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I. INTRODUCTION

It is about 18 months since the discovery of the first 14 particle

at SPRARY end at BNL.? During this time, the e'e  colliding-beam

experiments have found a huge amount of new information on this new
layer of hadron structure: nine states with widths ranging from tens of
keV %o many MeV, the principal decay modes and quantum nuzbers of some
of the states, limits on charmed-particle production, pe events, etec,
There is too much to review in a single talk, so I shall limit my dis-
cussion to the new states, the total hadron cross section, and the ue
events, The work that I shall discuss‘has been done by the SLAC/LBL
maénetic detector group at the SPEAﬁ e+e- storage ring of the Stanford

Linear Accelerator Center.

II. APPARATUS

The apparatus consists of two parts: the storage ring and ihe
detector. Much more than at conventional accelerators, the machine itself
is coupled to ihe apparatus, cnd the properties of the macnine are

intimately connecitad to the resolution of the detector., The SFEAR ring3

. < . s

is a single ring in which one bunch of slectirons and one bunch of

positrons ecirculate in opposite directions in & common vacuum chamber,

celiliding only at the centers of the two experimental areas, The
: ~ . + - . .
center-of-mass energy LB* of the e ¢ systen is at present variable

from 2,6 GeV to 7.8 GeV., The lower limit comes from the conirol system
and the upper limit from the »f arive power available to the final
high-power amplifisrs, Wodifications {to the rf have been mude, and the

ring zhould scon be able to operate at its mszimum design emergy of



The electron and positron bunches in the ring are quite small, having
a size (gaussian standard deviation in x,y,z) of about 0.1 em x 0,01 cm x 5 cm,
The%short‘%unch length gives about an 0,2-nsec collision time, providing a
well-defined start signal for time—;f—flight particle identification
systems, The energy épread in the beams is proportiohai to the (beam energy')2
with o(E*) = 0.8 MeV at 3 GeV,

An exploded view of the SLAC/LBL magnetic detector is shown in
Fig. 1, It is a large solenoid magnst with a coil about 3 meters in
diameter and about 3-m long. The coil is coaxial with ‘the beam direction,
and the e'e” collision point 1s at the center of the magnet. The magnetic

field is about 4 kilogauss,

Figure 2 is a view along the axis of the solenoid at the center of the coil.
The Beam.direction. is perpehdicu]ar to the plane of the figure. A particle pro-
dilced in.an. e e interaction as it travelled out from the collision point would en-

counter the 0./15mm stainless steel vacuum chamber; 2-8 mm thick cylindrical

seintillation cdunter,s; two cylindrical proportional chambers (not shown in the
figure); 4 cylindrical magnetostrictive spark chambers, each with 4 planes having
wihes gt i—?fr and =4° with.respect to the field direction; one of 48 2.5-cm thick
scintillators used in the trigger system and in a time-of-flight system for particle
identification; the one-radiation~length thick aluminum magnet coil; one of 24 Pb-
scintiiiator shower counters used for electron and photon identification; the 20~
em: thick steel return yoke of the magnet; and finally 2 layers of magnetostrictive
spark chambers used for muon identification..

The momentum resclution for a charged particle is abou

@ . " . e -
g0 .. The trigger solid angle is about ¢.85x 47 (50

™

<
ngle over which particles can be tracked is somewha
trigger requires > 2 charged particles in the irigger solid angle.

The time-of-flight systern is capable of separating 7 from K (30) up to about
600 MeV/c, and K from p up to about 1.1 GeV/c. The shower counters have a
fractional energy resolution for electrons or photons of about 25% (o) at 1 GeV.

The apparzatus is large and so is the group which built it and has done these’
experiments. The group is a cellaboration of SLAC and LBL physicists who have

2]l worked hard on differ

¢
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ent facets of the apparatus and the analysis. Their

names are listed in Ref. 4,
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III, T W A ¥

Eleciron-positron annihilaticr takes place in the state with the
quantum numbers of one photon, JP ¢ = l_-, strangeness, baryon number
and charge all equal to zero, Any particle coupled to the bphoton with these
quantum numbers can be ob;erved as an enhanceinent in the total annihilation
crosz section when the energy in the ete” system equals the mass of the

state, The state is detected, of course, by observing its decay products.

Figure 3 shows the total observed hadron production cross section as a
function of energy. The only features that stand out when the data are plotted on
‘this scale are enormous peaks at the mass of the (3. 1)'[;[)(3. )= ¢]and $(3.7)
T¥(3.7)=y']which were discovered last November. The peak cross section
observed is not the true peak cross section for the § and y' have widths much

+ -
narrower than the energy spread of the e e system:

g

~ 1) '
obs ~ (Tp/AE y)crt . . (1)

rue

Equation (1) gives the rough relation between the observed and true peak heights

for a resonance with a width I‘P which is much narrower than the energy spread
1%

AE‘Y in the beams.

-

The energy spraad in the beams is determined by quantum fluctuations
in synchrotron radiation and by the intersction of the circulating beams
with the electromagnetic fields generated by their passage through the
vacuum chamber, This energy spread depends on the current in each beanm
and cannot be absolutely determined with any great precision, The
observed area uader the Brelt-Wigner rssonaunce, howsver

on the erergy spread in the beams, and this is the method we used to

determine the widihs of the two resomarnces, This area is given by
2
2n rT
fo B o= o (27 + 1) 2%, (2)
i M2 T

*
vhere J is the spin of the resonance, M is the mass, T'e is the partial
. SR L R . . N : ; ;
width to e’ 2 , ', ig the partial width to the final state being observed,

4
™ ie 4 . . - 2 . : 5,6
and is the total width, The widths resulting frem this method of

analyais ers given in Table I, The width of the YW is about 69 keV,

while that of ithe L’ ' is 225 k=Y, These widthe are about a factor of a

=



thousand down from the widths we might expect of normal hadron resonances
of these masses.

