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Hadron spectroscopy provides a unique laboratory to study stron@atitens at low energy.

It is expected that QCD simulations on a lattice will provide an ultimate theory fectspscopy,
able to calculate hadron masses and decay properties from the firspf@&dhough the progress
in Lattice QCD is rapid, its predictive power in many areas is still insufficieneréfore effective
theories and phenomenological models are widely used.

In the Quark Model the multibody dynamics of a relativistic system is ignoredhaarons
are considered as bound states of constituent quarks. Mesongq pegrs and baryons argqq
combinations. Other effective degrees of freedom, like constituent kisag or valence gluons
g, have been searched for in light hadron spectroscopy, howewdgetraquarksdgqq), hybrid
mesonsdqg) or glueballs ¢g) have been established.

Application of the Quark Model to the heavy quarkonia was especiallyesstal as the system
is approximately nonrelativistic. Rather unexpectedly, highly excited chaiarend bottomonia
showed numerous departures from predictions of the Quark Modele Q@3 about a dozen of
states was observed that do not fit tfoggable. There is no general theoretical explanation for these
observations.

We review the status of spectroscopy, concentrating on the recelfisrigsbieavy quarkonia.
We start from low excitations and move to the open flavor thresholds anshdeywVe consider
the bb, cC and in some cases states in parallel and try to stress similarity between the observed
phenomena in different quarkonium sectors. We finish our update withionérg recent results
on baryons.

1. Heavy quarkonia below open flavor thresholds

1.1 hp(nP) and n(mS)

Spin-singlet states provide information on the spin-spin interaction betweark @nd an-
tiquark. Observed in 20087,(1S) remained until recently the only known bottomonium spin-
singlet state [1]. Inspired by earlier observation of ¥{&S) — Y(nS)rt" it~ transitions with high
rates [2] and by observation of tlede~ — herrt T process abov®D threshold [3], Belle ob-
served thé,(1P) andhy(2P) states using the transitio¥§5S) — hy(nP)rt i~ [4]. Belle investi-
gated the missing mass spectrum of ther pairs (see Fig. 1). ThB-wave hyperfine splittings

2
AMpp(nP) = 5 2Hm,  mp) — My, (np) Were measured to bie-0.8-+ 1.1) MeV/c? for n = 1 and
%o

(+0.541.2) MeV/c? for n= 2 [5]. The numbers are consistent with zero, and this is in agreement
with theoretical expectations [6]. In charmonium sector the measupeldyperfine splitting of
(—0.114+0.17)MeV/c? [7] is also consistent with zero with even higher accuracy.

Production of thé, (nP) involves spin-flip of heavy quark and should be suppresseéa%%)2
relative to theY(nS). Experimentally no strong suppression was observed, implying contribution
of an exotic mechanism (see section 2.2).

The electric-dipole transitionts,(nP) — np(MS)y are expected to be prominent [8]. To search
for these transitions Belle measured HaénP) yield as a function of thert 77~y missing mass [5].
The hy(1P) — np(1S)y and hy(2P) — nu(1S)y transitions were observed with significances of
150 and 9o, respectively [see Fig. 2 (a) and (b)]. Thg(1S) signal is more clear than in previous
measurements that used 1S, 3S) — h,(nP)y decays. The mass and width of thg(1S) were
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Figure 1: The inclusiveMpss(77" 717) spectrum with the combinatoric background dﬂ@icontribution
subtracted (points with errors) and signal component ofitlienction overlaid (smooth curve). The vertical
lines indicate boundaries of the fit regions.
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Figure 2: Thehy(1P) (a) andhy(2P) (b)-(c) yields as a function of the™ 71~y missing mass.

measured to ben,, 1 = (94024 + 1.5+ 1.8)MeV/c? andl 1 = (10.8759733)MeV. The

[ y(1s) IS a first measurement; tmg,, 1) measurement is more precise than the current world av-
erage and i$11.44 3.6) MeV/c? above the central value [7]. The hyperfine splittidy)yr(1S) =
(57.942.3)MeV/c?, is in agreement with perturbative NRQGB1+ 14) MeV/c? [9] and Lattice
(60+8) MeV/c? [10] calculations.

