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* CHAPTER I

INTRODUCTION

*x This i= mostly a review of earlier works.



I.1. Introduction - Background and Objsctive :

DPuring the last two decades, the devé@bpments in péftic}e

physics bhave mostly centred around  gauge symmetries of particle

interaction%. It is now genérélly be]@eved thati,Quantum
Chrémodynamics (9CD), the gauge theory of cplnur- _;SUﬂS),
describes ‘thé strong interactions of particles~. whi}éa__the
Saiéé—Weinbérg—Glasth EU(Z)L x Q(l) ga;ge thé?ry deéégibés

their weak and.eléctfbmagnetic interaCtiéns..Q fuftberugﬁép{iéntﬁe
directicn’of.fiAding'a complete and funda@éntal’&aw}ffpr f¢;;tic1e.
“interaction will be to try taiuni?y these fnrcésl_'éﬁ._ﬂnfe;sive
study of 8CD and thé'interquark inté;éctian,, in"pafgiéuigrjf.may
prnvide'uée&ul informétion in our qQést fDr-aisﬁc;eésfu},fﬁéqr?jéf
uni fication. The reﬁeﬁtly' discévered quarkonium :stétéé ﬁfésent
obiects éf‘great interest in thié connection. (
'The quarkoniu& spectroscopy pravides & field wﬁeré.the.éongébts
‘of GCD could be tested. enperiméntaliy. 'Déep-lne;astiég;LeptBn
5&attering processes have already provided -some cohfirﬁaiion of .
the ﬁer{urbgtive QCD,. The qqar#opium spéct}oscaﬁy . h;é ‘the -
potential 'Gf'becoming anéther field, within -the' ;%ﬁge iqf :our
eﬁﬁerimentél capabilities, wﬁére gcb ﬁay be; testediiquaii;a£i991y
at all distance scales. The. résults pbtained 5;~ #ar ;eﬁd to
confirm the expectaﬁioﬁ that ®&CD is tﬁe<m05t promising ;éﬁdjdatg
for a dyna&i;al theory of étrong.interaéfions. it is a‘#qﬁiageléan

local gauge‘theory'wﬁich describes the interaction bf’quaﬁksliwith
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vmgésléss colﬁured spiﬁ 1 éaugé basbns;'thé leaﬁé;-UB?i&é;iﬁi;QED;
tﬁe effective Eoupling‘cdnstant iﬁ QCD_ becpméé% feéblé?fét Ji;rgej
mamen{u@ transfers | at 5hor£—diétaﬁceé ),'ISD £ha£::quérk5 no
}nnger'interac£i strongly at small interguark ~sebarat‘ions.“-'.!'hig
concept' of aéyﬁptotéc vFreedDml %5- cnnsistent' 'witﬁ the
\deep4inéléstic scattéring 3'l'E»5|.¢}t,-_=,.~2 In Q€D, the {hrée éolours o%
a guark are assﬁmed to transform as a fundamental rgp#ésgﬁtétibﬁ
whereas the gluoﬁs "tfansfurm  é; ,én ‘adjdint"represéﬁfﬁtioé 'afk
SU(E)cf An imhnrtant constraint on tﬁe thenryAis that~ e1Eméﬁtary
coloured qguarks and glﬁons are not directly obsérvaﬁlé 1in ars
experi@ent. Thus £he bbservedl'bound states are suﬁpoéedfxio"be
singlefé-in‘the culnuf-spacé. | |

In QCD calculations, the results of a pérfdrbafion‘Athéé;y
are expected fo be accurate for .igrge mahéntum‘:utfanﬁfgfsi‘
ASince tHe‘effEctive quar k glppﬁ coupliné .becomés smaif"‘at‘ihiégz
energies, the éne—gluoh—exchangé term dominates the poﬁentiéi:‘and‘
the interaction potential isAfoughly of thé cédlomb ﬁ?pé'.v%rs ~
i/y. However, perturbative 8CD épés not give aﬁy, Explanétib;-jof
the quark confinement. The genefal éxpectation is tha€ at‘$ .lérée
separation, ﬁuarksxfe91 éﬁ increasingly 'st}éﬁé :fésgd?ing’linréé‘
which is responsibie for their confinemeng., ' Thé 'Cpn#ining
ﬁypothesis now seems.tb Qe an essentixl inééadéen?: fqh Suilding
models of quarkopia.'ThE in£eractiDn is éupgoséd;;o g&aranteéhihat
=11 hadronic 5£gte5 observable in nature are colbur siﬁgietéﬁiffbe
"lﬁrge distance -part of the potential is, >howe§er; 'nof-{Q;t”
determined .accuratgly.>1t5 behavior may bé 55 given'“b*‘Qi'{he 
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string; and flux*tube& moaeié, gattiée gauéé"tbeqfiéss pfn;ide
some useful éﬂ?dance ﬁere; It‘iszhbt yet clear whethér: tpe-lraté
_ Qf‘groﬁthlof the potential is lngarithmitb,‘pr '%ome 'poﬁé;7{a:”bf
distance. A éapuiar belief is £5a£ the poténtial rises linearly
'with-the igter—qua%k' distance, i.e. Vir) ~'MF1QBére k is ﬁhe
'striSQ goﬁstant, a behavior ;}sb expeéted from Wilson’s'afea (law.
Nhiie the ;hnice bf»the }Dng‘di5tancE patgntial gets seme'guidancé
from our theoretical bias, practically not much is known abéut the
nature of the potenfial in‘thg‘intermédiate range.kThisy ié_“ﬁhere
the heavy quérkonium ~§péctraécopy ﬁroves_ to: Be - useful. iThe
spéctrogcopy carries‘informatiéﬁ abquﬁitheiéhage of tﬁé theﬁtial
at all distances, including the c;nss;over reg{bn; i.é.Tiﬁ‘fﬁe:gép.
between the one—gluon-exchange poteatial aﬁd thé}k-éqnfiﬁing
theﬁtiél.

It may be recalled that_the Eéistence qf five ?iavn&}s.iof
'quafks £ Q,dscsé1bj) h;s so far been found to ﬁgi.consistént ‘wfth
the experimentél fesu1£5.'Hawe§er5 on fﬁeoratical grounds, agsixﬁh
massive guark { top éuérk ) isfessentiai for the éténﬁérd ;tggée
gereration model. ” Qlfhp&gh the top quark is yet to be aiéco§ered,
the'searcﬁ is on, particuiarly_ fo} the topanid& 'sta£es, which
would have properties 'siﬁilar to yw and Y 'sysfems, A1l these
states should be desCriEed fair;y accurétely by the Schrﬁdiﬁgér'_
equation with a flavour independent noﬁ—relativistici(putenfial
".Hr).10 Since the mass of the quark is ass&#ed to,lge ~1é€gé
compared to itsrbjnding‘energy,'the relafivistit‘ éffecfsl shou§d;

-give only small corrections.
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To test the coﬁcepfs Outlinéd'absve,:bhéfhas ;ig Jéélé&}été'
the energy levels, leptonic decay widfhs ag wei}’és'éi%>t}anéitioh
rates for heévy quarkoﬁia‘ by cnnsideriﬁg the spin—indepéndeﬁt
potential as the sum of the . .short and 1ohg;range 'poteﬁtiéls.
We have Qndertaken 3 similar étudy iﬁ"chaptér'if. As a:first'step,
we haVé considered a non-relativistic potential consisting ‘of a
sﬁort—range Z-loop GCD potential -matched to a cénfining potential
at a'largé’distance. Apart from fhe cc and bgfstates, we have also
studied tﬁe pdstulated‘ tt :étates ‘using ' the : saﬁé ¥lav§gr
independent ﬁéientiél.'we repeated the calculatgons inciuding  iﬁe
retativistic correcfions. We have noted  that the - standard
Breit-Fermi type of épin—dependent pofentials cannot éatis¢a€toé§
expléin.tﬁe-fine—hyperfine splittings‘af heavy-qﬁargonium stétes;
The reéent Dbservationsbf 3F'i states of the’ bE. and ZcE» faﬁilies
hE;E Téharply fécussed Dn< the _limitatinhs Df thé | stanﬁara
potentials. In chapter 111, we Héve tried to Fit'tﬂe :egperi&enialf-
results by considering ap adﬁitiogal cont#ibutioﬁ_ ‘té‘“}¥hé
‘fine—hyperfiné interaction p&tentialslstaying within the framewpfﬁ(
of Bre;t—Ferﬁi form.'In‘ chapfer IV, we  have made Usé“_nf- thE
generél properfies of Schrédingef quatign to predict some results
for the waye;iunttion.at the ofigin pertaining to 351‘ and ,.'iSO
states of 62 ‘5ystem5.’ In thei lésir chapter;_‘using’_é simi;ar
technique, some‘uséful results for the 'two gluino bﬁun& siéfes
have also begn.abtained by makiné use of ;upérsymmeféy (SUSY)EJ

Thé aim of this thé5i5~wa5 to study the ﬁfaﬁertiesf of  s§me

neﬁly discovered mesons: which are identified as bound spaies of a
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heavy guark and its antiparticle so as to obtain some constraints
on OCD. Considerable phenomenological studies have already been
made in this fie}d but this rapidly developing area of studies
make it necesséry that our theoretical results be continuously
camparedlwith new experimental results; The phenomenclogy of hea#y
quarkonia provides tests for the entire model baseé on GCD, the
standard electfoweak theory and other theoretical ideas of
particle inferactions. Using SUSY as an additional input, we cbﬁld
study the two gluino bound states within the séme fnrmalisﬁ; Our
results on Ea'bound states will be useful in the confirmation of

both &Cb aﬁd SUSY and in establishing the  interplay between the

two most appealing theoretical ingradients of high energy pﬁysics.
I1.2. Heavy Quarkonia - Experimental Results :

Considerable experimental results are now available for a

detailed study opf quarkonium spectroscopy. The spectroscopic

25+1

notation for a 02 level is denoted by n LJ__where the symbols
have their usual meaning. The two spin-half quarks can 'form
spin-singlet and spin—-triplet states?EZ{ate with =0 is split into
381 and 1SO states. For L 2z 1, one expects four states
ELL__1 s 3LL ’ 3LL+1 and 1L1 which 'become non—degenerate &ue' to
fine—-hyperfine interactions. Some states have already béen

discovered.
Electron—positron colliders are well-suited for the study of

heavy quarkonia. The triplet S-states are produced directly in

3



+ s . ' : ;
e e annibilations whereas other states are  produced via
N N . " a

electromagnetic and hadropic transitions. The present experiménta!
information about the S—stétes , F-states and their radial

excitations for bb and cc systems are presented below..

i1

—~ , 12,13 12 we 38
Fouwr bb resonance, Y, Y, Y and Y have been

cbhserved in e+ef annihilation. But no singlet S-state (nb) and

bb("D,) state have =o far been seen. Forw - experiments, {.e.

i
15 & 18,17

CUSH, cLen,'® areust”’ and Crystal Ball detectors have

bt

observed thé_ ldPJ states from the radiative decays of Y(28).

éach éfnup cqnfirmedlthe existence of xl gnd ig stafeéf; Bﬁf:‘snme
dischepancy in thé'mass of xo’state hasﬁ been repoﬁteﬁ."quever,.
the mass value repartéd by ARGUS is péssﬁbly more réliéble.geéauéé
of their accﬁrate meésurement of photon Ehergf{ZThe ‘eg@stebcel of

2F bound states ng have been reportéd by CUSH grohpzo'while the

spin—-singlet P-state in battbmnnium, h

'y has been reported by CLED

2%
Collaboration.
The charmonium states y and y' have been cbserved in

pp annthilation. Subseqguently, further states, viz. p

1
c? xcland

2 . i - . - ' - ‘ :
xz states were alsp opbserved in pp amnihilation by the R704
: . 23 - L2 | ,
Collaboration. Gaiser et al. 4 have measured the masses of
xg " states by studying the process wi(258) + »x . The nclstate

has been detected‘a in the inclusive photon spectra of both ¢y and

' . In addition, another paracharmonium state ﬁé has béen
discovered by the Crystal Ball group.”” The w{"D,) state‘f6 has

also been - observed in the e e  cross—section. The R704

. ,:, R , N B
Cullaboration“7 bhas reported some preliminary results about the
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spinfsing}etistate‘hc ;hich %ies below the w'«lefel; ﬁi Eevieﬁ' of
part{cle properties’ by Particle Data érndpszs givesmiﬁs- #he

gxpe?imentalﬁihfdrmation-&Dr Aifferent~5tates  0§ the quarknnigm
systems. fhe;massés of allntgé'confirMéd levelg have’béen shown in
Table 3.3 and;Tablé 3.4.' foXa 4far thefevbis- nb~-sfgp§ture of  a
topapiuﬁ and .the geseral _béiiéf is. that';£he mass of | the
tapIQuark, if it exisﬁ;, Shoﬁld'be muech higher?é than 3I0-50Q HGEU,
as anticipated by Uﬁlv Coliagﬂrétiun.gq The éspééta of  the
wquarl'kcmium spéctroscdpy ;hich ére usually studied aré> discuscsed

breifly in the following :
i> Masses of §uarks and gquarkonia :

The mass spectrum of a guarkonium family is given by

M (@) = 2M_ + E_(M_,V) L
n n & )

&
where HQ is the guark mass énd'En is the energy eigenQélﬁe of the
non-relétiviéti; SthrS&inger equation ;ith the Ehnsenlﬂa potential
Vir). The ihpgt\mass in this calculation is thelmass assigngd' to
thg reievant éuérk f}avour; Siﬁce ffree quarks have not lygt 6eén
seen,_itlis difficult'to’measufe its mass in thé; usﬁélv-way. The
Quark masses are known_indireé;ly‘from”measuremeﬁts on hadfonéhand
different measuremeﬁﬁs may;‘ in _brinciplé; lead in’kdi¥£erént
masses. Two différent types of masses are usualiy asspciated wiih'
the guark of a given figvbur, ﬁhe currént mass and the:tpnstitﬂent
mass. the processes invplving large momentum tranéferé . are

assoriated with the current mass. For dealing with the -static

8



b}bperties a# hadrons, constituent, méss s moré‘ -5uitab1E;
it may be npted fhattinside the 6aqfon, qqarks'are,agsociated with
gluon field. An alternative defination of the constituenff}quark-
mass is that it minimizes the_effectsnaf gluons and Qeé gquarks 1in
& calcu}ation of tﬁe static pképerties. However, the céhstituent
gquark masses are usually tréafed as fféé;paréwéters in'é,poténtial

model calculation of the quarkonium.
ii> Leptonic Width :

