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The diversity of phenomena that have been discovered in e+e— annihilation in recent
years has greatly stimulated new ideas in elementary particle physics, in particular,
theories on particle constituents and particle dynamics. These achievements are based
on significant developments in the design and construction of ete” storage rings and
large solid angle particle detectors.

The production of hadrons by electron-positron collisions is particularly interesting
because of the simplicity of the initial state. Its dynamics are well described by the
theory of quantum electrodynamics (QED). All discrete additive quantum nuinbers, such
as electric charge, baryon number, strangeness, charm, and lepton numbers, are zero.
Furthermore, to first order in the fine structure constant o, the annihilation of electrons
and positrons occurs via a single virtual photon, namely a state with spin one, negative
parity, negative charge conjugation, and definite mass equal to the cm energy Ecm'
Thus, the quantum numbers of the hadronic system are well defined, and the known
electromagnetic force can be used to probe the unknown structure and dynamics of the
final state. This is a nearly unique situation in hadron physics. In contrast, the situa-
tion is much more complicated at proton~proton storage rings, where the angular
momentum, parity and charge conjugation are unknown, the baryon number is nonzero,

and not even the energy of the produced hadrons is determined.

*Work Supported by the Energy Research and Development Administration
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This series of lectures will concentrate on recent results on hadron production by

e annihilation. Following a brief description of colliding beam devices and detectors,

we shall discuss the total hadronic cross section and scale invariance as applied to ete”

annihilation.

The third and fourth lectures will summarize the present status of the

~spectroseopy by studying the decay modes of the narrow resonances ¥(3095) and (3684).

In the final lecture we shall discuss the recent discovery of charmed mesons.
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Please note that these lectures are mostly tutorial and are not intended to be a complete
review for specialists. Furthermore, there will be an over-emphasis on SPEAR results,
as I am a member of the SLAC-LBL collaboration. I have attempted to include contri-

_ butions from DESY and Frascati, but the presentation is clearly not as balanced as might

‘ o (1
be desirable. I apologize for this and refer to a review by B. Wllk( ) for a more complete

presentation of recent experimental results.

LECTURES I, II. NONRESONANT HADRON PRODUCTION AT SPEAR

I. Experimental Setup

Before we discuss the physics of hadron production by e+e~ annihilation let us digress
for a while into some experimental details.

1. e'e” Storage Rings

Colliding beam facilities are in many ways the most intricate accomplishments
of accelerator engineering. Since the first operation of ADA (Anello di Accumulatione),(z)
the pioneering single ring device at Frascati, in 1963 enormous progress has been made
in the understanding of these machines. A basic introduction to the physics of colliding
beams has been presented by Sands;(g) for a more advanced discussion we refer to a
review by Pellegrini. (4) Here only a very brief discussion of the essential parameters
like energy, luminosity, a;nd resolution will be given.

1.1 Kinematics

In colliding beam machines high energy particles collide head-on or at small

angles and thus, as a consequence of elementary mechanics, permit a very efficient use

of accelerator energy. For two particles of mass m, and m,, momentum p; and 5’2, and
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and energy E. and E_ the total c.m. energy Ec - is defined as

1 2
2 2 o~ 2 2 2 -
Eeom. = BBy - yipy)” = my+my + 2(E,Ey-p.p,)
If they collide head-on with Py=-P,, E1=E2=EO , one obtains Ec.m.=2E0'
1 g 1 B’
° ° ® )
Py . R Py - PyT

However, if the target is at rest, 32=0, we have

2 _ 2 2
Ec.m. = m1+m2+2E1m2_2E1m2

For instance, to obtain the maximum of energy of the ete” colliding beam facility SPEAR
of Ec.m.=8 GeV, it would require a 62,600 GeV e+-beam striking a stationary target.
Clearly, not a practical approach.
1.2 Luminosity

The enormous kinematic advantage provided by colliding beam devices is bought
at the expense of intensity. The measure of beam intensity for a storage ring is the
luminosity L. For a given reaction it is defined as the rate of interactions per unit cross
section,

Rate = oL

In terms of intrinsic machine parameters L is proportional to the product of the circula-
ting beam currents Il and 12, and inversely proportional to A, the cross section area of

the beams

Existing storage rings have luminosities in the range of 1029 to 1031’cm_2 sec-l. L is

small compared to conventional targets because of the low density of particles stored.
The maximum attainable luminosity is limited by electromagnetic forces between the
particles and the ring components, the particles within the same bunch, and particles in
different beams. In general, the maximum density of stored beams, and consequently L,

are strongly dependent on the beam energy E_, and may greatly vary among different

O 3
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4
0’
=3.5 GeV. For a typical cross section of

machines of comparable energy. For example, at SPEAR L varies roughly as E
reaching a maximum of 10% em™2 sec™l at E,
10 nb, this corresponds to interaction rates of several hundred events per hour.

(1.3 efe— facilities

The first high energy physics expe.riments with colliding beams were completed
in 1965 at the 500 MeV Princeton-Stanford e"e” intersecting rings. Sinc_:e then a variety
of ete” éolliding beam facilities with increasing energy and luminosity has been built. A
summary of some basic parameters for all e+e_ storage rings presently in operation or
under construction is given in Table I.

The highest energies have been reached by the Stanford colliding beam facility
SPEAR. It is a single ring device circulating one bunch of positrons and one bunch of
electrons. The bunches collide in two interaction regions that extend a few millimeters
transverse and a few centimeters longitudinal to the beam. SPEAR operates at beam
energies between 1.5 GeV and 3.8 GeV with luminosities in the range 1029 to 1031 cm'2

sec_l. The energy resolution increases quadratically with energy E,, and it is of the

0
.order of 1 MeV (standard deviation) at a beam energy of 1.5 GeV. It is dominated by
quantum fluctuations in the emission of synchrotron radiation. The absolute energy of
the machine is known to about 0.1%. The calibration is based on measurements of the
magnetic field and particle orbits.

Two new storage-ring projects are well under way. At Orsay, space charge com-
pensation will be used in a 4 beam device called DCI (10) that is designed to operate up
to E0= 1.8 GeV with luminosities of 1032 cm"?‘ sec-l. The Novosibirsk group is working
on a project called VEPP-4 that should provide beam energies of up to 7 GeV. ©®)

The next generation o;f colliding beam machines has reached the construction phase

and is expected to begin operation in 1979. The two projects, PETRA at DESY(H) and

PEP at SLAC(IZ) are designed for energies up to 15 GeV per beam.
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2. Detectors
The majority of results on hadron production by ete” annihilation at high ener-
gies has been obtained in two large detectors.
a. The solenocidal magnetic detector at SPEAR. (13)
b. The double arm spectrometer at DORIS. (14)
V’The“se two detectors are sufficiently different in concept that it may be worthwhile to give

a brief description of both of them here.

2.1 The solenoidal detector at SPEAR

The SLAC-LBL detector is schematically shown in Fig. 1. A solenoidal magnet
provides a nearly uniform axial magnetic field of 4 kG in a volume 3 m long and 3 m in
diameter. The detector inside covers a solid angle of 65% of 4r. The azimuthal accept-
ance is complete, and the subtended polar angle ranges from 50° t0 130°. A particle
leaving the interaction region in the center first traverses the 0.15 mm stainless steel
vacuum pipe, then a pair of cylindrical scintillation counters and two proportional wire
chambers that form an element of the trigger system. Continuing outwards, the particle
énters 4 sets of cylindrical spark chambers, 2 gaps each, with magnetostrictive readout.
Next, the trigger hodoscope provides time-of-flight measurements with a resolution of
0.4 nsec. Outside the 1 radiation length magnet coil an array of lead-scintillator shower
counters (5 radiation lengths) identifies electrons. Most hadrons are absorbed in the
20 cm thick iron yoke and will not reach a set of spark chambers outside which aids muon
identification. The hardware trigger requires at least two particles with momenta above
200 MeV/c in coincidence with the beams. The data analysis reconstructs tracks and
vertices (momentum resolution Ap/p=0.015 p (GeV/c)) from the wire chamber informa-

tion and selects three classes. of events,
+

e e -»hadrons ’ (1)
ete” ~ete” 2
+ - + -

ee —Up (3)

Lepton pairs are required to have two oppositely charged prongs collinear within 100, and
each carrying more than 50% of the beam energy. Shower counter pulse heights are used

to distinguish Bhabha scattering(z) from muon pair producﬁon.(3) A hadronic event is
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Fig. 1. The SLAC-LBL magnetic detector (a) telescoped
view; (b) end view.



required to have three or more tracks forming a vertex within the luminous region of the
machine. Two prong events are also included in the hadron event sample provided the
tracks are acoplanar with the beams by at least 20° and have momenta exceeding 300
MeV/c. The purpose of these selection ériteria is to eliminate various electromagnetic
backgrounds.

-

2.2 The double-arm spectrometer at DORIS

One of the twp interaction regions of DORIS is occupied by the double arm
spectrometer DASP which was built by.a collaboration of groups‘from Aachen, Hamburg,
Munich, and Tokyo. DASP consists of a large aperture nonmagnetic detector surrounding
the beam pipe, and a pair of identical magnetic spectrometers on either side of the
interaction region covering a limited solid angle of 0.45 sterad each (Fig. 2a,b).

A charged particle emitted at the interaction point traverses the following detectors
before reaching the magnet gap: a scintillation counter close to the beam pipe, a second
~ scintillation counter that starts the time~-of-flight measurement, a pair of proportional
chambers, a third scintillator for triggering and a wire spark chamber. Behind the
magnet the particle trajectory is measured by six enormous (5.6 x 1.7 mz) double plane
spark chambers with 1 mm wire spacing. For a maximum field of 11 kG a resolution of
+0.7% has been obtained for a particle of 1 GeV/c momentum.

Particles are identified using time-of-flight, shower and range information. The
time-of-flight counters are mounted at an average distance of 4.7 m and have a resolution
of 0.26 nsec. This allows to distinguish pions from kaons for momenta up to 1.8 GeV/c,
and kaons from protons up to 3 GeV/c. Hadrons and muons are separated from electrons

3 has

by 6.2 radiation length thick shower counters. An electron rejection level of 10~
been achieved by appropriate pulse-height cuts. Muons are positively identified by their
range in a 90 ‘cm thick, segmented iron absorber. Electron-hadron séparation has
recently been improved by the installation of freon filled threshold Cerenkov counters on
either side of the beam pipe.

The inner detector shown in Fig. 2b is located in the free space betvveén the magnets.

It is made out of several layers of proportional chambers, scintillation counters, propor-

tional tube counters, and shower counters. This part of the detector covers 70% of 47 and
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is well suited for photon detection. The direction of a shower is determined to about izo,
the energy resolution is around 30% for a 1 GeV photon. The detection efficiency for a
50 MeV photon is roughly 50%.

2.3 Comparison
The design concepts of the two big detectors are quite different. The large solid

angie andmgood resolution makes the solenoidal detector well suited for measurements of
total cross sections, charged multiplicity, exclusive final states. The strong features of
DASP are good photon detecﬁon, and éxcellent identification of charged I'Jarticles.

The major» advantage of the SLAC-LBL group lies in the early start of operation of
SPEAR in 1973, its good luminosity and large energy range.

II. The Total Hadronic Cross Section

The simplest property of hadron production by e+e— annihilation that can be studied

experimentally is the total hadronic cross section o Accepting the traditional con-

had’
cept that the electron does not directly couple to hadrons, the reaction proceeds domi-
nantly via the exchange of a single, timelike photon between the lepton and the hadron

system (Fig. 3a). Higher order photon exchange

e+

processes will generally produce particles at small
angles to the beam and are at present energies of
limited importance to hadron production. ¢ (a)

If we restrict ourselves to the one-photon exchange e” - K
as the main process for hadron production by ete”
annihilation (Fig. 3a), we see that all the ignorance is o+ wt

(b) A
hidden in the cross hatched region of the photon-hadron . _ e *
vertex, whereas the lepton-photon vertex is well Fig. 3. Feynman diagrams for
one-photon exchange
understood in terms of QED. A comparison with the (a) ete~ — hadrons;
: (b) ete~ —utu-.

diagram for muon pair production in Fig. 3b makes it

obvious that a quantity of more direct interest than the total hadronic cross section, Thad

is R, the ratio of hadron production to muon pair production,

g 2
- 0.ha.d with c = 4
K

R pp 38
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Here s is the square of the mass of the virtual photon and « the fine structure constant.

1. Theoretical Predictions

The most fundamental theoretical idea in e+e' annihilation is that of scaling., It
says that the hadronic cross section should vary like 1/s for large s or stated differently,
‘the ratio-R is expected to approach a constant value. What "large" means is not well
specified§ in general it means large compared to any mass or energy involved. ‘The
simplest argument to predict scaling is one of dimensional analysis. It says that at large
energies the only unit of length remaining is s_l/ 2,_ thus a cross section must behave like
5L,

A by far more appealing, intuitive picture that arrives at the same answer is the
parton model. (15, 16) In this picture hadrons are built out of constituents, the partons,
which have point-like coupling to the electromagnetic current. As indicated schematically
in Fig. 4, hadron production is viewed as the production -
of pairs of parton-antiparton that subsequently form
hadrons. Partons of spin 1/2 couple to the virtual

photon in the same way as muons, except for differences

in electric charge. At high energies, where hadron

masses can be neglected, the total hadronic cross sec- | 2075m4
tion is equal to the sum of the individual parton pair Fig. 4. Hadron production in

the simple parton
cross sections which are proportional to crw. The ratio model.

R=0'ha d/olm thex.'efore depends only on the sum of the squares of the parton charges Qi’(17)
R= ¥ Qj+12Q . | M
J=1/2 J=0
The summations run over spin-1/2 and spin-0 partons, respectively. Given a fixed num-
ber of partons having sp(;ciﬁed spin, mass, and charge, R is a constant, and hadron pro-
duction is said to exhibit scaling. Whenever a threshold for the production of higher mass
constituents is reached there should be an upward step in R proportional to Q12 for the new
parton. The value of R in any given energy range will provide information about the
number aqd the properties of the partons. Up to now, the existence of partons is purely

hypothetical, but like the ether in the 19th century, seemed to be necessary to explain the
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propagation of light, partons explain a great deal of high energy data. The ether was

never found and nobody needs it anymore, so maybe someday we shall do without partons.
In this particular aspect partons are associated with quarks; their properties are

listed in Table II. In the conventional Gell—Mann/Zweig(ls) spin~1/2 quark model there

are only 3 different flavors, u, d, s, and one obtains according to Eq. (1),

Ruds = (2/3)2 + (1/3)2 + (1/3)2 =2/3

Table II. Quarks and their quantum numbers in SU

4

Quark I, Q B S o] Y
u(p) +1/2 +2/3 1/3 0 0 +1/3
d(n) -1/2 -1/3 1/3 0 0 +1/3
s(\) 0 -1/3 1/3 -1 0 -2/3
c(p") 0 +2/3 1/3 0 +1 -2/3

, Q, B, Y, S, and C stand for the third component
of isotopic spin, charge, baryon number, hypercharge,
strangeness and charm. Y and S are connected by
Y=S5+B-C and the Gell-Mann/Nishijima formula reads
Q=L,+1/2 (B+5+C).
More recently, a three-valued quantum number called color was introduced to cor-

rect the spin-statistics for three-quark baryons. The concept of color triples the number

of quarks and

Ruds, color 2
The first suggestions of a fourth quark with an additional flavor, called charm, were
based on an elegant 1eptorl—quark symmetry. Later, their existence was shown to be
necessary within the framework of a gauge theory of weak currents. (19) The charm quark
with Q=2/3 helps to increase R to
=10/3

R gsc = 10/9 or

Rudsc, color
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2. Experimental Results

+ -
The very first measurements of hadron production in e e annihilation at the

)

laboratories of Frascati, (21) Orsay(zz) and Navosibirsk(z3 indicated that the cross

sections were relatively large, i.e., comparable to yu-pair production. In Fig. 5

T I I I ]

A ACO 0 Adone KT
A VEPP-2 x Adone BCF
10 | ¥ Adone Boson m CEA -1
O Adone yy
8 i
6 - —
"R

] g

0 I 2 3 4 5 - 6
W ( GeV ) 2898C4a

ab +Jf+ |
e

Fig. 5. Early results on R versus c.m. energy.(zl)

measurements of the variable R, the ratio of the total hadronic cross section a4 to the
p-pair cross section 0'““, are presented for data available at the 1973 Conference at Bonn.

