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"eightfold way" SU(3)flavor
 color doF in QCD SU(3)color

http://dx.doi.org/10.17226/629
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In 1961 Gell-Mann and independently Ne’eman proposed mesons and
baryons as resonsances of fundamental fields obeying symmetry relations
 Realized later that the fundamental fields are what we know as quarks today

QCD emerged from need to find scheme (SU(3)flavor) for observations
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In 1961 Gell-Mann and independently Ne’eman proposed mesons and
baryons as resonsances of fundamental fields obeying symmetry relations
 Realized later that the fundamental fields are what we know as quarks today

QCD emerged from need to find scheme (SU(3)flavor) for observations

QCD exotics (tetra-, penta-quarks, glueballs etc.) potentially provide key
insights to relate basic concepts of QCD to observed phenomena

Hadronization, binding mechanism, color structure ...
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Hadrons are physical observable color singlet bound states of quarks
They can be labelled by their minimum (valence) quark content
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Hadrons are physical observable color singlet bound states of quarks
They can be labelled by their minimum (valence) quark content
Let’s build a meson from SU(3)flavor symmetry:
N.B.: all ground state mesons q1 q̄2 with q1,2 = u, d, s, c, b have been observed!

⊗ =

3 ⊗ 3̄ = 1⊕ 8

"Meson Nonet"
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Hadrons are physical observable color singlet bound states of quarks
They can be labelled by their minimum (valence) quark content
Let’s build a meson from SU(3)flavor symmetry:
N.B.: all ground state mesons q1 q̄2 with q1,2 = u, d, s, c, b have been observed!

⊗ =

3 ⊗ 3̄ = 1⊕ 8

"Meson Nonet"ψ1 =
1
√
3

(uu + dd + ss)

ψ
I=0
8 =

1
√
6

(uu + dd − 2ss)

ψ
I=1
8 =

1
√
2

(uu − dd)
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Hadrons are physical observable color singlet bound states of quarks
They can be labelled by their minimum (valence) quark content
For SU(3)flavor baryon multiplets, take a detour via diquarks:
Diquarks are a hypothesized substructure in baryons and exotics. More details later

⊗ =

3 ⊗ 3 = 6⊕ 3̄
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Hadrons are physical observable color singlet bound states of quarks
They can be labelled by their minimum (valence) quark content
Now the SU(3)flavor baryon multiplets:
All ground state baryons except from those containing two or more heavy quarks (c,b) have been observed

⊗ =

(6⊕ 3̄) ⊗ 3 = 10S ⊕ 8M ⊕ 8M ⊕ 1A



gH
ad
ro
ns

fro
m

SU
(3
) fl

av
or
Sy

m
m
et
ry

3 / 1

Hadrons are physical observable color singlet bound states of quarks
They can be labelled by their minimum (valence) quark content
Now the SU(3)flavor baryon multiplets:

Ψtotal = ξspace · ζflavor · χspin · φcolor

Gell-Mann – Okubo mass formula:

M = a0 + a1S + a2
[
I(I + 1) − 1

4S2
]

Octet baryon mass [MeV] Decuplet baryon mass [MeV]

n,p 940 ∆0,±,++ 1230

Λ/Σ0,± 1116/1190 Σ(1385)0,± 1385

Ξ0,− 1320 Ξ(1530)0,− 1530

Ω− 1672
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Hadrons are physical observable color singlet bound states of quarks
They can be labelled by their minimum (valence) quark content
Now the SU(3)flavor baryon multiplets:

22 15. Quark model
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Figure 15.6: Hadron spectrum from lattice QCD. Comprehensive results for
mesons and baryons are from MILC [47,48], PACS-CS [49], BMW [50],
QCDSF [51], and ETM [68]. Results for η and η′ are from RBC & UKQCD [6],
Hadron Spectrum [54]( also the only ω mass), UKQCD [53], and Michael, Ottnad,
and Urbach [55]. Results for heavy-light hadrons from Fermilab-MILC [57],
HPQCD [58,59], and Mohler and Woloshyn [60]. Circles, squares, diamonds,
and triangles stand for staggered, Wilson, twisted-mass Wilson, and chiral sea
quarks, respectively. Asterisks represent anisotropic lattices. Open symbols denote
the masses used to fix parameters. Filled symbols (and asterisks) denote results.
Red, orange, yellow, green, and blue stand for increasing numbers of ensembles (i.e.,
lattice spacing and sea quark mass). Black symbols stand for results with 2+1+1
flavors of sea quarks. Horizontal bars (gray boxes) denote experimentally measured
masses (widths). b-flavored meson masses are offset by −4000 MeV.

created by the simplest quark model operators (appropriate to the lightest meson and
baryon multiplets) we encounter a host of new problems: either no good interpolating
fields, or too many possible interpolating fields, and many states with the same quantum
numbers. Techniques for dealing with these interrelated problems vary from collaboration
to collaboration, but all share common features: typically, correlation functions from
many different interpolating fields are used, and the signal is extracted in what amounts
to a variational calculation using the chosen operator basis. In addition to mass spectra,
wave function information can be garnered from the form of the best variational wave
function. Of course, the same problems which are present in the spectroscopy of the
lightest hadrons (the need to extrapolate to infinite volume, physical values of the light
quark masses, and zero lattice spacing) are also present. We briefly touch on three
different kinds of hadrons: excited states of mesons (including hybrids), excited states of

October 1, 2016 19:59

[Chin. Phys. C, 40, 100001]

http://pdg.lbl.gov/2016/reviews/rpp2016-rev-quark-model.pdf
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Hadrons are physical observable color singlet bound states of quarks
They can be labelled by their minimum (valence) quark content
Take Gell-Mann’s and Zweig’s recipe at face value and build qqqqq̄:

⊗ =

anti-decuplet

(. . .⊕ 8⊕ . . .) ⊗ (8⊕ . . .) = . . .⊕ 27⊕ 10⊕ 1̄0⊕ 8⊕ 8⊕ 1⊕ . . .

uudds

ssddu ssuud
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Broad exotic KN resonances predicted 1976 [SLAC-PUB-1774]

Resonant partial waves claimed in 70’s and early 80’s [PDG, RPP 1992]

http://inspirehep.net/record/109063
http://dx.doi.org/10.1103/PhysRevD.45.S1


gS
ea
rc
he
s
fo
rS

=
+
1
Ba

ry
on

s

4 / 1

Broad exotic KN resonances predicted 1976 [SLAC-PUB-1774]

Resonant partial waves claimed in 70’s and early 80’s [PDG, RPP 1992]

Light, narrow Θ+(uudds̄) predicted in 1997 [Z. Phys. A 359 305]

narrow resonances are easy to see in 1D mass spectra

Seen by some experiments since 2003; "Undiscovered" subsequently [PDG, RPP 2008]

http://inspirehep.net/record/109063
http://dx.doi.org/10.1103/PhysRevD.45.S1
http://dx.doi.org/10.1007/s002180050406
http://dx.doi.org/10.1016/j.physletb.2008.07.018
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[DESY-2014-00703]

[arXiv:hep-ex/0406077]

2 A Brief History of the Θ+ Pentaquark

The ZEUS experiment, located at the HERA storage ring in Hamburg, Germany measured a resonance
in the inclusive pK0

S+pK0
S -channel in deep inelastic ep scattering at

p
s = 300-318 GeV [83]. The signal

was visible at an exchanged photon-virtuality Q2 > 20 GeV2, where the peak was located at a mass of
1521.5±1.5+2.8

−1.7 GeV with a statistical significance of S/∆S = 3.9-4.7σ. The significance depended on
the shape of the background, i.e. if a second structure at ∼ 1465 MeV was fitted simultaneously or not.
The H1 experiment using the same proton and lepton beam reported mass dependent upper limits for
the inclusive cross section σ(ep→ Θ+X )×BR(Θ+→ pK0

S ) [101]. An upper limit of ∼ 70 nb was set at
95% confidence level for the peak seen at the ZEUS experiment, mimicking their selection criteria. It
should be noted, that a good detector resolution for the K0

S reconstruction, i.e. a narrow width of the
fitted Gaussian, is important in the search for a narrow signal in the pK0

S channel. The resolution of the
K0

S signal at H1 was twice as high as the ZEUS K0
S signal resolution, being subject to a more detailed

study in [108].