The leptonic decay mode of a vector meson  is due to oR
annibilation vias a virtual photon. The non-relativistic formula

for the decéy of a quark-antiquark bound state intoc a Alepton
3O ' '
pair is
2
o . 2 , o
S ‘ N -2
T = |t | O o (1.2)

RN
1

!
(i
4
DN R

]

Thus the apnihilation amplitude is proportional to ¢f0), the value
of the wave;function of the &0 state_ at zero separation. The
formula should, however, be correctéd' for vacuum polarization
effect, which has been treated by a humger éf authors.?* In most
caées ihe'correction may be inciuded by Ful}nﬁing the suggestinn'.
of foggio and Schnitzer, viz.‘by réplacipg ${Q) by ¢t1/MQ), wbére
"Q is the qQark mass., Physically this.expressesl"the simﬁlé .Fézt

that the annihilation may take place once the particles. are witﬁin

the de-Broglie wavelengths of each other. The measured . leptonic

9



widths of the heavy guarkonia provide useful censtraints on the

wave—function and hence on the (875! potential.
1iii> E1 Transitions

The transitions of heavier guarkoniaz to lighter ones take
place through either strong or electromagnetic interaction. Some
of the electromagnetic transitions which have been observed are

g+ ZFEy+ 275, 35 s
=

J
1&PJ and SQSI - Q“PJ . These are all El transitipns. Some M1

transitions have al=so been cbhserved but this will not be treated

1°PJ > 1*51 , 2F_ 1*51 , 2°51 I

-

here. The guarkonium wave—function which is approximately
determined by the potential model calculation  helps in the

evaluation of the relevant decay width, [ The El transition

EL”
rates of the guarkonia are given by 3
, o ‘
X , 3 _ 4 2 3 3 2 -
Fn™F, » ¥y +n'"8)) = gaegow (f RoagR,, 7 or ) (1.3)
: o
oW
3 3 4 23+1% 2 3 ' . 3 2
+ 4 = ;
Fen™8, » ¥ +n'7Fy) = 5 5 o e W ( [ R oR, 7 or ) (1.4}
: Q

where 25 is the electric charge of the quark, w represents the
photon energy and R, the radial nave—function. This transition
occurs between states with opposite parity and the partial width

is proportional to the square of an overlap integral involving the

10



i and. 18 wave~§uncti§ns. Tﬂus one can:meésure the overlap between
the twn‘wave4functians from the transition rate. |

It is new well—known. {hat the ElECtFiCﬂdipD}é transition
¥ fxx , ié relatively sgpprésseﬂ.,ﬁ number Dflfactbrs SEERMm té

contiribute toxfhis effect. The dipole matrix element is influenced

by the relativistic wave—function distortions.  The  guantity
el fyt ¥ . is  particularly  =ensitive to the  relativistic

cqf#éctions. This is berause the integral is found to be the sum
of the two cohtribu{ions pf cppesite sign due tg_the présence'of 2
(node in tﬁe 258 wave-function. A shift in tge wave—function caused
by the relativistic corrections reduce the valué of ‘thg matrix
element. The cnuple# channgi EffECtSSZ for y' which alsoc reduce
the averlap between ité wave—function and tﬁat_ d? the F-wave: xy
staté Shogld also be considered. It.‘is impor-tant to hoté 'théf
relativistic corrections in the Y syste@ are much smaller than

that in the y system.
I.3. Heavy Quarkonia - Theoretical aspects :

For heévy quarkonia, & nonfrelativistic iréatment‘baSed Bh
a Schrodinger equation with a static pdténtial’should be a very
godd approximation, so far as fhe _spin"éver;géd properties kare
concerned._ A number fof authors haye_ discusseé relaiivisfic
spin~dependent.calculatinns making use ‘of‘-this nDn~reiativiéti¢
potential. The spin-dependent effects ha?e been 'cbiainéé'wby

inserting the one-gluon-exchange interéction’ihfo‘the relativistic

11



wave—equation, such as Eethe—Salpeteréb {BS) eguation with a

- b g

euitable kernel. The Breit-Fermi reduction™ *°> of the BS eguation
leads to the well-known spih—dependent interaction terms. However,
the reduction inyoives an approximation of the BS eqguation which
essentially reduces it to a.nqn~relativi5tic.Schrédinger eqguation
with correction terms including both spin—dependent and
spin—-independent terms. One of the many well-known difficulties in
the treatment of the BS equation is related to the relative time

coordinate. A nusber of autharsééfb?

have sclved the BE eqguation
for gusrkonium in the ‘instantanepus’ approximation so that in the
centre of mass frame, the relative time coordinate vanishes. This

reduces the BS egquation to s Salpeter Equation.aa A RCD opriented

B5 equation ha= been discussed by Mittal and Mitra?\9 in the
‘nuil—plane' approximation in order to obtain the mass-spectra of
heavy as well as light quarknnia.- Jacobs eof al.qo also have
consideréd an ‘instantaneous’ approvrimation to solve the BS
equation in momentum space with vector and scalar kernels but the
results seem to be guite complicated. It may be pointed out that
the non-relativistic GSchrddinger  equation with the usual
Breit—Fermi correction terms can be derived from the Breit
egquation itself.

Eichten and Feinberg41 have described the spin—depéndent
forces in heavy guark systems gy taking into account the
non—abelian nature of QCD and‘using a garge invariant formalism.

They start from the wilson loop where a 1/M expansiocn of the quafk

propagator is inserted. They relate the spin—dependent parts of



the potentisl to correlation functions of electric and magnetic

figld strengths. They assume that the colowr —magnetic field
interactions wvanish ata large distance. Assuming that the
long—-range = ~pavt - of the potential transforms 1like a Lorentz

scalar, it is airgued that the confinement is associated with &

purely erlectric term while the hyperfine potential is associated
~

with the magnetic one. Brmmesq‘ also has claimed that the

'

confining potebtial must be a scalar. Gromes has obtained an

important relation connecting Vi sy Vo and V , M =V - Vl s which
follows from the Lorentz invariance of the theory where V1 and
UE represent the spin-orbit potentisls and \% gives the

non—relativistic potential.'ﬁepresenting the magnetic field by a
space~—like loop integral and applying the area law, Gromes arrives
at the conclusion that the =sign of the spin-orbit term is opposite
te that obtained by Eichten and Feinberg41 and in an earlier paper
by Gram9543 and is identical with that of Buchmuller.44

Using a modified Richardson potential instead of linear
plus covlomb form, Moxhay and RBSHEF45 have included the
relativistic corrections to  the spin—independent potential.
Following the approach of EF, they calculated the energies,
leptonic widths and dipele transition rates of yw and Y systems.
Some conseguences of relativistic effects have been discussed by
McClary and ByEFSQ& choosing a scalar potential for the confining
potential. The =ign Df'thE spin—orbit contribution arising from a

scalar potential is the =same as proposed by Buchmﬁllar44 and

-

Gromes.qf Fantaleone et al.47 =lso adopt an approach based on  the

13



work of EF to calculate the ‘épin—dependEnt_ cofrectiqﬁs fé the
gtétic aeD potehtial upto ai‘termﬁ They extend the formalism ‘faf
Both egual and unequa1~mésses‘ta Dﬁtéin‘zpin—deéendent férms whiéh
contaiqlingarithmic as well as inverse powers af the héavy' quark

macss.

48,49 (GRR)  have

On thetatberhaﬁd, Gupta,_Raderd and Repko
given a 'poteh¥i31 which incorporates higher order herturbative
'carre;tiéns toc spin—dependent and spin—iﬁdependeﬁt £erm5 of the 2B
ﬁntenfial; Théy have calculated thé finé—hyper#inE»splittings by a
perturbative épérnach. fhey. consider aA renéfﬁalization scale
parameter g which i=s fixed Qy minimizing the .effeét of higher
order terms which Dccurﬁvinia renormalization group improvement of
the potebtial.’?heir study revealsrthai 'the :Bgfining potential
may bg regaréed as the effect of a scalar Exchange; Using- GRR
scheme, Igi and ODDSO‘ have investigatéd-the ﬁroperiies of EE and

bb states for various values of A-

Ty ‘énd opserved that the

finthyperfine interaction is not onlyisensitive to the choice of
the 08 potential but éiso very sensitive to thé'value of’ A§§ .
Fulché}51 bas developed an abbreviated foronf GRR sghemg which 1s
bhased an'the umerical soluti;h of the Schfédingér Equatién. He
has concidered the di tprrection to the static pofeniial ‘but
ngglectéd these corrections for the 5pin—depen&ént part;v He hés
inciuded a c&ulbmb term in tﬁe confinement .patentiaiA by’
Tintroducing 2 join radius; where the running ‘coupling» constant

staﬁs running. All these modifications yielded better results for

tﬁg Y system than what one gets in the Briginal‘GRR potential.
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In the BRE renormalizstion scheme, the perturbative
potential not only depends on the renormsalization scheme, but also
on the renormalization scale parameter. The method generally
involves a long cxlculation. On the otherhand, in the EF approach,
the guantity Aﬁg iz ususlly choserns as one of the free psrameters.

In DQr calculation, we have followed the EF approach.
I.4. Supersymmetry and‘bound states :

TAE supersymmetric theories have been found to offer a very
exciting field of research . in  the cbnﬁeﬁt ocf thé unrfication
schemes of the elementary particle interactions. The idea of
superzymmetry'£SUSY) was initially introduced to solve the  gauge
hierarchy problem in BUTS. It has alsoc an  aesthetic  appeal. It
ie, therefore, not sur#riéing that these theories have
opened up a very attractive field of. research.

In supersymmetric theories, Elemeﬁtary bosons have
suﬁersymmetric fermio& partners and vice—-versa. The
supersymmetric partners have the same mass when SUSY is  unbroken.
The fermionic and bosonic masses and couplings get related to
each other when SUSY is impnéed on a theorvy, thereby reducing the
number of frere parasmeters in the theory.

If BUSY is broken, the energy of the lowest lying state need
not be exactly zero. One expects SUSY to be appfoximate in
nature, so that the superpartners will. be split; One of the

important features of & supersymmetric theory is that it predicts

mgats PG 15 .

ToWins 11 LIBRARY

Adfd re v HORUEFTR ‘ 107095
1861

>



i

théfexistence pf associated ?articles differipg by one-half unit
Df‘ébin. Amoﬁg theASQéY pafticles, tﬁe,g}uinn, the SUSY partner of
fhévgauge bason gluoﬁ, égemévto af?gr & wide rangé of interactions
ac:esi?le ‘by théﬂ presénf Expérimental facilities. 'Each
superpartnerzcarries.a‘ good quantum number, -R~périty,5? which
plays thé role mf.;-%lavour—cnnEEEVihg quanfﬁm number. In  almost
all models;‘the gluino is‘expéctéd to .be the 11igh£est sparticle{
apért from - the photino, fhe;spin i/i_pértnér of ;phoion. Photino
isleﬁﬁected ta.beva‘very'ligbt particleland its detectiah'is T VETY
mudh: dif{icult due to its relatively weék ihtéraétion. In mpst
models, supérsymmetfit particles may‘beydetetted bY_ their decay
pfcdu;ts._?hetgluiﬁo decays prednmipantly wia the process E » B8 ;
where photino .is assumed tnlbe long-lived. The photino caérigs aff
energy and mDmentum khiéh are not aetected. —

Like giuon,'gluino is a cnléur actet. Due ta this nature and
it5 lar§é4cDupling¢ streﬁgth, the crosgwsectiﬁn FDr.prﬂQCtDn cf =
glﬁino pairﬂis twenty times lafger than thase éf fﬁe gquark pairvof
equal maSs;'Since the lifetime is believed to be relatively _long,
it can pqssibly be eési}y identified. The liéht gluninoc search can
be carriéd ocut in Beaé dump: experiméntss3 with beé@ energy ~ 1

TeV. At a hadron cnilider,_ gluino péir production. occur via

oS4

glubn—gluon'stattefihg. The hadron collider ie & suitable place

for the search of a heavy gluino. The UA} Dallaboraffonss * have
analysed the E_ data and have concluded that the mass limit of
gluino is greater than 53 GeV. Explicit search for gluino ‘of a

mass upto 150-200 GeV at the Fermilab Tevatron have been suggested

14
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5y di fferent éuthorsfsb Harnett etlal.U7 surveyea the decay modes
.and éignatu;es of gluinoé ia“minimal -supersymmetricv.model, The
‘impariant feétufes of these . decays énd their phenomenological
impliﬁatioﬁ ﬁave alsoc been discussedr ’

The giuinp, being a self-conjugate majorana fermion, may
bind w;th'quarks, gl&ons and other gluinos and #Dr@ calour singlet
‘bﬁund sfates.vLike ordinary fermian—aﬁtffermién states, the parity
of gluinonium {(gg) state is giveh’byﬂP ; >f<$1§L and >C—parity
positive. The ﬁinding ehérgf and wave—function at the arigin éf 33
st;te‘are }afgé. ISinéé-the  g}uino mas;_is héav?,.the -gluinbnium
state can be destribéd by the non—ré}aiivistic pdtential model as
inléhe 315} sysfem although some differences accﬁr>in,vthe caée of
g}uinas. The differences arise mainly bécauselglpinés are majofana
fermions aﬁd' alsp bécause they belong to 'a“colaur‘ Dctet-A The
sthoff—range'<part DF thE paiential may be Faééesentéd'as vgétr) =
% Véa(r) whéré'9/4jcames from the rgtia‘ of guadratic césimir
Dperatérs for the édjaint and fundamental reﬁrésentaﬁinns. Tﬁis is
valid Dnly - for tﬁé shn;t—range pa}t of the potéﬁtia}. éDmE

