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RADIATIVE DECAYS OF PSI(3684)

John Scott Whitaker

Abstract

Results of studies of radiative decays éf ¥(3684) are.
presented. The déta for this work were obtained with the
_Magnetic Detector at the electron—éositron storage ring
SPEAR. These re;ﬁlts indicate the existence of three
statés X, with masses 3415, 3500, and 3550 MeV, produced
in radiative decays of y'. There is evidence for a fourth
state with mass either 3340 or 3455 MeV. From study of
the ¥(3684) inclusive pﬁoton spectrum, the branching
fraction for ¥(3684) - ¥X(3415) has been determined
to be 7.5% 2.6%. Branching fraction upper limits of 1-49
at the 90% ¢onfiden§e level have been obtained for mono-

chromatic photon production above 250 MeV by ¥ or {'.
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I. INTRODUCTION

" The discovery of the narrow high-mass resonances ¢(3O95)1’2

and
w(368h)3 (v and y') initiated a period of great excitement and proauc—
tivity in the study of particle physics., A vast multitude of theories
have been proposed to explain the new'particles; radiative decays of y!'
are particularly interesting‘because they ﬁay enable'us to discriminate
among theories which have predictive powers., This thesis will discuss
experimental results on radiative decays of y' based on Aata obtained
with the SLAC-LBL magpetic detector at SPEAR., Three lines of inquiry
were pursued:

' (l) a study of events ' - yX, X - charged particles, where the

photon was inférred from the missing mass;

(2) a search for structure in the W; inclusive photon spectrum, using
photéns which converted in the material preceding the tracking
chambers; |

(3) a study of events V' - yyy, where the | was detected by its
lépton—pair decay and one of the photons converted,

The mesons ¥ and y' are generally taken to be bound systems of heévy’
quark$ with new quantum numbers -- the new quarks should be heavy to
éxplain the high mass of ¥ and y' and have new quantum numbers so that
decay to normal hadrons is inhibited, explaining the small widths of ¥

and y'. Inhibition of strdng decays may mean that electromagnetic decays,

’particularly transitions to other bound states of the same'quarks, may

occur with appreciable branching fractions. The number of such additional -

states, their masses and quantum numbers, their production in y' decay
and their possible decays (strong or electromagnetic -- possibly to yy)
provide stringent tests for conjectured theories,

The most detailed predictions have been made in the context of the



Wstandard" quark model. This model postulates the existence of three
fractionally charged quarks, called u, d, and s for up, down, and strange,
The u and d quarks are an isodoublet; the s quark is aﬁ isosinglet, Each
quark comes in three colors, and all observed particles are color sin-
glets, Mesons are composed of a quark-antiquark pair in this model. 1In
particular, the vector mesons.p and ®w are taken to be the isospin—one

and isospin-zero projections of the u and d quarks and antiéuarks in an
L'; O, S=1 orbital, and the @ meson is the ss system, This model
hés been spectacularly sucéessful in ordering particles and resonant
states. It has been somewhat less successful in predicting partial
widths, couplings, and other properties, and it predicts some phenomena
which are not dbservea - épecificgliy, the existence of strangeness-
changing neutral currents in weak interactions.

A fourth quark was added to the model to deal with some of its
problems.h The new qﬁark, denoted by "c," is aﬂ isosinglet with a new
additive quantum number "charm.'" The addition of another quark implies

.

new phenomena, such as charmed mesons, the cq pairs, and (as noted in
Ref. L) new uncharmed mesons, ﬁhe cC states, Since charmed mesbns have
not been found in the low (S 1 GeV) mass range, the charmed quark is
expected to be heavy. As hoted by many authors, the ¥y is an excellent
candidate for the cc vector meson: it has the expected quantum numbers
and it has the small width expected if decay to charmed mesons is below
threshold (so hadronic decays are suppressed by the quark line rulc).

Theoretical consideration of éuark confinement suggests that due
to the high mass of the charmed quark the coupling of the cd syste@ may
be moderately weak and perturbation célculations may bg applicable.
This leads to a picture of qE states similar to positronium, called

5,6

"charmonium" by analogy. The c¢¢ have a hydrogenic wave function -~

%
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3
invparticular, rédially and orbitally.excited states may exist.7 The {*
'is'a_candidéte for ﬁhe radially excited cT state: it has the fight
quantum numbérs, its decays to lepton pairs indicates a nonzero wave
function at the origin (which vanishes for L # O hydrogenic wave func-
tions) -~ and its high branching fractions for decays to ¥ suggest an
intimate conneqtion.

Identifying ¢ and y' as the ].3Sl and 2235 the charmonium model

l)
predicts the presence of more states in this mass region: a pseudo-

scalar state is expected near Yy and ¥', and the orbitally excited

3
1.7%0,1,2

. . + - . . .
will have CP = +- and will not couple to e e via an intermediate

states ‘are expected to lie between ¥ and ¥'., The 1P states

photon, Théy can; hoﬁever, be reached by electric dipole transitions
from Y' and éould decéyiin like manner to Y. V¥ and y' cou;d also decay
via magnetic dipole transitions to lower-lying pseudoscalar states.
Calculations of the partial widths for these v;rious decays are uncer-
tain, since they depend on the detailed wave functions and also may be

8-11 A sketch of the

affected by the preéence of the nearby continuum,
.predicted states showing allowed transitions is given as Fig, 1.

This discussion has been in the context of the ¢ assignment to V
and ¥', but othér interpretations also lead to specific predictions for
radiative decays. Fér example, Harari has proposedla.a si#-quark model
in which the P states are absent, but a pseudoscalar state near the ¥
is prédicted and " may decay to this state with considerable rate,

| Further interest in radiative decays of-W' arises from the failure
to identify significént decays of y' other than those including a ¥ or
going through an intermediate photon, The decays VY' - V¥ + X (excluding
V) are = 54%; ' 5> e'e or p+p— are ~ 1% each, and ¥' 5 y =

' i ! + - . .
hadrons is R(off resonance)X (y' —» e e ) ~ 3% (where R is the ratio
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Fig. 1. Charmonium model states and transitions,
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of the cross sections for hadron.productioﬁ and muon pair production).
Iévthe charmonium model the direct decay of y' to hadrons is expected
to be roughly proportional to the square of the wave function at the
origin and can be estimated from the results‘at the y and the relation-

ship
' + .-
y x D! = e e )
My » ee )

I'(y' -» hadrons) = I’y —» hadrons

to be ~ 10%.13 This summation leaves unaccounted roughly 30% of V'
decays, so there is room for large rates for radiative decays of y'.
Problems arise, at least in the charmonium model, since P states reached
by electromagnetic transitions from Y' are expected to decay dominantly
8-9 4 ' . . C 1
to vy, but the total rate for V' — yyy is only ~ 49, ~7 . There
still remains the possibility that ¥' has radiative'decays to states
which decay dominantly hadronically, and, of céurse, non-radiative -

processes could account for some or all of the missing 30%.



' I, THE APPARATUS
A. SPEAR

SPEAR is an electron-positron colliding beams machine, in which
beams of electrons and positrons are stofed’and are directed to collide
head-on. A plan view of SPEAR is shown in Fig. 2. Single bunches of -~
electrons and positrons counter-rotate in a common vacuum chamber and
guide field witﬁja circulation frequency of 1,28 MHz, colliding with
zéro crossing angle at each of the two interaction regions each revolu-
tion, Siﬁce the laboratory frame is also the center-of-mass frame, the
energy available for interactions is twice the energy of a single'beam;

Particles are injected into SPEAR.fromithe Stanford Linear Accel-
erator, Radio4frequehcy cavities provide power to the beam to make up
the energy loss by synchrotron radiation and to accelerate the beams to
higher energy -- acceleration to highér beam energies is accomplished
~simply by raising the magnetic field slowly and uniformly around the
ring so the phase-stable bunches take up from the rf system the neces-
sary additional energy. ’

.The beams are separated electrostatically during injection and

acceleration; it is also poésible to take data while the beams are
separated to measure background, When the separating field is turned
off the bunches collide iﬁ a region of gaussian shape‘with.rms dimen-
. sions of 5 cm along the beam line and 0.0lcm in the vertical and 0,1 cm
in the horizontél transverse dimensions. Eleqtronfpositron interactions
occur at a rate proportional to the cfoss section for the process; the
proportionality factor, called the luminosity, depends §n a number of
factors including the current and cross—sectional.a:ea of each beam,
The beam currents and luminosity decay exponentially in time; the beams

are dumped and the ring is refilled when the luminosity has dropped
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below optimum, The typical integrated'luminosity for a fill at ¢' is
~.h nb-l. An XDS Sigma V computer performs online control and diagnostic
functions, setting magnet currents, monitofing pressures and many other
critical factors,

The energy dispersion of the beams is determined by fluctuations
due to synchrotron radiation; it is gaussiah with rms deviation of 1,2
MeV in center-of-mass energy at energies near y'., This is large éompared
to the width of the y' and (élong with radiative processes) detérﬁines
the observed resonance shape. The error in calibration of the eneréy of

the ring is estimated to be %0.1%, and the error in setting the energy

is #0,1 Mev,

B. The Magnetic Detector

’

The SLAC-LBL Magnetic Detector occupies the West interaction region
5t SPEAR. The detéctor is a three—mefer long, three-meter diaméter
cylindrical array, coaxial with the beam, it consists of plastic scin-
tillation counters for triggering and particle identification and propor-
tional and spark chambers for tracking charged particles; a large solenoid
provides a four~kil§gauss axial magnetic field for chafged particle
moﬁeﬁtum determination. The counters and cylindrical spark chambers
cover approximately 450 to 135o in polar angle 6 with complete azimuthal
acceptahce. Four gaps of "end cap"'spérk chambers normal to the beam
line on the south end of the detector provide charged parficle detec£ion
from 150 to h5o‘in 6. Figures 3a-b show an end view and a‘sectioned side
view of the detector. Figure 4 is a photograph of the north end of the
detector with the end pieces of the iron flux return removed.

A particle emanaﬁing from the interaction region into the detector

traverses in sequence:



Q0 0 0«4 6 U 45 29 8

9
} MUON WIRE CHAMBERS
} IRON (8 1n.)
<~ SHOWER COUNTERS (24)
«—COIL
" TRIGGER COUNTERS (48)
CYLINDRICAL \\\‘

WIRE CHAMBERS

’,

', TRIGGER ,
BEAM PIPE — ,} COUNTERS(Z)

\

\\ i)

SUPPORT—=0_CHAMBERS (2);
“POST (6)

23222
| | meter )

XBL769-10524

Fig. 3. (a) End view of the Magnetic Detector,



10

% =]
- QT._-T
R MUON ABSORBER — —_ _
e .
- e . j
'MUON ABSORBER ———|——— — : ' MUON SPARK v
_. CHAMBERS :
| — = 1
_ MUON ABSORBER e ]
ENg = SHOWER
S —1 COUNTERS

J

— 7 77 o7
\E ”/// // //// 4 . _FLl)Xi%TQé{!I// // / TRIGGER
[ I ; ] COUNTERS
. | = colL = uummnlLT /
{ _ T o om =

Y

— - - COMPENSATING
o\ Y SOLENOID
RE SPARK CHAMBERS / ,
N YIRE . e = /LUMINOSITY :
4 - S -1 % MONITOR
_~ END- CAP CHAMBERS 2= 4 BEAM PIPE
Y ‘l‘/PORPORTIONAL CHAMBERS
=

TT J[mﬂu s i '--"—wurﬂm']l]
L S
\&74/_ ///////////// /,////// ,/,/\‘ ‘
]9&_ T TS T I T T T ST T T':‘éf_:‘:l“""“v - n i'
:.

Fig. 3. (b) Sectioned side view of the Magnetic Detector.



