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1. Introduction

Starting with the observation of thg.(2S) state, a number of new states have been observed
by Belle. Some of these have been identified as being thegbeedibut not-yet-seen, charmonium
states, while others, designated ¥y Y & Z, are considered to be candidates for new types of
charmoniumlike states such as hybegluon states or multiquark states either of the molecular
type (cqcq) or the diguark-diantiquarkc(cg) type. Here, recenXYZ state-related measurements
are reported and examined in the context of possible chatmoassignments.

2. TheX(3872

The X(3872 was discovered by Belle in thé¢/@m™m mass spectrum in exclusiv@ —
KX(3872 decay [1] in a 140 fb! data sample; it was subsequently seen in three other exper-
iments. One curious fact about t&3872) is the near equality of its mass and timgo+mp.o
threshold. The latest PDG world averaged mass [2] is 36210.22 MeV, while theD°D*? mass
threshold is 38779+ 0.30 MeV. The CDF group reported that only tBf& options I+ and 2 *
are compatible with thé/( and it helicity angle distributions [3]. It is also now well estedbled
that thertrt system inX — J/@m™ m comes fromp — it decays.

2.1 X(3872 — yd/y(y)

The observation 0X (3872 in yJ/y(¢/) final states ensures that the charge-conjugation parity
of theX (3872 isC = +1. The first reported evidence (3872 — yJ/y was given by Belle [4]
using inB — KX(3872 decays in a 256fb data sample with a signal significance~oia.

BaBar also reported (3872 decays to botlyd /¢ andyy/’ final states in th8" — K*yd/y(y')
process [5], with signal significances of 336and 3.50, respectively. Their measured product of
branching fractions ar8(B+ — K+X(3872) x B(X(3872 — yJ/{) = (2.8+0.8) x 10°° and
B(BT — K*X(3872) x B(X(3872 — yy') = (9.5+2.8) x 1078, The ratio of these branching

; i BXagr—yy') P =+0
fractions IS5 asrs0y30) — 3.4+ 1.4, which is large for ©D ~ molecular state [6]

This year Belle studied thgl /@(y') final states using their full data sample of 72720°BB
events [7]. TheB — KyJ/y channel is dominated bB — Kxc1; Xcaa — YJ/@ decays and this
is used as a calibration reaction; the branching fractioriHfe well knownB*™ — K* x.; decay is
measured to bgt.94+0.35) x 10~4, which agrees well with the PDG value [2]. Belle also reporte
first evidence foB — KX (vVia Xc2 — yJ/y) with 3.6 o significance. The branching fraction for
B — K¥xc2 is measured to bel.11+0.37) x 10~°. The ratio of branching fractiongggi:%
is 0.0224 0.007, which is a measure of the factorization suppressiotorfdor J°¢ = 2+, In
the sameyJ/y final state but at higher masses, there is a c}@872 — yJ/¢ signal with
4.9 o significance. Figure 1 showd,;,, mass distributions in exclusive (8 — K*yJ/y and
(b) B? — KgyJ/Lp decay. The product of branching fractions Br— KX and X — yJ/y is
measured to b¢l.8+ 0.5) x 106, which agrees with the BaBar result. However, there is no
significant signal foB* — K*X andX — yy/’ decay. Figures 1 show thMd,,, mass distributions
in BT — KTyy’ decay for (c)y/ — ¢t¢~ and (d)y/ — J/@mtm decays. An upper limit of the
product of branching fractions is determined toB{8" — K*X) x (X — yy/') < 3.4x 10°°. The
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Figure 1: yJ/@ mass distributions (top) for (88" — K*X (3872 and (b)B° — K9X (3872 candidate
events with subsequet(3872 — yJ/y decay. yy/ mass distributions (bottom) f@" — K*X (3872
candidate events with subsequXii8872 — yy' decay, whergy’ — ¢+¢~ in (c) andrr™ = J/¢ in (d).

ratio of branching fractions of its 90% CL upper Iimit%% < 2.1, in contradiction with the
BaBar result.

2.2 X(3872 — wl /Y

In the DD molecular model of Swanson [6], tHEC is assumed to be'l", in which case
the D°D™° component is dominant, with small admixturescad/ and pJ/y. In this model,
X(3872 — mm n°J/y decays were predicted to occur at about half the ratexi@872 —

" J/y decay. Belle performed a search for thigJ3y decay mode.