Belle found first evidence for the, (2S) using theh,(2P) — np(2S)y transition [see Fig. 2 (c)].
The ny(2S) significance is 40 including systematic uncertainties and “look elsewhere” effect.
The mass of the),(2S) was measured to by, »g = (99990 + 3.5728)MeV/c?, the hyperfine
splitting isAMue(2S) = (24.375:2) MeV/c?. For the ratio of hyperfine splittings the theoretical un-
certainties usually cancel. Belle measurentvit=(2S) /AMyr(1S) = 0.42019 075 is in agreement
with theoretical calculations [9, 10, 11].

Belle measured also branching fractio#ig,(1P) — ny(1S)y] = (49.2+5.7735)%, B[hy(2P) —
Nb(1S)y] = (22.3+3.833)% andB[hy(2P) — np(2S)y] = (47.5+10.5758)%. These branching
fractions are somewhat higher than the quark model predictions [8].
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1.2 Xpy(3P) states

Though theS-wave spin-triplet state¥(nS) are known up to the fifth radial excitation & 6)
from e*e~ energy scans, the-wave spin-triplet stateg,; (nP) were known until recently fon =1
andn = 2 only. Then = 3 is expected to be the last excitation still below Bithreshold.

The ATLAS Collaboration observed thg,;(3P) states produced inclusively in thgp colli-
sions and reconstructed in th&1S)y and Y(2S)y channels, withY(1S 2S) — u*u~ [12]. The
photon was reconstructed either through conversioa™® or by direct calorimetric measure-
ment. TheM(utu~y) —M(utu~) spectra (see Fig. 3 top row) show tlyg(3P) signals with
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Figure 3: TheM(utu~y) —M(u™u~) spectra with signals of,(1P), xn(2P) and xp(3P) measured by
ATLAS using unconverted photons (top left) and convertedtphs (top right), by DO (bottom left) and by
LHCb (bottom right).

significances exceedingobfor both photon reconstruction channels. Other peaks correspond to
the signals of the knowpp; (1P, 2P) — Y(1S)y transitions.

The mass resolution does not allow to discern individyggal3P) states withJ =0, 1 and
2. Contribution of thexpo(3P) is expected to be small and is neglected. The splitting between
Xo1(3P) and x,2(3P) is fixed to the theoretical prediction of 12M¢v? and the average mass is
measured assuming equal normalization of the peaks. According to thabegectations, this
mass is typically 1 MeYc? higher then(2J + 1)-averaged mass of the,;(3P) triplet. The value
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measured with converted photofi0530+ 54 9) MeV/c? has much higher accuracy compared to
the calorimetric measureme(t05414 11+ 30) MeV/c? and is considered as a final result. It is
in agreement with Quark Model expectations of typically 10525 Me\[13, 14].

The DO andLHCb Collaborations confirmed the observation of phg3P) in the x,(3P) —
Y(1S)y channel (see Fig. 3 bottom row)0 used converted photons [15], while in the preliminary
analysis LHCb used photons reconstructed in the electromagnetic calor[d@tethe results of
DO (10551+ 14+ 17) MeV/c? and LHCb(10535+ 10) MeV/c? are in agreement with ATLAS.

1.3 Evidence fory»(1D)

Potential models predict th&-wave charmonium levels lie between h® andDD* thresh-
olds [17]. The statege, with JP¢ = 2=+ and, with J°° = 2~ can not decay t®D because of
unnatural spin-parity, being the only undiscovered narrow charmoteuets.

Belle reported preliminary results on the resonant structure oBthes K™ x.; y decays, with
Xc1 reconstructed in thd/@y channel. Belle found the first evidence for tie(1D) [see the
M(Xc1y) spectrum in Fig. 4] with the mass ™ = 38235+ 2.8MeV/c? and the significance of
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Figure 4: TheM(Xc1y) spectrum for theBt — K x.;y decays.

