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and C. Patrignani (Bologna U.).

A golden age for heavy quarkonium physics dawned at the turn of this century, initiated by the
confluence of exciting advances in quantum chromodynamics (QCD) and an explosion of related
experimental activity. The subsequent broad spectrum of breakthroughs, surprises, and continuing
puzzles had not been anticipated. Indeed, CLEO-c, BESIII, and the B-factories, later joined by
ATLAS, CMS and LHCb, have made a series of groundbreaking observations. For an extensive
presentation of the status of heavy quarkonium physics, the reader is referred to several reviews
[1-7]. This note focuses on experimental developments in heavy quarkonium spectroscopy with
very few theoretical comments. Possible theoretical interpretations of the states not predicted by
the quark model are presented in the review “Heavy non-qq mesons.” Note that in this review we
follow the new naming scheme for hadrons (see the review “Naming scheme for hadrons” in the
current edition).

This review covers states discovered since 2003, the year that marked the unexpected discovery
of the X (3872) [8]. The X (3872), now called x.1(3872), was the first of the mesons containing two
heavy quarks that could not be easily accommodated by the qq quark model. Its discovery was a
watershed event in meson spectroscopy. In earlier versions of this write-up the particles were sorted
according to an assumed conventional or unconventional nature with respect to the quark model.
However, since this classification is not always unambiguous, we here follow Ref. [9] and sort the
states into three groups, namely states below (cf. Table 78.1), above (c¢f. Table 78.2), and near
(cf. Table 78.3) the lowest open-flavor thresholds.

78.1 States Below Open-Flavor Threshold

Table 78.1 lists properties of recently observed heavy quarkonium states located below the lowest
open-flavor thresholds. Those are expected to be (at least prominently) conventional quarkonia.
The majority of charmonium (c¢) and bottomonium (bb) states were established prior to 2003.

78.1.1 Charmonium

The h.(1P) is the 1! P; charmonium state, the singlet partner of the long-known x..; triplet 13P;.
After being firmly established in 2005 through the process ¥(2S) — 7°h.(1P) [10], it has since been
studied extensively by BESIII using large samples of 1(2S5) decays. Exclusive hadronic decays of
the h.(1P), strongly suppressed relative to the dominant radiative transition h.(1P) — yn.(15),
were first observed in 2019 [11] and 2020 [12].

Belle reported an observation of the 15(1D) decaying to yx.1 with J¢ presumed to be 27~ [13].
This state is listed in Table 78.1 as 12(3823). Its existence was confirmed with high significance by
BESIII [14]. While the negative C-parity is indeed established by its observed decay channel, the
assignment of J = 2 was done by matching to the closest quark model state (13D3) and requires
experimental confirmation.

The 1! Dy state, or the 7.2 (1D), with a mass expected near 3820 MeV, has not yet been observed.
Recently Belle performed a search in B — n2(1D)K (7) decays in the mass range 3795-3845 MeV
and found no signal [15]. Thus, the 7.2(1D) remains the only unobserved conventional charmonium
state that does not have open-charm decays.
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Table 78.1: New states below the open-flavor thresholds in the cc, bc, and
bb regions, ordered by mass. Masses m and widths I represent the PDG21
weighted averages with statistical and systematic uncertainties added in
quadrature. In the Production column, the state is always denoted by
X. Ellipses (...) indicate inclusively selected event topologies, i.e., ad-
ditional particles not directly detected by experiment. A question mark
(?7) indicates an unmeasured value. The Discovery Year column gives the
date of the first measurement cited. The Summary Table column indicates
whether or not the state appears in the summary tables, usually requiring
at least two independent experiments with significance of >50. Refer to
the particle listings for references and further information.

PDG Former m (MeV) I (MeV) IG(JFC) Production Decay Discovery =~ Summary
Name Name(s) Year Table
he(1P) 352538 £0.11 0.7+£035 0 (17-) (25 - X ne(1S) 2004 YES
pp— X hadrons
ete”™ = X (see listings)
(3823) X (3823) 38237405 <52  0°(27) B— KX v Xe (1P) 2013 YES
ete” > ntn= X atr=J/y(1S)
B} 6274.47+0.32  stable 0(07) - X... 7 J/1(18) 2007  YES
pp— X... (see listings)
B+ (29) 6871.2 + 1.0 ? 0(07) p— X... Birta— 2014  YES
m(1S) 9398.7+ 2.0 10+8 0t (0™) 1(25,35) » vX hadrons 2008 YES
hy(1P,2P) — 'yX (see listings)
hy(1P) 9899.3 4 0.8 ? 0-(1t7)  T(10860) — ntr—X  ~my(1S) 2011 YES
r(3S) — X
T(45) = nX
Z,(10610)+ — 7+ X
Zy(10650)" — 7t X
m(25) 9999.0145 <24 0t (01 hy(2P) — X hadrons 2012 NO
T3(1D) 10163.7 £ 1.4 ? 07@7) TBES) X AT (1S) 2004 YES
7(10860) = 7t~ X  wta~T(1S)
hy(2P) 10259.8 + 1.2 ? 0-(1t7)  7(10860) — ntr=X  ~my(1S,25) 2011 YES

