e A
R2, i

ACADEMY OF SCIENCES OF THE USSR

P. N. LEBEDEY PHYSICAL INSTTTUTE

I,E.Tanun Department of Theoretical Physics

High Energy and Cosmic Ray Physics

Preprint No 52

TOPONIUM SPECTROSCOPY AND QCD
[ ]

A.A.Bykov, I,M.Dremin, A.V,Leonidov

CERN LIBRARIES, GENEVA

I A

CM-P00066981

Moscow, 1983



High Energy and Coswic Ray Physics

Preprint No 52

TOPONIUM SPECTROSCOPY AND QCD
®

A.A.Bykov, I.M.Dremin, A.V.Leonidov

Momcow, 1983



TOPONIUM SPECTROSCOPY AND QCD
A.A.Bykov, I.M,Dremin, A.V,Leonidov

ABSTRACT

The energy levels of toponium » and their leptonic widths
are calculated in the frawework of non-relativistic potential
model, We compare results, obtained using various interpola-
tions of renormgroup' P -function and various puxely phenome=
nological potentials,in the wide intervel of the awaited wasses
of toponium. All results are obtailned within a uniform computa=~

tional scheme, The sensitivity of resulis %o specific features
of QCD is discussed.

®) - ' : ’
Toponium 18 a bound state #£ , formed by a hypothetic

superhegvy ¢ =quark,..



I, INTRODUCTION

The spectroscopy of mesons containing heavy quarks is of-
ten studied in the framework of nonrelativistic potential model,
which provides good accuracy in the description of energy levels,
relative 1ep%onic widths and other characteristics (see, e.g.,

[1]). Special attention was peid to the epectroscopy of
heavy vector resonances :L/Mr and Y . The form of the poten=
tial was dictated eithef by purely phenomenological ressona
[2- 4, 1920,br in accordance with QCD (small distances) and
etring models (large distances ) {5 - 11]-

The nonrelativistic potential model of quarkonia can pro=-
vide with information about the behaviour of QCD coppling cons=
tant (see nbpendix B), effective renormalization structure, etc.
0f a special interest ism a possibility of checking ocur theore~-
tical prejudices of the behaviour of the renotugroup.p =-funs-
tion (see sect.II),

Previously, some interpolation formulas for JB(?3 (

P=4 Y/ (4m)*> and §° 1ie QCD coupling constant) with([6-9]),
and without free parametera( [ 10, 11]) were derived, In the
literature one cen also find j!(j:) » calculated in lattice QCD
(see, e.g. {12] ).

The general conclusion is that in the energy region of ’V‘
one can't distinguish phenomenological potentiﬁ%ﬁg%iose ob=
tained from the interpolations of p-functiohs (with the only
exception of a "lattice" potential), because they provide almost
identical spectra.

In order to diestinguish potentials and to choose the
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corrsct one. one should descend to the domain of smallexr distan~
ces (larger mamses), men fig.2. Prow modern experiwental data we
know, thet if toponium found, ite mass must be larger than

37 Ge¥. It means thet its spectroscopy will be much yicher than
those of 7/ and Y, i.e. it will ell us much mpre about
the interquark potential.

The proof of the form of the potential at very smwall dia-
tances (for auperheavy quarks) is impoxtant for QCD, as it is
8 simultaneous check of the flavour independence of the poten-
tisl and (even more importaft) of the decresse of interaction
et sunll distances (asymptotical freedom). As it i3 shown below,
the properties of toponium snable us to distinguish potentiale
with asymptotically free behaviour from thome without it, Let
us wention, that an attempt of doing this [13] by the inverse
ascattering method starting from the well-established properties
0f ¥ has failed. The properties of ¥  permit any extrapola~
tion (o.g.,[Z»ﬂ,ﬁ'Zﬂ) to swaller distences ( < 0.1 §m ),