Figure 2(b) shows th¥ (3940 [8] seen incwJ/yY mass distribution iB — KwJ/Y decay. In
the X (3872 mass region, which is at the right edge of the kinematic banndelle observes a
signal in the 3r mass spectrum corresponding to the sub-threshold d€(2872 — wJ/Y. The
measured number of signal events wereli24.1, from which the ratio of the branching fractions
% is determined to be.Q=+ 0.5 [4].

This year BaBar reanalyzeé®l— KwJ/y final states using a relaxed omega mass selection [9]
0.5 < mg; < 0.9 GeV and saw a similaw signal. Using their reported branching fraction, we
obtain the combined ratio from Belle and BaBar toﬁ%ﬁiﬁ}—% = 0.84+0.3. In addition,
BaBar reports that thil3,; mass spectrum from thésg7, — J/@w final states is suppressed near
its upper kinematic boundary by a centrifugal barrier fathat is consistent with R-wave. Their
P-wave (2) fit (x2/NDF =3.53/5 ) to théVls,; mass distribution is favored over th&wave (1")
fit (x2/NDF =10.17/5). This would be bad for a molecular interptietaof X (3872, however, this
corresponds to only about a lo5effect.

2.3 Charmonium possibilities of X (3872

From the CDF angular analysis results [3], the only two pmesl™ assignments for th¥
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Figure2: a) The B-meson signal yields versugiBvariant mass in th¥ (3872 region ofMy — 30 < Mx <
My + 10) for B — Kt m i/ decay. b)B — KwJ/y signal yields versuM (wJ/ ()

are I+ and 2°*; all otherJ™ values are ruled out with high confidence. In this sectionsweey
charmonium possibilities foxX (3872 with these twa)™© assignments.

For the 1"+ assignment, the possible undiscovered charmonium stgige iBor theX (3872 =

X/, assignment, the following puzzling questions arise.

e Since the mass gf/, is now known to be 3930 MeV [10], the massx{f is expected to be

~ 3905 MeV. Therefore, the massXf3872) is too low for it to be thex/; .

Barneset al. [11] estimated the partial width fdr(xc1/ — yy@') ~ 180 keV, whilel" (xc1/ —
yd/y) ~ 14 keV. So, the ratio of of partial Widtfﬁ% should be much bigger than
unity. Therefore, the1/ assignment would be a possible option if the BaBar measureme
is right, which gives a large partial width for thg/’ mode.

FX —mtmJ/P) = (34+12) x[(X — yJ/y) is estimated to be about 45 keV using
the Barnes value fofF ;,,, and the measured ratio e;fM This partial width forX —
/g

- J/ decay is huge for an isospin-violating transition; othessin violating transitions
in the charmonium system are less than 1 key.(I (¢ — m°J/y) ~ 0.4 keV [2]).

For the 2 assignment, the possible undiscovered charmonium stéte isingletD-wave

state known as thge(1D>). For this assignment, the following questions arise.

Y. Jiaet al. [12] estimated the partial widths to b&ne, — yy') ~ 0.4 keV andl (N —

yd/y) ~ 9 keV. This favors the Belle measurement where the ré%% is smaller.

Using the well established mass of its multiplet partivfy”) = 3770 MeV, the mass of the
Ne2 is estimated to be 3837MeV. Thus, tHé3872 mass is high forc.

rX —mtmJ/P)=(34+12)(X — yJ/Y) is about 30 keV using the Jigl /g width.
This is also large for an isospin-violating transition.

For the 2% (n) assignment, the branching fraction for B¢ — K™ n, is too high for a
non-factorizable decay. Other tv® — K*h. andB™ — K™ x, decay, which is also non-
factorizable and suppressed by an angular momentum hamégust barely seen in the huge
Belle data sample.

The branching fraction fone, — DD is expected to be small [13], but the averaged ratio

from both Belle and BaBar igjy >0 = 9.5+ 3.1, which is high for thec,.
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3. MoreX and Y states near 3940 MeV

Belle observed three states near 3940 MeV via three diffggeduction and decay chan-
nels [8, 10, 14]. Among these three, the8930 state, which is produced in thg — DD process,
is generally considered to be the charmoniginstate, even though the mass M=3328+2 MeV
is somewhat lower than potential model predictions. X{i8940) is observed in th®D" mass
spectrum from double charmonium productioreire” — J/@D*D annihilation and the (3940
is observed in thev] /Y mass spectrum i8 — KwJ/( decays. The mass and width of the
X (3940 (Y(3940) are measured to be M=3942+ 6 (3943+ 11+ 13) MeV andl" = 37732+ 8
(87+22+26) MeV. Although the masses are similar, ¥E8940 andY (3940 appear to be differ-
ent states: th& (3940 (Y(3940) has not been seen in thal /¢ (DD") final state inB — X(Y)K
decays.

