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1. Introduction

According to the prescriptions of the original quark model proposeddilyi@ann [1] and Zweig [2]

in 1964, mesons are comprised of quark-antiquark pairs and bargetigw@e-quark triplets. In the
1970’s, this simple model was superseded by Quantum Chromodynami€&y(@kich identified

the reason for these rules was thgtpairs andggg combinations can be color singlet representa-
tions of the coloiQU (3) group that is fundamental to the theory. Somewhat suprisingly, the mesons
areqq and baryons argqq prescription still adequately describes the hadronic particle spectrum
despite the existence of a number of other color-singlet quark and glhuobications that are
possible in QCD [3]. Considerable experimental efforts at searchintpégoredicted color-singlet
ggqqg “pentaquark” baryons [4] and the doubly stranmisuds H-dibaryon [5] have failed to come

up with any unambiguous candidates for either state [6]. Although a fedidates for norgg light
hadron resonances have been reported [7] none have beenlyeaecepted as established by the
hadron physics community [8].

In recent years, however, the situation changed, beginning with tleewatti®on of theX (3872
meson by Belle [9], the discovery of tivé4260 meson by BaBar [10], and the subsequent obser-
vation of a number of other candidate charmonium-like meson states, thdexb>X4Z mesons,
that are not well matched to expectations for the quark-antiquark mestmepjé1]. Here | give
a brief report on why we think the observed states may be exotic andlmEesome recent obser-
vations of charged quarkonium-like meson states that necessarily mesa mavimal four-quark
structure by Belle [12, 13, 14] and BESIII [15].

In 1977, Jaffe predicted the existence of Hhalibaryon, a doubly strange, six-quark structure
(uuddss) with quantum numberis= 0 andJ® = 0t and a mass that is 80 MeV below the &, [5].

An S= —2, baryon-numbeB = 2 particle with mass below, would decay via weak interactions
and, thus, be long-lived with a lifetime comparable to that of/Atend negligible natural width.

Jaffe’s specific prediction was ruled out by the observation of dodliigpernuclei events [18,
19, 20], especially the famous “Nagara” event that has a relativelynbigaious signature as a
?\,\He hypernucleus produced v&a capture in emulsion [19]. The measur&d binding energy,
Ban = 7.13+ 0.87 MeV, establishes, with a 90% confidence level (CL), a lower limiigf >
22237 MeV, severely narrowing the window for a stalieto the binding energy ranggy =
2my — My < 7.9 MeVt

Although Jaffe’s original prediction for a binding energy ®f81 MeV has been ruled out,
the theoretical case for ad-dibaryon with a mass neamf continues to be strong and has
been recently strengthened by lattice QCD calculations (LQCD) by the NBLRC, 22] and
HALQCD [23] collaborations that both find a boukttdibaryon, albeit for non-physical values
for the pion mass. NPLQCD's linear (quadratic) extrapolation to the phypioa mass gives
By = —0.24+8.0 MeV (7.4£6.2 MeV) [22]. Carames and Valcarce [24] recently studiedkhe
with a chiral constituent model constrainedMi, ZN, =N andAA cross section data and fitig,
values that are similar to the NPLQCD extrapolated values.

Numerous experimental searches have been made férdibaryon-like state with mass near
(above or below) ther®, threshold. Although some hints of a virtual\ state was reported by a

Lin this report I have taken the liberty of averaging asymmetric errodscambining statistical and systematic
errors in quadrature. For actual measured values, please referaagimal papers.
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Figure1: The charmonium meson spectrum. The  Figure 2: The bottomonium level diagram. The
solid bars indicate the established charmonium solid bars indicate well established states, in addi-
states and the dash-dot bars indicate the mass lev- tion, candidates for thie,(1P), hy(2P) andny(2S)

els that were predicted in 1985. states have recently been seen.

KEK experiment [25], other searches produced negative resuli22@8, 29].

