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Quarkonia spectroscopy

The excitation spectrum of a [QQ] state is well described by a semi-relativistic
phenomenological potential (effective Cornell potential)

V (r) = −4
3
αs(r)
r

+ σr + δ(1/r2)

A short-distance colour potential
A long-distance confinement term
Spin-spin and spin-orbit corrections

Developed in the 70’s, particularly accurate to describe and predict the
spectrum of [cc] and [bb] states.

[Phys. Rev. D 21, 203 (1980)]
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Charmonium spectrum
In the last 15 years a large number of states have been discovered which
contain a cc pair but do not fit in the expected spectrum
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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 γ transitions; (thick E1, thin M1), solid-magenta are
π; thin (thick) dashed-blue are η (φ); dashed-red are p; dotted-blue are ρ0 or ω; and solid-blue other ππ 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/ψπ 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-

Adapted from [Rev. Mod. Phys. 90, 15003 (2018)]
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Exotic candidates

All the unpredicted states are labelled as exotic states.
They must contain a cc pair as they all decay into a final state with a
charmonium
They do not present the same properties expected from a pure cc state

As an example, look at X(3872):
The first exotic state ever observed (Belle, 2003)
Extremely narrow to be above the open charm threshold
Radiative decay rates do not match prediction for a cc state
Decays into two different final states with different isospin (maximal
violation)

Furthermore, the Z states are charged and this implies a minimal quark
content of [ccdu]
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Models for multiquark states
Several models have been proposed to describe the exotic states.
Main interpretations:

Mesonic (baryonic) molecule
Low binding energy, narrow states
Only S-wave, few states predicted
Independently decaying components

Compact multiquark
Tightly bound states
Large widths in principle
Many states expected

Other models are in principle allowed, as well as mixture of different models

Lorenzo Capriotti - Pentaquarks 5 / 29



Pentaquarks
The charmonium spectrum is the ideal place to look for unexpected states

Large mass difference between states wrt light [qq] states
Clean environment
Wide range of detailed studies (better than bottomonium spectrum)

This presentation will focus on measurements and searches for states with 5
constituent quarks [qqqqq], in particular [qqqcc]
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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/ψπ 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-
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OBSERVATION
OF

PENTAQUARKS
IN

Λ0
b → J/ψK−p

DECAYS
(RUN 1)
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Analysis of Λ0
b → J/ψK−p decays

Structures are visible, over a non-resonant distribution, in the mJ/ψp spectrum
from Λ0

b → J/ψK−p decays using the full LHCb Run 1 statistics (3 fb−1)

higher mass states are 9 and 12 standard deviations,
respectively.
Analysis and results.—We use data corresponding to

1 fb−1 of integrated luminosity acquired by the LHCb
experiment in pp collisions at 7 TeV center-of-mass
energy, and 2 fb−1 at 8 TeV. The LHCb detector [13]
is a single-arm forward spectrometer covering the
pseudorapidity range, 2 < η < 5. The detector includes a
high-precision tracking system consisting of a silicon-strip
vertex detector surrounding the pp interaction region [14],
a large-area silicon-strip detector located upstream of a
dipole magnet with a bending power of about 4 Tm, and
three stations of silicon-strip detectors and straw drift tubes
[15] placed downstream of the magnet. Different types of
charged hadrons are distinguished using information from
two ring-imaging Cherenkov detectors [16]. Muons are
identified by a system composed of alternating layers of
iron and multiwire proportional chambers [17].

Events are triggered by a J=ψ → μþμ− decay, requiring
two identified muons with opposite charge, each with
transverse momentum, pT , greater than 500 MeV. The
dimuon system is required to form a vertex with a fit
χ2 < 16, to be significantly displaced from the nearest pp
interaction vertex, and to have an invariant mass within
120 MeV of the J=ψ mass [12]. After applying these
requirements, there is a large J=ψ signal over a small
background [18]. Only candidates with dimuon invariant
mass between −48 and þ43 MeV relative to the observed
J=ψ mass peak are selected, the asymmetry accounting for
final-state electromagnetic radiation.
Analysis preselection requirements are imposed prior to

using a gradient boosted decision tree, BDTG [19], that
separates the Λ0

b signal from backgrounds. Each track is
required to be of good quality and multiple reconstructions
of the same track are removed. Requirements on the
individual particles include pT > 550 MeV for muons,

 [GeV]pKm
1.4 1.6 1.8 2.0 2.2 2.4

E
ve

nt
s/

(2
0 

M
eV

)

500

1000

1500

2000

2500

3000

LHCb

data

phase space

 [GeV]pψ/Jm
4.0 4.2 4.4 4.6 4.8 5.0

E
ve

nt
s/

(1
5 

M
eV

)

200

400

600

800 LHCb

FIG. 2 (color online). Invariant mass of (a) K−p and (b) J=ψp combinations from Λ0
b → J=ψK−p decays. The solid (red) curve is the

expectation from phase space. The background has been subtracted.
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FIG. 3 (color online). Fit projections for (a)mKp and (b)mJ=ψp for the reduced Λ� model with two Pþ
c states (see Table I). The data are

shown as solid (black) squares, while the solid (red) points show the results of the fit. The solid (red) histogram shows the background
distribution. The (blue) open squares with the shaded histogram represent the Pcð4450Þþ state, and the shaded histogram topped with
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The resonant contributions are expected to be dominated by Λ∗ → K−p
decays, need to check if structures in mJ/ψp are reflections in Dalitz plot

Observation of J=ψp Resonances Consistent with Pentaquark States
in Λ0

b → J=ψK−p Decays

R. Aaij et al.*

(LHCb Collaboration)
(Received 13 July 2015; published 12 August 2015)

Observations of exotic structures in the J=ψp channel, which we refer to as charmonium-pentaquark
states, in Λ0

b → J=ψK−p decays are presented. The data sample corresponds to an integrated luminosity of
3 fb−1 acquired with the LHCb detector from 7 and 8 TeV pp collisions. An amplitude analysis of the
three-body final state reproduces the two-body mass and angular distributions. To obtain a satisfactory fit of
the structures seen in the J=ψp mass spectrum, it is necessary to include two Breit-Wigner amplitudes that
each describe a resonant state. The significance of each of these resonances is more than 9 standard
deviations. One has a mass of 4380� 8� 29 MeV and a width of 205� 18� 86 MeV, while the second
is narrower, with a mass of 4449.8� 1.7� 2.5 MeV and a width of 39� 5� 19 MeV. The preferred JP

assignments are of opposite parity, with one state having spin 3=2 and the other 5=2.

DOI: 10.1103/PhysRevLett.115.072001 PACS numbers: 14.40.Pq, 13.25.Gv

Introduction and summary.—The prospect of hadrons
with more than the minimal quark content (qq̄ or qqq) was
proposed by Gell-Mann in 1964 [1] and Zweig [2],
followed by a quantitative model for two quarks plus
two antiquarks developed by Jaffe in 1976 [3]. The idea
was expanded upon [4] to include baryons composed of
four quarks plus one antiquark; the name pentaquark was
coined by Lipkin [5]. Past claimed observations of penta-
quark states have been shown to be spurious [6], although
there is at least one viable tetraquark candidate, the
Zð4430Þþ observed in B̄0 → ψ 0K−πþ decays [7–9], imply-
ing that the existence of pentaquark baryon states would not
be surprising. States that decay into charmonium may have
particularly distinctive signatures [10].
Large yields of Λ0

b → J=ψK−p decays are available at
LHCb and have been used for the precise measurement of
the Λ0

b lifetime [11]. (In this Letter, mention of a particular
mode implies use of its charge conjugate as well.) This
decay can proceed by the diagram shown in Fig. 1(a), and is
expected to be dominated by Λ� → K−p resonances, as are
evident in our data shown in Fig. 2(a). It could also have
exotic contributions, as indicated by the diagram in
Fig. 1(b), which could result in resonant structures in
the J=ψp mass spectrum shown in Fig. 2(b).
In practice, resonances decaying strongly into J=ψp

must have a minimal quark content of cc̄uud, and thus are
charmonium pentaquarks; we label such states Pþ

c , irre-
spective of the internal binding mechanism. In order to

ascertain if the structures seen in Fig. 2(b) are resonant in
nature and not due to reflections generated by the Λ� states,
it is necessary to perform a full amplitude analysis,
allowing for interference effects between both decay
sequences.
The fit uses five decay angles and the K−p invariant

massmKp as independent variables. First, we tried to fit the
data with an amplitude model that contains 14 Λ� states
listed by the Particle Data Group [12]. As this did not give a
satisfactory description of the data, we added one Pþ

c state,
and when that was not sufficient we included a second
state. The two Pþ

c states are found to have masses of
4380� 8� 29 MeV and 4449.8� 1.7� 2.5 MeV, with
corresponding widths of 205� 18� 86 MeV and
39� 5� 19 MeV. (Natural units are used throughout this
Letter. Whenever two uncertainties are quoted, the first is
statistical and the second systematic.) The fractions of the
total sample due to the lower mass and higher mass states
are ð8.4� 0.7� 4.2Þ% and ð4.1� 0.5� 1.1Þ%, respec-
tively. The best fit solution has spin-parity JP values of
(3=2−, 5=2þ). Acceptable solutions are also found for
additional cases with opposite parity, either (3=2þ, 5=2−) or
(5=2þ, 3=2−). The best fit projections are shown in Fig. 3.
Both mKp and the peaking structure in mJ=ψp are repro-
duced by the fit. The significances of the lower mass and

FIG. 1 (color online). Feynman diagrams for (a) Λ0
b → J=ψΛ�

and (b) Λ0
b → Pþ

c K− decay.

*Full author list given at end of the article.

