross section by

’ do _ do
T - - gED (1 +68p+8,+ GA)

whére a breakdown of QED is parametrized by &, (s,8). Two possible breakdown

ol
mechanisms have been considered,the seagull term and the exchange of a heavy

electron with coupling strength e and mass m. For the seagull term:
| 52 sin49

ZAi, 1 + cosze

3.16 6A (Ss 9) = 'i_‘

and for the exchange of a heavy electron
2
= S ing .
3-17 (SA (S, g) - Z'\z Sln g

The measured cross sections normalized to the QED prediction are plotted in

Fig. 3.6. The data agree well with the QED prediction.
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14
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Twobody QED reactions have been measured37) by the MAC and by the MARK II
Collaboratiohs at PEP and also the data obtained by these groups are in agree-
ment with QED.

The lower limits on the formfactor A extracted from a comparison between

the data and the QED predictions are listed in Table 3.2. Equation 3.16 was

. m -
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used in the case of e'e” - vy v. These data show that QED is valid down

to distances of 10-16 cm and exclude a heavy electron with mass less

than about 50 GeV and with a coupling strength e.

Table 3.2 -~ QED parameters: 95% confidence lower limits in GeV
Experiment e'e - e'e” W i oYy

Ay A_ A, A A, A A, A

CELLO 83 155 139 120 43 48

JADE 112 106 142 126 111 93 47 44

MARK J 128 161 194 153 126 116 55 38

PLUTO 80 - 234 107 101 79 63 46 -

~ TASSO 14D 296 127 136 104 189 34 42

MARK II 50 41

3.3 The neutral weak current in purely leptonic interactions

Neutrino-electron scattering gives information on the neutral weak
interaction in a purely leptonic system. This current and its interference
. . . N § -
with the electromagnetic current have also been studied inee e e ,
+ - + - + - + - . . .
ee >pupyp and ee —+ rt t . The experimental results are discussed in

this section.

3.3.1 Neutrino electron scattering

In principle four neutrino electron scattering processes are possible:

v, e > v e

3.18
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The processes (a) and (b) can occur through charged and neutral current

interactions. The interference between these interactions gives in-

formation on possible scalar (S), pseudoscalar (P) and tensor (T) con-

tributions to the neutral current amplitudes in addition to the vector (V)

38) |

and axialvector (A) part. The cross sections can be related to the V,

A, S, P, T coupling constants:

“do . Gz he-Ev 2
where i = y or e, and y = v/”max' | |
C. + C C. - Cy = 4C
3.20 A = (ge : ge)Z £ ( S P )2 + S P T )2
U v A
4 4
2 s+ Cp 2 LG
B =By = CT - (——— )" - ( )
L 4 4
Co + C o - Cy + 4C
2 S P .2 S P T .2
C,o= Co=(gy - g * ( )+ ( )
4 4
a , - e e\’ '
Ao = Au + 4+ 4(gy t g,) ’
NC CC Interference '

Neglecting S, P and T terms the total cross sections are (eq. 3.21):

3.21
GZ

m, E m :
- e 2 2 ,
o(vg € ) = 2e Y (gs + 95+ 2) +1/3 (gy - gi)2 - 2?— [(g$+1)2 - (g§+1)2] .
T v s
- - szeEv e e e e 2 me e 2 2 .. 2
o{vg © ) = -~ {(gy - gA) + 1/3(9V + Gy 2)" - 'ZE;{(QV*‘” - (9A+1) i}
- Gz Me, Ev e e e e.2 Mo e2 e2
C‘(Vue ) =—“é*“— {(9V+9A) + 1/3 (gV_gA) 'Q‘E[gv‘gA 1}
™ Y) I
2

_ - G me Ev e mn 2 2

- e 2 e e,2 _ e e
c(vu e ) s —— (QV QA) + 1/3 {gV + gA) ?E;'[QV - g
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These equations describe four ellipses in a 93 - gﬁ plane which inter-
sect in two points. Due to the small mass of the electron the cross

sections are very small and high neutrino fluxes are needed to carry out

the experiments.

There are no data on (a) since sufficiently high Vo fluxes are not available.

39)

The reaction (b) has been measured
13

at a 1800 MW fission reactor with a
flux of 2.2 x 10 Ge/cmz/s. The main backgrounds are caused by inverse g
decay (Ge p - e+n) and reactions induced by neutrons and photons. The in-
verse B-decay was identified and rejected by the et annihilation and neutron
capture. The latter processeé were determined by varying the shie?dfng and
found to contribute less than 10%. A signal of 5.9 + 1.4 events/day with
1.5.< Ee < 3.0 MeV remained. The statistic is too poor to allow a definite
conclusion on the interference term, but a destructive interference is
slightly preferred38). The data confine the allowed gﬁ - 93 values to an

ellipsoidal band as shown in Fig. 3.7.

Fig. 3.7

Regions in the gﬁ, g& plane
a11owed'by the data for

;e e > Ge e, v ey e

and v_e»v_e. T
Vo Va he

ellipsodal bands are the
60% confidence limits.

Vg &~V

33285
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The reactions (c) and (d) have been studied in high energy neutrino
and antineutrino beams. The observation of Gu e > Gu e was in fact the
first evidence for a neutral weak current, The discovery was made in the
heavy Tiquid bubble chamber Gargamelle®©) at the CERN PS. Subsequently this
reaction (d) and the reaction v, TV, e were investigated with Bubble

41-46) 48,49)

chambers , Visual spark chambers47) and electronic detectors

The world-averaged cross sections for neutrino lepton scattering

are summarized in Table 3.3.

Table 3.3 - vue- and Gue" cross sections

Process’ o/E 10742 cmZ/GeV sinzew

ve =ve 1.5 + 0.3 0.24 + 0.06
H - B 0.04

ve »ve 1.3 + 0.6 0.23 + 0.09
H H 0.23

49)

The new results of the CHARM experiment on the antineutrino cross
section are not included in the above average. Fig. 3.8 shows the rate

of observed events with an electron shower and no visible hadron in the
final state as a function of E292(square of the momentum transfer). The

2 2,2 2

(72 + 16) Gu e events of this experiment with q- = E78~ < 0.12 GeV

correspond to

42 2/ gey

o/E = (1.7 + 0.33) x 10°
or in the GWS model

sinzew = 0.29 + 0.05.

The combined neutrino electron scattering data (Fig. 3.6) restrict the
possible gi, 93 values to the overlap-regions of three elliptical bands.
Two possible solutions are left. The axial dominant solution has been

fitted to

I T T T T S
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Fig. 3.8

Number of candidate events
for Gue > Gue

observed by the CHARM
Collaboration plotted
versus E29%

NUMBER OF EVENTS
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B9 [Gevi] o
gs = -0.52 +0.06
e
gy = 0.06 +0.08

The second possible solution gives:

g5 = 0.06 +0.08
e
gy = -0.52 + 0.06

Data on either neutrino-quark and electron-quark scattering or from the
ete” storage rings are needed to resolve the‘ambiguity. The data from

e'e” reactions are now sufficiently precise to observe weak electromagnetic
interference effects such that a unique solution can be found using only
ieptonic data. This solution is excellent agreement with the Glashow-
Weinberg-Salam model which predicts for s1’n29w = (.23 the values

g = ~0.5 and gy = 0.04.
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3.3.2 Electroweak effects in e'e” annihilation

Including the neutral weak current will change >0) the normalized
QED cross section for muon and tau pair production by AR and lead to a

forward-backward charge asymmetry A in the final state.

At present PETRA and PEP energies the change in the normaiized cross section

R o= ol 7% - oy)
o()
is given by:
2 2, 2 2
G 25 g 6 s{g; + ¢
3.2 are-(—F 2% & 250 v)

2Zma | (s/5-1)  Tma (s/m - 1)°

The forward-backward charge asymmetry is defined as:

26 <90°) - 92 (9 > 90°)

- 92 (< 90°) + 3¢ (9 > 90°)

A negative asymmetry results from an excess of negative muons along the
initial e direction. The asymmetry integrated over 4w, can be written

at present energies as:

_FF . 5 - gg
2T (s/mo-1)

3
3.23 AL =5

2

These quantities are plotted in Fig. 3.9 as a function of s = (2E)" for

mz = 93 GeVY and sinzew = (.23, Note that the 20 mass is increased from

89 GeV to 93 GeV by radiative corrections. At /5 = 35 GeV the model pre-
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Fig. 3.9

Muon pair production in the

Salam-Weinberg model evaluated

for sin’0, = 0.23

a) the forward-backward asymmetry
plotted versus energy for
Mz = 93 GeV and MZ = o

b) change in the cross section
normalized to the QED cross
section 4R = [U(Y+ZO)"U(Y)]/G(Y)-

a2 n

01+ -

] 1
0 . 1000 2000 3000
S (Gev?)

dicts an asymmetry Auﬁ = -9,6% of which some 1.5% is due to the finite
mass of the Z°. AR is about 1.5% at 35 GeV and this results from the
finite z° mass. At 45 GeV, the highest PETRA energy with conventional ca-
vities, it should be possible to determine the Z° mass by combining the
total cross section and the asymmetry data. Mass effects can easily be

measured at 60 GeV, an energy possible with superconducting cavities in

PETRA.
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The observed asymmetry must be corrected for radiative effect551’52)-
Some of the higher order QED diagrams produce muon pairs with even C and they
interfer with the diagrams which lead to muon pairs with odd C to produce
a positive charge asymmetry. The size of this asymmetry depends on the c.m.
energy and on the experimental cuts which are used to select the data, i.e.
minimum muon energy Eu’ the maximum value of the acollinearity angle g,
and the acceptance in production angle 8. For typical conditions like

£ < 20°, E, > 0.5.E and [cos8| < 0.8 this asymmetry is +1.5% at /s =

beam
35 GeV. It is thus smaller than the asymmetry caused by the electroweak
interference term and of opposite sign. A1l the data presented below have

been radiatively corrected.

The angular distribution of the muons measured53) by the JADE group at
high energies is plotted in Fig. 3.10. The dotted line indicates the
1+ c0329 distribution for a pure electromagnetic current, the solid line
shows the expected angular distribution including weak effects.

The value of the asymmetry extracted from these data is shown in

36)

Table 3.4 together with values obtained by other PETRA groups.

15. '
50 | Fig. 3.10
- ) The angular distribution in
+ -+ -
00 - B ee - yup as measured by
b . the JADE Collaboration at
i ] c.m. energies and 35 GeV.
5.0 =
e T 00V S U T S T S S S S U W Y S i
1.0 -05 0.0 0.5 1.0
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Table 3.4 - Charge asymmetry in muon and tau pairproduction
JADE MARK 4 PLUTO TASSO
Auu measured -11 + 4 -3+4 7 + 10 -11.3 + 5
predicted -7.8 -7.1 -5.8 - -8.7
A measured - -6 + 11 - 0 +11
predicted. -5 -7

The value quoted by TASSO was obtained by extrapolation to lcosB] < 1.

For the other experiments the asymmetry integrated over the detector

accept&hce, typically |cos®| < 0.8 is given.

The systematic uncertainties are quite small and the data from the va-

rious groups can be combined. The resulting asymmetry36) is

Aw = -7.7 + 2.4% with a x2 of 3.6 for 3 degrees of freedom. The result

is in good agreement with the -7.8% predicted by the standard model and
it yields

e +0.07
lapt = 0.5 glog .

This is the first evidence for a weak neutral current contribution in

+ - _y .
e e annihilation.

At PEP the muon asymmetry has been measured 37) by the MAC and the MARK 11

Collaboration at vs

i

29 GeV. MAC finds Auu = (~0.9 + 5.2 + 1.5)% and
MARK II A = (-4.0 + 3.5)%.
By -
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The Bhabha data can now be used to set limits on sinzew. The difference
between the observed cross section for Bhabha scattering and the QED p}e-
diction as measured by the MARK J Collaboration for center-of-mass energies
between 14 GeV and 37 GeV 1is plotted versus cos® in Fig. 3.11. Only scattering
angles between 0% and 90° can be measured since the charge sign of the out-

going Tepton is not determined. The solid lines indicate the predictions

based on the GWS model with sinzgw = 0.23.
T v T MIARIK I
+10% ete~—eote- 36-37 GeV § Fi g. 3. 11
) L2 The difference between the
oo L ® + ] cross section for
‘ : X i 1 1 1 5 1 i + - + -
00 Or 02 03 04 05 06 07 08cosO ee - ee as measured by
2 .0 the MARK J Collaboration and
o ¢ (] T T T T T T ] T
z + ; 22-25GeV the QED prediction normalized
o 0'-~‘:$::-— ; 2 to the QED prediction
S L 3 *  J QED p C and
E 210 | plotted versus scattering angle.
< 00 0! 02 03 04 05 06 07 0800sO
=
é T ! T T T T T T
+10% 1 GeY .
. l
Ohoace-®_ 1 i 1 + ; GWS
R) r- ¢
-‘0'/. - -1

'l 1 A i 1 1 1 1
00 01 02 03 04 05 06 07 08cos®

k=14l ]

The ratio of the experimental cross section to the QED cross section
at a center of mass energy of 35 GeV is plotted versus cos8 in Fig. 3.12.
The data, obtained by the TASSO Collaboration are also compared with the
standard theory for various values of sinzew. Although the present data
are not yet‘sufficient to give a precise value of s{nzgw, théy do Timit
the value of sinzew. Using all the available information the various
groups have extracted the values for sinzgw. These values are listed in

Table 3.5.
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Fig. 3.12

The ratio of the measured
cross section for e'e” > ete”
normalized to the QED cross
section plotted versus cos®.
Predictions for the GWS model
for various values of sinzew
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Table 3.5 - Values of sinzgw for purely leptonic reactions
Group sinzew input
L, + 0.15 Y- 4~
CELLO , 0.22 _ 0.10 e ,TT, ATT
JADE 0.25 + 0.15 ete™, v'u7, Ay
MARK J 0.25 + 0.11 ete™, v, 1, A
PLUTO 0.23 + 0.17 ete”, wu”
TASSO 0.25+0.10  e'e”, u'u, AL
MAC 0.24 + 0.16 e'e”
4 - =
MARK I 0.36 * 9:92 e'e”, 'y

fhe 95% C.L. boundaries in a dy> 9p p]ane\as measured by the PETRA
groups are shown in Fig. 3.13. They describe two well separated regions
centered at g, = + 1/2. If these data are combined with the elastic
neutrinc electron scattering data discussed above and replotted in
Fig. 3.13 then we find a unique solution consistent with the assign-
ment made in the GWS model, i.e. the axial coupling of the charged

lepton is gp = -1/2.



- 47 -

9a

IxS01

Fig. 3.13 - The 95% confidence 1imits for 9 and gy as determined by

combined PETRA data and compared to the 68% confidence
1imits extracted from the elastic neutrino-electron

scattering data.
It is possible to construct mode1554’55) which reproduce the low energy data
but which have a much richer spectrum of vector bosons. In particular it
has been pointed out that the low energy data can be reproduced in a model

with an effective Lagrangian:

c - 4 . G 2
3.24 Leff = LEff + C * -'—E— (J'E.m.)
In this class of modelsthe vector coupling is modified to

3.5 o5 = (- 2sinfg )Prac

and y» 9p and gi remain unchanged.

36)

The various groups working at PETRA have derived -upper limits on the
value of C using the Bhabha scattering and the muon pair production data as

an input.

-
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Table 3.6 - 95% confidence upper limits on C
Group Limit
CELLO < 0.032
JADE < 0.039
MARK J < 0.027
PLUTO < 0.06
TASSO < 0.03

56)

. There are variou§ ways to realize such models. For example
SU(Z) x U(1)} x U'(1) will have only one charged but two neutral vector
bosons. In this case

4 2, 2 2, 2
3.26 C = cos Gw (mz/m1 - 1) (1- mz/mz) .

In this equation m, is the mass of the z° in the standard SU(2) x U(1)

z
model and my and m, are the masses of two neutral bosons in the extended

model.

It is also possible to construct a model with SU{(2) x SU'(2) x U(1).

Such a model57)

will have two charged and two neutral vector bosons, and in
this case the cos49w is replaced by sinqgw. The 1imit on C can therefore
be translated into limits on my and My using the expressions given above.

The results are plotted in Fig. 3.14 for C < 0.027 (MARK J}.
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3.4 The neutral weak current in mixed lepton-quark interactions

3.4.1 Neutral current neutrino quark interactions

Neutrino hadron interactions, inclusive, semi-inclusive and exclusive,
determine34’58’59) the neutral-current couplings to the light quarks u and
d, also the first results on the neutral-current couplings to s and ¢
quarks have been extracted from these data. As will be explained in chap-
ter 9; the cross section for charged and neutral current neutrino inter-

actions with an isoscalar target can be written as (eq. 3.27):
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2
cC - GME )
T om - —2 0+ § (1)H)
2
CC _  GME.
T~ M = =@+ (19)h)
2 . ‘
NC GEM,E )
$— M) = —10? + 100 + Q1-)7D # tug + dR1IT + Q1) °1)
NC 62 E

$— M = 20l + af1@ + 00?1 + 1§ + G100+ ALy) D)

The contributions from the strange and the charmed sea are neglected,

y = Ehad/Ev is the inelasticity. Q and § are respectively the total quark
and antiquark content, Uy dL’ Up and dR are the chiral coupling constants
of.the neutral current to respectively u and d quarks assuming vector (V)

and/or acial vector (A) couplings only.

The chiral coupling constants are related to the vector- and axial

vector couplings by the simple relations:

U -
3.28 9p = U~ Up gy = Y+ Y
d
gg =d -dp gy = d +dp

The chiral coupling in the GWS model is related to the weak mixing angle

Gw as follows:

uE =-i - %-sinzew + g-sin49w

dE =~% - %—sinzew + %-sin49w
e 2 = & sinte,

dg = %—sin49w



- 51 -

. . . . . B0),
It 1s sometimes convenient to use Sakurais notation )-

1
uw =g (a+g+y+4)

1 ‘
UR =7 (¢ ~ B8ty -8)
3.30 1
dL =7 (~a=-84+vy+ 8)

dp = %-(- o+ 8+ Yy - 8)
If we assume that the neutral weak current does not change isospin by more
than one unit, in analogy to the electromagnetic and the charged weak
currents, then «, 8, vy and 6 have a very simple interpretation. In this
case « Eepresents the isovector vector, B the isovector axialvector,

y the isoscalar vector and & the isoscalar axialvector fraction of the ha-

dronic neutral current.

By adding or subtracting the NC cross sections {eq. 3.29) and normalizing

to the CC cross sections one arrives at:

oyur(WN) + oya(oN) - .
3.31 . NC ) NC( = U 2 + d 2 + U 2 + d 2 + corrections
+ o ( N) + (-N) L L R R
cehy ScelVy
oy (WN) = oyn{9N)
3.32 R_ = NC NC = uL2 + dL2 - uR2 - dR2 + corrections .

GCC(vN) - GCC(GN)

Equation 3.31 describes the total strength of the neutral current coupling,

whereas equation 3.32 measures the VA interference.

If both right handed couplings, Up and dR’ are zero, the interaction
is pure V-A and accordingly pure V + A if the left handed couplings vanish.

Pure V or A couplings require u = up and dL = dp.

Gy (VN) " oye(WN)
By defining Rv - N s R- = _NCr 7

occtM) T oM
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o‘C'C(GN) _ :
and r = ——— , equations 3.31 and 3.32 can be combined to:
Onapr{VN)
cC
: 2
2 2 R, - r" R -
3.33 u_ + dL = corrections
I -r
r(Rz - R))
3.34 uR2 + dR2 = _E_fi;?_:; + corrections .

In the context of the GNS model equation 3.32 reduces to the
well known Paschos-Wolfenstein re]ationsz):

3 39 R\)-R\_) i O'NC(\)N) - ONC(\)N)

1 = — = 1/2 (1 - Zsinzgg) + corrections

Recent data from COHS®Z), cHARME®) and CITFRREY) are summarized in

table 3.7.

Similar results have been reported from earlier experiments. Clearly, the

neutral current interactions are predominantly V-A but with an admixture

of V+A, since up = dR = 0 is ruled out.

Table 3.7 - Recent data on hadronic weak neutral current interactions

CDHS CHARM CITFRR
R, 0.307 + 0.008 0.320 + 0.010
R 0.373 + 0.025 . 0.377 + 0.020
r 0.498 + 0.019
R, ' | 0.330 + 0.017
R - | | 0.254 + 0.037
sinzew 0.228 + 0.018  0.230 + 0.023 0.243 + 0.015
[uL|2+]dL]2 0.300 + 0.015 0.305 + 0.013 = 0.292 + 0.020
|uR|2+[dR[2 0.024 + 0.008 0.036 + 0.013 0.038 + 0.020
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To obtain more information on Uy s Ups dL and dR one has to measure deep
inelastic scattering on protons and neutrons or semi inclusive reactions.
Ignoring the sea the NC/CC cross section ratios on protons and neutrons can

be written as

2 .
+ corrections

1]
~No
=

Mvpy 7 o(vp)

3.36 Rp

UNC(GN) / QCC(vN) 2 4+ corrections

1]
(AN
(=R

3.37 R

This determines the dominant left handed couplings up to a sign. The
IMSTT - I1linois-Maryland-Stony Brook-Tohoku-Tufts-Collaboration obtains

the following va1ue565) from a measurement of neutrino deuteron interactions

in a bubble chamber:

Rp = 0.47 + 0.05
R, = 0.22 + 0.02
R = 0.30 +0.02
‘\) -
and derives
u’ = 0.19 3 0.07
¢¢ = 0.11+0.03
in reasonable agreement with previous results 66-70) and with the
preliminary result of the BEBC-TST Collaboration 71):
Rp = 0.530 + 0.045 + 0.030 .

The right handed couplings can be obtained from semiinclusive 7 , 7 pro~
duction on isoscalar targets (the left handed couplings too) but the above

described method gives more precise results.

I Y T T T
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The charged current interaction vt d+yu + uonavalence d quark

produces a u quark which subsequently fragments into charged pions with

the probability Du+ and Du—' The number of observed pions coming from
this primary process (i.e. with a high fractional energy z = Ew/Ehad)
is therefore proportional to Du' The ratios of energetic positively and

negatively charged pions resulting from (v d) or (v u) interactions are

related by
‘i'T+ ‘ﬂ'-
3.38 Ni = N WL D_d_
N_”- Ry N+ § vy D'n- Dnr+
i u d
For the neutral current reactions72’73’74), both quark helicities are involved,
1
the right handed being only %—as effective since I(l-y)2 dy = %. In an
0
isoscalar target the n7/n” ratios are (3.39):
2 1 2. 2 1 2.
( Eﬂi \ i fu/ +3ugl D, + [d  +5d]D,
N - VY 2.1 2. & 2 1 2. 1
1 [uL+'§uR] Du +[dL+§dR] Du
3.39 + -
2 .1 2, .m 2 1 ,2, .1
: N_+ o fug + 3yl D, + [dp +5d/] Du
N - VY 2,1 2, 1 2 1 24 o1
T [uR + 3 UL'] Du + [dR + 3 dL] Du
) 75) X
Experimentally these ratios are
N +
(=) = 0.77 + 0.14
N‘n_" VY
Nﬂ+
(=—)-- =1.64 + 0.37
N.n." VY
yielding 74)
Uy = 0.03 + 0.015
ui = 0.00 4 0.015 .
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So far, the experiments allow a unique determination of the squares of
the coupling constants, in particular dg is very small. Ignoring dg and de-
fining the sign of u to be positive, the signs of the two products

. dL and u, - Up have still to be determined. These products can be

58).

ol L
written in terms of the model independent notation

|
—

[a %
i

3.40 (- (e+8)? + (v+6)%)
(

(aty)° - (p+8)7).

1]

oof +— COf 1=

u dL < 0 would be indicated by a strong isospin changing component in

the hadronic neutral current; o and 8 are the isovector (|AI| = 1) parts,

1ikewise U+ up < 0 means a dominantly axial vector current (8 and & dominant).

R

The GGM Co]}aboration76) observed a strong enhancement at the a in thg
reaction
vprv+p+ 70
which indicates a large isovector ([AI]| = 1) component in the neutral current

i.e. (a+g) is dominant and u - dL < 0.

77)

The neutrino disintegration of the deuteron Ge + D+Ge +n+p
is a pure isovector-axialvector (Gamov-Teller) transition near threshold.
The 3SI(I=O) D-state goes into the 1SO(I=1) n-p state. This means that the

transition is sensitive only to 8.

Experimenta11y77) one finds |B| = 0.9 + 0.1. Using the above data, the

sign ambiguity of u - up can be transformed into two predictions for |g]

. axial vector dominant
vector dominant .

1]

6] _ _ 0.92 +0.14 |8] large
predicted .58 4 0,34 [ small

[

Clearly the solution u - up < 0 is preferred.

T

o om

.- OB - e I T
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Kim et a134) have made a fit to all data available in 1980 arriving at

the following values for the chiral coupling constants:

u = 0.340 £ 0,033  (0.347)
d, =-0.424 £ 0.026  (-0.423)
ug = =0.179 + 0.019  (-0.153)
dg = -0.017 + 0.058  (0.077).

The numbers in brackets are the predictions of the GWS model for
L2, '
sin Qw = 0.23.

Within the standard model the neutral current coupling to the quarks

depends only on the charge and is independent78)

of the generation. Two
experiments have reporied measurements of the couplings to quarks belonging

to higher generations.

The differential cross section for deep inelastic neutrino and anti-

79)

neutrino scattering on an isoscalar target can be written' "/, with the

assumption that the weak currents contain only V and A parts, as:

3.41
(dofdy) , = = B [(1-a") + &"(1-y)7 ]
(do/dy)y, v = B (s + (1-")(1-y)%)
(40/8y) (5) » ()= BUE gy + df(y) 1(17a") + &¥(19) %)
F () * e (1) (1))
s (sE e sl (@ T aY) 1+ 1)
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By fitting these expressions to their measured y distributions for
neutrino and antineutrino induced charged and neutral current events, -
80 . .
the CHARM ) Collaboration obtains for the coupling of the strange quark
2 2 2 2
S+ sg = (1.39 + 0.43) - (dL + dR)

in agreement with the expected universality.

The CDHS Co]]aborationsl) reported recently a value for the corresponding

coupling of the charmed quark.

The dimuon mass spectrum of their neutrino induced dimuons shows a
peak at the J/y mass, which is interpreted as the ¢c¢ bound state produced
via z° and gluon fusion. Comparing the observed cross section for this

o cmz/nucleon with that of J/¢ production

channel of (4.2 + 1.5) « 107
by an incident muon, as measured by the European Muon Collaboration (EMC)
and applying the gluon fusion model to both the photon-gluon and the Z°-
gluon vertex, a connection between the uaz® and the ccz® coupling can be

derived. In this model dependent way the authors conclude

2 2 2 2

consistent with universality.

In summary, the neutral current coupling constants to the up, down,
strange and charm quarks have been (at least partially)} determined. The
standard model with sinzew N 0.23 agrees extraordinarily well with all

the available data.

In general, in SU(2) x U(1) models the relative éoupTing strength
. .2,2 2 i
p = mw/mZ cos ew (eg. 3.3) is related to the Higgs fields and is equal to

one if all Higgs bosons are in doublets.
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In a general model the constants Ups dR, Uy dL etc. have to be

replaced by 34)

.
.

Up = p lUp +op T3R(u)

R > p dR+ o) TSR(d)

d -+ pd
where T3R(i) is the third component of the weak isospin for the right

handed component of the fermion 7.

Kim et a1.34)have shown that the data are consistent with all right
handed fermions being in singlets (T3R(i) = 0). They find in a general
fit to all available data

1.018 + 0.045  sin’e,

fl
]

p 0.249 + 0.031

It
]

Top(u) -0.101 + 0.058

Typ(e) = 0.039 + 0.047 .

-0.010 + 0.040  Typ(d)

Assuming, that the third components of the weak isospin are all zero, they
find, fitting polarized electron deuteron and deep inelastic scattering

data:

0 0.992 + 0.017 (+ 0.013)

1+

. 2
5in Qw

0.224 + 0.015 (+ 0.015)

where the numbers in parentheses are the theoretical uncertainties. With

the same assumptions the CHARM Collaboration63) obfained from the total

cross section for neutral current and charged current (anti) neutrino nucleon
reactions for the left and right handed coupling constants:

af = of(uf + df)

2 2, 2 2
gR & (UR + dR)

0.305 + 0.013
0.036 + 0.013 .
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Without constraining o, a nonzero value for the right handed coupling

was measured (more than 90% C.L.).

The result can also be expressed in terms of the parametérs p and

. 2.
syn Gw.

p = 1.027 + 0.023

Fig. 3.15 shows

sinzew = 0.247 + 0.038.

008 -

0.20

" 0.30

032

P MR,

0.34

this result with the 1, 2 and 3¢ contours.

© Fig. 3.15

Best fit and confidence limits
of 39%, 87%, and 99% on the
chiral coupling constants as
determined by the CHARM experi-
ment. The drawn curves are lines
of constant p, and the dashed
curves are lines of constant

. 2
sin ew.

The measurements favour the assumption that right handed fermions are

grouped in singlets, and Higgs bosons are in doublets, as in the standard

model.

3.4.2 Electroweak interference effects in neutral current quark interactions

Flectroweak interference effects have been studied over a wide range

in q2 from parity violations in atomic levels via deep-ineltastic electron-

deuterium scattering to electron-positron annihilation into hadrons. The

available data are reviewed briefly below in order of increasing values of

2
q .
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The neutral weak current interaction between the electrons in the atom
and the quarks in the nuclei induces82) a small opposite parity part in
the wave functions of the atomic levels. This parity violation is reflected
in the radiative transitions; for example a dominant Ml transition will have
a small E1 admixture. This parity vio1ation is expected to be of the order
4 22 (R, )2 = 107° Mev? re-

. 1t was rea]ized83) that the

of 10~ (qumg). In atomic transitions q = 10

sulting in a signal on the order of 10715
effect scales as Z3 resulting in a large gain for transitions in heavy nuclei.
However, in order to extract a quantitative value the electron density at

the nuclei must be computed and this introduces rather large uncertainties

for heavy nuclei.

The parity violation in atomic transitions results from a linear com-
binétion of Vqu and Aqu. Vand A are the axial and vector coupling con-
stants of quarks and electrons as denoted by the subscript. The dominant
contribution is from Vqu since the nucleons contribute coherently. The
nucleon spin contributs to Aq but the contribution from individual nu-
cleons tends to cancel. The matrix element of the Vq is in general ex-
pressed through the weak charge

Qw = —4VuAe(22 + N) + VdAe(Z + eN).
The experimental results are quoted using different quantities as the weak

charge Qw, R the ratio of the matrix elements for E1 to Ml or ¢ the amount

of rotation due to parity violation. The results are listed in Table 3.8.
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Table 3.8 - Results on parity violations in atomic physics

Element A Quantity Result Prediction Groups Ref.
measured
Bi 6476 R -20.2 + 2.7 -1078 ~(11-17).107%  Novosibirsk 84
Bi 6476 R 2.7 +4.7 - 108 - v - Oxford 85
-10.7 + 1.5-107% 86
B 6476 Lopyc 0.22 + 1.0 -10°8 107’ Moscow 87
Bi 8757 R 0.7 +2.1 - 1078 -(8-13).107% Washington 88
~10.4 + 1.7-1078 - . 89
Bi 2927 W ~155 + 63 - 116.5 Berkeley %0

The range in predicted values for the Bismuth data reflects the spread

91)

in the pgb]ished calculations - Thallium has a simpler electronic confi-
guration and the estimates might therefore be more reliable. The data are

now in reasonable agreement with the standard model predictions. Note, how-
ever, that there are still discrepancies by a faétor of twolbetween dif-
ferent groups. These are very difficult experiments and a complete discussion

can be found in reference 92.

The observation of a parity violation-in deep inelastic electron (muon)
hadron interactions is a unique signature for the interference between the
electromagnetic and the neutral weak current (Fig. 2.13). In the
SLAC experiment93) parity violation was observed by measuring the cross section
for inelastic electron deuteron scattering using right and left handed

electrons.

I Y
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In the experiment a 40% polarized electron beam with energies between
16 GeV and 22 GeV was passed through a deuterium target and the scattered
electrons were observed at 4° using a single arm spéctrometer. The quan-
tity A = [do, - do_ ]/ [do, + do_1, where do, (do_) stands for the double
differential cross section dzc/deE'for right (left) handed electrons, is
then a measire of the parity violation. - Theexperimental data are shown

in Fig. 3.16.
0 I

' ' v Fig. 3.16

The asymmetry A observed in po-
larized electron-deuteron
scattering versus y. The dashed
------ I 7 line shows best fit to the data

105 A7Q? (Gev/e)?
s

Model in the model resulting i
Independent 1. ; GWS model resulting in
sin" . = 0.224 + 0.02. The solid

- , line is a model independent fit.

o E,=19.4GeV |

A F,=16.20GeV

° £ =22.2GeV
-20 L 1 1 1

0 0. 0.2 03. 0.4

y={E-E'V/E 33494

The quantity A has been evaluated by Cahn and Gi]man94)

in the parton
model neglecting the sea contribution.

They find:
6G

2
A/lq" = ~
3.42 5/?“_0;

[(v,a, - /2 vga,) + Fy) (a v, - 1/2 ayv )l
v and a are the vector and axial vector coupling constants for u and d
quarks and for electrons as indicated by the subscript. F(y) is defined by

2

3.43 Fly) = l_:_il:xlz with y = v/v . -
1+ (1-y)
A fit to the data ) yields:

AGZ = ((-9.7 + 2.6) + (4.9 + 8.1) F(y)) - 1072,
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Expressed by the coupling constants this results in:

Ve T 1/2 V43e

! -0.23 + 0.06

0.11 + 0,19 .

aVe - 1/2 ayv, t
In the standard model v and a are expressed by a single parameter sinzew
as listed in Table 3.1. A single parameter fit to the data yields

sinzew = 0.224 + 0.12 + 0.008

in good agreement with the values found in neutrino induced reactions.