4.2 0 including systematic uncertainty. Measured width is consistent with fero4+ 6 MeV;
it is likely that the width is very small, since the state is observed in the radiatvaydend the
typical charmonium radiative decay widths are at@{@00) keV level. The oddC-parity (fixed by
decay products) allows to discriminate betweennheand y» hypotheses. No signal is found in
the xc2y channel, in agreement with expectations for glad17].

Belle measuredZ[B* — K] x B[y — Xay] = (9.7758715) x 1076, Given expected
BlWo — Xay] ~ % [17], the BT — K™ y] is a factor 50 smaller than corresponding branching
fractions for thel /), Y(2S) and X1 due to the factorization suppression [18].

2. Heavy quarkonia at open flavor thresholds

2.1 Status and recent results oiX (3872

X(3872 is a state very close to thB°D* threshold, my(sg75 — Mp.o — Mpo = —0.16+
0.32MeV/c? [7]. The decaysX(3872 — J/yp andX(3872 — J/Ww have similar branching
fractions, %4,/ %, = 0.8+ 0.3 [19, 20]; this corresponds to a strong violation of isospin symme-
try. Favorite interpretation is a mixture of the charmonium stag2P) and anSwave D°D*°
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molecule [21], with molecular component responsible for the isospin violat@hcharmonium
component accounting for the productionBrmeson decays and in high-enengg and pp colli-
sions. This interpretation is valid only for the spin-pardfy* = 1+, while experimentally 1+ is
favored, but 2 is not excluded [22]. Discrimination betwedR = 1+ andJP = 2~ via angular
analysis will probably be within the reach of the LHCb. The radia®¥8872 — J/yy decay is
established, while there is an experimental controversy regarding(B&/2 — ¢ (2S)y[19, 23].
The dominant decay mode of t&3872) is DOD*0 [24], as expected for the molecule, however,
absolute branching fraction is not yet determined. These questionsecaddoessed at the next
generatiorB-factory.

Recently Belle searched for th&(3872 partner with opposit€-parity in J/@n and xay
final states usindg@ decays. Some molecular and tetraquark models predict such partngrs [25
According to Belle preliminary results, no signals were found.

2.2 Observation 0fZ,(10610 and Z,(10650

Belle studied resonant structure of thesS) — Y(nS)m m andh,(mP) " m~ decays if =
1,2,3; m=1,2) [26]. TheY(nS) [hy,(mP)] states were reconstructed in tpe i~ channel [in-
clusively using missing mass of the" 71~ pairs]. Invariant mass spectra of thénS)m™ and
hy(mP) 75 combinations are shown in Fig. 5. Each distribution shows two peaks. Fohémmels
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Figure 5: Invariant mass spectra of the (#}1S)7t*, (b) Y(29) 1", (c) Y(3S)rtt, (d) hy(1P)rt™ and (e)
hy(2P) = combinations.

Y(n§)rtm [hy(mP)mr™ rr] the Dalitz plot analyses [fits to one-dimensional distributions] were
performed. The non-resonant contributions intgemP) " m~ channels are negligible, justifying
the one-dimensional analysis. Preliminary results of the angular analygat@dhat both states
have the same spin-paritf’ = 17 [27], therefore coherent sum of Breit-Wigner amplitude was
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used to describe the signals. The masses and widths of the two peakwedetd be in good
agreement among different channels (see Fig. 6). Averaged ovévéhgecay channels parame-
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Figure 6: The deviations of the mass and width measurements dtk9610 andZ,(10650 in different
channels from the averaged over all channels value.

ters areM; = (1060744 2.0) MeV/c?, ', = (18.4+2.4)MeV andM, = (106522+ 1.5) MeV/c?,
M = (11.5+2.2) MeV. The peaks are identified as signals of two new states, nZ{@0610
andZ,(10650. Their quark content is exotic, for thg' it is Ibbud >.

The masses of th&,(10610 and Z,(10650 states are close to tH&B* and B*B* thresh-
olds, respectively, suggesting molecular interpretation. Under this assumnall their properties
are naturally explained in a model independent way [28], i.e. considénmdneavy-quark spin
structure only and not the binding mechanism. Egeontains a mixture of the ortho- and para-
bottomonium with equal weights [therefore the decay tohi{@P) is not suppressed compared to
the Y(nS)] but with different signs between the components [this predicted diffesign between
the h,(nP)mandY(nS) T decay amplitudes, which was observed experimentally].

