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1.0 ABSTRACT

The Crystal Ball detector has been used at the e*e~-storage ring
DORIS II to search for radiative transitions from the T(2S). The
data were taken between August 1982 until February 1984. Using
the inclusive photon spectrum from the hadronic decays of the
T(2S) three well resolved low energy Imes are observed and their
energies are measured to be ;

110.6 ± 0.8 ± 2.2 MeV

130.9 ± 0.8 ± 2.4 MeV

1633 - 1.5 ± 2.7 MeV

The correspondmg branching ratios are .

110 MeV 5.9 ± 07 ± l 0 %

131 MeV . 6.5 ± 0.6 ± 1.2 %

163 MeV : 3.7 ± 0.7 ± 0.9 %

A fourth line around 430 MeV is interpreted äs the sum of two
Doppier broadened lines The sum of the product branching
ratios for the transitions

T(2S)-7l3P£.!-»77T(lS) is found to be

3.4 ± 0 7 ± 0 5 %

By clearly resolving all 3 low energy Imes in the inclusive photon
spectrum from hadronic decavs of the T(£S) a complete meas-
urement of the fine Splitting of the l3Ps,i,o states of the bb sys-
tem has been made

No other photon lines are observed with statistical significances
of more than 2.3 Standard deviations in the energy ränge 50 - 100
MeV giving an upper limit for branching ratios of 2.3 % (90 % c.l.).
In the ränge 450 - 850 MeV an upper limit of 0.7 % (90 % c.l.) is
obtained.

Abstract

Z 0 INTRODUCTION

The discovery of the T(1S) /HERB77/ and T(2S) resonance
/INNE77/ in the mass spectrum of dimuons produced in
proton-rmcleon colhsions at Ferrnilab in Batavia,Illinois(U.S.A.)
mspired an ef for t to produce these resonancf-s also in electron
positron annihilation The experiments PLUTO and DASP at the
e*e~-storage ring DORIS at DESY m Hamburg, Germany confirmed
the existence of the T(1S) resonance /BERG78/,/DARD78/. Later
the DESY-Heidelberg detector (which replaced PLUTO) and DASP II
also observed and measured some of the properties of the
T(2S)/BIEN78/./DARD78a/

In 1979 the Cornell Electron Storage Ring (CE3R) at Ithaca.New
York (U S .A . ) came into Operation and the 2 experiments
there.CUSB and CLEO.discovered another state.now called T(3S)
/BÖHR80/./ANDR80/.

The above mentioned resonances are interpreted äs bound 3Sj
states of the beauty quark (b) and the correspnndmg antiquark
(b) Later the T(43) was found /ANDR80a/,FIN080/ which lies just
above the threshold for the decay of the resonance into a BB
meson pair /BEBE81/,/CHAD81/.

After the discovery of these states one started to look for transi-
tions between the 3S! states äs well äs transitions to other levels
(e g.3Pj states) similar to the transitions seen in the charmonium
System /PARTB4/. Some of the possible transitions can be seen
from an experted level scheine of the bb system in Figure l on
page 3

The dipion transition T(2S)-TrV~T(lS) was first observed by the
LENA-collaboration /XICZ81/ usmg the DESY-Heidelberg detector.
TT7T--transitions from the T(3S) to the T(2S) and T(1S) were found
by TUSB /MAGEB1/ and CLEO /MUEL81/,/GREE82/ at CESR.

The f irs t direct evidence for 23Pj states was reported by the
CU?B-group both in their inclusive photon spectrum/HAN082/
and the exclusive channel /EIGE82/ :

T(3S) 7yT(lS) or T(2S)

Introduction



Figure 1. Expected level scheme and t ransi t ions between
bound bb states

In April 1982 the Crystal Ball experirnent was mcved from the
SPEAR storage ring at Stanford ,Cehfornia(U S A ) to the upgraded
DORIS II at DESY.

The Crystal Ball detector is designed to provide excellent energy
and angular resolution for photons with high detection eff iciency
over nearly the entire solid angle Thus it was hoped that the
detector could make a similar contribution to bb spectroscopy äs
it had to cc spectroscopy /GA1S82/./OREG82/./RPAR80 •'' Here
.he detector had played an important role in measuring the
energies and radiative transition rates from the -k' to the l3P£,i ,o
and the l'So.S'Sc states.

In 1983 all 4 experiments at CESR and DORIS II reported results on
the radiat ive transitions from the T{2S) to the !3Pj states in

Introduction

T

Whi'.e- t h t - i s / Wi i^ ro j t s c^ab l f a ^ r t - t - m c n t or. tho en t rg ies of t h c . :
li:i'_s e"ou;,t; 108 and 128 MeY 1,0 experirnent w«m äble to makf •
s i d t i s t ; : G ; i y s ien:f icai . t m e ü s u r e r n e n t of the e x p e c t e d th i rd h:.-
t'CTSB 25 S t a n d a r d devia t ions .CLEO . < 2 ,ARGU? 22 , Crystal B a i :
no signai) The hne corre?pondmg to the deray of the 13P0 s t a t c
is exp'jeU'd to have a sniäll radia t ive t r ans i t ion rate t o the
T: IS] NOVJ7U and is t h e r e f u r i - d i f f i c u l t to st-c- in the exclus jve
c h a n n e l T ( 2 > l - " /v l ' l " ,but it shocld be possiblc- to observe it in t h t
i i . t l u s ive pho ton

A s t c t . i ? t ; r a l ly rnore s i g n i f i c a n t measurement (3 7 Standard dt -v i -
a ' ions! for a t l n r d hne was givt 'ii by the Crys t a l H ; i l i c o l l a b o r a t i o j 1

i i i M a r c h 19Ü-J /IR1084' based on p r e l i m i n a r y r c - s u l t ? using a L I T L
i', ed d a t o s amp le

I i . the f o l l o w m g chapters Crystal Ba l l r esu l t s on the inclusive
photon s p t ' f t r u n i f rom hadronic d e c a y s of t l i e T(2 .~) are pre-
sen ted f ü r t h t- f ü l l da t a sample The energies and b ranch .ng
ra t los .er i he pho ton hncs correspondmg to rad iä ' .ve t rän?: t ior .^
f rom the T : 2 S 1 t o the !3Pj s t a t e - and f r c m t h t - l3Pj ?tste? to the
T i l S ) sre givcn The r e su l t s are coir.pared w , t h those c,:' ^ t J u - r
expernr .ents and theore t ica] p red ic t ions .

In t roduc t ion



3 0 ELECTRON-POSITRON ANNIHILATION PROCESSE5

In this chapter the fundamental e*e~-ennihilation processes and
defmitions which will be used Jäter on are introduced.

The most comrnon processes in e + e~-annihi]ation are :

l the purely electrornagnetic pair production processes which
can be described by QED (Quantum Electrodynamics) :

e e~
* ~

* e~ (7)
e* e~
e+ e~ ---- > T+ T-f?
e+ e- ---- > 7 7 (7)

2 the resonant and non-resonant hadron production described
by QCD (Quantum Chromodynarnics)

e* e~ ---- > hadrons

3 ! ~ and, T -Pair Production

The sirnplest of all QED-reactions is the production of fj.- and
T-pairs and can be calculated usmg the following Feynman dia-
gram :

The original electron und positron annihilate and form a virtual
photon which then materializes into a pair of leptons (fj^.r*-).

The production cross section a is given by :

4™* (3 - ß2)

3 S
(1)

Electron-Positron Annihilation Processes

where ß is the velocity of the particle divided by the speed of
light at a c.m s. energy VS and o is the fine structure constant.
At high c m.s. energies (= 10 GeV) the mass of the muon can be
neglected.hence ß -* i and the formula simplifies to •

4rra*

3 S

876 nb

3 2 BHABHA SCATTERING(e+e--»e+e-)

In addition to the annihilation Feynman diagram there is an
additional diagram which contributes to the cross section for
this process :

The differential cross section dcr/dQ rises steeply at small angles
to the beam. This process is used to measure the
Small-Angle-Bhabha luminosity (see "Luminosity Monitor").
Bhabhas are also used later on to calibrate the crystals (see "En-
ergy Calibration").

3 2 l Luminosity

An important parameter to determine the performance of a stor-
age ring is the luminosity. If the numbers of particles per bunch
are n: and n£ ,the rotation frequency f . the geometric cross sec-
tion of the beams q and the number of bunches per beam b.then
the luminosity l is given by :

nE f b
l = (3)

Electron-Positron Annihilation Processes



As the determinatior. of the parameters is difficult (especially the
beair. cross section). one uses a process with a high rate where
the cross section can be re l iably calculated and measured. Such
a process are Bhabhas scattered under small angles to the beam
(see "Luminosity Monitor") From a measured in'-egrated
luminosi ty L=/ldt the cross section a fcr a r eac t ion is given by •

N
(4)

where N is the number of events observed.corrected for the
measurement eff ic iencv.

3.3 TWO PHOTON ANNIHILATION

Another anmhilation process which can be descr ibed by QED is
the pair production of two real photons :

There ere 2 Feynman diagrams because the 2 f ina l state particles
are identical. As electrons and photons have the same behaviour
in the Crystal Ball (if one ignores the charge Information),
photons from this reactiori are also used for energy calibration.

Electron-Positron Annihilation Processes

Accordmg to t h t- quark modc-l /GFLL64/ hadrons are composed of
quarks Mesons can be consl ructed frorn a quark-an t iquark
combination (qq! while baryons consist of U quarks(qqq) For
every one of the 6 q u a r k s f f l a v o u r s ] there is also an ant:quark(q!
F,very quark ha? spin 1/2 and a Charge of -1/3 für the f l avours
d e,b and 2/3 of the e lementary charge for the u,c and t querks
For every flavour there are 3 different colours.

3 4 1 N'on- resonant Hadron PrcKluction

The description of non-resonant production of hadrons is based
on 2 assumptions

1. The vir tual photon creates a quark-ant iquark pair througb a
purely electromagnetic interaction. This is simply the
reaction desribed for muons mentioned above with an add i
tional f ac to r , the square of the quark charge Q,where Q
given m uni t s of the eiectron Charge

Z AI! qq pairs materialize äs hadrons,free quarks cannot ex iE '

Two 2 Jets of hadrons should be seen, meaning that the resultir .g
hadrons from the fragrnentat ion are boosted in the directio:. of
the original quark with a h m i t e d transverse momentum to the
quark direct ion

The cross section is given by

4rra2 (3 - ß2)
o(e + e-^ qq) = — - ß — ^ 3Q,2 (5)

3 5 2

where one sums over all possible flavours i at a certain energy
\ The f a c t o r 3 accounts for the three posf - ib le 'colours1 ' for
each f lavour The second a?sumption that all qq combination?
decay into rmdrons means that the cross section for hadron pro-
duction IK the same äs for qq production

o(e*e -+ qq) = u(e*e" --hadrons) (6)

Electron-Positron Annihilation Processes



The ratio of the hadron production cross section to the
asymptotic yj.-pair cross section is called R and the advantage is
that the energy dependence cancels out :

a(e+e -* hadrons)

<7(e*e
(V)

For c.m.s energies far above a flavour threshold (Energy » 2
times the quark mass) this becomes :

R = £3 (8)

3.5 RESONANCE PRODUCTION

At certain c.rn.s. energies a quark and antiquark form a bound
state (resonance). The systern is held together by the colour
force mediated by vector gluons in a fashion analogous to the
electromagnetic force for atoms or positronium.which is a sys-
tem of an electron and a positron (bound by a virtual photon).
qq stetes are refered to äs quarkonia (charmonium for cc and
bottomoniurn for bb). In contrast to photons gluons carry a so
called charge.the colour Charge.

The experimentally found OZI(Okubo,Zweig,Iizuka)-rule/OKUB63/
says that decays where the original quark and antiquark appear
in the final state are broad while states where the q and q have
to annihilate are narrow (e.g. the T(1S)).