Zp(10610)" — 7t X

Zy(10650)F — 7T X
Xp1(3P) 10513.42 £ 0.67 ? 0t (1) pp— X... 7Y (18,285,35) 2011 YES
xp2(3P) 10524.02 £ 0.78 ? 0t (21) pp— X... Y (3S) 2011 YES

78.1.2 Bottomonium

The ground state of bottomonium, 7,(15), is well established. After the initial reports from
BaBar in radiative decays of the 7°(35) (observation) [16] and 7°(2S5) (evidence) [17], Belle confirmed
the existence of the n,(15) with more than 50 significance in radiative decays of the newly discovered
hp(1P) [18,19] and hy(2P) [18] (see next paragraph), as well as in 1°(2S) radiative decays [20].
Belle has also reported strong evidence for the 7,(25) [18], but it still needs confirmation at the 5o
level. Note that there are hints of tension in the 7,(1S5) mass as measured in radiative M1 and E1
transitions. In the M1 transition 7'(2S) — y7,(1S) Belle measures a mass of 9394.8727745 MeV /¢?
[20], while in the E1 transitions hy(1P,2P) — ym(1S) Belle measures 9402.4 + 1.5 + 1.8 MeV/c?
[18]. This tension may point to an incomplete understanding of the 7;,(15) lineshape in different
production mechanisms.

The hy(1P), the bottomonium counterpart of the h.(1P), and the next excited state, the hy(2P),
were simultaneously discovered by Belle using dipion transitions from the 7°(10860) [21] (Fig. 78.1).
The same analysis also showed the 1;(1D), the lowest-lying D-wave triplet of the bb system, but
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Figure 78.1: From Belle [21], the mass recoiling against 77~ pairs, Mpiss, in eTe™ collision
data taken near the peak of the 7' (10860) (points with error bars). The smooth combinatorial and
KY — 777~ background contributions have been subtracted. The fit to the various labeled signal
contributions is overlaid (curve).

did not resolve the J = 1,2,3 components. The search for the hy(1P) was directly inspired by
a CLEO result [22], which found a surprisingly copious production of ete™ — wt7 h.(1P) as
well as an indication that 1(4230) — 77~ h.(1P) occurs at a comparable rate with the signature
mode 1 (4230) — 7wt~ J/v(15). The presence of 1’(nS) peaks in Fig. 78.1 at rates two orders of
magnitude larger than expected, along with separate studies with exclusive decays 7'(nS) — utu~,
allow precise calibration of the 77~ recoil mass spectrum and very accurate measurements of the
hp(1P) and hy(2P) masses. Both corresponding hyperfine splittings are consistent with zero within
an uncertainty of about 1.5 MeV (lowered to 1.1 MeV for the hy(1P) in Ref. [23]). Belle later
observed the transition 1 (4S) — hy(1P)n [19] and the corresponding 1P hyperfine splitting was
also found to be compatible with zero at a similar precision level.

Just before Christmas 2011, ATLAS offered the world a beautiful gift, in the form of the
discovery of the x3(3P) quarkonium state [24], observed by combining dimuons from 1°(1S) or
7' (2S) decays with photons emitted in the radiative x;(3P) decays (Fig. 78.2, bottom left panel).
The new resonance, with a mass of 10530 & 5(stat) £ 9(syst) MeV, was soon confirmed by DO [25].
Also LHCb observed the x3(3P) peak, using the full Run 1 event sample, corresponding to an
integrated luminosity of 3 fb=! [26] (Fig. 78.2, middle left panel). Finally, CMS used 80 fb~! of
13 TeV pp collisions, collected in 2016 and 2017, to show two well-resolved xp1(3P) and xp2(3P)
peaks [27], separated by a mass difference of 10.60 £ 0.64(stat) £0.17(syst) MeV (Fig. 78.2, top left
panel). The remarkable precision of the individual mass measurements, with relative uncertainties
as small as 50 ppm, shows that the LHC experiments can provide important results in the field
of hadron spectroscopy, especially in the case of heavy particles, which require very high collision
energies and large event samples.

