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• Overview on exotic hadrons

• The LHCb detector

• Recent results


• Search for beautiful tetraquarks in the ϒ(1S)µ+µ− invariant-mass 
spectrum


• Evidence for an ηc(1S)π− resonance in B0→ ηc(1S)K+π− decays 


• Model-independent observation of exotic contributions to 
B0→ J/ψK+π− decays


• Summary

Outline
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Exotic hadrons

• B±→ X(3872)K± 
         X(3872) → J/ψπ+π−


• Even after 15 years nature of 
this state is still under 
discussion


• Since then more than 20 new 
exotics states were found

• Quark model was postulated by M. Gell-Mann 
and G. Zweig in 1964 
Phys.Lett. 8 (1964) 214, CERN-TH-412


• Conventional mesons qq− and baryons qqq

• Exotic hadrons — beyond conventional

• Could be various multiquark states, hadron molecules, glueballs, hybrids…


• First charmonium-like state seen by Belle in 2003 PRL 91 (2003) 262001

https://www.sciencedirect.com/science/article/pii/S0031916364920013
http://inspirehep.net/record/4674
https://doi.org/10.1103/PhysRevLett.91.262001
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Exotic hadrons
Commonly used nomenclature


X — neutral, first seen in B-decays, 
positive parity

Y — neutral, first seen the Initial State 
Radiation (ISR) processes, negative parity

Z — charged (and their isospin partners)

P — pentaquarks
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FIG. 65 The current status of the charmonium-like spectrum. The dashed (red) horizontal lines indicate the expected states and their
masses based on recent calculations (39) based on the Godfrey-Isgur relativized potential model (40), supplemented by the calculations
in ref. (332) for high radial excitations of the P-wave states. The solid (black) horizontal lines indicate the experimentally established
charmonium states, with masses and spin-parity (JPC) quantum number assignments taken from ref. (9), and labeled by their spectroscopic
assignment. The open-flavor decay channel thresholds are shown with longer solid (brown) horizontal lines. The candidates for exotic
charmonium-like states are also shown with shorter solid (blue or magenta) horizontal lines with labels reflecting their most commonly
used names. All states are organized according to their quantum numbers given on horizontal axis. The last column includes states with
unknown quantum numbers, the two pentaquark candidates and the lightest charmonium 2�� state. The lines connecting the known
states indicate known photon or hadron transitions between them: dashed-green are � transitions; (thick E1, thin M1), solid-magenta are
⇡; thin (thick) dashed-blue are ⌘ (�); dashed-red are p; dotted-blue are ⇢0 or !; and solid-blue other ⇡⇡ transitions, respectively.

lar states are expected to be near the masses of their
constituent hadrons and have appropriate S-wave JPC

quantum numbers. This is the case for the Zb(10610)
and the Zb(10650), which are within a few MeV of the
BB̄⇤ and B⇤B̄⇤ thresholds, respectively, and applies rea-
sonably well to the Zc(3900) and Zc(4020), which are
' 10 MeV above the DD̄⇤ and D⇤D̄⇤ thresholds, re-
spectively. However, the interpretation of these states
as molecules is controversial. Peaks at masses that are
slightly above threshold are dangerously similar to expec-
tations for kinematically induced cusps (146; 147; 148)
(see Fig. 8b and related text). Anomalous triangle singu-
larities are another mechanism that can produce above-

threshold peaks that are not related to a physical res-
onance (372). Moreover, unlike the X(3872), no evi-
dence for these states have been found in lattice QCD
calculations (373; 374; 375; 376). On the other hand,
detailed studies of the BESIII’s Zc(3900) ! J/ ⇡ and
DD̄⇤ signals (149) and Belle’s corresponding Zb sig-
nals (157; 377; 378) show that the observed peaks can
be identified as virtual states with associated poles in
the complex scattering t-matrices.

