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Erratum . - )
DESY 80/13 : Selected Topics on e e Physics

February 1980 Glinter Wolf

The following corrections should be made:

Page 50 second paragraph. The last sentence should read: .... but one has
to wait for the final analysis.

third paragraph. The third sentence should read: Radiation in the
initial state has the tendency to reduce the height of the two
peaks and will fill in the valley in between them.

page 61,62 the two pages should be interchanged.

page 74 The reference to DELCO is 8.4
page 75 last paragraph. The reference to 8.7 was omitted.
page 118 first paragraph, second sentence:

The main focus points were tests of QED (see Section 3),
an exploration of the ....

page 137 sketch:
The Tabelling of the two axes ﬁ2 and n, should be interchanged.
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1. Introduction

The exploration of electron-positron interactions at high ener-—
gies has become a powerful and fascinating tool of particle physics. There
is a simple reason for this: the annihilation diagram, which yields an
intermediate state with the quantum numbers of a photon, dominates the
cross section at low energies and can be separated from higher order dia-
grams at high energies. Furthermore the current is timelike and couples
directly to the fundamental fermions, leptons and quarks, in a well de-
fined way. These facts have lead to a series of stunning discoveries which
have established the existence of two new quarks and a new lepton.

_ The following lectures will not attempt to cover the whole field
of e e physies, rather, a few topics will be discussed which are at pre-~
sent of particular interest. These are: the behaviour of formfactors, the
characteristics of the T lepton, the charmonium spectroscopy, charmed
mesons and baryons, the T,T' family and data obtained at the new DESY
storage ring PETRA on jet formation and gluon bremsstrahlung. For more in-
formation on e e phy %Ss the reader is refegr&? to previous lectures
given at this school ™ 7, to Ssview articles * and to rapporteur talks
given at recent conferences "7,

3 3 ’ . + - .
We begin with a brief introduction to the field of e e phystics.

2. Electron Positron Storage Rings

Electron—positron annihilation in the GeV region has to be stu-
died with storage rings where the full beam energy is available for par-
ticle production. For an accelerator with a stationmary target only a
fraction of the beam energy contributes to the c.m. energy, W/s = /E, the
remainder being lost in the motion of the center of mass system.

accelerator storage ring
a b
a b
> > >
Py ~ ° Pa T Th

- m 2 2 2
$ n, +mb +2mbEa s = (Ea+gb)



The c¢.m. energy grows with the square root of the beam energy; the growth

rate is determined by the target mass and is minute for an eleciron target.

It is instructive to compare storage ring and accelerator for e e and pp
collisions.

C.Mm. energy beam energy (GeV) required
(GeV) accelerator storage ring energy
PP 10 52 5
100 5400 50
1000 5.4+ 102 500
e+e— ] 103 0.5
10 102 5
100 107 50

The price one pays for the favorable kinematics of a storage ring is a low
target density and therefore small counting rates.

2.1 Event Rate

(a) accelerator

For a fixed target of length L with nucleon density p, the rate
N of events for a cross section ¢ is given by

nucleon density p

n(sec‘l) ‘Zl

— L

N(sec_[) = nprL°C (2.1
. - 23 -~ . . -2 —-1
Typically, n = 1012(sec 1) and p°L = 10 ch 2 yielding N = 1035(cm s )0
or 107 events/sec for ¢ = | ub. Hence, acceleggtozzexperiments have typi-
cally a luminosity & = N/¢ of the order of 107 cm sec™!,

(b) storage ring

We consider head on collisions between bunches of particles:

Defining n.,0, number of particles per bunch

F beam cross section
B number of bunches per beam
f rotation frequency

the event rate for a cross section ¢ is given by

N:_._.._F._.._._'-B- ch'q (2'2)

-
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where & is the luminosity. A gaussian particle density distributiom with

rms radii ax,cy has a cross section of
F = 410 o
Xy

Expressing;:fin terms of the beam currents, i = n*e-f*B (e electron charge)

one has

1 1
=£" 2 oo - f +B (2.3)
4me Xy

. + .
For a typical set of e e storage ring parameters,

B =1
£ = 100 ¢! i
i; = 50 mA & 3.3-10 " efsec
g, = 0.1 cm
0y = 0.01 cm
. . . P 3 B S ¢ . _
the luminosity 1528 = 107 cm “sec leading to N = 10 events/sec for
g = 1 ub. Hence, the luminosity of a storage ring is several orxders of

magnitude smaller than that of & typical accelerator experiment.
2.2 Luminosity

The maximum luminosity depends strongly on energy (2.1). The
main limiting factors are beam-beam interactions at low energies and
synchrotron radiation at high energies. A typical luminosity curve is
shown in Fig. 2.1. At energies below some maximum E, the luminosity for a
fixed tune grows like E®. At energies E > E, the rate of energy loss
through synchrotron radiation has reached the available power limit and
the luminosity drops like E 10,

2.3 - Energy Spread

The energy spread o_ of the beams is determined by synchrotron
radiation. It depends on E ang the ring radius p:

(2.4)

=1
317

For DORIS and SPEAR

2
N E
OE(MeV) = 0.9 (ﬁ—agv) {2.5)

2.4 Beam Polarization

The magnetic guide field together with the synchrotron radiation
lead to a polarization of the beams with the positron {(electron) spin
parallel (antiparallel) to the magnetic field2:2), The polgrization arises
because e.g. in the case of an e* the transition from the $,B = ¥+ to the
S,B = ++ state is energetically favored over the inverse transition. Since

the synchrotron radiation is strongly energy dependent the build-up time
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for the polarization will depend strongly on E, as well. Defining p to be
the bending radius in the magnets, and R the average radius of the ring,
the degree of polarization as a function of time is given by

ra

_ -/t '
P(t) =P (I ), (2.6)
with P = §£§ = (.92
o 15
2
r 5
and T - éﬁi ¢ 2 X (2.7)
8 o 2
p R
where v = E/me aud o = 1/137. For DORIS and SPEAR ome has
T = lj%}}l s E in GeV (2.8)
E

T = 5h for E =2 GeV and 7 = 15 min for E = 4 GeV.

Since the average beam life time (defined here as the time over which the
luminosity drops by a factor of e) is of the order of 3 - 5 hrs, studies
with polarized beams at DORIS and SPEAR become practical for E > 3 GeV.

. For PETRA 1 = 2.5-105/E5(h); polarization measurements become
feasible for E > 13 GeV,

~ The polarization is destroyed when the ring operates near a
machine resonance. For this reason polarized beams will be obtained only
for certain sets of machine parameters.

Table 2.1 and Fig. 2.2 summarize the existing and planned ee storage rings.
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Table 2.1 Existing and planned ee storage rings

Ring Start of operation Beam energy (GeV)
Ada Frascati 1960 ete” 0,25
Princeton-Stanford Stanford 1962 e e” 0.55

ACO Orsay 1966 ete” 0.2 - 0.55
VEPP-2 Novosobirsk 1966 ete” 0.2 - 0.55
ADONE Frascati 1969 ete” 0.7 - 1.55
BYPASS Cambridge (USA) 1971 ete” ~1.5 - 3.5
SPEAR Stanford 1972 ete” 1.2 - 4.2
DORIS Hamburg 1974 e’e” ~1 - 5.1
VEPP-2M Novosibirsk 1975 ee” 0.2 - 0.67
DCI Orsay 1976 ete” 0.5 - 1.7
VEPP-4 Novosibirsk 1978 ete”

PETRA Hamburg 1978 ete” 5 =19
CESR Cornell 1979 ete™ 3 - 8
PEP : Stanford 1980 ete” 5 =18
LEP Europe ete” 22 - 130
3. Purely Electromagnetic ee Interactions

3.1 General remarks

We start with a brief discussion of the phenomenology of electro-
magnetic e¥e” interactions. The electron will be assumed to have only elec—
tromagnetic interactions.

2
The lowest order processes are of order a”, such as Bhabha scat-
tering or u pailr production.

et - et ot
et e,M Y

e~ e- e eJu' o= Y
The next higher order processes constitute radiative corrections to the
first ones: :

Although of order a3, their contributions can be important. Since they de-—
pend strongly on the properties of the experimental setup (such as energy
and angular resolution) the experimental results are usually presented
with the contributions from radiative corrections removed.

A new class of processes is encountered in fourth order: the
virtual photon clouds of the two incident beams interact with each other.
Aftez iBteEration over tEe photon spectra the cross section is proportional
to o 1n ﬁ;—). Since ln . ~10 for energies in the GeV region one power

e e
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of o is essentially cancelled by the integration. Events of this type have
been observed at NovosibirskB'l) and at Frascatis:

3.2 Tests of quantum electrodynamics

3.3) Purely ?lectromagnetic processes can be calculated directly from
QED . A comparison between experiment and theory provides therefore a
stringent test of the validity of QED. Such tests have been done for four
different processes:

(a) e e +ee (Mpller scattering)

Two diagrams with space like photons contribute:

(a) (B}

The differential cross section for producing an e at an angle O is given

by
do ol [ates? s gl
do ~ 2s 4 2 .2 A
q | q
NE 248" BE
with q2 = -3 cosze/z, q'2 = —g sin20/2 (3.1)

The angular distribution is strongly peaked forward and backward.

small

d q'2 smatll

2 4z
q ,q9 ~ large

|

+] 0 -1
cos0o

Deviations from the QED prediction could occur e.g. due to strong inter—
action contributions at the vertices or in the photon propagator.

T
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These contributions, which can only depend on the mass of the virtual pho-
ton, lead to the following modification of eqn (3.1):

2 4 2 2
do _a” Jq' + s 2,12 s 2. %, 2
T JF(q )] t 73 Re(F(qT)F (¢'"N
q qq
2 2
+ L5 JF@‘%}Q} (3.1")
ql
It is customary to parametrize F(qz) by3'4)
2
F(q2) = ] ¥ % (3.2)
q = Ay

where A, is a cut-off parameter which characterises the mass of the
exchanged system, viz:

.1 !
2 2
© g

.f.—_—.—
2 _ 2
4 - Ay

Experimentally, the test on the validity of QED consists in a study of the
shape of the angular distribution: the forward and backward peaks are de-
termined at small four-momentum transfers for which QED is known to be
correct. Deviations from QED will be most proTinent iE the central region
(cos® =~ 0) corresponding to large values of q° and q'".

(b) e+e_ - e+e— (Bhabha scattering)

Space~like and time-like photon exchange contribute to Bhabha

scattering.
(&) (B)

. . . . . +
The differential cross section for finding an e scattered under an angle
© with respect to the e beam is:

2 4 2 4 4 &
do {q' + 3 . 2q' " !
q

£ qg * 9

@ " 2s 2 2 (-3
q s s

The angular distribution possesses a sharp forward peak due to the first

diagram.
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+1 -1
cosh

The modifications to the QED cross section are similar to those for Méller
scattering. As before, the QED test consists in a measurement of the shape
of the angular distribution. Bhabha scattering tests the photon propagator
in the space-like and time-like region.

(c) e+e - u+u- {u pailr production)

This is the simplest of all QED reactions. It proceeds via time-
like photon exchange.

€E+‘ +
>-—S~\'~<p’
e K
The differential cross section reads
2
do _ o 2 Y .2
3?2- = "E 81-1 {(] + cos O) + (1 BU) sin @} (3.4)
h = E. F ~ E
where Su p“/ e+ For b y
do uz 2
RS {1 + cos" Q) (3.5)

The integrated cross section is given by

2 2
g " & _r
uu s 3 E E

21.9 nb
2

(E in GeV) (3.6)

| &~
=

u—-:
2

Possible deviations from QED will depend on s and can only be detected
by measuring the absolute magnitude of the cross section. This can be done
e.g. by comparing y—pair production to small angle Bhabha scattering.

(d) e+e > Yy (Two-photon annihilation)

Two-photon annihilation proceeds via electron exchange.

K
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The differential cross section is given by

do uz q'2 q2
w2 {2 .2 (3.7
q q
where q2 = -3 cosZO/Z, q‘2 = -3 sin2®/2

The angular distribution is strongly peaked towards forward and backward
angles.

+
1

cos@

Deviations from the QED prediction will show up as a change in the shape
of the angular distributien. A measurement of two-photon annihilation will
not test3FE? electron propagator as one might think at first. As was shown
by Kroll the effect of corrections to the electron propagator cancel
each other due to charge conservation. The electron propagator can be
tested, however, in processes with closed electron loop diagrams.

The measurement of two-photon annihilation provides instead a test

on the contribution from the "sea-gull” term3:>? )

The four QED processes discussed above have the same s~dependence,
6 ~ s 1. In Fig. 3.1 the differential cross sections are compared for a
beam energy of 1 GeV. The largest cross section by far is for Bhabha
scattering at small angles. For this reason and since QED is known to work
at small momentum transfers, Bhabha scattering at small angles is gene-
rally used to measure the luminosity.

The sensitivity on deviations f£rom QED increases with the energy.
The most stringent limits at present come from PETRA experiments. A com-
parison between QED predictions and the measured cross sections for Bhabha
scattering, two-photon annihilation, p and t—-pair production is shown in

Figs. 3.2 - 3.4 (Ref. 3.7 - 3.9). The experimental results agree with
theory.

The cut-off parameters deduced from these experiments are listed
in Table 3.1. Bearing in mind that they have been determined under the
assumption that whatever modifies the photon propagator or the 2Ly vertex
has the coupling strength e, the results of Table 3.1 can be rephrased by
saying that QED has been tested down to distances of =2+10710 ¢m, Perhaps
the most significant result is the proof that the 1 is peint like (3.9,
3.8).
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Table 3.1 QED cutoff parameters: 95 Z confidence lower limits in GeV.
experiment electron muon tau
AL A, A A, AL A,
JADE (3.7) 89 74
MARK J (3.8) 95 74 97 71 53 47
PLUTO (3.9) 60 40 31 16
4, Phenomenclogy of Hadron Production
4.1 General remarks

+ - . .
The lowest order e e scattering processes leading to hadron pro-
duction are:

>..,...mc§..q2
one-photon annihilation ) T

radiative corrections to 3
T . ~
one—-photon annihilation
. ~aéinll==
two-photon scattering Me

As in the purely electromagnetic.,case the two-photon scattering contri-~
bution is effectively of order o~ after integration over the photon
spectra. Furthermore, while the cross section for one-photon annihilation
decreases as s~1 with energy (see below) the two-photon contributien in-
creases ~1ln s and eventually will win over the one-photon contributizn])
The importance of the two—photgg process was first recognized by Low °

and by Kessler and ¢ workers®* 4/, Evidence for this mechanism was first
found at Frascati®:3/. Systematic studies of yy interactions are beginning
now and undoubtedly will open an interesting field of physics. In the fol-
lowing, however, only the one-photon channel will be considered.

4.2  Properties of the one-photon channel

The hadron system produced by one-photon annihilation has the
quantum numbers of the photon, JPC = 177, For this reason the angular mo-
mentum L of the incident e and €™ is limited to O and 2. Since L = R-E,
the radius of interaction will be of order-é leading to a total cross
section for hadron production of

tot 2 .2 azﬂ 60 nb
o x o TR = -—— 5

E2 E

E in GeV (4.1)
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. . . . tot .
From this simple minded exerclise we expect ¢ to decrease with energy

as s”!. Because J¥ = 17 the most general angular distribution with respect
to the beam direction for a particle h produced via e'e” = hX is of the
form )

%% =a+b c052® ' (4.2)

which is radically different from typical angular distributions in hadron
hadron collisions.

ala
3la

hadron-hadron
/

ly

cos@

4.3 o™°F in the quark-parton model

The observation of scaling in deep inelastic electron—nucleon
scattering led to the hypothesis that the photon-hadron interaction is
basically a photon—quark interaction®-

+ - - .
As a consequence we expect e ¢ — hadrons to proceed via the formation of
a quark-antiquark pair.

We assume the quarks have spin 1/2 and are pointlike. Then the cross sec-
tion for producing a free qQ pair is the same as for producing a u u” pair
(see eq. 3.6) except that the quark charge Q; replaces the muon charge 1:

2
- - 2 2 .
c(e+e -+ qq) = Qi Oy = Qi 4gz (Bq = 1 is assumed) {(4.3)

Assuming further that the produced gqq pair turns into hadrons with proba-
bility one, the total hadrom cross section is found by summing over all
possible qg pairs:



tot 2

g = . 4.4

L9 oy, (4.4)
i

As we see from eqn (4.4) the quark mgg%l predicts the total hadron cross

section to decrease with energy as ¢ ~ 7! and its magnitude to be of

the order of the u pair production. The value of Q% depends on the speci-
fie quark scheme:

quark model Qi
4 1 1 2
u, d: S -(-3-' + g + § = ?3—
(u, d, s} « color 3 - %.: 2
10 10
(u, d’ S, C) . color 3 —9 = _3

Han-Nambu (u, d, s)

(u, d, s, c)

Because of the expected behaviour (eq. 4.4) it is customary to study the
ratio R = otof(eTe™ hadrons)/ou
The discussion above concerned the high energy behaviour of 5Ot

At low energies we expect to produce nomstrange vector mesons which have
the same quantum numbers as the photon.

V Vzpaw.l¢

The cross section for V production and decay into the final state f near
the resonance,W ® my is given by
r r
- - £
G(e e > V > f) = ._31 ee (4-5)

W2 W - mv)2 + T2/4

5. ete” Annihilation at Low Energies and the Q2 Behaviour of Formfactors

5.1 The total cross section

. + - P . -
The total cross section for e e annihilation into hadroms, o
is computed from the number of events N observed, the integrated lumino-
sity L and the acceptance A for hadronic events. Furthermore a correction

factor f has to be applied to account for radiative effects in the initial
state. The result is

3

N f
ot °T " A ' .
In general the accuracy of the measured o values is limited by syste-

matical errors and not by statistics. The ?argest uncertainties are caused
by the incomplete coverage of the solid angle. Extrapolation to the full
solid angle can be done by means of a Monte Carle program that includes
assumptions on the multiplicities of charged and neutral particles, the
dynamics of the production process etc. The assumptions can be checked by
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comparing the Monte Carle data with the measured results. The systematic
uncertainty of A determined in this way is typically 5 - 15 Z. The lumino-
sity is determined fyom small angle (few degrees) and/or large angle Bhabha
scattering, e e =+ e e . The systematic errors mainly due to acceptance

and radiative corrections are on the order of a few percent.

The radiative correction factor f primarily accounts for proces-—
ses where the incoming electron {positron) has emitted a photon: as a re-
sult the total c.m. energy available for hadron production is reduced and
the c.m. system 1s moving in the laboratory frame leading to a change in
acceptance. In order to apply radiative corrections a good knowledge of
the total cross section and the behaviour of the final states at lower
energies is required. The uncertainty of this correction, in a region where
o] is smooth, i1s typically a few percent but may be considerably larger
if°5 is structured.

tot

Fig. 5.1 shows the ratio R = Ototfcpp at low energies up to.

2.4 GeV.5 172.4%)  The error bars include only statistical uncertainties.
To these an overall systematic uncertainty of 10 - 15 % has to be added.

The energy region up to 1.1 GeV is dominated by the excitation
of the vector mesons p, w and ¢. Between l.] and 1.4 GeV R seems to be
constant with a value near one. Between 1.4 and 1.5 GeV R rises from one
to two and stays then almost comstant up to 2.4 GeV. The step near 1.4 GeV
seems to_be correlated with the onset of "inelastic" kaon production,
ete™ » KKm...(5.5).