Given (i) molecular structure, (ii) proximity to the thresholds and (iii) finite widihg ~
15MeV, it is natural to expect that the rates of the “fall-apart” decz&yd0610 — BB* and
Z,(10650 — B*B* are substantial. To search for them Belle studied¥t&S) — [B*)B*|*
decays [29]. On® meson candidate was reconstructed fully usinglheérr* andJ/LpK(*) chan-
nels. The distribution of the missing mass to 8" pairs shows clear signals of th&5S) —
[B@‘]iﬁ andY(5S) — [B*B_*]iﬁ decays [see Fig. 7 (a)]; corresponding branching fractions of
(2.834+0.29+0.46) % and(1.41+ 0.194 0.24) %, respectively, are in agreement with previous
Belle measurement [30]. No signal of tNg¢5S) — [BB_]iiﬁ decay is found, with upper limit on
its fraction of < 0.4% at 90% confidence level.

The distributions in th@®B* andB*B* invariant mass for th¥(5S) — [BB*]* ™ andY(5S) —
[B*I?‘]iiﬁ signal regions, respectively, indicate clear excess of events oekgimaind, peaking
at the thresholds [see Fig. 7 (b) and (c)]. These threshold peakisessegnals of th&, (10610 —
BB* and Z,(10650 — B*B* decays, with significances ofdBand 680, respectively. Despite
much larger phase-space, no significant signal o#}{#0650 — BB* decay was found.

Assuming that th&, decays are saturated by the observed so far channels, Belle calculated
relative branching fractions of th#&,(10610 andZ,(10650 (see Table 1). ThB8*B* channel is
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Figure 7: Missing mass to the pairs formed from the reconstru&exiindidate and charged pion (a) and
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candidate events.

Table 1: Branching fractions4) of Z,(10610 andZ,(10650 assuming that the observed so far channels
saturate it.

Channel % of Z,(10610, % | % of Z,(10650, %
Y(19)mrt 0.32+0.09 0.24+0.07
Y(2S) 4.38+1.21 2.404+0.63
Y(39)mt 2.154+0.56 1.6440.40
ho(1P) 7Tt 2.81+1.10 7.434+2.70
ho(2P) 7T+ 2.15+0.56 14.846.22
B+B*0 4 BOB** 86.0+3.6 -

B*+B*0 - 734+7.0

dominant and accounts for about 80% of fyedecays.

Both Z,(10610 andZ,(10650 are isotriplets with only charged components observed orig-
inally. Belle searched for their neutral components using¥t&S) — Y(nS)°r® (n = 1,2) de-
cays [31]. These decays were observed for the first time, meastaeching fractions#[Y(5S) —
Y(1S) 1) = (2.25+0.114+0.22) x 103 and B[Y(5S) — Y(29) °m°] = (3.66+ 0.22+0.48) x
1073, are approximately two times smaller than the correspond#iyg(5S) — Y(1S 2S) "],
in agreement with the isospin relations.

Belle performed the Dalitz plot analyses of tN¢5S) — Y(1S,2S)°r° transitions. The
Z,(10610° signal was found in th&(2S)7° channel with the significance of%o (4.90 includ-
ing systematics). Th&,(10610° mass of(10609° + 6) MeV/c? is consistent with the charged
Z,(10610* mass. The signal of th&,(10610° in the Y(1S)7° channel and th&,(10650° sig-
nal are insignificant. The Belle data do not contradict the existence ohitneasignals, but the
available statistics are insufficient to establish them.

Proposed interpretations of tég(10610 andZ,(10650 include the compact tetraquark [32],
non-resonant rescattering [33], multiple rescatterings that result iteampthe amplitude, known
as coupled channel resonance [34] and deutron-like molecule bountebon exchanges [35].
All these mechanisms (except for the tetraquark) are intimately related arespond rather to

gquantitative differences then to qualitative ones. Further experimendalhaoretical studies are
needed to clarify the nature of tizg states.
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Despite observed only recentB, states provide a very rich phenomenological object with a
lot of experimental information available. They could be very useful fadarstanding dynamics
of the hadronic systems near open flavor thresholds.