The JP = 1+ Z(4430) (now with a mass near
4478 MeV) has been proposed as a radial excitation of the
Zc(3900), comprised of a molecule-like DD̄⇤(2S) configu-
ration (379; 380), where the D⇤(2S) is the radial excita-

Rev.Mod.Phys. 90 (2018) 15003 Many theoretical interpretations 
in discussion

  

Exotic zoo

[S.Olsen,T.Skwarnicki, 
D.Zieminska, arXiv:1708.04012]

Not a very strict naming scheme

X – neutral, first seen in B-mesons decays, 
positive parity

Y – neutral, first seen in ee annihilation 
with initial state radiation, negative 
parity

Z – charged (and their isospin partners)

P – pentaquarks

No clear pattern seen yet
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Lots of predictions within different theoretical models
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Quarkonium 
adjoint meson

„Charmonium-like“ states

Would like not only to find new exotic hadrons, but also determine their 
quantum numbers  4/30

Tightly bound 
tetraquarks

Diquarkonium Meson 
molecules

Hadroquarkonium Quarkonium 
adjoint meson

Charmonium-like states

Further search for new exotic hadrons and determine their properties

https://doi.org/10.1103/RevModPhys.90.015003
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• VELO: impact parameter resolution (15 + 29/pT[GeV/c]) µm, decay time resolution ~45 fs


• Tracking stations, Magnet: momentum resolution ∆p/p = 0.4 % at 5 GeV/c, 1.0 % at 200 GeV/c


• PID efficiency: for e− ~90% with 5% e→h misID, for K ~95% with 5% 𝜋→K misID, for µ ~97% with 1-3% 𝜋→ µ misID


• Calorimetric system: ECAL resolution ~1%⊕9%/√E[GeV] , HCAL resolution ~9%⊕69%/√E[GeV]


• Trigger efficiency: ~90% for dimuon, ~30% for multibody hadronic

The LHCb detector
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Acceptance

~40% of bb− and cc−

B0 : Λ0
b : B0

s ∼ 4 : 2 : 1

JINST 3 (2008) S08005

Int.J.Mod.Phys. A30 (2015) 1530022

JHEP08 (2014) 143

Details are given in the 
talk by Pavel Krokovny

LHCb integrated recorded luminosity in pp 2010-2018

pp

https://www.doi.org/10.1088/1748-0221/3/08/S08005
https://www.doi.org/10.1142/S0217751X15300227
https://link.springer.com/article/10.1007/JHEP08(2014)143
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Search for exotics with LHCb
Exotic hadrons studies at LHCb

• in weak b-hadron decays: 
low combinatorial background 
low signal yield


• in prompt pp-production: 
large combinatorial background 
access to a high mass region

Tools

• angular distributions, Dalitz and Argand plots

• amplitude analysis, model independent approach

• X(3872) 
- production studies EPJ C72 (2012) 1972  
- JPC determination PRL 110 (2013) 222001  
- observation of radiative decays 
Nucl.Phys. B886 (2013) 665


• Z(4430)+ confirmation of resonance nature 
PRL 112 (2014) 222002, PRD 92 (2015) 112009


• Pc(4380)+ and Pc(4450)+ observation 
PRL 115 (2015) 072001, PRL 117 (2016) 082002


• Four resonance states in J/ψ𝜙-system in 
B+→ J/ψ𝜙K+, including confirmation of  
X(4140) and X(4274) PRL 118 (2017) 022003, 
PRD 95 (2017) 012002

Highlights from LHCb

s = 7, 8 TeV

s = 7, 8 TeV
s = 7, 8 TeV

s = 7, 8 TeV

X(4140) X(4274) X(4500) X(4700)Z(4430)+

P
c
(4380)+

P
c
(4450)+

PRL 115 (2015) 072001

PRL 112 (2014) 222002 PRL 118 (2017) 022003

https://www.doi.org/10.1140/epjc/s10052-012-1972-7
https://www.doi.org/10.1103/PhysRevLett.110.222001
https://www.doi.org/10.1016/j.nuclphysb.2014.06.011
https://www.doi.org/10.1103/PhysRevLett.112.222002
https://www.doi.org/10.1103/PhysRevD.92.112009
https://www.doi.org/10.1103/PhysRevLett.115.072001
https://www.doi.org/10.1103/PhysRevLett.117.082002
https://www.doi.org/10.1103/PhysRevLett.118.022003
https://www.doi.org/10.1103/PhysRevD.95.012002
https://www.doi.org/10.1103/PhysRevLett.115.072001
https://www.doi.org/10.1103/PhysRevLett.112.222002
https://www.doi.org/10.1103/PhysRevLett.118.022003
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Search for beautiful tetraquarks
JHEP 10 (2018) 086

• No hadron containing more than two heavy quarks has been observed so far

• Theoretical predictions for X

bb−bb−
: 