B = =
authors,ds’dq

howevér; assumed thaf this relation holdslffor the
entire gg patEﬁ{ial. Among ther'giuénn stétes, the . glueballinoc
éagi states hay be formed by reﬁiaciné one éluino injé» glﬁihanium
stéte by rpﬂe gluoﬁ.':These states .sheﬁid' be égpefimen{ally
ideﬁtified moy e easily thar other giﬁe\ bal;v‘states.  Mitra and
oro®® have studied the'proﬁerties of the giuebailinoﬂnand “hybrino
‘4595) statéé.by,usihg é ﬁS model. The distnyéry Qf any ;Df these

states will be extremely exciting.
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i.B{’Sumﬁafy of'the work dqne’:

‘fhe following givee the chapterwise sum@arQ o#i the work
‘;epéfted ie the thesis‘y
a) In chapfer II,‘the-pFoperfiesAuf fhe heavy‘Quarkonia have besen
stedéed,by the non;reiétivistic petential model. The potential
chbeeﬁ is fhe vacuumipoiarization-cafre;ted Zvioap 2Ch potential
supplemented by a cenfxnznglpotentlal. The enetgy leQels, leptonic
decay wzdths w:th and without Poggla~9chn1tLer correctlon and E1
transition rates qf w and Y familiES'aTE Caleu1ated‘and are found
to be in geed agreeﬁent with the ‘expe?ihentali results. The
topehium 5peetroscoﬁ§ ie:Stﬁdied quwihe 'eﬁpeeted-‘renge of top
quafk méss~i 30-7Q Bev ).’Coﬁsidering the'-experiﬁeptal' branching
ratio, the total width . &nd the hadronic decay width of the

.Xb

to be fairly suecessful in describiﬁg the non—relativistic

states are slsc determined. PDtEﬁtiBlAdeEl calculations seem

prdpetties afihea?&jqﬁa?kenja.

b)‘In chapter IiI,fee giscuss the 5pip—dependentr interactiens in
Aﬂﬁlsystems. We nateefhet-the newly &gsca§ered 1F' states of bb and
EE 5y5tem5,‘1n partzcular, pose serious problems to the standard
~modele. We present an evtensxve analysxs to shnw that the standard
Breit~Ferm1 .type ofelnteractzons cannot  fit the - experimental
results accurately. A mndificatimnve¥.the formalisﬁ is suggested.
A model calculatzon wath = realzstzc potent:al’ls carrzed ot . The
pntential.consists-of‘a 2-lopp RCD shurt—range potential and a

scalar long—range potentzal with an add1t10na} term, .as suégEEted

18



by Ltischer and also supported by 1attice¥gauge resulis. The energy
level =splittings are calculated with this pétential. The
possibility of including the spin—dependent contributian- of a
pseudo—;ca}ar exchange is also considered. It is  =seen ‘that
al though thé modified formali;m ju;t about accommodates the trend
of data for 1F'1 stateé,-the Breitt-Fermi interactions in general
lead to severe constraints on the parameters of the potential when
one tries to fit the entire range of guarkonia data. The choice of
the Breit-Fermi form for the spin—dependent interactions 'do not
allpw enough freedom to-fit the recent data on iPi levels.

<) In chapter IV, we nntep that apart from the  inadeqguacy of
Breit-Fermi type of interasctions for describing the fine-hyperfine
splittings of heavy qQarania, the presence of highly singular
terms like ésir) and 1/r3 ‘terms also tend +to malke the
perturbative calculatipns wnreliable. Exact vresults or bounds,
even if weak, will be very useful in this context. Using Martin’s
technigues, some weak inequélities for the values of - the
wave—function at the origin for the triplet and singlet S—states
have been derived for a }argé class of && potentia}s, including
the recently proposed Gupta’s potential. The iﬁequalities could be
used to predict bounds for the decay widths of the Ny states. This
ineguality will be useful in quafkonium spectrosCopyY.

d) In chapter V, the effect of the long—+range confining potential
on the two gluino bound states has been studied in a particular

potential model. A power law potentisl has beenn chosen as  the

long—+range part of the potential. The asymtotically free nature
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of RCD  suggests  that  the short—range behavior 15 duge
to one—gluon—-exchange. From =supersymmetric considerations, we may

expect that the short-distance part of the gg potential, vaa is

2?74 times the 51} potential, ugé - However, the relation between
long-range parts of VSS and Vaé ig égmpletely unknown. We have
chosen a long-—-range VEE potential which i=s fB-times the

long—range potential for 88 where 3 lies in the interval 0.5 < 3 =
X. We have applied Martin’s teﬁhniques to derive some useful
inequalities for the value of the wave-function at {he origin,
waa(O), for a general class of potentials. The results are useful
for estimating verious decay widths and production cross-sectiopns.

To summarize, ocur calculations seem to confirm that the
phenomenology of the heavy quarkoﬁia are in generai consistent
with the basic concepts of 8D, é}though scme details ére yvet to
be understoond. bith the new accelerators becoming operational in

near future, a more definite conclusion may hopefully be drawn.



CHAPTER 17

NON~-RELATIVISTIC POTENTTAL



I1.2. Introduction :

The discovery Df.the heavy guarhkonia hams. led to a very
active field of research involving the theoretical predictions of
the QCb and somne inspir;d phenomentlogy guided by the experimental
resulis. Considerable progress has already | been made in
understanding the properties of these e states, considered to be
bound by a flavour—independent non-relativistic paténtial. The
observed spin—averaged properties of heavy guarkonia coould be
explxined by different authors with varying degrees of success.
However , recent measurement of the  fine-hyperfine interactions
have led to renewed activities in this field, particularly because
the earlier parameters are found to be inadeguate. We have
considered in this chapter a non—yryelativietic potential model to
study the spectroscopy of heavy guarkonia, particularly those
which/do not require a relativistic trestment. The study wili
provide the basic structure for dincorporating the relativistic
corrections, in particular, the fine-hyperfine interactions, which
will be considered in the next chapter. While choosing a potential
for the @0 system, we expect the perturbative 8CD to be wvalid at
short-distances, while at large distances, a confining potential,
possibly a linear one { or & little modification thereocf ) should
be ;dequate. We have, therefore, considered 'in this chapter a

etatic potential which consists of a short-range 2-~loop CD

potential which is matched to a wodified linear potential for

-
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large distances. HE<ha§e studied.ia deiail the‘bg and cc systems.
Sin&e the o2 pbtential is éésuméd.to be f}a?aﬁr indepéndent, the
Eaﬁé.pntenfiéi is used to 5t9&y fhe tbponium  states ‘élsov for & -
raﬁée of -ﬁéssible‘ t;quark.'masses. \The studyA Df’,téponium ig
important ~p§rticulafly because the topdﬁium'" states ﬁrobe
efféctively & very short;distancé pa;t of the 0@ potenfial which
is'not probed accura&ély by»the bg and cc sygiems. The toponium
mayﬂpravide.a poséibge.method of prnducﬁion of the Higgs' particle
th%ough the deéay T » H + y if a}}ohed Akinematically.  Lastly,
the:toponium‘ma§ providg us with sighatufes for theories beyond
thelstandard‘madgl, in partjculaf;-inléﬁk search for sparticles.
fhe scbeme:§¥ g;eseﬁtétibn is asjfbklgés. In séctinn 11.2,
we discuss bréifly the nan—relati?istié'ﬂa potential we have taken
to calculate>the spedt;oscoﬁy, Cxlculations of épin—aﬁeraged mass
spectrum, leptonic 6éc§y widths, E1 fransitidn:rates of bb and cc
mesons have been done by,?solviﬁg'.thE- Sc5r6di5ger equa#ian
nume?icélly..VariDué bounds bﬁ:t{ quar konium méss ére-discuésed in
sect%an Il.jt-%He preéicted energy leveis of t§ éystems are also
giveﬁ.: Ry making use'b; the experimeﬁtal ‘Braﬁching ratio, the
tota}‘ﬁidth and hadronic decéy;wid£h of xg state are predicfed in

section II.4. Section 11.5 containeE some conclading remarks.

II.2. Non-relativistic QO potential :
The eixtensive work on - the cc. and bE, spectroséupy has
'helpéd in determining uhiquely‘ihe'aé static'pntential within ‘fhe

-
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. . . 61
range .1 fm £ r £ 1 fm. In fact, the different potentzalsb’

that fit the spin-averaged dat=s reasonably well &1l agree within
thie range. Ffor small distances, the o potential should be given
accuwrately by the one—gluon—exchange term with a running coupling

constant. This potential upto 2-1cop . corrections has been

: '7‘13")
considered by a number of authors.”’"° We, however, make a

special choice for the non—relativistic 028 poctential

— = 4 ’ — 3 -
UQD(r) f(r)JQDDCr) + ( 1 £ {r )UL(F) ’ {2. 1)

where D(r) iz the 2-loop QCD potential, V

ac L 1is the long—range

potential and f{r) is the Woods-Gaxon function
1+ E~rD/5

= 4 b B )
Fir) F =7 /s | . (2.2)
1 + e o

The Z2-loop BCD potential, UQCD(F) may be witten 356J,76
47 C{R) .
= - * -
VQCDir) b i (1/A2 2) [ E (LyE * C/bO} 1 (1/A2 2)
. Q I L 5] R—S—r n f'TS—r
b, 1n In(i/ASc r2
1 noind HE ) o
] PN = ] - {(2.3)

In above, re is the Euler constant and
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_ 34 & . 2 10 ' o .
b, = 3 [‘CztG) 1 5 C,iBY N - 2C, (R} N
3t iQ
€ =5 .CZ(G) g Ng -

in aboveg CQ(R) and taG) are the \invariantu quadratic’ casimif
oper ators, which for SU(3)C equai'4/3“énd 3 réépectivéiy; Nf éives
the ﬁumber of gquark f}aVBurslrelevant‘fDr the  problem, . whicﬁ-_we
chnaéé to be equal to 4. In  the 5£andafd” MS scheme, it .«is
custbmar? to choose Nf as the QUmber of quark'flévuu;sKWith mass =
Mo QhEFE H Qiyes the»renorma;izaticn 5:;12. ‘

For the }ang—rénge potential, we-chaasé the form

L MBS

Votry = Ar o+ B { InAg=r + 1) . By R -2 5

Qe have included the logarithmic term to take into account ioa
emall modiFiEafion of the linear potential. The reaécn ﬂfbr. tﬁe'
choice wiill 59 explained in vthé negt‘ chaptérf The Waads;SaxGn
Funcfian~interpolétg; smoothly betwéen:the short-range potential
and £h¢ }ong—range parii The position éﬁd the extension of the
crosg;over region can be ?ixéd by v%#yiﬁg the péramste}s g and s.
HBweﬁer, the variatimn of s ie limited wifhin' & narrow vrange,
-since the croSs—aver-regian is‘approximatély' known. Cpmbinations

of different potentials have been studied by several author5.64’6d

Yle have foilawed, in particular, Igi and Hikasa,éa
' We have solved numerically the Schrﬁﬂiﬁger equation with

potential (2.1). We have developed a \ comprebensive computer
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programme for the relevant calculations. We have chosen Aﬁg =
0.198 GeV, Mb = 4,783 GeV and MC = 1.364 GeV respeétively. Round
ctate masses of 08 systems are cbtained from Eg.{(1.1) of the first
chapter. The parameters of the potential giving the best fit
- oare roo= 0,105 fm , 5 = 0.02 fm, A= 0.017 Gevz, H = Q.&877 GeV.
Since no spin-dependent interactions are considered in this

chapter, a direct comparison with esperimental results is not

always possible. Thus the calculated spin-averaged 18 state of

-
=

b has a mass of 9445.5 MeV while experimental value for QSI state

is Q440,32 * .22 MeV., The other state 150 has not yet been
discovered. The problem will be taken up in the next chapter. The
agreement with the esperimental result is reasonably good. In
Ref.i64), the authors have matched the 15 levels with the
experimental value without performing fine-—-hyperfine calculations.
1t is, however, expected that the inclusion of the fine-hyperfine
contribution will shift the energy levels upwards. In  that case,

the input guark masses will have toc be adiusted for better

agreement. For the cc system, we vary the input c—guark mass so as

to obtain the spin—-averaged masses. This gives MIS(CE) = 30&8.7
MeV and HWS(CE) = 3662.8 MeV respectively. The experimental
rezults for these states, determined wvery accurately, =Y af =

Mistcc) = J0&7.23 £ 1,15 HMeV and MES(CC) = 3663 * 1.15 MeV, giving
an excellent agreement. In Table 2.1, the spin-averaged masses fdr
bb and cC systems are shown. However, in the case of P and 2P

statez of bb, we can compare only the centre of gravity mass

values. The value of 1F state is shifted downwards by about 15 MeV
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Table 2.1. Calculated energy values of the bB and cc states.

Hound state Spin—averaged mass of bb Spin—-sveraged mass of cc

) system{Me\) system{ Mel)
15 . ' 7445.5 | 3068.7
28 | 1Q030. 0 3662.8
38 10358.01 4009. 6
45 . 10?93.0 ' {265, 6
1P 7885.8 3305, 2
2p S YQ25T7.0 : 3897.1
1p 1Q155.Q : 3784.0
2? | 10433.0 4083, 0




for both the flavours. The reason for this shift will be discussed
later on. In Figs. 2.1, 2.2 ang 2.3, we show the variation of
the energy difference as a function of Agg v g and s. We

represent the differences as A1 and A, where Al = E{1iF) - E{15)

and A= E(ZF)— EN(1S) respectively.

We have also calculated the leptonic decay widths and E1l
" transition rates of heavy guarkonia. In calculating thé leptonic
width we included the Fpoggio-bohnitzer {PS) correction tp the
Van-Royen-Weisskopt formulta,  givenn in the first chapter. The
leptonic widths-albng with the PS5 correction are presented i the
Table\E.E. It is =een that the value of FS correction factor for
the cc and bb systems is about 0.4 1o 0.8, A; can be seen from
Tabie 2.2, the results for cc system with PS correction are in
better agreewsent with the experimental vailues. However, in the
case of bb states, it i=s cilear that the F5 correction is not
necessary. This is edpected, as for bb systems, the relevant
distance scalés are =uch that the 2-loop @CD potentisl, which
already incorporates the vacuum polarization effect is dominant
and no further correction is reguired.