2.3 Light quarkonium near KK threshold

The BESIII Collaboration observed thg(1405 — fo(980)° decay with high rate, corre-
sponding to a strong isospin violation [36]. The rate is much higher than eaxjpected from
the ap(980)- fp(980) mixing. Proposed explanation is the triangular singularity mechanism [37],
in which contributions of differenk*K rescattering “triangle” diagrams do not cancel close to the
KK threshold due to an isospin-violating mass difference betwee trend K+ mesons. This
mechanism explains also much lower measu880) width compared to the world average [7].

3. Quarkonium(-like) states above open flavor thresholds

Many recently observed states above the open flavor thresholds extibitalously large rates
of transitions to lower quarkonia with emission of hadrons. There aredocih well-established
states in charmonium sector: th¢3915 observed in thd/w channel inB meson decays and
in yy fusion [38], and the states observed in the initial state radiation (ISRpps0¥¢ (4260 —
J/ymtm [39] andY (43604660 — (25" m [40]. Recently BaBar confirmed several signals
observed earlier by Belle (they — Y (3915 process [41] and thé(4660) signal [42]). BaBar also
updated the measurement of @260 properties and did not confirm thg4008) state reported
by Belle [43].

Belle has measured for the first time teée~ — J/(n cross-section using the ISR pro-
cess [44]. Belle finds two peaking structures that are interpreted ag (#@40 — J/yn and
Y(4160 — J/Yn signals (see Fig. 8). The partial widths of these transitions are1 MeV,

T T

Entries/20 MeV/c?

4 4.5 4.5 4.7é
M(nJ/Y) (GeVic?)

Figure 8: ThenJ/y invariant mass distribution and the fit results. The poinits wrror bars show the data
while the shaded histogram is the normalizedndJ/y background from the sidebands. The curves show
the best fit on signal candidate events and sideband evemt#taneously and the contribution from each
Breit-Wigner component.

which is anomalously large. For the first time the “ordinary”states that were successfully de-
scribed so far as simplee bound states, show anomalous properties.
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Similar phenomenon has been found also in bottomonium sector: in 2008 Bskeveld
anomalously large rates of th&5S) — Y(nS)rr" m~ (n = 1,2, 3) transitions with partial widths of
300— 400keV [2]. Recently Belle reported preliminary results on the observatior(5S) —
Y(1S,29)n and Y(5S) — Y(1D)rrtm— with anomalously large rates. There is a similar phe-
nomenon also in thes sector: in 2006 BaBar found a new resonagg@170) decaying to the
©fo(980) channel [45].

It is proposed that these anomalies are due to the contribution of the hladis[46, 47].
The phenomenon can be considered either as a rescattering BiDtter BB mesons, or as a
contribution of the four-quark molecular component to the quarkoniunmevanction. Large ratio
of the Y(4S) — Y(1S)n decays observed in 2010 by BaBar could have similar explanation [48].

Despite striking similarity between the observations in the charmonium and botiiwmeec-
tors, there is also some difference. In charmonium, each ol {8915, (4040, ¢ (4160,

Y (4260), Y (4360 andY (4660 decays to only one particular decay chandgtfiw, J/yn, J/ym m
or ¢(2S)rr" ir]. In bottomonium, we know only one state with anomalous propertiesy(&8),
that decays to many different channe¥§fiS)mr" rr—, hy(mP)rrt i, Y(1D)mr" -, Y(nS)n] with
similar probabilities for each channel. There is no general model giviptpeation to this dif-
ference between charmonium and bottomonium. To explain affinity of thendraum-like states
to some particular channels, the notion of “hadrocharmonium” was prddd$g. It is a heavy
guarkonium embedded into a cloud of light hadron(s), thus the fall-ajeardy could be domi-
nant. Hadrocharmonium could also provide an explanation for the athalggmonium-like states
discussed below.