2. The Quarkonium Spectra

Quarkonium mesons,e., mesons that contain @ and@quark pair, wher& is used to denote
either thec- or b-quark, have proven to be useful probes for multiquark meson sysféha.is
because these mesons are well understood; their constituent queankserelativistic and potential
models can be applied. Most of the Iow—Iyi@ meson states have been discovered and found to
have properties that agree reasonably well with potential model predictidore complex states
would likely have properties that deviate from model predictions and, beuglentifiable as such.

Figure 1 shows a level diagram for te (“charmonium”) system, where established states
are indicated by solid lines, and the masses predicted by the Godfray{Bhurelativized po-
tential model in 1985 [16] are shown as dash-dot lines. All of the statiesviide M = 2mp
open-charmed-meson threshold have been identified and have massagdkareasonably well
with GI predictions. Moreover, all of the above-threshdf = 1~ states belowM ~ 4.45 GeV
have been assigned and, here too, there is reasonable agreemenediitted masses. In addition
to the 1~ states, thex),, the 27 radially excited 2P, state, has been assigned [17] and Belle
recently reported strong evidence for ihg the 2~ 13D, state [30]. Any meson state with promi-
nent decays to final states containg-and ac-quark, that does not fit into one of the remaining
unassignedc states has to be considered exdtic.

Figure 2 shows a level diagram for tBB_(“bottomonium”) system. Here all the levels indi-
cated by solid bars are well established. In addition, the have beertlyeegrorted of then,(1p),
hp(2P) and np(29) [31, 32], as well as evidence for some of the (unsholdnyave andy,(3P)
states [33]. Threel™ states above tha1d open-bottom threshold have been tentatively identified

2The large value of the-quark mass precludes any substantial productiait girs via fragmentation processes.
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as theY(49), Y(5S) and Y(6S), and these are their commonly used names. The arrows in Fig. 2
indicate transitions between the sates accompanied by either light-hadromoangigstical ar-
rows) andgl electromagnetic transitions (diagonal arrows). Not shown ar¥({B®) — yn,(19)
M1-transition that was used by BaBar to discovernp€lS) [34], the Y(5S) — m" m hy(1P) and

1 hp(2P) transitions used by Belle to discover thg(1P,2P) states [31], or thé,(2P) —
yNw(2S) E1 transition that led to the discovery of thyg(2S) [32]. With the notable exception of
theY(5S) — m" mY(1S,2S,3S) andY(5S) — " i hy (1S, 2S) transitions, which are anomalously
strong and discussed below, all of the other transitions have measieregdtbs that are consistent
with theoretical expectations.

3. The X(3872)

The firstXYZ meson that was observed is tKé3872), which was seen as a pronounced peak in
the ir* - J/ invariant mass spectrum in exclusige — K* " m-J/y decays [9, 35]. Decays
to yJ/y [36, 37, 38], it m /Y [36, 39], andDPD*0 [40] have also been seen. The
invariant mass distribution iX (3872 — " J/ decays is well described by the hypothesis
that the pions originate frop® — " 11~ decays [41, 42]. A CDF analysis of angular correlations
among final state particles X(3872 — mrtmJ/y ruled out all possible™ assignments (for

J < 3) other than 1+ and 2 [43]. A Belle analysis of angular correlations B KX(3872);

X (3872 — m" 3/ decays found good agreement with thie" hypotheses with no free param-
eters; for 21 there is one free complex parameter and a value for this was found thtatge®
acceptable agreement with the measured data [42]. Recently, an congivelanalysis of the five-
dimensional angular correlations in tB& — KX (3872, X(3872 — m"m J/y, J/Y — utu~
decay chain conclusively ruled out the”2assignment and established, once and for all, that the
JPC of the X (3872 is 117 [44].

The only unassigned'™ charmonium level with a predicted mass near 3872 MeV isgthe
the first radial excitation of thge;. The assignment of th€(3872) to this level has some problems.
First, the mass is too low. Potential models predict the mass gfth® be around 3905 MeV,
where this is pegged to the measured mass of the multiplet—partnelr/l%gte 3929+ 5 MeV [17].