11

CBB7312-7292

Fig. 4. Photograph of the North end of the Magnetic Detector

with the end pieces of the flux return removed,



12
the vacuum chamber -- a corrugated cylinder of O,15 mm thick non-
magnetic stainless steel at a radius of 0,08 + 0,004 meters from the
beam line, The chamber has a mean thickness, including the effect
of the corrugation, of 0,152 gm/cme, or 0.0ll1 radiation lengths.
the pipe counters -- two cylindrical plastic scintillation counters
each 0,69 cm thick and extending * 18cm along the beam line, at
radii of 11 and 13 cm, Each counter is divided in the vertical
plane into two hemicylinders; a S56DVP phototube views each hemi-
cylinder from one end through a lucite light pipe. The efficiency
of a single counter for detecting minimum-ionizing particles was
> 95%, as measured with cosmic rays.
the proportional chambers -- two concentric proportional chambers
were installed in January 1975. The inner chamber has a radius of
17.3 cm, 0.21 cm wire spacing, and covers 3h° to lh6o in polar
angle; the outer chamber is at 22.4 cm radius, has 0.28 cm wire
spacing, and covers 290 to 1510. The chambers are each 0,0043
radiation lengths thick., Each chamber was > 90% efficient for
detecting prongs in multiparticle hadronic events,
cylindrical spark chambers -- there are four sets of cylindrical
wire spark chambers at radii of 66, 91, 112, and 135 cm with active
regions in polar angle of 310- lh9o, o® - lhOo, h30- 1370, and
h5o— 1350. Each set consists of two gaps, one with the wires at
+2° with respect to the beam line and the other with the wires
at +4°. The wires are 0.19 mm diameter aluminum with 1,1 mm
spacing, A mixture of 10% helium and 90% neon is ﬁsed. The cham-
bers are read out magnetostrictively by a total of 100 wands; both
the high-voltage and the ground wires are read, Each wand can

record up to fifteen sparks and fiducials. The efficiency of the
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chambers is generally > 90% for each wire "plane," Since the
analysis requires two or more wires in the set of four to determine

spark coordinates, the spark efficiency is very high, The chambers

‘are supported by a 1.3 cm thick aluminum cylinder outside the outer

chamber and by six aluminum support posts at T9 cm radius, between
thé first and second chambers, These posts are 6 mm thick and 5 cm
in diameter, subtending ~ 7% of the azimuth, Due to the possiéﬂity
of large scaﬁters, charged particles whose trajectories pass through
a post must be ignored, reducing the efféctive acceptance of the
detector.

trigger counters -- fortj—eight plastic séintillator counters are
mounted on the outside of the spark chamber support cah. Each
counter is 2.5 cm thick, 23 cm Qide, and extends * 130 cm along
the beam line; a 56DVP phototube at each end measures the light |
output; The trigger counters have two functions: to provide part
of the detector trigger and to measure time of flight (TOF) of
particles to alléw particle identification, For triggering it is
desirable to have a high-threshold discrimination on the phofotube
output to reduce_triggérs on low energy background particles, but
for.TOF measurements a low threshold is needed to reduce time-
slewing due to variations in pulse shape.. To accomplish these
purposes, the anode signal of each phototube is split 3:1, The
largér fraction is split agéin in the ratio 4:1; ﬁhe L/5 part of
this larger fraction is discriminated and provides the stop signal
for a time-to-digital converter (TDC), and the 1/5 part is input to
an analog;to—digital converter (ADC) to enable off-line corrections
for slewing due to pulse height variation, The smaller fraction

from the first split is discriminated and sets latches (gated flip-
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flops) for triggering, Each phototube is latched and there is a
"time-compensated" latch to indicate an AND of both phototubes on
& counter,

The time compensation scheme is a way to reduce background
triggers by minimizing the length of the gates on the latches, ,
-Cosmic rays, a principal source of background, require 1O nanosec-
onds to traverse the detector; hence, the trigger rate due to
cosmic rays will be proportional to the length of the latch gate
in excess of 10 ns, A light signal takes ~ 20 ns to propagate
from one end of the counter to the other, so the phototube signal
from one end may vary by + 20 ns relative to the signal from the
other end. This‘variation is compensated by delaying the earlier
signal,.in tﬁe following Qay: the discriminated phototube éignals
are injected into the two ends of a string of voltage comparators,
the threshold of a comparator being greater than a single discrimi-
nator pulse and less than twice that level and the number of com-
par&tors such that the signal propagates through the entire chain
in 20 ns. Thus the output of the time compensator has time varia—
tion reflecting the range of veiocities of the incident particles,
The time compensator was latched with an 18 ns gate, permitting
latching on protons down to momenta where they range out in the
‘'spark chamber support can,
the solehoid -~ the solenocid is a double wind of hollow, water-
cooled aluminum conductor potted inlepoxy resin between inner and
outer aluminum skins; it is coaxial with the béam a£ 1.7 m radius,
The solenoid is powered by a 2.8 meéawatﬁ supply at a nominal
currenﬁ of 4370 amperes; compensating coils at each end of the

-detector, in series with the main solenoid but wound in the opposite
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sense, assure that ‘fB-dz = O along the beam line through the |
detector ~- a necessitf for stable beam stoiage. The solenoid
prodﬁces an axial four kilogauss field which is uniform to‘5% in
the active region of the tracking chgmbets; a polynomial fit accu-
rate to 0,1% was used in the data analysis, The solenoid's thick-
ness is ?oughly one radiation length,
the shower counters -- outside the solenéid are fwenty—four shower
counters. A counter consists of five 0,64 cm thick (~ one radiétion
length) lead sheets each followed by a 0.64 cm sheet of Pilot F
plastic scintillator. The counters are hB cm wide and have active
length of 3.1 meteré. The lead—scintillator sandwich is contained
in a box,consisting»of 1.3 cm thick alumihum plates front and back,
bolted to 0.3 cm thick aluminum side plates. The lead contains six
perceﬁt antimony to increase its stiffness. Four three-meter long
iucite‘strips were glued to each sheet of'plastic near the sides to
support the lead free of the plastic and prevent crazing; however,
the removal of the excess glue scratched the plastic, reducing its
initial attenuation length of ~ 1,5 meters to ~ 0,8 meter. This
reduced the light output and efficiency of the counters, The effi-
ciency of the shower counters is discussed in Appendix*A.

Each shower counter has a five-inch RCA‘M522 phototﬁbé at each'
end. The phototube anode signal is split: 1/10 goes to ADC's for
pulse height measurementvand 9/10 goes to an adder-comparator circuit
called a "mixer." The mixer adds the signals from the two phototubes
of a counter and discriminates the sum, sctting a latch when the
threshold is exceeded, The 1/10 of the signal used fér pulsc hciqh£
méasurement is split 3:1, the 3/h going to an ADC with 1/4 pico-

coulomb/channel sensitivity and the l/h to an ADC with one pico-
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coulomb/channel sensitivity, This scheme provide; the large dynamic
range needed ﬁo include pulse heights from high enerqgy electroné
while resolving from pedestals the pulse heights of minimum-ionizing
particles.

— the iron flux return -- the detector is surrounded by iron which
acts as a flux return path and makes the magnetic field in the
detector nearly uniform, The iron is 20 cm thick around the circum-
ference of the detector and 8 to 12 cm thick on the ends.

— muon spark chambers -- large spark chambers outside the return iron
detect penetrating particles., The inner detector and the return
iron.are 1.7 interaction lengths thick, absorbing muons with momenta
< 30 MeV/c and giving ~ 20% hadronic punchthrough. More spark
chambers and concrefe absorbers on top of the detector provide
better muon identification over ~ 10% of the solid angle, having
a thickness of 5 interaction lengths total,

The luminosity of the storage ring was monitored by observing.
small angle e+e— elastic scattering, using counter telescopes at each end
of the detector at # 20 milliradians from the beam line in the vertical
plane, Each of these telescdpes consists of a scintillation counter to
define the position of an incident charged particie and a tungsten-
scintillator sandwich shower counter to identify électrons and discrimi-
nate against low energy and minimum-ionizing particles. The luminosity
counter latch status and the pulse height in the shower counter were
recorded with each event, Coincidepces of pairs of luminosity counters
collinear through the interéction region ("true" coincidénces) and non-
collinear ("false" cpincidences) were scaled, gated by the live time of
the detector, permitting calculation of the effective luﬁinosity, This

system provided the luminosity measurements for runhing on the ¢ and {!
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resonances; the luminosity counters were calibrated off resonance relative

+ - : . .
to large angle e e scatters in the main detector,

C. Triggering and Data Collection

The trigger systém for the magnetic detector was designed to be very
flexible, allowing special triggers for check out or trouble-shooting and
including the ability to escalate the trigéer level if backgrounds should
pfove severe, FigureA5 is a block diagram of the fast electronics,
showing the routing of countei signals and the majér elements of the
ﬁrigger, It was possible to select with the twist of a dial any of a
variety of triggering modes: beam events, cosmic rays, pulser, or |
'computer COntfol.

The'normal "beam" trigger was derived from the pipe counters, trigger
COuntefs, and shbwer counters, -A‘pickup uéstream from the détecfor él§ng
one or the other beam de;ected the passage of the particlevbunch and
genefated a master strobe, which was split andvdelayed to generate gates
for the various counters. After ~ 200 nanoseconds the counter latches‘
were interrogated to see if the preset t?igger conditions had been met,
If not, the latches were cleared and the system was ready for the next
beam passage. In the case of a valid triggér configuration, further
master strobes weré inhibited and the detector was triggered: spark
chambers‘were pulsed and TDC's and ADC's started, 'After appropriate
delay, counter and spark.chaﬁber data were bussed by CAMAC to an XDS
Sigma V computer which wrote the data onto magnétic tape and analyzed
a sample of the evgnts, The system was disabléd after a'triggef for
0.2-10.3 second to allow the spark chamber charging lines to recharge
andvto get the data onto tape,

Our standard trigger was designed to limit the trigger rate to an
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acceptable level while introducing the minimum bias into event selection,

Due to ferocious background it was necessary to include the shower coun-

ters in the trigger, introducing the momentum bias discussed in Appendix

A, The usual "hadron" trigger cqnsistedfof the féllowing elements ANDed
together:
| *) a coincidence between the inner and outer pipe counters on the
same side;

*). two TASH's

, where a TASH is a trigger counter in coincidence

with the radially outward shower counter or the next closest
shower counter; |

*) two SHAT's, where a SHAT is a shower counter in coincidence with
one of the twé trigger éounters diiectly inboard of one of the

next closest two trigger counters,

The distinction between two TASH's and two SHAT's is, sketched below:

] shower counters J
D D trigger counters D

two TASH's two SHAT's

Two independent trigger counter-shower coincidences were necessary to
reduce baékground triggers,

With this trigger the dead time of the apparatus was generally les§
than 10%. Some of our data were taken with a less restrictive trigger
-- the 2 TASH, 2 SHAT requirement was reduced to the requirement of one
TASH ana an additional triggef counter latch; This trigger increased
Eonsiderably the efficiency for events consisting of all low momentum
particles, such as y' - n+n-w events where the ¥ is unseen, but had

little effect on the efficiency for events with photon conversions.



III, ANALYSIS
Off-line.analysis of the data was done in two passes, 1In the first
pass, time—éf-flight system parameters and the beam positions in the.
interaction region wefe measured, Pass II used these quantities in
éerforminé the; full event reconstruction, writing an output tape con-
taining both the raw data and the information from the reconstruction,
Event reconstruction consisted of: identification and. measurement of
charged-particlé fracks, processing of trigger counter time-of-flight
- data and of the shower counter pulse-heights, searching the muon spark
chambers for evidencev;f the presence of muons, and event classification,
Two types of events Qere omitted from this "Pass II" tape: cosmic ray
events clearly identified as two-prong events with the appropriate :
timing difference and colinearity to be a single particle traversing
Vo » :

the entire detector, and "junk" events with too few spark chamber points
and no detected tracks, for which further analysis would be pointless.
Of the initial sample of y' events, ~ 50% were eliminated as junk and

~ 10% as cosmics, |

The details of point and track recognition in the cylindrical spark

chambers have been discussed in the theses. of Bob Hollebeek_l5 and John
Zipse.16 ‘Briefiy, space points were defined by the crossing of struck
wires in tﬁo or'more of the four "planes" in a chamber. If all four
planes were efficient, two points would be found in a single chamber.
‘Starting from the outgr two chambers, two.points were selected from two
different.chambers.and used to define, along with the origin, a candidate
track helix (assuming a uniform magnetic field), burthér points falling
near the candidate track wifhin tolerances in the r-¢ and z projecctions

were added to the list of possible points. Tracks were then required

to have three or more points to merit further consideration, A least-
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squares fit of a helix, again in the uniform field approximation, to the
péint coordinates produced first approximation values of the momentum,
direction, and position of the track. The algorithm included the possi-

bility of dropping points which made inordinate contributions to the X2

of the track. Points in the inner chamber only were allowed to be used

in more than one track, to avoid a bias against photon conversioné or
particle decays which might give two nearby signals in £he inner chamber
but should separate before traversing the other chambers.