3.1 Charged charmonium-like states

In 2007-2009 the Belle Collaboration observed three charged charmeikie stateZ (4430 * —
Y(2S)1Tt, Z(4050/4250* — X1 7T using B decay8* — ZK™* [50]. The BaBar data do not con-
tradict the Belle data, however BaBar does not confirm these statesThig experimental con-
troversy can be lifted by LHCb in case of tA¢4430*, while clarification of thez(4050/4250*
status will have to wait for the next generatiBefactory.

3.2 Double charmonium production

For completeness, we would like to mention %K63940) and X(4160 states from double
charmonium production processe™ — J/(X(3940/4160), that decay tdD* andD*D* chan-
nels, respectively. They were observed by Belle in 2005-2007 [B2¢. BaBar Collaboration has
not reported any studies of these processes yet.

4. Baryons
There is a significant progress with the studies of the baryons.

4.1 Heavy baryons

Until recently experimental knowledge of the baryons containindptipgark was limited to the
Swave ground states, that were observed at the TEVATRON. The LE@laboration observed

10
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the firstP-wave excitations in thé\, family [53] in the Apm" 1~ channel (see Fig. 9 left), with
Ny — NS0, A — pK—mrt. The 10fb~! data sample was used. Significances of the new states
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Figure 9: The mass of thé\," 1~ candidates at LHCb (left) and CDF (middle). The mass of3per"
candidates at CMS (right).

are 520 and 102 o including systematics and trial factor. Measured masse&ael97+0.12+
0.024 0.66) MeV/c? and (5919774 0.08+ 0.02+ 0.66) MeV/c? (third uncertainty is due to the

/\8 mass); widths are consistent with zefFo< 0.7 MeV at 90% confidence level. The new states
are calIecV\’,;O(5912) and/\’5°(5920). They are interpreted as heavy-quark symmetry partners with
JP= 1/2~ and 32, respectively, and with light diquark inl&, state and in a P-wave relative to
the heavy quark.

The /\;0(5920) was confirmed by CDF (see Fig. 9 middle) [54], measured nia8%95 +
0.35+ 1.72) MeV/c? is consistent with LHCD.

The CMS Collaboration observed new baryon [55] in Ejgrrt channel (see Fig. 9 right),
with = — J/Y=" — utu~ A using 53fb~! of data. The significance is aboverSevel,
measured mass difference (=, ") — mz, — My = (14.84+0.74+ 0.28) MeV/c?. The new
state most likely corresponds to the = 3/2* spin-excitation of th&,

4.2 Light-quark baryons

The BESIII Collaboration reported the partial wave analysis ofiiti@686) — ppr° decays.
In this decay, two new resonances are observed, g2ie fesonance with a mass (#300 30 2%)
MeV/c? and width of(340"3022% MeV, and one 32~ resonance with a mass @570 73"37)
MeV/c? and width of(25073353) MeV. This is the first partial wave analysis result on baryons

from BESIII.

5. Summary

The particle spectroscopy enjoys intensive flood of new results.

In the heavy quarkonium sector the number of spin-singlet bottomoniuns $tateincreased
from one to four over the last two years, including more precise measuateshthen,(1S) mass
which appeared to be 11 Me\?? away from the PDG2012 average. There is an evidence of one of
the two still missing narrow charmonium states expected in the region betwe&Dtaed DD*
thresholds. Observation and detailed studies o€tiaeged bottomonium-like statez, (10610 and
Z,(10650 open reach phenomenological field to study exotic states near opentfia@sholds.
There is also significant progress and more clear experimental situatiortheithighly excited
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heavy quarkonium states above open flavor thresholds. Genetalfed many of such states is
their large decay rates to lower quarkonia with the emission of light hadrdaslron loops are
important for understanding of their properties, however, there is nergétheoretical model for
these highly excited states yet. There remain open questions or experimantaversies (like
charged charmonium-like states) which are within the reach of the LHC or auib o wait for the
next generatiom-factory.

BESIII produces many interesting results in the light-quark and charmospgttroscopy.

There are three new heavy baryons from the LHC and TEVATRON, abaespond to the
spin-excitation in thés, system and the firde-wave excitations in thé, system. There are two
new highly excited baryons from BESIII.