Original measurement Repeated measurement
Group Reaction Z Group Reaction Stat. Result

LEPS [74] γC→ (nK+)K−X ∼ 4σ
LEPS [85] γd → (nK+)K−X ×8 Z ∼ 5σ
LEPS [86] γd → (nK+)K−X ×20 Θ+ seen

DIANA [77] K+Xe→ (pK0)Xe′ ∼ 4σ

Belle [87] K+Si→ (pK0)X ×10 ΓΘ+ < 1 MeV
DIANA [88] K+Xe→ (pK0)Xe′ ×2 Z ∼ 5σ
DIANA [89] K+Xe→ (pK0)Xe′ ×2.2 Z ∼ 6σ
DIANA [90] K+Xe→ (pK0)Xe′ ×2.5 Z ∼ 6σ

CLAS [78] γd → (nK+)K−p ∼ 5σ
CLAS [91] γd → (nK+)K−p ×30 σtot < 0.3 nb
CLAS [92] γd → (nK+)Λ ×30 σtot < 25 nb

ITEP [79] νA→ (pK0)X ∼ 7σ NOMAD [93] νA→ (pK0)X ×12 < 2.13 · 10−3/evt

SAPHIR [80] γp→ (nK+)K0 ∼ 5σ

CLAS [94] γp→ (nK+)π+K− ×5 Z ∼ 8σ
CLAS [95] γp→ (nK+)K0 ×50 σtot < 0.8 nb
CLAS [96] γp→ (nK+/pK0)K0 ×50 σtot < 0.7 nb
CLAS [97] γp→ (pK0)K0 ×50 Z ∼ 5σ1

HERMES [81] e+d → (pK0)X ∼ 4σ BABAR [99] e+Be→ (pK0)X ×190 no Θ+ seen
COSY [82] pp→ (pK0)Σ+ ∼ 5σ COSY [100] pp→ (pK0)Σ+ ×12 σtot < 0.15 µb
ZEUS [83] ep→ (p/pK0) e′X ∼ 4σ H1 [101] ep→ (p/pK0) e′X ×0.6 σtot < 90 pb

SVD [84] pA→ (pK0)X ∼ 6σ

SPHINX [102] pC→ (pK0)K0C ×12 σ(Θ+K0)
σ(Λ(1520)K+)

< 0.02

HERA-B [103] pA→ (pK0)X ×4 σ(Θ+)
σ(Λ(1520))

< 0.12

HyperCP [104] p/π+/K+W → (pK0)X ×40 σ(Θ+)
σ(pK0

S bkg)
< 0.003

SVD [105] pA→ (pK0)X ×1.5 Z ∼ 6−9σ

Table 2.1: Summary of positive results in searches for the Θ+ and repeated experiments from the same group or from
another group with a similar measurement. If a group revised their initial finding, no more experiments of the same
type are listed. If the situation is controversial, all similar experiments are listed. The measurements are chronologically
ordered by submission to the publisher. Due to inconsistencies in the calculation of the significance Z , only a rounded
value is given. Details are described in the text.

The question arises whether a real signal was measured or if the bumps seen in some experiments
are subject to statistical fluctuations or fake, due to cuts in the kinematic phase space or reflections or
interference of other processes. The PDG wrote in their latest statement on the Θ+ in 2008: "There
are two or three recent experiments that find weak evidence for signals near the nominal masses, but there
is simply no point in tabulating them in view of the overwhelming evidence that the claimed pentaquarks
do not exist. The only advance in particle physics thought worthy of mention in the American Institute of

1The kinematic cuts used in this analysis are not accepted by the majority of the CLAS collaboration [98].

24

Figure 2: Summary of the first nine published observations of the Θ+(1530)
resonance.

moment 26, 27, 28, 29) (see however Ref. 30)).

Since the beginning of this year also quite a number of negative results

became available (see lower part of Fig. 1). No signals of the Θ+(1530) could

be found by BES 31), HERA-B 32), OPAL 33), PHENIX 34), DELPHI 35),

ALEPH 36), HYPER-CP 25), E690 37), CDF 38) and BABAR 39). Although

a direct comparison of the positive and negative results is quite difficult, the

discovery potential of the various experiment can be judged by the observed

yield of known resonances. Whereas the experiments with a positive result

have – if mentioned in the publications at all – typical Λ(1520) yields of at

most a few hundred, the experiments with negative outcome report in several

cases a few thousand identified Λ(1520) events. So while counting naively

just the number of reported results, the situation is presently at near-balance

(see Fig. 1), it seems that the critics have gained already an advantage. It

is therefore indisputable that further high-statistics experiments are needed

to establish the observed resonance beyond any doubt. Once this has been

achieved – preliminary high statistics data of the LEPS collaboration seem

Current consensus: Θ+ signals were statsitical fluctuations, faked by
kinematic cuts, reflections or experimental artefacts
My opinion: amplitude analysis needed to settle the Θ+ issue for good

either with exclusive decay chain (e.g. Λ0
b → (pK 0

S )K− at LHCb)

or a fully exclusive reaction (e.g. γd → (nK +)pK− at LEPSII)
K0

S is self tagging, i.e. pure ds state

http://inspirehep.net/record/1325350/files/mstahl.13-008.thesis.pdf?version=1
http://arxiv.org/abs/hep-ex/0406077v2
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above, this is likely a t-channel process with forward

production of the K� in the c.m. frame. In our kinematics

the average momentum for the K� in the production of

the ��1520� is �0:8 GeV=c, while for the production

of the �� in the K�n interaction, the average momentum

of the kaon should be approximately 0:45 GeV=c. For

this reason, we reject events with 1:485<M�pK��<
1:551 GeV=c2 (�3
 cut from the peak) to improve our

signal to background ratio.

Two other event selection requirements were applied,

based on kinematics. The first one requires that the miss-

ing momentum of the undetected neutron must be greater

than 0:08 GeV=c. Below this value, the neutron is likely a

spectator to other reaction mechanisms. Our studies show

that increasing the value of this cutoff does not change the

final results—in particular, it does not eliminate the peak

shown below but does reduce the statistics in the M�nK��
spectrum. The second requirement concerns the K� mo-

mentum. Monte Carlo simulations of the �� decay from

an event distribution uniform in phase space show that the

K� momentum rarely exceeds 1:0 GeV=c. The data also

show that K� momenta greater than 1:0 GeV=c are asso-

ciated with an invariant mass of the nK� system above

�1:7 GeV=c2. Events with a K� momentum above

1:0 GeV=c were removed to reduce this background.

The final nK� invariant mass spectrum, M�nK��, is

shown in Fig. 4 [17], along with a fit (solid line) to the

peak and a Gaussian plus constant term fit to the back-

ground (dashed line). For the fit given, there are 43 counts

in the peak at a mass of 1:542� 0:005 GeV=c2 with a

width (FWHM) of 0:021 GeV=c2. The width is consistent

with the instrumental resolution. The uncertainty of

0:005 GeV=c2 in the mass is due to calibration uncertain-

ties of the photon tagging spectrometer [13], the electron

beam energy, and the momentum reconstruction in

CLAS. The statistical significance of this peak is esti-

mated based on fluctuations of the background over a

�2
 window centered on the peak, giving 43=
������

54
p

�
5:8
. The spectrum of events removed by the ��1520�
cut is shown in Fig. 4 by the dash-dotted histogram

and does not appear to be associated with the peak at

1:542 GeV=c2.
The shape of the expected M�nK�� mass spectrum was

investigated by a Monte Carlo simulation using GEANT

[18] based simulation tools for the CLAS detector and the

algorithm used for the data analysis. We studied four-

body phase space production of the pK�K�n final state

and the production of the three-body phase space in the

pK�K� final state (K�K� in s-wave). No peaklike struc-

tures were visible in the M�nK�� distributions of these

two final states. We used the shapes of these distributions

to fit the experimental M�nK�� spectrum. The fitted

shape of the background is shown by the dotted line in

Fig. 4. The relative weights of three-body and four-body

phase space events determined by the fit was 3:1. The

statistical significance of the peak at 1:542 GeV=c2 in the

fit using this simulated background was 4:8
.

A separate Monte Carlo study was carried out to

examine the production of known resonances via the

reaction �d ! K�Y�N, where the Y� decays to a K�N
followed by one of the kaons rescattering off the spectator

nucleon. This study [19] was unable to produce structures

narrower than about 4 times the CLAS resolution and
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FIG. 4 (color). Invariant mass of the nK� system, which has

strangeness S � �1, showing a sharp peak at the mass of

1:542 GeV=c2. A fit (solid line) to the peak on top of the

smooth background (dashed line) gives a statistical significance

of 5:8
. The dotted curve is the shape of the simulated back-

ground. The dash-dotted histogram shows the spectrum of

events associated with ��1520� production.
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FIG. 3 (color). Invariant mass of the K�K� system (top) and

the pK� system (bottom) showing peaks at the mass of known

resonances. These resonances are removed in the analysis by

placing cuts on the peaks shown. Results for the number of

counts (N), the mass (M), and the widths (
) from fits are also

given.
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252001-4 252001-4

measured by the Hall A Collaboration [15], and also the

world data, with good agreement (within �10% over most

of the angular range).

The event selection here is similar to that of Ref. [8],

requiring detection of one proton, one K�, one K�, and up

to one neutral particle. All had vertex times within �1:0 ns

of the tagged photon. The missing mass of the �d !
pK�K�X reaction and the invariant mass of the detected

pK� particles M�pK�� are shown in Fig. 1. The missing

mass was required to be within �3� of the neutron mass,

where � is the mass resolution (’8 MeV) of the peak

shown. Also, the missing momentum (not shown) was

required to be greater than 0:20 GeV=c in order to remove

spectator neutrons. Simulations of the decay �� ! nK�

show that this cut does not affect the �� detection effi-

ciency. Events corresponding to �-meson production were

cut by requiring the K�K� mass to be above 1:06 GeV=c2,
and, similarly, the ��1520� was cut by removing events

from 1:495<M�pK��< 1:545 GeV=c2; see Fig. 1.

Variations of these event selection cuts were studied and

yield results consistent with those given below.

In Fig. 1, both the low field setting (top) and the high

field setting (bottom) are independent data sets. The

M�pK�� spectra show a prominent peak for the ��1520�
and also strength at higher mass corresponding to well

known �� resonances at 1.67, 1.69, and 1.82 GeV. These

�� resonances are suppressed in the final data sample due

to the neutron momentum cut, since in �p ! K��� the

neutron is a spectator. Also, �� production is not neces-

sarily incompatible with �� production, as the �d !
���� reaction still conserves strangeness. A narrow pen-

taquark peak with a sufficient cross section would still be

visible on top of the broad background from the �� reso-

nances projected onto the nK� mass spectrum.