-~ In the width znalysis we assumed that both Fs have JPC =1 ,
vhich are the quantum mumbers of the one-photon intermediate state presumed
to be involved in ¥ production, While this is’ the most likely assign-
ment, others are possible, and, indeed, in the early days after the discovery
of these particles, other quantum numbers were considered. The JPC assign-
ment can be checked experimentally by lookdng 2t the interference of the
resonance with the non-rescnant quaantum-electrodynamic production of muon
pairs, Only a 1 state gives an effect on the rate. 4 1+~ state, for
example, would give no effect on the rate but would generate a front/back
assymmetry that changed sign as one passed through the resonance,

Figure 4 shows the ratio of p-pair production to Bhabha scatiering
ag the storage-ring beam energy is varied through the resonance., The Bhabha
scattering is deuminated by t-channel exchange and interfersnce effscis would
be very smzll, The data for both ¥ and ¥ ' show a destructive interfer-
ence below the rescnance and an erhancement above the resonsnce as expected
for a 17 state, Figure 5 shows the front/back asymmetry L(P - B)/(F + B)]
pessing through the resonance., There is no sign of any interference effect
in either Y or ', and we can conclude that any axial vector comtributicn
is very small,

Table II shows the decay branching fractions to vericus final siates
of the ¥/ as measvred by the SLAC/LBL group, Almost all of the resuits
in this table come from data taken before September 1975. Only the - P
and pS?f branching ffactions include any analysis of the new data, The
relative strengths of various decay channels can be used to determine
whether the ¥ respects a quantum number that Wé Imew to be good only in
strong interactions: that of G-parity. The analysis is complicated by the
gecord-order electromagnetic decay of the ¥ ihat produces the e+e-, ufg-,

and part of the hedron final states, for this electromagnetic production of



hadrons in ¥ decay is noi expected to respect the G-parity quantum number.
This electromagnetic hadron production, however, will produce the same
ratio of hadrons to p-pairs on the ¥ resonance as off the ¥ resonance
("2 photon's a photon for ali that"), If G-parity is a good quantum
number, however, the direc‘t pion decay modes of the Y win produce
more of an odd number or an even number of picns, depending on the G-parity.
In Fig. 6 the ratio of the ratio of hadron to p-pair production on
resonance to the same ratio off-resonance is plotted ¥s the number of pions
in the final state. We see that it is unity for the 4- and 6-pion final
states, and much greater than unity for the 3-, 5-, and 7-pion final states,
This indicates that the 4- and 6--picn final staies are consistent with the
second-order electromagnetic decay to haﬁrons, and that the direct hadroric
decays of the ¥ go preferentially "co G = -1 states, Since the ¥
obeys a strong-interaction selection rule, we not only get the G-parity
but can conclude that the P is most probably a hadron, and can t-hen
determine its isotopic spin by looking at various other decay modes., For
example, the /\7\ decay mode would indicate an I spln = 0, as would the
observation that in the /O')T. decay ﬁade all charged states of the P are
equally pz'obable.7

Much less is known about the ¥ ' decays in spite of there being
considerably more 5” ' events to work with in our data sample than | 4’/

events, The # ' has much smaller branching fractions to states that are

ar7
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easily identified by the SLAC/LEL magnetic detector then does the # .

. . - , s
re given in Table III, The principal

. - s . + - 0.0 . -
decay mode is }7 f > 3’-//7!72. The ratio of ® 7 To W #& 1in this decay mcde

is 2:1, indicating that the ¥ ! also has I = 0 and G = -1, The branching

. ; it L A N . . o . caa
fraction to the szate ). (3410) is included here for comparison and will be
discussed later on,

There has been much discuzsion of the so-called Ymissing" decay

P 94 . .. . Lo . . AR
modes of ine 7-/ ‘. Berore discussing what {tney might be, we must first

Poe
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define "missing." The total width of the ¥ ' is 225 keV, The decays to

ﬂ¢’+‘X, pr:, e+e_, Y‘x, and the second-order electromagnetic décays to |
hadrons, account for 154 + 19 keV of this total, leaving 71 + 19 for

other channels, This remainder is close to the hadronic width of the ﬂo,
so that one might assume that the " ﬁ/—iike" hadronic<de§ay modes bf the

lV' account for the rest. Ve can check this assumption by comparing one

of the measured hadronic chamnnels in both the y’ and the ?V'. The

largest single hadronic channel of the %/ is the 4m + ﬂp mode which has a
" of 2,5 + 0,6 keV. In the } ' this mode has a [ of 0.8 + 0,3 keV,

If this mode is used as a monitor for the " Y -like" hadronic decays of the
y/', we can scale the observed I"s to determine the total # -like hadronic

width of the ?y' as follows:

Py -+
P (¥' = hadrons " ¥ -like") = F( ¥ hadrons)  (3)
MY -+ m)

Using this scaling, we Tind that [ ( ¥ ' —» hadrons " ¥ -like") & 15 ke¥,

and the part of the width unaccounted for is

M ¥ "pissing”) = 56

o

’._l

B,

4

.
Plan ¥
N

N
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This remainder mmst include non- &' _1ike hadronic decays of the }/'_and
. ‘s . . + 1 A e R Wodo Llmd svm Tuow nYem

decays to other states lying below ihe r/' mass, Hove that we have alre

included in this analysis the decay to the )C (2410) state and that part

of decays to all other states wherc the intermediate state decays via v

. . /
emission to the V.

IV. THE SEARCH FOR OTHER NARROW STATES

We have now completed a search for other narrow resonances over almost

all of the mass region accessible to SPEAR.,” The technigue wvsed is slowly to



sweep the energy of the ring and look for enhancements in the yield of
‘hadyrons, _In practice, fhe ring energy is held constant for a minute or
two while data are taken, The e+ and e beam energies are then increased
by about 1 MeV each, gnd data are taken again for one-two minutes, etc.

The data are analyzed by the SLAC 370/168 computer system in real time

and the cross section for one step is sent back to us while the machine energy

is being changed to the next step. This technique is most sensitive to
narrow resonances,

Figure T shows the resulft of the scan from the )}9 mass to 7.7 GeV,
The only statisticelly significent struciture seen is the YV 'oat 3,7 GeV
(this technique was used to find the ¥ '). The sensitivity of the scan
depends on the width of a resonance and on its mass for the energy spread
in the electron-posiiron system depends on the beam energy. The limit on
the areaz of & resonance less than about 10-20 MeV wide {90% confidence)
is given as a funciion of the resonence mass in Tatle IV, (For comparison
the area under the ¥/ is about 10t nb-¥eV.,) These limits increasz as the
width increases above 10-20 MeV, and other techniques are better used %
search for siates wider than about 20-30 Me As we shall see, states cof
width 20-60 ¥eV exist with areas less than the limits of Table IV, and this
search will therefore have to be redone with increased semsitivity,

Recently, Lederman has discussed at the 1576 New York meeting of

-0
the APS, and the Columbia-FNAL-Stonybrock group has issued a preprint” on
_____ 3 3 Y Y 7 by
the possible resonance in the ¢ @ sysitsm with a mass of 5,97 GeV. This
group studied the reacti¢n
+ -
p+Be —> e +e +X, (5)

.

where the e~ and e were detected in two magnetic speetrometers using lead
glasg to identify the e*. They found 12 eventis clusiered within their

resolution (150 MeV ¥ TWIM) at a mass of 5.97, and est ed the background
to be 3 or 4 events in thie region., The group states that the odds on this

being a8 statistical fluctuaticn are about 1:50,



We have made a high-statistics scan of this region with the SLAC/1BL
mggne’cii detector at SPEAR., Because inc absclute mass calibrations in
different lzboratories are difficult to transfer, we widened the search
region to cover the mass range from 5.7 to about 6.1 GeV, No significant
enhancement of hadrén production was found in this fegion, end the 90%—
confidence upper limits on the area and electronic partial width of any
such state are

J o < 40 nb-Mev, (62)

Ple*e™) < 75 oV . ; (6v)

These limits are for a narrow state less than about 20 MeV wide., The

enalysis to determine the limits on wider states is in progress. UNote that

this state cannot be wider than sbout 100 MeV and still be consistent with

the observation of the CFS group that 211 events were within their resolution,
For comparison, the ¥ hes an area of lO4 nb-MeV and a f‘(e+e-)

of 4.8 ¥eV, Ve can conclude that if this possible state at 6 GeV be a 1

state, the coupling to the ee gystem is ancmalously small, Alternatively,

it might have quantum numbers different from 1.

