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PHYSICAL REVIEW D, VOLUME 62, 032002
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Using a sample of 3.8 My(2S) events accumulated with the BES detector, the proag&aS)
— "~ ¢ is studied. The angular distributions are compared with the general decay amplitude analysis of
Cahn. We find that the dipion system requires s@ngave amplitude, as well &8wave. On the other hand,
the J/y— (7" ™) relative angular momentum is consistent with being @iwave. The decay distributions
have been fit to heavy quarkonium models, including the Novikov-Shifman model. This model, which is
written in terms of the parameter, predicts thatD wave pions should be present. We determire0.183
+0.002+0.003 based on the joimh,..—cosé: distribution. The fraction oD wave amplitude as a function
of m_. is found to decrease with increasimy, ., in agreement with the model. We have also fit the
Mannel-Yan model, which is another model that allovsvave pions.

PACS numbgs): 13.20.Gd, 12.38.Qk, 13.25.Gv

[. INTRODUCTION mode of they(2S) [1]. The dynamics of this process can be

o investigated using very clean exclusivey(2S)
Transitions between bounck states as well as between — 7" 7=/, J/y—1"1~ events, wheré signifies eithere

bb states provide an excellent laboratory for studying heavyor u.
quark-antiquark dynamics at short distances. Here we study Early investigation of this decay by Marl{2] found that
the process)(2S)— =" o=/, which is the largest decay the %7~ mass distribution was strongly peaked towards
higher mass values, in contrast with what was expected from
phase space. Further, angular distributions strongly favored
*Deceased. Swave production ofr7J/ ¢, as well as ars-wave decay of
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light In this paper, we will study the decay distributions of the
hadrons Y(2S)— 7" 7~ Il process and use them to test models.
The events come from a data sample of >X318P (29)
decays taken with the BES detector.

AN
Hadronization Il. THE BES DETECTOR

The Beijing Spectrometer, BES, is a conventional cylin-
drical magnetic detector that is coaxial with the BEPC col-
liding e"e~ beams. It is described in detail in R¢L1]. A
Y(1s) four-layer central drift chambefCDC) surrounding the
beampipe provides trigger information. Outside the CDC, the
40-layer main drift chambetMDC) provides tracking and
energy-loss E/dx) information on charged tracks over
FIG. 1. Diagram of(2S)— =" 7~ J/¢ decay process, showing 85% of the total solid angle. The momentum resolution is
it as a two-step process with the emission of two gluons followedg, /p= 1.7%\/1+p? (p in GeV/c), and thedE/dx resolu-

Y(2S)
/

Emission

by hadronization to pion pairs. tion for hadron tracks for this data sample~9%. An array
o of 48 scintillation counters surrounding the MDC provides
the dipion system. measurements of the time-of-flighf OF) of charged tracks

The challenge of describing the mass spectrum has afgjth a resolution of~450 ps for hadrons. Outside the TOF
tracted considerable theoretical interest. Brown and ¢&8hn  system, a 12 radiation length lead-gas barrel shower counter
and Voloshin[4] used chiral symmetry arguments and par-(BSC), operating in self-quenching streamer mode, measures
tially conserved axial vector current®CAC) to derive a  the energies of electrons and photons over 80% of the total
matrix element. Assuming chiral symmetry breaking to begg)ig angle. The energy resolutionds: /E=22%//E (E in
small, Brown and Cahn showed the decay amplitude for thi%e\/)_ Surrounding the BSC is a solenoidal magnet that pro-
process inyolves three parameters, which are the coefficientgqes a 0.4 T magnetic field in the central tracking region of
of three different momentum-dependent terms. If two of theihe detector. Three double layers of proportional chambers
parameters vanish, then the remaining term would give &,strument the magnet flux retuMUID) and are used to

peak at high invariant mass along with the isotrogiwave identify muons of momentum greater than 0.5 GeV/
behavior. In a more general analysis, C@fhcalculated the

angular distributions in terms of partial-wave amplitudes di-
agonal in orbital and spin angular momentum.