The spectra of the invariant mass of the nK� system

M�nK�� are shown in Fig. 2, after applying the above

analysis cuts. These spectra were constructed using the

neutron mass as an explicit constraint (as contrasted with

the missing mass of the pK� in Ref. [8], which did not use

this constraint). A kinematic fitting approach gives nearly

identical mass spectra (but using a more elaborate proce-

dure). The M�nK�� spectra in Fig. 2 do not show any

evidence for a narrow peak near 1:54 GeV=c2.
The M�nK�� spectra at the top of Fig. 2 were then

corrected for the CLAS detector acceptance and normal-

ized by the luminosity, resulting in the combined data

shown in the bottom plot. The acceptance correction comes

from a Monte Carlo simulation that matches the exponen-

tial t dependence of the measured K� and K� momenta

and was fitted to the experimental neutron momentum

distribution in the range pn > 0:2 GeV=c. Using this

Monte Carlo simulation, the angle-resolved acceptance of

the CLAS detector ranges from 0.7% to 1% in the final data

sample for both the high and low field settings.

The cross section spectrum of Fig. 2 (lower) was fit with

a third-degree polynomial, as shown. This curve was then

held fixed, and the excess (or deficit) above (or below) the
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FIG. 1. The raw data for the missing mass MM�pK�K�� of

the reaction �d ! pK�K�X showing a clean neutron peak

(left). The invariant mass spectra of the detected pK� (right)

show the ��1520� peak along with higher mass hyperons. The

data are shown separately for the low field (top) and high field

(bottom) settings of the CLAS torus magnet.
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FIG. 2. The invariant masses of the nK� system for both the
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applying all event selection cuts. The cross section per mass bin

for the combined data (bottom) is shown along with a poly-

nomial fit.

PRL 96, 212001 (2006)
P H Y S I C A L R E V I E W L E T T E R S week ending

2 JUNE 2006

212001-3

[PRL 91 252001]

[PRL 96 212001]

same experiment,
30-fold statistics

reaction: γd → pK−(K +n)

low B field high B field

https://doi.org/10.1103/PhysRevLett.91.252001
https://doi.org/10.1103/PhysRevLett.96.212001
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The fit function has the form

F ¼ fsigFsigðmBπ;MX;ΓXÞ þ fbgrFbgrðmBπÞ; ð2Þ

where fsig and fbgr are normalization factors.

We use the Breit-Wigner parametrization appropriate for

an S-wave two-body decay near threshold:

BWðmBπÞ ∝
M2

XΓðmBπÞ

ðM2
X −m2

BπÞ
2 þM2

XΓ
2ðmBπÞ

: ð3Þ

The mass-dependent width ΓðmBπÞ ¼ ΓX · ðq1=q0Þ is pro-
portional to the natural width ΓX, where q1 and q0 are three-
vector momenta of the B0

s meson in the rest frame of the

B0
sπ

� system at the invariant mass equal to mBπ and MX,

respectively.

In the fit shown in Fig. 3(a), the normalization param-

eters fsig and fbgr and the Breit-Wigner parametersMX and

ΓX are allowed to vary. The fit yields the mass and width of

MX ¼ 5567.8� 2.9 MeV=c2, ΓX ¼ 21.9� 6.4 MeV=c2,
and the number of signal events of N ¼ 133� 31. As

the measured width is significantly larger than the exper-

imental mass resolution, we infer that Xð5568Þ → B0
sπ

�

is a strong decay. The statistical significance of the signal

is defined as
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

−2 lnðL0=LmaxÞ
p

, where Lmax and L0 are

likelihood values at the best-fit signal yield and the signal

yield fixed to zero. The obtained local statistical signifi-

cance is 6.6σ for the given mass and width values. With the

look-elsewhere effect [14] taken into account, the global

statistical significance is 6.1σ. The search window is taken

as the interval between the B0
sπ

� threshold (5506 MeV=c2)
and the B0

dK
� mass threshold (5774 MeV=c2).

We also extract the signal from themðB0
sπ

�Þ distribution
without the ΔR cone cut, fixing the mass and natural width

of the signal and the background mass shape to their default

values. We see a tendency for data to exceed background

for mðB0
sπ

�Þ > MX [13]. We perform a fit in the restricted

range mðB0
sπ

�Þ < 5.7 GeV=c2 [Fig. 3(b)] and find the

fitted number of signal events to be 106� 23, with a

corresponding local statistical significance of 4.8σ. The

difference in yields with and without the cone cut is not

fully explained by statistical fluctuations. In a subsidiary

study we used empirical functions [15] for the background

fitted to the sidebands in data below the Xð5568Þ region

and above the signal region up to 5.9 GeV=c2 and found

signal yields that are greater than those with the default

background function and comparable to or greater than that

found in the cone cut analysis. These results confirm that

using a background function that agrees with data for

masses above 5.7 GeV=c2 can increase the fitted signal
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FIG. 3. ThemðB0
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�Þ distribution together with the background
distribution and the fit results (a) after applying the ΔR < 0.3

cone cut and (b) without the cone cut.
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The fit function has the form

F ¼ fsigFsigðmBπ;MX;ΓXÞ þ fbgrFbgrðmBπÞ; ð2Þ

where fsig and fbgr are normalization factors.

We use the Breit-Wigner parametrization appropriate for

an S-wave two-body decay near threshold:

BWðmBπÞ ∝
M2

XΓðmBπÞ

ðM2
X −m2

BπÞ
2 þM2

XΓ
2ðmBπÞ

: ð3Þ

The mass-dependent width ΓðmBπÞ ¼ ΓX · ðq1=q0Þ is pro-
portional to the natural width ΓX, where q1 and q0 are three-
vector momenta of the B0

s meson in the rest frame of the

B0
sπ

� system at the invariant mass equal to mBπ and MX,

respectively.

In the fit shown in Fig. 3(a), the normalization param-

eters fsig and fbgr and the Breit-Wigner parametersMX and

ΓX are allowed to vary. The fit yields the mass and width of

MX ¼ 5567.8� 2.9 MeV=c2, ΓX ¼ 21.9� 6.4 MeV=c2,
and the number of signal events of N ¼ 133� 31. As

the measured width is significantly larger than the exper-

imental mass resolution, we infer that Xð5568Þ → B0
sπ

�

is a strong decay. The statistical significance of the signal

is defined as
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

−2 lnðL0=LmaxÞ
p

, where Lmax and L0 are

likelihood values at the best-fit signal yield and the signal

yield fixed to zero. The obtained local statistical signifi-

cance is 6.6σ for the given mass and width values. With the

look-elsewhere effect [14] taken into account, the global

statistical significance is 6.1σ. The search window is taken

as the interval between the B0
sπ

� threshold (5506 MeV=c2)
and the B0

dK
� mass threshold (5774 MeV=c2).

We also extract the signal from themðB0
sπ

�Þ distribution
without the ΔR cone cut, fixing the mass and natural width

of the signal and the background mass shape to their default

values. We see a tendency for data to exceed background

for mðB0
sπ

�Þ > MX [13]. We perform a fit in the restricted

range mðB0
sπ

�Þ < 5.7 GeV=c2 [Fig. 3(b)] and find the

fitted number of signal events to be 106� 23, with a

corresponding local statistical significance of 4.8σ. The

difference in yields with and without the cone cut is not

fully explained by statistical fluctuations. In a subsidiary

study we used empirical functions [15] for the background

fitted to the sidebands in data below the Xð5568Þ region

and above the signal region up to 5.9 GeV=c2 and found

signal yields that are greater than those with the default

background function and comparable to or greater than that

found in the cone cut analysis. These results confirm that

using a background function that agrees with data for

masses above 5.7 GeV=c2 can increase the fitted signal
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sπ

�Þ distribution together with the background
distribution and the fit results (a) after applying the ΔR < 0.3

cone cut and (b) without the cone cut.
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[PRL 117 022003]

"cone cut" between Bs and π
∆R =

√
∆φ2 + ∆η2 < 0.3

Enhancement certainly not due to cone cut,
but background shape changes drastically
 Zw/o cut = 3.9σ → Zw/ cut = 5.1σ

∆R < 2.0

∆R < 0.3

https://doi.org/10.1103/PhysRevLett.117.022003
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[Thesis Y. Kato (LEPS)]

Λ(1520) cut in K−p system

Amplitude analysis of full exclusive reaction needed

reaction: γd → pK−(K +n)

http://www.rcnp.osaka-u.ac.jp/Divisions/np1-b/theses/dt_kato12.pdf
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Hunting narrow peaks in mass spectra is tempting but error-prone
One sentence-summary about exotic mesons in the light-quark sector:

No sign of exotics, only candidates for cryptoexotic states (e.g. duuu) or
states with gluonic degrees of freedom

Absence of exotics seems to be obvious feature of QCD!
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Hunting narrow peaks in mass spectra is tempting but error-prone
One sentence-summary about exotic mesons in the light-quark sector:

No sign of exotics, only candidates for cryptoexotic states (e.g. duuu) or
states with gluonic degrees of freedom

Absence of exotics seems to be obvious feature of QCD

Until the charmonium and bottomonium sector was studied in greater detail
Up to now, evidence for about 30 tetraquark candidates was found
In 2015 two pentaquark candidates have been observed by LHCb

Can we make sense of the observations?
Next: Discussion of promising models
After that: Overview of experimental observations
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No single model fits all observed states