78.1.3 B. System

The B family is quite special because these (charged) quarkonium states consist of two heavy
quarks of different flavor. Among other interesting properties, this means that they cannot an-
nihilate into gluons, the excited states only decaying to the pseudoscalar ground state, B¥, via
electromagnetic and pionic transitions.

On the basis of an event sample collected in the Run 1 of the LHC, corresponding to an
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Figure 78.2: (Left Column) Invariant mass distributions measured by the ATLAS [24] (bottom),
LHCb [26] (middle) and CMS [27] (top) experiments in their searches for the x;(3P) states through
their radiative decays to one of the S-wave bottomonia. (Right Column) Invariant mass distribu-
tions measured by the ATLAS [28] (bottom), CMS [29] (middle) and LHCb [30] (top) experiments
in their searches for BF excited states decaying to the B ground state with the emission of two
charged pions.

integrated luminosity of 24 fb~!, adding the 7 and 8 TeV data, the ATLAS Collaboration observed
a resonance in the B 77~ invariant mass spectrum [28] (Fig. 78.2, bottom right panel). This
peak, observed with a significance of 5.2 standard deviations and a mass of 6842 + 4(stat) +
5(syst) MeV, was immediately recognized as the B.(25)* state, the first radial excitation in the
BCi family. Profiting from the much larger Run 2 event sample, collected in the 2015, 2016, 2017
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and 2018 running periods and corresponding to 143 fb~! of 13 TeV pp collisions, as well as from a
measurement resolution of around 6 MeV, the CMS Collaboration could observe two well-resolved
peaks, separated by 29.1 + 1.5(stat) &+ 0.7(syst) MeV [29] (Fig. 78.2, middle right panel). The
existence of two peaks, rather than a single one, is established with a significance of 6.5 standard
deviations. The “right peak” has a mass of 6871.0 £+ 1.2(stat) £ 0.8(syst) £0.8(B) MeV, where the
last term is the uncertainty in the B} mass, and is identified as the B.(25)* state, which decays
directly to the B¥, emitting two (easy to detect) pions. The CMS observation, reported a couple of
months after the end of the LHC Run 2, was soon followed by the corresponding LHCD result [30]
(Fig. 78.2, top right panel), which confirmed the existence of the two states and reported a second
measurement of the B.(25)* mass, 6872.1 & 1.3(stat) & 0.1(syst) & 0.8(B}) MeV.

The “left peak” is interpreted as being the B¥(25)* signal. It is observed at a mass lower than
the real value because the experiments are unable to detect the low-energy photon emitted in the
decay chain, B¥(29)* — BT rtn~ followed by B:* — Bf~ (Fig. 78.3). Its energy, expected
to be in the range 40-80 MeV, leads to a very small probability that the photon converts into
an eTe” pair and the two electrons are reconstructed. The relative ordering of the two peaks
is based on a generally-agreed assumption: the M (B;*) — M(BZF) mass difference is larger than
the M (B(29)%) — M(B.(25)%) difference. Naturally, these observations provide evidence for the
existence of the B?(1S5)T state. They also provide measurements of two interesting mass differences,
between the masses of the pseudoscalar mesons, M (B.(25)*) — M (B.(15)%) = 596.1 MeV, and of
the vector mesons, M (B?(25)*) — M(B}(15)%) = 567.0 MeV (Fig. 78.3).

B*+ (25)

25— 7
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C

B — .

B¢

Figure 78.3: Diagram showing the decays mentioned in the text.

78.2 States Above Open-Flavor Threshold

Many states have been discovered both above and near the lowest open-flavor thresholds. They
are displayed in Tables 78.2 and 78.3, respectively. With the exception of the 13(3842) and the
tensor state located at 3930 MeV (now called x.2(3930)), which have properties consistent with
those expected for the 13(13D3) and x.2(22P,), respectively, none of these states can easily be
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assigned a place in the quark model spectrum of the charmonium or bottomonium families. At the
same time, these states also have no universally accepted unconventional interpretation.