5.2 Form factors

At low energiles a few exclusive final states build up the total
cross section such as pair production of pions and kaons. The pair produc-—
tion channels measure the time~like form factors of the corresponding
particle, e.g. two pion production, e*e™ =+ %1, measures the pion form
factor, Fﬂ. The differential cross section 1s given by

2
do o 3 . 2 2
a5 = 85 By sine |F ()] (5.1)
with Bﬂ = Pﬂ/Eﬂ. Near the rho, Fﬁ has a Breilt-Wigner behaviour,
2
nb
F () =3 . "5 (5-2)
m - s - 1im T
P
From the normalization condition,
F (0) = 1
it follows that F = 1 if we assume the Breit-Wigner eqn.(5.2) to be valid

down to s = 0. Fidite width corrections and the contribution from the ®
via its two-pion decay mode modify this simple expression (see e.g. Gounaris
and Sakurai (5.6)).

%) The three data points between 1.1 and 1.4 GeV were obtained by adding

the cross section data for the final states nw'n~ (Novosibirsk), nta " nC

(Orsay), gtatr™n™ and =ru—wOn® (Frascati, Novosibirsk, Orsay).
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Fig. 5.1 Measurements of R from Refs. 5.1 - 5.4
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In Fig. 5.2 lFﬂ]2 is shown as a function of energy. The domi-
nant feature is the excitation of the rho. The rho pole accounts for the
energy dependence up to the highest energies measured (see curve in Fig.
5.2) except for a bump centered around 1.2 GeV. This bump which has been
explored in particular by the Novosibirsk group might indicate the exci-
tation of the hypothetical vectorstage et (1250).

In Fig. 5.3 the measurements on ]Fﬂl in the time-like and space-like
regions are combined. The space-like values were determined fromm elec-
troproduction, eN - eNm (5.7, 5.8). There is a smooth transition from the
region 8 > 0 to s > 0. The data can be represented by adding the wm chan-
nel and a p'(1250) contribution to the o pole (5.1}.

The kaon formfactor as deduced from data on ee” + K'K is shown
in Fig. 5.4. As expected there is a sharp peak due to the excitation of
the ¢(1020). The fall-off towards high energies qualitatively is repro-
duced by the w and ¢ contributions as calculated by Renard?- 77, Quantita-
tively, however, there are discrepancies and the most recent studies made
by the DMl group made at pc12-10) indicate that the physics behind Fy is
more complex.

The data on the proton formfactor in the time-like region are
scanty. The differential cross section depends on the electric and magne-
tic formfactors, Gg and Gy:

2
d_G_ = §9'—2. IG ,2 4_m2 Sin
df 4s E s

25 + ]GMJ2 (1 + cos2a) (5.3)

where m_ is the proton mass and B its velocity. The normalization con-
ditions® for Gg and Gy are

G, (0)

Gy, (©)

[

= proton magnetic moment in units of
e/2mp.

The contributions from Gp and Gy can be separated by analysing the angu-
lar distribution. So far the small number of detected events did not per-—
mit such an analysis. Tnstead the two formfactors were assumed to be the
same, Gp(s) = GM(S)swhich is exact for s = 4mZ if only s—wave constribu-
tions are present. The result is shown in Fig. 5.5 which besides ete”
data includes a measurement of the line reversed process pp > ete . A
fast decrease of IGE]2 = |GM|2 is observed with rising energy. The di-
pole prediction,

f
=

G = (1 - $/0.71)72

which works well in the space-like region is more than an order of magni-
tude below the data near threshold, Vs = ZmE. The vector dominance calcu-
lation by Kdrmer and Kuroda>+ 14) who took the contributions from p, w, ¢,

J/y and their recurrences into account describes the data well.
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Fig. 5.3 The square of the pion formfactor, le[z in the spacelike
) and timelike region.
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6. The Heavy Lepton T

We begin with a discussion of the properties expected for a
heavy lepton T (6.1).

6.1 Expected properties of a heavy lepton

Assuming the lepton T to be pointlike the ete” production cross
section is given by
dmo b 83
L
- = + —
97 3s BT (1 2

) (6. 1)

where B, = p/E is the 7 velocity.

If the lepton decays weakly and the decay is mediated by the standard V-A
weak current the partial decay widths can be calculated or estimated (see
Fig. 6.1).

The leptonic decay modes can be computed unambiguously:

G2 m5
- = ¥ T
r, = Mt = v_ eve) =
‘ 1927
Lz It > v, uv“) = T, F(y)
1,02 -5, =2
GF == x 10 T (GeV 7) and
m
P
4 2
F(y) = (1-8y + 8y> -y - 12y - 1n ). 6.2)
F(y = mﬁ/mi) is a small phase space correction.

A lepton decays semihadronically as shown in Fig. 6.1b. Conven-
tional theory predicts that the t decays into final states of low malti-
plicity and a small ragig 3§ kaons to pions. This is indeed reproduced in
actual calculations6'k U and an estimate of various branching ratios
is listed in Table 6.1.

Some of the decay widths are rather well known:

v > v m : The pion mode is directly related to the = -» pv decay as shown
t in Figs, 6.lc,d. Note that the mass squared of the weak current
is the same in both cases (Q2 = mﬁ). As a consequence the value
of the formfactor is the same for both decays. The partial
width is given by

P(T ~v.m ) I2'n2 f2 cosze 2.1 m
T _ m c _ D (6.3)
T 2 2
e m m
T T
with £ = 0.137 m {(m_ = proton mass)}, and 0 = 0.23 the
T P P ¢

Cabibbo angle.
T -+ vTK : This decay is directly related to K - Guu
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Fig. 6.la,b) The graphs for leptonic and semihadronic
decays of a heavy sequential lepton
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. . . + -
This decay is related via CVC to e e

-+ p.

The width for

T »> v_p can be evaluated with an accuracy of 20 7 using the
measured values of the p-coupling constant.

- vT'(nﬂ)
Table 6.1

Decay mode

These decay modes are related via CVC to ele”

(n even)

{(Kawamoto

and Sanda,

Branching ratio

Branching ratios for a sequential lepton of mass
ref. 6.2).

r(t - vTX)/F(T

+ (nm).
1.8 GeV.

> v e v }
T e

v K (892)
v Q

v  (K-nrm)
n >3

.01

.01

0.60

1.24

0.41

Lh

b

0.03

0.05

1+
<

. 10

Pairproduction of new leptons will lead to mixed electron muon events via:

+
e €

> 1T + (v_ev v
(T e)(‘r

The number of ep—events can be written as

N
ey

26 . = L+ A * A
7T e U

V .
“u)

- B
e u

The 1T cross section (eq. 6.1) varies rapidly near threshold and a meas-

urement in this energy region can be used to determine the T mass.

Well

above threshold the cross section is not very sensitive to the precise
value of the v mass and is given by the point cross section. L is the lu-
minosity, A, and A the acceptances for electrons and muons.

tances depend on the shape of the decay lepton spectrum, i.e.
of the weak coupling. The difference in acceptance introduced by
a V+A coupling is small as long as the leptons are measured down

momenta.

The
on

accep—
the form
a V-A or
to low
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A measurement of the ep-yield at high energies can therefore be
used to determine Bg'B,, without knowledge of the exact mass of the lepton
and the form of the weak coupling, If ey universality is valid as expected
both for sequential and ortholeptons6'3) (lepton number of the 7 = lepton
nuwber of the e or p ) then Be = By, and the B, value can be directly de-
termined. However if the 1 is a paraelectron or a paramuon (lepton number
of tF = lepton number of e~ or u~) then Bu/Be = 1{2 or 2.

The lepton assignment can in principle be determined from a
measurement of the final states:

- + - ..
ee = 1T >ee + missing energy

- + - .
> 1t > U U + missing energy.

. . . + - - ..
However, unlike the eu channel which is rather clean, e e and u+u final
state events are contaminated with electromagnetic events.

Information on semihadronic decays of the heavy lepton can be
obtained from a measurement of inclusive electron (muon) events resulting
from:

ee =+ 1t > (v 2£v ) (v. + hadrons).
T e T
The rate for the inclusive events is given by

Now =205 - Lomdpm Ay - By o By

with the nomenclature defined above.

T production can be strongly enhanced re-
lative to charm production either by selecting events with low multipli-
city or by demanding the decay lepton to have momenta above 1.0 GeV/c.
Only a small fraction of the semileptonic charm decays satisfy these con-
ditiong. Most experiments reported have therefore measured the lepton two
prong cross section:

= . . . « B .
NR,Ip 2UTT L AR A]p 2 B]p
with B, = B(t ~ vo o+ I charged + > O photons).
Electrogs were sométimes excluded from the one prong modes.

6.2  Experimental results on the T

The first e+e experiments searchlng ggr a new lepton heavier
than the muon were conducted at Frascati® at energies up to 3 GeV.
No signal was found and a lower limit of 1.15 GeV was put on the mass of a
possible heavy lepton.

In 1975 Perl et al. reported evidence for events of the type

eTe > eiu+ + nothing (6.4)
where "nothing" meant that no other particles were registered in the de-
tector®-6). The anglysis was hampered by background from purely hadronic
processes: hadrons had an 18 7 (20 %) probability to fake an electron
{a muon). Of the 24 ep events found 6~8 events were estimated to come from
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hadronic background. There was also the question whether or not other
strongly or electromagnetically interacting particles had been produced
together with e and u. Since the detector covered only two thirds of 4=
additionally produced particles had a fair chance to escape detection.
Measurements by the PLUTO group6'7s 6.8) with a superior e and u identifi-
cation and with a larger solid angle coverage confirmed the results of
Ref. (6.6).

Besides the experimental uncertainties there was the questiom >
of interpretation. Electrom-muon events can arise, e.g. from the pair pro-
duction of charmed particles or of a new lepton. The two mechanisms can be
distinguished by their different production and decay patterns. Measure- .
ments on .

+ - .
1) ee = eu + tnothing

4+ - .. . e
2) e e =+ e(y) + minimum ionizing track
+ any number of photons

provided convincing evidence that above 4 GeV besides charmed particles a
new type of weakly decaying particle, 1, is being producedé' ). The final
proof that this particle indeed exists was given by the DASP collabora-
tion which first observed t-pairproduction below charm threshold at the

gt 6-10)

Basically all studies on the T were done in the 3.5 to 5 GeV
region. At higher energles -~ above 10 GeV — the detection of the T would
have been much easier. This is illustrated in Fig. 6. 2 which shows a t
pair event ' of the 'kind

+ - - +
ee >t T

I+ v + 3 charged ‘+ u+ vy

observed at PETRA at 13 GeV 6.11) | The probability for hadronic events of
this topology with which 1 events could be confused is very small.
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Fig. 6.2 Candidate for 1 pair

production, _
ete™ » 1t T
| oitoy |
-y vv '=y + 3 charged

as observed by TASSO at 13 GeV.
(b.11)
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Table 6.2 summarizes the experiments that searched for heavy leptons in
ete™ annihilation.

6.2.1 T mass and spin

The cross section for pair production of a 1 with spin O, 1/2,
1 reads as follows:

spin O:
- 3 2 5.
O = V4o 8 | 7| B,"B_ (6.5)
b o2 .

where 0 = —--—— and F is the 1t formfactor.

Me 3 s
spin 1/2:

2 .
oT? = auu BT {} + 1/2(1 BT) Be an. {(6.6)

The t is ssumed to be pointlike,

spin 1:
oz =0 8> (—-S—2>2 +5 —-%_— + 3/44 -8B -3 (6.7)
L M7 AMT ¢ mns

The T is assumed _to have the same electromagnetic properties
as the W boson®-2

Fig. 6.3 shows the ratio

- + =
R2p = 0(e+e > e + X + > 0 photons)/o
wX = uu

for events with one electron apd one nonshowering charged particle as
measured by the DELCO group6'] . The curves show for the spin assignments
1/2, 1 and 3/2 best fits to the data treating the T mass and the products
of the branching ratios B(t - eww)*B(r - X + 2 0 photons) as free parame-—
ters. Spin 3{2 is clearly ruled out; Spin | is ruled out if the data from
SLAC-LBL®- 12) taken at higher energies are included; for spin O the ob-
served cross section is far too large. The only spin assignment consistent

with the data is J = 1/2. The result for the T mass is
+ 0.002
m 1.782 _ 0.009 GeV

which is in agreement with the earlier results from DASPS: !0
m, = 1.807 + 0.020 GeV and with a measurement of the DESY-Heidelberg

6.18 - + 0.010
-groupb-18) m = 1,787 T -1 Gev.
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Fig. 6.3 The ratio o(e+é- - eiX 1?, X 4 e_)/UuU as measured
by DELCO (Ref. 6.19).
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6.2.2 Decay branching ratios

We sketch briefly the procedure followed to determine the decay
branching ratios of the t. The measured results are summarized in Table 6.3
below. By comparing e and u final states the ratio of the e and u decay
rates B.,By (Be = B(r - evv)) was deduced:

Eg _ c(e+e— - 17T > e + )
B + = -
u gle e -~ T +pu + £)

The data were found to be consistent with e-u universality, By = B,: The

world average®:22) is B,/Bs = 1.13 £ 0.16. Due to the mass differences of
e and u theory predicts Bu/Be = 0.973. Assuming B, = B,, the aromalous eu

events could be used to determine Bg:

+ - - 2
cle e » 11 >eu) = o, BeBu =c_. B,
The world average 1s B = 17.5 %= 1.2 Z which agrees well with the theoreti-

cal value of 18.5 Z.

The first clear evidence for the © ~ v~ decay was presented hy
the SLAC-LBL group®:23) from an analysis of events of the type

+ * =

e e > =X Oy

for c.m. energies between 4.8 and 7.4 GeV. Fig. 6.&2£?ows the pion energy
spectrum measured in a recent experiment at SPEAR® - . As expected for a
two body decay of a moving object the spectrum is constant over a wide
energy range. The fall-off at the high-energy end is caused by the fact
that the data were not taken at a single beawm energy.

The world average of B, = 9.1 £ 1.1 7 is in good agreement with theory
which predicted B, = 10 Z.

The DASP group has also searched for events of the type
ete” > 17 » { (Rv) (evv) + (uvv) + (mv)}
+
= K* + charged track + missing emnergy.

Cnly one event with pp > 1.0 GeV/c was found®-16) | This yielded a 90 %
confidence upper limit of Bg < 0.016 in agreement with theory.

The decay T - vp was first observed by DASP6.16) studying events
of the type

+ + +
e e e X + 2v

The MARK II group at SPEAR recently reported results of the final state

+ t o
e > e T

& . . . .
The 7" n° mass distribution is shown in Fig. 6.5. The average branching
ratio from the two experiments is B, = 20.9 % 3.7 % to be compared with
the theoretical value of 22 7,
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Fig. 6.4 TEe n energy spectrum for the decay
T~ + m~v in the energy range
4.5 < W < 6.0 GeV (SLAC-LBL, Ref. 6.24).
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Fig. 6.5 The mn effective mass distribution
from the decay 1% + 7%y

(SLAC-LBL, Ref. 6.24)
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The PLUTO group analyzed the three charged pion decay of the =
via

- ol
ee -+ 17 =~ (e v (nr wtv)

The # = mass distribution indigages the presence of a 0° signal (Fig.6.6a).
If only the higher of the two 7 7 mass distributions is selected the
dashed histogram is obtained which is compatible with the assumption that
the decay proceeds a hundred percent via 1 ~ vocﬂ. The shape of the 37

mass spectrum is consistent with the § wave decay of a 1% object (Fig.6.6b).
1f this is interpretated to be the A; a Breit-Wigner fit yields M=1.1 GeV
and T = 0.5 GeV. The branching ratio of 7 - v"A] 1is found to be

10.8 + 3.4 7.

The search for exotic decays of the 1 such as v + 3 charged
leptons, 7 > ey, T - uy has been unsuccessful (see Table 6.3).

The PLUTO6'26) and DELCO6'27) groups attempted to determine the
T lifetime T_ by measuring the f£light length of the ¢. The present
upper limit of T, < 2.3-10 Z2sec is still an order of magnitude above the

M NS
theoretical prediction, T = Be (ﬁﬁ) ,T“ = 2.8-10 13sec.

©.2.3 Space-time structure of the weak current in 1 decay

The lepton spectrum permits a study of the space—time structure
of the weak current mediating the decay of the 1.

T VA

V

If only V and A type couplinés are considered the Hamiltonian for
TV £V, 1s of the formb- 28) -

Cp

Bine = Uv Yo “"YSW;} [%{a ¥, O0%vg) (6.9)

7 e
+ g Yu(‘x“fs}} wVT]
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. The fitted curves,

which are superimposed over the background (selid curve), cor-

respond to t decays into a) a non-resonant o1 System for several
values of the relative angular momentum and b) a 1* resonant pr
system of mass 1.0 GeV/c? and width 0.48 GeV/c2.
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where g+ are the coupling strengths for V + A couplings. 1In the T rest
system the shape of the lepton spectrum can be expressed in terms of the
lepton momentum p, energy E, maximum energy

T
E = 3 Y and x = E/E :
ma x 2m hax

dN(x) _ 2 4 #
T = const x° {30 - %) + 206G x - D]
where terms of order me/m“ have been neglected. The shape of the spectrum
is then determined by the Michel paramcter c6-28)where ¢ is defined as: 2
2
. 23
=3 -
P= 4 > > (6.10)
At 8

Special cases are:

pure V-A : g =0 ¢ = 3/4
V+y 1 g_ =0 (=0
v By T B ¢ = 3/8&
A gy = mg_ e = 3/8

Fig. 6.7 shows the electrop momentum spectrum determined by the
DELCO group (6.27) which finds for the Michel paramcter

p=0.72 £ O.15.

This result agrees well with V-A and evcludes V+A. A pure V or pure A
coupling appears to be unlikely. The analysis assumed a massless 7
neutrino. If the v, is massive the theoretical spectrur will be pushed
towards smaller x values and hence V+A currents are ruled out for all
values of x. An upper limit on the mass of the T-neutrino of L 250 MeV
was obtained assuming a V-A current.
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Fig.6.7: Electron momentum spectrum for events with electron + one charged
track as measured by DELCO (Ref.6.27). The solid and dashed
curves represent the spectra expected for V-A and V+A coupling at
the TV, vertex, respectively.

6.2.4 1Is the t point like?

This question has already been answered in Section 3. Down to
distances of 4.1071® cm no evidence for an extended T has been found.

6.3  Summary of the T properties

Table 12,5 summarizes the experimental information on mass,
leptonic and semihadronic decay modes of the T.

The observation of the t at the y' below charm threshold con-
clusively demonstrates that the t signal has nothing to do with charm. The
shape and magnitude of the ttT production cross section exclude spin O, |
and 3/2 for the 1: they strongly favor the assignment as a pointlike, spin
1/2 fermion. The best value for the T mass at present is

+0,002
1.782 -0. 007
0.25 GeV on the mass of the t neutrino. The liferime of the T is less than
2.3 * 10712 sec. The lepton momentum spectrum strongly favors a V-A type
coupling of the weak current to the TV, system. The measured leptonic
decay rates are consistent with e/y universality. The leptonic and semi-
hadronic branching ratios agree with those expected from theory for a
heavy lepton of mass 1.8 GeV,

GeV. The analysis of the decay spectra puts a limit of

The consistency with e/u universality classifies the T as either
an ortholepton or a sequential lepton. In the first case the T has the
same lepton number as e or u. In the second case the T carries a new
lepton number. Recent neutrino experiments rule out that the T is -
like.6.29)
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7. Charmonium States

7.1 The J/Y and ' Particles

The first member of the new family of particles was discovereq 1
at Brookhaven as the J-particle in the ete~ spectrum of p-Be collisions’®
(see Fig.7.1),

p Be = e+e~X
and at SPEAR as the y particle in e’e” annihilation7'2) (see Fig.7.2),

e’e” + hadrons

>ee
+—-

T uu

The first evidence for the y' observed at SPEAR7'3) is shown in Fig.7.3.