50) in e*e” » g3 - hadrons will Tead

Including the weak neutral current
to a forward-backward asymmetry and to a change in the total cross section.
The size of the effects can be estimated within the GWS model using
eqs. 3.22 and 3.23_suitab1y modified with the coupling constants listed in
Table 3.1. At PETRA/PEP energies the expected asymmetry in e'e” » sS (dd, bb)
would be on the order of 25%. This is a sizable effect, however, it is at

present not possible to identify the quark flavour from the hadrons in a

jet. Therefore only the total cross section has been used to test the theory.

As an example, the normalized total cross section for hadron producticon
as measuredgs) by MARK J is plotted in Fig. 3.17 versus the c.m. energy.
The data are compared to the theoretical expectations for various values
of sinzew. The prediction also includes the first order QCD correction
(1 + qs/w). A similar analysis has also been done by the JADE Collaboration
Including the leptonic data the groups find:

. 2 a + 0.06
MARK J sin"@ 0.27 _ 0.04

.2
JADE sin Gw

0.22 +0.08 .

96)



- 64 -

The error quoted by the JADE group includes a statistical error of 3%,

an error of 3% resulting from the assumed uncertainty of 20% in the value

of G and a 7% systematic uncertainty including the normalization error.

H ] 1 | ¥ l 1 ] LI | 1 [ LI L ] T ] 1
[ MARK J — )
6 Fig. 3.17
5 |- — The normalized total
cross section for
‘T P B8t e nedrons plotted
A=t O ¢ > hedrons plotte
3 - versus the c.m. energy.
. L sin? ©,,= 0.29 _ The data obtained by
e v mm sin? B,= 0.10 MARK J are compared to
T ——— 5in? 90,2070 ] the expected weak effects
g | IO I U R I I T S for various vaiues of
0o & 8 2 B 20 2 28 32 b sinzew.
Vs (GeV) oy

3.5 Limits on flavour changing neutral currents

The K°K° mass mixing put stringent 1imits on the amount of neutral current

induced s <> d transitions. In the standard model with the GIM mechanismn

the neutral current is diagona197) in al} flavours forbidding decays of the

type shown in Fig. 3.18.

L.

u T‘a
33514
Fig. 3.18 ~ Possible neutral

s, d

I
el

current induced flavour changes
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The MARK II Collaboration at SPEAR obtained limits on the amount of
¢ > u transitions from a measurement of E° - B° mixing. From a sample
of initial D°F° events Goldhaber et al.%8) find

NCETKY) - N(KTK)Y
N(KTK)

< 18% (90% upper C.L.)

The same groups?9) also studied the process ee = D D =+ (w D) (nB°).
The amount of p°-D° mixiﬁg can now be determined from the number of wrong
charge kaons. They did not observe a signal and from the data they set the
Timit |
N K rt) + Nk T)
N(n K n7) + N KTn™)

< 16% .

Combining the two experiments yield a theoretical upper 1imit on the coupling

7

strength of 10~ GF for the strength of the flavour changing neutral current.

-7

100) at CESR has set a limit on the transition

Recently the CLEO group
b<«+d (s). As a signature they used ete” > BB » 2¥¢” + hadron. Such final
states will of course also arise from pair production of charm or beauty
followed by two semileptonic decays q ~ 2 ;e + hadrons. The number of ob-

served and expected dilepton events are listed in Table 3.9.

The humber of observed events is clearly consistent with the predicted back-
ground and they gquote as an upper 90% C.L.
B(b > 2™ + X) < 7.4 x 107 .

Table 3.9 - Number of mixed dilepton + hadron events

Final state ee + hadrons ey + hadrons My + hadrons

Observed 5 5 0
expected background 3.04 6.04 3.04
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3.6 The structure of the charged weak current

31)

The standard V-A picture of charged weak currents has been tested

1)

extensivelylo both in purely leptonic reactions and also in reactions

involving hadrons. Of the leptonic reactions muon decay n -+ e_Gevu has

given the most precise 1nformation102). Both the shape of the spectrum and
polarization of the electron are in good agreement with the V-A pre-

+ .
diction. A right handed W™ must have a mass greater than 250 GeV if the

corresponding neutrino is massless. The data on leptonic tau decay are also

in agreement with a V-A structure.

The charged weak current involving hadrons is defined in the standard

33)

picture by eq. 3.11. The matrix U describing the mass mixingis defined

by Eq. 3.12. For a four quark system this reduces to the GIM mode178) with

103) of Ke3 data and

baryonic decay data gave sinec = 0.219 + 0.011. A large sample of hyperon
104)

one parameter, the Cabibbo angle. A recent analysis
semileptonic decays gave sineC = 0.228 + 0.012. Data on the couplings
of the charm quark to lighter quarks are consistent with this value as dis-
cussed in chapter 5 and 9. Dataloo) from Cornell (chapter 5) show that the
b quark preferentially mixes with the s quark - i.e. the decay b » W ¢
dominates b -+ W u. Sakura1101) has vecently discussed in detail how
the various elements Uik are determined from the available data and finds:
0.974 0.219 0.058

U = -0.213 0.845 ~0.488
-0.057 0.489 -0.870

Also the data (chapter 4) on hadronic tau decays, although of limited

statistics support the standard picture.
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Most of the tests have been carried out at low values of Qz. Recently
two high energy neutrino experiments have shown that the'V-A structure
is also dominant at high values of 02. We will now discuss these experiments

in more detail.

3.7.1 Muon polarization

05)

The differential cross section1 do/dy of the reaction GuN -+ u+ X, wWhere

y-= Ex/Ev’ is proportional to

3.43 . do/dy ~ 2(gV - gA)2 + 2(gy + gA)2 (1-.V)2

+ (1512 + 1gpl?) ¥ + 32 Jgr|? (1-1/29)°
+ 8 Ry [o7 (g% + 9p)] ¥(1-y/2)

The 95 (i =V, A, S, P, T) denote the various coupling constants. An
increase of do/dy for y ~ 1 is clear evidence for a S or/and P term. How-
ever, a y distribution decreasing with y, although expected. is not a prooflos)
for a pure V and A coupling. Such a behaviour may also result from a mix-
ture of S, P and T interactions.

107) 23)

In the recent’experiment performed by combining the CDHS and
CHARMZA! detectors in the CERN-SPS neutrino beam the helicity of the u+
in the final state was measured. The incident antineutrinos are producéd
in 7 or K decay and have positive helicity while S, P or T interactions
result in a negative helicity of the u+- The CDHS detector was used as an
active target, while the CHARM detector was used as a polarimeter for

the fraction (5%) of produced u+, which stopped in the CHARM detector and
decayed via u+ > E+Gu Vg Due to the V-A structure of this decay, the high
energy positrons are emitted preferentially in direction of the muon spin.

A uniform magnetic field of 5.8 x 10'3 T caused the muon spin to precess.
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The positron yield detected in the scintillator plane forward (in
u-flight direction) or backward relative to the stopping plane is thus

periodiéa]Ty modulated with the Larmor frequency w.

3.44 Ng g (1) = N

’ o ety R, cos (wt + ¢)

The asymmetry

Ng = N
3.45 R(t) = ——— = R, cos(wt + ¢)

NB + NF

1s a periodic function. The phase ¢ describes the sign of the polarization
(6 = 0 for negative polarization or S, P or T contribution). R0 is pro-

portional to the magnitude of the polarization. The data (Fig. 3.19)

osL ‘ | Fig. 3.19
Oscillation pattern of the

05

forward backward asymmetry of

[+ A
the muon decay.

Ng (0« N, (1)
o
L8]

Ng{t)- Ne (1)

L]
L]

R{t}=

1 : i H 1

0 1 2

3
¢ I:usec:]
33282

Fig. 2%

show a sinosoidal oscillation pattern (¢ = -3.1 + 0.2) with no evidence

for spin flip contributions. By evaluating the ana]yzing power with a

Monte Carlo calculation, the polarization was determined to be P = +(1.09+0.22).

The results put an upper limit of
9spT / Otot < 0-18

at 95% confidence level on S, P, or T contributions.
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3.7.2 Inverse muon decay
The inverse muon decay
vu e > Vo
requires a threshold energy of Ev ~ 11 GeV. Tt had therefore not been

observed until recently by the Gargamelielog) and CHARMIOQ)

experiments

in the CERN-SPS-neutrino beam. Motivated by the results of the po]érization
experiment, one can assume the absence of S, P and T contributions in

this reaction. Then the differential cross section can be expressed as

3.86  do/dy a (1 +P) (1 -2)y% + (L =P) (1-1)

[2 + IgA|2) is the relative V-A contribution
N(VR) - N(VL)
N(vp) + N(v )

where A = ~2R. gv/ ap / (lgy

3.47 P =

is the polarization of the incident neutrino beam.

In events of the type vpe - u've the muon is produced in a very narrow
cone, Qu = /?ﬁ;(T:§77f;:'of less than 10 mrad. No recoil i§ visible at
the vertex. These.criteria have been used to discriminate against the four
orders of magnitude more abundant events of the type v, N + u x. Additionally,
the remaining background was experimentally determined using the data from
an antineutrino exposure where the inverse muon decay cannot occur. Fig.3.20
shows the observed Q2 distribution of the 171 + 29 events remaining after
subtraétion of the background (CHARM). The dashed curve shows the shape of
the Q2 distributions for the 175 + 5 events predicted by the V-A theory. A

V+A interaction would result in 65 + 2 events.
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Fig. 3.20

Observed candidates for the
inverse p decay as a function
of Q% (CHARM).

Fig. 3.21 shows the results of both the CHARM and GGM experiments 1in

terms of upper limits (90% confidence) in the P-x plane.

Both experiments are therefore consistent with a V-A structure of the

charged weak current.
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Fig. 3.21

The 90%
the relative V-A contribution
and the polarization of the

confidence areas for

incident neutrino beam. Results
from GGM and CHARM.
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3.7 Summary

The standard picture of the weak interaction outlined in chapter 3.1

has met with great success.

A wide range of neutral current phenomena ranging from atomic physics,
purely leptonic reactions and mixed lepton-hadron interactions are described
by the standard theory using only one free parameter sin29w with34)

2 38) of the parameter p is

sin"6 = 0.233 4 0.009 + 0.005. The best value
1.002 + 0.015 + 0.011 in agreement with the value of 1 predicted if the

symnetry breaking is caused by scalar Higgs fields with the Higgs particle

in an isospin doublet. The standard model has only one Higgs doublet,

but the predictions are independent on the number of such doublets. The

value of sinzew is determined in models which attempt to unifyllo’lll) the electro-

11
weak and the strong interaction. The simplest of such models, SU(5)1 ) pre-

112)

dicts sinzew = 0.2109 for purely leptonic reactions at q2 = 0 in consistent

with the experimental value.

A1l the experimental data on charged currents are consistent with a V-A
structure of the interaction and mixing angles as given by the GIM mechanism78)
for a 4 quark system or by the Kobayashi—Maskawa33) matrix for a six quark

system.

The great success of the standard picture however, should not lead to
the conclusion that weak interactions are solved. Anybody can write his
own list of unsolved questions, some of which will hopefully be answered

by the next generation of high energy accelerators.
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4, The Tau Lepton

The first evidence113) for the tau lepton,presented by M.Perl and his
collaborators, was based on the observation of events of the type
efe” 5 et ui + nothing. By now the tau is firmly established and a wealth

114)

of information on its properties has become available.

4.1 The mass

The mass of a heavy lepton can be determined with rather high precision
from a measurement of the sharply rising production cross section near

threshold. Such measurement, first made by the DASP Co]]aborationlls)

, has
been refined and the DELCO Collaborationll®) finds m_= (1782 7 7) MeV/c2.
The mass of the tau neutrino is rather poorly known. From a measurement

of the electron spectrum in 1 - V. Ge e the DELCO Co]]aborationlls)

establishes an 95% upper confidence limit of the m_ < 250 MeV/cz.

4.2 The space time structure of the current

The DELCO Collaboration has determined *17) the Michel parameter
p = 0.72 + 0.10 from a measurement of the electron momentum spectrum in
T v e. A V-A interaction yields p = 0.75 in agreement with the data
whereas p = 0 corresponding to a V+A current is excluded. Pure V or A

yielding p = 0.375 are strongly disfavoured.

4.3 Decay modes

A selected set of decay modes is listed in Tabie 4.1 together with

the theoretical predictionsll8).



- 73 -

Table 4.1 - Selected tau decay modes

Decay mode Theo;etica] B , Exper;mental B
v+ eV, 17.6 17.5 + 1.2

v * T Gu . 17,2 17.1 + 1.2

vo T 10.5 11.7 + 0.4 + 1.8
v, K 0.66 1.2 + 0.4 + 0.2
v, 0 . 21.5 21.6 + 1.8 + 3.2
v K*(890) 1.46 1.7 + 0.7

v A : 8.7 10.4 + 0.03

These decay modes can be predicted with little ambiguity if the + is a
sequential lepton which couples to the weak current with the normal

strength GF'

The leptonic decay widths

2 5
) GF . mT

u) = ——a=
H 1927

4.1 Fe(‘r > v ;e e) = 1.028 FU(T S v
can be computed unambigously. The decay t v tests the axial vector
current and is directly related to = + Gu u. The decay =t > v_p tests
the vector current and is related to e+e_ + p° by CVC. Recent data on

n 119) p 120) are listed in Table 4.1. They are

T >V

and on T > v
T T

" in good agreement with the predictions.

The expected suppression of strangeness changing decays can be checked
by a measurement of the ratio B(T » v_ K*(890)) / B(t > v_p). The standard
picture of charged weak currents predicts that this ratio is given by

0.93 tgzec, where 0.93 results from a small phase space correction, and GC

is the Cabibbo angle.
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121)

Experimentally the MARK II group determines this ratio to 0.085t0.038

in agreement with the theoretical value of 0.05.

The decay t© = VTK is the Cabibbo suppressed partner to the decay
TV and the relative rates are given by:
r(t ~v_K) > 1 -.(mK/mT)z
= tg 8 [

o Z
r(t » v ) 1 - (mﬂ/mr)‘

4.2

The MARK II group recently pub]ishedlzz) data on t > vTK. The process is
identified by selecting events of the type e’ e =+ T'1 ~+ (2 52 vT)(GTK+).
The leptons are positively identified and the kaons separated from the
pions by time of flight. From a sample of 47000 o pairs 15 events
satisfied the selection criteria with a pion contamination of (3 + 0.6)
events and a background of 2.1 + 0.9 events from 7 » yK*(890). They find
B(t » vTK) = (1.2 + 0.4 + 0.2)% in reasonable agreement with the predicted
value of 0.0066. The first-error is statistical and the second systematic.
Tau decays involving strange particles are thus suppressed relative to

non strange T decay by the usual Cabbibo angle.

4.4 The 1ifetime

In the standard model the tau 1ife time is given by:

4.3 T = B 13 5.

\'1']1J 5 -
i o () T, = (2.8+0.2) x 10

~

This lifetime is quite large and 15 GeV tau's travel on the average
0.7 mm before decaying. Hence the Jifetime .an be determined from a measure-

ment of the vertex distribution of tau decays.
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13

TASSO has placed an upper limit of T < 5.7 x 107" s from their

measurements of the vertex distribution. The MARK II Collaboration now

123) a measurement of the tau lifetime. They measure the vertex

reports
distribution by selecting topologies consisting of three charged particles
recoiling against a single charged particle or three charged particles.
This topology separates tau pairproduction from hadron production and the
intercept of the momentum vectors of the charged particles defines the
vertex. The observed decay length distribution is plotted in Fig. 4.1

for events with vertex uncertainties of 8 mm and 4 mm. The beam center is
indicated by the dashed Tine. A careful analysis shows that the center

of the measured distribution is shifted by (1.07 + 0.37) mm with réspect to

the beam center. Various checks show that this shift is real and not due

to systematic uncertainties. The resulting value of the lifetime

t = (4.9 +1.8) x 107

s is in agreement with the theory. Thus the
weak coupling strength of the tau is consistent with GF’ the weak coupling

strength observed for the electron and the muon.

EVENTS/{mm)

!l]li]lll[iifil]I||IT]II| Fig. 4.1
! o <8mm :1 o <4 mm The distribution of =
ST m B t h flight distances at
: Vs = 29 GeV for events
10 | : | with vertex uncertain-
l ties Tess than
a) 8mm b) 4 mm.
5k ! - .
1
i |
' l
Oil!ﬂl:llllm"]l|llll|ll
24 -12 0 12 24 -2 O i2 24

DECAY LENGTH (mm) "
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So far, the tau was treated as a new sequential Tepton arranged in a
weak doublet with its own neutrino like the electron and the muen. Indeed

all the datalla)

are consistent with this assumption. If the t  has the
same lepton number as the e or the u+ then the branching ratios for

Teptonic decays of the tau into electrons or muons would differ by a factor
of two. This is excluded experimentally. It has been found that the (1 vu)
coupling strength is less than 0.025 of the (u vu) coupling strength ex-
cluding that the 1~ has the lepton number of the u~. It remains to be shown

that the t has not the e  Tlepton number. Furthermore the tau neutrino has

not been observed directly but inferred from the observed threebody decay

V.
'r~+\)1_2 e
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5. Production of New Flavours in e+e' Annihilation

A new quark flavour g has very striking signatures in e*e” annihilation.
Below threshold the production of bound qg 1~ states show up in the total
cross section as narrow peaks. The bound qq states become rapidly wider

above threshold and the normalized total cross section increases by

AR = 3 Z_ez. In this chapter we will review the data on charm and beauty

q
production in e'e” annihilation. The data will be compared to the QCD pre-

dictions in chapter 7.

A qq system of heavy quarks bound in a steeply rising potential will

124)

lead to the level scheme shown in Fig, 5.1. The levels are labeled by

PC L+1 L+S

J7 with P = (-1) and C = (-1)~"~. For each value of angular momentum L

‘there are two bands of radial excitations with opposite charge conjugation

depending whether the total spin S is 0 or 1. The spectroscopic notation

n23+1L, where n-1 is the number of radial nodes, is used to label the

levels. The P levels will split into cre lP1 Jevel with odd and three states

3P2 1.0 with even chafge conjugation. In a pure coulombic potential the

first set of P levels will be degenerated with the 2381 level. The addition

of a confining potential pushes the mass of the 1 P Tevels below the mass

of the 2351 Tevel,

The D levels will split into one state 201 with even and three states

3

3 with odd charge conjugation. The 1 D1 state has the quantum number

D3 5.1

of a photon. The wave function of this state may acquire a finite value at

the origin by mixing with the nearby 2351 state and can be produced di-

. 4 - ..
rectly in e'e collisions.
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Fig. 5.1
4 AW (GeV) -
The level scheme of two
heavy quarks bound in a
o — R steeply rising potential.
2+ T
e
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The number and quantum numbers of the predicted levels reflect the
spin 1/2 nature of the quark. The ‘level spacing and the level widths on
the other hand are strongly model dependent and can be used to test the
theory.

QCD makes clear first order predictions for various decay modes. The
3Sl-state decays to Jowest order via a three gluon intermediate state,

since one gluon is forbidden by colour and two gluons by charge conjugation

The resulting hadronic widthles) is given by:

3 2
5.1  1(°S, - ggg - hadrons) = 180 (;2 _ gy ;3 _r““, 219

M is the mass of the quark and 351(0) denotes the wave function at the

origin. The strong interaction constant ag is given by
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5.2 0 (@) = —12__ 1n (0%a?)
(33 - 2N,)

where Nf is the number of flavours and A the characteristic strong inter-
action mass. The widthlzs) for the decay into a pair of leptons is given
by: .

Sy, (0)]

3 + - 2 2 | 1

5.3 r( S1 > e e~) = 1671 o eq ——;Fr————-
The pseudoscalar 130 states which are expected to lie below the vector
states, can decay into ordinary hadrons by a two gluon intermediate state.

125)

The width is given by:

1 _ 32n 2
5.4 T{ S0 -+ gg - hadrons) = = Oy T
The pseudoscalar states are therefore much wider than the corresponding
vector states. Indeed if the two states have similar wave functions at

the origin as expected then:

3

™

5.5 1('s, » hadrons) = & T r(®s, > hadrons) » 100 T(
{(m -l)oLS

S, - hadrons)

1

However, the characteristic distances involved in cc and to a lesser degree

in bb spectroscopy are quite large such that higher order correction5124)

are important and must be included for quantitative conclusions.

A richer level structure than the one predicted by a simple gq model

might of course exist. Quark pairs may bind to form quark molecules!?)

(cg)(cg) with a complex level scheme. The gluon field in a heavy gq sys-

128)

tem may have vibrational excitations which may couple weakly to photons.

So far there is no evidence for such states.
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5.1 Hadrons with hidden charm

The parameters of cc vector stateslzg) observed in e'e” annihilation

between 3.0 Ge¥ and 4.5 GeV in c.m. arellisted in Table 5.1. The Novo-

129)

sibirsk group reports a very precise value of the J/y and the ¢' mass

mass obtained by using a spin depolarizing resonance to calibrate the beam energy.

331, 2351 and 1301 levels

respectively and there is jeneral agreement on the resonance parameters

The J/y, ¢' and ¢" can be identified with the 1

of these states. The situation above the y", however, is still not settled.
There are indications of a step in the cross section around 3.98 GeV, the
DASP group observed two separate states at 4.04 GeV and 4.16 GeV where-

as there is general agreement on the existence of a state near 4.41 GeV.

Table 5.1 =~ Resonance parameters of cc vector states

State Mass (MeV) Pior (MeV) Fae (keV)
v 3096.93 + 0.09 0.063 + 0.009 4.8 + 0.6
' 3686  + 0.15 0.215 + 0.040 0.19 + 0.2
" 3768 + 5 26 + 5 0.27 + 0.06
p(4.030) 4030 + 5 52 + 10 0.75 + 0.10
${4160) 4159 + 20 78 + 20 0.78 + 0.31
w(4415) 4415  + 6 43 + 20 0.43 + 0.13

New data on the total cross section between 3.6 GeV and 4.5 GeV in
c.m. by the Crystal Ball ColTaborationlzg) are shown in Fig. 5.2. Plot-
ted is the total annihilation cross section normalized to the point
cross section. The data shown are corrected for v production but net

for radiative effects. The radiative correction will enhance the peak
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structure. The data confirm the existence of states around 4.03 GeV and

4.16 GeV and indicate structure in the cross section below 4.0 GeV.

4 AHH H'+ %

+ CRYSTAL BALL 1

j’ , PRELIMINARY RESULTS

L.- | " %W{M |

TAL SUBTRACTED

+ NO RADIATIVE CORRECTIONS |
Do o"p p* p*
' ! i 1
36 58 a0 az Qs Y
W, Gev

Fig. 5.2

The cross section for
e’e” - hadrons as measured
by the Crystal Ball Corpo-
ration normalized to the
point cross section,

Several states with even charge conjugation have been observed in the

decays J/¢ or ¢' into final states of y + anything. The states

130) found

at 3.41 GeV, 3.51 GeV and 3.55 GeV can be associated rather naturally

with the 3PO, 3P1'and the 3P levels whereas the states reported at 2.82 GeV

132) 133)

3.45 GeV and 3.59 GeV

were not so easily fit into the cc scheme.

The Crystal Ball detector, designed to measure photons with good

energy resolution over a large solid angle has produced a wealth of new

data on the even charge conjugation states.

Their main findings are

134),

a) They find no evidence for the states at 2.82 GeV and 3.45 GeV with

a sensitivity well below that of the earlier experiments.

3

b) They have observed the decays ¢' > vy p ~ vy J/¥ with much higher

statistics than previous experiments. The inclusive photon spectrum from

the ¢' after the final cuts is plotted in Fig. 5.3,
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The spectrum is very rich and the connection between the observed

structure and the level scheme is shown in the insert.

The parameter for the P-states extracted from this spectrum and the

cascade decay ¢' -+ vy J/y with J/yp ~> ete” (u+pq) are listed in Table 5.2.

Table 5.2 =~ Parameters for the Charmonium P-states
State  Mass Width B(p' > vP) B(%'+yP ) (Pyd/v)
PC . ,
(4°7) (MeV) (MeV) (%) (%)
2™ 3553.940.5 1.8 40.6 7.4+0.4+1.4 1.16 + 0.12
+4.0
1™ 3508.4+0.4 < 1.5 8.4 + 0.4 + 1.3 2.34 + 0.21
+4.0
0% 3813 + 5.0 16.3+3.6 9.3+ 0.4+ 1.4 0.059 + 0.015 + 0.004
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134)

The values of B(y' -+ yP) listed are from the Crystal Ball and they

are in agreement with earlier data135). The first two values for. the
cascade branching ratio are world averagesl36), branching ratios for

the cascade decay via the 0" state are from the Crystal Ba17134-136)

The widths are in general agreement with the QCD expectation. Since a
spin 1 particle cannot decay with the emission of two massless vector
particles one expects the 1% State to be narrower than the 27 and ot

states which can decay by two gluon emission. The values for B(y' - vP)

are below the theoretical prediction5137) by roughly a factor of two.

An interesting byproduct is the observation of the

isospin forbidden decay w' - n° J/9. They find B(y' » «° J/y) =

(0.09 + 0.02 + 0.01)% consistent with the value B(p' ~ 7° J/y) = (0.15 + 0.06)%

138)

obtained” in an earlier measurement by the MARK II Collaboration. The

electromagnetic interaction predicts a rate which is more than one order
of magnitude smaller than the observed rate such that this mechanism appears
to be excluded. The decay might arise from an isospin breaking amplitude

as in the decay n = 3m.

134)

c) The Crystal Ball Collaboration has new data on the resonance ob-

served below the J/y mass in inclusive transitionslgg) from the J/y

and in exc]usive139’140) final states both from the J/¢ and the y'. The state
has now also been seen134) in the inclusive photon spectrum obtained at
the ¢'. It is natural to identify this state, with the Nes the lowest pseu-

doscalar 1SO(CE) state.

The photon spectra from these decays are plotted in Fig. 5.4a, b before

and after background subtraction. A simultaneocus fit to the most recent
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data give the following results:

= 2984 + 4 MeV
Width = 12.4 + 4.1 MeV
B(J/p >y n,) = (1.13 % 0.33) . 107
B(v' >y ) = (0.28%0.08) - 107
Crystat Bell Fig_ Eda+b
2750 T T 12000 T T T T T T T Inclusive photon spectrum
. u {bl .
2500 = e :;ﬁg e N p' + yX and J/y - vX as
i ~ 9000 | - measured by the Crystal Ball
22C0 1+~ 2 . .
5 8000 - R Collaboration shown with
R % 7000 - .
o L 1 > 500 et Lt batutad and without a smooth back-
200 é <00 b - ground subtraction.
GO “ 00 + .
; = —
J + . * i
"o Background Subtracted 200 —.Bockgrwnd Subtracted
-200 ¢ 1 U 1 -400 [ T T TS NN |
<00 HO0 00 &0 20 W00 20 B0 A0
Ey Mev
33537

In the cc model the transition B(g' -+ vy nc) is a forbidden spin flip

transition and this may explain the low branching ration. The width of the

N

agreement with the QCD prediction.

d) The Crystal Ball group has also observed

is about a factor 200 larger than the width of the J/y in qualitative

a new rescnance in the in-

clusive photon spectrum of the y'. This state is just below the ' and is

a candidate for ”é’ the long sought 2150 state.
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The photon spectrum from thg p' for photon energies between 60 MeV
and 110 MeV is plotted on a linear scale in Fig. 5.5 with and without a
polynominal background subtracted. The statistical significance of the
peak is 4.4c. Representing the resonance by a Gaussian gave a mass of

M= (3592 + 5) MeV including statistical and systematic errors.

40000

L ] TPyl I T 71T 1 e A D Sl l Ll BB I T 11 41_i'_-
. 35000 E— = .
; 3 Fig. 5.5
30000 [— — .
o o ] Inclusive photon spectrum
85000 [~ — ' -
% :I l | I - l d) l_L_l - | I_Ll L - 1.1 1 4 Ll IE w > YX p}Otted On a
= r ] linear scale for photon
1000 — — .
Z . . energies between 60 and
5005- *i 110 MeV. The spectrum with
X ] .
C ] and without background
o L. . subtraction is shown,
i'ji J I ) l ] BAE@RAOEJ_NID lqu'JrRIACITELD 14l_l i1 i1 1
60 70 80 90 100 110

+ ENERGY (MEV)

g
2

The width is less than 8 MeV ind the branching ratic is between

(0.2 - 1.3)%. These are 95% confidence limits. The mass value agrees with

133)

an earlier measurement by the DESY Heidelberg group, however, the
branching ratic observed by Crystal Ball is substantially lower than that

found by DESY-Heidelberg.

5.2 Hadrons with hidden beauty

The first evidencelql) for a new quark came from a lepton pair production

experiment at FNAL. In this experiment they observed narrow states, the
T states, in the e'e” mass spectrum produced in proton-nucleous collisions.

The energy of DORIS was subsequently increased and the two Towest T states

143,144) Fag Widths showed!??) that these reso-

nances are 1  bh states made of a quark b with charge 1/3e.

confirmed142). The measured

o om

N O T
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Collaborations at CESR.Some of the total cross section data
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The data have been extended to higher energies by the CUSB and CLEQ

100,146) _,

tained by these groups are plotted in Figs. 5.6 and 5.7. Both experiments

find clear evidence for two new 1~ states T and ™' which can be iden-

tified with the 3

3 3

S1 and the 4

S, state. The T(3S) state, 1ike the T(1S) and

T(2S) states, has an observed width consistent with the:energy spread of the

beams whereas the T(4S) state is considerably wider. It is therefore natural

to assume that the threshold for bb production is located between the

T(3S) and T(4S) state.

The resonance parametersl46’147) for the four observed T(1 ) states are

Tisted in Table 5.3.

20 |- CLEO B

16 —
15

2 -

? .
8 -
25 35 45

4L —
* L] $
1 L 1 :E_l ] —3 1 i 3 i A 1 1

930 840 950 9985 10.00 10.30 10.40 10.50 10.60

2E (GeV)

aM8

10.30

10.40 10.50 10.60 10.70
2E (GeV)

Fig. 5.6

The total hadronic cross
section measured by the
CLEQ Collaboration.

Fig. 5.7

The total hadronic cross
section measured by the
CUSB Collaboration.
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Table 5.3 - Resonance parameters for the T(3sl) states
State Mass (MeV) Excitation energy T __ (keV} : Group
MeV ee '

(1%;) 9462 + 10 - 1.29 + 0.09 + 0.13 DESY
9433 + 28 - 1.19 + 0.02 CLED

1.06 + 0.04 CUSB

1(2°5,) - 553 + 10 0.58 + 0.08 + 0.26  DESY
560 + 1 0.52 + 0.02 CLEO

0.51 + 0.03 CUSB

7(3%,) 890 + 1 0.39 + 0.02 ~ CLED
0.36 + 0.03 CUSB

T(4%,) 1114 + 2 0.31 + 0.02. CLED
0.21 + 0.02 CUSB

The groups at CESR have measuredloo) the total cross section in fine

steps for c.m. energies between the T(3S) and T{4S). The R measured

visible
by CUSB is plotted in Fig. 5.8 versus the energy in c.m. No structure is
seen and the 90% upper confidence 1imit on Tee for a narrow resonance ex-
tracted from these data are also shown. 1~ states resulting from the quan-
tized excitations of the gluon string joining the quark and the antiquark
had been predictedlZS) to exist in this mass range with a width

Tog = 0.2 + 0.15 keV. The sensitivity of the present data are close to the
Tower limit.

The cascade decays T(2S) + n n T(lS)lOO) and 7(3S) + '« T(1S) have

100,146,147)

been observed and the data are listed in Table 5.4.



reg {KeV}

Rviublt

- 88 -

0.08
0.05 b
oo L
0.03 |-
0.0?
0.0

"

;

3 ;*“

L

. + 4. 4 + 4
T A T

—5 )

i

Fig. 5.8

RQisib]e measured by the
CUSB Collaboration in

fine energy steps between
the 7(3S) and T(4S). The
90% upper confidence limit
on the leptonic width Toe

$ for a narrow resonance is
1 } pa—ay -
MACHINE FWHM also shown.
10.36 10.38 10.40 10.42 10.48 10.46 10.48 10.50 I
 2E{GeV) 393
Table 5.4 - Data on the cascade decay
Group B(1(2S) + «'n_ T(15) B(T(3S) © » 1 T(1S)
% %
LENA 27 +9 -
CLED 19.1 + 3.1 3.9 + 1.9
CUSB - 9.7 + 4.3

CLEO observed the decay T(2S) - rha T(1S) by measuring the mass re-

coiling against all T pairs observed in the T(S) decays. The observed

mass distribution, plotted in Fig.5.9, shows a clear peak at the mass of

the T(1S).
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Fig. 5.9

The missing mass recoiling
against all opposite
charged pion pairs at the
T(2S). The lower histogram
is the m = recoil mass
for events of the type
T(2S) - i ete” (u+u-)

The LENA group at DESY has searched148) for the radiative decay

7(2S) > vy T(1S) with T¢1S) ~ n'n (e'e’). From the data they

extracted

an upper 1imit B(7(2S) » yy T(1S))}< 7%. The theoretical ex-

pectations range between 2% and 7%. In QCD {chapter 7) the P2 0 states
H]

decay in leading order into two gluons. Since the photon in the cascade

T+ ¥y P2 Ois soft, these gluons will result in two back to back jets of

hadrons. This topology is different from the dominant decay

t(%s,) + 3 gluons.The CUSB Collaboration has observed

146) events with the two jet

topology at both the T(2S) and T(3S). They find from the observed thrust

distribution

B(1(2S)
B(T(3S)

+ 2 jets)

+~ 2 jets)

20
8

Note that two jet events may also result from T

t

t

-

3%
2%

y* + qq. However, these

branching ratios would lead to less two jet events than observed.
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5.3 Hadrons with charm

5.3.1 D0 and D* states

Possible transitions between the known D states and the corresponding Q-values

are summarized in Fig. 5.10.

