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a b s t r a c t

First evidence of a structure in the J=wK invariant mass distribution is obtained from an amplitude anal-

ysis of N�
b ! J=wKK� decays. The observed structure is consistent with being due to a charmonium pen-

taquark with strangeness with a significance of 3.1r including systematic uncertainties and look-

elsewhere effect. Its mass and width are determined to be 4458:8� 2:9þ4:7
�1:1 MeV and

17:3� 6:5þ8:0
�5:7 MeV, respectively, where the quoted uncertainties are statistical and systematic. The struc-

ture is also consistent with being due to two resonances. In addition, the narrow excited N
� states,

N 1690ð Þ� and N 1820ð Þ� , are seen for the first time in a N
�
b decay, and their masses and widths are mea-

sured with improved precision. The analysis is performed using pp collision data corresponding to a total

integrated luminosity of 9 fb
�1
, collected with the LHCb experiment at centre-of-mass energies of 7, 8 and

13 TeV.

� 2021 Science China Press. Published by Elsevier B.V. and Science China Press. This is an open access

article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

1. Introduction

The existence of pentaquark states, comprising four quarks and

an antiquark, has been anticipated since the establishment of the

quark model [1,2]. The first observation of pentaquark states has

been reported by the LHCb experiment [3]. In the analysis of

K
0
b ! J=w ! lþl�ð ÞpK� decays, a narrow structure in the J=wpmass

spectrum indicated a possible pentaquark contribution [3,4]

(Charge conjugation is implied and natural units with �h ¼ c ¼ 1

are used throughout this article). An amplitude analysis showed

that the data could be best described by the presence of two pen-

taquark states, the Pc 4380ð Þþ and Pc 4450ð Þþ. With the inclusion of

additional data and an improved selection strategy, it was found

that the Pc 4450ð Þþ could be resolved into two narrow states, the

Pc 4440ð Þþ and Pc 4457ð Þþ. In addition, a new narrow state, the

Pc 4312ð Þþ was discovered [5]. The uudc�c½ � valence quark content

is attributed to these pentaquark states. Their strange counter-

parts, denoted P0
cs, with udsc�c½ � valence quark content, are predicted

in Refs. [6–11] and it has been suggested to search for them in

N
�
b ! J=wKK� decays [8,12].

The N�
b ! J=wKK� decay also provides the opportunity to study

excited N
� resonances (denoted collectively as N��) in a mass range

of 1:61; 2:70½ � GeV, where only a small number of N�� states have

been observed, with a typical uncertainty of more than 5 MeV on

their masses and widths [13]. Five N�� states have been established

experimentally, the N 1530ð Þ�, N 1690ð Þ�; N 1820ð Þ�; N 1950ð Þ� and

N 2030ð Þ�. Recently, several results on the N 1690ð Þ� and N 1820ð Þ�
states have been reported by the BESIII Collaboration [14,15]. For

the neutral partners, the Belle Collaboration observed a N 1620ð Þ0

resonance and found evidence for a N 1690ð Þ0 state in

N
þ
c ! N

�pþpþ decays [16]. More studies of excited N states will

improve our understanding of the N spectrum and of the structure

of baryon resonances.

In this article, an amplitude analysis of the N
�
b ! J=wKK� decay

is performed using proton-proton (pp) collision data collected at

centre-of-mass energies of
ffiffi

s
p

¼ 7 and 8 TeV, corresponding to

an integrated luminosity of 3 fb
�1

(Run 1) and at
ffiffi

s
p

¼ 13 TeV, cor-

responding to 6 fb
�1

(Run 2). The LHCb Collaboration first

observed the decay N
�
b ! J=wKK� using Run 1 data and measured

the production rate of N�
b with N

�
b ! J=wKK� decays relative to

that of K0
b ! J=wK decays [17].

2. Detector and data set

The LHCb detector [18,19] is a single-arm forward spectrometer

covering the pseudorapidity range 2 < g < 5, designed for the

study of particles containing b or c quarks. The detector includes

a silicon-strip vertex detector surrounding the proton-proton

interaction region, tracking stations on either side of a dipole mag-

net, ring-imaging Cherenkov (RICH) detectors, calorimeters and
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muon chambers. Simulation is required to evaluate the detector

acceptance in the full phase space of N
�
b ! J=wKK� decays and

the efficiency of signal selection. In the simulation, pp collisions

are generated using PYTHIA [20] with a specific LHCb configuration

[21]. Decays of unstable particles are described by EVTGEN [22], in

which final-state radiation is generated using PHOTOS [23,24]. The

interaction of the generated particles with the detector, and its

response, are implemented using the GEANT4 toolkit [25,26] as

described in Ref. [27]. The production kinematics of N�
b baryons

in the simulation is corrected based on the two-dimensional distri-

bution of the momentum component transverse to the beam direc-

tion pTð Þ and rapidity (y) obtained using a sample of K0
b ! J=wK

decays selected from data.