The El transition rates of heavy agrarkania between an
initial state i and a final state f are given by the Egs. {(1.3)
and (1.4). The photon energy w may be expressed as

Mz(vl) - Nzﬂvz)

w = ) , MEv) > Mov,) . Ci2.s)
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Table 2.2. Predicted leptonic decay widths q? bt and cc systems
without and with Foggioc-Schnitzer corrections. . Experimental

values are takén from Ref. {28).

State | iy |* Experimental Uncorrected Poggio-Schnit-
(Gev™) {KeV) - {KeW) _r zer corrected
: : {kKeV)
Y {9 .460) 5.1738 1.34 + Q.05 1.373 1;087

Y40, 023)

2.5943 0.60.3 0,056  0.611 0,862
Y (10,355 1.8052; L 0.44 + 0,03 0.398 . 0.294
Y(10.580) 1.4192 0.24 + 0.05 o299 0.217
p13.097) 0. 7088 4.72 + 0.35 7.127 4.559
w (3. 685) 0. 3932 2.14 £ 0.21 ‘25?04 1.448
g<4;oqb) 0.2766 a.75 + .15 1.&2#- 0.801
wtg.é;5>' 0.2327 0.47 £ 0.10 1.211 0.553

2
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Since we have not considered the fine—hyperfine structure in  this
chapter , we calculate this rates using “available experimental
values of w. We have given obur reéults‘in Table 2.3 and 2.4. We
compare our results with the resialts of SOmE other

=, =,
workers.dl’é?’qd

Kwong et al.b?' veed the inverse scattering
method to construct the 28 potential. Our results almost agree
with the results of the models of Ref. (51) and (&67). We have alsoc

showrs in Table 2.5 the wvalues o©of the electric dipole matrix

elements which are evaluated non-relativistically. The +transition

rates of 3z - 1P " for bb system are very small due to
cancellations in the overlap integral for the 38 and iF
wave~-functions., This point was also mentiocned by Fulcher.bg In

case of CE, we obtain higher valwes than the observed rates. This
is becasuse the relativistic éffe;ts are more important for cc than
for bb system and the relativistic correction is  very important

for these tranzsition rates.
I¥.3. t-guark mass and Toponium :

Fecent experimental results indicate that the mass of the

top guark does not lie around 30 GeV as suggested earlier by  the

D
UAl experimental group at CERN.‘Q However, some suitable

signatures for detection of the t-guark have been identified69

recently. One now expects direct as well as indivect s=ignals for
the presence of t—guark in the next generation collider energy

range, if not easriier. The indirect evidence for a t-—quark comes

T
QU 3



Table 2.3. Ei transition rates for bb system. Experimental values

of w are taken from Ref. {28).

- Transition width (KeW) Experimental
Transition Experimental : ' .
. = =] . Y
w MV ;Mﬂﬂd FULdl KR67 OURS width (ke
2“51 - 1“90 162.3 £ 1.3 1.0 1.38 1.39 1.277 1.29 * Q.31
1*9} 130.6 + 0.7 2.4 2,17 2.18 2.000 2.01 £ .49
1P, 109.6 £ 0.6 2.2 2.13 2.14 1.954 1.98 * 0.48
3“51 " 1°PO 483.8 t 1.4 0,025 0.005 0.007 0.010
XJPI 453,72 + 0.9 0.025 0.011 0.017 0.026 0.04 + Q.03
1°F, 432.8 £ 0.8 0.15  0.01&6 0.025 0.037 0.06 * 0.05
3*51 > 2*93 112.3 £ 1.1 1.4 1.35 1.65 1.475 1.22 + 0.3
EQPI 99.4 + 0.4 2.8 2.3&  2.52 2Z.575 3.08 t 0.6
2°F,  85.9 + 0.7 2.7 2.5X  7.78 2.753 3.26 * Q.7
1&PO > 1"‘51 IP1.7 + 1.3 3t 30.8 26.1 27.917
1"91 422.5 + 0.7 36 8.6 32.8 35.034
1°F, 442.9 + 0.6 38 44.%5  X7.8 40,357
zépo.a 1*51 781.5 + 2.3 7.5 7.462 8.48 &.744
2“"P1 764.8 + 0.8 12 B.1% 9.3t 7.400
szz 776.8 * 0.7 14 B.&40 9.75 7.753
2$P0 > 2“5i 205.0 + 2.%F 12 3.0  11.3 12.390
2*P1 229.7 + 0.9 14 17.0 15.9 17.43Q
2F, 2472.3% £ 0.8 16 20,1 18.7 20.459
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Table 2.4. El transition rates for cc system. Experimental values

of w are used.

Trancsition width {(Kel)

Transition . Experimentsl w

{MeV) C . QURS
1P 4 175 - 032 228 186, 33

Q 1
1*91 =88. 7 860 392, 60
7P, 4294 509 529. 28
2“‘51 + 1°P0 261.0 37 £9.83
1°P1 171.8 48 59,75
1P, 127.7 4y - 40,90

4




Table 2.5. Dipole matrix element <) = f R Rr-

systems.

-

dr for bb and CE

<r> (Bev™h (e > Bev ™Y (el

Transition

Fup -t kr® | MR | ours MRS DURS
1% » 175, 1.194 1.098 1.08 1135 2.08 2.15
2%, » 1P, ~1.644 -1.686 1.64  -1.577  2.65  ~2.86
z%P, » 155, 0.226 0.240 .26 0.214 0.37
2%, » 28, 1.970 1.911  1.B9 1.998 3.72
38, » 17, 0.0185 0.0Z3 —-0.024 0038 ~0.07
3351 » 2P 2573 -2.672  2.68  -2.687 -4.83




from the cbserved forward-bachward asymmetry in e+e_ > bb as
well as the absence of flavour changiné neutral deéay of b guark.
The indirect constraints 40 < Mt « EGOIGEV on the top guarl mass
e évailable from i} the radiative corvection to W and 2  stDn

masses and 11! the Bd - Ed miving. A direct guark searchy on
the otherhand, may-be available in the e+e— collider although the
current energy range i=s rather iaw. The data from FETRA and
TRZETQN?G suggest Mt > 26 6. The nexnt generation LEFI  and
LEPII colliders are esxpected to probe t—guark mass upte S0 GeY and
100 GeV respectively. The pE colliders seem to be more promising
in this respect because of their high energy reaéh. HDHEVEﬁ, the
corresponding t-=ignal i= ot wery clean and one has to use
isnlatgd electron (muoni 5ignature.71 The current data from the

-

CERM pg collider?; suggest Nt 40 GeW, conforming with the
theoretical }Dwerilimit. Irn near fuature pg data from the Tevatron
and the upgraded CERN colliders are expected to probe the upper
mass limit73_mf the t—guark mass. These result=s are expected to be
available by mid-ninties. The CDF collaboration at .the Tevatron
and UAl and UAZ at CERMN have put the experimental limit on top
quark mass above or at  1least 60 .GEV.7q e shall rconfine our
discussions here o the range 30 = Mt « 70 GeV.

Table 2.& gives some predicted toponium leve}s for
different.values of top quark mass. For M(£€) ~ 80 GeV, we éﬁpect
about 10 S-states below the thresheld. A graph of the variation

of the binding energies versus the mass of t-guark is shown in

Fig.2.4 and its nature is found to be almost linear. The levels
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Table 2.&6. Energy levels of tt states.

Energy levels for various states in GeV

Mass of t guark -

(GeV) 18 28 P 2P
3G 59.15 x9.78 57.64 &0, 02
35 &%.G7 67.71 £92.58 6£9.97
30 72.01 79.648 77,53 77.92
45 _ 88. 95 89.60 : 89.49 . 87.87
Sa ?8.8%9 | I.56 ?9.45 ?9.84
55 148.84 107,51 107,41 10%.80
&0 118.78 119.48 112.38 119,77
55 128.73 129.44 129.35 12?.74
70 138.48 139,40 139,32 139,71
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are not yet caulombic.‘

11I.4. Total and hadronic decay widths of xi’) states 3

The Crystal Hall Collaborstion at DESY19 have studied
radiative decays of the Y{25) resonance in which they detected
two monochromatic photon lines at energies ( 107.0 £ 1.1 * 1.3 )
MeV and { 131.7 * 0.9 £ 1.3) MeY along with a pair of leptons.

The decay mechaniss may be written as

Y¢28) » 3y + x

L————% ¥y + Y{18)

The product branching ratio is given by

~

ER, [ Y{28) » 37171 1 = BR [ Y{28) yxg 1w BR T xﬁ + PYL15) 3

« BR [ Y(18) - 1717 3 2.7)

By making use of the experimental branching ratioc, we can find out
the total width and hadronic decay width of xi state, which is

given by

J N 1
Py = Py x ~-11. <z.
had b vy b [ BR(xg + oy YIS)) ]

Our calculated results are as follows

40



¢1) Calculated Ei transition widths :

Transition ‘ - Transition width in KeV
R R 135; - | C 35. 034

= Ba - o —
71 PE I | 51 . E | 490, 357 -

3 =

275, » 1F . c 2.000

1 1
2”91.* 1”92 | 1.966

{2) We make use of the experimental values of the branching

'ratiosla
) : 2 .
BR, [ Y{(28) » pa 3 = ¢ 5.8 £ 0.7 £ 1.0 )%
BR, [ Y(28) - yxé 1=1{ &6.5%0.7 % 1.2 p

to determine roughly the average total width of Y{28) ~ 33 AKEU,
which may be compared uwith the experimental results { 44 £ 9 )
Kev.

J
X

measured values of the product bfanching‘fatia BRq{Yt2S) > yy1+1—3'

{3) Né rnext consider the states @ From - {2} above and . the

¢ 4.4 + 0.9 £ 0.5 ) x 10" and ERIiY(ES) 1171 = (5.8 £ 0.9

0,7 }>x'10~4 s gi#en by Crysial Bzxll Dnllabbratiénlq and aﬁerage_
branching ratio for Y18y » 1%17 0.027,28 wel~get the ' total

wridth and the hadronic width of xg:'

Total width . Hadronic width
KeV) , A (KeW)
2 N _
Xp 143,63 A o © 103,27
;xé 106.01 . 4 70.98

SBince there is no measured value of the  product bréﬁchingl ratib]

) . )
for xi s we cannot determine its width, even if we have the E&
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0 :
trancition rates involving the x; =tate. The experimentzl results

O ) .
Xy, will be very much welcome.

invslving
I1.5. Conclusions :

We have shown that the nDn-rElativistig‘descriptinn of the
heavy guarkonias by a potential éomprising cf a short-rangs QCD
potential which i= matched to a confining potential generates the
mass spectrum and'decay-widths of the bb as well as cc states. We
find that the values of the leptonic widths incliuding
FPoggio-—-Schnitzer corrections aF & in good agreement with
experiments in the‘case of cc states. Howewver , this correction ics
negligible for heawvy quarkonéa. We are unsble to find a  good $it
of El transition rates éf cc due to the fact that we neglected the
relativistic as well as cnuéled channel effects, which reduce the
overlap between the‘twq states considerably. It is expected that
the parameters of the potential may reguire =slight adjustment’
while calc&latiﬁg relativistic effects. Since the branching ratio
of bbb state has not been determined theoretically by us here, we
use experimental branching ratic to detérmine the total width and

2 .
Xy states. The results show the

hadronic width of the xé and
overall efficacy of a non-—relativistic description for thel Heavy
guarkonia. Hmwever,.for guantitative agreement with experimental

resulte, one shpould include spin—dependent interactions, which are

relativistic in nature. This will be taken up in the next chapter.



* CHAFTER 111

FINE-HYFERFINE INTERACTION

* A part of the contents of this chapter has already been

published in Ref. {(75).



i

I1¥.3i. Introduction :

The spin—averaged properties of heavy guarkonia seem to be
described fairly accurately by a Schridinger eguation with a
quark;antiqgark potential, which has been determined empirically,
with some guitdance from quantum chrompdynamics. The
épin—iﬁdependent potential is determined accurafely at least in
the range 0.1 fm < r <1 fm. The potentizl i= in general agreement
with the calculation of lattice gauge theory. The situeation is,
however, less satisfactory when one considerse  the Spin—dependent
effects, e.g. fine-hyperfine splittings. The fine-structures of
y—=tates, which have been measwred fairly accurately presents,
in particular, = case where the simple-minded theoretical results
sgem to fail., This may appear & bit =wprising, since the
fine-hyperfine interactions are essentixlly short-distance effecis
and one may expect a 8CD-—motivated potential to vyield good
resalts. However, fine-hyperfine ihteractions.are relativistic in
origin and the failure of the standard non-relativistic potentials
may be due to the fact that the spin—dependent potentialé are not
related to the mon—relativistic potentials in the simple way

normally  assumed. The wmethod of studying the spin-dependent

interactions have been developed by Eichten and Feinberg,41
7\:" 2 -

Buchmﬁller;44’76 Bromes“d’q_and Dthers?’gq’4&’48’4q’77 Their

prescription will be summarized in the next section. The

Breit—Fermi interaction potential which is obtained within the
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framework of Rethe-Salpeter esguation aré also discussed. In
section 111.3, we cnnsider‘ & deific%tiDn of the Breit-Fermi
interaction potential which leads to a bétter agreement with the
experimental results. The calculated resuits are given in section
111.4. Theoretical resulits obtained by some Diher( authors have
been camﬁar&d with our results in  this section¥ The possible
modi fication of the results due to thg inclusion of a pseudoscalar
exchange potential is also studied. Bur conclusions are summarized

in the last section.
I11.2. Breit-Fermi potential :

The general form of the nearly non—relativistic 819}
potential, as defined by the Wilson loop, can be written to lowest

b
order in {(v/c)* as ]
av a¥._(r)

_ , S.L 3 S1 4 2
Vir) = Vg ird ¢ o ( Far CF Tar )
2M
2
1 2
+ 5 S, Vxir) + — S-S, Vi), (3.1
3 = M
(s}
where
= ~ = (= A o~ Dy ~ -
S =5,+ 5, and S, 348, PSP Sz'bz) {3.2)

and is the spin-~independent potential, and V_, V_, ¥V,  are the
51 . ~ 2 3 T4 ,
spin—dependent ones, related to the correlation functions of
colour electric and colour magnetic fields which are different
from those that determine the spin-independent potential. The

potentials ¥V, V_, V may not, in principle, be simply related to

4

-
pus
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VSI'

may be obtained i+ one agsumés relations similtar to those that

However, it has been noted that a conceptually simple picture

energe when one considers the Breit-Fermi  interaction potentizals
obtained in the non—-relativistic limit of a Bethe—-Salpeter
equation with vector and scalar exchange kernels. Thus one makes

the following identification :

o (r)y =V (r) + V () (3. 3)
v 5 .