2010 Fig. 5.10
(-values for p* > D

- 2005L transition.
3
Z 187
(¥
! .
~ 1865

1860 | ~

©25.01.80 1991

The 3" decays to a good approximation only into DD final states. The

production cross sections for these mesons at the 9" resonance were de-

termined149) by the MARK II Coilaboration to:
s(0%) = (8.0 + 1.0+ 1.2) nb
o(D) = (6.0 + 0.7 + 0.1) nb

For comparison, the cross section predicted for ee” » 7% 5 ¢C is on the
order of 4 nb. An additional advantage is that the D's are produced

almost at rest and the favourable kinematics allow a precise determination

of the mass Mo = VE2 - p2 where £ is the beam energy and p the D momen-

tum. These nice features have been exploited by the groups working at SPEAR

149)

and have lead to a wealth of data on the D states.

Mass-spectra for Kiw+, Kon*n® and K¥n+" measured at the " by the

150)

MARK II Collaboration are shown in Fig. 5.11. From such data groups

working at SPEAR found my0 = (1864.3 + 0.9 MeV) and myt = (1868.4 + 0.9 MeV).
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A complete list of D branching ratios can be found in Ref. 149.
Below we discuss a measurement of the lifetimes and a deter-

mination of the GIM mixing angles.

5.3.2 Lifetime of charmed mesons

Possible Cabibbo favoured decay modes of charmed mesons into light
hadrons are shown in Fig. 5.12. An assumption often made was that the
charmed quark would decay according to c » -sinf - d + cos8 - s with
the second quark merely acting as a spectator. This mechanism, shown
in Fig. 5.312a, ¢ and d predicts that all charmed mesons should have the
same lifetime. It has been pointed out by Pais and TreimanlSI) that

F(D+ 27y X) = F(D0 > 2+v2 X) since |al = 0| for the Cabibbo allowed

2

decay ¢ » & v, 5. The semileptonic branching ratios can therefore be

£
used to determine the ratios of the lifetimes:
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B(D" » 2*v, X) Fot(D° > X) (%)

B(D® » ¢™v, X) 1, . (0" - X) (0°)

tot(
Both fhe DELCOISZ) and the MARK 11150) Collaborations report results

on this ratio. DELCO finds:

+ 0
W0 /(07 = 43 and B (0Y) =22t Edg

Their results were extracted from a sampleof DD events in which one or

both of the charmed mesons decayed semileptonically.

c

{a) (b)

3 Fig. 5.12
W ¢ . L s
<, . W Possible Cabibbo favoured
i, - LIPS SEN.- decay modes of charmed
e b . .
0° —= hadrons mesons into light hadrons.
u
d
(c) W
¢ . -
d . d
0% = hadrons
(d) d (e)
d p
W c i U
c w
5 . . 8 g d
F —= hadrons

25.11.80 31982

The MARK II Collaboration determined'®®) the branching ratios from
an inclusive measurement of charmed meson production. The events were

tagged by identifying either a charged or a neutral D meson and measuring
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the decay products of its partner. In this way the semileptonic branching
ratios are determined directly and they find:
o(0) / ©(0%) = 3.1 %8 and B (0%) - 18.6 + 6.4%.

The Tifetime of charmed particles has been determined'®3) directly using

emulsions or high resolution bubble chambers. The results of the

various experiments are summarized in Table 5.5.

Table 5.5 - Lifetimes of charged and neutral D mesons
Particle Lifetime in (10-135) Events Group
t + 4.9
D 8.0 % 27 7 LEBC CERN
6.5 % 22 4 SLAC Hybrid
- 1.0
+ 6.5
9.5 _ 3.3 6 FNAL Emul.
9.5 7 33 (96) NAI, CERN
o + 2.2 '
D 3.2t 2L 6 FNAL
1.9 17 4 SLAC Hybrid
- 0.6
3.0 ¥ 51 17 FNAL Emulsion
1.3¢ * [ 5 WA 57 CERN
+ 0.6
0.5 * o3 3 WA 17 CERN

The lifetime of charged D mesons has also been measured154) in a

high energy photoproduction experiment at CERN. The experiment used a live

target followed by a spectrometer. The target was made of 40 layers of 300y

D " T



- 94 -

thick silicon disks spaced 100 pm apart. The energy loss in the target stack
is proportional to the number of charged particles, i.e. it is

possible to identify the production vertex and the secondary vertex from

the decay of the charm particles by the steps in the observed pulse height
and hence to measure the distance which the charmed particle travelled
between production and decay. The measured time distribution of identified
charmed particles decays is shown in Fig. 5.13. Correcting for the D° con-

tamination results in a lifetimerpt = (9.5 f i’é) 1078 s,

80 T 1 T T T T ¥ T LI

Fig. 5.13

Time distribution of
identified charmed particle
decays.

z'...
Ol

0 1 1 1 | 1 i 1 1 1

00 02 QJ4 06 08 10 12 14 16 18 20

t 10-‘2 s) s

The D¥ lifetime combined with the average branching ratio for
p¥ + et Ve X results in a semileptonic width

r(0* > ety %) a (1.8 1) x 101 sec™h

Cabibbo, Maiani and Corbo have evaluated155) the semileptonic width
in the spectator model and they find
Gg m5 20,

e, = C ogle) (1 -—= f
SL 192 Tr3 9(e) ( - {e) )
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with ¢ = ms/mc. Here g(e) is a phase space correction due to the finite
mass of the s quark and the terms in the bracket is a QCD strong inter-
action correction. With m, = 1.75 GeV/c2 they find rg = 1 X 10t sec?
consistent with the experimental results. The width of the D* is therefore

consistent with the prediction based on the spectator model. The experimental

results on p¥ and D° lifetimes shows that D° must have additional decay modes.

Additional decay modes.resulting from W' annihilation are indeed Ca-
bibbo allowed both for D° and F' decays whereas they are Cabibbo for-
bidden for D' decays. These decay modes, shown in Fig. 5.12 d and e may
account for a factor of 5 in the lifetime ratio (D°)/<(D¥). To con-
clude, the lifetime of charmed hadrons cannot be reliably computed in
the spectator model. Many mechanisms which lead to different lifetimes for
different charmed particles have been proposed and the theoretical

situation is reviewed in reference 156.

5.3.3 The G I M mechanism
The GIM mechanism79) predicts that a charmed quark decay predominantly
inte a strange quark according to
c = sin@B - d + coseB ©$

The mixing angle eB in the GIM model is identified with the familiar Ca-
104,105)

ne

0.22 determined from strange particle

bibbo angle GC with sin@c

decays. Both angles 9A and QB can be determined from a measurement of the

two-body decay modes

° K o« , D *

- -+
° L KK s DO—*?T,'rr

as shown in Fig. 5.14.

. om
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o Fig. 5.14
‘- (a) Diagram'for two body D° decays
a) 0° » 1K
b) 0° » KK~
K* c) 0° > nfa
K- {b).
-n:+
- (c)
T
31963
and  tg%e, = L8 - r(0° > «'n)
B P(DO -+ K-ﬂ+)

Invoking SU(3) inva~’'ance and the GIM mechanism results in:

tg29A thQB

= 198

29 .
c = 0.05.

The MARK II Collaboration has determined157) these decay modes making

use of the fact that at the y" p%'s are pairproduced with a unique mo-

mentum of 288 MeV/c. The invariant mass spectra obtained for the twobody

decay modes are shown in Fig. 5.15. The peak occurs at the D° mass if the

two particles are identified correctly and shifted by about + 120 MeV/c2

if one of the particles is misidentified. Both a n+ﬂ" and a K'k* signal is

observed yielding:
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r(0® » kkH)
r(0® » K"

™)

I‘(D0 - TI‘-1T+)
r(d0® » K'r)

= 0.033 + 0.015 and = 0.113 + 0.030.

The data show that Cabibbo forbidden decays occur at roughly the level
predicted. The interpretation however is complicated by strong inter-

action effects.

5 T i+I T 1 1 1T T T T 1 F.i ] 5.15
pF 1m (a) - —“g‘——'_—
15 }{ - Invariant mass distribution
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15 K r* t (b) - o -+
f:; w0 b ] c) D" -~ KK,
[T}
= L .
g7 t
= 50 - -
i ¢
G B, ’ i
@ 0 4 e aese 1 it esiiaa
% KK {(c)
20 - * -
B + * + .
10+ -
5} s ! b
0 A+¢L+++*| A l+‘A+ 1 1+++A
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25180 31989

The dc coupling can also be determined, and perhaps more reliably,

from a measurementl58) of v+d->u +c~ u+u_ X. Using the Kobayashi-

Maskawa formalismSz) (chapter 3) this process determines the value of

Uc& > 31n91 cose2 n s1n8c. The reaction v + s »u + ¢ will of course
also yield opposite sign dileptons. However, the two reactions will have

different x dependence since the d is a valence quark whereas the s is a

159)

sea quark. An analysis of the observed dilepton rate of about 0.01

yields 0.19 < |Uc5| < 0.34 consistent with sin@_ = 0.22.

The sc coupling can be determined from the branching ratio of

+ .+ 159)

D" > e v, %% and the DT lifetime. An analysis yields

v = 0.66 + 0.33.

SC|

The GIM mechanism is thus supported by the data.

N T

Y
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5.3.4 Evidence for the F meson

The DASP Collabhoration observedlso)

a signal at 4.42 GeV in c.m. which
they attribute to F¥ s n 7 . A scatter plot of the n-ﬂ+ mass versus the
fitted recoil mass assuming efe” FF* is shown in Fig. 5.16 for events at

4.42 GeV and events outside the region. At 4.42 GeV there is a cluster of

e - FF — FyF
Lan

T T T T
E : hie Gev E =399 to S50 Gev 3
e .,' c-H;:u:h.z:hng L,42 Gy _EM

20 i * * ' - -
Fitted mass versus fitted recoil mass,
* . + - * *
N assuming e e FF”, where F* » yF

and F » nm. a) at 4.42 GeY c) all other
energies excluding 4.42 GeV. Histograms

(=]

(b) and (d) are the projections of
{a) and (c) respectively, along the

F M{nm) axis. The data were obtained by
|

|

!

o,
T

~
T

the DASP Collaboration.

.\
T

]

==

, g 1o
i 15 20 H] 15 20
Mhr, {Gev] 33538
6 events, whereas at other energies the events have a smooth mass distri-
bution. Of the 6 events observed at 4.42 GeV less than 0.2 events can be
ascribed to the background. This was estimated from the measured luminosity
and the number of events oberved ocutside of 4.42 GeV in the same mass region
with the conservative assumption that all these events are background

events. The cluster at 4.42 GeV gives:

- 2.03 + 0.06 GeV/c® and m % = 2.14 + 0.06 GeV/c

Mg F

including systematic uncertainties.

Supporting evidence for the F has come from a photoproduction experi-

ment in the Q' spectrometer at the SPS and from emulsion exposures. The

161)

WA4 Collaboration at the SPS observe a signal in the decay modes
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F + nm, n3mrs n' 37 and ¢p. The results are shown in Fig. 5.17 and

summarized in Table 5.6.

Table 5.6 - Evidence for F-photoproduction

Decay mode Mass (MeV) B - o (nb)
nw 2047 + 23 27 + 7
n 3 2021 + 13 60 + 15
n' 3w 2008 + 20 | 20 + 8
$ p' 2049 + 15 33 + 10

Fig. 5.17

Mass spectra of photoproduced n + n=
final states measured by the WA4
Collaboration at CERN.

EVENTS

30 } .
20 - ' .
S
0 H =
-
O 1 i | i 1
.16 1.8 20 2.2 2.4 MASS (Gev)
Three F candidate events are found in the emulsion data153). The ob-

. 2
sarved decay modes and mass values in MeV/c™ are:
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nnta 1° (2026 + 56)

K+W_W+KO

whatn w0 (2017 + 25) .

(2089 + 121) and

The mass values observed in the new experiments are consistent with the

values reported by the DASP Collaboration.

5.4 Hadrons with beauty

In the standard model the b-gquark is the partner of a charge 2/3 quark

in a left handed weak doublet. In the Kobayashi—Maskawa32) scheme the b

quark decays weakly as indicated in Fig. 5.18 via a flavour cascade b ~ ¢ + s,

whereas the direct decay b + u is strongly suppressed. The model

100)
pre-

dicts that on the average 1.6 kaons, charged or neutral are produced per

b-decay. The semileptonic branching ratio B(b - eGe hadrons) = B(b - uGu hadrons)

is predicted162) to be in the range 11% to 13%.

1 1 04 3 L4

W e Tt d s
V, Vu Vi u c
_______-——\\\\\\\\\\\\\ c (U)

Fig. 5.18

b decays in the spectator modei.
The relative strength of the
various decay modes are
indicated.
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The Targe width of the T(4s) compared to the width of the adjacent 7(3s)

state shows that the Tightest B meson must have a mass between 5.18 GeV/c2

and 5.28 GeV/c2 using the DORIS energy scale. The CUSB Collaboration 00

146)

has made an unsucessful search for narrow photon lines in the debris of the

T(4s). Such lines would have been a signature of g* - vB and the negative

result yields the Timit:

T(4s) > BB
L < .20 .
T(4s) » all

With the assumption that T(4s) is below B*B threshold and with the ob-

served T(4s) width as an input, a theoretical estimate146) gives

mg = 5.26 + 0.01 GeV/c2 as the mass of the Tightest B meson.

100)

The CUSB and the CLEO Collaborations have measured the yield of

mixed electron-hadron events in the vicinity of the T(4s). Both experi-

ments only accept electrons with momenta above 1 GeV/c. This cut strongly

reduces the number of events resulting from charm production whereas

2/3 of the B decays survive. Both experiments show a strong increase in
the inclusive electron yield at the T(4s) resonance demonstrating that
the T(4s) is indeed disintegrating into weakly decaying particies. The
normalized cross sections for inclusive electron hadron events and for
hadron production measured by the CUSB Collaboration is plotted in Fig.
From these data they find B(B - e Ge x) = 13.1 + 2.5 + 3.0% in agreement
with the value of B(B > e Ge x) = 13.6 + 2.1 + 1.7% measured by the CLEQ
group. The first error is the statistical uncertainty, the second the

' 00)

) 1 .
systematic. The CLEQ Collaboration has also measured the branching

ratio for B » yux and they find B(B » uGu) = 10.0 + 1.3 + 2.1%.

5.19.
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The electron momentum spectrum observed in mixed eTectron'hadron
events at the T(4s) and corrected for the continuum contribution is
plotted in Figs. 5.20 a and b for the CUSB and the CLEO data respectively.
The momentum spectra from both experiments favours a hadronic re-
coil mass of the order of 2 GeV/cZ. A hadronic recoil mass around 1 GeV/c@

would result in a lepton spectrum much harder than the spectrum observed.

From the observed multiplicity distributions in BB decays the CLEO
Collaboration finds an average charged multiplicity of <Nch> = 3.50 + 0.35
in semileptonic B decays and <Nch> = 6.31 + 0.35 in nonleptonic B decays.
Subtracting the electron they find that on the average 2.5 + 0.3 hadrons

are produced per semileptonic B decay. Groups at SPEAR findsl63)

that an
average number of 2.5 + 0.1 charged hadrons are produced in the decays of

an equal mixture of D and p* mesons.
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The semileptonic branching ratios, the lepton momentum spectrum, and
the average charged multiplicities observed in semileptonic B-decays are

therefore in agreement with predictions based on the standard model.

Since ¢ quarks predominantly decay into s quarks, the observed kaon yield
can be used to determine the relative strengths of b - W ¢ and b »~ W u.
Neutral kaons are identifiéd in CLEO for momenta above 0.3 GeV/c by de-
manding a secondary vertex at least 7 mm from the beam line. The mass
is reconstructed assuming the particles to be pions. CUSB identifies neutral
‘kaons using topology oniy. CLEO identifies charged'kaons for momenta between
0.5 GeV/c and 1.0 GeV/c by time of flight. To be less sensitive to norma-
lization uncertainties the groups compare the ratios of kaons per event at

the T(4s) to the number of kaons per event in the continuum.

wm . N . w m . m

" I e Y
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The yield of neutral kaons observed by the CUSB Collaboration nor-

malized to the hadronic cross section is plotted in Fig. 5.21 versus c.m.

energy. It is clear that relatively more K® events are produced in

T(4s) decays than in the continuum. The same behaviour is also observed

for charged kaons and the results are summarized in Table 5.6 from

reference 100).
Table 5.6 - Comparison of the observed kaon yield with Monte Carlo
predictions )
Data Number of kaons observed per event
K° CLEO x°  cuss K* CLEO
Continuum 0.73 + 0.05 0.82 + 0.08 1.12 + 0.16
BB decay 1.43 + 0.25 1.52 + 0.20 2.02 + 0.25
_BB decays
= Contanuam 1.96 + 0.34 1.85 + 0.30 1.80 + 0.32
o e
Monte Carlo predictions for 1/2 (K™ + K7}
Continuum 0.90
BB: b-Wec 1.60 R -1.78
BB: b -+ Wu 0.90 R = 1.00

The Monte Carlo calculations predict R

It

1.8 for B ~ Wc in agree-

ment with the observed ratio of about R = 1.9. The data therefore are con-

sistent with this decay mode only. To set a limit on the fraction (1-f)

of the decay b -~ Wu they evaluate

R =f R (b~+Wc)+ (1-f) R (b + Wu) .

measured
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This expression gives f = 1,12 + 0.25 and a 90% upper confidence Timit
of
|b > NGIZ
—---—:—2 < 004
b~ Wci
The CLEO Collaboration has measured the cross section for efe” » e(u)KX
and the data are plotted in Fig. 5.22. A strong peak is seen at T(4s). |
From these data and the average number of kaons per B decay it is possible

to extract the average number of kaons per B decay for both semileptonic

and non leptonic decays and 0.8 + 0.7 kaon per semileptonic B decay.

About 1.0 kaons are expected per semileptonic decay for b ~ Wc and
approximately no kaons for b - Wut. The number of kaons in semileptonic
decays is therefore a sensitive measure of the relative strength of these

transitions, however, more data are clearly needed.
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The yield of e¥e™ » e(yu) KX
measured by CLEO

The data on B decays are in agreement with the standard model and rule out

many of the non standard models. It is indeed very likely that the t quark

exists,
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6. Hadron Production in e'e” Annihilation

At the parton level, efe” annihilation proceeds 7-10) to lowest order
by the first graph shown in Fig. 6.1. The neutral timelike current, electro-
magnetic or weak, couples directly to a pair of guarks. At small dis-
tances the quarks behave as if they were free resulting in a total cross
section which is proportional to the muon cross section. Neglecting the

weak contribution:

s(e*e” > q§ > hadrons) / o(e’e” » W) = 3 ¢ e?.

o)
]

The factor of three accounts for the number of colours.

The cross section for pointlike scalar quarks would be a factor of four
smaller. The spin 1/2 nature of the quarks is also reflected in the angular
distribution of (1 + cosze) with respect to the beam axis compared to a

sin29 distribution for scalar quarks.

e {a0)
2-jat

olag)
2-3-jet

&

£
—

P

A X

ola)
o 2+ 3-jet

ola}
23 4-jet

L
901

Fig. 6.1 - lLeading and next to leading order QCD diagrams for hadron
production.
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However, quarks are confined and as they move apart new quark pairs

13 cm the quarks have con-

are created. At distances greater than 10~
densed into hadrons such that quark pairproduction materializes as two

back to back hadron jets travelling along the direction of the primary
quarks. The hadrons in the jet have typical transverse momenta of 300 MeV
with respect to the jet axis indepehdent of energy, and large and increasing

momenta along the jet axis.

To first order this picture will be modified in any field theory 12)

of strohg interactions by the graphs shown in Fig. 6.1. The produced
quarks radiate 11) a field quantum which materializes as a hadron jet in
the final state leading to planar three jet events. With increasing energy
multiple gluon emission with four or more paftons in the final state will
become visible. This final state is in general not planar. Higher order
gluon emission is particularly interesting since these processes can be
used to identify the nature of the theory. For example, the last Feynman
graph in Fig. 6.1 depicts the gluon self coup]ing. This coupling is an
essential property of Quantum Chromo-Dynamics 14) (QCD) ; the leading
candidate for a strong interaction theory and is absent in abelian field

theories 1ike QED.

We might arbitrarily divide the physics which can be extracted from
a study of hadron production in ete” annihilation into two classes. Firstly
one might try to identify the process on the parton level from the ob-
served final state hadrons. Secondly one can study the mechanism by which
a struck quark or a radiated gluon converts into a jet of hadrons. This is
presumably a non-perturbative process and sd far there is little theoretical

guidance.
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In this'chapter we first discuss some data which directly support
the simple picture outlined above and then the more general properties

of the hadronic final state.

The evidence for gluons and their properties as determined in ete”

annihilation will be discussed in chapter 7.

6.1 The total cross section

The normalized (electron-positron} annihilation cross section R is

164)

a well defined quantity in QCD and can be evaluated to all orders

in the coupling constant asfﬂ defined in Eq. 5.2.

2 2
6.1 R=3 ? e, 1+ as/w + CZ (as/ﬁ) R )

R is the sum of the squares of the quark charges, as in the naive quark
model,with a small correction due to emission and absorption of gluons.
The first term (as/w) contributes on the order of 5%, the size of the se-
cond order term depends on the renormalization scheme but its value is al-
ways less than the first order term. For example in the MS scheme

C, = 1.99 - 0.12 N where Ne is the number of quark flavours - i.e.

2
C, (as/w) = 0.02.

165) by the PETRA groups are plotted in Fig. 6.2

166,167)

The R values determined
together with some lower energy data . Only statistical errors are
included and the systematic uncertainties vary between 5% and 10% for
the different experiments. The small angle luminosity monitors, the ra-
diative corrections and the acceptance corrections make the largest con-

tribution to the systematic error.

T T
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Fig. 6.2 - R, the cross section for e e - hadrons normalized to the

point cross section efe” & u+u‘ plotted versus c.m. energy.
Only statistical errors are shown. The solid line indicates
the quark model prediction for u, d, s, ¢ and b guarks,

The general features of the observedlcross section are in striking
agreement with the quark model predictions, both the narrow vector states
and the stepsin R associated with the liberation of new quark flavours are
clearly seen. R does not change between thresholds and its value is roughly
given by Eq. 6.1.

167)

The MARK I Collaboration has measured R for c.m. energies between

5.5 GeV and 7.5 GeV with good statistics and an estimated systematic un-

certainty of 10%. A careful comparison 168)

of these data with QCD shows
that the experimental values are on the average 16% above the theoretical
prediction.

A precise measurement of R is an many ways easier to do at high than
at low energies. As shown below the events are jetlike with a high multip-

Ticity and an angular distribution of the jet axis with respect to the

beam axis of 1 + coszg-resu1ting in a large, well defined acceptance on
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the order of 70 - 80%. The contamination from tau pair production is

reduced by a cut on multiplicity and the two photon contributions by

a cut on visible energy to a very low level.

The PETRA groups find R to be constant within errors above bb thres-
hold and the data exclude the production of a new charge 2/3 flavour
in this energy region. Above bb threshold the quark-parton model predicts
R = 11/3 for u, d, s, ¢ and b quarks and this prediction is shown as the

solid line in Fig. 6.2. The data seem to be slightly above this value.

Since the data from the various groups agree within the statistical

errors they can be averaged and the resulting R value is plotted 165)

on an expanded scale in Fig. 6.3. The naive quark-parton model is shown

169) with and without weak effects

as the dotted line. The QCD predictions
(chapter 3) included are also plotted. Weak effects are negligible in the
present PETRA energy for sin29w = 0.23. However, note that the total cross

section data do constrain the value of sinzew as discussed inchapter 3.6.

T i T T
R+ Combined data from PETRA .
| {statistical errors only) i
! sin 29,2038~
4O [ =023~
5 ".L .-—.———:—n]g JRp—
15t order GCO * —]
3sh / B
- r
e
parton model
L QED only
1o} -
1 ] 1 _LO
0 10 20 30 4
Vs [ced - mm
Fig. 6.3 - The R values obtained by combining the data from the various

PETRA groups are plotted versus vs. The Tower dashed line is

the quark model prediction. The upper curves show the first order

QCD prediction with A = 300 MeV for various values of sinzew.
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The data clearly favour the presence of a QCD correction term, but
only on the one standard deviation jevel. To turn a measurement of the
total cross section into a determination of Gy requires that the com-

bined statistical and systematic errors are kept on the 2% level.

The proliferation of leptons and quarks has lead to suggestions 170)

that these particles are not elementary but composite made
of new entities. In this case the quark will have a size and this will

modify the value of R.

Two different fits have been made to limit the quark size from pre-

sent data.

171)

Stding and Wolf introduce an electric Gg(s) and a magnetic Gy(s)

form factor of the quarks and this yields:

Zm2

) 2 | g 2 2
6.2 R=3Z ei { —-;—I GE(S)I + IGM(S)I }
However, since mg << s, the data can be expressed in terms of GM(s) only.
Assuming G, = (1 - s/M) " Teads to a Timit M > 124 GeV whereas a dipole
form factor Gy(s) = (1 - s/M3)™% Teads to My > 176 GeV. Both limits are

90% confidence lower limits.

The MARK J group fit their data 36) to the form

<h
(&%)
P
18
)
o
-
+1
'

The value for Ro includes both the gluon correction and effects due to
the neutral weak current. They find A, > 180 GeV and A_ > 285 GeV. We

may thus conclude that quarks are pointlike down to distances of 10'16 cm.
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6.2 Hadron jets

The jet structure is generally analyzed in terms of sphericity 172)

or thrust 173).

The sphericity $ is defined as:

i, 2
. tep) ,
6.4 = 2 min 2
3.2
20 5

i
Here pi is the momentum and p} the transverse momentum of a track with
respect to a given axis. The jet axis is defined as the axis which mini-
mizes transverse momentum squared. Sphericity measures the square of §,

2

the jet cone opening angle § = 3/2 <6°> is O for a perfect jet and 1 for

a spherical event.
Thrust T is defined as:

i
Z[ pul
6.5 T=may —
zlp |
3
Here p' is the momentum of a track and pl its projection along a given
axis. The jet axis is defined as the axis which maximizes the directed

momentum. Expressed in terms of 8, T o (1 - <<32>1/2 and it approaches

1 for a perfect jet event and 1/2 for an isotropic event.

174) by the

The two jet structure of hadronic events was first seen
MARK I group at SPEAR in a spherici: analysis of their data. At
PETRA/PEP energies the jet structure is already visible in the raw data.

Fig. 6.4 shows a typical 2 jet event observed by the TASSO detector.
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The average sphericity Us) measured at DORIS and at PETRA is plotted

versus the c.m. energy W in Fig. 6.5. The sphericity decreases proportional

~-1/2

to W demonstrating that the jets indeed become more coilimated at

high energies. The jet cone half opening angle shrinks from 31% at 4 GeV

0 .
tc 177 at 36 GeV - i.e. the hadrons in a 18 GeV jet occupy only 2% of 4n.
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The spin of the quark is refiected in the angular distribution of
the jet axis with respect to the beam axis. A spin 1/2 quark has

174) 4,

do/do v 1 + cosze. The angular distribution was first measured
the MARK I Collaboration at SPEAR and they confirmed that the quarks are fer-
mions. The angular distribution of two jet events measurcd at high

energies by the TASSO groups is plotted in Fig. 6.6. The data are in

good agreement with the predicted 1 + c0529 distribution shown as the

solid line.

6.3 Charge Correlation

The pack to back produced quarks have opposite charge. Accord?ng to
the standard picture they will fragment into hadrons by a neutral quark-
gluon cascade conserving the initial charge. Therefore, apart from fluc-
tuation, the resulting jet should remember the charge-of the primary
quark such that the charge found in one jet should be correlated 176)
with the charge of the other jet. Furthermore one expects this long
range correlation to be found among the fast particles and that the
stow particles should exhibit short range correiations only. The TASSO

group has found evidence 177) for these correlations using two different

methods.

The first method is based on a suggestion 178) by Field and Feynman to
use the momentum weighted particle charge as a definition of the jet charge:
Y
1

n

Here e, is the particle charge and X; = pi/pbeam jts relative momentum.

The sum is over all particles in the jet. y must be positive since the
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~ particle with Xy > 0.35 in each jet. The solid Tine shows the
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data were obtained by TASSO.
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primary quark is expected to be a constituent of a particle with large
Xs. A slightly modified definition of the charge is used in order to cancel

the strong y dependence:

T xJ
' _ 1

6.7 qjet (Y) = "'_—2—'2 x.Y qjet (Y)
1

With this definition of a jet charge they define a correlation:

6.8 P (y) =~ <ai(v) - 95(v)>

P'(v) is evaluated for all events which have at least one particle
with X 2 0.35 in each jet. The result, plotted in Fig. 6.7 versus vy,
shows a strong positive correlation as expected if long range charge

correlations are present.

A 1dng range charge correlation is also trivially imposed by the
fact that the event as a whole must be neutral - i.e. if one jet is
negativly charged then the other must be positivly charged by charge
conservation. This effect has been evaluated by randomly redistributing
all the chargee in the jet and then evaluating P'(y). The result is'
shown as the solid line. The observed charge correlation cannot be ei-

plained by charge conservation above.

R T T

o om
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The charge correlation has been further investigated by evaluating

the function:

' n
- 1
6.9 S(ysy') = = oo < UnZ T eiy) ely')>
ByBy k=i gk K

In this expression ei(y) is the charge of a particle i at rapidity y in
the interval Ay and ek(y‘) is the charge of a partjc1e k at a rapidity
y' in the interval ay'. The rapidity is defined as

(E+p,)

(E-p,)

where p, 1s the particle momentum along the jet axis. The function

y = %—1n (

¢{y.y') is related to the probability that the particles i and k have
opposite sign charges minus the probability that the charges have the
same sign. Since the event as a whole is neutral the function d(ysy")
simply shows how the charge of particle i at a rapidity y is being com-
pensated. The normalization is choosen such that { oly,y')dy' = 1. In
Fig. 6.8 a,b,c,d the ratio §(y,y') = ¢(y.y") / { o{y,y') dy 1is plotted

versus y with the test particle in various rapidity intervals y'.

. The distribution for -0.76 <y' <0 i.e. a slow particle is shown
in Fig. 6.8a. This distribution peaks at small negative values of y
and shows that the charge of a slow particle is indeed compensated lo-
cally as expected if only short range correlations are present. The data are
in good agreement with the standard Monte Carlo calculations (see below)

based on gqq and qqg production shown as the solid line.
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As the test particle becomes faster the distribution becomes in-
creasingly skewed with a tail extending to positive y values. In Fig. 6.8d
the correlation function is plotted for -5.5 < y' < -2.5. Although the
bulk of the charge is still compensated locally there is now a signifi-
cant signal at the opposite end of the rapidity plot. The probability

that the charge of particle with y' < -2.5 1is compensated by a particle

in the opposite jet with y > 1 1s (15.4 ¢ 2.6)%.

This long range correlation is also reproduced by the standard Monte
Carlo programm (see chapter 7). However, this correlation is not present
if the initial partons are neutral. This was demonstrated by using the
same M.C. programme but assuming the initial quark to be neutral. The re-
sults shown as the dashed line in Fig. 6.8 d, fail to reproduce the long

range correlation observed.
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The charges were also distributed at random among the particles in an
event and the resulting correlation function evaluated. The ensuing
correiation functions, shown as the open circles in Fig. 6.8 are much
wider than the data. Thus the TASSO group has demonstrated that a long
range charge correlation between particles in opposite jets exists and

that the initial partons are charged.

6.4 The gross properties of the final state

The data above confirm the basic mechanism e+e':+ qq(g) - hadron
- i.e. the hadrons result from the fragmentation of quarks and gluons.

We next discuss some of the gross properties of the final state.

6.4.1 The neutral energy fraction

The JADE and the CELLO Collaborations have determined pY, the fraction
of total energy converted into photons,by a direct measurement of the
photon enerqgy deposited in lead glass counters Surrounding the detector.
JADE has also determined the total neutral energy fraction N by a measure-
ment of the energy carried away by charged particles and subtracting

165) are plotted in Fig. 6.9

this from the known c.m. energy. The results
versus energy and shows that both the neutral energy fraction and the
gamma energy fraction are constant within errors for energies between 12 GeV

179)

and 35 GeV. The data are also in agreement with a measurement of the

neutral energy fraction by the Crystal Ball Collaboration.

The JADE group has also evaluated the neutrino energy fraction o,
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The energy fraction PO carried off by KE and neutrons was estimated.

L’
They find o < 10% with 95% c.1. The Pati-Salam model 180)

with integral
charged quarks predict that between 18% and 28% of c.m. energy is

carried off by neutrinos in disagreement with the experimental results.

6.4.2 Charged multiplicity
' R . . . 165,181}
The averaged charged multiplicity observed at high energies
is plotted together with lower energy data 182) in Fig. 6.10. The high
energy data points from various groups are in reasonable agreement and
well above the multiplicity predicted by extrapolating Tower energy data

according to the a + b Ins dependence predicted in the naive quark-

parton model.