The N
�
b ! J=w ! lþl�ð ÞK ! pp�ð ÞK� signal candidates are first

required to pass an online event selection performed by a trigger

[28], consisting of a hardware stage that is based on information

from the calorimeters and the muon system, followed by two soft-

ware stages that perform a partial event reconstruction. At the

hardware stage, events are required to have a muon with a high

momentum component transverse to the beam direction pTð Þ or

a hadron, photon or electron with a high transverse energy. In

the first software stage, the event is required to have either two

well-identified oppositely charged muons with large invariant

mass, or at least one muon with pT > 1 GeV and a large

impact-parameter significance with respect to any primary pp col-

lision vertex (PV). In the second stage, events containing a lþl�

pair with invariant mass consistent with the known J=w mass

[13], and with a vertex significantly displaced from any PV, are

selected. Candidate K ! pp� decays are reconstructed in two dif-

ferent categories: long involving K baryons with a flight distance

short enough for the proton and pion to have the decay vertex

reconstructed in the vertex detector; and downstream containing

K baryons decaying later such that the track segments of the pro-

ton and pion cannot be formed in the vertex detector and are

reconstructed only in the tracking stations. The candidates in the

long category have better mass, momentum and decay vertex res-

olution than those in the downstream category. A N
�
b candidate is

then reconstructed by combining the J=w; K and a well identified

K� candidate, which are required to form a good-quality vertex.

3. Candidate selection

Candidates are required to pass a set of selection criteria and are

then further filtered using a multivariate classifier based on a gra-

dient boosted decision tree (BDTG) [29–31]. The selection criteria

are almost identical to those used in the previous analysis [17],

except those on the pT of the K decay products and on the v2
IP of

the kaon candidate which are relaxed. The v2
IP is defined as the dif-

ference in the vertex-fit v2 of a given PV reconstructed with and

without the track considered. In total, 15 variables are combined

to train the BDTG classifier. The requirement of the BDTG response

is selected to maximise the signal significance, separately for four

categories (long and downstream K candidates in Run 1 and 2).

In the selected sample, less than 0.5% of the events contain more

than one N
�
b candidate, which are all retained.

A kinematic fit [32] is applied to the N
�
b decay to improve the

mass resolution where the J=w and K candidate masses are con-

strained to their known values [13], and the N
�
b candidate is con-

strained to originate from a primary vertex. The resulting

J=wKK� invariant mass spectra for the four categories are shown

in Fig. 1. The total signal yield is 1750� 50, determined by an

unbinned extended maximum-likelihood fit to the J=wKK�

invariant mass spectra for each of the four categories. The signal

is described by a Hypatia function [33], while combinatorial

background is modelled by an exponential function. Partially

reconstructed N
�
b ! J=w�0 ! Kcð ÞK� decays form a specific back-

ground at masses below the known N
�
b mass. The shape of this

background is determined using a non-parametric model from

simulation. Its yield varies freely in the fit. Weights [34] are

assigned to the candidates to statistically subtract background

contributions by weighting each candidate depending on their

invariant J=wKK� mass. A kinematic fit is performed to improve

the momentum resolution of final-state particles by further con-

straining the N
�
b candidate mass to its known value [13]. The

resulting Dalitz plot for candidates within �15 MeV of the N
�
b

peak position is shown in Fig. 2. As expected, significant

N
�� ! KK� contributions, in particular from the N 1690ð Þ� and

N 1820ð Þ� resonances, are observed. The J=wK mass spectrum will

be further explored in this article.

4. Amplitude analysis

An amplitude analysis is carried out to measure the properties

of the N 1690ð Þ� and N 1820ð Þ� resonances, and to examine a possi-

ble contribution from any P0
cs pentaquark states decaying into J=wK.

The amplitude fits minimise an unbinned negative log-likelihood,

L, constructed in a six-dimensional phase space of the data [3].