OZl-suppressed decays should occur via intermediate gluons
leading to small total widths. The minimum number of gluons
(which will decay into hadrons) allowed by conservation laws for
states which have the same quantum numbers äs a photon ere
three :

\\ ^r
W/\>-v/H fi™*^-

i ^%-

hadrons

hadrons

hadrons

Electron-Positron Annihilation Processes

One intermediate gluon is not allowed es the produced hadrons
carry no colour charge. Two are ruled out because a spin l state
cannot decay into 2 massless gluons of spin l {this would violate
parity conservation rules). One expects three Jets from the
fragmentation of the 3 gluons which should look somewhat dif-
ferent from the 2-jet structure for the non-resonant hadron
production.

OZI-allowed decays occur above the flavour threshold where the
original q and q appear in the final state ,e.g.T(4S)-*BB where B is
a meson carrying the flavour beauty /BEBE81/,/CHAD81/ :

3.5.1 Quantum numbers of the bb lev_els

The quantum numbers of the bb levels are a consequence of the
spin 1/2 nature of the quark and antiquark. They are denoted by
J.the total angular momentum of the meson,P the parity
P = (-1}L+I and C the charge parity C = (-I)L+S for spin S and orbital
angular momentum L. In spectroscopic notation the states are
labelled by nas+1Lj with the radial quantum number n.

Orbital angular momentum L=Q leads to vector(triplet) states
n3S[ where the spins of the quarks are parallel (e.g. the J/*,T(1S))
and to pseudoscalar(singlet) states n'Sofe.g. the so called TJC in
the charmonium system) where the spins are anti parallel. The
resonance having the smallest mass (e.g.T(lS)} is considered to
be the ground state and the T(2S),T(3S)... are the radially excited
states.

Some of the expected properties of the more easily produced
states are discussed below.

Electron-Positron Annihilation Processes 10



3.52 3gj S ta tes

The 3S, states have an orbital angular momentum of L=0 and odd
pari ty and charge conjugat ion and can ther i - fore be produced
directly in e*e' -annihilat icn äs they hav-. the same quantum
numbers äs e pho ton

3.53 3Pz . , .n States

The 3Pj states have an orbital angular m o m e n t u m of L-l , even
parity and charge conjugat ion. This means thet they car.not be
produced d i rec t ly in e+e'-annihilation but can be reached by
radiative t ransi t ions from higher lymg 3Si states The 3Pj states
are thought to decay hadronically via gluor. annihi la t ion or by a
radiative decay into lower lymg 3S, states In lowest order QCD
the 0++ and 2~ + can decay via 2 gluon emission.whereas the l"*"*
must emit 3 gluons or a gluon-quark-ar.hquark combination
/KRAS79/.

The decay s T(2S)-«73Pj proceed in lowest order via electric
d ipolefEl l - t rans i t ions . For an El-transit icn the angular distrib-
ution W ( ® ) °f the photon with respect to the beam axis is of the
form :

23S,

- 1/3 cos*

* 1/13 cosE

For the the J = l,2 states higher multipole terms could also con-
tribute but are expected to be small /BROW76/

The radiative transitions between the 3Sj and 3Pj states can be
seen m decays of the excited ^ states äs discrete lines in the

Electron-Positron Annihilation Processes 11

photon spet'tra from either hadronic events or exclusive decay
channels. In pi ' inciple it should bt possible to distinguish
between the different spins by means of the angular distribution
of the photons l 'n for tuna tc ' ly in inclusive scearchcs the lines
reside on a large background Therefore cm- can expect spm
ass ignmtnt f or i ly f rorn exclusive searche«.

35.4

The 1So states have Jp c^0~4 and can be reachod from ihe
states via radia t ive Ml(spm fhp)-transi t ions They are sup:-
to he below their corresponding vector states but the e>.: • -
branching rat los are below the sensitivity of this expt • :•
(=:10-4) /FR1D84/

355 1F1 States

These states have J p c =l*~ . Because of the odd C-pari ty thi ;.' can-
not be reached from 3Si states by photon transi t ions As yet no
1P i state has been discovered either m the charmomum o" in the
bottomonium system. Their mass is expected to be ab'.ut the
same äs the centre of gravi ty for the correspondmg 3Pj stiles A
possible transit ion to reach them is via 2 pions but if t l .e mes?
difference be tween 3St and the ' P j state is less than t v
T7-rnass it cannot be reached

Electron-Positron Annihilation Processes 12



3 6 POTENTIAL MODELS

In order to calculate the position of l eve l s t he Splittings and
El- t rans i t ion rates a potential for the colour force has to be pos-
tulated The potential shoald be flavour independent to describe
both the cc and bb farni ly .

In most calculätions the bound qq system is described by a
non-relativistic Schrbdinger equation assuming that the quarks
are suff icient ly heavy The forces acting between the quarks are
approximated by a steeply rismg attractive potential at short
distances. Here the force can be represented by single-gluon
exchange. A linear term is added to ensure quark confinement
at long ranges äs there should be no free quarks :

3 r
kr (9)

where a, is the strong coupling constant and r is the mean radi-
us of the system. k is a constant which has to be determined.

The potentials are of the form :

V(r) - V K B ( r ) - Vi + Vü + V3

Vi,Va and V3 are relativistic corrections to the non relaüvistic
potential VN B where V^spin-orbit couplmgV V2(spin-spin coupl-
ing) and V3(tensor force) are responsible for the fine Splitting
and hyperfme Splitting of triplet and singlet states

The experirnental results obtained in the charmonium system
can be used to f ix the parameters of the potential if flavour
mdependence is assumed Various forms of the potential have
beeri proposed (/BHAN78/,/ElCH80/,/MART80./, /QUIG77/ and
/RICH?9/). Which potential describes the data best can be
determined by experiments Unfor tuna te ly the bb system is not
heavy enough to probe the very short distance behaviour of the
potential ( < 0 l fm ) to discriminate among the d i f ferent
approaches. In the ränge of the T(1S},T(2S) all potentials show a
similar behaviour äs can be seen from Figure 2 where the values
of the d i f fe rent potentials are plotted äs a funct ion of their mean
radius r.

Electron-Positron Annihilation Processes 13
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Figure 2. Values of the potentials quoted in the
text: l:/MARTBO/,2:/BUCHBO/,3:/BHAN7B/
,4:/EICH80/.This figure is taken from /BUCH81/

3.6.1 Prejiictions for the Masses of the 3p2.i,o States

In general the masses of the 3PEl l ,0 stetes are given by the expec-
tation values for the spin-orbit coupling (L-S) and the tensor
force (S12) :

M(3Pj) = MCO( + e <L-S> + b <S1Z>

with the centre of gravity Mcos given by :

(10)

(11)
2J+1

where Mj are the rnasses for the different total angular momenta
J of the states.

Electron-Positron Annihilation Processes 14



Using the <L'S> and <S1E> äs given in /MCCL83/' the masses uf
the 3Pa,i,o become :

M(3PE) = Mc
M(3P,) = M[

M(3P0) - MC

- a - 2/5 b
- a - 2 b
- 2a - 4 b

(12)

By knowing the f ine Splitting of the 3Pj states one can determine
how the tensor force influences the f ine structure Splitting or if
it is needed at all to describe it (b=0)

The ratio of the level Spl i t t ings 3P2-3Pi and 3Pi~ 3P0 should be 2 if
there is no tensor force assumed.

Electron-Positron Annihilation Processes 15

EXPERIMENTAL LAYOl 'T

D O K I S was original!)' dt-s igned äs a double storage ring with one
ring o n top of the other and 2 mteract ion regions where
electron? and positrons colhded. In 1978 DORIS was operated äs a
single ring mach ine using only the upper ring and mcreasing the
the max imum centre of mass energy from 7 to 102 GeV to be
able to measure in the T(13) and T(2S) energy ränge /DORI79/.

In order to allow measurmg higher bb resonances with higher
luminosity DORIS II was planned, constructed and came into
Operation in April 1982 This included the removal of one of the
rings,modifications of the bending magnets and the Installation
of mini-beta quadrupole magnets (strong focussing magnets)
which had to be integrated into the detectors very dose to the
mteraction regions The maximum energy is now 11.2 GeV Aver-
aged over longer periods of time an integrated luminosi ty of 600
nb~* per day has been achieved with peaks around 1000 nb~ J /day
at 10 GeV with currents around 30 mA /NESE83/ The 2 mter-
action regions are occupied by the ARGUS (soulh) and the
CRYSTAL BALL detector (north side) äs one can see f i om Figure 3
where DORIS II is shown with its injection Systems and exper-
iments.

Figure 3 DORIS II with its injection System (DESY and PIA)
and its experiments Crystal Ball and ARGUS

Experimental Layout 16



4 2 CRY3TAL BALL

The CRYSTAL BALL detector is best suited to resolve phaton lines
in energy ranges from a few MeV up to several GeV with good
energy resolution of a(E)/E = 2 7 % / 4\/i" (E in GeV). As a
non-rnagnetic detector it cannot measure the momenta of
charged particles except for electrons which deposit almost all of
their energy in the ball at DORIS II energies. It should be noted
that in the following electrons always refers to electrons and
positrons because they cannot be distinguished by their
behaviour in the energy detector. It is possible to check if a par-
ticle was charged but not to determine the sign of the charge.

The detector was operated at the e+e~-storage ring SPEAR at
SLAC (Stanford Linear Accelerator Centre) at Stanford,California
( U . S A . ) from fall 1978 until the end of 1981 to look for photon
transitions between bourid cc states. Then it was decided to
move the experiment to DESY (Deutsches Elektronen
Synchrotron) in Hamburg,Germany to do a sirnilar spectroscopy
for the bb resonances Several parts of the apparatus had to be
rearranged and modified and new ones were put in. The layout of
the most irnportant components can be seen m Figure 4 and
they will be descnbed in the following sections.

Noirrj) ErxJ Cop

Figure 4. The main components of the Crystal Ball at
DORIS II

Experirnental Layout 17

The Na l (T l ) is the central component of the Crystal Ball detector.
Its purpose is to rneasure the energy and directions of photons
resulting from e"*e~-annihilat ions occurring at the centre of the
detector. The st'gmented sphencal shell consists of 672 optically
isolated thallium doped sodium iodide crystals It has an iriner
radm? of 25 cm and an outer one of 66 cm

This corresponds to 15.7 radiation lengths for showering particles
(photon s, electrons) which typically deposit their energy in
severa! crystals w i th a very Symmetrie shower pattern

For strongly interacting particles (7T ± ,K ± , p ) this corresponds to
approximately one nuclear absorption length of Nal(Tl). This
results in about Z/3 of the f inal state hadrons interacting with
other nudei in the detector. They initiate a hadronic shower
much of which leaks out the rtar of the crystals so that an accu-
rate emvtzy measurernent canno t be made The distr ibution of
energy deposited by charged hadrons in the Nal(Tl') peaks around
210 MeV eine to non- interact ing minimum lonizing charged parti-
cles and has a long tail towards higher energies due to nuclear
interactions

A disadvantage in using Nal is that it is hygroscopic and cannot
be expoüed to air äs this would irreparably damage its optical
properties Thercfort the crystals are herrnet ica l ly sealed in two
hemispherical cont&mers lo protect theni from water vapour in
the atmosphere In addition all the components of the detector
displayed in Figure 4 are inside a 'dryhouse' where the air is kept
at a cons tün t and very low humidity.

4 2.2 Geometry and Jargon

The basic principle for the construction of the Crystal Ball is an
icosahedrori. Each of the 20 faces (called 'major triangles') is
subdivided into 4 smaller 'minor triangles' which in turn are
made up by 9 individual crystals (or modules) äs can be seen in
Figure 5 Their vertiees are projected back onto the sphere to
make up the final geometry This would add up to 720 crystals
but 48 had to be removed in order to accommodate the beam
pipe which leaves 336 crystals for each of the 2 hemispheres.
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CRfSTAL BALL
AND JARGON

MiJOR TR,ANGLE'

"MINOR
TRiAMG^E"

eo

WODJLES
OR "CRYSTALS"

* 72j
•EOJATOR"

" T U N N E L R E G I O N "

Figure 5. CB geometry and nomenclature (from /OREGBO/

The ball covers 93 % of the f ü l l solid angle.