V. THE TOTAL CROSS SECTION AND THE WIDE 1~ STATES

excluding the ¥?s, arnd after radiative corrections., The errors shown are
statistical with about a 10% systematic uncertainty edded in gquadrature,

In addition, there is an overall normalization umcertainty of abcut»lG%,

and there can be & fur%her smooth variation in the relative cross secticns
from the lowsst to the highest energy of about 15% (from slow model-dependent
changes in the detection efficiency). The cress section, except for the

region around 4 GeV, shows a smooth decrease from about 30 nb at 3 GeV to

about 7.5 nb at 7.8 GeV. The region arournd 4 GeV shows a complex siruciure,
O iy



The more familiar ratio R of the total hadron cross section to the
p-pair production cross section is shown in Fig, 9. The ratio R shows two
plateau regions: one vhere R%2,5 below 3,8 GeV, and the second above 5 GeV
where R#5,2, In the region afound 4 GeV there is a complex sitructure
with multiple peake fhat is undoubtedly related somého§ to the transition
between the two plateau levels,

This transition region is shown in more detaii in Fig. 10, The 6pen
circles are our previcus data,lo while the black points are more recent
data (as of the Lepton-Photon Conference in August 1975). The new data
give quite a different impression from the old, VWhat was a single broad
resonance at 4,15 GeV now seems to have a narrower compansion at 4,4 GeV
and shows signs of more structurs at 3,95. GeV,

We have taken further data in.this regicn recently, and the results
are shown on a more expanded scale in Fig, 11. What might have been a
statistical fluctuation at 3,95 GeV before is now clearly seen to be some
kind of a state, and the 4.4-GeV resonance is confirmed. There may be still
more structure in this region, and considerably more data will be required
to settle the question,

The widths and areas of the states in this region are very difficult
to obtain quantitatively., There are three reasons for the difficulty, First,

21l of this rapid cross—section variation is taking place in z single

EaYal
- s ~X — - .
angular-momentum channel, the J =1 state, The rescnances may inter-

fere with each other, Second, the transition beiween the low-energy and
high—energy plateau regi?ns indicates that new channels ars opening in

this region, It is well known that threshold effects can badly distort thé
shape of a classical Breit-Wigner line., Third, the shape of "background”
in the transition region is not well known, The separation of the cross

section into "backsround" and "resonance" contributions is difficult, and

line shapes can be further complicated by interference with the background,
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The masses, widths, areas, and couplings to the ete” system of the 1 states are
summerized in Table V. The properties of %’ angd %9' are well determined,
but théhwidths and areas of the other three states are uncertain by 50%.

In particular, I have assumed that the 4,1-GeV region is a single state,
which is by no means sure, What is clear is that a 1éast five 1~ states
exist, and that the widths of the three states above the beginning of

the transition region in R are about 1000 times wider than those of the
two below that transition region.

In the next few months, we will go over this’ region with smaller
energy steps and better statistics to determine if still more states exist.
A study of Fig, G will convince you that there is no large energy span
sufficiently well mapped to exclude either more 20-50 MeV wide states

like the 4.4, or even more small, Vvery narrow ones,

VI. OTHER NEW STATES

-FC

In addition to the J ~ = 1  states described above, at least four
other states, all with C = +1, have been found in decays via one-photon

emission from the W (3.7) or W (3.1). Three of these states with masses

4y N N7 - N ll 12
between ¥ and ¥ ' have been seen at SFEAR by the SLAC/LBL group,”
. i3
One of these three states has also been seen by the DASP group, ~ and in

addition another siate slighily balow the mass of the ¥ has been found
= . _ i4 R . \
by the DASP group and the DESY-Heidelberg group. In this section, I shall

review the evidence of the SLAC/IBL group and summarize our knowledge of
, ¥idths, quantum numbers; and decay modes of these states.

The firet pu lished attexpt to cobserve monochromatic y-ray lines
emitted in ¥ decay te other pessible narrow states was by the Hofstadter
group15 vorking at SPEAR, Using large Nal crystéls, they set an upper .

o = et . s N . .
limit of @ 3&% (depending on the Y energy) on the branching fraction of

the ¥ ' to a y-ray and a narrow state, The SLAC/LBL group has exiended
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this search by using the SPEAR magnetic detector a3 a kind of pair spectrometer.
Photons produced at the interaction point can convert in the bean pipe

(0.011 fgaiation lenwth), one of the two trigger counters arcund the beam
pipe (0,016 rediation length each), or in one of the {two multi-wire
proportional chambers around the trigger counters (0;004 radiation length
each). The minimum transverse momentum of a particle %o allow successful
tracking in the chambers is 55 MeV/c, and both members of a pair must be

seen for the y-ray to be identified, The detection efficiency is complicated,
for it depends on the number of other particles in the final state., For
example, given {wo charged particles that trigger the apparatus, a photon

can be detected if it converts anywhere up to the last provortional

chamber, and in this case the y~ray detection efficiency arises rapidly

frem zero at Pp = 110 MeV/c. If the members of the pair must trigger the
‘detector, the photon must convert before the last trigger counter, and

the minimum detectable P for a photen in this case is 200 MeV/c.- The
datection efficiency is shown in Fig, 12, The y-ray energy resolution

in this method is about 8 MeV(sc) at a photon energy of 200 MeV,

Figures 13a and 13b show the y-ray specira observed in V*tend ¥

decays, respectively, A& clear peak ccnsistent with the rescluticen is seen
in }9' data, and this peak corresponds to a state X with a rest mass

N

of 3,41 GeV, No streng peaks are cbserved in the Videcay data. DNois

thet other states seen in ¥ ' decay and discusse
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Y-ray transiiion energy lower than that of the 3,41-GeV state and would lie

on the rapidly-varying region of the detection efficiency, and would be hard

to see, The branching fraction of the ¥ ' to X (3.41) is

T(Y' ->y+ 3.4 7 +3% (isotropic)

[y = 2 ’ (7)
My > a1) 8.5+ 3% (14 cose)

. . 2
where the two numbers ccrrespond to an isotropic or (1 + cos 6) angular
distributicn cf the photon; vwhich of these two anguler distributions is

appropriate depends on the quantum numbers of the iwo states., There is too



much background under the y-ray peak in the inclusive spectrum to allow ,2—
a direct experimental determination of the angular distribution,

