VOLUME 76, NUMBER 19 PHYSICAL REVIEW LETTERS 6 My 1996

Studies 0f£(2230) inJ /¢ Radiative Decays
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The BES experiment at the Beijing electron-positron collider has observed (2230) signal in
7, KYK~, KSK$, and pp final states withd.60, 4.1, 4.00, and3.8¢ statistical significances,
respectively. The new observations of two nonstrange decay modeés—ef7* 7~ and pp are
important evidence for the glueball interpretation of §(€230). [S0031-9007(96)00037-3]

PACS numbers: 14.40.Cs, 12.39.Mk, 13.25.Jx, 13.40.Hq

Using 8.0 X 10° J/4 events collected at the Beijing Collaboration, the’s interpretation could not be excluded
electron-positron collider (BEPC), the BES experiment hagnd the glueball interpretation would be disfavored. Thus
performed systematic studies of thg230) inJ /¢ radia- new discoveries on nonstrange decay modes are extremely
tive decays, and observed thesignal in7* 7, K*K~,  important to understand the nature £®2230) and espe-
KJK9, andpp final states. The resonang€2230) witha cially to know whether it is a glueball [17].
width of only about 20 MeV has stimulated both theoreti- The BES detector, fully described elsewhere [18], has
cal and experimental interest since it was first observed bthe following main features: The momentum resolution
Mark 11l Collaboration in the decays/¢y — yK* K~ and  of charged tracks measured by the main drift chamber
yKoK? [1]. Several experiments searched for this narrolMDC) is 6p/p = 1.7%(1 + pH)12 wherep is in GeV;
state. Although some experiments claimed that they founthe time-of-flight (TOF) counters have a resolution of 330
some structures around 2.2 GeV in different processes [2ps; the barrel shower counter (BSC), which cové®ds$o
4], which proceed via different mechanisms fraiiyy  of 47 solid angle, has an energy resolution&k/E =
radiative decays, no other groups observed such narrod2%/~/E (E in GeV ) and a spatial resolution of 3.6 cm
structure inJ /¢ decays [5]. As a result, the existence of in the Z direction and 7.9 mrad in thé direction.
the £(2230) has been quite controversial. It is also inter- The first level of event selection requires two oppositely
esting to note that th&(2230) has never been observed charged tracks foy7*7~, yK*K~, and ypp events,
in any pp — KK experiments [6—9] and these nonobser-and requires two posmve charged tracks and two negative
vations can be interpreted as upper limits for the productharged tracks foy KIKY events. At least one detected
branching raticB(¢ — pp)B(é — KK). The unexpect- photon is required for all these events. More than one
edly narrow width of¢ has provoked many speculations photon per event is allowed due to the fake photons
about the nature of this state. Previous theoretical interwhich come from the interactions of charged tracks in
pretations 0% (2230) included identification as a high spin the shower counter or come from electronic noise in the
55 state [10], a multiquark state (such as a 4-quark statshower counter. The further selection criteria/giy —
[11,12], aA A bound state [13], a neutral color scalar boundyz* 7~ will be described in detail while others will
state [14], etc.), a hybrid state [11,15], or a glueball [16].be described briefly since the techniques used are quite
With the only strange decay modes observed by Mark llisimilar.
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In the event selection of /¢y — y7* 7, the main  4-C kinematically fitted to obtain better mass resolution
backgrounds come fromJ/¢ — pm,K*K,yK"K~, and to suppress backgrounds further by the requirements
(ny)ete”, and otherm" 7~ + neutrals. The large x2, . <16 and x5k > 10.
background from(ny)e™ e~ events is removed by re- An analogous analysis is performed to select
quiring (1) the opening angle of two trackls, < 175°, J/¢y —» yK"K~ events. The backgrounds from
(2) the energy deposit in BSC of each traEk < 600 J/ — (ny) ete m @~ + neutrals (includingp ),
MeV, and (3) the angle between each track and Zhe K*K~ + neutrals (includingk*K), andy# "7~ events
direction (positron beam direction) satisfigesd| < 0.7.  are removed by making use &f,, E., particle identi-

No TOF selection criteria are applied. Instead, Ki&K  fication (by requiring that at least one kaon is identified
andyK*K~ events are removed by using the kinematicboy TOF and that the track with momentum600 MeV
variable U = Epniss — |Pmiss|, where Eqniss and Ppiss should be identified as kaon by TOF), varialile two

are, respectively, the missing energy and missing mobody decay behavior oK* — K decay ofJ/, photon
mentum of all charged particles, and they are calculatedelection,awo,P,Zy, and 4-C kinematic fit.

by assuming that the charged particles arér~ [19]. When the decay /¢ — yK9K? is studied, bothk's

A cut —0.25 < U < 0.08 GeV is made. The tight cut gare selected by imposing a cut on the second vertex and a
on the positiveU region not only rejects most of the cyton the mass of pion paif&/, - — Mgl < 50 MeV,

* =+ —
K*K,yK" K~ events but also removes most of the event§yherens. . is calculated at the&? decay vertex. The

having multipions or other neutrals. The two body decay,in backgrounds fromK2K * 7, yKIK V70 events are
behavior of p — 7 decay of J/¢ is used to remove S S