The bottom line is that the low excitations are in agreement with the Lattice QCDeutieé
theories calculations, while high excitations show some unexpected praepertieh are still not
well understood. Interestingly, similar phenomena near and above @ventthresholds are found
in bottomonium, charmonium and strangeonium sectors.

References

[1] B. Aubertet al. [BaBar Collaboration], Phys. Rev. Left01, 071801 (2008); B. Aubest al. [BaBar
Collaboration], Phys. Rev. Lett03 161801 (2009); G. Bonviciret al. [CLEO Collaboration], Phys.
Rev. D81, 031104 (2010).

[2] K. F. Chenet al. [Belle Collaboration], Phys. Rev. Lett00, 112001 (2008).
[3] T. K. Pedlaret al. [CLEO Collaboration], Phys. Rev. Lett07, 041803 (2011).
[4] I. Adachiet al. [Belle Collaboration], Phys. Rev. Lett08 032001 (2012).
[5] R. Mizuk et al. [Belle Collaboration], Phys. Rev. Lett09 232002 (2012).
[6] T.J.Burns, Phys. Rev. B4, 034021 (2011).
[7] J. Beringeret al. (Particle Data Group), Phys. Rev.88, 010001 (2012).
[8] S. Godfrey and J. L. Rosner, Phys. Rev6g 014012 (2002).
[9] B. A.Kniehl et al., Phys. Rev. Lett92, 242001 (2004)104, 199901 (2010)].
[10] S. Meinel, Phys. Rev. B2, 114502 (2010).
[11] R.J. Dowdallet al. [HPQCD Collaboration], Phys. Rev. 85, 054509 (2012).
[12] G. Aadet al. [ATLAS Collaboration], Phys. Rev. Letf.08 152001 (2012).
[13] W. Kwong and J. L. Rosner, Phys. Rev3B, 279 (1988).
[14] L. Motyka and K. Zalewski, Eur. Phys. J.42107 (1998).
[15] V. M. Abazovet al. [DO Collaboration], Phys. Rev. B6, 031103 (2012).
[16] LHCDb Collaboration, CERN-LHCb-CONF-2012-020.
[17] E. J. Eichten, K. Lane and C. Quigg, Phys. Rev. 1&31.162002 (2002).

[18] M. Suzuki, Phys. Rev. B6, 037503 (2002); P. Colangelo, F. De Fazio and T. N. Pham,.Rleys B
542, 71 (2002).

[19] K. Abeet al. [Belle Collaboration], arXiv:hep-ex/0505037.

12



Spectroscopy Update Roman Mizuk

[20] P. del Amo Sancheet al. [BaBar Collaboration], Phys. Rev. 82, 011101 (2010).
[21] See, for example, N. Brambillet al., Eur. Phys. J. @1, 1534 (2011).

[22] K. Abeet al. [Belle Collaboration], arXiv:hep-ex/0505038; A. Abuleaet al. [CDF Collaboration],
Phys. Rev. Lett98, 132002 (2007); S. -K. Chat al. [Belle Collaboration], Phys. Rev. B4, 052004
(2011).

[23] B. Aubertet al. [BaBar Collaboration], Phys. Rev. Left02 132001 (2009); V. Bhardwaj al. [Belle
Collaboration], Phys. Rev. Lett07, 091803 (2011).

[24] G. Gokhrooet al. [Belle Collaboration], Phys. Rev. Lefd7, 162002 (2006); B. Aubest al. [BaBar
Collaboration], Phys. Rev. 7, 011102 (2008); T. Aushest al. [Belle Collaboration], Phys. Rev. D
81, 031103 (2010).

[25] J. Nieves and M. P. Valderrama, Phys. Re\86) 056004 (2012); K. Terasaki, Prog. Theor. PHy2y,
577 (2012).

[26] A. Bondaret al. [Belle Collaboration], Phys. Rev. Lett08 122001 (2012).
[27] 1. Adachi [Belle Collaboration], arXiv:1105.4583 [pe=X].

[28] A. E. Bondar, A. Garmash, A. |. Milstein, R. Mizuk and M. Boloshin, Phys. Rev. B4, 054010
(2011).