The 9%% confideﬁce upper limit for a y-ray of energy corresponding
to the transition to the 3,41-GeV state is given in Ref, 15 as 6%, This -
upper_ limit is below our measured branching fraction and so is not con-
sistent with our results. The limit of Ref. 15, however, depends on the
mean 'Ito multiplicity assumed in the y! decay. The 6% llmit corresponds
to an assumed mean ﬂ;o mult1p11c1ty of 2. The authors state that a higher
mean no multipliecity would raise their limit: a mean ‘!to maltiplicity of
3, for example, increases it by 3%, Using a mean Tto multiplicity of 3,
therefore, the limits of Ref. 15 would not be inconsistent with our data,

The data taken at the W can give an upper limit on its branching
fraction to decay by y-emssmn to the state (2.8) found by the DESY

groups. The 90% confidence upper limit on this branching fraction is
P(Wasy+X/T(¥>a11) < 7%, (8)

The SLAC/LBL and the DASP groups looked not only for the y-ray lines but also
for the decay products of the intermediate state, which allows a more

sensitive search, Data on the first stale were presen by DASP, who

named it PC'13 The SIAC/'LBL group has published the results of cur work

ilv

. - s 12
on this state, which has a higher statistical accuracy. Our experiment

studies the decay

- + -
e++e —p +u +X

: ‘ (9)
where the energy of the ete” system is equal to the ' mass. The p-meson mo‘-—
menta are measured in the magnetic detector and the invariant mass of the ,u B
system is determined. A large fraction of the dimuons have the mass of the y

and these events include such decay modes as

g — ar Ty _ (10a)
- 7r07rozp (10p)
— N | (10¢)
— (104)

. + - . . . . R
A typical 4~ mass distribution is shown in Fig. 14.



We look for the decay mode (lOdfby three differenf methods, In the {irst, z
both y-rays are detected using the shower counters in the magnetic detectors. i —
This proves the existence of the decay mode but does not have very good mass
resolution. Also, the efficiency calculations are sufﬁciently complicated that it
is difficult to determine an accurate branching {raction. In the second method,
44 afé-‘pair is detected coming from the conversion of one of the two y-rays in
the beam pipe or the first trigger counters. This gives a very good energy . reso-
lition and hence a more accurate mass of the intermediate state. The statisticul
gocuracy is low,. however. In the third method, no y-ray is detected. The mis~-
sihg mass distribution recoiling against the dimuon system is measured and cor-
rooted for processes such as those in Eq. (10b)and {10c) , This method gives the
Bestibranching fraction.

In-the first method, the y-rays are detected by the shower counters that lie
iii:a circle of ~1,&-meter radius just outside the aluminum coil of the magnet,
’Dﬁe’:y—ray position in the counter is determined to an accuracy of 20 cm (0)
from the relative pulse heights measured at each end of the counter and the known
optical attenuation length along the counter. From the measurement of the 4 mo-

entum and the y-ray directions, a 2C fit can be made. Figurel5 shows the

asulling mass distribut.ons of the gy system. Two sclutions exist for each
avent,. for one does not know a priori which y-ray comes from the decay of the
intermediate state. The two peaks in the graph come from this ambiguity and do
notiihdicate the existence of two states:. The solid curve shows the distribution
exp’e‘cted‘ffom’a single narrow state with a mass of roughly 3.5 or 3.27 GeV.
The:dotted curve shows the expected contribution from the 27° decay mode of the
z/z“tb‘the'z;; where only two of the four v-rays from 7° decay are detected. The

dashed curve shows the expected mass distribution if two photons are emitted by

the #' distributed according to invariant phase space with no narrow state present.
Yigure 15 demonstrates the exisfence of at least one state with a mass of

f50r 3.27 GeV.. The width is consistent with the resolution, which for this

SO ARG MaY Foil_criAdh halt vl . W i
method is about 30 MeV full~widih hali-maxdmum FWIHM). Ths stale at

Figure 16 shows the yy mass when one of the two y-rays converts in the beam
pipe or first counter. The resolution is much improved (30 MeV FWHM). The
events cluster around a moss of 3.5 or 3.28 GeV. ‘

Figure 17 shows the missing mass spectrum recoiling against the y (unshdded).
The shaded region shows the distribution after subtracting half of the acceptance-
corrected mass disiribution from the reaction (10a) . This removes the 710 contri-
bution to the spectrum from (10v)for the y! has I spin=0. This can be done accur-

P

ately for the dimuen acceptanee of the reactions (1 a) and (10b) are identical., The
Y I ' \ J

-

L3

dashed line in the figure shows the contribution of the direct radiative p-pair
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production
ete” —u'uTy . (1)
The peak at ~0.3 Gev? is from the decay ' —19¢.
After ;ubtraZﬁng 272 contribution, the radiative contribution, and cutting out the
region of tha_a 7, we find
e Te T o )

g~ all  P_—all

The Hofstadter group's limit on monochromatic y-rzys of an energy
. . X 0
corresponding to transition from ¥ ' to P, is % (9% with the higher T
multiplici‘by). This result, together with our measurement of the cascade

branching fraction, can give a lower bound to the fraction of Pc decays that

7, . - . .
go to the ¥ by y-emission, This bound is

Pe, >y +¥)  36+07%
— >
F(py -» 211) % ()

= 506 {40%) , (13)

whare the numbers in parentheses correspond to the Hofstadter limits with a

0 i -
mean 7 multiplicity of 3.

We have also observed states with masses between those of the ¢' and the ¢

"By observing the hadronic decay modes of these intermediate states s follows:
A
1 - A - -

} TT T _ ' -

i TTTr AW

\
e A (14;

E;L7r+7r— and/or K+K-

The one-constraint fitted mass distributions of the hadronic systems of reaction (14)
are shown in Fig, 18, The shaded regions show those events consistent with

the direct decay of the ' into charged particles with no v-ray (4-constraint fits).

The 4-pion mass distribution of Fig. 18a shows two distinct peaks, one at 3.41

GeV with the FWHM of ~20 MeV, conszistent with our resolution, and the other

at 3.53 GeV, with the FWHM of ~60 MeV, which is considerably broader than our

resolution. The peaks in the 6-pion and nnXK mass distributions tend to

confirm the L-pion results. There are insufficient data in these channels

to prove independently the existence of two states.

et b T
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The 70 or KK distribution of Fig. 183 shows only one peak at a mass of
3.41 GeV corresponding to the lower of the two peaks in the 4-plon distribution.