These transitions are thought to occur in a two step pro- IIl. EVENT SELECTION
cess by the emission of two gluons followed by hadroniza- .
tion to pion pairs, as indicated in Fig. 1. Because of the small !N order to study the procegg(2S) — = =~ J/¢, we use
mass difference involved, the gluons are soft and cannot b&€ Very cIeanp(ZS)ﬁq-r*rr I, I p— 1~ sample. The
handled by perturbative QCD. However, Gottfrig] sug- initial event selectl_on is the same as in Héf2]. We require
gested that the gluon emission can be described by a multffour tracks total with the sum of the charge equal zero.
pole expansion with the gluon fields being expanded in a
multipole series similar to electromagnetic transitions. In-
cluding the leading chromoelectriE1E1 transition, T. M.
Yan [7] determined that one of the terms that Brown and We require a pair of oppositely charged candidate pion
Cahn took to be zero should have a small but nonzero valudracks with good helix fits that satisfy the following.
Voloshin and Zakharoy8] and later, in a revised analysis, (1) |c0s6,|<0.75. Hered . is the polar angle of ther in
Novikov and Shifmar{9] worked out the second step, the the laboratory system.
pion hadronization matrix element using current algebra, (2) p,<0.5 GeVk, wherep_ is the pion momentum.
PCAC, (partial conservation of axial vector currgnand (3) pxy,>0.1 GeVk, wherepxy, is the momentum of
gauge invariance. They were able to derive an amplitude fothe pion transverse to the beam direction. This removes
this process from “first principles.” Interestingly, Ref9]  tracks that circle in the main drift chamber.
predicts that while the decay should be predominaly  (4) cos6,,<0.9, whered . is the laboratory angle be-
wave, a smalD wave component should be present in thetween ther™ and= . This cut is used to eliminate contami-
dipion system. nation from misidentifiece™ e~ pairs fromy conversions.

All models predict the spectrum to peak at high mass as it (5) 3.0<Mye0i1<3.2 GeVE?, wheremqc, is the mass
does iny(2S)— 7" w~ Iy and Y (2S)— 7Y (1S). How-  recoiling against the dipion system.
ever,Y (3S)—m* 7~ Y(1S) [10] has a peak at low mass, as  (6) [x2¥®<3.0. x2¥=(dE/dX) meas— (AE/dX) exp/ 7,
well as a peak at high mass, that disagrees with these prediethere @E/dX)yeas and dE/dX)ey, are the measured and
tions. See Ref.10] for a list of theory papers that attempt to expecteddE/dx energy losses for pions, respectively, and
deal with this problem. is the experimentadl E/dx resolution.

A. Pion selection

032002-2
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2000 F mismeasured events from these and from other events where
1750 the J/¢ undergoes final-state radiation or where electrons
1500 £ @ radiate much of their energy. These cuts are necessary for
1250

comparisons with theoretical models.

lg : (1) The 7's must be consistent with coming from the
500 E interaction point.
250 F (2) 3.07<Myec0ii<3.12 GeVE?.
E | ) ‘ | _ 2 . .
O 3T 30 305 3055 31 3iz5 315 w5 32 3) |my+-—my;,|<0.25 GeVE?, wherem; - is the in
m,, (GeVic) variant mass of the two leptons.
1600 E Figure 2b s.h.ows them, ¢ coil dist.ribution using all cuts
1400 | except the additionah,...; cut(additional cut number)2 A
1200 ®) total of 22.8 K events remains after all cuts, and the back-
1000 [- ground remaining is estimated to be less than 0.3%.
800
m E IV. MONTE CARLO PROGRAM
200 The process is considered to take place via sequential
e ) L ] ke 1 I . _
O3 3025 305 305 a1 3125 aI5 a5 32 two-body decaysy(2S)—X+J/y, X—= 7, and I/
Wy (GeV/?) —1*17. The Monte Carlo program assumes the following.

1) The mass of the dipion system is empirically given b
FIG. 2. (a) Number of events versus,.,i, the mass recoiling @ P y P ¥y y

against the twor's, for Y(2S)— =" 7 /¢y, Jy—1*1" events do
where only the initial selection criteri@ee textare used(b) Num-
ber of events versus,...i Where all criteria are used except for the
final myq¢oj CUL.

2 2\2
dmmcc (phase spacex(m:_—4m:)-.

(2) The orbital angular momentum between the dipion

B. Lepton selection system and thd/ ¢ and between ther's in the 7" 7~ sys-
) ) tem is O.
The lepton tracks must satisfy the following. (3) TheX and thel/ are uniformly distributed in cogin

(1) 0.5<p;<2.5 GeVk. Herep, is the three-momentum  {he incominge*e™ rest frame, which is the same as the
of the candidate lepton track. laboratory frame.

(2) |cosfg<0.75, |cosh,|<0.60. Hered, and 6, are the

(4) The 7’s are uniformly distributed in cog; , whereg%
Iaboratory polar angles of the electron and muon, respegg he angle between th¥ ¢ direction and ther™ in the X
tively. This cut ensures that electrons are contained in th?est frame

BSC and muons in the MUID system. (5) Leptons have a 4cogé distribution, wheredf is

(3) cosfj+-<—0.975. This is the cosine of the angle be- o angle between the beam direction and the positive lepton
tween the two leptons in th#/¢» CM, where the leptons are i the 3/ rest frame.

nearly back-to-back. (6) The J/¢ decay has an ordes® final-state radiative
(4) pi+ or p->13 GeVk or pj«+p->24 GeVE.  correction in the rest frame of thi y.

