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

-
22



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)
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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
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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.