If the x{; mass is~3872 MeV, thex/,-x&; mass splitting would bex 57 MeV, and higher than
the Xc2-Xc1 mass splitting of 4%+ 1.1 MeV. In potential models this splitting decreases with
increasing radial quantum numbers [45]. Second, the dgEay> yy(2S) is a favoredE1l tran-
sition and expected to be more than an order-of-magnitude stronger tingieréd”E1 transition
Xe1 — Y/ [46]. The Belle experiment recently reported a 90% CL limitfaqzgza - yy(2s) that

is less than 2 x I"x(3g73y3/y [36] and in contradiction with potential model expectations for the
X(3872 = x/, assignment. Third, the transitigff; — " -3/, the X (3872 discovery mode,
violates isospin and is expected to be strongly suppressed.

Two features of theX(3872) that have attracted considerable attention are its narrow natural
width, I"x(3g72 < 1.2 MeV at the 90% CL [42], and its mass, for which (my) world average value
is My 3872 = 387167+ 0.17 MeV, which is equal, to about a part in 10%, to theD°D*? mass
threshold: mpo + mp.0 = 387179+ 0.30 MeV.[47] The close proximity of thé/y g7y to the
DPD*0 threshold has led to speculation that #3872 is a molecule-likeD®-D*® bound state
held together by nuclear-like- andw-meson exchange forces [48].
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3.1 TheY (4260

The Y (4260 was seen by BaBar as a peak in t¢rrt - J/¢) distribution in the initial-state-
radiation (ISR) process"e™ — ymrtm J/y [10], an observation that was confirmed by CLEO
and Belle [49]. Since it is produced via the ISR process)itsmust be 1. In contrast to the
X(3872), the peak is relatively wide; the weighted average of the BaBar and Bedle piglth
measurements ISy 4269 = 99+17 MeV.

A striking feature of thér' (4260 is that its peak mass is not near that of any of the established
1-~ charmonium states. Moreover, since all"lcharmonium states with mass belowt8d MeV
have been identified, th&(4260 cannot be a standaxt meson. Moreover, it does not seem to
have a strong coupling to open-charm mesons; measuremesgitg ofannihilation into charmed
mesons in the vicinity of/s ~ 4260 MeV show indications of a dip in the total cross section at
the location of ther (4260 peak [50]. This motivated a detailed analysis [51] that established a
lower limit on the partial widthy 42607+ -3/ that is greater than 1 MeV, which is huge for
charmonium. The Belle group did a comprehensive searcly {4260 decays to all possible
final states containing open charmed meson pairs and found no sign(42&0 signal in any of
them [52]. Thus, it seems likely that thg 42609773/ IS Substantially greater than 1 MeV. If
this is the case, it would be a strong indication that some new, previouslyicipated, mechanism
is involved.

Subsequent studies of tege™ — YR T P(2S) ISR process led to discoveries of states
with similar characteristics decaying to the 7 ((2S) final state: ther (4360 by BaBar [53],
and theY (4660 by Belle [54]. There is no evidence for open-charmed meson decagglier of
these states. Moreover, there is no sign of them imthe~J/y spectrum and is there no evidence
for Y (4260 — " m (2S).

4. Searchesin the b-quark sector

The existence of th&' (4260 and other I~ hidden charm states with large partial widths to
3/ and i @ (29) led to speculation that there may be counterparts irbthgark sec-
tor [55]. This prompted a Belle measurement of the partial widthsYi&S) — " Y(nS)
(n=1,2,3). The expected branching fraction for these decays [55] 19~° and, with the data
sample that was available at the time, the expectation was that no signal waddrbg The mea-
sured branching fractions for the near{4S) to " Y(nS) are less than 1¢ [47].) Rather
remarkably, very strong signals were observed for all three decagesnaith branching frac-
tions of nearly one percent — more than two-orders-of-magnitude timesctatjpns [56]. In an
attempt to determine whether or not the anomalous events were coming fraysd#d(5S) or
from some othem-quark sector equivalent of th4260) lurking nearby, Belle did a cross section
scan ofee” — hadrons ané"e~ — " 1 Y(nS) [57] . This scan showed some indication that the
ete” — " Y(nS) yield peaks at a mass distinct from that 5S) — hadrons but with limited
statistical significance (108883 MeV for the threer” m~Y(nS) channelsss. 10879+ 3 MeV for
inclusive hadrons).