Published by the American Physical Society under the terms of
the Creative Commons Attribution 3.0 License. Further distri-
bution of this work must maintain attribution to the author(s) and
the published article’s title, journal citation, and DOI.
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Analysis strategy

14 well established Λ∗ → pK−

resonances to take into account
5 decay angles + mKp (6D fit)
Helicity formalism
Background-subtracted data

and pT > 250 MeV for hadrons. Each hadron must have an
impact parameter χ2 with respect to the primary pp
interaction vertex larger than 9, and must be positively
identified in the particle identification system. The K−p
system must form a vertex with χ2 < 16, as must the two
muons from the J=ψ decay. Requirements on the Λ0

b
candidate include a vertex χ2 < 50 for 5 degrees of free-
dom, and a flight distance of greater than 1.5 mm. The
vector from the primary vertex to the Λ0

b vertex must align
with the Λ0

b momentum so that the cosine of the angle
between them is larger than 0.999. Candidate μþμ−
combinations are constrained to the J=ψ mass for sub-
sequent use in event selection.
The BDTG technique involves a “training” procedure

using sideband data background and simulated signal
samples. (The variables used are listed in the
Supplemental Material [20].) We use 2 × 106 Λ0

b →
J=ψK−p events with J=ψ → μþμ− that are generated
uniformly in phase space in the LHCb acceptance, using
PYTHIA [21] with a special LHCb parameter tune [22], and
the LHCb detector simulation based on GEANT4 [23],
described in Ref. [24]. The product of the reconstruction
and trigger efficiencies within the LHCb geometric accep-
tance is about 10%. In addition, specific backgrounds from
B̄0
s and B̄0 decays are vetoed. This is accomplished by

removing combinations that when interpreted as J=ψKþK−

fall within�30 MeV of the B̄0
s mass or when interpreted as

J=ψK−πþ fall within �30 MeV of the B̄0 mass. This
requirement effectively eliminates background from these
sources and causes only smooth changes in the detection
efficiencies across the Λ0

b decay phase space. Backgrounds
from Ξb decays cannot contribute significantly to our
sample. We choose a relatively tight cut on the BDTG
output variable that leaves 26 007� 166 signal candidates
containing 5.4% background within �15 MeV (�2σ) of
the J=ψK−p mass peak, as determined by the unbinned
extended likelihood fit shown in Fig. 4. The combinatorial
background is modeled with an exponential function and
the Λ0

b signal shape is parametrized by a double-sided
Hypatia function [25], where the signal radiative tail
parameters are fixed to values obtained from simulation.
For subsequent analysis we constrain the J=ψK−p four-
vectors to give theΛ0

b invariant mass and the Λ0
b momentum

vector to be aligned with the measured direction from the
primary to the Λ0

b vertices [26].
In Fig. 5 we show the “Dalitz” plot [27] using the K−p

and J=ψp invariant masses-squared as independent vari-
ables. A distinct vertical band is observed in the K−p
invariant mass distribution near 2.3 GeV2 corresponding to
the Λð1520Þ resonance. There is also a distinct horizontal
band near 19.5 GeV2. As we see structures in both K−p
and J=ψp mass distributions we perform a full amplitude
analysis, using the available angular variables in addition
to the mass distributions, in order to determine the

resonances present. No structure is seen in the J=ψK−

invariant mass.
We consider the two interfering processes shown in

Fig. 1, which produce two distinct decay sequences:
Λ0
b → J=ψΛ�, Λ� → K−p and Λ0

b → Pþ
c K−, Pþ

c → J=ψp,
with J=ψ → μþμ− in both cases. We use the helicity
formalism [28] in which each sequential decay A → BC
contributes to the amplitude a term

HA→BC
λB;λC

DJA
λA;λB−λCðϕB; θA; 0Þ�RAðmBCÞ

¼ HA→BC
λB;λC

eiλAϕBdJAλA;λB−λCðθAÞRAðmBCÞ; ð1Þ

where λ is the quantum number related to the projection of
the spin of the particle onto its momentum vector (helicity)
and HA→BC

λB;λC
are complex helicity-coupling amplitudes

describing the decay dynamics. Here, θA and ϕB are the
polar and azimuthal angles of B in the rest frame of A (θA is
known as the “helicity angle” of A). The three arguments of
Wigner’s D matrix are Euler angles describing the rotation
of the initial coordinate system with the z axis along the

 [MeV]
5500 5600 5700

E
ve

nt
s 

/ (
 4

 M
eV

)

0

1000

2000

3000

4000

5000

6000

7000
LHCb

p ψ/Jm K

FIG. 4 (color online). Invariant mass spectrum of J=ψK−p
combinations, with the total fit, signal, and background compo-
nents shown as solid (blue), solid (red), and dashed lines,
respectively.

]2 [GeVKp
2m

2 3 4 5 6

]2
 [G

eV
p

ψ
J/2

m

16

18

20

22

24

26
LHCb

FIG. 5 (color online). Invariant mass squared of K−p versus
J=ψp for candidates within �15 MeV of the Λ0

b mass.

PRL 115, 072001 (2015) P HY S I CA L R EV I EW LE T T ER S week ending
14 AUGUST 2015

072001-3

and pT > 250 MeV for hadrons. Each hadron must have an
impact parameter χ2 with respect to the primary pp
interaction vertex larger than 9, and must be positively
identified in the particle identification system. The K−p
system must form a vertex with χ2 < 16, as must the two
muons from the J=ψ decay. Requirements on the Λ0

b
candidate include a vertex χ2 < 50 for 5 degrees of free-
dom, and a flight distance of greater than 1.5 mm. The
vector from the primary vertex to the Λ0

b vertex must align
with the Λ0

b momentum so that the cosine of the angle
between them is larger than 0.999. Candidate μþμ−
combinations are constrained to the J=ψ mass for sub-
sequent use in event selection.
The BDTG technique involves a “training” procedure

using sideband data background and simulated signal
samples. (The variables used are listed in the
Supplemental Material [20].) We use 2 × 106 Λ0

b →
J=ψK−p events with J=ψ → μþμ− that are generated
uniformly in phase space in the LHCb acceptance, using
PYTHIA [21] with a special LHCb parameter tune [22], and
the LHCb detector simulation based on GEANT4 [23],
described in Ref. [24]. The product of the reconstruction
and trigger efficiencies within the LHCb geometric accep-
tance is about 10%. In addition, specific backgrounds from
B̄0
s and B̄0 decays are vetoed. This is accomplished by

removing combinations that when interpreted as J=ψKþK−

fall within�30 MeV of the B̄0
s mass or when interpreted as

J=ψK−πþ fall within �30 MeV of the B̄0 mass. This
requirement effectively eliminates background from these
sources and causes only smooth changes in the detection
efficiencies across the Λ0

b decay phase space. Backgrounds
from Ξb decays cannot contribute significantly to our
sample. We choose a relatively tight cut on the BDTG
output variable that leaves 26 007� 166 signal candidates
containing 5.4% background within �15 MeV (�2σ) of
the J=ψK−p mass peak, as determined by the unbinned
extended likelihood fit shown in Fig. 4. The combinatorial
background is modeled with an exponential function and
the Λ0

b signal shape is parametrized by a double-sided
Hypatia function [25], where the signal radiative tail
parameters are fixed to values obtained from simulation.
For subsequent analysis we constrain the J=ψK−p four-
vectors to give theΛ0

b invariant mass and the Λ0
b momentum

vector to be aligned with the measured direction from the
primary to the Λ0

b vertices [26].
In Fig. 5 we show the “Dalitz” plot [27] using the K−p

and J=ψp invariant masses-squared as independent vari-
ables. A distinct vertical band is observed in the K−p
invariant mass distribution near 2.3 GeV2 corresponding to
the Λð1520Þ resonance. There is also a distinct horizontal
band near 19.5 GeV2. As we see structures in both K−p
and J=ψp mass distributions we perform a full amplitude
analysis, using the available angular variables in addition
to the mass distributions, in order to determine the

resonances present. No structure is seen in the J=ψK−

invariant mass.
We consider the two interfering processes shown in

Fig. 1, which produce two distinct decay sequences:
Λ0
b → J=ψΛ�, Λ� → K−p and Λ0

b → Pþ
c K−, Pþ

c → J=ψp,
with J=ψ → μþμ− in both cases. We use the helicity
formalism [28] in which each sequential decay A → BC
contributes to the amplitude a term

HA→BC
λB;λC

DJA
λA;λB−λCðϕB; θA; 0Þ�RAðmBCÞ

¼ HA→BC
λB;λC

eiλAϕBdJAλA;λB−λCðθAÞRAðmBCÞ; ð1Þ

where λ is the quantum number related to the projection of
the spin of the particle onto its momentum vector (helicity)
and HA→BC

λB;λC
are complex helicity-coupling amplitudes

describing the decay dynamics. Here, θA and ϕB are the
polar and azimuthal angles of B in the rest frame of A (θA is
known as the “helicity angle” of A). The three arguments of
Wigner’s D matrix are Euler angles describing the rotation
of the initial coordinate system with the z axis along the
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Fit projections and results
To have an acceptable fit two new P+

c states need to be included

146 free parameters from the helicity couplings alone. The
masses and widths of the Λ� states are fixed to their PDG
values, since allowing them to float prevents the fit from
converging. Variations in these parameters are considered
in the systematic uncertainties.
The cFit results without any Pþ

c component are shown in
Fig. 6. While the mKp distribution is reasonably well fitted,
the peaking structure in mJ=ψp is not reproduced. The same
result is found using sFit. The speculative addition of Σ�

resonances to the states decaying to K−p does not change
this conclusion.
We will demonstrate that introducing two Pþ

c → J=ψp
resonances leads to a satisfactory description of the data.
When determining parameters of the Pþ

c states, we use a
more restrictive model of the K−p states (hereafter referred

to as the “reduced” model) that includes only the Λ�

resonances that are well motivated, and has fewer than half
the number of free parameters. As the minimal LΛ�

Λ0
b
for the

spin 9=2 Λð2350Þ equals JΛ� − JΛ0
b
− JJ=ψ ¼ 3, it is

extremely unlikely that this state can be produced so close
to the phase space limit. In fact L ¼ 3 is the highest orbital
angular momentum observed, with a very small rate, in
decays of B mesons [35] with much larger phase space
available (Q ¼ 2366 MeV, while here Q ¼ 173 MeV),
and without additional suppression from the spin counting

factors present in Λð2350Þ production (all three ~JΛ� , ~JΛ0
b

and ~JJ=ψ vectors have to line up in the same direction to

produce the minimal LΛ�
Λ0
b
value). Therefore, we eliminate it

TABLE I. The Λ� resonances used in the different fits. Parameters are taken from the PDG [12]. We take 5=2− for
the JP of the Λð2585Þ. The number of LS couplings is also listed for both the reduced and extended models. To fix
overall phase and magnitude conventions, which otherwise are arbitrary, we set B0;1

2
¼ ð1; 0Þ for Λð1520Þ. A zero

entry means the state is excluded from the fit.

State JP M0 (MeV) Γ0 (MeV) Number Reduced Number Extended

Λð1405Þ 1=2− 1405.1þ1.3
−1.0 50.5� 2.0 3 4

Λð1520Þ 3=2− 1519.5� 1.0 15.6� 1.0 5 6
Λð1600Þ 1=2þ 1600 150 3 4
Λð1670Þ 1=2− 1670 35 3 4
Λð1690Þ 3=2− 1690 60 5 6
Λð1800Þ 1=2− 1800 300 4 4
Λð1810Þ 1=2þ 1810 150 3 4
Λð1820Þ 5=2þ 1820 80 1 6
Λð1830Þ 5=2− 1830 95 1 6
Λð1890Þ 3=2þ 1890 100 3 6
Λð2100Þ 7=2− 2100 200 1 6
Λð2110Þ 5=2þ 2110 200 1 6
Λð2350Þ 9=2þ 2350 150 0 6
Λð2585Þ ? ≈2585 200 0 6
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higher mass states are 9 and 12 standard deviations,
respectively.
Analysis and results.—We use data corresponding to

1 fb−1 of integrated luminosity acquired by the LHCb
experiment in pp collisions at 7 TeV center-of-mass
energy, and 2 fb−1 at 8 TeV. The LHCb detector [13]
is a single-arm forward spectrometer covering the
pseudorapidity range, 2 < η < 5. The detector includes a
high-precision tracking system consisting of a silicon-strip
vertex detector surrounding the pp interaction region [14],
a large-area silicon-strip detector located upstream of a
dipole magnet with a bending power of about 4 Tm, and
three stations of silicon-strip detectors and straw drift tubes
[15] placed downstream of the magnet. Different types of
charged hadrons are distinguished using information from
two ring-imaging Cherenkov detectors [16]. Muons are
identified by a system composed of alternating layers of
iron and multiwire proportional chambers [17].