- 122 -
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183)

Neh is expected to increase as

c
6.11 . <n> =n +a - exp (bY In{s/A") ) with b = 1.77.°

. Indeed the data are well representedlss)

in the entire energy region by this
' form with n = 2.0 £ 0.2, a = 0.027 + 0.01 and b = 1.9 + 0.2. The fit
. is showh as the dashed curve marked A in Fig. 6.8. However, most of
the sharp increase in multiplicity seem to be unrelated to multiple gluon
~ emission. This is demonstrated by a computation of the charged multiplicity
expected for quark pairproduction with subsequent-fragmentation. The
‘ _ result of this computation which does not include gluon emission is shown
as the solid line marked qq in Fig. 6.8. A similar computation including

gluon emission predicts a charged multiplicity higher by only one unit of

charge at the highest PETRA energy. The bulk of the strong increase fin
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multiplicity is therefore apparentlyla phase space effect; the full
cascade process can only develop at c.m. energies above 10 GeV.

A simple statistical model 184)

1/4

predicts the multiplizity to rise
proportional to s7°°. This dependence - shown as the curve marked (B)

in Fig. 6.8 represents the data rather well. The model, however, fails

to fit 165) the charged particle dispersion
_ 2 2
Dch - <Nch> <Nch ”

6.5 Particle ratios and momentum spectra

Hadrons have now been identified over a large range in momentum and

the available data with references are summarized in Table 6.1.

The pion fraction, measured by the TASSO Collaboration, is plotted
versus momentum for various c.m. energies in Fig. 6.11. The pion fraction
is nearly independent of c.m. energy and decreases slowly with increasing
pion.momentum from nearly 100% at low momenta to around 50-60% at the

highest momenta measured.
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- *& + W = 34GeV -

4
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& 04 il —
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p (GeV/c) 00

Fig. 6.11 - The pion fraction in e'e” - hadrons as a function of momettum
for various c.m. energies. The data are from the TASSO Col-
- laboration.
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The cross section do/dp to produce 7, 70, K*, Ko°, pp and AL at a
c.m. energy of 30 GeV is plotted in Fig. 6.12 versus momentum. The data
show tﬁat the cross section for Ao production is equal to twice
the cross section for ° production. Also the cross sections for charged
and neutral kaon production are in rough agreement in the momentum re-
gion where they overlap. Although pions dominate at low energies, other
particle species become increasingly important with momentum. For ex-
ample at 10 GeV a ratio of =°: K°K° : AR of 90 : 50 : 20 {is ob-
served. Thus a substantial number of heavy particles is produced and a
typical event at 30 GeV in c.m. contains 11 7, 5.5 1°, 1.4 KdEB (1.4 K+K_)
> 0.4 pp and 0.3 M in the final state. The number of neutral kaons is

about a factor of three larger than the yield observed in pp interactions.

10 : TTT T T 1T [l[ T 17 T T l'lI'TI T
- ‘u* W06 ] Fig. 6.12
:/ﬁ’/ ﬁ . : Differential cross sections
/ %} v do/dp for inclusive particle
10 b v K°K i . -
£ e.ap.p 3 production e'e » h x for
C o.a AR ] + - -
C ,*iu} i w + m (TASSO, preliminary),
s [/ ‘ 2 7° (TASSO),K* + K~ (TASSO),
D 7 i 7
¢ L/ ,—j K® + K° (TASSO), p + p (JADE, TASSO),
s F /3,,#++ A+ & (JADE, TASSQ). The dashed
3 F VAR o 1 curves are of the form
L ,/ ’/' ] E2/p2 dog/dp ~ exp(-bE) with
001 :"/A - b = 3.6 GeV. The solid curves are
a / : drawn just to guide the eye.
:
um1 L i |1L|||| Lot aara,l L
01 10 10
PiGav/c)
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Table 6.1 - Data on identified hadrons at high energies
Particles Group Technique Momentum range Reference
(GeV/c)
° TASSO Liquid Argon 0.5 - 4.0 185
" JADE dE/dx < 0.7, 2-7 Preliminary (165)
TASSO TOF 0.4 - 10.0 186
- Cerenkov
+
K~ JADE dE/dx < 0.7 Preliminary (165)
TASSO TOF < 1.1 186
k%, &° JADE Kg - all momenta Preliminary (165)
PLUTO - - all momenta 187
TASSO - " - all momenta 188, 189
MARK II - - all momenta Pretiminary (37)
As R JADE A-pr 0.4 - 1.1 190
(p and +«F by dE/dx)
TASSO vertex fits to
oppositly charged 1 - 10 189
pairs
MARK II - " - 1-10 Preliminary (37) .
PP JADE dE/dx 0.3 - 0.9 Preliminary (165)
TASSO TOF 0.5 - 2.2 186
MARK TII TOF 0.5 - 2.0 Preliminary (37)
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The invariant cross section for neutral kaon production is plotted 191)

in Fig. 6.13 for data obtained at different c.m. energies. The strange
constituent quark in the K° result from primary ss production, weak decays
of cc and bb quarks, plus the contribution from ss pairs created from the

vacuum. The contribution from these sources and theijr sum have been eva-
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KooK 3 : K
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L xPLUTD  2.4GeV E .
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W= {a) E ©r * 5
T [k 1 I
3T 1 =1
L i. 4 3} *
2 % 1 &
5| % 3,
g T, = F ‘+—§ 3
at St
T °
5 - =2
+[ v
o1} E Q1 p- E
i 1 F l
L ] o
oo
h a2 o2 06 28 02 0z 06 0
X=2ENT X 2E/VS -

Fig. 6.13 - The invariant cross section s/B do/dx for inclusive k% + R°

production versus x for various c.m. energies.

luated using the standard M.C. model and are plotted in Fig. 6.14. The
M.C. computations are in fair agreement with the data and indicate that
the sea contribution is the dominant contribution even up to large values

of x.

To form a baryon requires three quarks in a colour singlet. One might
therefore naivly expect baryon production to be strongly suppressed re-
lativ to meson production. Maybe the most surprising results obtained in
the inclusive measurements has been the large cross section for baryon
production. This may reflect the fact that the qaurks nhave
baryon charge 1/3. The measured cross sectiohs do/dp for inclusive p,

37)

p production around 30 GeV in c.m. are plotted in Fig. 6.15. The to-
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Fig. 6.14

The invariant cross section

s/8 do/dx for inclusive K° + K°
production is plotted versus x.
The estimated contributions from
primary ss, cc and bb production
and from ss paircreation from
the vacuum together with the sum
is also shown.

Fig. 6.15

The cross section do/dp for
inclusive p + p production
versus momentum,
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tal cross section for pp production is plotted in Fig. 6.16 versus energy
together with data at lower energies. The error at the proton data is
quite large since the cross sections have only been measured over a 1i-
mited momentum range. The data indicate that about 0.7 nucleon pairs are

produced per event.

3 T T T T 1] T T
- e MARK I (PEP) (0.4<p<2.0) -
x MARK II (SPEAR)
2 — A TASSO {(0.5<p<2.2) —
a
+
& — =]
S ,
| |- + Jr -
*ﬂ x .
0 ”&muﬁgt ]
0 i WO I I I O | ] -]
' 4 8 10 20 40
Ec.m. (GEV) 33487

Fig. 6.16 - The total cross section for inclusive p + p production
normalized to the muon pair production cross section
versus c.m. energy.

Inclusive AA production however, can be measured over a wide mo-
mentum range since the A's can be identified via the decay mode
A > pn. The invariant cross section for AA production measured by
the TASSO Collaboration is plotted in Fig. 6.17 and compared to the
invariant cross sections for inclusive charged pion and neutral kaon
produétion measured by tﬁe same group. The invariant cross section for
AR production normalized to the invariant cross sections for kaon or pion
production is apparently independent of momentum - i.e. the relative pro-
bability of creating a colourless diquark system-and a colourless threequark

system {s independent of momentum.
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192,193)

This has lead many authors to consider diquark production -

i.e. nét only quark pairs (qq) but also {qq - qq) states are produced

in the guark cascade.

In fact the available data can be well fit assuming the relative pro-

194) of such

babiTify for creating a diquark is 0.075%. The prediction
a siméTe model is shown in Fig. 6.17. More detailed models of baryon pro-
ductidn based on the string model and incorporating diquarks have also
been given. The dashed-dotted curve in Fig. 6.17 and the solid line in
Fig. 6.18 show the prediction 192) from the Lund group based on such a
model. The model fits the protdn data at Tow momenté but decreases faster

with momentum than the observed cross section. The model fails to pre-

dict the A data by a factor of 2 to 3.

w om

- om .  m _  w
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Fig. 6.18
The cross section do/dp

& JADE 34GeV . . .
for inclusive production of

PP 3
* TASS0 30GeV .

T T T

i AN - p+pand A+ A atc.m. |
" _ energies between 30 and 34 GeV.
z 7 The solid and dashed curves show
% 50 N ] the prediction based on the
TS AR Ny model of Meyer. The dashed-dotted

\\\
4 JADE 34GeV(Ref13) ™I,

¢ TASSO 33GeV(Ret12) curves show the prediction of

the Lund model.
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6.7 Scaling violations

The differential cross section for producing a hadron with

energy E, momentum p and mass m at an angle 8 with respect to the beam

axis can be written 195) in terms of two structure functions wl and N2
as:

do o 2 2
6.12 Ids - 3 BX (mW; + 1/4 87 x VW, sin 8)

with 8 = P /E . x = 2Eh[/§ and v = (E, /m/s).

v is the energy of the virtual photon viewed in the rest system of h.

Integrating this expression over angles and retaining only the leading

terms yield:
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2
6.13 do . 4§“ 8 x mH

1
The guark model predict wl to scale - i.e. to be a function of x only.

This Teads to:

6.14 %% (efe” > h x) = I o(qq) [Dg(x) + ng (x)1]
q

Dg(x), the fragmentation function gives the probability that a primary

guark q yield a hadron h with relative momentum x.

In QCD s/B do/dx no longer scales; soft collinear gluon emission
(Fig. 6.1) will deplete the particle yield at large values of x ahd
enhance the yield at small values of x since the energy is now shared
between the quark and the gluon. In general - since q2 is very large
compared to AZ - the effects are rather small of the order of
10 - 20% in the PETRA/PEP energy range. To see a clear effect data in
the SPEAR and DORIS energy range must be compared with data obtained at
higher energies at PETRA and PEP.

The scaled cross sections s do/dx for inclusive charged particle
production as measured by DASP at DORIS, by MARK I at SPEAR and by TASSO,

d16%) in Fig. 6.19 versus y. The solid line

JADE and CELLO at PETRA are plotte
- s do/dx = 23 exp(-Bxp} pb GeV2 - is drawn to guide the eye. The cross
section at X < 0.2 increases dramatically with energy and shows that the
observed increase in the multiplicity is due to slow particles. The Tow
energy cross section is above the high energy cross section at larger va-

lues of x as expected in QCD. In order to reduce the systematic uncertain-

ties it is advantagous to compare data collected with the same detector
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over a large range in energies. In Fig. 6.20 the inclusive cross
section s do/dx measured at 5.2 GeV and at 29 GeV using the MARK II
detector is shown. The low energy data are clearly above the high

energy data at x > 0.3.

m = T T T T T T T 3 E T T T T L] T T
. 3 ] -
A ° 500W
Com oas? & o 2 G
3, StAc-lBLa & 7 1 C ot b
F 2 otk " meim. i 00% o -

TASSQ v 12 T
L

CELLO @ 3& - prelim.

0N

s-do/dxp (pb-GeVz)

s.dafdxp (pb Gev?)
T T

01 {a) A o

1 ] Il

0 ! 0I2 * O.‘L * 7 0?8 ! 08 . ol2 ; O,IL 06
Xp 2 pP/Pyveam Xp =P /Pbeam —
Fig. 6.19 -~ The invariant cross section s do/dxO plotted versus x

for ¢c.m. energies between 5.0 and 34 GeV. The solid line,
s do/dx = 23 exp(-8 xp) GeV2 ub, is drawn to gquide the
eye. -

In Fig. 6.21 the invariant cross section is plotted versus the c.m.
energy for fixed values of x. The energy dependence is consistent with
that expected in QCD. A direct comparison with QCD might be premature
since effects caused by crossing the cc and the bb threshold and the

fact that the hadrons are not identified still remains to be studied.
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The invariant cross section s/8 do/dx for identified charged pions is
plotted in Fig. 6.22 versus x for c.m. energies between 4.5 GeV and 34 GeV.
Also these data, which came from the DASP and the TASSO Collaborations, in-

dicate a sizable scaling violation.

Fig. 6.20
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Fig. 6.21

The invariant cross section
s do/dx plotted versus c.m.
energy for fixed values of
x = 2P//s. The solid lines

are drawn just to guide the eye.

Fig. 6.22

The invariant cross section
s/8 do/dx for inclusive

xt + « production plotted

2E_/Vs.

versus X =
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7. The Gluon

The leading candidate for a field theofy of strong interactions is
at present Quantum-Chromo-Dynamics 14) (QCD) . In QCD the strong force
is mediated by eight massless coloured vector particles, the gluons,
which couple directly to colour. The strong charge, or coupling strength
G (Eq. 5.2) is independent of quark flavour but depends on the momentum
transfer Q in the process, resulting in a coupling which is strong at

small values of Q2 (large separations) and weak at large values of Q2

(small separations). The Q2 dependence of the coupling constant reflects

the fact that gluons are coloured objects with self interactions (Fig. 6.1).

To demonstrate that QCD is indeed the correct theory of strong inter-
actions one must show that gluons with the properties listed above exist.
The first evidence for gluons came from deep inelastic 1epton-nﬂc]eon ex-

periments and will be discussed in chapter 9. Electron-positron inter-

action has given direct evidence for gluons from a study of heavy guarkonium

states and from quark gluon bremsstrahlung.

7.1 Quarkonium

7.1.1 The three gluon decay of T(1S)

In QCD a 17~ state is expected to decay predominantly via a three gluon

intermediate state.
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The energy distribution of the gluons in 177 > ggq can be

written196) as: '

1 dr 6 x(1-x? + xG(1-x,)7 ¥ G(1xy)”
7.1 - ee— = — 7

T dxldx2 -9 X{ x2 X3

where X = Ei/Eb is the scaled energy.

This shouid lead to planar events defined by the three gluons frag-
menting into three jets of hadrons. However, T decays yield in general
two energétic gluon jets plus one low energy gluon jet. The symmetric
case.x1 = Xo = Xg = 2/3 is rather unlikely and even in this case each
jet will on the average have an energy of only 3 GeV. The data on

ete™ > hadrons do not show a clear jet structure at 6 GeV in c.m.

PLUTO has analyzed the hadron data197) from T decays using tripli-

198), a generalization of thrust to three axes. In this method the

city

final state hadrons with momenta Py, P, -... Py are grouped into three

classes C,, C, and C, with momenta +,C ) = 3. where the sum is over
102 3 PLN i

ail particles assigned to class Cx- Triplicity T3, is then defined as:

1 o

7.2 Ty= g max (BT + B+ [B(C) 1)
i .

T3 is 1 for a perfect 3-jet event and 3(/3 / 8) for a spherical

event.

The momenta of the three jets are given by El = P(Cy)s By = B(C))
and 33 = E(C3) and the angles between these vectors 8y, 6,, and 8,
are the angles between the three jets. The triplicity and the thrust
distribution for events on the T are plotted in Fig. 7.1. The data in-
clude both neutral andvcharged tracks and they have been corrected for
the continuum contribution e'e¢” > qg and for the vacuum polarisation.
The triplicity and thrust distributions for the following decay modes

have been evaluated:
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Fig. 7.1

Triplicity and thrust distri-
butions observed by the PLUTO

. R } group for events at the T(1S)
z AP : resonance. Predictions based
%07 o a3 o on a phase space model, two-

B body qq and threebody ggg final
?Tlmamjuwmm states are also shown.
s
3 gtem b

z"e—mu'c‘.': = /2muc
_i;' ' 4 }

2 é §§

:
ds % _E;an B o5 10

1) efe” > T » hadrons, where the hadrons are distributed accordinc to

phase space.

i) ee” T - qq. Such a distribution might be expected if the T de-
cays via a one gluon intermediate state. Also ete” > T » gg would

lead to a similar topology.

i11) ee” > T+ ggg. This is the Towest order diagram in QCD.

The results are also plotted in Fig. 7.1 and it is clear that the
3 gluop distribution agrees well with the data whereas neither phase space
nor twobody qq (gg) decays fit the observed distributions. The thrust dis-
tribution for events collected in the continuum adjacent to the T is

plotted in Fig. 7.2. This distribution is peaked at large values of thrust

T e .
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and is well fit by e'e” > gqq but not by efe™ -+ gqg.

! | ] ]

oL ¢ ‘off'data | Fig. 7.2
The thrust distribution in the
6 [~ 3 gluon MC continuum observed by the PLUTO

Z)
3l } 2 jet MC| group at energies adjacent to

= the T({1S) resonance.

0 1V§<ﬂ 1 L ) §\
05 06 07 08 0.8 1.0

Thrust T
25.1.80 31985

With a colourless giuon. T would decaylgg) to Towest order via a one
gluon intermediate state producing a final state with two collinear
hadron jets resulting in éimilaf thrust distributions on and off re-
sonance. The marked difference in event topology observed on and off

the resonance is strong indirect evidence that the gluon has colour.

The angular distribution of the thrust axis observed in the continu-
uml48’200) and at the T(1S) is plotted in Fig. 7.3. The continuum events
clearly favour the 1 + cosze distribution predicted for ete” » qq, where-

as the data at the T(1S) favour a somewhat flatter distribution.

A fit to the data of the form 1 + acos?8 gives "0 oy = 0.33  0.16
consistent with ar = 0.39 predictedlg6’201) for the decay T(1S) -~ 3 gluons
with vector gluons and disagree strongly with the value a; = -1.0 pre-
dicted for scalar gluons. The CLEO Collaboration has carried out si-

100)

milar measurements at CESR and finds op = 0.35 ¢ 0.11 consistent with
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Fig. 7.3 =~ Data on the distribution of the thrust axis with respect

to the haam axis observed for continuum and T(1S) events
by the LENA group. The data are compared to theoretical
predictions.

the PLUTO value. QCD also predicts that the normal to the plane defined
by the three gluons should be distributed as 1 + ay c052¢ with

ay = -0.33 for vector gluons and ay = +1 or -1 for 0% or 07 gluons. From
a fit to their data CLEO obtainsloo) ay = -0.26 + 0.03 in good agree-

ment with the vector hypothesis.

Independent information on the gluon spin comes from a measurementloo’zoo)

of the ratio + -
T(T' » 7 7)

M - 3Y)
For vector gluons this ratio depends on the size of the system whereas

for scalar gluons the value is independent of size. The value of A has

been eva]uatedzoz) by Gottfried and he finds A = 0.1 or 1 for respectively

vector and scalar gluons. Experimentally the early LENA resu]tzoo) of

100) which finds

A = 0.09 + 0.05 has been confirmed by the CLEO group

1l

A

1k

0.085 + 0.058.
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7.1.2 (QQ spectra and decay widths

146,203)

The observed cc and bb states identified by the spectroscopic

25+1

notation n L, are plotted in Fig. 7.4 as a function of excitation

energy. The Tevel ordering is in agreement with the spectrum shown in

4 AW (GeV)
Fig., 7.4
2o G Observed cc¢ and bb states
_ ’ plotted versus excitation
T s, Fs, energy. The states are iden-
08 1= . tified using the spectroscopic
o6l PSP s, notation n®>tliL 5
e, ___ 3p
et e
0z L
wlk  US__ Vs,
1Sy .
-02 |- F oE
1'Sq
25.1.80 - 31990

Fig. 5.1 for two non-relativistic fermions bound in a steeply rising

potential. The excitation energy E* measured with respect to the 1351
. _ 3 3 .
state and the ratio Roe = Tee(n Sl) / Pee(l Sl) of the leptonic w1dths)
204

are listed in Table 7.1. It is hoped that some of the uncertainties
caused by higher order QCD radiative effects will cancel and that Ree

can be compared directly to first order calculations.
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Table 7.1 - Properties of the cc and bb system
State Measurement Emp.Potentia]ZOB) QCcb PotentiaTZOg)
* * *
E™(MeV) Ree E™(MeV) Ree E™{MeV) Ree
N 589.1 + 0.1 0.44 + 0.06 589 0.35 589 0.45
P 671 + 2 705 715
3
P2,1,0 426 + 4 425 425
T(2S) 560.0 + 0.3 0.46 + 0.03 560 0.43 550 0.45
T(3S) 890.3 + 0.4 0.33 + 0.03 890 0.28 830 0.32
T(4S) 1113.0 + 1.0 0.23 + 0.02 1120 0.20 1160 0.26
Several attempts 205-209) have been made to extract information on

the strong force from the data on the cc and the bb system.

One approach is to derivezos) the potential directly from the ob-
served levels using the inverse scattering formalism. It has also been
shownzos) that a rather simple potential of the form V(r) = A + B rY
with the parameters determined by the lowest levels can fit both the

cc and bb states using identical parameter values.
In a complementary approach one tries to derive a potential from first
principles. Richardson207) has obtained a QCD potential of the form

r 1 1
33 - 2N Q% In(1 + 0%/2%)

2

7.3 v(Q%)

__ 4
-3

 m " I
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written in moment.m space. The potential has only one parameter A which
may be identified with the characteristic strong interaction mass. The

Fourier transform results in a potential which is proportional to 1/r

at small distances as expected for the exchange of a massless vector particle
and proportional to r at large distances as expected for the confining term.
The potenﬁia1, with second order QCD correctionszog) included, is plotted iﬁ

Fig. 7.5 versus r.

LA N LA T T T T
2k <r>3hp )
L >, Fig. 7.5
- The modified Richardson
3% Or - potential versus r.
S ]
..2 - -
..3 . -
1 M TR | H A I By | i
002 005 03 02 05 10 20
r { fermis)
25.11.80 1593

The average r values for the J/y and the T are indicated. It is clear
that both the c¢ and the bb family are mainly sensitive to the inter-
mediate part of the potential between the Coulombic and the Tinear part.
A fit to the observed spectrum gives Mg = 0.508 GeV which is consistent
but larger than the value of Cg determined in other processes. The re-

sults are also 1isted in Table 7.1.

Both QCD and simple potential models reproduce the available data on
cc and bb rather well using the same values of the parameters for both

flavours. This shows that the strong force does not depend on the quark flavour,
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7.1.3 Determination of the coupling constant G

The data on the T states are in good agreement with predictions

based on QCD and can therefore be used to determine a- The ratio of

the gluonic and the leptonic widths of the T(1S) is given in leading order by

equations 5.1 and 5.3:

10(x2 - 9) - @S (M)

7.4 f3g/ Tee ~ 81 eg o

Lepage and Makenzie have ca}culatedZIO) the first order QCD correction

to this ratio. They find, using the MS scheme:

2 3
10(r - 9) al(M) ag (M)
7.5 T3y / Tgp = — [1+ (9.1 + 0.5)

81w eg o)

il

The coefficient in front of o (MT)/W depends on renormalization scheme

and scale.

The renormalization scale can be choosen such that egn. 7.4 is correct

and the authors find this to be the case for M = 0.48 MT'

Experimentally the three gluon width is related to the total width by:

7.6 T3 = Ttot ™ Tee = Ty ™ Do RE = T2

Tigr = (3R +-rng/ree) " Tea

The term Rree is the contribution from the vacuum polarization and T /Fee

Y29
is a small correction for the decay T - vgg.

. 1-(3+R+ Fng/Pee) . Bee

F3g / Fee B
ee

The values for Fee are listed in table 5.3.
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New data on the leptonic branching ratio of the T(1S) resonance have
been reported100’146) by the CLEQ and CUSB Collaborations from

a measurement of the cascade decay:
T(25) ~ o T(1S) ~ i efe” (u+u-)
The CLEO and the CUSB Coilaborations find Bee = {3.6 + 0.4)% respectively
Boa = (3.2 + 0.8)% using the known100’148) branching ratio
B(T(2S) ~» T T(1S) = (19.1 + 3.1)%. Combining results with earlier value

of Bee = (3.0 + 0.8)% measured by the DORIS groups give a world average of
Boo = (3.3 + 0.5)%.

With these values Lepage and McKenzie obtain:

+ 0.012

_ + 34
_ 0.010 5e = 100 MeV.

0 (0.48 M) = 0.152 T e

and A

The value for o is in good agreement with the value determined from quark-

gluon bremsstrahlung.

7.2 Search for gluonium states in J/y radiative decays

211)

Two or more gluons are expected to form gluonium states, bound
colorless particles with a mass spectrum starting perhaps around

1 - 1.5 GeV. Replacing one of the gluons in the decay J/y + ggg by a
photon results in a final state which consists of one photon and two
gluons. This decay mode, observed212) by the MARK II Collaboration with

a branching ratio consistent with thé QCD prediction, seems to be well
suited to search for gluonium since the two gluons recoiling against the
colorless photon must be in a color singlet state. At present two possible

candidates for gluonium, 1{1440) and 6(1640), have been observed in ra-

diative J/y decays.
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7.2.1 3/p > v 1(1440)

212)

The decay J/¢ - v 1(1440) was first observed by the MARK II Col-

laboration in the channel KSKin;. The KSKin; mass distribution for can-
didate events, plotted in Fig. 7.6, shows a clear peak centered at 1440 MeV.
Selecting events with Mg < 1.05 GeV enhances the signal as shown by the
shaded distribution. The rescnance parameters determined from the 5 C mass

distribution are listed in Table 7.2.

Iy — yKeK* n*

Fig. 7.6 _

The KSKin+ mass spectrum for
J/y ~ KSKtW+ candidate event
which satisfy

a) a 5C fit to this hypothesis.
b) A 2C fit (observation of the
photon not required). Events

in the shaded region have

My < 1.05 GeV. The data were
obtained by the MARK II Col-
laboration.

EVENTS/(0.025 GeV/c2)

Mk Kin?  (Gevcd)

Table 7.2 - The 1(1440)
MARK II- Crystal Ball E-Meson
+ 10 + 20
Mass (MeV) 1440 _ 1¢ 1440._ 15 1418 + 10
) ' + 30 + 20
Width (MeV) 50 _ 5 60 _ 39 50 + 10
3 -3

b
et}

B(J/U=yn) - B(n-KKm) 4.3 + - 107 4.0 + 1.2 - 10
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The 1(1440) has also been observed134) by the Crystal Bail Collaboration

o

in J/y ~ YK+K“n and the K+K-w° mass distribution for candidate events is

plotted in Fig. 7.7. The shaded distribution corresponds to events with

M, < 1125 MeV. The mass, width and the cascade branching ratio determined

KK
from these data are also listed in Table 7.2. The two data sets are in ex--

cellent agreement; in particular both groups find a large cascade branching

ratio and this makes it temptin9213) to associate the 1(1440) with a

gluonium state.

Fig. 7.7

The KK K® mass spectrum for
J/w +~ vKTKn® candidate events.
Events in the shaded region
have mz < 1125 MeV. The data
were obtained by the Crystal
Ball Collaboration.

EVENTS /(0.025 GeV)

7
.
. ?//@W 2

The values for the mass and the width of the 1(1440) are consistent

214) for the well established E meson. However,

with the values reported
the spin parity of the E meson has been found to be 17 and this makes it a
natural candidate for the axial nonet together with the D, A, and QA

mesons. The question whether 1 is the E particle or not have now been decided

by a measurement of the quantum numbers of the 1.
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The Crysta1 Ball Collaboration has determinedl34) the quantum numbers of
the 1(1440) to be 0” from a spin parity analysis. The analysis was
carried out in 100 MeV steps for an invariant KKw mass between 1300

and 1800 MeV. The analysis included KKw (phase space), §97° (07),
).

%7 (1%), K*R + c.C. (07) and K*R + c.c. (17

The KKw phase space contribution was assumed to be incoherent whereas
the other partial waves were allowed to interfere with arbitrary phase.
The v and K* helicities were allowed to vary. Significant contributions to
the KKmyield came only from KKn (phase space), §°n° (07) and K*K + C.C. (1%
These‘contributions, corrected for the detection efficiency are plotted
versus K'K' 7% mass in Fig. 7.8. The K*R + C.C. (1%) partial wave contri-
bution is small and independent of mass. The &n(0") contribution, however,
shows a clear resonance structure around the 1 mass. The spin parity of the

134)

1 is therefore 0 . Many cross checks have been made and they all support

the results of the partial wave analysis.
600

2) Fig. 7.8

T T | T I
400 - . . .
__+___+__ "“+—‘ The contributions for various
——+—— . partial wave as a function of

200 |
' KK mass.
0 t { : l { -

' ' ‘ ’ ' a) Phase space (KKws flat)
%m_b) N *, - . P +
S b) KK + C.C, inJ =1
S 200 - i}
= “‘*‘f__+__—-+___+__ c) &m in JP =0
2 0 i t } } = .

i The analysis was made by the
o
“ s00 - ¢) _ Crystal Ball Collaboration.

32458

).

S T

I U T
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The analysis also finds:

B(1 -~ K*K + C.C.)
< 0.25 (90% C.L.) .

B(v » KK + C.C. + &m)

215)

Note that Dionisi et al. determines

B(E » K*k + C.C.)
= 0.8 + 0.12.

B(E -~ K¢ + C.C. + 6m)

The 1 spin can be determined from the angular distributions with the
assumption that the 1 decays predominantly into &m. A fit to the full three
dimensional decay distribution favours strongly spin 0. If the relative
probability for spin 0 is taken to be 1 the spin 1 and spin 2 have relative

probabilities of 1074 respectively 0.008.

The experimentalists therefore conclude that the 1(1440) is a new

pseudoscalar mesen which cannot be assigned to the ground state nonet. It
has been suggested that the 1(1440) is a radially excited qq state and

216)

such states have been predicted to exist in this mass range.

It is of course still tempting to identify the 1(1440) with a gluonium

resonance.

7.2.2 v - v 8(1640)

The Crystal Ball Collaboration has observedl34)

a new resonance B8(1640)
in the decay J/¥ -~ vy n n. The n n invariant mass distribution for events

which satisfay the 5C fit to this decay mode is plotted in Fig. 7.9,
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Fig. 7.9 - The nn mass distribution for J/¢ » v n n candidate events.

The data are from Crystal Ball Collaboration and the solid
line is the result of a Breit-Wigner plus a flat background
fit.

A clear resonance signal is seen in the data and a fit to a Breit-Wigner
resonance plus a flat background result in a mass M = 1640 + 50 MeV and
a width T = 220 f 1?8 MeV. The cascade branching ratio

B(3/p > v8) - B(O ~mm) = (4.9 + 1.4 + 1.0) - 1077 is nearly an order
of magnitude smaller than the corresponding cascade branching ratio for

the 1(1440). A search for the decay mode 6 7°7° was negative and the

resulting 90% upper C.L. is:

B(J/y » ¥8) - B(8 - 1°n°) < 6 x 107%,

The 8({1640) must have JPC = 0++, o** since it is produced in J/v¥

radiative decays and decays into nn.A spin-parity analysis favours 2.

Y
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The 8(1640) does not fit into the ground state 2** nonet and the mass
is probably to low for the 8(1640) to be a radial excitation. Another
possibility is that the 8 is a four quark (qq qq) state. However, such a

state is expected to have a rather large width.

The ©{1640) has the quantum number of the bound two gluon ground state.

4217)

Although its mass is somewhat larger than expecte for the gluon ground

state, this assignment is still a possibility.

7.3 Quark-Gluon Bremsstrahlung

A quark which is being accelerated will radiate gluons analogous to

12, 218)

normal bremsstrahlung. Quark-gluon bremsstrahlung , Shown to

first-order in the coupling constant in Fig. 7.10a is expected to occur
in any field theory of strong interaction. The first order cross section

in QCD is given by:
2 2

1 do(qq . fag XX
7.8 < az%ﬁé?- =

o 771 (l'xl)(l‘xz)

and X, are the fractional quark energies, X.

;= 28/ /s and ,

X1
is the cross section. The energy and the angular distribution of

the radiated gluon is equal to that of bremsstrahlungsphotons:

7.9 dog o
%,S

dkdQ k*sin@

k is the energy of the gluon and @ its angle with respect to the jet

axis as defined in Fig. 7.10b. The gluons are colored and will materialize
as a jet of hadronswith a méan py on the order of 300 MeV/c similar to

the value observed in quark fragmentation, and a normal multiplicity dis-

tribution.



- 151 -

33571

Fig. 7.10 - a) Quark-gluon bremsstrahlung to first order in A -

b) Final state in quark-giuon bremsstrahlung.

Quark. gluon bremsstrdh]ung has well defined experimental signatures.
The transverse momentum with respect to the jet axis will grow with energy

7.10 w5~ %/ n (27 0%y .

In some rare cases the gluon will be emitted with a transverse momentum

which is large compared to 300 MeV/c. In this case the event will con-

sist of three well defined jets defining a plane.

219)

Events with these properties were found almost immediately at

the turn on of PETRA and at the Batavia Conference all group5220'223)

working at PETRA reported data.

Examplies of three jet events are shown in Fig. 7.11. Before reviewing

the evidence for gluon bremsstrahlung I will briefly describe the Monte

224)

Carlo models used to compare theory and data.



- 152 -

TASSO
Ecm=35GeV

22.9.80 nne

(a) (b)

Fig. 7.11 - Examples of three jet events observed by
| a) TASSO and b) JADE.