This cut selects events consistent with) decay, while re- A total of 570 000 Monte Carlo events are generated each

jecting background. for the y(2S)—n"m Iy, Jly—e'e  and (29

(50 For e'e  candidate pairs:SCE, and SCE_ ot I, My pt pw” samples.
>0.6 GeVk, where SCE is the energy deposited in the | order to compare with theoretical models, the experi-
BSC, or, if one of the tracks goes through a BSC rib or hagnenta| distributions must be corrected for detection effi-
P<0.8 GeVk, thedE/dx information of both tracks in the  ¢iency. To determine this correction, Monte Carlo data is run
MDC _must _be consistent vv_|th that expected for electronsthrough the same analysis program as the data. A bin-by-bin
The rib region of the BSC is not used because the Montggficiency correction is then determined for each distribution
Carlo does not model the energy deposition well in this rexf jnterest using the generated and detected Monte Carlo

gion. _ _ data. This efficiency is then used to correct each bin of the
(6) For u*u~ pair candidates at least one track mustgatg distributiong13].
haveN"">1, whereN"" is the number of MUID layers with A comparison of some distributions with the Monte Carlo

matched hits and ranges from 0 to 3. If only one track isgjstributions is shown in Fig. 3. Fig.(8 indicates that the
identified in this fashion, then the invariant mass of the m,,, distribution agrees qualitatively with the assumed em-

pair must also be within 250 Me¢f of the J/ s mass. pirical distribution [14]. Figure 3b) indicates agreement
N o with the assumed tcos¢ distribution for leptons in
C. Additional criteria $(2S)— w7 Iy, Iy—171" events. The flat distribution

Figure 2a) shows them,eco; distribution using the cuts N Fig. 3(c) is related to the assumption that the relative
defined above. The shoulder above Ji¢ peak is caused by angular momentum between the dipion system andtids
low-energy pions that underge— wv decay. We impose zero. However, in Fig. @), which is the c:osé?fT+ distribution,
additional selection criteria in order to reduce the amount ofve find a disagreement with the Monte Carlo data, indicating

032002-3
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FIG. 3. Various distributiongcorrected for detection efficiengy
for Y(28)— a7 Iy, I y—171" decays.@ m,,- distribu- FIG. 4. Azimuthal angle distributionécorrected for detection
tion. The distribution is in reasonable agreement with the assumegficiency) for y(2S)— =7~ I/, I y—1"1~ decays(a) The ¢
empirical distribution.(b) cos¢" distribution. The assumed distri- angle distribution for thé* in the lab.(b) The ¢ angle distribution
bution is a H cogé* distribution. This angle is the angle between for X in the lab.(c) The ¢ angle distribution for ther™ in the
the beam direction and the in the rest frame of thé/«. (c) coséx  dipion rest frame(d) The distribution of the angle between the
distribution. This is the cosine of the angle of the dipion systemnormals to theuu plane and ther plane.
with respect to th@* e~ direction in the incomingg™e™ c.m. sys-

tem. The distribution for Monte Carlo data is flat because of thegpifman modeldiscussed belo which gives a reasonable
Swave assumption for the relative angular momentum of the dipiorhpproximation to the data, to determine a weighting for

system and thd/y. (d) cosd. distribution. This is the cosine of - \1onte Carlo events so that the proper efficiency is deter-
the angle of ther™ with respect to thel/ ¢ direction in the dipion mined as a function of CO%; andm,_ .

rest frame. The Monte Carlo distribution is flat because of the as-

sumption that the relative angular momentum of tHg is Swave.

The data agree well with the Monte Carlo exceptfdn V. ANGULAR DISTRIBUTIONS AND PARTIAL
WAVE ANALYSIS

that the relative angular momentum of the twis is incon-

sistent with being purely wave.

Figure 4 shows the angle distributions for thé" in the
lab; thed/y in the lab; therr™ in the rest frame of the dipion
system,¢ .+; and the angle between the normals to the
plane and therm plane.

In this section, we fit our angular distributions using the
general decay amplitude analysis of Cdln. The #(2S)
andJ/¢ haveJ®=1" and1€©=0"", while the dipion sys-
tem has ¢¢=0%"*. Atane™e™ machine, they(2S) is pro-
duced with polarization transverse to the beam. The decay of
¥ (2S) can be described by the quantum numbérss the
7rar angular momenturd, is theJ/ X angular momentum,

_ s is the spin of thel/, s’ is the spin of they(2S). Defining
(XXZ)-por S=s+1, called the channel spin, then'=S+L=s+1+L.
An eigenstate 08%2=s'2 L2, S, andJ, may be constructed.
All distributions are uniform in angle, consistent with the Parity conservation and charge conjugation invariance re-
Monte Carlo distributions. quire bothL andl to be even.