Because of this decay mode, this state must have natural spin-parity as well

SR o

as even charge conjugation, i.e., JPC =0 ,2 ', see »

Table VI gives our measurements of the product branching fractions of
the intermediate states for decay by a particular mode, Each of these
branching fractions is the product of the branching fraction of Yt gecay
to that state times the branching fraction of the state to a particular mode,

Recently, the group has improved the mass resclution of the detector
by including in the analysis programs more accurate magnetic-field maps,
better alignment data, etc. The result is that the broad 3.53-GeV state
as seen in the 47n decay mode seems to separate into two states: one at about
%,50 GeV and the other at about 3.55 GeV. This analysis does not yet include
the recent data,

Ve can conclude from the sxperimental eviderce that at least th?ee
states exist with a mass between that of the )9' and the ¥ . Two of
these states are the narrow states 7ﬁ (3410) and PC(ESOO) or (3270) with
observed widths consistent with our resolution., A third state is the 1& (3530),
with an observed width larger than the experimental resoluiion, It is
tempting to suppose that three narrow states exist and that the broad
x (%520) seen in the charged particle decay modes is actually two unresolved
narrow states at #3500 MeV and 3550 MeV. The recent work on the 47 mede of
the (%5320) tends to confirm this view, The lower of these states could
then be identified with the PC whose mass would be fixed at 3500. The

production branching fraction of boin (%500} and (359) to 4n's would then
be about the same, while the \'yb branching fraction of (3500) would be
much greater than that of the (%50). This question cannot be settled until

the recent data are completely analyzed.
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We. have not observed the state X reported by the DASP and DESY-Heidelberg
_collsborations. Our limit on the total branching fraction of ¥ to X by
Y-emission given earlier is less than 7%. The DASP and DESY-Heidelberg
groups report the observation of this state through the decay }ﬂ - v + X,
X=>vy +7v. The SPM magnetic detector has an extrémely low trigger
efficiency for a Jy final state, and so it is not possible for us to study
this decay mode,

The DASP group also reported a decay of X -» pp with a product branching
fraction of ~1.5 x 10-4. We have searched for this mdde and have not found
it, With a product branching fraction of 1.5 x 10"4, we should have seen 15
events in the detecior, with a p and 7 of invariant mess corresponding to
the X, and with a missing mass of zero corresponding to the y-ray from the
}” —-» X transition, We have no evenis in this region, and get a 30% confidence

 limit of
M¥>y+x TEZ->p+7 5

— X < 4121077 (15)
(¢ ea) - a)

Some models would mske the ¥ ! decay to X via the emission of an w a

strong transition. We have looked for this transition by searching for

1!+'.'I- with an invariant mz2ss equal to the w mass (1.3 decay mode of the w)

and with the proper momentum to correspond to the ¥ ' -» w + X decay., At
Y7y

. o et e s /0 ) . - )
{he sane time We searched for the decays &' -»w -r-}«" and ¥ ' =S w + ‘r( .

We have not found eny of these transitions, and our limits (90% confidence) are

¥ su+0/M0Y " - ai) < &,

T(F' »u+ ’2')/("(50' -» all) < 4%, (16)
N /

POES w+)/T(Y " —man < 2.2

Figure 19 is a schematic summary of all the new states. Superficially, this
diagram looks very must like the prediciion of the Charm-Quark model. There

is only one state missing, and there is no reom for more states other than this

missing cne in the model. All of the quantum numbers that have been determined



for these states are consistent with those expected for the bound states of two

heavy fei‘mion; There may be some problems for the Charm-Quark model with

the high-mass 1 states as far as their widths are concerned, and there will be

serious problems if the 4.1 GeV state is split into further substates. The most
serious problem with the Charm~Quark model is the lack of success so far of the
experiments that are specifically hunting for charmed mesons16 or baryons.
Given the amount of effort now going into this search, such particles should be

fnmld'within'a year, if they exist at all.

' VII. p-e EVENTS
As you have all heard by now, the SLAC/LBL group has found what we call

"anomalous p-e events" in the data we have taken at SPEAR. Our first results
have been p,ilblished,l'7 and 2 more detailed review of these data by M. Perl will ‘
be: published shorily in the proceedings of the 1875 SLAC Summer Institute on

Particle Physics. There are many possibilities for the origin of these events. i
Al of the hypotheses have in common the production of a pair of particles, each

. . , . . . + -
with an.additive conserved quantum number which is zero for the e ¢ system.

Examples are. the production and decay of a pair of new heavy leptons or perhaps
of ‘& boson pair with a quantum number such as Charm. 3efore speculating fur-
ther. on the origin of these events, I shall review the event selection criteria an
the:methods of data analysis..

d

We:have. 86 such events (as of September, 1975), of which about 25% are
background. All these events are selected from the sample of data which has
only two. charged particles visible in the detector with any number of neutrals
visible in the detector shower counters, and with any number of charged particles
or neutrals escaping out of the ends of the detector. The largest single data sam-
ple is that at E*¥*=4.8 GeV, and I shall use this sample to illustrate the analysis
procedure.

The 4.8 GeV data set contains 9500 events with >3 visible prongs and some

25, 000 _»—prono even Of thesc 2-prong cvents, about 20, 000 are Bhabha scat-
terings and around 1500 are quhntum-electrodynamic u~pair production. In most

Bhabha scattering and p-pair production, the planes defined by each final state
particle and the beam direction are coincident, i.e., the events are coplanar.
Radiative corrections can make ‘Lbﬁse events a~-coplanar, butthe cross section ,
decreases rapidly with increasing coplanarity angle. To eliminate most Bhabha
and g-pair events, we reguire 2-prony evenis te have a coplanarity angle __>_200.

This cut leaves about 2500 of the original 25,000 events,
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The sample is further reduced by momentum cuts and certain geometric
- -
restrictions. A y-meson must have a minimum momentum of 590 MeV/c to

reach the muon chambers. Since we do not want to be at the edge of the range

.cutoff, we require all p-candidate prongs to have p>650 MeV/c. In addition, at

low momentum the shower counters are not very effective in discriminating be-

tween electron and hadrons. For simplicity we require the e-candidates also fo

-have p>650 MeV/c. We also make certain geometric cuts requiring candidate

events to haive both tracks within the central 90% of the shower counters and to
be aimed toward the efficient area of the muon chambers. All these cuts reduce
the sample of 2-prong events to 513. ,

These events are listed in Table VII, The events are classified there accord-

ing to total charge, the nnmber of associated photons (shower counters hit other

than the two hit by charged particles), and the computer particle classification:
e, p, or hadron {h). The ey events in Column 1 stand out as having a pattern
different from the other types of events. These ey events can not come {from 2-

photon processes:

+ - + -+ -

ee —eepp . (17
for this process should yield the same numbers of ey events with charge-0 and
with charge-2.