The wain goal of this paper is %o study the properties of
toponium in non-relativistic potential model using the same
computational procedurs for all the potentials oconsidered, The
interval of possible toponium wasses from 40 to 60 Gev is
inveatigated. Simultaneously the depePdence of properties of Y
on the choise of interpolation of P ~function i considerad.
In sect II we briefly discusa the correspondence between £
end interaction potential and desoribe the spectrum of Y sna
the leptonic widthe of its S ~levelw, dbtained using both
parameterlens ;I.ntupolation formulas folﬁ ~functiens, prope-~
eod in [10, 1], and 2att1ce ~tunction [14]. Sect.rzz



contains results of computation of toponium energy apectra
using various interpolation formulas fox 13 =function [9—11].
and explicit analytic potentials[l-‘t.?,m.lﬁv In sect.IV the re-
sults for Jf =level leptonic widths of tdponiun are given,
Sect, V contains the deta on wave functions, bound energies,
uwean square radii of toponium and on the dependence of the
effective coupling constant on the interquark separation.
Sect. VI is devoted to the discussion of the results ob-
tained. ‘ » .
 In app. A we compile the explicit snalytical formules for
the potentials and for the interpoleations of JB ~functions
used,
In app. B we review the general formalisam of the so-oslled
“phase method" of numerical solution of sdhla—dthOt equation,
In app. C we discuss the possibility of iocon-t!uotion of
.the static interaction potential from Peynman diagram with one-
gluon exchange.

II. The estimate of the quark velocities in heavy quarko-
nia supports the possibility of applying the non-relatiwistic
potential approach; that is to solve Schré-dinger equation with
adjustable potential. It provides an opportunity (see app. C)
to establish the correspnndence between the experimental data
and some prejudices on the structure of QCD. Particularly, it
is ponsibie to calculate the energy spectrum and other charac-
teristics of heevy quarkonia with the chosen form of jb ~func=
tion., Let us recall, that the static potential is given by

the formula:
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Ve =-32/3-§ PLQ) Sin (8 g
) o (1)

2 2
where f(Q‘)’ 3 (Q‘)/(fvﬁ') v g ie QCD coupling conatant
depending on womentum trapsfer., The depsndence of fﬂn Qt is
deteruined (with asaumed ﬁ( f) } from the RG equation [15]

01 D,P/’)Q" =/6(.P) (2)
Ip the week coupling limit (lnl;l. f ) the P .=function is
calculated in perturbative Q0D (ses, e.g. [15]). In the streng
coupling limit f( P) i usually defined by the linesrly rising
part of interquark potentiesl.

In the literature one can find various analytical interpo-
lotions of f5(P) between the two limita [6, 8, 10, 11, 14].
Both the explicit interpolation formules and the list of all
potentials used are reproduced in app. A. The verious interpo-
lations orﬁ ~functions are shown in fig.1; the most widely
used potentials are shown in fig.2,

The interpolations of refe. [6, B] contain free parameters,
Which ere fixed in such way, that the apectrum of Y is repro~
ducede The parameterlesa potentials [10, 11] have never been
compared before with the data on T family, They differ from
sach other by tho account in [11]0! the Coulomb correction

X) Though there eppears a sizeable 1-qgin._:: pert of the poten~
tiel due to the string breaking and to the creation of quarik-
antiquerk pairs.
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to the string potential at large distances computed in [16].

We have carried out necessary couwputetions and represent in table
1 the energy s'pectrun and leptonic widthe of ¥ ~-femlly. One can
see, that interpolations suggested in [10, 11] provide a reaso-
nably good fit., (An account of Coulomb ocorrection %o the poten~
tial improves agreement with experiment, so that in what follows
we use the potential with this correction). Let us nent:l:on.

that the coefficient @ in the 1inear:Ly rising term is the asane

a8 in the Cornell group analyticsl parameterization (see app.A).
lees A 0.1% Gevz, where the mass of § ~quark is M¢ = 4.43
GeV., It is very essential that the aslope @ is in one-to-one corres-
pondence with the value of the well-knowd QCD paraieter A, which
appears in the formula for the asymptoticaly free regime of '
the coupling constant << ~ e»\'t(Q‘/A‘) when Q'— o :

where Ny is a nuwber of active flavours and the values of C‘(ﬁf\
are given in app. A (see table 1A). With Mg = 5 we get A=
6/0 MeV that essentially differs from the value A ~ 100 MeV
which is widely used in the description of high-energy processes.
It appears toibe impossible to reproduce the spectrum of ‘T
with A~ 100MeV,

Prom fig.1 one can easily see, that the lattice interpola~
tion of f (S’) essentially differs from all .other interpolatinns,
which reproduce the spectra of quarkonia, It is natural to suppose,
then, that lattice P ~function would not we reproduce correctly

the properties of quarkonia, It has been confirmed by our compu-
tation x), . Its resulis are reproduced in table 1.