Since Fig. &d) indicates an inadequacy with the Monte  The decay can be described in terms of partial-wave am-
Carlo, it is necessary to correct our bin-by-bin efficiencyplitudes,M, | s, and the partial waves can be truncated after
determination in our following studies. We use the Novikov-a few terms. Considering only g9;, M g1, andM g4 [15]:

(XX )xX]-p,e

dr

1
dQyy,

V2

1
* |M001J2+|M201J2+Z|M021J2(5_3 cog63,,) + —=R{MgMgo.H(3 cos63,— 1) |, (1)
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FIG. 5. Simultaneous fitsy¢) to three 1D histograms df) cosﬂfu (b) cosé , and(c) cosd: using Egs(3), (1), and(2), respectively.
The phase shifts used af§=45° ands5=0°.

— C

dQ,

1 1
[Mood >+ 7[M201*(5 =3 CoS67) + Moz * + —=R{M20M (3 cOS 07 - 1)1, @

V2

1
| [Mgod*(1+cos'6y) + H)(||\/|20]J2+||\/|02]J2)(13+ cos %) |. ©)

dQ,

The dQ)’s are measured in their respective rest frames. It is understood thit, thg are functions oim, ;. The combined
60— 6y, distribution is given by

dar 5 3 5 3 3 L
- 2 2 2
dQWdQJ/l/IOC|MOO]J +|M20]J (Z_ZCO§9;)+|MO2]J (Z_ZCOSZGSW)"—Z%{MZMMSO]} E(ECOSZH;—E)

* 1 3 * 1 * 9 H * o1 * * *
+2R{M Mo 5 50803, 5 | | +2 R{MaoMG,i}| g sirP ey, sin’6,cos A¢7— )
9 1 23 o2 L) (Beozsr L
+1—65|n207TS|n2(9J/1/1C05(¢7T_gb‘]/(//)'f'E ECO 07]_—5 ECO ej/l//_z . 4

A. Fits to one-dimensional(1D) angular distributions

There are three complex numbers to be obtained. According to Cahn, (%) andJ/y are regarded as inert, then the
-0
usual final-state argument givé | s=¢€' o (mw)|M|,L,5|, where&?(mm) is the isoscalar phase shift for quantum number
The phase angles are functionsmf, .. If we interpolate theS wave, isoscalar phase-shift data found in R&6], we find
89~45°. Also 6 is supposed to be-0. Using these values as input, we obtain the combined fit toEgs(3), shown in Fig.
5[17], and the results given in Table I. Also given in Table | are the rdfibgy|/|Mgoi and|M gpq/|Mge. The fit yields a

032002-5
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nonzero result fotM ,o4, indicating that the dipion system contains soevave component. The amplitudi®! o4 is very
small, indicating that thd/ X angular momentum is consistent with zero.
Cahn points out that one of the advantages of the pragé®S)— 7" 7~ J/¢ is that it may allow us to obtai@?, which
is not well measured in this mass range. However, we are unable to obtain a good fit alﬂgveiegan additional parameter
[18].
B. Fits to the 2D distribution

By integrating Eq.(4) over the¢ angles, we obtain an expression that depends only o#;casd cosﬂj,wz

dr
d cos#;.d cos6y,,,

5 3 5 3 3 1
°<|M00]J2+|M201J2(Z_ZCO§0;)+|M02]J2<Z_ZCO§0§/¢)+29%{M201M301} E(ECOS?Q;—E)

3 1 3 1\(3 1
+2 R{M Mot E<§co§ej,¢— 5) +R{M oM E, (Ecos?o;—i) Eco§0§,¢— E” (5)

The 2D distribution of co#’ versus co:ﬁj‘,w is fit using this  lection from 0.75 to 0.8, thegxy, cut from 0.1 to 0.08
equation. We assumé)=45° and53=0°, as was done pre- MeVi/c, the cog, cut from 0.6 to 0.65, the cag cut from
viously. Using these values, we obtain the fit values show®.75 to 0.7, them,g e CUt 10 3.05< M0 <<3.14, and re-

in Table II. If we try to obtaindd, we are unable to get a quiring that both muons be identified by MUID.

good fit[18]. Fitted results are sensitive to the region of the histogram

Fits for differentm.__ intervals are made assuminﬁ used in the fitting procedure. The changes obtained with rea-
—0° and using valueschzfg that depend on then_.__ interval sonable variations in the number of bins used were included
mT

[19]. The results are shown in Table lll, along with the val- in the systematic error.

i ; ; ; 2
ues 0f58 used. The ratio$M »o;]/|M oo and [Mpdl/|M ool In addition, the events were fitted kinematically, ang“a

do not show large variations between the three intervals, anglrj]:jvzaft.:'agi ?ﬁetzagﬂ-ce\;e?tjétgrﬂ%n%ggégihfﬁ-lg
[M 501l/| Mol is inconsistent with zero for all intervals. tion touthlegs stemat'clz errorsl q ’2 o backl roSnds rema'ln'lrjl- in
In comparing the results from Tables I-Ill, we see that, Y : u grou Ining 1

IM04/|Moog varies between 0.12 and 0.18 and is at Ieasfhe event sample. For example, the individual contributions
tWOZOU frog'? zero. On the other handiy oz;J/|Mooﬂ varies [0 the systematic errors for the 2D likelihood fit to afs

between—0.04 and 0.06 and is, in all cases, consistent with/€rsus co$x results shown in Table Il are given in Table IV.
zero.