The properties of J/{ and ' were studied at SPEAR and DORIS and a

plethora of decay modes was detected and analyzedl.3)., Both states were

found to be nonstrange isoscalar vector mesons, JFC = 17", 7G = 0, iIn

terms of SU3 J/¢ and y' are singlet states.

The mass and width parameters of J/y and ¢' are listed in
Table 7.1 and compared to the corresponding values of the p meson-
Tiire ¢ measures the partial width for the direct decay into hadrons,
excluglng the cascade decays in the case of the ¥'.

Table 7.1 Mass and widths parameters for p, JA and ¢’

p (770} I/ P
m (MeV) 770 3096 3687
T (MeV) 150 0.07 = 0.01 0.23 £ 0.06
Tirect V) 150 0.05 £ 0.0l ™ 0.05
ree (KeV) 6.4 * 0.8 4.8 £ 0,6 2,2 £ 0.3

The most exciting property of J/¢ and y' is their small decay widths.

The direct decay is suppressed by roughly a factor of 104 compared to
what one would expect for a conventional meson of 3 to 4 GeV mass. This
is illustrated in Fig.7.4 which gives a plot of the width versus the
mass of conventional nonstrange mesons. Despite its small decay width
the J/¢ is a strongly interacting particle., This was established by
photoproducing the J/¢ off nuclei; the t distribution exhibits a cocherent
part which leads to a total J/¢ pucleon cross section of ~ 1 mb near

E, = 100 GeV. (Ref.7.4).
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7.2 The Quark Model Interpretation of J/¢ and '

An intuitively simple and by now accepted explanation for J/y
and Y' was offered by the quark model. It assumed that
a) besides the u, d and s quark a fourth quark Q exists which carries a
new quantum number such that the decay Q ~q, g = u, d or s can'proceed
only weakly; _
b) the J/¢ and ¢' are QQ bound states.
Based on these assumption the model predicted the existence of further
QG mesons and of mixed Q,q states of the type (QF) and (Q,q). Since the
widths of J/¢ and ¢' were small the masses of the (Qq), (Qq) mesons were
assumed to be Mg > Myt1/2 which prevents decays of the type ¥'>(Qq) (Qq).

In a next step the new quark Q was taken to be identical to the
charm quark ¢ which had been introduced before by Glashow, Iliopoulos and
Maiani7-5) in order to understand certain weak interaction phenomena such
as the smallness of the decay rate for Kf - wtu~ and the absence of
strangeness changing neutral currents. The properties of the hypothesized
charm quark ¢ were

charge + 2/3
strangeness O

charm 1 , where charm is a new quantum number

¢ decays only weakly into d or s quarks according to
¢ » -d sin®, + s cosO,

where O, is the Cabibbo angle, OC = 0.23 (GIM mechanism).

7.3 cc Spectroscopy

The variety of cc states in terms of JFC follows directly from
the spin 1/2 nature of the quark and is equivalent to that of positronium.
For instance orbital angular momentum L = 0 leads to vector states (both
quark spins parallel, also called orthocharmonium), and to pseudo scalars
(spins antiparallel, paracharmonium). In order to_compute level spacing,
transition rates etc. more assumptions about the cc system are necessary.
Tn most calculations the ¢ quark is assumed to be sufficiently heavy such
that the cc system can be described by a nonrelativistic Schrddinger
equation.

The forces acting between cc quarks in nonrelativistic calcula-
tions are approximated by a steeply rising attractive potentia17-6). At
short distances this force might be represented by gluon exchange. This
will give rise to a term —4/3 aS/r in the potential where ag is the strong
interaction coupling constant. A linear term is added to the potential in
order to ensure quark confinement:

Aas
V{(r) = - 57 *ar + Vo (7.1)
, . (7.6-7.8) __. ,
A potential of this type will lead to the level scheme shown in
Fig.7.5. The levels are labeled by JPC with P = (-1)L*! and C = (—1)L+S.
For each value of L there are two bands of radial excitatiomns with
opposite charge conjugation depending on whether § = 0 or I. The spectro-~
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Fig. 7.5 Level scheme predicted for two fermions bound
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scople notation n25+1LJ,where n - 1 1s the number of radial nodes,is used
to name the levels.

The triplet S states 13S, and 2381 are identified with the J/v¢
and 9", respectively. The potential (7.1) will lead to a small spin-spin
force and hence to a small mass splitting between triplet (3S]) and
singlet (lSO) states. The P levels will split into onme state (1P2) with
odd and three states (3P2!]’0) with even charge conjugation. In a pure
Coulombic gotential the first set of P levels would be degenerate in mass
with the 2°8; level. The addition of a confining potential pushes the
mass of the 1P levels below the mass of the 2381 level.

The first L = 2 level splits into one state (ZDI) with even and
three states (3D3’2,1) with odd charge conjugation. The 13D] state has
the quantum number of the photon. By mixing with the nearby 2331 state
its wave function aquires a finite value at the origin . As a con-
sequence the 13D, can show up e.g. in the total e*e™ cross section. The
observation of t%is state was one of the major triumphs of charmonium
spectroscopy which had predicted (Eichten et al.7-8) the ¥'' two years
before its discovery’/.10, 7.11},

The number and the quantum numbers of the predicted ce levels
are mainly a consequence of the spin~i/2 nature of the ¢ quark. The level
spacing and the level widths on the other hand are strongly model depend-
ent and cannot firmly be predicted.

7.4 The Vector States

The leptonic and hadronic widths of the J/¢ and the J/y - '
spacing can be used to fix the parameters of the potential (7.1). The 3SI
state decays to lowest order into hadrons via a 3 gluon intermediate
state. The hadronic width is given by

5 1331(0)|2

S M2

160

o 7.2)

1"(38l + ggg -+ hadrong) = (n% - 9) «

where 381(0) describes the wave function at the origin. The width for the

decay into a pair of leptons is given by

3
_ s, (0|2 |
r(3s1 > eteT) = 64ma2/9 LI——‘ (7.3)

M2 v

where M is the mass of the vector state.

Applying these relations to the J/y yields ag = 0.19. From the J/y - P! ES
spacing the slope of the confining term is found to be a = 0.25 GevZ2,

These parameter values should be considered as order of magnitude esti-

mates only since higher gluonic corrections are sizeable/+12). The scale

violations observed in neutrino interactions for instance prefer ag=0.4.

The R dependence of the potential computed for ag = 0.19, a = 0.25 Gev?

is shown in Fig.7.6. It is evident that due to the large DeBroglie wave-

length of the charm quark the charmonium spectrum as well as the decay

rates will be controlled primarily by the linear part of the potential.
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Fig. 7.6 The radius dependence of the charmonium potential.
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With the a_ and a parameters determined from J/¢ and ¢' the third vector
state P" =SI3D, was predicted to be at 3.755 GeV 7.8), Figs.7.7 and 7.8
show the excitation of the " in e¥e™ annihilation as measured by
LBL-SLAC 7:10) and the DELCO group 7-11) at SPEAR.

The properties of the " are summarized in Table 7.2
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ol L L 1 1yl
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Fig. 7.7 R = o /o, near the y' after radiative
correlations (Ref. 7.10)
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The " being ~ 45 MeV above the DD threshold is found to decay almost ex-—
clusively into a pair of D mesons and is therefore an ideal place to
study the D properties (see Section 8.[).

Evidence for still heavier vector states has been found in
studies of the total e'e  cross sectlon ﬁbove 4 GeV Fi 7.9 shows the
measurements of SLAC-LBL7-13), pruro’ and DASP/-1°7, and preliminary
data from DELCO’+!1) and the Crystal Ball -19), The error bars shown in
Fig. 7.9 do not include systematic uncertainties which are primarily due
to the limited solid angle and to radiative corrections. The systematic
uncertainties are estimated to be =10 to %15 Z. All but one experiment
agree on the existence of narrow peaks centered at 4.028 GeV and 4.41 GeV. v
The DASP and PLUTO data exhibit also a narrow structure at 4.16 GeV. The
DELCO and Crystal Ball data are not inconsistent with this observation,
but has to wait for their final analysis.

The experimental difficulties in extracting these structures
rest essentially with the radiative corrections. Consider the two narrow
structures at 4.028 and 4.16 GeV. Radiation in the initial state have the
tendency to reduce the height of the two peaks and will in the valley
in between them. Since many charmed particle channels open up in this
energy region (D*D*, D**D*, FF, ...) an interpretation of the structure
observed is not straightforward. If they are assumed to be resonances one
finds the mass and width values given in Table 7.3. They should be con~
sidered as preliminary since a prec%ﬁe determination will probably re-
quire a coupled channel ana1y31s . The result of the resomance fit to
the DASP data is shown by the solid curve in Fig. 7.9.

Table 7.2 Properties of the ¢"(3771)

Mazs (MeV) T (MeV) I‘ee (eV)
3772 + 28 + 5 370 + 90 LBL-SLAc /1@
3770 + 6 2% + 5 180 + 60 DELCO /1D
branching ratios: )
y" > p%° 49 + 25%

>~ 50 + 38%
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Table 7.3 Resonance parameters of vector states between 3 and 4.5 GeV

Mass (MeV) T MeV) Fee(keV) Bee = ~%§

I/ 3095+ 2 | 0.06920.015] 4.8 0.6 | 6.9+0.9-10 2| sLac-Lsr’!®

" 3686+ 2 | 0.228+0.056 | 2.1 +0.3 | 9.3+1.6+10> | sLac-LsL’ ! ©
28+5 0.3740.09 {(i.30.2+10"° | LBL-sLAC’ 'O

3771 -5 7.11)
2415 0.1820.06 | 0.7#0.2+10"° | DELCO

4.04 404010 52410 | 0.7520.10 | 1.4:0.4+107° | pasp’ *!)

4.16 4159220 7820 0.77:0.20 | 0.9+0.3+107° | pagp’ 1%
33410 0.4430.14 | 1.3:0.3-107° | sLac-Ler’ '3

N
*ol T 66+15 0.40$0.10 | 0.70.2+107° | pagp’ * 1)

In Fig.7.10 the observed vector mesons are compared to vector state levels
predicted by a charmonium model. Between J/¢ and 4.6 GeV the number of
vector states known at present agrees with the number of states expected
by theory. Whether the interpretation of the observed states as

suggested bg Fig.7.10 is the correct one, namely ¢(4.04) = 3381,

p(&.16) = 2 D| etc. is an open question.

7.5 P-Wave States

As mentioned above, three P-waves states 3P2 1,0 are predicted
between J/¢ and ¢' with even parity and even charge conjugation (Fig.7.5).

If the ¢' - 3PJ mass difference is smaller than 2+ m; these states can be
reached from the §' by photon emission only,
3
L}
LA I

The 3PJ decay can either be purely hadronic via gluon annihilation
(diagrams a,b) or by radiative decay into the J/y (diagram c).

3 Y
Pyc
C

o N

3 3
P o q P, c
02" D=, i =

C
(1) (b) ‘(C)\E =g
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The decay widths for (a,b) are proportiomal to the wave functions

squared at small distances. These widths have been estimated by Barbieri,
Gatto and Kogerler?:18) as r(2++)/r(©**) = 4/15 and T(O**) = 2.4 MeV. The
1** state is expected to be even narrower. :

The decays 2381 + y3P; can proceed to lowest order by an
electric dipole (El) transition. The rate for an El transition is given
by

16

353 @(23+1) K [<1P|r|28>|2 (7.4)

3 3 _
r(2 S1 + vl PJ) =
The rate depends on the overlap between the radial wave functions for the

S and P levels. For an El transition the angular distribution of the
photon with respect to the beam axis is of the form

2381 -+ yIZPO 1 + c0520
- YIBPI I - 1/3 cos20 7.5
> Y13P2 I +1/13 c0329 .

"For the latter two transitions also higher multipole amplitudes could
contribute. For this reason only the prediction for 3S] + v3P_ is unique.
The 3PJ states were detected in three different ways: as discréte lines
in the photon spectrum, through the cascade decay ¢' > Y3PJ, 3PJ - yJ /¢
and as peaks in ww, 47 ... mass distributions. The study of the cascade
decay713§ to the first discovery of an intermediate state (Pc(3510)) by
DASP /77,

Fig.7.11 shows the inclusive photon spectrum from ¥' decay,
Y' > v y, as observed recently in the Crystal Ball detector 7.19)
Four narrow peaks are seen centered at ~ 120 MeV, 170 MeV, 260 MeV and
380 MeV. The first three correspond to transitions to the intermediate
states x(3.56), P,.(3.51) and x(3.41). The fourth one results from the
decay P.(3.51) » vy J/¢. No evidence is seen for a state at 3.45 GeV
(E, = 230 Mevg for which some evidence had been found previously by
SLAC-LBL 7:20): nor is there any signal for a state near 3,60 GeV
(E. = 86 MeV) as claimed by the DESY-Heidelberg group 7-21), Both states
hag been detected in the cascade channel, ' - vy J/y.

Table 7.4 lists the branching ratios for the transitions
p' - y Py and Table 7.5 summarizes the measurements on the branching
‘ratios for the cascade decays. For completeness Table 7.6 gives the
branching ratios for the hadronic decay modes of the intermediate states.
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Fig. 7.11 The inclusive photon spectrum from ¢' decay, y' - vX,
as measured by the Crystal Ball (Ref. 7.19),.
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Table 7.4 Pc/X States
Decay Branching ratio r References 1 Theory
7 (keV) (keV)
Y > v x(3.41) 7.2 # 2.0 16 + 5 7.22 44
6.5 % 2,2 15 + 5 7.23
P>y x(3.45) < 2.5% < 5.7 7.22 i8
A Y Pc(3.5]) 7.1 £ 2.0 16 £5 7.22 38
vt oy x(3.55) 7.0 £ 2.3 16 = 5 7.22 27
Table 7.5 Cascade Decays (y' e-y-PcM)(Pc/x - v J/P)
Intermediate| BR(y' - YPC/X)‘BR(PC/X + v J/U) Reference
State %
x(3.41) 3.3 £ 1.7 7.22
0.3 £ 0.2 7.9
0.14+ 0,09 7.21
0.2 * Q.2 7.24
< 0.05 907 CL 7.19
¥ (3.45) < 0.61 907 CL 7.9
< 0.25 90% CL 7.21
0.8 = 0.4 7.24
< 0.045 907 CL 7.19
Pc(3.51) 5.0 # 1.5 7.22
2.1 £ 0.4 7.9
2.5 £ 0.4 7.21
2.4 £ 0.8 7.24
2.10% 0.47 7.19
x(3.56) 2.2 1.0 7.22
1.6 £ 0.6 7.9
1.0 £ 0,2 7.21
1.0 + 0.6 7.24
1.13% 0.25 7.19
(3.59) 0.18% 0.06 .
< 0.0 907 CL 7.19
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Table 7.6  Properties of the Intermediate States
MASS Decay BR(y'r YPC/x)- Reference BR(Pc/w decay)
(MeV) *BR(P. /¢ ~decay) Z
3413 £ 5 e 0.07 i 0.02 7.75 1.0 £ 0.3
. 0.06 * 0.02 7.9
KK 0.07 % 0.02 7.25 1.0 £ 0.3
0.055% 0.025 7.9
PP < 0.0095 7.9
2nt2n” 0.32 + 0.06 7.25 4.7 £ 0.9
w'w KK | 0.27 # 0.07 7.25 3.9 £ 1.0
pp T 0.04 * 0.013 7.25 0.6 + 0.2
30 30 0.14 * 0.05 7.25 2.0 & 0.7
vJ/ 0.22 + 0.08 3.2 %1.2
Yy 0.014 7.9 <0.2
oOrt 0.12 + 0.04 7.25 1.8 % 0.6
KO*K 0.17 % 0.06 7.25 2.5 + 0.9
3.508 + 4 | wm +K'K |< 0.015 7.25 0.21
2n 2m 0.11 + 0.04 7.25 1.5 £ 0.6
Tr KK | 0.06 * 0.03 7.25 0.85% 0.42
ppm A 0.01 * 0.008 7.25 0.14% 0.11
3n 3n 0.17 + 0.06 7.25 2.4 % 0.8
yJ /0 2.4 * 0.3 36 & 4
Yoy 0.013 7.9 0.18
oot 0.026% 0.022 7.25 0.37+ 0.31
KO** 0.31 *+ 0,022 7.25 0.44% 0.3]
3.552 £ 6 | wiw +K'K | ©0.02 £ 0.01 7.25 0.29+ 0.14
T 0.015% 0,008 7.9
KK 0.012% 0.009 7.9
pp 0.0075 7.9
2n 20" 0.16 * 0.04 7.25 2.3 + 0.
KK | 0.146 £ 0.04 7.25 2.0 + 0.
pp T 0.02 £ 0.0] 7.25 0.29% 0.14
37 30 0.08 * 0.05 7.25 1.1 & 0.7
Y3/ 1.9 +0.2 27 + 3
Y ¥ 0.004 7.9 0.06
oCnta” 0.05 * 0.03 7.25 0.71+ 0.43
KO*K n” 0.052% 0.031 7.25 0.74% 0.44
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7.5,1 Quantum Numbers of the Intermediate States

The P./x states have all charge conjugation C = + since they
are populated via ¢' - v P./x. The spin parity assignment is made with
the help of the hadronic decay modes, the angular distribution W(cos®)
of the primary photon with respect to the beam and the level scheme
predicted by the charmonium mode.Fits of the form

W(cosd) = 1 + a cos?@

yielded (7.25):
state: x(3.41) Pc(3.51) %x(3.56)

a 1.4 £ 0.4 0.1 + 0.4 0.3 + 0.4

For a spin O state a = 1. The %(3.41) is therefore consistent with
J = 0, whereas a J = 0 assignment for the P.(3.51) and the %(3.56) is
excluded on the 20 level.

In the level scheme depicted in Fig. 7.5 there are four levels
with even charge conjugation between the @' and the J/¢, one pseudoscalar

1So with JFC = 077 and three 3P states with JPC = 2++, 17" and 0%, Are

the levels found consistent with these guantum numbers?

x¥(3.413) It follows from C = + and the observed decay into x"n and/or
K*K™ that the state is an isoscalar and has positive parity.
The angular distribution is consistent with J = 0. We can
therefore safely assign this state to J PC = o++,

PC(3.508) The absence of n+n- and KK decays are consistent with the
state belonging to an unnatural spin-parity sequence 0~, 1%
The angular distribution of the photon suggests J # O and iso~
spin must be even since the resonance decays into an even
number of pions.

¥{(3.552) 1t follows from the cbserved decay into ﬂ+ﬁ_ and/or K+Km that
the level is an isoscalar and belongs to a natural spin—-parity
sequence. The angular distribution of the photon excludes J =0
with Zo.

This 1s all that can be deduced from the data alone. However, comparing
the available information with the levels expected in the charmonium
model (Fig. 7.5) leads to a unique assignment using the following reason-
ing., The 3.41 GeV level must be the 0** state. This leaves only one na-
tural spin-parity level - the 3P2(2++) level - which then must be asso-
ciated with the 3.56GeV level. The 3.5! GeV level has J # 0 and must
therefore be the 3P1(1++) level. This assignment is also consistent with
the fact that P,(3.51) - n*r~, K*K~ has not been observed.