4.1 Study of inclusive Y(5S) — rt i~ plus anything
Motivated by the curious phenomena described in the preceding sectitbe nade a study of the



XYZ mesons and H-dibaryon search Stephen Lars Olsen

inclusive proces¥(5S) — mtm plusanything [31]. Figure 3 shows the missing mass recoiling
against everyt" i pair in events in a 121 fib' data sample collected at @ie~ c.m. energy in
the vicinity of theY(5S) resonance. In this plot there are a huge number of entries, on the order
of a million in each of the 1 MeV bins; the relative statistical error on each @iftorder 01%.
The distribution is fitted piecewise to a polynomial background shape plualgigaks for all of
the bottomonim states (and reflections) that are expected to be produdbis yieocess.
Figure 4 shows the results of the fit with
x 103 the background component subtracted. There, in
1400;' § o = addition to peaks corresponding " 7 Y(nS)
1200 | o . (n=1,2,3) and reflections from the ISR processes
F N efe = RY(MS), Y(MS) = mrm Y(1S) (m =
1,2), are distinct signals for(5S) — r" 1t hp(1P)
and rtmhy(2P) with 550 and 1120 signif-
icance, respectively, and a hint of(5S) —
m"mY(1D). This is the first observation of
: P P the hy(1P) and hy(2P) bottomonium states. The
RS TR TR T T prominenth, signals — similar in strength to the
Mrss (GeV/c?) Y(nS) signals — are somewhat surprising because
Figure 3: The mass of the system recoiling the Y(5S) — m"mr"hy, process requires brquark
against therr™ and 7 in inclusive Y(55) —  spin-flip and is expected to be supressed.
it X decays. The dashed lines indicate the

positions of theY(1S), hy(1P), Y(2S), ho(2P) 4.2 M(rm"h,(mP)) distributions
andY{(3S).
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The huge number of events in thg(1P) and

hp(2P) signal peaks in Fig. 4~ 50 K and~ 84

K events, respectively) permitted an investigation
of the resonant substructure ¥f{5S) — m" rrh,(mP) decays.[14] Figure 5(a) shows thg(1P)
yield determined from fits to tha" 71~ recoil mass spectrum for different valuesofh,(1P) mass,
determined frommr™ T~ missing mass measurements of kgesignals in bins of the mass recoiling
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Figure 4: The background-subtracted recoil mass distribution vhighsignal component from the fit super-
imposed. The vertical lines indicate the boundaries useth®piecewise fit.
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Figure5: (a) hy(1P) and (b)h,(2P) yieldsvs. Myiss(1T). The histograms are the fit results.

against one of the pions. Figure 5(b) shows the corresporrdiihg(2P) mass distribution.

As is evident from the figures, thw®(1P) andhy(2P) signals are entirely due to two struc-
tures inM (7t hy(mP)), one with peak mass near 10610 MeV and the other with peak mass near
10650 MeV. In the following, these structures are referred to aZf®0610 and Z,(10650,
respectively. The histograms in each figure show the results of fits to tregpastra using two
Breit Wigner (BW) amplitudes to represent thgpeaks plus a phase-space component. The fitted
results for the BW parameters for the t@p peaks, which are consistent with being the same for
both decay channels, are listed below in Table 1. For both spectra, thesfigedths of the phase
space term are consistent with being zero.

4.3 M(rtY(nS)) distributionsin Y(5S) — " Y(nS) decays

Belle also made an investigation of possible reso-
nant substructure in fully reconstruct&@5S) — 116
mh T Y(nS) decays f = 1,2,3) [14]. Figure 6 i
shows theM?(Y(2S)m) (vertical) vs. M)
(horizontal) Dalitz plot forY(5S) — m"m Y{(29) 0
decays. Here, to avoid double counting, only the T:?llzj
highest massr(2S)m combination is plotted. In @
the figure there is a sharp vertical band at small Elloj

=

mtm masses caused by background from con- I

verted photons, and two distinct horizontal clusters 08—~ %% " oe
nearM2(Y(2S)m) = 1126 Ge\2 and 1133 Ge\?, M), GeVe/ e

near the locations expected for tAg(10610 and Figure 6 M2(Y(2S)m) vs. M(r" ) Dalitz
Z,(10650. The m"mY(1S) and m"m Y(3S)  plot for Y(5S) — " Y(2S) decays.
Dalitz plots show similar structures.

