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No spin-singletob quarkonium state has yet been observed. In this paper we discuss the production of the
singletP-wavebb andcc P, statesh, andh,. We consider two possibilities. In the first t®, states are
produced via the electromagnetic cascaié8S)— 7,(2S) + y—hy+ yy— np+yyy and ¢’ — i+ y—h,

+ yy— 5.+ yy7y. Amore promising process consists of single pion transition to'Ehestate followed by the
radiative transition to the 1S, state:Y(3S)—hy+ 7°— 5y+ 7%+ y and ¢’ —h,+ 7°— 5.+ 7%+ y. For a
million Y (3S) or ¢'’s produced we expect these processes to produce several hundred events.
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The study of bound states of heavy quarks has providetbnian and only vector-like and scalar-like components in the
important tests of quantum chromodynam(@CD) [1]. The  central potential, Stubbe and Marti85] predicted that the

heavy quarkoniuntc andbb resonances have a rich spec- NP1 mass lies no lower than the spin-averag;éd masses
troscopy with numerous narro®, P-, and D-wave levels (weighted with the factors 2+ 1), denoted by *Pq4. Vio-
below the production threshold of open charm arftavored  lation of these bounds would indicate a significant underes-
mesons. The spin-tripleBwave statesy(nS) and Y(nS),  timate by[35] of relativistic effects.

with J°¢=1"", are readily produced by virtual photons in  In Table | we summarize some predictions for hyperfine
e*e” or hadronic interactions, and then undergo electric dinass splittings foP-wavecc andbb levels. The wide varia-
pole (E1) transition to the spin-triple®-wave levels. Previ- tion in the predicted splittings demonstrates the need for ex-
ous studigs have discussed the production of the spin-triplgterimental tests of the various calculational approaches.
D-wave bb states[2,3] and there has been some discussion There are two possibilities for producing spin-singlet
of how one might produce the 1Plc€state[4—9]. Up to states. In the first, the system undergoes a magnetic dipole

now, the only observed heavy quarkonium spin-singlet stat¢M1) transition from a spin-triplet state to a spina-singlet
has been the.(11Sy), but the Belle Collaboratiofl0] has state. The predictions fdvl1 transitions from thé' (n °S;)

; ; ; levels to they,(n’ 1S,) states, for both favoreM 1 transi-
just announced the discovery of thg(21S,) in B decays at ' =7b " . .
a mass of (36546+8) MeV/c2. There have also been a tions and hindered1 1 transitions with changes of the prin-

. — . — cipal quantum number, have been reviewed in . The
few measurements suggesting thePi(cc) state inpp an- pa' g Fas]

hilati - €11-14 but th its h . second route begins with a hadronic transition, from°s,;
nihilation experiment$11-13 but these results have yet to state to a'P; state, emitting one or more pions, followed by

be confirmed. Ndo_b _spin-singlet states have yet been seeNthe electromagnetic decay of tH@, state.

The mass predlct!ons for the s_lnglet states are an impor- |n this paper we examine the production of the spin-
tantIFesE)_cl)_f Q(]ED motlt\)/at.ed potential mr?délsﬂfaza an_d the h singlet P-wave cc and bb states. We examined the decay
applicability o peLtur ative quantum chromodynamics to t €chains that start with thi! 1 transition from they' to the
heavy quarkoniac an'dk')b. systemg24-27, as well as the in thecc system and from th¥ (3S) to either thez,(3S) or
more recent nonrelativistic QCEINRQCD) [28] approach. . — )

For QCD-motivated potential models the triplet-singlet split- 76(25) state in thebb system. In both cases thé1 transi-
tings test the Lorentz nature of the confining potential withtion is followed by arE1 transition to the spin-singletr2or
different combinations of Lorentz scalar, vector, etc., giving1P state. This is in turn followed by a secofd transition
rise to different orderings of the triplet-singlet splittings in to an 'S, state. In addition, the 2P, bb state can undergo
the heavy quarkoniurR-wave mesons. Furthermore, the ob- an E1 transition to the 1D, state. However, with the cur-
servation ofcc andbb states and the measurement of their'ent CLEO data set, the only decay chain which has any
masses is an important validation of lattice QCD calculationdiope of being seen in thieb system isY (3S)— 7,(2S)y
[29-34, which will lead to greater confidence in their appli- —h,(1P)yy. We therefore only present results relevant to
cation in extracting electroweak quantities from hadronicthis set of decays.
processes. Under the assumption of a Fermi-Breit Hamil- The decay chains originating with the hadronic transitions
are more promising. We therefore include estimates of
branching ratios for chains originating with the direct had-
*Email address: godfrey@physics.carleton.ca ronic transition Y (3S)—hy(*P;)+ #° discussed by Vo-
"Email address: rosner@hep.uchicago.edu loshin [37] followed by the radiative decayh,(*P;)
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TABLE |. Predictions for hyperfine splittings! (n chog) —M(n'pP,) for cc andbb levels.