The sphencal coordmate system of the detector is taken so that
the positron direction defiries the positive z-axis The x-axis
points to the centre of the ring. The polar angle is denoted by ©
and the azimuthal angle by $.
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4

In ordcr to eri lcirge the so l id angle for partiele d f t e c t i o n in the
i unnt ' l regions a d d i t i o n ö l NM crystals were used The endcap
f o i . f i g u i \ . U u n ut ed at ?PIJAR liad to bu rearrLlnged f e i DORl^ I! to
.v-roirnnod ' i te MK- rnmibe tu quadrupole magnets 2'J erystalh in
(MC h t nnn i ' i r ' i L J I C I I j i ] , [ j ru\ ' ( . j \e solid angl t from 9'^ lo 98 % of 4~
For shuwt ' i ' i i ig pLii t i t le? c o n i i n j f rom the i n t e r ac - t i on rcgion t l iey
n n c u d c [ ) i h of 3-9 r a d i a t i n , ; l engths of Nul These crystals are
:i > 1 u:j' d f o i th f energv iTiea.-urenient of pho io ; i ? in this an ; i ly t i>
L, • T U I S O of I h e ' r shorl dcpl l i ni rad ia t ion l eng ths

de the c a ~ n t y of t h t b ^ : l is tlie inner d e t e c t ü r to d c - t ^ c i
c-.rged p f i r L u !••? u^ i ' i i . 1 3 double layers of d r i f t t u b t t - with fh.v^e
.sioii r f ü d o u l Th'/- fn\-t and second l a > e r e a f n consisled of
O tubet w h i l e the e iner o- i^ hus Z" Ibü

.11 spring 1983 the in:n jr d c; ' juble layer.s \vere replaced by a new
?e( of 2*64 tubes for Ihe inner and 2T7G for the niiddle layer The
'•} double Uiyers cover the tot jl angu la r ränge in 4> &nd 98, 9ü ar:d
75 "~ of the f ü l l solid angle ( f o r both ehaniber conf igurat ions !
Tbe angular r eyo lu t i un is \--'- c in 4* and in •/: it amounts to to
l Z % of the t i c t i v e lengtn.- whicl i are 686,033 and 35.6 cm
r^per t ively /HOR184;

The de tec i ion e f f i n e n c y foi charged part"-les is very d e p e n d t - i t
o ' j l l ie harchvare pe r fo rmance of the t übe--- (e g broken wires and
dii iphfiers) For the t hnd chamber by :(;elf the detection e f f i -
i - i e n c y varied between 85 ':"-. for the begmning of the datatakmg
and 50 T., near t.he end
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The probability that a photon coming from the mteraction region
at an angle perperidicular to the beamline is misidentified äs a
charged particle is given by the probability that a photon con-
verts to an electron-positron pair in the beam pipe (l 7 %) or the
first two layers of tubes (1.3 (2.5) % for each of the old (new)
chambers). In addition they have to be detected by the outer
chamber. In the following the total probability for detection of
the conversion will be called conversion probability. The number
used in this analysis (see "Photon Detection Efficiency") is
obtained by integrating the conversion probability over the solid
angle which is covered by the third chamber taking into account
the luminosity weighted conversion probability for the two differ-
ent chamber configurations and the measured chamber
efficiencies The calculated conversion probabili ty is 4.6 ± 0.4 %.

4 3.5 Luminosity_Monitor

Another part of the detector which had to be rearranged for
DORIS II is the luminosity monitor which monitors the perforrn-
ance of the storage ring. The integrated Small- angle-Bhabha
luminosity (SAB) is calculated by dividing the number of found
Bhabhas by the well known QED cross section for Bhabha scatter-
ing integrated over the geometric acceptance of the counter (us-
ing Eq (4) ).

The monitor is mounted above and below the beam pipe just out-
side the ball in symmetrical positions to the mteraction region to
pick up Bhabhas at small polar angles with a high counting rate
due to their steeply rising cross section towards the beam. There
are 4 telescopes with scintillation counters to def ine the accept-
ance of the monitor followed by a shower counter made of
lead-scintillator send wich. Bhabhas are counted by a coinci-
dence in 2 diagonally opposite counters.

The SAB-luminosity was used in this analysis only to check the
Large-angle-Bhabha luminosity (LAB) which was measured by
selecting Bhabhas at larger polar angles which hit the NaI of the
ball itself From Figure 6 one can see that the 2 luminosity
measurements agree quite reasonably The ratio between LAB-
and SAB-luminosity is 0.97 ± 0.03.
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Number of Run

150

112

37

0.50 1.00 1.25 1.50

LAB/SAB

Figure 6. Ratio of LAB- ard SAB-luminosity

42.6 Tirne-of-Fhght System (TOF)

The Time-of-Flight System did not exist in the SPEAR configura-
tion of the Crystal Ball It consists of 94 scintillation counters
which cover 50 % of the solid angle of the upper hemisphere.
They are mounted outside the walls of the dryhouse. The TOF
system is needed to distinguish between cosmic ray particles and
those originatmg from the interaction region (e.g. /i-pairs). The
counters are equipped to record the position of hits and their
relative timing to hits in the ball

This part of the detector has been used in this analysis to select
jU-pairs needed later on to develop cuts on the lateral shower
energy distribution (see "Photon Selection") but not for the
inclusive ?-analysis i tself .

Experirnental Layout



50 DATA ACQUISITION

5 l DETERMINATION OF THE ENERGY DEPOS1TKD IN A CHYSTA1.

The energy deposited in a crystal is proportional to the Na! l ight
O u t p u t which ig recorded by a photomult ipl ier tube The result-
ing analog pulses f rom the crystals are fed to the CB-control
room where they are 'mtegrated' in the 'Integrate and Hold mod-
ules1 which hold the charge of the pulses on capacitors until they
are consecutively monitored by a 13-bit ADC (Analog to Digital
Converter with 8192 channels). This Information is read out by
an online Computer (FDP 11./T55) and then stored on disk or
tape See /CHAN78/ and /CHES79/ for more details on the hard-
ware.

The behaviour of this whole hardware chain ahould be linear with
energy over a wide ränge (.05 - 6500 MC V j . To enlarge the
dynamic ränge each photomultiplier signal is digitized in 2 dif-
ferent chanriels The high energy channel (HEC) measures ener-
gies in the ränge 0-6500 MeV whereas the low energy channel
(LEG) is amphfied by a factor of 20 and covers the energy ränge
of 0 - 330 MeV If one assurnes proport ionahty.one cari relate the
measured pulse height H! and deposited energy E, by .

H. - P, ) (13)

where P, is the pedestal (the value recorded by the ADC when
there was n o energy deposited in the crystal) and S, the
proportionality constant (slope) for a crystal i.

In order to completely deterrnine the energy deposited in a crys-
tal one thus has to know 4 constants which are found in a cali-
bration procedure . the atteriuation factor (gain ratio) of HEC to
LEC.the 2 pedestals and the slope for one of the channels which
automat jca l ly gives the slope for the other channel using the
gain ratio.
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[o ensun.1 sU tb i l i t y of the energy m e a s u r e m u n t s and to determme
the four ai.ovcr meutioned constants,the cryslals are calibrated
t-ver> --~ w t - f k t ( t iu rmg p e r i o d E when data are t aken) by 3 d i f f e r e n t
n i e t l i ü i l s a t 3 d i f f e r e n : energits

P -

TU coniplcte the e a h b r a t i o n it is necessary to nu üsure the slope
for e i t he r the high or the low energy channe] f M- each crystal
This is done by special cal ibrat ion runs with t! Cs-source or the
\ a n d e ~ G r a a f f genera tor when there are no \ • :'is in DORIS I I .

A prehrni r iary est imate of the I,EC slope i:- r . i a d e by usnig the 661
Kt-V photon l ine f rom a l 37Cs- source. Fcr each crystal the posi-
t ion of the p h o t o n l ine in the I .EC pulse he igh t spec'rum is f i t t e d
tu de te rmme the slupc usmg Eq (13] This r e su i t ^ in an energy
reso lu t ion of about 25 % ( F W H M I for the 661 keV y- lme A second
öiid more a c c u r a t e determination of the LEC-slopes is made by
usirig photons supplied by the VdG generator

A s i g n i f i r a n t f r a c t i o n of the Cs- ca l ibra t ion events deposit almost
all of their energy in a single crystal. For higher energies (al-
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ready for the VdG photons) small amounts of energy leak into
neighbouring crystals. So an iterative procedure (start ing with
the Cs constantsl using the sum of the energies in 4 modules
imtead üf on!y the central one must be used t o obtain the
slopc-s These slopes give an energy resolution of 15 % FWHM at.
6 13 MeV

The final slopes are obtained with the Bhabha cahbrat ion It
takps about. two weeks (dependent cn the performanoe of DORIS)
to collect about 100000 Bhabhas needed to calibrate the detector
properly Here the HEC-slopes are determined. Agairi leakage
into neighbouring crystals has to be taken care of by using 13
c rys t a l s to determine the slopes in an iterative procedure. This
time the VdG constants are used for the first Iteration

The Bhabha cahbrat ion gives an energy resolution of 4 . 2 ± 1 0 %
FWHM at 5014 MeV /MA.SC84/. If one compaivs triebe numbers
with the expected resolution of c r ( E ) / E ~ 27 % ,' 4 v F (F in GeV)
one notices that it fo l lows the E3 4 behaviour but tha t the resol-
ution is better than expected because one selects only very clean
cahbration events Fur the r üete-i ls on the cahbratioii procedure
can be found in /SIEV95/,'MASC84/

Hovever there are important consequences if this cahbration
procedure assurnes a linear relationship between digitized value
for the signal and the energy deposited in that crystal using
energies far above aiid below the mean energies usually meas-
ured for parüclc-s in the ball cf about 300 MeV :

1) The invariant yy-mass distr ibutions for the rr° and r\e "Sys-
tenmtic Error on the Energies"J am observed to he systernat-
icü l ly lower than Iheir estfiblished va lues /PART84 - . Tlie sarne is
true for the niasb d i f f c r e n c e T (2S) -T(1S] in Lhe e x c l u s i v e cascade
ti ansitions

T<^)-TT° n <UT(lS) and

the T( lS) decays into leptons

which indicates that perhaps the relationship between pulse
height and slope might not be quite äs linear äs it is
parametrized m Eq.(l3) .
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2) Also the cahbration is made for a 2 week running period and
fluctuat ions in the performance of the apparatus on the order of
a few hours are averaged over by the Bhabha cahbration and
probably entirely rnissed by the Van-de-Graaff cahbration which
is taken when there are no beams in DORIS II.

One knows this frorn triggers at random bearn crossings which
have energies deposited in the ball of typically a few MeV and up
to 100 MeV.

"What one would like to have to calibrate the NaI in this analysis
are photons in the energy ränge of 100 to 500 MeV Unfortunately
there are no monochromatic y-sources of this energy available
without large effor ts .

Additional checks on the stability of the cahbration of each mod-
ule can be obtained by periodically sending pulses of light from a
Xenon flash lamp to each phototube via fibre optic cables and a
light-emitting diode which is mounted in front of the
photomultiplier tube to detect sudden changes in the Hardware
chain.

5 3 TRIGGER SYSTEM

Every time the electron and positron bunches meet m the inter-
action region (bunch crossing) it is necessary to make a fast
decision if there are e+e~-annihilation events of a desired type.
Therefore a set of triggers is used. The idea is to sum energies
(analog pulse height s) from major and rninor triangles and
decide from these energy sums and/or syrnmetry and/or multi-
plicity requirements of combinations of triangles if one wants to
fur ther analyze these events.