We now need to evaluate the backeround axpected in the ey column from
various kinds of particle misidentificaton. We have determined the hadron mis-
identification probabilities from a study of the muitiprong events, and lepton
misidentification probabilities from the study of a large muber of coplarar
Bhebha and u-pair events, In determining the hadroa misidentification

probabilities, we assume that all tracks in the > 3 prong events are in fact

hadrons, If there are real muons and electrons in this sample (not from

ordinary hadron decay), we are overestimating the misidentification probebiliiy

s

and compute a larger tvackground than is in fact present In determining

these probabilities we weight the momentum distribution of the hadromns to
correspond to the momentum distribution observed in the pe evenis, The

misidentification probabilities are given in Table VIII.
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From theée misidentification probabilities, we evaluate the number of back-
ground pe events expected, and find '

1) 0 eXtra photons, 4.7 + 1.2 background (24 events seen),

2) lextra phot»on,v 5.6 £ 1.5 background ( 8 events seen),

3) >2 extra photons, 8.6 £ 2.0 background ( 8 events seen).

The calculated background agrees with the number of pe events seen with > 1
photon, but is very much smaller than the number of events seen with zero pho-
tons. There is clearly an anomalous pe signal.

The background can also be evaluated with less statistical accuracy using
only the events of Column 1 of Table VII, This method gives 7.9 = 3 background
events, still leaving the anomalous ey signal.

There is one further background check, which is more élualitative than quan-
titative. In the y' decay, we have about 75,000 events involving hadronic decays
other than to the . Because of the large cross section of the yf, these events
were obtained in a relatively small integrated luminosity. The number of ep
events found in this sample is consistent with the background calculated as
described above. If there were some subtle background effect in multihadron
events, one might expect it to show up in this very large samplé of hadronic
decays. ‘

Data at ali energies are treated as described above for 4.8 GeV. Tl‘;e Te-
sulting cross section is shown in T'ig. 20, The observed cross section is plotted
with no corrections for geometric acceptance or for the kinematic cuts made.
These corrections cannot be determined without a knowledge of the origin of the

events.

We can examine various angular and momentum correlations and distribu~
tions to seek further clues to the origin of these events. The simplest such cor-
tion is the invariant mass of the ey system ys the missing mass recoiling
-against the system. This is shown for the 4.8 GeV data in Fig.21l. We can see
a broad spread in the ey mass and in the missing mass which tells us only that

the ey combination does not come from the decay of what would be a very peculiar
. boson and that at least two particles escape detection. _
Figure 22 shows the distribution of collinearity angles between the e's and
p's for three center-of-mass energy regions. The curves represent the expected
distributions including the effects of cur cuts, for the reacticn

e te U +U . (18)

U—e+X; or p+X
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where X repi*esents one or more neutral particles. For example, if U were a
heavy lepton, X might be two neutrinos; while if U were a boson, X might be one
neutrino or-a neutrino plus Ki. The solid curve in Fig.22 represents the
expected distribution for the 3-body decay of a 1.8 GeV mass heavy lepton via a
V-A interacfion.. The spins of the lepton pair are assumed to be uncorrelated.
‘The dotted curve represents the 2-body decay of a 1.9 GeV. mass boson. No
sharp conclusion can be drawn from this figure: at best there is a mild prefer-
ence for the 3-~body decay.

Figure 23shows the momenta of all of the e's and u's vs the center-of-mass
energy at which the events were found. The curves on the graph indicate the
- maximum possible momentum for a lepton coming from a U particle decay,
assuming that the neutral masses are zero. The data between 3.8 and 4 GeV
‘might seem to rule out U masses above 1.8 GeV, but this is not the case. A
glance at the cross section graph (Fig. 20) shows that the data in this energy in-
terval are only one standard deviation above the feedthrough background, and
these events could easily be a background ﬁuctuation. Since all of the back-~
ground events are included in Fig. 23, we can say with reasonable certainty only
that the U mass should be less than ~2.1 GeV.

We can look in mer e detail at the distributions in momentum. To do this we
need a way to combine runs taken at different center-of-mass energies &nd there-

fore we define a parameter

p-0.65

p = - PN _ (19)
pmax 0.65

1 i ' i i ossible
where p is the momentum of the lepton in GeV/e and Ppay 18 the maximum p
momentum a lepton can have from a U-particle decay. Figure 24chows the dis-
3 TV " 4 - 2 dlan ¥
tribution of the leptons vs p for three energy bands. The parameter p, 15 taat
for a 1.8 GeV mass particle. The solid and dotted curves are calculated for a

. . . .
2.body V-A decay and for a 2-body decay, respectively. The data mildly favors

a 3-body decay, but even this conclusion is somewhat sensitive to the choige of
 Umass: using 2.1 GeV rather than 1.3 GeV makes the choice of the 3-body
. decay over 'the 2-body decay less compelling.

The energy dependence of the observed cross section also does not help to
distinguish between different types of U particles. The data can b3e fit equall;vf
well with the 1/S dependence expected for a heavy lepton, the 1/5" dependence
that might be expccied for a pseudoscalar boson, or the 1/S2 dependence that

might be cxpected for a vector boson.
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We have begun systematicelly to go through the data searching for pe
events with other charged particles or photons associated with the muon
and elegtron tracks., The presence or absence of such events can tell us
about the origin of the i# events already discussed. For example, if we

hypothesize we are observing the reaction

ef e = utev, (20)

and that a U is a heavy lepton, the Le events will arise from the purely

leptonic deceys

+
+ .
o= L y Y, (21a)
U =/ Yy (211)

Semilepionic decays are of the form
v — Zﬁr + hadrons . (22)

Since semileptonic decays have no muon or electron in the final state, we
should not find |2 events in assceiation with extra charged particles or

photons,

The situation is quite different if U is a hadron (a chérmed particle,

+
Lagi A PR (272)
semileptonic decays, such as

il hadrons ; (24)

and non-leptonic decays, such as

X

U¥ —> hadrons . (25)

Reaction (24) gives pe events with other particles, In addition, if U is 2

hadron, we also expect

et +e” —» Ut 4+ U + hadrons (26)

as
to be as large/or larger than reacticon (20) when we are a reasonable distance

above threshold,
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Table IX shows what the computer calls pe events classified according
to the total number of charged particles (including the p and e) and the
number of extra Y-rays. In each box the number of events seen is
indicated in the upper left while the expected background is indicated in
the lower right. (The number of pe events with no extfé particles or
Y-rays is slightly different from the number in the analysis of the cross
section for the cuts made here are slightly different.) There is no
significant excess above background except for the pe events without extra
associated pariicles. Summing all the entries in the charge-0 section of

the table except the 2-prong no-y, and subtracting the background, we find
pe + something = N(pe+) = 37+ 21, (27

e compared to the number with no extra particles,

pe + nothing = N{w) = 49+8. " (28)

—

These numbers are censistent with heavy lepton production ana decay.
The cross seciion for reaqtion (26) i3 expected to be zero in this case,
while the cross section for (20) is expected to be equal to the y~pair
production cross section a few hundred MeV asbove threshold., If the U is
a heavy lepton, we can estimate the lepionic branching fraction to be
about 17# each to {e + neutrinos) and (p + neutriros),

- s PR . . . £ N .
1T i= mors difficult to say whether (Z27) and

~\ .