VSI(r) ~ nR
Votr) = Vo Ar) {3.48)
pra A4
d‘uvtr> dv,, {r)/dr
Votr) = - — + = {3.5)
-
Voiry = 9 i) . {3.56)

where Vv(r) ard Vstr) represent the wvector and scalar exchange
potentials respectively. With the usual non-relativistic reduction

of the Bethe"Salpéter equation, the fine-hyperfine energies are

given by
< VSD(r} > = a<L.S> %+ b <512> + <Si'82> s
where,
_ s advv /dr — dvs‘/dr (3.7
a = = < = >
=37 .
LMQ
z2
1 dUV /dr d Vv
b = 5 < = - = > {3.8)
SMQ dr

.



and <

<

It can be

the spin—orbit interaction term whereas the spin-spin

interactions depend only on the vector

(3.9

< TV
=1 gsey - 23
2 2
% [ J¢J+1) — L{L+1) — S5{S+1) 3
2 2 L2
~ LS > (1/DIC L.S > + {(1/33< L >< 58° >
2Ly (= 1)

seen that

both scalar and vector potentials

part.

The

enter into

and tensor

spin—dependent

mass—splitting formula can be written conveniently in the matris

form as

{11} M

{ii) M

M

{111 M

¢ 78y )
1
{ '8, )
¢ TR, )
3
A
¢ TP,
1
¢ Py
¢ D, )
fay
¢ °p, )
S
{ 1D )

174
~3/4

1 —;fiﬂ
-1 /2
-2 -1

O £

2 o -1/7
-1 /2
-X  -1/2
O )

847

MO(TsS)

c inS)

174
i/4
174

-3/74

174

174

is4

—3/4

M. {nF)

S ainf)

binf)

c (nP)

M. {nlH

ainh)

&inD)

c {nbh)

for

for

o

S—cstates

P-states

D-states



Her e MO(nL) represents the spin-averaged mass of the system. ° Thus
tor P-states, the centre of gravity of the triplet state  is
given by

M o( Op » o= [ MR £ I NCPD 5 MR ]/ 9L

-~

From the known masses of ﬁPJ states of bb and FE systems, i1t is

customary to define the fine-structure ratio r as

M, -~ MO
I 2 (3.10)-

(M} - ﬁO}

where NJ are the masses of the xfstatES with total spin Jf -The
Experimental values give r « 0.8 for all x—states. In the limit
of a coulomb potential, + = 0.B. Experimentally r = 6.67_ r Q.0%
for bB(IP)Y and r = 0.48 + 0.01 for cC{iF). Therefore, as expected,
the bb system is more coulombic in nature thah cc sysfeﬁ.

The simpie prescription, Egs. 53.3)—(3.5), 'hnwévér,'
itmposes severe constraints on the potentials VnR(r) and Uv(r)
and it is not surprising that the potentials fail to account for
the observed fine-hyperfine splittings. It is now recognised fhat
the hyperfine structure of P-states, in particular, ‘cahnot be
explained78 within the framework mentioned above. Igi and Dnaso’79'
have caonsidered the radiative corrections to the potential, as

48,49

given by Gupta, Radford and Repko for the spin—dependent

interactions and found that the recent data on hb and hc cannot be

47,80

accounted for. Fantaleone and Tye, using the potentials

48



derived by the method of Eichten and Feinberg,41 have alsc reached
similar conclusions. They even suggested a reexamination of the
experimental resulits. Gupta et al.s1 Bavé alsc noted that both bb
and cE"data cannct be fitted with the same =set of potential
parameters. It appéars that the s=spin—dependent interactions are

not yet understopd and further investigation is essential.
I1¥.3. Modified Breit-Fermi poteniial :

While looking ftor a dei?icatiBn, it will be useful to work
within the framework of Breit-Fermi form, although the validity of
the Egs. {3.3)} — (3.6}, in particular, will have to be examined
critically; We intend to undertake such a study. As a first step,
we consider a simple empirical variation of the reiations
(3.3)Y—(3.6), aimed at fittiﬁg the fine-hyperfine data, without
losing cantacf with the faivrly successful non—relativistic
treatment.

He note that while the static potential has to be equal to  the

25,42
sum of Vv and VS {Gromes™ "7 ©

sum rule), VY, does not have to be
equal to VV. This provides a possible direction for introducing a
modi fication. We write the non-relativistic DR potential as in the
previous chapter, e. g. 4

{2)

\'l = —
nR f(r)vacntr) + (1 f.(r))VL(r)

where

49



- /s

: o
firy = {1 + e } ,
(r—ro)/s

{1 + & }

-
and VQE;(F) is the 2-lcop 8CD potential. The long—range part VL is

not well-determined and we choose

} — — -
%Ltr) M+ B {1+ inAMS ro) . 3.11)
The motivation for including the lnAﬁg v tesrm may be menticned
-
here. fAs has been pointed ovt by Olsson and Suchyta,a“ the

spin-orbit contribution of the confinement potential can be
separated in the chserved fine-structure of (P states and the
results are -

B ) = -7.7 £ 2.1 MsV

o £ *
can -
3. 12)

2} cc ¥y = —25.9 + 1.3 MeV |
cont

i)
while a linear confinement term kr, with k¥ ~ 0.2 BeV" gives the

values o
con

o scmE) = -2.8 MeV and a_ {cc) = —18 MeV. Thus if the

onf

Breit—Fermi form is accepted, & modification in  the 1long-range
potential is necessary, and this can be done conveniently in the
intermediate range of r values., Blsson and Suchytagb considered =&

modification of the form VLir) = Ar - o/ry which is supported by
. . 84 ac . Lo
lattice gauvge calculations. Liysher alsp siiggested & similar
form from fluw-tube considerations. We, however, prefer the form
({3.11) because it leads to & milder behavior for the corresponding

spin—orbit term at short-distances. We now look for = simple

mogdi fication of the standard Breit-Fermi relations by choosing VrH
“ 3

SO



= VM ir) + V_Gr), where

_ £2)
Voir) = $4r)V 50 r) - A

§_ 2 - - <"
ocD Fs v $1-13/v 3, o= s

3 2 )

Vo) = [1 - f(r))UL(r) + A;S RS £ 74 2 B r s

= (1 - ftr})VLir) ro> 3 {3.14)

- - GV, ir)/dr
Voir) = - dtVSry Zar T — (3. 15)
pos.) 4
2

Matr) = TV r . , 3. 16)

The potentials chosen have the following festures @

{1} The non-relativistic potential Un remains unchanged. There is

K

no discontinuity in V and the discontinuity in an /dr occurs

R

at & large value of v = 3 = 1.835 +m, 50 that the s=short-range

nik?

spin—dependent resulis are not appreciably disturbed.

(2) Vzér) differs from VV(r), the difference indicating a possible
contribution from -non—perturbative interactions. As + » 0O, one
regains the one—-glucn—exchange term.

{3} The Woopds—-Sarxon function hbhas been introduced66 to interpolate
between the perturbétive and the confining regions. Bne may hope
that the fine—hypérfine'splittings-cou}d be fitted by adjusting

these parameters. The expection, however, is not fulfiltled., The



obvious conclusion is that within the framework of Breit--Fermi

1]

scheme, the potentials UV(F) and VL(r} need some modifications. we

have given above a simple modification with an extra psirameter f§S.

4y At r = 3 < A—i~ s f(r)Ugir} is already negligibly small,
MS

where a cut-opff is introduced. The cut-off is needed anyway

to eliminate the unphysical perturbative QCD singularity at v =

A%%. The cut-off should not affect the calculated results with
pur choice a# A_~ = 1946 MEV.

MS
{3} The potentials V_ ir) and V_{r) and Vt = VnR have been shown in

Fig.3.1. Whether the ‘potential Vzir) shoutd still be called‘ the
vector enchange potential i1s ot clear, but the extensive
modification of the 8ED potentials needed even for & modest fit
with the erxperimental fine-hyperfine results is an  indication of

the constraints on the potentisls.
I1T. 4. Fine-hyperfine splittings

With the choice of V_ o as in above, we have solved the

Schridinger eguation numerically and have also evaluted the
guantitie= relevant for fine-hyperfine splitting replacing Vv by

s

V, in Egs. {(3.7) - (3.9). The values of the parameters Mb’ MC

Aﬁg s A, H, Yo arnd & are the same &= in the previous chapter. To
determine fine—hyperfine splittings, we have used only one extra

parameter 3 =1.835 fm.

The results obtained may be summarized a=s follows :



Potentidls (GeV)

- 2‘0 1 : | 1 :
0-3 0-6 0-9 1-2 5 1.8 21
r(fm)

Fig.3.1. The o potentials V_ {r) , V_{r) and the total potential
£ =

vnR = Vz(r) + VE(F) .



(1} The non-relativistic potential Vn . gives the spin-averaged

R
spectra fairly accurate}y,’exceptingufor the centre' of gra#iFy
mass for the iF states, which is ‘abDut 15 MeV less than the
experimental value. In the case of Martin potential,a6 the lowest
mass Y P-state is obtained. 40 MeW below the COG  value. The
absence of & couwlomb-like singularity railses . the S-states
with respect to' F-states. This problem exists with Cornell
potentzal aléa, =lthough not recognized by thg earlier workers.
The reason, as given by Jacocks et al.?7 is that earlier workers
vsed the yw, 1P, ' masses while Bné considers, in the present
context, the £O6 values of the split levels. For y and y', this
change means a difference of zabout 25-30 MeV, whereas the shift
for 1P state is much smaller, | leading to the observed
dizagreement. We have not tried to remedy this, because the
fine-hyperfine splittings are not likely +to be mach altered by
this small shift_of the CDOG value. We have not considered the
spin—independent reiafivistic corrections. For the bb .states,
these are anyway very small.

{2) To study the spin-dependent interactions, we first consider
the Breit-Fermi potentials without any modification, _viz. Vz =
VV and VS = (l—ftr)) UL. The calculated values for a,b;c for the
five levels { 15,25,1P of cc and 1F,2FP of bb Yy for which the
Exﬁerimeﬁtal resu}té aré available, bave been shown in Table 3.1.
If is obvious that the naive choice V=V and V_= ( t—fu2) V, do

not agree at a1l with the experimentxl results, 'Nate,_ in

particular, that with V_= Uv, one gets negative valuwes for o and ¢
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Table 3.1 Results for unmodified Hreit-Fermi interaction {i)

without and {(ii) with pseudoscalar exchange contribution.

c{Me\) b {Me\) c {MeV}
State -
Expt. Theory . Expt. Theory Expt. Theory
_ {1} .44 {iy—-4.87
bb{1F) 14.1% S.64 12.0 5.4
£ .4 , X 0.9 {31i)12.14 £ 2.2 {11)-5.12
_ 11 7.47 {11)Y-3.18
bbb {2F) 10.3 b.97 2.8
£ 1.2 + 1.4 €i31}313.54 {11)—Q.35
_ ‘ ¢1)32.37°
cciis) - 116 N
: 5 {ii)1s67.82%
_ (i) 25,04
cc{258) 22 a
x5 {11)145.69
_ {1) B.584 {i) —5.99
cc{if) 349 ~18.41 40,1 Q
+ Q.3 + 0.8 {i11)130.18 £ 0,9 {ii)-1.25

. aNo 6°(r) term was considered for evaluating c.

]|
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for cc states, while the experimental values are positive. A
modificatioa Dflthe naive cbaice is definitely called for.

{3) With the cheoice of Egs, (3.13)~€(3.16), we éet the resulis shown
in Table 3.2. The overall agreement for the fine—hyperfiné
splittings of the 'P—states' for both bb. and cc systems is
saticfactory, but lesves scopes for improvement. It ha=s been
possiblie to get a positive wvalue {(though sﬁaller than the
experimental value) for ¢ for Y{lP) state. This may be taken as
indicative of the trend of the modification needed ‘tD éxplain
these data. The fine interactinn.results se in general agreement
with the e#perimental results. It may be ﬁointed out that our
attempt'to get = posttive ¢ for 1P bb state has led to a little
worsening of the agreeﬁent for the values of o and b. This can be
seen by increasihg the value of £ a little,;, say to B = 1.86_ fm
where we get o = 12.33 MeV, b = 12.9 Mév and ¢ = 1.94 MeV for bb
iF state. While smaller values of «@ and b can be obtained by
choosing a smaller 3 the va}ue for c¢ becomes negative., Igi
and Dn07q and Pantaleone and Tyeao Dbtaineq negative values
for c¢. None of the calculations could accurately fit the value
of b for the 1P{cc) state. A}so, the value of c(25) is generally
lower than the e#perimental resitlits. We have not considered any
63(r) term in the spin-spin potential. Our values for o are
slightly higher than the experimental results. It is possible
that the lnA.= r term in the confining potential cannot' desciibe

MSs

accurately the necessary modification in the potential in  the

. | _
distance scales scanned by 1P or 2F bb states.