Two independent Systems are used to trigger the experiment in
coincidence with the bunch crossing signal. One is composed of
compact TTL-,the other of modular NIM-logic The main triggers
used for this analysis are the 'total energy triggers' which have
the sarne requirements for both trigger Systems. They sum the
pulse heights of all 20 major triangles not counting the endcaps
and tunnel modules. Events are accepted if they have more than
1800 MeV total energy. In addition there is a set of triggers which
were used to select special physics events like muon
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Together w i t h o* her in f n i .a t ion a b e u t du c-vent l i k e t ubc chan.
ber h i t 5 , d i f f e r t - n t l i m i n g Signals,tr;jit :M> e t c Ihe d i p i i i z t - d ener-
gies art wn t t e r , to t ap r These : i a w d.ita ' are shippi-d to SLAC
and 'produced' tbere äs explained in U K' nexl section
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f f u . s t.": .i t m d i v i d u . i l i n f o r r n n t i ' jn Mke pu l - e
h t - i t j t i t s f rv> : : i t u l11.-.1; -,i: .d c r y j t a i s ar^ u s t - d 1c p r o d u i c ,j L ohcrc. r . t
p i c t u i ' t of tiii ev«;-: j t A f U i a G stagc- ^ t . i r . d a r d ar.ö]\>:^ ; r o ; e d u r x -
HP d e ^ c ; - ] b f - d b e ] o w , i ! ; i poMio:; of hit . - in the t u h t' c h u i u b e r > and
CdJibrdU-d energie? for tht- crystöls are available Furt hermorc-
par t ic ' l cs are i d e n l i f i i ' d o n tht; basis of the chargi.'
i n f o r r n a t i ü n . s h a p t - o f t h e i r shower deposi t ion and encr^y . T i ack
a lways i'i f t - rs to a cha :^ t -d or a n e u t r a l ent-rgy d e p u s i l i u i i

The energi f ;? of al l t . ; ry? iä!F are computed f rom the,' pu l se h e i g h i s
nic i iöur t 'd by the ADC The- coriversion is donc by n i u l t i p l y i n g w i l h
the slopc d e L e r m i n e d by the Bhabha ca l ibra t ion a f t e r sub t r ac t ing
the pedcs td l s us ing Et; ( 1 3 )

l

C O N H K G s t a n d ? for 'Cünii( . 'ct t 'd Regio t / ( C R ) which ii= a g r o u p of
c r y ^ t a i F touch ing eat 'h other with at least an ecijy h a v i n g ar;

energv exi .eeding a thix-shcld of 10 Mt-V A connecU-d r t ' j i on cc.i:
be set-i . t - a s i l y by l o c k i n g a! an en largcd part of a ' F i a t Dispia; . of
an ( . v t -n t {Figure 7) Hcrf the ba l l is cut along Ihc bour.dane.- ^'.
i t t n ia jor t r iangles and ur i fo ldt -d Each crystal is p ro jec ted a:- n
snuill t r i d f i g l e w i t h UHJ energy inscribt-d (in Mt;V)
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Figure 7. Fiat display showing 2 connected regions with
the bump module denoted äs a *.

6.1.3 BUMPS-Step

A bump is a maximum of local energy deposition in a connected
region (see Figure 7). The bump discriminator algorithm deter-
mines the number of particles in each connected region First
the most energetic module is picked out and each crystal of that
connected region is then tested if it can be explained äs a prob-
able shower f luctuation of this 'bump module'. This is done by an
ernpirically found envelope function which depends on the energy
of the bump module and the distance between it and the candi-
date crystal. If all of the crystsls of the connected region cannot
be flagged äs originating from this shower the remaining ones
undergo the same procedure until all of them are asstgned to a
bump.
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The discriminator is somewhat biased against finding additional
bumps unless there is clearly an excess of energy well separated
from the already existing bumps. This bias prevents interacting
charged particles which can have irregulär shower patterns from
creating spurious bumps.

6.1.4 CHGTKS-Step

In this step the tube chamber information is decoded and one
tries to find charged particle trajectories not using the informa-
tion from the ball. These interaction-region-tracks (IR-tracks)
fix the z-position of the event vertex assuming x=y=0. In a sec-
ond stage it 'tags' additional charged tracks by rnatching hits in
the chambers with bumps in the Crystal Ball proper. Any bump
which is not caused by a charged particle is assumed to be
caused by a photon.

6.1.4.1 Tagging

In this analysis a different algorithm for 'tagging' charged parti-
cles is used so that the Information from CHGTKS if a track is
called charged or neutral is not used. This algorithm tries to
find äs many charged particles äs possible in order to have only
clean neutral particles. It uses the information frorri the tube
chamber hits in $ and z. A ̂ -probability is calculated frorn the
difference in the position from a line connecting the centre of
the module in question with the event vertex and the hits in the
tube chambers. The total Charge probability is the product of
the mdividual probabilities converted into a confidence level for
the 6 layers. The ränge is frorn 0 to l.where l means most prob-
ably a charged track whereas 0 means most likely neutral. A
distribution of the tagging probabilities using hadronic events
can be seen in Figure 8.
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1000000

0.0 0.50

Figure 8. Tagging values for t r a t ,<s f rom
events. 0 nieans most hke iy
charged For the inclusive y annlys is a v a l u «
less than 0 02 is used to f ind neu t r a l par i ; r l e?

U n f o r t u r i ü t e i y n o t all o f t h e charged p a r t i d c s are d e l e ' t c d . i i i .
show up f i t energi ts peak'.ne a round 210 V,< V l p - i n c ':*.:-.:\>'^±:. . v > / .
a iong ta i l t o w a r d s higher energies. Arno i iL 5-evrra! rc-äfc.r .s t m r
are .

An i:.t ; j r : ' ( - r t l y recons ' ruc t ed z-ver tex whk h i s ca lcu la ted
f r o n , t h ' chtimber h i l f c a u s i n g the t r a c k ü to t i l t so much.
t h f i l t h s y c f i n n o t be corr t - la ted wi th an energv deposit ion
anyrnor t -

A w i d f sh^wt - r frorr. dt-ro\>: of charged hr.drnr,? where '.he
püi"'- -f t ' i . try cf the priniury particle in the ba'.l and tht-
h u i k of t r . f d t p c = i ted ene-rgy cannot be as-scjcuited anyir.orc-
wi th each ot her.

Low « f f i c i f n c y of the tubc chambers becau^c- of broken wirt-s
or a i n p i i f i t - r ?

T^ i-xciade th t - t;bove mer;tu,r.ed cases in this acalysis the chsrgt
p r o b a b i h t y for the connected region is usc-d to make Eure t h f i t
t lu re is no charged t rack pomting anywhere near the pho ton
cöi.didate

E:

Th« pa t t t - rn of an energy depos i t ion ccntsms a lot of I n fo rma t ion
about the d i r e c l i o n of a pho ton This rcut ine make? use of it to
assign measurc-d energits to the d i f f e r e n t bumpf and to f ind t t i e
directiont- for the n e u t r a l tracks. For this purpose the bump
mcdule is subdivided into IG hypothetical submodules . The
observed energy d i s t r ibü t ion in the bump mociule and i t?
n e i g h b o u r i n g crys ta ls is compared to an e x p e c t e d d;str;but:..n:
assumine t h a t t n e pho 'on i rnpacted a t this submodu le centre In
an i terat ive p rucedure the subruodule which min imize s the di '
fer t -nct b t - t w e t n observed and expected energy d i s t r i bü t ion i^
fouiid for t h a l bump and the direction cosine for this submodule
wi l l then bf ub'ed äs the d i rec t ion of the p h o t o n L'sing this or
sirni lar m e t h c J s the Crysta l Dal] has achieved an angular resol
ut icn !cr phc tcns of a - 30 50 mrad w i t h a slight
d L- p e :i d e:. c t • ü A IS 6 c

6 l f ) . ] Ene rgy of a Cluster

The energy of a par t ic le is dettrrnined in this analysis by usmg
the E13-a igon thm(£ l3 ) mstead of ESORT 1t uses the f ixed pat
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lern of 12 crystals surrounding the bump module äs can be seen
in Figure 9. In some cases where the bump module is at a major
triangle vcrtex only 11 additional crystals are involved.

E13

Bumpmodule

Figure 9. Surnming conventions for E1.E4 and E13=£l3

This method does not try to unscramble overlapping showers äs
ESORT does (see /RPAR64/for ESORT)- It is therefore much sim-
pler and does not need shower functions and fine tuning of
Parameters which depend on the environment of the cluster in
question. E13 systematically underestimates the energy of
electromagnetic showers by neglecting ~ 2.2 % of energy distrib-
uted outside the £l3. On the other hand it overestimates
energies if two bump modules are too close to each other so that
the El3-energies overlap and some energy is counted more than
once. To prevent energies being shared by more than one parti-
cle in the selection of the inclusive photon spectrum an overlap
cut of 30 ° is used.

Another correction is the position correction which adjusts the
energy by estimating the impact of a particle in a crystal relative
to the centre because showers near the centre hsve a better
light propagation in the crystal than those near the edges of
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crystals due to loss of light in the paper which optically isolates
the crystals from each other.

Using this algorithm an energy resolution of a(E)/E = 2.7 % / *VE~
(E in GeV) is achieved for clearly separated photons in a hadronic
environment.

6.1.6 TFANAL-Step

This step is new for DORIS II data äs it produces the Information
for the Time-of-Flight System. It computes the position of hits in
the counters and the time difference between the bunch crossing
and hits in the counters. Then it tries to match tracks with
these hits.
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7 0 HADRON1C EVENT SELECTION

For the mclusive photon analysis one uses hadronic events which
make up the major part of the decays of the T(2S),T(1S) and 3Pj
states Unfor tuna te ly rnost of the triggers on raw data tape are
not of that type As one can see from the total energy distrib-
ution in Figure 10 for the f i n a l sample of hadronic events and fo r
one raw data tape.only ~ 2 % of all taken triggers are hadronic
events.

Tda! Energy (Mi

Figure 10 Total energy distribution for all triggers from l
raw data tapc (top) compared with the
distr ibution for the final hadron sample

One can see a lot of high energetic events around 10 GeV corre-
sponding to Bhabhas and the main part of the triggers towards
the low energetic side of the distribution which are mainly cos-
mics and beam-gas events. Hadrons are found between these
two dominant peaks.
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The mam sources of background are cosrmc muons.QED-events
like e ~ e ~ - * /- i">~(y).e + e (71.77(7). T"T~ (-/) tv;o photon events and
of course bearn related background hke beam-gas and
beani be-brn pipe interact ions Most of these background sources
can bc removed by energy .mul t iphci ty and/ or symmelry
requirements for an event äs done in the hadrcn ic event
selecticn process S mall cont r ibut ions due t o rr-events with
higher mul t ipl ic i t ies are hard to rernove äs they look very similar
to hadronic events.

The original hadron selection program which has been used in
the ii--energy region /GAIS82/ was scaled to T-energies but for
DORIS II r unn ing there were add i t iona l problems which were not
so crucial for SPEAR data taking ' The beam related background
was much higher and harder to i d e n t i f y due to higher currents in
the machine Ariother d i f f i cu l ty for the bb resonances is that the
ratio of hadronic decays from resonance and contmuum is
reduced by al least a f ac to r of 35 For the T(2S) the signal to
background ra t io is about l l and for the T(1S) roughly 3:1 äs
can be seen in Figure 11

So in a another selection one tried to isolate hadronic decays
w i t h a^ fe\ background events äs possible This lowered the e f f i -
c iency to select hadronic events compared to tht- above rnen-
t i o n e d program slightly but also removed a sizeablc amount of
beam rela ted b a c k g r o u n d

The se lec t ion programs were developed and tuned mainly by look-
mg at S ( ,pu ra t c j d beam data which are taken when the electron
and pos i t rcn beariis are separated by a small distance so that
they do not col l ide in the mturact ion regions From these data
one expect? only bearn related background and cosmics
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R vWble
120

C H S Enn-ßr (G«v)

Figure 11. Typical resonance curves for the T(lS) and T(2S)
resonance (bottom).The drawn curves are
Gaussian line shapes with radiative corrections
/JACK75/ to determine the energy of the
resonances

Discussed below is the hadron selection program developed for
DORIS II running The following cuts to select hadronic events
can alresdy be done after the ENERGY step :

1. The total measured energy in the ball including the endcaps
should be more than 10 % of the centre of mass energy.
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This cut especially removes cosmics and /i-pair events which
deposit typically 200 - 500 MeV in the ball äs they are mainly
minimum ionizing particles.

The ratio of energy in the tunnel crystals cornpared with the
energy in the whole ball should be less than 50 % and the
ratio of endcap energy to the total energy should be below
40 % .

The energy measurement in thoae regions of the detector is
not very reliable äs there are only a few radiaüon lengths of
NaI in the endcaps.

This should remove beam related background events which
generally have large energy depositions in directions close to
the beam.