The six dimensions correspond to the KK� mass and five angular

observables hN�
b
; hN� ; hJ=w; /K; /l, where h and / denote the

polar and azimuthal angles, respectively. The probability distribu-

tion function only comprises the contribution from signal N
�
b

decays, since the background is subtracted using the sPlot tech-

nique [34,35], as discussed in detail in Ref. [3]. The efficiency on

the six-dimensional phase space is folded into the signal probabil-

ity density function. The amplitude analysis follows a similar strat-

egy to that of K0
b ! J=wpK� decays in Ref. [3], with the K

0
b baryon

and proton in the K
0
b decay replaced by the N

�
b and K baryons,

respectively. However, a cross-check with the Dalitz-plot decom-

position method proposed in Ref. [36] indicates that the method

used in Ref. [3] has to be modified in two aspects to properly align

the helicity state of the spin–half K baryon in the N�� and P0
cs decay

chains [37]. First, in the N�� ! KK� decay, the K particle is used to

define the two decay angles of the N�� system. The definition of the

remaining angles is the same as in Ref. [3]. Secondly, the Euler rota-

tion in the N
�� ! KK� decay aligns the spin axis along the K

momentum, while the rotation in the P0
cs ! J=wK frame aligns the

spin axis in the direction opposite to the K momentum. An addi-

tional rotation to align the z-axis between the P0
cs and N

�� chains

generates a term �1ð ÞJK�k
Pcs
K in the amplitude of the P0

cs chain, where

JK and kPcs
K

are the spin and the helicity of the K particle in the P0
cs

rest frame, respectively. This term is the particle-two convention

factor [38].

Table 1 lists the possible contributions from well established

N
�� states according to the PDG [13]. The states constitute a default

description of the KK� invariant mass spectrum, which is also

assumed to include a nonresonant (NR) contribution. As the spin-

parities of these resonances are unknown except for that of the

N 1820ð Þ� baryon, combinations of different JP of these states are

examined in the amplitude fit. Due to limited sample size, each

N
�� resonance is described by 3 or 4 independent LS couplings,

where L stands for the decay orbital angular momentum, and S is

the sum of spins of the decay products. Couplings corresponding

to higher L are expected to be suppressed by the angular momen-

tum barrier, so the contributions are chosen in increasing order of

L. For all N�� resonances, relativistic Breit-Wigner functions [3] are

used to model their line shape and phase variation as a function of

the invariant mass of the KK� system, mKK� . The masses and

widths of the N 1690ð Þ� and N 1820ð Þ� resonances are free fit
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parameters, while those of other N�� resonances are constrained by

their known uncertainties [13]. The contribution of the NR S-wave

component to the mKK� spectrum is described with a function that

is inversely proportional to m2
KK� [39]. Alternative descriptions of

the NR component are considered to estimate systematic uncer-

tainties on the model. The KK� and J=wK mass spectra are shown

in Fig. 3 with the projections of amplitude fit overlaid.

After the determination of the amplitude model with KK�-only

contributions, a P0
cs state is added to the amplitude model, with

spin hypotheses ranging from 1=2 to 5=2 and parity hypotheses

of both �1 and þ1. Only the smallest allowed L is considered

due to the suppression of higher values of L. A J=wK mass resolu-

tion of 2.6 MeV obtained from simulation is taken into account

by smearing the P0
cs Breit-Wigner amplitude accordingly. The fits

show a significant improvement when adding the P0
cs state. The lar-

gest improvement on �2 lnLwhen adding a single P0
cs contribution

is found to be D2 lnL ¼ 43, for an addition of 6 parameters. This fit,

which includes the KK� resonances in Table 1, a NR KK� compo-

nent and a single P0
cs state each with their favoured JP assignment

is referred to below as the default fit. The improvement in

�2 lnL corresponds to a statistical significance of 4:3 standard

deviations (r). This is estimated using pseudoexperiments where

the look-elsewhere effect is taken into account. The difference of

the �2 lnL obtained using fit models with and without the contri-

bution of the P0
cs state is used as the test statistic to evaluate the p-

value of the null hypothesis, where several alternative N
�� models

are used to describe the contributions from the KK� resonances.

The p-value is estimated by fitting the distribution of the test

Fig. 1. Invariant mass distributions of selected N
�
b ! J=w�K� candidates in the (a) Run 1 downstream, (b) Run 1 long, (c) Run 2 downstream, and (d) Run 2 long samples. The

data are overlaid by the result of the fit described in the text.

Fig. 2. Dalitz plot for all candidates within �15 MeV of the known N
�
b mass. The

yellow area shows the kinematically allowed region.

