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ABSTRACT

The cascade reaction c~e — T' — -j\ — T-.f — -ri(/i*^" or e ~ t ~ ) has been studied

with the Crystal Ball detector at the e+e~ storage ring DORIS-1I. T wo xt- states are observed

by monoenergetic photon lines al 107.7 ± 1.1 =: 1.0 MeV and 132.4 ± 0.9 ± 1.0 MeV, with

amplitudes of 56 - 6 and 82 ± 10 events correspondingly. Upper limits for füll widths of those

states at 90 % confidence level are < 6.2 MeV and < 6.9 MeV respectively.

Angular correlations arnong the final state particles are fu l ly consistent with spin 2 of

ihe higher mass ^ state, spin l of the lower mass \t> state and the pure dipole radiative

transitions, although some other possibilities cannot be excluded. Spin 0 can be ruled out for

both xt states. In addition, assuming pure dipole radiative transitions, we also show that it

is not possible to assign. at the same time. spin l to the higher mass xt. stale and spin 2 to

the lower mass xt slate.

The cascade branching ratios BR(T' — - ; \ , ) - B R ( x j . -> - |T) -BR(T — ri~) are found to

be (4.6 ±0.7 - 0.5) • IG"1 for the spin 2 Xb state, and (6.0 ± 0.7 r 0.7) • 10"4 for the spin l X t

state. Upper limit for the spin 0 \ state at 90 % confidence level is < 4 • 10~5. Combining

the above values with the world average value for BR(T — rr ) and with the inclusive

results for BR(T' -* ixi>) i we obtain branching ratios for \fr — -jT.

Potential models, QCD sum rules and bag model predictions for the \t, masses and their

fine s l ruc ture are compared wi th our results. Hadronic widths of the \t, states derived from

T T) with help of the potential models are used to lest the QCD predictions.

STRESZCZENIE

Detektor Crystal Ball zostal uiyty do badania reakcji kaskadowej e~e — T' —* t\b - -

-nT —» ~i~i(ß4p~ OT e*e~] na pierscieniu wiazek elektronowo-pozytronowych DORIS-I!.

Zaobserwowalismy dwa slany x& p'oprzez monoenergetyczne linie fotonöw o energiach 107.7 -i

1.1 ± 1.0 MeV i 132.4 i 0.9 ± 1.0 MeV oral o odpowiadajacych amplitudach 56 ± 6 i 82 ± 10

przypadköw. Görne granice pelnej szerokosci tych stanöw wynosza : < 6.2 MeV i < 6.9 MeV.

przy poziomie ufnosci 90 %.

Korelacje kalowe pomiedzy czastkami stanu koncowego sä w petni zgodne ze spinem 2

stanu cie.zszego i spinem l stanu Izejszego, oraz z czysto dipolowymi przejsciami fotonowymi,

aczkolwiek nie wszys tk ie al lernatywne mozliwosci moga byc wykluczone . Pokazujemy, ze

spiny obydwu zaobserwowanych stanöw sä rözne öd zera. Zakladajac wyl4cznie dipolowe

przejscia radiacyjne, pokazujemy. ze nie jest mozliwe przypisanie jpdnoczesnie spinu l do

stanu o wie.kszej masie i spinu 2 do stanu o mniejszej masie.

Iloczyn cz^stosci rozpadöw BR(T' — - j x b ) - B R ( x t -* l T ) - B R ( T - l ' / ) wynosi (4.6-

0.7 n 0.5) • 10~4 dla stanu o spinie 2, oraz (6.0 ± 0.7 ± 0.7] • 10~4 dla slanu o spinie 1. Görna

granica dla stanu o spinie 0 przy poziomie ufnosci 90 % wynosi <- 4 10~ 5 . Laczac powyzsze

w y n i k i w kanale ekskluzywnym z ink luzywnymi rezultalami o rozpadzie T — f X f c - oraz ze

srednia swiatow^ warloscia na BR(T — / * ' " ) uzyskujemy cze.stosci rozpadöw vt — l"T.

Przewidywania modeÜ polencjalnych. chromodynamicznych regul surn i modeli workow

na masy i Struktur^ subtelna slanöw Xf> sä poröwnane z naszymi wynikami. Przy pomocy

modeli potencjalnych uzyskujemy hadronowe szerokosci stanöw \b z czestosci rozpadöw \t, —

-jT. Poröwnujemy je z przewidywaniami chromodynamiki kwantowej.
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I. INTRODUCTION

L) . Heavy Quarkonia

A great success of the electron-positron storage rings in high energy physics has been

stimulated to a large extent by their suitability for studying vector mesons. The quantum

numbers of vector mesons are identical to those of photon, i.e. JFC - l" ~ , therefore virtual

photons from e* e~ annihilation can directly convert into these states. The simplicity of the

formation process results in clean resonance signals.

The existence of vector stales in heavy quarkonia proved especially advantageous. Al-

though the fixed target experiments, wi th incident proton beam on nuclear target, played

an important role in the discoverie5 of the v' ! and T Systems, e~e~ col l is ions provjtied

almost all presently available inforrnation about features ofthese states.

The heavy quarkonia occur a.= families of resonances, w h i c h are close in mass. The

lighter resonances are extremel} narrow, contrary to the heavier ones, which exhibit larger

total widths, typical for the strongly decaying particles. This feature found a natural expla-

nation in the quarkoniuin model "'•, which recognizes the ii> and T families äs bound states of

heavy quark-ant iquark pairs wi th the same fiavour : charm (c-quark) and bottom (b-quark)

correspondingly. The states w i t h masses below the threshold for the decay into a pair of

mesons, each w i t h only one heavy quark (D and B mesons), must be narrow. since their

hadronic decays are suppressed by the OZ1 ruie ' 4 ' . The mass differences between members

of the quarkonium family are small compared to the masses themselves, indicating that con-

s t i t u e n t quarks are heavy, i.e. their interaction can be treated in a simple nonrelativistic

manner. A number of potentials have been proposed to describe the interquark forces. The

Potential rnodels give very good quantitative description of the heavy quark Systems, provid-

ing convincing evidence for the quark structure of hadrons. There is a great hope that heavy

quarkonia. thanks to their s impüci ty. will also efficiently lest the theory of the quark dynam-

ics — QCD. The basic challenge is to establish Ihe Coulombic behaviour of the interquark

Potential at the short distance, predicted by Ihe one gloun exchange picture. This ambitious

program calls for extensive experimenta! data on the heavy quark Systems.

The t/j family is well known experimentally. Unfortunately it is not well suited for the



QCD tests. The spatial dimensions of the cc bound states seem to be loo large to probe the

short ränge potent ia l . i nd ica t ing that the c-quark is s t i l l not heavy enough 1 . The preclsion

of theoreiical p red ic t ions is also often affected by non-negligible re la t iv i s t ic corrections. The

b-quark is approximately 3 times heavier than the c-quark. Thus bb spectroscopy appears

to be rnore promismg.

1.2. bb Spectroscopy

Energy levels may be classified with use of three quantum numbers : n - counting the radial

excitations (n —1,2,3 ... }, L - describing the orbital excitations (L = S,P,D . . . ) and S -

superposition of the quark spins (S = 0 or 1). The total spin of the resonance is J = L - S

L - S| < J < ;L - S ). and the parilies are : P = ( - 1 ) L * ' . C = ( T We wi l l use the

spectroscopic symbol n 2 S " 'L jpc to denote the bb levels. The mass level scheme for the bb

System predicted by a succesful model ' is shown in Fig. l .

Most of the experirnental data concerns the r^Sj- - resonances. Thanks to their quantum

numbers and sizable wave function at origin2 , they couple lo e ~ e ~ pairs. At least five states

of ihis k ind have been observed äs bumps in the hadronic cross section in t* e" annihi la t ion 1 .

States with different quantum numbers can be sludied at e^t~ machines only if they result

from decays of the 3S:- - resonances. Such a s tudy is the topic of t h i s work.

The three lowest 3S,- - states T, T' and T" He below the BB threshold. Their hadronic

decays are therefore suppressed and the electromagnelic transitions become detectabie.

The heavy b-quark mass has a large impact on a structure of the photon transitions.

Sizes of the bb quarkonia are small compared to the photon wave lengths, ihus the dipole

transit ions dommale3. The magnetic dipole transition ( M l ) must be rnuch weaker than

the electr ic dipole ones [El], They were weak already in the cc quarkonium i i a ' . Further

suppression is expecled for the bb System4.

1 For t h? sr»l ing U» »i lh qu»rk qu»rk mm IM, lor eximple, Ref 5 p 186.
3 r f ! c* *(0) *. T c r leplcnic widlh of ihü bb »täte, «(r) - radi»l wivf func l ion ot ihe bound «Ute (SM t.g
Ref. 7)
" T L / T I a ( f l / 2 A ) I L , rL-widlh (or th< L-pok Iransilion (*«e *.g. Ref.7). T*king for in»t«nt* thf rwli»tive
deciys of the T', which wi l l be discuwed l»ler; R = v < f1 > ~ O.S fm (»e*'.g Ref 9) »nd Jt = l /E-, ~ 2 0 fm,
»o R 2Jk - 1:3.

^ T M J F E I »c»les l ike E-, /mg, wheie mg n * quifk mui (ite e.g Ref.7).

11000

10500 2 * 0 -
J=3.2 , l

J=4,3 ,2

?U5 ?3Sr-10000 i-^-^ —

J---3.2.1

i l p _ l p ^
-L rl 1 1 J j^2
— j = i

J = 0

9500

9000 —

Figure 1.
The mass spectrum of bb bound states below the BB threshold (the dashed line)
predicted by the potential model (Ref.6). The mfasured raasses of 4S and 5S
reaoD&aces are also indicated.



The C-parity of photon is negative, allowing electromagnetic transitions only between

levels of the opposite Charge conjugation. The eleclric dipole transit ions require. in add i t ion ,

a change of the P-parity. From figure l, one sees that only the ! 3Pj+- and 2' fPj.. states

(J-0,1.2) can be produced by the electric dipole radiative decays of the T' (23S,- - ) and T"

(33S! - ) resonances. They can subsequently decay radiatively into the lower "'S;-- states.

Experimental candidates for the triplet P-states are called \t, and \[ respectively. We wi l l

concentrate on the !3Pj-- states.

There are two experimentat ways of s tudying these transitions. An inclusive analysis of

photons from hadronic events coming from the T' decays may reveal monochromatic -j-lines

corresponding to the 2S-*1P transitions and Doppler-broadened peaks due to the 1P->1S

radiative decays. The cascade transjtion 2S^lP —IS can also be detected in an exclus ive

mode by identifying the T{lS} by its ieptonic decay T —* (y4 ^~ or e ' e ).

The first experimental evidence for the existence of the \ and \', slates h äs been reported

by CUSB experiment al the e 4 e storage r ing CESR 1 3 'H - 1 S - ' 1 1 . Some resu l t s on t he \i. states

came also from the CLEO experiment al CESR ' 1 ' . A paral le l s t u d \f the \,, states. w i th

somewhat improved precision, has been performed by two other experimenls, CRYSTAL

BALL and ARGUS'1 8 ' , at the t+c~ storage ring DORIS-I1.

We present here a study of the radiative cascade transi t ions T' - \  — T  using the

exclusive sample of 11^*fi~ and i~je~e~ events collected by the Crystal Ball detector.

The event statistics in this channe! suffer from the small branching ratio T' —• / ~ / ~

(2.8 ± 0.3)% l19'. However the \i> Signals are praclically background free. contrary to the

inclusive photon analysis, which copes w i th the high background. This allows, for example.

determination of the spins of the \t> states by s tudying the angular correlations. Special

attention is payed lo that topk in our analysis. äs the other detectors could not attempt this

kind of study.

Measuring energies of the photon transitions one finds the \ masses, which are very

interesting from the theoretical point of view. The sizes of these states, äs calculated in the

Potential models, are the second smaüest arnong the known quarkonia statesi9! :

<r >2 - y 2 ~ 0 . 2 3 f m ~0.39fm -0.42 fm

therefore the mass difference Mr i-My may oe sensitive to the small distance potential. The

mass Splitting of the triplet \t, states. corresponding to the fine interaction, gets a contribution

from the short ränge interaction and the long distance confining forces, äs well, It provides

valuable In fo rmat ion about the spin dependence of The c n n f i n i n g in te ra r t ion . wh ich is d i f f i cuh

to deduce on purely theoretical ground.

The energy resolution of the existing detectors is not good enough to resolve the Doppter-

broadened peaks due to the \ — ^T transitions in the inclusive •> analysis. Therefore, the

product branching ratios BR(T' — " i X f c ) - B R ( \  — T^) can be measured only in the exclusive

cascade channel . This gives, together with the inclusive results for BR(T ' - ^ x t ) , the unique

oppor tun i ty to obtain BR(xt -* fT ) . These branching ratios ran be related to the hadronic

widths of the \. states, leading to the quantitative tests of the QCD predictions based on

multigluon annihilation graphs,

Only two of the thre« \  states are observed in the exclusive channel with the presently

available statistics. The cascade transitions via the spin 0 \b state are suppressed due to

the small value of BR( \  =  f l -> ->T) . The th i rd x> state has been deterted in the inc lus ive

pholon analysis. which benefits from the higher experimental rates, but suffers from the

higher background.



II. EXPERIMENTAL LAYOUT

The electromagnetic radiative transitions are a f ru i t fu l source of Information about struc-

ture and properties of the quarkonium levels below the flavour threshold. To take advantage

of this, h ighly optimized photon delectors are needed. The Crystai Ball detector is such a

de vice.

The Crystai Ball detector demonstrated its abilities exploring charmonium physics dur-

ing 3 years of Operation at SPEAR (starting at the end of 1978). As far äs the radiative

transitions between cc levels are concerned, it provided high precision measurements of the

reactions H':i. y' —• -^c and \ — ft/>. The Xc spins were established by study of the

exclusive cascade events 21 In addition, the pseudoscalar states rjc and f)' were discovered

by observation of rare Ml transitionsi12- : i// --. -yrjc , t/>' -* 7^, $ — ~it]r.

In the beginning of 1982 the Crystai Ball detector was moved to ihe DOR1S-II t' t'

storage ring to perform analogous studies of the bb quarkon ium, wi th the T' decays äs a first

goal.

IM. DORIS-II

An electron and a positron. each with an energy of half the T' mass (M r1 = 10.023 GeV),

can annihi late in head-on collisions, producing an T' at rest. The acceleration system at

DESY is shown in Fig.2 . Electrons are produced in hol filaments at the entries to the

two linear accelerators. Electrons in the LINAC-II are directed into a tungsten target to

create positrons. The positron beam is accumulated in the small intermediate slorage r ing

P1A (Positron Intensity Accumulator) to increase its intensity. Electrons from the LINAC-

I and positrons from the LINAC-I I , accelerated up to about 450 MeV, are injerted to the

DESY Synchrotron (Deutsches Electronen-SYnchrotron), which brings their energy up to

about 5 GeV. The electron and positron beams are then transferred to the DORIS 1 storage

ring, where they circulate and collide at two interaction points. The interaction regions are

occupied by the Crystai Ball and ARGUS detectors.

DORIS has been in Operation since 1974 ]t was ini t ia l ly designed for a maximum

beam energy of 3.5 GeV, with a double ring slruclure (DOuble Ring Storage facil i ty), and

'DESY ii uted «l»o is an inj*ctor for th* PETRA *tor»g< ring.



rnul t ibunch operation ; 2 |. In 1978 the two rings were combined into one r ing, w i t h single-

bunch beams. to reach energy of the T and T', namely 5.1 GeV per beam (DORIS-] storage

r ing ) "' . This was ra iher lemporary solui ion, because the jnax imum lu in inos i iy was only

I lO30 cnT3sec~! wi th high power eonsumption of 10.8 MW (at 5 ] GeV). DORIS was

rearranged again in 1982 4'. The bending power of the magnets wai increased, allowing a

maximal energy of 5.6 GeV. Several improvements brougbt the power consumption down to

half of that of DORIS-!. High luminosity L > 1031 cm 2 wc" ' around 5 GeV region was

obtained by the Installation of mini-beta quadrupoles1. A new vacuum System for DOR1S-

II gives an average pressure of 2-8"x 10 mbar depending on the beam current. Typical

Operation involve beams with lifetimes of 2-3 h, injected w i t h currents of 2 x 30 mA, giving

an integrated luminosity delivered by the machine of 600 nb ' per day The record score of

roore than 1000 n b ~ ' per day was athieved. The integrated luminos i ty per week, accepted

by the Crystal Ball experiment during the T' run, is plotted in Fig.3 .

a ooo
nb"
week

6000 (-

tOOO

2000

LaJ
Oct Dec Feb May Jun Jul S*p NovJon F«t>
23 13 2' 16 S 25 S u 7 20

1982 l 1983 1983 l 1984

Figure 3.
Integraled luminosity per week coll«ted by the Crystal Ball
experiment during the period of T' run.

'Mini-bett qu»drupole* improvt b«»m fotuiing »l ihe inlcrtclion poi»lt

8

The natura l w i d i h of ihe T' resonance (Fy er 30 keV) is negligible in comparison wilh

the beam ererg) spread ai e~e~ storage rings, thuj the width and hejghl of the observed

resoiiä: i(f peak !^ a f e a t u r c üf the c o l l i d i n g beam r u a r h i n c . The beam t-nergj sprrad of the

DOR1S-1I ( F W H M 9.6 MeV) resulls in -3 nb resonance cross section on the T' peak. over

— 3 nb c o n t i n u u m ( F i g . 4 ) .

• 0

1.0

b 40

2.0

0.0
• M 1000 1006 10.10

Figure 4
The v i s i b l e hadronic cross sect1On of e'e~ annih.lat .on in the re-
gion of T' resonance at DOR1S-II, äs measured by the Crvstal
Bal l exper iment (Ref.25).

The long i f jd ina l size of ihe electron bunches causes a spread of ihe interatt ion point

along ihe beam axis. The spread is approximalely gaussian with o Ä 1.5 cm.

Electrons and positrons in the DORIS-11 storage r ing betome polarized äs a result of

emission of Synchrotron radia t ion accordmg to ihe Sokolov-Ternov effectl20 ' . The polarization

direcüon is parallel to ihe magnetic field of bending magnets, thus Iransverse lo the beam

direc t ion . The rnaximum achievable polarizalion due to this mechanism is -92 °t. Beam

polarization is limiled 27 by ihe Synchrotron radiation itself. Sudden energy loss by photon

eniission causes change of the particle orbit , wh ich destroys correlation between orbital and

spin motions. Also, unavoidable vertical misalignrnenl of the storage ring components makes

beam particies inf luenced by the depolarizing radial fields of the quadrupoles. Similarly,

beam-beam force?; at ihe interaction point cause depolarization. Finally, the solenoid field



of the ARGUS magnet, which is only part ial ly compensated (87 %), acts to destroy the

Polarisation. As a result of these depolarization effects. the beam polarization does not rearh

the theoretical l i r n i t . At cerlain beam energies, where depolarizing machine resonances occur,

the beam polarization can be destroyed complelely. Theoretical calculations for DORIS-II

have shown 28 that beam polariiation at the T' energy may be pretty high. In fact, we

measured average beam polarization of (75±5}% for the T' data, äs described in Appendix

G, The beam polarization was very helpful in the spin determination of the \  states, äs

discussed in A p p e n d i x J.

II.2. The Crvstal Ball Detector

The major component of the detector is an array of scinti l lat ing crystals. Its spherical

design lakes good advantage of the e'e~ collisions, which are observed in the center of mass

frame (Fig.5). Tht1 Nal(Tl) crystals, used äs the sc in t i l la tor , ensure good energy resolulion

for eleetromagnetical ly showering particles :

(11.2-1) E in GeV

They allow resolution of fine structure of the spin triplet Xb states, thus playing a crucial role

in this analysis.

The Crvstal Ball geomelry is based on a 20-sided regulär polyhedron. Each of 20 major

triangles (Fig.6) is subdivided into 4 minor triangles with vertices ly ing on the spheres. The

radius of the inner sphere is 25.4 cm and that of the outer sphere is 66.0 cm, thus correspond-

ing to 15.7 radiation lengths and 1.0 nuclear interaction length. Further subdivision of the

minor triangles into 9 ind iv idua l modules gives 720 crystals, which would cover the fül l solid

angle. Six minor triangles on each side were removed to permit beam pipe entrance. The

two layers of crystals dosest to the beam pipe are ealled "the tunnel region" in the Crvstal

Ball terminology.

The ball proper covers 94 % of the entire solid angle. The solid angle coverage is increased

to 96 % of \T. by the endcap Nal(TI) counters. The endcap crystals, of hexagonal shape, are

stacked perpendicularly to the beam pipe (radial space is limited by the DORIS-II mini-beta

magnets). providing 3-9 radiation lengths. Solid angle which can be used for a good energy

measurement of the electromagnetically showering particies is somewhat smaller, due to the

10

Na I

N FM

Figure ö.
The Crvstal Ball delector.

edge effects.

More details of the Crystal Ball detector can be found in Ref.20.

The large un i form solid angle coverage provides the high geornetric acceplante especialK

irnportant for exc lus ive state studies. such äs presented here. 1t also allows s imple and rel iable

event Ir iggering. based on energy deposilions in the calorimeter.