A very effective cut in removing beam related and cosrnic ray
events is a 2-dirnensional cut in the vector energy sum ß and
the transverse energy E tr.n» °* an event, ß is defined äs

ß - T, EDrn / EB.H (H)

As the Crystal Ball cannot measure momenta of particles,
energy vectors are used by summing over the energies En of
all existing crystals n of the ball using the unit vector rn of
the centre of the module to determine the direction. This
sum is normalized to the total observed energy in the ball
E B »H. If all the particles were photons or electrons and all of
their energy were deposited in the ball this vector sum
should be 0 due to energy and momenturn conservation.

The transverse energy Etr.m is the surn of the absolute values
of the energy vectors projected into the x-y plane (trans-
verse to the beam ) and normalized to the c.m.s. energy

sin®n / VÜF (15)

The usefulness of this cut can be seen in Figure 12 which
shows the removal of beam related and cosmic ray back-
grounds with the cuts indicated by comparing separated
beam and colliding beam data.
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Figure IS Transverse Energy agamst vectorsum ß of an
event: On top is the distr ibution fo r separated
beam data.on the bottom for c öl h ding beam
data The cuts used are indicated äs hnes

The following cuts are used to discrimmate against high
energetic QED background hke Bhabhas and real yy-events
and can be made after the COKREG- or BUMPS-stages

The requirements are •

4 There should be at least 4 connected region? . Bhabhas typi-
cally have 2-4 connected regions but only a few rediative
onc-s have

5. rnore than 3 connected regions with more than 100 MeV in
the ball
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!t should bt.1 n o t e d tha t no I n f o r m a t i o n from t h i t - t u b e char.ibers
,y used in th i i - lu idromc event selection arid tluit o n l y candida tes
wmch ^urvive tL i s selection process will be furtht-r im~estigated
for the inclu- ' iv t . - photon analys is

An exaniple of u f l a t display of a hadronic event is displayed in
F igure n um- can st-e tht j hexagonal openings in the tunnel
regions whert- the energies deposited in the endcaps are ind i -
cated and a r a t h t - r syinmetr iL pol tern for the d e p u ^ i t e d energies
clustering in c t r ta in artas of t l ie ball

The hadronic da ta samples used for this analysis contam all data
tuken un t i l t h e end of February 1984 The number of events and
luminosit ies are listed in table l

I.uiriinosity
(pb-M

10.2
60.6

4 6

88 5 ± 6 7
193.5 ± 15 5

Tetble l l .un .mosi ty and numlier of events used for this analy
F1S

Hadronic Event Selection



Figure 13. Fiat display of ß hadronic event

Hadronic Event Selection

7.1 HADRON' SELECTION EFFICIENCY

In order to evaluate the overall hadronic event selection efficien-
cy £hed and the number of produced resonance decays, Monte
Carlo events were generated according to the following channels:

73Pj -*7 + hadrons

T(2S) -» 3 gluons -* hadrons

T(1S) - 3 gluons -> hadrons

T(1S) -* qq -<• hadrons

where all known branching ratios and cross sections for the res-
onances and continuum are incorporated. The 3-gluon decay was
modelled by an improved version of the LUND-model /SJÖS84/.
Hadronic äs well äs electromagnetic interactions between the
final state particles and the detector material are simulated by
the High-Energy-Transport Code (HETC) /GABR81/ and the
Electron-Gamma-Shower program (EGS) /FORD78/.

The hadron selection efficiency for the decays of the T(2S) was
determined to be chad = 66 ± 7 %.

7. S NUMBER OF RESONANCE DECAYS

The number of produced hadronic events from the resonances
Nre, is obtamed by taking the found number of events NhBd, sub-
tracting the number of continuurn events and correcting this
number for the above selection efficiency £had. The number of
continuum events is calculated from the data taken in the near-
by continuum (9.98 GeV). NCDm is scaled to the füll resonance
sample usmg the cross sections for hadron production at the dif-
ferent beam energies E res, Econt and the different
Large- angle -Bhabha luminosities (LAB)eont,(LAB)rBS. The final
number of resonance decays is then calculated using the
formula :

(LAB) r„E2COIlt

(LAB) contEz«.

l

Hadronic Event Selection
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AncihtT d::; . i ^ i v t . c r ; f o r i r . f - h^dr^r . se ' : e ; t . c r i p r^ t ; r&m is in = ca:;
the re^oii . i : .! . t - re^r,'?- esrefu/ . ; . b e f c r e e « - h T.üjor dä ta taki:it;
pei'iod ; . • ''n.- su:~e t ha t or.c :s ;7ieasur:r.t; a i t h e bearn e r i r r ^ y
which corrcspüruls tc the pe.ik of the r e so i i ancc and therefore to
the be?t r a t i ü of resür.ai.c* tu cont inuuni p roduc t ion Für Lh;s
purposc t h i - I; value was j j k u . a i e d using Fq (7! The v i p i b l e ' Ii .s
not corrc ' i ' . f - i i fcr the hä-ror. selection eff ic .c-ü^ y Typi^a! n:eti>-

resona::i'-:• o^' = f u n c t . ü i i uf ir.e DCKI? > ' in ;' energv in
Fisure 11

During t h t j i 'un the s t a b ü u y 1.1 f the K v a l u i - i? moin lc red and •.•an
be seen in Fi i^ure 14 wherc t h i s value :? p l o t t e d ag^ir.st t^.t- ru::
p.urr.fcer w h i c h car_ also bt ; r t e rpre ted a? a t i n i e ;<\ : ie

R visible

0

9000 10500 1^000 13500

Run Nurnber
Figure 14 The uncor rec ted R value äs a f u n c t i o n of the run
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8,0 PHOTON 5ELECTION"

One of the mairi goals of the data taking at DESY was to f ind
monochromatic photon lines corresponding to transitions
between dif ferent bb states äs indicated in the level scheine in
Figure l on page 3. In Order to select clean photons in a compli-
cated hadronic environment, one has to apply certain cuts. The
idea is to remove any particle from the spectrum which is not
neutral . is too close to another one, reconstructs with another
photon to a TT° or does not satisfy the typical shape of a photon
shower. In the end there should only be photons clearly sepa-
rated f rom any other energy deposition to give the best possible
energy resolution. The cuts which lead to the final inclusive
photon spectrum will be described in the following.

A photon candidate has to fulfi l the following criteria :

1. No charged track should point to the connected region which
makes up the cluster in question. The Charge probability (äs
defined in "Taggirig") for the connected region should be less
than 2 %.

Hadronic interactions sometimes produce showers which are
far from their original entry point in the ball and from a
possible charged track in the tube chambers. Therefore all
crystals in a connected region which could contribute to the
shower are checked if they have a charged track pointing
towards them.

One can see from Figure 15 which shows the spectrum before
und af ter the cut and the rejected part that the peaking of
the spectrum around 210 MeV which corresponds to mini-
murn ionizmg particles is sharply reduced

All plots of y-spectra are plotted on a logarithmic energy
scale to take into account the E3''4 dependence of the resol-
ut ion The binning is always A(ln(E))-3 % for an energy E (in
MeV) .

35000

Trar.smlgsicr. Efficleacy of Cul

0 9

0 7

0 3

55 7.0 85 2.5
In (7-Energy (MeV))

Figure 15. Spectrum before and af ter the f i rs t cut (neut ra l
requirement). On top ( lef t ) i s always the
spectrum before the cut,shaded is the rejected
part and the second line with the error bars
corresponds to the spectrum after the cut The
plot on the right shows the transmission
eff iciency (number of particles per energy bin
surviving the cut divided by the number before
the cut). All plots have a logarithmic energy
scale with a binning of A( ln(E) ) = 3 %.

The candidate has to be in the limited solid angle which is
covered by all 3 chambers,i .e. i c o s ( © ) l < 0.75. From Figure IG
it can be seen that outside the coverage of the outer cham-
ber the number of neutral particles slarts to increase
because some of the charged tracks could not be correctly
identif ied äs being charged by the inner 2 chambers by
themselves.

The spectrum before and af te r the cut is shown in Figure 17.
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Number of entnes
100000

75000

50000

25000

Figure 16. cos(0)-distribution for neutral particles with
the cuts indicated at ± 0.75

Number of 7

17000

1SOOO

7000

2000

Transmission e'flclency o; cut

4.0 5.5 70 8.5 2.5
In (7-Entrgy (HeV))

4.0 55 t C 8.5
In (7-Energy (lleVj)

Figure 17. Spectrum before and after cos (6) cut
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The photon candidates have to pe?s a pattern cut to ensure
that showers have a certam shape which is compatible with
that of a photon {For a graphical comparision of the typical
shower deposit ion patterns by lookmg at enlarge-d parts of a
flat display for ptiotons and the particle types described in
the f o l l o w m g see Figure 18). The main purpo?t- of the pat-
terr. cut is to re jec t :

Min imum lomzing particles which were not recognized by
the tube chambers (punchthrough) which typically
deposit their energy m l or 2 crystals (Figure 18a),

Interact ing hadrons They have broad and very irregulär
shower deposition patterns (Figure 18b);

Figure 18. Typical shower deposition patterns äs
described in the text in comparision with a
photon (d). Indicated are the 13 modules which
determine the energy.
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Uver l c ipp i i i g photon showers (e.g. from 2 merged photons
!<.-tu!tmg from a 77° decay) (Fjgure 18c).

• ' • a l t e r n cu's compare the ratio of energies in d i f ferent parts
j:' ' he -vhower . El is the energy of the bump module, E4 and
[A'-' are summations of energies äs can be see from Figure 9.
!u tl i is anälysiö cuts on E1/E4 and E4/E13 are used. These
< uts separate mtn i rnum ionizing particles from photons äs
(.u-.- i - K i i see m Figure 20 which shows a comparision of these
v a r h ' b k s for muon pairs produced in the QED reaction
L " c " - - "'/j'/.j.~ and Monte Carlo generated photons w:th the
t ;r ; l E K h i / a t f « . : For i r i i r i i m u r n ionizing particles the ratlos
.ire very dose to l while for photons which typically spread
over 13 crystals the ratlos are lower.

One can see from the rejected spectrum and the trans-
i i i i iMon eff ic iency (Figure 19) that a lot of low energy parti-
cles are removed which correspond to hadronic interacting
p a r t i c l e s or at leeist parts of the m found äs a separate burnp.
So nie inore particles in the region around 210 MeV are
rejected and also a lot around E=1000 MeV (ln(E) = 7) corre-
spondmg mamly to merged photons from a TT°.

Transmission Efticlency of Cut

09

0.« O&e 0.71 O.B6 101

EI/K
Figure SO Pattern cut used to rejeci punchthrough. The

lower plot shows /^-pair events.the upper plot
Monte Carlo generated photons The used cuts
are indicated äs lines.

4 U 55 7.C 6.5 2.5 4,0
In (7-Energy (MeV))

5.5 7.0 6.5
In (y-Encrgy (,MeV

Figure 19. Spectrum before and after pattern cut
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4. The next set of cuts tries to isolate the photon in question
from other particles and rernove showers which could be
caused by hadronic interactions or 2 merged photons from a
TT° by requiring ;

There shouid be no other particle within 30 °

In addition there shouid be only one bump in a cormected
region

The ratio of the El3-energy and the energy in the connected
region shouid be larger than 1.

One only wants to have showers which do not extend too far
outside the 13 (12) modules which are used to determine the
energy. This again is a pattern cut but here it removes clus-
ters which are too wide spread and therefore incompatible
with the shape of electrornagnetic showers.

After these cuts one can see (Figure 21) that & lot of the
7-candidates are removed which have energies greater than
500 MeV correspondmg rnainly to partly merged photons
resulting from a nD-decay.