[29] I. Adachiet al. [Belle Collaboration], arXiv:1209.6450 [hep-ex].

[30] A. Drutskoyet al. [Belle Collaboration], Phys. Rev. B1, 112003 (2010).

[31] I. Adachiet al. [Belle Collaboration], arXiv:1207.4345 [hep-ex].

[32] A. Ali, C. Hambrock and W. Wang, Phys. Rev.83, 054011 (2012).

[33] D.-Y.Chen and X. Liu, Phys. Rev. B4, 094003 (2011).

[34] I. V. Danilkin, V. D. Orlovsky and Y. .A. Simonov, Phys.e®. D85, 034012 (2012).

[35] S. Ohkoda, Y. Yamaguchi, S. Yasui, K. Sudoh and A. HosRkgs. Rev. 186, 014004 (2012).
[36] M. Ablikim et al. [BESIII Collaboration], Phys. Rev. Lett.08 182001 (2012).

[37] J.-J. Wu, X. -H. Liu, Q. Zhao and B. -S. Zou, Phys. RevtL£08 081803 (2012).

[38] S.-K. Choiet al. [Belle Collaboration], Phys. Rev. Le®4, 182002 (2005); B. Aubest al. [BaBar
Collaboration], Phys. Rev. Lett01, 082001 (2008); S. Ueharhal. [Belle Collaboration], Phys.
Rev. Lett.104, 092001 (2010).

[39] B. Aubertet al. [BaBar Collaboration], Phys. Rev. Le@5, 142001 (2005); Q. Het al. [CLEO
Collaboration], Phys. Rev. 24, 091104 (2006); C. Z. Yuaet al. [Belle Collaboration], Phys. Rev.
Lett. 99, 182004 (2007).

[40] B. Aubertet al. [BaBar Collaboration], Phys. Rev. Lefi8, 212001 (2007); X. L. Wanet al. [Belle
Collaboration], Phys. Rev. Let®9, 142002 (2007).

[41] J. P. Leest al. [BaBar Collaboration], Phys. Rev. 86, 072002 (2012).
[42] J. P. Lee=t al. [BaBar Collaboration], arXiv:1211.6271 [hep-ex].
[43] J.P. Leest al. [BaBar Collaboration], Phys. Rev. 86, 051102 (2012).
[44] X.L.Wanget al. [Belle Collaboration], arXiv:1210.7550 [hep-€eX].

13



Spectroscopy Update Roman Mizuk

[45] B. Aubertet al. [BaBar Collaboration], Phys. Rev. 74, 091103 (2006).
[46] Yu. A. Simonov, JETP Let87, 121 (2008).

[47] C. Meng and K. -T. Chao, Phys. Rev.73, 074003 (2008).

[48] M. B. Voloshin, Mod. Phys. Lett. 26, 773 (2011).

[49] S. Dubynskiy and M. B. Voloshin, Phys. Lett.@G&6 344 (2008).

[50] S. K. Choiet al. [Belle Collaboration], Phys. Rev. Lett00, 142001 (2008); R. Mizukt al. [Belle
Collaboration], Phys. Rev. @8, 072004 (2008); Phys. Rev. &), 031104 (2009).

[51] B. Aubertet al. [BaBar Collaboration], Phys. Rev. 18, 112001 (2009); J. P. Leetal. [BaBar
Collaboration], Phys. Rev. B5, 052003 (2012).

[52] K. Abeet al. [Belle Collaboration], Phys. Rev. Le@8, 082001 (2007); P. Pakhlat al. [Belle
Collaboration], Phys. Rev. Lett00, 202001 (2008).

[53] R. Aaijetal. [LHCb Collaboration], Phys. Rev. Lett09, 172003 (2012).

[54] 1. V. Gorelov [CDF Collaboration], arXiv:1301.0949¢p-ex].

[55] S. Chatrchyart al. [CMS Collaboration], Phys. Rev. Lett08 252002 (2012).
[56] M. Ablikim [BESIII Collaboration], arXiv:1207.0223Hep-ex].

14