X) The computational scheme used is discussed in app. B.
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Summarizing, we cén gay thaet experimental date on Y -family
reject only the lattice jb ~function and do not discriminate
other potentials of spp. A. One can see, however, that all the
potentials are essentially different at smaller distances typical
for toponiua (£ig.2).

Our mein goal is, after deterwining the p!opetties of topo-
nium for various potentiamle, tc help in choosing the correct cne
when the corresponding experimental data appear.

III. In the framework of non-relativistic Schro-dinger
equation with verious potentials, describing the properties anyﬁf
and Y~ (see, app.A) we have computed the mass meparations, lepte~
zic widthe, wave funotions, binding ensrgies and mean squaxe
radliil of %the tz. bound states in the interval of t-guark
masy Irom 20 %o 30 GeV, Already from the informatimm sn the
magees oif different aitgtes of toponium one cen derive imperians
sonclusione, Por thd static sysitem one an ¢ whether ihe potens
tinl has asymptotically free behaviour beceuwames asymptotically
froe potentials reveal 3izeably smaller mspe differencies for
toponium then non-free potentials (£ig.3).

In fig.3 the 285 - 7.8 toponium 1e§eh nnss difference
is shown asm a function of the mams of the ground state. We have
also computed the HI~-1S levels mass differendies for Ha2,3.4,4
and L= Jﬁ P, D s The typical lineax dependence (reminding
of a Coulomb case) and the relative ordering sf the curves
remain intact for 21l W and L. Let us =ention, however, that
the numerical proximity of the potentials does net neceasarily

lsad to the nearnees of the mass diffsrences because of the



important role of the derivative of the potential at the range
of the bound \f‘lfes. In table 1 we pressnt the numerical values
of the gzbund state naubs and of the nass differences for some
potentialﬂ for the interval of t-quark masses from 20 to 30
GeY ‘)

IV. In thia section we present the results of computation
of leptonic widthe of NS-states of £¢ ( A = 1,2,3,4) where
the t-quark mess ie taken to be 20, 26 and 30 Gev. The lep~
tonic widths are calculated from ¥en-Royen=Weisskopf Zoxrmuleg
[17] with rediative corrections **) 18]

f= T (4- o5 - pleme)) W

where

kA
Y kwela /’;vyz;,_1f @5) - | Ws ol

se
where @& 16 sn eleciric chexgs of # ~quesk, «£-is fime

gtyuctuye constant, "{N‘; (d) iz a wave-function of R3-state 8¢

r=o, My ¢ ({'I) is o mese of a Yesonznce.

#) Por intofuwedlate values of the mase the values of the
splittinge could be found by the linear interpolation of the
values in the %tsble.

n%) The detailed discussion of the role of relativistic and
radiative corrections cen be found m[a].
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In fige. 4 and 6 end tsble 3 we present, correspondingly,
the valuea of f‘(ﬂﬁg)/a"[fﬁé , which do not depend on the radia-
tive corxrections ind the numerical value of P('S) for My = 20,
26, 30 Gev,

From the date obtained one can see that leptonic widthe
depend nonlinearly on the ground state mass (while we got
a linear depsndence for the mass splittings) and are, there-
fore, more sensitive to the form of the potential.

V. We publish only brief information about the basic
experimenially measured properties of toponium because of the
natural limitations on the size of the preprint. We have also
data on wave functions, binding energies and mean sgquare radis
of toponiue in the interval of ¢ ~quark mass fromw 20 to 36°
Ge¥. Pgrt ef this information cem be found in table 4. In
fig.5 the effective coupling constant is shown as a function
of t';:mentqm tmnsl'f:gwoen the quarks.