1000

Trar.sniissicr. elficiency o* cut

0.9

40 5.5 7.C 8,5 Z.5
In (7-Encrgy (WeV))

5 5 7.0 8.5
In (7-Energy (Me

Figure 21. Spectrum before and after Separation cut
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The last cut reinoves photons which can be explained äs the
Partner of aiiother photon (defined by the above cuts) from
the decay of a TT°

A search algorithm calculates the invariant mass of each
possible pair of photon candidates using the directions,
energies and their errors A f i t is made to a TT° mass hypoth-
esis and a \ probabili ty from the f i t is calculated. All pairs
surviving the Y 2 ~ c u t are then used in a search which finds
the maximum nurnber of pairs (configuration) in the event
using each photon at most once. The configurat ion is
accepted if the confidence level based upon the total \ of
the pairs is greater than a minimum value. As can be seen
fror:, the invariant mass distri but Ions of 2 photons in
Figure 22 before and after Tr°-subtraction. th is algorithm
also removes combmations of photons which did not actually
belong to a n° decay so that there is also some loss in the
inclusive 7 Signals due to wrong cornbmations

öl Con.binations

1200C

7000

Kuinber of Corabma'.ions

B800 L

2800

800

50 260 öo eec
Invariant Mas; (MeV)

Figure 22. Invariant mass spectrum of 2 photons before
( l e f t ) and after (right) n°-subtraction
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The reduction of the photons in the spectrurn by the
rrD-subtraction is shown in Figure 23.

Number öl 7

2100

Transmission Eft:'"iency of Cut

55 7.0 85 2.5
In (7-Er.ergy (MeV))

55 70 8.5
^n (7-Energy (HeV)

Figure 23. Spectrurn before and after 77°-subtraction

9.0 FINAL INCLUSIVE ?-SPECTRUM

One can see how after succesive cuts 3 lines start to show up
(Figure 25) in the region 100 - 165 MeV and another one around
420 MeV.

The final spectrurn after all cuts is shown again with an enlarged
scale in Figure 24.

Number of 7
4500

3000

1500

50 100 500 1000

y-Energy (MeV)

Figure 24 Inclusive y-spectrum after all cuts

In order to extract the means.amplitudes and significances of the
lines from the spectrurn a fit was performed. This can be made
in 2 d i f fe ren t ways :

One fits only a small portion of the whole spectrurn in the
energy ränge around the signal in question ('local' f i t ) äs can
be seen in Figure 26 before and after background sub-
traction. The same fit is done for a spectrurn plotted on a

53 Final Inclusive ?-Spectrum 54



I
60000 .6000

5000 1000

10 5(1 100 500 1000 ^O.iO K
y -Eni.J'gy '' . ' f > - V ;

tr of 7
1

,v- ,„
..-''

.-'""
• '

'-,

linear energy srale (sunie f i g u r e ) . This is modelled by a
smooth background of Legendre polynomials with 3 gaussian
hne shapes for the 3 lines m the region of 100 - 165 MeV. Due
to the c lose n es s of the linev around 160 MeV to the
punchthrough region the result of this method is very much
dependen! on thc- f i t window used
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Ftgure 26 Local fit to the inclusive y-spectrum before
( t u p l and after background subtraction
( b o t t o m ) The right spectrum is plotted on a
loganthmic.the lef t one on a linear energy scale.

Figur t1 25. Inc lus ive photon spuctrum a f t e r successivt
cuts . The plots correspond t o the spectra
before any cut (upper l e f t l and af ter successive
cuts f rom l e f t to right and from top to bottom
followmg the order in the previous chapter.

(MeV)
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perforrn a 'global ' f i t to the whoie spectrum which nece.ssar-
ily requires a detailed model of the background taking into
account contributions from mis iden t i f i ed charged particles
and the broad photon background

This method was ust-d to f ind the f i n a l values for the energies

and branching ratlos for the seen hnes and will be descnbed in
more deta;l m the followmg

2 A charged part icle spectrum w i t h variable ampli tude to take
i n t o account the remammg 'punch 'xhrough ' of charged par t i -
cles This spectrum is obtained by taking genuine charged
part ic les äs defined by the three trackmg chambers and
applying the same cuis äs in the photon selection

3 Three Gaussian d is t r ibut ions w i th their widths f ixed to the
known energy resolu t ion of o ( E ) , E = 27 % / *\ (E in G e V )
t o describe the Signals in the 100--165 MeV region It is

4 Two gaussian distributions to describe the Doppier broadened
hnes around 420 MeV, at energies f i x e d by the two Iower
energy lines and the known T{2S)- T(1S) mass d i f fe rence of
563.1 ± 0.4 MeV.

Storage i

VEPP-4

in g

/ARTA84/

T(1S)

9460.6̂ 0.4

*v / .--1--1 1f(^)

10023.8r0.5 :

Table 3. Masses for the T(1S) and T(2S) resonance

It is assumed that the structures around 108,126 and 158 MeV are
due to the transitions T(2S)-'7l3P2, 13P[ and 13P0 respectively and
that the hne around 420 MeV is only due to l^Pa. i -yff lS) decays.
The model dependence for the secondary lines has no in f iuence
on the measurement for the low energy lines. Only two daugh te r
hnes are inc luded in Lhe fi t . äs the 3P0 state is expected to have a
smal l 3F0 -• 7^(15) b ranch ing ra t io /NOVITß. ' Th:s- is mdeed
showri in s tud ics of the exclus:ve channel T(2.c) -* v y T ( ] ^ | -'/y'i'i
by CUPB /PAUSB3/ and Lhe Crystal Ball/BROC04/' by the Rbsence
of a third l ine corresponding to that t r ans i t ion . The D o p p i e r
s h i f t in the secondary lines is also included.

The f i t determines the fol lowmg parameters:



4 the A m p l i t u d e of the residual charged particle background.

Tiie r e su l t of ti f i t to the inclusive photon spectrurn is shown in
F[«ure 27.

T!,e qULilr.y of the fit is good, having a ^ per degree of freedorn
(n d . o f ) of l 05 The ptrcentage for the cherged particle back-
^rour.d of 3 35 ~Ü 79 % agrees with the method described later on
m "An;; t ! i t r M e t h o d to determme the Punchthrough" of 2.64 ±

s- f ü r Uu- global f i t are hsted in table 4 where only the
error is given together with the signif icances of the

iiru-s tnken f rorn the number of photons in the peaks.

The systematic errors are discussed in "Systematic Error on the

Energy (MeV) . Signif icance

108
127
158

0 ±

5 ±
7 ±

0
0
1

7 ' 8

7 10
5 5

3
4

5

s
s
s

d.
d.
d. ,

Results for the global fit and the significances of
tht- l ine s in Standard deviations taken from the meas-
ured ampl i tudes .
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Xumher of 7

/ \ - E n e r g y ( M e V )

Figurt ä? Fit tc- spectrum before ( top) and a f t e r
b&ckground subtraction (bottom) The dotted
line in the upper plot represents the smooth
polynomial background The charged particle
'punchthrough' background is given by the
di f fe rence between the dashed and the dotted
line In the lower f igure these backgrounds have
been subtracted
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The 7T°-search algoi'ithm (see "Photon Select ion"! determines the
TT°- and r/-masst.-s f rorn tlieir decay into 2 photons 1t was found
tliat the 2 masses are l o w t r t l ia i . their establMieJ values
/PART84. by I 9 and 3,3 % respei tive!'/ This c;:-n be ^orrecled by
usmg an energy correct iui i »E cxpldintd beluw.

The TT° -mass is found by f i t t ing UIL- curve reM.ill:ng from all
photon-photon eombmations which a:~e used to f ind TTO 'S äs can
be seen frorn Figure 22 witli a gaussian line shape over a smooth
background of Legendre polynomials (Figure 28} The TT° mass
was determined to be 13353±0.14 MeV.

Figure 28. Fit to rr°(left}- and ^-massfright) before (topj
and after background subtraction
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The ;/ sipial is buried unde r 1 a combina to r ic background caused
by m c - o r i e c l pa i r ing? of TT° photons. To detcrmine the Tj-mass all
r o m b i n a i i o n s of photons where at leaat one of thern had already
uoen used in the recons t ruc t ion of a rr° ivere removöd One can
see an rj -peak (Figure 2ü) which was f i t ted in the same way äs
the TT°-mass. The Tj-mass was determined to be 531 18±2.17 MeV

It was also noticed in the global fit to tlie inclusive photon spec-
t rum that by varying the mass. difference for tbe T(23)-T(l3) ,the
qaahl.y of the f i t could be improved äs can be seen by plott ing
the j(2 distribution versus the mass d i f ference in Figure 29

79

75.0

7l 0

54500 54B.75 552.50 55625 560.00

Mass Difference (MeV)

tbe mass d i f f e r e n c e

The x a~distribution suggests a value of 551.5 ± 5.5 MeV which is
2 l % low compared to the experimental measurements (table 3).
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9 l j^ Energv Correct ion for Exc lus ive Channe-s

An empincal energy correction was applied for the exclusive
transitiori

T(2S)-yvr r . leptons frorn tht.- decay of tht- T ( 1 5 )

such that tht' mass d i f f e rence T(2S}-T(15) corresponded to the
established va luy /PART84/

The correction is of the form

(171

-o ln (E m e a s u r e d / 'E b e a m l )

with a bemg a constant to be determined This fo rm of cor
rection is used äs it takes into account the l o g f i n t h m i c shower
dependence and the fact that at the beam erierey the correction
rnust be 0 äs Bhfibhas are used for energy c a l i b r d t i u n

This correct ion was then used to check the- r:0- niäss in the t r ä n
sition

T(2S)-*TT°nnl + l~- yyyj l "M", where the leptons def ine the decay of
the T(1S)

The TT°-mas? wog fourid to a^ree -BROC64- wi th the es tab l i shed
value The correction fac to r a found m this way is very depend-
ent on the cu ts used and is only vahd for very clean photons.e g
the f ina l photons m the inc lus ive analysis or exclusive low mul t i -
phcity events

After this success for the above mentioned exc lus ive charmels
one also tried to use the correction for the inclupive photon
analysis. But using the same constant determined by the exc lu -
sive analyses the masses of TT° and rj came out far too high

In the inclusive photon analysis one noticed that by merging
photons into h&dronic events of the T(1S) and T(2S! to determine
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t t ' i f d « f i e c n u i i t - f f i t i e i i c y ( s v t - "1', 'ioton De tec t ion E f f i c i e n c y " ) t he
enCTgy a lv . , ivs Ciirne out hitzncr by a mcan value of 3 5 Me'V once
t h e y ivt-re rnci^cd into a ret.1 cv t -n i This rnight be explained by
hadror.ic clcbri .-- in the ever.l w l n t h added to th t - rnerged pho ton
•juergy Tl. ' '-n-r^y t orr t-c* ion t i i k t - s this in to account and sub
Tacts 'J " \\',''.' f r o r r i the phc-^'n -.-nergv b e f o r e app ly ing the cor-
rec t ior . «.'; T i i - . - n l i c n e d ü l^vc The cons tan t a was then
dt-tenr,:r:e,: by a d j u ^ t i n g f h - r:c-mass Tht- f o u n d ve lue KS
n 001-1^ w h u l i agrees w e l l w i t h the value deU-rmmed fo r the
corredion fü r - the exclusive t hann^ls mentiont'd above In the
fo l icwmg t a b k - the va lue? for thf n°- and Tj-masses äs well äs the
n.a?s d i f f f - r e i u t T ( ^ ^ ! ~ T ( IS ! art- g iven b t - fo r t - and a f t e r energy
rorrect icn T E . - - -;0-n-,fiss hu-- UK- desired value while the 77 comes
C M ' ?o:r,'.-v.h.,' t ^ c l o v,- ant; Uu r n a ^ f ; d i f f e r e n c t - T i ^ S i - T ( l S ) a b j t

Misses before diid a f t e r energy co r r ec t i on

l sing these correct ions for the energies äs d e t e r m i n e d by the
global f i t or.e obtains the f c l l o w m g results .

Energy (MeV)

Table Rtsults for the global fit after energy correction

The error is s tat ist ical only The systemaUc uncertainties are
discusft 'd in "Systematic Error on the Energies "
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92 BRANCHING RATIOS

In order to calculöte branching ratios from the observed signal
amplitudes N-,, one has to know the number of produced T(2S)
resonance decays N res äs given m table l and the photon
detection eff iciency £7. The branching ratio B is then calculated
by using the following formula .

(18}

92.1 Photon Detection Eff ic iency

The Crystal Ball detector has a photon detection ef f iency for a
smgle photon in the ball of nearly 100 % The overlap with other
particles.conversion in the beam pipe and the tube chambers or
misidentification äs a charged particle considerably reduce the
possibility to detect a photon.