Reference Approach n=1 cc n=1 bb n=2 bb
(MeV) (MeV) (MeV)
G185[14] a 8 2 2
MR83[15] b 0 0 1
LPR92[16] c 4 2 1
0S82[17] d 10 3 3
MB83 [18] e -5 -2 -2
GRR86[19] f -2 -1 -1
1087 [20] g 24.1+2.5 3.73:0.1 3.51-0.02
GOS847.=1 [21] h 6 3 2
G0OS847,=0 [21] h 17 8 6
PJF92[22] i —20.3+3.7 —-25*+1.6 —-3.7+0.8
HOOS92[23] i —-0.7+0.2 —0.18-0.03 —0.15+0.03
PTN86[25] i -3.6 -0.4 -0.3
PT88[26] j —-1.4 -0.5 -04
SESAM98[31] k - ~-1 -
CP-PACS0(Q 33] | 1.7-4.0 1.6-5.0 -

3Potential model with smeared short range hyperfine interadfidve splittings are based on masses rounded
to 1 MeV, not the results rounded to 10 MeV as given in R&f].)

bpotential model with long range longitudinal color electric field.

‘Potential model with PQCD corrections to the short distance piece.

dPotential model with smeared hyperfine interaction.

®Potential model with smeared hyperfine interaction and relativistic corrections.

fPotential model includes 1-loop QCD corrections.

9Potential model with short distance from the 2-loop PQCD calculation. Results shown areyfor
=200 MeV.

"Potential model with confining potential with both Lorentz scalar and vegtogives the fraction of the
confining potential that is pure Lorentz scalar versus Lorentz vector.

'Potential model. The solution is for the Richardson potentialmage 1.49+ 0.1 GeV. Other solutions given
in Ref.[22] are consistent with this result within errors.

ipPQcD

KUnquenched nonrelativistic lattice QCD.

'Lattice QCD; the result is dependent on the value usegsfand mg.

—n(19+vy and the analogous transitions in the charmo- 4

nium systemy’ (2S)— ho(*P) + 7%— 7,(1S) y7°. Kuang I(*S—'Py+7) =§aeczgw?’KlPﬂf|150>|2 1)
and Yan[38] have also considered the related spin-flip tran-

sition Y (3S)—hy(P,)+ 7 which may provide an addi- 4

tional path to theh,,. I(*P;—1Sp+ 'y)=§ae2Qw3|<1SO|r|1P1>|2 2

Searches for théP; states have taken on renewed inter-

est because of the current data-taking runs of the CLEO Col- )

laboration at the Cornell Electron Storage RIfQESR, rép,—D,+ 'y)=§aeéw3|<lD2|r|1P1>|2 ()
which are expected to significantly increase their sample of

data at theY(3S) resonance, and the proposed CLEO-Cyhere=1/137.036 is the fine-structure constasy, is the
project which will stuc&/ physics in the charmonium system.quark charge in units dfe| (—1/3 for Q=b), andw is the
We begin with thebb mesons and decay chains involving photon’s energy. The photon energies, overlap integrals, and
only radiative transitions. To estimate the number of eventpartial widths for theE1 transitions betweertP, and 'S,
expected from these decay chains we need to estimate thevels are given in Table Il and summarized in Fig. 1, along
radiative partial decay widths between states and the hadvith the relevantM1 transitions. Then!S, masses were
ronic partial widths of the appropriattS, and 1P, states. obtained by subtracting the predictions of Ref4] for the
The M1 transitions from theéY (3S) to the 7,(3S) and  n3S,—n'S, splittings from the measurea S, masses,
7(2S) were studied in detail in Ref36], which we willuse ~ while the n'P,; masses were obtained by subtracting the
in what follows. TheE1 transitions are straightforward to predictions for then 3Pcog—an1 splittings of Ref.[14]
work out[2] and in the nonrelativistic limit are given by from measuredn 3PCog values. The overlap integralgr)
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TABLE Il. Radiative electric dipole transitions involving with a multiplicative correction factor dfl +4.4(as/ )] for
hp(1'P;) andhy(2'Py) bb states. The details of the calculation are by and[ 1+ 4.8(as/ )] for cc,
given in the text.