States might be a quantum-mechanical mixture

Distinction between models can blur

Can only give very rough picture here.
More on QCD exotica in recent (2016) reviews : [arXiv:1610.04528], [Phys. Rept. 639 1]

https://arxiv.org/abs/1610.04528
http://dx.doi.org/10.1016/j.physrep.2016.05.004
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Bind color-neutral objects with color-neutral residual QCD force
Prime reference: deuteron, a stable proton + neutron bound state

md = 1875.6 MeV, mp + mn = 1877.8 MeV ⇒ Eb = 2.2 MeV

Quantum numbers (from experiment): I(JP) = 0(1+) P=(−1)L

=========⇒
|L−S|≤J≤L+S

L = 0, 2

Wave-function: |ψd〉 = u(r)|3S1〉+ w(r)|3D1〉 with 〈w(r)〉 ≈
√
0.04

Notation: (2S+1)LJ
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Bind color-neutral objects with color-neutral residual QCD force
Prime reference: deuteron, a stable proton + neutron bound state

md = 1875.6 MeV, mp + mn = 1877.8 MeV ⇒ Eb = 2.2 MeV

Wave-function: |ψd〉 = u(r)|3S1〉+ w(r)|3D1〉 with 〈w(r)〉 ≈
√
0.04

Potential: Vd (r) = −25
3 V0

[(
1 0
0 1

)
C(r) +

(
0
√
8√

8 −2

)
T (r)

]

C(r) insufficient for binding, otherwise
|1S0〉 would be bound as well.
Tensor force in |3S1〉 ↔ |3D1〉 transition
lowers energy sufficiently for binding

p nπ

r1 − r2

528 

0.0 0.5 1.0 1.5 2.0 2.5 3.0 

(r  1- r 2) t im] 

Fig. 1. The central potential C(r), (19), (normalized as for the 
deuteron by a factor 11.2 MeV) and the tensor potential T(r), (20) 
as function of the distance r = r~ - r e between the constituents to- 
gether with their regularized form C A (r), T A (r), c.f. (25-26) with 
A = 1.2 GeV 

This modifies the one-pion exchange potential in k-space 

by this form factor squared, i.e. by a "dipole form factor". 

In r-space the potential is then modified such that instead 

of  the forms of (19-20) one has 

/.t 2 
CA (r) =m3 ~ [ e -Ur - - e -Ar - - (A  --/u2/A)re-Ar], (25) 

(r)=e_Urp2r2+3pr+3 _A, .A2r2+3Ar+3 
Tel 3 ii,3 e 3 r 3 

lf l  n m ~  

- - A r  (A2--1u2)(Ar c1)  
- -  ( 2 6 )  

e 2m~r 

In Fig. 1 the potentials are shown, regularized this way 

with A = 1.2 GeV. These forms are used in the numerical 

calculations presented here. The value of A is rather 

poorly known phenomenologically. In N N  interactions 

values between 0.8 and 1.5 GeV have been used depend- 

ing on the application, and whether 2 rc etc. exchanges 

are included or not. Large values of A are, however, 

favoured by scattering data for N N  phase shifts [24], 

which require A > 1.4 GeV. (See e.g. the discussion of 

Ericson and Rosa-Clot [ 18].) For  the present applications 

to mesons and in particularily to heavy mesons, which 

are known to be much smaller in size than nucleons, one 

would expect a smaller R of the pion source in (24) cor- 

responding to a larger A. Again, a larger A gives a 

stronger potential at very short distances increasing the 

binding energy. 

3 T h e  d e u t e r o n  

Our prime reference state is of  course the deuteron, which 

is an isosinglet 3S 1 - 3D1 bound state of  a proton and a 

neutron. Since it is a state, which has been studied in 

great detail, for a long time, one can learn a lot from it. 

This will be useful in understanding the mesonic coun- 

terparts of the deuteron. 

The lowest spin parity N N  states can be formed from 

the following spin-orbitals: 

Table 1. The quantum numbers of the lowest spin states of NN, 
and their relative coupling numbers YszXN 

J~ S I Spin orbital YsxiVN 

0 + 0 0 1S 0 +25/3 
0- 1 1 3P 0 - 25/9 
1 - 0 1 1P a - 25 
1 + 1 0 3S~, 3D~, + 25/3, the deuteron 

where in the last column the relative coupling numbers 
are listed, NN YSZ, defined in the previous section. For  the 

deuteron one defines conventional basis vectors 13S1) 

and L3D1) such that the wave function is in general 

u (r) l'S 1) + w (r)[ 301 ). The deuteron potential V u (r) can 

then be written in matrix form as: 

0 )1 + ( \ l / ~  T(r) , (27) 

where r is the distance between the nuclei and Vo, C (r). 

T(r) are defined in the previous section ((9),(19),(20) 

with p = m=). The overall strength of the potential is given 

by yl~ N Vo, which expressed in terms of  the conven- 

tional pion nucleon coupling constant is 71~o N Vo= 

f .  f~x/4  rC ~ 11.2 MeV. 

For  the other three spin isospin N N  channels listed 

above the potentials Vsz(r ) are one dimensional: 

Voo(r)= _z}  Vo C(r), (28) 

v01 (r) = Ji- 25 V o C(r) ,  

Vn( r )=  + ~  Vo[C(r)+2T(r)]. 

(29) 

(30) 

The second piece in (27) and (30) comes from the 

tensor potential which for the deuteron connects S and 

D waves, while in the single channel 3P 0 potential (30) 

the tensor and the central terms simply add; but being 

repulsive in the latter, it produces of  course no 3P 0 bound 

state. In the meson-meson analogue, there is a similar 

situation in the pseudoscalar channels (cf. Fig. 2), but 

with the essential difference that the potential is attrac- 

tive. 
On the other hand, for the 1S o and 1P 1 states the tensor 

potential is absent. For  the former, the 1S0, the relative 

coupling number is equally large as for the deuteron 

7NN= 25/3, but the absence of the tensor piece weakens 

the potential enough not to have a bound state. 

There are a few important points to be learned from 
the deuteron and the N N  system, which are essential also 

for the present application to meson-meson states: 

〈3S1|S12|
3S1〉 〈3S1|S12|

3D1〉

S12 〈3D1|S12|
3D1〉

[Z. Phys. C 61, 525]

https://dx.doi.org/10.1007/BF01413192
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Bind color-neutral objects with color-neutral residual QCD force
Prime reference: deuteron, a stable proton + neutron bound state

md = 1875.6 MeV, mp + mn = 1877.8 MeV ⇒ Eb = 2.2 MeV

Wave-function: |ψd〉 = u(r)|3S1〉+ w(r)|3D1〉 with 〈w(r)〉 ≈
√
0.04

Potential: Vd (r) = −25
3 V0

[(
1 0
0 1

)
C(r) +

(
0
√
8√

8 −2

)
T (r)

]

Binding energy small net effect since other exchanges
and scales are involved  mechanism qualitatively
understood ⇒ can QCD exotica help to resolve details?

For QCD exotica: tensor potential assumed to be
crucial in all mesonic molecules
Quark exchange and other binding mechanisms for
exotic molecules under investigation

p nπ

r1 − r2

p nππ

r1 − r2

p nρ/ω

r1 − r2

〈3S1|S12|
3S1〉 〈3S1|S12|

3D1〉

S12 〈3D1|S12|
3D1〉
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Diquarks have long history as proposed constituents of baryons.
Evidence from lattice-QCD [PRL 97 222002]

Quarks couple as 3⊗ 3 = 6⊕ 3̄ to diquarks (δ) in color-space.
3̄ is attractive color-channel (coupling half as strong as color-singlet!)
System bound by fundamental QDC forces  expect states for all spin and
isospin combinations

q1

q3

q̄2

q̄4

δ δ̄

http://dx.doi.org/10.1103/PhysRevLett.97.222002
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Diquarks have long history as proposed constituents of baryons.
Evidence from lattice-QCD [PRL 97 222002]

Quarks couple as 3⊗ 3 = 6⊕ 3̄ to diquarks (δ) in color-space.
3̄ is attractive color-channel (coupling half as strong as color-singlet!)
System bound by fundamental QDC forces  expect states for all spin and
isospin combinations
Constrain this large number of states by e.g. dynamical diquarks [PRL 113 112001]

δ3̄δ̄3 pair produced at high relative momentum
kinetic energy between δ and δ̄ not sufficient to create qq̄ from vacuum, but
gradually converted in potential energy of color flux tube due to confinement
hadronization via large r tails of mesonic wave functions  smaller decay widths

Other proposed mechanisms with special focus on proximity to open channel
thresholds: hybrid tetraquarks [PLB 758, 292], tetraquark cusps [PRD 91, 094025]

http://dx.doi.org/10.1103/PhysRevLett.97.222002
https://doi.org/10.1103/PhysRevLett.113.112001
http://dx.doi.org/10.1016/j.physletb.2016.05.028
https://doi.org/10.1103/PhysRevD.91.094025
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Table 2: Candidates for QCD exotica roughly organized by mass. Quantum numbers that have not been measured, but are assumed, are
listed in parentheses. Unknown quantum numbers are left blank or are indicated with a question mark. References for mass and width values
are given in the mass column. When only a single value has been measured or there is one dominant measurement, the value from the original
reference is used. Otherwise, we quote the PDG average. References for the production processes and decay modes are given in Table 1.