Table 1

The components in the amplitude fit used to describe the KK� system. The JP , masses

(M0) and widths (C0) of the N
� states are taken from the PDG [13]. The numbers of LS

couplings used in the default fit are listed, together with the total number of the LS

couplings associated to the KK� component, given in parentheses. The N 1820ð Þ�
coupling of lowest LS is set to (1,0) for reference. Multiple JP assignments are

considered for states where this assignment has not been previously established. A

nonresonant S-wave KK� contribution, labelled as NR, is also considered in the fit

model.

State M0 (MeV) C0 (MeV) LS couplings JP examined

N 1690ð Þ� 1690� 10 < 30 4 (6) 1=2;3=2ð Þ�
N 1820ð Þ� 1823� 5 24þ15

�10
3 (6) 3=2�

N 1950ð Þ� 1950� 15 60� 20 3 (6) 1=2;3=2;5=2ð Þ�
N 2030ð Þ� 2025� 5 20þ15

�5
3 (6) 5=2�

NR KK� - - 4 (4) 1=2�
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statistic from 10,000 pseudoexperiments for the model based on

the results from the fit to data fit, generated with the null hypoth-

esis. To take into account the look-elsewhere effect for each

pseudoexperiment, the global maximum of 2 lnL is obtained by

scanning the values of the mass and width of P0
cs state in the kine-

matically allowed region, instead of limiting their values to be con-

sistent with that of the data fit. When including systematic

uncertainties discussed below, the p-value is determined to be

0.2% by counting the fraction of pseudoexperiments with the

D2 lnL value exceeding the smallest D2 lnL value from data. This

p-value corresponds to the signal significance of 3:1r with a

two-sided Gaussian test for the P0
cs state, providing the first evi-

dence for a charmonium pentaquark candidate with strangeness.

As shown in Fig. 3, the projections of the full amplitude fit onto

the KK� and J=wK invariant mass spectra match the data distribu-

tions well. A test of the fit quality is performed by comparing the

default fit of the Dalitz plot with the data distribution. The data

is divided into 64 bins containing approximately the same number

of decays. The v2 is calculated to be 77 for these bins, indicating a

reasonably good description of the data. The P0
cs state is determined

to have a mass of 4458:8� 2:9 ðstatÞ MeV and a width of

17:3� 6:5 ðstatÞ MeV, and hereafter is denoted as Pcs 4459ð Þ0.
Fig. 4 highlights the Pcs 4459ð Þ0 contribution by comparing the fits

to the mJ=wK and cos hPcs distributions with and without the

Pcs 4459ð Þ0 state included, where hPcs is the helicity angle of the

J=wK system, defined as the angle between the direction of the

J=w particle and the opposite direction of the K� particle in the

J=wK rest frame. The Pcs 4459ð Þ0 state is more visible when the

dominant contributions from N
�� with low masses are suppressed

by requiring mKK� > 2:2 GeV. As shown in Fig. 4b, a significant

improvement of the fit quality is also found in the cos hPcs distribu-

tion when including the Pcs 4459ð Þ0 state.

No evidence for any other P0
cs state is found in the considered

mass range. This is also clear when examining themJ=wK projections

in three intervals of mKK� , shown in Fig. 5. The measured mass,

width and fit fraction (FF) of all components involved in the default

fit are shown in Table 2. Systematic uncertainties on these results

are discussed below.

The measured Pcs 4459ð Þ0 mass is about 19 MeV below the N0
c
�D�0

threshold. In this region, Ref. [11] predicts two states with

JP ¼ 1=2� and 3=2� and a mass difference of 6 MeV. This is similar

to the two Pc 4440ð Þþ and Pc 4457ð Þþ pentaquark states, which are

just below the R
þ
c
�D�0 threshold. Thus the hypothesis of a two-

peak structure with the predicted JP values is tested. The fit pro-

vides a good description of the data. The result is shown for the

P0
cs enhanced region in Fig. 6. The masses and widths of the two

states are 4454:9� 2:7 MeV and 7:5� 9:7 MeV, and 4467:8� 3:7

MeV and 5:2� 5:3 MeV, respectively, where the uncertainties are

statistical only. The fit improves 2 lnL by 4.8 units for 4 additional

free parameters, compared to the fit using one Breit-Wigner func-

tion to model the structure. Therefore, the analysis of the current

data sample cannot confirm or refute the two-peak hypothesis.