The redundancy of wire planes and chambers led to very high tracking.
efficiency. The wire plane spark efficiency was monitored on-line and

was generally 90%. From extensive scanning of reconstructed events,

‘and from studying the losses imposed by requiring three or four wire

crossings in a chamber in order to define a space point, the tracking

.efficiency is believed to be > 97%. The six infernal‘support posts

for the spark chgmber package were a majof source of track losseé: a
particle striking a post could scatter through a sﬁfficiently large angle
that it no longer appeared to come from the ofigin and the inner points
would lie outside the tolerance for distance from the hélix defined by
two outer points and the origin, Tracks striking a post might still be
found by the tracking routines.but have grossly mismeasured momentum

due to the scattering.

The proportional chambers, added to the detector in January 1975,

‘were incorporated into the track-finding algorithm in two ways. For

tracks with‘three or ﬁore cylindrical chamber points, the track param-
eters determined from the points were usecd to prcdict tﬁe pnsitjﬁn of
intersection of the,track with each of the préportional chambers, - In
each chamber the point closest to the extrapolated position, if there

was such a point within ~ 1 cm, was added to the point list and the



track was refitted, Only the proximity in the transverse (r-¢) plane
bwés used; the resolution and efficiency of the cathode strips designed
to provide z information were too poor to be useful. |

The proportional chambers were also used to find tracks which had
not been found by the algorithm discussed earlier, After finding tracks
with fhree or more cylindrical spark chambér points, the program had a
listbof track éandidates, called "two-point tracks," which had been
determined by the origin and two cylindrical éhamber points but for which v
no other cylindrical cﬁamber points had been found, To reduce both
computing time and the number of spurious tracks, this list was cut to
those two-point tracks having 'a point ih each of the two inner spark
chambers, The paramefers of these track candidates wérg then recomputed
assuming the two points were produced by é particle from a photon conver-
sion in the pipe counters. Specifically, the track parameters were
cﬁlculated assuming the two ppints lay on a helical path which was per-
pendicular in the transverse préjection to a cylinder of radius 11.7 cm
(the mean pipe counter radius). This peculiar algorithm was designed
to make the best possible guess for tracks which were part of a éhoton
conversion pair while retaining high efficiehcy for findiné-tracks which
came from the origin and were not part of a conversioﬁ pair, As before,
ﬁhe point, if any, nearest to the predicted intersection in each chamber
and within tolerance was assigned to the track and the track was then fit
in the usual manner. The difference between the predictions of this
élgorithm and the algorithm including the origin as a point to define
the helix.was'at most half the tolerance on the deviatién of the propor-
tional chamber point from its expected position, so tracks truly gmanating
from the origin were still found with high efficienéy. Photon cénver—

sions, however, produce pairs of tracks which are nearly collinear with

=
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thé(radial) photon direction and which havefseparated by < l‘centimeter
wﬁen they intersect thevproportionai chambers, The original algorithm
tended to systematically associate the wrong proportion;l chamber point
hith'the track, that is, it tended to assign to the positron the propor-
tional chémber point caused bybthe‘electron and vice-versa.’ This wogld
wdrsen the momentum resolution for these tracks and would open up the
angle between them, broadening the effective mass distribution for
cdnversion pairs including one or two two-point: tracks. . |

Figure 6 is a 5catterplot of momentum versus cos 6 for two—boint
tracks from ¢; events, As expected for lcos GI < 0.6, mosﬁ‘of the two-
.éoint tracks have momenta too low to reach three cylindrical cﬁambers:
there is a cutoff of .~ T5 Mev/c transverse momentum for reaching'three
cylindricai'chambers, and 55 MeV/c for reaching twO.chambers. Two~point
tracks in this small [cos 6] region With 1arg¢r momenta ma? have hissed
héving more cylindrical chamber points due to inefficiencies or may be
aécidentél combinations of background points, The high momentum tracks
near cos 6 ~ * o.7 ére due to a gap of A cos 8 = 0,03 where partiéle§
could pass through the inner two cylindricél chambers and miss the outer
fwo. :The.population of low momentum tracks at small cos‘e relétive to
the population of higher momentum tracks at 1arg¢ cos e_is in gbdd agree-
ment with Monte—Cétlo simulation of the detector acceptance folded on
¥' decays.

Three types of fits were made to the points.on a track: the CiRCLE
fit, which assumes a uniform magnetic field; the ONETRK fit, which used
a polynomial map. of the magnetic field; and the BC (beau;constrained)
fit, which used the field map and added tﬁe ﬁéasured beam position in
fhe tranéverse plane as a point to which the'track was éonstrained.

Every track had a CIRCLE fit, since that was how the track was found,
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The ONETRK and BC fits are X2_minimizations of the deviatioﬁs of the fit
track positions froﬁ the observed coordinateg, using a_mbdified version
of the program CIRCE.17 This algorithmrdid nét have the ability to didp
points which were causiﬁg the X? to be out of 5ounds, and so some frac-
tion of the tracks were missing the BC or ONETRK fits due tokthe failure
éf the fitting algorithm to converge. -Two—pbint tracks were omitted .
from the BC fit. The ONETRK fit failed for 1.4% of "2 3-point tracks
and 7% of two-point tracks; virtually all of these were near a momentum
vwhere.thé_track intersected a chamber'nearly tangentially, so that if
the starting value of the momentum was.too Iow,'the fitted track would
nbt reacﬁ the outermost point_and the fit wéula fail.

The momentum resélution depended on the nuﬁbef énd‘type of poipts 
on the track, The spatial resolﬁtién of points in the cylindricél spark
chambers was 0.5 mm in the f—@ direction and 1.4 cm or 0.7 cm in the z
vdirectiqn'for 20 6r ho stereo gaps respeétively. The éoints were fixed
radially at the cénter_bf>the spark gap, The r-@ resolution of the
proportional chamber was ~ 0,7 mm;:tﬁe porportional chambers had.no
i reSolutién. The tréns&erse position of the intgracfion_region was
measured in Pass I ffom Bhébha events with a precision of ~ * 0,1 mm
“in x aﬁd in y. Due to the small uncertainty in the beam position, the
proportional chamber points were relatively unimpprtant to the BC resolu-
tion, However, it wés necessary to include the effect of multiple scat-
ﬁering in th¢:§acuum pipe, pipe counters, and proportional chambers in
the BC fit. In the éourse of fitﬁing the frack, the uncertainty in.the
fitted momentum was calculated from the kpown spatial résolution of the

_tracking»chambersband the observed deviations of track points from the

fitted track, The relationship of this. calculated momentum error to the

track momentum resolution was studied using the track momentum pulls
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from kinematic fitting, where a momentum pull is the ratio of the change

.in track momentum divided by the track's momentum errbr, The momentum

pulls from fitting V' — hni. and VY' - Wﬂ+n—,'w - e'e” or p+p- were
normally distributed with unit rms deviation, ihdicating the momentum'
resolution was well represented by the calculated moméntum error, The
BC fit was further improved by tweaking the track angles and momenta by
empirical amounts determined from study of ﬁhabha event momenta éna
angles correlated with 6 and ¢, correcting for slight errors in the beam
position and chamber constants, After these:corrections the BC momentum
resolution is well represénted by ap = [(1.6p%)2 +V(O.6%)2}l/2.

The resolution of the ONETﬁK fit was poorer than the BC fit since
the beam position, a éoint with small error at the end of long arcllength,
was not used, The ONETRK fit was therefore more seﬁsitive to the number
of points on the track., Figure 7 show§ the ONETRK momeﬁtum resolution

as a function of momentum, The tracks used for Fig, T were positrons'

. and electrons, selected as part of a conversion pair; the electron mass

was uséd in calculating the multiple scattering error.  The error bars
in Fig, T are the rms deviation from thé ﬁeén momentum uncertainty in
that momentum bin, indicating the spread of the momentum uncertainty
distribution, The data in Fig. 7 show that the momentum resolution is
poorer and has a greate: variation for low momentum tracks than fog
higher momentum tracks, as expectedrdue to thé fewer number of points
on low momentum tracks, The two-point tracks suffer an additional
deterioration of resolution since the dip of the tracks is determined
only by the two cylindrical spark chamber points,-

The ONETRK fitting was precededvby a vertex fit, which did a
constrained fit for all tracks within 15 cm of the beam line and 4O cm

z extent, assuming a common origin, - This fit gave the vertex position
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for later discrimination against'beam—éas>events or background cvents
due'to particle interactions in the vacuum pipe or other material.

To achieve the best possible time—of{flight resolution, the start-
time offset due to.beam current dependence of the pickup signal was
measured at Pass I using Bhabha events and was appliea at Pass II,
Corrections to the TOF were also made for slewing due to pulse-heigbt
variations. After these corrections, the rms TOF resolution was O;h.ns.

The shower counter pulse-height data.were corrected for counter gain
and attenuation lossés using the track information for charged particles
and z as determined ffom)the logarithm of the ratio of the pulse heights
from the two ends of the countér in the case of neutral shower counter
hits. Due to the thickness of the.radiator and the infrequent sampling,
the energy resolution of the shower counters was very poor -- the rms
resolution was ~ 30% for electrons from |y decay and ~ 459 for muoﬁs
from § decay.

The purpbse of event classification was to separate QED and hadronic
events fiom background events due -to cosmic rays or to accidental interac-
tiéhs of beam particles with the residual gas or with the vacuum pipe,
The large crﬁss sectiops‘of Yy and ¥' largely obviated this step, other
than the filtering élready discussed.. Background events were nodligible;
the population of otﬁer background eveént classes was consistent with
losses of ~ 107 from ¥ or ' events as expected on the basis of our

18

studies of nonresonant data,

€t
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IV. STATES OBSERVED BY HADRONIC DECAYS
‘This Chapter will discuss the observation of new states by the
detection of their decays to éharged particlés. A previdusly'qulished
paper19 has established the existence of new»ététes in a number of
hadronic chapnels and has demonstfated that these states are produced
in fadiative decays of {'; conséquently, this work Qill dwéll on new

results on the number of these States, their masses, and their decay

»ﬁodes. Much of this Chapter has been excerpted from the work of George

Trilliné and Déve Johnson;20

The data sampie for this study consisted of eQents with 2, 4, or 6
charged proﬁgs with totéllcharge zero, taken from an initial sample of
~ 350,000 w'.events. ﬁvents were :equifed to have all tracks consistent
wiﬁh a common vertex near the beam interaction regiqn; the beam—constrained
fits to the tfacks, improved by empirical corrections,bwerevused. All
evehts used in the ahalysis satisfied one-constraint fits, applied‘using 

the bubble-chamber kinematic fitting program SQUAW, to y' radiative decay

and subsequent hadronic decay.

New states X produced in radiative decays of y', y' - X + y, decay

via a variety of hadronic channels; e.q.,

+ - 4 -
X - nnn KK =

+ - 4+ - + -
X > nnannnnn

S - R
X > nxn or KK .

._The radiative decay is established by a study of the missing mass against

the obscrved'charged particles. . Figure 8, taken' from Ref. 19, shows the
missing-mass-squared Mx for four-prong events from y and y'; Figs. 8a
and 8b show Mi for w"and ¥ events with missing momentum p, in the range

0.1-0.3 GeV/c, and Fig. 8c shows ME for y' events with p, > 0.3 Gev/ec.
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The solid and dashed lines show the predictions for a missing no and a

o : . 2 .. )
missing photon, respectively., For 0.1 < Py <0.3 GeV/c, the Mx distri-
bution for y is consistent with a missing no, while the {y' distribution
shows. a dominant fraction of the events having a missing photon, For
P, > 0.3 Gev/c, the y' distribution is consistent with a missing no.