Transition M; M¢ () (r) r 1 20a§ ’ 2
MeV) (MeV) (MeV) (GeV'l) (keV) F(P1—999) = — [Re(0)In(me(r))  (5)
Q

31s,—2'P, 10337 10258 787 —2.46 3.2
315,—1'P; 10337 9898 430 0.126 1.4 and
2'P,—1'D, 10258 10148 109 —1.69 2.7

2'p,—21's, 10258 9996 259 1.57 15.4 36

2P, —1's, 10258 9397 825 0.222 10.0 r*P,—gg+y) = gega—F(lPleggg) (6)
215—11P,; 9996 9898 975 —1.53 2.3 s

1P, —11s, 9898 9397 488 0.940 37

where we also include the decaP;—gg+ y.

Considerable uncertainties arise in these expressions from
- . ) the model dependence of the wave functions and possible
=("L_|r[*LL), were evaluated using the wave functions of rg|ativistic contributiong14]. In addition, the logarithm in
Ref.[14]. We found that the relativistic effects considered inthe decayl'(*P;—ggg) is a measure of the virtuality of the
Ref.[14] reduce the partial widths by a few percent at most.quark emitting the gluon. Different choices have been pro-
Somewhat larger matrix elements were obtained in amposed for its argument, introducing further uncertainty.
inverse-scattering approa¢@], except for the highly sup- Rather than evaluating these expressions in a specific poten-
pressed $3—1P transition, whose matrix element is very tial model, we can obtain less model-dependent estimates of
sensitive to details of wave functiofi39]. strong decays by relating ratios of theoretical predictions, in

To estimate the number of events in a particular decayvhich much of the theoretical uncertainties factor out, to
chain requires branching fractions which depend on knowingxperimentally measured widths. Although we expect the
all important partial decay widths. Inclusive strong decays tayave function at the origin to be slightly larger for the sin-
gluon and quark final states generally make large contribuglet state than the triplet state, we expect this difference to be
tions to the total width and have been studied extensivelynuch smaller than the uncertainties mentioned above.
[40-49. The relevant theoretical expressions, including To make our estimates, we will need in addition to Egs.
leading-order QCD correctiorjg1], are summarized in Ref. (4)—(6), the following expressionfi4]:

[44]:

402 —9)a’
8ma’ I(*S—099 =g |#(0)? v
I(*S—99)= 7 |¥(0)’ 4 Q
Q
wEh a multiplicative correcticll factor dfL —4.9(ag/ )] for
bb and[1-3.7(ag/ )] for cc,
2.6x10

32 m*—9)ejaal
2
9mg

L(°s;—y+gg)= [(0)|*> (8

wEh a multiplicative correcti@ factor ¢fL — 7.4(ag/ )] for
bb and[1—-6.7(as/ )] for cc, and

3 J— 8a§nf , 2
I'(°P1—qq+g)= 7 IRp(0)[?In(mg(r)),  (9)
97TmQ

where the QCD correction factor for the last expression is
not known. Taking account of decays of thé$} and 3°S;
states tor7Y (nS), lepton pairs, angy,(nP) y, as quoted in
Ref. [46], we find total branching ratios to non-glue final
states, and assume glue to constitute the remainder. Using

FIG. 1. Radiative transitions in tHgb system. The dashed lines branching ratios and total widths quoted in Rpf6], we
represenM 1 transitions, the solid line§1 transitions and the dot- then arrive at the estimates summarized in Table IlI
ted lines singler® emission. The transitions are labeled with their for I'[Y (nS) —glue|=I'TY (nS)—hadrong+I'[Y(nS —y
partial widths given in keV. +hadrong.

1's

0
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TABLE Ill. Ingredients in estimates df[ Y (nS)— glue]. TABLE V. Partial widths and branching ratios for spin-singlet
bb states. The details of the calculation are given in the text.

Y (n9 B(non-glue) B(glue) I'(tot) I'(glue)

state (%) (%) (keV) (keV) Initial Final Width B
Y(2S)  49.1+15  50.9:15 447  22.4+3.6 state state (keV) )
Y(3S)  44.9+14 55114 26335 14520 31s, 21p,y 3.2 0.12
1P,y 1.4 0.05
a9 2700 99.8
Using Egs.(7) and (8), ag(Y,s)=0.181, anday(Y 35) 2P, 21y 15.4 19.3
=0.180 we find['[ Y (2S) —hadrons)F21.8+3.5 keV and 1'Spy 10.0 12.5
I'[Y(3S)—hadrons)[F14.1+2.0 keV. The ratio of the 1'Dyy 2.7 3.4
widths from Eqs.(4) and(7): 999 50.2 62.8
v99 1.6 2.0
Qg 21s, 1Py 2.3 0.057
) o7n 1 |1TAA , 99 4100 99.9
I'( So—>gg):5(772_9) o o xT'(°S;—g99 1P, 11Syy 37.0 41.4
1—4.9; ggg 50.8 56.8
(10) vg9 1.6 1.8

] 3Based on the partial width fotP;—3S, y of Ref.[2] in Table IV.
results in I'[#5,(2S)—hadrons)E4.1+0.7 MeV and

I'[ 7,(3S)—hadrons)E2.7-0.4 MeV.