- Mass within [18.4; 18.8] GeV/c2


- Mass typically below ηbηb threshold, therefore decay to ϒl+l−(l = e, µ) 

- Cross-section 𝜎(pp → X
bb−bb−

)×Br(X
bb−bb−
 → 2l+2l−) ~ 1fb FERMILAB-PUB-17-395-T 

• Lattice QCD calculations do not find any evidence of this state

Motivation

• Search in ϒ(1S)[→ µ+µ−]µ+µ− spectra

• Normalization decay: ϒ(1S) → µ+µ−

• Data of 6.3fb−1 collected in


- 2011@7TeV, 
- 2012@8TeV, 
- 2015-2017@13TeV

Analysis strategy±2.5𝜎, 
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https://www.doi.org/10.1007/JHEP10(2018)086
https://arxiv.org/abs/1709.09605
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Search for beautiful tetraquarks
JHEP 10 (2018) 086
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ηbηb threshold
ϒ(1S)ϒ(1S) threshold
Background-only fit
Limits setting region

• Cut-based selection

• J/ψ mass veto: m(µ+µ−) ∉ [3050; 3150] MeV/c2 

• X
bb−bb−

 searched in mass range [17.5; 20] GeV/c2 

• Fiducial region: pT(µ±) < 30 GeV/c, 2.0 < y < 4.5

• 𝜎(X
bb−bb−

) ~ 60-70 MeV/c2, multiplied by a 
scaling factor taken from simulation

No significant excess is seen in data, 
therefore upper limit is set for:

S = σ(pp → X) × Br(X → Υ(1S)μ+μ−) ×

• Likelihood profile as a function of S is 
integrated to determine upper limits
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LHCb

σX = k(μX) × σΥ(1S)
k(μX) = p0 + p1(μX − 18 690MeV/c2)

× Br(Υ(1S) → μ+μ−)

https://www.doi.org/10.1007/JHEP10(2018)086
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Eur.Phys.J. C78 (2018) 1019
ηcπ− resonance in B0 → ηcK+π− decays

• Important input for understanding nature of exotic hadrons, in particular of 
Zc(3900)− state discovered in J/ψπ− system by BESIII PRL 111 (2013) 242001


• Zc(3900)− as analogue of quarkonium hybrids → ηcπ− resonance JP = 0+, 1−, 2+ 
(based on lattice QCD) PRL 111 (2013) 162003 

• Zc(3900)− as hadrocharmonium → ηcπ− resonance m = 3800 MeV/c2  
PRD 87 (2013) 091501


• Diquark model → ηcπ− resonance below the open-charm threshold JP = 0+ 
PRD 71 (2005) 014028

Motivation

therefore, search for an ηcπ
− resonance in B0 → ηcK

+π− decays

https://www.doi.org/10.1140/epjc/s10052-018-6447-z
https://www.doi.org/10.1103/PhysRevLett.111.242001
https://www.doi.org/10.1103/PhysRevLett.111.162003
https://www.doi.org/10.1103/PhysRevD.87.091501
https://www.doi.org/10.1103/PhysRevD.71.014028
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Eur.Phys.J. C78 (2018) 1019
ηcπ− resonance in B0 → ηcK+π− decays

sPlot
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• Reconstruction using ηc → pp− mode

• Normalization decay: B0 → J/ψ[→ pp−]K+π−

• Reconstruction and selection efficiencies 

largely cancel in the ratio

• Data of 4.7fb−1 collected in

- 2011@7TeV, 
- 2012@8TeV, 
- 2016@13TeV

B(B0 →ηcK
+π − ) = (5.73 ± 0.24 (stat) ± 0.13 (syst) ± 0.66) × 10−4

Dominant uncertainty from external branching fractions

Branching fraction

B0 → pp−K+π−

Nηc
= 2105 ± 75

NJ /ψ = 5899 ± 86

N ≈ 30000

B0 → cc−[→ pp−]K+π−

https://www.doi.org/10.1140/epjc/s10052-018-6447-z
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Eur.Phys.J. C78 (2018) 1019
ηcπ− resonance in B0 → ηcK+π− decays