The th ickness of the bal l proper sufficies for nearly 100 ̂  absorpUon of an electromag-

net ic shov-er over 4 orders of magnitude in energy (~ 0.5 MeV-5.0 GeV ).

The high degree of deteclor segmentation results in good photon direft ion reconstruc-

11
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Tb« Cryital Ball yeometry.

tion and in good resolution of overlapping particles. It allows, in addition, some particle

identification by pattern recognition techniques of energy depositions.

Photons and electrons in i t ia le electromagnelic showers in the Crystal Ball detector and

deposite their total energy in 3 layers of crystals around the entry point. Muons do not

in i t i a l e a shower, but pass through the delector leaving only about 210 MeV from ionization

in very few crystals. Hadrons such äs pions and kaons behave like muons unless they undergo

nuclear interaction in the crystal. Nuclear interaction leads lo an irregulär energy deposition

depending on the behaviour of the secondary particles in the detector.

Although only the electroraagnetic calorimeter is used to select -ni"*"/" events, we will

also describe the other detector components, since they are used in some of our auxiliary

analyses-

II.3. Tube Charnbers

Inside the ball a set of proportional tube chambers was installed äs a charge t racking

device. About1 600 aluminium tubes. with stainless steel anöde wires, were arranged in 3

double layers2 (Fig.7). The tubes of ~5 mm cHarneter had a wall thickness of 0.08 mm. The

conversion probability of a photon was about 5 % ( including conversion at the beam pipe).

The innermosl radius of the chamber was 6.2 cm and of the outerrnost one 14.3 cm. The

active lengths of the layers were 69, 53 and 36 cm respectively, which corresponded to solid

angle coverage of 98, 96 and 75 %. The chambers were i n i t i a l l y operated with "magic" gas

(51 % Argon, 25 % Freon, 20 % Isobutane, 4 % Methylal ) , giving a large gas amplification.

Because of h igh radiation background near the beam pipe, the chambers were quickly wearing

out, therefore the magic gas was replaced by Ar-COj gas mixture.

The chambers were calibrated with Bhabha events. Charge division readout allowed

hit position measurement along the tubes, with a resolution of 1-2 % of the active lengths.

The resolution in azimuthai angle was 0^ = 11-23 mrad. The efficiency of each double layer

was typically 80-90 %, dropping down to 20-40 % in some periods of bad performance. The

overall efficiency of the tracking system was always above 90 %.

'Three different geomelricil lel-ups. with iti|htly differtnt number* of tubes, wer« used during the T' run
'Since summer 1984, Ihe CrysUl B*ll o per »l FS with * doubl* Uyers of ihr tube ch»mben.
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More details of the ehambers may be found in Ref.29.

The end view and side view of the tobe chambera.

11.4. Time of Flight System

An a r ray of 9-) s c i n l i l l a t i o n counters was insta l led above the Crys t a l Bai! delector

( F i g . 8 ) to provide a shield againsl the cosmic background wi th use of the Time of F l igh t

method. The d i s tance bctween the interaction point and ihe ToF counters ranges from 3 to

5 m. The counlers are 3 2 or 1.7 m long. They cover about 25 ^ of the solid angle, al lowing

rcjeciion of -80 c,"c of cosmic background. Photomultipüers viewing each end of the counter

provide two Outpu t s . The anöde output is used for a time measuremenl. The last dynode

oulput is useci to measure a pulse height.

The counters are calibraled wi th cosmic muons. A hil posilion along the counler is

measured by the time difference at two ends of the counler, and by the pulse height ratio,

w i t h an accuracy of -15 cm. The »idth of the pulse heighl dis t r ibut ion for minimum ioniz ing

particles is 30 % ( F W H M ) . Timing of the hil is calculaled wilh a pretision of 0.5 ns.

The ToF melhod needs a swond lime measurement along the track, in addition to that

measured with the ToF counters . The NaI cryslals are used for that purpose. The achieved

time resolution from the Crystal Ball detector is cnergy dependent : from 0.28 ns for high

< M , t > r g > sho^rr1-. lo 0 ^0 ns for c-.ir.iniLim ionizing pa r t i c l e s .

Figur* 8.
The ToF counten.
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III. DATA PROCESSING

The data used in this analysis were collected between October 1982 and February 1984.

In total. 63 pb~ ' of integrated luminoshy were atcumulated on the T' resonance, during 175

days of the data taking1 .

III.1. Trigger

The triggering system was based on fast analog sums of energies left in the NaI crystals.

Only triggers relevant for the detection of the T' -• -j-jT - ~;~j((i^n~ or t*e~} events will

be described here.

The -pe~e~ events were easy to trigger on, due to the large energy deposition by the

electrons. If energy deposited in the main ball (excluding the t u n n e l region and the endcaps)

exceeded —1700 MeV, wi th in a time gate of ±25 ns wi th respect to the beam crossing, the

trigger was satisfied.

Low total energy deposilion by the -ji;i"V" events, typical also for beam gas events,

demanded more sophisticated triggers. In addi t ion to a lowered total energy threshold and the

time coincidence with the beam collisions, some topological patlerns of the energy recorded

in the ball had to be fulf i l led .

The e~e~ annihilation is observed in the center of mass frame. Therefore. momenta

of the final state particles add up to zero. The beam gas events do not exhibit such a

momentum balance. Using the major triangle structure (see section II.2), the Crystal Ball

was divided into two opposite hemispheres in 11 diflerent ways to trigger on events w i t h

balanced momentum. Each of the resulting 22 hemispheres had lo have at least one major

triangle with more than -160 MeV (Fig.9). The total energy sum had to be above -800

MeV. This topological trigger was 90 % efficient for iip+n~ cascade events3.

The trigger effieiency for ihis type of events was increased up to 97 % by the V-P»ir

trigger". It was designed to pick-up «vents with the back-to-back energy düstere, aa for

example a pair of muons from th« T decay in the c»»c»de procew. Two back-to-back or

'All numben r«f« lo th« T' »unpl« ui«d in our wiilyiii to M l« l th« Tji+J cvtnti
*Quol*d tri||«r «ffiocncic« r«f«r to ih* cvtnu which mi|ht b« r*conitrkcUd by out compict* lelcction pro-
cfdurt. Thcy wcrc d«riv«d with tht Monte Ctilo itudic*

Figure 9.
Tbf TopologicaJ trigger.

hemiapber* ladicated in the flrst 12 plctures, except for tbe two »maller
one» from tbe lut two uymmetrieaJ diviaioaa of tbe ball, muit have at lea«t
on« major triangle witb energy above 160 MeV to »atiafy tbia trifjtr.
The laat picture ibows oae of the detected riti+n~ eveoti. Three major
trlaogiea with enerfy above the threihold are Indicated. It la eaiy to check
tbat the topological trigf« wai latiifled.
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almost back-to-back minor triangles wi th energy above 95 MeV were required to satisfy this

trigger ( F i g . 1 0 ) . Because of the or iginal design to trigger on the e~e~ — /j~n~ events, a

to ta l energy threshold of on ly —300 MeV was requi red in the main ball, To suppress the

beam-gas t> \en t s , wh ich relative!) easily satisfied the condit ions described above, a veto on

energy dose to the beam pipe was imposed. Energy in the tunne! region could not exceed

— 30 Me\ on the either E ide . This caused 12 9t ineff iciency of the ;/-pair trigger alone for the

l")//4 n events, due to a part icle in the veto region.

Füll delector Information was stored in an intermediate FDP buffer for all triggered

events. The da ta , wi thout any on-l ine preselection. were t ransmit ted by the on-line link to a

large disk at the central IBM Computer at DESY. After suff ic ient number of events had been

arcumula ted , the data were dumped to the 6250 Bpi lapes. In total, —28 mi t l ion events were

recorded d u r i n g the T' on-resonanre r u n n i n g . A typical event record length was around l

Kby te . The data were storec on 449 magnet ic lapes.

Figure 10.
The fi-pair trigjer.

One of the four indicated miaor triangle« which are »pproximately back-to-
back to the mbor triangle ahowo by the daahed Une* shoold have «nerjy
aber« 96 MeV to latisfy thla trigjer. This w« the ca*e for the diiplayed
77M+M~ "«Dt. The minor triangle« with enerjy above the tbreihold an
shaded.

III-2. In i t ia l Off-line Data Processing

Once the data were available for off-line processing, they were used to calibrate the

apparatus. For exaniple, large angle Bhabha scattering events, e~e~ - e~e~ , were used for

the t racking chamber calibration and for the energy and time calibraüon of the ball.

Raw detector information was translated into physically meaningfu! quantities, like the

crystal energies and the space coordinates of the tube chamber hits, by the production

program'. Some obvious cosmic ray and beam-gas events were removed ai this stage of

the data processing, The production preselection did not cause any loss in effkiency for the

T/V"' events.

The s u r v j v i n g 37 mi l l ion events (60 % of all iriggers) were wr i t t en onlo 425 magnetic

tapes in an extended off-line data format.

111,3. In te rpre ta t ion of Crystal Knergies

The Cryslal Ball is a nonmagnet ic detector. Its power lies in good energy calorimetry.

Our analysis o f t he *j"^~ ̂  and ";"•«" e~ events makes no use of any pari of thej detector other

than the NaI crystals2 . Therefore. we w i l l concentrate on the off-line particte reconstruction

from the energy deposition in the Crystal Ball calorimeter alone. Som^ 01 OUT auxi l iary

analyses make use of the tube chambers and the ToF System. Necessary information about

corrc-sponding Software v.ill be provided in Appendices C, F, G.

Particles going through the NaI rrystals lose energy triggering the scintil lalion process,

The light Output from the crystals is converted into electric pulse and then amplified by photo-

mul t ip l iers mounted on the end of each NaI module. The crystal pulses are fur ther amplified

by electronic c i r cu i t s and digitized. The detection systern is specially designed to provide a

linear relat ionship between the energy deposition in the Nal crystal and the corresponding

ADC Output . The slope of this linear dependence is determined, for each crystal , by the

off-l ine calibration wi th use of Bhabha scattering events, e~ e — e^e'.

1 We me»n her
JBe<ftu** of th
wts oflen um
limulile, e«pe
l o os* gome det
cauaed by ruidom hilt .

Ihf Standard Cryita) Bai! production program
beam rslaled backgrourid problemt a( DORIS-II, the ptrformance of th? lr»ckmg chimbers

]»ble and lime deptndtnt dur ing th* period of the T' running. This would be d i f f i c u l t lo
ally in the uiilysil of the angular distribution Using the tracking chajtibers we would also

clion efficiency of phototis. due lo Ihs photon convetsion in the tube chamber» and overtigging
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Becaus« of the fine detcctor granularity, electrornagnetically showering particles, hadron-

ically interacting partkles and even minimum ionizing particles may leave their energy in

several crystals . A search for energy clusters is the first slep on the way to a reconslructed

evenl. A cluster of crystals, all with an energy greater than 10 MeV. which touch one another

on the side or at a vertex is calied a "connected region" (F ig . l l ) .

11.
Two examples of conneeted refion». The nambers denote energy In the
cryitals in MeV.

H may happen thal more than one part icle contribules energy to the same connected

region. We check for overtappingenergy cluslers by lookingfor local energy maxima. Crystals

which are accepted äs "good" local energy maxima are calied bump modules (or simply

bumps). The aulhor has developed a bump algorithm, which differs from the Standard

Crysta! Ball bump search procedure described, for example. in Ref.20. We looked for crystals

which had no neighbour in the next two layers of the crystats ("the group of 13"- see Fig.12),

with energy greater lhan the bump candidate itself. A detaüed description of our algorithm

is given in Appendix A.

Because of the differenl geometry and the radiation lenglh, the endcap crystals were

excluded in this analysis from the bump search. The endcaps were used only äs velo counters

to remove events with particles missing the main detector.

20

Figure 12.
Tbc group of 13 (shaded and blick) crystals and tbe
gronp of 4 (black) cryatala with the bump modele (üj-
dieated by the atu-) at the «ntr&l poiition.

Photons and electror .s !ea^e aln.Oit a l l t h e i r <-nerg> in ;he g r o u p of 13 r rys la ls . w i l h the

bump module in the r en l r a l posi t ion (F ig-12) . Thercforp. th i f group of ]3 crys ta ls is uscd

10 mea?ure ey i r rgy of the e l e< t romagne i i ca l l \g par'^cie.'- \\"e appl ied the S t anda rd

Crystal Ball energy a lgor i thm described in Append ix B-

Contrar> to the e lec t rons and photons. the o ther p a r i i c l e s do not i n i t i a l e shower de\el-

opment in the NaI crys ta ls . They leave usual ly only a smal l f r a r t i o n of their to ta l energy

by the i o n i z a l i o n process. Their momenta remain unknow n . and the i r energy depcuit icms are

used on l \n a l tempts to i den t i fy them and to measure the i r d i r ec t ions .

We used the center of the bump module äs an estimate of the d i rec t ion of nonsho«ering

particles. Resolut ion nf t h i s melhod is about 0.060 rad. Direct ions of the showering particles

ran be reconstrucled much betler. One may ca l cu la t e the energy weighted average of the

crys ta l direct ions in the group of 13. However, t h i s k ind of estimate is biased towards the

center of the b u m p module. The a lgo r i t hm applied in our analysis1 removes this bias by a

rorrert ion, developed w i t h Monte Carlo generated photons. The obtained resolution improves

wi th ihe photon energy from -0.035 rad at 100 MeV up to ~0.0]3 rad for pholon energies

above 1500 MeV. As ihe exacl position of the interaction vertex is not known (see section

11.1), Ihe resolution in ihe polar angle to ihe beam axis is degradated by -0.033 rad.

»Igoiiihm i E c i l l fd S H O W E R ll was dn^loped b> T B u r n f l l
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one crystal. Some neighbouringcryslals may be, however, also involved, because of deviations

from the radial trajectory due to the spread of the interaction point. multiple scattering in

the NaI and the radiation of knock-on electrons. h was found that a significant fraction of

the energy was deposited by a muon in only two crystals. This kind of lateral energy pattern

is rather unlikely for the electromagnetically showering particles or interaction hadrons, thus

we applied the cut : E2/E13 > 0.90 (where E2 is a sum of energies in the bump module

and the second energetic module in the group of 13) for a muon candidate. The fraction of

muons and photons surviving this cut can be read from Fig.14. Charged hadrons (e.g. pions)

escaping the ball without interaction (37 % probability) fake muons in our detector.

L'nique identification of photons is also diffkult to achieve. Electrons could not be

distinguished from photons in our analysis, since we did not use the tracking chambers.

Some discrimination against the other particles was possible by cuts on the lateral energy

distribution, known from the EGS Monte Carlo. In our analysis we avoided stronger cuts to

secure high detection efficiency, Only a moderate cul against minimurn ionizing particles was

applied : E 2 ' E l 3 < 0.98 (see again Fig.H). The photon candidate had to be, in addition,

a single bump connected region wilh energy above 50 MeV. Lower photon energies were not

investigated because of the high background from the hadronic split-ofTs1 in this energy

region.

Wilh the above particle selection criteria we looked for the "ne"* e~ and T>ji"*>~ events

coming frorn the cascade reaction. All final state particles had to be reconstructed to dis-

t ingu i sh the desired evenls frorn background processes. In addition to the four connected

regions which could be interpreted äs two photons and two back-to-back electrons or muons

(303 acollinearity cut was applied), not more than two spurious low energy (E<50 MeV)

connected regions were allowed. We could not require exactly four energy elusters, since

the Synchrotron radiation and beam particles lost from the beam orbit very often provided

additiona! energy. To get rid of events with a particle missing ihe main detector, events with

the total energy in the endcaps greater than 80 MeV were rejected.

To prevent energy leakage at the edge of the ball, photons and electrons were not allowed

lo penetrate the tunne l crystals too much. This was ensured by a cut on the polar angle to

the beam axis |cos<?| < 0.866 . Because of the trigger inefficiency, the muon dire«tions were

restricted to the cosC < 0.85 volume. Events wilh particles going too close toeach other were

1 Energy depositioni, by interaclion of Ihe setondary hadroni, Splitting ofl from the miin enerjy cluiter.
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III.4. Event Selectign_

As the rate of ihe cascade reaction

T'

was rather srnall. and the background was fair ly large, a careful and well tuned event selection

was a non-trivial part of the analysis presented here.

The event topology we looked for was strongly constrained by the small mass difference

between the T' and T resonances compared to their masses. After two photons are emitted

by the radiative decays of the T' and \(, resonances, the T resonance is produced almost at

rest. Therefore, two leptons from the T decay, carrying approximately half of the T mass.

must be almost collinear. A maximal acollinearity angle of 6 degrees is aüowed kinematically.

The lepton acollinearity observed from the center of the ball may be somewhat greater due

lo the position uncertainty of the interaction point.

A pair of back-to-back high energy leptons, in addition to two photons, is the main

signature of the cascade events. Unfortunately, particle identification in the Crystal Ball is

very l imited. Some particle-type identification with the Crysta! Ball detector is possible via

patterns of energy deposition. However, selection crileria must be adjusted for each particular

analysis independently, äs a compromise between the detection efficiency and the background

suppression.

High energy electrons deposite their entire momenta in the calorimeter, and therefore

are relat ively easy to identify. A single bump connected region with energy greater than 3750

MeV was an electron candidate in our selection.

For the lack of muon identification by iron filiers and of a muon momentum measurement,

cuts to select muons had lo be more elaborate. Muon energy deposition patterns have been

studied in detail with the e~ r~ — M + M ~ events. The description can be found in Appendix

C. Fast muons passing through the ball leave only a small fraction of their energy by the

minimum ionizing process. The mean energy deposition is a function of the Nal ihickness

only, and lurns oul lo be around 210 MeV. Our cul 150<E13M <310 MeV, where E13M

denotes energy deposited by the muon in the group of 13 crystals, left oul some muons al ihe

high energy side, because of the long Landau tail in ihe muon energy deposition towards the

higher values, äs seen in Fig. 13. A muon passing the ball radially may leave energy in only
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rejected. to secure a good energy measurement of photons. A high energy election shower

in the neighbourhood was the grealest threat to the energy measurement of the photon. A

nearby muon was the least dangerous The fol lowing overlapcuts . tuned on the Monte Carlo

sample, were applied:

cosöc-, • 0.82 cosö-,-, c 0.86 <, 0.93 .

The explicit overlap cuts only slightly lowered the selection efficienry. äs overlapping particles

often merged into one connected region anyway.

There was some overlap between the photon and the muon definitions, thus double

Interpretation of the 77^"^" candidate events was allowed. At the end of the selection,

however, all events in our sample were unambiguous ly interpreted. There was no ambiguity

in the 77e~"e~ channel. because we asked for exactly two high energy electrons.

To save Computer time. eventt. with PU — E-, < 2(H) Me\ were rejected. since the

cascade signai was expected a'. E.., - E-, = 560 Mr\". The total energy in the ball and

endcaps was r e s t r k t e d to ihe 500-1600 MeV ränge for the 77^'/* candidates and to ihe

7700-12000 MeV ränge in the -•-,('( channel. One of the triggers described in section I I I . l

had to be stat isf ied.

t s ing the selection cri ter ia described above, the 17 mi l l ion events of the production data

were reduced to 882 77e*e candidates and to 3587 77>i"(j" candidates. To find a signal

from the cascade process, we plot the mass difference between the T' and the system recoüing

against two photons, versus the energy of the less energetic photon1 for these events. The

quantities should peak for the cascade events at values :

( I I I . 4 - 1 ) Mi, - M 2

E— -FM^"-MT '-M"- •
For the 77e" e sample the event c lus te r ing at the expected value of M y < - MT and

photon energies 100-140 MeV is apparent (Fig.15). The same clustering is observed for the

77£i"p~ events, however, the background contamination is much higher (Fig.16). There is

no reason to expect more background for the genuine 77^"^" events, than for the 77e + e~

events, thus the excess of the 77/1""^" candidates is clearly due to the problem of a muon

idenlificatlon.

1 See »l«o aection IV. l for » ditcuuion of thnr quantities
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fit). Some details of the kinematic fit procedure can be found in Appendix D. Cut on the

confidence level of the fit at 1 % left 291 TIH~H~ events and 628 -jie'e~ events. The

large event rejection in ihe muon channel showed that there had still been a lot of ~j~j(A"ß~

candiciates with misidentif ied particles. The cascade signal is very clean in the final iin^p'

sample (Fig.20). The effect of the kinematic fit was marginal on the eleclron sample. Despite

the fit, there remains higher background under the cascade signal for the *)" j f*f~ events

(Fig.19). This is becauseof the double radiative Bhabha events c~c~ — e~ t"e~-n. The heavier

nmon mass relat ive to the electron mass suppresses final state radit ion in the similar QED

process : e^~e~ — fi + ß"-)•*. Thus, double radiat ive annihi la t ion into a muon pair, with both

photons detected at large angles lo the beam, is rare, since dire<rtions of the bremsstrahlung

photons peak along the directions of the radiat ing beam particles. The higher background

in Tfe 'e" channel is reflected by the larger number of selected ~ne + e events, compared to

ihe TU* * n~ events .

There is no c lus te r ing of events in the cascade region for —26 pb~ ' of the data taken off

the T' resonance (T. con t inuum. T'"), äs shown in Fig.21,22.

Examples of the selected cascade events are shown in Fig.25 26.
Fipjre M. An exunple of «n«*e~ emt.