We follow the same procedure to estimate the hadroni
width for the 1P, states, although in this case we need t
make use of a theoretical estimate for the partial witkh
—3S,y. Here we havg44]

%he branching ratios obtained by combining the partial
Owidths given in Tables Il and IV are summarized in Table V.

To study the singleP-wave bb states we considered the
Y Y
two-photon inclusive transitions ¥5,—31S,—2P; or

. 5 . 211p, and 33S,521S,-1'P,. In all cases the'P,
I'(*P,—hadrons= Z_nfxr( Pi—hadrong  (11)  gtates can undergo furth@&1 radiative transitions to'S,
states. It may be that this last photon provides a useful tag to

) _ _ ) distinguish the cascade of interest from other possible decays
whgrenf IS the number of I|ght q“"?“" ﬂavor_s n the_ final state involving triplet P andD-wavebb states. We use the branch-
which we will take to be 3, ignoring the kinematically sup-

pressed charm-anticharm channel. This results in a conservié]g ratios predicted in Ref36] for the initial M1 transitions,
- ., - _ — 4
tive upper limit for I'(*P;—hadrons) and hence a lower (Y(39) = 75(39) +)=0.10<10 and  B(Y(39)

s . : : 2S)+ y)=4.7x10"4, which correspond to the Gl
limit for the branching ratio of this state to+ 7, . As men- 776 - .
tioned, the QCD corrgections to these Witc’iathsn t<']:1re not known " 2>> splittings and wave functiof4] and where the latter

The large uncertainties arising from the wave function an Jesult takes into account relativistic corrections. Combined
arge u 9 with the branching ratios for the subsequéitt transitions
logarithms in Eqs(5) and (9) cancel out.

The only branching ratios quoted in Rd#6] for the given in Table V the only decay chain that might yield

n®P, states are for decays t'3S,y. Using quark model enough events to be observed i§33—7>2180—y>11P1 which
predictions for the radiative transitions and assuming thayields roughly 0.3 events per millioxi(3S) states produced.
hadronic decays dominate the remainder of the total widths, A more promising approach is the decay chaig3S)
we can estimate the hadronic partial widths of these states-! P, 7% followed by the E1 radiative transition P,
The results are summarized in Table IV. —1Syy. Wloshin estimates3(Y (3S)—1'P;+ 7%=0.10

TABLE IV. Partial widths of 3P, and P, states. The details of the calculation are given in the text.

Py 2,B(°P;—n%S,y)? r(3P;—3S1y) I'(—hadrons)
state (%) (keV) °P; (keV) 'P; (keV)
13pP,(bb) 35+8 32.8 60.9 50.8
28.9 53.7 44.7
23pP,(bb) 29.5+4.2 25.9 60.2 50.2
16.& 40.1 33.4

3Particle Data Group46].
PKwong and Rosnef?2].
‘Godfrey and Isguf14].
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_TABLE VI. Partial widths and branching ratios for spin-singlet that the widths for the hindered 1 transitions are very sen-
cc states. In column 50 represents the operator relevant to the sitive to the wave functions. The hadronic widths for b{;}fe
particular ele_ctromagnetic transitiq(_j),=r(GeV’l) fpr El transi-  andh, given in Table VI were obtained using the same pro-
tions and0_=10(k_r/ 2) for M1 wransitions. The details of the calcu- cedure used for theb hadronic widths: We relate theoretical
lation are given in the text. . . .

expressions for ratios of the widths to a known measured

Initial  Final M, M w (flojiy width B width and takeag(#')=0.236.[In contrast with thebb sys-

state  state (MeV) (MeV) (MeV) (keV) (%) tem, the total width of the 3P, cc meson is knowr{46]:

2%, 21s,y 3686 3654 31.8 0982 0051 0.018 IMio(xc1) =0.88+0.14 MeV] The predicted result foh,
11S,y 3686 2980 638 0151 97 35 —hadrons is consistent with the NRQCD result obtained by

215, 11p 3654 3517 1344 —-221 513 069 Bodwin, Braaten and Lepadd7]. Combining these results
v C Ay find that B(y'— 5'v) X B(n.—h.y)~10~5, which
1%s,y 3654 3097 515 —00973 6.3 0084 We find that By’ — »7cy) X B(n.—hcy) » whic

99 7400 99.2 Wwould yield a modest number &f. mesons at best.