Events are triggered by a J=ψ → μþμ− decay, requiring
two identified muons with opposite charge, each with
transverse momentum, pT , greater than 500 MeV. The
dimuon system is required to form a vertex with a fit
χ2 < 16, to be significantly displaced from the nearest pp
interaction vertex, and to have an invariant mass within
120 MeV of the J=ψ mass [12]. After applying these
requirements, there is a large J=ψ signal over a small
background [18]. Only candidates with dimuon invariant
mass between −48 and þ43 MeV relative to the observed
J=ψ mass peak are selected, the asymmetry accounting for
final-state electromagnetic radiation.
Analysis preselection requirements are imposed prior to

using a gradient boosted decision tree, BDTG [19], that
separates the Λ0

b signal from backgrounds. Each track is
required to be of good quality and multiple reconstructions
of the same track are removed. Requirements on the
individual particles include pT > 550 MeV for muons,
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Black points: data
Red points: amplitude fit
Pc(4380)+, JP = 3/2−, Γ = 205± 18 MeV, significance 9σ
Pc(4450)+, JP = 5/2+, Γ = 39± 5 MeV, significance 12σ
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Model-independent confirmation
To confirm the previous result, the analysis is repeated using a different,
model-independent approach.

Minimal assumptions on the excited Λ∗ spin and shapes
Can include also nonresonant K−p and Σ∗ contributions

The strategy is to describe the 2D plane (mKp,cos θΛ∗) expanding the helicity
angle θΛ∗ in Legendre polynomials:

dN/d(cos θΛ∗) =
lmax∑
l=0

〈
PUl
〉
Pl(cos θΛ∗)

where 〈
PUl
〉

=
∫ +l

−l
d cos θΛ∗Pl(cos θΛ∗)dN/d(cos θΛ∗)

and it is extracted from the mKp distribution in data.
If no exotic contribution is present and the structures in mJ/ψp are due to
reflections, then this expansion will be enough to describe the mJ/ψp spectrum

[Phys. Rev. Lett. 117, 082002 (2016)]
Lorenzo Capriotti - Pentaquarks 11 / 29
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Model-independent confirmation

In practise, the Legendre moments include
all contributions in K−p with spin 2Jmax
or less, depending on the givenmKp range,
up to Jmax = 9/2.

Dalitz variables, ðm2
Kp;m

2
J=ψpÞ, or equivalently, in

ðmKp; cos θΛ� Þ, where θΛ� is the helicity angle of the
K−p system, defined as the angle between the ~pK and
−~pΛ0

b
(or −~pJ=ψ ) directions in the K−p rest frame.

The ðmKp; cos θΛ� Þ plane is particularly suited for
implementing constraints stemming from the H0 hypoth-
esis by expanding the cos θΛ� angular distribution in
Legendre polynomials Pl,

dN=d cos θΛ� ¼
Xlmax

l¼0

hPU
l iPlðcos θΛ� Þ;

where N is the efficiency-corrected and background-
subtracted signal yield, and hPU

l i is an unnormalized
Legendre moment of rank l,

hPU
l i ¼

Z þ1

−1
d cos θΛ�Plðcos θΛ� ÞdN=d cos θΛ� :

Under the H0 hypothesis, K−p components cannot con-
tribute to moments of rank higher than 2Jmax, where Jmax is
the highest spin of any K−p contribution at the given mKp

value. This requirement sets the appropriate lmax value,
which can be deduced from the lightest experimentally
known Λ� resonances for each J, or from the quark model,
as in Fig. 1. An lmaxðmKpÞ function is formed, guided by
the values of resonance masses (M0) lowered by two units
of their widths (Γ0): lmax ¼ 3 for mKp up to 1.64 GeV, 5 up
to 1.70 GeV, 7 up to 2.05 GeV, and 9 for higher masses as
visualized in Fig. 1.
Reflections from other channels, Λ0

b → Pþ
c K−, Pþ

c →
J=ψp or Λ0

b → Z−
csp, Z−

cs → J=ψK−, would introduce both
low and high rank moments (see the Supplemental Material
[16] for an illustration). The narrower the resonance,
the narrower the reflection, and the higher the rank l of
Legendre polynomials required to describe such a structure.
Selection criteria and backgrounds can also produce

high-l structures in the cos θΛ� distribution. Therefore, the
data are efficiency corrected and the background is sub-
tracted. Even though testing the H0 hypothesis involves
only two dimensions, the selection efficiency has some
dependence on the other phase-space dimensions, namely
the Λ0

b and J=ψ helicity angles, as well as angles between
the Λ0

b decay plane and the J=ψ and Λ� decay planes.
Averaging the efficiency over these additional dimensions
(Ωa) would introduce biases dependent on the exact
dynamics of the Λ� decays. Therefore, a six-dimensional
efficiency correction is used. The efficiency parametriza-
tion, ϵðmKp; cos θΛ� ;ΩaÞ, is the same as that used in the
amplitude analysis and is described in Sec. V of the
supplement of Ref. [3].
In order to make the analysis as model independent as

possible, no interpretations are imposed on the mKp
distribution. Instead, the observed efficiency-corrected

and background-subtracted histogram of mKp is used.
To obtain a continuous probability density function,
F ðmKpjH0Þ, a quadratic interpolation of the histogram
is performed, as shown in Fig. 2. The essential part of
this analysis method is to incorporate the l≤lmaxðmKpÞ
constraint on the Λ� helicity angle distribution:
F ðmKp; cos θΛ� jH0Þ ¼ F ðmKpjH0ÞF ðcos θΛ� jH0; mKpÞ,
where F ðcosθΛ� jH0;mKpÞ is obtained via linear inter-
polation between neighboring mKp bins of

F ðcos θΛ� jH0; mKp
kÞ ¼

XlmaxðmKp
kÞ

l¼0

hPN
l ikPlðcos θΛ� Þ;

where k is the bin index. Here, the Legendre moments hPN
l ik

are normalized by the yield in the corresponding mKp bin,
since the overall normalization ofF ðcos θΛ� jH0; mKpÞ to the
data is already contained in the F ðmKpjH0Þ definition. The
data are used to determine

hPU
l ik ¼

Xncandk

i¼1

ðwi=ϵiÞPlðcos θiΛ� Þ:

Here, the index i runs over selected J=ψpK− candidates in
the signal and sideband regions for the kth bin of mKp
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FIG. 1. Excitations of the Λ baryon. States predicted in Ref. [8]
are shown as short horizontal bars (black) and experimentally
well-established Λ� states are shown as green boxes covering the
mass ranges from M0 − Γ0 to M0 þ Γ0. The mKp mass range
probed in Λ0

b → J=ψpK− decays is shown by long horizontal
lines (blue). The lmaxðmKpÞ filter is shown as a stepped line (red).
All contributions from Λ� states with JP values to the left of the
red line are accepted by the filter. The filter works well also for
the excitations of the Σ baryon [8,12] (not shown).
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(ncandk is their total number), ϵi ¼ ϵðmKp
i; cos θΛ� i;Ωa

iÞ is
the efficiency correction, and wi is the background sub-
traction weight, which equals 1 for events in the signal
region and −βnsigcand=nsidecand for events in the sideband region.
Values of hPU

l ik are shown in Fig. 3.
Instead of using the two-dimensional (2D) distribution of

ðmKp; cos θΛ� Þ to evaluate the consistency of the data with
the H0 hypothesis, now expressed by the l ≤ lmaxðmKpÞ
requirement, it is more effective to use the mJ=ψp (mJ=ψK)
distribution, as any deviations fromH0 should appear in the

mass region of potential pentaquark (tetraquark) resonan-
ces. The projection of F ðmKp; cos θΛ� jH0Þ onto mJ=ψp

involves replacing cos θΛ� with mJ=ψp and integrating over
mKp. This integration is carried out numerically, by
generating large numbers of simulated events uniformly
distributed in mKp and cos θΛ� , calculating the correspond-
ing value of mJ=ψp, and then filling a histogram with
F ðmKp; cos θΛ� jH0Þ as a weight. In Fig. 4, F ðmJ=ψpjH0Þ is
compared to the directly obtained efficiency-corrected and
background-subtracted mJ=ψp distribution in the data.
To probe the compatibility of F ðmJ=ψpjH0Þ with the

data, a sensitive test can be constructed by making a
specific alternative hypothesis (H1). Following the method
discussed in Ref. [14], H1 is defined as l ≤ llarge, where
llarge is not dependent on mKp and large enough to
reproduce structures induced by J=ψp or J=ψK contribu-
tions. The significance of the lmaxðmKpÞ ≤ l ≤ llarge
Legendre moments is probed using the likelihood ratio
test,

Δð−2 lnLÞ ¼
Xnsigcandþnsidecand

i¼1

wi ln
F ðmJ=ψp

ijH0Þ=IH0

F ðmJ=ψp
ijH1Þ=IH1

;

with normalizations IH0;1
determined via Monte Carlo

integration. Note that the explicit event-by-event efficiency
factor cancels in the likelihood ratio, but enters the like-
lihood normalizations. In order for the test to have optimal
sensitivity, the value llarge should be set such that the
statistically significant features of the data are properly
described. Beyond that the power of the test deteriorates.
The limit llarge → ∞ would result in a perfect description of
the data, but a weak test since then the test statistic would
pick up the fluctuations in the data. For the same reason,
it is also important to choose llarge independently of the
actual data. Here, llarge ¼ 31 is taken, one unit larger
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By looking at mJ/ψp it is clear that the
distribution cannot be explained using
only reflections.
The discrepancy is more than 9σ.

[Phys. Rev. Lett. 117, 082002 (2016)]
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Rescattering effects

The narrow structure at 4450 MeV/c2 observed by LHCb happens to be
located exactly at the χc1p mass threshold. This can be a signal of a
kinematic enhancement due to rescattering effects.