VII. COMPARISON WITH HEAVY QUARKONIUM

VI. SYSTEMATIC ERRORS MODELS

The systematic errors quoted throughout this paper are A. Novikov-Shifman model

determined from the changes in the calculated results due to A model that predicts som® wave amplitude is the

variations in cuts, binning changes in the fitting proceduresNovikov-Shifman[9] model, which is based on the color-

and changes due to making an additional cut to eliminatdield multipole expansion to describe the two-gluon emission

background. Cut variations include changing the &pse- and uses chiral symmetry, current algebra, PCAC, and gauge

invariance to obtain the matrix element. In this model the

TABLE |. Results of simultaneoug? fits to the three 1D dis- transition is dominated bi1E1 gluon radiation, so the an-

tributions of cosf; , cosé , and cosf; shown in Fig. 5. The phase

shifts used areég=45° ands9=0°. The amplitude normalizations ~ TABLE Il. Result of the 2D likelihood fit to co#* versus

are arbitrary. Two other fit parameteirsot shown are the normal-  cosé using Eq.(5). The phase shifts used a£:45° andé‘z)

izations of the second and third distributions relative to the first. =0°. The amplitude normalizations are arbitrary.

[M o4 41.6+0.4+0.9 [M o4 13.6+0.05+0.26
Mo 7.5+1.4+1.9 [M 50 2.3+0.3+0.5
[M g2 —0.56+0.60+0.64 [M g2 0.05+0.16+0.22
[M 504/[M o4 0.18+0.03+0.05 [M04/[Mgod 0.17+0.02+0.04
[M o241/ Mgo4 —0.013+0.014-0.015 [M o214/ Mgod 0.004*0.01+0.02
X?/DOF 89/111 X%/ DOF 457/437
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TABLE llI. Results of the 2D likelihood fits to co&; versus cog using Eq.(5) for differentm_ .
intervals. The amplitude normalization is arbitrary. Here the valuégojsed depends on tha,, . interval.

85=0.

m_.. Range (GeV¢?) 0.36-0.5 0.5-0.54 0.54-0.6
89 used as input 27° 42° 51°

IM oo 8.36+0.04+0.23 7.43-0.04+0.14 7.86-0.06+0.15
[M 504 1.19+0.27+0.57 0.89-0.29+0.28 1.37-0.37+0.56
IM o2 0.53+0.19+0.43 —0.27+0.15+0.18 0.14r0.15+0.21
IM 504/ Mgod 0.14+0.03+0.07 0.12-0.04+0.04 0.170.05+0.07
IMo21/|Mgod 0.06+0.02+0.05 —0.04+0.02+0.03 0.02-0.02+0.03
X?/DOF 514/437 608/437 545/437

Events 6186 7075 9362

gular momentum of thec system is not expected to change mentum, which is about 0.4, andis predicted to be~0.15
during the decay and the polarization of #€2S) should be  t0 0.2[20]. From Eq.(7), it can be seen that is expected to

the same as thd/ . The model gives the amplitude be different foriy(2S) decays and the decays of other char-
monia, because of the running af. The first terms in the

2 amplitude are thé&s-wave contribution, and the last term is

1+ 2m7,) + EK[(AM)Z—QZ] the D-wave contribution. Note that parity and charge conju-
2 2 gation invariance require that the spin be evenx s non-
zero, it is predicted that there should be sdne/ave pions.

)} However, sincec is expected to be small, the process should

Am{qz—K(AM)z

(6)  be predominanthys wave.
The differential cross section is obtained by squaring the
amplitude and multiplying by the phase space:

4m?2 1
x| 1-— || cosor— %
q 3

where q is the four momentum of the dipion system and
AM=M y25—My,,,. The parametek is given by

dr

k= (b/6m) ag(u)p®(p), 7) WMPS}XAZ, ®

whereb=9 is the first expansion coefficient of the Gell-
Mann-Low function,p® is the gluon fraction of ther's mo-  where

2 2yl 4 4 2 2 2 2 2 2
P \/(mm— Am2)[My Mo+ Mz —2(Mj,m7 +Mjogmz+M3j,Mi o) ]
> .
M2

By integrating over one variable at a time, it is possible to
obtain the following 1D equations for then . invariant

0<| 1.322- 4.8597%+5.157 %>+ 1.18296¢

mass spectrum and the agisdistribution: d cosd7,
1 1
X | cog gk — §) - 2.6542]«2( cos’-ej;—g)
do - J@@=amd! | ¢ of 1, 2|’ 1)\2
4amz\?
+0.2K2[(AM)2—q2]2( 1——7| }, (9) Them,,,. distribution is fit using Eq(9), as shown in Fig.
02 6. The fit yields x=0.186+0.003 with ay%/DOF=55/45.