Cuts used to isolate the various decay modes and remove background
were as follows:
+ - + -
(a) nnnn

(i)  |(missing Mass)2l £ 0,05 (GeV/c2)2,

(ii) (Missing Energy - Missing Momentum) = 0,1 GeV/c -- to avoid confu-
. + - 4 -
sion with X -» n n. KK,
A .. L e . ‘ + - i 2
(iii) (Missing Mass recoiling against any n n ) s 3.05 GeV/c™ -- to
N + - . + -
remove contamination from n n ¥ and ny decays followed by ¢ - e e
+ -
or p p decays,
+ -+ -
(b) n'mn KK
X I 2 : 2,2
(i) |(Missing Mass)“| s 0.05 (Gev/c“)%,
(ii) (Missing Energy (calculated as if all tracks are pions) - Missing

. . + = 4 -
Momentum) > 0.1 GeV/c -- to avoid confusion with X - n n n n ,

+— -
(iii) same as (iii) for = =n . ,

(iv) X§OF(n+n_K+K—) < X§OF(n+n_n+n_) where X?OF is the test of goodness

of fit of measured times of flight to the predicted ones.

- =+ -
(¢) nanmxn

' 2
(i) | (Missing Mass)gl £ 0.05 (GeV/cg) s
+ - -

(ii) same as (ii) for i n n n ,
. + - ) :
(iii) (Missing Mass recoiling against any n n ) outside the range 3,05 -

L + - : .
- 3.20 GeV/c” -- to remove n n ¥ contamination,

Sr (d) It+'1t— or K+K-

(i) Cuts to remove muons and electrons are applied,
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(ii) (Azimuthal Angle between the two track momentum vectors) > 160°,
(iii) Both momenta > 1000 MeV/c, |
(iv) (Missing Momentum transverse to the average n+n— line or K+Kf line)
2 50 MeV/c -- to remove radiative e+e_ and p+p_ decays not already
cut out by (i), |
(v) Effective mass of two charged particles when treated as n'n lies
outéide the range 3020- 3190 MeV -- to remove residual ¢ -» p+u_
or e'e” not cut out by (i). cuts (ii), (iii) here do not remove
events of interest but help to cut dqwn background.

The fitted mass spectra correspondingito the decay modes above are
shown in Fig. 9. The.un and 2n2K spectra show clear evidence for.three
X péaks at‘masses of 3415, 3500.and 3550 Mev/c2 plus a higher maés peak
éorresponding to the decay V¥' — ULs or nnKK, Except for the fortui-
tously narrow n+an+K_ spike near 3.50 GeV/cz, the bbserved widths are
all about the same and consistent with the experimental resolution, The
interpretétion of theipopulations above 3.L45 GeV/c2 in terms of two
distinct intermediate states is further supported by the detection of
the saﬁe states in cascade decay modes,

Vi - vX - Ww.
(see Chapter VI). As can be seen in the 3415 MeV state, the 6x data
apécar.té have.slightly worse resolution than the bn and snKK data, and
the two upper states are not resolved. The near uniform‘population from
3.48 to 3.57 Gev/c2 suggests however that comparable amounts of the 3560
and 3550 MeV/c2 states are present.

For. the n+n_ and K+K_ data, a separatioﬁ between thé two hypotheses

“has been made on the basis of lowest X2 in the kinewatic fit, .Thu data
confirm the previous result of a very strong 3415 MeV signal, and also

‘show a considerably weaker signal at 3550 MeV, The two events around
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3500 MeV may just arise from the tail of the 3550 MeV population, and.
there is no compelling evidence for a signal at 3500 MeV. Thus this
distribution is consistent with the possible interpretation of the three
states as the O++, l++ and 2++ levels expected from the charmed quark
model.

Branching ratio products B(y' — Xy)B(X - hadrons) were determined
for-the various states, normalizing the data of Fig, 9 to well known ¥’

. : + - + -
decay modes of the same topology, namely V¥' - pp for nn or KK,

+ - + -+ = -+ - + -
Y' > an ¥ > napp, nnee for bn and 2x2K and Y' - 1 gy o

n+nfn+n_n+n—,‘n+n_n+nfﬂ+n—no for 6n. Corrections have been made for
geometrical and trigger efficiency (assuming phase space X decays),
losses in time-of—flight identification, decay in flightﬂof Kt mesons,
and the various cuts discussed earlier (whiph actually reduce the signal
very little but do remove much of the baékground). The results are
given in Table I; the quoted errors reflect both statistical and system—
Iatic uncertainties, For completeness, we have alsé included the wmodcs
/A n+n-n+n— and LA n+n_K+K— fof Which the quoted number is just
the ¢ deca§ branching ratio.

The Lnx and nnKK branching ratio products are nearly equal for the
three X states. For the direct ¥' - lbn, nxKK decays, the nnKK decay
mode has a substantially higher branching ratio as might be expectod
since thé ks decay violates G parity consérvation and only goes via a
"second-order" eléctromagnetic decay.\ Indeed the given ﬁn brancﬁing
ratio (which must really be considered as the ratio of the total number
~of 4n events, arising either frém the V' ér from nonresénant hadron
production, to the tdtal number of hadronic decays of the y') is in

good agreement with the expectations from a pure second-order clectro-

magnetic process.



Table I

State

BR(Y' —» yX)

Decay- mode X BR(X decay)
x(3415) S (3.2:t0.6)><1o'3
O KK (2.7+0.7) X 1073
PP (l.hi:O.‘i))(lO_3 ‘
. (0.7+0.2)X 10" 3
KK (0.7+0.2)x 1073
x(3500) A (L.r+o0.h4)x 1073
AR KK (0.6+0.3)% 1073

S+ - + -
g n and K K

< (0.15X% 10‘3)

X(3500) + X(3550)

+ - =t -
O O

(2.510.8)210;3

X(3550) wx (1.6+0.4)x 1073
| ' n+n_.K+K— (L.h +0.4) X :Lo'3
' anda x'k© (0.23t0.12)x 1073
¥(3685) VTN (0.8%0,2)x 107 3%
| | A KK (1.4 20.4)x 107 3%

* BR( ! b—) Un)

** BR(Y' - 2x2K)
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Information on the spin of the X states may be obtained from the
angular distributions of the photon relative to the incident beam line,
These distributions are shown in Fig, 10, For spin zero; this distribu-
tion is predicted to be l+cos2 8, whergas for higher spins the predic-
tions are not unique, Fitting the distributions to 1 + a cbs2 8, the
coefficient a has the value l.h:go_h, 0.26+0.5, and 0,22*0.4 for
the X(3415), X(3500), and X(3550) respectively, Clearly the X(3415) is
consistent with expectations from spin éero. The other distributions

are consistent with isotropy, but the statistical errors are too large

to draw any very useful conclusion,
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V. INCLUSIVE PHOTON SPECTRA

'ﬁy studying the inclusive photon spectra of‘w and ¥' we may observe
directly the existence of radiative decays to new even-charge-conjugation
states without relying on the decays of such states to only charged
particles., The inclusive photon spectra enéble us to measure.the total
branching fraction for a radiative decay, rather than the product of the
branching fraction_for the radiative decay to some state multiplied by
the branching fradtion for the decay of thaf étate to some particular
channel, Since such a:large fraction of ¥' decays include a Y, it is’
neceésary to study the inclusive épectra of both y and ¥' to associate

any structure in the spectra with the correct parent,

A, Photon Detection

Photons are detected by their conversion to electron-positron pairs
in material near the beam line. . The material effective as a converter
is'sketched_invFig. 11; it includes the vacuum pipe, the pipe counters,
and the proportional wire chambers, a total of 0,052 radiation lengths
of material located 8 to 22 cm from the beam line. The composition of

L A 2 . 2 ' 2

this material is 0.15 gm/cm” iron, 1.54 gm/cm” carbon, 0.13 gm/cm
2 2 .

hydrogen, 0,02 gm/cm” oxygen, and 0.06 gm/cm” aluminum,

Figure 12 shows the conversion probability as a function of photon

energy, for photons normally incident on the effective converter, compiled
. 21 . . . .
from Hubbell's calculations of photon conversions in various matcrials,
The conversion probability is 0.030 at E_ = 0.2 GeV and rises to 0,073)
at 2 GeV, Hubbell's calculation includes pair production from interac-
tion with the atomic electrons, which for carbon contribute 12 to 18%
A
of the total conversion probability. Wheeler and lamb have determined

that the momentum transfers for conversions on atomic electrons are
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chéractérized by the electron mass, so triplet pfoduction or broadening
of the effective mass distribution of the conversion pairs from the
atomic electrons will be negligible, To check this, three particle
combinations with small effective mass and total charge * 1 were
selécted as triplets, The number of positively charged triplets was
equal within statistics to the.number of.negétivély charged triplets,
indicating genuine triplet production was small (the observed triplets
being attributed to tracking duplications or to accidental hadron
combinations).

Tﬁe electron and positron from a qonversion are de;ected,by the
four cylindrical spark chambers and ‘the two proportional chambers, There
is'a minimum fransverse momentum of ~ 55 Mev/é{required for a particle
from near the beam line to traverse two or more spark chambers, From
studying the cos 6 diétribution of detected charged particles; tracks
are found wiﬁh high efficiency out to cos 6 > 0,6; The transverse.
momentum requirement and the detector angular acceptance determine the
efficiency for detecting converted pairs,

Figure 13 shows the calculated photon detection efficiency, for
lcos GYI < 0.6 and‘t?ansversevmomentum of the electron énd_positron
> 0,055 Gev/c. The |[cos GY{ < 0.6 cut was made to avoid regions of
uncertain efficiency near the edges of the spark chambers. The calcula-
tion takes into account the energy—deéendent conversion probability and
the detector acceptance, including the 15% loss of ‘acceptance within
'cos OYI < 0,6 due to the spark chamber support‘posts. The calCUlation
fakes the energy partition between the positron and the electron in the
full scfeening'limit, as given in I{eit]_er.e3 This giveé 107 lower
acceptgnce than the zero-screening limit, which is quite close to a

flat E+/E distribution. The photon cos 6 distribution is assumed to
Y
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be isotropic; the acceptance for a 1l+cos € distribution is lower by
16%.

Pairs of oppositely charged particles with small invariant mass-
squared M2 are selected as photon conversions, Calculation of M2 is
complicated by the variable distances of the constituents of the effec-
tive converter from the beam line, ' The invariant mass-squared for a
conversion pair is M° - 2p+p_(l - cos 6) where 6 is the opening angle

. . . 2 2 .
of the particles; since 6 is small, M = p+p_6 . Evaluating the vector

momenta of the electron and the positron at the wrong radius Ar meters

from the true conversion point leads to an increase in the calculated

opening angle of 29 ~‘£E + & where p; are the radii of curvature of
p,tpP_
the tracks. 1In terms of the momenta, A9 ~ 0.12Ar———— ‘with p+;p in

b
. 45 -
GeV/c. This A is large compared to the natural opening angle and leads

to an error in the calculated mass-squared of

2 2 2(p++p‘)2
MM = N3 = (0.124r)  ————
p.p_(40)° = (0.1280) 5 .

With the ~ 0,055 GeV/c momentum threshold, the p+,p dependence of AM2
. 2 ' 2 2 . . . o
is small and AM = 0,058(Ar)” Gev~ with Ar in meters. The effective
converter is located 0.08 to 0,22 meters from the beam line; in addition,
photons can convert internally (Dalitz pairs in the case of x° decay) and
make conversion pairs originating at the beam line. To sort this out,
the invariant mass-squared for each pair of particles was calculated
: . 2 . - . s
twice: first, Mc, using the vector momenta at a radius of 11l.7 cm, the
mean radius of the converter; second, Mi, using the vector momenta of
the tracks at their point of closest approach to the beam line. The
CIRCLE momenta were used to avoid problems with tracks missing the ONETRK
. . . . 2 . 2 . L
fit. Fiqgure 14 is a diplot of MO against MC for oppositely charged pairs

: . ’ . 2 )
of tracks from ¥' events, Some pairs have Mo near zero and MZ 0.0003 to
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Fig. 14, Mass-squared of (+-) pairs calculated at the mean
converter radius; Mi, plotted against the mass-squared

calculated at the origin, Mg.
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0.0008 GeV2, indicating a conversion pair originating near the beam line,
Tgere is an accumulation of events with Mg = 0 and Mg 0. 0004 to 0,0015
GeV2 -- these are conversions in the vacuum pipe, pipe cbunters, and
proportional counters, The shape»ofvthe high density region in Fig, 14
is due to the relative thickness of the various effective converters
and their distance from the two radii at which Mg and MS aré calculated.v
The scattered points are accidental combinations of hadrons which chanced
to have  low mass-squared when taken as electrons.