7.3.1 Monte Carlo Simulation
A1l groups have made extensive Monte Carlo computations to confront
the various production mechanisms with the data. The inputs to these cal-

culation are summarized below:

a) Quark pairs are pair-produced with a cross section proporticnal to e?.

b) The basic gluon bremsstrahlung process {Fig. 6.1) is treated to first

order in the strong coupling constant o by Hoyer et a1.225)

y . 227)

, Whereas the

computation by Ali et a includes all second order diagrams except

those with internal gluon lines (Fig. 4.4 h, k).

c} The formalism of Field and Feynman178)

228)

or the one set up by the Lund

group 1s then used to compute the fragmentation of the constituents.
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In the Field-Feynman model quark fragmentation is a cascade process
where light quark pairs ut, dd and ss are created by the colour field from
the vacuum in the ratio 2 : 2 : 1. The qq pairs recombine with their
neighbours to form mesons: i.e. g + q + qlal > (qal) ta - M +q
M +qp > M +q; + azqz > M o+ (qlﬁz) ta, M+ M, +q, ..

The process stops when the "“free” quark reaches a threshold energy EO;
the quark then combines with the left-over quark from the other jet to

form a wee hadron.

The cascade process is described by three parameters s @ and P/(P+V).

Q
i) ac : fg(z) is the probability that a quark q with énergy Eq fragments
into a hadron h with relative energy z = (E + p)h/(E + p)q. This proba-
bility function is given by: fg(z) =1-ap+ 3aF(1 - 2)2.

ac is assumed to be the same for u, d and s quarks and its value is de-

termined experimentaily. For heavy quarks fg(z) is assumed to be constant.

i1) oq : The quarks in the qq pair are created with equal and opposite
transverse momenta according to a Gaussian with a rms width cq. The
quarks from two different qq pairs are combined yielding a meson with a net

transverse momentum with respect to the jet axis.

111) (P/P+V) : Only pseudoscalar P(m, K ...) and vector mesons V (p, K ...)
are produced in the premordial chain. The program has lately been ex-

tended to 1ncIude193) baryon production. This is done by assigning a smail
probability to the production of diquarks (qla1 qlal) in the fragmentation

chain.

iii1) The fragmentation of gluons is treated as a two-step process in
which the gluon first fragments into a qq pair and then the quark subse-

quently fragments into hadrons as outlined above. In the Hoyer et al.
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program the gluon impacts all its energy to one of the quarks - i.e.
in this model quark and gluon fragmentation are identical. Ali et al.
describe g - qq by the splitting functionzgg) f(z) = z2 + (1 - 2)2

with z = Eg/Eq'

Field and Feynman founleg) that deep inelastic lepton-hadron inter-
actions and also hadron-hadron interactions are simultaneously described
by the following values of the parameters

ap = 0.77, oq = 0.30 GeV/c and P/(P+V) = 0.5 .

The TASSO group has made a fit to their data in a region dominated Dy

two jet events. Simultaneous fits varying s Oq and P/(P+V) were made

to the x distribution (x = ph/Eb), the mean <p$>out distribution normal

to the event plane (see below) and the charged multiplicily distributics.

The best fits were obtained®>C) for a_ = 0.57 + 0.20, o = 0.32 + 0.04 GeV/c
and P/{P+V) = 0.56 + 0.15 in agreement with the values found in lepton-
hadron and hadron-hadron interactions. The quality of the fits is shown in

Fig. 7.12.

The Lund mode1227) is based on the massless string mode]228)

. In this model
the two quarks are no longer independent objects and the string frag-

ments as a whole. The Lund model predicts that quark and gluon fragments
differently and that the jets do not Tonger coincide directly with the

parton momenta. The model has been used extensively by the JADE group and

agrees with the data.
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7.3.2 .Event topoiogy

The production mechanism can be delineated from the'event shape.
For example light qq production results in two well defined jets de-
fined by an axis Qith small momenta transverse to this axis, qqg re-
sults in planar events, four parton events like qqgg define two planes,
heavy qq production gives spherical events. There are by now several
methods used to determine the shape and the topology of an event. Some

of these methods are briefly discussed below.

The shape of an event is conveniently evaluated by constructing the

second rank tensor172’231)

7.11 _ M = Z-—l p.j(l " pJB (us B=Xs ¥s Z)
J_

where pja and ij

Jtfu particie in the event. The sum is over all charged particles in the

are momentum components along theyand the B axes for the
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event. Let ﬁl’ EZ and 53 be the unit eigenvectors of this tensor associated

2, 22
) /7p3-

with the normalized eigenvalues Qi’ where Qi = E(Eﬁ . ﬁj
Tﬁese eigenvalues are ordered such that Q1 < Q2 < Q3 and are normalized

with Ql + Q2 + Q3 = 1. The principal jet axis is then the ﬁ3 direction.

_ The event plane is spanned by ﬁz and 33; and Kl defines the direction in

which the sum of the square of the momentum component is minimized. Every

event can be represented in a .two dimensional plot of aplanarity

A= (3/2) Ql (i.e. normalized momentum squared out of the event plane)

versus sphericity S = (3/2)(01 + QZ). In such a pfot two jet events will

cluster at small values of A and S, planar events have small values of -

A whereas both A and S will be large for spherical events. This method .

220) 223)

has been used by TASSO and JADE

221,232)
MARK J

ordinate system is defined as follows: the 31 axis coincides with the

uses a linear method based on energy flow where the co-

thrust axis which is defined as the direction of maximum energy flow.
They next investigate the energy flow in a plane perpendicular to the
thrust axis. The direction of maximum energy flow in that plane defines

a direction 32 with a normalized energy flow
7.12 major = I 15! - 52] / Eyiqo
3

where E . = E|31|. The third 53 is orthogonal to both the thrust and
the major axis 32, and it is very close to the minimum of the momentum

projection along any axis i.e.

7.13 minor = I [P -
i
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233) has developed a two step cluster method to de-

The PLUTO group
termine the event topology. The first stage associates all particles
into preclusters irrespective of their momenta. Particles belong to the
same precluster if the angles between any two tracks are less than a
Timiting angle a. The momentum of a precluster is the sum of the momenta
of all the particles assigned to that precluster. The preclust=rs are
then combined to clusters if the angle between the momentum vectors is

less than a given value 8. The number of clusters n is defined as the

minimum number of clusters which fulfil the inequalities:

n
7.14 z E. »> (1 -¢€)
.i

ci Evis
where Eci is the cluster enerqy and ¢ a small number. If the energy of a
cluster, defined as the sum of the energies of all particles assigned to
the cluster, exceeds a threshold energy Eth then the cluster is called
a jet. Typical values for the various parameters are a = 30°, 8 = 450,

¢ = 0.1 and Eth = 2.0 GeV. A similar cluster method234) has also been used

by MARK II.

7.3.3 The evidence for gluons

37,171,235,236)

In this part we review the evidence for the process

ete™ > qdg (Fig. 6.1).
A} The average transverse momentum of the hadrons with respect to the jet
axis will grow with energy. Normalized transverse momentum distributions,

measured by TASSO and evaluated with respect to the sphericity axis are

plotted in Fig. 7.13 versus p% for different c.m. energies. The observed
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p% distribution clearly broadens with energy. In QCD the growth is ex-
plained as hard non-collinear gluon emission, Fits based on this me-
chanism are shown in Fig. 7.13. However, it is also possible to fit the
data up to moderate values of p? by increasing % as a function of c.m,

energy.

B) Planarity. Regardless of the value of % (or the mean pT), hadrons re-
sulting from the fragmentation of a quark must on the average be uni-
formly distributed in azimuthal angle around the quark axis. Therefore,
apart from statistical fluctuations, the two jet process ete” » qq will

not lead to planar events whereas the radiation of a hard gluon, ete” > ele!
will result in an approximately planar configuration of hadrons with large
transverse momentum in the plane and small transverse momentum with respect
to the plane. Thus the observation of such planar events, at a rate signi-
ficantly above the rate expected from statistical fluctuations of the qa
jets, shows in a model independent way that there must be a third confined
particle in the final state. The third particle is not a quark since it

has baryon number zero and cannot have 1/2 integer spin.
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We first compare the distribution of <p$>out’ the momentum com-

ponent normal to the event plane squared, with that of <p$>in,

the momentum component in the event plane perpendicular to the jet axis.

The data obtained by the TASSO group are plotted in Fig. 7.14 and

Fig. 7.15 for c.m. energies between 12 GeV and 36.6 GeV. The distribution

of <p¥>out'changes 1ittle with energy in contrast to the distribution of

2
“PT”in

which grows rapidly with enerqy, in particular there is a long

tail of events not observed at lower energies. Fits to the data assuming

efe” > qq and Iq = 300 MeV/c (solid curves) or o

q

= 450 MeV/c (dotted

curves) are shown in Fig. 7.14. The <p$>0ut distribution at high energies is

not fit by cq

= 300 MeV/c, however a good fit can be obtained by in-

creasing Gq te 450 MeV/c. The qg model however, completely fails to re-

produce the long tail observed in <p$>1.n at high energies. This discre-

pancy cannot be removed by increasing the mean transverse momentum of the

jet. Fig.7.14b shows a fit assuming oq

= 450 MeV/c (which gives a good

fit to 1/c dd/dp% and to <p$>out)’ The agreement is poor. We therefore

conclude that the data include a number of planar events not reproduced

by the qq model independent of the average p; assumed.
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Fig. 7.14

Distributions of mean transverse

momentum squared per event for
charged particles, normal to
(<p$>0ut) and in (<p$>in) the
event plane measured by the
TASSO Collaboration at Tow and
high energies. The curves are

the predictions

state with ¢
lines) and o
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Gluon bremsstrahlung offers a natural mechanism to explain the ob-
served planarity of the events. Fig. 7.15 shows a second order QCD fit
to the data using the Monte Carlo method outlined above. The fit assumed
a constant value of % =-320 MeV and oy = 0.17 {see below). The long
tail in <p$>in is reproduced in this model. Note, that the growth in
<p$>Out is explained by the occurence at smail fraction of 4 (or more)

jet events which, in general, are not planar.

222) 223)

The data from PLUTO and JADE analyzed in a similar manner are

in full agreement with the findings of the TASSO group.

The planarity of the events is also observed226’232) by the MARK J
group using a different technique. They divided each event into two he-
mispheres using the plane defined by the major and the minor axis (see
above) and analyzed the energy distribution in each hemisphere as if it resulted

from a single jet. The jet with the smallest transverse momentum with
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respect to the thrust axis is defined as the narrow jet. The other as

the broad jet. The oblateness defined as 0 = major - minor is a measure
of the planarity of the event and is zero for phase space and two jet
events and finite for three jet final states. The normalized event dis-
tribution measured for c.m. energies between 27 and 37 GeV is plotted
versus oblatedess in Fig. 7.16 for the narrow and the wide jet separately
and compared to the predictions for ete” qq (dashed curve) and

ete” » qag (solid Iine); A good fit is obtained with the qqg final state

whereas the qq final state does not fit the oblateness distribution for

the braod jet.

| I N R B T 1 T 1T T T 1 7T
10 ¢ DATA . 0 4 DATA —
27 <VS<37GeV 27 < V5 < 37 GeV
MARK J MARK J
i
)
1 1 i
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Fig. 7.16 -~ The distribution 1/N dN/d0 determined by the MARK J Colla~-
boration as a function of oblateness 0 for the narrow and the
wide jet separately. The solid curves are predictions based
on efe” » qdg, the dashed curve shows the prediction for

e'e” > qq.
The data discussed above demonstrate that the observed planar events
cannot result from fluctuations in the quark pair production with a Gaussian

distribution in transverse momentum around the jet axis defined by the

hadrons. Each PETRA group has now observed more than 1000 planar events
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with an estimated background from fluctuations of two jet events of
about 20%. Wide angle gluon bremsstrahlung ete” - qqg naturally result
in planar events. The observed rate for such events is consistent with
the QCD predictions. Besides this source there are two ad hoc possﬁbi—
lities; a flat phase space of unknown origin, or that the transverse
pomentum distribution of the quark fragmentation has a long non-Gaussian
tail. The first possibility can be excluded by observing events with

3 axes, the second by excluding the possibility that the 3 axes are de-
fined by 2 multiparticlie jets and a single highrpomentum particle at a
large angle with respect to the jet axes.

C) Properties of planar events. The TASSO Collaboration uses a genera-

237) of sphericity to define three-jet events. In this method

lization
‘the tracks are projected on to the event plane defined by 32 and 33

(see above). The projections are divided into three groups and the sphe-
ricity for each group Sl’ 52 and 83 determined. The three axes and

the particle assignment to the three groups are defined by minimizing

1> S, and S,. This defines the direction of the three jets
and assigns the particles to these jet directions.

the sum of S

In Fig. 7.17 the TASSO events are plotted versus tri-jettiness J3 de-

fined as

2 2

3y = <> /(5 (300 Mev/c?)

).

Here <p$>].n is evaluated for all charged tracks in an event with res-
pect to their assigned axes. Thus for three jet events with a mean
transverse momentum of 300 MeV with respect to the iet axis we expect

to find the events clustered around J, = 1, compared with a wide dis-

3
tribution in J3 in case of a flat phase space distribution. The data

agree with the expectations for ete” » qqg, shown as the solid line and
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T T L -
(b3 Fig. 7.17
—= MC for e*e”« qdg Planar events (S > 0.25,
—= MC for disk-like events -
274 - 31.6 Gev B A < 0.08) measured by the
o TASSO Collaboration and plot-

ted versus the tri-jettiness
s The Monte Carlo predic-
tions for e'e” ~ qag (solid)
and for e’e” > hadrons (phase-

Number of Events

. space dashed).

disagree with the phase space distribution plotted as the dashed curve,

232,238)

The MARK J group observes a three jet structure in the energy

flow analysis discussed above. To enhance effects resulting from gluon
emission they select planar events with oblateness 0 > 0.3, The result

of superimposing events with the thrust axis pointing to the left and

the event plane in the plane of the paper 'is shown in Fig. 7.18.

An antennea pattern is clearly visible. The energy flow is projected on to
the event plane and its polar angle distribution is compared with various
models. Due to the event selection criteria both phase space models and qq
models show three Tobes. These models however, do not fit the observed
distfibutioniﬁdepeﬁdentwhethgr the fragmentation is assumed to have

a Gaussian or an exponential Py distribution, The data are well fit by

the QCD model shown as the solid line.
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W = 35GeV MARK-J

event plane

12

WS os
—[ty

0.4

A plot of the energy distribution in the plane defined

by the thrust and the major axis for events with oblateness

greater than 0.3. The curve shows fits according to

1) a QCD calculation (full curve) with o, = 0.18

2) a two jet gqq model with a Gaussian (dashed) or ex-
ponential (dotted) Pr distribution

Fig. 7.18

3) a‘pure phase space distribution.
The results were obtained by the MARK J Collaboration.

The three jet structure is also seen223’239)_in the JADE data. They se-

tected 3 jet events by demanding Q2 - Q, > 0.07. The event plane is

1
defined by the two least energetic jets and the 0% direction by the
most energetic jet. The tracks were then projected on to the event plane
and the resulting momentum flow llzp do/dp plotted. Superimposing the
events leads to the momentum distribution shown in Fig. 7.19. There is

a clear dip at 180° opposite the fast jet and two adjacent peaks demon-

strating the three lobe structure. A good fit can be obtained using QCD

whereas qq production fails to reproduce the data.
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S ~ &

Relative momentum density
(o))

JADE ]

0 (degrees) -

Relative momentum flow
in the event plane.
The data are from the
JADE group.

The same conclusion is a1so‘reached using the cluster analysis with

no assumption on the number of jets. This analysis has been done

233)

by the PLUTO group using the cluster method described above. The distri-

bution of the observed number of jets per event are.listed in Table 7.3

and compared to the predictions based on qq, qq + qqg (g = 0.15) and

phase space. The models are all normalized to the number of observed

events. The data clearly favour a clustering of the particles around

3 axes.

Table 7.3

n.
J

Data-

phase
space

qq
qq + 999

- Number of clusters

1 2 3 4 5
2 551 249 53 3
1 30 154 306 268
3 680 152 23 1
3 567 247 46 2

6 7
1
86 14

T U T
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The remaining guestion is then to decide whether the third jet is
defined by a single particle or by a group of particles. This can be done
by examining the events. Fig. 7.11 shows typical candidates for three

jet evenis as observed by JADE and TASSO. Note, that several tracks cluszer

around each axis.

The multiplicity distributions as measured by the TASSO Collaboration
for each of the three jets are plotted in Fig. 7.20. The jets are ordered
according to energy E1 > E2 > E3. The energies of the jets were computed

from the observed opening angles between the jets neglecting parton masses.

. It is obvious that in general each jet contains several charged particles
and that the observed multiplicity distribution is reproduced by the QCD

calculation shown as the solid line in Fig. 7.20.

{c) E,>E,>E,

1 { | 1 | T

0r Jet1 + Jet 2 + Jet 3 4
v
c
T
>
1]
..6 5'—* —_— —p— -
b
0
E
=3
b

i
0 } | n | | |

0 5 ®0W O 5 Ww ¢ % W0
Observed Charged Mullipticity

4.9
3037

Fig. 7.20 =~ The charged particle multiplicity distribution for each of
the three jets in a planar event with the jets ordered
according to energy. The QCD prediction is shown as the
solid line. The data are from the TASSO Collaboration.
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The TASSO group has also evaluated the transverse momentum of charged

particles in planar events with respect to the jet axis to which

they were assigned. The jet direction and the assignment of particles

to one of the three jets were determined using the generalized sphericity

method. The distribution 1/N dN/dp% is plotted as the solid points in

Fig. 7.21 versus p%. The distribution is in agreement with the QCD pre-

diction shown as the solid line. Also plotted (open points) in Fig. 7.21

is the p% distribution measured with respect to the jet axis in two jet

events at 12 GeV. The distributions are in excellent agreement and the data

support the conjecture that the mean Pt occuring in the fragmentation of

a parton is independent of energy.

dN

1

2 (Gv(—:"v'."CT2

Nt dp%

0

—

o
=

0.

T L

(a)
O 2-Jets 12GeV

® 3-lets 27.4-316 GeV
— MC 30 GeV

0.5 10
P§ (GeVie)?

0185

Fig. 7.21

The transverse momentum distribution
1/N dN/dp? of the hadrons in planar
events with respect to the three
jet axes is shown as the solid points.
The open points represent the
transverse momentum distribution
with respect to the jet axis in two
jet events at lower energies. The
solid curve represents the Monte
Carlo QCD prediction. The data were
obtained by the TASSO group.
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The JADE group 240} yses an independent method suggested by E11is and

Karliner 241) to demonstrate the existence of three jet events. From

the data taken at c.m. energies around 30 GeV they select planar events
which satisfy the condition 02 - Ql > 0.1 and determine the thrust

axis. The event is then divided into two jets by a plane normal to the
thrust axis and Pr computed separately for each jet; the jet with the
smallest Py is called the slim jet, the other the broad jet. The broad

jet 1is then transformed into its own rest system, If the broad jet con-
sists of two jets they will now appear as two back.to back jets along

the new thrust axis T*. The distribution of T in this system is plotted
in Fig. 7.22 together with the thrust distribution of two jet events
measured at 12 GeV. The two distributions ake in excellent agreement. Also
other guantities like the invariant mass, mean pT‘and charged multiplicity
evaluated for the broad jet in its own rest system are in agreement with

the same quantities evaluated for a two jet event at 12 GeV.

‘ Fig. 7.22
‘3(' — S The broad jet in planar events
arrow jet wide jot E’:“?;i!‘?;‘ . 1260 at 30 GeV is boosted into its
Planar event. W= 206 ret et own rest system. The full circles
c;::. | show the thrust distribution of
. "‘%QT.,,;}, the broad jet in this system. The
o - e o?en circles show the thrust
L ¢ Wide jet, We300W 1 distribution of two jet events
- Ahevents.Wri20e¥ 1 at 12 GeV. The data are from the
Wl ﬁ 1 JADE Collaboration.
SR
SIS
§ 2} % -
3 #
Ob hl& +I | 1 ]

0.5 o6 ik 08 09 0

Thrust T
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In conclusion: The data on ete” = hadrons at high energies show clear
evidence for a three jet structure resulting from the fragmentation of
a new light parton with baryon number zero. This observation is naturally

explained in any field theory of strong interactions as quark~gluon brems-

strahlung. Actual fits based on QCD are in excellent agreement with the data.

7.3.4 The spin of the Q]uon

The spin of the gluon can be determined from the angular correlation
observed between the three partons in e'e” - qdg events. It is convenient
to describe this process using the variables X = E. /Eb where the energy
carried off by the quark or the gluon Ei is measured 1in units of the beam
enerqy Eb. The three jet event is defined in Fig. 7.23a with the variables
ordered such that Xy > Xy > X3. The thrust of the qqg event is given by
X4 with X| * Xy *+ Xy = 2. The variable X; is related to the angles between

the partons 9,I (Fig. 7.23) as
ZSinsi

7.15 , X5 50— - 0
51nel + s1n 2 + sin 3

The distribution of the events as function of xi,averaged over production

angles relative to the incident e'e” directions, can be written®) 4
7.16
1 d ZGS xf + x%

( Iy = ( + cyclic permutations of 1,2,3)

o - BV ST ) (1x,)

for the vector case and as:

7.17 :
a 2
OLS X3 . .
= ( ———=— + cyclic permutations of 1,2,3)

( dx a 2 T (1% ) (1-X,)

for the scalar case.
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al Fig. 7.23
' a) Kinematic variables to
X1 = +- =
describe ¢ @ -+ gqg.
b) Definition of the angle §.
b) X2
i-l -l / e_—...
: 523

25880 30524

TASSO multihadron events collected at c.m. energies between 25 GeV

d4235,242) using these variables with the

and 36.6 GeV have been analyze
angles Bi determined from the jet directions defined by charged tracks.
Monte Carlo computations show that the X; values determined in this manner
agree well with those of the parent partons. The resolution in X, was
found to be on the order of 6% with systematic uncertainties of the order
of 1%. The observed distribution is shown in Fig. 7.24. Collinear two jet
events cluster along the base line with Xq = 1 and dominates the event

sample, Well defined three jet events occur for Xq < 0.9 with symmetrie

three star events at the top of the diagram.
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TASS0 Fig. 7.24

25G eV« W< 36.5GeV W20

Dalitz plot of e’e” » hadron events
at 33 GeV using the normalized
variables X; = E1./Eb where Ei is
the jet and Eb the beam energy.

For comparison the QCD prediction
with o = 0.17 is also shown.

Both distributions contain the same
number of events,

The TASSQ group has determined the spin using the variables
cosl = (X5 - X3) / % suggested by E11is and Karliner24l), ¥ is tﬁe
angle between parton 1 and the axis of the parton 2 and 3 system boosted
to its own rest frame, as defined in Fig; 7.23b.

To ensure that the spin analysis is not affected by higher order terms
one should avoid Xq close to 1. Furthermore for x; close to 1 the distri-
butions vary rapidly so that smearing effects caused by the hadronization
of gluons and quérks are important. For these reasons only evénts with
Xy < 0.9 are used in the analysis. In this case the lowest energy jet has

a mean energy around 6 GeV and the smallest opening angle between any

two partons is 70°.

,242 . :
236.242) of the events as a function of cos§ is plotted

The distribution
in Fig. 7.25 and compared with the distributions predicted for vector

{solid) and scalar dashed-dotted -gluons. The prediction was made using
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TASSO Fig. 7.25
T i ] ! \ f [ . . .
. SCALAR 25 GeV < W < 36.6 GeV The cos@ distribution of events
B <039 with x; < D.9. The solid line

and the dashed-dotted line show

the distribution predicted for
vector gluons and scalar gluons
respectively. The predictions in-

B clude hadronization. For comparison
the prediction for a scalar gluon

_ on the parton level is shown in

0 L— Fig. 7.24. The distributions are
normalized to the number of ob-

=
»n

VECTOR

1

do__
Uy d cOSE

o
-

served events.

225) and including hadronization according to

the model of Hoyer et al.
Field-Feynman 178). The distribution predicted for scalar gluons on the
parton level without hadronization is also plotted (dashed curve). A
comparison shows that the distribution is rather insensitive to hadroni-
zation effects. Note, that the distributions are normalized to the number
of events in the plot i.e. the scalar and vector cases are discriminated
using the shape only. The data clearly favour the vector case. To avoid
binning effect the mean value of cos8 was evaluated and compared to the
theoretical prediction. The experimental value of <cos6> = 0.3391 + 0.0079

can be compared to the values <cos@>V = 0.341 + 0.003 for vector gluons

and <cos@>S = 0.298 + 0.003 for scalar gluons.

The comparison yields:

(2 +8) x 107

<C°S%>Exp - <co§§>QCD
3

<cos§>Exp - <cos'§>S {41 + 8) x 10
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The data are thus in excellent agreement with the QCD prediction but
differ from the scalar prediction by roughly 5 standard deviations

corresponding to a confidence level of 107°.

The resuit is remarkably in-
sensitive both to the exact value of ag and the details of the frag-
mentation. Varying the value of G by + 20% changes the computed value

of <cos8> by about 1%. Evaluating <cos¥> in the parton model without

fragmentation leaves the scalar prediction unchanged and increases the

predicted value for a vector gluon by about 2%.

The gluon spin can also be determined from the Xy distribution - i.e.
the distribution of the most energetic jet in three jet events. The
results obtained 243) by the CELLO group are shown in Fig. 7.26. The data
clearly favour vector gluons (XZ = 5.1) over scalar gluons XZ = 30.8).

The data obtained by PLUTO and by MARK II also support a vector gluon.

Vs = 34 GeV L] The thrust distribution gb-
. | 7 .
45* e served by the CELLO Collaboration
v . ) . .
-/ in three jet events. The pre-
1 L7 dictions for vector and scalar
] gluons are shown by the solid
]
EE §ng;ggzl>,;,/ f and the dashed 1ine respectively.
'\

re vector gluon
1% = 5t
/

Q‘Ij

33397
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Independent information on the gluon spin can be cbtained from the
angular distribution of the thrust axis with respect to the beam axis.
According to QCD the angular distribution is given by 1 + a(T) c0529T
where the coefficient a(T) decreases with the thrust. The TASSO group
Finds236) a(T) = 1.00 + 0.11 for events with thrust between 0.9 and 1.0 and
a(T) = 0.75 + 0.18 for events with thrust below 0.9. The QCD predictions
of a(T) = 0.97 respectively 0.75 are in good agreement with the data but

better statistics is clearly needed.

7.3.5 Alternative sources of three jet events

Several alternative mechanisms have been proposed to explain the
occurence of three jet events. These models have been examined in detail
by $6ding?>°) using the TASSO data. He finds that although all models can
explain some of the observed features none of the models can explain all.
In particular the models proposed do not produce the fractional
energy distributions i.e. the angular correlations between jets.

The constituent interchange modelzqa)

explains three jet events

as a e'e” » qqM process where the gluon is replaced by a meson M emitted

at large angles with respect to the quark direction. The observed multipli-
city distribution shows that single pion production must be strongly sup-
pressed and M must stand for a serie of high mass mesons. This higher
twist contribution results in a constant value of <p$> independent of c.m.
enerqgy W whereas both the data and QCD show that <p$> increases as we/ln(wz/Ag).

To account for this observation the effective quark coupiing constant must

increase by a factor of 4 between 12 GeV and 33 GeV. However, the model,
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even with the coupling constant adjusted, fails to fit the observed X1
distribution as shown in Fig. 7.27. This has also been noted in an
garlier ana1y515245) by the PLUTO group. S6ding estimates that not more
than 5% of the cross section in the three jet region can be attributed

to higher twists.

M p— - . 3‘355“ Fig. 7.27
!
e /o The thrust distribution observed
~— GCO olaghag=217 / X
. by TASSO and compared to the pre-

diction of scalar gluons (dashed),
vector gluons {solid) and the con-
1 stituent interchange model (CIM})
scaled up to agree with the p%

~ 05 , ) .
Blx distribution.
~| B
A-]
0-2 -y
01 -
0.05 -
002 Lt 1 L
c.7 as 09 10
% B

It has been suggested that three jet events may be described as a
ete” > qq process in which the hadronization is given a long exponential
tail. Such models can be made to fit the p% distribution and the <p$ >
distribution in and normal to the event plane. However, they completely

fail to reproduce the X4 distribution.

It has also been suggested246) that the Tong p% tail observed at high

energies is due to the fraqmentation of heavy quarks which may have a much

I T T

= _m
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larger intrinsic value of o_. Assuming a Gaussian distribution in p%

q°
with Oq = 310 MeV/c for u, d'and s quarks and g = 800 MeV/c for the
_ T .2 2 2
¢ and the b quark Teads to distributions in Prs <PTip and <PT>out
in accordance with the data. However, also this model fajls to reproduce

the x, distribution and the predicted transverse distribution of

1
momentum with respect to the three axis is to broad.

7.3.6 Determination of the quark-gluon coupling constant o

Attempts to extract the guark-gluon coupling constant a from
e'e” > hadrons are met with problems of both experimental and
theoretical nature:

1) The omission of neutrals in some experiments. It has been shown
that neutral and charged particles behave similarily. Using only

charged particles will therefore not change the mean value of a

quantity 1ike thrust but will increase its error.

2) Apparent multijet contributions from b-decays.

247), in particular hard photon emission in the initial

3) QED corrections
state,

4) Fluctuations in the hadronization process may cause events to be
improperly classified ~ i.e. an event with two or four primary partons
might be classified as a three jet event due to fluctuations or to
overlap between the final state jets. These effects may not be crucial
as long as the minimum angle between any two partons is large com-
pared to the opening angie of the jet and a jet is defined using a

Sterman-Weinberg criteria248).
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5) Contribution from higher order QCD diagrams (Fig. 6.1). These cor-

rections have been evaluated by various groups with apparantly contra-

249)

dictory results. Fabricius, Schmitt, Schierholz and Kramer com-

puted the thrust distribution to order ag and found this correction

250)

to be small and in general negative. E1lis, Ross and Terrano and

independently Vermaseren, Gaemers and 01dham251) found a positive ag
correction of the order of 30 - 40%. It was later realized?18:252)

that both results may be correct, since the groups compute different
quantities. Consider the diagram for two gluon emission depicted in
Fig. 7.28. The effective mass squared of the two partons ij is given
by Sij = (p_i + pj)2 = Y. S- Py pj are the four momenta of the partons,
Ye is a numerical parameter and s is the total c.m. energy squared.
Ellis et al. and Vermaseren et al. calculate the three and four jet
cross sections of the parton level - i.e. a four parton state re-
mains a four parton state down to extremely small values

5, j.e. for a typical PETRA value of s = 1000 GeVz,

2

of Yo v 10”

Sy VS ¢ 10'5-% 107 GeVz. The result of such a computation is very

1J
sensitive253) to the cut off mass. However, since a typical jet has a
mass around 6 GeV the two partons would appear experimentally as one
jet - i.e. as one primary parton, due to the non-perturbative hadronization

process.
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+
e q
e~
33591
Fig. 7.28 - Double gluon bremsstrahlung Teading to four jet events.

This problem is avoided in the computation by Fabricius et al. They
start with the three and four parton bare cross sections but they use a
Sterman-Weinberg definition of an observable jet. Two partons cannot be

separated if the opening between the partons is less than & or if either

parton carries less than g * Eb of the energy. Fabricius et al. defines
an event as a three jet event if all but a fraction g/é of its total
energy is contained within three separate cones of full opening angle §.
For the calculation they use ¢ = 0.2 and & = 45°. Although this calcu-
Tation is better suited to compare theory and experiment there may still
be problems due to ambiguities arising from emission of soft final state

partans.

The value of o has been determined by several groups using a varity

of methods and the results are listed in Table 7.4. Some of the resuylts.
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were obtained in leading order (as), others were evaluated using the Alj
et al. program which includes some of the next to leading order dia-

grams (ag).

Table 7.4 - Determination of o

Group Ref. O Method

CELLO (254) 0.16 + 0.02 + 0.03 Three jet events. Momentum tensor (as)

JADE  (239)  0.18 + 0.03 + 0.03  Three jet events. Momentum tensor (q)

MARK J (238} 0.19 + 0.02 Three jet events. Energy .ow (ag)

MARK II ( 37) 0.18 + 0.015 + 0.03  Energy-Energy corre]ation,(as)

PLUTO (233) 0.15 + 0.03 + 0.02 Three jet events. Cluster analysis (as)
PLUTO {255) 0.18 + 0.02 Event shapes (o)

TASSO (230) 0.17 + 0.02 + 0.03 Three jet events. Momentum tensor (as)2

* statistical error + systematic uncertainty..

The methods used by various groups to extract a value of G is discussed

in some detail below.

The strong coupling constant O is directly related to the number of
three jet events. After choosing a minimum opening angle between any pairs
of partons (g, q or g) the QCD cross section can be integrated and nor-
malized to the total efe™ annihilation cross section. This ratio depends
only on o and can be compared directly to the experimenta] ratio of three

jet events to the total number of hadronic events. In practice corrections

S
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must be made for the effects discussed above. An example of the quality
of such fits is shown in Fig. 7.12. The data are from TASSOZ0). Note,

that the fragmentation parameter were determined at low energies. Similar
fits have been made by JADEZZ3+239) and cELLOZS®). PLUTO determined?®®)

the number of three jet events from a cluster analysis.

MARK J has determined238) o from the number of three jet events defined
by Ob > 0.3 or Ob > On > 0.3 with On > 0. 0Oy and 0n is the oblateness
(Fig. 7.16) for the broad and the narrow jet respectively. They have also

determined o from the average oblateness <Ob>.

The value of a has also been determined from a measurement of the

energy-energy corre]ation5256’257). This correlation is defined as

1 odz; 2 & o
7.18 - — = —Z I —_— Z.Zy dz. dzk
s d@ o j.k ) dz.dz,dg I J
Ik
zj = Ej/Ebeam is the fractional energy of particle j and 8 is the opening

angle between the momentum vectors of particles j and k. The sum is over
all pairs j and k which satisfy this condition and the result is averaged
over all events. This expression has been calculated to first order in

QCD neglecting hadronization.