All intermediate particles must be on
shell to have a threshold enhancement
The Λ∗ mass must lie within a
kinematically allowed mass range
One happens to exist: Λ(1890)

therein) and was recently used to explain some structures
including the ηð1405Þ, a1ð1420Þ and ϕð2170Þ [26–31]. In
fact, there were suggestions that some of the Zc and Zb
states were threshold effects [32–36] and the threshold
effects might be enhanced by triangle singularities [37]. For
a general discussion of S-wave threshold effects, see also
Ref. [38]. Therefore, in order to establish a structure as a
resonance, one has to discriminate it from such kinematical
effects. Indeed, this is possible. As discussed in Ref. [39], a
resonance can be distinguished from threshold kinematical
effects only in the elastic channel which is the channel with
that threshold. The purpose of this paper is to discuss the
possible kinematical effects for the narrower structure at
4.45 GeV in the LHCb observations and suggest measure-
ments to check whether it is a real exotic resonance or not.
We first notice that the Pcð4450Þ structure is exactly

located at the threshold of a χc1 and proton pair,
ð4448.93� 0.07Þ MeV, and

MPcð4050Þ −Mχc1 −Mp ¼ ð0.9� 3.1Þ MeV: ð1Þ

If the angular momentum between the χc1 and the proton
is a P wave, then the two-body system can have quantum
numbers JP ¼ ð1=2; 3=2; 5=2Þ−, compatible with the
favored possibilities 5=2þ, 5=2− and 3=2− [10]. The χc1p
can rescatter into the observed J=ψp by exchanging soft
gluons. Two possible diagrams for such a mechanism are
shown in Fig. 1, where (a) is a two-point loop with a prompt
three-body production Λ0

b → K−χc1p followed by the
rescattering process χc1p → J=ψp, and in (b) the K−p pair
is produced from an intermediate Λ� state and the proton
rescatters with the χc1 into the J=ψp. We discuss these two
diagrams subsequently.
It is worthwhile to notice that the χc1 can be produced in

the weak decays of the Λb with a similar magnitude as that
for the J=ψ . In the bottom quark decays, the charm quark is
produced via the mediation of the W boson. After integrat-
ing out the off-shell mediators, one arrives at two effective
operators for the b → cc̄s transition:

O1 ¼ ½c̄αγμð1 − γ5Þcα�½s̄βγμð1 − γ5Þbβ�;
O2 ¼ ½c̄αγμð1 − γ5Þcβ�½s̄βγμð1 − γ5Þbα�; ð2Þ

where one-loop QCD corrections have been taken into
account to form O1. Here, α, β are color indices, and they

should be set to be the same in O2 in order to form a color-
singlet charmonium state. The quark fields, ½c̄γμð1 − γ5Þc�,
will directly generate the charmonium state. A charmonium
with JPC ¼ 1−− like the J=ψ is produced by the vector
current, while the axial-vector current tends to produce the
χc1 with JPC ¼ 1þþ and the ηc state with JPC ¼ 0þ−. Since
the vector and axial-vector currents have the same strength in
the weak operators, one would expect that the production
rates for the J=ψ and χc1 are of the same order in b quark
decays. Corrections to this expectation come from higher-
orderQCDcontributionsbut are subleading [40]. In fact, such
an expectation is supported by the B-meson decay data [2]:

BðBþ → J=ψKþÞ ¼ ð10.27� 0.31Þ × 10−4;

BðBþ → χc1KþÞ ¼ ð4.79� 0.23Þ × 10−4: ð3Þ
Having made these general observations, we return to the

discussion of the Λ0
b decays measured by LHCb. We first

focus on the two-point loop diagram whose singularity is a
branch point at the χc1p threshold on the real axis of the
complex s plane, where in the following

ffiffiffi
s

p
denotes the

invariant mass of the J=ψp or χc1p system. It manifests
itself as a cusp at the threshold if the χc1p is in an S wave.
For higher partial waves, the threshold behavior of the
amplitude is more smooth and a cusp becomes evident in
derivatives of the amplitude with respect to s. Since we are
only interested in the near-threshold region, both the χc1
and the proton are nonrelativistic. Thus, the amplitude for
Fig. 1(a) is proportional to the nonrelativistic two-point
loop integral

GΛðEÞ ¼
Z

d3q
ð2πÞ3

~q2fΛð~q2Þ
E −m1 −m2 − ~q2=ð2μÞ ; ð4Þ

where m1;2 denote the masses of the intermediate states in
the loop, μ is the reduced mass and E is the total energy.
Here, we consider the case for the P wave χc1p which has
quantum numbers compatible with the possibilities of the
Pcð4450Þ reported by the LHCb Collaboration, though one
should be conservative in taking these determinations for
granted as none of the singularities discussed here was
taken into account in the LHCb amplitude analysis. If we
take a Gaussian form factor, fΛð~q2Þ ¼ exp ð−2~q2=Λ2Þ, to
regularize the loop integral, the analytic expression for the
loop integral is then given by
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2μðE −m1 −m2 þ iϵÞp
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error function erfiðzÞ ¼ ð2= ffiffiffi
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p Þ R z

0 e
t2dt. A better regulari-

zation method should be applied in the future, but for our
present study such an approach is fine.

(a) (b)

FIG. 1. Two-point and three-point loops for the mechanism of
the χc1p → J=ψp rescattering in the decay Λ0

b → K−J=ψp.
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be harder to accommodate in this picture (dominated by N∗)
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Search for P+
c → χc1p

First observation of the decays Λ0
b → χc1pK

− and Λ0
b → χc2pK

−

First investigation, with limited statistics (3 fb−1, full LHCb Run 1)
N(Λ0

b → χc1pK
−) = 453± 25

Not enough to analyse the χc1p mass spectrum, will be updated
with Run 2 data
First measurement of the branching fractions relative to Λ0

b → J/ψpK−

B(Λ0
b→χc1pK

−)
B(Λ0

b
→J/ψpK−) = 0.242± 0.014± 0.013± 0.009

B(Λ0
b→χc1pK

−)
B(Λ0

b
→J/ψpK−) = 0.248± 0.020± 0.014± 0.009

Prior to the training, several modifications are made to
the simulated samples to better match the kinematic
distributions observed in data. First, the simulated Λ0

b →
J=ψpK− events are weighted according to the six-dimen-
sional amplitude model developed in Ref. [4]. Second, a
multidimensional gradient-boosting algorithm [36] is used
to weight the simulated Λ0

b → J=ψpK− decays such that
the distributions of Λ0

b pseudorapidity, the number of
tracks in the event, and the GBDT training variables (apart
from those related to particle identification) match those
observed in the preselected background-subtracted Λ0

b →
J=ψpK− data sample. These weights are also applied to the
simulated Λ0

b → χcJpK− samples. Finally, the simulated
distributions of the particle identification variables for the
muon, proton, and kaon candidates are resampled from
data calibration samples (D�þ → Dπþ, J=ψ → μþμ−,
Λ → pπ−, and Λþ

c → pK−πþ decays) in bins of track p,
pT and the number of tracks.
The optimal working point for the GBDT response is

chosen by maximizing a figure of merit, S=
ffiffiffiffiffiffiffiffiffiffiffiffi
Sþ B

p
, where

S ¼ S0ϵ and B are the expected signal and background
yields within �20 MeV=c2 of the known Λ0

b baryon mass
[33], S0 is the signal yield determined from data without
any cut on the GBDT response, and ϵ is the relative
efficiency of the GBDT selection, evaluated using the
simulated sample. The Λ0

b mass sidebands from the data
are used to estimate B. The same GBDTand working point
are used for the Λ0

b → J=ψpK− normalization mode. The
GBDT selection efficiencies are 78%, 75%, and 68% for
the Λ0

b → χc1pK−, Λ0
b → χc2pK−, and Λ0

b → J=ψpK−

channels, respectively.
After applying the GBDT requirement, ð2.9� 0.4Þ% of

the selected events contain multiple Λ0
b → χcJpK− candi-

dates. In approximately 80% of these cases, the same
J=ψpK− combination is combined with an additional,
unrelated, photon in the event. The results reported in this
Letter retain all candidates and the reported branching
fractions are corrected to account for this. The correction
factor is 0.993� 0.006 (0.986� 0.009) for Λ0

b → χc1pK−

(Λ0
b → χc2pK−) decays, which is evaluated using a combi-

nation of the simulated samples and pseudoexperiments.
The larger width of the Λ0

b → χc2pK− component leads to
the larger uncertainty on the correction factor. For the
selected Λ0

b → J=ψpK− sample, ð0.75� 0.05Þ% of the
events have multiple candidates.
Extended unbinned maximum-likelihood fits are per-

formed to the distributions ofmðχc1pK−Þ andmðJ=ψpK−Þ
for the signal and normalization modes, respectively. The
fit models consist of signal components, each described
by the sum of two Crystal Ball (CB) functions [37] with a
common mean and power-law tails on both sides, and a
linear combinatorial background component. Because of
the small χc0 → J=ψγ branching fraction [33] the contri-
bution from the χc0 mode is negligible. Several parameters
of the signal shapes are determined from fits to simulated
samples. These include the tail parameters of the CB
functions, the ratio of the widths of the two CB functions,
and their relative normalizations. The Λ0

b → χc2pK− signal
component is shifted to a lower mass in mðχc1pK−Þ due to
the χc1 mass constraint. The signal and background yields,
the gradient of the background shape, and the mean of each
signal component are free parameters in the fit to data. In
addition, the widths of the χc1 and χc2 components in the fit
to mðχc1pK−Þ are allowed to differ from simulation by a
common scaling factor, while the width of the narrower CB
function in the Λ0

b → J=ψpK− signal component is a free
parameter in the fit to data. The results of these fits are
shown in Fig. 2. The measured yields are 453� 25,
285� 23, and 29815� 178 for the χc1, χc2, and J=ψ
modes, respectively. The significance of each of the signal
components in the fit to mðχc1pK−Þ is calculated using
Wilks’ theorem [38]. This gives statistical significance of
29 and 17 standard deviations for the decay modes with χc1
and χc2, respectively.
Simulated samples are used to determine, for each decay

mode, the reconstruction and selection efficiency as a
function of the Dalitz plot coordinates [39], m2ðpK−Þ
and m2ð½cc̄�pÞ. This approach focuses on the dimensions
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Analysis of the Λ0
b → J/ψpπ− channel

Data: 3 fb−1, full LHCb Run 1
Thanks to the ∆I = 1/2 rule the Λ∗
contributions are suppressed
14 well established N∗ → pπ−

resonances to take into account
5 decay angles + mKp

Helicity formalism
Background-subtracted data

weights and the efficiency folded into the signal probability
density function, as discussed in detail in Ref. [5].
Amplitude models for the Λ0

b → J=ψpπ− decays are
constructed to examine the possibility of exotic hadron
contributions from the Pcð4380Þþ and Pcð4450Þþ →
J=ψp states and from the Zcð4200Þ− → J=ψπ− state,
previously reported by the Belle Collaboration in B0 →
J=ψKþπ− decays [16] (spin parity JP ¼ 1þ, mass and
width of 4196þ31