The decays ¢’ > v 3P2 1,0 are to lowest order electric dipole
transitions. The measured width$ are listed in Table 7.4 and compared to
model calculations assuming El. Note that the predicted rates are conside-
rably larger than the measured values. If the matrix elements are inde-
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pendent of J then the relative rates for El transitions are given by
I ~ k3 (27 + 1). In this case we expect

3 3 . 3 3 . 3 3 -
r{2 Sy + v PO) : (2 S1 > ¥ P]) : T(2 S1 >y P2) =
1 : 0.9 : 0.6
compared to the observed ratios 1 : 1.04 : {.02. Reversing the order of

the levels i.e. 3P0 > 3P1 >73P2 leads to a gross disagreement between the
predicted and the observed rates.

In QCD the 0" and the 2% states can decay to lowest order via
2 gluon emission into hadrons whereas the 1% state must emit three
gluons. The total hadronic width for O** and 2%+ is therefore proportion-
al to u% compared to a3 for the 1%+ state, Since ag is less than one we
naively expect the 1+*+ state to have a smaller hadronic width than the
other two. This assertion is supported by detailed calculations/-18,7.26
which find:

reo™™y s 2™ st =15 14 1

where the first ratio is the most reliable one. Experimentally we would

therefore expect the O** level to have a smaller branching ratio for the
radiative decay into the J/¢ than the other two and this is indeed sup-

ported by experiments.

The 1P1 state.

Besides the three BPJ states the potential (7.1) predicts a
singlet P state with JPC = 1 *~ (Fig. 7.5). Because of odd C parity this
level cannot be reached from the §' by a vy transition. The decay ' —+
o IPi is suppressed by isospin conservation. The strong decay %' -+ 77 IP]
is probably forbidden by kinematics. No evidence sofar was found for the
existence of the IP]'
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The overlap integral |<nf|ni>|2 is expected to be unity for n. = n, and

small for n. # n,. Table 7.7 shows the predicted width for J/y > YN, for
the n, mass.

Table 7.7 Predicted decay width T and branching ratio B for the decay

Jiey ~ Yn, as a function of the n, mass.

Mnc photon energy I'(keV) B (%)
(GeV) (MeV)

3.04 | 50 0.2 0.3
2,99 100 1.6 2
2.89 200 14 20
2.79 300 45 70

A search of the photon spectrum from J/y decay failed to produce evidence
for the J/y - ¥Yn. transition (7.22). An upper limit of 1.7 % was put on
the branching ratio B(J/¢ ~ ng)-

Evidence for a heavy and narrow resonance below the J/y was re-
ported previously by the DASP group’.27 in the decay J/¥ - vX + vyyy.

Events with three photons were selected using the DASP inner
detector. For each photon the production angles were measured taking the
position of the interaction point from Bhabha events observed concurrently,
A IC fit was made to the hypothesis J/y - yyy and events with a XZ < 2.7
were retained. The photon energies for the accepted events were computed.
Of the three possible yy mass combinations only two are independent. The
events were analyzed in terms of the lowest and the highest vy masses in
the event. The low mass plot shows a clear n signal and an indication for
n' production (see Fig. 7.12). The position of the n(547.1 * 4.2 MeV)
agrees with its knows mass value; the observed n width (¢ = 24 * 4 MeV) is
consistent with the expected resolution of 20 MeV.

Fig. 7.13 shows the Daligz plot distribution with lines indi-
cating the position of the n and n . The high mass data are shown in
Fig. 714 together with the contributions from QED and n + n'. The QED
curve was computed from the matrix elements evaluated by Berends and
Gastmann’+28. The QED curve is an absolute prediction. The calculation was
checked by measuring e*e™ + yyy at a c.m.energy of 3.6 GeV, i.e. away
from resonances.

The high mass data show a peak near 2.82 GeV, called the X(2.8).
In the mass interval 2.82 % 0.04 GeV, 4! events are observed, compared to
19 events expected from QED and n + n'. This corresponds to a 5 standard
deviation effect. The fitted mass is 2.82 % 0.014 GeV; the value of the

width is 0.04 % 0.014 GeV. Considering the experimental resolution the
measured width is consistent with that of a zero width resonance. The pro-
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7.6 The Pseudoscalar States

The potential (7.1} predicts the pseudoscalar states (nc,n'c...)
]180, 2180 ... to lie below the corresponding vector states (n3S]). The
pseudoscalar states can decay into ordinary hadrons by two gluon exchange,
i.e. '

I‘(nC - hadrons) -~ oy

Hence one expects the 1SO states to have a larger width than the vector

states for which T ~ ag. More precisely:

i 2
| "5,(0)
T(]S > gg - hadrons) = 32 uz L0 ]
0 3 s M2

(7.6)

TheISO states having C = + can also decay into two photons; the correspon-

ding width is given by

I
5, (0)
r('sy »yn = e % 77
2

2
|

A comparison of (7.6) and (7.7) leads to

g

F(]SO +> YY)

(7.8)

I
wiow
Q IQ
LY I ]
Q
Lo
O

P(]SO -+ hadrons)

for o = 0.2. Under the assumption that 381 and ISO have the same radial
wave ?unctions equ {(7.7) and (7.6) predict for the 1SO width

m

> r¢3s
(n° - 9)us

P(]S0 -+ hadrons) = 2% + hadrons) = 5 MeV (7.9

0

If the triplet-singlet level splitting is small, the ]S can be reached
from the corresponding 3S] state by a radiative transition only, 381 -

Y ISO. This is a pure spinflip or MI transition. The amplitude is propor-
tional to the magnetic moment of the c¢ quark. If this is assumed to be

of the Dirac type,

T 2£ice (7.10)
m_ = mass of ¢ quark
the transition rate is given by
3 ] 16 k3 2
P(n, “S, +>n. 'S;) ===a 3 |<ng[n,>] (7.11)
c

k is the photon energy.
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duct of the branching ratios was determined to

B(J/p > vX) + B(X +yy) = 1.4 0.4 - 107°

We now discuss the data from the Crystal Ball experiment
at SPEAR on the same reaction, J/y -+ 3y (7.19). The angular resolution

" for photons is roughly a factor of two worse than in the DASP experiment
but the energy resolution is considerably better, o/E = 2 2/E1/4. Fig.7.15
shows the Dalitz plot distribution. The n and n' lines stand out clearly,
The high mass projection (Fig. 7.16) shows no evidence for the X(2.82).

It should be noted that the mass resclution near the high energy end of
the vy spectrum is basically determined by the energy resolution of the
third photon. This leads to of Y » 10 MeV at 2.8 GeV. The upper limit

on the branching ratio found in Ihis experiment

B(J/¥ » vX(2.82))-B(X(2.82) ~» yy) < 0.3 + 107% (90 % C.L.)

iz a factor of 4 to 5 smaller than the value obtained by DASP which makes
the existence of the X{(2.82) rather unlikely.

So, where is the n _? The Crystal Ball group in studying the radiative
decays of the p' fSund preliminary evidence for a discrete photon line at
640 + 20 MeV. The evidence is shown in Fig. 7.17 where the photon spectrum
from Fig. 7.11 is replotted after subtracting a smooth background. The
photon line in question is seen as a 5 s.d. signal. If taken for real the
data imply a state with a mass of 2976 * 20 MeV, called U(2976) by the
authors. Obviously, more data are required to settle the question of the
ne. It is obvious, however, that the U would fit much better inte the
charmonium model (see Table 7.7 and the measured upper limit on

B(J/¥ + ynegd)-

SUMMARY

The observed number of levels and their ordering is that expect-
ed for a pair of fermions bound in a steeply rising potential. The fine
structure splitting of the P-levels i.e. 3P2 > 3P1 > 3PO is that expected
for a vector force. A pure scalar potential would reverse the order and
give a level assignment in contradiction to the experiments. The level
splittings are larger than predicted but the radiative rates are smaller
by a factor of two. Indirect evidence shows that the ratio of the hadronic
widths of the P states are in agreement with predictions based on QCD.

R
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8. Charmed Particles

The existence of a fourth quark besides the familiar u, d and s
quarks implies that the SU(3) nonet of 8 + | mesons will be replaced8°])
by a hexadecimet of 15 + ! states as shown in Fig, 8.!. Besides ordinary
SU(3) resonances with C = O the hexadecimet contains six states with open
charm, C = %] and one cc state with hidden charm. The quark content and
the names given to the charmed pseudoscalar mesons are

+ - o — + —
C

= +] : D = c¢d D = cu r = Cs
= 0 n o= I's = cc
c o
— o _ — —
= =1 1 D = cd D = Ccu F = s

In the baryon sector ten charmed baryon ground states can be formed:

S = 0 s = 1 S = 2
c = 3 : (CCC)++
= 2 (ccu)++ (ccd)+ (ccs)+

o Ceuw) T (cud)’ (cdd)® (esw)t (esd)® (ess)®

Higher mass charmed mesons or baryons will cascade by strong and/or elec-
tromagnetic decays into these states, which then decay weakly. For instance

D(F) -~ Rve
-+ Qge + hadrons
-+ hadrons

The leptonic decay mode is suppressed by kinematics

D _ v

(J3 0 + J§ + J3 = 1). Semileptonic decays are predicted with a branching
ratio on the order of 20 % and most decays ( 80 %) will therefore vield
only hadrons in the final state -1,8.2) Any new flavour will produce mixed

lepton~hadron final states and show up as narrow resonances above thres-
hold. However, the flavour can be identified by the properties of the final
states. The GIM mechanism’/-3) (Fig. 8.2) leads for charmed mesons to the
following Cabibbo favoured decay modes:

. -
D + (e ve) (R ...D)
- (Eﬁﬂ)o
+ 0
D+ (2 ve) (K™...)
> (&am”
Fo> (0Tv) (n, n', KE, ...)

> (um T, ('am’, (KEam '
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Fig. 8.1 The hexadecimet of the pseudoscalar mesons.
Charm is plotted along the z-axis, Y and I
along respectively the y-axis and the x-axis.
The 79, 1 and n' mesons are denoted by the
open circles at the origin, Ne by the black
circle
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~ ¢cos 9, ~ ~sin O,

~ Sin O¢-cos B¢ ~-5in Q¢ -c0s O¢

Fig. 8.2 a) Schematic diagrams for the semileptonic
decay of the charmed quark

b) Schematic diagrams for the decay of the
charmed quark into noncharmed quarks
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+Tl_ae discussion of the experimental data on charmed particles as
seen in e e anmnihilation will be very brief. It will be restricted to the
new data presented at the 1979 Fermilab Conference8: 3,8.4), More informa-
tion may be found in the review articles listed under (I.3).

According to the GIM mechanism associated production of D mesons
will show up as an increase in the yield of kaons, a strong correlation
between leptons and §aons in multiprong final states and appearant exotic
decays like D' ~ K 7 7 . The production of F mesons will produce an in-
crease in the yield of particles with a large ss component like 7, n' or @.
The onset of_ charmed baryon production will be marked by a step in the
yield of p, p and/or A's. Basically all these features have been observed
experimentally. The D mesons and the first excited states D* are well
established.

Observation of the F mesons so far has been reported in print by
enly one experiment8-5). The first evidence for charmed baryon states pro—
duced in efe” annihilation has been found only recently.

8.1 The D Mesons

Tables 8.1 and 8.2 list some properties of D and D* mesons as
determined by the SLAC~LBL group7-10).

Table 8.1 D and D* mass valuesy'lo)
M (MeV)
p° 1863.3 0.9
D" 1868.4 *0.9
p*° 2006.0 #1.5
p** 2008.6 1.0
Mo, - Mo 5.1 0.8
My = Mixo 2.6 *1.8

The decay modes listed in table 8.2 for p° and D* are all Cabibbo allowed
transitions (~cos26c). The MARKII group working at SPEAR recently observed

also Cabibbo suppressed decays of the D%, D® —+ oty and DOP-K*K™8+3), The
evidence is shown in Fig. 8.3 giving the two particle mass combinations of
particles with opposite charge. In Fig. 8.3b the two particles are assumed
to be K¥,n or K-,n". A strong signal at 1863 MeV is observed correspond-
ing to the D°. Taking both particles to be pions a weak D° signal of 9.3
+3.9 events is seen; taking both particles to be kaons a D° consisting of
22 *5 events is obtained.

The following ratios were obtained:
B(° > m m )/B(OD° > KW ) 0.033 0.015
B(° > K'K)/BMO® » K ) 0.113 0.030

The GIM mechanism predicts both ratios to equal tan26c ~ (0.05. The data
agree with this prediction to within 2 s. d..
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Table 8.2 D and D" branching ratios7']o)
8(D > £) (2) Q (MeV)
p° -+ Ko 2.2 + 0.6
Kon T 3.5 + 1.1
-t ot -
Knmmm 2.7 £ 0.9
p¥ + k%1 1.5 % 0.6
Knin 3.5 + 0.9
0¥ + p° 55 % 15 7.7 *1.7
p°y 45 15 142.7 #1.7
™ o+ %" 65 + 9 5.7 0.5
pir° 29 + 8 5.2 0.9
DYy 2 =10 140.2 $0.9
r(*)/r(0*) = 0.95 *0.4

Table 8.3 lists some measurements of the semileptonic branching ratio of D
mesons. They were ggtermingd §ither near 4.03 GeV (DASPS-G } or via the
decay y"(3.77) DD (DELCO®-7), LBL-SLACB-9)),

Table 8.3 Semileptonic branching
ratio of D mesons

Experiment B(D -+ eX)
DASP {8.86) 0.08 0.02
DELCO (8.7) 0.11 0,03
LBL-SLAC (8.8) 0.072 *0,028

The semileptonic branching ratio is smaller than the value of 0.20 expect-
ed from simple counting arguments: the W decay can

S

epngq
Vva'
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proceed in five different ways, W » ev, yv and qq' times three because of
three different colours. Assuming the same coupling strength, each channel
has the probability 1 ¢ 5 = 0.2. The fact that the observed semileptonic
branching ratio is smaller is attributed to an enhancement of the hadronic
decay modes and is connected with the octet enhancement found in K decays.
The origin of this effect is still being debated8-9).

N The semileptonic branching ratios listed in Table 8.3 are averages
over D and D° decays. The DELCO groups'4 has made an attempt to determine
them separately by analysing the 1 electron and 2 electron yields from y"
decay, " - leX and ¢'" - 2eX. Since for the Cabibbo allowed semileptonic
decay c ~ sev, AI = 0, the decay rates T(D* - evX) and T(D® + evX) are
equal. The ratio of the DV to D° lifetimes is therefore given by
(D) /1 (D°) = B(D' » evX)/B(D® + evX). The preliminary result from DELCO
is B(D® = evX) < 5 Z (95 % C.L.) and B(D* » evX) = 24 % 4 Z which leads
to T(DN)/T(°) > & (95 Z C.L.). Preliminary data from Mark 118" are in
agreement with these values: t(D")/t(D°) = 3.08 t?'é3 .

Assuming, in accord with the electron momentum spectrum,that 45%
of the D semileptonic decays proceed via D -~ kevy, by analogy with K = 7ev
theory predicts 1(D —+ Kev% = (1.4 + 0.3)-10!! sec™!, The DELCO values then
lead to 7T(D%) < 3.5-10713sec (25 7 C.L.) and 1(D*) = (8 £ 5):10713sec.

The fact that DT and D° have different lifetimes indicates that
the role of the spectator quark cannot be neglected.
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8.2 The F Mesons

The charm model predicts mesons carrying both charm and strange-
ness. The ground state is the F*. The GIM favored decay of the F is into
an ss system leading to final states containing KK, ¢, n or n'.

. 3 5
F S_-'-- KK, KKTt,dhmYI .
< - ;

£y :nj ae 8

Sizeable n production is therefore an indication of F production. DASP8°5)

searched for F production by studying events of the type

e+e“ +n + > 2 charged tracks + X.

“The n was identified by its decay into two photons.

Figure 8.4 shows the two—photon effective mass d1$tr1but1on for
various center of mass energies between 4 and 5 GeV; while a clear ™ peak
is observed at all energies, an n signal is clearly seen only at 4,42 GeV,
and possibly at 4.17 and 4.60 GeV. The lack of an n signal at the 4.03 GeV
resonance, which is dominated by DD¥ and p¥p* productlon, indicates that
the branching ratio for the decay D > n + anything is small.

In Fig. 8.5 the total inclusive n cross section is shown as a
function of energy.While no n signal is seen at 4.03 GeV, a significant
productlon is observed between 4.1 and 4.7. (Note that 7n production below
4.1 is less than 0.5 nb. This is surprisingly small: it is smaller than w"
or - production by 2 factor of 50 to 80 and smaller than K* or K~ produc-
tion by a factor of 10.)

In a second step an attempt was made to detect the F directly.
Consider the first excited state F¥, Because of isospin the decay F¥ - Fr
is forbidden. If, as expected, the F¥, T mass difference is smaller than
2 my the F¥ will decay via F¥ + F,, producing a low energy photon. Indeed,
the DASP group found the n signal at 4.4 GeV to be associated mainly with
a low energy photon. This observation suggested to look for the channel

%
e e ~ FF -~ FTF Y1 0w

n
in final states with a low energy Yy (Ey < 0.2 GeV), two photons in the n
mass region and a charged pion. There were 43 events at 4.42 GeV and 79

events at all other energies that satisfied the selection criteria. These
events were fitted to reaction (8.1). The fit is a 2C fit because of the

mass constraint on qua and the requirement that mn and the missing vector
must have the same mass myp.

(8.1)

L

> Yy
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Fig. 8.4 M(yy) mass distribution at the various c.m. energies. The
solid lines are the results of a fit to a sum of background,
1 and n contributions. The dashed lines correspond to the
amount of background required by the fit under the n and #°
peaks. The dashed dotted lines at 4.17 and 4.42 GeV are the
results of a fit corresponding to the sum of F production and
the background, described by the M(yy) mass distribution at
E, o = 4.03 GeV (ref. 8.5).

. *

Figs. 8.6a and c show the fitted 7n mass versus the fitted re-
coil mass for the two regioms. At 4.42 GeV a clustering is seen at M(YY)
= 2,04 GeV and Mrecoil = 2.15 GeV while no such clustering is present for
the other energies.

Because of the low energy of Yigy (average energy O.1] *0.046 GeV)
the measurements did not permit to distinguish between reaction (8.1) and
the following one:

e+ e - FT F
7 TMow i
™7 (8.2)

L’YY
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The n inclusive cross section as a function
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The events gave also an acceptagle fit to reaction (8.2) yield~
ing somewhat lower values for the F and F" masses, 2.00 and 2.11 GeV, re-
spectively.

Table 8.4 lists the best estimates for the ¥ and F~ masses.

ete— FF*— FyF

Ln
Eopm. - 442 GV Ecm, =399 to 50 GeV |
3 excluding 4.42 GeV
20 + . * ]
2 .
S sl . I i
=T .
=& .
E . -
1.0 t 4 } t
% 6 H + 4
~
~ 4Lk |
hdi
S
O 2F 1 ]
Ao il oo
1.

1
10 1.5 20 10 0

M (GeV]

Fig. 8.6 Fitted N7 mass vs. fitted recoil mass, assuming e+e— - FFK,
where Fx-+’EYand F > nm at (a2) Eqp = 4.42 GeV and (¢) at all
other energies excluding 4.42 GeV. Histograms (b) and (d) are
the projections of Figs. (a) and (c¢), respectively, along the
M(nn) axis (Ref. 8.5).