28) are comsistent with

~~

a boson decay, for fo do so we mist make some assumptions about the
relative rates for (Zﬁ) angd (26}, and apout the relative strengihs of
the pure lepionic and sémileptonic decay modes, We shall first assume
that all the pe events come from the decay of a pair of mesons with very
small pure--leptonic decay modes {such as the éharmed D or F), so that

&1l the pe events with no exira particles ccme from the semileptonic decays



where the.other particles escape the detector. .We can then compute the
expected ratio N(pe)/N(pe+). To do this we need to specify the semileptonic
decay md&és end the ratio of cross sections for (20) and (26). Ve can get
an upper bound by assuming that thé cress section for reaction (26) is zero,

and that all semilepionic decays are

vt = 4 EF o080, (29)

for this decay mode gives the lsrgest probability of missing the extra
particles of all possible semileptonic decays. The K9 decays 50% of the
time to Kg which will not be seen in the detector, and 50% of the time
to Kg . All the Kg decay products will be missed about 10% of the time,
In this case, N{pe)/W{je+) should be > 1/2. Given N{ue) = 49 + 8.5,

we expect N(ps+} > 98 + 17, while we observed 37 + 2i, We conclude that
particles like the charmed D or ¥ with very small pure-leptonic branching
fractions are not Ilkely to be the source of the us events.

If we hy?othesizs a hédron with roughly equal leptonic and semileptornic
decay modes {the D* and F*, for example), the situaticn is more complicated,
The relative detection efficiencies for the leptons from the pﬁre-leptonic
and semileptonlc decay modes will depend on the dynmamics of the semileptionic
decay, To get some idea of what we might exzpect, we shall igrore this
difference and further assume that the cross section for (26) equals the
cross section for (20). This probebly underestimates the cross section
for (26) except near threshold. If we make the same analysis as above, ie.h
assuming all semileptcnic decays are .EZ/KO, we find again
N(pe) /N (pet) = 1/2, Th\;s, charmed particles like the D* and F¥ can
probably also be ruled out as the origin of the pe events, although this
conclusion is not as strong as in the previous pafagraph because of the |

problem of detection efficiencies,
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Finally, there is one bit of evidence that couwes from the Maryland-

Pavia-Princeton group (MFP) which also worked at SPEAR.lS This group T
. -

used a single-arm spectrometer with a muon identifier and had in addition
a nearly-47 system of tracking chambers surrounding the SPEAR interaction
region, They looked for muons in association with other charged tracks.
There are two classes of events: those with a particle in the spectrometer
and > 2 extra prongs in the tracking chambers, and those with a particle
in the spectrometer and only one extra prong., The minimum momentum in
the spectrometer was 1,05 GeV/c, In the class with 2 2 extre prongs,
they have 73 events, and 2 of them give a muon signature. They expect 5
background events from pion decay and punch-through. There is therefore
no gignal in this class, In the class of events with only one extra
charged particls, thers are 17 eventis, all of which have a muon in the
spectrometer., (The coplanarity and colinearity cuts are described in their
peper.) The background is estimated 1o be 3 evenls from radiative p-pair
production, and ocre from hadron decay and punch-through. There does seen
to be a signal in this class, The ¥MPP resulis also hint that the source
of the muons is more likely to be a heavy lepton decay than a hadron decay,
for the mean chargsd-particle multiplicity for leptcon decay is ebout 1-1.5
while that for hadron decay is about 2- 2.5,

1 can summarize the situation as follows:

exist. Oniy about 25% of the evsnis can be expleined as background,

(2) The momentum spectrum of the leptons and their colinearity angle
distribution both favor;a 3-body decay as the scurce of the pe evenis,
although neither a 2-body decay nor a mixture of 2- and 3-body decays is
completely excluded. |

(E) The threshold for the pe events lies between 3,8 and 4 GeV c.m,,

implying that the mass of the parent particle is 1,9- 2 GeV,
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(4) The energy dependence of the observed pe cross section mildly
favors l/S

(5) The search for ue events with associated y-rays or hadrons appears
to exclude the 3-body semileptonic decay of a hadron as a source of the pe

pseudoscalar L )
events, This 1mplles that / charmed-particle production and decay have
nothing to do with the pe events., The states involved cannot be D or F,

(6) The same type of analysis es in (5) indicates that the D¥ and F*
are also unlikely sources for the ps events, More work needs to be done
on detection efficiency calculations before this point can be made more
sharply,

(7) MPP multiplicity data indicate a low charged-particle multiplicity
associated with their observed muons,

(8) All data are consistent with the hypothesis that the je evenis
come from the decay of the pair of heavy leptons. While hadron producticn
and decay are not completely ruled out, it beccues increasingly unlikely es
the analysis proceeds.,

-(9) If the U is a heavy leptom, the branching fraction is 17% each to

el and pao/u.

What is nceded now is more data taken with different kinds of apparatus

with different types of biases. We expect roughly to double the data we

addition, two new experiments will be run at SPEAR in the coming year,

he MPP
group is back at SPEAR and is now taking more data, and the DASP and PLUTO
spectrometers at DESY have begun to situdy these anomalous lepion events,
Hopefully, we can understand the origin of these phene&ena during the

coming year.
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TABIE T
Prgperties of the W—particles as obtained from fit to cross ssctions
Opag? GW and . Errors accounted for: (a) statistical, (b) 15%
uncertainty on hadron efficiency, (2) 100-keV setting error in E¥,

(a) 2% point-te-point errors, ungorrelated, (e) % luninosity

normalization.

Property ¥ (2095) Y (7684)

Mass 3,095 £ 0,004 GeV %.684 £ 0,005 GeV

JFe 1 1

= 'ﬁu 4,8 . 0.6 keV 2,2 4. 0.3 keV
Ty 59 +£14  keV 220 456 keV

r 69 +£15 keV 225 4 56 keV

f';/ r 0.069 4+ 0.009 0.0097 + 0.0016

e/ 0.86 & 0,02 0.981 +0.003

Y"F/r‘; 1,00 + 0,05 .89 +0.16




Decay modes of the P/ (3095)