Figure 15a,b shows respectively the Mi and Mg projections from Fig,
14, The dashed histograms in this figure are the mass—squared distribu-
tions for the like-charged (++ and --) pairs in the same events.‘ The
like-charged pairs will give a rough measure of the accidental hadron
background in the conversion signal. There are two effects which enhance
the low mass 1iké—charged pair distribution and do not affect the unlike-
charged pairs: ‘the track-finding routines may findvtwo tracks, manifestly
of the same charge, through the same set of pointé, and there is a real
physical correlation between like-charged particles (the GGLP effect).2u

A cut against Mz > 0.00075 GeV2 was imposed to select conver;ion
pairs, This cut keeps essentially all the externally converted pairs,
admitting ~ 20% accidental hadron—pair background as estimated from'the
like~charged pairs, The internal convefsions will be discussed in detail
latei; approximataly 34% of the internal conversions will fall within

this Mg cut, constituting ~ 7% of the total pairs selected.

B. Photon Energy Resolution

The photon energy is calculated as the sum of the energies of the
positron and electron, When available, the ONETRK quantities were used;

otherwise, the CIRCLE momenta were used. .The photon energy resolution
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Fig, 15. The (a) MS projection and (b) Mi projection from Fig. 1k,

Dotted lines show the distributions for like-charged pairs.
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is determined by the momentum resolution of the tracking chambers and by
tﬁe energy loss of the electron and bositron by ilonization or radiation
as they pass through the materiai remaining after conversion, The contri-
bution from tracking chamber resolution was measured using the-homentum
errors calculated in the ONETRK fitting procedure -- recall that the
norﬁally—distributed momentum pulls from four-constraint fits to
W"—» ﬁ+n-w, ¥ - p+p— or e+e_ and to Y' - hni. are evidence that
ﬁhese moméntum errors are réasonably correct, Figure l6_shows the mean
momentum rgsolution contribution to photon energy resolution as a func-
tion of phéton energy, calculéted by combining in quadrature the estimated
momentum errors of the two tracks of‘a conversion pair, The error bafs
in Fig. 16 are the rms deviation from the mean energy resolution, indica-
ting the width of the distribution of photon energy resolution ;5'the
précision with which the uncertainty in photon energy for a single con~
version pair is known. Electron masses.were assumed in calculatihg the
multiple scattering contribution to the momentum resoLutioﬁ; this may
'1eadvto large calculated errors for the background tracks which were
hadrons. The trend of the points in Fig. 16, flat at low ehergy'énd
rising gradually at high energy, is due to the poor momentum resolution
of low momentum tracks: photon conversions 6f enérgy E% have tracks of
momenta from threshold ~ 0,055 GeV/c to EY-O.O55 Gev/c; low energy
photons have a higher fraction of low momentum tracks than higher energy
photons do.

The photon energy resolution is also affected by energy 1dss by the
positrog and electron by ionization or radiation as they pass through
thé material remaining after conversion, The effective converter has a
thickness of'2‘gm/cm2 carbon equivalent., The ionization energ§ léss by

electrons in carbon is 1,9- 2,1 MeV/gm--cm_2 for electron energies above
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50 MeV.25 Thevmaximum energy loss by ionization for a photon.conveision
pair is 9.3 Mev, with‘ave;ége enefgy loss of 4.6 Mev and rms variation
of. 27 MeV. |
~ Radiative effects will be discussed in detail later, Briefly,
radia#i&e processes lgad to a high probability for the conversion pair
té idse a small amouﬁt 6f énergy énd a small probability of radiating a
'1a;ge'amount of energy -- this small probability being roughly indepen—
dent of-the’amount of>energy radiated. Thé effect.of radiative processeé
on a monochrométié s;gnal is to broaden thé peak slightly,‘by < 19, and
to completely remove from the peak a small fraction of the tofalvevcnts,
_Smearipg them out foughly uniformly acrdss the landscape, . |
The photoﬁ enerqgy resolution will be the combination.of all these
effects. The dashed line in Fig, 16 is tﬁe sum in quadraturé‘of the
momentum ieéolution, ioﬁization loss, and 19 broadening from the radiative
effects. The rms phofon resolution is 2-149 for'photon energies 0,2 to
2 Gev,
Photéns from the QED process e e - YY, where one of the photons
,¢onVertsvinternally or externally; may be detectéa; Candidate evepts
" for thisibroéess were selected as fwo—track events in which the two tracks
formed a c§n§ersioh pair and in which one of the two shower counters
- directly opposite thebéonVerted photon was latched. Figure 17 shows.the
photon energy distribution for these events; fhefe is a very'cleér sighal
for monochromatic photon production at ~ 1.86 GeV, with an rms resolu-.
tion of ~ 50 Mév.
. In order to satisfy the trigger requirement of a signal in both
pipe cpunters, the conversién mﬁst occur either internally or e#te;nally
in the vacuum piée orvearly enbugh in the inner pipe»countervto‘latch

that counter. The uncertainty of how much of the inner pipe counter is
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effective as a converter precludes the use of fhese events to test the
conversion efficiency; the "internal conversion" radiative corrections
also complicate this, Agreement Qiﬁh the calculated rate is good, within
the ~ 409 systemétic uncertainty,

Figure 18 shows a computer reconstruction of a typical event with a
converted photon, The photon, tracks 4 and 6; has energy of ~ 260 Mev,
The symbols at the ends of the tracks represent the latched trigger and

shower counters.

C. The Inclusive Photon Spectra

Figure 19 is the inclusive spectrum for 556i phétoné from 150,000 w
events., No cuts have beén made to define the angﬁlaf acceptance; the‘
data are plotted in 4% energy bins, Figure 20 is theAw inclusiveAspectrum
for h659-photons with |cos 9Y|,< 0.6. Tﬁese spectra have a gross -shape
detefmined by the acceptance folded on the photon spectrum from hadron
decays, predominantly no decay products, The photon spectrum from no
decay has its ma#imum at EY = mn°/2 = 67 MeV and falls roughly exponen-
tially; the observed spectrum, zero below 110 MeV and with a broad maximum
from ~ 250~ 500 MeV, feflects the efféct of increaéing acceptance multi-
plying the falling produced photon spectrum., The smooth curve in Fig. 20
is the inclusive photon spectrum from a pion phase—spaée Monte Carlo of
¥ events, normalized to the data in the 300- 350 MeV region, The shape
of the experimental spectrum agrees very well with the Monte-Caflo.results;
furthef discussion of the Monte-Carlo simulation will be deferred for a
bit, |

Figure 21 is the inclusive spectrum for 14,000 photons from 330,000

Y' events; Fig., 22 is the spectrum for the photons with |cos 9] < 0.6,

The data are again presented in 4% energy bins. The general shapes ofv.
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A typical event with a converted photon,
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events,
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thése spectra are very similar to those for the Y, not surprisingly since
57% of Y decéys go vié-w. In addition, there is a clear peak at E_ ~
260 MeV with a full Qidth at half maximﬁm of ~ 20 Mev, consistenf with
_the eﬁpected resolution of a narrow signal. To check that this peak is
not being shaped by the rapidly varying acceptance, the data were analyzed
imposing successively cuts of 55; 65, and.75 MeV/c on the transverse.
momenta of the electron and positron. The 55 MeV/c cut corresponds to
the physical limits of the detector; the 65 MeV/c and 75 MeV/c cuts reduce
the aéceptance by‘l6% and 31% respectively and change the slope of the
acceptance in the 260 MeV region dramatically. Figure 23a,b,c shows the
y' inclusive photon spectrum with |cos GYI < 0.6 and 55 Mev/c, 65 MeV/c,
and 15 MeV/c transverse ﬁomentum cuts. The peak stays at the séme enerqy
with approximately the same observed width, demonstrating‘that the peak

is not being shaped by the acceptance.

The peak is located at 256+ 10 MeV, where the error reflects the

uncertainty in the relative peak position and the systematic uncertainty

in the ehergy scale, The actual energy of the monochromatic photon is
4.6 MeV higher due to the energy lost by ionization by the electron and
positron after the conversion as they traverse the remaining material,

After this correction the line is at 261 *+ 10 MeV, This corresponds to

a tranéition from ¥' to a state of mass 3413+ 11 MeV; we identify this
with the state X(3415) observed in the hadronic decay channels (see’Ref.
19 and Chapﬁer IV). There is no other likely éxplanation of this bump,
The photons from ﬁ - Yr from inclusive 7 production will peak at

mn/é = 275 Mev and will have a broad distribﬁtion reflecting the momentum
distribution of the n's. The photons from V' ;9 yn, 1 = vy will be
Doppler broadened and smeared from 193 to 389 MeV uniformly. The gbsende

of this bump in the ¥ spectrum puts to rest the possibility that it is
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produced in ¥ decays from the ' — @ cascade events;
D. .Braﬁching Fraction Calculation
- The branching fracﬁion for this trangition is calculated as
(no. of signal events)/(photon dét. eff, + RC ° e: )
BF = . ' X f .

all ext

(no. of total events)/e

all

Here RC is a correction for radiative losses, €er

is the average trigger
véfficiepcy for hadronic_events, and eir is the trigger efficiency for
events containing a ~ 260 MeV photon.conversion. The photon in.thé
fadiatiQe transition may convert internally to anvelectron-positron
.béir; fext is a correction for internal cénversionsvwbich pass the.cuts
Sélecting photon conversions. The number of signal events is the excess

6ver the smooth background; for reasons to be revealed shortly, the ¥

Monte-Carlo results were used to estimate the background, The number

N

of total events is calculated from the number of events used to compile
the inciusive spectrum with correctioﬁ; for nonresonant hadronic and
QED event§ and for the ﬁigher trigger efficiency of the leptonic decays
of ¥ and y'. Starting out with 356,970 ¥' events, 47,310 of these were
"QED-type" events -- events with two collinear high-energy prongs, or
withvthree prongs with high shower cognter.pulse height typical of high
energy electrons, Thése events could be ¥ or ' décays to mubn pairs
or to electron pairs,‘or they could be due to nonreéonant processes
é+e_ S B p_ or e+é- - e+e—. The three-prong events were electron
pair events with a "knock-on'" delta ray from the effective converter.
ffom the leptonic branching fractions of ¥ and ' and the w‘ - ¥
casdade rate, ~ 25% of these QED—fype.events are reéonant.W' events,

The nonresonant hadronic total cross section in this region is ~ 20 nb

while the effective y' peak cross section is ~ 600 nb, implying a ~ 3%
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subtraction for nonresonant hadronic events, There is a slight further
correction since the trigger efficiency for £he QED events is roughly
just the detector acceptance, so we correct the number of QED~type
events by 0.5/0.7 where 0.5 is roughly the hadronic trigger efficiency
and 0,7 is the detector solid'angle covered, The total number of events

is then 308,818 events, with g 5% error.

E. Trigger Efficiencies

The photon acceptance so far discussed does not include the detector
trigger efficiency, that is, the probability that the event met the trig-
ger criteria, As discussed in Appendix A, the TASH efficiency for elec~

trons and positrons is significantly higher than for pions at low momenta;

hence, the trigger efficiency e:r for events including a converted photon
. . . s ' all . :
is higher than for events consisting only of hadrons, €p - This effect

was measured from the data in two ways. The first method involved scan-
ning events which contained photon conversions with 0,250 < EY < 0,270
Gev, ihe events were reconstructed and simulated pictures of the events
were generated, as shown in Fig., 18, Events were required to have no
other particles striking the counters which were associated with the
electron and positron from the conversion. 1In this'way, it was possible
to determine the number of TASH's due to the conversion pair and the
number due to the other particles in the event, The cut against. events
with particles near the counters for the conversion particles_slightly.
biased the sample to lower multiplicity and hence lower efficiency; also,
accidental shower counter hits (as discussed in Appendix A)_faised the
effective TASH efficiency for the conversion pair. Due to the large
number of counters and the high TASH éfficiency for positrons and elec-

trons these effects should be moderately small,
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Of the original sample of 248 events, 174 passed the cut for éther
particles in the conversion counters. Twenty-one of these events had
two solid TASH's from the conversion pair and hence enable us to measure
the hadronic trigger efficiency. Nine of these 21 events had 2 2 TASH's
from the hadrons; 12 did not; implying a hadronic trigger efficiency of
~ 0.,43%0,11, in good agreement with Monte-Carlo calculatiohs. Of the
174 events, 55 had <« 2 TASH's from the hadrons. Denoting the trigger

S

efficiency for events with a photon conversion as ¢ . and the average

t
trigger efficiency for all hadronic events as é:il, this predicts
all, s . ’
= 1= _ +
€or /€gp = 1 - 55/17h = 0.6820.11.