032002-7



J. Z. BAl et al. PHYSICAL REVIEW D 62 032002

TABLE IV. Systematic error contributions for the 2D likelihood fit to offs versus co® shown in
Table Il. The values 4) are the absolute values of the difference in the result obtained with the variation
minus the standard result.

Variation A[M ooy A[M 5o A[M g A{IM o1/ Mooy} A{[Mgz/[Mooy}
|cos6,|<0.75-0.8 0.107 0.259 0.169 0.0205 0.0125
pXxy,>0.1—0.08 0.003 0.269 0.009 0.0198 0.0007
|COS(9#|<O.60—>O.65 0.024 0.085 0.012 0.0065 0.0009
|COSc9e|<O.75—>0.7 0.003 0.036 0.086 0.0027 0.0063
3.05< Mygeoi< 3.14 0.087 0.035 0.053 0.0036 0.0038
Both muons identified 0.139 0.158 0.039 0.0130 0.0029
Number of bins fitted 0.005 0.120 0.008 0.0089 0.0006
X2 cut 0.169 0.161 0.076 0.0141 0.0057
Total systematic error 0.26 0.46 0.22 0.036 0.016

Fitting the cog distribution in the region—0.8<cos#*  Swave andD-wave parts:A=As+Ap, the ratio of the
<0.8 using Eq(10) [21], we obtain the results shown in Fig. D-wave transition rate to the total rate can be obtained
7. The fit yieldsk=0.210+0.027 with ay?/DOF= 26/40.

We have also fit the joint cag and m_ . distribution

[Eqg. (8)]. This approach does not require integrating over f ZJ'l 2

one of the variables and is sensitive to any €bsm,.. cor- dg ,1d cosd(PS)|Ao|

relation. Using this approach, we obtairnka 0.183+0.002 Rp= 1 :

and ay?/DOF=1618/1482. The results of the different fits f dqu d cosH(PS)|As+ Ap|?
-1

are in good agreement and are summarized in Table V.
Using Eqgs{(6) and(8), where we write Eq(6) in terms of

The limits of theq? integration areq?;,=4m?2 and g2 .y

[ =(Mw(23)—MJ,¢)2. For the value ofx obtained from the
- joint cos@*—m___ fit, we obtainRp=0.184%.
6000 ” . )
Tl The amount oD wave as a function ofn_.. has been fit
using
5000
3000
4000 L J{ + J{
_ 2o [ 10t | +
3000 J( JFJ( Jf Jf
i o0 | N
2000
L 1500
1000
0 , , ‘ ‘ ‘ 1000
03 035 04 045 0.5 0.55 0.6
7+ °° Mass (GeV/c?)
FIG. 6. Fits to them_,, distribution. The points are the data %0 -
corrected for efficiency, and the curves are the fit results. The
smooth curve is the Novikov-Shifman modélqg. (9)]. The long-
dashed and short-dashed curves are the T. M. Yan model with ani 0 = e b ol

: ] ! i 1 08 06 04 02 0 02 04 06 08 1
without higher-order corrections, and the dash-dot curve is the cos(8])

Voloshin-Zakharov mode[Eq. (13)]. Three of the models are

nearly indistinguishable. The T. M. Yan model without higher-  FIG. 7. Fits to co® distribution. The results are given in
order corrections is slightly different. The results are given inTables V and VII. The points are the data corrected for efficiency,
Tables V and VII. and the curve is the fit result using E4.0).
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TABLE V. Summary ofx values obtained.

Distribution K x%/DOF
m,, (Fig. 6) 0.186+0.003+0.006 55/45
cosd: (Fig. 7) 0.210+0.027:0.042 26/40
m... VS cosg: 0.183+0.002+0.003 1618/1482
N 010+2D s’-ol D|* s’-@lz
o], —= —=|+|= —=.
(cosf)« S co 3 S co 3

11

The last term corresponds to the amountDofvave, while
the middle term corresponds to the interference tE2&j.

PHYSICAL REVIEW D 62 032002

TABLE VI. Fit results to cog* distribution using g? fit to Eq.
(11). The fit also requires a normalization term which is not shown.

m, . range (GeVé?) D/S x*/DOF Events
0.34-0.45 0.3180.097+0.098 24/37 2016
0.45-0.48 0.0850.068+-0.036  29/40 1995
0.48-0.51 0.144 0.045-0.033  33/40 3729
0.51-0.54 0.0320.025-0.017 35/48 5620
0.54-0.57 0.0620.022+-0.017 44/48 6403
0.57-0.60 0.0470.036-0.018 48/48 2959

The ratio B/A is taken to be a free parameter. The term
O(B?/A?) refers to higher-ordefHO) terms.