−29
þ17
−13 MeV and 370� 70þ70

−132 MeV,
respectively). By analogy with kaon decays [17], pπ−

contributions from conventional nucleon excitations
(denoted as N�) produced with ΔI¼1=2 in Λ0

b decays are
expected to dominate over Δ excitations with ΔI ¼ 3=2,
where I is isospin. The decay matrix elements for the
two interfering decay chains,Λ0

b → J=ψN�,N� → pπ− and
Λ0
b → Pþ

c π
−, Pþ

c → J=ψpwith J=ψ → μþμ− in both cases,
are identical to those used in the Λ0

b → J=ψpK− analysis
[5], with K− and Λ� replaced by π− and N�. The additional
decay chain, Λ0

b → Z−
c p, Z−

c → J=ψπ−, is also included.
Helicity couplings, describing the dynamics of the decays,
are expressed in terms of LS couplings [5], where L is
the decay orbital angular momentum, and S is the sum of
spins of the decay products. This is a convenient way to
incorporate parity conservation in strong decays and to
allow for reduction of the number of free parameters
by excluding high L values for phase-space suppressed
decays.
Table I lists the N� resonances considered in the

amplitude model of pπ− contributions. There are 15
well-established N� resonances [13]. The high-mass and
high-spin states (9=2 and 11=2) are not included, since they
require L ≥ 3 in the Λ0

b decay and therefore are unlikely
to be produced near the upper kinematic limit of mpπ .
Theoretical models of baryon resonances predict many
more high-mass states [18], which have not yet been
observed. Their absence could arise from decreased cou-
plings of the higher N� excitations to the simple production
and decay channels [19] and possibly also from exper-
imental difficulties in identifying broad resonances

and insufficient statistics at high masses in scattering
experiments. The possibility of high-mass, low-spin N�
states is explored by including two very significant,
but unconfirmed, resonances claimed by the BESIII Colla-
boration in ψð2SÞ → pp̄π0 decays [20]: 1=2þ Nð2300Þ
and 5=2− Nð2570Þ. A nonresonant JP ¼ 1=2− pπ− S-
wave component is also included. Two models, labeled
“reduced” (RM) and “extended” (EM), are considered and
differ in the number of resonances and of LS couplings
included in the fit as listed in Table I. The reduced model,
used for the central values of fit fractions, includes only the
resonances and L couplings that give individually signifi-
cant contributions. The systematic uncertainties and the
significances for the exotic states are evaluated with the
extended model by including all well-motivated resonances
and the maximal number of LS couplings for which the fit
is able to converge.
All N� resonances are described by Breit-Wigner

functions [5] to model their line shape and phase variation
as a function of mpπ , except for the Nð1535Þ, which is
described by a Flatté function [21] to account for the
threshold of the nη channel. The mass and width are fixed
to the values determined from previous experiments [13].
The couplings to the nη and pπ− channels for the Nð1535Þ
state are determined by the branching fractions of the
two channels [22]. The nonresonant S-wave component is
described with a function that depends inversely on m2

pπ ,
as this is found to be preferred by the data. An alternative
description of the 1=2− pπ− contributions, including the
Nð1535Þ and nonresonant components, is provided by
a K-matrix model obtained from multichannel partial wave
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FIG. 1. Invariant mass spectrum for the selected Λ0
b → J=ψpπ−

candidates.

TABLE I. The N� resonances used in the different fits.
Parameters are taken from the PDG [13]. The number of LS
couplings is listed in the columns to the right for the two versions
(RM and EM) of theN� model discussed in the text. To fix overall
phase and magnitude conventions, the Nð1535Þ complex cou-
pling of lowest LS is set to (1, 0).

State JP Mass (MeV) Width (MeV) RM EM

NR pπ 1=2− � � � � � � 4 4
Nð1440Þ 1=2þ 1430 350 3 4
Nð1520Þ 3=2− 1515 115 3 3
Nð1535Þ 1=2− 1535 150 4 4
Nð1650Þ 1=2− 1655 140 1 4
Nð1675Þ 5=2− 1675 150 3 5
Nð1680Þ 5=2þ 1685 130 � � � 3
Nð1700Þ 3=2− 1700 150 � � � 3
Nð1710Þ 1=2þ 1710 100 � � � 4
Nð1720Þ 3=2þ 1720 250 3 5
Nð1875Þ 3=2− 1875 250 � � � 3
Nð1900Þ 3=2þ 1900 200 � � � 3
Nð2190Þ 7=2− 2190 500 � � � 3
Nð2300Þ 1=2þ 2300 340 � � � 3
Nð2570Þ 5=2− 2570 250 � � � 3
Free parameters 40 106
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weights and the efficiency folded into the signal probability
density function, as discussed in detail in Ref. [5].
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J=ψp states and from the Zcð4200Þ− → J=ψπ− state,
previously reported by the Belle Collaboration in B0 →
J=ψKþπ− decays [16] (spin parity JP ¼ 1þ, mass and
width of 4196þ31

−29
þ17
−13 MeV and 370� 70þ70

−132 MeV,
respectively). By analogy with kaon decays [17], pπ−

contributions from conventional nucleon excitations
(denoted as N�) produced with ΔI¼1=2 in Λ0

b decays are
expected to dominate over Δ excitations with ΔI ¼ 3=2,
where I is isospin. The decay matrix elements for the
two interfering decay chains,Λ0

b → J=ψN�,N� → pπ− and
Λ0
b → Pþ

c π
−, Pþ

c → J=ψpwith J=ψ → μþμ− in both cases,
are identical to those used in the Λ0

b → J=ψpK− analysis
[5], with K− and Λ� replaced by π− and N�. The additional
decay chain, Λ0

b → Z−
c p, Z−

c → J=ψπ−, is also included.
Helicity couplings, describing the dynamics of the decays,
are expressed in terms of LS couplings [5], where L is
the decay orbital angular momentum, and S is the sum of
spins of the decay products. This is a convenient way to
incorporate parity conservation in strong decays and to
allow for reduction of the number of free parameters
by excluding high L values for phase-space suppressed
decays.
Table I lists the N� resonances considered in the

amplitude model of pπ− contributions. There are 15
well-established N� resonances [13]. The high-mass and
high-spin states (9=2 and 11=2) are not included, since they
require L ≥ 3 in the Λ0

b decay and therefore are unlikely
to be produced near the upper kinematic limit of mpπ .
Theoretical models of baryon resonances predict many
more high-mass states [18], which have not yet been
observed. Their absence could arise from decreased cou-
plings of the higher N� excitations to the simple production
and decay channels [19] and possibly also from exper-
imental difficulties in identifying broad resonances

and insufficient statistics at high masses in scattering
experiments. The possibility of high-mass, low-spin N�
states is explored by including two very significant,
but unconfirmed, resonances claimed by the BESIII Colla-
boration in ψð2SÞ → pp̄π0 decays [20]: 1=2þ Nð2300Þ
and 5=2− Nð2570Þ. A nonresonant JP ¼ 1=2− pπ− S-
wave component is also included. Two models, labeled
“reduced” (RM) and “extended” (EM), are considered and
differ in the number of resonances and of LS couplings
included in the fit as listed in Table I. The reduced model,
used for the central values of fit fractions, includes only the
resonances and L couplings that give individually signifi-
cant contributions. The systematic uncertainties and the
significances for the exotic states are evaluated with the
extended model by including all well-motivated resonances
and the maximal number of LS couplings for which the fit
is able to converge.
All N� resonances are described by Breit-Wigner

functions [5] to model their line shape and phase variation
as a function of mpπ , except for the Nð1535Þ, which is
described by a Flatté function [21] to account for the
threshold of the nη channel. The mass and width are fixed
to the values determined from previous experiments [13].
The couplings to the nη and pπ− channels for the Nð1535Þ
state are determined by the branching fractions of the
two channels [22]. The nonresonant S-wave component is
described with a function that depends inversely on m2

pπ ,
as this is found to be preferred by the data. An alternative
description of the 1=2− pπ− contributions, including the
Nð1535Þ and nonresonant components, is provided by
a K-matrix model obtained from multichannel partial wave

 [GeV]πpψJ/m
5.5 5.6 5.7

C
an

di
da

te
s 

/ (
 5

 M
eV

 )

0

100

200

300

400

500
LHCb

Data

Fit

Signal
-

pKψJ/→0
bΛ

Cmb. bkg.

FIG. 1. Invariant mass spectrum for the selected Λ0
b → J=ψpπ−

candidates.

TABLE I. The N� resonances used in the different fits.
Parameters are taken from the PDG [13]. The number of LS
couplings is listed in the columns to the right for the two versions
(RM and EM) of theN� model discussed in the text. To fix overall
phase and magnitude conventions, the Nð1535Þ complex cou-
pling of lowest LS is set to (1, 0).

State JP Mass (MeV) Width (MeV) RM EM

NR pπ 1=2− � � � � � � 4 4
Nð1440Þ 1=2þ 1430 350 3 4
Nð1520Þ 3=2− 1515 115 3 3
Nð1535Þ 1=2− 1535 150 4 4
Nð1650Þ 1=2− 1655 140 1 4
Nð1675Þ 5=2− 1675 150 3 5
Nð1680Þ 5=2þ 1685 130 � � � 3
Nð1700Þ 3=2− 1700 150 � � � 3
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Nð1875Þ 3=2− 1875 250 � � � 3
Nð1900Þ 3=2þ 1900 200 � � � 3
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Fit projections and results

Adding Pc(4380)+, Pc(4450)+ and a
Zc(4200)− → J/ψπ− contribution
significantly improves the fit
P+
c production rates as expected

from previous observation (including
Cabibbo suppression)
Combined significance: 3.1σ

analysis by the Bonn-Gatchina group [22,23] and is used to
estimate systematic uncertainties.
The limited number of signal events and the large

number of free parameters in the amplitude fits prevent
an open-ended analysis of J=ψp and J=ψπ− contributions.
Therefore, the data are examined only for the presence of
the previously observed Pcð4380Þþ, Pcð4450Þþ states [5]
and the claimed Zcð4200Þ− resonance [16]. In the fits, the
mass and width of each exotic state are fixed to the reported
central values. The LS couplings describing Pþ

c → J=ψp
decays are also fixed to the values obtained from the
Cabibbo-favored channel. This leaves four free parameters
per Pþ

c state for the Λ0
b → Pþ

c π
− couplings. The nominal

fits are performed for the most likely ð3=2−; 5=2þÞ JP

assignment to the Pcð4380Þþ, Pcð4450Þþ states [5]. All
couplings for the 1þ Zcð4200Þ− contribution are allowed to
vary (ten free parameters).
The fits show a significant improvement when exotic

contributions are included. When all three exotic

contributions are added to the EM N�-only model, the
Δð−2 lnLÞ value is 49.0, which corresponds to their
combined statistical significance of 3.9σ. Including the
systematic uncertainties discussed later lowers their sig-
nificance to 3.1σ. The systematic uncertainties are included
in subsequent significance figures. Because of the ambi-
guity between the Pcð4380Þþ, Pcð4450Þþ and Zcð4200Þ−
contributions, no single one of them makes a significant
difference to the model. Adding either state to a model
already containing the other two, or the two Pþ

c states
to a model already containing the Zcð4200Þ− contribution,
yields significances below 1.7σ [0.4σ for adding the
Zcð4200Þ− after the two Pþ

c states]. If the Zcð4200Þ−
contribution is assumed to be negligible, adding the two Pþ

c
states to a model without exotics yields a significance of
3.3σ. On the other hand, under the assumption that no Pþ