78.2.1 Charmonium

Using proton-proton collisions, LHCb observed a narrow state, the 13(3842) resonance, in the
decay modes 13(3842) — D°D® and Dt D~ [31]. The mass and width of this state are measured
to be 3842.71 £ 0.16 £ 0.12 MeV and 2.79 £+ 0.51 £ 0.35 MeV, respectively. The observed mass
and narrow width are consistent with the interpretation of the new state as the unobserved spin-3
¥3(13D3) charmonium. Accordingly, the state got the name 13(3842) in the listings, with the
remark that the quantum numbers were fixed from the quark model and need to be confirmed.

The X2(3930), which is a natural candidate for the y.2(23P2) quark model state, was originally
seen by Belle [32] and later confirmed by BaBar [33] in the vy process ete™ — ete"DD. This
interpretation was strengthened by the more recent LHCb observation of the x.2(3930) alongside
the 13(3842) in proton-proton collisions [31].

Unlike the x2(23P), the identification of the x.0(23Py) quark model state remains controver-
sial. The original candidate was the x(3915), discovered by Belle in the vy process ete™ —
ete"wJ/¥(15) [34]. In a subsequent measurement by BaBar, its quantum numbers were deter-
mined to be JP¢ = 0%F [35]. However, its identification as the x.0(2*Fy) quark model state was
soon challenged [36,37]. In addition, it was pointed out in Ref. [38] that if the assumption of
helicity-2 dominance is abandoned and, instead, one allows for a sizeable helicity-0 component, a
JPC = 2%+ assignment is possible. This could imply that it is the same as the x¢2(3930)—but to
explain the large helicity-0 component a sizable portion of non-¢q is necessary [38]. A more recent
LHCb amplitude analysis of the process Bt — D*D~ K™ finds distinct 07" and 2™ components
decaying to DT D~ [39], which are currently identified in the listings as the x0(3915) and x.2(3930),
respectively.

An alternative candidate for the x.(23Py) (here referred to as the x.(3860)) was reported in
Ref. [40] with properties more consistent with expectation: its mass is close to the potential model
expectations, it decays to DD, and the preferred quantum numbers are J”¢ = 0¥+ (this hypothesis
is favored over the 2T one with a 2.50 significance).

In the excited vector charmonium spectrum, the (4040), 1(4160), and 1)(4415) are prominent
in the inclusive e™e™ hadronic cross section and are naturally identified as the 3351, 23Dy, and 435,
cc quark model states, respectively. In addition to these long-established states, however, another
set of mesons has been found as peaks in exclusive e™e™ cross sections. Unlike conventional vector
charmonia, they do not appear in the inclusive hadronic cross section and they apparently do not
decay to DD. The PDG summary table currently lists the 1)(4230), (4360), and v(4660) within
this category. The first of these to be discovered was originally known as the Y (4260) (now the
1¥(4230)), seen by BaBar [41] and Belle [42,43] in ete™ — 77w~ J/¢(1S) using initial state radi-
ation. In a more recent high-statistics scan of ete™ — 77~ J/¢(1S), BESIII demonstrated that
the lineshape in this mass range is highly non-trivial [44]. The latter observation was interpreted
by the authors as the presence of two states. However, this lineshape is also consistent with other
possible interpretations, such as one assuming a molecular structure for the (4230) [45]. The data
of Ref. [44] also called for a significant downward shift of the mass of what was originally called the
Y (4260), making it consistent with peaks in other exclusive cross sections, such as h.(1P)7m [46].
We thus merged the original Y (4260) (or, more formally, the 1 (4260)) with the ¢(4230) in the
listings.

BESIII observed the y.1(3872), also known as X (3872), in eTe™ — yx1(3872) in the (4230)
mass range [47], which could allow for additional insight into the structure of both states (see the
review on heavy non-qg mesons). BESIII also performed a recent study of the process eTe™ —
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7tm1(25) and found evidence for a lower mass state, possibly the t(4230), in addition to the
more dominant 1(4360) [48].

Note that the data of Ref. [44] does not show any indication of the Y (4008) reported by Belle;
the data in this region can either be fit with a non-resonant background component or a much
wider resonance at lower mass. Also the analysis of the Y (4008) region in Ref. [49] indicates a wide
resonance.