The results are shown in Fig. 8 and in Table VI. The behav- The Voloshin-Zakharov model calculates the matrix ele-
ior of D/S as a function ofm_. is shown in Fig. 9, along ment in the chiral limitm_=0, and then adds a phenomeno-

with the prediction of the Novikov-Shifman model.

B. The T. M. Yan and Voloshin-Zakharov models

Other models which describe tha,.. invariant mass
spectrum are the T. M. Yan modgf] and the Voloshin-

; 2
logical termAm?

7 (P X[ME_ —Am2]? (13
dmﬂ'ﬂ— T . .

Zakharov model8]. These models are also based on theThe m_ . invariant mass spectrum has been fit with these
color-field multiple expansion. Yan suggests that the decaynodels, as shown in Fig. 6. As can be seen, the Novikov-

can be written as

i 2 522 E 2 52 2
G (PS)X | (MF = 2m)2+ (i, —2m?)|
2 B2
_ 2 2 m _
am7 +2K4| 1+ — +0 relik (12
where
_ Mi(zs)_Mi/wL m’,,
2M y(2s)
600 5
400 _+ (@) | #ﬂ 400 E (b) by {
200 E—P 200 Z—w R
1 L A T B 0 L ! I |H+
14 05 0 05 1 1 05 0 05 1
cos(6)) cos(9))
300

600

g et v
a00 Hh bt H] 600 et ot

400 &
00 £ © A S0t @
0 il | | 0 Eriiil | |
1 0.5 0 0.5 1 -1 0.5 0 0.5 1
cos(6}) cos(9)
800 400 £
600 Extratubyy dun oy iy 300 B 4o
400 F ¥ RO 200 M&Mﬁ#ﬁ%ﬁﬂ
200 £ 100 = (D
0 | P BRI B [ [ 1 |
1 0.5 0 0.5 1 -1 0.5 0 0.5 1
cos(6}) cos(6,)

FIG. 8. Fits of cog% using Eq.(11) as a function om,,.. The
fit results are shown in Table (a) 0.34<m__<0.45 GeVE?, (b)
0.45<m,,<0.48 GeVt?, (c) 0.48<m,.<0.51 GeVE? (d)
0.51<m,,<0.54 GeVt?, (e) 0.54<m,,<0.57 GeVkt?, and(f)
0.57<m,,<0.60 GeVLt?.

Shifman and the Voloshin-Zakharov models give nearly
identical fits. The T. M. Yan model, neglecting higher-order
terms does not agree as well with the data. Including the
higher-order term$7], however, gives a fit result which is
nearly identical to the other two models, as seen in Fig. 6.
All the results are summarized in Table VII, along with the
#(2S) results from Argu$23], which used/(2S) data from
Mark II. Argus did not fit the T. M. Yan model with the HO
corrections, but the the agreement is good for the fits they
did.

05 [
045 f
04 |
035 f
03 —

Loas [

02
015 - e
01 [

005 [ .

C L | I | ! | L | | L | L
00.3 0.35 04 0.45 0.5 0.55 0.6 0.65

m,m(MeV/cZ)

FIG. 9. Plot of the interference ter®/S, from Eq.(11) versus
m_... The smooth curve is the prediction of the Novikov-Shifman
model fork=0.183.
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TABLE VII. Fit results for them .. distribution.
Model BES Argus-MKII[23] 4000
Novikov- x=0.186+0.003+ 0.006 0.1940.010
Shifman[9] x*/DOF=55/45 38/24 2000
T. M. Yan[7] B/A=-0.225-0.004-0.028 —0.21+0.01

X%/ DOF=84/45

T. M. Yan[7] B/A=-0.336+0.009-0.019
(HO) x*/DOF=60/45
Voloshin- N=4.35t0.06+0.17
Zakharov[8] X%/ DOF=69/45

C. The Mannel-M. L. Yan model

Mannel has constructed an effective Lagrangian using
chiral symmetry arguments to describe the decay of heavy
excited Swave spin-1 quarkonium into a loweswave
spin-1 statd25]. Using total rates, as well as the invariant
mass spectrum from Mark Il via ARGUR3], the param-
eters of this theory have been obtained. More recently, M. L
Yan et al. [26] have pointed out that this model allovizs
wave pions, like the Novikov-Shifman model. In this model,

5000
3000

1000

3000 [-
2500 i +yt + 4 + +
2000 -
1500 [

500 —
o b e e e L 1

PHYSICAL REVIEW D 62 032002

Eerer N T R SR ER BRI H B
035 0375 04 0425 045 0475 05 0525 055 0575
" @ Mass (GeV/c?)

b)

08 06 04 02 0 02 04 06 08
cos((-);)

FIG. 10. Fit of the 2D co#’ versusm,,,. distribution to Eq.
{14). (a) The 2D distribution projected im,.. (b) The 2D distri-
bution projected in cog’. The points are the data corrected for

the amplitude can be writte26]

R 2m? 3] .
A} g®=cy(g*+]ql?) 1+—2)+czmi]+§ c1/q|®
q
4m? 1
— ™ *—_
x| 1 q2> (co§¢97T 3), (14
where
1
I
! 39(1+69)
c—Z(%—%—l 14+ ' (15)
> “lg 3g 69

and

g = {[MF25 = (M 7+ My,)?]