The energy-energy correlation has been evaluated by various groups.
The data obtained by the MARK I Collaboration®’) at PEP are plotted in
Fig. 7.29 (x = 8). The dashed curve shows the perturbative QCD pre-
diction, the solid line gives the prediction including hadronization. It

is obvious that non-perturbative effects are still very important at
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Fig. 7.29 - The angular dependence of the energy-energy corre?atfon
function. The dashed curve shows the parton Jevel QCD pre-
diction, the solid line includes hadronization effects.
The data are from the MARK II Collaboration.

30 GeY. To extract a value of O which is less dependent on non pertur-

bative effects the groups consider the difference

dz a5
7.19 AB) = 2 | o= (n-9) - a?;5-(9))

To first order non perturbative effects cancel and the observed effect

should mainiy result from gluon bremsstrahlung. Data from PLUTOZSB),

37) 224)

MARK II and CELLO are plotted in Fig. 7.30 and compared with the

QCD prediction for oy = 0.18. The data are in agreement with the predictions.
The PLUTO group has investigated the uncertainties resulting from de—
tector imperfection, radiative corrections and hadronization effects. They

find that these effects introduce uncertainties on the order of 10 - 20%

for 8 between 45° and 90°. The corrections are larger at smaller angles.
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ENS ' ] Fig. 7.30
S 4 PLUTO . Forward-backware asymmetry of
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PLUTO has also determinedzss) the value of o using the following
shape dependent observables:
a) <1-T>, where T is the thrust.
. . .2 B .2
b) The energy weighted jet broadness <sin™m>= < i sin Gi . Ei and 51
is the energy‘and the angle of a track with respect to the jet axis,
- j.e. n is an energy weighted jet opening angle.

259)

¢) The squared invariant mass of the wider of the two jets normalized

to s, the total energy aquared.

d) The integral over the energy-energy correlation function in the large

angle region 60° < @ < 120°.

Effects due to perturbative QCD has an energy dependence proportional

to 1/1n(N2/A2),whereas non-perturbative effects will decrease with energy
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as 1/W. The PLUTO data span a large energy range and can be.used to
separate perturbative and non perturbative effects by the different de-
pendence on energy. The data and the results of the fits are plotted in
Fig. 7.31. The perturbative contribution is shown by the dashed 1ine,
the solid curve includes both effects. The fits are rather good and all

constant with the value o = 0.18 + 0.02.

02 ‘ PLUTO
I --—-QCD ofas) Fig. 7.31
~ ——QCD+fragm.
R 4 The energy dependence of the
oo T average thrust, energy weighted
0 ] : —rt jet openir: angle, invariant
o3bL b - .
~ ozF bhqa\b“wrﬁqbﬂ mass of the broad jet and the
% 51_ e SN SN - SN integral over the energy-energy
0 ; - ; correlations for 8 between 60°
~ o cb ] and 120°. The dashed Tine shows
> iﬁt:%:}ff¢-¢ the perturbative QCD contribution
= oost TS . . . .
' . ’ a/In(W°/A%), the solid line in-
0 10 20 30Gev cludes hadronization effects (b/W).
oL @ ' ' l The data are from the PLUTO
bl 2T “
ge 04l &kukﬁw~¢hﬁ¢<» ] Collaboration.
og-—l\: 0.2 | - ]
—
GS 0 i 1 1
0 10 20 30Gev
w Xras

The value of ag has thus been extracted by several methods with dif-
ferent sensitives to the theoretical problems like higher order QCD cor-
rections or to experimental effects 1ike b decays. It is quite remarkabie

that all determinations listed in Table 7.4 are consistent with o = 0.17.
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The same value o = 0.17 is also found by Fabricius et al. using the full
second order calculation. With the second order formalism developed

by E1lis et al., A1i259) finds o, = 0.12 - 0.13.

One of the crucial predictions of QCD is that the strengfh of the coupling
a decreases logarithmically with increasing value of the momentum transfer
squared (Eq. 5.2). The MARK II Collaboration at PEP has done an interesting
attempt to determine this 02 depehdence from an analysis of the Py dis-
tribution within a jet. The method is based on work by Konishi, Ukawa and
Venezian0261). They compute the energy weighted cross section for particles
within a jet using a quark-gluon cascade model. The relevant momentum
transfer entering the formula for ag depends on the jet cone opening angle
28 as Q252 - j.e. the energy weighted cross section for single jet pro-
duétion can be used to determine a, at various values of the momentum trans-

37), The results shown

fer, The method is discussed in detail by Hollebeek
in Fig. 7.32 are quite infriguing but more work both experimentally and theo-

retically is needed to ensure the o is indeed running.
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Fig. 7.32 - The dependence of ag as a3 function of the jet opening angle §

or 4q2. The data are from the MARK II Collaboration.
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7.3.7 Do quarks and gluons fragment differently ?

~ One might expect on general grounds that gluons and quarks hadronize
into different final states. A gluon may fluctuate into pairs of quarks
and gluons. Futhermore the ggg coupling is 9/4 times stronger than the
qqg coupling such that gluon emission will be more frequent for gluons
than for quarks. This leads us to expect that a gluon and a quark will
fragment into hadrons differently - the hadron spectrum from a gluon frag-
mentation will be softér with a correspondingly higher multiplicity. Com-

261,262) show that at asymptotic energies a gluon will fragment

putations
into a jet of hadrons with multiplicity and opening angle which are larger
by a factor 9/4 than the corresponding quantities for a quark jet of the

same energy.

Using the string model Anderson, Gustafson and Collaborators have

227) that the yield of low-energy particles emitted at large

predicted
angles with respect to the jet axis depends whether the jet is a result

from the fragmentation of a quark or a gluon. The JADE group239) has

carried out this analysis using charged and neutral particles. Planar

events with 02 - Q1 > 0.10 were divided into a slim jet and a broad jet

by the plane normal to the thrust axis. The broad Jjet is then boosted

into its own rest system and the particles assigned to the two subjets.

The softest jet is called the gluon jet. Monte Carlo calculations show

that with the cuts used this is true more than 50% of the time and it

simply reflects the softness of a bremsstrahlung spectrum. A1l the particles
are projected on to the plane defined by T, thrust axis of the event and

7% the thrust axis of the boosted two jet system. They then plot the particile

densities between the gluon jet and the siim jet and the quark jet and the
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s1im jet in terms of normalized angles ei/e ,» Where gmax is the opening

max
angle between the gluon jet and the slim jet or the quark jet and the
slim jet respectively. The data plotted in Fig. 7.33 show that the density

of tracks is Targer by a factor of 2 between the slim jet and the quark jet.

A v L ] QPT Y ) g -1

e Data 30,35GeV Fig. 7.33

50 F JADE - Angular distribution of charged

4 particles between the slim jet
and the gluon jet and between the
slim jet.- and the quark jet as a
function of the normalized

dN/do*

angles g/gmax‘

3.11.80 31867

The result of a Monte Carlo computationzzs) based on similar fragmentation
functions for quarks and gluons fails to reproduce the dip observed in

the particle density distribution between the quark and the slim jet, as
shown by the dotted histogram in Fig. 7.34. The data, however, are repro-

227), where the quark has a harder

duced in the Lund Monte Carlio program
fragmentation function than the gluon jet. The fit using the tund Monte

Carlo is shown by the solid histogram.

These findings have been confirmed224) by a recent analysis.
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Fig. 7.34 - The mean transverse momentum of particles with respect to
their assigned jet axis in planar three jet events as a
function of jet energy. The jets are ordered according to
energy as E1 > E2'> E3.

The JADE group has determined236) the Py growth displayed by the in-.
dividual jets in planar three jet events. In this analysis planar events
were selected by demanding Q2 - Ql > 0.07 and Q1 < 0.06 where Qj are the
normalized eigenvectors of the sphericity tensor with Q1 > Q2 > Q3.

The three jet directions and the particle assignments to the jets were
determined by maximizing triplicity i.e. the directed momentum along three
axes. The jet energies Ej is computed from the direction of the jets
ordered such that E1 > E2 > E,. Monte Carlo studies show that in thfs case
the gluon jet can be assigned to the jet 1, 2, or 3 with the probability
12%, 22% and 51%. In 16% of the cases no gluon was emitted, a two jet event
was mislabled as a three jet event due to fluctuations in the hadronization
process. The mean transverse momentum of the three jets is plotted in

Fig. 7.34 as a function of jet energy. The data show that the softest jet

T D T T
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has the largest Py with respect to its jet axis for a given energy, where-

as there is little difference between the two quark jets 1 and 2.

The JADE group also finds that the jet broadening is more important
to the event piane than normal to the plane. Both findings are reproduced
in the LUND model but not by the Hoyer et al. simulation in which

quarks and gluons have identical hadronization,

The effects are very interesting, however, the findings of the JAJE

group are not confirmed by similar analysis carriéd out by the MARK 3236)

and the MARK 1I Collaborations’).

7.4 Summary

To demonstrate that QCD is the correct theory of strong interaction
one has to show that gluons, massless, coloured vector particles with
flavour neutral couplings exist. Furthermore the gluons should have self

coupling leading to a running coupling constant.

i) Gluons exist. They offer the only consistent explanatjon of all the
features observed in e'e” annihilation into hadrons at high energies,

in particular the occurance of three jet events. There is also no alter-
native expTanation of the properties of the final state hadrons in the

decay T - hadrons.

ii) Gluons have spin one. Maybe the cleanest observation is from the an-
gular correlation observed between the jets in three jet events. Both
T > hadrons and T' > 7'x T is in agreement with vector spin predictions

and disagree with predictions based on scalar gluons.

iii) The gluon is flavour neutral. The cC and bb mass spectrum and the

leptonic widths can be explained using the same potential for both ¢ and
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b quarks.

iv) Gluons may be coloured. This would explain why T - g - hadrons is

forbidden.

v) Gluon self interaction. This crucial feature of QCD has not yet been
convincingly observed. Some early evidence of an analysis of the angular
width of gluon jets may indicate that oy is running. Furthermore there are

candidates for gluonium,.

B

T T T T
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8. Two Photon Interactions

Electron-positron collisions are a prolific source of photon-photon

coT]ision5263’264) as shown in Fig. 8.1, where 02 and v of the spacelike

photon is determined from a measurement of energy and angle of the scattered
Tepton. These processes offer a unique opportunity to vary the mass of

the target and the projectile ovef a wide range from collisions of two
nearly real photons via deep inelastic electron scattering on a photon
target to collisions of two heavy bhotons. The interest in these studies

are enhanced by the dual rdle of the photon as a hadron and as a point-

1ike particle which can initiate hard scattering processes even on its

mass shell.

Experimentally, two photon events are separated from annihilation
events by a cut on the observed energy. The c.m. energy of the yy system
is in general much Tower than the available energy‘reflecting the product
of two bremsstrahlungs spectra. In some case one (or rarely) both of the
scattered electrons are detected in shower counters mounted at small angles

with respect to the beam axis. The background from beam gas events is low

E] e—+- Fig. 8.1
+ Hadron production
€ - = JQL__ 1né%ﬂ+=;éy.
hY
2 0N Y
Qz,V1 \\
hadrons
Y, 7/
Qyv,

Y

33632
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and can. be measured from the number of events which satisfy the selection
criteria but originates outside of the interaction volume. Another potential
source of background results from inelastic Compton scattering. However,

estimates of this process find it to be negligible.

The mass of the produced hadron system can be computed from the energy
and angles of the scattgred electrons. However, tagging both electrons
leads to a large reduction in rate such that in practice only one or none
of the electrons is detected. This has no drawbacks in the case of real photons

and a simple final state like e’e” >~y ye' e - «'n e'e where the

energy can be determined from the final state pions. In general, ﬁowever,

the fin;l state particles are both charged and neutral and are travelling

at sma]f.angles with respect to the beam direction. It is therefore difficult
to detect and measure the momenta of all particles in the final state. Thus
the measured visible mass of the hadron system wvis can only be related

to the true mass W of the produced hadron system by a Monte Carlo calcu-

lation. Furthermore tagging is required in order to study the Q2 dependence

of a process.

During the past few years several groups have reported experimental re-
suité on photon-photon interactions. An up to date discussion of the data

and the theoretical aspects of yy. collisions including a complete set

265)

of references can be found in the talks given by Wedemeyer and

Bardeen266) at the Bonn meeting.



- 192 -

8.1 Resonance production

A1l hadrons with even charge conjugation and spin different from one can

be produced 267)11n vy collisions. The corresponding cross section can be
written as
8.1 ole'e” > e'e™X) = (20 In s/mg)2 f{x) (2J+%)T(Xﬁ2Y)

, 5

2

with x = m2/s and £(x) = 1/2 (2¢x)° In (1/x) = (1-x) (3+x).

Thus such a measurement determines the partial width (X - yy) and if the

branching ratio B(X -~ 2y) is known, Ty ., the total width of the resonance.

The data available on n'(958), f°(1270) and A,(1310) are listed in
Table 8.1.These data were all collected in the no tag mode. Beam gas back-
ground, annihilation events and cosmic ray evehts were removed by kinematical
cuts. The results obtained by the various groups are in agreement within the

quoted errors.

Table 8.1 - Data on I__(x}
YY

Particles Group Decay mode r (keV)* Reference
PC ‘ YY
(J°7)
n'(958) MARK 1T 0% 5.9 + 1.6 +1.2 268
(0™ JADE 0% 7.5 + 0.7 265
£°(1270) PLUTO P 2.3 + 0.5 +0.35 269
(2" TASSO wtr 3.2 +0.2 + 0.6 270
MARK II T 3.6 + 0.3 +0.5 271
CELLO an 3.6 +0.2 +0.7 272
Crysta .
0 2 f3%aos o
A, - JADE otat 1.2 +0.4 265
++
(27) Crystal n 0 0.77 + 0.18 + 0.27 273

% width + systematic uncertainty + statistical error.



- 193 -

As an example of such an analysis let us consider the reaction
efe” » 2 ete” 5> 17 ete as measured 270) by the TASSO Collaboration.
They selected two positively charged tracks originating from the inter-
action region, To reduce the background from beam gas events the tracks
should be coplanar to within 10° with respect to the beam axis and each
track should have a transverse momentum with respect to the beam axis
of 0.3 GeV/c or more. Two prong cosmic rays and annihilation events are
rejected by requiring the two tracks to be non-collinear by more than 7.5°
and the sum of the magnitude of the momenta to be less than 20% of the beam

energy. The transverse momentum imbalance of the event with respect to the

beam axis should be less than 0.3 GeV/c.

The mass distribution of the remaining events, assigning pion masses to
the particles, is shown in Fig. 8.2. The data represent a total integrated
Tuminosity of 9240 nb ! at com. energies between 22.4 GeV and 36.7 GeV. The
contribution 78) from efe” » efe” ete” and eTe” » etet u*u7 is shown as
the solid line. The data are in good agreement with the prediction except

for an excess of events near 1.3 GeV.

1000 o

o TASSO 5 Fig. 8.2

—2 {no tag)
[ Yy aprongs inotag Untagged two prong events
from TASSO plotted versus

the pair mass. The QED

106 &

10k contribution is represented

Events /0.05GeV

by the solid line.

0 15 3.0 45 60

Mx iGeV)
Tt 32633
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The invariant mass distribution after subtracting the QED contribution
is shown in Fig. 8.3. It is natural to identify the observed mass peak near
1.27 GeV with the £°(1270). A spin two resonance like the ° can be. pro-
duced with helicity amplitudes 0, 1 or 2. To determine the dominant ampli-
tude the data are plotted as a function of cos@® where 6% is the angle
between the beam axis and one of the charged particles in the events. Fig. 8.4
shows data 273) from Crystal Ball which have the largest acceptance in cos6*.
The angular distribution expected for the three helicity amplitudes are shown.
The data, in agreement with theoretical expectations .and the findings of other
groups, clearly favour the helicity two amplitude. In fact all the groups use
anly this amplitude to determine ryy. The observed mass distribution in Fig. 8.3
can be fit to the f° using the standard values of £° mass and the width plus
an additional term resulting either from o continuum production or from a

lower mass resonance.

T T T
. TASSO .
150 -
2y —s2prongs

{no tag)
—_—— fO

3
2 100
™
=
(]
>~
g
4 50
&
['—
<L .
| l T4
0.75 1.00 1.25 150 1.75
Mx(GeV)
290481 32631

Fig. 8.3 - Invariant mass distribution of y v -+ 2 prongs
assuming the tracks to be pions.
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Fig. 8.4 - The decay angular distribution of 0 > 1°%°. The
data - corrected for the acceptance - are from
the Crystal Ball Collaboration.

8.2 Exclusive Channels

264,275)

Exclusive particle production in yy collisions has recently re~

ceived some attention.

276
At the Wisconsin Conference the TASSO Collaboration reported )

the first data on e'e” » nin n'n e'e . They found the four pion channel
to be dominated by p%° production with a cross section which rises
sharply at threshold and reaches a level well above the cross section

estimated from the vector dominance model.

New data are reported by several groups. The four pion invariant mass

265) 265)

spectra observed bv the TASSO group and by the JADE group are

shown in Fig. 8.5 a, b These data may contain some structure and a more
refind analysis including p°%p°, 2%nTn™ and « v n'w  phase space production
are now underway. MARK II 277) and CELLOZTZ) have determined the popo
cross section using a less complex analysis and the data are shown in

Fig. 8.6. The data agree both in shape and magnitude with the old TASSO

data.
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Fig. 8.6 - The cross section for e'e = p°0° as measured by TASSO,

MARK II and CELLO plotted versus the c.m. energy. The
vector dominance prediction is shown by the solid line.
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Recently the TASSO Collaboration reported 278) data on e*e” » pp ete”
at a c.m. energy of 2.0 - 2.6 GeV. They find a cross section of
4.5 + 1.6 + 0.8 nb where the first error is statistical and the second
systematic. An estimate of the cross section using the reaction
PP =~ o ps PP > o w and the vector dominance model gives values between

0.2 nb and 1.0 nb.

8.3 The total cross section for yy - hadrons

The amplitude for yy = hadrons will presumably contain both the hadron-

279) 280) shown in Fig. 8.7. In the hadronic

like piece and the pointlike piece
piece the photons convert into vector mesons which subsequently interact
producing a final state similar to that observed in hadron-hadron collisions,
where the secondary hadrons tend to be produced with Tow transverse momenta
with respect to the beam axis. In addition, however, the photon has a point-
1ike piece where the photon couples directly to a quark pair initiating

a hard scattering process. In this case the secondary hadrons will appear

as two jets of hadrons distributed roughly as l/p? with respect to the

beam axis. Although the hadronlike piece will dominate at small Pr the
pointlike contribution with its slower Pr dependence will be dominant at

large values of Pr-

P p q

w @ i)
P !
:> P + 1 R + Y 'y
{ :
- B s ———— T >
P P

31779
Fig. 8.7 - The hadron-like and the point-like contribution to

the total cross section for y y - hadrons.

o

T T
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The total cross section for yy - hadrons can be estimated from the

imaginary part of the elastic scattering amplitude to be:

8.2 o(yy >~ hadrons) = 240 nb +

270 (nb GeV) , _p
W YY

The first term result from Pomeron exchange and is estimated using the

factorization relation Sy pp T (cYp) . The second term involves both

PP

f and A, exchange and leads to a cross section which decreases as 1/W where

2
W is the yy c.m. energy. The pointlike-contribution can be crudely estimated
using tne box diagram in Fig. 8.7. This process is analogous to the QED process

+ - + - 4+ = .
ee >yuyuee andyields

2
p = Ama 4 2, 2
8.3 UYY = —-—;I-Z— 3? e_i In (H /mi).

where e. denotes the charge and M the mass of the i-th quark. This cross
section decreases roughly as 1/w2. Including only u, d and s quarks with
a mass of 100 MeV results in a cross section value of 650 nb at a vy c.m.

energy of 1 GeV.

The PLUTO group has measured 281) the cross section for
e+e- - Y*y*e+e_ > hadrons + efe”. The data were obtained by requiring
that one of the electrons is scattered between 23mrad and 55 mrad and
deposit at Teast 4 GeV in the shower counter. The second electron is not
detected such that its photon is nearly real. The process can be considered
as inelastic electron scattering on a real transversely polarized photon i.e.
‘e y + e'X. The kinematic is defined above in Fig. 8.1 and the cross

section do(e vy » e X) can be written in terms of the transverse and longi-

and o, as:

tudinal cross section Iy .
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8.4 do(ey » eX) = Ty [0,(Q% W) + ¢ o, (Q°, W)] dudE]

In this expression is T

t

the flux and ¢ the polarization of the virtual

photon. These quantities are given by

8.5 r

e

I

n

2(1-y) / (1 + (1-9)%)

GE (1 + (1-9))

2;2023{

where y = (1—(Ei/E) . cosZQ/Z) is the relative energy of the virtual

photon.

The resulting cross section is plotted in Fig. 8.8 as a function of

W at an average <QZ> of 0.25 GeV/cz. The VDM prediction is shown as

vis
the solid 1ine.

Gy+ £E G
(nb) | } T T ] T I H I T
800} —
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I + <€> = 0956eV
Lo # _

ins (GeV)

Fig. 8.8

The cross section

Y*e ~ e‘X plotted versus
the visible energy wvis'
The VDM prediction is shown
as the solid line. The data
were obtained by the PLUTO

group.
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The observed energy wvi was converted into the c.m. energy W using
a multipion phase space model with Timited transverse momentum. The
correcfions are on the order of 15 - 20%. The longitudinal cross section
was neglected in the rest of the analysis in agreement with the data on
electroproduction on a hadron target. The Q2~dependence of the transverse

cross section was taken from the vector dominance model using the p

pole only
T T—gmg ?
8.6 o AQ" W) =0+ ( )
f 1Y Q" + m

The data at small Q2 are indeed consistant with this model as shown below

in Fig. 8.8.

The total cross section e, for two real photons was obtained by extra-

polating to Q2 = 0 and correcting for the difference between W and wvis'

The cross sections are well represented by the expression

2
_ 270 nb GeV 2, , M
8.7 GW—A(240nb+————W———)+B/N’)(m)
o]

with A = 0.97 + 0.16 and B = 2250 + 500 nb GevZ.

This fit, with one standard deviation error bars, is plotted in Fig. 8.9.
The cross section agrees with the VDM prediction for W > 6 GeV. The rapid

rise at small W might be indicative of a pointlike contribution.

Preliminary data 282) from the TASSO group are also shown. Note, that these
data have a systamatic error of 25% in addition to the statistical error

shown.
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The total cross section for

Yy - hadrons as measured by
PLUTO plotted versus the yy
c.m. energy. Preliminary TASSO
data are also shown.

hadrons

The pointlike contribution (Fig. 8.7) might show up more clearly in

the transverse momentum distribution of the hadr

Py where the hadronlike contribution is very sma

ons at large values of

11.

The TASSO group 283) salected events with a tagged electron between 24 and

60 mrad depositing at least 4 GeV in the shower
at least three charged particles observed in the
Py > 0.3 GeV/c, two and more with P > 0.2 GeV/c

with an average c.m. energy of 6.1 GeV satisfied

The cross section dd/dp$ is plotted in Fig. 8

exponential drop at small P, which flattens out

counter. There should be
inner detector, one with
. A total of 1125 events

the criteria.

.10. The data show a steep

for P, 3 1.5 GeV/c.

o m m. B
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A fit to the data of the form C, exp{a pT) + Cz(pz) gave
a=-7.4+0.3GeV and b = -3.87 + 0.6 GeV. This should be compared to
pp interactions where the produced pion spectrum falls exponentially as

1 1. This cross section always falls

exp(-a pq) with 6 GeV ~ < a <7 GeV
faster than p}g and approaches this value only at large c.m. energies.
Secondary hadrons from Yy collisions and pp interactions have a similar

steep exponential pi_dependence at Tow values of Py- However, the two distri-
butions are markedly different at large values of p , the p, distribufions of
hadrons from yy collisions have a break around P = 2 GeV/c with a Tong tail
extending to large values of P, The hadrons at large p, are thus not pro-
duced by the hadronlike piece of thé photon. Note that the pointlike dia-

gram in Fig. 8.7 predicts the p%4 dependence observed.
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The pointlike diagram leads to jets which are back to back in the
vy c.m. system. Due to the Lorentz boost of the yy system the hadrons
will in general be focused forward and backward along the jet direction
yielding two non collinear hadron jets. An example of a yy » qq can-

didate event is shown in Fig. 8,11.

._‘\

A e,
i

Fig. 8.11 - A candidate event for yy » gg - hadrons observed
by PLUTO.

Two procedures have been used to search for acollinear jet events
in yy collisions. In the first method all particles were divided into

two groubs C1 and C2 and a quantity twoplicity T2 defined:

R T T .

m  oom
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T Pl el AR

ieC
8.8 T, = Max 1 2
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l
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i.e. the thrust of event is maximized using two independent axes. This
method 284) has been used by PLUTO and by TASSD. In the second method jets
are defined as particle clusters. In this method particles spaced within
30° were combined into preclusters and preclusters spaced within 45° were
combined into clusters. Clusters which consist of at least two partic]eé
and a total energy of 2 GeV .or more are called jets. The events are

classified as 1 jet, 2 jets or more than 2 jet events. This method has

been used by JADE285),

The PLUTO and TASSO groups have evaluated the mean pp of the hadrors
with respect to the jet axis as defined above. Both groups found a value

of 300 MeV/c consistant with the value measured in ee™ » qq - hadrons.

The transverse momentum distribution of jets with respect to the beam

axis (PLUTO and TASSO) or the direction of the c.m. system (JADE) is
plotted in Fig. 8.12 a,b,c.
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The masses of the light quarks are not important at large Py

and we expect

8.9 R oty > aa) 35 et = 34/27 at 1
) = — = e, = at large p, .
Y oy > ww) il =

The cross section based on this-prediction including u, d, s and c
quarks is also shown in Fig. 8.12. The data seem to approach the pre-
dicted cross section from above and are consistent with the prediction

at large values of P,-

"~

The data at large Py are indeed consistent with reﬁu]ting from a point-
like component of the photon. However, at such low energies hadron jets
are notlwe11 defined on an event to event basis. Also the processeszgo)
shown in Fig. 8.13 can contribute to large pi-jets. However, the first
process is expected to be smaller and the second process will lead to a

llpi behaviour which seems excluded as the sole source of large P,

yy-events.

. Fig. 8.13
: Two possible processes resulting

in large P, Jets.

’/’-%—
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8.5 Electron Scattering on a photon target

286)

The PLUTO group has now completed the analysis of their large
Q2 data on inelastic electron photon scattering e'e” » hadrons. The process

is shown in Fig. 8.14. In this recation they measure the direction and the

Fig. 8.14
o ) . .
Diagrams contributing to
e
?
g e y > e' hadrons.
e
{a)
.
e
o’ qlu) 5,
Y g
= , ,
SN P
(b () w °

energy of one of the outgoing leptons thus defining Q2 and v of the virtual
photon. The second electron is untagged resulting in a nearly real trans-
versely polarized target photon. The data were selected using the following
cuts: the tagged electron (positron) should scatter between 100 mrad and

250 mrad and deposit at Teast 8 GeV in the tagging counter. The corresponding
02 value should be greater than 1 (GeV/c)Z. Less than 4 GeV should be de-
posited in the tagging counters on the opposite side of the interaction point.
At least three hadrons with a visible invariant mass wvis > 0.75 GeV

should be observed in the central detector. These cuts resulted in 117 events
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for an integrated luminosity of 2500 nb~1

at an average beam energy of
15.5 GeV. Beam gas scattering, annihiTation events and inelastic Compton
scattefing e{e y + e X) contributes an estimated background of & events
resulting in a final data sample of 111 events. The data have not been

radiatively correcteed. However, this correction is expected to be small.

The value of o, * &0, extracted from these data are plotted versus Q2
in Fig. 8.15 together with data at lower values of Q2 discussed above.

The solid line is the vector dominance prediction using a simple p pole:

2 o (Wyis)

’ wvis) = 2, 2.2

8.10 o (Q
(1+Q7/m0)

The data are in agreement with the VDM model for 02 values below 1 (GeV/c)z,
but the observed cross section is well above the prediction at higher

values of 02 indicating the presence of a hard component.

U't"EU'l .
{nb) ' ! Fig. 8.15
300 1;:%t£5206ev 4 The cross sectign for vy as
a2 function of Q~ for a fixed
100} . cut on visible energy. The
data are from the PLUTO Coliabo-
% ‘ R ration. The solid line re-
1ol- i presents the p formfactor
o
3 () -
m +Q
P
!
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The data for 02 > 1 (GeV/c)2 were analyzed in terms of deep in-

287). Deep inelastic electron-photon

elastic electron-photon scattering
scattering can be parametrized in terms of three structure functions.
FL(x, Qz), FT(x, QZ) and F3(2, QZ : FL(x, QZ) and FT(x, QZ) correspond
to the longitudinal and transverse polarization vector of the virtual
photon, F3(x, QZ) is the transverse polarization vector of the target

2. Fa(Xs Q%) will

photon in the scattering plane and x = QZ/(_Q2 + W
average to zero since the scattering plane was not determined. The cross
section for ey »e Xwith xandy =1 - (Ei/E) c05291/2 as variables

is given by:

16m0° EE ) ) ,
L ( (1-y) Fy(x,Q%) + xy° F (x,Q%) )
0

with Fz(x,QZ) = 2X FT(x,QZ) + FL(x,QZ). The data can be analyzed in

do{ey »eX) _
8.11 I dy =

terms of Fz(x,QZ) only, since xzy averaged over the acceptance is rather

small.

2
8 10 do(ey ~ eX) _ 16m o~ EE
) dx dy - Q2

(1-y) Fp(x,0%)

It is necessary to convert the measured quantities X,is and W into

i vis
X and W in order to extract the experimental value of Fz(x,Qz) from the
data. This can only be done assuming a model for hadron production in

ey - yX. Various models give consistent results and the measured value

of Fz(x,QZ) normalized to o is plotted in Fig. 8.16a versus QZ.- Fz(x,Qz)/a

has changed somewhat from the earlier evaluation and is more consistent
with a constant vaiue of 0.35. The average 02 value is 5 (GeV/c)2 and its

x dependence is shown in Fig. 8.16.



- 210 -

F Photon Structure Function
2fa ! f T T T T T
07 PLUTO QCD (L.0)+p'
@=56ev:  Lon0RMOP

a} 0 1 e

T

101

b) !

Fig. 8.16

a) The photon structure function
F,(x)/a. The data are averaged over
Q™ values between 1 and 15 GeVZ.
The dotted line represents the con-
tribution from the hadronic part

of the photon including u,d, and s
quarks. The additional contribution
from ¢ guarks is shown as the
dashed Tine. The solid line shows
the pointlike contribution to
Fz(a)/a in leading order QCD will

A = 200 MeV (u,d,s quarks). The
dashed-dotted curve is the QCD com-
putation including higher order.

b) Shows the correlation between
the average value of 02 and x.

Both the hadronlike part and the pointlike part of the photon contri-

bute to Fz(x,QZ).

In the hadronlike part the photon transforms into a vector meson and

the virtual photon interacts with the quarks in the vector meson analo-

gous to lepton hadron scattering. This contribution cannot be estimated

from first principles, however, it will have a x dependence similar to

that observed in the structure function of the pion and its evolution with

Q2 can be predicted. The PLUTO group uses

8.13 F

i f§/4w

a

- 174 '1-x) .
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This contribution, shown as the dotted curve in Fig. 8.16 can be in-
creased by a factor 1.5 by including the contribution from the ¢. The
hadron part of the photons contributes mainly at lTow x and it is c¢lear

that the bulk of the observed formfactor must be of a different origin.

The pointlike contribution can be computed in all orders of pertur-

bative theory. The simple quanta box diagram Teads to

2

8.14 Fpsbox = o/ e?(x(x* + (1-x)%) In Wz/mé +4xT (1-x))

Gluon corrections modify this to

8.15 h(x) - 1n Q% / A2

Faor0
h(x) has been evaluated by many authors. The result for u, d and s quarks
with A = 0.2 GeV/c and including the p contribution is shown as the dotted
Tine. The agreement is good and can be improved by including the con-

tribution from the charmed quarks. Its contribution evaluated, using

the quark box diagram and m. = 1.0 GeV, 1is shown as the dashed line.

Qcb correction beyond the leading order have been calculated 288)

and the
results are also plotted as the dashed-dotted curve in Fig. 8.16. These
corrections mainly reduce the predicted value at large and small values

of x and:charges the formfactor and little at for medium x value.

Since the QCD higher order contribution is well behaved at medium x
values a measurement of the F2 formfactor in the region as a function of
02 may afford a precise determination of A without some of the difficulties

which beset its determination in lepton-hadron interactions.
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9. Deep Inelastic Lepton-Hadron Interaction

The properties of spacelike currents, both electromagnetic and weak,
have been determined from measurements of deep inelastic lepton-nucleon
or neutring-electron interactions. The findings, discussed in
chapter 3, are in full agreement with the standard picture, indeed the

neutral weak current was discovered in such experiments.

The well understood electroweak current is ideally suited to probe
the nucleon at small distances and such studies have resulted in several
important discoveries. The existence of pointlike hadronic constituents

25,289)

was first revealed in electron-nucleon collisions. Deep inelastic

neutrino-hadron experiment322’290"293) showed that these constituents can be
identified with the quarks used to explain the quantum numbers of the ha-
drons. Measurements of the quark momentum distribution demonstrated that
only about one half of the nucleon momentum is éarried by quarks - the

other half by particles which have neither electromagnetic nor weak inter-
actions. This was the first, albeit indirect evidence, for gluons. The va-
riation of the structure functions with 02 for fixed x, i.e. the scaling

violation, is in agreement with the QCD predictions.