• Fit model: signal + non-resonant + combinatorial

• Decay amplitude: sum of resonant K+π− + non-

resonant processes

• Six K*0 resonances give significant contributions

• Exotic Zc(4100)− → ηcπ− contribution added to 

improve the fit
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sPlot

2D fit m(pp−K+π−)-m(pp−) for Run-I and Run-II

Dalitz plot analysis

https://www.doi.org/10.1140/epjc/s10052-018-6447-z
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Eur.Phys.J. C78 (2018) 1019
ηcπ− resonance in B0 → ηcK+π− decays

K+π− only contributions
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• Good description is achieved by adding an exotic Zc(4100)− → ηcπ− component

• Evidence for exotic Zc(4100)− resonance (3.4𝜎 significance considering systematics)

• Both JP= 0+ and JP= 1− are consistent with the data


•  


• Quasi-two-body branching fraction: 

B(B0 → Zc(4100)
−K +− , Zc(4100)

− →ηcπ
−+− ) = (1.89 ± 0.64 −0.67

+0.73) × 10−5

M = 4096 ± 20+18
−22 MeV/c2, Γ = 152 ± 58+60

−35 MeV

K+π− and ηcπ− contributions

https://www.doi.org/10.1140/epjc/s10052-018-6447-z
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Exotic contributions to B0→ J/ψK+π−

• Zc(4430)− state discovered by Belle in Zc(4430)− → ψ(2S)π− PRL 100 (2008) 142001

• not confirmed by BaBar PRD 79 (2009) 112001

• confirmed by LHCb PRL 112 (2014) 222002


• Zc(4430)− → J/ψπ− not yet confirmed

• Belle find evidence for Zc(4430)− → J/ψπ− in B0→ J/ψK+π−, and also observed a 

new state Zc(4200)− → J/ψπ− PRD 90 (2014) 112009

Submitted to PRL 
arXiv:1901.05745Motivation

• Large statistics of ~5×105 events allow 
independent fits in bins over m(K+π−) 

• Purity > 90% in all m(K+π−) bins


Analysis strategy

s = 7, 8 TeV

• Poor knowledge of the conventional K*0 spectrum

• To bypass the problem the model-independent approach 

only requiring knowledge of the Jmax (highest spin of K*0 
contributions) is used

https://www.doi.org/10.1103/PhysRevLett.100.142001
https://www.doi.org/10.1103/PhysRevD.79.112001
https://doi.org/10.1103/PhysRevLett.112.222002
https://doi.org/10.1103/PhysRevD.90.112009
https://arxiv.org/abs/1901.05745
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Exotic contributions to B0→ J/ψK+π−

Region dominated by the K*(892)0 Outside K*(892)0 region

s = 7, 8 TeV
s = 7, 8 TeV

Observation of exotic contributions in a model-independent way

• Kinematic variables: m(K+π−), 𝜒, 𝜃l, 𝜃V

• 3D angular fits in bins of m(K+π−)

• Fit model includes only K*0 contributions with 

allowed J up to Jmax

• Fine m(K+π−) binning: conclusion is independent 

of K*0 line shapes

Submitted to PRL 
arXiv:1901.05745

• Need unphysical Jmax=15 to describe data.

https://arxiv.org/abs/1901.05745
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s = 7, 8 TeV
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Submitted to PRL 
arXiv:1901.05745

Exotic contributions to B0→ J/ψK+π−

• Some structure at 
m(J/ψπ−) ≈ 4600 MeV/c2


• Indications of the Z(4200)− seen by Belle

• The likelihood ratio test demonstrates 
that data reject K*0 only hypothesis with 
10σ significance

The nature of the non-K*0 contributions can be investigated 
with a future amplitude analysis

Dalitz plot for background-subtracted data

https://arxiv.org/abs/1901.05745
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Conclusion

• The LHCb experiment provides a significant contribution to the 
knowledge of exotic hadron spectroscopy:


• Search for beautiful tetraquarks Xbb−bb−  → ϒ(1S)µ+µ−, upper limit is set


• Evidence for an ηc(1S)π− resonance in B0→ ηc(1S)K+π− decays


• Model-independent observation of exotic contributions to 
B0→ J/ψK+π− decays


• The analyses presented are based on only part of Run-II data


• Looking forward for new results from analyses of 9 fb−1 of full Run-I and 
Run-II data sample!

For the recent charm and charmonium results from LHCb 
see further talks by Ivan Belyaev and Alexey Dzyuba