(24) were, at first, met with considerable

The two high energy points of the CEA group
skepticism, and it took another year until the SLAC-LBL collaboration at SPEAR con-
firmed the observation that R is significantly higher above Ec.m. =4 GeV. The large
solid angle and good stati;stical accuracy of this most recent experiment have substantially
reduced the experimental uncertainties. In the following, we shall discuss these measure-
ments in some detail. (26,25) |

The total cross section for hadron production Opaq 18 obtained as the sum of all de-

tected hadronic events divided by the time-integrated luminosity f Ldt (Bhabha scatter-

ing observed in the detector is used for normalization) and corrected for the average
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detection efficiency,

> M,

~ i
1
Thad = 2
Pad 2 frat
—Mi denotes the number of observed events with i charged tracks, and is related to the
number of events produced Nj with j charged prongs by
M, = ? &N, .+ . (3)

where eij is the efficiency for detecting an event with i prongs when it was produced with

j charged particles. The €ij are usually computed by Monte Carlo techniques. Known
properties of the detector such as solid angle, trigger biases, cuts in the data analysis,
and a plausible model of the final states are necessary ingredients to the simulation. The
parameters of the model are adjusted to obtain agreement with the observed charged
multiplicity and the observed angular and momentum distributions. Knowing the coeffi-
cients éij’ Eq. (3) can be inverted by a maximum likelihood method to obtain the produced

multiplicity distribution Nj' The average detection efficiency € is then evaluated as

0.8 7 T T T T T E = ZM]._/Z Nj . (4)
L 4 i J
0.6 .

z L | The above procedure makes optimum use of
04 - 7| the experimental data, thus minimizing the
0.2 - model dependence. ¢ as a function of c.m.

0 Ll I 1 1 l energy is given in Fig. 6. The curve repre-
0 2 3 4 5 6 7 8

Eem Gevy sents a smooth fit to the results obtained

Fig. 6. Average detection efficiency for  from the unfold. ¢ varies from 40% at 2.5
multihadronic final states vs.

c.m. energy. Thepoints arede- GeV to 65% near 7 GeV.~
termined by the "unfold" proce- '

dure, the curve is an analytic fit The complete measurement of the had-
to the points. (25

» ronic cross section Ghad over the whole c¢.m.
energy range of the SPEAR machine from 2.4 GeV to 7.8 GeV as first presented at the

1976 Lepton-Photon Symposium(25)

is shown in Fig. 7. The data have been corrected for
background from beam-gas interactions (<5%) and contamination from two photon pro-

cesses (<2%). Radiative corrections have been applied to remove the tails of the narrow
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¥ resonances. The errors include statistical errors and systematic point-to-point errors
(8-10%). There is an overall uncertainty of +10% in the normalization and there could be
an additional variation of up to 10% from the lowest to the highest energy due to incorrect -
modeling in the Monte Carlo.

. The gnergy dependence of the hadron production rate is more clearly displayed in the

variable R, the ratio of hadron to pu-pair production cross section (Fig. 8). Below 3.5 GeV,

40 —= ' T T ‘ ] I

30

(nb)

20 —

or
T
———
e
g
—_——
——
—
——
— ——
———

Eem (GeV)

2730C28

Fig. 7. Total hadronic cross section versus c.m. energy. (25)

33

S I f T I

, | W1M”i'“H“'+l‘ﬂl””++*ulw i
Al : | ]

Ecm  (GeV)

2780C7

Fig. 8. The ratio of the hadronic to p-pair production cross sections
versus c.m. energy.

- 15 -



e ‘ | T T R is approximately constant with a value

[8s . around 2.5. Above 5 GeV, R is approximately -
constant with a value about twice that of the
or - | lower energy region. Inbetween, around
5 - % |+ A 4 GeV, there is a rather complex structure
k % + % % +ﬂ . which we are only beginning tQ resolve.
ar ﬂ) ﬂ + } # During the last year a considerable effort
" L {‘ ﬁ ] was made to obtain a more detailed ﬁicture of
this transition region (Fig. 9). What at first
2r T looked like a broad enhancement at 4.15 GeV,
has now been resolved into a resonance at
T | 4.4 GeV, a broad shoulder near 3.95 GeV, an
0 Lal L | ! extremely sharp rise just above 4.0 GeV and
O 3.8 4.0 4.2 4.4 4.6

Eem  (GeV) possibly several narrow peaks near 4.1 GeV.

zzzzzz

Fig. 9. Rvs. c.m. energy including Though there exist more data now, consider-

24
more recent data. (29 ably more will be required to determine the

details of this threshold region. For a number

of reasons it is very difficult to teil the number of states and obtain the widths and inte-
grated cross sections. First, the shape of the nonresonant background is not known and
there may be intgrference with this background. Secondly, the resonance may strongly
interfere with each other, and thirdly, in the transition region between the.low and high
energy plateaus threshold production of new particles may badly distort the Breit-Wigner
shapes. The 4.1 region is most likely not a single state; the peak at 4.4 GeV can be well
fit to a Breit-Wigner func‘tion. (27) Resonances in e+e— annihilation will be discussed in
Lecture II.

The data are consistent with the parton model if new degrees of freedom, such as
heavier quarks, are being excited in the 4 GeV region. Above 5 GeV the experimental

value of R is roughly 5 compared to the prediction of 3-1/3 by a four quark (u,d, s, c)

- 16 -~



model including color. Thus almost 2 units of R are unaccounted for. In the lower
energy region the value of R is approximately 2.5 and compatible with quark model pre-
dictions of R=2 for 9 quarks with 3 "flavors" and 3 "colors'. But even if we take these
data at face value and assume that the prediction of this conventional quark set is uni-
formly too low by 20%, then we would get a value of R=4. 2 above threshold for charmed
particles and have still one unit of R unexplained. In the parton model this means that
additional fermions, either quarks or leptons, must be present above 4 GeV, leading to
AR ~ 1-2, |

A present, two possibilities are being discussed. (1) An additional unit of R could be
added for any heavy lepton that would contribute to the multiprong events. The anomalous

(28)

eu-events mayberesponsible for such an increase in R, if their parent particles are
leptons. (2) Additional quarks could be excited in the ¢.m. energy range between 4 GeV
and 5.5 GeV causing several small increases in R. The present data are not accurate

enough to exclude any of these hypotheses.

III. Mean Charged Multiplicity and Energy

The mean charged multiplicity

<u > of the hadronic final state is
obtained from the observed multi-
plicity as a by-product of the g ++
Monte Carlo analysis that was used 4 ++++.1&

to determine €. The data from

{Nch)
o
]
————
PN
=
|

experiments at ADONE, (21)
+ Adone yy-2

CEA, (24) 214 sPEAR® are pre- 2 - © Adone prr -
a Adone yy
sented in Fig. 10. The energy = CEA
dependence is consistent with the i * SPEAR SLAC/LBL 7
logarithmic rise of the form o N i Loy ]
| 2 3 5 10 20
@ > = a+b In(s) Ecm  (GeV) -

h =1. =0. i
where a=1.93 and b=0.75 and s is Fig. 10. Mean charged multiplicity <n,,> vs. c.m.

the square of the c.m. energy in energy. Data from ADONE,(ZI) CEA,(24)

| (25)
units of GeV2. A similar and SPEAR.
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parametrization fits multiplicity growth in hadron-hadron interactions. (29) There is
very little evidence for any break in the distribution around 4 GeV, although the errors

are rather large.

The mean fraction of the c.m. energy carried I T I
- 0_6 b OWO —_
by charged particles in the hadronic final state is 00 &329’8@
N\ - 6%5%630&25%0‘
shown in Fig. 11. Pion masses have been &
W04 - -
assigned to all tracks. The data have been cor- - &
» L‘JU
rected for losses of charged particles due to oo b |
acceptance and trigger biases. The charged ener- L 4
gy fraction decreases from 60% to 50% over the o J A S I R S E—
2 3 4 5 6 7 8
measured energy range. The fact that it is 60% Eem. GeV) e

rather than 2/3 at the lowest energy is probably
Fig. 11. Ratio of energy carried

a consequence of the production of kaons, nucle~ by charged particles to
total energy. All parti-

ons, etas, etc. in addition to pions, though the cles are assumed to be
pions. (25)

difference is somewhat bigger than expected. It

is, however, not understood why the fraction of energy appearing in charged particles
should fall with c.m. energy. Decays of heavy leptons should not influence this distribu-
tion appreciably, since they are expected to contribute primarily two charged prongs; and
only three or more prong events were considered in this analysis.

IV. Inclusive Momentum Spectra

The inclusive process
ete” —~h+ anything | (1)
where h is any hadron, can be related to deep inelastic electron scattering
e p—e +anything : v (2)
by crossing as illustratedzin Fig. 12. In the approximation that the annihilation proceeds
via one-photoh exchange the most general form for reaction (2) can be written as

2 2

do 2 . 2
5 =%§ [Wl(x, s) {1+ cos e} + W, (x,5) sin e] 3)
where
X=2p0/s =28, /R B =Py/Ey
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and 6 is the angle between the outgoing hadron

hadron h
other Y
and the incident positron, q is the four-momen- e~ hid\"ms hadrons,
tum of the photon, and Py and Eh are respec- Yvirtyal
Yvirtual

tively the gppomentum and the energy of the

e nucleon n et e~
detected hadron, g is the velocity of the hadron. (a) (b)  arssae

| Such a decomposition is conyement because all Fig. 12. (a) Diagram for e~p—e™+any-

thing by exchange of a space-
li_ll_ce photon. (b) Diagram for

eTe” —hadrons + anything by
1’ To understand the single time-like photon
annihilation.

possible information is contained in the struc-
ture functions WO and W
meaning of this parametrization let us recall
the basic properties of the annihilation process at high energies.

For a storage ring experiment the kinematics are very simple if one neglects radia-
tive losses. Electrons and positrons have equal, but opposite momenta, so the laboratory
and the center-of-mass system coincide. The mass of the time-like photon Js equals the
total energy Ec. m. Since a fermion-antifermion pair have opposite intrinsic parity, the
e+e- pair must be in an angular momentum state £=0 or £=2, and therefore be in a triplet

state with aligned spins <ZS+ le = 3S ) to form a virtual photon with the quantum numbers

1
JPC: 17", In the ultra-relativistic limit, me/EO -0, electron and positron spins are
aligned with the momentum either in the same or the opposite direction, and an electron

of a given helicity will only couple to a positron of opposite helicity. Consequently,

the electromagnetic curreﬁt is completely confined to the plane perpendicular to the beam
line, i.e., it has no component parallel to the beam.
With this in mind, we can write the inclusive angular distribution for a particle h in

reaction (1) as
do 1 2
Ly ()] z = cos 6 €
& "~ & Aty )
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here d;\I# are the helicity functions, A and g the helicities of the initial and final states,

respectively, and A, some complex amplitudes. Using the properties of the diu and the

A
fact that the photon couples only to helicity £1, Eq. (4) can be reduced to

do 2 2 ) 1 2 2 .1 2
’d?N(A11+A_1-1 1y, @)I7 + Aggldy @)l

2 2 1 .2
+ (Al_l + A_n) ar ,@1%

Parity conservation implies that terms linear in cos 6 must vanish, and one obtains

do

1.2
dcosd Wl{'du'

1 2 1l 2
*ldg ! }‘LW()'dlol

~W1{1 + cos? e} + W, sin® 9

where the real functions W1 and WO represent the probability that the final state has net
helicity one and zero, respectively, along the direction of momentum. Let us consider as
an example two different two-body final states: The production of p-pairs proceeds (in
the limit mu/E—»O) entirely with the spin aligned with the muon momentum, i.e., W0=O

and only W. contributes to the cross section

1

do

2
UL o 2
Joosg - s (1tcos 0

For the production of two spin-0 particles like pions or kaons, the component of angular
momentum along the direction of motion is zero, hence W1=O. The unknown charge
structure is contained in the form factor F(s) and the cross section becomes

do 2
™ _ T

dcos §  4s

|F1r(s)|2 sin?

The decomposition of the differential cross section into two structure functions is com-
pletely analogous to deep inelastic scattering, where we replace s by'—q2 in the definition
of X, and h corresponds to the target proton rather than an outgoing particle. The major
result of experiments on deep inelastic scattering was the observation that for large q2
the structure functions merely depend on x rather than x and s. This is the manifestation
of scaling as suggested by Bjorken. (3.0) The similarity between deep inelastic electron
scattering and e'e” annihilation is very appealing, though the structure functions for

space-like and time-like photons are not necessarily simply related. If at sufficiently
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high energy W _ and Wl become functions of only one dimensionless quantity x, the cross

0
section do/dx will decrease like 1/s with energy; the ratio R will be constant (Eq. (3)).

Single particle inclusive momentum distributions have been studied at SPEAR for

large samples of multihadron final states recorded at different ¢. m. energies. The data

are presented in terms of the scaling variable x defined as

x = 2p/E_ ©)

.m,
This particular definition was chosen because the momentum p of a particle, not its

energy is measured. The results are presented for the quantity sdo/dx (we use s=E(2:

)

m.

which is expected to scale at high energies. The integral for this function can be written

as

do , _
s a;dx—<nch> 8:01.4 6)

So the area under sdo/dx must increase with s, because both the mean charged multiplicity

and 8.0y .4 increase.
T T T I
The data are presented in Fig. 13. The errors . _C;‘FQJDD Eerm 7.4 Gev
iven are purely statistical, systematic errors B ] 3
g puresy y :f% Eem.=4.8 GeV ]
could be as large as 20% for the highest and the S % y
lowest values of x varying smoothly with x. The E i 6900 %@25 _ |
‘ ~ & %%%nc.m 23,0 GeV
spectra for all three energies rise sharply at small 3 $ S
(- (02 ]
EQ ]
values of x, peak below x=0.2, and then fall with 8l C ¢8<> ]
. @ I 8 ]
increasing x. The areas under the curve grow sig- - 8 § =
- 9
nificantly with Ec m. 28 expected from Eq. (6), but - § é i
almost all of the increase is in the low x region. ol [ | L
"0 02 04 06 08 10
Above x=0.5 the spectra are equal within the experi- x220/Ecm. e

mental errors, and thus are consistent with Bjorken
Fig. 13, Test of scaling. sdo/dx
scaling. To study scaling more critically sdo/dx for various c.m. ener-
gies.
is plotted versus EC m for several intervals in x
in Fig, 14, Near x=0.1, i.e., for small B, there is no scaling; above x=0.2, however,
the data for fixed values of x are roughly independent of the c.m. energy for Ec m

greater than 4 GeV. For x>0.4, the data scale to within 20% over the entire energy
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Fig. 14. Test of scaling. sdo/dx vs. c.m. energy for
various regions of x. (23)” Bjorken scaling
implies that sdo/dx is independent of E,, 1,
for fixed values of x.

range. This is rather remarkable considering that the ratio R changes dramatically
around 4 GeV. It suggests that the "'new physics' is confined to relatively small values
of x,

V. Angular Distributions

Let us return to the structure functions W1 and WO’ as they contain all information

obtainable from a single ‘particle inclusive measurement. In principle, W_ and W1 can

0

be separated because of the different angular dependence; W_ goes with 1+cos2 0 and WO

1
goes with sin2 6, where 6 is the angle between particle momentum and the incident posi-
tron. In practice, this is not easy because of the limited coverage of the detector with

lcos 01<0.6. The inclusive polar angle distributions for multiprong events as observed

by the magnetic detector is shown in Fig. 15. The tracks are quite uniformly
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distributedfOrEcm=4.8G€V;at7.4GeV 800 T TTTTT T T T T
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2 ’ MRL SUPL YT
a cos“ @ term while the low x prongs do not. 400 - IR *
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Fortunately, there is another means of ® 200 |- mem x>0.3 r x>0.3
. - 4 olLLlitiybiierly el teevaty
3 i Qo
studying W1 and WO’ namely through polari © ‘
Z 2000 @ ITTITTITITI T T T T T T T T T
. - o
zation of the beams. In high energy storage ."..."..".. RSSO LY
i . L |
rings electrons and positrons will become ¢
1000 |- - F =
polarized due to the emission of synchrotron Eem, =7.4 GeV Eem= 4.8 GeV
O.l<x<0,2 O.l<x<Q.2
radiation. A complete discussion of this ,
oLLliietlererd pdgr ety

-0.5 0 05 -05 O 05

henomenon, far ond th ope o
P enon, beyon e scope of these cos 6 cos8  ima

. . . 31

lectures, was first given by Ba1er;( ) a Fig. 15. Angular distributions in cos §
for final state hadrons in >3-
prong events for two intervals
of x at different c.m. ener-

gies. (25)

more pedagogical treatment can be found in a
recent review by Jackson. (32) In the absence
of depolarizing effects, the polarization of
each beam builds up in time according to

P(t) = Py(1-e"") ' M

where PO is the maximum polarization, theoretically P0=0. 925, The characteristic time

r depends on the radius and magnetic bending field of the storage ring. For SPEAR r

(in minutes) is given by

5
7.4
r=15 [E ] . (2)

c.m.

The positrons (electrons) are polarized parallel (antiparallel) to the magnetic guide field.
At low energies, P can be neglected, but at high energies r is short compared to

typical storage times, and polarization effects become important.

