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Abstract. New results on hadron physics from the Belle experiment egsgmted.

INTRODUCTION

These results are obtained using various data samples ftbrib 8 to 150 fb !
taken with the Belle detector [1]. We identify candidates by two kinematic vari-
ables: the energy differenc&E = (3 E;) — Ep, and the beam constrained maldg; =

\/EZ2— (3 Bi)2, whereE, = \/s/2 is the beam energy arfij andE; are the momenta

and energies of the decay products of Bimeson in the CM frame. The inclusion of
charge conjugate modes is implicit throughout this report.

OBSERVATION OF 0" AND 1+ BROAD CU STATES

A study of charmed meson production Bidecays provides an opportunity to test
predictions of Heavy Quark Effective Theory (HQET) and QQbnsrules.B decays
to D*) 1 final states are its dominant hadronic decay modes and arsuneelquite
well [2]. The large data sample accumulated in the Belle expnt allows to study
production ofD meson excited stateB.**s are P-wave excitations of quark-antiquark
systems that contain one charmed and one ligjd) Quark.

B — D**m decays have been studied using thérm m and D**m mm final
states [3].

Figure 1 shows théE distributions for theB~ — D™ andB~ — D*"mm
candidates. The following branching fractions are measu#B~ — Dt ) =
(1.0240.04+0.15) x 103 and (B~ — D**m m ) = (1.254+0.08+0.22) x 103,
without any assumption about the intermediate final states.

To study the dynamics d8 — D) rrrr decays, analyses of the Dalitz plots are per-
formed. The description of the Dalitz plBt" i 71~ includes amplitudes of the known
D31~ mode, possible contributions of the processes with vili&t andB*°rr~ pro-
duction and an intermediaf" 1t~ broad resonance structure with free mass and width.
Figure 2(a) shows thB* 1~ invariant mass distribution together with the resulting fit
A clear signal of the broad resonance with= 0" is observed which can be identify as
the scalango state. The results of the mass, width and branching fragtioducts are
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FIGURE 1. AE distributions for theB~ — D (left) andB~ — D**mr mr (right) candidates.

TABLE 1. Branching fractions and resonance parameters fobthe r~ 77~ final states.

Mode BB~ — DDt ]m), M(Dx), I (Dx),
104 MeV MeV

B~ — DDt | 34+£03+06+04 2462+£2.1+05+3.3 456+44+65+16
B™ — DESO[D+ mm 6.1+0.6+09+16 2308+ 17+15+28 276t+21+18+60

B~ —»DID**m|m  6.8+£07+1.3+£03 2421+15+04+08 237+£2.7+02+4.0
B~ —»DYD*'m|m  1.840.3+0.3+02 [5] [5]
B~ —»DPD**m]m 50+04+10+04  2427+26+20+15 384197+ 24470

presented in Table 1.

For theD*"mr m final state the fit of the density distribution is performedanr
dimensional phase space to take into account the angles pfdah fromD* decay. The
fit function includes both knowd;°, D intermediate state contributions and a broad
D**m~ resonance with free parameters. Figure 2(b) show®ther  invariant mass
distribution as well as the resulting fit. Together with thearmow resonances a clear
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FIGURE 2. Minimal D" rr (a) andD**mr~ (b) invariant mass distributions. The points with errorsar
correspond to thB meson signal events, the hatched histogram shows the sidiebEhe open histogram
is the result of a fit while the dashed one shows the fit funatitthout narrow resonance contribution.



signal of the broad state is observed. The angular distoibatf D* 77 from this state is
consistent withi® = 1*, j, = 1/2. This state can be identified as a P-wave excitation of
cu— D’lo. The results of the mass, width and branching fraction petsdare presented

in Table 1.

Together with observations of the broad resonances theliramnratios of B decay
to the modes with knowD**: DI~ and D3°rr~ have been measured. Using these
measurements the ratio 8%° branching fractions = 2(D3° — D* 1)/ 8(D3° —
D**mm) = 1.9+ 0.5, consistent with the world averagge= 2.3+ 0.6 [2], is obtained.
The measured rati® = #(B~ — D)/ %(B~ — D{m) = 0.77+0.15 is lower
than the CLEO measuremeni8} 0.8 [4] (although the results are consistent within
errors) but is still a factor of two larger than the factotiaa prediction [6]. From our
measurement it is impossible to determine whether the actofized part for tensor
and axial mesons is large, or whether higher order cormestio the leading factorized
terms should be taken into account.