The Dalitz plots are fitted with a model that includes BW amplitudes to represeiivthe
Z, states, terms that account for possible contributions imthe~ system from thefo(980) and
f2(1270 resonances, and a non-resonant amplitude using a form suggestelb&lyin [58]. The
regions of the Dalitz plots contaminated by photon conversion backgowmdd the left of the
vertical line in Fig. 6) are excluded from the fits1(Y(nS) ) andM (7" 11~) projections with the
results of the fits superimposed are shown in Fig. 4.3 and included in Table¥,(10610 and
Z,(10650 mass and width measurements from the five different channels agree wémiartiors.
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The averages of the five mass and width measurements fa£,{1€610 are M = 106072+
2.0 MeV andl' = 184+ 2.4 MeV; for theZ,(10650, the averages afd = 106522+ 1.5 MeV
andl = 115+ 2.2 MeV. These are very near tmas + Mg- = 106043+ 0.6 MeV and 2ng- =
106502+ 1.0 MeV[47] mass thresholds, respectively, which is suggestive of Viniodéecule-like
structures [59], although other interpretations have been propo8gd [6
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Figure 7: M(Y(nS)mr) andM (" 1) projections with fit results superimposed for tHELS) (a,b), Y(2S)
(c,d) andY(39S) signals. The hatched histograms are sideband-determatdtounds.

Table 1: Results for thez,(10610 and Z,(10650 parameters obtained froM(5S) — " Y(nS) (n =
1,2,3) andY(5S) — hy(mP)r" m~ (m= 1,2) analyses.

Final state Y(1§) Y29t YErtm hy(WP)mtm hy(2P)mt
M[Z,(10610], MeV  10611+4+3 10609+-2+3 10608-2+3 10605273 10599573
[[Z5(10610], MeV ~ 223+7.7+39 242+31%20 1764+30+30 11473521 1371049
M([Z,(10650], MeV ~ 10657+6+3 10651:2+3 10652-1+2 10654:3*1 1065123
[[Z(10650], MeV ~ 163+9.8750 133433740 84+20+20 20975421 19471
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4.4 Thetransitions hy(1P,2P) — ynp(1S,2S) and the discovery of the ny(29)

In studies of bottomonium physics, th§1S)-n,(1S) mass difference has special importance
since this determines the scale of the spin-spin hyperfine interaction term Bgtrpmtential.

This is accessible to Lattice QCD calculations, which give values that &ggilS) = 47 MeV

to 59 MeV [61]. Then,(1S) was discovered by the BaBar collaboration in #é& radiative
processY(3S) — ynp(1S) [34]. BaBar produced the first measurement of the splitting to be
Mnis(1S) = 714+ 4.1 MeV, which is outside the theoretical range. This measurement was an
experimentatour-de-force because th&{(3S) — ynp environment is very difficult, with a weak
signal and substantial backgrounds that make the extraction of a pnegssevalue difficult.

The Belle observation of strong signals fly(1s)
and hy(29) in inclusive Y(5S) — m"m X decays, pro-
vides another way to access tipg1S), and that is via the
E1 transitionshy(1P,2P) — yny(1S). Figures 8(a) and
(b) show theh,(1S) andhy(2P) signal yields determined
from fitting the rr" i -recoil mass spectra, but this time
in bins of T 1~y missing mass. In this measuremeys,
that are not associated with/® — yy decay are com-
bined with therr m~ pairs to determindyss(TT" 17 Y),
which is plotted on the horizontal axis [62]. Distinct
peaks near @ GeV corresponding to the,(1S) are ev-
ident in both distributions. These data are used to deter-
mine the hyperfine splittind\,is(1S) = 57.9+ 2.3 MeV
and total widthr" ) ;5) = 10.8+ 5.8 MeV. This measure-
ment ofAnts(1S) has improved precision and has a central O
value that is about.2o higher than the BaBar measure-
ment and within the range of theoretical expectations.