394 MeV
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U

B
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rv. DATA ANALYSIS

IV.1. Cascade Signal

A measurement of the photon energies plays a key role in the In te rp re ta t ion of the signal

observed in the -j-yp^/i" and 77e+e~ events. The lepton pair must be proven to come from

the T decay, to identify the casca.de reaction. Even in the electron channel, the only way to

do that is to calculate the invariant mass of the System recoiling against the two photons,

The muon energies are not measured at all, and the precision of the M,- ; mass, calculated

from the electron four-vectors. is not suf f ic ien t 1

= \T-

(IV.1-1)

As the ratios

/ E,, i F^ E n . K , . ,
. l _ 2-^-- — - 2 -^ - -- l - ros^-.i
\r M T - M T -

77^-7^= - 0.06 are small , the la^t term. depcndent on the pholon

directions, may be neglected. Using the approximation of a squarc root one obtains

(IV.1-2)
«Mr l

M T.

showing that, in fact, the energy measurement of photons is the most impor tan t in our

analysis.

The cascade transition via the differenl spin x ^ states will show up äs monoenergetic2

lines in the photon spectrum from the "n/"/" events. To resolve ihese lines, a h igh precision

measurement of the photon energies is again necessary. Fortunately the Crystal Ball detector

meets this requirement.

The energy of the less energetic photon {E^'") is plotled for the T>^"^~ and Tif t'

events, against the M-p - MM"«"V 'n ^'8-2" - A projection of events, from ihe band

85 < Ei,0" < 155 MeV, onto MT- - M"^^"8,, axis is shown in Fig.28. The fitted position

1 AKhough the relative experimrntd enrrfy ipre»d is smallei for the high energy electron. th«n for the low
energy photoni the abiolute fiucluilioni we lirger AW{'°m ' ' ~ 150 MeV, AM^""*1 '''' - 18 MeV
:Ai ihown in »ection VI.3, the naluraJ width» of the \ <lit« u« »mallei Ihm our experimental resolution
at ieul by * factor of 10
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The dlitributioB of MT- - M^0,̂ ',, fcr eventt from the 86 < E',°* < 166
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of the cascade peak : 560.6 ± 3.3 MeV is in reasonable agreement with the world averige'19'

value : 563.3 ± 0.4 MeV.

To in \es i iga ie :he fir.e s u u c t u r e of ihe photor, t r a n s i t i o n s we apply ihe c u i :

518 < M T < - MLgiiLM8 , - , < 609 MeV and project events onto El,0" (Fig.29) . Two lines,

corresponding to t wo \t, States, are observed. We wil l fa l l them temporarily ihe "a" and

"ß" lines. To unfold the line posilions and ampliludes, a fit to this spectrum was performed.

We fitted two monoenergetic photon lines on a flat background. To use most efficienlly an

Information comprised in our sample, ihe maximum likelihood fit to the unbinned data was

applied. The fit is described in detail in Appendix E and displayed in Fig.30. The fit results,

also for the muon and electron dala independently, are summarized in Table 1.

o -
50 100 150 200 250 300

Ey-low [ MeV ]

Fignre 20.
Tt« energy dutribution of less eoergetie photoni tor the Klected "nn+t»~~
ud iie+e- events from the 618 < MT- - KJSSS?*,, < «» MeV ngiofi.

125 150 175
E?-low- [ MeV

30.
The fit to the eaergy spectrum of the lower energy photoni from the
selected *n(+/~ eventr The fit !• de»cribed In Appendix E.

Table 1. The results of the fit to ihe El,0" spectrum.
E- l ine energy, A- l ine amplitude (numberof the cascade evenls),
B- number of background events in the fil ränge 50 < Ei,*" < 190
MeV.

' -nrr

£,, 107.7 = 1.1 MeV

Ej 132. 4 = 0.9 MeV

,4j 56.4*8 Ö

v A* 82.r|o3

B 13.5*! s

C.L. 28 %

~nv~ n

109.1 ± 1.9 MeV

132.9± 1.5 MeV

29 7*6 <

37 0+c 9

6.3!-

1 7 %

> -

107. 0± 1.4 MeV

132.2= 1.2 MeV

27.9!*;°

44.2!?'»

M:;:»
4 8 %

35



IV.2. Energies of ig, Lines

The fitted photon energies of the T' — -;xfc transiiions, observed in our cascade sample,

are given in the Table 1. The results frorn the nn+(i~ and -ne~ t"e~ channels are compatible

wi th in the statistical errors.

The results carry some systematic uncertaintjes. The energy calibration was accurate

wi th in :r0.5 Me\n the ränge of the )£(, lines. The mcasured energies of the photon lines may

be s l i gh t l y dependent on the data selection. Energy pattern cuts on the photon candidatos

may pick up some specific types of the shower fluctuations biasing the mean shower energy.

Overlap cuts affect the energy leaking into the photon shower from the nearby particles.

thus influencing the photon energy measurement. To estimate ihis kind of systematics, the

selection cri teria were varied. Statistica) fluctuations, due to changes of the event sample, were

subtracted from the observed spread of the l ine energies leaving 0 5 MeV äs the systematic

error connected to the cuts applied on the data. The u n r e r t a i n t i e s in ihe filting procedure fsee

Appendix E) lurned out to be small (< 0.04 MeV). The contr ibutions to the total systematic

errors of the line energies were added l i nea r ly ( the second error quoted] :

Ea = (107.7 ~ 1.1 T 1.0) MeV

Es - (132 .4- 0.9- I . Ü ) Mr V

The results are consistent with the s i m i l a r s t udy of the cascade t ransi t ions done by

the Cl'SB col laborat ion! i c ' : E:i - (107 .o:;' ± 2 0 ) MeV. E p - (128.0 r 1.5 r 2 .U) MeV.

The positions of the lines coincide w i t h the two less energetic of the three lines observed

in the inc lus ive photon spectrum from the T' decays by th i s experimenl3 1 (see Fig.31) :

Ea = ( l 10.4 i 0.8 ±2.2) MeV, Eg - (130.6- 0.8 ±2 .4 ) MeV; and by other detectors 1 E ' 1 7 J B .

The comparison of all available results on the energies of the pholon t ransi t ions T — -•\

are summarized in Table 2. Only results from the magnetic detectors are more accurate t h a n

our determinat ion of ihe photon energies The th i rd l ine expected at about 164 MeV is not

observed in the cascade channel, which indicates a suppression of the \  —• 7 T t ransi t ion for

the corresponding \b state. We discuss th is problem in more detail in section Vf.3.

According to the quarkonium potential models (see section VI.2). the \% state should

have spin 2, the \ state spin 1. and the \^ state (not seen her«) spin 0. An experimental

justification of this spin assignment. based on the analysis of the angular distribution in our

data sample, wi l l be given in section \.

l'sing the f o r m u l a M X | - \, - 2 M y £ _ . and the v ,or ld average value of the T'

mass • ; (10023.4 r 0.3) MeV. we can t r ans l a t e our pholon l i n p energies into the fo l lowing

\ masses :
M x , i r 7 P 2 - - ) - (9915.1 - l 5) MeV

M, ( 1 3 P ] - - i - (9^0.1 r 1 . 4 ) MeV

Table 2. The comparison of the results on the photon energies from the T' radiat ive decays.
S t a i i s l i c a l and F ^ ' - t f m a t i « f - r ro r^ have b f f n added in q u a d r a t u r e Al l r e s u l t s a re in MeV.

type of

e x c l u s i v e casrade

eventf

i nc !us i \  p h o t o n

s p e r t r u r n

u i r ] u > i \ ( ' fiho'.on1-

' e r l f d ;> \• • t ' t

W K 1 C H T K D

expor iment 1 JP;- . l "P,- -

th is ana lys i s 1 0 7 . 7 - : ! . 5 , 1 3 2 . 4 ^ 1 . 3 j

Cl'SB 1G 107.0 : 3.0 12*.0- 2.5 —

t h i s e \ p e r i m f j j t 31 110.4 : 'J.3 130.6 T 2.5 163.« - 3 l

CTSB 15 10«.2 : 2.0 ! ]'> l : 3.0 149.4 ^ 5.0

A R G T*- '"• 110.0 ! 0 Ü J ] 7 : 1 ] 162.1 : 1 .5

109.;.' - U .7 U- 6 _- l 0 I 165 l r 2 .M( . 'LEO :

A V L H A G K 161.5.: 1.3

Fignre 31.
The incluiive photon spectrum from the T'
h&dronic decsys obt&iued by the Cryatal Ball
Collabor&tion (from Ref.31). The curves repre-
sent the result of the fit, äs described in Ref.31.
Three lioes in the energy region of 100-170
MeV coiaefrom the T' — i\t traasitions. The
line at 430 MeV is due to the xt — if transi-
tiocs,



IV.3. Natural Widlhs of \(, Lines

The widths of the both lines observed in the E'^* distribution (Fig.29) are consistent

wi th the Crystal Ball energy resolution, and one can only determine upper limits for the

na tu ra l wid ths (D of these tines.

Appendix E describes the method used to obtain these upper limits. The results are :

nP: < 6.2 MeV (90 % C.L.),

IV, < 6.9 MeV (90 % C.L.)

Actually, the branehing ratlos of the cascade process indicate that the \f, widths are

smaller, at least by factor of 10. than the above values. This wil l be discussed in section VI.3.

More stringent l imils of ?:,/>_ < 1.0 MeV (90 % C.L.}, and Tcp, < 2.6 MeV (90 %

C.L.) were sei by the ARGUS experiment'"*!, in which photon energies were determined by

momentum measurement of electrons from the pair conversion in the beam pipe. This method

gives very good energy resolution. but very Iow detection eff ic iency, preventing studies of the

exr lus ive channels.

IV.4. Detection EfRciency

To obtain the branching ratios for the cascade process from the observed nurnber of

events. the detection eff ic iency must be known. It was studied with the Monte Carlo method.

A largc sample of -50000 ~,'iß*n~ and -20000 -ne Je~ events was generaled, wilh

Isotropie decays of all intermediate resonances in the cascade process : T' — i\b- \ —• ~jf

and T - rr.
The detector response for electrons and photons was simulated by the Standard Crystal

Ball program, based on the Electron-Gamma Simulation code'33' (hereafter caüed EGS). The

energy resolution came out better than the observed one. since, for example, intercalibration

drifts of electronics could not be simulated. Energies of the EGS generated electromagnetic

showers were smeared in a gaussian manner to compensate this discrepancy. The asym-

metric NaI line shape and the lateral energy distribution of the shower were approximately

reproduced by the Monte Carlo program.

Energy depositions by muons were implanted in the Monte Carlo events from e + e~ —

H* V~ events (see Appendix C).

38

To simulate the DORIS-II machine background superimposed on the t*t Annihilation

events, the events eollected with a special trigger firing every 10T beam erossing were added

to the clean Monte Carlo events. The sample of these special "no-interaction" events was

representative of the whole T' run.

The triggers described in section III.l were simulated taking into account the Hardware

ineflficiencies during the T' running .

The Monte Carlo events were analyzed by the same selection programs äs the real data.

Efficiencies for the partkular angular distribution model were obtained by the methods

of weights :

(IV.4-1)

where :

e— stlection efficiency,

fl- angular ronßguratioTt of a MC event,

W(n, .model)- angular corTctatton funttton. atcording to tht specific "model". calcvlattd

for tht angular eonfigvration fl,

NSt„- number of all generated MC tvtnts,

Xacc- number of MC cvtnts, which passed through tht complttt seleetion ckain,

Theoretical formulae for the angular correlation functions are discussed in section V.l. They

depend on the \ spin. the multipoles of the photon transitions and the beam polarization.

The transverse beam polarization was measured to be (75 i 5) % with t'e~ ~ - ( J + / J events

äs presented in Appendix G. All transitions were assumed to be pure electric dipole (El) .

The obtained seleetion efficiencies are not sensitive to small changes of the beam polarization

value or to the multipole model. Efficiency calculations were done for spin 0, l and 2 for the

\  state.

To estimate the sensitivity of the results lo details of the detector response Simulation,

another completely independent Simulation was done. The second Simulation was intention-

ally crude. The electromagnetic showers in the Monte Carlo events were taken from Bhabha

events. All crystal energies in the Bhabha electron shower were scaled to the energy of the

photon or eleclron in the Monte Carlo cascade event. The electron and photon energies were

srneared with the NaI energy response function (formula E-l). The energy patterns of Iow

'The tr igger «imultt ion program WM writlen by D»vid Gctphman and Wim Walk
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energy photons were only roughly reproduced in th is way, äs the shower fluctuations depend

on the photon energy. The directions of electrons and photons were reproduced only with

accuracy to the bump module direction. The muons were simulated this time by a special

version of the EGS program supporting knock-on eiectrons,

The final efficiencies were cakulated with the first Monte Carlo method. The auxiliary

Monte Carlo was used to calculate the systematic error of the Simulation. The final errors on

efficiencies include ihis sylematic contribution and the Monte Carlo statistical error äs well :

(IV.4-2)

<- efficiency fwm tfie ezact MC,

< a m ~ efficieney from the auiiliary MC.

The results are listed in Table 3. One sees that our detection efficiencies are weakly dependent

on the angular distr ibution, They are considerably better than in ihe CUSB '" experiment ' ,

t ^ M « M - -0.084, <-,,,-,- =0.147.

The pure geometrical acceptance after the cosfl and the overlap cuts (section 111.4) is

£^M + J i_ - 0.426 ~ 0.002 and £-,-,,-,- - 0.357 * 0.002 for the isolropic angular d i s t r i bu t ion .

From Table.3 one sees that all other cuts added 19 % and 8 ^ in efficiencies respectively, äs

a price for the background suppression.

Table 3. The detection efficiencips.

angular distribution "n^" ^ -ne^e

uniform

J = 2

J= l

J=0

0.345 ±0.017

0.320 ±0.016

0.347 ±0.018

0.316-0.013

0.328 ± 0.014

0.302 ± 0.013

0.340 ±0.017

0.286 ± 0.010

'The ingulir correlilion model is nol »pecifiwt in Ref 16 Jt moit likely corretpond» to the uniform mgular
diitribuLion.
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IV.5. Branching Ratios

The branching ratios for the cascade process may be calculated from the formula ;

(IV.5-1)

wkere :

A^ t , f . - nitmber of obseri'ed ~j-,l~l~ tvtntt for the \^ Signal,

NT - number of prodvced T' decays,

t J ( . f - " dttection effieieney.

The number of produced T' decays can be found by count ing the number of detected

hadronic events (A'^d). correcting for continuum contribution (jV"^n,) and the hadronic

drtection efficienry ((t,j-:] :

The continuum subtraction was done by using the dala taken in the continuum below the

resonance. Number of detected hadronic events for ihe cont inuum (A~^) was scaled by the
l -'ff \ratio of continuum hadronic cross section on and ojfthe resonance : (^Itam'^^am) • an^

the ratio of luminosi t ies : L1""1.. L°H. The luminosity was calculated by count ing the number of

detected large angle Bhabha events : L <x A"g>.ia • E?.e3m. Since large angle Bhabha scattering

has the same beam energy dependence äs the continuum hadronic production (— l , '£ j € a m) i

ihe final scal ing factor for the cont inuum subtraction can be expressed simplv by the ratio of

the detected Bhabha events on and ojf the resonance :

(IV.5-3)

The Bhabha events were easy to identify by their back-to-back high energy clusters. Hadronic

events were selected by removing the beam-gas interaction, cosmic rays, two-photon in-

teraction and f ^ e ~ —• e~e~ ,^~n~ ,^~j events. The selection efficiency for the T' decays,

(had — 0-86 ± 0.07, was found by the Monte Carlo Simulation. Description of the hadronic

selection and the hadronic efficiency cakulation can be found in Ref.34.

From the numbers listed in Table A we obtained : AV = 200000 ^ 16000. The error is
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entirely dominated by the systemalic uncertainty in (j,0d-

Table 4. Hadronic and Bhabha events on and off the resonance.

R u n

T'

cont inuum

CMS energy Luminosity A\„j ^Bha'

' 10.02 GeV

j 9.98 GeV

63.0 p b ~ '

4.6 p b ~ '

350110 ! 1381257

13141 101760

' cosß < 0.85

Because of lepton universality, branching ratios measured in the *n^~"M channel and

in the "r "je* e channel have to be the same. Therefore. we can combine data from both

channels to obtain one value of BR(T' — • i\b — • T)T -+ Til + l ~ ) , where the type of lepton

does not need to be specified1. Results averaged over both observed lepton channels were

obtained not by taking weighted average of ihe results in each channel independently, bul by

fit to the photon spectrum from combined data of both channels. We present also results in

the electron and muon channel independently lo show consistency of our results.

As discussed in section IV. 2, spin 2 is assigned to the \ state, spin l to the \^ state.

and spin 0 to the (here unobserved) \^ state. The numbers of observed cascade events are

listed in Table 1. and the detection efficiencies in Table 3. Only an upper l imit on the number

of observed cascade transitions (A^) via spin 0 state could be calculated. The calculation

described in Appendix E yielded (90 ̂  C.L.) :

4.9 4.0 4.6

The results for the branching ratios are given in Table 5.

Table 5. The branching ratios for the cascade process T' — -j\b — ~nT — *nf*'~ -

X f r state

•;;::
^i- •

( 4 . 6 ± 0 . 7 ± 0 . 5 ) - 1 0 - 4

(6 .0±0.7±0.7} .10~ 4

< 0.4 -10-* 90% C.L.

™V-

(4.6 ± 1.0 ±0.5) -10-4

(5.3 ± 1.0 ±0.7) IQ'4

< 0.6 -IQ'4 90% C.L.

T* + e-

(4.6 ± 1.0 ±0.5) IQ'4

(6.5 ± 1.0 ±0.7) -10-*

< 0.8 10-4 90% C.L.

'The fit results to the combined data of evenls were used.

'By nol»tion "l +
l«plons

w« do not meu), however, thit ihe given brinching r»lio» correipond lo a lum over all
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Independent results from the electron and muon channels agree very well. The results

are also in agreement wi th the CUSB values 1C' äs shown in Table 6. The number of ob-

served evrnts was improved in our experiment almost by factor of 3 compared to the CUSB

experiment.

Using the world average value'19 ' of the BR(T — ( ^ / ~ ) - (2.8 ± 0.3) %, we derive from

our results :

(IV.5-5)

BR(T' --

BR(T' -•>

BR(T' -

l = 2 -• -)T) - (1.6 i 0.3 ± 0.2) %

J = l - -,T) - (2.1 ± 0.3 ±0.3) %

J-'-1 _„ yr) ,- 0.15 ^c (90% C.L.)

These produrt branching ratlos were also measured in our experiment by the inclusive photon

study. All three pholon lines from the secondary transi t ions \. — -jT were. however, merged

into one l ine . therefore only a surn over all three \>. states was obtained. The inclusive

result!31 ' BR(T' - - ^6}-BR(x6 - T-T) - (3.6 ± 0.7 ± 0.5) % is in very good Agreement with

the sum of our results for the individual \t, states : (3.7 ± 0.4 ± 0.4) %.

Table 6. Comparison between the Crystal Ball arid CUSB results on the cascade branching
ratios. Statistical and systemalic errors have been added in quadrature.

experiment 13P2- .

this analysis

CUSB 1 G '

WEiGHTED AVERAGE

' (4.6 ± 0.9) • 10~4

(3.4 ± 1.41 lö"4

. ( 4 . 2 ±0.8) - I Q - 4

1'P,- l3Po- !

(6.0 ± 1.0) ' l O - 4

(6.7 ± 1 . 7 ) - 10~4

(6.2 ± 0.9) - 10-*

< 0.4-10- 4(90% C.L.)

< 1.1-10 4 (90% C.L.)

-

Lei us mention here. that the CUSB experiment observed also the other radialive cascade

transitions in the bb family. They reported'14' evidence for the T" - ix[ - TlT' and

T" _. 7XJ^ _, ^-,"f cascade decays. The number of events was rather small (-10 events per

each reaction), and the x't lines were not resolved.
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V. ANALYSIS OF THE ANGULAR DISTRIBUTION

Angular torrelations in the cascade channel carry infoimation on the Xb spins and on

the multipoie structure of the photon transitions.

According to the quarkonium model. the x& states are the lowest radial excitations of

the P-wave (l3Pj».) in a syslem of bound bb quarks (see section 1.2). This implies spin

0, l and 2 for these states. Spin dependent forces of QQ interaction split this t r iple t into

three mass levels. Potential models (see seclion VI.2), which correctly reproduce the spin

structure of the !3Pj*- levels in the cc system, all predict that the higher the spin the

higher the mass of the Xb state. Nevertheless, theoretically the reverse ordering could also

be possible if, for instance, the scalar confining pari of the potentia! would dominate over

the vector Coulomb pari'35'(see section VI.2) . Thus, an experimental verifiration of the spin

assignment is Jmportant. 1t may also juslify our spin assumpticmy. made for the branching

ratio calculat ion.

The photon transitions are expected to be pure dipole. VVe check our data against this

assumption, too.

Although we are limited by the poor statistics, a spin analysis of the xt, states is worth

trying. From four experimenls on the xt- states, the Crystal Ball is the only one which can al-

tempt this study. CLEO and ARGUS observcd the \  states only in the inclusive mode 17 '1S .