To calculate the inclusive angular distribution for polarized beams lets use an elegant,
"abor saving trick for theorists'. (33) This trick is based on the insight that given the
one-photon approximation the cross section for any specific final state for completely
polarized beams can be obtained from measurements with unpolarized incident beams.
Thus, there is no new information obtainable. The algorithm is as follows: Suppose one
knows the analytic form for a cross section af(z) for unpolarized beams along the z-axis.
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Then the cross section for the final state f for beams polarized along the y-axis may be

calculated according to
95(z, 1) = 04(2,0) + 04, 0) = 9y(y,0) - (3)

The first argument specifies the direction of the beam, the second indicates the

polarization. The result for an arbitrary polarization P for each beam is easily derived

oplz,P) = 02, 0+ PP ok, 0) -0, 0 . @

If we apply to Eq. (IV.3) the prescription given in (4), we obtain for the inclusive cross

section
o o 2 2 . 2
=do - -Z-éé [(W1+W0) + (Wl-WO) {COS 8+ P sin” 6 cos 2¢}] (5)

Thus, by measuring the azimuthal distribution and the beam polarization P, one can deter~
mine the coefficient of the cos2 6 term,
Wl-W0

Q = mm———
W1+W0

-l<a<+1

Going back to the two extreme examples mentioned before we get with a=1
do

B~ 14 {cos2 o + P sin® 0 cos 2qb}

and with a=-1

do
T

dQ

~ sin2 ] {1-P2 cos 2¢>}

-Thus, in p-pair production we expect a maximum at ¢=7r/2 and a minimum at ¢=0 and .
For the spin-0 case exactly the opposite is true, namely the ¢ distribution is maximum at
¢=0 and 7, but minimum at ¢=n/2. All other possibilities are intermediate between the
two extremes. For example, when WO=W1 and therefore a=0, the angular distribution is
isotropic.

The inclusive azimuthal distribution for particles with x>0.3 and |cos § < 0.6] are
given in Fig. 16 for two different c.m. energies. At 7.4 GeV the data show evidence for
a strong cos 2¢ term, at 6.2 GeV the azimuthal distribution is completely flat. At this

e . . . . 34
energy no polarization is expected due to a spin precession resonance of the machine. (34)
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Fig. 16. Azimuthal distribution of « o XTeR/Eem
hadrons with x> 0.3 and
lcos §1<0.6. ¢=0 is the Fig. 17. Parameter o vs. xat 7.4 GeV.
horizontal plane. (25) The shaded area represents the

prediction of the jet model. (34)

The inclusive angular distribution in ¢ and ¢ at 7.5 GeV have ‘been fitted to the func-
tion given by Eq. (6) to determine the structure functions W0 and Wl‘ The average value
of P2 is obtained from the p-pair data that had been recorded simultaneously,

P2=O. 46+0.05. The values of a as a function of x are given in Fig. 17. Particles with
low x are produced isotropically, a=0, while hadrons of large x are produced predomi-
nantly in a helicity 1 stéte, a=1, i.e., through a transverse coupling to the virtual photon.
This transverse coupling displayed by hadrons is characteristic of the production of pairs
of spin 1/2 particles and is expected in the spin 1/2 parton model where hadrons are
produced via a parton-antiparton state.

VI. Jet Structure

With the mean charged multiplicity increasing slowly with the c. m. energy, like In(s),
and with momentum distributions scaling for large x, hadrons produced in e+e— annihila-
tion seem to resemble hadrons produced in hadron-hadron interactions. This suggests
that like in conventional hadron physics the inclusive cross section may be factorizable

into a scaling part for the longitudinal momenta and part limiting the transverse momenta.
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In contrast to hadron-hadron collisions where the principle axis is given by the beam
particles, e+e_ annihilation proceeds via an intermediate photon and the "jet" axis cannot
be along the beam direction but must follow an angular distribution of the form given by
Eq. (5), Section V.

‘Jet structure in hadron final states is one of the important predictions of the parton
model. (16) An intuitive picture of hadron pfoduction by partons was given in Fig. 4. A
pair of partons is produced and subsequently emits hadrons. At sufficiently higfx energies
a jet-like structure arises due to limited transverse momenta of the hadrons relative to
the parton direction of motion. |

Experimentally the jet axis is defined as the direction that minimizes the sum of the
squares of the transverse momenta. The procedure for finding jets was developed by
G. Hanson(34) following a suggestion by Bjorken and Brodsky. (35) For each event, a
parametef called sphericity S is computed as a meésure of the jet-like character. It is

defined as

S = — 0<S<1 ,

where the summations run over all measured charged particles in the event, p; is the
particle momentum, p_Li the momentum perpendicular to the jet axis. Sis small for jet-
like events and approaches 1 for events with isotropic particle distributions. Sphericity
distributions for data taken at different c.m. energies are given in Fig. 18.

Since the SLAC-LBL detector has a limited solid angle and neutral particles are not
detected, the experimentally determined jet axis is usually not correct and Monte Carlo
simulations are needed to interpret the experimental results. Two models are used for
this analysis, (a) a Lorentz invariant phase space model and (b) 2 jet model in which the
transverse momenta are limited by a matrix element of the form
2 ) ;pii/ 2°

M "=e
Here b=315 MeV/c is a free parameter, that is chosen to reproduce the mean transverse

momentum relative to the jet axis. In both models only charged and neutral pions are
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02 04 06 08
SPHERICITY

Sphericity distributions for >
3-prong hadronic final states.
The solid curves are the pre-~
dictions of the jet model, the
dashed lines give the phase-
space predictions. In (d) only
events with no high momentum
particle (x>0.4) were included

Ref. (34)).

produced. Calculations including n's, kaons
and nucleons give basically the same result.
Free parameters of the model like the aver-
age multiplicity and the ratio of charged to

neutral pions have been adjusted to best fit

" the observed properties of the final state.

The observed sphericit;t distributions
are compared with the model calculations in
Fig. 18. At 3 GeV both models agree with
the data because the limit on the transverse
momentum distributions has little effect. At
the higher energies the phase space model
reproduces the data very poorly, while the
jet model gives good agreement. Likewise,
the inclusive x distribution of 7.4 GeV does
not agree with the predictions of the phase-~
space model as demonstrated in Fig. 19.

The question arises whether the existence of
high momentum particles is sufficient to pro-
duce a jet-like effect. To answer this ques-
tion the sphericity distribution has been
evaluated for events in which none of the
observed particles has x<0.4. Again, the
phase-space model fails to describe the data,
while the jet model agrees reasonably well
(Fig. 18d).

The difference between the two models is
clearly marked in Fig. 20, where the average

observed sphericity is shown as a function of

the c.m. energy. Below 4 GeV both models
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Fig. 19. Comparison of the observed longitudinal and transverse
momentum distributions with the predictions of model
calculations at 7.4 GeV.
— T T are consistent with the data, at higher ener-
e Data
—— Monte Carlo, Jet Model, gies the phase-space model predicts that the
Fitted to Observed (p ) .
| --—- Monte Carlo, Phase Space | mean S should increase, whereas the jet
0.38 ///_~ - model predicts that it should decrease, in
//
> /' agreement with the data.
g 0.36 [~ /// -1
x i + / Supporting evidence for a nonisotropic
I 4 b
I
& 0.34 | * ¢ - emission of hadrons is obtained from angular
=
g i 1 correlations between any pair of particles in
S 0.32 .
W ¢ an event. The distributions peak more
z L 4
§ 0.30 _ strongly in forward and backward direction
o -
- . 1 than expected by phase space. An alternative
O’Zg _ ULl L explanation for the appearance of jet-like
4
02 3 > 6 7 8 910 structure could be the production of two heavy
Ec.m. (Gev ) 2945820
» ‘ particles which subsequently decay. No sup-
Fig. 20. Comparison of the observed

mean sphericity as a function
of ¢c.m. energy with jet model
(solid line) and the invariant
phase—s‘face model (broken
line). (34)

port for this hypothesis has been found.
Figure 21 shows the observed jet masses,

where the jet mass is defined as the effective
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mass of all particles on either side of a plane perpendicular to the reconstructed axis.
Most jet masses are less than 2 GeV/cz, we observe a small K: peak and a shoulder at
the po mass above a smooth continuum. f and A mesons are not evident.

The angular distribution of the jet axis at 7.4 GeV shows the same azimuthal asym-
Ihetry as the inclusive hadron (Fig. 22) and the p-pair data. (Since the jet axis is a
symmetry axis, the angles ¢+ 180° are equivalent to ¢.) The measured beam polariza-
tion P2 and the observed ¢ distribution can be used to determine. the coef.ﬁcient a for the
jet axis, a=0.97+0.14. The quoted error is purely statistical, systematic errors due to
inadequacy in the model calculations are difficult to evaluate. In terms of W1 and WO this
value of a corresponds to WO/W1=0. 02+0.07. Hadrons produced in jets with this angular
distribution would display momentum dependent values of a as shown by the shaded area

in Fig. 17. This prediction of the jet model is in excellent agreement with the observed

6000 —— angular distribution of hadrons as discussed
(a)
= A‘ 4
| U I Jets i above. The change from isotropic particle
5600 4
] I production (a=0) at low x to muon-like dis-
800 - -
tributions at high x is well reproduced.
400 = . : S
L A ] I l
¢ 400 —
S o I Ecm =62 GV  (a)
© () ke ¢
0 s 2-Prong, Charge=0 Jets 1 300 4¢ ¢ ¢ M
g' 600 : _ : ##H#é#### ¢ ¢¢§+
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the reconstructed jet axis
Fig. 21, Effective mass of jets as > 3-prong events for
observed at 7.4 GeV for (@) 6.2 GeV and (b) 31.4
different multip]icity.(34) GeV c.m. energy. (34)
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The angular distribution for the jet axis is very similar to the p-pair distribution

with a=1.

Thus, jets are produced with helicity +1 along their axis, and this strongly

implies that if partons are responsible for jets, then the parton spin is 1/2,

VI. Summary of General Features of Hadron Production

-

Hadron production by eTe™ annihilation has developed into an extremely rich and

interesting field. These two lectures have centered on results from the SLAC-LBL

experiment at SPEAR;

1,

Aside from the very narrow resonances (3095) and ¢(3684) the variable R,
the ratio of hadron to u-pair production, is approximately constant ata
value of 2.5 below 3.5 GeV, and at a value of 5 above 5 GeV. A complicated
transition region connects these two scaling regions.

The mean charged particle multiplicity increases slowly (~In s) with energy,
the mean fraction of ¢.m. energy appearing in charged hadrons decreases as
the c.m. energy increases.

Within the experimental errors of +20% single particle inclusive spectra
exhibit Bjorken scaling for x>0.4 over the energy range from 3.0 GeV to
7.4 GeV,

The inclusive angular distributions of hadrons at 7.4 GeV vary from isotropic
for small x to nearly 1+ 0032 ¢ for particles with large x.

There is jet-like structure in multihadronic final states, the transverse
momentum distribution of hadrons relative to the jet axis is approximately
constant for all energies. The angular distribution of the jet axis is of the

form 1+ 0052 g, thus jets couple to the virtual photon similar to u pairs.

In summary, qualitative features of hadron production by e+e- annihilation are well

described by the parton model. The constant value of R, scaling of inclusive momentum

spectra, and jets are a direct consequence of the parton picture. The angular distribu-

tions are strong evidence for a value of 1/2 for the spin of the partons.
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LECTURES II, IV. THE y SPECTROSCOPY

The discovery of two extremely narrow resonances, ¥(3095) and ¥(3684), at BNL and
SLAC, in early November 1974 has recently been referred to as the "November Revolu-
t@on" in particle physics. This may be somewhat exaggerated, nevertheless, since then
our view o; particle constituents in genefal, and hadron production by ete” annihilation,
in particular, has changed dramatically. The experimental evidence was unmistakable
from the very first day. By now a large number of éxperiments has verified the existence
of these particles and is searching for other particles that may be related to them. The
following two lectures will summarize the present experimental status of the "y~
spectroscopy'.

I. Total and Leptonic Width of the #(3095) and y(3684)

Extensive measurements of the cross sections for the production of hadrons, p-pairs,
and e-pairs have been made as a function of the c.m. energy near both y resonances.

The SPEAR data are presented in Figs. 23

T T T i T T T T T T

1.

" and 24. 3837 contrary to the hadron data = ete"— hadrons e
the lepton data are not corrected for the loss 1000 ; “ ;
of events with |cos 61>0.6, where ¢ is the < F %
angle between the outgoing positive lepton and ° 100 3 3
the incident positron. This was done because E E
the angular distribution for lepton pairs and 10 ete —ptu  lcos 8l < 0.6 i
thereby their detection efficiencies are sen- 0 § (o) §
sitive to the spin-parity assignment, whereas % o i i
the acceptance for multihadron events is E P E
largely independent of thig assignment. The | ]

+e~—ete” < n
relatively large nonresonant cross section TZZ I jcos 81206 ()
for the e e~ final states arises from t- % é 'y M \#i % jg
channel scattering which is of course absent 20 :| L T N j
for the u+u- final state. .It is this nonreso- 3050 3'098\,5:('3'3 OEcm&II?GeV)&lZO 3"?

nant small angle (25 mrad) elastic ete” scat-
Fig. 23. Cross sections in the region of
tering that is used to monitor the luminosity the y(3095) resonance.
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1000 ¢+ = R TR of the machine and normalize the count-
[' ¢*¢—hadrons fa) =
- ’ : ing rates. The most striking feature of
L -
= r the data is the copious production of
<
©® 100

hadrons, the sizable lepton pair produc-

T AT

tion at the (3095), and the widths of the

dtotn bl

distributions, which are fully compatible

with the resolution of thé storage ring.

SO IR S S

i This means that the measured cross
3 |
[y =
® [ section is a convolution of the Breit-
|
; Wigner resonance with the energy spec-
| o + -
0 ) : 1 — trum of the incident e e beams. The
60 - €€ —e'E lcos8]< 06 (c) ﬂ]
- . ‘effect of this convolution is a redistri-
2 40 __L_____*_L-N_‘,”
= L ¢ bution of events, i.e., a change in the
20 - ' .
. ] shape of the cross section leaving the
0 1 L t ) 1 \ |
3670 3680 3690 integral unchanged.
ENERGY E.n (GeV) - )
i S In order to determine the exact
Fig. 24. Cross sections in the region of the mass m, and Te, I‘u, Fhad’ the partial

Y(3684) resonance.
width to electrons, muons, and hadrons,

respectively, the three data sets for each resonance are fitted simultaneously. The
total width is defined as T =I‘e+ F#+ Fhad’ thus assuming no unobserved decay modes.
Assuming further that the y's have Breit-Wigner shape, then for any decay mode f the
cross section o, for the reaction ete” p — f may be written as follows:

f

_ @Y Tl

c.m. E2 (m-E )2+1‘2/4 ’
c.m, c.m.

Te(E (1)

Here, J is the spin and T is the total width of the resonance, T’ £ is the partial decay width
to the state f and Ec.m. is the ¢.m. energy. This formula is simply a consequence of
unitarity and time-reversal invariance. Since the experimental resolution is large com-
pared to ', the experiment is sensitive to the integral

2 7r2 1-‘e]’-‘f

Ef = fof(Ec.m.)dEc.m. = ;2— (2J+1) T - (2)
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From this we can see intuitively that I‘e and the branching ratios into hadrons, muons,
and electrons can be determined simply by comparing the integrated cross sections for
the three channels. The sum of the three directly determines I‘e,

2 2

m m

F =c— fa (E }ydE = —

e 2ﬂ2(2J+1) tot* c.m. c.m. 21r2(2J+1) tot
and

[o &, _ yaE_ _ T

T=r tot' c.m. c.m. _ r EtOt (3)

© /0' (E ) dE € “e ’
e c.m, c.m.

Obviously, to obtain these integrals one must subtract the nonresonant backgrounds.

In practicé, the integrals are evaluated by a simultaneous fit to the three distribu-
tions for each resonance, treating m, I‘e, I‘“, Phad’ the nonresonant hadron cross sec-
tion, the energy spread of the machine and an overall luminosity calibration constant as
free parameters. The QED cross sections are well-known and fixed. Because of the
small branching ratio to leptons, pe-universality has been used in the §(3684) analysis,
i.e., I‘u =I‘e. The fit assumes (and this will be justified later) that the resonance like
the photon is a 3 Co17" state. Consequently it must take into account the interference
between the Breit-Wigner and the nonresonant amplitude. For the lepton channels this is
well understood (and will be discussed below), for the hadron channels, the situation is
not clear, some channels couple to the y directly, some only via an intermediate photon.
Fortunately the final answer is rather insensitive to such interference effects in the
hadron channels.