Table 8.4 F and P mass values 8.5)
* 2.03 +0.06 GeV
P 2.14 $0.06 GeV
Mpwe = Mg 0.11 *0.046 GeV

For the branching ratio B(F»wn)/B(F>n+anything) a value of
0.09 *0.05 (+30 % systematic error) was found®: 3),

No other data have been published yet on F production. A prelimi-
nary analysis by the LBL-SLAC collaboration showed at an energy of 4.16 GeV
a peak in the K*K™n* mass distribution at 2039 i Mev8. 10),
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A photoproduction experiment at CERN using the Omega spectrome-—
ter presented Freliminary evidence for the F in the n3m and n'3w mass di-
stribution8:11),

8.3 Charmed Baryons

In Fig. 8.7 cross section data on inclusive p,p and A,A produc-

tion relative. to o _,
MM

R - - Se®R) o(efeTATDD

- _ -
PP Hu AsA O

are shown8'3). Both R parameters are consistent with constancy up to 4.5
GeV followed by a rise up to 5.5 GeV and by constancy at higher energies.
The rise coincides.with the threshold for the lowest charmed baryon seen
first in VN and YN scattering®:12:8.13)  the Ac with a mass of 2.26 GeV,
In e*e” the A. was seen in the pK 7" system and its charged conjugate
state (see Fig. 8.8). The mass was found to be 2.285 20,002 GeV which is
approximately 20 MeV higher than the mass value quoted by most of the other
experimentsg-14). Averaged over all data between 4.5 and 6.0 GeV a cross
section of + - +

cle & - ACX) = 0,8 + 0.2 nb

was obtained. The branching ratio B(AZ + pK 1t) was estimated to be
(2.0 £ 0.8} 7. -

9. The T Family

The observation of the T gave the impression of a deja vu pheno-
menon in more than one respect. It was discovered by a Columbia-FNAL-Stony
Brook Collaboration?-1) studying the p*y~™ mass spectrum produced via

400 GeV p + N u+ u o+ X
where Be, Cu and Pt were used as targets. Fig., 9.1 shows the latest data

from this experimentg'l). Plotted is the p*u~ mass spectrum in terms of
the differential cross section

d3qg
dm d
¥y y=

0

per nucleon with m = u+u_ mass, ¥ = c.m. rapidity of the u+u_ system, and
B = branching ratio for the p*u™ channel. A broad enhancement is seen
around 9.5 GeV riding on a falling background. No other structure is ob-
served between 6 and 13 GeV. The background subtracted signal is plotted
in Fig. 9.2. One observes a 500 MeV wide (FWHM) peak around 9.4 GeV fol-
lowed by a second bump near 10 GeV. The r.m.s. mass resclution in this ex-
periment was roughly 500 MeV.

The authors have fitted the mass spectra to a two peak and a
three peak hypothesis. The latter was found to produce a lower chi square
per degree of freedom. In both cases the resonances were assumed to be
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narrow which implies that the mass shapes are determined by the experi-
mental resolution. The results from these fits are listed in Table 9.1.

Meanwhile further experiments have observed the T in hadron

initiated reactions. (see Ref. 9.1), 1.
10-2 ; T T ; T 1
. dmdy onb
'g 400 GeV
03k N High Intensity -
AN
‘.
107 - ; .
ki
ty

Fig. 9.1

107 F -

]0'8 1 ! 1 ! 1 1
6 8 0 12 14 1B 18 20

M {GeV)

Dimuon production at 400 GeV via pN -~ u+unx as measured by the
Columbia~FNAL-Stony Brook Collaboration (Ref. 9.1). Plotted is
the cross section do/(dm dy) at y = 0 as a function of the
dimuon mass m.

L1
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Fig. 9.2 Dimuon production via pN + u+u X as measured by
the Columbia-~FNAL-Stony Brook Collaboration (Ref. 9.1).
Plotted is the dimuon mass spectrum obtained after
subtracting a smooth background.
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Table 9.1 Resonance fits to the background subtracted
ptu” mass spectrum (ref. 9.1)

2 peaks 3 peaks

M

c p 99 9.41 *0.013 9.40 *0.013 GeV
dy‘y=0 0.18 *0.0] 0.18 0.01 pb
M

pr g 40 10.06 *0.03 10.01 *0.04  GeV
¥ iy=0 0.069 *0.006 0.065 +0.007 pb
M

g 40 10.40 *0.12  GeV
4| y=0 0.011 0.007 pb

From the experience with the J/Y it seemed natural to associate
the T with a new heavy quark b. An important piece of information was
missing, however, the widths of the T states. Are those states indeed nar-
row like the J/¢,§'? This question can best be studied by producing the
in an ete” storage ring. DORIS, which at the time could reach a total c.m.
energy of 2 x 4.3 = 8.6 GeV, was converted to a single ring machine in the
fall of 1977 and subsequently upgraded to 2 x 5 = [0 GeV.

The efforts of the DORIS machine crew led to the observation of
the T by the PLUTO?* 2} and the DASP2 groupsg'B) in June of 1978. In a sub-
sequent running period at DORIS the T was also seen by a DESY-Hamburg-Hel-
delberg-Munich collaboration?-%). Fig. 9.3 shows the total cross section
as measured by these experiments near the T mass region. Only the PLUTO
data are corrected for acceptance. The T shows up as a narrow (<10 MeV
wide) signal at 9.46 GeV. As in the case of the J/Y and ' the observed
width (o = 7.8 £0.9 MeV) is determined by the energy spread of the beams
which for m = 9.5 GeV was calculated to give an r.m.s. resolution of oy
= 8§ MeV.

Integration of the resonance signal relates the hadronic cross
section to the total, the hadronic and the leptonic widths Tyotr, I'hag and

r‘ee:

Mo r|ee had
Uhad dm _

2
6 tot

For T we can write
tot

tot had ee Fuu I1TT had ee
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where e, 1, T universality was assumed. In order to determine T d and
[ce separately a measurement of a leptonic decay mode, say T =" p+ U,
is required. This yields

M?. 1'|2
o] dm = ce
6 2 uu T
tot

In addition to the observation of the T in the hadronic final
states a first attempt was made to measure Byy = FUU/rto 9:5-9-7) and to
deduce [y and Tiroe. The mass and widths parameters as Sbtained by the
three experiments are listed in table 9.2,

Table 9.2 Mass and widths parameters of the T as measured at DORIS

PLUTOg'S) DASP29'6) D—H—HD—M9'7)
MY (GeV) 9,46 +0.01 9.46 0,01 9.46 +0.01
r (keV) 1.33 #0. 14 1.5 0.4 1.1 20,3
ee +3.4
B (%) 2.2 2.0 2.5 #2.1 o 1774
Ftot (keV) >23 (2 s.d.)p >20 (2 s.d.)} >15 (2 s.d.)
The mean values areg's):
MT = 9.46 #0.01 GeV
(The error reflects the | o/co uncertainty
in the energy calibration of DORIS)
= 1.3 #0.2 keV
ee
B = 2.6 1.4 %
WU
rtot > 25 keV (95 % C.L.); < 18 MeV; best value = 50 keV
9.6) . . .9.4)
The DASP2 and DESY-Hamburg-Heidelberg-Munich collabora~

tion also searched for the T'. The visible cross sections measured by
these experiment around 10 GeV are displayed in Fig. 9.4. Both experiments

Table 9.3 Mass and width parameters of the T' as measured at DORIS

pasp2®* ©) p~t-Hp-M>" )
My (GeV) 10.012 * 0.0l 10.02 * 0.02
My = My (MeV) 555 +11 560 +10
ree (keV) 0.35 * 0.14 0.32 # 0.13
1 Rz . - +
Fee(T)/Fee(T } 3 3.3 0.9

2}
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Charge of the new quark:

In the nonrelativistic quark model the leptonic decay width for
the vector states is directly proportional to the quark charge, Q:

1 LI |

I 1 1 1
—¢—Nalleadglass detector
~--4--DESY-DASP-2 i

6 T —
¢
5 St -
Q
D 4 -
s
o -
3,_ ‘_/ :% \‘-__—-_-— -
] - ) _ ¢ |_
+ \ L ¢
41 \
B /

St

1_

0 { { i { | { |
996 1000 10.04 10.08
Vs’ (GeV)

Fig. 9.4 Evidence for the T' as measured by the DASP2 (Ref. 9.6) and
DESY-Hamburg-Heidelberg-Munich group (Ref. 9.4)

1
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It is an empirical fact that the leptonic decay width divided by the ave~
rage quark charge is approximately the same for all vector ground states,
viz. p, w, ® and J/¢: Fvee/ilci Qil2 % ]]. This 1s shown by Fig. 9.5.This
rule applied to the T yields Q = 0.34 #0.04 or Q = 1/3.

20 T T T T T TTTT]

JP Y

-0

ot bl Lo bl

01 05 10 5 0 2
M, GeV)

Fig. 9.5 The leptonic decay widths of vector mesons divided by the
square of the average quark charge plotted as a function
of the vector meson mass

The leptonic width depends on the wave fumction which is a func-
tion of the quark potential. In QCD the quark potential is flavour inde-
pendent. Therefore the same potential which describes the J/Y should also
be applicable to the T provided that effects due to the difference in mass
can be neglected. Their influence on the extraction of the quark charge
can be reduced by comparing the leptonic widths of T and T*' in relation to
those of J/y and .

The theoretical predictiong'g) for (T = ee) and T{T" +» ee) is
shown in Fig. 9.6. The solid lines indicate the lower limits for Q = 1/3,
the dashed lines for Q = 2/3. The shaded region indicates the most pro-
pable values for the leptonic widths if Q = 1/3. They were determined from
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Fig. 9.6 Predictions of the quarkonium model for T(T - ee) and T(T' + ee)
as computed by Quigg and Rosner (ref. 9.9). The solid lines
show the lower limits for charge Q = 1/3 of the b quark, the
dashed lines for charge @ = 2/3. The hatched area shows the
most likely region for Q = 1/3. The data point indicates the
average value of the DORIS experiments.

twenty different potentials which reproduce Ty for J/¢ and ¥'. The cross
shows the position of the average value measured by the DORIS experiments.
The data disagree with the Q = 2/3 prediction but are consistent with

Q@ = 1/3. The experiments do not fix the sign of the charge. The comparison

with the d and s quarks suggests Q = -1/3, however. It has become customa-
ry to name the new quark b for bottom (or beauty).

The T-T' mass difference:

Despite the large difference in mass between J/¥ and T the T-T'
mass difference is almost the same as between J/¥ and ¥'. In a2 nonrelati-
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vistic quark model the mass difference depends on the type of the poten-
~tial. If T and 7' are assigned to the 1331 and 2331 states of the bb sy-

stem, respectively, the model predicts the mass difference shown in table
9. 4. '

Table 9.4 The T-T' mass difference in the nonrelativistic quark model

m. = mass of quark

Q
a) Experiment: m(yp' =J/¢Y) = 591 £ 1 MeV
m{(T' - T )} = 558 +10 MeV
b) Theory: type of potential &m(23SI - 1351) Am{T' - Ty
coulomb ~ mQ 1800 MeV
linear mall3 400 MeV

logarithmic const. 591 MeV
¥ computed from fa (' - J/P)

A pure logarithmic potential which predicts AMm(T" - T) and
Am(y" - J/P) to be the same is at variance with experiment while a super-
position of a coulomb and a linear term could give the correct descrip-
tion.

Fig. 9.7 shows the potential

4 o
V="-"'--3 '-;:—"'&I'
for ag = 0.2 and 0.4, and a = 0.25 GeV as a function of the radius.,
Indicated are also the compton wave lengths of the pion, the charm quark
and the b quark. It seems reasonable to expect the bb spectroscopy to be
slightly more Coulomb-like than the cc spectroscopy.

T final states:

Apart from the p pair decay no .other exclusive decay channel of
the T has yet been identified. The analysis of the overall features of the
hadronic final states, however, produced very interesting results. Maybe
the most remarkable is the difference in jet formation on and off the T.
These results will be discussed in section 10.

The average number of charged particles resulting from direct T
decays is larger by roughly one unit than the charge multiplicity observed
at nearby energies.

&
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Fig. 9.7 The radius dependence of the quarkonium potential

Table 9.5 Average charged particle multiplicities at the T on and off
resonance. The values quoted are raw numbers and have not

been corrected for acceptance.

9.4) 9.

DASP29'6) D~H-HD-M"" PLUTO 8)
<y off resonance 5.2 #0.1 6.4 0.2 4.9 0,
<nch> on resonance 5.7 0.1 6.9 *0.2 5.4 *0.
<nch> direct decay 6.2 $0.1 7.3 10.2 5.9 0.

The PLUTO group has determined the cross section for inclusive

Kg production. The ratio

a
Cn

Ooff

o
&)
O

®3)
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should be compared to the ratio of the total cross section

to
g t
o1

OtOt
off

% 2.5

In both cases an average was taken over the resonance region. No signifi-
cant change is seen in K° production on and off the resonance.

A similaxr conclusion was drawn by the DASP2 group from a mea-
surement?-®) of inclusive charged hadron production. The data are shown

in terms of %-%% in Fig. 9.8. Within the large errors the same yield is
+ — +
found for K and p relative to 7w~ production.

On Resonance Off Resonance
100 T T Y lgo 1 T 1
e d3a DASP 2 £ DASP 2
dp3 dp
t e
10k \ - w0k -

[arb. units]
1
[arb. units ]
=
e

0.0} +" — 0.1 .
1 1 1 1 1 1
0 1 2 3 0 1 2 3

Ep, [GeVl Ep [GeV]

3 .

. . . . d + -
Fig. 9.8 The invariant cross section E ——% for the sum of (m + m ),

dp
(K'+ + K ) and 2 - p production on and off the T resonance

(ref. 9.6).

w
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10. Jet Studies in the T Region

This section deals with the recent jet studies performed by
three DORIS experiments for c.m. energies up to 10 GeV. Jet analyses off
and on the T resonmance are of great importance: they may provide a deci-
sive test on QCD. In lowest order QCD the direct hadronic decays of the
T proceed via a three gluon intermediate state. As a consequence we ex-—
pect the hadrons to emerge in three rather than two jets (as in nonreso-—
nant qq formation). The expected properties of the three gluon jets have
been widely discussed in recent papers “- ~10.3), We mention briefly some
of the salient features!O:

_ Consider a QQ system of mass My~ which decays into three gluons
of energies Ej. Define the scaled energies

£, = 2 E; My (10. 1)

hadrons 7 hadrons

‘(5535

\\\l hadrons

The energy distribution of the gluons is the same as for photons
from orthopositronium decay:

1 d?¢ I 1 - £ 1 - £ 1 - £
- - 3 . z ., ] (10.2)
o dgpde, w9 &g §yr iy &y &y

By integrating over e.g. £, one finds the energy distribution of one gluon
(one jet):

1 do 22 F(E)
o dE -9 (10.3)

e - a<1—z>+2—€+2{1—5_(1~£>2}ln(1_€)
(2 - £)* g g2 (2 - ¢g)°

The function F(£) is shown in Fig. 10.]. The most probable con-
figuration is one where two of the three gluons share basically all of the
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available energy. Of course, such a configuration will produce two jet
events.

93
“\ﬁ_\,\_g>
1 92 | j

Most probable configuration

L o
o

L
L]

+ + $ 4 §§
Fig, 10.1 Distribution of the gluon jet energy
(Fig. taken from ref. 10.2)

L o
-
-

L H

The geometrical structure of the three gluons can also be ana-
lized in terms of the angles 8§ and ¢ between the gluons.
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PEAE

3

The scaled energies are related to 6 and ¢ in the following man-

ner:
£, = 2 sin(6 - ¢)
)= 7 sin ¢
£, = 2 sing (10.4)
2 A )
- 2
g3 = \ sind
where A = sing - sin6 + sin(8 - ¢)

We may ask for the probability of observing clean three-jet
events. Theory predicts that in 38 Z of the T gluonic decays the three
gluons are emitted within #20° of the symmetric three star directionms.

The orientation of the plane defined by the three gluons is a
direct consequence of the vector nature of the gluons. If A denotes the

normal to this plane and Gn the angle between fi and the incoming et (or e™)
then
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1 _do . 3 .2
5 3 cosen = 75 (2 + sin Gn) . {10.5)
Another test for the vector nature of gluons is provided by the

angular distribution between one of the gluon and the incoming e*. In the
limit gi + ]

l _do 3 2
] 5 3 cosei 8 (1 + cos ei) . (10.6)

According to present wisdom gluons do not become free but mani-
fest themselves in hadron jets. For a detailed discussion of jet phenome-
na the reader is referred to the lectures by M. Jacch.

Various quantities have been devised to search for jets.
Amongst them are sphericity and thrust10.5);

o 3Zp12_i ’
sphericlty § = — D <S5 < | (10.7)
Rl AL A 5 22
2 ] »;
where the p; are the particle momenta and p,. are the particle momenta

. . . . 1 . M
transverse to the jet axis which i1s chosen such that Zpii 1§ a minlmum.
Extreme jettiness yields § = O,

%)

0~ ¢
-

thrust T = 2 3 < T <] (10.8)
e, |
‘ i
Pa Longitudinal momentum of particle 1i.

where the summation { is to be extended over all particles in one hemis-
phere; for practical ag§1ications the following definition of T was found
to be better suited!0-9):

Z|ph|
i

Iip |

(10.8a)

For an event with no missing momentum the two definitions give the same
result. In both cases the jet axis is chosen such that T is a maximum.

In contrast to sphericity for thrust the momenta are summed 1li-
nearly. The advantage of T over $ is that T is infrared insensitive and is
therefore better suited for QCD calculatioms.

The PLUTO group10'6) for their jet analysis selected events with

four or more charged particles. The distributions presented below are the
observed ones; no corrections were applied for acceptance, cuts or radia-
tive effects. In comparing the observed distributions with theory a Monte-—
Carlo technique was used to impose the same acceptance criteria and cuts
onto the theoretical events.

L7}
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The mean sphericity <S> is plotted in Fig. 10.2 as a function
of c.m, energy between 3 and 10 GeV. In agreement with the SLAC-LBL da_
talO-. <S> is seen to decrease with growing energy. The points measured
at the J/U and y' are significantly higher than the value at 3.6 GeV. Per-
haps most interesting is the rise in <S> seen directly above charm thres-
hold at 4.03 GeV. The cc events do not show a jet structure.

At the T the average sphericity is again larger than outside of
the resonance at 9.4 GeV. The dashed band shows the expected <S> behaviour
for phase space distributed events. At higher energies (Ecp = 6 GeV) the
observed sphericity values are well below the phase-space prediction. The
point measured at 9.4 GeV is in reasonable agreement with the jet model
calculated according to Field and Feynmanl!0.9),

The analysis in terms of thrust leads to the same conclusions.
Fig. 10.3 shows a plot of 1 = <T> versus Ecm'

. 10.

We turn now to the PLUTO analysis of the T events 0 7). Three
processes can contribute to events in the T region, the direct hadronic
decay, the decay through the one-photon channel and the nonresonant conti-
nuum:

O = O4ir * Oly * Ocont: (10.9)

For the comntinuum contribution the data at 9.4 GeV were used. Neglecting
possible interference effects the one-photon part leads to the same final
states as the continuum. The size of g, relative to Gggont can be computed
from the rate of py pairs observed on and off the T:

on off
“un ~ %
= e —rm————— & = +
GIY Ooff Ccont (0.24 20.22) Fcont
MU

The total number of events available for the analysis were 1418
at the T( 9.45 =~ 9.47 GeV) and 420 in the continuum (9.30 - 9.44 GeV). The
latter events were used to determine by proper subtraction the distribu-
tions for the direct decays of the T.