c
states are produced, adding the Zcð4200Þ− to a model
without exotics yields a significance of 3.2σ. The signifi-
cances are determined using Wilks’ theorem [24], the
applicability of which has been verified by simulation.
A satisfactory description of the data is already reached

with the RMN� model if either the two Pþ
c , or the Z−

c , or all
three states, are included in the fit. The projections of the
full amplitude fit onto the invariant masses and the decay
angles reasonably well reproduce the data, as shown in
Figs. 2–5. The EM N�-only model does not give good
descriptions of the peaking structure in mJ=ψp observed for
mpπ > 1.8 GeV [Fig. 3(b)]. In fact, all contributions to
Δð−2 lnLÞ favoring the exotic components belong to this
mpπ region. The models with the Pþ

c states describe the
mJ=ψp peaking structure better than with the Zcð4200Þ−
alone (see Supplemental Material [25]).
The model with all three exotic resonances is used when

determining the fit fractions. The sources of systematic
uncertainty are listed in Table II. They include varying the
masses and widths of N� resonances, varying the masses
and widths of the exotic states, considering N� model
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analysis by the Bonn-Gatchina group [22,23] and is used to
estimate systematic uncertainties.
The limited number of signal events and the large

number of free parameters in the amplitude fits prevent
an open-ended analysis of J=ψp and J=ψπ− contributions.
Therefore, the data are examined only for the presence of
the previously observed Pcð4380Þþ, Pcð4450Þþ states [5]
and the claimed Zcð4200Þ− resonance [16]. In the fits, the
mass and width of each exotic state are fixed to the reported
central values. The LS couplings describing Pþ

c → J=ψp
decays are also fixed to the values obtained from the
Cabibbo-favored channel. This leaves four free parameters
per Pþ

c state for the Λ0
b → Pþ

c π
− couplings. The nominal

fits are performed for the most likely ð3=2−; 5=2þÞ JP

assignment to the Pcð4380Þþ, Pcð4450Þþ states [5]. All
couplings for the 1þ Zcð4200Þ− contribution are allowed to
vary (ten free parameters).
The fits show a significant improvement when exotic

contributions are included. When all three exotic

contributions are added to the EM N�-only model, the
Δð−2 lnLÞ value is 49.0, which corresponds to their
combined statistical significance of 3.9σ. Including the
systematic uncertainties discussed later lowers their sig-
nificance to 3.1σ. The systematic uncertainties are included
in subsequent significance figures. Because of the ambi-
guity between the Pcð4380Þþ, Pcð4450Þþ and Zcð4200Þ−
contributions, no single one of them makes a significant
difference to the model. Adding either state to a model
already containing the other two, or the two Pþ

c states
to a model already containing the Zcð4200Þ− contribution,
yields significances below 1.7σ [0.4σ for adding the
Zcð4200Þ− after the two Pþ

c states]. If the Zcð4200Þ−
contribution is assumed to be negligible, adding the two Pþ

c
states to a model without exotics yields a significance of
3.3σ. On the other hand, under the assumption that no Pþ

c
states are produced, adding the Zcð4200Þ− to a model
without exotics yields a significance of 3.2σ. The signifi-
cances are determined using Wilks’ theorem [24], the
applicability of which has been verified by simulation.
A satisfactory description of the data is already reached

with the RMN� model if either the two Pþ
c , or the Z−

c , or all
three states, are included in the fit. The projections of the
full amplitude fit onto the invariant masses and the decay
angles reasonably well reproduce the data, as shown in
Figs. 2–5. The EM N�-only model does not give good
descriptions of the peaking structure in mJ=ψp observed for
mpπ > 1.8 GeV [Fig. 3(b)]. In fact, all contributions to
Δð−2 lnLÞ favoring the exotic components belong to this
mpπ region. The models with the Pþ

c states describe the
mJ=ψp peaking structure better than with the Zcð4200Þ−
alone (see Supplemental Material [25]).
The model with all three exotic resonances is used when

determining the fit fractions. The sources of systematic
uncertainty are listed in Table II. They include varying the
masses and widths of N� resonances, varying the masses
and widths of the exotic states, considering N� model
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Search for s-flavoured pentaquarks

Strange-flavour analogue of the P+
c discovery channel: Λ+

c → φpπ0

This channel has never been studied before
Dataset: 915 fb−1 at Υ(4S) and Υ(5S) collected by the Belle experiment
P+
s can be observed as peak in the φp mass spectrum if the same

production mechanism holds, and if mP+
s
< mΛ+

c
−mπ0

90% confidence level. Finally, we measure the branching fraction for the Cabibbo-favored decay
Λþ
c → K−πþpπ0; the result is BðΛþ

c → K−πþpπ0Þ ¼ ð4.42�0.05ðstatÞ�0.12ðsystÞ�0.16ðnormÞÞ%,
which is the most precise measurement to date.

DOI: 10.1103/PhysRevD.96.051102

The story of exotic hadron spectroscopy begins with the
discovery of the Xð3872Þ by the Belle collaboration in
2003 [1]. Since then, many exotic XYZ states have been
reported by Belle and other experiments [2]. Recent
observations of two hidden-charm pentaquark states
Pþ
c ð4380Þ and Pþ

c ð4450Þ by the LHCb collaboration in
the J=ψp invariant mass spectrum of the Λ0

b → J=ψpK−

process [3] raise the question of whether a hidden-
strangeness pentaquark Pþ

s , where the cc̄ pair in Pþ
c is

replaced by an ss̄ pair, exists [4–6]. The strange-flavor
analogue of the Pþ

c discovery channel is the decay Λþ
c →

ϕpπ0 [5,6], shown in Fig. 1(a) [7]. The detection of a hidden-
strangeness pentaquark could be possible through the ϕp
invariant mass spectrum within this channel [see Fig. 1(b)],
if the underlying mechanism creating the Pþ

c states also
holds for Pþ

s , independent of the flavor [6], and only if the
mass of Pþ

s is less than MΛþ
c
−Mπ0 . In an analogous ss̄

process of ϕ photoproduction ðγp → ϕpÞ, a forward-angle
bump structure at

ffiffiffi
s

p
≈ 2.0 GeV has been observed by the

LEPS [8] and CLAS collaborations [9]. However, this
structure appears only at the most forward angles, which
is not expected for the decay of a resonance [10].
Previously, the decay Λþ

c → ϕpπ0 has not been studied
by any experiment. In this paper, we report a search for this
decay using a data set corresponding to an integrated
luminosity of 915 fb−1 collected with the Belle detector
[11] recorded at or near theϒð4SÞ andϒð5SÞ resonances at
the KEKB asymmetric-energy eþe− (3.5 on 8.0 GeV)
collider [12]. In addition, we search for the nonresonant
decay Λþ

c → KþK−pπ0 and measure the branching frac-
tion of the Cabibbo-favored decay Λþ

c → K−πþpπ0.
The Belle detector is described in detail elsewhere [11].

To calculate the detector acceptance and reconstruction
efficiencies and to study background, we use Monte Carlo
(MC) simulated events. The MC events are generated
uniformly in phase space with EVTGEN [13] and JETSET
[14]; the detector response is modeled using GEANT3 [15].
Final-state radiation is taken into account using the PHOTOS
[16] package.

The reconstruction ofΛþ
c →ϕpπ0 (andΛþ

c →K−πþpπ0)
decays proceeds by first reconstructing π0 → γγ candidates.
An electromagnetic calorimeter (ECL) cluster not matched
to any track is identified as a photon candidate. Such
candidates are required to have an energy greater than
50 MeV in the barrel region and 100 MeV in the end cap
regions, where the barrel region covers the polar angle
range 32° < θ < 130°, and the end cap regions cover the
ranges 12° < θ < 32° and 130° < θ < 157°. To reject
showers produced by neutral hadrons, the photon energy
deposited in the 3 × 3 array of ECL crystals centered on the
crystal with the highest energy must exceed 80% of the
energy deposited in the corresponding 5 × 5 array of
crystals. We require that the γγ invariant mass be within
0.020 GeV=c2 (about 3.5σ in resolution) of the known π0

mass [17]. To improve the π0 momentum resolution, we
perform a mass-constrained fit and require that the resulting
χ2 be less than 30. In addition, the momentum of the π0

candidates in the center-of-mass (c.m.) frame is required to
be higher than 0.30 GeV=c.
We subsequently combine π0 candidates with three

charged tracks. Such tracks are identified using require-
ments on the distance of closest approach with respect to
the interaction point along the z axis (antiparallel to the eþ
beam) of jdzj < 1.0 cm, and in the transverse plane of
dr < 0.1 cm. In addition, charged tracks are required
to have a minimum number of hits in the vertex detector
(>1 in both the z and transverse directions). Information
obtained from the central drift chamber, the time-of-
flight scintillation counters, and the aerogel threshold
Cherenkov counters is combined to form a likelihood
L for hadron identification. A charged track with
the likelihood ratios of LK=ðLπ þ LKÞ > 0.9 and LK=
ðLp þLKÞ>0.6; LK=ðLπþLKÞ<0.6 and Lπ=ðLpþLπÞ>
0.6; and Lp=ðLp þ LKÞ > 0.9 and Lp=ðLp þ LπÞ > 0.9 is
regarded as a kaon, pion and proton, respectively. The
efficiencies of these requirements for kaons, pions, and
protons are 77%, 97%, and 75%, respectively. The prob-
abilities for a kaon, pion, or proton to be misidentified are
PðK → πÞ ≈ 10%, PðK → pÞ ≈ 1%; Pðπ → KÞ ≈ 1%,
Pðπ → pÞ < 1%; and Pðp → KÞ ≈ 7%, Pðp → πÞ≈
1%. Candidate ϕ mesons are formed from two oppositely
charged tracks that have been identified as kaons. We
accept events in the wide KþK− mass range mðKþK−Þ ∈
ð0.99; 1.13Þ GeV=c2. To suppress combinatorial back-
ground, especially from B meson decays, we require
that the scaled momentum ðxp ¼ Pc=

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
E2
c:m:=4 −M2c4

p
Þ

be greater than 0.45, where Ec:m: is the total c.m. energy,
FIG. 1. Feynman diagram for the decay (a) Λþ

c → ϕpπ0 and
(b) Λþ

c → Pþ
s π

0.

SEARCH FOR Λþ
c → ϕpπ0 AND … PHYSICAL REVIEW D 96, 051102(R) (2017)

051102-3

RAPID COMMUNICATIONS

[Phys. Rev. D 96, 051102 (2017)]
Lorenzo Capriotti - Pentaquarks 19 / 29

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.96.051102


Search for s-flavoured pentaquarks
No signal is observed in a mass window of 20 MeV/c2 around the φ peak,
upper limits at 90%CL are set on the branching fraction product, normalised
using Λ+

c → pK−π+ decays

and P and M are the momentum and invariant mass of the
Λþ
c candidates. A vertex fit is performed to the charged

tracks to form a Λþ
c vertex, and we require that the χ2 from

the fit be less than 50. The decay Λþ
c → Σþϕ has the same

final state as the signal decay and is Cabibbo favored. To
avoid contamination from this decay, we reject candidates
in which the pπ0 system has an invariant mass within
0.010 GeV=c2 of the known Σþ mass [17]. We extract the
Λþ
c yield in a signal region that spans 2.5σ in resolution

around the Λþ
c mass [17]; this range corresponds to

�0.015 GeV=c2 for Λc → K−πþpπ0 and approximately
�0.010 GeV=c2 for the other decays studied.
After applying all these selection criteria, about 16% of

the events in the signal region have multiple Λþ
c candidates.