Particle IGJPC Mass [MeV] Width [MeV] Production and Decay

X(3823) (ψ2(1D)) (0−2−−) 3822.2± 1.2 [170] < 16
B → KX; X → γχc1

e+e− → π+π−X; X → γχc1

X(3872) 0+1++ 3871.69± 0.17 [170] < 1.2

B → KX; X → π+π−J/ψ
B → KX; X → D∗0D̄0

B → KX; X → γJ/ψ, γψ(2S)
B → KX; X → ωJ/ψ

B → KπX; X → π+π−J/ψ
e+e− → γX; X → π+π−J/ψ

pp or pp̄→ X + any.; X → π+π−J/ψ

Zc(3900) 1+1+− 3886.6± 2.4 [170] 28.1± 2.6
e+e− → πZ; Z → πJ/ψ
e+e− → πZ; Z → D∗D̄

X(3915)
0+0++ 3918.4± 1.9 [170] 20± 5

γγ → X; X → ωJ/ψ
Y (3940) B → KX; X → ωJ/ψ

Z(3930) (χc2(2P )) 0+2++ 3927.2± 2.6 [170] 24± 6 γγ → Z; Z → DD̄

X(3940) 3942+7
−6 ± 6 [38] 37+26

−15 ± 8 e+e− → J/ψ +X; X → DD̄∗

Y (4008) 1−− 3891± 41± 12 [22] 255± 40± 14 e+e− → Y ; Y → π+π−J/ψ

Zc(4020) 1+??− 4024.1± 1.9 [170] 13± 5
e+e− → πZ; Z → πhc
e+e− → πZ; Z → D∗D̄∗

Z1(4050) 1−??+ 4051± 14+20
−41 [128] 82+21+47

−17−22 B → KZ; Z → π±χc1

Zc(4055) 1+??− 4054± 3± 1 [142] 45± 11± 6 e+e− → π∓Z; Z → π±ψ(2S)

Y (4140) 0+1++ 4146.5± 4.5+4.6
−2.8 [120] 83± 21+21

−14

B → KY ; Y → φJ/ψ
pp or pp̄→ Y + any.; Y → φJ/ψ

X(4160) 4156+25
−20 ± 15 [38] 139+111

−61 ± 21 e+e− → J/ψ +X; X → D∗D̄∗

Zc(4200) 1+1+− 4196+31+17
−29−13 [43] 370+70+70

−70−132 B → KZ; Z → π±J/ψ
Y (4230) 0−1−− 4230± 8± 6 [143] 38± 12± 2 e+e− → Y ; Y → ωχc0

Zc(4240) 1+0−− 4239± 18+45
−10 [133] 220± 47+108

−74 B → KZ; Z → π±ψ(2S)
Z2(4250) 1−??+ 4248+44+180

−29−35 [128] 177+54+316
−39−61 B → KZ; Z → π±χc1

Y (4260) 0−1−− 4251± 9 [170] 120± 12 e+e− → Y ; Y → ππJ/ψ

Y (4274) 0+1++ 4273.3± 8.3+17.2
−3.6 [120] 52± 11+8

−11 B → KY ; Y → φJ/ψ

X(4350) 0+??+ 4350.6+4.6
−5.1 ± 0.7 [164] 13+18

−9 ± 4 γγ → X; X → φJ/ψ
Y (4360) 1−− 4346± 6 [170] 102± 10 e+e− → Y ; Y → π+π−ψ(2S)

Zc(4430) 1+1+− 4478+15
−18 [170] 181± 31

B → KZ; Z → π±J/ψ
B → KZ; Z → π±ψ(2S)

X(4500) 0+0++ 4506± 11+12
−15 [120] 92± 21+21

−20 B → KX; X → φJ/ψ

X(4630) 1−− 4634+8+5
−7−8 [144] 92+40+10

−24−21 e+e− → X; X → ΛcΛ̄c

Y (4660) 1−− 4643± 9 [170] 72± 11 e+e− → Y ; Y → π+π−ψ(2S)
X(4700) 0+0++ 4704± 10+14

−24 [120] 120± 31+42
−33 B → KX; X → φJ/ψ

Pc(4380) 4380± 8± 29 [34] 205± 18± 86 Λb → KPc; Pc → pJ/ψ
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e+e− → πZ; Z → B∗B̄∗

Yb(10888) 0−1−− 10891± 4 [170] 54± 7
e+e− → Y ; Y → ππΥ(1S, 2S, 3S)
e+e− → Y ; Y → ππhb(1P, 2P )
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Figure 7: Timeline of discoveries of heavy-quark exotic candidates.
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signal. To determine an upper limit on the total width, we

repeated the fits using a resolution-broadened Breit-

Wigner (BW) function to represent the signal. This fit

gives a BW width parameter that is consistent with zero:

 � 1:4� 0:7 MeV. From this we infer a 90% confidence

level (C.L.) upper limit of  < 2:3 MeV.

The open histogram in Fig. 3(a) shows the ����

invariant mass distribution for events in a �5 MeV win-

dow around the X�3872� peak; the shaded histogram

shows the corresponding distribution for events in the

nonsignal �E-Mbc region, normalized to the signal

area. The ���� invariant masses tend to cluster near

the kinematic boundary, which is around the " mass; the

entries below the " are consistent with background. For

comparison, we show the ���� mass distribution for the

 0 events in Fig. 3(b), where the horizontal scale is shifted

and expanded to account for the different kinematically

allowed region. This distribution also peaks near the

upper kinematic limit, which in this case is near 590 MeV.

We determine a ratio of product branching fractions

for B� ! K�X�3872�, X�3872� ! ����J= and B� !
K� 0,  0 ! ����J= to be

B�B� ! K�X�3872��
B�X�3872� ! ����J= �

B�B� ! K� 0� 
B� 0 ! ����J= �
� 0:063� 0:012�stat� � 0:007�syst�:

Here the systematic error is mainly due to the uncertain-

ties in the efficiency for the X�3872� ! ����J= chan-

nel, which is estimated with MC simulations that use

different models for the decay [13].

The decay of the 3Dc2 charmonium state to ��c1 is an

allowed E1 transition with a partial width that is ex-

pected to be substantially larger than that for the

����J= final state; e.g., the authors of Ref. [4] pre-

dict  �3Dc2 ! ��c1� > 5
  �3Dc2 ! ����J= �. We

searched for an X�3872� signal in the ��c1 decay chan-

nel, concentrating on the �c1 ! �J= final state.

We select events with the same J= ! ‘�‘� and

charged kaon requirements plus two photons, each with

energy more than 40 MeV. We reject photons that form a

�0 when combined with any other photon in the event. We

require one of the �J= combinations to satisfy

398 MeV< �M�‘�‘� �M‘�‘��< 423 MeV (correspond-

ing to �15 MeV< �M�J= �M�c1
�< 10 MeV). In the

following we use M��c1 � M��‘�‘� �M�‘�‘� �MPDG
�c1 ,

where MPDG
�c1 is the PDG �c1 mass value [9].

The B! K��c1, �c1 ! �J= decay processes have a

large combinatoric background from B! K�c1 decays

plus an uncorrelated � from the accompanying B meson.

This background produces a peaking at positive �E val-

ues that is well separated from zero and is removed by the

�E< 30 MeV requirement. Because of the complicated

�E background shape and its correlation with Mbc, we do

not include �E in the likelihood fit. Instead, we perform

an unbinned fit to the M��c1 and Mbc distributions with

the same signal and background PDFs for Mbc and M��c1
that are used for the ����J= fits. We fix the Gaussian

widths at their MC values, and the  0 and X�3872� masses

at the values found from the fits to the ����J= chan-

nels. The signal yields and background parameters are

allowed to float.

The signal-band projections of Mbc and M��c1 for the

 0 region are shown in Figs. 4(a) and 4(b), respectively,

together with curves that show the results of the fit. The

fitted signal yield is 34:1� 6:9� 4:1 events, where the

first error is statistical and the second is a systematic error

determined by varying the Mbc and M��c1
resolutions

over their allowed range of values. The number of ob-

served events is consistent with the expected yield of

26� 4 events based on the known B! K 0 and  0 !
��c1 branching fractions [9] and the MC-determined

acceptance.

The results of the application of the same procedure

to the X�3872� mass region are shown in Figs. 4(c) and

4(d). Here, no signal is evident; the fitted signal yield is
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signal. To determine an upper limit on the total width, we

repeated the fits using a resolution-broadened Breit-

Wigner (BW) function to represent the signal. This fit

gives a BW width parameter that is consistent with zero:

 � 1:4� 0:7 MeV. From this we infer a 90% confidence

level (C.L.) upper limit of  < 2:3 MeV.

The open histogram in Fig. 3(a) shows the ����

invariant mass distribution for events in a �5 MeV win-

dow around the X�3872� peak; the shaded histogram

shows the corresponding distribution for events in the

nonsignal �E-Mbc region, normalized to the signal

area. The ���� invariant masses tend to cluster near

the kinematic boundary, which is around the " mass; the

entries below the " are consistent with background. For

comparison, we show the ���� mass distribution for the

 0 events in Fig. 3(b), where the horizontal scale is shifted

and expanded to account for the different kinematically

allowed region. This distribution also peaks near the

upper kinematic limit, which in this case is near 590 MeV.

We determine a ratio of product branching fractions

for B� ! K�X�3872�, X�3872� ! ����J= and B� !
K� 0,  0 ! ����J= to be

B�B� ! K�X�3872��
B�X�3872� ! ����J= �

B�B� ! K� 0� 
B� 0 ! ����J= �
� 0:063� 0:012�stat� � 0:007�syst�:

Here the systematic error is mainly due to the uncertain-

ties in the efficiency for the X�3872� ! ����J= chan-

nel, which is estimated with MC simulations that use

different models for the decay [13].

