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QCD and exotic hadrons

It is impossible to derive the hadron spectrum analytically from the QCD
Lagrangian, and besides Lattice QCD, which tries to solve the problem
numerically, many phenomenological models were proposed.

LQCD = −1
4

F A
αβFαβ

A +
∑

flavors

q̄A(iγµDµ −m)ABqB + Lgauge−fixing + Lghost

The quark model
categorised hadrons
successfully into two
families: mesons and
baryons, composed of a
quark-antiquark pair or
three quarks
correspondingly.
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QCD and exotic hadrons

The QCD allows much richer hadron
spectrum. Even in 1964 Gell-Mann and
Zweig proposing a quark model expected
not only existence of mesons qq̄ and
baryons qqq but also the possible
existence of tetraquarks qq̄qq̄ and
pentaquarks qqqqq̄.

In QCD gluons not only mediate
interactions but also carry a color charge
and may form a color singlet called
glueball. Excited glue can also contribute
to the quantum numbers of qq̄ system
forming hybrid mesons.

"Exotic" states or "exotic" quantum
numbers are such only in the context of
naive quark model are truly legitimate
QCD states.

In the quark model the parity of a neutral meson is

P = (−1)L+1 and C = (−1)L+S . The sequence

of quantum numbers JPC : 0−−, 0+−, 1−+, 2+−

is not allowed in a simple qq̄ system and they are

known as explicitly exotic.
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The charmonium spectrum

[S.Godfrey, arXiv:0910.3409v2]
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X,Y,Z - states
Since 2003 many charmonium-like states not fitting well into conventional
charmonium spectra have been observed in different production mechanisms:

Recently the family of exotic mesons resonances has been increased by
exotic baryon resonances in J/Ψp discovered by LHCb.
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The LHCb experiment [Int. J. Mod. Phys. A 30 (2015) 1530022]

LHCb is a single-arm spectrometer which exploits the correlated production of
bb̄ and cc̄pairs in the LHC environment.
Covering 4 % of solid angle (2 < η < 5) it contains 25% of bb̄ pairs.
The detector was designed for CP violation measurements and search for rare
decays.

In years 2011-2012 (Run I) 3 fb−1 of integrated luminosity has been collected.
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The LHCb experiment [Int. J. Mod. Phys. A 30 (2015) 1530022]

High precision tracking system: σ(IP) = 20µm, δp/p = 0.4− 0.6%

Excellent particle ID with two RICH detectors (εPID(K ) ≈ 95%,
MisID(K → π) ≈ 5%)

Despite the high background level inherent to hadronic collisions the detector
allows to study exotic hadrons produced in heavy flavour decays.
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The Z−(4430)

The Belle collaboration found an evidence
[PRL 100(2008)142001] for a narrow
Z−(4430) peak with width Γ = 45+18 +30

−13−13 MeV
and M = 4433± 4± 2 MeV in the Ψ′π+ mass
distribution in the B → Ψ′Kπ decays.
(121± 30 events)

The minimal quark content of such a state is
cc̄dū.

However the Babar collaboration was able to
describe the observed mΨ′π− in terms of
reflections of K ∗ states with a spin J ≤ 3.

Belle updated the results
[PRD88(2013)074026] with 4D amplitude
analysis with Z−(4430) significance more
than 5.2 σ and JP = 1+ favoured by more
than 3.4 σ. (2010± 50± 40 events)

M = 4485± 22+28
−11 MeV

Γ = 200+41+26
−46−35 MeV
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The Z−(4430)

LHCb analysed 3 fb−1

with about 25000
B → Ψ′Kπ candidates.

2 analysis methods were
used: 4D amplitude
analysis
[PRL112(2014)222002]
and model independent
confirmation of Z(4430)
existence
[PRD92(2015)112009].
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The Z−(4430)
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The Z−(4430)
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The Z−(4430)
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The Z−(4430)
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The Z−(4430)
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The Z−(4430)
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The Z−(4430)
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The Z−(4430)

D. Melnychuk (NCBJ, Warsaw) Exotic states at LHCb 28 October 2016 18 / 54



The Z−(4430)

The significance of a resonance
∆(−2 lnL) > 13.9σ.

The JP = 1+ hypothesis is favoured with
others ruled out at significance > 9σ.

The positive parity rules out the
possibility that Z (4430)− is a
D̄∗(2007)D1(2420).