TABLE II
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Yode -

Branching ratio

Number of events

(%) Observed Comments
e'e” 6.9 0.9 © ~ 2000
Ty 6.9 £0.9° ~ 2000
PR 1.3 £0.3 153 + 13 > 7% of W
ot on” 0.4 20,1 76+ 9
+ -
+ -0 20 wTmT
21 27 T 4,0 +1,0 675 + 40 {%’3 p T
I BN 0.4 +0.2 o T
T 2.9 4 0.7 181 4+ 26
ant a4 O 0.9 % 0.3 15+ 4
T£+T£—K+K— 0.4 4 0.2 8% + 18 { not 1nf;luding
K*(892) X*(1420)
ot o KK 0.3 + 0.1
KK < 0,02 <1 904 confidence limit
*
x%% (892) 0.24 £ 0.05 57 4 12 eenn
=%
¥ (892) 0.31 £+ 0,07 87 + 19
K%0% (1420) < 0.19 <3 90% confidence limit
4 T*, - o~ o~ o N s
XK ¥ {1420) < 0,19 L3 90% confidence 1imit
*
% (892) X° (892) < 0.06 <3 90% confidence limit
&% (1420) ¥ (2420) < 0.18 <3 9% confidence limit
ey . 0o N
K" (892) K~ (1420) 0.37 £0,10 0+ T
- - - assuming
gy 0 « 0 M3 £ 7\
o5 0,23 x 0,013 731 4 18 ey + 0052
AR 0.16 + 0,03 19+ 5
PP 7N 0.06 = 0.015 82 + 20 preliminary
- .0
PP i
npm 0.37 + 0,19 8T+ % -
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TABLE III
Decay Modes of the ¥ (7%684)
Modes Branching Retio (%) Comments

te” 0.97 & 0,16

ee At }pe universality
#+pf 0.97 + 0.16 éssumed

¥ (3100) anything 57 £ 8 ceeis

¥ (3100) P 2+ 4 these gecays are included
, 0 in the fraction for
¥ (3100) 1 442 _ + anything
POTEO < o.l * L3 I N

o oni® 0.3 % 0,15

PD 1 0.04 + 0,02
KK  ~0,05

X (3410) y T3 assumes isotropic

Y angular distribution

*® 90% confidence limit based on a preliminary analysis



Table IV

Results of the search for narrow resonances. Upper limits
~(80% confidence level) for the radiatively corrected integrated
cross section of a possible narrow resonance. The width of

this resonance is assumed to be small compared to the mass

resolution,

Mass Range

Limit on [ o,, dE
H c.m

(GeV) (nb MeV)
3.20 — 3.50 970
3.50 — 3.69 780
3.72 — 4.00 850
4.00 — 4.40 620
4.40 —-4.90 580
4.90 —5.40" 750
5.40 —~5.90 800
5.90 — 7.60 450

Summary of the masses,
the e*e™ systems.

Table ¥V

widths, areas, and couplings to

Mass Ftot /0' dE* re"’e“
(GeV) {MeV) (nb-GeV) {keV)
3.1 0.069 10.4 4.8
3.7 0.225 3.7 2.2
3.95 60. 0.35 0.2
4.1 200 2.5 1.8
4.4 40 0.25 0.2




- Table VI

Product branching fractions in % for various decay modes of the intermediate
states y and P c:

Decay mode 1(3410) B30 T Pg
. }
47 0.14 = 0.07 0.2+£0.1
N1 ~0.1 T ~0.2
rr KK ~0.07 ~0.05 .
ra or KK 0.13  0.05 <0.027 , <0.027
v <0.5 ? 3.6+ 0.7
Table VII
. o
- o rent =4 el
2-prong events at_Ecm 1.8. Py and Py 2 .65 GeV, ecoplanar > 207,
Total Charge 0 Total Charge 2
Extra Shower Counter Extra Shower Counter
0 1 22 0 1 >2
ee 40 111 55 0 1 0
eu 24 8 8 0 0 3
" 16 15 6 0 0 0
eh 20 21 32 2 3 3
ph 17 14 31 4 0 5
hh 14 10 30 10 4 6




Table VIIT

Particle misidentification probabilities.

p(h —e) .0.18 +0.01

p(th —~p) 0.20 +0.01

p{e—h)" 0.056 + 0.010

p (e —u 0.011+0.002 .

p (@ —h) 0.08 +0.01

p { — €) <0.01
TABLE IX

A1l pe events classified according to the totzal number of visible
tracks, the mumber of photons detected, and the charge of the e
system, In each bex, the number at the upper left is the events

found, while that at the lower right is the expected background.

Humber _ _
= AQ = O 8Q =2
bracks Oy 21y 0y 21y
P
62 53 4 4
2 13 33 3 4
_ 26 5 0 - |4
3
27 74 12 )
29 137 18 95
4 , ]
% 124 | 17 75
17 119 L2 [ 81
25 : %
13 109 | 10 6

32



FIGURE CAPTIOHS

Exploded view of the magnetic detector,

* SchemBtic end~view of the magnetic detector.

. o g
Total cross section for e e to hadrons,

Ratio of the p-pair cross section to the Bhabha cross section in the
region of the ¥ (2) and ¥ ' (b) resonances, The solid curves are

the expected shapes for 17 resonances interfering with the QED ppair

5.

12,

production, The dashed curves are for no interference,

The front/back asymmetry in pwpair production in the region of the

¥ (a) and ¥ ' (b) resonances,

The ratio of the ratics of hedron

5“ resonance for variocus mumbers of picms in the final state.
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Fine scan of total cross section from c.m. energy of 3.2 to 7.7 GeV.

Total hadronic cross section vs ¢.m. energy, including resulis to September

1975.. The radiative tails of the ¢ resonances have been subtracted.

R.¥s c.m. energy, with the daia of Fig.. 5.
R'on an expanded scale covering the 3-5 GeV region, The open circles are

from Ref. 6, and the solid circles include data up to the time of the Photon

Conference.

A further expan

of October and November 1975,

The photon detection efficiency in the pair spectrometer made assuming

w—n—

: AT N N R IS S - i ~ ~
-opic photon angular disiribution and jcosdt £ 0.6,

Inclusive y spectrum (a) from #' decay, and (b) from ¥ dec

axr
25 e

Dimuon mass distribution for c¢.m. energy equal to the y' mass. The upper
peak is the direct ¢' deay to two muons plus the QED p-pair procuction,

while the lower peak is from the cascade decay ¥' — 3 with the y decaying

15,

16,

17.

ihto:two muons.

The vy mass distribution as observed in the decay y' — yy. The curves are

explained in the text.

Scatter plot of the two solutions for the mass of intermediate states in

. + -
Pr—dve e .
{(Missing mass)” recoiling against the # before and after subtra

¢! — yr.
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wel
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19,

21,

23.

24,

34

Invariant hadron mass distributions for the constrained fit of ' — 'y + hadrons.
The hadron systems are (a) 4m, (b) 6w, (¢) mnKK, (d) the sum of 1r 7 and
K'k™.

Energy level diagram of the new states.

The observed cross section for the pe events.

Distribution of the pe (invariant mass)2 vs (missing rnass)2 for the data at
E*=4.8 GeV.

Distribution of cos b eol for three different c.m. energy intervals. The
curves are explained in the text.

Distribution of Po and pu for all ey events. The curves are upper limits on
P, OT p” for the md‘catnd U masses in GcV/c . These limits are the same
for 2-body and 3-body decay provided all neutral masses are zero.

The distribution in p for three intervals of c.m. energy. The solid and

dotted curves are explained in the text.
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