Our measurements show that the narrow resonances cort§®s®)% of theD
decays and63+ 6)% of theD* mrrdecays. This result is inconsistent with the QCD sum
rule prediction and may indicate a large contribution froookor suppressed amplitude.

OBSERVATION OF NEW STATESDZ;(2317) AND D;(2457)

The narrowDs7° resonance at 2317 MeV, recently observed by the BaBar ashab
tion [7], is naturally interpreted as a P-wave excitatiorthaf cs system. The observa-
tion of a nearby and narro®;m resonance by the CLEO collaboration [8] supports
this view, since the mass difference of the two observeé@siatconsistent with the ex-
pected hyperfine splitting for a P-wave doublet with totglht-quark angular momentum
j =1/2[9, 10]. The observed masses are, however, considerabér lihan potential
model predictions [11], and similar to those of thej = 1/2 doublet states recently re-
ported by Belle [3]. Measurements of tBg; quantum numbers and branching fractions
(particularly those for radiative decays), will play an ionfant role in determining the
nature of these states.

We confirmed both resonances and measured masses fand 1" states to be
(2317.2+ 0.5+ 0.9) MeV and (245654 1.3+ 1.3) MeV respectively [12]. We also
report the first observation of the radiative de€ay(2457) — Dsy. Figure 3 shows the

mass difference between tBg” 7° andD$” candidates. The ratig/(P2(2451=Dsy) g

%(De) (2457 —Dg )
found to be (65+0.13+0.08. .
We also search fdDg; production inB — DDg; decays [13]. We reconstrub®(D ™)
mesons in theK*m, KTm mmt and K*mn® (K¥mm ) decay channelsDg
mesons are reconstructed in thert, K*°K* and KK+ decay channel®Ds; candi-

dates are reconstructed frdhé*) mesons and &°, y, or Tt 1T~ pair. The mass differ-

enceM(Dgj) — M(Dg*)) is used to seledDs; candidates. We use central mass values of
2317 MeV and 2460 MeV fobDs;(2317) andDs;(2457) respectively and define signal
regions within 12 MeV for the corresponding mass differefée observe a clean signal
for B — DDgy(2317)[Ds°] andB — DDgj(2457)[D:m]. We also observe for the first
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FIGURE 3. M(Dsm°) — Mp, (@), M(Dz7°) — Mp; (b) andM(Dsy) — Mp, (c) mass-difference distribu-
tions. The signal is described using a double Gaussian amiddadrder polynomial for the background.
The histogram shows no structure for m&‘” sidebands.
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FIGURE 4. Left: M(Dg) distribution for theB — DDy candidates: (aPs1(2317) — Ds°, (b)
Dg3(2457 — D and (c)Dsy(2457) — Dsy. Right: theDs;(2457) — Dsy helicity distribution. Points
with errors represent the experimental data and curvefianesults of the fits.

time theDs;(2457) — Dgy decay. Figure 4(left) shows the invariant mass distrimstio
for these decays. The measured branching fractions arerpgeesin Table 2. We obtain

the ratiogézs(lz(igg)z_gz%)) =0.38+0.11+0.04, which is consistent with that from the
continuum study.

We also study the helicity distribution for th#s;(2457) — Dsy decay. The helicity
anglebp,y is defined as the angle between thg(2457) momentum in theB meson
rest frame and th®s momentum in thég;(2457) rest frame. Thép,y distribution in
the data (Fig. 4(right)) is consistent with MC expectatifmsthe J = 1 hypothesis for
theDg3(2457) (x2/n.d.f=5/6), and contradicts th&= 2 hypothesisX?/n.d.f= 44/6).
TheJd = 0 hypothesis is already ruled out by the conservation of Engoomentum and
parity in Ds;(2457) — Dsy.




TABLE 2. B — DDg; branching fractions.