_ The second scheme for measuring e:il/e:r was an automated version
of the first. The latches for counters associéted with a conversion
particle were turned off, and the evént was examined to see if it.still
met the trigger conditions, Depending on whether'the electron or positron
or bpth had momenta high enough to reach the trigger and shower counters,
zero, one; or two sets of counters were turned off, This eliminated the
contribution to triggering from the conversion, but also eliminated the
beneficial influence of other particles which ﬁit the same counters. To
correct this, the number of counters turnedléff was measured as a function
of photon energy. The data were analyzed while randomly turning off a
counter set, and while randomly turning off two coﬁnter sets,  This.meas—
ured the accidental losses; these results were then weighted according
to the number of counters turned off by é given energy photon conversion

to calculate the accidental losses for photon conversions of that ‘energy. -

all

s
14 alcu~
€y /etr could be calcu

After this correction for the accidental losses,
lated., This method avoided the multiplicity bias present in the first

method, but still included the accidental TASH effect. The ratio shows

all, s
/

€er /Coy decreases with energy from ~ 1 to ~ 0.5 as calculated by this
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. all, s
heme., For 0.250 < E < 0,270 GeV this method
schem 25 . T ethod found €er /etr

O.7h:t0.07, in good agreement with the other calculation -~ in fact,

to be

slightly higher as expected due to the multiplicity bias in Method 1.

F., Radiative Effects

Photon conversions may have their energy_significanfly altered or
may bé lost completely due to radiation by the electron or positron as
they péss through the remaining material éfter conversion, There are
twé wayé to calculate this, one simple and one a bit more complicated,
In the simple approach, the ensemble of photon conversions is reduced
to a "typical" ‘conversion where the electron and positron each have halfr
the photon energy and the conversion occurs ha;f—way through the radiator.
Furthermore, we ignore the possibility of more than one radiative inter-
action for the positron and electron together. In these approximationé,
the radiative losses for photons of energy EY converting in radiator of
thickness t radiationxlengths are the same as the losses for a single
electron.of énergy ET/2 traversing t radiation lengths, According to.

\Rossi,26 the probability per radiation length for an electron to radiate

a photon carrying away a fraction v of the total energy is

o) =21+ (1-v7-(1-vE- 2],

3

rad
where b = 0,0135 is a small constant nearly independent of the converter

material, The probability P

E i
lost(v) that a photon of energy 3 converting

in a radiator t radiation lengths thick will yield an electron and a poOSi-

tron with total energy E > (1 - V)EY after exiting the radiator is then

1

Plost(v) =t f2v <Dra<i(u)du ‘

For t = 0,0515 and v = 0,035, this gives (0.035) = 0.15; i,e.,

Plost

15% of photons converting in this 5% radiator will produce pairs with

less than 96.5% of the original photon energy.
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A more precise calculation includes the possibility of plural inter-
actions and the variation of conversion point within the radiator, Bethe

27

and Heitler have calculated, neglecting collision loss and using an
approximate formula for the differential radiation probability, that the

probability an electron of energy Eo travérsing a radiator of thickness

t will emerge with énérgy in dE at E' is

£t
ag nlE /217
(D(EO,E,t)dE = —E-:-; F(t/é’/nE) .

This distributiqn was incorporated in a Monte—éarlo calculation in which
photons were éllowed to convert uniformly through the converter and the
Positron and electron independently propagated; for simplicity, a flat
E+/EY distribution was wused. F(Figure‘2h shows thevfractionai observed
energy distribution for 260 MeV photons.) This calculation revealed:
(1) 16% of converted photons lost > 3.5% of the original energy,
' (2) the fraction of conversions losipg > 3.5% is a nearly linear
fraction of the radiator thickness,
These results are in good agreement with the earlier calculation, as
expected'for é thin converter. Eurthermore, this calculation indicated
that 7% of 200 MeV phéton conversions and 3% of 4OO MeV photon conver-
sions are lost due to one or the 6ther'particle losing enough energy to
fall below the 55 MeV/c transversé momentum threshold, These losses
represent a lower limit to the losses from the inclusive photon spectrum,
since in the case of large radiation, the invariant mass of the conver-
sion'pair may be»increased greatly by opening'up;the angie between the
particleé, moving»the'mass’beyond the cut, However, such large angle
radiative processes are infrequeﬁt and wili not be a large effect.

A slight further correction is necessary to account for the departure
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from normal incidence of photons upon the converter, The probability of
cénversion and the probability of radiation both grow linearly with.the
converter thickness, which varies as (1/sin G)Ifor this cylindrical
geometry., The radiative losses then are higher by ﬁhe weighting of

(l/sin2 8), increasing the 16% loss to 20%, Thus we conclude RC ~ 0,8,

G. Internal Conversions

Photon conversions may also happen internally, as in the cése of
the Dalitz decay of the'no._ In the case of no's, the intérnal conversion
rate is l.i7% forb'nd - fe+e‘, or an internal cqhversion probability of
0.58% per photon. Internal conversion rates for trénsitions from a particle
of mass M+ E to6 a particle of mass M have been calcﬁlated by Kroll and

Wada28 and by Joseph29 to be

op =2 b () - % - s/,

m
where m is the electron mass, g(E/M) is a small term, and the longitudinal
polarization component has been neglected, For E ~ 250--300 MeV this
givesré.prpbability of ~ 0.8% for internal conversion, Hence for photons
fromv no's or from radiative decays to massive states, internal conver-
sions will make contributions which are a sizable fraqtion of those from
external conversions; However, the cuts made to reduce the backgrohnd
to the sample of externally converted photons also eliminate many internal
conversions. To calculate the fracfion of interﬁal conversions which
pass the ME cut, the mass distribution for internal conversions from Ref.
28 was incorporated in a Monte Carlo which assumed, for simplicity, a
flat E+/EY distribution. This simulation program generéted an Mg distri-
bution for internal conversions which indicated, allowing for resolution
effects, that 3&% of the internal convefsionsvwould pass the Mi cut of

0. 00075 GeV2. Thus the probability of a photon entering the monochromatic
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signal via an internal conversion, in comparison to the probability for

0.34 X 0.008 _
0.036 + 0.34 X 0.008 ~

internal plus external conversions is 0,07,
where 0.036 is the probability for external conversions and the detector
acceptancevcancels out of numerator and denominator. This leads to a
value for fext of 0.93.

Plugging in all the factors, the branching fraction for y' - X(3415)
is 0.063+0,022 for an isotfopic photon distribution and 0,075+ 0,026 for
a 1+—c0526 (iiétribution; as noted in Chapter IV, the 14~00529 distri-
bution is favored by the data. The 35% relative error is the sum in

quadrature.of the 17% statistical error and estimated systematic errors

of 20% in the background subtraction, 20% in the photon detection effi-

S

, . all
ciency, 10% in the eti /etr

calculation, and 5% in the radiative correcticn,

H, Comparison of Internal and External Conversions

It is of coursé important to check that thg detector and the anal-
ysis programs functioned as expected and that phqton conversions were
detected efficiently., It was possible to check the photon conversion
rate by comparing the relative popuiations of internal and external
conversions, As shown invFig. 14, internal and external conversions

populate different regions of the'Mg— Mf diplot, Pairs of opposite

2

o < 0, 0002 GeV2 were classified as internal conversions

charge with M
: . . 2 2 2 2

(IC's); pairs with M_ > 0.0002 GeV~ and. M_ < 0.00075 GeV™ were

classified as external conversions (EC's). All external conversions

should fall in the EC class, since the mass-squared shift for conver-

2 > 0.00034

sions in the vacuum pipe, the innermost converter, is oMo o2

'Gevg. Using the formula from Ref, 29 for the mass-squared distribution
' of internal conversions from n° decay, ~ 67% of internal conversions

will fall in the IC class. In the approximations discussed earlier,

2

c < 0,0006k Gev2 will also have

internal conversions with M
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ME > 0.00020 GeV2 and will fall in the EC class; this amounts to ~ 15%
of the internal convérsions. Taking these losses into account, the EC
and IC populations should reflect the relative probabilities for external
conversion and internal conversion., Assuming most internal conversions
come from no's, the,érobability for a photon to fall in the IC populatioh
~will be 0,67X0.0059, where 0,0059 is the internal conversion probability
per photon in a novdecay; the EC probability will be 0,15X0,0059 plus
the (ene:gy—dependéﬁt) external conversion probability (the detector
acceptance is the same for both types of conversion pairs and has been
oﬁitted). |

The accidental backgrounds in the two classes must bé subtracted,
Background 'in the IC élass can be estimated from the Mi distribﬁtion for
like-charged pairs and is ~ 50%. Tt is somewhat erroneous to use like-
charged pairs to estiméte background td the EC class since like-charge
pairs to first order do not experience the mass-squared shift when M2 is
calcdlated using the momenta at different positions -- thé tracks are
curying_the same»direction ~- and the Mi > 0,00020 GeV2 cut eliminates
some of the backgrouné. This effect makes the ~ 20% background sub-
traction to the EC class uncertain at the 25- 50% level.

Figure 25 shows the béckground—subtracted energy distributiéns for
iﬂternal and external convérsions. The internal conversions are élotted
with the solid poinfs in'Fig. 5; the external conversions, scaied by
the ratio of probabilities for photons falling in the IC and EC élasses,
are plotted with open points; The scale factor for the extern;i conver-
sions was 0,12 at 0;2 GeV and dropped to 0,10 at 1 GeV ;s the external
_conversion probability rose. The good agreement between the two spectra

in Fig, 25 is evidence that external conversions occur with the expected -

rate,
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I, Monte-Carlo Checks

Performance of the deteétor was checkéd by comparihg the'eipériméntal
data with.thg predictions of a Mbnte4Caflolsimulation’of the detéétor :
;ﬁd of hadronié eventé. The Mohte—Carlé coﬁputer program; knan as
MADSIM, included.all the known acceptance limits aﬁd inefficiéncies of
the ﬁagnetic_detector; The measured TASH efficiencies,.both for hadfons
ahd for eleqtronsvfrOm éonversions, were input to thé program; PhotOng
Qéfevconverfed with the frequency calculated from Hubbell's results
‘ ¢ombined wifﬁ‘the amount of converter présent._‘Particle tracks were
Qénerated assuming 100% efficiency for tracks within the angular accept-
~ance of.thé détector with transverse momentum greéter.than 55 MeV/c.

Hadronic evenfs weré generated according to éeveral differént
@odels, the simplest of whiéﬁ was the ailQpion phase space model;b This
médel had two parameters: the avefége total pérticlé multiélicity, from
' which a foissbn multipiicity distribution was generaﬁed,_and the proba-
bility for a particie to be a no.v.Events were’generatedvby éelécting a
multipliéity and assigning chargés to the‘particies, conserving charge -
and rejecting all-neutral events»(which_vidlaté charge conjugation),
.The particles were then boosﬁéd'suéh that total momentum was conserved;
the particles were distributed isotropically. Events were kept according
to their phase-spaceiweight in propo;tién to the maximum weight for that
»multiplicity. Events surviving this cut were propagated through the
aefector tovgenerate-an "observed" event :eflecting the écceptance and
- -efficiency of the detecﬁor. This simulated data was thep analyzed usipq
“the same coméuter proyrams as for the_cxperimcﬁtal data;

The fwo—TASH hafdware'triggér requirément was also implemented ih
MADSIM; this triggei leads to obsefved multiplicity and momeﬁtum distri-

butions which were quite different from the distributions of the "raw"
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events before the administfation of detector acceptance, The two param-
eéers of the model were varied to get agreement between the experimental
data and the simulated data on. the mean charged parficle'multiplicity
and the median charged particle moﬁentum for events with three or more
charged particles deteéted. For the {, the probability per partiéle of
being neutral was fixed at 1/3 in keeping with the zero-isospin of the
¥. The value of ~ 6.2 for the total multiplicity parameter'gave rea-
sonable~agreement with the data for the multiplicity and momentum distr;;
butions, raising hopes that the model would be a fair representation of
the physical events,