The Argand plot demonstrates behaviour
characteristic for a resonance, i.e. a
circular trajectory in the complex plane
with a fast change of phase crossing the
maximum of amplitude.

M = 4475± 7+15
−25 MeV

Γ = 172± 13+37
−34 MeV
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The X(3872) before LHCb measurements

The X(3872) was discovered by Belle in 2003 as a resonance in
X (3872)→ J/Ψπ+π− and later confirmed by Babar, CDF, D0.
The state is narrow Γ < 1.2 MeV and its mass
3871.69± 0.17 MeV [PDG2015] is close to DD̄∗ threshold
(3871.81± 0.09 MeV ).
Observation of decays X (3872)→ ρJ/Ψ and X (3872)→ ωJ/Ψ
with comparable branching fraction indicates violation of isospin
symmetry.
Observation of X (3872)→ γJ/Ψ imposes positive C-parity.
Measurements by Belle, Babar and CDF left 2 options for
quantum number assignment JPC = 1++ and JPC = 2−+.
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Measurements of X(3872) quantum numbers by LHCb

The angular correlations in the decay
B+ → J/Ψπ+π−K + carry information
about X (3872) quantum numbers.

To discriminate between 1++ and 2−+

assignments we use a likelihood-ratio
test with PDF defined 5D angular space
Ω =
(cos θX , cos θππ,∆φX ,ππ, cos θJ/Ψ,∆φX ,J/Ψ)

Analysis on 3 fb−1 [PRD92(2015)011102]
with 1011± 38 B+ → X (3872)K +

candidates considered full amplitude
model including D-wave.

JPC = 1++ was established (significance
more than 16 σ) and no significant
D-fraction was found (< 4% at 95% C.L.).
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X (3872)→ Ψ(2S)γ

Radiative decays of X (3872) provide a valuable information for its interpretation
(molecule, tetraquark, hybrid meson and mixed state).

RΨγ = B(X(3872)→Ψ(2S)γ)
B(X(3872)→J/Ψγ)

The RΨγ is predicted to be in the range (3− 4)× 10−3 for a
DD̄∗ molecule, 1.2-15 for pure charmonium state and 0.5-5
for a molecule-charmonium mixture.

B → X (3872)K → J/ΨγK B → X (3872)K → Ψ(2S)γK

The measured RΨγ = 2.46± 0.64± 0.29 does not support pure DD̄∗ molecular
interpretation.
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Exotics in J/Ψφ final state

2008 - Observation of narrow
structure X(4140) in J/Ψφ by
CDF, Γ= 12 MeV (> 5σ) in
B+ → J/ΨφK + decay.

Narrow and above DsDs
threshold, therefore exotic
interpretation.

Confirmed by CMS (> 5σ) and
D0 (3.1σ).

Not confirmed by Belle, Babar
and early LHCb (0.37 fb−1)

Evidence for a second peak by
CDF (4274 MeV) and CMS (4314
MeV).
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Exotics in J/Ψφ final state

arXiv: 1606.07895,
arXiv:1606.07898

Analysis with 3 fb−1 of data at
7 and 8 TeV centre-of-mass
energy.

4289± 151 B+ → J/ΨφK +

were reconstructed with
background fraction of 23%.
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Exotics in J/Ψφ final state

Can J/Ψ structure be reflection from
non-trivial interference pattern in
B+ → J/Ψ(K ∗ → φK +) decay?
Full amplitude analysis is needed.
If genuine J/Ψφ states are present, it is
crucial to determine their quantum
numbers for theoretical interpretation.
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Exotics in J/Ψφ final state

6D amplitude model with mφK , θK∗ ,
θJ/Ψ, ∆φK∗,J/Ψ and ∆φK∗,φ

idependent variables.

K ∗ resonances from Godfrey-Isgur
model (PRD 32,189(1985)) with
masses and widths floating.

Data cannot be described by K ∗ only
(p-value=10−7).
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Exotics in J/Ψφ final state

Significant improvement in fit with 4 additional resonances.
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Exotics in J/Ψφ final state
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X(4140) as cusp

Since 4 states in this decay
channel seems rather odd, the
“CUSP” model of Swanson was
used to to explain the state just
above DsD∗s threshold.