Decay channel B,1074 Signif.
B — DDy(2317) [Ds7t%] 8521126 610
B — DDg(2317) [D;y] 25729%(<75) 180
B — DDg(2457) [Dz 1] 17.8733+53 640
B — DDg(2457) [Dsy] 6.7715+20 740
B — DDgy(2457) [D%y] 2718(<73) 210
B — DDgy(2457) [Dsn+ ] <16 —
B — DDg(2457) [DsTl°] <18 —

71— 12000 ———
[ a) data ] b) MC
300 - - F

8000 — —

Events/0.010 GeV

r 4000 — =
100 — =

oL JM oL JM
0.40 080 120 0.40 0.80 120

M) - M(I'T) (GeV) M) - M(I'T) (GeV)

FIGURE 5. Distributions ofM (- 1717) — M(117) for selected events in th&=-My signal region
for (a) Belle data andgb) genericBB MC events .

OBSERVATION OF A NEW NARROW CHARMONIUM STATE IN
B+ — K=t mJ/y¢ DECAY

A major experimental issue for tloe charmonium particle system is the existence of as
yet unestablished charmonium states that are expectedaelds threshold for decays
to open charm and, thus, narrow. These includentkel singlet P state, thh:(1P),

and possibly the = 1 singlet and triplet spin-2 D states, i.e. th& = 2=+ 1'D¢, and

JPC = 2=~ 13D, all of which are narrow if their masses are below B@* threshold.
The observation of these states and the determination ofrtresses would provide
useful information about the spin dependence of the chaiimopotential.

We report on an experimental study of the mJ/¢ and yx, mass spectra from
exclusiveB™ — Kt J/¢ andK*yxqo decays [15] using a 152/8B event sample.
For theB — K" - J/ study we use events that have a pair of well identified oppo-
sitely charged electrons or muons with an invariant masierrange 77 < M, |-

3.117 GeV, a loosely identified charged kaon and a pair of opglgsiharged pions.

Figure 5(a) shows the distribution &AM = M (" 1717) —M(I17) for events in
the AE-My signal region. Here a large peak correspondingpt@S) — mrm J/W
is evident at 0.589 GeV. In addition, there is a significankespn the distribution at
0.775 GeV. Figure 5(b) shows the same distribution for adlamgmple of generiBB



TABLE 3. Results of the fits to they(2S) andM = 3872 MeV
regions. The errors are statistical only.

Quantity Y(2S) region M = 3872 MeV region
Signal events 489 23 357+6.8
Mnmfﬁ‘ﬁJ/w peak 368%+0.2 MeV 3871540.6 MeV
OMrrt -3/ 3.3+0.2MeV 25+0.5MeV
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FIGURE6. Signal-band projections ¢&) Myc, (b) Myt -3/ and(c) AE for theX (3872 — " J/y
signal region with the results of the unbinned fit superinggos

Monte Carlo (MC) events. Except for the promingt2S) peak, the distribution is
smooth and featureless.

We make separate fits to the data in h@S) (3580 MeV< My 73/ < 3780 MeV)
and theM = 3872 MeV (3770 MeV< M -3,y < 3970 MeV) regions using a simul-
taneous unbinned maximum likelihood fit to thigc, AE, andM -5 distributions.
The results of the fits are presented in Table 3. Figures @{aand (c) show thdyc,
M3/, @ndAE signal-band projections for thel = 3872 MeV signal region, re-
spectively. The superimposed curves indicate the restdtedit. There are clear peaks
with consistent yields in all three quantities. The sigrieldyof 357+ 6.8 events has a
statistical significance of 180. In the following we refer to this as thé(3872.

We determine the mass of the signal peak relative to the wedlsmredp(2S) mass:
Mx = MZe2— MTESS + Mg?z% = 38720+ 0.6+ 0.5 MeV. Since we use the precisely

known value of they(2S) mass [2] as a reference, the systematic error is small. The
measured width of th¥ (3872 peak iso = 2.5+ 0.5 MeV, which is consistent with the
MC-determined resolution and the value obtained from the tite(2S) signal. From

this we infer a 90% confidence level (CL) upper limitlok 2.3 MeV.

We determine a ratio of product branching fractionsBor— K+ X (3872 [ J/ Y]
andB*t — KTy (29[ J/y] to be 0063+ 0.012+ 0.007.

The decay of theD., charmonium state tgxy is an allowedE1 transition with a
partial width that is expected to be substantially largantthat for therr" = J/ final
state; e.g. the authors of Ref. [16] predi¢fD¢ — YXco) > 5% (°Dep — mHm I/ ).
Thus, a measurement of the width for this decay channel aaride important infor-
mation about the nature of the observed state. We searchad Xq3872) signal in the
¥Xco decay channel, concentrating on phe — yJ/ final state.