The theoretical cross sections are folded over the energy distribution of the colliding
beams which itself is treated as an analytic fold of a Gaussian resolution function and
radiative energy losses in the initial state. Radiative effects like veftex corrections and
vacuum polarization as well as final state radiation are included. (38) Point-to-point
errors typically include a 2% systematic uncertainty and take into account a +50 keV error
in the setting of the c.m. energy. The results of the fits are given in Table III. Thé
errors on the decay widths are dominated by a 15% overall uncertainty in the hadron detec-

tion efficiency. Measurements from DESY(39) and Frascati (40) are in remarkably good

._.33_



Table III. Properties of the y-particles as obtained from

fit to cross sections o, ., ¢ ,anda_. (36,37
had’ "up ee

$(3095) $(3684)
mass 3.0950.004 GeV 3.684+0.005 GeV
e 1 ' 1
=T, 4.8 £0.6 kev 2.1 0.3 keV
Ty ' 59:+14  keV 224+56  keV'
r 69+15 keV . 228 £56 keV
T /T 0.069:+0.009 0.0093+0.0016
T /T 0.86 +0.02 0.981 +0.003
r,/T, 1.00 =0.05 0.89 +0.16
T /T 0.17 £0.03 0.029 +0.004

agreement with the SLAC results. It is interesting to compare the properties of the
$(3684) relative to those of the ¥(3095). The total width of the y(3684) is roughly a factor
three larger, the leptonic branching ratio is down by a factor of seven. This circum-~
stance makes it relatively hard to detect the §(3684) in processes other than annihilation.
Assuming that there is no direct coupling of the resonances to p-pairs, one can
derive the fraction of the hadronic decays that proceeds via an intermediate photon rather
than directly. To obtain it one has to assume that the ratio of hadron to pu~pair production
via an intermediate photon is the same at the resonance as elsewhere, thus B’YHZBH.
R(off resonance). For the y(3095) with R ~ 2.8 this relation predicts B7H= 0 17+£0.03

compared to a total hadronic branching ratio of B.,=0.86+0.02. For the y(3684) the

H

g-o 029£0.004 compared to BH=O. 981£0.003. Sothe decays to hadrons

via 2nd order electromagnetic interaction are small relative to the direct decays.

numbers are B’Y

m. 35 Assignment of 3(3095) and ¥(3684)

The fact that the ¥y resonances are produced in e"e” annihilation suggests that they
couple directly to photons and thus have the same spin, parity, and charge conjugation,
JFC-1"". The most compelling way to check if the i resonances and the photon share
the same quantum numbers is to search for interference effects in the energy dependence
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of the cross section for p-pair production near the resonance. The u+y' final state is
chosen rather than the e"e” final state which is dominated by the t-channel QED amplitude.
Let A and R represent the QED and the resonance amplitudes for production of u-pairs,

respectively, then we have

+ -
e M
A < 37 >1/2( 2oz>
B ) Y
E
/ c.m.
e M
and
+ -
.8 p
7 qo [@I0r 1/2 Le
/ . EZ m-Ec.m.-—lf/Z
4 U c.m.
If the y's have gFC- 17", these two amplitudes will interfere yielding a cross section of
the form
2
r .
do 97 2 2 e
Joosd ~ oz (IFcos 6) |-za+ Ty —iT/2
8E c.m.

c.m.
The addition of the amplitudes is shown in Fig. 25; there will be destructive interference
below the resonant energy and constructive interference above. Because of the radiative

tail for E > m, it is the region below the reso-~
c.m. Im A

nance which is most useful in this study. The T
3B
maximum interference will occur for |Al= [Rl, Sar
i.e., for !
3T (1 MeV for y(3095) E
e i
m - EC m = So L L . ‘ 1 Re A
< 0.5 MeV for (3684) Aqep ,

This estimate ignores the energy spread of the ma- Fig. 25. Addition of interfering

amplitudes for u-pair
production by QED and
resonant processes.

chine, in practice one will observe an effect as long
as m-E is not large compared to I‘e/oz.
To exhibit the interference effects it is most convenient to study the ratio of ].L+p,— to

+ - . . . . s e e . .
e e yields as a function of c.m. energy. This ratio minimizes normalization problems
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in the data and is most sensitive to the inter- ' ‘ N T

Lot

ference, because the electron amplitudes

T

interfer constructively where the muon Q ol L ,
4 T F 3
Y Z 3

amplitudes are expected to show destructive ° C ]

interference. The data for both resonances 0.0l : : - ‘ -+

3000 3.020 3.095 3.00 305
are presented in Fig. 26 and compared to 1

calculations involving maximum interference,

i.e., a pure gFCo 1 state, and no inter-

2 010 -
b\.
ference, e.g., J=0. The data are fully com- b} 005 1
patible with the prediction of maximum
| { ! L I
interference. The ¥(3095) measurements 3670 3675 3680 3685 3690 3605

ENERGY Egm.  (GeV)
disagree with the hypothesis of no interfer-

Fig. 26. Ratio of p-pair yield to e-pair

ence by 2.7 standard deviations, and the yield vs. c¢.m. energy for the
, y resonances. The dashed
¥(3684) data deviate by 4.90 from the no line gives the expected ratio
for no interference, the solid
interference curve. line gives full interference

(Refs. (36,37)).
The observation of destructive interfer- )

ence in p-pair production provides an unambiguous determination of the quantum numbers
of the y-states only if the detector covers the complete solid angle with uniform efficiency.
The SLAC-LBL solenoid detector subtends a limited angular range,
-0.6 < cos 8 <+0.6 0<yp<2r ,

where 6 and y are polar and azimuthal angles relative to the beam direction. Since the
detector is symmetric in cos 6, the interference term between the two amplitudes can only
be nonzero, if the parities of the i and the photon are equal, i.e., both negative. Like-
wise, the fact that the detector is symmetric with respect to charge implies equal charge
conjugation quantum numbers for the photon and the resonance, namely C=-1.

In order to discriminate against higher spins one has to study the angular dependence
of the interference term in more detail. Again, a decomposition in terms of helicity

J
amplitudes d
p e AU

will prove useful.
fizy=), IA d; (z) + R J (z)i2 z=cos 6
& @ By
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is the complete angular distribution, ANJ and R)\u are the QED and resonance amplitudes
for initial state helicity A and final state helicity p. The photon only couples to helicities

+1, i.e., AM#O only for A, u=+1. Consequently the interference term can be written as

- 1 J
Iz) = 2 Re }é"‘_;l A, 4,0 4@
pu=+1

Using the properties of the d;\I“ functions

J _ 4 J _J J _ J+1l J
d—1-1 - d+1+1 d-1+1 - d+1—1 d-1+1(z) =D d+1+1('z)

and parity conservation one can relate the four helicity amplitudes to a single independent
amplitude. Since the AW\ are real, the interference is determined by the real part of one
independent helicity amplitude times an angular overlap integral that is completely deter-
mined by the value of J and the angular range of the detector;

+z!

L

+z! 1 J

[, 1690 =8a; Re Ry, [Z' a},@) 4] @) dz .
Time reversal invariance, pe universality, unitarity, and causality specify the sign of the
real part of the resonance amplitude. Integrated over the complete solid angle the over-
iap integral vanishes for any J#1. Within the limited acceptance of the detector, ampli-
tudes for spins greater than 3 can only contribute very little to the overlap integral.
Below the resonance J=1 produces a destructive interference, while J=2 and J=3 with both
produce a constructive interference. In conclusion, even with the finite angular accept-
ance of the SLAC-LBL detector, the observation of destructive interference below the
resonance implies that both the ¥(3095) and ¢(3684) resonances share the quantum numbers
of the photon, g Co1

The assumption lthat the resonances are eigenstates of P and C may be tested by
studying the front-back asymmetry in the leptonic decays. The measured asymmetry for
p-pairs versus c.m. energy is shown in Fig. 27. The data are consistent with zero
asymmetry which argues against the resonances being degenerate mixtures of opposite P
and C.

The angular distributions of y-pair and e-pairs confirm the interference test (Fig. 28).

After subtraction of the QED contributions, both angular distributions are consistent with
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Fig. 27. Front-back asymmetry for u-pairs Fig. 28. The angular distributions
VS. c.m. energies near jresonances. for e-pairs and p-pairs at
The errors are statistical only, the center of the (3095)
systematic uncertainties are 1-2%. resonance. The line repre-

sents a fit to 1+ cos2 g. (36)
the f(6) ~ 1+ cos2 6 as expected for a simple 17 state populating only helicity +1, but are
inconsistent with 2~ and 3~ states for the same helicity coupling.

III. Search for Narrow Resonances

The production of hadrons by e+e" annihilation proceeds mainly via a single time-like
photon, i.e., a state with the quantum numbers 7FC=17" and all additive quantum numbers
equal to zero. Cons;equently any particle coupled to the photon with the same quantum
numbers can be observed as an enhancement in the total hadronic cross section if the
c.m. energy équals the mass of the particle. The '"standard" vector mesons p, w, and
¢ with masses up to 1 GeV have been known for some time, and e+e_ annihilation was
believed to have reached asymptopia above 2 GeV. The discovery of the two enormous,

narrow resonances above 3 GeV destroyed this simple picture. It became imperative to

perform a systematic search for other such states.
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Shortly after the discovery of the ¢(3095) several groups of various laboratories
began such searches by measuring the total hadronic cross section in very fine energy
intervals. Scanning procedures were developed whereby the c.m. energy of the machine
could be automatically increased by approximately 2 MeV energy every few minutes,
allo;aving ;01' average of 2-3 hadronic events per step. Since the step size is chosen to be
comparable to the energy spread of the beams, even resonances that are narrow com-
pared to the energy resolution will show as enhancéments over Several bins and the
integrated cross section can be measured.

During the first run of this search at SPEAR, the $(3684) was discovered. (41) Since
then similar fine scans covering a broad energy range have been reported from
Novosibirsk(42) and Frascati. (43) Results of a typical fine mesh scan are presented in

Fig. 29. A summary of upper limits for the existence of a narrow vector meson is given

in Table IV. For most of the energy intervals covered these limits on the integrated

Table IV. Search for narrow resonances in ete™-annihilation. Upper
limits (90% confidence level) for the integrated cross section
and for the leptonic width I'g of a possible narrow resonance

with spin J=1.
g dE T
Storage Ring Mass Range [ had 7 c.m. €

{GeV) (nb MeV) (keV)

Novosibirsk 42 0.78 -1.34 2300 0. 10
ADONE 42 1.910 - 2.20 950 0.17
2.20 - 2.545 660 0.16

2.97 -3.09 830 0.33

speAr 4D 3.2 -3.5 970 0.47
3.5 ~3.68 780 0.44

3.72 -4.0 850 0.55

4.0 -4.4 620 0.47

4.4 -4.9 580 0.54

4.9 -5.65 780 0.95

5.65 - 6.00 90 0.13

6.00 - 6.45 100 0.17

6.45 -6.95 65 0.13

6.95 - 7.45 35 0.07
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Fig. 29. Relative cross section for e’ e~ — hadrons as obtained from the
fine mesh scan at SPEAR. 41 The »(3684) stands out clearly, it
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cross section and the partial width to electrons are more than an order of magnitude
smaller than those for well-known vector mesons.
Recently, the observation of high mass e+e——pairs in high energy p-Be interactions

and possible new resonances at 6.0 GeV and 7.2 GeV were reported. (44) In order to
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8 — investigate these new states in ¢'e -annihilation,
T T T T T T
PRELIMINARY

7 the SPEAR group repeated the scan between

oI Wy + ldr L +’ 5.65 GeV and 7.45 GeV with increased statisti-
T

I

H
L

cal accuracy. No sign of a narrow peak near
6.0 GeV or anywhere else has been found

L (a) (Fig. 30). Quantitatively these measurements

0 1 L L | 1 [ 1
5.6 5.8 6.0 6.2 6.4

" can be translated to a leptonic width of I‘e <170

eV for a narrow state, or to a leptonic branch-

8 T l T T 1

PRELIMINARY 4 - . . -5 .
+ ing ratio of Be—<- 10 = for a resonance wide

. °T ++++4+%++++++§+ ‘%ﬁtﬁ; # ++'T+++ﬁ+ __ enough to be resolved. These limits are rather

4r stringent for vector mesons which typically have
L | leptonic widths of several keV. The y(4414),
2 —
L (b) | however, has I‘e=440 eV, indicating that such
1 ! I | !
06.9 20 70 72 73 7.4 75 small coupling to leptons is not unthinkable. On
Eem.  (GeV) the other hand, the limit of B, < 10~ and the
Fig. 30. Search for narrow high quoted value of (cr-Be) =(5.2%2.0)x 10_36 cm2
mass resonances; R vs.
c.m. energy. per nucleon for the product of the hadronic pro-

duction cross section and the branching ratio to electrons leads to the production cross
section of about 5 x 10"31 cmz. This is more than three times the y production measured
in the same experiment. (45) A rather surprising result!

It is interesting to compare some of the properties of the y particles with those of the
well-known vector mesons. In Table V, in addition to the (3095) and )(3684), the 4.4
GeV enhancement has been listed, although its spin and parity have not been measure‘d.
While the total widths of the vector mesons vary over several orders of magnitude, their
partial widths to electrons agree to within a factor of ten.

In the vector dominance model (Fig. 31a) the photon-meson coupling constants fV are

related to I‘e, the decay rate to e-pairs, by

247
(6] —-2- MV ’ (1)

v

T =
e

Cof bt
|ty
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Table V. Comparison of vector mesons

Particle Mass r Pe (f2>‘1
(GeV) (MeV) (keV) 47
P 0.770 +0.010 150 +10 6.5 +0.5 0.48 +0.04
w 0.7827+0.0006 10 .+ 0.4 0.76+0,17 0.055£0.012
¢ 1.0197+0., 0003 4.2 + 0.2 1.34%0.08 0.074+0,004
$(3095) 3.095 iO..004 ‘0.069:h 0.015 4.8 0.6 0.09 +0.01
$(3684) 3.684 =0.005 0.228+ 0.056 2.1 0.3 0.032+0.005
P(4414) 4.414 +0.007 33 +10 0.44 £0.14 0.006+0.002

where MV is the meson mass. From the observed leptonic widths one finds for the rela-

tive magnitude of the coupling constants

f'z(p):f"z(w):f'2(¢):f'2(¢):f'z(zp') =8.7:1.0:1.4:1.6:0.6

as compared to the SU,, prediction of

3

ezzez:ezze?"'e2 =9:1:2:8:4

pw ¢ YUY
Here e, are the average charges of the quark constituents of the vector mesons. The
relative magnitude is roughly coi'rect for (3095) and (3684), but the coupling of the two
relative to other veétor mesons is at least a factor of four too small.
Alternatively, the rate of decay may be explained in terms of a bound state picture as
illustrated in Fig. 31b. The quark-antiquark state annihilates into a virtual photon. The
decay rate to 1eptons'is given as

2 2
a e

T =167 —= % [3(0)I2 ' )
e M;‘Z,

Here 3(0) is the bound state wave function. The experimental ratio
. . . . >
o) : T : T $) : T : T

= (8.5+1.2):(1.0£0.1):(1.80.2):(6.8+0.6): (2.8£0.4)
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Fig. 31, Decay of a vector meson to
ete~. (a) Vector dominance Fig. 32. Iz,b(O)lz vs. mass for vector
diagram; (b) Bound state mesons. The straight line has
annihilation picture. a slope of 1.89 + 0. 15,

indicates that ]g[)(O)I2 is roughly proportional to M3 This can be verified in Fig. 32,
where lw(O)Iz as obtained from Eq. (2) is plotted versus the mass Mv' The solid line
corresponds to a fit to M™ with n=1.89+0. 15.

IV. Decay Modes of the #(3095)

Detailed analysis of exclusive hadronic final states has been uﬁder way for a long
time and has proven to be a rich field of research, leading to the determination of the
G-parity and the isospin of the §(3095) and to tests of the SU3 character of this state.
Table VI gives a lisf of updated values for various identified decay modes.

1. G-Parity of the ¥(3095)

The all-pion decays are the final states that are most copious and easily identi-
fiable, Using the measured momenta and directions of the charged tracks in the detector
(and the directions of the neutral particles if available) the conservation of energy and
momentum is tested for each event., Clear signals in states of 2, 3,4,5,6,7, and 9 pions

(47, 48, 49) . . . .
have been observed. Thus, there is an apparent violation of G-parity; the
$(3095) decays into both even and odd numbers of pions. However, this violation can be

accounted for by second order electromagnetic effects.
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Table VI, Decay modes of §(3095)t

Mode Fraction (%) Reference Mode Fraction (%) Reference
ete” T 6.9 0.9 36
puT 6.9 £0.9 36
¥y — hadrons 17 +3 362
T 0.01 £0.007 48P o 0.21 +0.09 52
T 1.6 0.6 a7 oKTK™ 0.03 £0.02 52
2 2n” 0.4 0.1 a7? oKTK™ 0.09 £0.04 52
2rt 277 10 0.43 +0.45 47 7 0.07 +0.04 52
37 31 0.4 20.2 47? on' 0.05 0.04 52
37 31 10 2.9 £0.7 47 oft 0.08 +0.05 52
art 4 ° 0.9 0.3 47 P 0.21 £0.13 48,50°
pT 1,1 +0.15 47, 48,49 pnw 0.38 £0.08 50
ot T 0.68 +0.19 52 o 1° 0.10 +0.02 50
Azn* <0.43 48? B 0.19 £0.04 50
K'K” 0.015+0.011 48,52%¢ A 0.41 +0.08 54
KK <0.008 524 P 0.11 +0.04 54
KK rr 0.72 0.23 52 PPw 0.05 0.01 54
2K" 2K~ 0.07 £0.03 52 )
. e AR 0.16 +0.08 50
KK~ or 2 0.31 %0.13 52
KT K™ 0.34 £0.05 48,52 vy <0.3 1t
K°R°* 0.27 +0.06 52 o <0.016 1
KTK™** <0.15 529 - 0.10 0.018 49,54
KORO** <0.20 524 ' 0.24 +0.06 49
K°* RO* <0.05 529 vx(2850) <5 1
K g 0.67 +0.26 52 yx(2850) — 3y 0.015%0. 004 49,54
KO** RO** <0.29, 529 vx(2850) — vpp <0,004 50

(0]

" +The resonance contributions are included in the general mode~i.e., pmis ificluded in 7r+1r'7r . The
branching ratio listed is the sum of the mode and its charge conjugate state. Limits refer to 90%
K(890) =K*, K(1420) =K**,

3yiolates G-parity and proceeds via second order electromagnetic interaction.

confidence level.

b

|F1r(q2= 3.1 GeV2)|2= (5.6 +4.0)x10-3.