VI. In summary, we can make the following conclusionss

1. The comparison of the experimental data on toponium,
when available, to the results of our computation will enable
to choose either potentials with asymptotic freedom or those
without it. For this purpose an accurscy in mass measurements

~ 500 MeV is sufficient.

2. In order to distinguieh potentials, belonging to one
of two »ig groups, mentioned above, one needa approximately
an order of magnitude higher nocuxac:'ot experimental data.

3 The most sensitive to the form of the potential charec~-
teriGtics are relstive leptonic widths. (Barlier this conclu

sion has been wade, €.8+y by the authors of
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ref.(Q] ) ),

4. The relative mass splitting of NL-1S levels is gover-
ned by the first derivative of the potential at the radius of a
bound state.

Se The Y ~family spectira are well described by the para-
meterless interpolation from Refs.[jo, 1{1and are not reproduced
when the lattice }5 -function is used,

The authors are grateful to I.V.Andreev for many discuas-
ions,

m) This work contains a very thorough discussion of varioue
properties of toponium in the framework of nop-relativistic
potential model for potentisls [1. 8].
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APPENDIX A,

Here we 1ist the phenomenological potentials and interpola-
tion formulgs for the renormgroup p-function, which are widely
exploited to describs properties of 3/’{’ snd ¥ -families and
are used in thie paper. ch us mention thet our list is not
excluvive. When choosing the potentials we were governed by
follewing counsiderations: »

1. First of all, we have chosen the potentials with dis~
tinotly different behaviour (see, e.g., [2] and. [4]).

2, Among group of potentials with common behaviour in a
large interval of distences and common typical properties we
have chosen only one (e.g. ameng quasilogarithmic [2] end loga~
rithaic rw] potentisls we have chosen [2} e

3. Among various interpolation formiles for P-t\motton
having similar analytic form, one he® been chosen (e.g. [61
aud [ﬂ").

Table A1
Values of C (ny)

Ny c(ny)
4 3.200
2,614
1,914

I, Interpoletion formulas for F ~functions  exploited
in this paper: ‘

1. W.Buchnliller ot al.(s)
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—ep .
ippr=te [(6.p)-1/(b9 (4-exp(-1/¢.f\\\

where (see, e.g., Ref.[15]§ ‘o*-(35'2”f)/3 . “=(306‘3"nf)/3
hy - number of flavours, £ = 24,
2. I.M.Dreuin et al. [11]

R AL [(Q«L—:s?‘f;-\?‘*(fi—}.‘&c“')f ]

where f. = 1/64 and is determined by the Coulomb correc-
tion to the string potential (see Bof.[ﬁ])

3. Lattice f -function has been reconstructed from the
curve presented in Ref, [14]

II. Quark-antiquark interaction potentials exploited in
this paper: x)

4, A.Martin [2.‘

V(r) = -8.064 + 6.8698. r 1

5. E.Eichten et al. [41 V("\= -0.52/7' + r/(z,sh)‘
6. K.Krasemann et al. [20)

- #7/25 "//fr&w/r) +C4 reo.365
YR 45
V(I")'= 0.69 Lur/r, 0.365€¢3
0.156 I r>345

All parameters and coefficients as well as the inverse

qiark~-antiquark separation are measured in GeV,
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where e = 1,633 Cy = 0.4, f"’““
7o Cormell Group [21]
V()= -02/r + r/(2.88)*
8, R.Levine et al. [7] odoten

V()= o.68r - 1093 /[vln (23842 z,upz)]
r

9. A.Bhanot et al. [3)

-08/r r<¢o.3
V(M4 0. 246 bur/r, 0.9(%¢30
. r>io
r/(z21)
whre Ue=2.5¢
APPENDIX B The computational method.