The decay of the 3Dc2 charmonium state to ��c1 is an

allowed E1 transition with a partial width that is ex-

pected to be substantially larger than that for the

����J= final state; e.g., the authors of Ref. [4] pre-

dict  �3Dc2 ! ��c1� > 5
  �3Dc2 ! ����J= �. We

searched for an X�3872� signal in the ��c1 decay chan-

nel, concentrating on the �c1 ! �J= final state.

We select events with the same J= ! ‘�‘� and

charged kaon requirements plus two photons, each with

energy more than 40 MeV. We reject photons that form a

�0 when combined with any other photon in the event. We

require one of the �J= combinations to satisfy

398 MeV< �M�‘�‘� �M‘�‘��< 423 MeV (correspond-

ing to �15 MeV< �M�J= �M�c1
�< 10 MeV). In the

following we use M��c1 � M��‘�‘� �M�‘�‘� �MPDG
�c1 ,

where MPDG
�c1 is the PDG �c1 mass value [9].

The B! K��c1, �c1 ! �J= decay processes have a

large combinatoric background from B! K�c1 decays

plus an uncorrelated � from the accompanying B meson.

This background produces a peaking at positive �E val-

ues that is well separated from zero and is removed by the

�E< 30 MeV requirement. Because of the complicated

�E background shape and its correlation with Mbc, we do

not include �E in the likelihood fit. Instead, we perform

an unbinned fit to the M��c1 and Mbc distributions with

the same signal and background PDFs for Mbc and M��c1
that are used for the ����J= fits. We fix the Gaussian

widths at their MC values, and the  0 and X�3872� masses

at the values found from the fits to the ����J= chan-

nels. The signal yields and background parameters are

allowed to float.

The signal-band projections of Mbc and M��c1 for the

 0 region are shown in Figs. 4(a) and 4(b), respectively,

together with curves that show the results of the fit. The

fitted signal yield is 34:1� 6:9� 4:1 events, where the

first error is statistical and the second is a systematic error

determined by varying the Mbc and M��c1
resolutions

over their allowed range of values. The number of ob-

served events is consistent with the expected yield of

26� 4 events based on the known B! K 0 and  0 !
��c1 branching fractions [9] and the MC-determined

acceptance.

The results of the application of the same procedure

to the X�3872� mass region are shown in Figs. 4(c) and

4(d). Here, no signal is evident; the fitted signal yield is
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The LHCb detector is a single-arm forward spectrometer

covering the pseudorapidity range 2 < η < 5, described

in detail in Refs. [18,19]. The Xð3872Þ candidate selec-

tion, which is based on reconstructing Bþ
→ ðJ=ψ→μþμ−Þ

πþπ−Kþ candidates using particle identification informa-

tion and transverse momentum (pT) thresholds and requir-

ing separation of tracks and the Bþ vertex from the primary

pp interaction vertex, is improved relative to that of

Ref. [17]. The signal efficiency is increased by lowering

requirements on pT for muons from 0.90 to 0.55 GeV and

for hadrons from 0.25 to 0.20 GeV. The background is

further suppressed without significant loss of signal by

requiring Q < 250 MeV. The Xð3872Þ mass resolution

(σΔM) is improved from about 5.5 to 2.8 MeV by

constraining the Bþ candidate to its known mass and

requiring its momentum to point to a pp collision vertex

in the kinematic fit of its decay. The distribution of ΔM≡

Mðπþπ−J=ψÞ −MðJ=ψÞ is shown in Fig. 1. A Crystal Ball

function [20] with symmetric tails is used to model the

signal shape, while the background is assumed to be linear.

An unbinned maximum-likelihood fit yields 1011� 38

Bþ
→ Xð3872ÞKþ decays and 1468� 44 background

entries in the 725 < ΔM < 825 MeV range used in the

angular analysis. The signal purity is 80% within 2.5σΔM
from the signal peak. From studying the Kþπþπ− mass

distribution, the dominant source of the background is

found to be Bþ
→J=ψK1ð1270Þ

þ, K1ð1270Þ
þ
→ Kþπþπ−

decays.

Angular correlations in the Bþ decay chain are analyzed

using an unbinned maximum-likelihood fit to determine the

Xð3872Þ quantum numbers and orbital angular momentum

in its decay. The probability density function (P) for each

JPC hypothesis, JX, is defined in the five-dimensional

angular spaceΩ≡ðcosθX;cosθρ;ΔϕX;ρ;cosθJ=ψ ;ΔϕX;J=ψ Þ,

where θX, θρ and θJ=ψ are the helicity angles [21–23] in the

Xð3872Þ, ρ0 and J=ψ decays, respectively, and ΔϕX;ρ,

ΔϕX;J=ψ are the angles between the decay planes of the

Xð3872Þ particle and of its decay products. The quantity P

is the normalized product of the expected decay matrix

element (M) squared and of the reconstruction

efficiency (ϵ), PðΩjJXÞ ¼ jMðΩjJXÞj
2ϵðΩÞ=IðJXÞ, where

IðJXÞ ¼
R

jMðΩjJXÞj
2ϵðΩÞdΩ. The efficiency is averaged

over the πþπ− mass using a simulation [24–28] of the

Xð3872Þ→ ρ0J=ψ , ρ0 → πþπ− decay. The line shape of

the ρ0 resonance can change slightly depending on the

Xð3872Þ spin hypothesis. The effect on ϵðΩÞ is very small

and is neglected. The angular correlations are obtained

using the helicity formalism [16],

jMðΩjJXÞj
2 ¼

X

Δλμ¼−1;þ1

j
X

λJ=ψ ;λρ¼−1;0;þ1

AλJ=ψ ;λρ
D

JX
0;λJ=ψ−λρ

ð0; θX; 0Þ
�

D1

λρ;0
ðΔϕX;ρ; θρ; 0Þ

�

D1

λJ=ψ ;Δλμ
ðΔϕX;J=ψ ; θJ=ψ ; 0Þ

�j2; ð1Þ

where the λ’s are particle helicities, Δλμ ¼ λμþ − λμ− and

DJ
λ1;λ2

are Wigner functions [21–23]. The helicity cou-

plings, AλJ=ψ ;λρ
, are expressed in terms of the LS couplings,

BLS, with the help of Clebsch-Gordan coefficients, where L

is the orbital angular momentum between the ρ0 and the

J=ψ mesons, and S is the sum of their spins,

AλJ=ψ ;λρ
¼
X

L

X

S

BLS

 

JJ=ψ Jρ S

λJ=ψ −λρ λJ=ψ −λρ

!

×

�

L S JX

0 λJ=ψ −λρ λJ=ψ −λρ

�

: ð2Þ

Possible values of L are constrained by parity conservation,

PX ¼ PJ=ψPρð−1Þ
L ¼ ð−1ÞL. In the previous analyses

[14,16,17], only the minimal value of the angular momen-

tum, Lmin, was allowed. Thus, for the preferred J
PC ¼ 1þþ

hypothesis, the D wave was neglected allowing only

S-wave decays. In this work all L values are allowed in

Eq. (2). The corresponding BLS amplitudes are listed in

Table I. Values of JX up to 4 are analyzed. Since the orbital

angular momentum in the Bþ decay equals JX, high values
are suppressed by the angular momentum barrier. In fact,

the highest observed spin of any resonance produced in B
decays is 3 [29,30]. Since P is insensitive to the overall

normalization of the BLS couplings and to the phase of the

matrix element, the BLS amplitude with the lowest L and S
is set to the arbitrary reference value (1,0). The set of

other possible complex BLS amplitudes, which are free

parameters in the fit, is denoted as α.
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FIG. 1 (color online). Distribution of ΔM for Bþ
→

J=ψKþπþπ− candidates. The fit of the Xð3872Þ signal is
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lines represent the total fit, signal component and background

component, respectively.
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mD0+D∗0 = 3871.68± 0.07 MeV. Quantum numbers JPC = 1++.
Charmonium candidate χ′c1 expected at higher mass
Width < 1.2 MeV @ 90% CL despite being above open charm threshold
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mD0+D∗0 = 3871.68± 0.07 MeV. Quantum numbers JPC = 1++.
Charmonium candidate χ′c1 expected at higher mass
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Significant isospin violation
B(X (3872)→ J/ψω(I=0))
B(X (3872)→ J/ψρ(I=1)) = 0.8± 0.3
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mD0+D∗0 = 3871.68± 0.07 MeV. Quantum numbers JPC = 1++.
Charmonium candidate χ′c1 expected at higher mass
Width < 1.2 MeV @ 90% CL despite being above open charm threshold

Significant isospin violation
B(X (3872)→ J/ψω(I=0))
B(X (3872)→ J/ψρ(I=1)) = 0.8± 0.3

Production rate in pp and pp collisions inconsistent with the expectaions of
D0D∗0 molecule. Production ratio w.r.t ψ(2S) independent of pT
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Mass mX(3872) = 3871.69± 0.17 MeV coincides with the D0D∗0 threshold
mD0+D∗0 = 3871.68± 0.07 MeV. Quantum numbers JPC = 1++.
Charmonium candidate χ′c1 expected at higher mass
Width < 1.2 MeV @ 90% CL despite being above open charm threshold

Significant isospin violation
B(X (3872)→ J/ψω(I=0))
B(X (3872)→ J/ψρ(I=1)) = 0.8± 0.3

Production rate in pp and pp collisions inconsistent with the expectaions of
D0D∗0 molecule. Production ratio w.r.t ψ(2S) independent of pT