High background under the resonance signals obscures the \i spins in the inclusive channe l ,

leaving the cascade reaction äs the only tool1. The statistics collected by the CL'SB experi-

ment in the cascade channel were limited by relatively poor detector acceptance. Moreover,

:he fine structure of the X f c states was poorly resolved by the CL'SB experiment compared

to our case. But even in our case only the lowest spin hypotheses (J<2) could be tested,

due to the Iow statistics. Furthermore, we had to assume photon transi t ions of pure dipole

character for the spin tests of J^O.

Fig.32 shows the defrnition of two data samples used in the analysis of the angular

correlations. The energy region between the lines was excluded from the analysis, because

the line overlap. In the regions indicated on the plot, there are 66 events for the xi? state,

and 71 evenls for the xf state. The number of mi*fi~ and i fe"e~ events are roughly

equal. The background contributions can be estimated from the fit, displayed in Fig.32.

VVe find 2.9 r 1.1 events in each » sample coming from the background processes (mainly

from double r a d i a t i v e Bhabha sca t le r ing j . Because of the asymmetric NaI energy response

furict ion (Append ix E) , we expecl a feed-down from the xt resonance to the x° sample of

7.7 ± 0.9 even t s . A feed-down fröre the \° signa! to the x b sample is negligibte. The overall

background cont r ibut ion is 16 9c in the \% sample and 4 9f in the xf sample.

66 events 71 events

125 150 175
Ey-low [ MeV ]

W.
The deflniticm of the data lample* fcr the aoalysli of the an|okr conektlooi. The
fitted contributions from the photoo lines and from the btekfroniid IM Indlcaied.

'Other cxclutivc mod« ur unlikely to be observed soon, due lo very amtll brinchmg ralios.



V. l . Angular Correlation Functions

The cascade process

(V.l-1) T' -^- \ — -

has a symmetry around the \t> state. The \(, state, with unknown spin, couples by the

radiat ive transitions to well known spin l resonances : the T' and T. The reaction is

experimentally determined by detection of the photons and the init ia4 and final state leptons,

which couple to the T' and T by the annihilat ion steps.

The angular distribution of photons depends on the \ spin. It also depends on the

multipole s t ructure of the photon transitions and on polarization of the T' and T. The

T' polar izat ion is determined by the beam direction arid the beam polarization. Angular

dis t r ibul ion of the final state leptons is used to analyze the T polarization. Therefore, füll

angu la r correlations of all observed particles must be studied in order to exlract all available

Information about the Xb spin.

The beam direction and the direction of the transverse beam polarization define the

laboratory reference frame (LAB : z - k~, y - P). The final state leptons are exactly back-

to-back in the T rest frame, thus they contribute only one independenl direction. Together

w i t h directions of the two pKotons. there are 6 independent angular variables describing a

configuration of the cascade event (fl), since each direction can be described by two angles.

The form of the angular distr ibution IV(fl J, J ' , /3,P), corresponding to the spin J of the

\ j , state and the mul t ipole structure of the first (3') and the second (3) radiative transitions.

is given in Ref.36 and 37. The formulae in Ref.36 assume pure dipole transitions. They

are suf f ic ien t for our spin analysis (se<;tion V.2), but not for study of multipoles (section

V.3) . Reference 37 deals w i t h the more general case of arbitrary multipoles, but the beam

polarization is not i n c luded Here we will recall formalism developed in Ref.37, and we wi l l

extend it to the case of polarized beams.

The angular corretation funct ion can be written in a simple form while preserving the

s \mmetry of the cascade process expressed by V.l-1. For this purpose one defines 5 indepen-

dent angles, in the absence of the beam polarization, in the foüowing way :

•16

'. ̂ '- polar and azimutha! angles of the initial state eleetrons in the rest frame of the T', where

the 7' direction defines the z-axis, and the x-axis is in 7'-7 plane

(frame -l ; ; - 7', y = 7' x 7, i - (V x 7) x 7' see Fig.33),

8-1-1 ~ angle between the 7' and 7 in the rest frame of the Xb. where the z and x axes are defined

like in the frame- I (frame- I I see Fig.34)',

6,&- polar and azimuthal angles of the final state leptons in the rest frame of the T, where

the 7 direction defines the z-axis. and the x-axis is in 7'-7 plane

(frame- III '. z = 7, y = 7' « 7, i ~ (V x 7) x 7 see Fig.35).

We wil l use helicity amplitudes for the first and the second radiative decay, therefore we

define :

f ' -hel ic i ty of the T' r-helicity of the T

-.'-helicity of the 7' 7- hel ic i ty of the 7

\y of the * f , \ -he l i c i ty of the \,

A', . . .-helicity amp l i t ude fo r the y^,-,-helicity ampl i tude fo r the

T' • 7 f \ ) . t ransil ion \  -  7T transil ion

in framt- l in frame— IJI

where:

(V. l -2 )

The a m p l i t u d e s for the photon transitions musl be real.

Angula r rnomentum conservation implies :

(V.1-3) v' -- 7'- x' . t' - 7 - X

Pari ty invariante requires :

(Px - -par i ty of the Xb) so one defines :

(V.1-5) Ax, " A^_+1 , Ax = Ax^

"The ^»xis ein be chosen «Jso «Jong th< T direelion, with no efi*ci on the t-,-, definition, Ihm the iymmetry
of the first and Ihf tetond Uuisition is not broken in ihis definilion
'We use here Lhe convenlion from Ref.37 pult ing minus lign before the xt helicilie»
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Figure 33.
The rest frame of the T' (frame - /).

H-r

Figure 34.
The rest frame of the \ (frame - I I ) .

H Y

35.
Th* rest frame of the T (frame - III).

whcre : 0 < \' < J . 0 < \ J to satisfy V.1-3.

Sumrning over unmeasured photon polarizations and the \i, helicities, one obtains :

(V.l-6)
'. {>',<:osd-,-,,cos0,-£) ex

The d-functions can be found for example in Ref.19. The density matrices of the T' and T

can be expressed by the lepton directions :

• ;

\L-hert :

poiarizatton vectors :

(
cospsintf

sin^s sinö

cos0 /

Performing summation in V.l-7 one obtains :
l 4 cos:ö sinflcosfl

2~~ Tl~€

(V.l-8) £ ( 1 > C 1 ( 0 , 0 ) -- ß ' ( ' ' - C l ) sin2*

i g . | - i . - D _ e - ( * i

To extend \'.l-5 to the polarized beam case, we replace V.l-7 by

whcre h \s the polarization direction and P is the degree of the polarization. In the LAB

frarne h coincides with the y-axis :

. (^
(V.1-10) A L A B -

W
We can obtain k in the frame - I by the Euler rotation1

'The §tr»n(« »rgumeni of ihs [hird rotition : | - ^' comei fiom Ih* unfortun»l* convention »dopted here.
nimfly thit (he lecond rotition n vound r-txis, r*ther than y-ixia.
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Of course. the Euler transformation depends on 3 independent angles. Therefore, Eq.V.1-11

introduces ihe v' angle , in addition to the earlier defined •?'•$'• For unpolar ized beams the

polarization direction h, and consequently the 0' anglf are not defined. Eq.V.1-11 gives :

- cosC''sinfl

The density matrix of the T' depends now on 3 angles :

(V.l-13)

l-cos20' sinfl'cosfl' _ . , sin2?'

g^"-'J> sm'l

V e - l + ' . - 0 -e* H

sin V1' -t cos2r'cos20' (cosv'costf' -r i s inv ' )

2P '

2
[ - 1 . O

• a, •: -smö ros te

The he l ic i ty arnplitudes may be expressed by the multipoie ampli tudes 1

( V . l - 1 4 )
\ '2J

Clebsch-Gordan coefficients

The mult ipole coefficients a}. and similarly a', are not all independent since :

; , F(T' A' = a'

The derived formulae do not depend on the quarkonium model, but on spins of the particles

involved in the reaction.

The angles used in our formula may be found from the measured particle directions using

the relations :

1 We uied the fo l lowing notalion of ihe Clebich-Gordin coefficienti < J j , m i , J j , n > i J,m >.
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COS0'

(V.M6)

in the rest frame of ihe T'

}in the rest frame of the

cosÖ — 7 - i'

/"* x -^) }in the rest frame of the T

i (V x l} x :',': >

In practice, recoil effects on the angular distribution of the cascade events can be neglected

(although. we did not do that in our programs). In this case. all quoted reference frames

coincide, and boosting of measured directions in the LAB frame to the rest frames of decaying

panicles is not neressar\

The charges of the outgoing leptons are not identified in our experiment , but the angular

correlation func t ion V.1-6 is invariant under the replacement /"" • / " , which is ensured by

the conservation of pari ty in the T decay1 .

The formulae given in Ref.36. derived with use of Cartesian tensors rather than spherical

tensors, like presented here, were used for debugging our ca lcula t ions and programs in the

case of ihe pure dipole transit ions.

\ ' .2, Sp in Analys is

--YJ?.t^. Multipole AssumptioDs

Although our apparatus was well suited for detection of the cascade events , and our T

experiment quite long, the final yield of the cascade events was rather modest, due to the

smal! reaction rate, l'nder those circurnstances, ihe most genera) analysis of the angular

distr ibution, which probes the x^ sP'n and lne multipole structure of both the photon transi-

tions in the same time, cannol give statistically significant results. Therefore, we wi l l accept

1 Thii miy b* t*en txplicitly, by inviriince of V. 1-8 under cos i — -cosf, f> -» f •*• *



soine theoretical input in our spin analysis, concerning the transition mullipoles. Fortunately

the assumptions we wil l make are quite plausible and commoniy agreed to.

]n accordance with the quarkonium model, we consider only three possible spin values

of a \b state : 0, l or 2. Multipoles of allowed photon transitions are restricted by the

Xt spin itself (see equation V.1-15). The radiative transitions via a spin 0 state must be

pure electric1 dipole (El). For \t> states of spin l and 2, higher multipoles can contribute :

magnetic quadrupole (M2) for spin l and up to electric octupole (E3) for spin 2.

Once we accept QQ structure of the T family and the single quark transition picture, the

octupole transitions are forbidden |37L In fact, AL = ±1 in S — P transitions, and .AS < l

when only one quark interacts, thus photons carry off at most twounits of angularmomentum.

The magnetic quadrupole amplitudes are expected to be very smaü, too. As relativistic

effects, the magnetic transitions are suppressed by the heavy b-quark mass. The nonrela-

tivistk quark model predicts!30-39' :

( l
for J = l

for J-2

where

E-,— photon tncrgy,

mg- quark mass,

K— anomalotis magnetic moment of quark.

In the worst case of the second transition via spin 2 state, this gives for K - 0 and mf -- 4500

MeVl9! :

~ ^ 0.001 .

Suppression of M2 transitions in the cascade process was observed by the Crystal Ball

experiment11'! already for the charmonium (mc ~ 1500 MeV). All transition wcre proved

to be pure dipole, except for a possibty non-zero quadrupole amplitude in the radiative decay

of the spin 2 \ state (see Table 7 ). Preliminary results of the R704 experiment at the

ISR seem to indkate a measureable M2 amplitude in this decay, äs well i*0 ' . This may mean

large anomalous magnetic moment of ihe c-quark. Anyway, the heavier b-quark mass would

suppress this effect by an Order of the magnitude. Therefore we assume that all photon

"Thi» aiiume* positive xt P""'y, M* in the quarkonium model. Negative Xb panty would leid to magnetic
dipol« Iruiiitioni Howevei, our »naJyiis is independent of »ny Xt P»rity Miumplion, iince th< »ngular
dittribution doea nol depend on Px (tee V 1-9|

transitions are of pure dipole character.

Table 7. Measured transition multipoles in the
cascade v' —' ~i\c — T T/-' frorn Ref.21.

Spin of the

\ state

! J - 1

! J = 2

r M a T E 1 j* , ,

</>' -* I X c Xc ~* "iti

0.610.1 0.004 +£[£° ;

, 0-1-3.8 n-52
!-"_ i 5 ''_ g |

V.2.b. Statistical Methods

The small sample of the cascade events forced us to look for ihe mosi efficienl statislical

methods in our analysis. In parlicular the goodness-of-fit' spin lests on binned data. applied

in the analogous sludies in the charmonium systeml42-2'! turned out not to be sensitive

enough,

After the transition multipoles have been fixed and the beam polarization has been

measured (see Appendix G), the angular distribution in the cascade channe] (V.1-9) depends

only on the \f, spin : W' j ( f J ) , leading to the single parameter tests. In this case, the most

powerful * 1 ' Neyman-Pearson likelihood ralio test can be applied to distinguish between two

spin hypotheses : Jhy p-J] and Jhyp-Jj. The lest function takes the form :

0,- 6 tndependent angles in the i"1 cascade event,

N- numfter of events in the data sample.

The normalization factor jj is only used for convenience, äs it does not influence test results.

When applied to the data Eq. V.2.D-1 gives just a number (Tdata), which we compare with the

probability density distributions of the test function under Jhyp = Ji hypothesis : /(7"|'J|), and

1 We use in this chapter l lot of slatittical expreesions like e.g. "goodne«»-of-nt", "probitiility deniity func-
t ion" , "test f u o c t j o n " elc We do not define all of them here and we refer ihe rrader to e.j. Ref.4]
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=Ji hypothesis : / (T ' J j ) . The confidence level can be assigned to the tested hypothesis

by

(v.2.b-2)
aa,

- /

(V.2.b-3)

-oc

/ /(r j , ) d r

depending on which side of f(T J i ) the probability density d is t r ibu t ion of the lest function

under the a l ternat ive hypothesis, f ( T J j ) , turns out to be. We also investigate another lest

function of the type :

fi N

(v.2.b-i) r(n, n w } = ̂ >n*'Jln') - vZ>w^n ')
1=1 ' i = . i

w h i c h can be useful whi le testing more than just two spin values

One should stress here that. event though our test f u n c t i o n s are ronstructed from l i k e l i -

hoods, their probabili ty densit> func t ions . f ( T J), are not known a pr ior i (e.g. from a general

statistical theorem). since the tested parameter, J. is not contirious.

In the expressions for a likelinood, f l i- i ^j(l"M- we use tr|e theoretical angular distri-

but ion. In principle. one should use theoretical formulae corrected for detector resolution

and acceptance effects to get the most powerful tests. However, these corrections could not

be obtained in practice. äs W'j(n') was six-dimensional. Using theoratical formulae in t h e

likelihoods we s t i l l obtain strict results, äs the detector effects are taken int.o account w h i l c

obtaining distr ibutions of such defined likelihoods (see next section). Sensi t ivi ty of the t e= t«

cannot be much effected, neither. Angular resolution effects are small for our detector. com-

pared to the smooth Variation of the thcoretical Wj (II) . Acceptance funct ion of our detector.

( ( H ) , does not approximately depend on fl for all accepted events ( f ( f t ) = l for all accepted

events, ( ( f l ) =- 0 for all rejected events). Therefore it does not contribute to likelihood func-

tions, w h i c h are always calculated for the accepted events. The detector acceptance s t i l l

effects a normalizat ion of the angular distribution function used in the l ikel ihood. however,

in our mcthod a normalization of the l ikel ihood function cancels out1 .

'The proper norm«.]i*»tion of t hkehhood is nttessar> only for ils probabiliitic inUrpr t ia t ion , which is nol
uard herp

V.2.c. Monte Carlo Simulation

All our test functions take the form

(V.2.C-D r(n, .....

The Central Limit Theorem 41 predicts that the T ( f t i , . . . , H , v ) should be distributed

normally1 with :

(v.2.c-2)

independent of the shape of the parent d is t r ibu t ion of t ( r t ) . Therefore the problem of Und ing

the probabil i ty density d i s t r ibu t ion of the test funct ion. T(fl, .... . f l .v) , under spin hypothesis

Jh y r reduces to singie event averaging of the ( ( f t ) and ( jt!) :

(v.2.c-3) ((n)

where H J ) ( ü ) is t h e theorelical angular correlat ion func t ion V . J -9 with the detector accep-

tance and resolut ion effer ts folded in.

An anaMical form of l l ie H. i , , . ( f l ) is not k n o w n , bul the Integrals in Y.2.C-3 can be

cakulaled numer ica lh by the Monte Carlo method. The Monte Carlo sample described in

section IV. 4, was used for that purpose. The Monte Carlo events were generated with uniform

d i s t r i b u t i o n s of all angles. Af te r the detector response was simulated, the Monte Carlo events

were selected by the same programs äs used for the real data. Finally the integrals in V.2.C-3

were ra lcu la ted by the method of weights :

' (H)
^K'W-W'tfPHtn.

wherf

'This is exictly vaijd m the I imi t of .V - oe, however (he isymptotit feitut« are »pproithfd very ripidly
and A' — 70 s*ems s u f f i c i e n t Deviations f iom the Gaussun approximitions »ere studied by th* explint MC
Simulat ion of the large n u m b e r of expenments wi lh .V hlie in the dal* (if* Appendix H). They are intluded
u, pari of the syslernaiit e r rors



M- numbcT of MC events, which surnvcd alt cuts,

Jhypd'dP)- angular correlation /unrfion defined by V.1-9,

f rue angle s in the i'h MC events, which correspond to the mtasvrtd ones

n,.

The Monte Carlo sample with uniform angular distributions, allowed varying the spin (J^y r) ,

multipole structure of the photon transitions (ß',ß) and the bearn polarization (P), while

using still the same Monte Carlo events. This saved a huge amount of the Computer time

necessary to simulate the detector response.

For simplicity, we have implicitly assumed that we dea! with only one type of events in

formulae V.2.C-4. Extention to the real case of the two experimental channels, n(i + n~ and

-j-je^e", is straightforward :

(V.2.C-5) <T(n,

Applying Gaussian approximation to the distributions of the lest functions, one can

express the lest results in Standard deviations,

(V.2.C-6) SD-

V.2.d^ Sensitivity of Spin Tests

ßeing able to find the probability density dis t r ibut ion of the lest function under each

spin hypothesis, we may check what kind of sensitivity for different spins one can get given

the observed number of events.

From V.2.C-3 one can get a general idea about the dependence of a Separation between

spin hypotheses on the experimental stattstics. The normalization factor ^ ensures that

mean values of the lest function under every spin hypothesis remain constant, while the

width of the probability density distribution decreases Hke - -4j. To get precise figures one

must carry out an explicit calculation.
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Figure 36.
The power of lest s at l % significance level of tbe the spio 0 hypothesis
for the spie l dat& äs a function of tbe number of obuerved events. The
dashed line indicates statistica available in our aualysb.
The curves correspond to the following lest fucctions :

0 2

0 l

0.0
0 50 100 150 200 250 300 350 400 450 500

Exper imen ta l statistics

Figure 37.
The power of tests at l % Bigniflcance level of the the spin 0 hypothesis
for the spin 2 data aa a function of the number of observed events. The
dashed l ine indicates statbtka av&llable in our aaalysis.
The curves correspond to the following test functions :
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0 50 100 150 200 250 300 350 -100 450 500
Expe r imen t dl s ld t is t ics

Fipire 38.
The power of tests at l % signißcance level of the the spia l hypothesis
for the spin 2 data u a fuoction of th* number of observed events. The
d&shed line indicates statistics available in our anal>-sia.
The cun'es correspond to the following test functioas :

100 150 200 250 300 350 400 450 500
Expe r imen ta l s tü t i s t ics

Figure 39.
The power of tests at l % signiflcance level of the the spin 2 hypothesia
for the spin l data äs a function of the number of observed eveats. The
dashed line indicatea statiatica available in our anajyaia.
The curves correspond to the following test functions •

If a spin hypothesis gets a low confidence level (we apply l *>£ criterion) in the test. we

wi l l ru le it out :

One rnay cakulate a probability of ru l ing out J h U J , J ] hypothesis, when the alternative

hypothesis J h v r = J ^ is t rue, ( i .e. power of lest 41 ) by :

r 1 ! ;" 1" ' '

(V.2.d-2) i? - l / (7- , J 2 )dr

wherc 7"]% '"' ' is defined by
- r - ' f c . P ' = ' l

( or inttgrating from T -^" ~' to ~ cc if f(T\ peat.« on the right side of / ( T ' J j ) /

Fig.36-37 show the power of spin 0 tests, based on different test funct ions , plotted äs a

func t ion of the experimental statistics. As expected the l ikelihood ra t io tesls :

T - VF V^ ln(Wj=1 /W J=C .) and T - £. V In(Wj-j/Wj..,_,). are the mosl powerful ones. How-

ever the logarithmic likelihood-0 tesl : T - ^, 5Z'"^ ' j=oi is only mariginally worse. Tests

based on likelihood-l or like!ihood-2 are less powerful. Giveri our statistics we should be able

to rule out spin 0 for a spin l l ine (99.4 % probabil i ty), and we havo a good chance to do so

for a spin 2 l ine. too (78.6 1 probabili ty).

Fig.38 39 show the power of spin l and spin 2 lests. The l ike l ihood ratio test : T -

-^ E ' n ( W j = 2 / H - ' j - ] ) , is definiteiy the best one here. however our statistics may turn out lo

be too small to dis l inguish between spin l and 2.

The high transverse beam polarization considerably improved the sensitivity of our spin

tests. We discuss this point in Appendix J.