We select events with the sand¢y — 171~ and charged kaon requirements plus
two photons, each with energy more than 40 MeV. The signattimojections oMy
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FIGURE 7. Signal-band projections ¢&) My and(b) My, for the 4(2S) region with the results of
the unbinned fit superimposegd) and(d) are the corresponding results for thle= 3872 MeV region.

andMy,, for the /(2S) region are shown in Figs. 7 (a) and (b), respectively, tagreth
with curves that represent the results of the fit. The fittgdaliyield is 341+ 6.9+4.1
events. The number of observed events is consistent witexpected yield of 26-4
events based on the knoBn— K/(2S) and(2S) — yxco branching fractions [2] and
the MC-determined acceptance.

The results of the application of the same procedure tdvthe 3872 MeV region
are shown in Figs. 7(c) and (d). Here, no signal is eviderd;fitted signal yield is
3.7+ 3.7+ 2.2. From these results, we determine a 90% CL upper limit orrdhie

of partial widths ofr&((gggf);ﬂ?}w < 0.89. This limit on theyx, decay width

contradicts expectations for tiBe charmonium state.

The mass of the observed state is higher than potential neogbelctations for the
center-of-gravity (cog) of the®Dg; statesMcog(1D) = 3810 MeV [19, 18].

In summary, we have observed a strong signal for a state dtayd torr™ mJ/y
with M = 38720+ 0.6+ 0.5 MeV andl" < 2.3 MeV (90% CL). This mass value and
the absence of a strong signal in Ypgo decay channel are in some disagreement with
potential model expectations for tAB charmonium state. The mass is within errors
of the D°D*® mass threshold (3873+ 1.0 MeV [2]), which is suggestive of a loosely
boundDD* multiquark “molecular state,” as proposed by some authbfk |

MEASUREMENT OF THE ETE~ — D®+D*)~ CROSS-SECTIONS

The processeste — D*)+D®~ have not previously been observed at energies
\/$> 2Mp. A calculation in the HQET approach based on the heavy-gg@irksymme-
try [20], predicts cross-sections of about 5 ptior e"e~ — DD* ande*e™ — D3 D; at
/s~ 10.6 GeV (the subscripts indicate transverse [T] and longitaldiL] polarization
of the 3D*); the cross-section f@te™ — DD is expected to be suppressed by a factor of
~10°°.

This analysis [21] is based on 88.9thof data taken at or near th&4S) resonance.
We reconstrucb® andD* mesons in the decay modB8 — K~ rrt, D — K~ rrt it
andDt — K~ mrt ™. D** mesons are reconstructed in D& decay mode.
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FIGURE 8. Distributions of the mass of the system recoiling againgdd), and b)D". Points with
error bars show the signAM,¢coj region; hatched histograms corresponfidec; sidebands. The solid
lines represent the fits described in the text; the dashed Bhow the contribution due to events with
ISR photons of significant energy. The dotted lines show #peeted background contribution. ¢) The
distribution ofMyecoii(D™) without any requirement oAMecoi.

The processest e~ — D)D)~ can be identified by energy-momentum balance
in fully reconstructed events that contain only a pair ofrahanesons. However, the
reconstruction efficiency is small in this case. Taking toount two body kinematics,
it is sufficient to reconstruct only one of the two charmed omssin the event to
identify the processes of interest. We choose the mass afystem recoiling against
the reconstructe®™) (Mecoi(D*)1)) as a discriminating variablé¥ecoji(D*)1) =

\/(\/é— Epi+)?— 52D<*>+’ whereEp.)» andppy.)+ are the CM energy and momentum

of the reconstructe®™®*. For the signal a peak in thelecoi distribution around
the nominal mass of the recoiling~ or D*~ is expected. This method provides a
significantly higher efficiency, but also a higher backgrun comparison to full event
reconstruction. For thete~ — D*)*D*~ processes we reconstruct in addition a slow
pion from theD*~ — Dorgow decay. This reduces the background to a negligible level.
We calculate the difference between the masses of the systmuil mass against
a D®* g, combination, and against the*)* alone, AMrecoil = Mrecoil(D™*)F —
Mrecoil( D™ ¥ 11g,,)). The variableAMyecoi peaks around the nomin@* — D? mass
difference with a resolution afipwm,..., ~ 1MeV as found by Monte Carlo simulation.