The photon selection program itself is the rnajor factor in reduc-
ing the detection eff iciency. After all cuts described above only
15 - 20 % of the photons remain (for photons evenly distributed
over the fül l solid angle) slightly dependent on the energy of the
7

The total photon detection eff iciency is given by

^ = £mc c f l ( l-cea„T ) e.n, (19)

ivhere eme takes into account all photon selection criteria

The eff ic iency c fs gives the probabil i ty to observe a final state
configuration consistmg of hadrons and the monochrom&tic-
photon luie This number is found to be 90 ± 7 % using the same
Monte Carlo models äs used for the determination of the hadron
selection efficiency (see "Hadron Selection Eff ic iency") ,

£conv is the conversion probability of photons into an electron
positron pair in the rnaterial which is in f ront of the outer layer
of the tube chambers. This number was calculated from the
thickness (m radiation lengths) of the beam pipe and the first 2

Final Inclusive y-Spectrum

If one assigns angular momenta to the 3 low energy lines and
ust-s the calculated angular distributions /BR01V76/ for the d i f -
fcrc-nt hnes mstead of f l a t ones.one has to correct the ampli-
tudes by thfc factors m table 7 (wi thin the limited solid angle of
•cos0 - .75 used in this analysi?)

M o i j ü i ' h r o m a t i c photons we-rc1 generated by the ECS Monte Carlo
code , FORD78 ' in the energy ränge of 90 - 500 MeV and propa-
gtit td t h r o u g h the Crys ta l Ball geomet ry not smmlating the tube
churnber? The energv of one of these photons js then added to a
i-eii! TI IS) event Thi? merged evt.nl IK analyzed by the pro--
d u c i i o : i s u f t w f i r e and l u l e r on by th t - photon selection program
Ü r i f u ^ e ~ t h i - a s su rnp l i on tha l the decp.vs o f !3Pj s t a l e s and T M ? )
shcu lc be F u f f i u e r i t l y snnilnr and t h h t the recoü of the pho ton
o;)'.;, l i . i f . 0 sni i i l ! e f f f , t cn the recoilmg sy.stem that oiic doe5 i;o!
huvt- t o -wcrry Bbou t the correc t s imulaMon of such eventr
I h r - V ' i S l dci ta t a k i n g wds in t e r spe r^ed w i t h T f l S j r u r i - ' i L j ^ oi'if
can exper t t h a t mach ine ,de tec to r and chamber pei for mances
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are s imulated rnore reahstically by this method than by creat ing
Monte Carlo events

Fits were performed to the photon line added to the y-spectrum
to deterrnine emc by dividmg the nurnber of found Monte Carlo
photons by the number of or igmal ly merged 7 m t o the data sam-
ple

The resultmg d m c are shown in Figure 30 for the succesive cuts.
Tlie systematU' error was determined by mergmg l ines into T(2S),
Ti ' lS) and contmuum events

M C - E f f i c i e n c y

040C ~—_—

0.325

0.250

0.175

0.100
50 0 175.0 300.0 425.0

7-Energy (MeV)

5500

Figure 30 The photon selection e f f ic iency for succesive
cuts i corresponding to cuts 2,34,5 äs
mentioned in the text from top to bottom (only
statistical errors are given)
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Cumbming all e f f ic ienc ies t-, is determined to bt j

Energy Range

110 MeV
131 Mt-V
163 Mt-V
430 Mt-V

Eff i r i ency

13 6 ± 2 4
14 5 i 2 6
12 2 ± 3 l
13 7 ± 2 l

Table Efficiencies

9 2 2 Resu l t s

The b ranch ing ratioa for the 3 low energy l i r ie^ are hsted in
table 9 together with the product branching ratio for the sum
of two Doppier broadened lines (mean energy at 430 MeV) .

Energv (Mt-V)

110
131
163
430

Branching

5 9 ±
6.5 ±
3.7 ±
3 4 ±

ratio { % )

0 7
0 6
0.7
0 7

Tcible 9 Branching ratlos determined from the global f i t w i t h
the statistical errors only
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So far only the s tat is t ical error was giver. for the energies and
branch ing ratios of the observe-d l ines The systematic errors
which mainly come from the fi t t ing p rucedure will be discussed
in the fol lowing sections.

10 l SYSTEMATIC ERROR ON THE ENERGIFS

In order to determine the systematic errur o n the energy, the
sarne fit äs done for the f ina l spectrurn was perforrned after each
successive step of the photon selection The results can be seen
in Figure 31. The Variation of the energies was used to estimate
the effect of the cuts on the energy and the size of the systemat-
ic error. One can conclude that the energies of the lines do not
depend on the used cuts to extract them because there are no
large fluctuations.

Energy (MeV}
180.0

160.(

140.0

120 0

Dif f e r en t Cuts

Figure 31 Energy dependence of the lines for the d i f fe ren t
cuts corresponding to cuts 2,3.4 and 5 of the
photon selection from left to right
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Another important pararnoter for the fit i s the number of
charged particles in the f inal spectrum The dependence of the
sys temat ic error for the energies on this variable is found by
varying the content of punchthrough in the global fit to the
inclus-ive photon speclrum Compared are the ratios of energies
which were determined by the global fit and the energies found
wi th a f ixed amount of punchthrough and cari be seen in
Figure 32 For the energies the introduced errors by using a
wrong number for the punchthrough are negligible.

Rat io of Energies
l 02

l 00

0.99

098

TT

2 000 2.625 3.250 3.875

% Punchthrough

4.500

Figure 32. Energy dependence for d i f ferent amounts of
charged particles (0= 163 MeV,D = 131 MeV£ =
110 MeV lines)

The unce r t a in ty in the absolute energy scale is estimated to be l
MeV for the 3 low energy hnes
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•\a t ic error due to a Variat ion in the f i t t i r i s i procedure
(e q. a d i f f e r e n t f i t w m d o w . d i f f e r r n t bmning) amounts to l ~ of
U i t > meapurcd energies.

al l systematic error.s the overail sy^tema'ac error for
' he ener^ie? :s calculated to be 2 2.2 4 and 2.7 MeV für tne lines AI
: 10, 131 and 1G3 MeV rtspectively
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Tht
t he

s \ ' s t en ,d tu ' error on the b raneh ing rat ios is calculated with
-ja nie rnethods used for the cnt-rgies. The branehing ratios

u l d be mdcpendei i t of tht energy corrections ün the other
J thp cha:-i;ed particle ba>. k^round has a bigyer influence on

b r ä t i c l i i n t ; f i M C t i o n s thu i i un the enersies espec ia l ly for the
a r o u n d 16,i MeV which is ve i~y dependeiit on the exact

ouut of p u n c h t i irough äs shown bt-low

first check was to perforrn the branehing ratio calculations
the d i f f e r t - n t stäges of the photon selection The results are

v/n m Fipure 33

Branchine R a t i o 13l MiA' "_me
8 00 — - ——

675

550

4 25

300

Diffrrent Cut; Differer i t Cuts

Bfünc-hina Ratio 43ü UeV ime (%)
50

Dif fc - ren t Cuts

Figure 33 Branehing ral ios for the d i f f e r e n t stages of
selection corresponding to cuts 2,3,4 and 5 of
the photon selection f rom left to r ight
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One can set1 t ha t the results for the d i f f e ren t cuts agree w i t h i n
the errors.

The other check was to vary the punchthrough and determiru-
the resul t ing branching ratios äs can be seen in Figure 34 where
the branching rat io found for a f i x e d amount of punch th rough is
divided by the number found by the global f i t

Rat io of Branching Ratios
1.4

0.6

2.000 2.625 3250 3875

% Punchthrough

4 500

Figure 34. Variation of the branching ratios with respect to
punchthrough (0 = 163 MeV. D = 131 MeV,O^ 113
MeV hnes)

One can see that the hne around 163 Mev has by f a r t h < - .artest
f luc tua t ion äs expected by the closeness to the punch^ r . roagh
region.

Combining these errors with the systematic errors for the phcLon
detection efficiency,the number of resonance decays and errors
mtroduced by the fi t tmg procedure, the systematic error:- for
the branching ratios are f o u n d to be 1.0 %,1 2 % and 0.9 " for the
Imes at 110,131 and 163 MeV respectively
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5300

i.r ergy ( M e V

\ s t r i K ' t u r t ' can be socii m the region of mteret t , e t w e e r : 100
and lü : M t-V and around 43U M. -V This shows thf-. t t h < In.es 1:1 t i i c
T i , Ü > ) : ; ' c c t r u m a:~e n o t i i L ü l t d b y son.e s o f t w . i r t - {."'<...! i r . 11.c
da t a u i l y s i > r a t he r t r . i i r i l i i i j t ; physics
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Photons from the decay of TT°'S resulüng f r o i n t h P transition
T(2?)--> TT°7T°T(1S) should have some i n f l u e n c e on the mclusive
photon spec t rum because roughly 9 " , BROC84 ./FON584 •' of the
decays of the T(2?) resonance should proceed t l i r o u g h this chan
nel to the T ( l ~ ) If a photon f r um the r:° d e c a y mto 2 v s c a n n o t
be reconst ructed survives the pho ton s e l t t l i o n and shows up in
the mcluMve v-spectrum of the T (2?) this rriight create a
monochrornatlc line or other s igni f icant s t ruc tures which might
be mistaken to be the photon l ines or the charged part icle
punch th rough

In order to determine the exact arnount and enerey dis t r ibut ion
of y's m the f i n a l inclusive T ( 2 P ) spect rum.(wo M o n t e Carlo TD 'S
were generatcd and rnerged into T(1S) decays to simulate the
total hadronic transition to the T (1P]

The 7777 t ransi t ion was mode l l ed actording to an i n v a r i a n t mass
distribution äs suggested by /YAN080/ and venf i t -d by variou?
experiments for the neut ra l and ch^rgt ; : t ransi t icn
• M C Z 8 1 , ' . / B R O C 8 4 - ' . ' M A G E 8 : . /FONSB4 . M V E L f l . BF5S84/ and
/'ALBR84 The TT°'S each decay mto Z pho tonp w h i ^ h are s imu-
lated to shower in the detector

A rather characteristic peak ing of the energy spectrum of
photons survivmg all cuts a round 200 M t \  oan be seen in
Figur e 36 but there are n o monochromat io hnes If one sub-
tracts the correct amoun! of remnants due to th:? t rans i t icn
from the mciusive photon spectruir. äs done m Figure 37, one
can see that this e f fec t is neghg ib l e and that there is no appar- -
ent structure which is added o r caused by th is t r ans i t ion
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4000

3000

1000

4 0 7.0 8 5

In (Energy ( M e V ) )

Figure 37 P h o t o n spectrum with subt rac t ion of
7 T r n - - t r a n s i t i o n , = haded = sub t rac ted spectruni
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To check i f t.he arnount of charged pari ic le^ in the f i n a l
-/ s p e c - t r u n i cf the T(S?J f o u n d by the global f i t was d e t e r m m e d
oorrectK a n ü l i n T rne thod Wii.s apphed ThiF- iv, .< done by u^ ing a
s 'rc-ng p a t t e n , t u t w h i c h is e-. ' -pecial 'y su iUd t u i d e n t i f y p a t t e r n s
of i r n n n n u n i i c n i z i n g p a r t i ( . h - s It cuU ver> h u r d cn low eru-rpc-s
wh ich n i L i k f - i t u n s u i t u b k - f o r th^ m c l u s i v f - r t i i a ly i i i o f the hnts
t i f o u n d 100 I G f j MeV T n e r f f ü r e th is r u f i s only ust-d to determnu.'
the p u n r h t h r o u g h m the f i n a l spt-ctrum around 210 MeV. If ont j

plo t s the t r c i n s i M i s s i o n e f f i c i c n c y (nurnber of pa r t i c los per ener^y
bin surv iv i r i t : t l i e cut d iv idud by the number bc-fore the cut} for
charged p a r t u k s a$ a f u n t t u n of tl.e shower e t i t r g y . o n e can st t-
a s l rong dip a'. t.-rit-rg;es cor i ' t - pcnd ing to inn . i : i ium iün:z:r.g par