Fig. 10.4a shows the average sphericity plotted versus E., . The
<8> value of T direct decays is markedly larger than for the continuum. The
increase in <S> is not caused by the larger multiplicity. This is demon-
strated by Fig. 10.4b where <S> is plotted for events with 4, 6 and 8
charged particles for 9.4 GeV and for the direct T decays. The <S> values
for the T are significantly higher for every topology.

From the preceding discussion it is clear that the T final states
are less jet like than those of the continuum. They are incompatible with
the two—jet model used to describe the continuum but also with pure phase
space (see Fig. 10.4),

Analysing the event topologies the PLUTO group found that the
data could best be described by the three-gluon model formulated by Koller
and Walsh!0-1), In this model the gluon fragmentation into hadrons was as-—
sumed to be similar te that for quarks.
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Fig. 10.4 {(a) The average sphericity as a function of energy.

(b) The average sphericity for 9.4 GeV from T decay for
events with different number of charged particles
(ref. 10.7).

In order to search directly for the three jet structure the
PLUTO group employed the tr1p11c1ty analysm10 10,10.11) | The triplicity
is an extension of thrust and is defined as follows: Group the final state
momentum vectors pl, i=1, ..., N into three nonempty classes C;, Cy and
Cy with the total momenta

> >
pley) = ] 953 2=1,2, 3.
1€CQ

The triplicity, Ty, is then obtained by taking all possible permutations
for the members of C;, C, and C3 and maximizing the sum of the moduli
lp(C Y| (see Fig. 10.5a).
N
-3
T, = Max (BCe D I+1pley) [+]Ple, )I}/ L gl
C1CasC3 =

The limits for T, are T, = 1 for a perfect three-jet event and T, = 3/3/8
= 0.65 for a sphérical é&vent. Note, however, that a perfect two—Jet event
will also give T, = I. The classes C;, Cp, C3 will be ordered such that
|p(Cl)| |3(Cz)? > Ip(C3)] The jet directions are given by the vectors
ﬁg = p(CR)/lp(CE)i and the angles between the jets {(see Fig. 10.5b) by:

cosB =fi, * fi,; cosBJ = f, *« f,; cosﬁJ =fi, «1q
1 2 3? 2 3 1? 3 1 2
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Fig. 10.5 Momentum configuration of hadrons (a) and jets (b)
obtained by grouping hadrons inte 3 classes.

Assuming the gluons to be massless the gluon energies cam be
computed from the angels: '

3
o

W sinei/(sinef + sineg + sineg)

(Note: W

Vs = total c.m. energy)

The normalized energies are defined as

o J
X, 2 Ez/w.
Due to the ordering of the ;(CQ)’ xf > xg x xg.

- The result of the analysis is summarized in Fig. 10.6 displaving
for the direct T decays and off resonance the distributions of thrust T,
triplicity T.-smallest and largest jet energies and smallest and largest
jet angles. %he distributions were determined including charged particles

as well as photons detected in the shower counters (which cover 94 7 of
& ).

In Fig. 10.6 the observed (i.e. uncorrected) distributions are
shown. They were compared to the predictions of the two-jet moder10-9), of
the phase space model and of the three—-gluon modello-l). In the model cal-
culations the effects of the detector acceptance and of the experimental
cuts were included. The off-resonance data are well represented by the
two—jet model. For the direct decays of the T two-jet formation as well as
phase space are ruled out as the dominant processes. The data agree well
with the three-gluon decay model.

The alignment of the get axes is sensitive to the spin of the
gluon. Koller and Krasemann!©:12) for direct T decays analyzed the distri-
bution of the angle 6 between the thrust and the beam axes. Fig. 10.7
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Fig. 10.7 The jet axis angular distribution as measured by PLUT010°]2)

and the theoretical curves for scalar (dashed) and vector
(solid) gluons (ref. 10.12).

shows the PLUTO data together with their predictions for scalar and vec-—
tor gluons. The assumption of scalar gluons is excluded by the measure-
ments while vector gluons match the data well. This constitutes an impor-—
tant verification of one of the basic assumptions of QCD, the vector na-
ture of gluons.
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The data presented in this section can be summarized as follows.
The hadrons emitted in the direct decay of the T show a spatial structure
which is different from that observed for final states off resonance:
they are much less collimated. The observed features disagree with the
two-jet picture but also with pure phase space. All aspects investigated
so.far are in accord with the assumption that the direct T decays proceed
via a three-gluon intermediate state. This gives strong support to QCD.
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11. High Energy e'e Annihilation: Results from PETRA

With the commissioning of the new DESY storage ring PETRA the
Q2 range for e e physics has been extended by an order of magnitude:

SPEAR/DORIS I DORLS 1I PETRA

Q;lax 60 GeV? 100 GeV? 1000 Gev?

The dominating feature of e'e” annihilation into hadrons at these high
energies is the formation of two jets. This collimation of the final state
particles in two nmarrow cones can now be seen directly from a visual in-
spection of the events. In addition to two-jet production a new process

was found by the TASSO group which yields three jet events. All properties
studied so far agree with the hypothesis that the three-jet events originate
from hard gluon bremsstrahlung. To establish this new class of events it

was essential that Q2 values as high as 1000 GeV2 could be reached.
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11.1 The PETRA Storage Ring

PETRA (= Positron Elektron Ring Anlage) was gradually brought
into operation in the second half of 1978 after a construction period
of two and a half vears., Fig. 1}.1 shows a layout of the accelerator
complex with the synchrotron (DESY) serving as injector and the small
ring PIA as accumulator for positrons. Some of the PETRA parameters
are listed in Table 11.1, There are four short and four long straight
sections. Two of the long straight sections are used for the accelerating
RF structures. The other six straight sections are available for experi-
ments.

The number of RF cavities and therefore the maximum energy attainable
was increased in steps. Until February 1979 four RF cavities were used
providing a maximum total energy of W = 22 GeV. Physics data were taken
at 13 and 17 GeV, 1In March 1979, the number of cavities was
increased to 32 raising the maximum energy to 32 GeV. Physics was
carried out at energies between 12 and 31.6 GeV. At the end of 1979, the
number of cavities will be doubled allowing PETRA to reach energies as
high as W = 38 GeV.

. . . . 30 -2 -1

The maximum luminosity obtained at 30 GeV was ~5 x 107 cm s

with two positron and two electron bunches and ~12 mA current per beam.
This luminosity value should be compared with the design value of
2.2'1031cm~28_¥ for two bunches per beam and 15 m interaction region length.
On the average, an integrated luminosity of 100 nb~! was obtained per day
at 30 GeV yielding roughly 25 hadronic annihilation events per day.
Polarized beams were observed by the JADE group at W = 30 GeV with a degree
of polarization of 85 %= 15 7. -

Table 11.1
PETRA parameters

Maximum beam energy 19 GeV
Circumference 2.3 km
Magnetic bending radius 192 m
Number of interaction regions 6

Length of the short interaction

region 15 m
RF frequency 500 MHz
Number of klystrons 8
Power per klystron 0.5 MW
Max. number of cavities 64

11.2 Experimental setups at PETRA

At present five experiments are installed or are being set up
in the four short sections:

4
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North - East: PLUTO (Aachen - Bergen -~ DESY - Hamburg -~ Maryland
- Siegen - Wuppertal)

CELLO (DESY - Karlsruhe ~ Miinchen — Orsay - Saclay
- Paris)

North ~ West; JADE  (DESY - Hamburg -~ Heidelberg - Manchester -
Lancaster - Rutherford - Tokyo)

South — West: MARK J (Aachen - DESY - MIT -~ Amsterdam - Peking)

South - East: TASSO (Aachen -~ Bonn - DESY - Hamburg - London —

Oxford - Rutherford — Weizmann - Wisconsin)

Four of these experiments have taken data, JADE, MARK J, PLUTO and TASSO.
Their setups will be described briefly.

JADE

Fig. 11.2 shows a sectional view of the JADE detector in a vertical plane
containing the beam axis. A normally conducting aluminium coil of 7 cm
thickness and 2 m diameter produces a uniform solenocidal field of maximum
strength 0.5 Tesla over a length of 3.5 m. Inside the coil the passage of
charged particles is recorded by a beam pipe hodoscope (24 counters) and a
time of flight hodoscope (42 counters).

The trajectories of the charged particles are measured by a cylindrical
drift chamber, called the "Jet chamber". 48 points are measured along each
track in the polar angular range [cos@f<0.83 and at least 8 points on a
track are obtained over a solid angle of 97%Z of the full sphere. At each
point, three coordinates, r, ¢ and z are given by the wire position, the
drift time and the charge division measurements. dE/dx information, which is
used for particle identification, is also obtained. The gas mixture of
Argon-Methane~Tsocbutane is used under 4 times atmospheric pressure.

The magnet coil is surrounded by 30 rings of lead glass shower counters
(Fig. 11.3) covering the angular range [cos®|< 0.82. Each ring . contains
84 glass wedges (Schott SF5) with inner surfaces of 85 x 102 mm2 and depths
of 300 mm (12.5 X,). These 2520 barrel shower counters, together with the
192 shower counters mounted inside the magnet on the two end caps of the
yoke, cover 90%Z of the full solid angle and serve to detect and measure the
energies of photons and electroms., The granularity of the shower counters
allows a measurement of the photon emission angles to -~ 2 degrees using the
known interaction point.

The flux return yoke, including the end caps, forms a rectangular box
surrounding the cylindrical part of the detector. It is utilized as one of
the layers of the muon filter and is followed by three further layers con-
sisting of iron lpaded concrete. The total thickness of absorber amounts to
at least 780 g/cm® (6 absorption lengths). It is interspersed with 5 layers
of drift chambers which measure the trajectories of penetrating particles with
a coverage of 927 of the full solid angle.
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Fig. 11.2 A side view of the JADE detector.
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Two small angle detectors, each consisting of an array of scintillation
counters, drifts chambers and lead glass modules, record electrons and
positrons close to the beam direction (35 < © < 75 mrad). They provide
an on-line measurement of the luminosity and tag the two-photon processes
(ete”™ -+ e*e™ + hadrons).

In Fig., 11.3 a typical multihadron events detected by JADE is shown.

JADE

Erm=30GeV

5
3]
A1 =
1“\ _.."' \ .'.-'.-.'-'
S

Fig. 11.3 A typical multihadron event detected in the central
part of the JADE detector. Trajectories of charged and neutral
particles are represented by full and dotted lines, respectively.

The shower counters are also shown. The energy deposited in each
row appears in MeV.
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MARK J

The MARK J detector is of the calorimeter type designed to measure
and distinguish hadromns, electrons, neutral particles and muons. It
covers 2T in azimuth and production angles between 9° and 1719, Figs. 11.4
and 11.5 show a cross—section and a side view of the detector. Particles
leaving the interaction region pass through: a ring of 32 lucite Cerenkov
counters (L); a ring of 20 lead scintillator shower counters (A),
3 radiation lengths thick; a ring of 24 shower counters (B) identical to
the A counters; a ring of 16 lead scintillator shower counters (C),
12 radiation lengths thick; 12 planes of drift chambers (S,T). The
electromagnetic shower detector is followed by the hadron calorimeter
consisting of 192 scintillation counters sandwiched between magnetized iron.
The magnetic field in the iron is 1.7 T. The drift chambers P and R behind
the calorimeter measure the position, angles and momenta of exciting muons.

The luminosity is determined through lead glass shower detectors positioned
in the very forward direction and detecting small angle Bhasha scattering.

PLUTO

The PLUTO detector has already been in use at DORIS, For the work at
PETRA the muon detection system was improved and forward spectrometers to
measure photons and electrons at small angles were added. Fig., 11.6 and
Fig. 11.7 show two views of the setup. A superconducting solenoid is used
with length I m and diameter 1.4 m, providing a field of 1.65 T. The solenoid
is filled with

(4) 13 cylindrical proportional chambers providing a momentum resolution
of Ap/p = 3Z « p (p in GeV/c) for p > 3 GeV/c.

(B) Barrel and endcap shows counter equipped with proportional tubes for
position measurement. The energy resolution for electrons and photons with
energy E > | GeV is Op/E ~ 35Z/VE (E in GeV) in the barrel counters and

v~ 19Z/VE in the endcap counters. The geometrical acceptance of (A) and (B)
is 877 and 947 of 4m , respectively.

(C} The central detector is surrounded by an iron plate (total thickness Im)
interspersed with proportional and drift chambers for muon identification.

(D} Each of the two forward spectrometers consist of a large and a small
angle tagging system, LAT and SAT. The LAT covers polar angles between 70
and 260 mrad. The energy of electrons and photons is determined with 14.5
radiation lengths thick lead scintillator shower counters (op/E = 117//E).
Proportional tube chambers determine the position of charged particles. The
SAT accepts polar angles between 23 and 70 mrad. It consists of lead glass
shower counters (o,/E = 8.5%//E) preceded by proportional chambers.
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Fig. 11.7 The PLUTO detector as viewed along the beam
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TASSO

Fig. 11.8 shows a cross—-section of the TASSO detector. It consists of
a large magnetic solenoid filled with and surrounded by tracking
chambers and shower counters, plus two counter hodoscopes (= hadron arms)
designed for particle identification up to the highest momenta. A
luminosity monitor, which measures small angle Bhabha scattering, con=
sists of eight counter telescopes mounted symmetrically with respect to
the beamline and interaction peint (Fig. 11.9).

The solenoid is 440 cm in length, 135 cm in radius and produces a field
of 0.5 Tesla parallel to the beam axis. Emerging from the interaction
point a particle traverses the beam pipe and one of 4 scintillation
counters, which form a cylinder around the beam pipe, before entering a
low mass cylinderical proportional chamber, a drift chamber and a set of
48 time-of~flight counters. The proportional chamber has four gaps each
containing anode wires parallel to the beam axis and two layers of cathode
strips with a pltch angle of 36, 5°. The drift chamber contains 15 layers,
9 with sense wires parallel to the axis and 6 with semse wires oriented
at approximately 2 4° to the axis. The momentum resolution is
Up/p =27% « p for p > 1 GeV/c.

Liquid argon (LA) shower counters will cover the solenoid at both ends
and two thirds of its circumference. They are made of stacks of 2mm lead
plates separated by gaps of 3mm (end cap counters) and 5 mm (barrel counters)
width filled with liquid argon. The counters are highly segmented.
Contrary to similar counters built elsewhere shower energies are measured
in small towers which subtend only 0.8 - [.5 mster.
The towers are directed towards the interaction point., Strip electrodes
(2 em wide) provide an accurate localisation of the shower and serve to
measure dE/dx,

The hadron arms covering 90° in polar angle and 60° in azimuth consist
each of

I. a planar drift chamber;
2. 16 cells of aerogel Cerenkov counters with a refractive index
of 1.02. The thickness of the aerogel is 19 cm,
3. two normal pressure gas Cervenkov counters filled with Freon 14
(o = 1,0014) and COy (n = 1.0007) and subdivided into 32 cells each;
4, 64 scintillation counters to measure time of flight;
5. 1lead scintillator shower counters using wavelength shifters for
light collectiong
6. an 87 cm thick iron wall used for shielding and muon filtering.

The mégnéf yoke as well as the iron walls of the hadron arms are covered
by proportional tube chambers to detect muons.
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During the course of 1979 PETRA has been running for ezperiments at
total energies W between 12 and 31.6 GeV. The main focus points were
tests of QED (see Section 3), an extrapolation of the hadronic final
states produced through one photon annihilation, the search for the
top quark and a first look at two photon processes producing hadrons.
The following discussion centers on hadron production through the one
photon chamnel and on the quark search. It is based mainly on the material
presented by the four experiments at the 1979 FNAL Conference (11.1. - 11.4,).
Papers which were published until December 1979 are also included in this
summary.

11.3 Energy Dependence of R

The one photon annihilation events have to be separated from hadronic events
produced by two-photon scattering. While at low energies (W < 5 GeV) two
photon contributions are mostly of the order of a few percent of the one
photon channel, at PETRA energies the relative proportion of the two processes
is reversed. A clear separation of the two processes was achieved by cutting
in the visible emnergy for hadronic events as shown in Fig. 11.10. ©Not that
most of the two-photon contribution is already suppressed by a multiplicity
and transverse momentum cut built into the trigger.

Fig. 11.11 shows a compilation of the R values measured at PETRA between
12 and 31.6 GeV together with low energy data (11.5 =~ 11.9.). The PETRA
points were corrected for acceptance, for contributions from beam gas and vy
scattering and 17 production. Corrections for radiative effects were also
applied.

Only statistical errors are shown. The systematic uncertainties are of
the order of 10 to 15%.

The outstanding features of R as observed above 3 GeV are the spikes from the
excitation of J/¢, Y’ ... and of T, T'... plus the fact that in between the
two families and above T, T' R is almost constant.

Fig. 11.10 the visible e e S B S B S I B
energy distribution after 20
the momentum balance cut for
hadron candidates at

W= 27.7 GeV as measured by

JADE (11,1). The cut

Eyis * Epeam is indicates 10
by an arrow. The curve re-
presents the expected back-

ground from the two—photon
processes using a yy total
hadronic cross—section of

260 nb. 0

I\ionte Carioh y
¢ e*—-e*f' adrons

|||1I|||1i|4]||l|||l—1

LA LN L LA A I B B |

2
Visible Energy { 6eV)
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The simple quark model is in striking agreement with the general
behavior of R (see section 4):

%aq 2
R=2.5‘19.= 3 Zeq (11.1)

i
g=u,d, s, c, b

Up to 3 GeV only u, d and s contribute and therefore R = 2 in good

accord with the data between 1.5 and 3 GeV. Above charm threshold

(near 4 GeV) R should rise to a level of 3.3. The data are larger

mainly because of resonance effects; above 4.5 GeV the measured R values
seem slowly to descend towards the quark model value, Note that the PLUTO
value measured at 9.4 GeV just below the T is 3.7 ¥ 0.3 Y o.5 (the second
error being the systematic one). Beyond the T,T' family, the data seem to
be again higher than the quark model wvalue of 3.7 but tend to approach
this value as the energy increases.

A possible contribution of a sixth quark will be discussed later,

As discussed before in QCD gluon emission modifies the result of the
quark model, R:

R = R (1 +.9‘-s?$-§-)-) (11.2)

At PETRA emergies one expects ag v0.2 which leads to an increase of R due
to QCD corrections by approximately 10% to R = 4.1, This is well within the
accuracy of the experimental points.

11.4 Gross Features of the Hadron Final States

a} Multiplicity

In Fig. 11.12 the average charged particle multiplicity <n _,> is plotted
as a function of the ¢.m. energy (11,10 - 11.15). The data show that above
A 7 GeV the multiplicity is rising (logarithmically) faster than at lower
energies. The dashed and dashed-dotted curves give the energy dependence
for pp collisions (11.16) and pp annihilation (11.17). The pp multiplicity
is about one unit below the e*e™ data while the Pp multiplications are
slightly above, All three processes have about the same energy dependence.