The numerical computation of eigenvalues and eigenfunc~
tions of Shr&'-dinger equation is g very complicated problem.
The choice of the method radically influences the possibility
of obtaining the result and its accuracye. The radial

Shrodinger equation with boundary conditions is written ass
X7+ (E-Uc(r)\ll; o
Yio)= 0
O L, = R

(B1)
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wheve X (r)=P-R(®) R(™) is & radial wave function,
Ve () is an interaction potential with the radial term, F(‘\M
defines the form of the boundaXy condition et infinity,it
depends on the potential chosen. Let us use the following

Ansatz:
X(r)= g Ling(r) (B2)
2'(r) = gLr) cof# ()

where 9 (" ana '-P("\ are to be found. The consistency

of (B2) with (B1) leads to a system of two equatiocns of the
first order:

¢'= 504‘11(’ + (E-v'.).s'an’«p
9’: —3-(5-1/,_-4\ .yzm,ocbnf _ (83)

The first equation does not contain g(") e In what follows

we study only this eguation., With the boundary conditions
for .x(l‘) we have:

¢'= cox'p s (E-U)win'®
f(D) = O (El‘)
"("Bqu" = R?C{‘} r"*l

Instead of solving the eigen~value problem (B4) it is con-
vinient %o deal with two Caushy problems with boundary ocon~
ditions scorreapondingly at =0 (B5) and at -+ (B6),

Po « cod P, 4 (E-Ve) sin'd,
fo(0) =0

(85)
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Qo rcor'd, . (- ) £irn',
fo (ﬂ‘r» s -au%{%, 'r-.o]

(B6)

It is necessary to add to (B5) and (B6) the continuilty condi~

tion for logarithmic derivative of X (M) at any F 1in the
interval [0, @) |, which reads

¢ (FE) + 4o (F, E» a T{n+1) (®7)

whers I is sny point in [O, o’) and N i@ the number of
zexroes of the wave function.

Equation (B7) is an aléebtnio squation for € . It is
easily eolved by the Newton method:

Kay 3 ~ ' -~ x " . Y
£ TE L [ FE™) s (R e ’)\/[%—m (£ & (7e™)]

(85)

where E(“\ and E("“ are the former snd the latter
iaterastions, correspondingly. The equation and the boundary
conditions are obtained by differentiating (BS5) and (B6) with
respect to E , The main virtues of this method are:

a) The rapid convergence of the iteration precedure. The
method is alwost insensible to the input valus of Em(it can
even differ fros the final value by an order of magnitude).

) The method enables to find the only molution for fi-
xed guantum numbers.
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APPENDIX C

Here we discuse the correspondence between the potential
model and QCD. The main suggestion i8 that we are able to ext-
ract the non-relativistic interaction potentisl of heavy quark

end antiquark from the diagram with one-gluon exchange (fig.1C)

g Y
Q Pig.1C

9 ¥
In the non-relativistic liwit we are, in fact, calculating the

effective non~rslativistic interaction potentiasl %) and use it

in the Shro~dinger equation LZB]
, ' {c1)
VIS~ o B %

where j’.w ‘?‘K}“‘v is @ fermionic current and i‘.}rl/ﬂ - s
a diagonal component of the gluon propagator. Let us treat the
diagram 1C in the case when Do £0 , Only this case will be
coneidered iﬁ this paper. Then we immediately obtain:

V’(E') - 3: ),,('5} (c2)

A N
" Here 9o 1ia a bare coupling counstant fixed at mome normalization

point, The three~momentum appears because the time~like component

=) Its correspondence to the interaction energy of two infi-
nitely massive quarks is not clear now due to possibility of
reiatively large non-perturbative effects [241.
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Ke of the interquark momentum exchangs K= (ko.E) is pro-
portional to 4/M  where M 1ie a uass of the quark, and

in tho leading approximation it can be omitted. At small distan-~
ces (K‘-’ .'3 naturally sppears Coulomb-like potential with
asymptotivaly free effsctive coupling constant. I.et‘ ug briefly
discuss the role of radiative corrections in the limit K™= 0O
(1arge distances)., Extracting all renouqlintioh factors of the
diggram 1C and taking into sccount (C2) we get

V(K (2g) g0 L, Do | | (¢3)
where Z"; = Vga '(?: / ¥4FW> s e charge renox~

L3 8
walization facter, Za - - that of gluon propegator,(’l,"v )

- that of fermimn-vector vertex (see, e.g.,[23] ).
: €
Using the sxisl gauge (whewe F, © ;.,_xf"’ due to Ward
identifjy) we get:

2 [ )
oY . Kt ® ve = Lo Ko 4 e ¥o {ca)
V(K ~ 2, (K9 -LK& [ ey ————-(hk)a]

where gauge-fixing vecktor N im token to be apacelike: w'eo
In the luit K® =0 it was shown (50, s.g.,[25] ) thet
the bshavioux %3 l“g)lu'.., ~ K doaé not contradict (wi-
thin some gssumptions) the exact Schwinger~Dyson equations fox
gluon propagator,
In the static liwit we have, therefores
V(K‘)‘K&_‘ov z‘(x')‘ 4.4
K*me Kt kY

which means that Vi)~ 1 for large ™ , Therefore in the
axial gauge thp linear pntential naturally arises from the

diggram 1C if the rediative corrections in the limit K- ©
are taken into account.
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Pigure and Table Captions
Fig., 1. The Interpolations of renoxmgroup B-function
1. W.Buchmiiller et.al, [8]
2. I.M.Dremin et.al.[11]
3. "Lattice" B-function [14]
Fig. 2. The Interaction potentials of heavy quarks,
1. W.Buchmiiller et.al. 8]
2. I.M.Dremin et.al. [11]
3. "lattice" potential [14]
4. AMartin [1,2]
5. E.Eichten et.al.[4]
6. K.Krasemamnn et.al, [20]
7. Cornell Group [21]
B. R.Levine et.al.[7]
9. K.Bhamot st.al. [3]
Fig. 3. The 2S-1S ioponium mass eplitting for various poten-
tials{nuabering of curves as in f£18.2)
Fig. 4. The leptonic widthe ratio of 25-1S %oponium levels for
verious potentiels (numbering of ourves as in fig.2)
Pig. 5. The effective coupling constant P ag 8 function of
the momeutun transfer between gquarks (l

Yable 1. The energy levels and leptonic widths of Y family for
parameterless {30 11] and "lattice” potentimis in
somparison with experimental deta.

Table 2. The ground atate mass and the vyalues of toponium mueas
aplittings

Table 3. The leptonic widthe ratioe for nS and 1S states snd

. the abaclute value of leptonio width of 18 toponium
state

Table 4., The binding energy and mean square radii of toponium,
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Table I,
- [14]
8tate Experiment 2[111 -3 -
Mis, Gev 9.46 9.46 (9.46) 9,46
Mag, -— 10,02 10,02 (10.02) 10.02
Mss, —i- 10,35 10.35 (X0.36) 10447
Mas, —1— 10.58 10.6I (I0.62) 10.86
Mep, —.- 10.25 10.26 (I0.26) 10.2g
F(48),KeV | . 1,33:1,05 I3 (I.22) 0,31
P@S)/T(18) | o.45:0.05 o2 (0.82)  0.88
P(5-_§)/f (15| o.3250.05 0.30 (0.31) 0.79
r{4s)r(1s) | o.2ar0.05 0.24 (0.25) 0,72

x) The results for [I0] are written in brackets.



Table 2

States’ By = 20 GeV
- 20 .8 . o
ey | 27 aZ 87 3 1 7

Mas 40,243 38,652 39,099 39.427 39.068 36,822
Mis- M | 0-723  0.540 0.643 0,582 0.674 2,467
Mag-Mog | 1-020  0.851 ©0.965 0,895 0.989  3.010
Mag-Mer | 14207 1.075 1,200 1.1911  1.209  3.278
Mip-Mig | 0.641 0,387 0.546 0.462 0.576 2,452
Mep-Mus | 0,967 0,746 0.890 0.813 0.920 2,995
Mae-Muw | 9,168 0,994 1,135 1.048 = 3,263
Mep-Miz | 4,316 1,185 1.334 1.228 = 3.449
M =Mt | 0,908 0.677 0.746 0.676 0.843 2,967
Mo - Mur | 9921 0,913 1.064 0.977 1.083  3.237