X(4140) cusp prefered over
Breit-Wigner with 1.6 σ

Many cusps at higher masses are
expected.
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X (5568)→ Bsπ
±

In February 2016 D0 reported evidence of the narrow structure
X (5568)→ Bsπ

± produced in pp collisions with M = 5568 MeV and Γ = 22
MeV. Statistical significance 6.1σ.
Fraction of Bs from X decay ρ = (8.6± 1.9± 1.4)%

If confirmed it would differ from any of the previous observations, as it must have
constituent quarks with four different flavours (b, s, u, d).
It would be unique in having its mass dominated by a single constituent quark
rather than by a quark-antiquark pair.
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X (5568)→ Bsπ
±

LHCB data corresponding to 3
fb−1 of integrated luminosity
were analysed.
Two decay modes: Bs → Dsπ
and Bs → J/Ψφ with 20 times
larger Bs yield.
arXiv:1608.00435v1 (accepted
by PRL)
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X (5568)→ Bsπ
±

Fit with "signal" Fit with no signal
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X (5568)→ Bsπ
±

How we should see signal if ρ = 8.6% is a universal parameter?
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X (5568)→ Bsπ
±

Fit results and upper limits
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Other tetraquark candidates
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Search for strange pentaquarks

Pentaquarks come in two types, exotic and nonexotic. Exotic pentaquarks have
an antiquark with a different flavor than any of its four quarks.
The lightest exotic pentaquark is made of (suudd) quarks, first called the Z + and
later renamed as the Θ+.
In 1987, Praszalowicz made a prediction, based on the skyrme model of
baryons, that the Z + could exists with a mass of about 1.54 GeV/c2, followed in
1997 by Diakonov, Petrov and Polyakov (DPP) that the Z + could have a narrow
mass width of 0.01 GeV/c2 or less.
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Search for strange pentaquarks

Also confirmation by Hermes,
Zeus, SVD-2, COSY-TOF with
significances given as 4.6,
5.2, 7.8, 4.8, 4.4, 3...4,
3.9...4.6, 6.7, 5.6 and
3.7...5.9.
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Search for strange pentaquarks

Null results
Negative results

The experiment at CLAS called the g11 run

was a search for the same reaction published

in 2003 by SAPHIR, γp → K +K0p, with a

goal of obtaining better statistics than

SAPHIR by a factor of 100 or more.
(Kenneth Hicks. On the conundrum of the pentaquark, Eur. Phys. J.(2012))
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Λb → J/ΨK−p

Large yields of Λb → J/ΨK−p
available at LHCb have been used for
a precise measurement of Λb lifetime.

This decay is expected to be
dominated by Λ∗ → K−p resonances;
however, it could also have exotic
contribution that results in resonant
structure in the J/Ψp mass spectrum.

[PRL115(2015)072001]

26007± 166 Λb candidates have
been collected with 3 fb−1 of data
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Λb → J/ΨK−p

With 3 fb−1 a resonant structure has
been observed in the Dalitz plot
[PRL115(2015)072001] in a J/Ψp
channel.

A resonance decaying strongly to
J/Ψp must have a cc̄uud quark
content.

Irrespective of the internal binding
mechanism we label it as P+

c .

To exclude reflections generated by
the Λ∗ states a full amplitude analysis
is necessary.
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Λb → J/ΨK−p fit model

6D amplitude analysis (5 angles and m2
pK ) with 14 (16) Λ∗ states included
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Λb → J/ΨK−p [PRL115(2015)072001]
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Λb → J/ΨK−p [PRL115(2015)072001]

Λ∗ reflections don’t explain the structure in mJ/Ψp (with extended
model including 2 additional Λ).
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Λb → J/ΨK−p [PRL115(2015)072001]

Extended Λ∗ model with 1 Pc resonance (JP = 5/2+)

The ∆(−2 lnL) is reduced by 14.72 w.r.t to fit with only Λ states.
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Λb → J/ΨK−p [PRL115(2015)072001]

Reduced Λ∗ model with 2 Pc resonances

The ∆(−2 lnL) is reduced by 18.72 w.r.t to fit with only Λ states.

Adding further states did not improve the fit significantly.
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Λb → J/ΨK−p [PRL115(2015)072001]

Fits to the angular distributions.
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Λb → J/ΨK−p [PRL115(2015)072001]

The amplitude fit of Λb → J/ΨK−p cannot be satisfactory described without
two Breit-Wigner shaped resonances in the J/Ψp mass spectrum PC(4380)+

and Pc(4450)+.