The simplest form of scaling of charged particle production leads to
<ngp> = a +b Iln s, This is certainly at variance with the data if the full
energy range is considered. If low and high energy data are fitted
separately, TASSO (11.15) finds

H

> (2.67%0.04) + (0.48%0.02) 1ns 1.4 < W < 7 GeV

(~6.1%0.4) + (2.79%0.06) ins 7.0 < W < 31.6 GeV

<n
ch

_The observed rise of <n.,> camnot be attributed to the production of bb final
states which yield an increase of 0.2 units. In QCD an increase of <n.p>

over the scaling curve is predicted due to the additional fragmentation from
gluons. The exact form of the resulting energy dependence is not yet clear.
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If the result for infinitely heavy quarks is taken for guldance, one
expectsll.18 «p ch” to grow like

<ngp> = ng + aexp(b /In(s/A2))

The fit to the data between W= 1.4 and 31.6 GeV yields”'15

<ngp> = (2.92 F 0.04) + (0.0029 X 0.0005)
exp ((2.85 * 0.07) /1In(s/A2))

with A= 0.5 GeV. The fit is shown by the solid line in Fig, 11.12;
it reproduces the trend of the data.

b} Inclusive particle spectra

The differential cross section for producing a particle h with
momentum and energy P, E and angle Qrelative to the beam axis can be
expressed in terms of two structure functions W; and W which are
closely related to W; and Wy measured in inelastic lepton hadron
scatterlngil

a2 ¢ a2 = 1 2 = . 2
s En-sx {mW; + T B” x VW, sin 8} (11.3)
where m is the mass of h, 8= P/E, x = E/E, 2E/¢"and v is the energy
of the virtual photon as seen in the h re28%% system, v = (E/m)Vs.
hip,E)
o AN

Diagram for inclusive particle production.

At particle energies large enough that particle masses can be neglected,
x can be replaced by the normalized momentum x = P/Eyp ,n and the scaling
cross section reads

sdo/dx = 4ma? x'{mﬁa + % x ﬁﬁé} (11.4)
The structure functions in general depend on two variables, e.g. x and s.

If scale invariance holds Wl and vWZ are functions of x alone and sdo/dx
is energy independent.

Scaling behaviour is e.g. expected from the hypothesis of quark
fragmentation: at energies large enough that particle masses can be neglected,
the number of hadrons h produced by a quark q with fractional energy x,

D (%), is independent of s. This leads to

2
49 ot o o - . opfey = 870” 2ph 11.5
dx(e e” + aq > h) = ogq 2Dq(x) - quq(x) ( )
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Fig. 11.13 displays the data on sd 0/dx measured by TASSO”'15 at

energies between 13 and 31.6 GeV. For x > 0.2 they are the same within
exrors and agree with those measured at low energy by DASP (11.13, 5 GeV)
and SLAC - LBL (11.20, 7.4 GeV) to within 30Z. At low x values the
particle yield shows a dramatic rise when the c.m. energy increases from
5 to 31.6 GeV. This rise is related to the growth of the multiplicity
seen above.

Gluon emission will lead to scale breaking effects: the primary
momentum is now shared by quark and gluon resulting in a depletion of
particles at high x and an excess of particles at low x values. The effect
becomes more promounced as the energy rises, e.g. the 30 GeV data at x = 0.2
are predicted ?o be higher by ~10%Z, and at x = 0.7 lower by ~20%Z than the
5 Gev data“'2 . The measurements are not precise encugh to test this
prediction,.

11.5 Jet Formation

a) Sphericity and thrust measurements

As discussed before, the quark model views eTe annihilation into hadrons
as a two—step process: first a pair of quarks is produced which then
fragment intc hadrons. If the hadron momenta transverse to the quark
direction of flight are limited and the number of produced hadromns grows only
logarithmically with energy, the emitted hadrons will be more and more
collimated around the primary quark directions as the total energy increases
and one will observe jets. Let <n> be the average particle multiplicity, <Pp>
and < P> v<P> v WKn> the average transverse and longitudinal hadron
momenta, then the mean half angle <§> of the jet cone can be estimated:

<§> x<£1. x  <Pprcp> o1 (11.6)

P, W W

The jet cone decreases roughly - Wl Actually, in a realistic calculation
of the quark model using the fragmentation functions of Field and Feynman 0.9)
one finds <&> ~ W 1/2

The occurrence of jets is commonly tested in terms of sphericity S and
thrust T (see Section 10)

S = 3/2 (ZPéi)/ZPi T = Jlp,.1/]P, (11.7)

Approximately speaking, sphericity measures the square of the jet cone
half opening angle:

S = 3/2<62>
j , (11.8)
likewise T z vl —<§>

In general, not all final state particles are detected; e.g. neutrals
are usually not registered. As a consequence, the reconstruction of the
true jet axis is only approximate. The effects of acceptance, detection
efficiency and radiative corrections have to be studied
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7.4 GeV (11.20) and between 13 and 31.6 GeV (Ref. 11.15).
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by an elaborate Monte Carlo analysis in order to separate physics effects
from systematic biases. The figures shown below for § and T indicate
whether observed or corrected quantities are displayed.

In Fig. 11.14a TASSO has made a comparison between the observed spherici-
ty distributions determined from charged particles plus neutrals. The agree-
ment between the two is good indicating that the corrections must be small
if only charged particles are considered.

The energy dependence of the average sphericity and thrust is shown in
Figs. 1114b and 11.14¢ (11.6-11.9) | The increasing collimation with rising
energy is clearly borne out by the data. The average jet cone half
opening angle computed from <S> drops from v 31° at 4 GeV to ~ 17° at 31.6 GeV.
However, the shrinkage of the jet cone is slower than expected from the quark
model. The observed energy dependence of <S> can be described by
<S> = 0.8 W 1/2 (see Fig. 11.14) compared to the W ! behavior expected. We
will come back to this observatiom.

I1.6 ZLongitudinal Momentum distributions

The production of hadrons with respect to the jet axis has been extensively
studied. If the quark medel is correct, these analyses permit in a clean
manner the study of quark fragmentation, clean, since e.g. smearing effects
due to quark Fermi motion in the nucleon are absent. The data have been
analyzed in terms of the longitudinal and transverse momenta, P, and Pr, the
rapidity y = 1/2 in [(E+P, )/(E-P )] and the fractional momentum
% = P/E .
beam

Fig. 11.15 shows the rapidity distributions normalized to the total cross
section as measured by TASSOl1.15 between 13 and 31.6 GeV. The thrust axis
was taken as the jet axis since in this way the corrections for the y-axis
relative to the true axis were found to be smaller at large y than if the
sphericity axis had been chosen. To compute y, the particles were assumed
to be pions. Also plotted in Fig. 11.15 are data from SLAC-LBL11.23 measured
at low energies (4.8 and 7.4 GeV). They were determined with respect to the
sphericity axis. One observes a plateau near y = O that broadens with
increasing c.m. emergy. The height of the plateau is not constant but rises
with increasing energy (see insert in Fig. 11.15). In the fragmentation regiom
(y close to Yyax = 0.5 In(s/m2)) the particle yield is a steeply descending
function of y. The width of the fragmentation region is roughly one unit,
which is similar to what has been observed in hadron-hadron scattering. In
Fig. 11.16 the same data were plotted in terms of y - ypax to study the energy
behavior of the fragmentation region. The high energy data lie systematically
below the low energy data. This is qualitatively what is to be expected from
QCD effects: near ¥y = Yyax one has Y = 0.5 1n(4Pﬁ/(P% + mz)). QCD pre-
dicts an increase in <Pp> with energy pushing the high y particles to
lower y values., Unfortunately, the intrinsic resolution of y mear y = ¥pax
is about one unit in rapidity due to the limited accuracy (+5°) in determining
the jet direction.

The energy dependences of the plateau and fragmentation regions show that
the faster than logarithmic growth of the average multiplicity at high energies
is correlated with a rise of the plateau which is due to low energy particles.
The same effect was observed in PP collisions!!-17



126

6 L -
o charged
I e charged + neutrals
4 I .
Z|n
OO - -
-z /l
2L 4 _
4 -
0
1 i 2 e_lj [a I
0 02 04 06 0.8
Sphericity 29791
Fig. 11.14a Sphericity distributions at W = 27.4 -

31.6 GeV, measured with charged particles alone (é)
and with charged and neutral particles (+) (TASS0).



127

e TASSO corrected
a PLUTO observed
0.4 -
>_
=
2
o (13'— =
L
I
& -
-
w0y A ]
2 T
x 0.2 -
wl
= ¢
0.1} -
0.0 | ! !
0 10 20 30
| W (GeV)
27.11.79 29518
Fig. 11.14b The average sphericity as a function of the c.m. energy és measured

by PLUTO (11.12) and TAsen (11.9).
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11.7 Transverse Momentum Distributions and Jet Broadening

The transverse momentum distribution of hadrons produced in hadron
scattering suggested a Gaussian pr distribution for quark fragmentation

into hadrons: pz
- I
d02 n e 209 (11.9)
de

The parameter o, e.g. for pions was found to be of the order of 300 MeV/c
almost independent of the reaction energy. The analysis of e+e” annihilation

at energies up to 7.4 GeV led to the same conclusionl!l:23, Deviations from

a simple Gaussian behavior - a flattening of the pr distribution - were
observed recently in pp collisions at high pr values (see lecture by M. Jacob).

In June of 1979 the TASSO groupll'zawhen comparing ete” annihilation data
taken at 13, 17 GeV with data from 27 GeV noticed a large broadening of the P
distribution with increasing energy. As was shown by the same experiment
the broadening was correlated with the appearance of planar events, some of
which had a definite three jet structure. The properties of these events
as well as their production rate agrezed well with the predictions made before
for gluon bremsstrahlung by Ellis, Gaillard and Ross!1+25, At the time of the
FNAL conference more high energy data had been collected and the evidence
found by TASSO!!.4 was corroborated by the other PETRA experimentsl!l.i-11.3,

We now discuss the experimental evidence for three jet events. Fig. 11.17
shows the normalized transverse momentum distribution 1/g¢ o do/dpf
evaluated with respect to the sphericity axis for 13 - 17 and 27 - 31.6 GeV
11.26 35 measured by TASSO, The measurement for both energy regions are in
reasonable agreement for p%< 0.2 (GeV/c)2, but the high energy data are well
above the low energy data for larger values of py in contradiction to the
naive parton model which assumes the quark to fragment with an energy inde-
pgndent trangverse momentum distribution. The low energy data were fitted for
PT <1(GeV/e)2 with the jet modell0.9 including ¢ and b quarks!!-27, Increasing
the parameter ¢, (e.q.11.9) from its original value of 0.25 GeV/e to 0.30 GeV/c
gave a good fit to the 13 ~ 17 GeV data (see Fig. 11.17). To fit the higher
energy data with the same model oq had to be increased to 0.45 GeV/e.

The widening of the transverse momentum distribution can have its origin in

I. the production of a new quark flavor., As will be discussed later,
the data do not show any evidence for the production of a new heavy
quark and we can dismiss that as a possible explanation.

2. the pr distribution for quark fragmentation into hadrons is energy
dependent: the average pr grows as the energy increases. In this
case the hadrons are still produced in two jets but the diameter of
the "cigar" in terms of pf increases with emergy (see sketch). Note
also that both jets will grow in the same manmer.

— low W
I \
\\.__ hlgh W

- -

3. gluon bremsstrahlung from thé-outgoing quarksll'zs’ 11.28 _11'33. The

radiated gluon is expected to turn into a jet of hadrons. In QCD
single gluon emisgion is proportional to as(s), double gluon emission
proportional to g5 (s), etc. At low energies

q g q

s

q
~agfs) 9 9 ~ad(s) 9
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Fig. 11.17 1/6¢0¢ do/dp% as measured by TASSO”'26 at 13 and

17 GeV{o) combined and for 27.4, 27.7, 30.0 and 31.6 GeV
combined (o) as a function of %. The curves are fits

to the data for p% < 1 (GeV/c)* using the Field-Feynman
quark parton model including u, d, s, ¢ and b quarks
with Gq as a free parameter.

where ag(s) is of order one,single as well as multigluon emission

will be important. At our high energies where s v 1000 GeV? and

ag(s) <<1 (e.g. us(s = 1000 GeV) = 0.2 for A = 0.5 GeV) the emission

of several hard gluons can be neglected. As a result there will be

a tendency for only one jet to broaden. The qgg state is necessarily
planar. This should reflect itself in the final hadron configuration
which should retain the planarity with small transverse momenta

out of the plane and large transverse momenta in the plane. The average
transverse momentum of the gluon will rise linearly with energy.

Qualitatively, the broademing of <py> can easily be understood. Similar
to the emission of photons from an e1?8t§on, the gluon distribution radiated
off a quark is approximately given by °

M
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do(qqg) g oo
dkdcos8 K{l-cost) Qg

or do(ggg) A as 9qq
dkde K sinb

where Ogg = e2o T s K and 4 are the gluon energy and emission angle
relatlve to the quark direction of flight.

Schematic diagram for gluon emission

The average transverse momentum of the (hard) gluon jet is

o . O E_iiﬂg.de@
s qq {} K sin®
<Kp>

v oG . W (up to log terms)

The remarkable result is that contrary to many other predictions of QCD
which lead to logarithmic deviations from the pure quark model and are
therefore difficult to test experimentally, the transverse momentum is
predicted to rise linearly with energy. If Ky is large compared to the
typical transverse momentum of 0.3 GeV/c, then the event will have a three
jet topology.

In Fig. 11.18 the average values of the longitudinal and transverse
momentum as measured by PLUTO and TASSO are plotted as a function of c.m.
energy. The average Py &rows almost linearly with W, The transverse
momentum shows a small but significant rigse between 13 and 31.6 GeV., The
average <pf> is rapidly rising above 13 GeV. At 13 GeV the measured value
is in accordance with the prediction of the gq model. At higher energies
it is well above this prediction. - However, gluon emissionll.33 describes
the data rather well.

In Figs. 11.19 and 11.20 each event was divided into two halves by a
plane perpendicular to the jet axis and <p%> was determined separately for
the two sides!1.-26, The jet with the smaller <pt> was called the narrow
Jet, the other one the wide jet. Then<pf> was determined as a function of
2 = p/Ppeam 2nd averaged over all narrow and wide jets, respectively. The
result (also called the seagull plot} is shown separately for 13 - 17 and
27 - 31.6 GeV. The wide jet has larger <p2> values than the narrow one.
The qg model with og = 0. 3 GeV/c wused by TASSO 0.25 GeV/c by PLUTO, fits the
low energy data which implies that here the observed narrow-wide asymmetry
is due to statistical fluctuation. The model using the same value for ©
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fails for the high energy data which would mean that there a genuine
narrow/wide asymmetry exlsts However, increasing 4 to 0 45 GeV/e

(a value which fitted the pT distribution of TASSO, Fig. .17)
approximately reproduces the data. Therefore, the p dlstrlbutlons

as well as the seagull plot can be fitted with the qq model by increasing
ag with energy.

PRELIMINARY
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Fig, 11.18 The energy dependence of < Py > <Pp> and <p2
relative to the thrust axis for charged T
particles!!-3, The curves show the prediction
for qq (dashed) and qd + gluon production (11.33).
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11,8 Planar Events and Three-Jet Structure

The event shapes were studied by TASSO, PLUTO and JADE using the
momentum tensor ellipsoid11'35 and by MARK J determining the oblateness.

Momentum tensor ellipsoid

For each event one constructs the second rank tensor from the
hadron momenta
N
M(xB = _Zl Pja PjB (0,8 = %, ¥, 2)
J= .
summing over all W observed charged particles. Let ny, fip and Dy be
the unit eigenvectors of this tensor associated with the eigenvalues
Ay, Ay and A3 which are ordered such that A} < jp<A3. DNote that

- > 2
Ay = Z(Pjﬁi)

The principal axis is the fiy direction, the event plane is the
fin, iy plane and i} defines the direction in which the sum of the square
of the momentum components is minimized.

Define the normalized eigenvalues

AL $(p. ¢ a.)?
Q =~ = j i
il g2
3 N

The Q4 satisfy the relation
Q) + Qy + Q3 = 1

The events will be expressed in terms of the two variables aplanarity A
and sphericity S
3
A = Q]

2
S=23(Q +Q) =3 (1-Q)
2 l 2 2 3

Since 0 < Q; < Qy < Q3 < 1 all events lie inside a triangle. Collinear
events are found at S0, noncollinear coplanar at S # 0, A = O and
spherical events have both § and A large.

Planar events

In Figs., 11.21 — 11.23 the distributions of
N
2 ] > 2
<pT>out N i (pj nl)
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(= square of the momentum component normal to the event plane given
by fiy and fij)} are compared with that of

N,

et =§I @5 A

J=1
(= square of the momentum component in the event plane perpendicular
to the jet axis). The datg from TASSO!1.26  pryroll:34 apnd Japg!!l-
show little increase in <PT our” from low to high energy data. The
distribution of <p%in>, however, becomes much wider at high energies;
in particular there 1s a long tail of events with high <pf in> The
predictions of the qf model are also shown. Hadrons resulting from pure
qd jets will on the average be distributed uniformly around the jet
axis: However, some asymmetry between Py’ and <p%in> is caused by
statistical fluctuations. Fair agreement with the qq model is found at
the low energy point. Thus the asymmetry observed at this energy can be
explained by statistical fluctuations alone.

At high energy, one finds fair agreement for <p% at’ with the g¢q model
with o, ~ 0.3 GeV/c, however, the long tail of the <p%. > distribution
is not ‘reproduced by the model. This discrepancy cannot be removed by
increasing ¢,. The result with o_ = 0.45 GeV/c is also plotted in
Fig. 11.21, 'The agreement is poor. One therefore must conclude that the
data include a number of planar events that are not reproduced by the
qq model independent of the assumption on the average pr in that model.
The same conclusion was reached by the MARK J“'37 groun which studied
the energy distribution ("energy flow") in the events. The coordinate
system used is defined by the thrust axis (&) = jet axis),
> A
Elpi e||
Thrust = max. F—E!—
i
where ;i is the energy flow detected by a counter; the major axis (e2)
which is perpendicular to €; and which is the direction along which the
projected energy flow in that plane is maximized: '
-> A
>_: |pi ezl

Major = max. = H
p (p{
i 1
the minor axis which is orthogonal to &; and &;.

The difference Major - Minor is a measure for the planarity of an event
and is called oblateness,

0 = Major - Minor

The distribution of the oblateness is plotted im Fig. 11.24 together with
predictions of the qq and qdg models. The 17 GeV data are reproduced by
both models. At the higher energies (27.4 - 31.6 GeV) an excess of events
with large oblateness, l.e. planar events, is observed. This conclusion

is reached independently of the value of Gq used for the quark model,
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Three jet structure

The data presented in the preceding paragraph demonstrated the
existence of planar events. In order to check whether the particle momenta
are distributed uniformly in the plane (disc like} or collimated into
three jets the TASSO group adopted the procedure by Wu and Zobernigl!.35).
Each events is analysed as a three jet event, The particles are grouped
into three classes C;, ¢y and €3 and for each class the sphericity is

determined: )
A

3

a2

€t p;

The qp, are transverse momentum components in the event plane {(defined

by ﬁz, fiy) relative to the jet axis which is chosen such as to minimize
S,- By considering all possible combinations one finds that grouping for
which

S] + S2 + 83 = minlmum.
Fig. 11.25 shows the first data of TASS0 at W = 27.4 GeV presented by
S8ding at the Geneva Conference (Ref. 11.24): on top the <p% out> and

$% i distributions, the latter with an excess of large

<p% i1> events extending beyond | GeV%. For the bottom figure the events
were Breated as three-jet events. Plotted is the average of the trans—
verse momentum per jet measgred relative to the three jeE axes. The aver-
age value is around 0.1 GeV®, the largest value 0.55 GeV”. The shape of
the distribution agrees with that predicted for qg jets (two jets) with

o4 = 0.3 GeV/c (see curve). Thus, for the large “pf ;> events {(when ana-
lysed as two jet events) the particle momenta are collimated along three
jet axes.