Two 7t n~ pairs with an estimated background of 0.24 events were found. The rate implies

Crwo events observed, one at DORIS, one at SPEAR, implies lfl‘((q2= 3.1 GeV2)12= (8.0+5.86)x 10=3,
dForbidden for SU3 singlet state.
eAngular distribution £(8) ~ 1+ 0052 6 assumed, consistent with experimental results.

fForbidd(-zn for spin 1 particle.
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To understand this, it is convenient to consider the diagrams involved in hadron pro-

duction at the ¥(3095) and outside the resonance region,

+ + +
e e e
Y
e e

) | @ 3)

and compare them to the diagrams for pu-pair production

+ - + -
e K e L

@) &)

Graph (1) describes the direct decay of the 3 to hadrons, whereas (2) and (3) show the
production of hadrons via an intermediate photon. The final states in (2) must be the
same as the nonresonant final states in (3). These states need not conserve G-parity and
may be different from states produced by (1). Furthermore, the ratio of hadron to y-pair
production for diagrams (3) and (5), i.e., off resonance, must be the same as for dia-
grams (2) and (4), i.e., on resonance. Thus, if the hadronic decays observed are due to

the second order electromagnetic process (2) only, the following relation holds,

gon o_off
R = had - had -R
on on off off
o o
uy K

To test this hypothesis, the ratio of all-pion cross sections to u—pair'cross sections are
Acompared for data at 3.0 GeV and at the (3095). The ratio of ratios azRon/Roff is
presented in f‘ig. 33 for different pion multiplicities. The production of an even number
of pions is consistent with a=1 as expected for decays proceeding entirely via electro-
magnetic interaction, whereas « >>1 for any odd number of pions. Thus most of the odd

pion states come from direct decays of the (3095). The purity of the G-parity selection
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I=2 state should have the ratios 4:1:1. Thus I=0 is clearly favored.
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Test on G-parity in all-75)ion
decays of the (3095).(47) The
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3.0 GeV (OFF).
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Dalitz plot for the 7t 7 7° de-
cay of the ¢(3095). (47)

is striking and argues that the decay is
hadronic, since strong interaction is the only
one known to conserve G-parity. Conse-
quently, the ¥(3095) must have odd G-parity. N
One can turn the above argument around and

use the fact that the decays to four and six

pions arée consistent with the.second order
electromagnetic decay as evidence that the

¥(3095) couples to leptons only through the

photon rather than directly.

2. Isospin of the ¥(3095)

The fact that the G-parity and
charge conjugation of the y(3095) are odd
implies that the isospin has to be even, since
G=C(—1)I. There are several pieces of evi-
dence indicating that I=0. (1) The analysis
of the 1r+7r_1ro decay, which is mostly a
hadronic decay, reveals that this state is
dominantly produced as p. (47,49) This can
be verified from the Dalitz plot in Fig. 34.
There are three different bands correspond-
ing to p+, p , and p°; the branching ratio into
the three charge modes are roughly equal,

I (%)

T )+ T 1)

= 0.59+0,17

An I=0 state should produce equal rates, 7
T r): I‘(p+7r-): l"‘(p—vr+) = 1:1:1 while an

(2) An even

stronger argument for I=0 is derived from the measurement of the decay ¥(3095) —pp

with a branching ratio of (0.22+0.02)% at SLAC(SO) and DESY. (48) This rate is far
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‘above the electromagnetic rate, and must

1 |
/
- s
V(3098 —=AA +X ;&; . therefore be hadronic. Since a pp state can
’8 ,.O - ® /v p
> . 4 only be in an I=0 or I=1 state, the ¢(3095)
53 ®e /. g b
& '/ / must be I=0. (3) The observation of the de-
= - s _
P * P . cay ¥(3095) —AA directly selects I=0. Tor
Z 0.5 —
L / -
2 s events with identified decays of A and A, the
s / : A
s/ 4 momentum of the A versus the momentum of
/
0 g | | the A is given in Fig. 35. There is a cluster
0 0.5 X6} . .
MOMENTUM P; (GeV/e) of 19+5 events at 1.07 GeV, consistent with
A pai oduction (59)
Fig. 35. Momentum of the A vs. the palr produciion.

momentum of the A for four-
prong events compatible with

3. 8U, Classification of the #(3095)

iy 50
ZP-‘AA"'X-( ) Since the 1(3095) decays like a non-

strange meson with I=0, the question arises whether or not the resonance is an SU_ sing-

3

let, the eighth component of an octet or a mixture of the two, such as the physical w and

¢ states. Information relevant to this classification can be obtained from the study of

branching ratios into various channels, provided that the decay process itself conserves

SU3. An SU3 singlet with odd charge conjugation is forbidden to decay into two mesons

belonging to the same SU3 multiplet, or more generally, to decay into two members of

multiplets whose I,=Y=0 members have the same charge conjugation. 61 Accordingly,

3
SU, symmetry forbids the decay of such singlets into KR, K*K*, K**K** and KK**,
while it allows modes such as KK* and K¥RK**. This is generally not true for other SU,
assignments.,

A detailed study of the decays into two strange mesons seems to support the hypothe-
sis that the (3095) is an SU?J singlet. (52) The results are completely compatible with the
predicted pattern of forbidden and allowed modes, as can be seen from Table VI. The
most stringent limit has been set 611 the branching ratio for ¥(3095) — KLKS'

This Suppression by more

Four events,
possibly background, lead to a 90% confidence limit of 9 x 1072,
than an order of magnitude relative to the allowed decays rates, strongly indicates that

SU3 is operative and that the y(3095) behaves like a singlet.

- L7 -



Further tests of a possible SU3 singlet assignment

40
involve the comparison of branching ratios for observed
)
‘ E 30 decays to different members of the same two multi-
‘ % 20 plets. A pure SU, singlet couples equally to 7T-p+,
25 200, 77, KT+, K°R*, Kk*', R°k*°, and
[<X] .
& 10 equally to pp and AA. Zero isospin for the 3(3095) re-

quires equality for the three different charge states of

the mp mode and for the four KK* modes; this is in

?\9: 30 - P (b) agreement with the data. Experimentally, one meas-
g " ures T'(pp)/T(AR) = 1.8£0.7 and T(x p )/T (K K*') =
S ' 1.9+0.7 compared to the phase space corrected pre-
% 10 - - dictions of 1.5 and 1.2 by the SU, singlet hypothesis.
o L Results from DASP®) on the m p~ and K*K*~ branch-

0.8 l.e 1.6

ing ratios have been obtained by a very different
MX (GGV/C) 300049

technique illustrated in Fig. 36 and agree well with the

Fig. 36. Measurement of two-

body decays of the SPEAR data. In general, one must take into account

¥(3095) in DASP, (48)

Effective mass re- the possibility of interference with the second order

coiling against a sin- ‘

gle charged particle. electromagnetic decay of the y proceeding through a
virtual photon. But in the case of ’)T+p_ and KTR*~ the same relative amplitudes are
predicted for decays through one photon and direct decays of a singlet state. The ratio

+ - o -

of mp to K'R*” is thus unchanged by such an interference. Furthermore, the observed

equality of the rates for KiK*:F

and K°Kk*° argues against a substantial contribution from
the second order electromagnetic process.

The disagreement of the relative branching ratio for Tr+p- to that for K* K*~ with the
‘prediction for a singlet y is at the one standard deviation level. If we assume that SU3 is
broken in the decay process with a resulting admixture of a small octet amplitude, A8’

to the dominant singlet amplitude, A,, for the pseudoscalar-vector final state, the rela-

1!
tive rates for K+K*— and 7T+p— are proportional to IAl-ASI2 and |A1+2A812, respectively.
The measured branching ratio yields

Re (Ag/A;) = 0.120.05
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Such a magnitude of symmetry breaking at the 10 to 20% level in the amplitude is con-

sistent with that found in the decays of other mesons and baryons.

4. The Okubo-Zweig-lizuka Rule

In models that consider the ¥(3095) to be é

)

bound state of a charmed quark and antiquark, all
decays into noncharmed hadrons correspond to
disconnected quark diagrams. According to the

Okubo-Zweig-Iizuka rule(5 3) such processes are

s Y
S -
= o =
'\g Cg
u
¢—>KR ¢—'>37r
—

m

suppressed. This rule was originally invoked for

the ¢ decays to "explain' the relative suppression

of ¢ — 31 compared to ¢ —KK as illustrated by the

quark diagrams in Fig. 37. It has also been

cla alc »n v

3075437

Y=g T

Fig. 37. Quark diagrams to illus-

trate the Zweig rule.

applied to explain the extremely small widths of the #(3095) and ¥(3684). The inhibition of

the ¢ — 37 relative to w — 37 is roughly a factor of 100in rate, while y decays are sup-

presed by roughly a factor of 5x 1073,

In order to obtain further quantitative information on this selection rule, i decays

involving ¢ mesons have been studied by the SPEAR group. (2) Taking the ¢ as a pure

(ss) state such decays are described by quark diagrams with a second disconnection,

provided no additional strange quarks appear
in the final state. A comparison of the decay
rates for y — ¢7r+7r_ and 3 — wr 7 shows a

rather mild inhibition,

+ -
L@ =01 1) = 0.2140.10
I'p — wr )

However, the dynamics of the two decays are
strikingly differentas demonstratedin Fig. 38.
While the effective mass of the 1 7 pair peaks
in the region of the £(1270) for the final state
w7r+1r—, the same region is empty for <1>7r+7r-,

and all events accumulate below 1 GeV. One

- ko -

l I
5 - _
{a) y=—¢pmtT”
NO
S
34
= L ]
3 d -
<
w + -
E (b) ywmhw
Z 20 - -
>
L
10 —
0 1 x
0 1000 2000
m(rtr~)  (Mewc?)
Fig. 38. Comparison of the 777~ in-

variant mass distributions in
ﬂmqum@)wm%y»éff
and (b) ¥(3095)— wr 1. (52)



possible explanation for these spectra is the assumption that the ¢ meson is preferentially
produced in association with the state containing an ss component like the s* meson. Such
a state would only decay to 7r+7r- if its mass is below the KK threshold. The decay i — ¢s*
would correspond to a once disconnected diagram, just like the ¢ — w7r+7r—, and conse-
éueﬁtly there should be no relative suppression due to the Zweig rule.

5. Radiative Decays of the #(3095)

Radiative deéays of the y resonances are of particular interest to color‘models
which predict large radiative branching ratios. In this context it is crucial that final
states 7° can be clearly distinguished from photons. The selection by missing mass only
is subject to uncertainty, however, clear signals for pi— and w in the multipion final
states make it unlikely that the ° could be a v in disguise.

Recently two experimental groups at DORIS have reported measurements of radiative
decays of the $(3095). Both groups, the‘DESY-Heidelberg(ng) and the DASP(54) collabor-
ation, use a nonmagnetic setup with elaborate systems of shower detectors to measure
the directions of photons.

The DESY-Heidelberg group has observed(49) the decay ¥(3095) —n'y — p’Y’Y—-»W+1T_‘)/’Y.
The nonmagnetic setup with a large system of Nal and lead glass detectors measures the
directions of all final state particles, charged and neutral, allowing the determination of
particle momenta by kinematic fitting. Background from po’n'o can be easily eliminated,
leaving a clean signal of 57+ 13 events. This corresponds to a branching ratio of
(2.4+£0.7) % 10_3, in a agreement with preliminary data from the DASP group.

A detailed study of three photon final states has been in progress for quite some time,
and earlier data have shown some evidence for a new state with a mass around 2.85 GeV

decaying into two photons. (54) This will be discussed in chapter V.4. The DASP group |
4

b

has used the same data to derive an upper limit for the branching ratio to 7ro'y of 1.6x10"

and detected the mode (3095) — ny with a branching ratio of (1.0+0.2) x 1073,
A comparison of the above rates can shed some light on the possible admixture of

charmed quarks in the neutral pseudoscalar mesons. If n and ' contain only light quarks

the radiative decay must proceed according to the two graphs in Fig. 39a,b. In the first

diagram the photon is emitted from the light quarks. From SU, coupling one would

3
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(a) ' expect I'(1°y) > T@y) > T'(n"y). This clearly is in

c q
) contraction to the very small branching ratio to *yvro.
c q
5 The second mechanism is for the photon to be emitted
c q
¢ g
C

(b)
from the charmed quark pair. This diagram should be
dominated by the process vyn' because n' is almost a
o) 7 pure SU3 singlet, while n is dominantly an octet state.
Cc .

This diagram predicts F(vro'y)% 0 and I'tn'y)/I'(ny) = 25,

c
—LL'HW whereas experimentally the ratio is (2.4+0.7). If this

Y 200044

diagram was the correct description of the decay
Fig. 39. Quark diagrams for
radiative decays of process it would imply a large SU3 breaking. As an
the y(3095) resonance. (55)
alternative explanation it has been suggested that the

7 and n' contain a small c¢ component such that the radiative decay of the y(3095) could
proceed without suppression from the Zweig rule (Fig. 39c).

6. Summary of the Decays of the 7(3095)

The study of decay modes of the §(3095) has revealed a vast number of different
decays with a fairly small branching ratio for any particular mode. Of all hadronic final
states listed in Table VI the 27r+ 27”7 mode has the largest branching ratio, namely
(4+1)%. An obvious question is (1) how large a fraction of the ¢ decays can be clearly
reconstructed as exclusive decay channels, and (2) what can be inferred from any specific
observed state about the total decay rate into states with the same particle multiplicity,
but different charge configurations, many of which are unmeasureable with the existing
detectors. For example, the measurement of the 21r+ 2 decay rate can be used to
estimate the decay rate for all 57 final states. For this purpose one can make use of iso-
topic spin symmetry following a procedure by Shumchkevich. (56) This calculation will in
'general not give a definite answer, but set limits for decay rates, because the relative
population of different isospins for higher multiplicity states is unknown and will strongly
depend on the formation of resonances among the decay products. The following lower
limits can be set; 13% for all pion decays, 8% for decays involving kaons, and probably 4%
for decays involving baryons. If one assumes statistically equal population of all possible
isospin states one obtains branching ratios of roughly 20%, 13%, and 5%, respectively,
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leading to a total of 38%. This number is to be compared to 69%, the total branching

ratio for decays that do not arise from second-order electromagnetic processes.

The

difference of roughly 30% is presumably due to large uncertainties in the estimates, con-

tributions from higher multiplicities, decays that are hard to detect like those involving

n's, and/or photons, baryons, etc. One can certainly not rule out some 20% of the total

decays involving many neutrals.

V. Hadronic Decay Modes of the §(3684)

The decays of the (3684) have proven to be quite
different from the $(3095) decays, primarily because
they are dominated by a cascade to the §(3095).

1. Decays §(3684) to ¥(3095)

The presence of the y(3095) among the decay
products of the y(3684) is detectable in many ways.(58)
The study of u-pairs reveals two well separated peaks
in the invariant mass distribution, as shown in Fig.
40a, one corresponding to the u-pairs produced at
full energy, i.e., direct production plus decays
¥(3684) —»u+,u_, and one around 3.1 GeV from the pro-
cess |

$(3684) —(3095) + anything

+ -
pou

A similar structure is observed in 3-prong and

4-prong events.