V.2.e. Results of Spin Tests

In the first step of our spin analysis, we test the spin 0 hypothesis (JhV P=0) for both

observed slates. As the alternative hypothesis is spin l or 2, we will use

N N
l 1~T l \*
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äs a test function, rather than performing two likelihood ratio tests. As shown in the previous

section, the likelihood-0 test is almost äs powerful äs the Ükeühood ratio tests. Theoretical

predictions, with detector effects folded in, for the probability density dis t r ibut ion of this test

function under all three spin hypotheses are displayed for the \ sample in Fig.40, and for

the X t sample in Fig.41. They are almost the same, since the number of observed events

in both data samples is very simiiar. The value of the function applied to the x? sample

is 2.9 Standard deviations (o) away from the spin 0 hypothesis (see also TableS.). This is

equivalent to 0.2 % confidence level for this hypothesis being true (one side probabi l i ty 1 ) .

The disagreement with the spin 0 hypothesis is even greater for the \f sample (5.2<r) , äs

expected from the spin l predicüon for that state2. Therefore, spin 0 is ruled out for both

observed \b states.

The data favour the expected spin 2 value for the \'£ sample, and sp in l for the \t,

sample, however, the effect is not significant enough to draw a firm conclusion about the spin

l and 2 assignment. The likelihood ratio tesls :

displayed in Fig.42 — 4 3 show simiiar results. The data favour again the expected spins. but

the confidence levels for the reverse spins, C.l,.(Ja - 1) = 3.6 % and C.L . ( J /< = 2) — 4.5 % ,

are not small enough to rule these hypotheses str ict ly out .

Once spin 0 has been ruled out for the both observed \b states. we can test global spin

assignments : Ju = 1. J/a = 2 against J„ = 2, .),< - 1. The experimental s ta t i s tks arp doubled

in this way. Of course, we assume here that the states cannol have the same spin. like in the

quarkonium model. We use again ihe likelihood ratio test, with the test funr t ion :

(V.l.e-3] ( n -

The data agree very well wi th the expected spin assignment : Ja = 2, J^ - l (F ig .44) . The

hypothesis J a - l, }p = 1 has confidence level 0.6 %. and can be ruled out.

In pr inciple . one may also test other spin hypotheses with the combined data. e.g. J„ - l.

J0= l . However, the results are not conclusive i.e. we cannot rule out this kind of the spin

'We cakulate one side probability her«, sinte the distributiont of this teil funt t ion under the alternative
hypotheses, J ( i V P ~ l and Jt,^p = 2, are on the same side (Fig.401 of the dis t r ibut ion for the tested J ^ ^ p = 0.
JTh* gau»sian probabilily m only 0 00001 *%.. but it should be mentiontd here, that we were not »ble lo verify
our systematic errors wilh pretision (realer Ihm 0.00400 % (»ee Appendix H).
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combinations. In fact, in every such test one combines a spin hypothes'is favoured by one

X(, sample (high confidence level) with a spin hypothesis disfavoured by the other xb sample

(low confidence level-see Table 8).

The resul t on spin l and 2 assignment is obtained under the ässumption of pure electric

dipole r ad ia t ive transitions, äs discussed in section V.2.a (the results for spin 0 are model

independent ) . In fact. the data do not contradict this assumption, äs the confidence levels

for the expected spins are always high. In section V.3, we wi l l show that a small admixture

of M2 amplitude would strenghten our spin results for the \ sample.

Possibie systematic effects in our spin analysis have been studied. The description of this

study is presented in Appendix H. Table S summarizes all our spin results. The systematic

uncertainties are indicated by quoting a ränge of confidence level. As can be seen from Table

8, the systematic errors are not large enough to alter our conclusions on the spin assignment

of the observed \\, states.

Table 8. Results of the spin tests with the syslrmalic errors. The confidence levels are
ra lcu la t ed assuming that an al ternat ive hypolhesis (J"'W ,J for Ji,y,,-0 is

'„. =1 or 2, for J^,.-l J^ F -2and for J B „ ; - 2 J J h ; . 1.

S'ate • Test Function ^Hf

VinlVo 0

2

£ /n (Wz/W*!) 0
1
•>

y, V" In Wi, ' 0
*. b * — *

1

2

^/n(HV'H'i) 0
1

2

2.1

: SD

2.9

1.9
0.3

2.2

1.8
0.3

5.2

0.1

: 1.6

3.6

, 0.4
1.7

2.5
0.5

CL

0.2

621
3~

•C
38:

: 46*
e:

^

n %

- 0 2
5

ö
4

2

1

4

12
4

1
3

V"
' 3i :r/"'
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V.3. Multipole Analysis

All radiative transitions in the cascade process were assumed to be of pure dipole char-

acter in our spin tests. The results of the tests showed füll agreement with the expected xb

spins, therefore with the dipole transitions äs wel!. We can check, in addition, whether our

data are consistent with some other multipole structure of the radiative transitions.

We assume for the moment that the x% 'lf> a 5P'n 2 state, and that the spin of the %b

is 1. Neglecting octupole transitions for spin 2 state, äs justified in section V.2.a, we allow

some admixture of the quadrupole amplitude (03), in addition to the dipole amplitude ( a \ ) ,

in the first T' —• *jxt or the second Xb —* iT radiative decay. The multipole amplitudes are

restricted by the relation V.1-15:

(V.3-1) Q i 2 + fli2 a F(T' — ixb) or T ( x h —- ->T)

Therefore, the multipole structure of each transition can be described by one parameter,

which we define by :

(V.3-2) ß =

The case ß = 0° corresponds to pure dipole transition ("D"); 0 = 90° to pure quadrupole

transition ("Q1"}, and ß - 45° and 135° correspond to the equal contribution of both of

them, with negative ("D-Q"5} or positive ("D+Q7") relative sign, or equivalently to the pure

Xt heiicity l or 0 amplitudes in the helicity frames of the decaying particle (see Fig.45).

The usual way to do the multipole analysis would be to use the normalized likelihood

function to perform a rnaximum likelihood fit of the multipoles :

x
(V.3-3)

where

,0'ß

In L(3',ß) ^

ß',ß- multtpote parameters for the first T' — > ixb and the second Xb -1 ̂ T

transition, rcspcctivety,

- normaiizatton factor, tht Integration \ ptrformtd over the accep-

tanee region.

a! - dipole amplitude

a2 - quadrupole amplitude

D - pure dipole transition
Q - pure quadrupole transition
D-Q - equal mixture with positive relative sign

( pure helicity 0 amplitude )
D-Q - equal rmxture with negative relative sign

( pure helicity l amplitude )

45.
The deflnition of the parameter ß which desctibea the multipole struetnre of
the photon transition.
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With our sample, however, this method does not lead io unambiguous results. Monte

Carlo studies showed that the likeiihood function always had more than one maximum. none

of them being s ignif icant ly higher than the others (Fig. 46). In fact, our data exhibit the

same behaviour. Probability Statements deduced from this k ind of fit are somewhat dubious.

Therefore, we present instead, äs multipole tests, an extenüori of the method applied for the

spin tests, which yields unambigous results.

The spin tests under the assumption of dipole transitions impi i c iUy meant lesting the

cornposite hypotheses about ihe spin and the dipole transition multipoles (Jhyp.3 ' = 0,;? =

0). We can repeat the same testing procedurefor any other combination of the multipoles. We

test the hypotheses ( Jh y p - 2 , ß ' , ß ) for the x° state and (Jh > P = l,ß',3) for the \ state.

If the Standard spin assignment is correct, a failure of the test means that the multipole

combination (ß',d) is wrong. The results of the likelihood ratio test, based on the test

function :

(v.s-4)

are plotted äs a function of ß' and ß in Fig.47,48. Contours join hypotheses of the same con-

fidence level in the test : Oa, \a.1o ... . Any combination of multipoles involving pure helici ty

0 or l transitions can be excluded for the \ sample. Acceptable transitions occur in the

regions. where transitions are either predominantly dipole or quadrupole. Pure quadrupole

transitions are un l ike ly from the theoretical point of view. therefore at this assumption the

\  data provides some indirecl evidence for the dipole transit ions. A precise measurement of

a possible small admixture of quadrupole Iransitions needs higher statistics. The results for

the \f sample are not conclusive. äs the data agree with a wide ränge of transilion multipole

ampli tudes.

We can also look at results of the multipole tests under the not expected spin assign-

ment J a ~ l - J ? ~ 2 (Fig.49,50) to see whether the fai lure of this spin hypothesis under the

assumpiion of dipole transilions (section V.2) may be explained be the presence of quadrupole

transitions. At least for the x? sample, any deviation from the dipole-dipole transitions1 leads

to even greater disagreement wilh the data.

Some multipole combinations may be excluded independently of the spin assumplions,

namely, the common part of the mukipole regions excluded under both spin l and 2 assign-

This i= sho\Mi in Fig.")] fnr the \,' sample , d i id in Fig. '»2 for ihr \[ sample

J = l MC

ß [ DBG

H

n-Hl

T' 7X
Figure 46.

The points represent tbe positions of tbe absolute maxima of tht
likelihood function V.3-3 found for the Monte Carlo generated
experiments with pure electric dipole transition» ($' = (f,ß =
0°), spin l of the xt statfs and tbe statistics äs observed in the real
X„ data sample. Not all the points düster arouad tbe geoerated
multipoles, sbowiog that no reliable maximum likelihood fit of the
multipoles can be obtaioed with our poor statistics.

1 But not mvolving pure quidrupolt Iransitions
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D-Q

D-Q

Figure 47.
The tests of tbe transition multipoles for the \f ^ample under the
assumption of Ja=2 (expected Bpin). The confldence levels for re-
jection of the hypothesis (J= 2,3', ß) usin^ •£•
äs a lest function are plotted.

• D - Q

Figure 48.
The tests of the transition multipolea for the Xj »ampl* nnder the
aasumption of Jj=l (expected spin). The confldence leveb for re-
jectioD of tb« hypotbesis (J= I, S1, 9) using
aa a lest function are plotted.
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D-Q

«'D-Q

Fifure 48.
The tests of the transition multipoles for the x™ sample under the
aasuraption of JQ = 1 (not cxpeeted spin}. The confidence levels for
rejection of the hypothesis (J= l,B'^} usin? jf^n(wJ=il^J=i]
äs a test function are plotted.

o g

S-

D Q Q

T' > 7V

Fijpire 50.
Tests of the transition multipoles for the \ sample under the as-
sumption of J^=2 (not expected spin). The confldence levels for re-
jecilon of the hypotheais (J- 2, ä', S) using T^- ^,ln[Wj=a/Wj=1)
aa a test function are plotted.
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a M
0 D-Q «*-

D-Q D D-Q

'"' '-/fTTTn'-"-"

BÖ" 133' 0

D-Q Q D-Q D

Fignire 51.
The transition multipoles niled out at 99 % G.L. confldence level
(the abaded area) for the \° sample independently of a spin as-
aumption.

D D - Q
«•D Q

D Q

Tbc transition multipoln ruled out at W % C.L. confidence level
(the shaded &re&) for the \ samplr uidependently of a spm as-
sumptton.

D-Q D D Q

- > -yy f-arcljh'/i,1) [ DK

52.

VI. COMPARISON WITH THEORY

Bound heavy quark-ant iquark systerns. below the flavour thresholds. appear to be nonrel-

ativistic (see section 1.1). Nonretativistic bound state spectroscopies, like the hydrogen atom

or positronium, proved invaluable for the development of quantum mechanics and quantum

electrodynamics (QED). As heavy quarkonia may play a similar role for quantum chromody-

namics (QCD), an extensive theoretical investigation was devoted to them. \Ve will discuss

the results of our analysis in context of those efforts.

VI. 1. Cenler-of-gravity Mass of Xfc States

In the nonrelat ivis t ic limit, a system of bound quark-antiquark (QQ) pairs should be

well described by the Schrödinger equation with a static potenlial. accounting for the quark

dynamics. The basic lest of such a picture is how well il i? able lo reproduce masses of the

observed QQ excitations. Of course. in the s t r iet non re l a i iv i s t i c l imi t there is no room for spin

forces. Therefore, fine and hyperfine level Spl i t t ings cannot be reproduced. A comparison

wi th the data is s t i l l possible by averaging over difTerent spins of the sarne radial and orbital

excitations ("cenler-of-gravity masses"). For the t r iplet-P slates, the cenler-of-gravity is

defined by :

(VI .1 -1 ) AW3P] - "J^2 ~-^ ,P: " —-^- ~---^-^--* ' ----

Only A/ip, and Af ;p, have been determined in our analysis. The completr mass measure-

ment of all three 1P states has been obtained in our Experiment by the inclusive analysis

of photons from hadronic decays of the T' 31 . Combining results of these two independent

studies. we improve errors on the masses of the spin l and 2 states, which are important for

the ca lcula t ion of center-of-gravity.

M\?v„~tZCt = (9914.3= 1.3) MeV M^1^"'1 = (9890.5 ± 1.3) MeV

(VI .1-2) Mj?pl; =(9858.2^3.2) MeV

M e o g ( \ P j - * ) =(9900.1 - 0.9) MeV

\Ve can obtain even better estimates by averaging over all experiments listed in Table.2 :

M,:Pj = (9913.6 ±0.6) MeV MPP| -- (9892.2 ± 0.7) MeV Afpp., = (9860.5 ± 1.4) MeV
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(VI .1-3) M C O B ( l 3 P j « . ) - (9900.6 ± 0 . 4 ) MeV

G i \ c n th is experirnental resul t , we w i l i di=cuss nou i l s s i gn i f i t ance for tests of the potential

models.

?o far, the interquark potential has not been derived directly from the dynamics of the

s t rong interaction. Exact QCD predictions are timited to the region of small interquark dis-

tances - R (or equivalently large momentum transfer - £), where per turbat ive calculat ions

are valid. There is a hope that in the future, lat t ice methods wi l l allow exact determmation

from QCD first principles of the QQ static energy even in the nonperturbat ive region 43;.

However, at the moment, one must fall back upon some phenomenological assumptions to-

gether with theoretical predictions.

There are two basic predictions of QCD which can be tesled by a mass spectrum of heavy

quarkonia : approximate flavour independence of the quark interaclion. and the asymptotic

freedorn of quarks. The latter says that the strong coupl ing rons t an t (as) lends to zero for

smal! in te rquark distances. Self-roupl ing of gluons hecomes. therefore. u n i m p o r t a n t . and the

colour interaction must resemble the eiectrornagnetic forces ( " O O P gr.ion exchange" ) . This

leads to a simple Coulomb-like potential, predicted by QCD for the short ränge interaction :

4 a,
V(R) = --

1 ' 3 R

The strong coupling ronstant depends on the in terquark distance äs well. Th is softens the

Coulomb-like singularity at the origin by a logarithmic term. In the lead ing ordrr of pe r tu r -

ba t ive QCD :

(VU-5)
Ä(n( l /AÄ)

A — const

The Coulomb-like potential leads to approximate degeneracy of the 1P and 2S quarko-

n ium levels. This prediction is clearly not supported by the data, since the x t masses are

signif icant ly lower than the T' mass. Consequently, there must be a nonperturbative contri-

bu t ion to the interquark potential.

At large distances QCD calculations on a lattice predict'4'1' a nearly linear potential.

This is also indicated by linearity of the Regge trajectory in light meson spectroscopy.

(Vl.1-6) V (R) oc R

7]

At intermediate distances, there is no theoretical hint for the shape of the interquark

potential. A number of phenomenologica! interpolations between these two asymptotic be-

haviours have been proposed. Some other models do not use any theoretical arguments. They

check whether the success of QCD-like models really provides evidence in favour of QCD or

just demonstrates their consistency with the experimental data.

The potentials involve one or more free parameters, which are adjusted to the data. In

add i t ion , quark masses are not known, since quarks are permamently conhned. A quark mass

is also f i t ted to the data.

A long. but probably s t i l l incomplete, list of the potential model predictions for the \

center-of-gravity mass is presented in Table 9 . As the overaM fit to all measured bb levels is

more mean ing fu l than just a predict ion for the \. mass, we also list predictions for the 2P.

2S, 3S and 4S levels. The data are taken from the Particle Data Group ' l y ' . The experimental

errors are belovs l MeV except for the 2P c.o.g. mass (r2 MeV) and 4? mass (-4 MeV). As

the T ( 1 S ) mass is commonly used to set t he energy scale of the theorelical prediclions (via b-

qua rk mass). we shifted all theoretical masses t o get the T(lS) mass exactly at the measured

value ' ' . Of course, accuracy of the predictions may s t i l l be affected by the quali ty of the

other input data used. \^'e supply the date of the publication on account of this issue. The

srnaller the number of parameters tuned to the data. the stronger the theoretical implicat ions.

Thus, the number of free parameters in the rnodel is also put into the table. The type of the

potential is characterized by its behaviour at short (fi •'_ 0.1 fm), intermediate (0.1 < R < 1.0

f rn ) . and long (1,0 fm< fi) ränge of the interquark distance. Symbols to describe the short

ränge po ten t i a l have the following meaning :

C-0 : simple Coulomb potential (Eq.Vl .1-4) ;

C'-l : Coulomb potentiai with loga r i thmic correclion due to asymptotic freedom

(Eq.VI .1-5) ;

C-2 : two loop perturbalive expansion of a, over the Coulomb term (Ref. 9);

C-3 . QCD potent ia l lo the fourth Order in the perturbative theory (Ref.6).

The large distance form of the potential is indicated by its R dependence. An abbreviation

for the intermediate potential says whether Interpolation between the asymptotic behaviours

was performed, or a simple sum of the short and long ränge potentials was assumed. As a

figure of merit, we have ealculated the mean deviation of theoretical predictions from the data

for the levels below the flavour threshold (1P, 2P, 2S, 3S). Contribution of the experimental
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errors to this mean deviatton is small compared to theoretical uncertainties. The potential

models are lisled in sequence of increasing mean deviation from the data.

We wi l l discuss now what can be seen from Table 9. The interquark potentials were

or iginal ly developed to describe the charmonium system. As soon äs the T resonance was

discovered, they were applied to predict bb levels (see e.g. model No.37 in Table 9). Many

Potentials constrained to the V data describe the T system reasonably well, without any

retuning of the parameters1 (models No 5.6,9,11). This proves the flavour independence of

the quark dynarnics2 , giving strong support to QCD. The flavour independence was demori-

strated in a model independent way by Quigg and Rosner53 (model No.ll). They used the

inverse scattering method to construct the interquark potential with no a priori assumptions

according to its shape.

A QCD motivated potential, in its simplest form, was proposed by Eichten et alJ81' :

l a, R
(VI.1-7)

1 ' '
3 R

" consl

h was successful ly applied to the 0 fami ly , and later on to the bh system (model No.7}. More

sophisticated models implement logarithmic softening of ihe Coulomb part by the "running"

coupling constant. The model proposed by Richardson 4 : was especiall j s imple and successful

(model No.5). He modified the Iowest order QCD ibrmula for the running coupling constant

(VI.1-8J
I2ir

33- 2 n; / n ( k ! . ' A 2 ) 33 - 2 n, ln(\- numbcr of the light ßavours (=3),

\~ QCD staie paramcttr.

to get a linear potential in the limit of large R (small £2), and still the correct form at

small R (large £2) given by Eq. VI.1-5. His model involves only one free parameter (A) ajid

gives a very good fit to the bb levels, even whi le using cc data to fix the value of A. The

next-to-leading order QCD caicutat ion must be perforrned to relate A to the true QCD scale

' txcept, of courie, for the quirk m«».
J«l thf inlefquwk dialince» 0.1 < Ä < l 0 fm. probed by the cf »nd bb qu«koni» leveli (u we wil l dilcuii
I t ter )

75

parameter (e.g. ^^) correctly. This was done by Buchmül ler et al. 9I (model No.3}. Models

of Richardson and Buchmül l e r et al. were studied also by other authors (models No. 1. 17. 28,

30). Guptaet a l . l wen t even fürt her. ca lcula t ing the potential tofour th order in perturbative

QCD (model No.2). Supplemented with l inear confinement. their model predicted exactly

the X ( cenler-of-gravity ma.ss and reprodurpd other bb and cc levels, w i th mean deviation

from the data of only 6 MeV ( -0.06 % of a mass, -l % of an excitation energy !), As we

will discuss in the next section, this model also precäicts correctly spin dependent mass shifts

in the heavy quarkom'a.

Although success of the QCD-like models is apparent, the question rernains wh«ther

it really proves validity of the QCD expectations or just shows their consistency with the

presentiy available experimental data. This question was explicitly brought up by Martin,

who described very successful ly the level spacings in charmonium and vector states of the T

system. by a simplf power law potential :

(VI.1-9) V (K) --- A - B - Ra

Our measurement of t h e \b masses, together wi th the other recent experiments. shows, how-

ever , that this k i n d of poiential gives center-of-gravity mass for the \  states which is off

by 30-40 MeV (models No.10, 15, 16). This was foreseen by Khare (model No. 16} a long

time ago 5a . One may exp la in this by small sizes1 of the IP bb states, which are the second

smallest among known quarkonia states (see section 1.2 and Fig.53), thus M%t - \f~r probes

interquark forc.es at smalkr distances than the other levels. This is actually ihe first hint

frorn the level spacings of quarkonia that the Coulomb-like singularity is indeed necessary

for an exact description of the data. The power law potential is reduced to the logarithmic

potent ia l in the l i m i t of small power a — 0. The logarithmic potential was studied by Quigg

and Rosner l 5 1 ; , who noticed that it gave level spacings independent of the quark mass, which

was qu i te close to the experimental values : M^ - M^ ^ 590 MeV, \Jr, - A/T ~ 563 MeV.