In the first part of this chapter we will interpret the nucleon structure
- as observed in deep inelastic lepton-hadron interactions - in terms of the

quark model.

Any field theory of strong interactions predict that the momentum

distributions of the quarks should vary with 02 at fixed x.
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In the second part we will discuss the observed scaling violation

pattern and compare the data to QCD predictions.

These topics have been the subject of numerous review talks. A more
complete discussion including a complete list of references can be

found in reference 294.

9.1. Cross sections and kinematics

The general form of the lepton-nucleon interactions is shown in Fig. 9.1.

l=e, L, Ve Ve
l'=e, L, ,Ve,V,
K L [j°=y+Z°%....
l{jt=WEm,
~Q%=( k- k')?
N
P - v =é§%
x :Q%/2mv
Y =V/ Vmax
392
Fig. 9.1 - Diagram for Tlepton-hadron scéttering.

The incoming lepton & with energy E interacts with the hadron via a neutral
+
(v + ZO) or charged (W™) spacelike current. This current has the four mo-

mentum sguared

9.1 0% = - (k- k)P = dE, E, sin%e/2 ;

The energy transfer v measured in the rest system of the hadrons is given by:
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MY _r -pF -
9.2 v = _%_ngﬂsﬂ £, = E - m

Eg an& Eg. are the energies of the incident and scattered lepton, 8 is
the scattering angle in the laboratory system, and p is the four-
momentuﬁ of the target nucleon and m its mass. The mass W of the final
hadron system is given by:

2mw
9.3 WeQ? (- 1) 4t
Q

The pfoperties of the current are thus determined By the upper vertex-

i.e. by the momentum of the incident lepton and the momentum and angle

of the scattered lepton. Such inclusive experiments, summing over ali final
state hadrons, determines the total absorption cross section for a virtual
current of mass Q2 and energy v on a nucleon target. This process can be
parametrized for an electromagnetic current in terms of two formfactors

F1 and F2 corresponding to the longitudinal and transverse polarization

of the virtual photon. The absorption cross section in the case of a weak
charged or neutral current can be parametrized in terms of the form factors
Fl, F2 and F3 for the three helicity states of the current.F3 is the parity

violating formfactor forbidden in purely electromagnetic interactions.

The formfactors Fl’ F2 and F3 are in general functions of two variables
i.e. Q2 and v. Besides QZ and valso the normalized variables x, y or a com-
bination of QZ, v, x or y can be used. The scaled variables x and y are de-

fined as follows:
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0%/ apg = @4/ 2m
2pQ / s v/ E.

9.4 X

N

]
1]

Y

If the current interacts with a single pointlike constituent - the

295)

parton - then the formfactors scale i.e. they are functions of only a

single variable x. In any field theory this scaling behaviour will be
broken resulting in formfactors which for fixed x vary only slowly with

Q2. It has therefore become customary to use x and Q2 as variables.

The differential cross section for deep inelastic electron (muon)

scattering on a nucieon target (one photon exchange) is given by:

oy = d1 { Fy (x,07) (L-y +320) + 2 x Fy (x,Q7) y/2 }

9.5

In this formula we have neglected the neutral weak current contribution.
The weak effects are on the order of 10-4 Q2 and are in general negligible
at present energies. Tre only exception is the parity violating effect ob-

served in e d scattering and discussed above.

Neutrinos can interact with matter only through the weak interaction. The -

+
different couplings of the two vector bosons, the W™ and the Zo, have al-
ready been discussed in chapter 3. In terms of structure functions the dif-

ferential cross section for the reaction

v V) #N>ut o+ X

can be written as:

- M  m m
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425%Y GE My S S
9.6 = ——— {[F)” (x,Q°) (l-y=mxy / 2E)
dxdy ce Q-2
. 2 (1+%)
Mg
(1-01yn? -

+ 2x F?G (x,QZ) y2/2 + X ng (X’Qz)j}

2
F? and Fg are the formfactors for neutrino, respectively antineutrino in-
duced charged current reactions on a nucleon target. Note, that the relative
sign of the term proportional to x F3 changes from neutrinos to anti-
neutrinos. GF is the Fermi constant.
. dZOvﬁ o
The cross section ( Hiﬂ}f')NC for the neutral current interaction

(V) + N> v (V) + X can be written completely analogously to Eq. 9.6.

The processes discussed above are in principle described by 28 different
structure functions: Four for the charged leptons (on proton or neutron),
six for the neutrinos (charged current), six for the antineutrinos (charged
currents) and accordingly twelve for the (anti)neutrino neutral current
interactions. However, simple relations between these functions are pre-
129¢, (

“icted by the quark parton mode and the Glashow-Weinberg-Salam model

for the neutral currents). These relations reduce the number of independent

functions to two.

Let us first assume that the quark with mass My carries a fractional mo-

mentum p. In this case:
2 2

(u+ (k') = me

and neglecting all masses: TR Q2 /2mv =X,
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The variable x can be identified with the fractional momentum carried by

the quarks in the nucleon.

The physical interpretation of the formfactors ZxFl(x,Qz) and FZ(X,QZ)
can be clarified 294) by evaluating the general cross section (eq. 9.5)

for some simple cases.

The Rutherford cross section is obtained from eq. 9.5 in the limit

86 >0and y » 0:

9.7 zZ T TF

_ 1
A comparison with the Rutherford formula shows that f FZ(X) dx
X
0

measures I e?, where e; is the charge of the constituentsparticipating.
i

Rewriting eq. 9.5 in terms of the lepton scattering angle 8 yields:

2 Fp (%) ’ 2x Fy(x) 2

dm 5 sin’6/2)
X

9.8 ; = 3 ( cos“0/2 + : g
dq?dx  q X Fp (x) oM

This form can be directly compared to the cross section for e + u > e + u:

9.9 _gg? - EE%E' E" (cos%6/2 o” %9
: - = s + sin 2
dq q E om /2)

- ow a

- @ m R 0w o=
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The comparison yields the Callan-Gross relation for spin 1/2 partons:

9.10 2 X F1 (x) = FZ (x)
Fl(x) = 0 for scalar partons.

Thus the spin of the constituents can be determined from a measurement of

2 x Fl (x) / F, (x}.

To see the significance of x F3 (x) eq. 9.6 is written as:

¥ @ : Falx) £ % F3(0)  Falx) + Fy(x)

2
dvdx ~ om ]
yax 2 2

8.11

(1-y)

This equation was obtained from eq. 9.8 using the Callan-Gross relation and

neglecting the term mxy/ZEQ.

£q. 9.11 can then be compared with the c¢ross section for Vo €V, e

and Ge e ~ Ge e discussed in chapter 3.

do - - do .- + - _+ GE' " S
(v, e »v_e) = (v_e »v_ e) =
9.12 I ‘e e dy Ve e on
2
ds ,~ - =~ - _d Ge * S 2
3%'(Ue & v & } = ; (ve e’ > Ve e+) = = (1-y)
2m

Comparing egs. 9.11 and 9.12 result in the following relationships:

9.13 Folx) = 2% (q (x) + q (x))
XFa(x) = 2x (q (x) - q (x))
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a(x) and (q(x)) denotes the parton (antiparton) densities as function
of momentum. xF3(x) thus counts the difference between partons and anti-

partons in the nucleon.
It is clear from the discussion above that the properties of the con-
stituents and their density distributions can be determined from deep

inelastic experiments. We will now consider the data.

9.2 Comparison of the data with the quark-parton model

9.2.1 The total neutrino-hadron cross section

As we have seen above the formfactors scale if the current'intéracts
directly with pointlike constituents. In this case the total cross section
for neutrin-hadron interactions, obtained by integrating eq. 9.6 over
x and y, increases linearly with the incident neutrino energy. The measured
cross section, divided by the neutrino energy is plotted in Fig. 9.2 vef—

sus neutrino energy for both incident neutrinos and antineutrinos. The slope

I i 1 T 1 T
08 F + {’ + -
PR
g(.,
}=4
; 24 ¢¢¢° -1
wf ¢ é
& +¢{HW¥$—.%—,_§_¢
02 + BEBC —
® CDHS
© CFRR 4
* GGM
U 1 1 1 1 1 1
¢ 1 50 100 %0 200 250 300

E, (GeV)
33708

Fig. 9.2 - The slopes of the total neutrino and antineutrino cross
sections plotted versus incident energy (Ref. 297).

T

C  m  om  ow
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is clearly constant over a large energy range providing striking evidence
for the pointlike nature of the interactions. The cross section ratio
a(vN) / o(uN) is of the order of 1/2. It follows from egs. 9.11 and 9.13

that a nucleon made of only quarks yields o(vN) / o(WN) = 1/3.

Table 9.1 - Total cross sections on isoscalar targets
-38 2
Gtot'/ Ev x 10 cm-/GeV

Experiment Beam (GeV) v v v/v Ref.:
CITFR NB 45-225 0.29 + 0.015  0.61 + 0.03 - 298
CDHS NB 30-200 0.30 + 0.02 . 0.62 + 0.05 0.48 + 0.02 293
BEBC NB 20-200 0.305 + 0.016  0.663+ 0.032 0.463+ 0.025 299
CHARM NB 20-200 0.301 + 0.018 0.604+ 0.032 0.498+ 0.019 63
CFRR - NB 40-220 0.371 + 0.020 0.719+ 0.037 0.517+ 0.020 64
GGM WB 10-150 0.29 +0.04 0.62 + 0.08 0.47 + 0.09 300

The systematic error varies between 4% and 10%.

The cross sections measured by CFRR is significantly above the values
reported by other groups. This discrepancy is reflected in all structure
functions, integrals and ratios. The absolute values of the neutrino

structure functions have to be taken with some care as long as the source

of the discripancy remains unknown. Fortunately all groups agree on the value

for the ratio of antineutrino to neutrino cross sections. Thus quantities which

invoive the neutrino and antineutrino data with relative normalizations are

not affected.
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9.2.2 The spin of the constituents

The spin of the constituents can be determined from a measurement of
the formfactors 2xF1(x) and Fz(x). Spin 1/2 constituents satisfy the
Callan-Gross relation 2x Fi(x) = Fo(x) whereas scalar constituents yield

2x Fl(x) = 0.

Usually the ratio R = GL/GT is determined in charged Tepton nucleon
interactions. o and UT'are the cross sections for longitudinal and trans-
versly polarized photons. In the Bjorken limit (Q2 >0 Y > w
X = Qz/2mv = éonstant, i.e. 02/\)2 > 0) o vanishes for spin 1/2 con-
stituents and or vanishes for scalar consti-uents. R can-a]SO'be written

in terms of the formfactors 2x Fl(x) and Fz(x) as:

)
9.14  R=o /oy = —>— - (1 +Q°N°) -1

An equivalent definition is often used:

Fo(x) = 2x F,(x
9.15 R = 2" 1% o (1 + B°A%) - V.
F o (x)

The definitions are identical in the scaling Timit and lead to R =R' =0

for spin 1/2 constituents and R = R' = « for scalar constituents.

It is rather difficult to determine R(x,QZ). A measurement
. , 2 . . .
of the cross section at a particular value of x,Q” gives information only on
a combination of the formfactors. To disentangle the formfactors requires

cross section measurements at different lepton energies.
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Because of its importance several groups have determined R {(or R').
The results are summarized in Table 9.2 and some recént data°®’) from the
CDHS CQT]aboration are plotted in Fig. 9.3. The value of R {averaged over 02)
is measured as a function of v. The Q2 values are of the order of
20 GeVZ/cz. R is small and for higher v clearly compatible with zero.

The curve, Tabelled "QCD" is a QCD calculation and will be discussed below.

Table 9.2  Average value of R (R')

Experiment Reaction R R' Ref.
SLAC ep 0.21 + 0.1o 301
SLAC-MIT ed 0.17 + 0.07 ' 302
CHIO up 0.38 + 0.38 28
EMC (prelim.) up | 0.03 + 0.10 303

uN - 0.13 + 0.19 304
GGM wi 0.32 + 0.15 305
HPWFOR wN 0.11 + 0.07 = 206
CDHS N 0.10 + 0.07 » 307
BEBC N 0.04 + 0.16 299
FIIM N 0.03 + 0.12 308
CHARM wN (NC) 0.01 + 0.11 = 309

* radiatively correctes neutrino data.
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i R_Fz(hﬂzlvz)-?xi:,
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4 —

Fig. 9.3 - R = UL/UT as measured by the CDHS Collaboration in neutrino-
hadron interactions plotted versus v. The QCD prediction 1is

shown by the solid curve.

With the exception of the low Q2 Gargamelle and SLAC data, all ex-
periments are roughly compatible with R = O, but a careful study of the
systematic errors is needed in such an analysis. Note, that from the
neutrino experiments only the results marked with a "x" have been
radiatively corrected. The correction is typically of the order of AR =
~0.05. The measurements have been done at somewhat different Q2, typi-
cally around 02 = 25 Ge\lz‘/c2 with the exception of the quoted two low
Q2 experiments.

The data in Table 9.2 show that R is in general small, and hence the

spin of the parton is 1/2.
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9.2.3 Structure functions in the quark-parton model

It is of course natural to identify partons with quarks and in this
chapter we will write the formfactors in terms of the quark (antiguark)
distribution functions. u(x) dx is the probability of finding an "up"
quark with fractjonal momentum between x and x + dx in a proton and a
similar notation is used for the other flavours. Note, that by isospin
invariance U(x) dx is also the probability of finding a “down" quark
in a neutron. Present energies are too smaill for significant contributions
from the "beauty" or "truth" quark and we will hence limit the discussion

to u, d, s and ¢ quarks.

The structure functions measured in charged lepton nucleon interaztions

can be written in terms of the quark distribution functions according to

eq. 9.13 as:

FEP(x) = 2x FP(x) =g x {u+d+c+C}+ Sx{d+dss+iy
9.16

F%n(x) = 2% F%n(x) :-% x {d+d+c+c}+ % x {u+u+s+s}

The weak interaction is siightily more complicated since not the quarks
but rather some lTinear combination are the eigenstates of the weak inter-
actions. The mixing angles as discussed in chapter 3 are generally believed
to be of the order of the Cabibbo angle and hence small. To simplify the

notation we ignore this effect.

+
For the charged weak current (W~ exchange) the structure functions can

then be written as:



FoP =2xFP=2x{d+a+s+¢C}

2 1
F;" =2 x F?n =2x{u+d+s+c?}
F;p = 2 X F¥p =2x{u+d+s+c?}
Pt =2xF =2x{d+d+5+c)
9.17
ng =2{d-a+s-¢}
F;n =2{u-d+s-c¢}

Fg =2{u-d-s+c}

an =2{d-0-5+c}

The factor 2 enters, because both ¥ and A currents contribute.

The coupling constants of the neutral current have been introduced in
chapter 3. Following the notations of equation 3.28 and using the abreviations
NC and CC for neutral and charged currents respectively the structure

functions can be written

9.18
| 2 2 - 22 2 2
Fo(NCY = Fp(CC) « (uZ + a2+ ul 4 dd) + (s + 5 - ¢ - B)((df + df) - (uf + ud))
. 2 2
Fa(NC) = Fy(CC) - ((uf + ) - (uf + dg))

The second term in the expression for FZ(NC) is expected to be smali. At
Targe valﬂes of Q2 the probability to find & strange or charmed quark is
about equal. No results on the neutral current structure functions have been
published so far. The experiment is by far more difficult than the extraction
of the charged current structure functions or the e?éétromagnetic structure
functions. Only the momentum of the incident neutrino and the hadronic
energy and its direction of flow can be measured. Both are correlated with

the momentum of the struck quark, but in a rather indirect way. The direction
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of energy flow is not easy to measure, and this results in large uncer-
tainties in Q2- Rough comparisons 310) of the hadronic energy spectra
measured in neutral and charged current reactions respectively do not
reveal striking differences between the structure functions except for

a scale factor. It is therefore likely, that the neutral current structure

functions are indeed very similar to those seen by charged currents.

The experiments have mostly be performed on isoscalar targets. Before
we turn to the data 1t is useful to calculate the structure functions for
an equal mixture of protons and neutrons in the target by averaging over

the proton and neutron structure functions

N 1 3 n 1 - -
F% =z (F2p Fg ) = IE'X {u+u+d+d+s+s+c+c? "% (s+s-c-¢)
9.19 FSN =x {fu+u+d+d+2s+2¢c}
FEN =x{u+u+d+d+2s+ 2¢c}s
PN e x (u-T+d-d+os -2t}

PNy {u-u+d-d-2s+2}

With the assumption of SU(4) symmetry of quark flavours, expected to
hold at high values of Qz, the sea quark distributions are all equal
(u=d=s=35=c=c). Uder these circumstances or for regions in x

where the contribution of the sea is small one gets:

N 5 ~uN 5 _uN

9.20 F2 N TS'FZ n TS'FZ
wN N '
F3m % F3
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The 24 different structure functions have been reduced to two uni-
versal functions. Unfortunately, a good fraction of the data is still
below the charm threshold. In this case the reduced couplings due to the
Kobayashi-Maskawa matrix has to be taken into account and final differences

between the neutrino and antineutrino structure functjons remain

1

. PN - BN = sine_x (i +d - u - d)

N _ ~uN . 2 -
Fy' - Fy' = sin“_(4s -u-d -u-d)

1

9.2.4 Quark distributions

The aim is to measure the x distribution of the formfactors over a wide
range in y. The data must be collected at fixed values of 02 to exclude
effects due to scaling violation. Since xy = Q2/s this imp1ie$ that data
must be collected over a wide range in lepton energies. The energy is of
course well defined in the case of charged leptons whereas the neutrino

energy, even in the best case, is rather poorly known.

The kinematica] region available in x and Q2 (y) for various experiments
is illustrated in Fig. 9.4. The upper limits on Q2 for fixed x is determined
by the available lepton energy. The quickly worsening energy resolution at
Jow hadron energies defines the lower limit in Qz. The x resolution at high
x values is mainly given by the momentum measurement of the final state

lepton. Bubble chambers tend to be superior in this. energy region.

To extract F2 most experiments assume R to have a small constant value.

In some cases R was assumed to be a function of x with the functional form
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taken either from theory or from experiments. Fig. 9.5 shows ng and ng

301,302) 28) 4nd cerndd)

measured at SLAC » FNAL
of 10 Gev%/c? in all four experiments. At high x, where the SLAC data
can be compared with the other data the agreement is remarkable. At Jow

x the CERN EMC data, with superior statistics, tend to stay below the

FNAL data.
l_,, T T Iilll!] T T IIIIII] T T I'I]IIII T T ™1
£ (CDHS,HPWFHO:
0.5f oM~ charm 1
I cons ]
« 0.2+ CHARM, N
COHS,
ol HPWFRQ ]
0.05 :
0.0z} _
HPWF RO
OO! 1 1 1 [ 111 L oL
01 0z 05 I 2 5 ©0 20 50 00 20
Q° {Gev?) 33060
Fig. 9.4 ~ The kinematical region in x and Q2 available to different
experiments.
T ] | | i 1 |
¢ SLAC ep
x SLAC ep
0§ b °© FNAL up |
° CERN we Fig. 9.5
Structure function F, for
z %+}% charged lepton catter:ng on
~ L —]
2~ . §+ protons. The average Q2 is
g
L. % % around 10 GeVZ/cz.
} (Data from Ref.
02 | ° ; N
° 9
' |4
.§.
o L L L 1 i | Lt
0 0.2 0.4 06 08

. The mean Q2 is of the order
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The form factors Fg is determined from the sum of neutrino and anti-
neutrino data which effectively cancel the x F3 term in equation 9.6.
Small model dependent corrections for the differences between the Fg,

Fg and Fg and Fg for the various targets have been made and the data are

311) on a Fe target are

28,302,304)

radiatively corrected. In Fig. 9.6 neutrino data
compared with data from three charged lepton experiments . The
charged lepton data have been multiplied by 18/5 following the prescription

of eq. 9.20. The structure functions of the various experiments are extracted
with slightly different assumption on R, but, nevertheless, the electromagnetic
current and the weak charged current data agree remarkably well. To be able

to relate two such different processes is a great triumph for the quark-parton

model.
T T I T [ I I F.ig 9 6
9= Q%=1 Gev? .
Structure function F, for
« CERN uFe » 18/5(EMC) ) i 2
5L o CERN VFe (80)(COHS) A neutrino scattering on nucleons.
X * SLAC ed *18/5(Riordanetal) The data from the charged lepton
@ FNAL pd *18/S (Gordonetal) i
_ ) experiments are scaled by 18/5,
° t {Data from Ref.
= 10 P i) —
w

The structure function x F_ appears only in neutrino scattering. This

3
structure function is determined from the difference between the neutrino
and antineutrino cross sections (egs. 9.11, 9.13). Terms containing F2

and 2 x F1 cancel (up to small model dependent corrections).
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The cross section difference is mainly proportional to the average

9.22 x Fy = 1/2 (x Fj + x F})

This average is in the QPM just the sum of the valence quark structure

functions

9.23 Fg = Fg = 'g = 2[u-u+d-~-d]+ small corrections

311) N

Fig. 9.7 shows a recent measurement of FEN(x) and x Fg (x) on iron together
with scaled data on ng from SLAC 392) | The resolution in x s just suf-
ficient to demonstrate, that x F, approaches zero for x -~ 0, as one would

3 ' -

naively guess.

15 T T —T T T T T T
f, 0o Fig. 9.7
4<Q¥< §Gev? .
The structure functions
ol | ‘ B F2, F3 and the antiquarks

18 . L hd
& < Kx) SLAC n neutrino nucleon scattering.

The  sea contribution is zero

% COms 80
o beyond x = 0.4. (Data from
B Ref,
1 " 1 i
05 07
X ' 33293
Looking back at the equations 9.19, one sees that the average of F;N
N
and FZ
=uN _ N vN
9.24 Foo = L2 (F," +Fy)

is the mdmentum distribution function of quarks and antiquarks inside the

nucleon. The difference FSN - X F§N is therefore the momentum distribution

function of the sea quarks. This result is plotted as squares in Fig. 9.7.
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One notes that the seq quarks (g) are concentrated at Tow x values. Above
X = 0.4 the sea contribution is negligible. The curves drawn are fits of
the empirical form

x F A - x2 ( 1-x)b

[ F% ]
it

B * (1-x)2 .

2q

The results of several experiments (with slightly different experimental

conditions) are summarized in Tahle 9.3.

Table 9.3 - Results on the shape of the structure functions
Parameter Experiments
312 22,291
ciarm P o 293) HpwE- 12 BEBC )
A 2.63 + 0.81
a 0.41 + 0.11 0.5 fixed
b 2.96 + 0.31 3.5 + 0.5 3.7 + 0.1 + 0.3
B 0.80 + 0.09
¢ 4.93 + 0.91 6.5 + 0.5 1.6 +05+0.6 49757

It will become clear later that the results depend on the Q2 range., fThe
data listed in Table 9.3 all result from experiments done in a similar kinematic

region.



- 232 -

Information on the ratio of d to u quark distributions can be obtained
by measuring the ratio F%n/ng. This ratio can be written (Eg. 9.17) in

the quark parton model as:

an w 1 +4d/u
F2 / F2 = e
4 + d/u

permitting a determination of the ratio d/u. Several predictions for this

ratio exist313*316)

302)

. The first measurements were reported by the SLAC MIT

. The figure 9.8 shows these data together with recent measurement
317)

group

by the EMC Collaboration in an completely different Q2 range. The scale

on the right hand side gives the ratio d/u. In the region above x = 0.4,

where the sea quark distribution is practically zero, the u quarks clearly do-
minate over the d quarks. Similar results are obtained 318) by comparing vp
data-éith ep and up data. In apparent contradiction to the naive (QPM the ratio
falls below 0.5 for x > 0.4. While the QPM is obviously failing, there are

other models:

313)

- Field and Feynman predict a (1-x) behaviour with d/u = 0 at x = 1.

- Farrar and Jackson314>

316)

predict d/u = 0.2 at x = 1 {a QCD type model)

315)

- Close, Roberts » Donnachie and Landshoff expect in diquark models

d/u = 1/2 x 3/7 at x = 1.
None of these models can be excluded but the Field and Feynman fit describes

the data best.

10

£ 9.8 £ L # ® EMC 10<@< QOGeV?prehm._‘ v
ig. 2. N N L 4 o SLAC-MIT 1<df< 0gev] OB
The ratio Fg /Flzlp as a function Y 4 :es
of x. This corresponds to I +?*@&¢¢ _
ratio of "down" to "up" quarks il ' ;E§%+ | ik
indicated on the righ hand % %‘i@,g ]
ol G2
scale. The naive QPM prediction T i'éﬁj jo
is d/u = 1/4 at x = 0. L Tt
(Data from Ref. oy
0 L 1 1 —, i 1 3 1 1 1
o] 9.2 4 26 8 10

d 13K
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?3(x) is the probability to find a valence quark with relative momentum
X. In the naive quark-parton model (' ?s(x) dx = 3, the number of valence
quarks. In practice x ?3 is measuredoand the ratio x F3/x is experimentally
poorly defined at small x. The procedure adopted by most experiments is to
integrate down to a small but variable Xmin and extrapolate to zero.

CHARM Collaboration uses a slightly different procedure:

1 _ 3.2 + 0.5 COHS  (293)
{ X ?3 dx = _ 2.5 + 0.5 BEBC (22, 291)
0 2.66 + 0.41 CHARM (309)

It should be emphazied, that scaling violating effects have a strong in-
fluence on the result. But nevertheless, the agreement with the naive

quark-parton model prediction is striking.

?;(x) describes the momentum distribution of quarks and antiquarks

1
inside the nucleon. The integral J X ?; dx therefore determines the mo-

o
mentum fraction carried by all objects which couple to the charged current.
This sum rule can be rather well determined and the results are:

0.51 + 0.05 BEBC  (319)

1 0.45 + 0.02 CITF (320)
i 0.45 + 0.03 CDHS  (293)

0.44 + 0,02 CHARM (63)

Therefore one half of the proton momentum is carried by objects which'are

invisible to the electromagnetic and the weak current.
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The fractional momentum of the valence quarks

1
I x Fydx = 0.32 + 0.01 CDHS

is about one third of the total momentum. Therefore some (13 + 1)% of the

momentum is carried by the sea quarks.

The quark-parton model describes data taken at the same value of Q2
very well. Howéver, the data vary with 02 and this feature cannot be under-
stood in the naive quark parton model. Furthermore 50% of the proton momen-
tum is carried by objects different from partons. In the next part we will

discuss the Q2 variation of the data and a possible explanation.

9.3 Scaling violations and QCD

9.3.1 Altarelli-Parisi equations

The resolving power of a spacelike current increases with Q2 as 1//42,
i.e. with increasing Q2 a spacelike current explores clusters of progressivly
smaller size. It is common to all field theorieslz) that a parton can split
into smaller clusters of two or more partons sharing the parent momentum.
The relevant Feynman graphs , to first order in the strong coupling constant,

are shown in Fig. 9.9. A comparison of deep inelastic scattering at two

oy . g
q q
q : Fig. 9.9
g 5 Feynman graphs for:
(a) (b) a) quark gluon bremsstrahlung
b) splitting of a gluon into
a qq pair
? c) splitting of a gluon into
g two gluons.
g

(c)

33709
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different values of 02 is shown in Fig. 9.10. Fig. 9.10 a,b shows that

the effect of gluon bremsstrahlung is to decrease the x value of the quark.
Fig. 9.10. c,d illustrates the fact that a gluon which is invisible to

the electroweak current at low 02 may be resolved into its QQ content by

a high Q2 current leading to a strong increase of the sea quarks. Therefore
the pattern of scaling violations indicated in Fig. 9.11, where with in-
creasing values of 02 the parton density is enhanced at Tow x and depleted
at large x, is common to.a11 field theories and the Q2 evolution of

the structurerfunction must be studied in detail in order to confront QCD

with the data. Note that QCD makes absolute predictions of this evolution.

(a) (5
s giuon
03%}_ _{‘;: a?> o?‘é'
. 'I :' g {/ \l\:——-b-— quark
%\ o2 »
gluon 34} G’T'Ik ° gluon éLo——antiquark
) (a)

33561

Fig. 9.10 - a) A virtual photon with Qg striking a quark
b) a virtual photon of higher Q resolving the quark
into a quark and a gluon
¢) a virtual photon with Qg traversing a gluon
without interaction
d) a virtual photon of higher 02 resolving the gluon into
a quark-antiquark pair.
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F, (x,Q%

increasing Q°

33710

Fig. 9.11 - The qua1itative'change of deep inelastic formfactors with 02

expected in field theories of the strong interaction.

The cleanest test5294)

on the theory are obtained from measurements of
the flavour non-singlet structure functions Tike %or example X F3(x,Q2),
-the valence quark distribution. The reason is that only gluon brems-
strahlung (Fig. 9.9a) contributes to the Q2 evaluation of the non sins ot
structure factors, whereas both gluon bremsstrahlung and gluon quark pair
production (Fig. Q.Qa,b) contribute to the singlet. functions like ng(x,Qz).

229,321)

The Qz—evolution of the valence quark distribution qv(x,Qz)

can be written as:
1

9.25% 7
g Q 2m

d 2
% Paq (X/¥) aylysQ%)

2 aay () o (@)
Q £ Y

as(Qz) is the strong coupling constant defined in Eq.5. qu(z) is the proba-
bility to find a quark inside the quark with a relative momentum z = X/y.
The splitting function pqq(z) can be calculated in QCD from the analogy to

electron bremsstrahlung. The energy spectrum of the radiated gluon should
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be proportional to the bremsspectrum of a real photon i.e.

1+ gl—z)2

z

ol 4

9.26 qu (z) =

z is the energy of the gluon in units of the parent energy and 4/3 is a colour
factor. The probability to find a gluon with relative energy z is equal to

the probability of finding a quark with relative momentum 1-z. This leads

1+ 22

Pog (2) = 3
qq 3 {I-Z)
At z - 1 the quark only contains itself and the complete splitting function

can be written as:

2
, 4 1 +z 3

Similar evolution equations can be written for the singlet: quark (antiquark)

distribution function q(x,qz) and the gluon distribution function G(x,Qz):

2 949 2, . % [ dy 2 2
Q é;az (x,Q7) = Zﬂl 7 [a(y,Q") qu(x/y) + G{(g,Q") qu(X/Y) ...
9.28
2, - 1
9G(x,.Q0") " «
2 s [dy 2 2
e [ 9 10(y,0%) Pog(0/y) + 6(9:0%) Peglxry) .3
X

The gluon-quark pairproduction function qu(z) and the three gluon vertex

function (Fig. 9.9c¢) ng(z) are given by:

9.29  Pgo(z) = -% (2% + (1-2)%)

I N
ng(z) =6 [ z_ 41z + z(1-2) + ( 11 _ Tg-) 8(z-1)1

229) .

 opa o

= m..m o= m

"
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Nf is the number of flavours participating. It is clear that the
singlet functions are more difficult to analyze since they involve

the unknown gluon distribution function. In addition there are several

322,23)

theoretical uncertainties which must be evaluated before firm

conclusion can be drawn from the data. These involve higher twist

corrections, target mass effects and higher orders in QCD.

Two methods are in general use to compare predictions with theory.

323)

The first method involves taking the moments “of the distri-

butions given by eqs. 9.25 and 9.28 i.e. both sides of the equations are

N-1

mutliplied by x and integrated over x. The results are a set of

simple,well defined equations. The non singlet moments can be written324) as:

S R SN e
9.30 '
P SR NP S
NS O3 LGRS

The second method is to try to solve the Altarelli-Parisi equations

325-327) has the advantage that it only uses measured

directly. This method
data whereas in the moment method data at all x values are needed to
perform the integration. Both analysis however, suffers from uncertain-

ties due to higher order twist or higher order QCD effects.
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9.3.2 The value of R

In the naive guark-parton model 9 approaches 0 in the Bjorken Timit.
In QCD however, the radiated gluon carries away transverse momentum
leading to a transverse momentum distribution of the quarks and hence to a

longitudinal form factor FL(x,Qz)

2
9.31 FL (600 = FZ(X’QZ) - 2x Fl(x,QZ).

294)

This formfactor can be written to first order in o

as:

(=%

2, 1
05(Q7)
9.32  F (x,0%) = -2 J 4 18/3F (v,0%) + BA(L-x/y) ¥ 6(y.,Q)]
S 2

A = 10/9 in charged lepton scattering and 4 in neutrino interactions.

The longitudinal structure function is determined through a measurement
of R' (or R): RfY = FL / Fy

At small x (x < 0.1) the main contribution to FL is from the gluon
structure function G(y,Qz), whereas Fz(y,Qz) contributes mainly at large x.
Thus both the value of G and the gluon structure function could be de-
termined from a precise measurement of R'. The results of a recent measure-

307)

ment of R integrated over x are plotted in Fig. 9.12 versus 02 and

compared to the QCD prediction.

i ! | 1 1
Rvs 02
R QcD
o SLAC MIT
03 e COHS I
. .
01 ]
0 I ] l 1 I i i
5 10 20 S0 100 200
a? (Gevd) 33204

-Fig. 9.;2 - R =40L/0T as a function of Qz. The curve is the QCD prediction.
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9.3.3 Moment analysis of x F3(x,02)

323)

The data are in general analyzed in terms of the Nachtmann moments . These

moments project to definite spin N at all values of Qzland they take the

finite target mass into account. Using this formalism the non-singlet moment

can be written as:

1 / 2. 2,2
1+ (N+1) vV 1+ dm™ - Xx/q
9.33  u{3 gy - I dx Mlye v 02) - [ ]
N (@) 3 3( ) N+ 2)

2 X
with £ = >
1 +/1 + 4m2 X-/Q

0

The moments at two different values of 02 are related in leading order of

QCD as:
d
N I ALICIORY
TS n (Q%/a%)

dNS is defined in eq. 9.30. The evolution of the valence quark distribution

therefore depends on a single constant A.