For these events, we retain the candidate having the
smallest sum of χ2 values obtained from the π0 mass-
constrained fit and the Λþ

c vertex fit. According to MC
simulation, this criterion selects the correct Λþ

c candidate in
72% of multiple-candidate events.
In order to extract the signal yield, we perform a two-

dimensional (2D) unbinned extended maximum likelihood
fit to the variables mðKþK−pπ0Þ and mðKþK−Þ. Our
likelihood function accounts for three components: ϕpπ0

signal, KþK−pπ0 nonresonant events, and combinatorial
background. The likelihood function is defined as

e−
P

j
Yj
YN
i

�X
j

YjPj½miðKþK−pπ0Þ; miðKþK−Þ�
�
; ð1Þ

where N is the total number of events, Pj½miðKþK−pπ0Þ;
miðKþK−Þ� is the probability density function (PDF) of
signal or background component j for event i, and j runs
over all signal and background components. The parameter
Yj is the yield of component j. The mðKþK−pπ0Þ for
signal and nonresonant contributions are modeled with the
sum of two Crystal Ball (CB) functions [18] having a

common mean, whereas for the combinatorial background,
a second-order Chebyshev polynomial is used. The peak
positions and resolutions of the CB functions are adjusted
according to data-MC differences observed in the high
statistics sample ofΛþ

c →K−πþpπ0 decays. ThemðKþK−Þ
of signal is modeled with a relativistic Breit-Wigner
function convolved with a Gaussian resolution function
(RBW ⊗ G), with the mass and width of the resonance ϕ
fixed to their nominal values [17]. The width of the
Gaussian resolution function is fixed to the value obtained
from the MC simulation. The mðKþK−Þ of nonresonant
background is modeled with a one-dimensional nonpara-
metric PDF [19]. The mðKþK−Þ of combinatorial back-
ground is modeled with the sum of a third-order Chebyshev
polynomial and the same RBW ⊗ G function as used to
model the signal. The floated parameters are the component
yields Yj and, for the combinatorial background, the
coefficients of the Chebyshev polynomials and the fraction
of the RBW. All other parameters are fixed in the fit to the
values obtained from the MC simulation. Projections of the
fit result are shown in Fig. 2. From the fit, we extract
148.4� 61.8 signal events, 75.9� 84.8 nonresonant
events, and 7158.4� 36.4 combinatorial background
events in the Λþ

c signal region. The statistical significance
is evaluated as

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
−2 lnðL0=LmaxÞ

p
, where L0 is the like-

lihood value when the signal yield is fixed to zero, and
Lmax is the nominal likelihood value. The statistical
significances are found to be 2.4 and 1.0 standard devia-
tions for Λþ

c → ϕpπ0 and nonresonant Λþ
c → KþK−pπ0

decays, respectively.
We use the well-established decay Λþ

c → pK−πþ [17] as
the normalization channel for the branching fraction
measurements. The track, particle identification, and vertex
selection criteria are similar to those used for the signal
decays. If there are multiple candidates present in an event,
we select the candidate having the smallest value of χ2 from
the Λþ

c vertex fit. The resulting invariant mass distribution
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FIG. 2. Projections of the 2D fit: (a)mðKþK−pπ0Þ and (b)mðKþK−Þ. The points with the error bars are the data, and the (red) dotted,
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of the pK−πþ candidates is shown in Fig. 3. The signal is
modeled with the sum of three Gaussian functions, and the
combinatorial background is modeled with a linear func-
tion. There are 1468435� 4816 signal candidates and
567855� 815 background candidates in the Λþ

c signal
region.
The ratio of branching fractions is calculated as

BðΛþ
c → final stateÞ

BðΛþ
c → pK−πþÞ ¼ YSig=εSig

YNorm=εNorm
; ð2Þ

where Y represents the observed yield in the signal region
of the decay of interest and ε corresponds to the recon-
struction efficiency as obtained from the MC simulation.
For the ϕpπ0 final state, we include Bðϕ → KþK−Þ ¼
ð48.9� 0.5Þ% [17] in εsig of Eq. (2). The reconstruction
efficiencies are ð2.165� 0.007Þ%, ð2.291� 0.008Þ%, and
ð16.564� 0.023Þ% for ϕpπ0, nonresonant KþK−pπ0, and
pK−πþ final states, respectively, where the errors are due to
MC statistics only. The ratio εSig=εNorm is corrected by a
factor 1.028� 0.018 to account for small differences in
particle identification efficiencies between data and simu-
lation. This correction is estimated from a sample ofD�þ →
D0ð→ K−πþÞπþ decays. For the ϕpπ0 final state, the
ratio is

BðΛþ
c → ϕpπ0Þ

BðΛþ
c → pK−πþÞ ¼ ð1.538� 0.641þ0.077

−0.100Þ × 10−3:

Whenever two or more uncertainties are quoted, the
first is statistical and the second is systematic. Using
BðΛþ

c → pK−πþÞ ¼ ð6.46� 0.24Þ% [20], we obtain

BðΛþ
c → ϕpπ0Þ ¼ ð9.94� 4.14þ0.50

−0.65 � 0.37Þ × 10−3;

where the third uncertainty is that due to the branching
fraction BðΛþ

c → pK−πþÞ.
Since the significances are below 3.0 standard deviations

for both ϕpπ0 signal and KþK−pπ0 nonresonant decays,
we set upper limits on their branching fractions at 90% con-
fidence level (C.L.) using a Bayesian approach. The limit is
obtained by integrating the likelihood function from zero to
infinity; the value that corresponds to 90% of this total area
is taken as the 90% C.L. upper limit. We include the
systematic uncertainty in the calculation by convolving the
likelihood distribution with a Gaussian function whose
width is set equal to the total systematic uncertainty. The
results are

BðΛþ
c → ϕpπ0Þ < 15.3 × 10−5;

BðΛþ
c → KþK−pπ0ÞNR < 6.3 × 10−5.

These are the first limits on these branching fractions.
To search for a putative Pþ

s → ϕp decay, we select
Λþ
c → KþK−pπ0 candidates in which mðKþK−Þ is within

0.020 GeV=c2 of the ϕ meson mass [17] and plot the
background-subtracted mðϕpÞ distribution (Fig. 4). This
distribution is obtained by performing 2D fits as discussed
above in bins of mðϕpÞ. The data shows no clear evidence
for a Pþ

s state. We set an upper limit on the product
branching fraction BðΛþ

c → Pþ
s π

0Þ × BðPþ
s → ϕpÞ by fit-

ting the distribution of Fig. 4 to the sum of a RBW function
and a phase space distribution determined from a sample of
simulated Λþ

c → ϕpπ0 decays. We obtain 77.6� 28.1 Pþ
s

events from the fit, which gives an upper limit of

BðΛþ
c → Pþ

s π
0Þ × BðPþ

s → ϕpÞ < 8.3 × 10−5

at 90% C.L. This limit is calculated using the same
procedure as that used for our limit on BðΛþ

c → ϕpπ0Þ.
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B(Λ+
c → P+

s π
0)× B(P+

s → φp) < 8.3× 10−5

(as a reference)
B(Λ0

b → Pc(4450)+K−)× B(Pc(4450)+ → J/ψp) = (1.3± 0.4)× 10−5
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Search for b-flavoured pentaquarks
According to the Skyrme model, the heavier the constituent quarks are,
the more tightly bound the state is
No searches for b-flavoured pentaquarks have ever been published
Full LHCb Run 1 integrated luminosity (3 fb−1)
Four different states considered:

P+
B0p → J/ψK+pπ−

P+
Λ0

b
π+ → J/ψK+pπ+

P−
Λ0

b
π− → J/ψK+pπ−

P+
B0

sp
→ J/ψφp

Mass ranges chosen to be below the strong decay threshold

1 Introduction

The observation of charmonium pentaquark states with quark content ccuud, by the
LHCb [1] collaboration in Λ0

b → J/ψK−p decays, raises many questions including: What
is the internal structure of these pentaquarks? Do other pentaquark states exist? Are they
molecular or tightly bound? In this analysis, we search for pentaquarks that contain a
single b (anti)quark, that decay via the weak interaction. The Skyrme model [2] has been
used to predict that the heavier the constituent quarks, the more tightly bound the pen-
taquark state [3–6]. This motivates our search for pentaquarks containing a b (anti)quark.
No existing searches for weakly decaying pentaquarks containing a b (anti)quark have been
published.

Consider the possible pentaquark states bduud, buudd, bduud and bsuud. We label
these states as P+

B0p, P
−
Λ0
bπ

− , P+
Λ0
bπ

+ and P+
B0
sp

, respectively, where the subscript indicates

the final states the pentaquark would predominantly decay into if it had sufficient mass
to decay strongly into those states. While there are many possible decay modes of these
states, we focus on modes containing a J/ψ meson in the final state because these can-
didates generally have relatively large efficiencies and reduced backgrounds in the LHCb
experiment. The Feynman diagrams for the decay of the P+

B0p and P+
B0
sp

states are shown

in Fig. 1. The corresponding diagrams for the decay of P−
Λ0
bπ

− and P+
Λ0
bπ

+ are similar to

that shown in Fig. 1(a), with the decay of the state being driven by the b→ ccs transition.
We reconstruct the φ(1020) meson1 in the K+K− decay mode. We note that the P+

B0p

pentaquark might have some decays inhibited by Bose statistics if its structure is based
on two identical ud diquarks, i.e. b(ud)(ud). Although the P+

B0
sp

state is expected to be

produced at a smaller rate on the grounds that B0
s production in the LHCb experiment

acceptance is only about 13% of the rate of the sum of B+ and B0 production [7], it
would not have two identical diquarks, and hence none of its decays would suffer from
spin-statistics suppression.

Table 1 lists all of the pentaquarks we search for along with their respective weak
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Figure 1: Leading-order diagrams for pentaquark decay modes into (a) J/ψK+π−p or (b) J/ψφp
final states.

1Hereafter φ refers to the φ(1020) meson.