>
(3] o

g
o

hp(1P) yield, 10° / 10 MeV/c®

o

w

hp(2P) yield, 10° / 10 MeV/c®
Ll N

Figures 8(c) shows thby(2P) signal yields deter-
mined from fitting therr" i recoil spectrum ity
bins in the mass range expected for t)€2S), where a
prominent peak can be seen near 10 GeV. Belle identifies
this as the first observation of thg(2P) and measures

Dnts(2S) = 24.3+ 4.3 MeV. ST
Mk Ty), Gevic?

hp(2P) yield, 10° / 10 MeV/c®
N
o

As mentioned above, the LQCD calculations of
Mnis(nS) produce a range of values that reflect the dif-Figure 8 @) The h,(1P) vyield vs.
ferent approximations that are necessary for managabl¥miss(7T" 77" y) andb) the hy(2P) yield
lattice calculations. On the other hand, in ratios of theVs ~ Mmis{(7T"7T"y) inn the np(1S)
splittings between different radial states, many of thesé'\T/l‘aSS IrTcig|on.g) T?he hb(ZZPS) yield vs.
uncertainties cancel. Thus, at least for the time being irgﬁ% 7T°y) inn they(2S) mass re
measurements of these ratios present the strongest chal-
lenges for theory. The Belle measurement of the ratio

Dhis(2S) /Dnis(1S) = 0.42+0.08 is in agreement with a LQCD prediction a#0-+ 0.06 [61].



XYZ mesons and H-dibaryon search Stephen Lars Olsen

5. Search for the H-dibaryon in Y{(1S) and Y(2S) decays.

As mentioned in the intoduction above, recent theoretical results motivatghesdor theH with
mass near thi¥ly = 2my, threshold. This mass region is especially interesting, because veryagener
theoretical arguements ensure that for masses approachingithéhézshold from below, thél
would behave more and more likeNd\ analog of the deuteron, and for masses approachimg 2
from above, theHd would look more and more like a virtual dineutron resonance, independently
of its dynamical origin [63]. If its mass is belown®, the H would predominantly decay via
AS= +1 weak transitions té\n, Zp, >%n or Aprr final states. If its mass is aboveng, but
belowmzo + m, (= 2mp +23.1 MeV), theH would decay via strong interactions Ag\ 100% of
the time.

Decays of narrow(nS) (n= 1,2, 3) bottomonium l()B) resonances are particularly well suited
for searches for deuteron-like multiquark states with non-zero strasgermheY(nS) states are
flavor-3J (3) singlets and primarily decay via the three-gluon annihilation proesgs(@f (Y(1S) —
099) = 81.7+0.7% [47]). The gluons materialize inta, dd_and§pairs in roughly equal num-
bers. The high density of quarks and antiquarks in the limited final-state gpase is conducive
to the production of multi-quark systems, as demonstrated by large brarfchatigns for inclu-
sive antideuterond) production:Bf (Y(1S) — dX) = (2.940.3) x 105 andBf (Y(2S) — d_X) =
(3.4+0.6) x 107° [64]. An upper limit for the production of a six-quatk= —2 state inY(nS)
decays that is substantially below that for the six-quark antideuteron vimmiktrong evidence
against its existence.

Belle recently completed a search fidrdibaryon production in the inclusive decay chains
Y(1S,2S) -+ H X; H — Aprr andH — AA [65], using data samples containing 102 mill\g(LS)
and 158 millionY(2S) decays. The search strategy assumed eYEd) and Y{(2S) branching
fractions:i.e, Bf (Y(1S) — H X) = Bf(Y(2S) — H X) = Bf(Y(1S 2S) — H X).