The\d (model No-9) the \t> mass exactly , however at the expense of a worse fit to

the T(2S) and T(3S) masses. The modified logajithmic potential of Jena'77 (model No. 35)

fits the data even worse, again with large underestirnation of the \t, mass.

There is another observable which is sensitive to the short ränge poiential predicted

by the potentia! models. We mean here the leptonic widths of the n1^,-- states. which is

1 In the polenlia] modelt, one ctlculaLu & me»n squ»re radius for the energy kvel u a miuure o( the siie of
[he correspondjng bound stite
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Figur« 53.
Tb« comparison of few bS potentials.

The solid lines show the QCD motivated potentials by Eichten et all«! (E) and
BuehmöDer et alJ9' (B). Purely phenomenoloffical potentials by Martini87' (M) and ,
Rosnerl"! (Q) are represented by the dashed Unes. The eakulatedPl siu» of the b5 and c«
qaariionia a« indicated. All potentiala have been shifted to cross the t«ro at the radins of T
(0.23 fm). Note logarithmie scaliag of the x-axia.

sensitive to the wave function at the origin :

(v i . i - io ) r„(r,3s,- ] = ̂  2
T71g

Usually one uses ratios of the leptonic widths of the different radial excilations, which are

more reliable theoretically. Most of the QCD motivated models reproduce the experimental

results very well. Martin 's potential again seems to be in some trouble here 82'.

Experimental evidence for the linear confining polential is even weaker than for the

Coulornbic pari. Differences between the linear and logarithmie confinement models appear

only at distances larger ihen 1.0 fm (see picture 53}, which can be probed only by quarkonia

levels above the flavour threshold. A single-channel analysis wi th static potential cannot be

correct for those short-lived states. An effett of direct T(4S) decays into BB pairs on the

potential model predictions can be seen from Table 9. Predictions of a typical model perfectly

fitting masses of the states below the flavour threshold overestimate the mass of the T'" by

30-50 MeV.

GeneralK speaking, the purely phenomenological power law and logar i thmic potentials

are not much worse lhan the QCD motivated models. In addition, many different implemen-

tations of the QCD asymptotic behaviours do not differ much in the mass predictions. One

may understand this by comparison of the sizes of the cC and bb stales. with the different

potentials. Although differenl analytkally, all potentials are almost the sarne numerically

in the region of interquark distance 0.1 < R < 1.0 fm. which is actually probed by known

quarkonia states (Fig.53). Masses of the lowcst excitations of the heavier H quarkonia will

probe the region below 0.1 fm. thus dis t inguishing between QCD and non-QCD potemial

models.

Accuracy of the mass predictions by the nonrelativistic potential models for the heavy

quarkonia up to few MeV is really amazing. It finally proves a quark structure of rnesons,

which was not that clear in the speclroscopy of light mesons.

The great success of phenomenological potential models has not been f u l l y understood

theorelically. The relativistic corrections1 to the nonrelativistic predictions for the level

spacings should be of order < \2, i.e. -8 % in the bb system and -30 % in the cc System'9 ' .

This would give ~ 30 MeV correction to the MXI- - MI Split t ing, which is much larger than

'We mean here spin independent cotrections, which mighl shift, for ex»mple, c.o.g. miss of the xt 'tates.
The »pin dependenl reUlivistic corteclions, which generate fine Splitting of iht y » it««s will be discussed in
the nexi s«iion
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precision of the potential models. Most likely. the leading spin independent corrections are

absorbed into the nonrelativistic potentia! via adjus t ing parameters to the data. Indeed,

r .onre la t iv is t ic rnodels sometimes give reasonabie pred ic t ions for even l ighter mesons than the

J ' v ' 5 7 ' 7 5 ' - Recently some authors^S|*e'72' attempted to implement perturbatively the first

order spin-independent correetions to the mass predictions in a consistent way (models No.l,

4. 30]. Actually, one of them gives the best fit to the present experimental data (rnodel N o . l ) ,

Some other authors Sc ' i5i i7(Ji tried to apply relativistic schemes different from the perturbed-

Schrödinger calculations (models No. 8. )0. 28). The) seem not to imprcne agreement wi th

the data for the heavy quarkonia, bul thanks to the nonperturbalive relativistic calculations.

these potential models (models No JO. 28} were successfully applied lo the mesons bui ld up

from the light quarks ; u, d and s.

In addit ion. quantum effects of coupling bound QQ states below the flavour threshold

to v i r t u a l l ight quark loops must shifl masses of the qua rkon ium states '* . The recent

ca l cu la t ions of H e i k k i l ä . Tornqvist and Ono GL" give mass s h i f t s of SO-190 MeV for cc slates

and 30-60 MeV for the bb states. below the f lavour thresholds. However, their a t t rmpt

(model No. 24) to fit the mass spectrum corrected for coupled channel effects does not real ly

impro\ agreement wi th the data. Again. dominant coupled channel effects can be absorbed

into a redefmition of the potential parameters and quark masses.

In view of the evidenre from QCD sum rules for existence of the nonvanish ing nonper-

turbat ive gluon condensate in the QCD vacuum, the potential description of the static l i m i t

of QCD rnight be questionable '8 3 ' . If ihose arguments are r ight . the QQ po ten t i a l w i l l havr

only pure phenomenological meaning.

We are at a good point to discuss another, quite different from the potential approach.

method of predicting quarkonia features. 1t was proposed by Shifman, Vainshtam and

Zakharov8* : and called : ""QCD sum rules,"" It combines experimental information on the

quarkon ium vector states (masses, and leptonic wid ths ) , wi th theoretical calculations under

the framework of perturbative QCD. and phenomenological corrections for the nonpertur-

bative effects due to a possible gluon condensate in the QCD vacuum. A four parameler

fit1 of the QCD sum rules predictions gives excellent agreement wi th the masses of the

l 'S0--., 1 3 S]- - , 13P2--, 13P]--., l3Pri+-> eharmonium levels and correctly reproduces the

'Quark mass, strong coupling conitant , g]ü°n condensite and threihold energy for conlmuum producljon of
Ihe hejvy quaiks a.r* free parameters in QCD turn ru\r calculations.

leptonic wid th of the 7 ' v i 8 V . The QCD sum rules were also applied to the spectroscopy

of l ight mesons and bayrons!65 . However. there is a serious disadvantage of the QCD sum

rules . Thei r predict ions are l imi t ed to the lowest ly ing levels in each partial wave. The

method also encounters severe problems in predicting correctly the \t, masses. Voloshin

predicted 8 r Mccg(\^ = (9830-30) MeV and Bertlman Br obtained M,„g(\) = 9803 MeV.

using a different approach in ra lcu la t ion . These predictions are much worse than even bad fits

of the polential models. Al though one may argue S5 that those failures should be attr ibuted

to the sppc i f ic ca l cu l a t ions , rather than to the QCD sum ru les in gencral. they demonstrate

a level of theoretical uncertainty in some of the applications of QCD sum rules.

F i n a l l y . there were attempts to apply the bag models to predict masses in the bb systern.

In adiabatic approximation, the bag model predicts just a static potential. For an example

see Ref.62 (model No. 20). The bag model was used in a sc!f-consistent way to predict bb

levels by J. Baacke et a l . " . T h e i r predic t ions f i t the S-wave masses very wel l , bu t diffrr

from ihe p o t e n t i a l rnodel.s b> s i g n i f i c a n i overes t i inat ion of ihe P-wave masses. especial 'y of

the \ mass (see ihe last model in Table 9).

VL2. Fine ? t r u c t u r e of \  States

Tbe \  states are sp l i t into three different rnass levels by spin-dependent interquark

forces Spin-dependent effects are genuinely re la t iv i s t i c . In f ac t , the l3P r l3P, mass Spli t t ing

is -46 MeV in the cc System, whereas we have «bserved in our analysis only -2-1 MeV in

the T f a m i K . This demonstrates the re la t iv i s t i c nature of th is mass Splitting, which must

decrease w i t h heavie r quark mass. As we have seen in the previous sec.tion, the nonrelativistic

descr ip t ion wi th s ta t ic in terquark potential works very well for spin-averaged mass spectra-

Therefore. one hopes that spin-dependent effects can be calrulated äs a weak perturbation of

the nonre la t iv i s t i c results.

A l t h o u g h a stat ic potential has not yet been derived direct ly frorn QCD. a general struc-

ture of the spin-dependent relativistic corrections to the nonrelativistic potentia! can be

deduced from QCD itself. Calculations done by Eichten and Feinberg '49'. and fur ther studies

by Gromes;Sl'1 show that spin-dependent corrections to the potential, up to order l 'mo2, can
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be written in the form

spin-ofbit interaction

(Vl.2-1)

tensor interaction

spin-spin interaction

Here VJVR denotes static potential, and V/,5, VT, V$s ar* additional potentials describing

spin-dependent forces. In the fu ture , all these potentials should be derived directly from

QCD by Monte Carlo methods on lattice'89 ' . At the moment. they are products of various

phenomenological models.

Usually one wants, by analogy with QED, to relate the unknown potentials VLS, VT,

V$s to the static potential V'\/?. To do that, one must specify what kind of interaction

in the relativistic case has led in the static limil to VNft. Namely, a Lorentz structure of

the exchange operator has to be specified. In QCD-like models, the short ränge potential is

believed to come from the exchange of a vector gluon. Therefore ;88 '. like in QED :

(Vl.2-2)\ ' = 0 V " t f tT = 2

The nature of the long ränge confining interaction is not known a priori. We hope to

learn something about that from the data themselves. Some early models'09' assumed that

the long ränge potential is of the vector type. too. This was also investigated äs an Option in

more recent works 'S C | 7 2 i . In this case, structure of the confining spin forces is also given by

Eq.VI.2-2. As confinement in QCD corresponds to exchange of large numbers of self-coupling

gluons, it is rather unconvincing that the vector exchange is preserved at large interquark

distances. Thus. most of the model builders assume scalar exchangel*6'71'6'50'67'"'76'90!, or

some mixture of those twol68'58'78'64!, The scalar interaction gives :

(Vl.2-3) - 0 - 0
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Generally, for VNK = VV ( C ' one obtains

(VI.2-4)
- S j -S a

12 mQ3

2 S,-Sa ,„*«.

Ä dfi

If the confining interaction is of the effective scalar type, tensor and spin-spin forces are purely

short-range, and confinement shows up only in the spin-orbit term. On the other band, vector

confinement would contribute long ränge components to all ihree spin dependent corrections.

Spin-spin forces cause a hyperfine Splitting (i.e. between the singlet and triplet levels).

1t was measured experimentally in the cc system for the IS and 2S levels. The observed

Splitting can be well reproduced by a shorl ränge potential derived from QCD 91;. Hence

there is no evidence for any long ränge contribution in the spin-spin force.

Spin-orbit and tensor forces can be studied by fine s t ruc ture of quarkonium orbital

excitations. Spin dependent corrections to the mass of the J P j - * states, can be obtained

from :

fVI .2-5) A M - aL S

where :

(Vl.2-6) aT

S r S 3 >j ^ass < S r S 2 > j

o-ss =

Since all triplet 1P states have the quark spins in the same configuration, the spin-spin force

does not contribule to the relative Spli t t ing and can be absorbed into the center-of-gravity

mass'.

/ - i \ - n 12
(VI.2-7)

'Spin-spin forcei would c»u»< • ihifl b*tw«n lh* cenler-o(-gr»vity rnw* of ihe triplet 3Pj-- »nd 'he iinglet

'?!+ - , howcver the itnglet-P «tu« wi l l be very difficult lo observe experiment»lly for the bb quirkonii
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thus

(VI .2 -8 ) 2a r

A/-

In the framework of all proposed potential models w h i c h successfully describe the spin order-

ing of the \ states aL$ > 1.2aj > 0. leading to the rule : the higher the spin the higher the

mass of the P-states1.

We can determine spin-orbit (ÖLS) and tensor (aT) coefficients frorn the data :

(VI.2-9) — (

l-'sing results from our analysis averagfd w i t h results from paral le l analys is of the inc lus ivc

photon spectrum. given by \, and assuming ihe Standard spin assignment, we obtain •

(VI.2-10] ais(lP) - ( 1 5 3 - 0.6) MeV a r ( l P ) - (2.8 ± 0 . 4 ) MeV

Any energy scale error does not c o n l r i b u t e to those quan t i t i e s . t hus we did not inc lude it

here. Contributions to the observed s p l t t t i n g of the 1P bb states are i l iustrated in Fig.54.

We can compare these experimenlat values wi th theoretical prediclions given by Eq.VI.2-

(j. and calculated w i t h i n the framework of the potentia! models. Since theoretica) predictions

of the magnitudes of the spin-orbit and tensor Spli t t ings are äs sensi t ive to details of ihe

potential model äs lo the under ly ing physics of the spin dependent forces. the relative ratio

of the P-wave Spl i t t ings is öfter used. since it is less model dependent.

(VI. 2-11)
.W.

RP= --
P -V/;p fl£5 -J- 6 Qj-

The resull of our experiment yields : Rf. - 0.74 r O.OS. The earlier CUSB experimenl'15

indicated different Rp value. which was dose to unity; however, the experimental uncertainty

was l arge.

A comparison of our experimental a^s- 17. Rp values with theoretical predictions is

shown in Fig.55. Clearly, models wi th vector confinement lend to overestimate ihe spin-orbil

'1t i» ewy to »how uiing VI. 2-8. lh»t 0^.5,07- > 0 implies
en*urei Wi > A/i

> MSP„ • *"d in »ddition 0^5 > l,2or

9920 -
J = 2

[MeV] -

9900 ^M-X

-4a T - - l i . 3MeV

9880

9860

9840

Figur« 54.
The observed Splitting of the b6 1P leveb. The contributions from the apin-
orbit and tensor forces &re indicated.
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Fijure 55.
The comparison brtween the observed fine stnicture of the \ states and tbe theoretical
predictions by : Gupta et al. - Ref.6, Buchmüller -- Ref.90, Pignon, Piketty - Ref.76, Grotch
et al. - Ref.72, Bander et al. - Ref.50, McClary, Byers - R*f.46, Carlson et al. - Ref. 71,
Fogleman et al. - Ref.67, Lichtenberg et al. - Ref.69, Crater, Van Aletine - R^f.70, Moxhay,
Rosner - Ref.45, Eichten, Feinberf - Ref.49, Kang - Ref.63, Beavis et al. I Ref.58, II -
Ref.64, Bank, Yena - Ref.78, and Khare - Ref.58. The horizontal solid Unes show the Crj'stal
Ball ineasurements, with errors indkated by the dashed lines. The world averaged results
are also shown.

force because of the missing !ong ränge component, which is of the opposite sign äs the short

ränge contr ibut ion. This leads to too high values of !tp. Most of the models with scalar

confinenient predicl fa i r ly accurately the \alue of the ratio f t p . However, magnitudes of the

absolute Spli t t ings are very much potentia! dependent and thus only roughly reproduced.

Almost al! models wi th other than pure scatar confinement forces do not fit to our measure-

ment. The model of Crater and Van Als t ine 7 0 , which is the only one in this class which

agrees well w i t h the data. is very close to the scalar confinement modei. 1t takes half of the

scalar cxchange and half of the exchange of t ime-l ike four-vectors.

Concluding. our measurement of the fine structure of the Iowest triplet-P bb states points

to the scalar nature of the confining forces. The same indication was earlier obtained from

the fine Spl i t t ing of the cc 1P states 92 .

The confining force which is of the effective scalar type is also the most attractive the-

oreticallv. Buchmüller has drawn a simple i n t u i t i v e connection between scalar polential and

a s t r i n g picture, w h i c h suggests tha t quarks are confined by purely electric color field in

thr ro la t ing rest frame of quarks 9" . This was supported by morc rigorous calculations of

Gromes "" . Effective scalar confinement was also suggesled ^3 , and successfully applied 8 '

in numer i ca l predict ions for the xt fine structure. by the bag model.

VI. 3. Hadronic Widths of

Hadronic w i d l h b of the qua rkon ia states were one of the earliest QCD predictions. QCD

describes OZI-forbidden hadronic decays of quarkonia by QQ annihi lat ion into the min imum

allowed number of gluons. As gluons are not observable particles, the usual assumption is

made that hadronization process does not affect the inclusive decay rate. It is also assumed

thai the decay ampli tude factors into a perturbative part from the quark-antiquark annihi -

lat ion process, and a nonperturbative part describing the s tructure of ihe QQ bound state

before ann ih i l a t i on . The lauer is represented by a wave funct ion of ihe quarkonium state.

w h i c h is known phenomenologically from the potential models.

In the Iowest order QCD calculaüons, self-coupling of gluons is not important, and

therefore formulae for the decay widths can be obtained by analogy with the QED formu-

lae describing positronium annihilation into photons'y< . Spin 0 and 2 P-wave states can
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annihilate into two gluons (Fig.56)

.. o'/O)^%°'V
1 2 8 „ l A ' f O

M - masf of the bound statt,

o ' F ( R ) - - derivative o/ tHe radial u<avt functwn.

Spin-1 particles cannot decay into two massless on-shell verlor gluons. Therefore. the leading

QCD graphs are th i rd order in a, (see Fig.57). It tu rns out that the Q Q — gqq graph

dominates over ggg, because of the zero-binding-energy s ingular i ty ' ' ' 5 ' . It gives ;

512 3 Op(O) '2 (2m.)2

9 °'~M*" " " f Z m t p ' - M *
(V 1.3-2]

A l l h o u g h such a s i n g u l a r i t y is somewhat worrisorne. sincc i t ma\l the breakdown of

pe r tu rba t i on t h e o r V ' ' ' , one may still hope to get a ver> rough es t i rna le of t t ic magnilude

of I ' f n j l 3 ? ] ~~ ). The logarilhm due to th is infrared divergence can br parameuized "'* for

numerical ca lcula t ions by /n(rri(,fic), where ihe quark mass : m^ ~ 4.9 GeV, and the conf in ing

'p
0.2

Figure 56.
The QCD graph of the spin 0 and 2
lating into two gluons.

annihi-

The first order QCD corrections to the lowest order formulae were calculated for t he spin

0 and 2

(VI.3-3)

states

l - r10 ' / a
" l - ' had( r lp,-. l - 0.3 —

1 7T

'l - 9.8 —

Theoretically. a ratio of the hadronic widths is more reliable, since the nonperturbat ive

terrn cancels out :

= — (l + 0.3 — J Ä 5.6 (3.75 in the first order)

(Vl.3-4)
20

0.3

The first ratio is renormalization scheme independent. VVe used here Qa = 0.165 r 0.005

determined by the Mackenzie-Lepagemethod'98 , wi th the latest value of BR^M (T) - 2.8 r 0.3

/ f ' 1 6 . Higher order corrections for the spin 0 and 2 states, and the first order correction for

spin l state are practically impossible to calculate.

Figiire 57.
The QCD graphs of the spin l
into gluoQS aod qu&rks.

'täte aanibUatinj
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To predkt absolute magnitudes of the hadronic widths, one must use potential model

results for 0'P(0) !. Fortunately. the value of o'p(0] 2 seems rather insens i t ive to the details

of the potential model. Krammer and Krasemann calculated 7| ^ (O) , 2 ™^ 3 - 0.012 GeV2 ,

not very much dependent on the quark mass. In fact, results from three quite different

polentials given in Ref.99 are ö'P(0) 2 m ~ 3 =0.012, 0.013, 0.010 GcV2 . Taking the average

of these and mt, ~ 4900 MeV, we find :

(VI.3-5)

102 keV

30 keV

384 keV

* l = 104 keV

Uncertainlies due to the assumed values of mj,. |0'p(0), and a, are about 20 %. The strong

radiative correction to rj i ad(3Pp. - ) is 52 % in the first order, thus the next order corrections

may be large, too. The prediction for Thad(SPi* ' ) 's more reliable, sinre the first order QCD

correction is only 2 c~t.

The predicted hadronic wid th of ihe spin-0 x t > state is substantiall) largrr ihan for ihr

spin-1 and spin-2states. Hence, the radiative decaysof the spin-0 \t slate should be re la t ive ly

suppressed. This is indeed observed in our analysis .

We can oblain experimentai Information on the \b hadronic widths from the branching

ratlos for the radiative decays \t, -> ->T. As these branching ratios cannot be direct ly

measured in e*e~ annihüat ion, one combines results on the product of the branching rat ios

ßß(T' — ->X(,) BR(\t — -)T) measured in our exclusive analysis w i t h branching ratios

BR{T -• i x t ) obtained by the inclusive photon sludy. Nole lhat only the exclusive rascade

channe l allows measurement of the product branching ratio for the ind iv idua l \ states, since

the secondary lines in the inclusive photon spectrum due to \t decays cannot be resolved

with the presently available spectrometers. We obtain :

(V 1.3-6)

= ( 2 8 ± 6 r 6 ) %

= ( 3 3 ± 5 ± 7 ) %

< 4 . 2 % (90%

From our upper limits on r , 0 1 (xf r ) presented in section IV.3 and values for the radiative

decays of the xt states (BR-,) given above, we can calculate :

89

I\d - r tc( (l -- BR-,}

rh ad(3P2") < 4.5 MeV (90 % C.L.)

r h a d ( 3 P , - - ) <1 .6MeV (90^ C.L.)

Even using better upper limits on r !c,,(\t) obtained by ARGVS collaboration'18 ' , the upper

limits on rhad(\.i} are still much higher than the values predicted by QCD.