Taking into account the leptonic

branching ratio of the ¥(3095), the data yield

T'((3684) —1(3095) +anything) _
T'((3684) — all) =0.57+0.08

Alternatively, one observes the ¥(3095) in the reaction

$(3684) — $(3095) 7 1

300 T T
>
b}
O
<
o 200
o
~
ke
=z 100
uJ
>
L
0]
2.5 3.0 3.5 4,0
M#+'u— (GeV)
2000 T T T T
>
2]
© 1000
{e]
o
Q
@) 3
&
g0
&
Y00 - ()
w
0 N P i -
28 29 30 3t 32 33
MX (GeV) 1075440
Fig. 40. Decays 1(3684) —

$(3095) 7T ™. (a) Inclu~
sive p"u~ mass spec-
trum. Missing mass
recoiling against all
pairs of oppositely
charged particles,

(b) for all multiprong
events, (c) for 4-prong
events in which the
measured particles
conserved energy and
momentum, {58

where the identification of the (3095) is obtained from a sharp peak in the mass recoiling

against any pair of oppositely charged particles (Fig. 40b). The observed rates,
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corrected for all known inefficiencies, lead to the branching ratio

T (3(3684) — $(3095)7 1) _

IT'(y(3684) — all) 0.33 £ 0.03

A particularly clean sample of events can be obtained for events that have both a
lépton pairfrom decay of the 3(3095) and the recoil pion pair. This subset is selected by
kinematics and plotted in Fig. 40c. Individual events as observed in the SLAC-LBL
detector uniquely confirm the choice of the Greek letter y as a name for these particles
Fig. 41). ‘

The ratio of the two branching fractions

measures

T (1(3684) — 3(3095) 7 7
T ((3684) — $(3095) + anything)

=0.56+0.03

If the cascade decay of ¥(3684) to ¥(3095)

proceeds entirely via the reaction (3684)—

#(3095)7m, the above ratio would have roughly Ty
the values 2/3, 1, or 1/3 for nw states of ~,

definite isospin 0, 1, or 2, respectively. rons
. 26264

Isospin zero is clearly preferred. If one
Fig. 41. An example of the decay

assumes that the §(3684) like the (3095) de- $(3684) — ¥(3095) T 7~ with
¥(3095) —ete™,as seen in the

cays to a pure isoscalar state, the difference SLAC-LBL magnetic detector.
Tracks 1 and 2 are leptons,

between the measured and the expected value tracks 3 and 4 are pions. ®

suggests the presence of decay modes to (3095)+neutrals other than $(3095)7°n°. The
presence of y(3684) — (3095)yy (39) does not completely account for the difference. How-
ever, the observation of the final state y(3095)n with a branching ratio of (4.3 0.8)% (60)
adds to a full balance between the expected and measured $(3095)rm rates. It independently
‘demonstrates that the §(3684) is an isoscalar, and consequently has negative G-parity.

2. Direct Hadronic Decays of the (3684)

Only very few direct decays of the (3684) to "ordinary" hadrons have been ob-
served so far. Branching ratios are listed in Table VII. For any specific channel the

measured partial widths for the y(3684) is about a factor of 2-3 smaller than for ¥(3095).
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If this relation holds for any direct decay as for the leptonic widths, this may be a sup-
port for the idea that decay rates are proportional to the wave function at the origin,
19(0)1Z. |

If one tries to make up an account for the known decays of the §(3684), it shows that

-

there are about 30% of all decays still missing,

P! — ¥ + anything 57%
- vy = hadrons 3%
— leptons 2%

— "direct" hadrons ¢ 10%

The limit of 10% for "direct” decays refers to an estimate derived from all (3095) de-
cays other than those proceeding via an intermediate photon. This estimate takes into
account the ratio of the total widths, and the suppression factor in the individual rates
mentioned above.

The remaining 30% of all decays are no longer a serious problem. A variety of
radiative transitions to several hitherto unobserved, high mass states has been discovered
and will be discussed in the following.

VI. New States in Radiative Decays of the ¢ States

If one accepts the hypothesis that the §(3095) as well as the (3684) are bound states
of a pair of new heavy quarks (c'é) then in analogy to the usual quark model one expects a

whole family of such states. They would have parity P:-(—l)L and charge conjugation

C=(-1)L+S where L is the orbital angular momentum and S the total spin of the pair. The

E]

lowest mass states would have zero orbital momentum between the quark and antiquark,
and hence be 3% C=0"" and 17~ states. The L=1 states, triplet 0, 1", 2™ and singlet

1+—, should be several hundred MeV higher. At even higher masses there would be L=2
states and radially excited 1=0 and L=1 states.

The (3095) with JPC=1" is associated with the L=0, S=1 ground state, the y(3684)
is assumed to be the first radial excitation, with the same spin configuration. Likewise
the broader structures above 4.0 GeV, which are directly formed in ete” annihilation,
have most likely the quantum number of photon and could be interpreted as higher radial

excitations. In addition to these states, others should exist that could be reached by
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radiative transitions from (3095) and from
P(3684) as indicated in Fig. 42. In the following
these C-even states will be referred to by the
generic name y. These new states could be
éithér pseudoscalar or P-wave states and they
could decay into $(3095) by the emission of é
second photon or they could decay directly into
ordinary hadrons.

1. Inclusive Photon Spectra

The most direct way to look for C=+1

MASS

3 i
275y
2' S0 e~ !
S .‘_\q
s [ /
e 1 \\\ /// 3’:}2
I ’ | ‘
P1+ | \\/// 3P‘
N 3
ZA
AN A VAR Fo
AN [ A ’
R ALY Y //
A I! :/{/ 3
1]30 - ‘ 51 (\JJ)
_t | ! |
1+ o 1 D g
JPe

. Fig. 42, Expected radiative and

hadronic transitions in the
spectroscopy of (cc) states.

states among the decay products of ¢(3095) and y(3684) is to study the energy spectrum of

photons observed in their decays. The SLAC-LBL group used some 150,000 decays of

the (3095), and some 350,000 decays of the y(3684) to search for monochromatic

photons, ©1) In their setup photons are detected by their conversion to e+e' pairs in the

5% radiation length material of the vacuum pipe and the surrounding scintillation counters.

Though the conversion rates are very low

T s -
120 + 5 15% 1 .
2 order of 1%, the rms energy resolution of
g0 L fj:, . 3-4% is very good. The shape of the inclu-
- ° Lo 15 sive photon spectra as shown in Fig. 43 is
(GeV)
E a0 B largely given by production and subsequent
g' o L ﬁj decay of neutral pions.
[92]
é 300 - k — The v spectrum of the y(3684), however,
I - —
- ‘mﬁ has a 50 peak at 261+5 MeV with a width
200 - 3 4 ‘ — .
L p Wy B consistent with the resolution. This photon
00 - | M - line identifies the decay (3684) —vyx(3415).
% .
L ¢ .
f ‘ e The branching fraction for this decay is
e} L NN | 1 [ e, ebav e s,
° 0.5 1O 1.5 20 0.063+0.022 for an isotropic angular dis-
PHOTON ENERGY‘ (GaV) om
tribution and 0.075+0.026 for a distribution
Fig. 43. Inclusive photon spectra meas-

ured at p(3095) and y(3684). (61
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photon (compare Section 3). The relatively large error is dominated by systematics.

There are no other significant monochromatic signals in either of the two spectra.
Below 250 MeV, the small and rapidly varying acceptance makes it extremely difficult to
find a signal. At higher energies the lines are expected to be broadened due to the motion
of thé deca;ing state. This Doppler broadening enlarges the widths by more than a factor
of two and may cause an overlap of different lines. Upper limits have been evaluated
under the assumption fhat the photon lines are well séparated. They are typically about
4% at 400 MeV and 1% at 1 GeV (90% C.L.). The decay of the §(3684) into a state with a
“mass of about 2850 MeV would lead to a monochromatic photon line at 750 MeV; no such
line is observed. Likewise the {(3095) data show no indication of such a state, however,
the sensitivity for observing a low energy photon line depends strongly on the energy of
the photon,

A collaboration of the universities of
Maryland, Pavia, Princeton, San Diego and

" Stanford has recently(Gz) reported a measure-

ment of the photon spectra using two sets of seg-

mented Nal crystals mounted above and below the

SPEAR interaction region. The apparatus is

operated in conjunction with four layers of pro-
portional tubes surrounding the beam pipe Nol (side)
(Fig. 44). The energy resolution varies between
—Na I {bottom)
2.5% at 1500 MeV and 5% at 200 MeV. The in- LLL |
trinsic resolution of the crystals is degraded pri- S SV S
O 50 Cm 3000418

marily by shower leakage, to the sides, losses in A ’

_ Fig. 44. Experimental setup for %126
the stainless steel walls between the crystals, Nal detector at SPEAR.(62)
and to a lesser extent by the readout electronics. The spectra of photons recorded in
coincidence with at least two charged particles are presented in Fig. 45. While the spec-
trum observed at the §(3095) appears structureless, the y(3684) data show several bumps
superimposed on a large background. Photon lines centered at 121 MeV, 168 MeV, and

256 MeV correspond to intermediate states with masses of 3561 MeV, 3512 MeV and
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Fig. 45, Inclusivephoton spectra meas=
ured at $(3095) and y(3684). 62

3418 MeV, the peak at 383 MeV can be iden~
tified with the decay x(3550) — y¥(3095).
There are severe problems in extracting
the branching ratios for these transitions.
The observed widths of the peaks correspond-
ing to monoenergetic photon lines are not the
same. Whereas the signal at 168 MeV has
the correct width, the lines at 121 MeV and
256 MeV are wider than expected from the
resolution. This might indicate either un-
known experimental problems or the presence
of additional, unresolved photon lines. Sec-
ondly, the shape of background is unknown,

and so far the authors have assumed a shape

similar to the spectrum observed at the (3095). This can be regarded only as a tempo-

rary solution. The fit designed to extract the branching ratio from the observed spec-

trum is dominated by large systematic uncertainties. Results are listed in Table VII.

An upper limit of 5% for the decay ¥(3095) — x(2850)y has been calculated from the §(3095)

data.

2. Radiative Decays of the y States

x-states intermediate in mass to the y(3095) and §(3684) can decay to y3(3095).

Such decays have been observed by the DASP group at DESY(63) and by the SLAC-LBL

group at SPEAR. (61) Both groups identify the final state y(3095) by its decay to leptons.

DASP measures the directions of both photons with the inner detector, the SPEAR group

measures the energy and the direction of only one photon converted in the beam pipe.

Kinematic fitting and simple cuts eliminate background from zp7r01r0 and yn decay modes.

The remaining events, 11 from DASP and 21 from SLAC, are plotted in Fig. 46. For

each event there are two solutions for the mass of the intermediate state, as one does

not know a priori which v was emitted first.
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There are three main clusters of events.

&; vi——yyy The mass spread of each cluster projected on
% .
S 335 L R - the axis for the high mass solution is consistent -
z %
g R with the expected mass resolution. There is
= . o
i 3.30 - r. . clear support for a state at 3.50 GeV, five
L]
g s’
= @2 events cluster at 3.45 GeV, and another five at
> .
2 3.25 .8 ) . .
0 R 3.55 GeV. There is no other mass assignment
%! e SLAC/LBL
s o DASP * .
= . for three states that fits the data. The branch-
2.20 | 1 Ke}
3.40 3.45 3.50 3.55 ing ratio products for the decay sequence

.......

' —vx, ¥ — vy, as quoted by the SLAC group

Fig. 46. Scatterplot of the two solu-
tions for the mass of the
intermediate states in de~
cays y(3684)— (3095)yy
(Refs. (61,63)

are (1.2+0.6)%, (3.7+1.1)% and (1.2+0.6)%
for the y(3450), x(3500), and x(3550), respec-
tively. These rather small transition rates are
compatible with the observed monoenergetic photon lines. There is only one event from
each of the two experiments compatible with the decay of the ¥(3415). Its branching ratio
to y(3095) must therefore be considerably smaller than for the neighboring y states.

3. Hadronic Decays of the y States

It was the hadronic decay modes of the y particles that first provided evidence
for the existence of several states, intermediate in mass to the (3095) and the zp(3684).(64)
The data sample for this study consists of 2-, 4~ and 6-prong events with total charge
zero, recorded at the y(3684). The photon in the final state is undetected, its presence
being inferred from the measurement of the missing energy and the missing momentum.
To illustrate this, the square of the missing mass in 4-prong events is compared for
decays of the (3095) and the ((3684) in Fig. 47. In the case of the ¥(3095), the distribu-
tion is consistent with the missing ‘n‘o, but inconsistent with the missing v. For the
¥(3684) the opposite is the case~the missing neutral is not a 7r0, but it is consistent with
being a photon. The case can actually be proven with the help of the shower counter infor-
mation. In the rest system of the missing particle the angular distribution of the photons

observed in the shower hodoscope is strongly peaked in forward direction, whereas for a

7 this distribution should be flat. Events compatible with the hypethesis (3684) — vy and
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Ref. (64)). Fig. 48. Invariant mass spectra for

events constraint to fit the

+ + o~ - reactions y' — <y + hadrons
the subsequent decays y — . .
! yPXTT AT, for various hadronic decay

X 7.F+1r+1r+7r~1r-7r—, X 7*‘+7T+K+K—’ X 7T+7T_ modes. (%%

or K+K— are selected and submitted to a kinematic fitting procedure. Additional cuts are
applied to remove background from the "cascade" decays ¢ — zlmr+1r— and to isolate the
various decay modes. The shower counters and the muon chambers are used to suppress
the enormous potential background in the two-body decays due to radiative electron or
muon pairs. The invariant masses of all hadrons in the final states are presented in
Fig. 48 for all decay modes under study. The four-body spectra show three clearly
separated peaks at masses of 3415, 3500, and 3550 MeV/c2 plus a fourth above 3600
MeV/ 02 corresponding to the nonradiative decays y' — 4w and §' — 77KK. Except for the

fortuitously narrow spike in KK at 3.50 GeV/cz, the observed widths are all simi-

lar and consistent with the experimental resolution. The 67 data appear to have a slightly
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worse resolution than the 4-prong data, and the two higher mass states are not resolved,
The interpretation of the populations above 3.45 GeV/ 02 in terms of two distinct states is,
however, supported by the analysis of the radiative decays discussed above.

For 2-prong events, the distinction between the 7r+1r— and K¥K™ final state has been
madé on tl?e basis of the lowest xz in the kinematic fit. These decays into two pseudo-
scalar mesons are particularly interesting because such a state has natural spin and
parity and therefore only y states with even spin and parity can decay fo this mode. The
strong signal at 3415 MeV/c2 and a considerably weaker signal at 3550 MeV/ c2 confirm
the earlier result.

In order to obtain some more information on the spin of the y states, the angular dis-
tributions of the photon relative to the incident positron beam have been studied. In gen-
eral, this distribution is of the form 1l+a cos2 6 with |al<l. For spin J=0 the value is a=1,

while predictions of a for other spins are not

¥ (3684) —r*m Ty unique. The data for the three x states are pre-

T
20 3.38<M; < 3.45GeV ] sented in Fig. 49. The distribution for y(3415)

suggests a J=0 assignment, the two other distribu-
tions are consistent with isotropy, but the statis-

tical errors are too large to allow any definite

conclusions (compare last column of Table VII).

2 o L

g o | S8 Ma 302881 | The DESY-Heidelberg group at DORIS had demon-
a :l_qu_[—\ﬂ strated that the %(3500) has nonzero spin.
0 1 A summary of the branching ratio products

3.53<M,_ < 3.58Gev
B(y' —xvy) x B(y —hadrons) of various decay modes

of the different states is given in Table VIII. (65)

The data have been corrected for losses due to

limited geometrical acceptance and cuts, as well

Fig. 49. Distribution of cos 6 as for decay in flight of K™ mesons. The errors
for 3 different bins of
the 47 invariant mass. quoted reflect both statistical and systematic un-
6 is the angle between :
the direction of the certainties. The branching ratio for (3684) —xy
photon and the positron
beam direction, (65) obtained from the inclusive photon spectrum have
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been used to calculate the actual branching fractions of the y states. There is no evi-

dence for a hadronic decay mode of a state at 3450 MeV that has only been seen in the

study of y' — yyvy. (61) Upper limits at 90% confidence level are given.

4. Evidence for the y (2850)

At the Lepton-Photon Symposium last summer, two experiments at DORIS

(66)

reported evidence for a new state with a mass of 2.85 GreV/c2 decaying into two photons.

The existence of this state has been reinforced by new data from DASP presented at the

Thilisi Conference. @) Although J#1 and C=+1 is all that is so far known, this state is

generally interpreted as the pseudoscalar state
with 3 °=0"F. The evidence is based on an
analysis of three photon final states recorded
at the y(3095) resonance. Simple geometrical
constraints allow a rather clean selection of such
states. For each event there are three possible
2y combinations, and clear signals for n and n'
decay are visible in the effective mass spectra.
.The largest of all two photon masses is shown in
Fig. 50a. A narrow peak, superimposed on a
smooth background is observed between 2.8 and
2.9 GeV. The width is consistent with the exper-
imental resolution. The background can be
accounted for by the sum of the contributions

from the strongly radiative QED process ete ~yy
and reflections from 7y and n'y decays of the
#(3095). The signal contains 29 events including
14 events background. Assuming that the ob-
served enhancement of 15 events results from the
decay of a narrow resonance with a mass of

2850 +50 MeV the product of the branching ratios

for §(3095) —y(2850)y and y(2850) —vyy is
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4

(1.5+0.4) x 10" . The DESY-Heidelberg group, using the same method, finds an

enhancement of 8 events above a background of 10+4 events at a mass of roughly 2.7 GeV.