This model is flawed, however, by .the absence of'heavy.particlesﬁ
Approximatéiy 407 of ¥ events contain a (charged or neutral) kaon and T%
of V¥ events contain a nucleon. A model incorpqrating heavy particles
was devised to examine the impact of the all-pion approximation, This
model divided particles into three classes, each with four members:
charged and neutrai kaops, pions and etas, and nucleons (and antinucleons).
The possible parameters p:oliferated. Arbitrérily, within the kaon class
charged and neutral kaons were set to be equally probable, and in the
nucleon class charged and neutral hucleéns were made equally probable,

In the pion/eta class, the probability of being a no was made the same
as for being an 1 and Qas left as a parameter.. There were then four
parameters: the total multiplicity (as before), the probability of

~ being in the kaon class, the probability of being in the nucleon class,
and for particles in the ﬂ/n class the probability of being a no (or an
q). Fortunately, the mean observed multiplicity and median momentum,.to
which the Monte Carlo was tuned, were sensitivg mostly to the total
multiplicit§ parameter and the parameter specifying the no/n'probability;

the kaon or nucleon parameters affected just the fraction of "observed"
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events containing kaons or nucleons. Fit to the y data, the heavy parti-
cie model was much less efficient than the all-pion model; it produced
77 events per minute of computing time compared to 367 events per minute
from the all-pion model;

Comparing detected photon con&ersions per event_at ¥, with'a
| cos GT, < 0.6 cut, the heavy particle model events contained 0,039
converted photons/event, compared to 0.0h8 photons/event from the pion
model, :The inclusive bhoton spectra from the two models were very |
similar in shaée; the‘l9% drop in photon production in the heavy particle
model was dué to the increased fraction of total energy_going into
particle masses,

The ¥ data contained, per hadronic evenF, 0.034 photon conversions.
with |cos ey_l < 0.6; this is 87% of the number from the heavy particle
model (and 71% of the number from the pion model). The MontefCarlé
calculation did not include secondary interactions by the electron or
positron after conversion; as mentionéd previously, an average of ~ 6%
of the photoh conversions will not be detected because one of the parti-
cles has a secondary interaction and dréps below thé 55 MeV/c transvgrse_
momentum ihreshold. Correcting for this, the photon yield in the data
is 93% of the value predicted by Monte-Carlo calculation with the heavy
particle model.

Due to the relative inefficiency of the heavy particle model, the
pion model was used to generate a data sample of ~ 92000 hadronic
events; the inclusive photon spectrum from these events is shown in
Fig, 26, The curve in Fig, 26 is a smoothed representaﬁion of the Monte-
Carlo data, The smoothing was done by fitting a line through seven
consecutive points to determine a value fér the middle point; this

smoothing was iterated twice to even out the statistical variation of
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Fig, 26. The inclusive photon spectrum, with |cos 6Y| < 0.6, taken
The line is a smoothed

from Monte-Carlo simulation of { events,
version of this spectrum which was overlayed on the { spectrum

in Fig, 20.
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the data. - As was shown in Fig, 20, the smoothed Monte-Carlo spectrum
agrees quite well with the data, (Recall that the Monte—Cario spectrum
was normalized to the data in the 300- 350 MeV region.) The deficit‘of
photons below ~ 200 MeV relative to the Monte-Carlo prediction is
partly due to the radiative losses mentioned earlier and may reflect
also some inefficiency for finding‘low momentum tracks, The excessvpf
high energy photons in the data over the Monte Carlo is’due to the
presence in the data of high eneréy electrons from ;>‘e+e— and fr@m
the QED é+e->—> e+é; ,evénts.. These high energy electrons may form a
high energy Uconﬁersion pair'" with a knock-on electron from the converter
or with a parﬁicle-from a converted bremstrahlung photon, Since the
Monte Carlo models oniy thé hadronic decays of.w, such effects are missing
froﬁ the simulated data, There may also be aspects of decaysbwhich may
not be well-represented by the Monte-Carlo model; for example,vit has
beeh suggested there may be decays { -3 y + hadrons Qhere the photon
spectfum would rise witﬁ energy.3o’31

Monte~Carlo simqlation of V¥' events suffers the complication of the

¥' - ¢ + anything cascade decays. The decay ¥' — x n ¥ has ~ 16%
branching ratio and will contribute photons in roughly the 50 - 450 MeV
region, To see the impact of this decay mode on the inclusive photon
spectrum it would be necessary to use the heavy particle model to simu-
late both direct {' decays aﬁd the decay of cascade ¥ events, since the
branching ratio for ' — non?w is of the order of the difference in
photon production by the heavy particle modelvand‘the pion model, How-
ever, running the heavy particle model long enough to génerate a Monte-
Carlo sample statistically comparable to the data would require approxi-

‘mately 10O hours of computer time. In addition, there would be severe

probléms with fitting a model for ¥' decays in the presence of the V¥
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decays --.both hadronic and leptonic,

| After such contortions the reliability of the Monte-Carlo predic-
tion would be unciear. A shortcut to equally reliable results is to
simply usé the spectrum from the § simulation. Figure 27 shows the ¥'
inclusive photon spectrum with the léos GYI < 0,6 cut ovérlaid with
the smoothed ¥ pion ﬁodel spectrum; the Monte Carlo has been normalized
to the data in the 306— 350 MeV region. With this normélization, the
data show a deficiency relétive to the simulation for energies above
~ 500 MeV, Alterﬁativély; normalizing the Monte-Carlo spectrum to the
data in the 500~ 750 MeV region yiélds the results shown in Fig, 28.
Here thére is an apparent excess of phétons in the regibﬁ below 500 MeV,
as expected due to boﬁh Yy - nonow decays and V{' - X, X —;IYw
events (to be discﬁssed in detail in the next Chapter). Believing that
local'normalization would be best to estimate the rapidly rising spec-
trum in the region below 256 MeV, thebbackground'to the peak in the V'
spectrum was estimated using the |y Monte-Carlo results normalized to
the w'vdata in the 300~ 350 MeV region (as will be discussed iﬁ the
next Chapter, y' —» X, X - yV¥ events contribute very little in this
restricted region).

To summarize these checks on the detector and on the analysis,
comparison of internal and external conversions indicate that photon
conversions occur with the expected rate within ~ 20% uncertainty,
and Montg—Carlo simulations of ¥ events show good agreement with the
data both in spectral shape and in rate, once the presence of heavy
particles is taken into account, Since ¥ and y' data wére collccted
in intermixed runs, this implies a check on the ' data as well, Com-
parison of ¥y Monte-Carlo results with the y' spectrum show the expected

"excess'" of photons in the region below ~ 500 MeV; normalizing the
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Monte Carlo to the data in the 300- 350 MeV region gives a reasonable

estimate of the background to the X(3415) peak with < 20% uncertainty, -

J. Branching Fraction Limits

.Now that the credibility of the data has been established, let‘ué
return to the issue of peaks in the inclusive photon spectra, Other
than the line for the ¥' — yX(3415) decay, there are no clear mono-
chfomatic signals in the ¥ or y' spectra, Before considering upper
limits for poésible signals, it is uséful to review the kinematics of
the transitions from y' to some intermediate state X and from X to ¥. -
For a state X of mass mX the photon from ¢'.- yX will have eﬂergy

2 2 : .
EYl = (mw' - mX)/2mw,, the photons from X — ¢y will have mean energy

!

(mi - mj)/QmX, but due to the motion of the X state in the labora-

B*
T2 .
tory frame the photons will be distributed from (%—i—g)l/2><E;2 to

1 + B\1/2 * 1-B\1/2 . : 1/2
(1 - B) X EY2’ where the Doppler factor (l — B) =[1 (2EYl/me] .

Table II below gives values of Erl and EY2 for the states observed in

hadronic channels and in the ' — yyV¥ channel (see Chapter VI con-

cerning the possible state at 3455 MeV or 3340 MeV),

Table II
m GeV B, Gev E:2 Gev. ' Range of E_, Gev
3.550 0.131 0.426 ~o0.h10 - 0O, 4k2
3.500 0.179 0.381 - 0.362 - 0.402
3.415 0.259 0.305 0.283 - 0.329
3.455 0.231 0.332 0.311 - 0.355
or
3. 340 0. 328 . 0.236 0.214 - 0,260
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As is clear from Table II the Doppler-broadened second photons in
the cascade ¥' > yy¥ decays will be more than doubled in expected
width and, considering the resolution, will be merged together, Thus
monochromatic limits will not apply for the cascade decays,

To calculate the upper limits for branqhing fractions for mono~
chromatic signals, the number of siénal events in the branching ratio
calculation is replaced_by-the excess over the smooth background plus
twice the error on total number within a FWHM photon energy-resolution;
Allowing for tﬁe. ~ 30% estimated systematic errors, these limits should
be interpreted as 90% confidence level uppér limits, Table III below
gives the 90% CL upper limits for branching fractions‘for monochroﬁatic
signals, seéarated from other signals by at least the FWHM photon energy

resolution, for representative energies above 250 MeV at y and V',

Table III, 90% confidence level branching fraction limits
for monochromatic photon production above 0,250
GeV at ¢ and vy'.

¥ V!

EY (Gev) Limit _ EY (Gev) L;mit
0.26 0.039 o.%0 0.028"
0. 37 0.038 0.50 0,022
0.51 0.024 ' 0. Th 0.011
0.80 0.01k 1.05 0.010
1.10 0, 008

¥Limit for a narrow peak. See text for a discussion of

complications due to the cascade photons,
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Below 250 MeV, the small’and rapidly varying photon detection effi~
ciency makes recognition of a monochromatic signal difficult ahd dubious,
This difficulty is compounded by the poor energy resolution for low energy
photons, Unfortunately, the photons for transitions frqm‘wﬁ to X(3550),"
IX(35OO), and the possible state at 3455 MeV or 3340 MeV are below this
threshold and are not accessible to study by this method,

The 90% CL branching fraction limits presented here are somewhat
smaller than thé 99% CL limits published by thé HEPL Group32’33; the
braﬂching ratio of 7.5% for .w; - rX(3415) is larger than the HEPL
limit of ~ 6% for that phétdn.energy range., Recently the Maryland-
Princetbn—Pavia—San Diego~Stanford-SLAC collaboration (SP-27) at SPEAR
has confirmed the effecf described heie. Their preliminary value3h of

8+ 3% is in good agreement with the data presented here,
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Vi, ¥' - vrv
States of even charge conjugation intermediate in mass to ¥ and !
may be produced in radiative decays of y' and may decay radiatively to
¥. 1In the simple charmonium model, in fact, the 13PO 1.2 states were
E :
expeéted to decay dominantly to rw.8 Peaks in the Yy mass distribution
ftﬁm IW' - YyV events may reveal the presence of new states., Earlier

35

results of a similar analysis have been-published. The resuits pre-
sented in this‘chapter draw extensively on the work of Bill Tanenbaum,
Photon conversions enable us to identify ¥' > yvV¥ events, whe?e
one of the photons converts and the ¥ is detected by its lepton pair
deca?. Photon conversions are selected with the same criteria as in
Chapter V; background from ' - ﬂ+ﬂ-W events where the n+n~ simulate
a converted photon is negligible, since the n+n_ mass peaks strongly at

36

large values, The ¥ is identified by its lepton pair decay; the
observed lepton pair maés is required to lie between 2.97 and 3.22 Gev
and is then constrained to the ¥ mass, Two cuts.are applied to reduce
the background from V' — e+ei or the QED process e+e~ - e+e-
where one of the eléctrons radiates a photon: first, electron paif
events are rejected when the angle between the energetic electron and
positron is greater than 177.50, eliminating more than 95% of the
radiative background but only ~ 8% of real V' - yyy, ¥ - ee
events; second, events were rejected if the converted photon was
collinear within 10° with one of the leptons -- five events were
rejected with this cut.

Figure 29 shows the missing-mass-squared, Mi, recoiling against
the Yy system for the 54 events surviving the selection cuts. There is

a peak at zero Mi corresponding to true Y' - yyY¥ events and a broad

background from ' — nonow where a photon from a no converted, Under
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. 29. The missing-mass-squared recoiling against Yy in yyy candidates

with one photon converted., The shading is discussed in the text,
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the hypothesis of {' - yyY¥, the direction of'the missing photon may
be predicted from the observed photon and the V. Addiﬁional photons
may be detected in the 24 shower counters, which cover ~ 65% of the
solid éngle and have resolution of ~ 10° in aéimuthal angle, The
- shading in Fig. 29 flags the detection of additional photons in the
shower counters: darkly shadéd«events have a shower counter signal
consistent with'tﬁe‘miséing photon direction assuming a yyy decay,
1ightly1shadéd‘¢ven£s have no additional photons detected, and unshaded
events have one or more photons detected in counters inconsistent with
the yyy hypothesis (és expected for V' - s on"y events), The high
correlation of shading with small'Mi corroborgfes the identification

of events with small Mﬁ as V¥' > yyV events.