Another interesting question is whether a heavier 777~ (25) state, the 1)(4660), discovered
by Belle [50,51] and confirmed by BaBar [52], is identical to the AX A resonance observed by
Belle with a nearby mass and width [53]. Most probably it is, the A} AZ being one more decay
mode of the 1)(4660) (see the review on heavy non-gg mesons for more detail). Note that this is
the interpretation adopted in the particle listings. In addition, Belle reported the first observation
of a vector charmonium-like state decaying to D Dg;(2536) with a significance of 5.90 [54]. Its
measured mass and width are 4625.9J_rg:3 +0.4 MeV and 49.8'_%?:? +4.0 MeV, respectively, consistent
with those of the )(4660). Therefore, D} Ds1(2536) appears as an additional decay mode of the
1(4660) in the listings.

A series of isovector states containing c¢ have been found in B decays to Km(cc), where the
isovector state decays to 7(cc) and (cc) stands for J/9(15), ¥(25), or xc1. They are manifestly non-
qq and their discovery implied an expansion of the meson naming scheme. The Z.(4430), decaying
to m)(29), is the most well established. Based on a full amplitude analysis of B® — K+7 =1 (25)
decays, Belle determined the spin-parity of the Z.(4430) to be J¥ = 1% [55]. From their study of
BY — K*t7=J/¢(18) decays, Belle also found evidence for the decay mode Z.(4430) — 7.J/4(15)
[56], which has an order of magnitude lower branching fraction than the discovery mode Z.(4430) —
m)(25). In the same analysis, Belle reported evidence for one more charged state, dubbed Z.(4200),
decaying to mJ/1(1S5). The existence of the Z.(4430) in m)(2S5), as well as its quantum number as-
signments, were confirmed by LHCD [57] with a much larger data sample, leading to improved mass
and width values, consistent with earlier measurements; the experiment even reports a resonant
behavior of the Z.(4430) amplitude. The Z.(4430) was not confirmed (or excluded) by BaBar [58].

Belle also reported an observation of two charged states decaying to 7y in an analysis of
BY — K*+71~x decays [59]. These were originally called the Z;(4050)* and the Z5(4250)*, but
are referred to in Table 78.2 as X (4050)T and X (4250)F. These states were not confirmed by
BaBar [60]. Belle observes signals with 5.00 significance for both the Z;(4050)* and Z5(4250)%,
whereas BABAR reports 1.10 and 2.00 effects, respectively, setting upper limits that are not
inconsistent with Belle’s measured rates. The situation remains unresolved.

The decay Bt — KT ¢.J/1(15) appears to be especially rich in resonant substructure. The
Y (4140) (now the x.1(4140)), decaying to ¢J/¢(15), was first observed in 2008 by CDF [61,62], and
confirmed by DO and CMS [63,64]. However, a second structure, the Y (4274) (now the x.1(4274)),
could not be established unambiguously. Neither of the two states was seen in B decays at Belle [65],
LHCD [66] and BaBar [67], or in v+ collisions at Belle [68]. The real breakthrough happened when
LHCb performed a full amplitude analysis of BT — KT¢J/¢(1S) with J/¢(1S) — puTp~, ¢ —
KT K~ decays and showed that the data cannot be described in a model that contains only excited
kaon states decaying into K¢ [69,70]. They observe two 17" states with masses close to those
originally reported by CDF (the x.1(4140) and x.1(4274)), but the width of the one at 4140 MeV
is much larger. In addition, they find two significant 07 structures at 4500 and 4700 MeV (the
Xc0(4500) and x.(4700)).

78.2.2 Bottomonium

Belle reported a new measurement of the eTe™ — T'(nS)rTn~ (n = 1,2, 3) cross sections at
energies from 10.52 to 11.02 GeV [71]. They observed, with a 5.20 significance, a new structure
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Table 78.2: As in Table 78.1, but for new states above the first open-
flavor thresholds in the cc¢ and bb regions, ordered by mass.

PDG Former m (MeV) I (MeV) I9(JFo) Production Decay  Discovery Summary
Name Name(s) Year Table

3(3842) 3842714020 2.79+£0.62 0 (37 ) pp— X... DD 2019 YES

Ye0(3860) 3862738 201170 0t(0tt)  etem = J/p(18)X DD 2017 NO

Xeo(3915) X (3915), 3921.7+1.8 188+3.5 01(0/21%) . B— K+X wJ/(1S) 2004 YES

Y'(3940) ete” »ete X DD
Xe2(3930)  x2(2P), 392254+1.0 352422  0+(2tH) ete” wete X DD 2005 YES
Z(3930)