Sb



Table X.2. Expectation values of the spin-orbit (q), tensor  (b)

and spin-spin o) potentials obtained in diffefent_qugls.m

State Values Experimental :Pan{aleone Igi and " Ours
: -af values in MeV 47,80 50,79 | - Egs.
, et wl. _ Ono , (3. 17)
',_(MEV) 4 with Aﬁg =1 3.18)
' C 200 MeV “{MeV)
{MeV) o
bb{1S) c , . 5.0 : 39.5 sa. 83°
- — * . ' b
bB(2S) ¢ : 19.0 21.5 - 30.8
o 14,1 * 0.4 13.0 14.3 19.07
bB(IFY B - - . 12.0 * 0.9 9.0 11.76 C1z.88Y
c 5.4 & 2.2 -0.4,-0.5° -0.772 1.74
o 10.3 £ 1.2 9.3 9.38  13.88
bb(2P) b 9.8 £ 1.4 5.7 7.92 9.98
¢ ~0.3,-0.4% - -0.542 ~0.88
eCi18) - ¢ 116 + 5 101.0 140 122.69°
£c{28) e 92 + 5 69.G 84 34. 78"
a 34.9 + 0.3 48.0 40.5 33.22
cCEiF B . 40.1 * 0.8 A6.0 - A3.5 30,97
‘c o 0 %

0.9 ~3.6,-1.47 ~3.4% . Q.98

aNEW values obtaineﬁ.ae

hY

bNa & Ar? term'cpnsigerea fdr evaluating c.

-r
-~



{4) Table 3.3 and Table X.4 show the>finegﬁyperfihe‘structure‘of
bt and cc systems. We have compared our results with recent

calculations by Gupta, Radford and Suchyta IiI88 {GRS)Y, Schmitz,

1(FUL) and also the experimentatl.

Beavis and Kausa? (SBK),AFQICherS
valueszs; Hﬁwever? GRS.use &  pon-singul ar puiantiaIAGy considering
di%ferent values of the scalar-vector mixing parametér for
different flavours which need & justification. The potential
chosen>by SHi includes‘a,running coupling constant a(f) with some
m&dificatinn to avoid a singularity. Fulcherfs work is based‘qn 3
one-loop pérturbative potential supplemented‘ by >a iinear
confining pnténtial and a }6ng—range spinforgit boiential; The
pseudoscal ar partnef N of y mesoniin Duf caée is very close to
the experimental value whereas the'180 partner of w‘(nc)‘is,‘too
high. In the Y system, the predictéd centre of gravity value of 1P
state is too low if we fix the value of 1381 ehergy level at 996§
MeV. SBK also found similar differences but the resﬁlts'lof' FuL
agree'w?th the expériments. However , aur)resuit for the COG of 2P
states is very close to the experimental. value and',_ifh‘ almost
agrees with-FUL's result whereas in SBK;S caléulatipn, thé CDB is
shifted upward by approximatély 20 MeV. In case‘of ¥ meéﬁns;- the
spin—ayéraged x—level predicted by us is about 20 MeV below its
Dpserved value. The energy levels Df Dfstate,of bt and cc systems
are listed in Table 3.5. Heré, our results afE compared witﬁ ;hé'

;a}culated results of H.!L"‘1

and alsc of Sebastian et al. %85
- who used the poteﬁtial prdpnséd by Gupta, Radford and Repko. In'

the Y system,'almost'all the poteﬁtia} models predict ‘nearly " the
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Table

3.3. Energy level éplittihgs for the Y syétem; 3

State | Experimental value | BrsCC | Fu™ | sm®7 | oURS
{MeV) {MeV) {MeV) (MeV) mew{
178 4¥) 9460.32 £ 0.22 9350.0  9as0 9461  9460.21
118, tn,) 9412.2 9420 9401.38
278, 4Y')  10023.29 + 0.3 10015.8 10006 10023 10037.70
zisocné> 9992.5 9983 10006. 90
38, () 10355.3 ¢ 0.5 10357.8 103585 '103§2.95
3te, ing) 10339.7 1033 10343, 14
475 (Y"r) 10580 * 3.5 10594.51
4lsotng') 10582. 86
15, () 9T 2 £ 0.6 9913.9 9908 9708 9904.02
15P (0 9891.9 * 0.7 9893.3° 9895 - 9880 9873. 60
1*9 ot 9859.8 + 1.3, 9B61.8 9874 . 9849 . 9835.24
1 Plth ) 1 9894.8 £ 1.5 99G0.1 9901 9854.50
2P, () 10269.0 * 0.7 10269.8 10268 10292 1ozé§;£e
2P () 10255.2 £ 0.4 10253.7 10256 10270  10247.89
2Ry tx], 10235.3 * 1.1 10228.8 10239 10245  10219.04
zlélthéx 10259.0 10262 10257. 66

=9



Table 3.4 Energy level splittings for the y system.

State Experimental value GRSES Sﬂﬂa? OuURS

{MeV) {Melh) (MeV) {(MeV)
lésltw) JIOR6.2FT + G.09 JI095.9 3107 IO, 37
115_(n } 2979.6 + 1.7 29811 2982 2976.468

O Yc - 1.6 :
2°51(w') 3I686.0 X 0.1 3I689.7 3692 JI&671.50
QISO(né) ISF4,.0 * 5.0 3519.% 3636.72
3 2

1 P”(xc) J3556.3 *r O.4 A8BS3ALS J561 IS35.57
léPl(xi) 3I510.6 * Q.85 ISO07.Q JT490 3487.71
iaPO(xg) I4i5.1 * 1.0 I412.2 3412 3408. 04
llPlthC) JIS5ZS5.4 0t 0.8? 3518.5 350447

®maglin et al. (Ref.27).

&0



Tablé 3I.%. Fredicted D-state énergy level splittings for Y and -

y systems in MeV.

: bb system N _cE system v

AR Ry ‘s@z 0 OURS | 582?0 | ouRS
15D 1012 10153 10163.3 ~ 3@30 3783{9
iapz 10160 10149 10152.4 3822 278206
1°p, - 10155 10143 1014{.5 38o1 s782.4
ctle, T tots0 10150 | 10153.8 3822 | EBOO;CJ
2%n . . 10451 10436. &

2392 10446 10432.0

231)1 10440 1042§.2

2102 S 10887  ° 10433.

&1



" same spin-averaged D-state HR.E. to within % 10 MeV. For the 1D

1g§ei of CE, the exsperimental walue of 1301 state is é}ready
known, L. e. M(&Dl) = 3769.9 *£.2.5 MeV. From the Table 3.5, we see

thét our results aré marginally_béttér thén_ 567 's results, \but

leaves scope for iméfovemept; Noreoyer, using the theoretical

wvalue of the radiated phqtqn energy, we have studied the-}El-
transition - ratés far both ‘bE and cc 5§5tém5. These are ;iste& in

Table 3.% and T%ble 3I.7.

(5) While we are convinced of the need for a modification of the

naive BF interattiéh potentials, the guestion whether this could

come &s a contribution from a possible pseuwdoscalar  eschange

5,42

2

potential - should BISG'EE examined. The ﬁseudoscalar exchange

makes no contribution in the non—relativistic 1limit . but

contributes the following tv!c)z'carrection to the fine-hyperfine

interaction :

s
d{PS/dr

17 2 y r dE g 2 5
Hog g Sy S, TVgtr) + e ( a7vpg/ar —— ) 85 -
& @ (3. 17)
We choose a fairly genera}_vpstr) s L.B. 4
_ : 2 .
UPS(r) = E/r + F lnAﬁg r + Br + Hr » . (3.18)

and try for a fit wifh the experimental results for & and c. . Note
2 . ’ - )
that r“ term does not contribute to b and the /v term contributes
X, ‘ L ~ el e
only a & (r) term to c; which . we neglect for the time being. The

results, as shown in Table 3.1 disagree with the _axperimehtal



Table 3.6. Ei transition rates for Y states. .

Experimental | Calculated | I'_, (Expt.}| I'_, {Theo.)
s El = Et
Transition _ . . ’ . ~
Cw . iMew) Cw {MeV). - {KeV) (KeV)
278, » 7P, 162.3 & 1.3 200.42 1.29 £ 0.3 2.40
1°F, 130.7 £ 0.7 162.76 2,01 * 0.49  3.86
7P, 109.5 ¢ 0.6 132.79 1.98 + 0.48 3.50
378, » 1P 483.8 + 1.4 512,27 ‘ _ 0.01
1P, 453.2 t 0.9 477.80¢ - 0.08 * 0.03 0.03
1P, 432.8 * 0.8 448.77  0.0& % 0.05 0. 08
£ . -
378, » 2°P, 119.3 % 1.1 142,91 1.22 + 0.3 2.54
2°F 99.6 + 0.4 114. 42 3.08 . 0.6 3.90
2°p,, 85.9 + 0.7 92.87  3.26 t 0.7 3. 48
17F, » 175, 3F91.7 + 1.3 367.88 ' 23.13
1°P, 422.5 * 0.7 804.73 | 30.80
1°F, 442.9 t 0.6 433.87 : 37.94
£~ . . ) .

2P, » 178, 741.5 + 2.3 730. 66 ' 6.45
27, 764.8 t 0.8  757.41 ' 7.19
2°p 776.8 £ 0.7 777.55 7.78
2%, +.278, 205.0 * 2.3 179. 73 : 8.35
27, 229.7 % 0.9 208.03 | 12,95
27p, 242.% £ 0.8 229.34 . 17.35

&3



Table 3.7. El transition rates for y states.

I, (Theo.)

Experimental w Calculated w
Transition'. ) ‘El .
{(MeV) . {MeV) {KeV)
278, » 17P, 261.0 254.0 64.36 -
1P 171.8 179.19 867.79 -
1°F., 127.7 133, 41 46. 6%
P« .
1¢PO > 1"’51 303.2 294, 69 170.08
1*P1' 388.7 366,72 329.69
1P 429.4 409.29 458,35
3951 > 1*P0 558,98 .34
1°P1 490,52 0.72
1°P, 448, &4 0.92
38, » 2P, 149.55 ' 37.48
2°F, 111.94 47.16
27, 118,48 93, 20
3 3 o '
2P, » 178, 585,78 64.11
27 717.64 73.47
2°P,, 712.15 71.79
r * N
QJPO > 2“51 184. 0t 124,50
2391 270.88 215,34
- ' “
2P, - 214,52 197.27 .

b4



resu;ts. The pafameters have been chésen'ale = 1.297, _F = 3.2
GeV, & = -2.052 GEV2 and H = 0.16356 GEUE. We note, inv particular,
that'(1) p5eQdD5ca1ar ex;hange ter&:dnés not modify the spin-orbit
ipte%a;tion and hence tge valueé'of'a remains unét;éptably'llow;

{2} ¢ for bEf!P)»is still pegative and {3) ¢ for 15 and 2S5 states-

can be altered by including a term kéétr)Si.Sa with & = . .G,073
a | _ ‘ L1 , .
GeV 7, giving for the cc system, the values c{15) = 116 MeV. and’

c{?S) = 117.86 Mel, the latter being about 25 MeV larger than the
experimental value. Ow conclusion 3is  that the addition of a

pseudoscalar exchange potential alone is not sufficient.
I1I1.5. Conclusions :

We havé showrs. that the naive Breit-Fermi interactions
(Eqs.S,S—S;é) are not cgnsisteni with the fine—hyperfine
spii}téﬁgs of heéQy quarkoﬁia. The fof@é} relationships may
perhéps be maintained if the vectorv and 5;alar' patentialg.'are
mé&ified at least in thé intermed;ate raﬁge of r values. The
modi fication cannot bé described by a pseudoscalar .egchange
potential. It appears that the measmremen£ of the splittings of =
few more lévels shoulé provide sufficient' additional constraints
and help in detidihg if the Hreit-Fermi form of interaction is ét

all valid for heavy quarkonia.



* CHAFTER IV

EXACT RESULTS FOR HYPERFINE INTERACTION

* A major part of the contente of this chapter has already

beers reported in Refs. (1) and {(22).



iv.1. introduction :

As pointed oput in the parlier chapte;, the spin—dependent
potentials are pnot yvet known accurately. fhe recently  discovered
hyperfine splitting of P-states cannot be accomodated comfortably
within the framework o©of the standard Breit-Fermi. form. The
uncertainty regarding the long-range confining part of - the
potential is one of the factors confributing tn the complexity of
the problem. However, the S-states of the quérkania have only
hyperfine =plitting and thgrefore, a careful study of Ty and nc
states can provide SomeE useful information ahout the
spin—dependent pateﬁtial U#£r) angd hence sbout ‘ Uztr), i f
Ereit-Fermi form [ Egs. (3.1,3.3-3.4) 1 is accepted. It may be
mentioned that the standard approach leads to highly singular

-

terms, like 1/r~ and 63tr), for the hyperfine interactions. As
has been pointed out by Bhaduri et al.,qs & treatment of such
singular potentials is not reliable as the hamiltonian becomes
unbaundea. The conventional approach hHas been to ignore  this
difficulty and treat the singular terms perturbatively. Some
attempts have, of course, been made to recast the spin—dependent
poteﬁtials in less singulér form. Intreducing an  additional

parameter, some authors94 used a cut--off to reduce  the

singularity. Ono and SChﬁbEFIQJ replaced 87 by & short—ranged
function and GuptaQé obtained a form of the 0@ potential which is

. -’ _
not more singular than 1/r°. Obvicusly, the problem needs further

&7



investigation. Apart from the hyperfine splitting, the decay

widthe of the dSI and 150 states may pfovide sSDme Eésential
information. Some experimental results on these decxy widiths are
already available. Model indeﬁendent Qr exact results or bounds on
the wave-functions at the origin; even i1f weak, will be very
useful in this contéx?. We present in this chapter some general
rezsulits which are valid for a large class of éﬁ potentials with =
generally expected radial deéendence.