X

The 27 shaded events with -O.O3(GeV/c2)? < M2;< 0.03 (GeV/02)2
are kept. The unconverted photon is detected in 15 of thesé eveﬁté;
consiéfent wifh the shower counter acceptance and efficiency., Figure
30 shows the missing~-mass-squared Mi recoiling against the Y for these
27 events and also for 3 and L brong events in which a ¥ was detected
-- dominantly 'w' ;, n+ﬂ-¢_ The Mi distribution for the 3 and 4 prong
eventsvpeaks at high values, indicating the diétribution expected for
AN nonow events., In contrast, the 27 candidates for V' — y7V¥
have .a roughly flat Mi distribution, as expected for radiative céscades

| : L2 o 2\2
through an intermediate state,uo Six events with M~ > 0,27 (GeV/cz)

X
are removed as pbssible ¥' - Yy, n = vy events (four such events
are expected).
The remaining 21 events are constrained to fit the reaction
¥' - yyV¥. There are two values for the Yy mass for each event; these

are plotted against one another in Fig, 31, The shaded events ‘have the

unconverted photon deteécted in the proper shower counter, The expected
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background is one event,

- There are three main clusters of events in Fig, 31. The mass spread
of the high mass projection of each of these clusters is consistent with
the expected rms resolution of ~ 8 MeV; the masses of the three corre-
sponding states are 3543+ 10 Mev, 3504 + 10 MeV, and 3&5&:#10 MeV. The
mass spread of the low mass projections of each of the clusters is con-
sistent with the expected Doppler-broadened resolution of ~‘lh MeV;
each cluster has a confidence level of g 0.025 for the low mass pro-
jection assuming the 8 MeV unbroadened resolution, However, the events
at 3454 MeVv coula be explained by a state at 3340 MeV with three events
and one event background.‘ The states X(3545) and X(3505) can be identi-
‘fied with states obsefved through hadronic decays; there is no evidence
in hadronic channels for a state at 3455 MeV or 3340 MeV (see Chapter
VII), The single event at 3413 MeV is either from the X(3415) or a back-
ground event,

Correcting for y branching ratios and the photon detection effi-
ciency, branching ratio products for ¢' - X, X - yy can be calcu--
lated., The photon detection efficiency was calculated assuming full
efficiency to ]cos GYI ~ 0.65 tb use the full sample of VYyy events;
the number of events with |cos Gyl > 0.6 was consistent with the
photon detection efficiency calculated using a 0.65 cos GY cutoff
compared to a 0,60 cutoff, The branching ratio products for y' - vX,
X - y¥ are 0.8x0.4%, 2.4+0,8%, and 1.0+ 0.6% for X(3455), X(3505),
and X(3545) respectively -- all four events have been counted in thé
X(3455). Taking the event at ~ 3&15 MeV iﬁ the high m#ss projection

as signal, the branching ratio product for X(3415) is 0.2%0,2%.
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VII, CONCLUSIONS

These three approaches to the study of radiative decays yield com-
plementary information; The states X{3505) and X(3550) are observed.
both in hadronic channels and by their decays to Ywi.the x(3415) is seen
in hadronic decays and in the inclusive photon spectrum.. There is, how-
éver, no corroborating evidence for the state at either 3340 MeV or 3455
MeV observed in the yyy events, In the inclusive photon spectrum the
line for the transition to a state at 3455 Mev falls at 222 MeV, ﬁoo low
to be studied by this method; a state at 33&0 MeV corresponds to a photon
energy of 328 MeV, for which there is a branching fréction limit of ~ 3%.
In the study of hadronic decays, 90% confidence 1¢ve1 upper limits for
branching ratio products are 4, 5, 7, and 3><lo—& for ' - rX( 3340 or

+ - o+ =+ -

' + - + - +
U55), X > annn, nnx KK, nnnx

n_n+n-; and n+n— or K+K— respec-
tively. Apparently, the decay to yy mﬁst be é dominant decay mode for
ﬁhis state, |
Countihg the X(3340 or 3455), the numbei of states observed between
Y. and ' agrees with'ﬁhe charmonium model prediction, The favored
charmoniumvmodel quantum number assignments of O+, 1+, and 2" for the'
x(3415), X%(3505), and X(3550) regpectivelf find some support in the
relative populations in the clusters in the yyy events: the'l+ state,
forbidden to decay to hadrons via two massless vector gluong, is
expected to have a higher branching fraction to yy as is obéeryed for

states --

the X(3505) (assuming roughly equal production of the 0.1.2
. _ sy

see footnote 13 of Ref, 11),
However, the simple charmonium model is hard-pressed to accommodate

L .
11,37 Interpreting the X(3340) or

the mass splittings of the X states,
3455) as the pseudoscalar companion. of W or y', this state should decay -

dominantly to hadrons, contrary to observation, The charmonium model
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pfedictions for partial widths for radiative decays are somewhat off:
the predicted partial width for ' — yX(3415) is 28- 36 keV,ll a
féctor of two greater than observed., In addit;on, the upper limit for
transitions from {' to the (qc) pseudoscalar cbmpanion to w.is one- fourth
the predicted value for this magpetic dipole transition (assuming this
state lies near w).ll ‘But then, considering the difficulty of the calcu-
lation, a factor two discrepancy isn't ail that bad.

In regard to the Nes the DASP and DESY-Heidelberg experiments at
DESY bave reported evidence for a state X with mass 2.85:&0.05'Gev,
produced in radiative decays of ¥ and decaying to yy with a branching‘
ffaction product upper limit of l.6><10_u.38_’39 Unfortunately, this
mass range flirts with the creaibiiity threshold for observation of
ﬁohochromatic photon sighals‘in the y iﬁclusive photon spectrum, corre-
'éponding to 189 Mev < EY'< 281 Mev. The yy decay of Ne is expeéted to
have a small branching fraction;.due to competing hadronic decays. Either
the X lies in the higher end of the quotéd mass range, or the branching
fraction for X —» yy 1is quite a bit higher than anticipated -- or both
of the above, As shown in Table III, we can quote 90% CL branching
fraction upper‘limits for ¥y » yX of < 4% if the mass of X is less
than 2,83 GevV, - ‘

The absence of high energy monochromatic signals in the ¢' inclusive
spectrum refutes Harari's interpretation12 of ¥ and y' as bound states of
three ﬁew quarks -- in that model,'transitions from y' to a pseudosca}ar
state near L are expected with considerable branching fraction,

With a value of the branching fraction for ' - fx(3h15), it is
possible to calculate branching fractions for X(3415) decay. These are

' Vo + £, +
0.043+ 0,017, 0.019+0,009, and 0,036% 0,016 for the 4n™, 6n”, and 2n 2K

+ + . )
channels respectively. The Un~ and 6n° branching fractions are quite
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commensurate with the (G-parity allowed) hnino and 6nin° decays of v,
wﬁich occur with branching fractions of 0.0hOi:0.0lb and 0.0291:0.607.40
The 2ni2Ki decay mode is allowed for both the X(3415) and the y, 1In the
case of X(3415) it occurs with apéroximately the same rate as the hnt‘
decay; in the case of ¥, it occurs.with a_branchingifraction of
O{OOhi:0.002, equal to the raﬁe of the G—éafigy—forbidden hni decay

1

+ +
. and one-tenth the rate of the allowed Ln n_ mode. (The Ln~ decays

+

’_of Yy occur through an intermediate éhotén.) This differehce in 2ni2K
rates for the X(3415) and w-may reflect the SU(3) structure of these
mesons, |

The 7.5% branching fraction for W? - X(3415) accoupts for one-
fourth of the ~ 30% ﬁnexplained decays of y'. Thé branching fractions

for decays of y' to the 3 states in the chammonium model are

P
0,1,2
expected to be roughly equal, the (2J+ 1) statistical weighting compen-

. sating the (EY)3 phase space (although the presence nearby of the charmed
meson threshold may reduce the rates for the higher-mass P statesll).

The sum of the brénching fractions for radiative decays of ¥' may account

for a substantial fraction of the missing 30% of y' decays.
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APPENDIX A: SHOWER COUNTER EFFICIENCY

The'shower.counters were included in the hardware trigger reduire~
ment in orxrder to suppress triggers on low energy background. This led
to the introduction of a momentum bias in triggering and to the neéessity
for a correction due to showef counter inefficiencies. Two types of
efficiency are important; for high»engrgy minimum ionizing particles,
such as p pairs,.the shower counter inefficiency is due to losses in
counter. edges and by loss of the light through attenuation, Thi%*effi—
ciency was meésuréd_using high energyicosmic rays as a source of minimum-
ionizing pagticles. Cosmic ray data were collected during special runs
where the shower counters were removed from the hardware trigger require-

ment. The shower counter efficiency was then determined simply according

to whether the counter struck by a cosmic ray was latched or'not. .Figure

Al shows the shower counter efficiency as a function of the z position
at which the particle struck the counter, averaging over all 24 shower
counters, Fiqure A2 shows the shower counter efficiency vérsus z for
cosmic rays hitting within the = 459 of a counter width from the center
in azimuthal p#sition -- that is, cosmic rays striking near the azimuthal
edgés of the counters were not used. These two plbts show a.cleaf z
dependence, due to the attenuation of the scintillation light, and a
correlation of inefficiency with the azimuthal edges. This lasf.effect
is clearer in Fig. A3, which plots shoﬁer counter efficiency versus
bazimuthal position in thé shower counter; data from all 24 counters have
been folded togethef and cosmic rays with z position in the shower -
counter < * 1,5 meters were used, The loss at the edgés'is drgmatic;
interpreting the drop in efficiency at the edées as complete ineffi-
ciency over some region of thickness A at each edge and ~ 100% effi~

ciency elsewhere implies A = 0.28 inches, consistent with the expected
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9%
dead region due to the walls of the counters, - If the difference in the
high-¢ and low-@ edge inefficiencies is ascribed to a rotation of the
cylinder of shower counters relative to the coqrdinate system of the
spark chambers, so that the wrong counter is sometimes interrogated,
then this rotation is ~ 0,10.

The hadronic prongs of multihadron events have a different kind of
shower counter inefficiency. Low moméntum particles can range out in
the ~ 1 rédiation length thick solenoid; low or high momentum hadrohs
may interact before.reaching the shower counters and be baék—scattered
or stopped, Thus it was necessary to measure the shower counter effi-
éiency»for hadrons as a function of momentum. Specifically, the impof—
tant quantity was the TASH efficienéy, where a TASHiis defined in the
‘trigger hardware as the latching of the trigger counter and one or.both
of the tﬁo closeét shower cbunters. The TASH efficiencvaas measured
from the data, using the following algorithm to correct for the two-TASH
hardware reqpirement:

(1) events with three or more prongs were used;

(2) events where two or mo?e particles struck the same counters or
would use the same counters in a TASH were excluded;

(3) in events where only two particles Héd TASH's, particles without
TASH's we;e tallied as inefficient; |

(4) in events where three or more particles had TASH's, each particle
with a TASH was counted as efficient and each particle without a
TASH was counted as inefficient,

The TASH efficiency as a function of momentum‘for gll prongs in
multipartiele events is plotted in Fig, Ak, The arrow in Fig, Al ﬁarks
the accidental TASH rate;vthis was measured by looking at the latching

rate for shower counters far from any charged particles and assuming the
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counters near charged particles have the same Faccidental" iatch rate;
These latches are presumably due to photons from hadron decay, since
this accidental rate is negligible in muon-pair events, The TASH effi-
ciency is consistent with the accidental rate for low momentum and rises
with momentum as_particles gain more penetrating power.

Figure A5 shows the TASH efficiency Qersus momentum for electrons
and posifrons in "hadronic" events, The electrons and positrons wére
identified as part of a conversion pair; a cut of 0,0003 GeV2 was imposed
" on the mass-squared of the pair to reduce accidental hadron contamination
to < 10%. The TASH efficiency for electrons rises ﬁuch more rapidly
and reaches a slightly higher asymptotic value than for '"hadron" prongs;

as expected due to the showering of the electrons.
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