X (3940) 39429 3727 27(27) o JPp(18S)X DD* 2007 NO

X (4050)*  Z;(4050) 4051723 8275l 1=(77%) BY - KX 7 xe1 (1P) 2008 NO

X (4055)*  Z.(4055) 4054 + 3 45+ 13 1?77 tem 51X mtip(29) 2015 NO

X (4100)* 4096127 152183 -2 B - KX t.(15) 2018 NO

Xe1(4140)  Y(4140)  4146.5+ 3.0 1911 0t(1tt) Bt - KtX ¢J/1(1S) 2009 YES
X (4160) 4156722 1397113 27277 Tem = J/p(19)X D*D* 2007 NO
Z,(4200) 4196t 370+149 ) BY 5 KX J/w(18) 7t 2014 NO
PY(4230)  Y(4230)  4222.7+ 26 49+8 0-(177) tem 5 X rta=J/p(1S) 2015 YES

Y (4260) wxco(1P)
ata"he(1P)
(see listings)

R.(4240)  Z,(4240) 42397139 2207348 17(077) B 5 K—X TT(28) 2014 NO

X (4250)F  Z9(4250) 4248718 177+321 17 (27F) B -+ K-X 7 X1 (1P) 2008 NO

Xe1(4274) Y (4274) 428675 51+7 0t(1tt) Bt - KtX #J/p(18) 2011 YES
X (4350) 4350.6737 13718 0t (?7) ete > ete X J/1(1S) 2009 NO
¥(4360) Y (4360) 437249 115413 07 (177) ete” = X trmap(25) 2007 YES

. T J/$(18)
Z,(4430) 4478+15 181431 1T(1*) B 5 K~ X 7+r+¢(25) 2007 YES
T J/(1S)

Xc0(4500) X (4500) 4474+ 4 772 0 (0+F) Bt - KtX ¢J/(18) 2017 NO
X (4630) 4626721, 1747137 0t (?") Bt — KtX #J/1(18) 2021 NO
¥(4660) Y (4660), 4630 + 6 72410 0-(177) ete” = X w+7r;¢i(25) 2007 YES

X (4630) AF A
D D1(2536)
Xe1(4685) 4684712 126740 0 (1) Bt - KtX &J/(1S) 2021 NO
X0(4700) X (4700) 4694710 CYarH 0F(07) Bt 5 KtX oJ/(18) 2017 NO
7(10753) 10752.7155 36715 27(177) ete” = X ¥ (18,25,35) 2019 NO
T(10860)  T(55)  10885.21%6 3744 0-(177) tem o X BB} (r) 1985 YES
mr (15,285, 3S)
7t hy (1P, 2P)
nT(18,25)
ata~Y(1D)
(see listings)
T(11020)  T(6S) 11000 + 4 2418 0=(177) ete” > X BB () 1985  YES

7w (15,285,3S)
ata~hy(1P,2P)
(see listings)

*Quantum numbers fixed from the quark model and need confirmation.

in the energy dependence of the cross sections. If described by a Breit—Wigner function, its mass

and width are 10752.7 +5.9797

MeV and 35.5717539 MeV, respectively. The new structure could

have a resonant origin and correspond to the not yet observed 1 (3D) state, provided S — D mixing
is enhanced, or an exotic state, e.g., a compact tetraquark or hadrobottomonium. It could also be
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a non-resonant effect due to rescattering.

We no longer mention a hypothetical Y;(10888) state since a new analysis of the 7°(10860)
energy range does not show evidence for an additional state with a mass different from that of the
7(10860) [72]. After the mass of the n,(1S5) was shifted upwards by about 10 MeV based on the
Belle measurements [18,19], all of the bottomonium states mentioned above fit into their respective
spectroscopies, roughly where expected. An independent experimental confirmation of the shifted
masses came from the Belle observation of 1'(4S) — nhy(1P) decays [19]. This process turns out
to be the strongest observed transition of the 7°(4S) to lower bottomonium states.

78.3 States Near Open-Flavor Threshold
A number of states, listed in Table 78.3, appear near open-flavor thresholds, which is likely an
important factor in their theoretical interpretation [73].