The presentation in this chapter is as follows. In section
V.2, some inequalities for the wave—function at the origin, Qalid
for a general class of 08 potential have‘been obtained. Inn section
V.3, we mage use of thé an potential obtasined by Gupta which
exhibit;jgxplicit mass dependence and obitain some exact resulis .
for the hyperfine splittings of the S—=states. These are used to
obtain l1imits on the decay widih of the Ty, states. The final

section gives ouwr conclusions.
IV.2. Some inegualities for S-state wave-functions :

For a class of 0B potentials, it is pos=ible to prove the
ineguality,

wsfﬂ) > y&(O)A , 4.1)

,

vhere wttr) and wstr) denote the triplet and singiet radial

wave—functions. be wite w%(r) = ut(r)/r and wsir) = ustr}/r

vhere uw, {r) and u_{r}, chosen real and positive, satisfy the
t = * - :
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Sochrodinger eguations

=
d*ut 2u 1
—— — _ - = =
5 * [ E, vt F Y,y Juo =0 (4.2)
dr h
and
2
d L!S' 2}-1 =
— * - [,Es = W_Ar + Z Vo }uS =0 . 14.3)
ar h
e assume that the spin-independent potential Ua(r) is

funnel-shaped with av_sdr. > 0 and dEVD/drE < 0 and that
the hyperfine potential Uot}) decreases monotonically, dUD!dr < £,
While the first assumption i= generally accepted;, the =econd i=
reasonattle or at leést there ié no rknowm chiection agaiﬁst it.
Mote that Votr) is short—ranged and in the Hreit—Ferminyrm,
Vd = VEUV . UV being the vector exchange potential. We, however,
ignore any éE(r} type term and sssume that Votr} can be given
in terms of = shaﬁt—ranged continuons function.

To deriye the inequality we follow the stepe given in Ref.
{97) which generalise the techniques developed by Grosse and
Martin.98 The steps are outlined below
2} We kpnow that at a large distance, there 1= no spin-spin
interaction, Udtr) » O as +© » w . Frbm the large distance

hehavior of the Eqgs. (4.2) and (4.3), we see that

i, ) > ou fr)y as ¥ » o 4 since E, B
= t =4

" as given by experimental results for both “ bb and éE states.

-
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h) e ﬁate that the Wronskian

dut dus
Itry = ( v )(r)
e
2t ‘ , ' .
= = fuu_ OV ) - ¢ E - E_) Jdr 14.4)
h.&. o o =
is also given by
- w
<H
4 = - . - f — . =
I4r) N Jupu L Vi) ( E, - E) Ydr {4.5)
r
as I{w) = 0. Note that for + ~ 0, I} > O and for r + w ,
IGry » 4 o

£) ke note that since VO te monotonic, the integrand has only

e

one zero, say at o= gt Hence for r,? We use Eg. 4.4} and

for r > Fos We use Eq. ¢4.5) to show that Ii{r} > O for all r.
One can now prowe that vy Toug has pnly one zero, say at r = ry-
From {4.4), we get

‘ - u’ oy 0
ustrl) £ ut(rl) us.ri) R €
and since u ¥ € , we see that u, —on_ can wanish only once.
d} Since u, ir} F ou {r) as ¥ » w and u, — u vanishes only
't 5 t =4
once, we =ee. that us'} u, near the origin.
e) e now consider the expression
w w
2 2 2 2 dvn 1 - 2 2 dva
twt(O)} - wa(O)l = f Wy —udg=Tdr + o f (Su_ + u ) a="dr
Q 0
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I (uz - u2) ----- Car siRce —7 0.
t s dr i dr * .
4] -
Since both u, and u_ are normalised , we have
' ® av aw
2 2 . 2 2 o o
bug (0 7=yt | < f ey - wDy [ oo - ge ), ]9
. a 1
2
da Vv
DO & since m—gp <. {4.4)
dr© ' :

Thus the singlet wave-function is larger than the triplet

wave—function at the Crrigin, a1 though in perturbative
calculations, one takes wt(r) = wstr).
The ineguality {4.6) may be converted into uvsetful

inegualities for the decay widths of the and T states. e

Dy

first note some useful BCD relations involving wave—functions at

the origin of the vector meson v 3

- s 22 2
Few - ptn” 0y = 282 &2 08y o |, (4.7)
Z "o t
M
'3
%, 2 2
Tt v o+ 3g = 289 ol 7 - |y T, (4.8)
81M°
v
.2
128 @ 2 2
Fi v o+ 2gy ) = 5= o —5 o (A% = 9) |y (O], (4.9
? M2 s t
v
- 327 2 2
Tt g » 2g ) = —5—— o le(O)l . (4.1
M ()
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Using experimental va%uesL for "{ yw » Zg } = &8B.5 ¥eV and
Fim_»2g) = 16.3ii'§ MeV, we get from Egs. (4.8B) and (3.10),
v 102 |
WYy & - -
t _ eae—T. 148
*——;g;—z = 0'd41+0.267 $4,11)
fwg ¢ |
if o_f{ cc )} = 0.2048 s which may be obtained by considering the

=3

ratic of (4.8) and {4.7) and using the experimentxl value for

QA efe—) = 4.72 * 0.35 Kel. Thus experimentally wt(O)/wS(O) =
G.6 — 0.9 for the cc system. In case of bb system, using the input

value of TI'C Y - e+e~) = 1.34 t Q.05 KeV, we get from Eq. {184,7),
the value of iwt(O)‘ig = 0,403 GEVS, which now becomes a 1qw9r
bound for the wave-function at the Drigjn of the ygt unpobhserved
1SG bbk =tate. Tﬁe simple ineguality (4.6} should hpld for all
S5—states for all heavy quarkonia for the class of potentials
considered and -hencé useful  in predicting the order of thé

two—gluon widths for all states, yet to be discovered.

5]

IV.3. Mass-dependent potential and decay width of By 3

As bointed out earlier, most of the existing potential
model s invoive highly singular interaction terms, like 631r) o
l/r3 term=s. The vélidify of é perturbative calculation with sucﬁ
terms is indeéd qﬁestionable. Gupta96 has proposed a new oe
gatentiai, wh%ch is less singular. This is cbtained by considér;né
& 5Dn—relativi5tic approvimation of the als] scattering matris
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3 ’ 2 b
element by treating p‘/p; {rather than p /M) as ths small

2 1 .2 1 2
expansion parameter, where P =7 LA iy 8, K=p'—-p 4, 8=

a

: 2
P’ + p, it being assumed that 37 is very small compared to K7, The

approximation leads to the second-order perturbative potential

do_ 4 4E—QHr - = 3&1 L .
Vir) = - = [~ = & -3 - 5— L.S - E? Sio] + Ar, (4.1
where ’
o= [t - (t+ 2w )E—2Mr 1 Mo (4. 1%)

-
I

TR

[+ - (1 + 20 + % Mzrzje—zﬁr 17 ML, $4.14)

The potential has some interesting featwres, the most notable
being its explicit mass dependence. We note that for an S-state,

the potential may be written as

Yir)y = M¢i(ME) + Ar , (4.15)

wher?' ¢1(Mr) ie a matrin function of M. In = recent paper, Bupta
et al.BB have.taken & mirxture of scalar and vector exchange terms
with an arbitrary mixing parameter B and have chosen different
valges cf K for the bb and cC systems., A justification for this
choice is not cleer. If we assume that B is the samg for all
flavours and that the €0 potential is, in fact, of the type
(4.15), we may use the mass =caling properties of the

corresponding Schrodinger equation tpo derive some  interesting

resultes.

=r
P}



uir}

Let MC, Mb be the guark masses and let ¢Z(r) = os and
b vir?} , . . . o
p_tr) = = be the singlet radizal wave-functions satisfying
d? oM
S ¢t S LE - MMM - A Ju=0 (4.16)
dr ™~ h* '
d2 Zﬁb
X + 2L E-MHMr) —Ar Iv=0 . £4.17)
2 2 b b
dr h :
Mb
Ve now consider a scaling transformation, rf= el of Egq. (4.17)
M c
. b | 1/2 . .
and substitute wir) = [ Toe ) Yird . Arguments similar to  those
c
given before, will lead to the inegquality
-”b 3 o 2 b 2 ,
{ i ] g¢5(o>3 > 1¢5<o>; . {4.18)
c

This bhehaviowur ie, in fact, expected even in more eneral cases.
5 ¥

For a mass-independent power—-law potential WV = hrv, one gets

2 3/ 62
Py 01} oy SRR 4.19)

- = '
Thus for & coulomb potential fp = —1), zwntO)thM“ is a
[oe] X '
constant, but for » » -1, )wmiﬂ))‘fﬁ“ decreases as M
increases as in the case of Gupta’5Q6 potential. For -2 < » < -1,

the ratio increases with M. The ineguality (4.18) is & weakl one
but carr =till be converted into useful results, as is shown below:
a) We note that with Mb = 4,78 GeV and MC = 1,36 GeV, which we

have used in the previous chapter to €1t the fine-hyperfine
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spectra, the ineguality gives

c 2 . - ) 2
jop_ o | > 0,023 1¢>:<0) { . {4.20)
b) Using {4.10) ard the experimental value of H(nc} = 29??.&ti'z
MeV, we get {¢:<0)[L = 0.0651 GeY~. Thus the upper bound of
b2 s '
q re 2 = =
}¢5€J)} is 2.8 GeV.
c) One may estimate aq(bg) from the ratiogq
F{ Y{1S) » 2gy ) 36 ER 5 21s
= = —_— L - '-'—_E-)' -
M Y{15) + 3g ) S e tbb) @ teo
giving ascb6> = 0.1946 .
g} The width of By, Can now be bpunded as
| 2
I
. . 32= 5 b 2
2R
<40 MeV . {4._22)

e) It may be noted that the potential of Gupta

quarkonia can also be written in the form

Lo }
V = J {r) +V {85 -
o o
2
dvD d VD dvu
with a_—'— >0 5 S 4 Q 1 a—{._—— [ 4] -
di-

ineguality ¢2(0} > ¢:(0} s should =lso hold.

for the S-states

Thus the first

) The value of ¢b€0) is already known { from its leptonic deca
s * Y

2 =
width ), j¢:€0)}* = 0. 403% GeV™. We, therefore, get a lower

bound for

F¢w, »2g ) > 5.7 MeV .



100

g) Hosner et al. obtained the inequality :
2 oy oz B £4.25)
y’Ml - ﬁ WM L e 4

which is valid for power-~law potentials and xlspo for the class of

>

potentials discussed in  this chapter. We have given elsewher29’ a

' 2
proot of this inequality for more general potentials. Since y ()

for 150 cc state is ~ Q.0651 GEUQ, we cbtain the bound
4 y 2g ¥y > 3,23 MY , {4,246}

which is, however, weaker than the bound in (§.24).

Iv. 4. Conclusions :

We have presented in this chapter some general results orn  the
hyperfine members of the.S—states quarkopnis for 8 general class of
potentials. fhe results will be valid even if the Breit-Fermi fn;m
of the spin-dependent potential is not valid. We first use a
flavour—independent potential and obtain & lower bound ‘on the
wave—function of the singlet S-states of bb. We consider in this
context Gupta’s potential for the 08 sysiem and make use of the
mass~5ca1ing'praperties of the relevant Schrodinger egquation to
predict that the width [{ By, 2g ) c=hould lie within the range
6 ~ 840 MeV. Thus even the wesk inequalities conzidered here are

useful in guarkonium spectiroscopy.
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* CHAFTER V

TWO GLUINO BOUND STATES

* A part of the contents of this chapter has xlready been

published in Ref. {(?7).



Y.1. Introduction :

Supereymmetric 2ED giwves & =imple method of studying the
two gluino 55 } bound states. The production ané decay rates of
ES states have already been studied by & number of authors.se The
gluinps are expected to bave & long life and can, therefore, form
bound states which may be detected. The study of ES states is
erxpected to provide a simple method of detecting a2 sparticle.
However, there are considerable uncertaintie=s in  the theoretical

mregdictions for the 55 states, which stem from the uncertainties

in the gluinc mass pg as well =14 in the two gluino

potential Qgg . The speculatianslabout the gluiﬁn‘mass have been
centred around S BeY ( light gluino ) or 60 GeVY { heavy gluinc ),
with the experimental bias shifting towards a heavier gluinn.lﬂl
For these gluino m35595,4n5n~relativi5tic bound =tate model is

LY

adequate to predict wave-functions and binding energies of gg

ora

states. The potential for the gg system is only partially known. A
simple minded application of supersymmetric 8CD to the gluino
sector suggests that the short-distance part of the Ea potential
is related +to the short-distance part of the gquark—antiquark
’pctential by the colow factor 9/4. There is, however, no such
relation for the long-range part of the potentials., Some

= =
58,59
authors™ ?

have assumed the same proportionality constant 9/4
between the two potentials, even for the non—perturbative

long-range part, 3just because it makes the totsl Vaa potential
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proportional to the gQ potential, Uaé. Since there is a guark in

each of the mass ranges presently considered for the gluine, it is
indeed convenient teo study the 55 states by comparing with the
guarhonium states, which are rather well-studied. In the hadron

~.

calliders, aa states may be produced via the gg » gg and 26 Ea
subprocesses.,  Goldman and Haberlaz discussed the method of
gdetection of the gldinonium states'which may be produced in hadion
collider and in guarkonium decay. A convenient method of detecting

the aa states will be to look for a radiative decay, {(tt) » » +
EE{ISO), i1f permitted kinematically. To estimate this and other
deca? widths and production crosssection, one needs the particle
density at the origin, )wga(@)iz of the 65 states. The uncertainty
in the contribution of the long-range pctential makes any
theéretica} pred;ction for iwagtﬂ)lz unreliablg. be shall show by
considering =& particular potential model that there is a
cignificant dependence of the theureticél results on the
long-range potentizl. Given this situation, it seems reasonable to
l1pock for model independent results or bounds. The observation that
heavy guarkonia can be descrited by a Schrﬁdinger‘equation with a
non-relativistic Q& potential has led ta considerable activities
in the study of general properties of the Gohrddinger eqguation
with confinping potentials. The scaling properties of the
Schrodinger eguation for power—law potentials have been foundé to
be wery usefnl  in deriving results of this natwre. Rigorous
results op level ordering for more general potentials have béen

obtained by Grosse and Martin.ga The wvalue of the S-states
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wave—function at the origin w(Q) bas & épecial‘ significance in
guarkoniwn sSpectroscopy as - thi=s guantity cocurs in the
expressions for various decay widths of the state. Martin has
obtained rigorous results for the relative magnitudes of the

wave-function at the origin for 15 and 28 states for the usuaal

quarkonium potentizals. Martinlg* has, in particular, shpown that
for convex {(concave) @ potentials, 1wq8(0)} > !w15(0)}

(;w2810>; < 1w}5(0)}) which was found useful in comparing the
leptonic decay widths of the guarkonia. Some of the techni gues
used by Martin are now familiar and we shall uvuse them to derive
some inequalities relevant for the study of 55 states. The purpose
of thi=s rchapter is to point out that the results can be
generalised further to obtain some useful information about the
"two gluino bound stateé.'