1
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Search for b-flavoured pentaquarks
No signal is observed, upper limits at 90%CL are set on the production cross
sections times the BR, normalised using Λ0

b → J/ψK−p decays
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Figure 6: Upper limits on R at 90% CL for (a) J/ψK+π−p, (b) J/ψK−π−p, (c) J/ψK−π+p,
and (d) J/ψφp final states.

the computing resources that are provided by CERN, IN2P3 (France), KIT and DESY
(Germany), INFN (Italy), SURF (The Netherlands), PIC (Spain), GridPP (United King-
dom), RRCKI and Yandex LLC (Russia), CSCS (Switzerland), IFIN-HH (Romania),
CBPF (Brazil), PL-GRID (Poland) and OSC (USA). We are indebted to the communi-
ties behind the multiple open-source software packages on which we depend. Individual
groups or members have received support from AvH Foundation (Germany), EPLANET,
Marie Sk lodowska-Curie Actions and ERC (European Union), ANR, Labex P2IO, ENIG-
MASS and OCEVU, and Région Auvergne-Rhône-Alpes (France), RFBR and Yandex
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Update with full Run 1 and Run 2 statistics
Latest LHCb result on pentaquark searches: update of 2015 analysis
Integrated luminosity 9 fb−1, better data selection, increase in production
cross-section (13 TeV instead of 7 and 8 TeV)
9 times more statistics =⇒ improved resolution on mass spectra

and pT > 250 MeV for hadrons. Each hadron must have an
impact parameter χ2 with respect to the primary pp
interaction vertex larger than 9, and must be positively
identified in the particle identification system. The K−p
system must form a vertex with χ2 < 16, as must the two
muons from the J=ψ decay. Requirements on the Λ0

b
candidate include a vertex χ2 < 50 for 5 degrees of free-
dom, and a flight distance of greater than 1.5 mm. The
vector from the primary vertex to the Λ0

b vertex must align
with the Λ0

b momentum so that the cosine of the angle
between them is larger than 0.999. Candidate μþμ−
combinations are constrained to the J=ψ mass for sub-
sequent use in event selection.
The BDTG technique involves a “training” procedure

using sideband data background and simulated signal
samples. (The variables used are listed in the
Supplemental Material [20].) We use 2 × 106 Λ0

b →
J=ψK−p events with J=ψ → μþμ− that are generated
uniformly in phase space in the LHCb acceptance, using
PYTHIA [21] with a special LHCb parameter tune [22], and
the LHCb detector simulation based on GEANT4 [23],
described in Ref. [24]. The product of the reconstruction
and trigger efficiencies within the LHCb geometric accep-
tance is about 10%. In addition, specific backgrounds from
B̄0
s and B̄0 decays are vetoed. This is accomplished by

removing combinations that when interpreted as J=ψKþK−

fall within�30 MeV of the B̄0
s mass or when interpreted as

J=ψK−πþ fall within �30 MeV of the B̄0 mass. This
requirement effectively eliminates background from these
sources and causes only smooth changes in the detection
efficiencies across the Λ0

b decay phase space. Backgrounds
from Ξb decays cannot contribute significantly to our
sample. We choose a relatively tight cut on the BDTG
output variable that leaves 26 007� 166 signal candidates
containing 5.4% background within �15 MeV (�2σ) of
the J=ψK−p mass peak, as determined by the unbinned
extended likelihood fit shown in Fig. 4. The combinatorial
background is modeled with an exponential function and
the Λ0

b signal shape is parametrized by a double-sided
Hypatia function [25], where the signal radiative tail
parameters are fixed to values obtained from simulation.
For subsequent analysis we constrain the J=ψK−p four-
vectors to give theΛ0

b invariant mass and the Λ0
b momentum

vector to be aligned with the measured direction from the
primary to the Λ0

b vertices [26].
In Fig. 5 we show the “Dalitz” plot [27] using the K−p

and J=ψp invariant masses-squared as independent vari-
ables. A distinct vertical band is observed in the K−p
invariant mass distribution near 2.3 GeV2 corresponding to
the Λð1520Þ resonance. There is also a distinct horizontal
band near 19.5 GeV2. As we see structures in both K−p
and J=ψp mass distributions we perform a full amplitude
analysis, using the available angular variables in addition
to the mass distributions, in order to determine the

resonances present. No structure is seen in the J=ψK−

invariant mass.
We consider the two interfering processes shown in

Fig. 1, which produce two distinct decay sequences:
Λ0
b → J=ψΛ�, Λ� → K−p and Λ0

b → Pþ
c K−, Pþ

c → J=ψp,
with J=ψ → μþμ− in both cases. We use the helicity
formalism [28] in which each sequential decay A → BC
contributes to the amplitude a term

HA→BC
λB;λC

DJA
λA;λB−λCðϕB; θA; 0Þ�RAðmBCÞ

¼ HA→BC
λB;λC

eiλAϕBdJAλA;λB−λCðθAÞRAðmBCÞ; ð1Þ

where λ is the quantum number related to the projection of
the spin of the particle onto its momentum vector (helicity)
and HA→BC

λB;λC
are complex helicity-coupling amplitudes

describing the decay dynamics. Here, θA and ϕB are the
polar and azimuthal angles of B in the rest frame of A (θA is
known as the “helicity angle” of A). The three arguments of
Wigner’s D matrix are Euler angles describing the rotation
of the initial coordinate system with the z axis along the

 [MeV]
5500 5600 5700

E
ve

nt
s 

/ (
 4

 M
eV

)

0

1000

2000

3000

4000

5000

6000

7000
LHCb

p ψ/Jm K
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Consistency check

First check: using the new dataset, the new selection and the same amplitude
model we get compatible results
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New featuresNew Λ𝑏 → 𝐽/𝜓𝑝𝐾− data sample
Heavy Flavor Physics and Hadron Spectroscopy, DIS 2019, Tomasz Skwarnicki 22

The 𝐽/𝜓𝑝mass resolution is 2.3-2.7 
MeV (RMS) in 4.3-4.6 GeV region

(the excellent momentum 
resolution, vertexing and 𝐽/𝜓 and 
Λ𝑏 mass constraints)  

Coarse binning!

– narrow 𝑃𝑐+ → 𝐽/𝜓𝑝 peaks

Observe narrow 𝐽/𝜓𝑝 structures 
which were insignificant with 1/9th 

of the present Λ𝑏 → 𝐽/𝜓𝑝𝐾−sample

LHCb-PAPER-2019-014
submitted to PRL

Increase in mass resolution (≈2.5 MeV)
New narrow structure at 4.3 GeV,
Pc(4450)+ is resolved into two peaks
Amplitude fit computationally
challenging, currently work in progress
Very narrow states, cannot be artificial
reflections
Cut at mKp > 1.9 GeV to suppress the
dominant Λ∗ → pK+ contributions
1-dimensional fit using different
composition of Λ∗ reflections to model the
background
This analysis is not sensitive to broad
J/ψp contribution, like Pc(4380)+
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Fit to the J/ψp invariant mass

The masses of the narrow peaks are
just below the Σ+

c D
(∗)0 masses

Although the compact pentaquark
model is not ruled out, these features
favour the molecular interpretation
Need to measure quantum numbers
and find isospin partners in order to
have a definitive answer
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Table 1: Summary of P+
c properties. The central values are based on the fit displayed in Fig. 6.

State M [ MeV ] Γ [ MeV ] (95% CL) R [%]

Pc(4312)+ 4311.9± 0.7+6.8
−0.6 9.8± 2.7+ 3.7

− 4.5 (< 27) 0.30± 0.07+0.34
−0.09

Pc(4440)+ 4440.3± 1.3+4.1
−4.7 20.6± 4.9+ 8.7

−10.1 (< 49) 1.11± 0.33+0.22
−0.10

Pc(4457)+ 4457.3± 0.6+4.1
−1.7 6.4± 2.0+ 5.7

− 1.9 (< 20) 0.53± 0.16+0.15
−0.13

to all three versions of the mJ/ψp distribution, each configuration of the P+
c interference,

all variations of the background model, and each of the additional fits just described. The
masses, widths, and the relative contributions (R values) of the three narrow P+

c states,
including all systematic uncertainties, are given in Table 1.

To obtain estimates of the relative contributions of the P+
c states, the Λ0

b candidates
are weighted by the inverse of the reconstruction efficiency, which is parametrized in
all six dimensions of the Λ0

b decay phase-space (Eq. (68) in the Supplemental Material
to Ref. [26]). The efficiency-weighted mJ/ψp distribution, without the mKp > 1.9 GeV
requirement, is fit to determine the P+

c contributions, which are then divided by the
efficiency-corrected and background-subtracted Λ0

b yields. This method makes the re-
sults independent of the unknown quantum numbers and helicity structure of the P+

c

production and decay. Unfortunately, this approach also suffers from large Λ∗ back-
grounds and from sizable fluctuations in the low-efficiency regions. In these fits, the
P+
c terms are added incoherently, absorbing any interference effects, which can be large

(see, e.g., Fig. S2 in the Supplemental Material), into the BW amplitudes. Therefore,
the R ≡ B(Λ0

b → P+
c K

−)B(P+
c → J/ψp)/B(Λ0

b → J/ψpK−) values reported for each P+
c

state differ from the fit fractions typically reported in amplitude analyses, since R includes
both the BW amplitude squared and all of its interference terms. Similar fit variations
are considered here as above, e.g., different background models and selection criteria are
all evaluated. The resulting systematic uncertainties on R are large, as shown in Table 1.

The narrow widths of the P+
c peaks make a compelling case for the bound-state

character of the observed states. However, it has been pointed out by many authors [16–19]
that peaking structures in this J/ψp mass range can also be generated by triangle diagrams.
The Pc(4312)+ and Pc(4440)+ peaks are unlikely to arise from triangle diagrams, due to a
lack of any appropriate hadron-rescattering thresholds as discussed in more detail in the
Supplemental Material. The Pc(4457)+ peaks at the Λ+

c (2595)D0 threshold (JP = 1/2+

in S-wave) [18], and the Ds1(2860)− meson is a suitable candidate to be exchanged in the
corresponding triangle diagram. However, this triangle-diagram term does not describe
the data nearly as well as the BW does (Fig. S5 in the Supplemental Material). This
possibility deserves more scrutiny within the amplitude-analysis approach.

Narrow P+
c states could arise by binding a narrow baryon with a narrow meson, where

the separation of c and c̄ into distinct confinement volumes provides a natural suppression
mechanism for the P+

c widths. The only narrow baryon-meson combinations with mass
thresholds in the appropriate mass range are pχcJ , Λ+

c D̄
(∗)0, and ΣcD̄

(∗) (both Σ+
c D̄

(∗)0

and Σ++
c D̄(∗)− are possible, the threshold for the latter is about 5 MeV higher than the

former). There is no known S-wave binding mechanism for pχcJ combinations [27] and
Λ+
c D̄

(∗)0 interactions are expected to be repulsive, leaving only the ΣcD̄
(∗) pairs expected

to form bound states [28–30]. The masses of the Pc(4312)+ and Pc(4457)+ states are

7
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CONCLUSIONS
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Conclusions

Exotic spectroscopy is an extremely rich and productive field
Several observations and searches for pentaquark states in the last 4 years
Quite a recent discovery - this is just the beginning of a new era in both
discovery of new states and understanding of QCD binding mechanisms
We still do not know what the real nature of these new states is
The LHCb Run 2 update measurement is the strongest evidence so far
towards a molecular interpretation of the P+

c states
Amplitude analysis is challenging, but ongoing
LHCb clearly dominates the scene for now, waiting for Belle II to join
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