The resulting continuum-subtractetiAprr) (M (Kﬁn*)) distribution for the combined(1S)
andY{(2S) samples, shown in the top (bottom) left-hand panels of Fig. 9, has no elden\ prr—
(I—T—> Kﬁn*) signal. The curve in the figure is the result of a fit using a thresholdifumto model
the background; fit residuals are also shown. The dashed curves figtines show the expected
H signal for aY(1S, 2S) — HX branching fraction that is /20" that for antideuterons.

The panels on the right of Fig. 9 show théAA) (above) andM (KK) (below) distributions for
events that satisfy the selection requirements. Here there is no sign afthrestold enhancement
similar to that reported by the E522 collaboration [25] nor any other evisignal forH — AA
(I—T—> KK). The curve is the result of a background-only fit using the functiémah described
above; fit residuals are also shown. Expectations for a signal brapfraction that is 120" that
for the antideuterons is indicated with a dashed curve.

In the absence of any sign of &txdibaryon in either thé\ prr or theAA mode, we set the 90%
CL (My — 2mp)-dependent branching fraction upper limits for thprr— andAA (for ' = 0) mode
shown in Figure 10. These limits are all more than an order of magnitude loamithle average
of measured values &f (Y(1,2S) — d X), shown in Fig. 10 as a horizontal dotted line.

These new Belle results are some of the most stringent constraints to dateaxistience of
an H-dibaryon with mass near then® threshold [66]. Sinc& — hadrons decays produce final
states that are flavaJ (3) symmetric, this suggests that if Bhdibaryon exists in this mass range,
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Figure 9: Top: The continuum-subtracted (Apr) (left) andM(AA) (right) distributions with the resid-
uals from a background-only fit shown below. Here ¥{&S) and Y(2S) data samples are combined. The
curve shows the results of the background-only fit describetie text. The dashed curve shows the ex-
pectedH signal for aY(1S,2S) — HX branching fraction that is/20" that for antideuteronsSottom: The
correspondingA(Kﬁn*) (left) andM(KK) distributions.
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Figure 10: Upper limits (at 90% CL) foBf(Y(1S,2S) — H X)-Bf(H — f;) for a narrow [ = 0) H-
dibaryonvs. My — 2my are shown as solid horizontal bars. The one (two) sigma barelshown as the
darker (lighter) bands. The vertical dotted line indicatesMy = 2mjy, threshold. The limits below (above)
the 2n, threshold are fofy = Aprr (f2 = AA). The horizontal dotted line indicates the average PDGevalu
for Bf (Y(1S,2S) — d X).

it must have very different dynamical properties than the deuteroim thre case oMy < 2my, a
strongly suppressdad — Aprr— decay mode.

6. Comments

After years of theoretical and experimental work, a large assortmerarttles, thexYZ mesons,
have been found that can not be accounted for by the standard neesogsark-antiquark pairs
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rule that has been in common practice. There are now almost twenty casdidatember that
continues to grow rapidly. Many of these new mesons are close to panitpedicle thresholds
and look very much like molecular structures of color-singlet mesons,fevaghers are far from
thresholds, which make molecular assignments less compelling. One feathesefstates are
their strong decays to hidden quarkonium states. In cases where padtiaineasurements have
been possible, the results are usually much larger than those measucedventional quarko-
nium states. Likewise, decays to open-flavor states seem to be sugapcesspared to those for
quarkonium mesons.

Few of the observed states were predicted in advance by theorists, arhiggsedicted states,
such as charged partners of tiE3872 have been searched for but not been seen [42]. Moreover,
none of the new particles make compelling matches to any of the states tha¢dicteat by the
QCD-motivated models that theorists seem to really like. The experimental limitsraaquarks
and theH-dibaryon keep getting more stringent with no compelling signs for either ofi .th-
tempts have been made to attribute some ofXN& states to diquark-diantiquark color bound
states [67], however, these models predict that these structures sbooaldavor-8J (3) multi-
plets and, so far at least, no multiplet partners of the observed statebd@véound.

This remains very much an experiment-dominated field of research. Hiypafuthe list of
XYZ states expands and the properties of the established states are bettesdmevpattern will
emerge that will allow someone to make sense of it all.
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