The following figures show results for c.m. energies between
27.4 and 31.6 GeV obtained with the larger data sample available for the
FNAL meeting. Tn Fig. 11.26a the Dalitz plot distribution of the angles
0y, ©, and O between the jets is shown; the ordering is such that o
0y : B9 = 04. Two-jet events cluster near O = 0 and along O3 = 1807, Inm
order to suppress these, events with ©; > 40° were selected. Approximately
15 % of all events satisfied this requirement. Let <p%> be the average of
the transverse momentum sguared per jet (treating the events as three—jet
events). Fig. 11.26b shows the <p%> distribution; the average <pp> value
is 0.27 GeV/c. This demonstrates agaln the strong collimation of the
particie momenta around three axes.
At lower energy (13, 17 GeV) the data had been found to be 1n good agree-
ment with the qq model. In Fig. 11.26c the <p%> distribution 1s shown for
all events at 13, 17 GeV treating them as two-jet events. The distribution
is almost identical to the one in Fig. 11.26b. In other words the high
energy events analysed as three—jet events and the lower energy events
analysed as two-jet events exhibit nearly the same pT distributions.

Comparison with gluon bremsstrahlung

As we have seen above the jet broadening and the existence of
planar events which in fact are three—jet events was demounstrated ia a
model independent way. The observation of three-jet events at high energies
lends strong support to QCD. In this section we discuss briefly the
quantitative comparison between theory and data.
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W = 27.4 GeV (averaging over charged hadrons only).
The curves are for qf jets without gluon brems~
strahlung. Comparison of these distributions gives
evidence that broadening (compared to qq jets)

occurs in one plane. The bottom figure shows <py>

per jet when 3 jet axes are fitted, again compared
with the q jet model. (TASSO, Ref. 11.24)
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11.26a Events analysed as three-jet events. Shown
are the Dalitz plot distributions for the
angles 0,095,065 between the jet axes for
Monte Carlo events produced according to
the qq model (a), the qgg model (b) and for
the measured data (c¢). 9, is defined as the
angle opposite the jet with the largest
total momentum, O3 is opposite the jet with
the smallest total momentum. (TASSO)
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Fig. 11.27 shows from TAS‘SO”‘26 the distribution of aplanarity

versus sphericity § for low and high energies. Collinear two-jet

events are seen to dominate at all energies. To exclude collinear

events S > 0.25 was required. The remaining events were classified

as planar (nonplanar) demanding A < 0.04 (A » 0.04). Table 11.2

lists the number of events observed together with the predictions

of the qf model for oy = 0.30 and 0.45 GeV/c, and for qf production with
gluon bremsstrahlung (qdg) taking A to be 0.5 GeV. The gluon frag-
mentation function - which is unknown — was assumed to be the same as

for quarks (with u_ = 0.30 GeV/c). The number of planar events agrees
well with the qfg prediction.

Table 11.2: Comparison of the_observed number of noncollinear

events with the qq and qqg predictions for 27.4 — 31.6 GeV
(11.26). (TASS0)

observed 0q=0.30 GeV/c cq=0.45 GeV/e qig11'33
noncollinear
planar events 18 4.5 4,5 ~ 17
5>0.25, A<0.04
noncollinear
nonplanar events 38 32 38 ~ 35

$>0.25, A>0,04

A similar comparison was performed by JADEII.I, 11,36

in Fig. 11.28 and Table 11.3.

which is shown

Table 11.3: Observed and expected numbers of events at 27.4 - 31.6 GeV
inside the cut (11.1) (Q - Q,)/¥3 < 0.35 and Q; < 0.07 (JADE).

observed a expected
qq model qqg model
. Oq = 250 MeV/c

23 events 6 events 22 events

b
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The PLUTO groupll'34) used the triplicity method (see sect. 10) to study
the jet angular distribution (see Fig. 11.29). The angular Dalitz plot
distribution serves as a direct test of hard gluon bremsstrahlung: It is
rather insensitive to the quark and gluon fragmentation functions.

Fig. 11.29d shows a scatter diagram of triplicity Ty thrust T. Two-jet
events have T close to 1. Three jet events are characterized by T3 close
to 1. Fig. 11.29 gives the angular Dalitz plot. Three-jet events defined
by T3 > 0.9 and T < 0.8 are marked by open circles. In Table 11.4 a com-
parison between observed and predicted event numbers is made. The high
energy data are inconsistent with the qg model, but are in good agreement
with gluon bremsstrahlung.

Table 1l.4: Observed and expected numbers of events obeying different
selection criteria (PLUTO [1.34)

E o selected region events events expected| events exp. {events exp.
¢ observed | (o_=250MeV/c) (o _=300MeV/c) |(o_=350MeV/c)
q q q
(GeV)
‘ aq aqg aq aqg aq
13~-17 'I‘3 > 0,9, T < 0.8 24 il 15 15.5 17.5 20
{3-jet events) - '
8, < 150° 32 25 32 27 33 29
<py; >>0.56ev?/c”| 5 5 5 7 10 9
5>0.25, Q<0.03 7 8 8 9 9 11
(planar events)
27-32 T3 > 0,9, T < 0.8 48 i1 43 23.5 48.5 36
(3-~jet events)
8, < 150° 52 19 51 25 50 31
2 2, 2
<Plin>>0'5Gev /e 68 23 56 30 61 37
$>0.25, Q]<0.03 35 12 30 17 30 22
(planar events)
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Fig. 11.29 Momentum configuration of hadrons (a) and jets (b) obtained
by grouping hadrons into 3 classes according to the triplicity method.
A Dalitz plot (c) can be spanned by the angles between the jets whose
shaded area only is populated. Nearly symmetrical 3-jet events will be

situated near point A. The data at E.,

= 27.6, 30 and 31.6 GeV are shown

in a scatter diagram of triplicity versus thrust (d} and in the angular
Dalitz plot (e). In (d) planar events will be in the upper left of the
plot characterized by low thrust and high triplicity, e.g. T < 0.8 and

T

in (e).

(PLUTO, Ref.

11.34).

> 0.9. Events falling in this category show up as large circles
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Recently, an attempt was made to confront in a consistent way the
various experimental results from PETRA with the predictioms of QCD

treating o, and ag(s) (or A) as free parameters!1-38. The one s.d.2
limits found were 0,28 < o, < 0.30 GeV/c and 0.20 < ag (Q% = 900 GeV?)
< 0.25 corresponding to O.

< A < 1,2 GeV.With these parameter values an
impressive fit to the data was obtained.

If gluon bremsstrahlung is the correct explanation and if the gluon
materializes as a jet of hadrons with limited transverse momentum then for
a small fraction of the events the three—jet structure should be directly

visible. In Figs. 11.30 = 11,33 we display a two-jet and several three-
jet events observed by TASSO 11-26, pLUTO! .3 and Japeil.1, :
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Fig. 11.30 Momentum space representation of a 2-jet event
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Fig. 11.30g Another 3-jet event projected into the event plane.
(TASSO Ref. 11.4)
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Fig. 11.31 A three jet event observed by PLUTO.
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Fig. 11.32 The three projections of a three jet event. The solid
lines indicate charged particle tracks, the dashed
photons (JADE, Ref. 11.1).
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11.9 Search for the t Quark

The cbserved symmetry between leptons and quarks suggests besides
u, d, s, ¢, b the existence of a sixth quark, t. The charge of the t
quark is predicted to be +2/3 if one groups the quarks in weak isospin
doublets, viz.

() )

The theoretlcal gredlctions for the t mass populate mass values between
10 and 40 Gev! The observed spacing between ¢, J/§ and T would
suggest for the tf vector ground state

1 = m /m = 28 GeV
A A

which is in the reach of PETRA. The peak height of the total cross
section at the position of V. depends on the leptonic decay width Tee and
on the energy spread of the storage ring beams. The Breit-Wigner without
energy spread reads

r r

ole’e” > V) = %E' =
(Mo -+ T7°/4

The energy spread of the beams, AE, reduces the peak cross section -
very roughly - to

T
Opeak = 3T, _ee
s AW
where AW = 2 * AE., TFor PETRA
AE/E = 6.5 -+ 107> E, E in GeV

For a mass of 28 GeV (E = 14 GeV) the energy spread is AE = 13 MeV. The
leptonic width Te depends on the shape of the tT potential. Various
models studled 20 suggest that Tee is approximately the same as for the
Jlg, T Tee = 5 keV. This yields

Opeak (28 GeV) =~ 1.3 nb

Rpeak (28 GeV) *
The signal to noise ratio is 11:4 or =3. This may be compared with the
J/v seen at SPEAR or DORIS where the signal to noise ratio is roughly 100.

The ¢T system has two bound 38 vector states, J/¢ and y' the bb
system pgobably hag three while the tt is expected <40 ¢o haVe 6 or 7 bound
states 198 «vnn S, as sketched in Fig. 11.33. One may guess that the
tt continuum is likely to begin two or three pion masses abova the TT
threshold (where T denotes a tgq meson), i.e. wﬁontlnuum = M(6 S ) + 2:3 m, =
M(V.) + 2 GeV.
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While it may require a large effort to localize the vector states,
it should be straight forward to detect the tt continuum contribution
provided the available ener 1S sufficient. The asymptotic tt contri-
bution should be Ry = % . Near threshold it is likely to be
larger. Comparlng w1th the charm contribution near 4 — 4.5 GeV, one may
expect Ry = 2 or R = 6 above tt threshold. The R values measured by the -
PETRA experlments from 12 to 31.6 GeV (see Fig. 11.11) do not show the
expected rise in R from 4 to 6.

T T T
Fig. 11.33 The energy de-
15k 15 _| pendence of R expected near
the tt threshold.
10 B
25
% t b c s
5l | " _ . _
q RN
q q q
TT threshold \ .
Fig. 11.34 (Badronic) Decay
scheme for t quarks.
0 ] ) 1
15 20 25 30

W (GeV)

As mentioned before the event shape is very sensitive to contributions
from the continuum production of tf. The ttT events are expected to have
a high particle multiplicity and a phase space-like configuration near
threshold. According to the Kobayashi-Maskawa generalized Cabibbo matrix!! 41
the favoured decay sequence for t quarks is t+ b+ ¢+ s. As a consequence
tt decays may have 14 or more quarks in the final state, presumably leading
to a large hadron multiplicity. At threshold the t, t quarks are at rest
and will emit hadrons more or less isotropically. As the energy increases
the t, T quarks receive a boost and the events start to become two-jet like.
However, this happens only well above threshold. For example a t quark of
10 GeV mags reaches a velocity of B = 0.7 only at W = 28 GeV, i.e. 8 GeV
above threshold. This implies that just above threshold one cannot miss the
tt continuum contribution.

The final state particles from tt events near threshold will be distributed
phase space like leading to an average sphericity of <S,.> ~ 0.5, Fig., 11.35
shows sphericity distributions measured by TASSO!1.9 for“different energies
between 13 and 31.2 GeV. The dashed-dotted curves indicate the expected S
distributions in the presence of the tT contribution assuming R, = 4/3. The
data show no evidence for such a contribution. Similar conclusions were
reached by the other PETRA experimentslil.2, 11.42 11,43, The tt contribution
will also lead to an increase in <S>. The size of this increase can be
readily estimated. The average S for the u, d, s, ¢, b contribution, e.g.
at 30 GeV is <5y, Jd,s,c,b> = 0.15. Averaging over the two components predicts
for <Ss above the Et tﬁreshold
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Fig. 11.35 Spericity distribution fox different c.m. energies. The curves show
the predictions of the quark model with u, d, s, ¢, b quarks plus gluon correc~

tions (solid) plus a t quark contribution (mass = 10 GeV) (dashed-dotted).
(TASSO Ref. 11.9}. .
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Fig. 11.36 Distribution of events as a function of coplanarity A = 3/2 Q

and sptericity S = 3/2 (Q, + Q) as seen by TASSO (Ref. 11.9).

a) illustrating the regions for two-jet, planar and spherical
events;

b) for Monte Carlo generated events from tt production, assuming a
t mass of 10 MeV and W = 30 GeV;

¢) for real events at c.m. energies between 29.9 and 31.6 GeV.

The dashed lines indicate the aplanarity cut at 0.18.
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<g> = Uye.., B 20,23

Ry + Ru,

corresponding to an increase of A 0.08. If the tt contribution rises
rapidly at threshold to R, = 4/3 one would expect a step in <8>. The
data do not show such a step (see Fig. 11,14).

Sphericity measures the degree of collinearity of the final state
particles, Two-jet events tend to be collinear, three~jet events from -
gluon bremsstrahlung tend to be planar, while phase space-like events 3
are noncollinear and nonplanar, For this reason an inspection of the
events in terms of sphericity and aplanarity provides an even more stringent
test on a tt (or other heavy quark) contribution.

Fig. 11.36 shows the triangle plot distribution in terms of S and A.
The sketch given in Fig. 11.36a indicates the areas for collinear (§%=0),
noncollinear coplanar (S # O, A ® 0) and for spherical events (S and A
large)., Fig. 11.36b shows the event distribution expected from the tt
contribution. It was computed for W = 30 GeV under the conservative
assumption that the t mass is 10 GeV and propagating the particles from t
fragmentation through the detector. The tt events populate the triangle
plot rather uniformly. Fig. 11.36¢c shows for comparison the distribution
for events observed at W= 29,9 - 31,6 Gev!l.9, They concentrate in the
collinear, planar corner; only few events are observed at large S and A.

The number of events observed at large § and A in the JADE“'43 and
Tassoll.? experiments are compared to the predicted ones in Tables 11.5
and 11.6 assuming a tt contribution of Ry = 4/3., A t quark contribution
is clearly ruled out for a t mass*® of 8 GeV or larger. For instance, in
the TASSO experiment 10 events were found. Of these 8.2 * | events are
expected from u, d, s, ¢, b production with gluon bremsstrahlung. The
remaining 1.8 events are to be compared with 45 * 3 events expected for a
tT contribution with my = 8 GeV.

The TASSO data indicate also that the continuum contribution of a heavy
quark with charge 1/3 (RQ = 1/3) appears unlikely. For my = 10 GeV and
assuming the Q to decay in a manner similar to the t quark, 20 events
are predicted compared to 2 ¥ 4 events observed after subtracting the qgg
contribution,

Due to the cascade decay t - b -+ ¢ the tt contribution should yield also
a fair fraction of multimuon events. The PLUTO groupI 42 investigated the
inclusive muon signal at 27.6 - 31.6 GeV, The observed signal is con-—
sistent with u, d, s, ¢ and b production (see Table 11,7). A tt contri=-
bution assuming a 10% branching ratio for each of the decays t —+ buv, a
b +~cpyv and ¢ > syy is ruled out on the 5 - 6 s.d. level.

&

* The mass m_ of the t quark is defined such that the threshold for the
tt continuum is at 2m,.
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Table 11,6: Search for a heavy quark Q contribution, assuming the Q
to decay as the hypothetical t quark. Comparison of the
number of events observed for aplamarity A > 0.18 with
the prediction of the guark—-model for u, d, s, ¢, b
production plus gluon correction and for QQ production
alone. The Qa estimate assumed a Q mass of 8 GeV or
10 GeV and a contribution to R of RQ =3 eQ2 where eQ
is the charge of the quark (from TASSO, Ref. 11.9).

Number o0f events
W observed| predicted:} _ mQ=19GeV _ mQ=8_GeV
{(GeV) u,d,s,c,b QQ,eQ=2/3 QQ,e.=1/3| QQ,e.=2/3" QQ,e.=1/3
+ gluon Q Q | q
09.9-31.6 | 10 8.2 + 1.0 |80 + 20 + 45 + 3 1+ 1
30.9-31.46 2 2.6 + 0.4 25 + 2.5 6 + 0.6 14 + 1 3.5 + 0,2
Table 11.7: Comarison of the inclusive muon signal with expectations
fromu, d, s, ¢, b and u, d, s, ¢, b, t quarks
(PLUTO, Ref. 11.42).
Eem '# events with | computed corrected expected
a muon back- signal udschb udscht
(GeV)| (p > 2 GeV/e) ground
27.6 2.9 + 0.8 4.1 + 2. 4,7 14.6
30.0 4.1 + 1.2 3.9 + 3.1 5.1 15.9
31.4 2 1.7 + 0.5 0.3 + 1.5 1.7 5.3
total 17 8.7 + 2.6 8.3 + 4.9 11.5 35.8
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Since quarkonia models predict the first tt vector bound state,
V., to lie approximately 2 GeV below the threshold for the tt con-
tinuuml1.40 (see Fig. 11.33), an energy scan sensitive to narrow
states up to the highest energy will extend the mass range
searched for tt states by ~ 2 GeV. Such an energy scan was performed
at PETRA between 29.90 and 31.46 GeV in steps of 20 MeV. Results
from this were published by TaSS01 145, Fig., 11.37 shows R measured
as a function of the c¢.m. energy. No statistically significant
structure is observed. The upper limit on the energy integrated
cross section contribution of a narrow state (T < 20 MeV) is

{ GV dW = —— B Fee < 40 nb MeV

or Tw. * B, < 1.6 keV with 907 C.L. B, is the branching ratio for
e, °h e h . .

hadronic decays. The upper limit on Pee * By is considerably lower

compared to what is expected for Vi, Tg, > 5 KeV and By v 0.7.
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11.11 Conclusions

1. The ratio R of the total cross section for ee annihilation
into hadrons to the u pair cross section is constant within
errors between c.m. energies of 17 and 31.6 GeV and has a value
close to 4.

2. No evidence has been found for the t quark. A possible tt continuum
with size R _=4/3 can be excluded for c.m. energies between 16
and 3] GeV.

3. The multiplicity for charged particles above 10 GeV is found
to rise faster than at lower energies.

4, The cross section quantity s do/dx scales for x > 0.2 and W > 5 GeV
to within #30 Z.

5. The shape and magnitude of the total cross section, the observed
scaling of s do/dx, the occurence of jets and their gross features
are in astonishing agreement with the quark hypothesis.

However:

6. The transverse momentum distribution of headrons relative to the
jet axis_broadens with increasing energy: <pr> rises rapidly. Hence
in the qq model the fragmentation function iS not energy dependent.

7. The increase of <p%> occurs primarily in only one of the two jets.
The distribution of the transverse momentum perpendicular to the
"event plane" does mot show a pronounced energy dependence while a
strong broadening takes place in the event plane at the highest
values of s( = Q2) = 1000 GeVZ,

8. Planar events were first observed by TASSO and later by all four PETRA-

experiments at a rate which is well above the rate computed for sta-
tistical fluctuations of the qgq jets.

9, The planar events when analysed as three-jet events yield an average
transverse momentum of 0.3 GeV/c relative to the jet axis which shows

that the emitted particles are collimated around three axes.

10. The planar events establish in a model independent way that a small
fraction of the e e annihilation events proceeds via the emission
of three constituents, each of which materializes as a jet of
hadrons in the final state.

The data are most naturally explained by hard noncollinear gluon
bremsstrahlung, e e -+ gqg.

LY
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