To get a fur ther insight into hadronic widths of the \ states one must use the potential

models.

The ratios of the hadronic widths can be derived in a way practitally free of theoretical

uncer ta in t i e s :

! V 1.3-8) r^.-M^ - i )
, l

rb
1 had

[l J?R*

n , „T.
IBÄ!:

The nonrela t iv is t i r model predicts the rate of !3Pj-- -- 1 3 S , - - transitions on the bas'is of

the electric dipole mat r ix elements :

a 3 4 2 3 -2
(V 1.3-9) ! 'EI(!' PJ — 1 S ] ) - -a^.cr(yE^ < I S R \P ••

Diffcrenres between different spin Xh states are onl> due to the differenl phase ppace factors

E3. The relai ivist ic corrections'46 '4"21 to the fonnula VI.3-9 effect only the absolute rate of

ihe t rans i t ions , l eav ing their ratio constant wi th in 3 ^, Subsülut ing :

n(Vl.3-10)

we obtain, while using branching ratios given by VI.3-6 :

'-\ 6-1 (90 ̂  C.L.

(VI .3-11) = 0.7 ± 0.2
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The first result is much above the lowest order QCD prediction (see Eq.Vl.3-4), so the

large first order QCD correction. w h i r h goes in the r ight direction. is reasonable. As the

experimental lower limit is s l ight ly larger than even the first order corrected ratio, the higher

order corrections are needed. The ratio of hadronic widths of the spin l and 2 slates is

twice äs large äs the lowest order QCD prediction, but we have not hoped for raore than just

qualitative agreement with the data.

Eq.VI.3-8 can be used also to get semi-experimental estimates of the absolute values of

the X6 hadronic widths, when using the potential model predictions for the radiative transi-

tion rates (F-,) given by Eq.VI.3-9. Although the nonrelativistic predictions for the electric

dipole transition rates failed to describe the cc data, they compare reasonably well with

the experimental results for the T' — "j\ transitions (see Table 10 ). This can be under-

stood on the basis of large relativislic corrections to the radiative transit ion wid ths in the cc

System 46'4f>). Theoretical predictions of the nonrelat ivist ic potential models for the radiative

transition rates \i - -;T are listed in Table 10. The prrciicir-d rates of ihe T' -+ ">\ Iran-

sitions are also compared there to the ciata. Average values of the predicted transition rates

are cakulated, The spread of the theoret ical values is at about 25 ^. Furlher uncer ta ini ty is

introduced by relativistic corrections. There is no quantitative agreement between different

authorsl45 '45 '72 . in the magnitude of those corrections. Relativistic corrections by Grotch et

a).'72 seem to be overestimaled (— 20 %). The 1P—-IS transitions are free of the "node1"

problem discussed by McClary and Byers 4e . therefore large relativistic corrections are not

expected. We add in quadrature an additional 10 9t uncertainty in the mean value of the

nonrelativistic predictions for F E ^ X ^ — "jT) due to the relativistic effects in accord wilh

Ref 46,45 :

(Vl.3-12)

Other theoretical systematic uncertainties are small. Coupled channel effects do not alter

these predictions'66 by more than 1.5 ct. Unless the anomalous magnetic moment of quarks

is very large, it does not effect these transition rates, either'72 '. Using average values of the

theoretical predictions for P-, given by VI.3-12, and experimental branching ratios

91

BR{xb — T T) given by VI.3-6. we derive :

(VI.3-13)

(101 : 41 ) keV

( 69 ± 28) keV

616 keV (90 %C.L.

The errors include t 'Xperimental and thoeretical uncertainties, äs discussed above, added in

quadrature.

Although the error is large, the value of r^j^Pj- - ) agrees surprisingly well with the

QCD prediction (VI.3-5). The QCD prediction for P,, f l d{3P,--) is twice äs small äs the

experimentally derived one. They agree, however, wi th in large errors. The derived lower

limit on the hadronic width of the spin-0 \ stale is slightly larger than the QCD predicted

one. U supports the large first order QCD correction to this width.

The approxirnate agreement between the hadronic widlhs of the \t states derived from

the data with help of the potential models. and the QCD predictions is remarkable. For the

cc System, only the ratios of the hadronic wid ths of ihe \ states agreed wi th the QCD ex-

pectations. Absolute values of the QCD predictions for P»,Qd(xc) w«e an order of magnitude

too smalll9-'!. The T System again proved more suitable for tesls of theory.



Table 10. Piedictions of nonrelativistic potential models for the radiative transition rates
T' -- "De;,, and \ f , — ->T- All values were corrected lo the l ine energies measured in our
Experiment.

Author (s )

Pignon.Piketty!76!

Eichten et al. | 74i

Celmaster et a). i65'

Kangl"!

Ono,Törnqvist!66'

Quigg.Rosner-cc 53

Quigg.Rosner-bb'53 '

Buchmüller, Tyel9!

Gupta et al.'100'

tMcClary^ByersI46 '

Moxhay,Rosner 45

Grotch et al. 72'

Martin "-"H

Olssonet al.:"i

Hagiwarael alJ101-99 '

*AVERAGE

-Crystal Ball'31 '

rE1<2'Sl

J = 2

1.7

2.1

1.8

2.5

2.5

2 4

2.0

2.2

2.2

2.2

2.1

2.1

2.1 ±0.4

1.7 ±0.5

- ^ l'Pj-

J = l

1.9

2.3

2.0

2.3

2.7

2 6

2.2

2.4

2.4

2.3

2.2

2.3

2.3i 0.4

2.010.5

J -0

1.2

1.5

1.3

1.4

1.7

1.6

1.4

„
1.5

1.5

1.4

1.4

1 4 i 0.2

. 1.1 ± 0.4

r E , ( i 3 Pj -

J= 2 j

40.9

29.4

33.8

46.2

30.2

38.5

44.6

43.3

46.8

31.4

39.5

44.8

463
38.5

46.3

40. 0! ,?,

. i !3Sl

J= 1

34.8

25.0

28.8

41.7

25.8

32.8

38.0

36.8

40.0

26.7

33.6

38.1

39.4

32.8

39.4

34.01 l

- ) > e V

J.O

27.5

19.8

22.8 |

32.4

20.5

26.0

30.0

29.1

31.6

21.2

27.4

30.1

31.2

25.9

31.2

27. 0t ^

'nonrela t ivis t ic values are taken from the work, which also develops radiative corrections.
Terrors cover the minimal and the maximal theoretical predictions.
-Weused r,P((T') = (30-5) keV!'9l to derive T-, from flfi-,.
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VII. CONCLUSIONS

\Ve have observed the radiative cascade transitions T' —* ~j\t> '~* 71T in the exclusive

sample of -<~iß~p" and -;-je*e~ events recorded with the Cryslal Ball detector at the e~c~

storage r ing DORIS-II. Two Xi> states are observed, with rnasses (9915.1 i 1.5] MeV and

(9890.l ± 1.4) MeV. The cascade branchingrat ios. BR(T' — ->\(, - - TiT), are measured to be

(1.6±0.3 r 0.2) % and (2.l i 0.3±0.3) % correspondingiy. The masses and transition rates are

in good agreemrnt wi th the earlier CUSB | 1 G l results, however the experimental errors have

been improved, main ly due to the higher statistics. The Xb masses also agree well w i th those

rneasured in inclusive photon analysis by our experiment 31 and other detectors1 • ' . A s

expected. cascade t ransi t ions via the lowest mass \ft state, w h i c h was detected in the inc lus ive

analyses, are not observed. An upper l imit of BR(T' — 7Xb "* T'T) ^ ° 15 at 90 9c C.L. is

obtamed.

We have inves t igated , for (he rirt.1 time, spins of the two observed \>, states by analysis

of the angular correlat ions arnong ihe final state pari icles in iht- fa.=cade reaction. Spin 0

assignment is ruled out wi th high confidenre for both slates. Assurning pure dipole photon

transit ions we ran also exclude at 99.4 ^"c C.L. the global spin assignment : J-l for the

highest niass \  stale and J^--2 for the next highest one. Thus, the results strongly support

the Xb spins predicted by the potential models of bb quarkon ia . The angular dis t r ibmions

are consistent wi th photon transi t ions of pure dipole character . Sorne mult ipole combinations

can be exduded; however . stringent limits 011 possible admixture of quadrupole t ransi t ions

have not been obtained because of the limited statistics.

Cornbining our results on the xt< masses w i t h resuKs from the inclusive photon analysis.

we improve the accuracy of the Crystal Ball determination of the center-of-gravity mass and

of the fine struclure of the X(. states. One obtains Mc„g(xh] '- (9900.1 i 0.9) MeV and

RP =- ( . \ / j ^ j - Mj = t) (Mj, , - V j _ - . ) = 0.74 r 0.08.

The renter-of-gravity mass of the \t, states imposes new constraints on thr potentia!

models. It is in good agreement wi th most of the predictions of the QCÜ motivated models.

and it disagrees with the prediction of Martin's potential. The QCD sum rules s ignif icant ly

underestimate the xt> masses whereas, the bag model overestimates them.

The Spl i t t ing of the Xb states seems to indicate that the confining forces between quarks

are of the effective scalar nature.

94



The branching ratios of \ — -yT, (28 ± 6 ± 6) % for the spin 2 state, (33 ± 5 ± 7) %

for the spin l statc and < 4.2 % at 90 £ C.I. for the 5Pin 0 Vfr state, have been obtained by

combining our exclusive results for BR(T' - ->X( , ) -BR(x i , — ~,"f) with the inclusive results

for BR(T' — ixt>)- They are used to derive the hadronic widths of the X f r states, with

help of the predictions of the potential models for F(x t -• "rT), yielding T h a d i x l ^ 3 ) - 10°

keV. r h ad(Xt = 1 ) - 70 keV and Thad(xi=0) > 620 keV at 90 % C.L. The derived hadronic

widths of the xt states agree with the QCD predictions within experimental and theoretical

uncertainties.
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APPENDIX A. Bump Algorithm

\Ve deveioped a new bump algorithm to improve sensitivjty for particles overlapping

w i t h i n one connected region. Following the idea of the local energy maxima, our algorithm

looks for crystals which have no neighbour in the next two layers of the crystals {"the group

of 13"- see Fig.12) , with energy greater than the bump candidate itself. The crystal with

the rnaximum energy in the connected region satisfies, of course, this condition. It becomes

the primary bump module. All other crystals in the same connected region are inspected

äs a candidale for a secondary bump. Shower fluctuations may sometimes create two local

energy maxirna. In this case, the maximum corresponding to the particle direction is much

strenger than the other one. Monte Carlo studies based on the Electron-Gamma Simulation

programl33 show t hat, if we had applied only the criterion of energy maximum, we would have

found iwo bumps from a single incident photon with a frequency of 0.15-1,5 % for photons

in the energy ränge 50-5000 MeV, To suppress this effect. we require that a secondary bump

("i") cannot be both (at the same time) :

- close to the other. already recognized bump fj")- 'n tne same connected region :

(A-l) cos î; > a0 - a, (El3; - 100 MeV)

öo = 0.91 a, =0.000175

- Iow energy in comparison with the nearby bump :

(A-2) El, < 60 4 6, i /n(E!3 ;) M(2S MeV)]

b„ = 25 MeV 6, - 3.77

where :

V'i, - angle between tke crystal ctnters,

El3j - energy sum of 13 erystals around the bump module "j",

El,- energy in the module "i".

The discrimination conditions were deveioped by the Monte Carlo studies, äs demonstrated

in Fig.58,59. L'sing this bump discrimination, shower fluctuations can creale more than one

bump in the same connected region in less than 0.1 *%. of all electromagnetic showers. Actually,

an effect of two separate connected regions from a single showering particle (electromagnetic

"split-orT") wil l be more often1 , ~\-\

1 W* dld not illempt lo remov« el«lromagnftic split-off'* in out inilyiii Th« bump diKttminktion klgorithm
wts not tpplied to bump* in Iwo d]ff*rtnt conntcled region«



Of course, overlapping particles may sonit-times leave orily one energi maxunum. The

c r i t k a l over lap angle w i l l deperd o n t he tvpe? and enfrgie? of t he i rnolved p a r ' i c l e ? . In i h i s

case. e l imina t ion of the r n u l t i p a r t i c l e connected regions is a mat ter of the pattern cuts on the

lateral energy disiribulion.

1.00
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1000 r

1000 4000 10000
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[MeV]

400C 0

E13y |M«V]

Figure 58,68.
The tut« to Buppress » »econd&ry bump do« to the «how«r Situ-
ation. The points represent Monte Cwlo geoerated electtomag-
netic sbowew *ith dlfferent «nergies, whkh had the secoudary
en«gy maximum in one connected region. The solid Ün« sho*
the discrimioRtiott conditkms, äs described in the text.

APPENDIX B. Crystal Ball Energy Algorithm

We w i l l describe here the Standard Crystal Ball energy algorithm. The group of 13 crys-

tats wi th the bump module in the central position (Fig.12) serves for an energy measurement

of the incident pholon or electron. On average, ( = 97.8 % of the electromagnetic shower is

endosed in it, independent of the particle energy. In addition, some energy may be lost in

small gaps between the crystals. This kind of energy loss is larger for showers developing near

the crystal vertex, compared to those near the cryslal center. Thus it must be associated

w i t h a smaller fraction of the energy deposited in the bump module. An empirical correction

function was developed to account for this energy leakage, using the ratio El /E13 äs a mea-

sure of the shower position. Electron showers from Bhabha scattering events showed that, to

a good Approximation, the correction function should be linear :

FTi / Fi \ l >J l Cj l \^ = ( T- b 03)

(B-l)

a = 0.898 b = 0.125

Applying this correction improves the resolution for Bhabha electrons by ~30 %. The irn-

provement is smaller for less energetic showers, since increased shower fluctuations upset the

shower position measurement by the E1/E13 ratio.

The absolute energy scale is init ial ly sei, over the whole energy ränge, by the calibralion

with -ö GeV Bhabha electrons. Therefore, even small nonlinearities in the energy detection

system may lead to measurable energy distortion al lower energies. In fact, studies of the

T' -- T T ^ T ' - T transilions in the exclusive channel with iTj^e'f~ and -;~|-nn~^ events

showed t ha t both the ir° mass and the MT' - My mass difference came out too Iow in

comparison with the PDG values'1 9 ! . The formula :

(B-2) Ecor r = E. -^

was applied to remove this dislortion'102 . The choice of the correction was motivated by

the observation that most of the shower features scaled logarithmically wi th the energy,

and the requirement that the correction had to vanish for the beam energy. A value of

Q — 0.0137 very well reproduced the mass difference MT' - MT and the TT" mass observed in

the T' - 7Tc7r = T,T - r/- channel.



Summarizing, the energy of the showering particle was calculated with the following

formula :

13
E'

E' =
E13

E13 =

fB-3)

o = 0.0137 t = 0.978 a = 0.898 6 =- 0.125

APPENDIX C. Muon Identification

Some muon Identification cuts have been used in the selection of TT^*JJ ~ events (section

I I I . 4 ) and in the beam polarization measurement with p " ß ~ events (Appendix G). Here, we

describe how those cuts have been worked out.

A high momenlum muon is the only charged particle which can pass even a very thick

layer of matter. Usually, iron shielding against the other particles is used to recognize a muon.

The Crystal Ball experiment lacks this kind of muon Identification System. Only if hadrons

interact in the NaI crystals, they can possibly be distinguished from muons. Thus, patterns

of muon energy deposition in the Crystal Ball detector must be studied. A good source of

high momenta muons is provided by e 4 e~ annihi la t ion into p +n~ pairs. Each muon should

carry out the beam energy ( — 5 GeV). Cosmic rays are anolher source of muons. however

momenta of the cosmic muons vary over a wide ränge (wi th rriean value of 2 Ge\').

Selection of ^-pair events had to be donc w i t h o u t any cuts on ihe energy palterns (äs

we just wanted lo study them). Nevertheless, a clcan sample of muons was obtained thanks

to unique topological features of the n'n~ events and NaI-independent Information from the

ToF scint i l la t ion counters. We selected events with exactly two bumps in the central pari of

the detector. They had to be back-to-back within 9". The energies of both energy cluslers

were selected in the 100-400 MeV ränge. The energy in the End Caps and excess energy

(see section I I I . - i ) were not allowed to exceed 25 MeV. Exactly one ToF counter, matching

the direction of the upper energy düster, had to fire. The angle between the bump module

direction and the edge of the counter had to be less than 11°. The hit position along the

counter expected from the track direction had to agree within ±30 cm with the hit position

measured by pulse heighl ratio and time difTerence at the two ends of the counter1. The pulse

height in the ToF counters had to be consistent with a minimum ionizing particle (Fig.60).

The remaining events consisted of annihilation muon pairs and cosmic [nuons traversing

the ball radially. They differed only in timing. Annihilation events were correlaled to the

beam crossing time, whereas cosmic r*y events were not. Therefore, the time of the energy

deposition in the Na l cryslals peaked at certain value (zero in our convention) for the anni-

hilation events. The cosmic ray events produced a flat time distribution. All "out of time"

'The soflw»re »nd ciJibrttion of Ihe ToF eounlers developed by Lh* »ulhor differ from Ihe it&ndird profnmt
which u*e somewhat timplified ilgöriihmj-
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Fipire 60.
The pulse height distribution in the ToF counters for the prese-
lected c+e~ — /J+M~ events. The cuts are indicated.

111 11 m i n g

(ns l

Figiire 61.
The Separation of cosmic rays from e*e~ —• n+n~ events by the time analysis.

Time of tbe energy deposition in the NaI crystali ("ball timing") peaks for the annihilation
events at the beam Crossing time. Time difference betwten the signal in th* ToF counters and
the calorimeter ("ToF"l m*saures the direction of fligat of the muon, and allows complete
Separation of cosmJc and Annihilation muons.

101

cosmic muons could be etiminated. Furthermore, cosmic muons had opposite direction of

flight in the lipper hemisphere compared to the y^y" events. Complete Separation of the

ann ih i l a t ion and cosmic signals was possible measuring the tirne of flight of the muon be-

tween the ToF counters and the NaI crystals. The t iming Separation between annih i la t ion

and cosmic muons is i l lustrated in Fig.6l .

The d is t r ibu t ion of energy teft by annihilation muons in the group of 13 crystals around

the bump module is shown in Fig.62 . The cosmic muons exhibil almost the same energy

d i s t r i b u l i o n . The distr ibutions peak at the expected value for rninimum ion iz ing particles :

-206 MeV. They have an asymmetric tail towards the higher energies. due to the production

of i-rays. The solid l ine represents the fit lo the data of the Landau distribution 103 smeared

w i t h the detector resolution. It turned out that an energ> resolution twice äs large äs for

showering particies was needed to obtain asatisfactory f i t . From the fitted curve we estimated

that the 150 < £13,, •"_' 310 MeV cut used in the seleclion of ~i~in' n~ evenls was (90.8 ±.0.8)

<T( p f f i r i e n t (per muon) .

Different ratlos of the crystal energies are u s u a t l y used to describe the bhape of the

la tera l energy d i s t r ibu t ion in the Crystal Ball detector. l'sing our muon sample %%p could

tune selection efficiency of the pattern Cuts for muon1;. Four pat tern ratios were investigated :

El E4. E4/E13. E2/E4 . E2'E13. El denotes energy in the bump rnodule. E2 is the sum of

El and the second energetic module in the group of 13. E4 and E13 are the energy sums

in the group of 4 and in the group of ]3. respectively. Muon seleclion e f f i c i ency for r u t ? on

these pattcrn ratios at d i f ferent values are displaved in Fig.63. Almost i d e n t i c a l curvrs wcre

obia ined w i t h the cosmic sample, except fnr E l / E4 ratio. which is the most sensitive for t rar k

displacement frorn the bat! or igin. This indicates that the lateral energy d i s t r ibu t ion is not

crurially dependent on muon energy, äs is expected in the minimum ionization regime.

The vast majority of the energy deposited in only two rrystals is the most charactr r is t ic

feature of energy pattern? f rom muons. Thus. our pattern cuts used in the seiection of

~n;j' <j events and the beam polarlzation measurempnt were based on E2 'E13 and E2 E4

ralios.
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APPENDIX D. Kinematic Fitting

In the kinematic fit, the particle four-momenta from iin candidate events were varied

around the measured valuee to satisfy the four-momentum conservation principle. If it was

not possible to achieve an agreement with the conservation law, within known experimental

errors, the event was rejected. This was checked by means of the chi-square of the fit. Each

measured kinematic quantity Q contributed a term f ̂ ^ ) to the chi-square, where Qm

denotes the measured value, Qf denoles the fitled value satisfying the conservation law and OQ

is the experimental error. The particle masses being known, the füll kinematic configuration

of the ~,~il + l~ events was described by 4 x 3 = ]2 quanlities (e.g. energies of the particles :

E. and their directions : 9.^). The four-momentum conservation law imposed 4 constraints

on them (4C fit). As the muon energies were not measured, the fit to iiß^ß~ events was

less constrained (2C f i t ) .

Now. we «i l l discuss thc experimental errors (OQ) used in the fit. The Crystal Ball

design relates ihf resolution in the azimuthal and polar angles of the particle :

LJ-1) ^u: ~ T i i
^ ' sin*

The direction resolulion was studied wi th the Monte Carlo Simulation (see also Appendix C).