Forete~ — D®*D*~ we combineD*)* candidates together witty,,,, and require

AMecoil to be within a2 MeV interval around the nomin&** — D% mass difference.

The Mrecoil(D*™) and Mrecoi(D™T) distributions are shown in Figs. 8(a) and 8(b),
respectively. Clear signals are observed in both caseshifmer recoil mass tails in
the signal distribution are due to initial state radiatit®R). The hatched histograms
show theMeqoil distributions for events in th&M,ecoi Sidebands.

Since the reconstruction efficiency depends on the progluahdD** helicity an-
gles, we perform angular analysis before computing crestiems. A scatter plot of
the helicity angles for the twd®*-mesons fromete™ — D*"D*~ (cos@(Dje) VS
cos@(Djon_rec)) for the recoil mass regioMecoii( D*1) < 2.1 GeV is shown in Fig. 9(a).
The distribution is fitted by a sum of three functions cormesting to theD; D3, D3 D}
andD; Dy final states, obtained from Monte Carlo simulation. The fiti$inhe frac-
tions of D3D3, D3D{ and DDy final states to bg1.5+ 3.6)%, (97.2+4.8)% and
(1.34+4.7)%, respectively. Figure 9(b) shows tBE~ meson helicity distribution for
ete” — DTD*". The fraction of thed™D; "~ final state is found from the fit to be equal
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FIGURE 9. a) The scatter plot cgb;,.) vscog ¢ ) (€& — D**D*7). b) D** meson helicity
angle distribution for¢" e~ — D*D*™) signal candidates.

to (95.84+5.6)%.

We search for the processe” — DTD~ by studying the recoiling against the
reconstructe® ™ (Myecil ). Fig. 8(c) shows the distribution &ecoii(D™) afterD™ mass
sideband subtraction. To extract ttee~ — D*D~ andete™ — D*D*~ yields we fit
this distribution with the sum of two signal functions capending toD~ and D*~
peaks and a threshold function describing background své@hie fit finds—13+ 24
eventsinthé®~ peak and 93542 in theD*~ peak. We obtains@ e~ — DTD*~ cross-
section of 061+ 0.05 pb which agrees with the result using tkd,coj method. For the
ete” — D™D~ cross-section we set an upper limit of 0.04 pb at the 90% cendie
level.

In summary, we report the first measurement of the crossessctor theet e~ —
D**D*~ andete” — DTD*~ processes af/s= 10.6 GeV to be 065+ 0.04+0.07 pb
and 0714 0.0540.09 pb, respectively, and set an upper limit on ¢he” — DD~
cross-section of 0.04 pb at 90% CL. The measured crosssesdre an order of mag-
nitude lower than those predicted in Ref. [20], but theiatigk sizes are as predicted:
the cross-sections fe e~ — D**D*~ ande™e~ — D™D* are found to be close each
other, while the cross-section fere- — D™D~ is much smaller. The helicity decom-
position forete~ — D**D*~ is found to be saturated by trm;inF final state (the
fraction is equal ta97.2+ 4.8)%) and fore"e” — D*D*~ — by theD; final state
(95.8+5.6%), in good agreement with the predictions of Ref. [20].

OBSERVATION OF nc(2S) PRODUCTION AND ITSMASS
MEASUREMENT

Belle recently observed thg.(2S) production in exclusiv decays thKKgn, where
the ne¢(29) is reconstructed in th&*K2rt final state. The mass was measured to
be (3654+ 6+ 8) MeV [22] which is much larger than the previous Crystal Ball
measurement 3594+ 5) MeV [23]. This year Belle also observeg(2S) production
(108+ 24 events) in double charmonia eveetee™ — J/Yn:(2S) and confirmed a



highernc(2S) mass [24].

CONCLUSION

We have observed a strong signal for a new charmonium stteélcays tar™ mJ/y
withM =38720+0.6+0.5MeV, I < 2.3 MeV at 90% CL. We confirm the observation
of Dg3(2317) andDs;(2457) and report the first observation of the deday(2457) —
Dsy. We also observBg; production inB decays. IrB~ — D™+~ decays all four
P-waveD** have been observed and their parameters have been me&srrds: broad
D;° andD? states there are the first measurements.
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