This form suggests to plot the logarithm of the n-the moment of 2xF3 Versus

the logarithm of its m-th moment. Such a plot should yield a straight line

with a slope dN / dM‘ The magnitude of the slope is an absolute prediction

in QCD. This prediction has been verified by several groups. In Fig. 9.13

Mg is plotted versus Mi and Mg is plotted versus Mg. Data from CDHS328) and a com-
bination of Gargamelle and BEBC resu]tszgl) are shown together with the QCD pre-
dictions. Obviously there is excellent agreement between the predicted and the

measured value. For d6/d4 QCD predicts 1.29 compared to 1.29 + 0.06 obtained



- 241 -
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oC xFy vs xFy ) Moments of x F; on a double
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Togarithmic plot. The data
agree well with the first order
QCD predictions
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by BEBC/GGM and 1.18 + 0.09 by CDHS. For dg/d, QCD predicts 1.46 compared to
1.50 + 0.08 by BEBC/GGM and 1.34 + 0.12 obtained by CDHS. Note, however that
this excellent agreement was obtained despite the fact that both groups
treated these data quite differently. BEBC/GGM included elastic events where-
as they were excluded by CDHS. BEBC/GGM included only non singlet data where-

as CDHS include some electron data.

The Q2 evolution of single moment can be written as:

2.35 3 eH) A < ¢ (ng® - 4%

22) 291)

Fig. 9.14 shows the bubble chamber data from CERN PS and SPS . The data indeed
fall on a straight Tine consistent with a logarithmic scaling violation.
Howevef,a power seriesin Qz,as expecfed from higher twists can also mimic a

Togarithmic 02 dependence over the limited 02 range investigated.
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.Fig. 9.14 - Comparison of the moments of xF3 with the first order QCD pre-

diction. According to QCD the datapoints are a]ighed on straight
lines with respect to In 02. The lines intercept all the same
point 02 = A2

In spite of the agreement with the predictions there are, however,
serious experimental drawbacks in using the moment method. The evaluation
of the moments requires the knowledge of the structure function at all x.
But kinematical and experimental reasons allow a measurement only in a li-
mited x domain and this domain is different for different values of 02
(see Fig. 9.3). Thus the data must be extrapolated into unknown regions and
this introduces systematic uncertainties. A particularly serious problem
arises from the fact, that all moments are derived from the same set of measure-
ments: Different moments are obviously highly correlated. Furthermore target

mass effects 324)

play an fimportant role. Finally, from the theoretical point
of view the effects of nigher twists could give the same ratios of anomalous
dimensions and higher order predictions are missing. The direct solutions of

the Altarelli Parisi equations avoid some of these problems.
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9.3.4 Direct analysis of the formfactors

The Altarelli-Parisi equations hold at high Q2, where "high" depends
on the unknown parameter A and on yet unknown higher order terms in
the perturbation expansion. The validita of the equations improves,with
increasing values of QZ, however, the bu]k of the data is at relatively

Tow Q2 (v 10 Gevzjcz). In addition, corrections due to the finite mass of

the target nucleon are necessary. Several methods of solving (or approximately

solving) the Altarelli-Parisi equations have been used in analyzing the data,

325) 326)

, the method of Abbot and Barnett and

327)

the method of Buras and Gaemers

the method of Ganzales-Arroyo et al.

The valence quark structure function xF3 can be determined experﬁmen—
tally without assumptions on R or on the gluon structure function. However,
target mass effects, the Fermi-motion inside the nuclear target, the limited
resolutions in x and 02 and radijative corrections must be included in the
analysis. An analysis of the F2 structure function must‘in addition ih-
clude effects due to R or the gluon structure function. The recent CHARM

data 309,329) are shown in Fig. 9.15. The data are

CHARM

Fa xFy
T R
. L] Q-0.0%
IFi ' - 04 ]l ]l 0-005
1 ¢ ot oos-ae - I ) Co0s-c0 —
3 b 3 7 ;
3 \ ]
- y v—¥ om0 | F_ T7F oios _i
. + ] 0.5F ?_‘”—c--—'# 0.15-0.25
I~ ¢ g osazs—d i
s + L3 ] 4 . ]
- 3 .
3 * 0.25-0.4] 1
3 4 !
| ‘\.._' ] i
T 0-068 }—\T\-o.moe.s
Ol f - o . f .
N U S R R P SRR NN S
Q03 3 0 30 100 300 at+r 03 | ER SR o B o o B 0 o)
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o? {Gev®) o? (Gev®) 23303

Fig. 9.15 - The structure functions‘F2 and xF3 as measured by the CHARM
Collaboration
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corrected for Fermi motion and radiative effects. The resolutions in x and Q2
are unfolded. R = 0 was assumed for the analysis. Fz(x,QZ) and sz(x,Qz)

are plotted versus ln 02 for fixed x bin. The data clearly show the scaling
violations as expected in a field theory and the solid line represents the
results of a Buras-Gaemers type QCD analysis.

330)_

Fig. 9.16 shows the recent GGM data The resolution of this ex-

periment is in general superior to the counter experiments. The data are

o6 M Fy Fig. 9.16
m0|] I} i—il o-o1 '1 The structure functions F, and
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corrected for Fermi motion but not for radiative effects and agree extremely

well with the CHARM data.

The recent CDHS S'1) data in Fig. 9.17 have by far the highest

statistics of all neutrino experiments. The assumption R = 0.1
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Fig. 9.17 - The structure functions F2 and xF3 as measured with high
statistics by the CDHS Collaboration. Curves correspond
to a fit to the CHARM data.

was made for the extraction of Fp. No Fermi motion correction was app]ied.r

While both experiments observed the same Qz dependence, differences show up in

the x dependence. The CDHS structure functions are broader {extend to
higher x). The same behaviour can be observed in the HPWFRO data 306) 4

Fig. 9.18 which were obtained assuming R = 0.1 and without Fermi motion
correction. The resolution at higﬁ x is dominated by the measurement errors

in the muon momentum. On the other hand, the Fermi motion correction is large
at large x. It is therefore possible, that the discrepancies are due to

the Fermi motion and the different unfolding of the resolution particularly

at high x.

Recent measurements of the F2 structure function in charged lepton

scattering are shown in Fig. 9.19 and 9.20., The fully drawn curves cor-

304)

respond to a fit to the EMC or BCDMS 29) data respectively. The



Fig. 9.18 - The structure functions F, and xF; as measured by the HPWFRO
Collaboration. Curves correspond to a fit to the CHARM data.
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Fig. 9.19 - The structure function F, as measured By the EMC. The
dashed curves correspond to a fit to the CHARM data only. Where
the fit to the EMC data (full lines) agrees with the CHARM
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Fig. 9.20

The structure function F, as
measured by the BCDMS Col-
laboration. The dashed curves
correspond to a fit to the
CHARM data.

dashed curves are the absolute predictions from the CHARM neutrino data.

Where the dashed curve is missing the prediction-is actually indistinguishable

from the fits to the muon data. The agreement between neutrino data and

BCDMS data (Fig. 9.20) (R = 0) is rather good taking the systematic errors

into account. The agreement with the EMC data (R = 0} (Fig. 9.19) is

extremely good.

From the fits mentioned above and those of other experiments values for

A can be obtained. Unfortunately similar scale breaking effects can be

simuTated by the hadronization of the quark. It is difficult to discriminate

between these higher twist effects and QCD effects in the limited Q2 range

presently available.

T
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Higher twist effects are in general included in the analysis and they
seem to account for roughly 10% of the cross section at high x.
The most recent results of ALO’ evaluated with and without higher twist

effects included, are listed in Table 9.4.

Table 9.4 - Values for ALO
Experiment No Twist Higher Twist Ref.
2
A A g(MeV)  u%(Gev?)

GGM 190 + 160 700 0.8 ...0.7 330
- 120

BEBC 210 + 95 ' 299

CHARM 290 + 120 + 100 290 + 120 0.09 + 0.06 329
+ 80

CDHS 190 ~ 54 200 + 20 0.84 + 0.1 311
+ 22 + 114 '

EMC (Fe) 122 7 20 - 70 1.16 + 0.07 303
+ 58 + 124

EMC (H,) 110 7 25 - g9 0.96 + 0.15 304
+ 60 + 90

BCOMS 85 " a0 - 70 29

A1l experiments agree on a rather low value of A despite the different

methods used.

Up to now the structure functions F,, xFj and 2xFy have been discussed.
It is however, possible to extract the gluon distribution function from the
Qz variation of the momentum distributions of light antiquarks. The high

statistics of the antineutrino wide band beam exposure made it possible for
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the CDHS Collaboration 331) 45 extract the light antiquark momentum dis~
tribution as a function of 02 ‘
2.36 -
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The data are shown in Fig. 9.21. The distribution is strongly rising with 02
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for small x and disappears for x > 0.4. The gluon distribution can be ex-

tracted, from the measured 02 evolution of quarks and antiquarks.

The CDHS group has performed 332) an analysis alpng this line. The gluon

2

o= 5 GeV2 was parametrized as

distribution at Q% = Q
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X G(x) = a (l-x)p (1 +¢x)

with a = 2.63, p=(5.9+0.5) and ¢ = (3.5 + 1.0). This analysis also
confirms the value of A and the momentum fraction carried by gluons re-

ported eariier.
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10. The Search for New Particles

Electron-positron annihilation has become a favorite hunting ground

for exotic particles as evidenced by a long list of unsuccessful

36,332)

searches . In many cases, however, due to the well defined pro-

duction mechanism and the high visibility a negative result can be

used to exclude the eistence of new particles in the mass range investigated.

10.1 Limits on new sequential leptons

Leptons are pairproduced with the point cross section

2 2
10.1 o= EB-R) with g = P /E.

The expected decay modes are shown in Fig. 10.1. The branching ratios,

neglecting phase space factors, can be written as:

10.2 B(L > v ewv,) =B(L>vu Gu) =Bt > v ~TV)

1
= 11%

o

(ev) + (uwv) + (Tv) + 3(du) + 3(sc)

and B(L - vy du) & B(L - v, sc) ¥ 3 B(L ~» RN v 33%,

= om I T T e

I T S
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L | Fig. 10.1
- Possible decay modes for
€ u uc .
a new sequential Tlepton.
W- “’e BT 5
VL 3™

These decays result in distinct final states:

a) Approximately 10% of all LL pairs result in a final state

e+e_ - ei u$ + neutrinos. The muon and the electron are in general accolinear
and the total energy visible in the event is less than the available cehter
of ﬁass energy.

b) ete” = L[ » e; (u;) + (hadrons)i + neutrinos. In this final state

the electron (muon) is recéi]ing against a Tow multiplicity hadron jet.

The electron (muon) and the jet agis are in general acollinear and some

of the available enerqy is éarried off by neutrinos. Roughly 40% of all

new sequential lepton pairs will populate this final state. As an example,
a tau pairproduction évent observed by TASSO viewed along the beam di-
rection is shown in Fig. 10.2.

c} e'e” » LL » (hadrons)’ + (hadrons)™ + neutrinos. The two low mul-
tiplicity hadron jets will in general be acoilinear and a fraction of

the c.m. energy is carried off by neutrinos.

Groups at PETRA and PEP have used these topologies to search for se-
quential Teptons beyond the tau. No evidence has been found and the re-

sulting mass 1imits and the method used are listed in Table 10.1.
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Fig. 10.2

A tau pairproduction event
+ - + - -

ee 1T »u + hadrons

+ neutrinos observed by

TASSO.,
Eo=¥
307
Table 10.1 - Mass limit on new sequential leptons
Group Lower Limit Signature Reference
95% C.L.
JADE 18.1 GeV Two acollinear jets ' 332
MARK J 16.0 GeV Single muon recoiling against 333
many hadrons
PLUTO 14.5 GeV Single muon recoiling against 334
many hadrons
TASSO 15.5 GeV Single charged particle recoiling 335
against many hadrons
MAC 14.0 GeV Acollinear ey events 37
MARK II 13.8 GeV Acollinear ep events . 37

In SU(5) the charged lepton and the charged 1/3 quark within the same

generation are degenerate in mass at the unification energy of 10

15 GeV.

This has been used to estimate336) the mass of the s guark from the muon mass
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and to predict the mass of the b quark from the tau mass. It seems
reasonable to expect that the charged lepton in a new generation of
elementary fermions is lighter than the quarks. Indeed, from the present
lTower 1imit on the mass of a new lepton, the charge 1/3 quark in a

SU(5) model must have a mass above 50 GeV.

10.2 Search for neutral leptons with mass

337-339) are not required in the standard theory,

Heavy neutral leptons
however, they are not excluded and indeed they became natural if the
weak current should turn out to be a pure vector interaction at high
energies. In such models a heavy neutral lepton E® is the paftner of the

electron in a right handed doublet i.e.

E0

¢ Jr

Possible production and decay mechanisms for an electronlike héavy

neutral lepton are shown in Fig. 10.3 a,b,c. The E® can be pair-

produced via the neutral weak current and singly produced via the charged

weak current. Charged current production dominates at present energies

provided the interaction has'the usual weak strength. The decay modes E0 » ewt

can lead to a pure leptonic final state or to a jet consisting of an electron

and hadrons.

The production in ete” annihilation of an electronlike heavy neutral
lepton has a clean signature; the E° and the v, are produced back to back
leading to an event with only a single large angle jet consisting of
electrons and hadrons in one hemisphere and nothing visible in the other

hemisphere to balance its transverse momentum.



- 255 -

e- Eo
W-
et v
(b)
E
l dl er e+
Ve 4j
o
(c) (d)
Fig. 10.3 - Heavy electronlike neutral lepton

a + b) Production mechanism via the neutral weak and the
charged weak current

c} Decay modes
d) Final state ine'e = E° % .

The JADE Collaboration has searched 332) for events with this topology:
they select a group of hadrons containing at least one electron. These
particles are constrained to be opposite to a cone with an opening angle
of 50% which contains neither charged particles nor shower energy. None
of the events satisfied the criteria. The expected number of such events
resulting from efe” EOGe is plotted in Fig.10.4 versus the mass of the
heavy lepton. They conclude that electronlike heavy neutral leptons with
“he properties discussed above do not exist with a mass less than 20 GeV

for V + A coupling and less than 17 GeV for a V - A coupling.
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10.3 ‘Search for new gquarks

A1l available data 100’146) are consistent with the assumption that the b-quark
is member of a doublet with its 2/3 charge member, the t-quark, still
missing. However, present theories are not able to-constrain the mass of
the t quarkras evidenced by the flood of theoretical predictions. Pro-

duction of a new quark has striking signatures: at threshold the normalized
2

hadron cross section will have . a step AR = 3ei and the fragmentation of
the tt quarks will lead to spherical events containing Teptons with a high

probability. Below threshold there will be narrow 17~ ti-states.

10.3.1 Naked t quark production
The value of R = o(eTe” » hadrons) / o{e'e” » u*u”) plotted in
Fig. 6.2 versus the c.m. energy squared, does not show any steps and

strongly disfavour the existence of new quarks with charge 2/3e.
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A more sensitive limit on new quark production can be obtained by
considering the event shape. Various methods used to determine the event
shape have been discussed above. The distribution of events in aplanari-
ty (A) and sphericity (S) as observed 175) by the TASSO Collaboration
at c.m. energies between 27.4 GeV and 36.6 GeV is plotted in Fig. 10.5.
In such a plot two jet events will cluster at small values of A and S,
planar events resulting from gluon bremsstrahlung will have small values
of A whereas both A and S will be large for spherical events. This is
born out by the Monte Carlo results shown in Fig. 10.5 b,c. The data cluster
at small values of S and A with a long tail of planar events as expected
for Tight quark production including gluon bremsstrahlung. Similar re-
su1ts332) have also been obtained by CELLO and JADE. The data are listed
in Table 10.2
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Table 10.2 - Number of aplanar (A > 0.15) multihadron events (Ref. 332)

Group - CELLO TASSO

Number of events

observed 9 .12

Number of events expected ' .

(u,d,s,c,b and QCD) 5.2+ 1.4 1.+ 1

Including a new guark '

with mass charge 2/3e 16.0 GeV 15.0 GeV
96.3 + 4.2 138

or chafge 1/3e 31.8 . 43

Top quark production is expected to be a prolific source of prompt
leptons. The MARK J group se]ect332) 352 events containing at least one
muon. The thrust distribution of these events is plotted in Fig. 10.6
and compared with various models. The data are in-agreement with the stan-
dard model with g1uoﬁ bremsstrahlung and u, d, s, ¢ and b quarks. New
quarks would lead to a enhancement at low values of thrust which is not
observed in the data. For T < 0.75 they find 14 events to be compared
with 13.8 events'predicted by the standard model with 5 4uarks and the
gluon radiation. A charge 1/3 respectively charge 2/3 quark would yield

60 respectively 163 events.

A similar analysis is made by the JADE Co]]aboration332) for c.m.
energies between 33 GeV and 36.7 GeV. They select events with one or
more muons, in addition the muon must have at least 2 GeV transverse
momentum with respect to the thrust axis and the event should have
a sphericity S > 0.5. One event satisfies the selection criteria while

they expect 104 such events from a charge 2/3 quark.
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The lack of a signal in any of these channels excludes the existence

of a quark threshold in the mass range up to 36.7 GeV.

10.3.2 Search for narrow 1 resonances

Narrow\l__ tf states are expected to occur some 1 GeV below tt
threshold. To search for these narrow states the total cross section
eas measured in steps of 20 MeV in the energy range of 27 GeV to 31.8 GeV

and 33 GeVY to 37 GeV. The normalized cross section332

) obtained by com-

bining the data from all groups (CELLO, JADE, MARK J and TASSO) is piotted in
Fig.1l0.7 versus c.m. energy. No obvious structure is seen and an upper limit
on the width of a resonance is obtained by fitting each measured cross section

point to a Gaussian, radiatively correct, and a constant background term.
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T

Vs (GeV) =

Fig. 10.7 - The normalized cross section R measured in steps of
20 MeV in c.m. The cross section shower was obtained by
combining the results from CELLO, JADE, MARK J and TASSO.

The width of the Gaussian is determined by the energy resolution of PETRA.
Since presumably the width of the resonance is much smaller than the energy

resolution of PETRA the eiperiment determines only the area under the re-

sonance
. ' 2
10.3 J ctot(E) dE "M“" Tae Bh
Here Mo is the mass, T q the partiai width into electrons and Bh the ha-

dronic branching ratio of the resonance.

The upper limits obtained by each group are Tisted in Table 10.3

together with the value obtained by combining the data.

With By = 0.7 we expect T - B, = 3.08 keV for a 1™ state made

h
of charge 2/3 quarks and 0.77 keV for a 1~ state made of charge 1/3
quarks. Narrow resonances made of new charge 2/3 quarks are therefore ex-

cluded in the mass range investigated.
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Table 10.3 =~ Upper limits on narrow states

Group MR (GeV) Pee . Bh (keV})

(90% upper c.1.)

CELLO 33.52 1.79
JADE 33.34 1.22
MARK J 35.12 0.97
TASSO 33.34 1.33
Combined 33.34 < 0.61

10. 4 Search for free guarks

Free quarks are not in abundance although there is now little doubt
that quarks indeed do exist forming colourless hadrons. Conflicting

340,341) on the existence of free quarks have been reported from

results
quark searches in bulk material whereas searches carried out

using accelerator beams have not found any evidence of free quarks.

Since in e'e  annihilation the initial state consists of back to
back quark pairs with large relative momenta one may expect that this
reaction is particularly well suited to produce free qurks. Searches for
both exclusive quark pair production and for inclusive hadron quark
events have been made at PETRA PEP and SPEAR. A1l searches have
assumed that a free quark behaves Tike a pointlike strongly interacting
particle with fractional charge.

d332’342) both for inclusive

The JADE Coliaboration at PETRA have searche
and exclusive quark production using the information from their jet
chamber. This detector provides tracking information and measures dE/dx

at 48 points along a track. To measure the ionization tracks must be
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separated by at Teast 7 mm. Thé overall efficiency in the inclusive
channel range between 0.15 and 0136-for charge 2/3 quarks and between
0.11 and 0,22 for charge 1/3 quarks as a function of quark mass. Due
to-tr{ggering difficulties only charge 2/3 quarks can be measured

in the exclusive channel. The mean energy loss dE/dx 1is plotted versus
apparent momentum in Fig. 10.8. The .entries cluster along the ionizat%on
curves of the known particles. The observed deuterons and tritons result
from beam gas or particle beam pipe interactions. No quark candidate was
found neithef in the exclusive nor in the inclusive channel in an event

1 for the

sample corresponding to an integrated luminosity of 12000 nb~
quark 2/3 search and 4500 nb-l for the quark 1/3 search. The resul ting
upper 1imit cross sections normalized to the point cross section are plotted

in Fig. 10.9 versus quark mass.
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E
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‘1” By =R
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apparent momentum p/0 (Gev/c]

b ]

Fig. 10.8 - The energy loss dE/dx as a function of apparent momentum P/Q.
The predicted energy loss curves for electrons, pions, kaons,
protons, deterons and tritons are shown together with the
curves for a hypothetical particle of mass 5 GeV and for quarks
of charge 1/3, 2/3 and 1.
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Fig. 10.9 -~ The 90% upper limit on the cross sections for
. . . + - -
a) inclusive quark production e’ e - qq X and
b) exclusive quark production efe” > qq plotted versus
quark mass.
The curves marked I or II in a) show the 1imit obtained by
JADE for two different assumptions or the momentum dis-
tributions of the quarks.

The quark mass 1imit in the inclusive search was extracted from these

data for two different momentum distribution of the free quarks:

10.4 L e (L9) = Aexp (35K
o(aq) dp
1 s
10.5 — * E{-— ) = constant.
o{qq) dp

The resulting 90% C.L. cross sections for inclusive quark production is

plotted in Fig. 10.9 versus quark mass.
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The MARK II Collaboration at SPEAR has searched 342) for exclusive
pair production of charge 2/3 quarks. They selected two prong events
with a collinearity angle of less than 10°, an apparent momentum p/q
greater than half the beam enerqy. The energy loss normalized to that
of a charge one particle should be between 0.2 and 0.65. The resulting

upper limit is also plotted in Fig. 10.9.

To search for inclusively produced quarks they evaluated the apparent

mass of each track

2

> 2 9
10.6 mg = Pg /e (1/g° - 1).

2

A guark candidate must have m2 > (1.6 GeV/cz) and an energy loss between

t
0.2 and 0.65 of that expected for a charge one particie. The resulting

upper limit normalized cross section is plotted in Fig. 10.9

Recently the Northwestern University, Frascati, LBL, Stanford-University

and the University of Hawaii Collaboration have reported 343)

first results from a search at PEP for exclusively produced quarks. They used a
non magnetic detector and the charge of a particle was determined from
a measurement of energy l1oss and velocity. The cross section 1imit ob-

tained by this experiment is also plotted in Fig. 10.9.

A CERN-Bologna-Frascati-Roma Collaboration has searched 344) for
fractionally charged quarks in wide-band neutrino and antineutrino
beams. The energy loss of the tracks is measured in an array of scintil-
lation counters and in an streamer chamber. Charge 1/3 quarks can be

measured for g = > 0.4 and charge 2/3 quarks for g8 = > 0.8. The acceptance
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‘was 0.44 with the first and 0.28 with the last assumption. No candidate
was found and the experimental limit expressed as the limit of quark

candidate events normalized to the number of neutrino interactions is

plotted in Fig. 10.10 as a function of Aquark / Ahadron (A is the
absorption length).
0 1T T T T T T T 7 3
quark E 90, C.L. Upper limits ) _Elg____l@_lg
vint. | {v+¥) Wide Band ) Limit on quark candidate
| . events normalized to the
L . number of neutrino inter-
. (213 . .
Leptonic ;;ﬁu/n: actions as a function of
-5 poce e - ; - l -
0T E ‘““:::::::‘\4w3h 3 the ratio of the absorption
- Hadroni ~(/3le ]
F adronie ¢ ] lengths Aquark / Ahadron
i } i 1 1 1 1 1 1 1
2 ¢ 6 8 10 (AS/ARE)

- Note that the average Q2 in neutrino interaction is much Tower than the

Q2 investigated in e'e” interactions.

The fact that free quarks have not been observed in accelerator experiments
does not necessarily exclude the existence of light free quarks. The colour
force of a free quark is not shielded and this might cause a free quark to have
a large size and "eat" normal hadrons. Such quarks could have large

interaction cross sectionsbut a small production cross section. It has even
been suggested347) that a quark has an indeterminate mass and expands to a

size greater than that of an atom. It is easy to understand why quarks with

such properties might have escaped detection.
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10.5 Search for excited leptons

If a lepton has a finite size then it would naturally have excited
states. Excited states of the leptons can be produced directly in ete”
annihilation. An excited electron state will also modify the cross

. + -
section for e e =+ vyy.

10.5.1 Excited states of the ‘huon’

u*, the hypothetical excited state of the muon, can be pairproduced in
ete” annihilation with a known cross section. The u*~decays into a muon
and a photon leading to a final state consisting of two acollinear muons

and two photons
10.7 efe” - N uMuT vy

36,332)

The MARK J Collaboration seiect events of the type e'e” - u+u“YY

where each muon carried at least half of the beam energy and the acopla-

narity angle was less than 20°. The number of exbected ete” - ¥ s WMy
events fullfilling the criteria above, is plotted in Fig. 10.11 versus the
mass of the u*. The number of observed events is in agreement with the QED
prediction 348) 44 the resulting upper limit is shown as the dotted line in

Fig. 10.11. A p* with a mass of Tess than 10 GeV is ruled out.

.. . ; . - + F o+
In principle single u* can be produced in the reaction efe” o TR . u+u‘yy.

The differential cross section for a u* with spin 1/2 and mass M can be

written as:
2.2
d - 2 2
10.8 2 =272 LMD () - (s4) coso .

S

The unknown coupling constant for the u*uY vertex is written as Vo A .
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The JADE Collaboration has searched S62332) for events of the type e*e” » ,tuy
in an event sample representing an integrated luminosity of 10.6 p b_l‘
collected for c.m. energies between 22 GeV and 37 GeV. They select planar
U u vy events with an invariant u+u_ mass greater than 1 GeV. The photon
should have an energy of at Teast 1 GeV and the opening angle between the
direction of the photon and the direction of any of the muons should be
at least 15°. A total of 66 events satisfied the criteria compared to

68 events predicted by QED349’350)

. The effective uy mass distributionobtained
by combining either muon in the event with the photon is plotted in Fig.10.12.
There is no peak and the effective uy mass distribution is in good agree-

ment with the QED prediction shown as the dotted line. From these data

they extract an upper limit on AZ as a function of u* mass. This limit is

plotted in Fig. 10.13. The corresponding cross section limit is

slefe” > u*) / 0, < 0-0075 for a u* mass of 16 GeV.
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Fig. 10.12 - The effective (ny) mass distribution observed by the
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The MARK J Collaboration - in a similar analysis - found 11 puy events
compared to 12 events predicted for QED. The resulting 95% 1imit on A2 is

also plotted in Fig. 10.13 and corresponds to
+ - x o *
olee =+ "} / ST 0.035 (95% C.L.) for a 16 GeV ™ .

Similar searche537) for excited muons have been carried out by the MAC
and MARK II Collaborations at PEP. The data are in good agreement with the
QED prediction resulting in similar mass limits on a hypothetical u* as

listed above.
10.5.2 Excited state of the electron.

An excited state of the electron with a non vanishing coupling e*ey
will contribute as a t-channel exchange in e'e” + yy and modify the QED
prediction. The data, discussed above in chapter 3, show that an excited

lepton must have a mass greater than 50 GeV if oF = o.

10.6 Search for Technipions

It is generally accepted that the gauge symmetry must be spontancusly

broken 391} ¢4 give mass to the intermediate vector bosons and make the theory
renormalizable. However, there is no consensus how this symmetry break-

down is achieved. One mechanism is by 1ntroducing32)

I = 1/2 fundamental
scalar Higgs fields. It has also been proposed 352) that the symmetry break-
down arises dynamically from the gauge interactions themselves. In this
model a ne& set of unbroken non-Abelian gauge interactions with a

mass scale on the order of 1 GeV/c2 i$ introduced. The interaction gives

the rise to a complicated spectrum 345)

of technicolour less bound states with
masses starting around 1 TeV/cz. In addition, technicolour interactions

will result in massless pseudoscalar mesons analogous to the pion in

QCD. In the'extended technicolour scheme which also gives mass to leptons

and quarks there are more light pseudoscalars than can be eaten by the
Tongitudinal polarization states of the gauge bosons. In particular we ex-
pect chargéd pointlike pseudoscalar particles with a mass perhaps between

5 and 14 Ge\l/c2 and decay modes simiiar to those of the "normal" Higgs

meson.
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These particles p*, p~ will be pairproduced in e'e” annihilation with

cross section for a pointlike scalar particle

10.10 o(e*e” » p*p -EELZBE; with g = p /E

- (e'e ~pp) = —=— 7 ith 8 = p /Eg

Like the Higgs meson, they couple to mass and BR(P + tv) + BR(P - Cs) ¥1.0.
The relative importance of the two decay modes is model depéndent, but

it is unlikely that either of them is zero.

The production of technipions lead to distinct fipal states, however,
the 83 factor suppresses the cross section near threshold. It is there-
fore necessary to search at energies well above threshold such that the
decays produce rather jetlike events and then the topology criteria for new

thresholds are not very useful

The JADE group searched 332) for technipion pairproduction demanding that
one of the technipions decéys into tv and the other into cs. This
Tead to events where the thrust axis of the c§ jet does not line up with
the thrust axis defined by fhe t decay due to the momentum carried off
by the neutrinos. Specifically the JADE Collaboration select events with
the thrust axis insidé the full detector acceptance. The event was di-
vided into two hemispheres by means of a plane normal to the thrust axis.
The high energy hemisphere should contain at least 63% of the beam energy.
In the low energy hemisphere there should be at least one charged particile
and further charged particles should make an angle of at least 70° with
respect to the thrust axes. The thrust axes, determined individually for
each hemisphere, should be acoplanar with the beam axis to at least
70°. Only one event satisfied the cuts in a sample of approximated 10000 nb'l.
The corresponding 90% C.L.mass 1imit on a technipion as a fraction of

BR(p - tv) is plotted in Fig. 10.14.
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10.7 Search for supersymmetric particles

Gauging the isospin led to the successful unification of electromagnetic

and weak interactions. In supersymmetric theories353)

the spin 1is gauged and
this leads to a connection between fermions and bosons. Indeed the funda-
mental feature of supersymmetry is that it can generate fermions from bo-
sons and vice versa. Thus for every particle with spin J there will be two
new particles with spin J + 1/2. A partial Tist of such new particles

354)

based on the phenomenology proposed by Farrar and Fayet is given below.

Electron-positron interactions are well suited 345) to search for super-
symmetric heavy leptons, scalar-quarks and scalar leptons. So far, de-

tailed searches have only been carried out for scalar leptons.
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Table 10.5 - Possible supersymmetric particles
iype of conventional spin
particles 1 1/2 8]
Matter quark g scalar quarks sq
leptons ¢ scalar leptons Sy
Massive Gauge bosons W - supersymmetric Higgs scalar
heavy leptons
W, P, W
.o 2
Massless Gauge Bosons _ photino vy

. Y

+ other nuinos v
. Y
gluinos ¢

The pair production of scalar leptons in ete” annihilation lead to a
distinct final state. Accbrding to the possible production graphs and

decay modes shown in Fig. 10.15 we expect

+ - ~ + - .
ee »>ss~+ ee + photinos

ny + - .
S - + photinos .
w3y Wi p

i.e. a final state with two leptons acoplanar with respect to the beam

+
L}
ne

axis and with missing energy.

The CELLO group has carried out a search355) for scalar leptons at an
average c.m. energy of 34.6 GeV. They selected two prong events with an
acoplanarity angle with respect to the beam axis of at least 30°. After
examining the surrounding shower counter they found that all such events
have neutral energy deposited in the shower counters and could be ex-
plained as radiative QED events. The number of expected scalar lepton

events satisfying their selection criteria is plotted in Fig. 10.16 ver-
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sus the mass of the scalar lepton. The experimental Timit is shown as the

'dashed line. The resulting mass limits are Tisted in Table 10.6 together

with earlier results.

e s
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Fig. 10.15

Possible production and
decay modes for scalar
leptons

Fig. 10.16

Number of scalar leptons satis-
fying the selection criteria
plotted versus lTepton mass. The
95% C.L.
were taken by the CELLO group.

are shown. The data
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Table 10.6 - Masslimits on scalar Teptons

Collaboration Mass 1imits in .G eV

Electron Muon | Reference
CELLO 5.5 < > 15 2 < > 16.6 355
JADE > 16 - 175
MARK J ‘ : > 15 333
PLUTO ‘ ‘ > 13

10.8 Search for the axion

A possible mechanism to exp]ain357) theiobserved CP conservation in
the strong interaction requires358) the existence of a light boson, the

axion.

Several beamdump experiments have searched359) for axions with negative
results. Recently, however, evidence for the existence of a 1ight particle 7

decaying into two photons has been presentedBGO).

The MARK II group at SPEAR has searchedlzz) for axions in the decay
J/P > v + axion. Since the axjon a does not interact and is assumed to be
t1ight the signature for the decay J/¥ - v + axion is simply a monoenergetic
photon with an energy of about 1.5 GeV. In a sample of 1.43 - 10° J/y de-
cays they found 5 candidates. These candidates could all be explained as
cosmic ray events and they extracted the 90% upper confidence limit of

5 peceei®®) has estimated an upper limit on the

-5

BR(J/p -y a) <3 - 10
branching ratio of 5 - 10
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