It is important to search fand/y (or DD") in two-photon collisions, where its spin-parity of
resonance is preferentially constrained taJBe0* or 2*. Belle observed a 7.@ enhancement in
the cJ /Y system [15] produced in they — wJ /Y process; the mass and total width are measured
to be M=3915+ 3+ 2 MeV andlN'=17+ 10+ 3 MeV. This state, denoted bBy(3915), is probably
related to one of the three above-mentioned states in tl0e3B% GeV mass region. If we assume
the X (3915 is 0" (2*) resonance, the product of the two-photon decay width aaddhing frac-
tion to wJ/y is determined to b€, (X(3919)B(X — wJl/Y)= 61+ 17+8(18+5+2) eV for
JP =07 (2"). For comparison, the measured product of the two-photoaydewth and branching
fraction forZ(3930 — DD is 180+ 50+ 30 eV. If theX (3915 is theZ(3930 (x.,), the ratio of
branching fraction% is large for an above-open-charm-threshhold charmoniae.st

Also, for both the @ and 2 options, if we assume that thg partial width is~1 keV, which is
typical for charmonium states§,,;/,, would be of the order of 1 MeV, which is large for charmo-
nium.

The ' (Ya040 — wJ/ ) partial width is also estimated to be large using the avergmed-
uct branching fraction from Belle and BaBar to B¢B™ — K™Y3940) x B(Y3940 — wJ/YP) =
(5.0+0.8) x 10°° and the PDG averageid(Yags0) = 4015 MeV. If we assume the maximum
possible branching fraction f@ — KYzgs0is 10x 104 (the branching fraction foB — KJ/y),
the partial width for™ (Ysg40 — wJ/ ) is determined to be larger than order 1 MeV, which is large
for conventional charmonium.

4. TheY (4260 and Y

The I~ Y (4260 state was first discovered by BaBar [16] and confirmed by Hélfé in
theJ/@m m in radiativeete™ — yRrY (4260 process. The partial width fof — "3/ is
determined to be larger than 0.5 MeV at the 90% CL level byaut. [18], which is much larger
than that fory/ — m" - J/. This large partial width is one of the remarkable propsrtéthe
Y (4260 that have led to various exotic interpretations of its quamktent. An interesting question
is whether or not there exist counterparts instand/orbb quark systems.

Belle reported an anomalously largee™ — Y{(1,2S)r" m~ production cross section near the
peak of theY(5S) resonance ay/s~ 10.87 GeV measured with a 21.7fbdata sample [19]. If they
assume that the signal events only come from decays of(%® resonance, their extracted partial
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Figure 3: TheY(nS)rtrr (n=1,2 and 3) cross sections near ¥&S) resonance show peak structure that
deviates from the peak (vertical line) ¥t5S) obtained from the hadronic cross sections.

widths are~300 times larger than those for corresponding transitioos the Y(4S). Recently,
Belle measured the energy dependence oétles — Y(nS) it (n=1,2,3) production cross section
using data accumulated at seven different cm energy poeds theY(5S) resonance. A new
common peak structure was observed for all treee™ — Y(1,2,3S)" m cross sections. A fit
using Breit-Wigner resonance function with a common maskveidth to these peaks, shown in
Fig. 3, gives a mass and width of M=108885{ + 1.2 MeV andl" = 30.7"83 + 3.1 MeV[20],
which are not consistent with any knowb state such as th¢(10860. This can be considered to
be a candidate for 4,-type state in théb system.

5. Charged Z* states

A charged charmonium-like state could not beEaharmonium state; its minimal quark struc-

ture would have to be ecud tetraquark arrangement. The charggd430 ™ state was first ob-
served by Belle as a peak in the" (/ mass distribution in exclusivB — K™/ decays[21].
It was confirmed by a subsequent reanalysis using a Dalitzf@tmalism [22] that includes all
possible intermediat& 1T resonances. This Dalitz analysis method was first emplayeide ob-
servation of two other chargedi” andZ] states that are seen to decayrtoxc final states in
exclusiveB — K1t xq decays [23]. The Dalitz-plot analysis demonstrated these# states are
not produced by reflections from any known and possibly unkn@esonances in th€rr channel.
However, BaBar searched for tA¢4430*, but did not see a significant signal [24].
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