/0 events: Events having one charged pior]suppressed by using particle identification by TOF, the
— Pt - F variableU, photon selectionP2,, and 4-C kinematic fit.
momentum in the regiohP,- — 1450] < 40 MeV and P iy

. . . The J/¢ — ypp events are selected by the use of
the invariant mass of the other charged pion afidn the 6,, [21], particle identification (one proton and one

p Mass regionMy = — My=| <75 MeV are removed. antiproton) by TOF, the variablé/ (|[U| < 0.1 GeV),

Whe.nM’T:WO is calculated, the momentum of t IS photon selection (isolated from antiproton and coming
obtained fromP o = Pp; The advantage of this tech- - e -
™ miss - 9 from the IP),awo,Plzy, and 4-C kinematic fit to eliminate

nique is that it uses only the momenta of charged track§,. ,ossible backarounds fro — 7 + neutrals
measured by MDC which has good momentum resolution ﬁﬂp etc g Wy = pp ’
This cut may cause a systematic error on detection effi- Th’e re.sulting invariant mass spectramst 7~ K * K~

cuincy ;O: fzn(‘jferent Stpg.‘ ant(rj] d!ﬁerept tt1eI|C|ty ampltltude 9Kk?, and pp [Figs. 1(a)—1(b)] show evidence for the
ratios, but it does not bias the invariant mass spectrum o (2230) as well as other resonances, including some

7" ~. This factor has been included in the systemati : : =
error of the branching ratio. In the selection of photons(known particles, €.9./2(1270) and f4(2050) in "=

. . . ode.
the photon is reoquwed to be isolated f_rom two char_geoTn Monte Carlo studies are performed to obtain the mass
tracks ¢, > 30°) and to come from the interaction point

resolutions and the detection efficiencies and to assure
(IP). When the number of photor’é, = 2, the events . L : . .
. 0 ! . , that the selection criteria do not bias the invariant spectra.
with 7% are first removed by using a new variahlgo

angle. The main points are as follows: First, the photonl "€ Mass resolutions in thé region are oy, =

directions are known from BSC and the momentum ofl | M&V: Tum. . = 9 MeV, Tmyoge = 12 MeV, and-
the 70 is known from P, = Puiss assuming this event @m,; = 7 MeV. For each decay mode, the detection
contains only oner®; second, if one photony() direction  efficiency is obtained from Monte Carlo simulation based
and the momentum of° are known, the direction of On the assumptions @fthat the spin i’ = 2 and that the
the other photory, can be calculated assuming they arehelicity amplitude ratios are = 1.0 andy = 0.0. The
from a«° decay; the angle between the detected directiofletection gff|C|er_1C|es are 0.164, 0.174, 0.1006,0and 0.269
and the expected direction of, is called 0. The for the & signal in theym 7™, yK"K~, yKsKs, and
multiphoton events havinge,)mn < 8° are discarded, YPP channels, respectively, and they all vary smoothly
where (a;0)min iS the minimum value of all possible by less thar25% in the fit mass region. Different spins
combinations of photon pairs. The advantageagfi (/ =0.4) and different X,y) values are tested. The
is that it is independent of the measurements of photofflative acceptances differ by less trfivo. This factor
energy. Thea,o cut does not bias the invariant mass ha_s been included in the systematic error of branching
spectrum ofz*7~, though it may cause a systematic fatio for each channel, respectively. _

error when the efficiency is calculated for the events with 1he invariant mass spectra (Fig. 1) are fitted by an un-
fake photons. This factor is also included in the Systembmned maximume-likelihood method which uses a smooth

atic error of the branching ratio. For one photon event®ackground plus one or several Breit-Wigner resonances
and the multiphoton events passing g cut, another ~convoluted with Gaussian resolution functions in each fit
cut [5,20] p}y = 4|Ppiss|* SirF(0,,/2) < 1800 MeV?  (Fig 2) [22]. The number of events in thesignal, as de-

is imposed, wherd,,, is the angle between the missing termined by the fit, is 74, 46, 23, and 32 in the' 7,
momentum and the photon direction. Finally, events ar&k “K~, KSK¢, and pp channels, respectively. The
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FIG. 1. Invariant mass spectra of (@' 7, (b) K"K, (c)
K$Kg, and (d)pp. the systematic error of the number of produded@, and
event selection criteria.

The measured parameterskik channels are in agree-
ment with the MARK III's results [1]. The measured
branching ratio for ther* 7~ decay mode is larger
than the MARK lIlI's upper limitB(J/¢ — y&)B(¢ —

trT) <2 X 1072 (95% C.L.) while the branching ra-
io for the pp decay mode is within the MARK 1lI's up-
per limit B(J/y — v&)B(¢é — pp) <2 X 1075 (95%
C.L.) [1].

In conclusion, our results show th&f2230) does exist

statistical significances of thé signal in thenr* 7,
K*K~, KJK9, and pp modes are, respectively.6o,
4.10, 4.00, and3.80 [23]. The statistical significance
of a signal is determined by the difference between th
logarithm of the likelihood value for the fit with the sig-
nal and that for the fit without the signal [1].