Large B to open charm B(X (3872)→ D0D∗0 + c.c.)
B(X (3872)→ J/ψπ+π−) = 9.2± 2.9
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Discovered by Belle in 2003 in B± → [J/ψπ+π−]X(3872)K± decays
Mass mX(3872) = 3871.69± 0.17 MeV coincides with the D0D∗0 threshold
mD0+D∗0 = 3871.68± 0.07 MeV. Quantum numbers JPC = 1++.
Charmonium candidate χ′c1 expected at higher mass
Width < 1.2 MeV @ 90% CL despite being above open charm threshold

Significant isospin violation
B(X (3872)→ J/ψω(I=0))
B(X (3872)→ J/ψρ(I=1)) = 0.8± 0.3

Production rate in pp and pp collisions inconsistent with the expectaions of
D0D∗0 molecule. Production ratio w.r.t ψ(2S) independent of pT

Large B to open charm B(X (3872)→ D0D∗0 + c.c.)
B(X (3872)→ J/ψπ+π−) = 9.2± 2.9

No hint for isospin partners



gE
xp
er
im

en
ts
:
X(

38
72
)

12 / 1

Discovered by Belle in 2003 in B± → [J/ψπ+π−]X(3872)K± decays
Mass mX(3872) = 3871.69± 0.17 MeV coincides with the D0D∗0 threshold
mD0+D∗0 = 3871.68± 0.07 MeV. Quantum numbers JPC = 1++.
Charmonium candidate χ′c1 expected at higher mass
Width < 1.2 MeV @ 90% CL despite being above open charm threshold

Significant isospin violation
B(X (3872)→ J/ψω(I=0))
B(X (3872)→ J/ψρ(I=1)) = 0.8± 0.3

Production rate in pp and pp collisions inconsistent with the expectaions of
D0D∗0 molecule. Production ratio w.r.t ψ(2S) independent of pT

Large B to open charm B(X (3872)→ D0D∗0 + c.c.)
B(X (3872)→ J/ψπ+π−) = 9.2± 2.9

No hint for isospin partners
D wave fraction < 4% @ 95 % CL
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Discovered by Belle in 2003 in B± → [J/ψπ+π−]X(3872)K± decays
Mass mX(3872) = 3871.69± 0.17 MeV coincides with the D0D∗0 threshold
mD0+D∗0 = 3871.68± 0.07 MeV. Quantum numbers JPC = 1++.
Charmonium candidate χ′c1 expected at higher mass
Width < 1.2 MeV @ 90% CL despite being above open charm threshold

Significant isospin violation
B(X (3872)→ J/ψω(I=0))
B(X (3872)→ J/ψρ(I=1)) = 0.8± 0.3

Production rate in pp and pp collisions inconsistent with the expectaions of
D0D∗0 molecule. Production ratio w.r.t ψ(2S) independent of pT

Large B to open charm B(X (3872)→ D0D∗0 + c.c.)
B(X (3872)→ J/ψπ+π−) = 9.2± 2.9

No hint for isospin partners
D wave fraction < 4% @ 95 % CL
B(X (3872)→ ψ(2S)γ)
B(X (3872)→ J/ψγ) = 2.6± 0.6
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Pure charmonium ruled out by mass, width, isospin violation
Production in hadron collisions and radiative decays difficult to explain in
molecular models
Absence of charged modes problematic for diquark picture.
How to take D0D∗0 threshold into account?
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Pure charmonium ruled out by mass, width, isospin violation
Production in hadron collisions and radiative decays difficult to explain in
molecular models
Absence of charged modes problematic for diquark picture.
How to take D0D∗0 threshold into account?

Most attractive solution currently is a cc-DD∗ hybrid

Small (O(5%)) χ′c1 and D±D∗∓ components, large D0D∗0 + c.c. component

Binding from cc-DD∗ couplings rather than molecular D-D∗ attraction

Production via χ′c1 component

Isospin naturally "violated"
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Discovered by Belle in 2007 in B → [ψ(2S)π±]Z(4430)±K
⇒ minimal quark content ccud + c.c.

mass to be greater than 0.44 GeV and jM�����‘�‘�� �
M�‘�‘�� � 0:589 GeVj< 0:0076 GeV, which is �2:5�,

where � is the rms resolution.

We suppress continuum e�e� ! q �q events, where q �
u, d, s or c, by requiring R2 < 0:4, where R2 is the second

normalized Fox-Wolfram event-shape moment [19]. We

also require j cos�Bj< 0:9, where �B is the angle between

the B meson and e� beam directions [20].

We identify B mesons using the beam-constrained mass

Mbc �
������������������������

E2
beam

� p2
B

q

and the energy difference �E �

Ebeam � EB, where Ebeam is the c.m.s. beam energy, pB
is the vector sum of the c.m.s. momenta of the B meson

decay products and EB is their c.m.s. energy sum. We

select events with jMbc �mBj< 0:0071 GeV (mB �
5:279 GeV, is the world-average B-meson mass [21]) and

j�Ej< 0:034 GeV, which are �2:5�windows around the

nominal peak values.

The invariant mass of the selected B! K� 0 candidate

tracks is kinematically constrained to equal mB. This im-

proves the  0 ! ‘�‘� (J= ! ‘�‘�) mass resolution to

� � 4:4 MeV (5.3 MeV). We require M�‘�‘�� computed

with the fitted lepton four-vectors to be within �2:5� of

m 0 (mJ= ), the world-average  0 (J= ) mass [21].

For the  0 ! ‘�‘� mode we compute M�� 0�
as M��‘�‘�� �M�‘�‘�� �m 0 ; for  0 ! ����J= 

decays, we use M�� 0� � M������J= � �

M�����J= � � m 0 . Simulations of the two  0 decay

modes indicate that the experimental resolution for

M��� 0� is � ’ 2:5 MeV for both modes.

Figure 1 shows a Dalitz plot of M2�K��� (horizontal)

vs: M2��� 0� (vertical) for the B! K�� 0 candidate

events. Here, a distinct band at M2
K� ’ 0:8 GeV2, corre-

sponding to B! K	�890� 0; K	�890� ! K�, is evident.

In addition, there are signs of a K	
2
�1430� signal near

M2
K� � 2:0 GeV2. The B! K	�890� 0 events are used

to calibrate the Mbc and �E peak positions and widths.

Some clustering of events in a horizontal band is evident

in the upper half of the Dalitz plot near M2�� 0� ’
20 GeV2. To study these events with the effects of the

known K� resonant states minimized, we restrict our

analysis to the events with jM�K�� �mK	�890�j �

0:1 GeV and jM�K�� �mK	
2
�1430�j � 0:1 GeV. In the fol-

lowing, we refer to this requirement as the K	 veto.

The open histogram in Fig. 2 shows the M��� 0� dis-

tribution for selected events with the K	 veto applied. The

bin width is 10 MeV. The shaded histogram shows the

scaled distribution from �E sidebands (j�E� 0:070j<
0:034 GeV). Here a strong enhancement is evident near

M�� 0� 
 4:43 GeV.

We perform a binned maximum-likelihood fit to the

M�� 0� invariant mass distribution using a relativistic

S-wave Breit Wigner (BW) function to model the peak

plus a smooth phase-space-like function fcont�M�, where

fcont�M� � N contq
	�Q1=2 � A1Q

3=2 � A2Q
5=2�. Here q	

is the momentum of the �� in the � 0 rest frame and Q �
Mmax �M, where Mmax � 4:78 GeV is the maximum

M�� 0� value possible for B! K� 0 decay. The normal-

ization N cont and two shape parameters A1 and A2 are free

parameters in the fit. This form for fcont�M� is chosen

because it mimics two-body phase-space behavior at the

lower and upper mass boundaries. [Since the M�� 0�

FIG. 1. The M2�K�� (horizontal) vs M2�� 0� (vertical)

Dalitz-plot distribution for B0 ! K��� 0 candidate events.
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FIG. 2 (color online). The M��� 0� distribution for events in

the Mbc � �E signal region and with the K	 veto applied. The

shaded histogram show the scaled results from the �E sideband.

The solid curves show the results of the fit described in the text.
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K ∗ (892)
vetoed

K ∗ (1430)
vetoed

[PRL 100 142001]

https://doi.org/10.1103/PhysRevLett.100.142001
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Discovered by Belle in 2007 in B → [ψ(2S)π±]Z(4430)±K
⇒ content ccud + c.c.
Not confirmed by BaBar in 2008 due to dominant Kπ reflections in an
extensive model-independent analysis

band. The dashed curves show the reflection from K��

assuming a flat cos�K distribution. The solid curves are

obtained by weighting each event according to Eq. (35).

The shaded bands associated with the solid curves indicate

the effect of interpolation using �1� normalized moment

values, as described above.

We emphasize that the absolute normalization of the

curves shown in Figs. 21(a) and 21(b) is established by

the scale factor used to normalize each of our ten-million-

event MC samples to the corresponding corrected number

of events, as shown in Figs. 17(a) and 17(b), respectively.

Comparison of the dashed and solid curves of Fig. 21

shows that it is important to modulate the cos�K distribu-

tions using the normalized moment weights of Eq. (35).