1P, 11Syy 3517 2980 496 1.42 34 377 As in_the case_(_)f thé,, a more promising avenue is_ the
999 533 5.8 Single pion transitionys’ —h,7° followed by the radiative
vg9 52 55 transitionh.— 7.y, where the photon is expected to have an

energy very close to 496 MeV and can be used to tag the
event. Using the branching ratio d#(y/'—h,7%)=0.1%
predicted by Voloshin37] (see also Refd.7,38]) and the
branching ratio given foh.— 7.y in Table VI, we obtain
B(y' —hem®) X B(h,— 5.y) =3.8X 104, which is substan-

produced. This signature should be easily seen by the CLE&ally 'arg?F than the_decay chain proceeding only via radia-
detector, which has excellent photon detection capabilitiesgve _transmogs. In his _fece”g baper Kuaffg finds hchpro-
Since the recoil of the 4P, state is relatively small, the 4gg duction to be sensitive 10°S,-"D; mixing, so that a
MeV photon from the 1P, —11S, decay(suitably Doppler- Measurement 0B(y’ —hem") would be a useful test of de-
shifted by up to=20 MeV) should provide a useful tag. ta'lef,d mixing schgmes bgtween th/.é and the 4(3770)
Kuang and Yan predi¢B8] the partial width for the hadronic — y", some of Wh'f:h are discussed in RH8’49|.'
transition Y (3S) — h,(11P,) + 7 to be 0.1-0.2 keV, giv- Another promising approach for th_e detection of the
ing a branching ratio of- (3.8—7.6)x 10~ 3. This is substan- as recently been proposed by Suz4Ki He suggests look-

tially higher than the value forB(Y(3S)— 1P+ =°) ing for theh, by measuring the final statey.. of the cascade

quoted above so it could provide an alternative path to th&—NcK/K* —y7K/K*. This channel is especially timely

h, . However, Voloshiri37] does not obtain such a favorable 91Ven the announcement by the Belle Collaboration of the

branching ratio for this process, finding instead 0 “. discovery of thez(2°Sp) in B decayd10] and, previously,
We now turn to the charmonium system. The search fofh€ observation of the related decy; xoK [S0].

the h, was discussed recently by Kuaf§] so we will be In the case of theSwave ('S,) states, one should also

brief in our analysis, emphasizing aspects that are differerg®@ in mind thatyyy collisions have been used to observed

from Kuang[5]. As in the case obb there are two routes to 1'c 7e N S€veral experimentsee[46]). One candidate for

. 2 .
the h.. The first is the decay chai’— n.y—h.y and the yy— 7 With mass 9.3&0.02+0.02 GeVE* (consistent,

. . - however, with backgrour)dwas been reported by the ALEPH
0
second is tllrough the hadronic tranSItI¢||—>hc7T . CoIIaboration[Sl].

For the f|rst case we nged t_he various radiative ‘.’V'dths' To conclude, we have explored different means of looking
The expression for th&1 width is given by Eq(1), while for the 1p i h Koni in both the and
the rates for magnetic dipole transitions are given in the non'©" the “Py states in heavy quarkonium. In both thé and
relativistic approximation by cc systems the 4P, state can be reached via the chain

35, —1S,+ y—1'P; + yy. However, in both systems one
only expects of the order of a few events per milliB(3S)

X1072 [37]. Thus, B[Y(3S)—1'P;+m°—11S)y]=4
X 10 *, which would yield=400 events per milliof/ (3S)

3 L 4aeé 316 - or ' produced. In both systems, a more promising avenue is
FES =Sty =57 o (fliokr2DF (12 the transition3s,—1P; + = followed by theE1 radiative
Q transition to the 1S, state which would yield several hun-
dred events per milliorY (3S) or ¢'’s produced. The alter-
Aoe? native suggestioi38] of searching for the transitiondS;
I('Sy—3S;+ )= sz‘1’3|<f|1'o(kf/2)|i>|2 (13) —'P,+ w7 also is worth pursuing.
Q
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for informative discussions. The authors thank Christine
where we taken.=1.628 GeV. The results, using the wave Davies for helpful communications. This work was sup-
functions and 1P, mass of Ref[14], are summarized in ported in part by the U.S. Department of Energy through
Table VI. To calculateT'(¢'— n.y), we took M(%.)  Grant No. DE FG02 90ER40560 and the Natural Sciences
=3654 MeV, the central value quoted in R¢L0]. Note  and Engineering Research Council of Canada.
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