1t is energy dependent for the showering partides :

o0 «i • ln,£-,/10 MeV for E-, < 1500 MeV

„2 for E^ > 1500 MeV

(a0 -- 0.061 rad, a, - 0.0097, a3 = 0.0124 rad)

For the bump module direction method used for muons, a» ^ 0.000 rad. Additional degra-

dation of 0.033 rad (shouid be added in quadrature) was observed in 0, if the interaction

point was assumed to coincide w i t h the center of the ball. UnfortunatHy, this deterioration

of the polar angles due to the shift of the interaction point from the ball origin was correlated

among all final state particles- Such correlations were difficult to incorporate into the kine-

matic fitting procedure. To avoid this problem, a vertex position along the beam direction

was fitted. The measured value of the vertex position was assumed to be at the ball center.

The error was assumed to be 1.5 cm (see section II.1). Fitting of Monte Carlo events showed

lhat the vertex fit worked well onlv in the iic* t~ channel. l'nmeasured muon energies plus

(D-2)
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crude estimation of the muon directions made the fit to T-fj~f* events insensit ive to the

exaet position of the inlerarlion point. Thus. the ver tex fit was abandoned in t h i s channe l .

In addition. it turned out that the angular resolution of muons used in ihe fit had to be

smaller than 0.060 rad. This was an effect of the ball granulari ty, introduced in the fit by

the bump module direction eslimate for muons. The acoll inearity angle between the rnuons

was the crucial quantity in the kinematic fit to the Tj/i4^" events. The estimates of the

muon directions did not fiuctuate independenlly, because of the back-to-back muon topology

and the back-to-back crystal geometry. This made the cffective resoluüon in the acollinearit)

angle smaller than calculated under independent fluctuations assumption. In fact, for exactly

back-to-back muons originating exactly from the ball center the measured acotlinearity angle

would be always exactly zero, resultlng in "zero-resolution" effect. An effektive value of 0,053

rad for the muon angular resolution was used in the fit to the 7-^"* n~ events.

The kinemat ic fitling was performed wi th the use of the i t e ra t ive program SQUAW-1 •'* .

The Standard Crys t a l Ball implementat ion of th is program b> Frank i'orter *as rnodified

to fit the vertex position for T)e~* e events and to include non-standard resolution settings.

Special treatment of the electron,. pholon energies in the fit lu rned out to be necessary. The

basic concept of the kinematic fitting by SQUAW, or any other l ibrary program, assumes nor-

mally distributed experimental errors. As discussed in Appendix E. the Nal energy response

func t ion has a non-gaussian asymmetric tail towards Iow energies. If we had assumed gaus-

sian energy errors we would have lost many good events in the h igh lv constrained - j ^ e ' e

channel. The problem could be avoided by reducing number of constrainls; for example. by

ignoring measured electron energies. However, a more elegant solution was developed. After

every iterative step of the kinemalic fit, the effektive energy resolution was calculated and

used in the next step. For given Ef ~ £m > 0, a value OE was calculated from the equalion :

(D-3)
l

exp

•E,„

where f ( E \ E j ) represents the Nal line shape function (Eq.E-1). For Ef - Em < 0 the

experimental errors were gaussian. In this way the confidence level of the fit was calculated

properly. However, it was not known a priori that the iterative fitting procedure designed

for gaussian errors would converge to the right solution while using varying effect i ve energy

resolution. This was lested on Tje'e~ Monte Carlo events and worked well.
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APPENDIX E. Fit of Photon Transitions

Two monoenergetic photon lines and a fiat background were fitted to the energy spectrum

of the Iower energy photons from the selected iil~l~ events (see Fig.29) to obtain amplitudes

and energies of the observed cascade transitions.

The delector response funct ion for a monoenergetic source of photons is not gaussian,

and it was investigated in detail in the past lü '105 . 1t is well described by the formula :

(E-l)

f(E\E',0L.,Q,n) -

\tE--E
A • exp —

F ' 2
for E > E" - o • OE.

for E '' E' - a - of.

A - . - i l - erf
\ V \ 2

whcrt '-

E- measured energy,

E'- true pholon tntrgy,

or. - energy resolutton.

The parameler? o and n were most prcrisely determined by the study of the dis t r ibut ion of

the r) mass in the reaction t1' — t jv .V " '*'" (Ref.105) :

Q = 1.07 - 0.04

n = 3.7 :± 0.7 .

The energy resolution was assumed 10 vary with energy like :

OE . — cr_ • \'(E')3 E' in GeV

o0 - 0.0279 ± 0.0028 .

The problem of energy resolution is discussed in Appendix F. It was determined with the

indusive ir° signal in hadronic events. The results for Bhabha electrons give a similar value.

To use most eff iciently the Information from our data sample, a maximum likelihood fit

to the unbinned data was applied. To gct correct statistical errors from the fit procedure, the
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overall normalization of the fitted energy distribution was left free (the extended likelihood

method) :

£Aa,Ea,A,,E,B =l^± + Br . « - , 4 a + A + B x

(E-2)

Probabiiity of observing N events,

iahen A„ + Aß + B are expeeted.

1 1 A a + Ag - B
1=1 _ __

Probability of obterving

an event with energy Et.

«Acre :

A0>Ap~ number of observed events in each line,

Ea,E0- energies of the lines,

/(£)£*}- the line shape funetion (formula E-l),

B- number of baekground events in the fit region AE,

N- number of fitted events.

A minimization of -ln£ was performed with the MINUIT program lI06'. The errors were

calculated exactly, by solving numerically the following equation :

(E-3)

where

= 0.3413 -
C probabilty of a lo deviation

[ for a gautstan distribution

x~ a fitted quantity,

i- the fitted value of i',

A±{i)- the positive and the negative fit errors on 'z',

£(z)- the maiimtzed lihehhood in respect to all other parametert exeept for the

fixcd 'x'.

The confidence level of the fit was calculated by the Monte Carlo method1. The line shape

Parameters a0,a,n were fixed in the fit at values given above. The uncerUinty in these

'See for eximple RtS.tl p 271.
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Parameters was added to the systematic error on the line enerfies ind the bruching ntiot

by calculating a contribution :

(E-4) A^j (z) = / doc l da j an iz(ff0 ,a,n} - x(5^,5,n)]3 x

2 A o
\/27rAo

where :

z(00 ,a,n) - a result of the fit for given values of the line shape paramttert,

0^,5, n - the values of the line shape parameters

uscd in the basie fit to the speeirum,

Ao^,A3,An — the errors on the above parameters.

The fit is displayed in Fig.30 and results are summarized in Table 1.

To obtain upper limils of the natural widths (T) of the \% and xf states, the

detector response funct ion f ( L , E ' ) (defined by Eq.E-l) musl bp smeared with the Breit-

Wigner distribution1 :

(E-5)

The correspondtng likelihood function (formula E-2) depends now on the widths of the x?

and x? states : £(A<,,E0,T1t,AßtEp,Tß,B). The likelihood function was maximited in

respecl to all Parameters except for the investgated xt width :

(E-6) e.g. £(Ta] = max £(A0,Ea,Ta,A8,EgJ0,B) .
A „ E., A ft £ft r ft B

The 90 % upper limits were obtained by solving numerically the equation :

(E-7) = 0.90 .

The results are given in section IV.3.

Finatly, to obtain an upper limit on the number of the observed cascade transitions

via the third Xt state, the third line was put inlo the fit at the position determined by our

'The nonrelttivitlic formuU for the Breit-Wigner diitribution it aufficient in our cue.
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inclusive resul t ' 3 1 ' : E* = 163.8 MeV, A£; - 3.1 MeV :

(E-8)
L(A-,,Aa,Ea,Aß,Efi,B} = exp , (A# + A$ -t

;e) + A .[dE

B); x

AE'1=1 i

{for description o) Symbols see Eq.E-S)

The 90 % upper limit on ihe number of observed transitions A-, was obtained by the same

method äs described for the natural line widths (see above). The results are given in section

IV.5.
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APPENDIX F. Study of Detector Resolution With Inclueive *c Signal

The energy resolution is one of relevant parameters involved in the fit of the \ ü"es

performed in section l V . l . The energy resolution of Nal is known to vary with energy of the

incident showering part icle (E) äs :

„„ E in GeV
(F-l)

v E PO — const (resolutton al energy of l GeV}

ThJs was verified w i t h the Crystal Ball prototype (array of 54 crystals) exposed to electron

beams wi th different energies at SLAC : 1 U 7 ' . The intrinsic Nal resolution oc « 0.9 % 1Ü8) is

difficult to achieve with a large detector in the experimental conditions of e* e~ collisions.

An effektive resolution must be deterrnined from the data. It was studied, for the Crystal

Ball detcctor, with different reactions at SPEAR : from energies of 1.5-2.2 GeV, w i t h Bhabha

electrons. down to energies of 130-260 MeV. w i t h ihe \. lines in the inclusive photon spectrum

from the c' decays. A value of o- was found in the ränge 2.2-2.8 '•<. depending on the reaction

and shower selection cri ler ia '1 0 '1 0 5 ' . Results with 5 GeV Bhabha electrons at DORIS-I1 show

the similar values : 2.5-2.7%. As thecalibration levcr arm (i.e. beam energy) has considerably

increaseö, a verification of th is resolution in the ränge of hundreds of MeV is important. The

X ( , lines in the inclusive and exclusive channels are irmth weaker relative to the i r charmonium

analogs. Their widths are consistent wi th the expected energy resolution, but precise figures

are d i f f k u l t lo obta in ' 3 1 . VVe used the inc lus ive r' •- -[-; signal in hadronic events recorded

at DOR1S-11 to study the detector resolution.

The two photon mass formula :

(F-2) m-,-. - Y'(PT, -t P i j j ) 2 - Y 2 E7l £-,,(!

involves measurements of photon energies, and directions äs well. Therefore, the width of

the T" peak in a two pholon mass distr ibution depends on both the photon energy resolution

and the photon direction resolution. Fortunately, a determination of these two contribulions

can be, to a large extent, decoupled. The observed peak wjdth for slow TTC 'S is dominated by

the energy resolution, whereas the angular resolution dominates for fast x°'s (see below).

The inclusive yield of slow TT 's is relatively small, thus we analyzed a large sample

of 0.8 mil l ion hadronic events, which included T', T.continuum and T"' running.
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A single bump connected region was accepted äs photon if no hi ts in the tube

chambers were matching its direction. A cu l on the angle to the beam direction ; 'cos# < 0.75

ensured that all layers of the tube chamber system were available for this charged particle

rejection. In addition. a soft pattern cut, E2, E13<0.98. againsl minimum ionizing part icles

(see Appendix C) was applied. The photon candidate had to be more than 30C away from

the other energy bumps. to secure clean energy measurement.

The two photon invariant mass was calculated for all pairs of photon candidates.

The distribution of two photon mass was studied in separate bins of two photon momenturn

(Fig.64) :

(F-3) p„ = F - F - F
r-11 ~~ L -TJ L'i- •

Only data with P-,-, < 600 MeV were analyzed to restrict photons to a low energy ränge.

The width of the r,3 peak was measured in earh momenturn bin independen t ly , by a fit of the

gaussian signal over a polynomial background. Different background paramet r iza t ions and

various fit ranges were tried. Final results were ca l cu l a t ed by averaging r e su l t s of a l l fits to

the same spectrum.

A simple Monte Carlo modcl was developed to cxtract the energy resolution from

these results. Monoenergetic 7r°'s, from the Ball origin, were generated w i t h ei ther l - cos20

or a flat arigular distribution. A spread of t*t~ interaction point along the beam direction

was generated by a gaussian with az - 1.5 cm (see section II .1) . The xc momenturn was set

to the mean value of each momentum bin defined for the data. Directions of photons from

the jr3 decays were limited to the same solid angle äs for the real data. Photon energies were

smeared according to the NaI energy response function (formula E - l ) . leaving the energy

resolution o: äs a free parameler in the Monte Carlo model. The photon directions were

smeared with the detector angular resolution described by the formula :

(F-4)

„ _ i „EGS00 - A • Oe

. - o, - In ' r , 10 MeV

a0 = 0.061 rad a, = 0.0097

afGS

(for 1500 MeV)

The formula for energy dependence was developed with EGS generated MC photons of dif-

ferent energies. The angular resolution scale factor A was the second free parameter in our

111

«H""»
/ *\ < F„ < 100 MeV

/
•x

v«,.
, 4

\v

s--.
"%-s*«-

160 < PT, < 200 MeV

JH, , .̂ ^^U.^ .r\-.wV '̂  \ -~-

' "**•-
, -*s

*•••'*-„
"""*•-

250 < P?, < 300 MeV

f
- '•

r '*i
» *..J"' "^„

- * • • -«™«.

A- •~l— -̂

100 < P17 < 150 MeV

*>**«. *'«,'V,̂ «.11̂  -W- .
s.

'"k

*-s
""**•'—

"v"- ^

200 < P^ < 250 MeV

X.
.' *

./ v
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Monte Carlo model, to be determined from the data. The value A = 1.0, justifying the

absolute scale from the EGS Monte Carlo, was expected.

The widlh of the Monte Carlo generated m-,-, d is t r ibut ion was compared to the

experimental results in corresponding P-,? intervals. A least-squares fit to the data of the

energy resolution (a0) and the angular resolution (A) was performed1 :

(F-5)

i - eounts the v° momentum bins

yielding(70 - 0.0279 ± 0.0016 and A = 1.02 ±0.04 (x2/NDF - 0.61). The fit is displayed in

Fig.65 Contributions to the observed jr° width from the energy resolution alone and from the

angular resolution alone are also indicated on the plot. Clearly, the width of the TS" peak is

sensitive to the value of <re at Iow TT° momenta and to the value of A for the fast TT" sample.

The result for A is f u l l y consistent w i t h ihe expectation from the ECS Monte Carlo.

The results are highly insensitive to the choice of the Tr 3 angular distribution model.

The main systematic uncertainty comes from the delails of ihe assumed NaI energy response

function (Atr0 = ±0.0023}. The result a0 - 0.0279 i 0.0028 (statistical and systematic errors

have been added in quadrature) agrees well with resolulion measured wi th Bhabha eleclrons

at DOR1S-II and with the old SPEAR results.

The energy resolution for exclusive events (e.g. -j-/(41 ~ ) may differ slightly from the

value obtained her«. 1t may be better because of the lack of the hadronic debris from the

multi-hadron environmenl. On the olher hand, inclusion of the tunnel region2 for the photon

detection in our exclusive analysis may degrade ihe average energy resolulion.

'A computalional problem of continuous hrr parameteti in th* Monte Carlo model wai lolvrd by Ihr gen-
eralion for fined diicrele v^luei of oa, A and twcvdimeniKmaJ Interpolation of the mulling m11 dittnbuüon
width lo »rbitriry vilue* of the rraolution p«runcteri.
:The energy resolution for the tunnel region cryittb SB wone due to Ih* »hower leakage at Ihe ball *dg« and
due to ihe degradation of the inlrinik teiolution becaui« of the high itdiation docet at »maller angle« lo the
beam»
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APPENDIX G. Beam Polaritation Measurement

The DOR1S-I1 beams are transversely polarized at the T' energy. äs discussed in

section IJ . l . This affected angular distr ibutions in ih? az imutha l angle o f t he cascade reaction.

The degree of beam poiarization had to be known to u t i l ize this £>-dependence for better

discr iminat ion between different \i, spin hypotheses. As the beam poiarization could vary

from run to run depending on the part icular slorage ring set-up, an average poiarization

over the whole T' data taking had to be found. Well known QED reactions e~e —• 'n,

ee -— M*M~ could serve that purpose. Events of the e~e~ -- ->-y type had to be distiriguished

frorn Bhabha scattering, e"*"«" Thus. selection would be c ruc i a l l y dependent on the

tube chamber performance. This would be rather disadvantageous, since the behaviour of

ihe iracking device was very t ime dependent. Hence. we chose the e' f ~ — n~ n~ process.

Muon events were identif ied by strong pattern cuts (175 • El3 ' 250 MeV. E2 El3

0.96) and coll inearity requirenient ( 9 ' )

The p-dependence of the muon pair angular d i s l r i bu t ion for tosö • cos#c could be

described, to a good approximation, by the lowest order QED formula :

(G-l)

Selection of e~e~ — f ~ n ~ events had lo suppress cosmic ray ba<kg tound quite well, sincr it

peaked at f - i !, just at the places where Eq.C-1 exhibits poiarization dependent minirna.

The ToF counters could not be used to separate out cosmics because of the i r l imited az imuthal

angle coverage. Time measurements from the Nal crystals themselves were used instead.

Most of the rosmics were rejected by a cut on the mean ball t iming relative to thp beam

crossing, äs explained in Appendix A (see Fig.66). The rest of the cosmic background was

removed by measuring the t ime difference belween muon energy deposition in the upper and

Iower hemispheres (Tv? - Jj,). The rnethod was analogous to that using the ToF counters

(Appendix C), however the direction of the muon flight had to be measured over a much

smaller distance. Therefore, the annihilat ion and eosmic signals were not f u l l y separated

(Fig.67-69). Sacrificing half of the selection efficiency for **«" — n*p' events. cosmic

events were suppressed completely by a cut TU}, - Tdn > 0 (see Fig.67,69). The residual

cosmic background was estimated to be only 0.2 %. The ^-coordinate of the muons was
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APPENDIX H. Systematic Effects in Spin Analysis

Uncertainty in the beam polarization value, feed down from the \'b resonance to

the x? sample, data contamination by the background processes, limited MC statistics and

Gaussian approximation of the distributions of the lest funct ions are the sources of the

systematic errors in our spin analysis. Other systematic effects are small. For example, the

results are highly insensitive lo the delails of the detector Simulation.

The bearn polanzatinn assurned in the spin analysis was varied wi th in experimental

errors : P= (75 t: 5)% (Appendix G), The corresporiding systematic error on a spin test

result, expressed in Standard deviations (SD), was estimated by :

( H - l ) A^SD --- max ' S D ( P ^ A P ) - SD(P) , SD(P-AP) - S D ( P ) , 0 ~

A P SD min ' S D ( P - A P ) - SD(P1 . SD(P-AP| S D ( P ) . 0 "

This was done fnr each spin test independen l ly . Examples are shown in Fig. 72.

To find out how events from the x'f, signal c o n t r i b u t i n g to the x'b sample rnight

spoil the spin tests for the \ state. we added sonie admixture of the Monte Carlo (MC)

predictions for J.? to the MC expeclations for the clean J,} sample :

(H-2) r >

where < / d denotes frartion of \ events in the x? sample. Values obtained with this formula

were compared to the experirnental value of the lest function. For the J j=l hypothesis we

used J f t » ~ 2 . and for the Ja - 2 we assumed J # = l . For the Ja — 0 hypothesis we did not

s tudy th i s k i n d of the systematic error, äs we would have too many possibiüties for a Jg spin.

The lest results for the \jf dala were sludied äs a functior of the x/,

an example. The contr ibut ion to the systematic error was ralculated by

down. Fig. 73 shows

(H-3) A / dSD - - 0.12) - 0)

where the estimate of the feed down was taken from the fit lo the Ei,"" spectrum, äs explained

at the beginning of chapter V.
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APPENDIX J. Benefiti of Beam Polarization

1t has been pointed out | l l ol that polarized e + e beams provide no additional In-

formation beyond that obtainable from unpolarized beams. However, there is an importam

experimental advantage of the polarized beams. We will discuss it here.

Lei us consider'1"' a polarization matrix of the T' for cornpletely polarized beams

(P— 1). Choosing the z-axis along the polarization direction (/rame - o), it takes the form1 ;

It can be expressed äs :

/O 0 0\)

= 3

o

i\ 0

0 0 0

v o o i

The first matrix on the right side would lead to the isotropic decay, and the second one is

the polarization matrix for unpolarized beams in the frame with z-axis parallel to the beam

direction2. The decay angular distribution is uniquely defined by the spin density matrix of

the parent state :

(J-3) w c (n°iP = i) = P - 0)

where W/ — — is the isotropic angular distribution. Since the angular distribution for

polarized beams can be uniquely predicted from the angular distribution for unpolarized

beams, the beam polarization gives no new physics Information.

However, it is st i l l helpful from an experimental point of view. Every angular dis-

tribution can be expressed äs a sum of isotropic and anisotropic terms :

(J-4)

/H ' /dn - i / w A ( n ) d n -o

'Thi» cm b* »hown, for exunptc.from Eq.V 1-13. laking P= l , i> ' - 0,*' = -|
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Parameters of the angular distribution, for example \t, spin, wi l l show up in the anisotropic

part. Applying Eq.J-4 to J-3 :

(J-4) iv°(n°jp = i) = w, - twA(n° P - o)

we learn that the anisotropic lerm for polarized beams is twice äs large äs the one for un-

polarized beams. This means that one would need 4 times äs much data with unpolarized

beams äs for ful ly polarized beams to get the same accuracy in determining the parameters

of the angular dis t r ibut ion.

An estimate of the gain in statistics for arbitrary polarization value is more diff icult

to obtain. Anyway, all our arguments hold only for the first T' — f X b transitions. Strict

results for the fül l cascade decay can be obt&ined from the Monte Carlo Simulation. Fig.77,78

show the power of the tests we applied in section V.2.-e (for rejection confidence level of l *?,

see section V,2 .d j äs a func t ion of the beam polarization. Clearly we woutd have had to run

approximately twice äs long with unpolarized beams to get s imilar spin resuits.
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