If this excess is attributed to the same resonance the rate translates to (1.4+0.8) x 1074,
Extensive searches for hadronic dec_ay modes of the y(2850) in radiative decays of

the ¢M(3095;have so far not been successful. Special emphasis was placed on the decay

x(2850) —pp, since two candidate events were reported last year. The SLAC-LBL

group(57) has found nov signal and places a 90% confiaence limit of B(y— xv) X B(x —Ppp)

<;1x 10-5. This is about a factor of 5 smaller than the upper limit reported from DASP.(l)
Three photon events observed at the (3684) resonance have been analyzed in the

same way, the result is given in Fig. 50b. Between 2.7 GeV and 2.9 GeV there are 5

events observed compared to 1.3 events expected from radiative yy final states. This

translates to an upper limit of B{y' —xy) X B{y —vYy) < 3. TX 10-3 .
5. The ¢ Spectroscopy
Y™ (4414) h
A summary of all new states and
their decay modes is presented schematically (4100 — ==
in Fig. 51. It clearly resembles the level '
scheme (Fig. 42) drawn from the idea that 177 ' (3684) X(3550)
the new mesons are bound states of a new 14 X {3500
y ~X({3450)
quark and its antiquark. One expects four y X(3415)
- 4
levels of even charge conjugation between P w09
Y
1
$(3095) and y(3684), one pseudoscalar S, X (2850) g’; gg
. 7KK 7KK
with J’.PC: 0d+ and three 3P states with hadrons T
. J Yy ete KK
JPC=O-H-, l-H-, 2-H-. o "LLH
Experimentally, there are four C-even Fig. 51. Energy level diagram and de-

, cay modes of the new states.
states, namely y(3415), x(3450), x(3500), and

x(3550):
1. The relatively strong decay mode to 7r+7r— and K+K_ and the angular distribu-
tion of the y(3415) highly suggest the quantum number assignment J’P . OH.
2. The y(3550) must have natural spin parity (based on the /KK decay

mode), and the observed value of a=0.2+ 0.4 slightly favors J#0.

ST



3. The of 7 7 and K K~ decays for the x(3500) is consistent with a state

belonging to an unnatural spin-parity sequence, 0, 1" 2. The angular

distribution requires J#0.

4. Only five events of the decay x(3450) — (3095)y have been measured; there

-

is no evidence for hadronic decay modes of this state, and no clear signal
in the inclusive photon spectra. Thus, it requires confirmation.
This is all that can be deduced from the data above. However, comparing the avail-

able information with the predicted levels, one is lead to a unique assignment: It is

PC=++ =+

J 0 ', 1, 2 for the states x(3414), x(3500), x(3550), and the only level left for the

x(3450) is the pseudoscalar 0-+. This assignment was suggested by Chanowitz and

Gilman. ©7)

There is evidence, though not fully convincing at this stage, for a state at 2.85 GeV,
usually taken to be the pseudoscalar partner of the ¥(3095). While the number of observed
x states is so far in agreement with the cc bound state hypothesis, some difficulties may
arise if the 4.1 GeV enhancement turns out to be split into several substates. Further-

more, the relative mass splittings for the P states are in disagreément with general

(68)

bounds computed in a nonrelativistic model. However, satisfactory agreement with

(69)

the data has been obtained both in a relativistic calculation and in a model proposed by

Schnitzer(m) that introduces a long-range spin dependence. The relative rates for elec~
tric dipole transitions ¢(3684) — yy are proportional to (2J+1)k3 and agree reasonably
well with the data.

Identifying the y(3450) with the 2180 state leads to serious contradictions with the cc
bound state model and the standard short range picture of the decays. The wave functions

for the 381 and the 180 states supposedly are similar, while those for 2381 and 1331 or

2180 and 1180 should be almost orthogonal., This is in agreement with the small branch-

ing ratio for the transition $(3684) — x(2850)y. Likewise, one would expect transitions

2180 — 1381 to be suppressed. This turns out to be in contradiction with the lower limit

of B(x(3450) — #(3095)y) > 24%. Furthermore, this limit and the relation

r(zlso-l?’slw) < P(23S1"1330+7> < 2.5 keV
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lead to a total width of less than 10 keV for the 2180 state. This turns out to be in strong
disagreement with a predicted value of 2 MeV from the short range picture.

The above assignment of levels is based on the assumption that there are only four
levels with C=+1 between (3095) and y(3684). However, it is not unthinkable that the

C=2—+) level is located below the y(3684), due to large mass splitting. (71) In this

1. /P
D2(J
case a complete assignment of levels in the framework of a cc bound state model would

no longer be possible with the present experimental information.

VI. Summary on ¢ Spectroscopy

A rich spectrum of new states with masses above 3 GeV has been discovered in the
past two years. Some, notably the §(3095) and the (3684), have been studied in detail,
others are still largely unknown. The present experimental knowledge can be summarized
as follows:

1. There are two extremely narrow and two or more broader resonances in

ee” annihilation above 3 GeV.

2. The (3095) and the (3684) are vector particles, pure states of odd parity

and odd charge conjugation like the photon.

3. Both states couple directly to hadrons in a state of definite isospin and

G-parity, 190",
4. The p states do not seem to couple directly to leptons.

5. The decay rates of the (3095) favor an assignment as an SU, singlet.

3
6. The y(3684) decays to ¥(3095) with a branching ratio of almost 60%. The
remaining decays proceed largely via photon emission to at least four
C-even states.
7. There is some evidence for a C-even state with J#1 below the ¥(3095).
Clearly additional information is needed to implement the present knowledge, in particular
on the intermediate states. All the data presently available can be explained by the
existence of a fourth, heavy quark. It will be the subject of the fifth and final lecture to
show that the properties of this new quark are similar to those éonjectured by Glashow,

(

Iliopoulos and Maiani 19) for the charmed quark.

- 65 -



LECTURE V. CHARM IN e e~ ANNIHILATION
1. Introduction
It was on the basis of symmetry among fermions that Bjorken and Glashow(lg) pro-
posed to introduce a fourth quark. The addition of a fourth hadron constituent carrying a
A new quantum number has immediate conse-

quences for the spectrum of hadronic states.

Multiplets with 8 and 9 members in SU, are

3

enlarged to 15 or 16 members in SU4. As an

example the 0° meson multiplet is given in

Fig. 52. Since the additional states had not
been observed, it was invoked that the new

quark was considerably heavier than the other

three. This plausibly pushed the masses of

Fig. 52. Multiplet of pseudoscalar the new states into a relatively unexplored

mesons in SUy. The familiar
SU4(C=0) multiplet is marked
in gh_e middle plane.

region of the mass scale.

It was again a peculiarﬁy of the neutral
kaons that lead to the essential idea of Glashow, Hiopoulos and Maiani. (19) They used
the charmed quark to cancel all strangeness changing neutral currents, that could contri-
bute to the decay KL — u+,u— in first order weak interaction. Let us digress briefly to
demonstrate this elegant theoretical mechanism.

The phenomenology of leptonic and semi-leptonic weak processes is based on V-A

currents involving the four leptons (two isodoublets) and so far three quarks (isodoublet

(@, ), ()

The charged Cabbibo current has the quark structure

plus isosinglet),

J;=ﬁd‘=ﬁdcos9 +Ts sin 6

where

dt=dcos 6+ ssin§ , s'=-d sin 8+ s cos 8
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The weak interactions, which do not conserve strangeness, are free to mix d and s.
These two quarks have the same electric charge, and differ only by strangeness. The
weak coupling selects another pair of orthogonal states, df and s', related to d and s by
a rotation of 6 ~ 15°, the Cabbibo angle.
| The s' quark does not couple at all to the weak current, while u — d' transitions are
identical in strength to the e~ «— v, and [T Yy transitions.

The neutral hadronic current would be

© = (o - ady

= uil - dd cos> g - 85 sin> 6 - (sd + ds) cos 6 sin ¢
and thus would include |AS|=1 transitions. Such a scheme is in conflict with the smallness
of the KS—KL mass difference and the observed rate for the decay KL—> u+p-. This indi-
cates that |AS|=1 neutral currents must be absent in first and second order weak inter-
actions. The introduction of a fourth quark solves this problem and at the same time
provides an elegant theory of four quarks and four leptons with identical weak couplings.
This is achieved by postulating a new quark ¢, with electric charge +2/3 and a new

quantum number charm, that is not conserved by weak interactions. The c and s' quark

are combined to a new isodoublet,

(2 ) ()G

changing the quark structure of the charged current to

j =ud' + cs'
= cos 6 (ud+ cs) + sin 6 (us - cd)
and the neutral current to
jp = ull - A"+ ce - 85’
—ul - dd+ oG - 53
Hence the weak neutral current is diagonal, allowing no exchange of strangeness, charm,

and isospin. The assignment of the c-quark to the same isodoublet as s' has immediate

consequences for the charm changing charged current. The c-quark is predicted to
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decay mostly (cos ¢ in amplitude) to s-quarks with the selection rules
AQ = AS = AC Al=0

The transition ¢ «— d is Cabbibo suppressed (sin 6 in amplitude) with the selection
AQ = AC AS=0 Al=1/2

Consequently, the lowest lying charmed hadrons will preferentially decay to strange

particles. For the pseudoscalar states this means that

p° K71, D K a1
are Cabibbo favored,
-+ -
Do—-»7r7r s D+—>7r1r+1r+

are Cabbibo suppressed, and

p° X'y, D LKTH
are absolutely forbidden. It should be noted here that the final state K_7r+1r+ is exotic
in terms of the quark picture; a meson of negative strangeness and positive charge can-
not be formed from a single quark-antiquark pair. Thus the observation of a state de-
caying to this 'exotic! mode, but not to the 'nonexotic’ Kiw+1r—, is a rather strong proof
for the weak décay of a charmed meson. ‘

In addition to the charmed quark being a theoretical necessity, there has been more
and more experimental evidence for the existence of a fourth quark, most of which comes
from e e~ annihilation:

1. The extremely small width of the §(3095) and the y(3684) is commonly

explained in terms of Zweig's rule for a state composed of a cc quark
pair.

2. The four narrow C-even states, referred to by the generic name x,

show all the properties expected from a spectrum of cc stafes.

3. The threshold-like behavior of the total hadronic cross section in ete”

annihilation near 4 GeV can be interpreted as the onset of charmed
particle production.

4, Dilepton events in high energy v experiments could indicate the weak

production and decay of charmed hadrons.
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The most serious difficulty the charm hypothesis had encountered until recently was
the lack of direct proof for the existence of particles carrying the proposed new quantum
number and displaying the properties predicted by the GIM mechanism. If the behavior
of the hadronic cross section near 4 GeV was somehow related to the threshold for the
prodﬁction«of new mesons, their mass should lie between 1.84 GeV and 1.95 GeV. The
lower limit is given by the narrow width of the y(3684) while the upper limit is given by
the rise in R near 3. 9' GeV. 4

. Discovery of Narrow States Near 1.86 GeV

The first direct observation of decays of mew! mesons has recently been reported by
the SLAC-LBL group. (73) In a sample of 29, 000 hadronic events collected at c. m.
energies between 3.90 GeV and 4.60 GeV a search for narrow peaks in invariant mass
distributions of two, three, and four particles was performed. A signal of 110+ 24 decays
of a state decaying to Kiw;, and 124+ 21 decays to Kiﬂ;w+1r' have been observed at a mass
of 1865 + 15 MeV/c.

The evidence for this state is presented in Fig. 53. Invariant mass spectra for all
possible combinations of two oppositely charged particles are plotted in the top row
assuming both 7 and K masses for the particles. Through kinematic reflections, a signal
appears near 1.74 GeV/c2 for the 7 1 hypothesis, at 1.87 GeV/02 for K 7~ or K_1T+, and
at 1.98 GeV/ 02 for K+K-. To establish the correct choice of final-state particles asso-
ciated with these peaks the measured flight time for each particle is used. Figure 54
illustrates that for momenta around 800 MeV /c the typical difference in flight time be-
tween a 7 and a K is comparable to the measurement resolution of 0.4 nsec, and therefore
a separation can only be done on a statistical basis. The followiﬁg technique is applied
to extract maximum information on particle identity. Each track is assigned weights
proportional to the probabilities that it is a 7 or K. These weights are determined from
the measured momentum and time of flight assuming a Gaussian distribution with stan-
dard deviation 0.4 nsec. The relative 7-K weights are normalized so that their sum is
unity, and two-particle combinations are weighted by the joint probability that the

particles satisfy the particular 7 or K hypothesis assigned to them. In this way, the total
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weight assigned to all 77, K7, and KK
combinations equals the number of two-
body combinations and no double-counting
occurs.

Invariant mass spectra weighted by
the above procedure are presented in
Fig. 53d-f. The K7 hy'pothesis with a
peak at 1.87 GeV/c2 is clearly preferred
over either 7 1 or K'K~. The small
peaks in the +r and K K~ channels are
consistent with the entire signal being Kr
and the resulting misidentification expected

from the flight time measurement. The



estimated confidence level for the signal to arise only from 7r+7r- or KK is less than 1%.
No signal occurs in the corresponding doubly charged channels. Figure 53g-i shows
similarly weighted spectra for neutral combinations of a charged K and three charged
pions. Here the K-7 separation by time of flight is better because the particle momenta
ére smallér and consequently the only significant peak is observed in the Kiw;n+7r— chan-
nel at a mass of 1.86 GeV/cZ. Again, there is no signal in the corresponding doubly
charged channels.

To determine the masses and widths of the peaks in the K7 and K37 mass spectra,
the data were fitted to a Gaussian for the peak and iinear and quadratic background terms
under various conditions of bin size, event selection criteria, and kinematic cuts.
Masses for the Kr signal center at 1870 MeV/cz; those for the K37 signal center at
1860 MeV/ 02. The widths obtained by these fits agree with those expected from experi-
mental resolution alone, Systematic errors in momentum measurement are estimated to
contribute a +10 MeV/c2 uncertainty in the absolute mass determination, and can account
for the 10 MeV/c2 mass difference between the K7 and K37 systems; thus, both signals
are consistent with being decays of the same state, The mass resolution leads to a 90%
‘confidence level upper limit of 40 MeV/ c2 for the decay width of this state.

A study of the recoil mass spectra associated with these peaks shows evidence that
this new state is produced in association with particles of comparable or even higher
masses. The absence of any signal in the very large sample of data recorded at the
#(3684) resonance indicates that there is a threshold for the production of these new states
right below 4 GeV, (73)

In order to study this new state in more detail, the SLAC-LBL group ‘has subse-
quently collected some 20, 000 hadronic events at a fixed c.m. energy of 4.03 GeV. This
particular energy was chosen because it corresponds to the maximum value of R in total
hadron production. Preliminary results were presented at the Tbilisi Conference this
summer, (74) others are ready for publication. (75,76, 77)

For these new data the signal in the Kiw:F mass distribution stands out very clearly
above a small background as shown in Fig. 55. These new data revealed a third decay

mode of the neutral state, namely to Koqr+7r-. The evidence, 49 13 events above
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background, is presented in Fig. 56. In ad-
dition to the signal near 1.87 GeV, there
appears to be an excess of events in the
region of the K*(1420).

All properties of the neutral state at

| 1865 + 15 MeV discussed so far—decay modes

involving K mesons, the narrow widths, and
the threshold near 4 GeV—are features ex-
pected.for a meson carrying the new quantum
number charm. However, if this state is
taken to be the charmed pseudoscalar D° or
the charmed vector D®* it must have a
charged partner D" or D™F. Inorder to
search for it the invariant mass spectra for
systems of a charged kaon and two charged
pions have been studied. (K7r7r)i states can
be divided into two classes: 'monexotic' com-
binations of the form K- 7 (like K* decays)
where the charge and strangeness is deter-
mined by the Ki, and 'exotic' combinations
like Kiw;n; that cannot be formed from a
single quark-antiquark pair.

The invariant mass spec&a for both K
states are given in Fig. 57. Again the dis-

tributions have been weighted by their time

of flight likelihood, but contrary to the K spectra, the average momenta are sufficiently

low to allow a much cleaner Kaon identification. There is a significant (>50) peak in the

K ‘II':F'IT:F spectrum, while no signal is present in the Ki7r+7r_ spectrum. A fit to the exotic

mass distribution determines the mass of the state as 1876+ 15 MeV/c2 (systematic

errors included) and sets an upper limit of 40 MeV/ c2 (90% confidence level) for the full
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100 T "decay width. As pointed out above, this ob-

Preliminary (a) . .
- Kt FnF (Exotic) 4 servation fits exactly the picture drawn by
80 Eem= 4.03 Gev - theory of weak interaction, and proves that
i * | the observed peaks cannot be interpreted as
60 - ‘ﬂ + ] high mass K* resonances. We shall there-
L + +++++ + * + )l fore use the nomenclature proposed for
N§’ T + + | + ++ ] charmea mesons, (78) namely DO, D' for the
i I ++ +++ ++++ ++ + | lowest lying states, and Dp%*, D* for the
Q20 - -
2 i | first excited states, though experimentally
§ o L L the spins are still unknown.
% Pf“miﬂcry (b) At present, the systematic uncertainties
O K=ot~ (Nonexotic)
o 160 Ecm= 4.03 GeV - in the measured rates are very large.
g - % % , 4 Roughly speaking, the values for the product
= 120 # + #ﬁ — of the production cross section and branching
i % # % 7 ratio for the three observed decay modes of
80 - + (% + C%WF B the neutral state and the 'exotic' decay of the
i ? &%%#% A charged state fall between 0.25 and 1.0 nb
or % ; each. This is to be compared to a total had-
5 ;{ L l o 1 ronic cross section of 33+5 nb at this energy.
o 16 1.8 20 2.2 II. Recoil Mass Spectra

29BICS7

INVARIANT MASS  (Gev/c?)
Using the more recent data with in-

Fig. 57. Weighted distributions for in-
variant mass of (a) K-n¥rT and
o) K=atn (79) at 4.03 Gev.

increased statistics, the SLAC-LBL group
has been studying the mass spectra recoiling
. 0 + (74, 76) . , . .
against D” and D ) The earlier data had shown an enhancement, possibly with
unresolved structure, at 2.0-2.2 GeV in the spectrum of the mass recoiling against the
D°. The interpretation of this was complicated by the fact that the data were collected
over a wide range of c.m. energies. Now a substantial amount of data exists at
4.028 GeV and the results are presented in Figs. 58, 59. The spectrum of the mass

recoiling against the Do, D — K'tvzvrjE shows two large peaks above a smooth background,

one near 2.01 GeV/cz, the second centered at 2,15 GeV/cz. There is only very
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marginal evidence, if any, for a peak at 1.87 GeV/ 02 corresponding to D°D° production.