The parameters of th€(2230) (massM¢, width T,

and branching ratioB) measured in each channel are nd two new nonstrange decay modes£ofs 7t

listed in Table I. The systematic errors of mass an — . . .

width are due to the uncertainty of the backgroundfand pp are (_)dbservefd. gh‘?;e n.]sw (_jlsco%/erleﬁ give very
; o ; portant evidence for the identification 6{2230).

shape and event selection criteria. The systematic errO@Compared with other mesong(2230) has many dis-

of branching ratios [24] are due to the uncertainty Oftinctive properties [17]. (1) Flavor-symmetric decays to
detection efficiency, the uncertainty of background shapeﬁﬂ and KK [24]: with the phase spaces removed, the
decay probability of¢é — 7" 7~ is of the same order
as that of¢ — K*K~. (2) Narrow width; the width of
£(2230) is only about 20 MeV. (3) Large production rate

in radiative J/i decays; from the mean values of the

TABLE I. Mass, width, and branching ratios §{2230). The
first error is statistical and the second is systematic.

Decay M I B(J/¢ — y€)B(§ — X)  branching ratios of the BES'’s results and the PS185 ex-
mode (MeV) (MeV) (107°) perimental upper limit [6,25B(¢ — pp)B(£ — KK) <
atmT 2235 x4+ 6 1978 + 12 56718 +20 1.5 X 107* (99.9% C.L.) which assume§; > 10 MeV,
K*K~ 223076 + 16 2072 = 17 33118 + 12 one can roughly estimate th#&(//¢4 — y¢&) is of the
KOKO 203278 + 15 2073 + 14 2775 4+ 08 order3 X 1073 or even larger [_26_]. This means that the
PP 2235+ 4+5 [572 40 15706 & 05 production rate of¢ in J/¢ radiative decay could be as

large as or larger than those of some conventiangl
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mesons such g% (1270) andf5(1525). Consequently, the [10] S. Godfrey, R. Kokoski, and N. Isgur, Phys. Let41B

decay branching ratios gfdecays intar "7~ andK " K~ 439 (1984).
are about or even smaller thage, and thus the partial de- [11] K.T. Chao, Phys. Rev. Let60, 2579 (1988); K. T. Chao,
cay widthsT',+,- and'x+x- are approximately several Commun. Theor. Phys, 757 (1984).

[12] S. Pakvasa, M. Suzuki, and S.F. Tuan, Phys. LetEB

hundred keV. However, a narrow resonance inghmass
135 (1984).

region with large production rate is not seen in the crysta{lg] S. Ono, Phys. Rev. B35, 944 (1987)

ball resu_lts on t.hel/w inclusive p'hoton spectrum [27]. _[14] M.P. Shatz, Phys. Let.38B, 209 (1984).
The gg, multiquark, and hybrid models cannot easily |15 \. s, Chanowitz and S.R. Sharpe, Phys. L8828, 413

explain the special properties of t§¢2230). As a result (1983); M. Le Yaouanet al., Z. Phys. C28, 309 (1985).
of the observation of flavor-symmetric couplings and smalf16] B.F.L. Ward, Phys. Rev. [31, 2849 (1985).

partial widths of¢ — 77 andK K, the£(2230) cannot be  [17] T. Huanget al., Report No. BIHEP-TH-95-14PUTP-95-
interpreted as gg meson [17]. The large production rate 09; Report No. hep-pt9508326 [Phys. Lett. B (to be
in radiativeJ /¢ decay would disfavor the interpretation published)]; K.T. Chao, inProceedings of the CCAST
of a multiquark state. With the observed upper limit [25] Workshop on Tau-Charm Factory, Beijing, 19fReport
B(]/¢ N ,)/AX) <13 X 1074, we do not expect AK No. PUTP-94-26 (hep-ph/9502408), 1994].

bound state to have a large production rate asdhia [18] J.Z. Baiet al., Nuc?. Instrum.. Methods Phys. Res., Sect.
J/ radiative decay. Also a hybrid state is not expected to ';‘0:2)’2'4(’ 11;’392)(1994)’ J.Z. Bakt al., Phys. Rev. Lett69,
have as narrow a width as t§¢2230) (especially’,,, and Y o — 00 .

I'kk). In contrast, these features are just the expectatiorllg] In the yK" K .ypp and yKsKs channels, B, and

- ) S Pniss are calculated by assuming that the charged particles
for a glueball [17]. For example, the narrow width is areK*K~, pp, andw =~ m+ ", respectively.

naively expected since glueball decay toga state is [20] L. Kopke and N. Wermes, Phys. Reli74, 67 (1989).
suppressed by the so-called Okubo-Zweig-lizuka rule [28][21] The cutd,, < 175° removes then, signal in theypp
The qualitative similarity between the decay properties of  channel.

the £(2230) and those of they.o and y., suggests that [22] The invariant mass spectra show evidence for, besfdes
the ¢ decay via gluons. Therefore, these features would  signal, other resonances in the 2.0-2.5 GeV region in dif-
strongly favor the glueball interpretation §(2230). ferent channels, e.g., the resonanceyimp channel _Wlth
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