The presentation in the remaining part of this chapter is as
foliows. In section V.2, the two gluino bound state thential ’is
briefly reviewed. In section WV.3IX; we consider a class of
potentials to 5tﬁdy the effect agf the long-range part of the
potential on the spectroscopy of the two gluino system, gsing snme'
general propert;es of the Schrédinger equatios.' The results may
provide bounds on decay widths. The last section gives our
conclusions.

¥.2. Two gluino bound state H

Gluinos are a self-conjugate majorana spinor, transforming

a8aQ



as an octet of colour SU(R) and are supersymmeltiric partners of
gluons. It would be exactly massless at the tree level if
supersymmetry were ann unbrolken symmetry. The gluino—gluinc bound

states are known to follow the general decomposition rule

8 x8=1+8,+8, +10+ 10%+ 27 .

be, however, need consider only the singlet sector. Starting

from an cctet QCD action, Zuk et al.dB'fol}Dwed the method of

1
Brink et al.lt4 to extend the wmiginal @CD lagrangtan to the

supersymmetric sector. The asction is giwvern by

4 1 _a _pv i ~a s
S = - — Fd -

f g n f 7 vaFa *+ 59 y.Dg, 3
which de=scribes the interaction between the BU{3! gauge vector
bosmy and i1ts  superpartner gluinog fields. DH i= & covariant

. . ) . a ,.a a

derivative, . D = @8 + ig T .A and F g = 1,2,~———-8) are the

H H H e

Yang-Mills fields cornstructed from the adjoint representation of
gluon field. T® are colour matrices. The gluince (mzxijorana) field
- .. . ~a ~aT . . . )

S catisfie= the rcondition g = cg which = necessary to ‘halve
the number of fermionic deg}ees of freedom toc mstch the number of
bpsonic degrees of freéﬁom. The majorans constraint is SU{3) gauge

ipvariant. The interaction laegrangian term of gluaino and gluon is

obtained ac

2

- H
g Ja Qp

int
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TZ iz = gluinoe current, written as Jeix) =
=

S(x)ypT_E(x)
(=]

k3] v

and g is the stromg BCD coupling coenstant. The matrix elements of
the gluine current is

. 2 ~ &

<ogfil: JT40) 2 Y o= TR (k= )y ulks)
gl » | g p

where k and é denote the momentum and =spin of the free gluino

L

staterse. We now consider gg. scattering‘at the one-gluon-exchange

level. The relevant diagram gives the matrix element

2 i &, 241 - |7’ =
= el Pl £l f Y - 3, ¢ t -
My g [ 5 Tr L (T ] o uikLsl)y utkzsg)utﬁlsl)yputklsl) .
a q
Comparing thiz matrix element with that for e e =cattering with

one-photon—erxchange, we see that

]
fowrs = o O RV )
e C,(8Yg" ¥_—-_~ |

Considering a similar graph for 28 - g8, we note the scaling

relation

i

Vesrs = LR — 1 - =

Jgg CE(G)/CE(R) JQQ 2?/4 JQQ . {5.1)
, e

The above relation is valid for large: &°, in the region of

. .
perturbative BCD. But at small 87, we have no knowiedge of 8CD
potential and the scxling relation need not hold for the long
distance part of the potential. In the next section, we show the

dependence of the theoretical results on the undetermined long-—
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range part of the potential..

¥.3. Long-range potential and results :

To study the effect of the long—range part of the

potential, we conzsider & simple parametrization by sssuming that

5 = + { : 2.2

VQQ Vsir) VL r} , ' {S.22

e = 4 ML \ =5 X

Vgg ot JS.r) + £ JL(r) s (5.3}
where o, 3 are real parameters. ¥Y_ 4ir} is the short-range

s
potential, which . is attractive and dominant near r = 0. The tong-
range part, VL(r) becomes positive and divergent as 1 » . We
first consider s particular non—relativistic potential Vaé =-US +
VL s with
Votrd = £0m) VIR () Vote = (1~ ) Ve (S.4)
’ L : ™ )

= {CcD

( L+ e( - oa /s )

and firy =

where VS ic estimated from the two—-loop 8CD calculations, given by
the Eq. (2.3). We choose Aﬁg = 0,200 GeYVY and Nf = 4, In (5.4},

V., is s Martin—type power-law potential given by

S
VH(F) = =F.392 + 8.080r
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with v in fm. The choice is mpotivated so that

VQCD(r=a) = VM<r=a) . {5.86)

We have chosen the parameters in the potentials US and VL so that

the condition (5.6) is satisfied. Because of this condition, the

ca}culafed spin—averaged results are not very sensitive to  the

bb

choice of the values of a and s=. We have chosen & = 0.0723 §m

and s = 0.01 fm in the following calculations. The singularity of
{2) -1 . . .

5 ol — =4 -

}QCD(r) at r AMS should be ignored in Cm}culaﬁang VS(F) One
: N , W1

may truncate Vstr) for r > ot where one chooses rp < Aﬁg 50

>,

that (rD—a)/s *» 1. The fesults are then insensitive to the value
of r _chosen.

o

We now assumg Vo~ = Q@/4 V) + 5N and calculate the

gg 5 L
'j hal i)

binding energies and the values of ]WEECO)}‘ of the gg system for
a range of 3 values ( 0.5 < = 3 dand with different gluinc mass.
Our results are shown in Figs.5.1-5.4. We do not expect a large
deviation for these results for any other acceptable potential
mpdel . We note, in particular, that {wtc)fL for both 1ight and
heavy gluines show a significant dependence on 3. It is obvious
that the long-—range part needs more attention.

The decay rates of gluinonium are given by expressions similar

“to those of the corresponding quarkonia, apart from the group

factors

@

e
| €46 / c, iRy |7 = 27/4 .

b e

Thus the decay width of two gluino bound state is given by
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A 27
I'{ggo s gg} = P

L

< } ‘C)}z/ﬁz {S.7)
ot eaes { y . P
= ng

The standarg formulz for gg production cross—-section in hadiron

collisions is
—— 1
-~ tgg » gg) d:
o o= {23 + 1) A - §oom o £ ) £ T (5.8
am” * 4 3

.l
\

where T = M /5, M, the gluinpnium mass and 311—x)5/x is
sssuned to give the gistribution Ffunction for gluons. We have
ccnsideredlonly the crosse-section for pseudoscalar production. be
have shown in §fig.3.%, the cross-section versus pa for two
different beam energies (¥S) considering two different wvalues of
3. An increase in 3 decreases the cross—-section for & given gleino

mass. Our calculated results agree with those of Kuhn o and Dnada

but differ slightly from the results of Kane and Leveillelos at a
higher beam energy.

A study of the general feature=s of the potentiasls (5.2) and
15.3) provides some information wﬁich may be obtained in the fors
of inegqualities. The proof of the ineguality makes use of  the
techniqués dEVE}DpEd' by Martin. We assume that koth the
short-range and the long-range parts of the potential are

monctonically increasing. The assumption i=s true for almost  all

the potential modelzs considered for the oD systems. Thus V

g arsg VL
in 2.2 and (5.3} =atisfy
- dV o av
= >0 L s (5.9)

ar : L , oo
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Fig.5.5%. 7The wvalue=s of cross—section{cd for peseudescal ar
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2
™ e
gg )
and —— {0 { concave downwards ) {5.10)

dyr

but are otherwizse arbitrary. We can derive the following results:

{a) If pafpa ¥ /o and 3 }, pQ/pS s
we have for the 18 states
2 ) . 2 : '
!waatO)i FOMindt o,f3 2K pg/pa) iwgétG): . {%.11)

where Min{ o, ) is the smaller of the two parameters.

; o 9 ’ 3 <« o
.<b) If - pg/ya < 1/ and f3 . ,pa/pg 5
2, fen 4 2 e ¢
Wg'g““" ! < wgg i . {5.12)
Let y~- = vir}/r and w.={r) = uérd/r be the 18 radial
gg nin]

salutions for the EE and 28 systems respectively. Hoth u abd v are
chosen positive. To prove the ineguality (5.11), we follow the

steps outlined below:

(1) For v » w, we can make use of the large + behavior of the

~ o
radial egquations to show that v© < u° for r » o s if 35 palpa.
e =
tii) It carn be shown that v - u° has = unigue zeroc. Consider the
hronskian
Iir) = (v'u — a'vitr)-
T
= 1 - -
= ;f f w [t Hy HQ'Vg + 4B Hy AT
G
- {E’ pg - E pa) ] dr . (S.l;)
Since If{w) = 0, we may alsc write the following representation
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) :
Ity = - ;2 f uv [ (o pa - NQ)VS + {3 pa -pQ)UL
? r
- 1 E' NE - E pg) ] dr . {5.14)

From (5.13), it follows that for + ~ @, the integrand is ~ {« pa -
”Q)VS and negative andlhence I¢r) & Q. For r » w, one finds that
the integrand is -~ {3 pa - Hg'V, and hence from {(S.14), it
follows that I4{r} i=s slso nmegative at large r. Since both VS and
UL are monotaﬁic s v and v are ponzerc and positive. It has,
therefore, only one zeroc, say at + = e For r < rD, we use the

relation (5.13) and for = > r,s we use the relation (5.14) to show

that () < 0 for a1l r. We can now show that v - u vanishes only

once, say at r = e The relation {35.13) gives
ot — . <0 . 5,15
utr D[ viirp u iy ] (5.15)
Thus { v — u')r—r < 0 , since uw > O. The unigueness of the
1
2 2 '
zero of v —u and hence of { v —u ) follows from above.
< s . 2 2 . 2 2
{311} Since v - v < O for r -» o and since v - uw - has a
. 2 2 -
unigure zero, we conclude that v~ - u™ » O, for r ~ Q.

{iv) In the last step, we make use opf  the well-known relations

like

3 3
ut o = ~2 Juogpar . (5.16)



‘We consider, wih 3 £ a ,
. l_}"o
Q) 2 ? ) 2
peors {2 - —_ = {{)

pw..
2 9 2
=  v'7Q) - 73 _ (U RO D
He
e o — .
g - o gg  Hg o Vg
= o f dirr {vT - }EFw + = f dr u {a ~ ﬁ)aF
1 H
L dirers At eure
g 2 2 gg g
z =5 f dr (v© - u") [ o - g lr—r ]
h 3
L R I
since
g5 Yeurs
g - .
— <0 . {5.17)
ar

For A » o , we can show that

. - : 2
;ygaccn;‘ — e Gn/ug) e (o) ]

is positive definite. This completes the proof of the ineguality
= - & D (: ~ 2 . -
(q.ll).’For Hg/”Q_‘ Yooy 3 ua/pg s we may follow - the same

v
steps to derive an upper bound for ]ng(O)j‘, viz. the

2

inequality (S5.12). Dur results are shown explicitliy in Fig.5.46 for
a = 274, We cannpt make any prediction for the striped regions. e
note the folliowing:

{1} For gquarkonium states, an useful ineguality for two BB states

P33
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nFig.SLS. The inegualities {(5.11) and (5.12) shown explicitly.

There i=s no prediction for the striped region.
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) 100
with masses .

Hg and Hpe wWas conzidered by Rosner et al.

v Hge 2 :
— > — — ] > . o,

W ,Qﬁu) = o wmatd) 5 Hge * Hg _ {%.18)

The inequality has been shown to be valid for power-—law potentials
and alsoc for- a potential =satisfying conditions like 45.9) and
13.10) in the WKB approximation. Dur resalts, with o = B =
provide & rigorous proof of this ineqﬁa}ity for & large class of
potentials,

Hy we have the eguality wgaiO) =y, —4Q) for 3 =

.. 4
{ ~ =
{11} For pg ~ g i T

/4 . For a smalley 3, =iy & wgaiﬁ), while for a larger f3,

Fex
the situation is reversed. The 'variation of wiQ) with 3 is
ex#ected to be smooth, a&as has alsc been seen in our  model
calculations.

f1i1) The results may be useful for estimating bounds on  decay

=

widths., As an example, consider the two gluon decay width (S.7).

Suppose 3 ~ 9/4 and Hy = 45 GeV. If pa = 20 GeV,
Figgia ) » gg) = 190 MeV, (5.19)
2 =
where we have used the result lwt€(0)118 = 350 GeVY™, as can be

=

seen from calcnlations with the potentiasl {5.4). TtThis may be
compared with the two gluon width of the 15 toponium state for Hy

~ 45 GeV which is about 5 MeV. The latter estimate is in general

59

agreement with the resultis of Nasnopowlos =t al., »ho consider a
particular B@ potential. Combining the inegualities’ of Fig.S.6
with the results (5.1%), we can now derive some crude bounds on

25



the decay widths. The knowledge of ua { or some strict constraints
on pa Y will help :n making the predictions sharper. If pg/pt z
1, the inegualitie= become valid for larger ranges of 5.

iiw) For the cla=ss of potentials considered, Martin has proved
that

10} * Q). Thus we can obiain s weal inegquslity i

¥og ¥ig

we replace WSE(O) of 18 state by wggt@) forr 2B state in  the

relation (S.1i).
Y. 4. Conclusions:

"We have shown that the.lmng—range part of the 35 pbtential may
affect significantly the theoretical prediction for nggtO);z.
e have alsc studied the dependence of the binding energy
difference and the value of the wave—function at the origin on the
gluino mass for various values of B (0.5 = 5 = 3y, Alithough, the
long~-vange part of the 53 potential 3i1= not known, 1t is
interesting to note that by using Martin’=z technigue, one can
derive useful inegualities relevant for the study of BE states.
The itnequality holds for a range of values-éf-ﬁ and pg/pa as
shown in Fig.S.é. In fact, in the absence of any definite
information about either pg or 3, the theoretical predictions will

perhap=s be no better thap the predictions of the inegualities

shown in Fig.S5.6.
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