State Mass [MeV] Width [MeV] fav. JP Fit fraction Sign.

Pc (4380)+ 4380± 8± 29 205± 18± 86 3/2− (8.4± 0.7± 4.2)% 9σ
Pc (4450)+ 4449.8± 1.7± 2.5 39± 5± 19 5/2+ (4.1± 0.5± 1.1)% 12σ

The branching fractions have been determined [Chin.Phys.C 40(2016)011001]:

B(Λb → P+
c K−)B(P+

c → J/Ψp) =

{
(2.66± 0.22± 1.33+0.48

−0.38)× 10−5 for Pc (4380)+

(1.30± 0.16± 0.35+0.23
−0.18)× 10−5 for Pc (4450)+

For the Pc(4450)+ the Argand
diagram is consistent with a rapid
counter-clockwise change of
phase.
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Λb → J/ΨK−p [Phys. Rev. Lett. 117, 082002 (2016)]

The goal of this analysis is explain the structures observed in the pJ/Ψ invariant
mass as a reflection of the activity of the conventional resonances on the K−p
system.

No model dependent assumptions are made. Instead, the mK−p distribution is
taken from data as it is.

The angular structure of the K−p system is acquired via Legandre polynomials
calculated from the Λ∗ helicity angle.
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Λb → J/ΨK−p [Phys. Rev. Lett. 117, 082002 (2016)]
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Evidence for exotic contribution to Λb → J/Ψpπ−
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Evidence for exotic contribution to Λb → J/Ψpπ−
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Evidence for exotic contribution to Λb → J/Ψpπ−
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The Pc interpretations

Tightly bound pentaquarks
Jaffe, PRD15(1977)267
Strottman, PRD20(1979)748
Maiani et al.,
PRD71(2005)014028
Molecular model with meson
exchange for binding
Törnqvist,
Z.Phys.C61(1994)525
Others:
Rescattering
PRD92(2015)071502
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Summary and future perspective

With 3 fb−1 of data collected in Run I the LHCb provided a valuable contribution
to the spectroscopy of exotic hadrons:

The quantum numbers of X (3872) JPC = 1++ have been
established.
The study of X (3872) radiative decays disfavours their pure
molecular interpretation.
The resonant nature of Z (4430)− has been confirmed.
Two exotic states in the J/Ψp channel with charmonium pentaquark
interpretation have been discovered.
Family of J/Ψφ resonances were studied with amplitude anaslysis
and extended by 2 new states X(4500) and X(4700).
Bsπ

± state claimed by D0 was not confirmed with higher statistics.
In Run 2 started in 2015 with an energy growth from 8 TeV to 13 TeV the σ(cc̄)
and σ(bb̄) increased by ≈ 60%.
The improvements in trigger system increased an output bandwidth
5 kHz→ 12 kHz, which allows to record more data.
Run 2 promises about twice as much bb̄ and cc̄ pair per fb−1, and
L ∼ 5 fb−1 compared to 3 fb−1 in Run 1.
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Backup
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Hybrid mesons
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Bottomonium mesons
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Future perspectives for pentaquark search

Search for isospin partners (replace uū with dd̄):
Λb → P0

c K 0 → J/ΨnK 0 or J/Ψpπ−K 0

Search for strange partners (replace uū with ss̄):
Λb → P0

csφ→ J/ΨΛφ

Di-quark model suggestion: Λb → πJ/ΨΣ(1385)
Λb → KJ/ΨΣ(1385)
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Λb → J/ΨK−p
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Λb → J/ΨK−p

Two Λ∗ models: extended (146 fit parameters) - to explore model space
and reduced (64 fit parameters) - to keep non-vanishing components for
final results.

Two fitters to cross-check background treatment:

sFit : subtract background with the sWeight method
cFit : explicitly model background from sidebands (default)
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Exotics in J/Ψφ final state

Definition of the θK∗ , θJ/Ψ, θφ, ∆φK∗,J/Ψ and ∆φK∗,φ angles describing
angular correlations in B+ → J/ΨK ∗+, J/Ψ→ µ+µ−, K ∗ → φK +,
φ→ K +K− decays.
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Evidence for exotic contribution to Λb → J/Ψpπ−
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