M3 -Mue | 1,275 1.119  1.270 1.169 - 3,423

My -Mue | 1,409 1,286  1.447 1.325 - 3.575
't = 30 GeV

M 59.522 58,522 58,861 59.242 58.818 55.214

Mas- M1s 0.950 0,528 0,722 0.611 0.762 3.646
Mizs- Mas 1.318  0.836 1,048 0,930 1.090 4.383
Mays-M s 1,540 1,059  1.277 1.151  1.309 4,702
Me-M,s 0.847 0,381 0,632 0.505 0.668 3.636
Maop-M s 1,252 0,733 0,982 0.857 1.026 4,373
Mzp- M 4» 1.495 0,978 1.221 1,092 - 4,692
Myp- Mg 1.678  1.176  1.420 1.283 - 4.898
M1p- Mys 1.184 0,633 0,906 0.765 0.955 4.353
M2>- M,s 1.442 0.898 1.157 1.022 1.200 4,673
Mzxp- M.s 1.629  1.103  1.357 1.217 - 4.877
Myp- Mo 1.813  1.300  1.553 1.409 =~ 5,059




Table 3
Ratio m, = 20 GeV
201 ,02) g7l gl20d i8]  ,[21]
(1S) keV |17.105 1.479 4,863 3.350 5,100 108.65
r(2s)/r(rs) |0.283 0.552 0,355 0,450 0,330 0.20
£ (38)/r(15) |0.157 0.390  0.234 0,290 0,210 0,046
re4s)/r(rs) | 0111 0.304  0.186 0,219  0.160 0,029
Ratio m, = 26 GeV
PYEE I € B 5 BPY 10 B () B ¢T)
P(1s),%eV' 18,083 1,251  5.228 3.486  5.341 141,85
r(es)/ (rs) |o0.217 o0.548  0.324 0.432  0.310 0.115
r38)/r(15) [0.151 0,396 0,206 ©0.275 0.190 0.041
rS)rfrs) 0108 0:314  0.161  0.205  0.140 0.024
Ratio my = 30 GeV
PR Y 2 BN ) IS P10 B ) R €1} |
F(15) eV 19.374 1.125  5.470 3.665 5.680 151.60
r'(28)/r(1s) |0.216 0.558  0.308 0.409 0,300 0.116
7(38)/r(1s) |9-151 0.393  0.193 0.258 0.180 0,039
0.102 0,330 0.150 0.198 0.130 0,022

r(4s))r(1s)




Table 4

State L P 6, = 26 GeV

PYCE) Y 3 S ) RENPS £ B ) R 1)
18 0.073 0,107 0.081 0,093 0,078 0,033
28 0.200 0,229 0.209 0.215 0,205 0.122
3s 0.340 0.346 0.333 0,340 0.343 0,246
45 0.474 0,461 0,447 0.463 0,467 0.384
1P 0.161  0.175 0.166 0,970 0.165 0,101
2P 0.298 0.292 P.292 0,295 0.295 0,228
3P 0.437 0,410 0,408 0.420 0.441 0,366
4P 0.537 0.512 0.504 0.519 0.50 0,491
1D 0.240 0,236 0.241 0,237 0.242 0,190
2D 0.382 - 0.362 0,367 0,371 0,334
3D 0.505 0.473 0,471 0,484 0.493 0,466
4D 0.541  0.540 0.535 0,540 0.537 0.539

Ee GeV,m, = 26 GoV

18 0.064 ~1.432 =1,050 =0.69% =1.064 ~4,139
28 0,888  ~0,907 =0,360 ~0,092 =0.346 =0,972
38 1.207  =0.591 0,036  0.225 =0.024 =0,314
48 1,406  -0,369  0.193 0.443  0.194 ~0,016
iP 0.798 =-1.049 0,452 =0,203 =0.441-0,982
2p 1,152  =0.694 =0.105 0.149 =0,091 ~0.325
ip 1.362 =0.449 0.135 0.383 0,124 -0.028
4P 1.521 -0.257 0,330 0.567 0,325 0,168
1D 1,092  -0.797 =6.184 0,056 =0,164 ~0.347
2D 1.318 - 0.069 0.313 0.0B0 =0,049
3D 1.480  -0,326 0,269 0.505 0,256 0.146
4D 1,641 -0.147 0,451 0.680 0,445 0.312
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