78.3.1 Charmonium

The x.1(3872), also known as X (3872), is widely studied and seen in many transitions — see
Table 78.3. Yet its interpretation remains unsettled (see the heavy non-qq review). Its unique
experimental features include: it has JPC = 1%+ [74,75], yet it is too light to be the x.1(2°P1)
quark model state; its mass is within 200 keV of the D?D%* threshold; it shows substantial isospin-
breaking in its decays to pJ/1(1S) and 7¥x.1; and it is extremely narrow. Using a large sample
of inclusively produced x.1(3872) decaying to 777~ .J/1(1S), LHCb recently determined the decay
width of the x.1(3872) under two different assumptions [76]. Assuming a Flatté-inspired line shape
and exploiting the strong coupling of the x.1(3872) to D°D*, LHCb performed the first exploration
of the pole structure of the x.1(3872), finding a FWHM of 0.2270:95%5-25 MeV. On the other hand,
assuming a Breit—Wigner line shape, its width was found to be 1.39 +0.24 £ 0.10 MeV. While the
former analysis has a more firm theoretical foundation, the LHCb detector resolution did not allow
for a distinction between the different line shapes.

O —4— Data
No 100 - — Total fit
S - ---- Background fit
8 80 n -.=- PHSP MC
— - [ ] sideband
o 60 +
o -
— L
-I(B 40 __ + ; T I‘ * T I '..-.::'.'7-51
CICJ I ++ " ’--:‘:""--.‘:
o 2003 +
0

37 38 39 40
M,ax (T2J/y) (GeV/c?)

Figure 78.4: The n%J/¢(18) invariant mass distribution from BESIII [78] e*e™ collision data
taken at a center-of-mass energy near 4260 MeV.

In addition to the Z. states found in B decays, discussed above, several isovector states with
masses near DD* and D*D* thresholds appear to be unique to ete~ annihilation. In 2013, a state
named Z.(3900) was unearthed in the charmonium region at BESIII [78] and Belle [43] in the process
ete™ — 77 Z.(3900)* with Z.(3900)* — 7%.J/1(15). The corresponding spectrum from BESIII
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Table 78.3: As in Table 78.1, but for new states near the first open-
flavor thresholds in the c¢é and bb regions, ordered by mass. Updated
from Ref. [77] with kind permission, copyright (2011), Springer, and from
Ref. [9] with kind permission from the authors.

PDG Former m (MeV) I (MeV) I%(JFC) Production Decay  Discovery Summary
Name Name(s) Year Table
Xc1(3872)  X(3872) 3871.65+£0.06 1.19+0.21 0F(1*+) B— KX rtr=J/¢(1S) 2003 YES
pp— X... 3nJ /1 (1S)
pp — X... D*0pDO
ete™ =X ~vJ/(1S)
Y (25)
X1 (1P)
Z.(3900) 3887.14£2.6 284426 1H(1t7)  (4230) 5> X mJ/p(1S) 2013 YES
¥(4230) — 10X 70J/¥(18)
(DD*)*
(DD*)°
X(4020)  Z,(4020) 40241419 1345  1H(?77)  4(4230,4360) — 7 X 7t h, 2013 YES
¥(4230,4360) — 70X 7h,
(D*D*)*
(D*D*)O
Z,(10610) 10607.2+£2.0 184424 17(11T) Y(10860) — 7~ X 7tT(1S5,25,35) 2011 YES

7(10860) — 70X 707 (18,28, 35)
7T hy(1P,2P)
(BB*)*
Z3(10650) 10652.2+ 1.5 11.5+2.2 1H(1T7)  7(10860) = n~ X  777(1S5,25,35) 2011 YES
7 thy(1P,2P)
(B*B*)*

is shown in Fig. 78.4. An analysis of CLEO data [79] confirmed this finding and also provided
evidence for a neutral partner. A nearby signal was also seen in the DD* channel [80] whose
quantum numbers were fixed to 17~. BESIII reported its neutral partner in both J/v(15)7° [81]
and DD* [82] decay modes. The masses extracted from these experiments in different decay modes
have differences reaching up to 20. However, since the extraction of the mass and width parameters
did not allow for an interference with the background and used Breit—Wigner line shapes, which
is not justified near thresholds, there might be some additional systematic uncertainty in the mass
values. Therefore, in the RPP listings as well as in Table 78.3 both structures appear under the name
Z.(3900). BESIII also reported an observation of another charged state, the X (4020)* (originally
called Z.(4020)%), in two decay modes: h.n* [83] and (D*D*)* [84]. The neutral partners have
also been observed by BESIII in the h.7" [85] and (D*D*)? [86] final states. The Z. states show
some remarkable similarities to the Z;, states (discussed below), e.g. they decay dominantly to
D® D* channels. However, current analyses suggest that the mass of the Z:(3900) might be
somewhat above the DD* threshold. If confirmed, this feature would challenge a possible DD*—
molecular interpretation with S-wave interactions only — prominent D-waves can shift molecular
poles above threshold (see the discussion in Sec. 78.3.2). Finally, 3.50 evidence for one more charged
charmonium-like state at 4055 MeV decaying into (25)7* was reported by Belle in their analysis
of the process ete™ — ¥(25)rTn~ [51]. This state was confirmed by BESIII, although there
appears to be complications in the Dalitz plot requiring further investigation [48].