Since the individual Piðcos�KÞ functions integrate to zero

over cos�K, the incorporation of the wj weights does not

affect the distributions of Fig. 17. This also means that the

associated dashed and solid curves of Fig. 21 integrate to

the same total number of events.
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FIG. 21 (color online). The c�� mass distributions for the combined decay modes (a) B�;0 ! J=c��K0;þ and

(b) B�;0 ! c ð2SÞ��K0;þ. The points show the data after efficiency correction and �E sideband subtraction. The dashed curves

show the K�� reflection for a flat cos�K distribution, while the solid curves show the result of cos�K weighting. The shaded bands

represent the effect of statistical uncertainty on the normalized moments. In (b), the dot-dashed curve indicates the effect of weighting

with the normalized J=c��K moments. The dashed vertical lines indicate mc�� ¼ 4:433 GeV=c2. In (c) and (d), we show the

residuals (data—solid curve) for (a) and (b), respectively.
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B. AUBERT et al. PHYSICAL REVIEW D 79, 112001 (2009)

112001-22

[PRD 79 112001]

https://doi.org/10.1103/PhysRevD.79.112001
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Discovered by Belle in 2007 in B → [ψ(2S)π±]Z(4430)±K
⇒ content ccud + c.c.
Not confirmed by BaBar in 2008 due to dominant Kπ reflections in an
extensive model-independent analysis
Confirmed by LHCb with 4D amplitude analysis in 2014 at higher mass and
larger width
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[PRL 112 222002]

https://doi.org/10.1103/PhysRevLett.112.222002
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Discovered by Belle in 2007 in B → [ψ(2S)π±]Z(4430)±K
⇒ content ccud + c.c.
Not confirmed by BaBar in 2008 due to dominant Kπ reflections in an
extensive model-independent analysis
Confirmed by LHCb with 4D amplitude analysis in 2014 at higher mass and
larger width

Quantum numbers are JP = 1+, B(Z (4430)± → ψ(2S)π±)
B(Z (4430)± → J/ψπ±) ≈ 10

Currently most attractive interpretations:

DD∗(2S) molecule (D∗(2S) ≡ D∗J (2600)) [PRD 90 074020]

Radially excited, dynamical tetraquark [PRL 113 112001]

Need to search for further decay modes of Z (4430)±

https://doi.org/10.1103/PhysRevD.90.074020
https://doi.org/10.1103/PhysRevLett.113.112001
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Zc(3900)

3.8

3.9

4.0

1+− 1++JPC

4.2

4.3

4.5

Zc(3900)Zc(3900)

Zc(4023)Zc(4023)Zc(4023)

4.4

Zc(4430)
Zc(44300Zc(4430)

4.1

I=1 I=0

Zc(4430)
Zc(44300Zc(4200)

X(3872)

D0D*0 

ρ J/ψ

ω J/ψ

DD* 

π J/ψ

DD* 

π hc

 

π J/ψ

 

π ψ’

mD+mD*

2mD*

mD+mD*(2S)

__

_

1+ states: what we see 

χc1’  +    DD* ?  

_ 

tetraquark + DD* ? 

_ 

_ 
tetraquark + D*D* ? 

* 

≈ψ’


≈J/ψ


ΔM=580 MeV ≈(mψ’ – mJ/ψ) 

tetraquark+DD*(2S) ? 

_ 

no nearby I=1 
1+ thresholds 

tetraquark? 

≈hc


[S. L. Olsen, Blois 2015]

https://indico.cern.ch/event/359229/contributions/1772800/
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Absence of exotica in the light quark sector
No compelling manifestly exotic candidate has been found by experiments

Picturesque view: light quarks more easily "rearrangeable" into conventional
hadrons than the rather static b and c quarks

But, there are lessons to learn from the charmonium and bottomonium sector
which will help to understand the puzzling spectrum of light states

Large number of Tetraquark candidates in the charmonium region
Highly active experimental and theoretical community

There are a huge amount of theoretical predictions waiting to be tested

No model naturally explains all observations  mixing of models likely

All observed exotic states contain cc or bb. Are there open charm/beauty exotica?

Most states observed near thresholds
Exotica are excellent laboratory to study the poorly understood dynamics and
binding mechanisms of QCD
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Broad exotic KN resonances predicted 1976 [SLAC-PUB-1774]

Resonant partial waves claimed in 70’s and early 80’s [PDG, RPP 1992]

HYSI.OP, ARNDT, ROPER,AND %'ORKMAN

0.70., pp'-Q

"+11 -~ &0 O

"
» ----- PP

( )

-0.50'
0 ab(t eV) 2'I 00

0.35..
1

62. This resulted in a y increase of about 100 for the
3663 K+p data below T»b=2650 MeV. Two different
techniques were used to find isoscalar energy-dependent
solutions up to an incident lab kinetic energy of 1100
MeV. The first technique involved initializing to the
single-energy solutions of Hashimoto [2], and Martin and
Oades [9]. The use of two single-energy solutions
guaranteed independent starting points as they differed
greatly. The second technique involved incrementally in-
creasing the range of the energy-dependent fit while also
increasing the number of fitted partial waves. All tech-
niques gave very similar results for the isoscalar partial
waves. The best fit was adopted as the starting point for
a combined data fit with both I =1and I =0waves being
searched. The resulting solution, which we denote as
SP92,is summarized as follows. In addition to the 62 pa-

rameters used to fit the isovector partial waves, 29 pa-
rameters were searched for the isoscalar waves. The iso-
vector result, extending to 2650 MeV, required the in-
clusion of 15 partial waves, up to L =7. The isoscalar
waves, which extend to 1100MeV, require the inclusion
of 9 partial waves, up to L =4. The 3663 K+p elastic
scattering data were fitted with a g of 4875. The remain-
ing database of 1746measurements, contributing mainly
to the isoscalar solution, was fitted with a g of 3181.
The single-energy fits to binned data are compared with
SP92 in Table II. The difference in g between the
single-energy fits and SP92is quite reasonable.

Plots of the real and imaginary parts of the T matrix,
versus the K+ lab kinetic energy, are given in Figs. 1 and
2. Single-energy results are also plotted for comparison.
(Single-energy solutions were not determined for the very
small D05 partial wave, and at only one energy for the

Fp7 wave. ) The real and imaginary parts of the T matrix
are given in terms of 5 and g by (risin25)/2 and
( l —g cos25)/2, respectively. Values of 5 and rI are given
in Table III. In the isoscalar solution, the L =J—

—,
' real

partial-wave amplitudes are negative, while the waves
with L =J+—, are positive. Since the sign of the ReT in-

dicates the sign of the phase shift, the L =J—
—,
' partial-

wave amplitudes suggest repulsive potential effects and,
for the L =J+—,

' amplitudes, attraction. This isoscalar

trend of attractiveness and repulsiveness agrees with the
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62. This resulted in a y increase of about 100 for the
3663 K+p data below T»b=2650 MeV. Two different
techniques were used to find isoscalar energy-dependent
solutions up to an incident lab kinetic energy of 1100
MeV. The first technique involved initializing to the
single-energy solutions of Hashimoto [2], and Martin and
Oades [9]. The use of two single-energy solutions
guaranteed independent starting points as they differed
greatly. The second technique involved incrementally in-
creasing the range of the energy-dependent fit while also
increasing the number of fitted partial waves. All tech-
niques gave very similar results for the isoscalar partial
waves. The best fit was adopted as the starting point for
a combined data fit with both I =1and I =0waves being
searched. The resulting solution, which we denote as
SP92,is summarized as follows. In addition to the 62 pa-

rameters used to fit the isovector partial waves, 29 pa-
rameters were searched for the isoscalar waves. The iso-
vector result, extending to 2650 MeV, required the in-
clusion of 15 partial waves, up to L =7. The isoscalar
waves, which extend to 1100MeV, require the inclusion
of 9 partial waves, up to L =4. The 3663 K+p elastic
scattering data were fitted with a g of 4875. The remain-
ing database of 1746measurements, contributing mainly
to the isoscalar solution, was fitted with a g of 3181.
The single-energy fits to binned data are compared with
SP92 in Table II. The difference in g between the
single-energy fits and SP92is quite reasonable.

Plots of the real and imaginary parts of the T matrix,
versus the K+ lab kinetic energy, are given in Figs. 1 and
2. Single-energy results are also plotted for comparison.
(Single-energy solutions were not determined for the very
small D05 partial wave, and at only one energy for the

Fp7 wave. ) The real and imaginary parts of the T matrix
are given in terms of 5 and g by (risin25)/2 and
( l —g cos25)/2, respectively. Values of 5 and rI are given
in Table III. In the isoscalar solution, the L =J—

—,
' real

partial-wave amplitudes are negative, while the waves
with L =J+—, are positive. Since the sign of the ReT in-

dicates the sign of the phase shift, the L =J—
—,
' partial-

wave amplitudes suggest repulsive potential effects and,
for the L =J+—,

' amplitudes, attraction. This isoscalar

trend of attractiveness and repulsiveness agrees with the
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Argand Plot
Breit-Wigner resonances make full circular counter-clockwise motion

Im(T -matrix)

Re(T -matrix)

here: LI2J ⇒ P13 :

I(JP ) = 1
(

3
2

+
)
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Light quarks as cloud around core made of heavy quarks
Motivated by decay of some states to hidden rather than open charm
Constituents do not need to be color neutral
Spin and wave functions of core are conserved
Binding dynamics:

color van der Waals attraction mainly through chromoelectric dipole
repulsion from Fermi motion ⇒ large effective mass of light constituents to
suppress Fermi motion
wavefunction of light cloud overlaps core entirely contrary to molecular model

Coexistence of molecular and hadrocharmonium in different regimes possible
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Hybrids are hadrons with explicit gluonic degree of freedom
Mostly thought of as quasiparticle "flux tube", but also modelled as
non-local effective constituent
Lattice QCD finds evidence for both
pictures, with a JPC = 1+− quasiparticle at
1 GeV excitation energy in the former
Hybrids may have manifestly exotic
quantum numbers (JPC = 0+−, 1−+)
States consisting of just gluons
("glueballs") are hypothesised as well
No postdiction from hybrids for LHCb’s
pentaquark candidates (that i know of)