The san .c pi., ' f ü r p h . v i o n ^ sl r > u S . : >: . . ;^\i s i i i ^ o t h t ^ i ^ ' f - In t h t
r < j d l dp i i t r ; i :n w i t h chai 'g i id t i a c k i ou t a i n i i u i t 1 0 1 1 , 0 1 . can s t . l i sct
a sr iui l l d i ] > . » r o u n d 210 M t - \e r T u ^ n - t u d e uf i t . i pt o p r , r t i o n . > ]
t u 11 K- . i i t i m i ü t of r ha rg t -d l rm k ( t . r. t ^ m i n a t K . n n i d . an be- me^ i s
l i red in t I n - f . ! ; . \vnit w jy

C i i t - U H i - r - < i - t - : : e & of ;.];;!>- w!n-r \L;it- t ransi i . ;s . - - ; . . c :"fio •."-:.L y f ü r
photor.^ :.-- j j u . - t t - d for vary ,n , ; an . - - jn ts of ch.iri:- p . - : r t ic ie< sub
t r a c l ; - d in d f ' i t ' - r to d i - - t e r : i . ! i i e t;t w h i L ' h vahn- .'!;e n -ü i ' l i e^ a
srnootl i l r a n . - i n i s s i c n curve w l n c h :-hould correspond to the exact
amoiu i l o f j i . r i c l i t h r o u g h in the f i n a l ^ - spcc l ru in



The results of the fits can bee seen m Figure 40 where the found
amplitudes are plotted äs a funct ion of the charged particle con-
tent The f ina l number for the punchthrough is obtained by f i t -
ting the d i f f e r e n t points by a straight line and determinmg the
point where the amphtude is zero

amphtude (arbitrary units)
50.0

25.0

0.0

-250

-500

I t

-0.5 l 0 25 4.0 5 5

% punch th rough

Figure 40 Resulting amplitudes of charged particles

The resul t ing number for the punchthrough determmed by this
method is 2 64 i 0.75 % which i;- shghtly lower but s t i l l compatible
with the number found in the global fit to the T(2S) inclupive
photon spectrum of 3 35 i 0 flö % The d i f f e r ence between these 2
number s gives an estimate of the systematic error for the
punchthrough
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120

Energy

110.6 - 0 0 i 2.2 MeV
130.9 r 0 8 t 2 4 MeV
163 3 r l 5 r 2 7 MeV

Table 10 . Resu l t s for the energies obtained in the global
f i t a f ter energy correction w i t h s t a t i s t i ca l
( f i r s - t ) and fc -yyU-n i i i t i r (second) error

Brauch mg r

Nc other p h o t u n hnes wc-rc u i^ t - rved with s t a l i t t i c ü l s ign i f i t anc -es
uf rnore t l , « i t i .' ' s tar .df .vi d f ^ i ü t i o n ? m the er id 'gy rc.nge 50 - 100
MeV giv; : i t , u p p c - r l i m i t s ;'or b ranch ing rä t ius of 2 , ; "- OC 1 c M
nor n. t h t r r i i i ^ t - 450 : i ' ' . ) •;•.•. i n g upper h m i t s of 0 7 '" 1,90 "- c l l
t i s ^ u m i n ^ f l ; i l . i i . üu la r d ;> ! r i b u t ionf
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15.1 COMPAH1SION WITH OTHER EXPERIMENTS

in table 12 a comparision of the energies of photon l ines
obtained by the Crystal Ball and the experiments ARGUS (prelirn-
inary) /SCHRB4/, CLEO /HAAS84/, CUSB /KLOP83/ is given äs weh
äs a weighted mean of the energies.

Experiment 3Pi

ARGUS
Mean value

110.6 ± 0.8 ± 2 . 2 J 130.9 = 0.8 ± 2.4
108.2 ± 0.3 ± 2.0 12B.1 = 0.4 ± 3 0
109.5 ± 0,7 ± 1.0 129.0 ± 0.8 ± 1.0
109.0 ± 1.0 ± 1 . 0 ' 129.8 ± 0.8 ± l o ' '147.2

109.4 ± 0.8 129.6 ± 0.8

Table 12. : Energies found by 4 different experiments and an avorared
mean of all 4 measurements. (* means that the value is not useci
for the average value J

In table 13 the branching ratios for the 3 low energy lines a?
measured by 4 experiments in their inclusive photon spectra are
listed together with their weighted means.

Experiment

CB
^

5.9 ± 0.7 ± 1.0
CÜSB . 6.1 ± 1.4
CLEO 10.2 ± 1.8 ± 2.1
ARGUS

Mean value
8.9 ± 3,0 ± 1.2

6.7 ± 0.8

»p,
6.5 ± 0.6 ± 1.2

5.9 ± 1.4

8 0 ± 1.7 ± 1.8
8.8 ± 2.2 t 1.0

6.8 ± 0.8

3P0

3.7 ± 0.7 ± 0.9
3,5 i 1.4

«4.4 ± 2 3 - 0.9
-4.0 ± 1 8 3 1.0

3.6 ± 0 9

Table 13, : Branching ratios found by 4 different experiment? w i t h .s
tistical (first) and systematic (second) errors (* mean?; t.
the value is not used for the average value) .

A graphical representation of the results can bc seen in
Figure 4 i | W here the experimental energies are plottrd wi th t h f . i r
corresponding branching ratios. The stat ist ical end ^ystemotic
errors are added in quadrature to give the plotted errors

One can see that wi th in the exper imental errors therc is agree-
ment aniong the several analyses fo i the hnes around 109 and
129 MeV but d i f f e r ences m the energy of the line around 147-163
MeV Thia rnight be due to the low s igmf icances of the lines found
by some of the expenments. The Cl.EO-collaborat ion reports a
signif icänce of less than 2 Standard deviations stating that a
third ime is not clearly implied by their data. The ARGUS -group
give? a s ign i f icänce of 2 2 Standard deviations with very small
errors This value would dominate the averaging process for a
Ime around 149- 163 MeV Therefore these two measurements are
extluded frorn the cslculation of the mean energies and branch-
ing ratios

BrtirK-hing Ratio
15 0

100

1000 1400 160.0

y-Energy (MeV)

Energie? and branching ratios for 4 d i f f c
experinirnts A = (Crystal Ba l l ) .E ( C I [-;o;
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For the secondary lines f rom the 3P,T states to the T(1S) only the
CUSB- and Crystal Ball-collaborations give results which are
surnmarized in table 14 .

Experiment

Crvstal Ball

CUSB
Mean value

Branching ratio ( % )

3 4 ±

4 0 ±

3.7 ±

0 7
1 0
0.7

± 0.5

Table 14. Branching ratios for the secondary lines

These results can be compared with the product branching ratios
from the exclusive analyses

T(2S) . leptons from T(1S)

by Cl'SB /PAUS83,' and Crystal Ball/BROC84/ where one has to
know the leptonic branching ratio of the T(1S) in order to calcu-
late the cascade branching fractions. The CUSB-value has been
rescaled to take a value for the leptonic branching ratio of 2 9 %
/PART84/ (instead of 2.8 % ) which is the value given for the
/.(-pair branching ratio. This value is also used for the branching
fraction into e*e~ assuming lepton universahty because of the
much smaller errors The results in the following table should be
compared with the inclusive results and one can see good agree-
ment among the measured values

Experiment Branching

Crystal Ball

CUSB
4 2 ±
3.5 ±

ratio ( % )

1.1
0.9

Table 15 : Branching ratios for the secondary lines for exclu-
sive cascade transitions
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12 Z COMPÄRI5ION WITH THEORETICAL PRED1CTIONS

The most important questions in coinparing experiment and the-

What are the masses.the E l - t r a n s i t i o n rate? and spins of the 3Pj
stötos As pointed out in "^Ps.^.o States" the spins cannot be
determmed from the inclusive photon analysis but tlie transition
rates and mas^es c&n be found

Once these quantities are known one can f ind out which pred-
ictions and models f i t the data best. Many models make pred-
ictions for the centre of gravity Mcoe of the 3Pj states which is
defined in Eq (11] . The centre of gravity is not very sensitive to
the exact knowledge of the energy of the 3P0 state because of the
low weight As one can see from the following table most of the
newer predictions agree well with the rneasured value for the
cent re of gravi ty if one assumes an uncertamty in the absolute
eiu-rgy sc&le of about 10 MeV The predictions by /EICH81/ and
• MCCL83/ give rather high values

Autlior

CrystaJ Ball

/BUCH82

/'BANDS 4

/MOXHÖ3

, 'GUPTB2

,. KAHRB1

/EICH81

•'MCCL83

M(c.o g )

9899 4 ±

9888

9891

9906.

9897.

9871 .

9924

9922.

(MeV)

2 0
7
0
2
7
0
7
8

Table 16 . Theoretical predictions for the centre of gravity
of the 3Pj s ta tes The c . o . g . for /BUCH82/ has been
rescaled by 27 MeV to use the correct T(1S)
m a s s . /CUPTS2/ bv 2 MeV.
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me^u: cd in the i n c j u s i v t - photo:i spi - ' tn-irn t ü i i r - t - < _ - s t n: ;ated by
Uürii: ' ! ) ' - >a:~:ie methodp äs for the eii'-r^:e? of ihi- In.t-s but this
t i i r .L t : i c rmiss d i f fe re iu ' e is plot led T l i e ? y s t e i r i i i t i c t.'rroi is c f i l -
cuh .U- . i K, he 14 for the d i f f t - rence uf t h c - musses ;!I'^ -'P, and l Ö
M'.V \ :he muss d i f f t - r t - i i O L - 3P1-3tJ (. w : , . : t . iht- :T:ain contnbu: ; JM
. 0 1 : . - - f:\,'i:. the c i f f e r e n t f i t t i ng n . t ' h . - d s "The sys t e::,,it " erre,r
C O : : . : : . L ~ f r o n , tl'ie ener^v correct ion? .s q'.:.U s"•.«!!

A u t h o r M(P,

0 4,

ränge of 0.4 - 0.6 but the resuits disagree wjth higher predictions
like /EICHB1/ .

It can also be Seen tha t the value is far f rom r~Z (see "Potential
Models") which indicates that one has to use tensor forces in
order to describe thc f i n e structure Sp l i t t ing of the !3Fj states.

Even fc-wer predict ions can be found for the El- t ransi t icn rate?
to reach the !3Pj states from the T(2S). In table 1Ü the branch-
ing rutios predicted by theory and measured by the Crystal Ball
are compared The errors given for the theoret ical prc-dicticns
are oniy due tc the uncer ta inty in the total w:dth of the T(2S)
which is takt-n :G be 29 6 r 4.7 keV /PART84/

3 P 3 I

3 T :
» _,_ *

1 ± 0
-3 i 1
1 r 1

.2

.2

.9

.2

.2

; B (

6
9.
3.

i 7.
6.

5

1
6
4
7

3p

-

;

;

I

;

l )

1

j

Q
1
1

1
3

4
.6
.2
.1

B i

3
6
1
4
3

' 3P }\ 0 J

7 - M

5 = 1 1
^ • ^ 0 3
: T 0.7
: i '. r;

Predicted branching ratlos ( in 7-_ ) in ct^pariEicr.
wi th the Crystal Ball result * means t ho T the u^f c
energies for the predictiona are the experimor.tül cn^^
frcrr. 4 expenments äs given in table 12

Thc- t xp i - r imen ta l ly f o u n d values are in agreement witr. niost cf
the thc-orei ical p r t d i c l i o n s so t hat one cannct d i s t ingu i s ; j
betwct-r i the d i f fe ren i . approaches for the potent ia is by rrieans of
the branchine rat ios .ei ther .



13 0 CONCLUSIONS

Four wel l resolved hnes an- observed in the inclusive photon
spectrum from hadronic decays of the T(2S). A cohereiit picture
i? obtamed when these lines are interpreted äs resulting from
El-transihons T(2S) -• j 3Ps.i-t> &nd 3Pa .j -> yT( lS ) By clearly
resolving all three low energy lines and observing the photon line
around 163 MeV with a large statistical significance a complete
measurement of the fine Splitting of the l 3 P a , j , o states of the T bb
System has been niade.

No evidence for lines other than the above mentioned was found.
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