While the peak near 2.01 GreV/c2 could most likely be due to the production of an excited

state, usually referred to as T)o*, in association with the D0(1865), the interpretation of

the more impressive peak near 2.15 G»eV/c2 is ambiguous. It could represent another

25 T T T T
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Fig. 58. Recoil mass against Kivr; peak
data at 4.03 GeV. (74

excited state at an even higher mass, or a
kinematic reflection due to pair production
of the ]j*(ZO 10) objebct and the subsequent
decay to Do(1865)7r0. The recoil mass spec-
trum against D* -—-K_;wi T displays only a
single peak near 2.01 GeV/ 02. The absence
of the 2. 15 GreV/c2 enhancement could pos-
sibly be explained by phase space limitations
caused by the larger mass of the charged D
states.

The key to the understanding of the ob-
served recoil mass spectra is simple kine-
matics of a quasi-two-body system, including
threshold,form factor, and spin effects, and

the possibility of kinematic reflections.
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More explicitly, one assumes the existence of two states, D and D*, that can be pro-~

duced in pairs at 4.028 GeV c.m. energy;
+

ee —DD : (1)
ete” — DD* , DD* (2)
- ete” — D*D* . 3)

Furthermore, the D* state can decay to the D state via emission of a pion or a photon.
There is a further possibility, the Do(1865) can arise from a charged D* through the

decay D** — D°r %,

The kinematics of all these possible production mechanisms and
decays are slightly different, allowing for a global analysis to determine the relative
production rates of DD, DD*, and D*D* and to accurately measure the masses of the
D and D* mesons.

To be specific, let us consider a detected D° - K-7r+ and study its recoil mass spec-
trum and, what is equivalent, its momentum spectrum. If the D° is directly produced,
it will have a unique momentum determined by the mass of the recoil particle. If the D°
originates from the decay of a D*, the observed D° will have a spread in momentum, the
width will depend on the Q-value in the decay of the D*. The Q-value is determined by
‘the D*-D mass difference and the mass of the emitted particle, r or v. Clearly, a small
Q-value will léad to a very narrow spread in momentum, and likewise in the recoil mass.
Schematic illuétration of all possible systems recoiling against a detected D° is given in
Fig. 60. Here the decay mode D* — yD has not been taken into account. In Table IX the
D° momentum and the value of the mass recoiling against the observed D° are calculated
4.028 GeV c.m. energy for the approximation of zero Q-value in the decay D* — #D. As
can be seen from this table, the D° momentum provides a better handle than the re_coil
mass to discriminate between the different sources of the observed D meson. The SLAC-
'LBL group is presently in the process of fitting the observed momentum spectrum to
determine the masses of the D° and D°* and their relative production rates. Preliminary
results indicate that the Q-value in the decay p°* . T{'ODO is of the order of 3 MeV and the
mass of the D* is approximately 2005 MeV/cz. The decay rates for D* — 'yDO and

D* — 1°D° seem to be comparable. The uncertainty in the masses and the Q-value are
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Table IX. Kinematics of D° producﬁon(79)
(M=1.865 GeV/c2, M*=2.005 GeV/c2, Js=4.028 GeV)

Production Momentum of D° Momentum Recoil Mzass
(MeV/c) (GeV/c”)
DD’ p=3 - a2 760 1.865
O= Ox 2 _(s- (M.*+M)21 (s - (M*—I\I}z)
D'D p* = = 558 2.005
0=0 ‘
p*°D M,
L. .ono M* P 519 2.027
T D
D*Ob*o M (S —4M*2 1/2 . ) 148
M ) .
L. °p° M 2

presently of the order of a‘few MeV, most of the systematic uncertainties expected to be

removed in the near future. (76)
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IV. Parity Violation in D-Meson Decay

The proximity in mass and the decay properties of the charged and neutral state

near 1870 MeV/c2 suggest that they might be members of the same isospin multiplet.

As such they are expected to have the same parity. In reminiscence of the famous 6-r

puzile, one therefore looks for opposite parities in two decay modes. Since a K final

state must have natural parity P=(—1)L, a proof that the Krr final state is inconsistent

with natural spin parity implies a violation of parity in the decay. This then proves that

the decay proceeds via weak interaction as expected for the lowest lying charmed

mesons, the (D+, Do) isodoublet.

Recently, the SLAC-LBL collaboration(W) pre-
sented a study of the Kin'q:':r; Dalitz plot. In this anal-
ysis a relatively clean sample of Kzt events was ob-
tained by a cut on the recoil mass in addition to a cut
on the invariant mass. Figure 61 shows the Dalitz
plot (folded along the y-axis) for the exotic and the
nonexotic (Kmr)d: final states selected by identical
kinematical criteria. There are 126 events with an
estimated background of 58 events in the K:t7rq:1r:F data,
compared to 112 events for the Kiw+7r_ data. Both,
the Ki'rr;wq: signal and the Ki7r+7r- background, are
consistent with a uniform population density.

To study the parity of the three particle system
it is convenient to regard it as a dipion with angular
momentum ¥ and a kaon with angular momentum 1.
relative to the 71 system. The total angular momen-
tum is then J =7 +L , and the parity P= —(—l)J. Con-

sequently, for a spin zero system, one has 7=-

and P=-1, i.e., unnatural spin-parity. For J#0,
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Fig. 61. Dalitz plots, folded

around y-axis, for a
cut in the K7n)*
mass in the region
1.86 - 1.92 GeV/c2,
Here Q is the sum of
the kinetic energies

Ref. (77)).

in general, all parity assignments are possible for a Krr system. However, for natural

spin-parity (- 1)J of a state decaying to three pseudoscalars one expects a depopulation
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along the contour of the Dalitz plot. This follows from the fact that the kinematic bound-
ary represents configurations where all three particles are emitted collinearly and their
direction can therefore be specified by a single angle ¢. The space wave function is
given by the spherical harmonics Yil(cos ¢), which has parity (-l)J. Since the intrinsic
parity of €ich particle is -1, the total pairity for the collinear configuration is (-1)3(--1)J
=-(-1)J. Hence, a state of parity (-1)J cannot decay into a collinear configuration; in
other words, the matrix element must vanish on the boundary of the Dal}tz plot. For the
case of a 1” state one expects an additional zero along the y-axis, while in the case of

o* there is a higher order zero at the top.

In order to rule out the 1~ and 2" assignment for the Krr final state, the observed
distribution of events is compared to the matrix element calculated according to
Zemach. (80) This analysis assumes that the distribution of events is not strongly in-
fluenced by rapidly varying form factors.

For JP =1" the matrix element is constructed from an axial vector that is symmetric
under exchange of the two pions. The intensity is essentially given by
2

~e|T =T 12 17 E;l
1 M

I1
where 7 represents a pion momentum in the rest frame of the Krr system, and ’I‘7r its
kinetic energy. To compare the data with this distribution, the plot is divided by a
contour of constant Il_ into two regions, such that each of them would contain the same
number of events for a phase space decay. Figures 62a,b show the Kiﬂ:pw$ invariant
mass spectra for the two regions indicated by the shaded area in the respective inserts.
A fit to a Gaussian resonance plus a background derived from the nonexotic events gives
34+ 8 signal events in the peripheral region compared to 38+9 in the central region.

This is clearly consistent with a flat distribution (confidence level 75%) and rules out an
| enhancement of 8.2:1 of the central over the peripheral region as expected for a 1~ state.
For 2F ciecay the matrix element has the form of a traceless, second rank tensor
which is symmetric under the exchange of the two pions. The intensity is given as

2
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Again, one chooses a contour of constant 12'*' to divide the Dalitz plot into two regions of
equal population for a phase space decay. The matrix element for 2+ depopulates the
peripheral region relative to the central region by 1:5.6. The Kiw:er:F invariant mass
spectra for the two Dalitz plot regions are given in Figs. 62c¢,d. The fits give 31+9
events in the peripheral and 35 + 10 events in the central region, again consistent with a
flat distribution (confidence level 75%). The data prove the absence of a general depopu-
lation along the kinematic boundary (confidence level 0.002) of the Dalitz plot.

In summary, the Dalitz plot distribution for the Kivrﬂr; decay is incompatible with
the zeros expected fof spin parity 1~ and 2+ and any state of natural spin parity. Since
the decay p° — K—Tr+ has a final state of natural spin parity, parity violation in the decay
of the D is proven provided D° and Di are members of the same isospin multiplet. This
implies that the decay occurs via weak interaction. The establishment of the spin of the
D° as zero together with the observation of the decay modes K7 and Kg7r+1r_ would
accomplish the proof of a weak decay without the assumption the D° and p are in the

same isomultiplet.
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V. Evidence for Semileptonic Decays

Independent evidence for the fact that the D's decay weakly is provided by the obser-
vation of final states containing electrons and hadrons in the double~arm-spectrometer
at DoRis. (159

" The DASP detector consists of two identical magnetic spectrometer arms covering
a solid angle of 0.9 sr (cp. Lecture I). Electrons are identified twofold: a) by a signal
from the freon—ﬁlledv threshold Cerenkov counter ﬁomted before the magnet and b) by
tﬁe pulse height in the shower counters mounted in the rear. In addition to this mini-
mum ionizing particle of at least 200 MeV/c momentum at least one additional non-
showering charged particle in the central detector is required by the trigger. Data have
been collected at c.m. energies between 3.9 GeV and 4.414 GeV, and below 3.68 GeV.
There is a long list of conventional processes that can lead to final states containing
electrons and hadrons. The following were considered by the DASP group:

1. Dalitz decays of 7r0 and i or pair conversion of photons,

2. migsidentification of hadrons as electrons,

3. inelastic beam-~gas scattering,

4. Compton scattering in the material in front of the Cerenkov counter,

5. semileptonic decays of pions and kaons,

6. two-photon processes of the form e+e- — e+e_ + hadrons,

7. Cascade decay through an intermediate state with a large branching

ratioto e e pairs.

Of the 28 electron-hadron events recorded in the interval 4.0-4.2 GeV at most 7 events
can be accounted for by these sources, whereas below 3.68 GeV all observed events are
consistent with this background. Aside from higher order electromagnetic processes
“(of which the 2v interaction is the most likely), electron-hadron final states are produced
only by weak interaction. The DASP group therefore interprets the data as evidence for
the production of a new particle that decays via weak interaction. From the threshold-
like behavior they conclude that the mass of this new particle must be between 1.8 GeV

and 2.0 GeV.

- 81 -



There are two different types of particles

6 L | [T
ete et x e‘:e‘—» : with large leptonic or semileptonic decay
2 1 ti +L><* | modes that could lead to final states contain-
ing leptons and hadrons, provided they are
% - produced in pairs in e*e” annihilation. A
% °T 1 | ileavy sequential lepton could decay either
purely léptonically, ‘Li - veuLei, or semi-
4 T ” leptonically, A v, + hadrons. Alterna-
tively, the production of a hadron that is
oLt L+ 1 R Y inhibited by a conservation law for a new

0 4 8 0 4 8 12

MULTIPLICITY nep+ny quantum number like charm from decaying via

Fig. 63. Number of tracks per event strong or electromagnetic interaction, would
in the reaction ete~ — e*
+ hadrons; (a) measurement
at4.0-4.2 Gev,(1) (b) pre-
diction from the decay of a
heavy lepton using the same
experimental acceptance (81)

lead to electrons from semileptonic decays,
Di — e:t + Ve + hadrons. These two sources
of events will give rise to different hadron and
lepton multiplicities, and different lepton
momentum spectra.

In Fig. 63a the number of detected particles, charged and neutral, per event is
plotted. The distribution peaks at 5 tracks p‘er events and only six events have less than
four prongs. By comparison, the decay of a pair of heavy leptons would lead to much

81) shown in

smaller multiplicities, as indicated by the result of a specific calculation
Fig. 63b. The higher multiplicities are expected for the decay of a pair of heavy hadrons.
Furthermore, inelastic production, contributing additional hadrons, is expected to be
dominant at higher energies and shouldlincrease the multiplicity.

The difference in the decay modes is reflected as well in the momentum spectrum of
the electrons. The corrected momentum spectrum for events with multiplicities n>4 is
given in Fig. 64a. This spectrum is very soft, in particular, there are no electrons
with momenta above 700 MeV/c. For comparison, the distribution calculated from a

(V-A) decay of a heavy lepton of mass 1.9 GeV/ 02 is presented. This curve has its

average around 700 MeV/c, and is clearly inconsistent with the data.
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(b) Observed cross section vs.
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The relative cross section for the pro-
duction of electrons in large multiplicity
events (n>4) has been evaluated as a function -
of c.m. energy (Fig. 64b).

There appears

to be a threshold which coincides with the

' step in the total hadronic cross section

around 4 GeV. Averaged over the interval
4.0-4,2 GeV the DASP group quotes a lower
limit f.or the production of electron-hadron
events of
o(e’e” — e” + hadrons) |
= 2 BR(D—e* + X)-0(e"e” — DD)
"> 1nb.

~In summary, the soft electron spectrum
and the high hadron multiplicity associated
with the electron exclude the production and
decay of a heavy lepton as the only source
of these events. The measurements are at
present in no way contradicting the observa-
tion of pe-events at SPEAR(ZS) at higher
energies.

These ue-events are character~

ized by a relatively hard lepton spectrum and

hadron multiplicity zero, and fully agree with the features expected from the production

of a heavy lepton. The most likely interpretation of the DASP data is in terms of a heavy

hadron decaying semileptonically.

Tt seems reasonable to associate these hadrons with

the charmed mesons observed at SPEAR. This seems even more justified in the view of

preliminary, though at this stage not fully convincing data on correlations between elec-

trons and kaons.

of charged kaons in the electron data. The PLUTO group

The DASP group observes an enhancement by two standard deviations

©2) confirms the soft electron

spectrum near 4.05 GeV and claims a sharp peak in the inclusive KSe production rate at

this energy.
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VI. Summary

The study of hadron production by e+e_ annihilation in the 4 GeV region, where the
total hadron production increases dramatically, revealing rather prominent structures,
is beginning to provide answers to some of the many questions it initially raised. New,
‘nar“row s‘tétes, both charged and neutral, are produced with thresholds near and above
4 GeV. In particular, a charged state of Iﬁass 1876+ 15 MeV/c2 and a neutral state of
1865 + 15 MeV/c:2 aré now well established. Both states have narrow widths, cénsistent
with decay rates typical for weakly decaying partigles. All decay modes observed involve
K mesons. The charged state is seen only in the exotic combination Kiwxn; and not in
the nonexotic combinations K" 7r+7r— or any double charged mode. This strongly suggests
that these states are the predicted isospin doublet of charmed mesons (D+, Do).

The observation of parity violation in the decay of these mesons proves that they
decay weakly, as expected for states carrying the quantum number charm. The obser-
vation of electrons associated with large hadronic multiplicities is taken as evidence for
semileptonic decays of these new states. All this is in striking agreement with the
properties of charmed mesons proposed several years ago. (19)

But there are plenty of questions for the next generation of experiments. There is
a whole new world of charmed particles to discover, starting with the F meson, the
cs state. All estimates place its mass near 2 GeV; it should decay to KOK+, K+K—7r+,
etc. Its nonappearances may not yet be worrisome, but it would be nice to fill this gap
in the spectroscopy of charmed mesons. The first charmed baryon with a mass of
2.25 GeV is presumably identified in the mode Ar o m . The study of charmed particles
will open up new aspects of strong, electromagnetic and weak interactions of hadrons.

In particular, the properties of the weak current, charged and neutral, are to be under-
stood. An extremely interesting question that could be answered in the near future is
the D°-D° mixing by study of the correlations between the charge of the K mesons
observed in decays of D pairs.

Now that the existence of charm is no longer questioned, we are back to the question
of how many basic hadronic constituents exist. Are four quarks and

four leptons enough? There is already some evidence, though not completely convincing,
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for another charged lepton. How many more thresholds are waiting to be the uncovered
as we go to higher and higher energies with the colliding beams of VEPP IV, PETRA

and PEP?

)
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