78.3.2 Bottomonium

New results on the 7y, hy, and Z, mostly come from Belle [18,19, 21, 23,72, 87-93], all from
analyses of 121.4 fb=! of e*e™ collision data collected near the peak of the 7(10860) resonance,
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as well as from an additional 25 fb~! of data collected during the scans of the c.m. energy range
10.63-11.05 GeV. The ny, hy, and Z;, appear in the decay chains 7'(10860) — 7~ Z,", Z,” — 7+ (bb),
and, when the bb forms an hy(1P), frequently decaying as hy(1P) — ynp.

L 116 100
> ; I (b) ]
O q14] S 80p ]
Q) I O : ]
5 ; = 60} .
™ 1121 To) r ]
~ [ @ 40} ]
(0)) I c r ]
N 110 o 20: 1
> [ > <Ur .
N— [ Lu N 5
NE 1087‘ P T T R 0' : Ik X
0O 02 04 06 0.8 10.4 10.5 10.6 10.7
M2(m'm) (GeV2/c?) M(Y(2S)r)__ (GeV/c?)

Figure 78.5: From Belle [87] e*e™ collision data taken near the peak of the 7°(10860) for events
with a 77~ -missing mass consistent with an 7°(2S) — u*u~, (a) the maximum of the two possible
single 7*-missing-mass-squared combinations vs. the 77~ -mass-squared; and (b) projection of the
maximum of the two possible single 7*-missing-mass combinations (points with error bars) overlaid
with a fit (curve). Events to the left of the vertical line in (a) are excluded from the amplitude
analysis. The hatched histogram in (b) corresponds to the combinatorial background. The two
horizontal stripes in (a) and two peaks in (b) correspond to the two Zj, states.

Belle soon noticed that, for events in the peaks of Fig. 78.1, there seemed to be two intermediate
charged states, the Z;,(10610) and the Z,(10650). For example, Fig. 78.5 shows a Dalitz plot for
events restricted to the 1°(25) region of 777~ recoil mass, with 7(2S) — p*u~ [87]. The two
bands observed in the maximum of the two M[7*7(2S5)]? values also appear in the 7(15), 7(39),
hy(1P), and hy(2P) samples. Belle fits all subsamples to resonant plus non-resonant amplitudes,
allowing for interference (notably, between F_Z;r and 77 Z,), and finds consistent pairs of Z,
masses for all bottomonium transitions, and comparable strengths of the two states. A recent
angular analysis assigned J¥ = 17 for both Zj, states [88], which must also have negative G-parity.
Transitions through Z, to the hy(nP) saturate the observed mm~hy(nP) cross sections. While the
two masses of the Z; states as extracted from Breit—Wigner fits for the various channels are just a
few MeV above the B*B and B*B* thresholds, more refined analyses using only S-waves find pole
locations right below the corresponding thresholds either on the physical [94] or the unphysical [95]
sheet. Once D-waves are included, the pole of the Z,(10650) moves above the B* B* threshold [96].
Regardless of their proximity to the corresponding thresholds, both states predominantly decay into
these open-flavor channels [90,97] with branching fractions that exceed 80% and 70%, respectively,
at 90% CL. This feature provides strong evidence for their molecular nature.

78.4 Concluding Remarks

The discovery of the x.1(3872) (also known as the X (3872)) in 2003 ushered in an era of tremen-
dous progress in experimental heavy quark meson spectroscopy. As shown in Tables 78.1 to 78.3,
more than 40 new states have been reported during this period, many of which were unanticipated.
While the states below open-flavor thresholds (Table 78.1) appear to be well-explained by the con-
ventional ¢q quark model, a thorough understanding of the suite of states above (Table 78.2) and
near (Table 78.3) open-flavor thresholds remains elusive. After nearly two decades, experimental
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progress remains rapid with the continuation of BESIII, the commencement of the Belle II program,
and the imminent accumulation of additional data at the LHC.
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