2My2s)
X [mzlp(ZS) —(Mgp— ma/w)z]}m,

2_m2
qr=m_...

The first term in Eq.(14) is the Swave term, and the

efficiency, and the histogram is the projected fit result.

effective Lagrangiang,, has been taken to be zero since it is
suppressed by the chiral symmetry breaking scale. This am-
plitude is similar to Eq(6) but contains an extra term pro-
portional tom? .

We have fit the joint cog’—m,.. distribution using the
amplitude of Eq(14) [24], as shown in Fig. 10. We obtain

%: —0.49+0.06+0.13,

%: 0.54+0.23+0.42

with a xy?/DOF=1632/1481.
In the chiral limit,gz=0. If we fit with this value forgs,
we obtain

%: ~0.347+0.006+0.007

with a y2/DOF=1632/1482. The results for both cases are
given in Table VIII, along with the results from Rdi25]
which are based on ARGUS-Mark[I23]. The results agree
well for theg;=0 case. The agreement is not as good for the

second is thé®-wave term. Note that another constant in theg;# 0 case, but Ref.25] used only them_,, distribution in

TABLE VIII. Fit results using Eq.(14). In the second fitg; is set to zero.

91/9 93/9 x?/DOF
This Exp. —0.49+0.06+0.13 0.540.23+0.42 1632/1481
Ref.[25] —~1.55+0.51 4.07-1.56 0.87
This Exp. —0.347+0.006+ 0.007 0 1632/1482
Ref. [25] ~0.35+0.03 0 1.05
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their fit. In both cases, thg?/DOF is large, and there is no bution agree with the value obtained from time.. distribu-

reason to prefer one fit over the other. tion. The results agree well with the measurement of Argus
using Mark Il data.
VIIl. SUMMARY The cogd; distribution has been fit to determine tie

wave amplitude divided by th8 wave amplitudeP/S, as a

function ofm_. .. Itis found to decrease with increasing, ,

- , : :
—m m /. We find reasonable agr?e'”f‘e”F with a Slmplein agreement with the prediction of the Novikov-Shifman
Monte Carlo model except for the distribution of afs | odel.

which is the cosine of the angle of the pion with respect to Finally
the J/ ¢ direction in the rest_frame of tr.".?w system. Some Mann’eI-Yan model, which also alloiswave pions. We
D qﬁéea%cé?l%?n(figttriEurt?c?r?slrz?(—:‘lncgr(:]?)lg(r)g d$ovoli?r\1/ ?he gener find good agreement with their result obtained in the chiral
decay amplitude analysis of Cahn. We find tha?“mlt where gs=0 using the Mark Il data.
[M 501l/|M goal, which measures the wave amplitude of the
dipion system relative to th& wave, varies between 0.12
and 0.18 and is at least twe from zero. On the other hand,
IMo21/[M o4, which measures the wave amplitude of the We would like to thank the staff of BEPC accelerator and
J/¢—X system relative to th8wave, varies between0.04  the IHEP Computing Center for their efforts. We also wish
and 0.06 and is, in all cases, consistent with zero. We argy acknowledge useful discussions with R. Cahn, M. Shif-
unable to fit for themrm phase-shift anglesg. man, W.S. Hou, S. Pakvasa, Y. Wei, M. L. Yan, and T. L.
A comparison with heavy quarkonium models shows thazhuang. Work supported in part by the National Natural Sci-
the Novikov-Shifman, T. M. Yariwith higher-order correc- ence Foundation of China under Contract No. 19290400 and
tions), and Voloshin-Zakharov models give very similar fits the Chinese Academy of Sciences under Contract No. H-10
to them,,. distribution. All fits yield ay?/DOF larger than and E-01(IHEP), and by the Department of Energy under
one. Contract Nos. DE-FG03-92ER407QCaltech, DE-FGO03-
In addition, the Novikov-Shifman model, which is written 93ER40788 (Colorado State University DE-ACO03-
in terms of the parametek, predicts thatD wave pions 76SF00515(SLAC), DE-FG03-91ER40679UC Irvine),
should be present it is nonzero. Determinations af based DE-FG03-94ER40833 (U Hawai), and DE-FGO03-
on the cod; distribution and the jointn . —cos#: distri- ~ 95ER40925UT Dallas.

In this paper, we have studied the proceg$2S)

we have fit oum,..—cos#: distribution using
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