Systematic uncertainties are summarised in Table 3. Due to the

limited number of candidates, JP for the P0
cs state and for the

N 1690ð Þ�, N 1950ð Þ� and N 2030ð Þ� states cannot be reliably deter-

mined. To estimate the systematic uncertainty related to the

choice of JP assignments, all possible JP assignments for these states

resulting in �2 lnL differences less than 9 units are compared to

that from the default fit. The largest variation, with respect to

the values in the default fit, is taken as an asymmetric systematic

uncertainty. The uncertainty related to the fit model is estimated

by: varying the hadron-size parameter in the Blatt-Weisskopf bar-

rier factor [3] between 1.0 and 5:0 GeV�1; modifying the orbital

angular momenta L in N
�
b decays that are used in the treatment

Fig. 3. The (a) mKK� and (b) mJ=w� distributions of selected candidates compared to the result of the fit with the P0
cs state.

Fig. 4. (a) Projection of mJ=wK in the range of 4:36;4:54½ � GeV with the mKK� > 2:2 GeV requirement. (b) Projection of cos hPcs for candidates having mJ=wK within one natural

width from the fitted P0
cs resonance mass. The red dashed lines show the result of the fit in N

�-only hypothesis and the blue solid lines show the fit accounting for both N
� and

P0
cs states.
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of the N
�� resonances by one or two units; using all allowed cou-

plings, instead of a limited number of L couplings, for N
�� or

Pcs 4459ð Þ0 states; using alternative models to describe the nonres-

onant KK� component, including an exponential function or a

function inversely proportional to m2
KK� þm2

NR , where mNR is a free

parameter in the fit; considering the effects of N
�
b polarisation,

which are found to be consistent with zero in the analysis and

neglected in the default fit; using an extended N
�� model, which

includes two more N
�� states, in which the mass and width con-

straints on the N
�� states are removed, and all allowed couplings

for all N�� states are used. The largest value among all model vari-

ations is taken as systematic uncertainty for this source. The other

systematic sources are estimated by: including the K ! pp� decay

angles instead of taking the K baryon as a stable final-state parti-

cle; determining the sWeights by either splitting N
�� helicity

angles into bins or removing partially reconstructed physical back-

ground from the N
�
b ! J=wR0 ! Kcð ÞK� decays in the [5644.5,

5764.5] MeV J=wKK� mass sideband; and varying the efficiency

due to imperfect simulation. The mass resolution of the KK� sys-

tem is about 1–2 MeV, and has negligible effect on the fit due to

the large widths of the N
�� states. The significance for the

Pcs 4459ð Þ0 state is conservatively taken as the smallest significance

found when combining different sources of systematic uncertainty

together, and is equal to 3.1r, as already reported, where the look-

elsewhere effect has been taken into account. It corresponds to

varying the hadron-size parameter in the extended N
�� model with

full couplings for the considered Pcs 4459ð Þ0 state.

The negative systematic uncertainty for the Pcs 4459ð Þ0 fit frac-

tion, �1:3%, is obtained from an alternative value of JP used for

the Pcs 4459ð Þ0 state. In such a fit, the significance of the

Pcs 4459ð Þ0 state is 4.1r, even though the fit fraction is 1:4%. This

is because the significance has contributions from two sources,

the fit fraction and the interference fraction involving the

Pcs 4459ð Þ0 state. The interference fraction is about þ1:3% in this

alternative JP fit, while it is almost 0 in the default fit. The system-

atic uncertainty of the N 1950ð Þ� fit fraction is þ49:9%, most of

which originates from an alternative fit where its mass and width

are floated in the extended model, rather than constrained to the

known values [13], while the second largest one, from other

Fig. 5. Projections of mJ=wK in intervals of (top left) mKK� < 1:9 GeV, (bottom left) 1:9 < mKK� < 2:2 GeV, and (bottom right) mKK� > 2:2 GeV based on the default fit,

superimposed with contributions from components listed in Table 1 and the P:0
cs state.

Table 2

Mass (M0), width (C0) and fit fraction (FF) of the components involved in the default

fit. The masses and widths of the P0
cs , N 1690ð Þ� , and N 1820ð Þ� resonances are free

parameters, while those of the other N�� resonances are constrained by the known

uncertainties [13]. The quoted uncertainties are statistical and systematic. When only

one uncertainty is given, it is statistical.

State M0 (MeV) C0 (MeV) FF (%)

Pcs 4459ð Þ0 4458:8� 2:9þ4:7
�1:1 17:3� 6:5þ8:0

�5:7 2:7þ1:9þ0:7
�0:6�1:3

N 1690ð Þ� 1692:0� 1:3þ1:2
�0:4 25:9� 9:5þ14:0

�13:5 22:1þ6:2þ6:7
�2:6�8:9

N 1820ð Þ� 1822:7� 1:5þ1:0
�0:6 36:0� 4:4þ7:8

�8:2 32:9þ3:2þ6:9
�6:2�4:1

N 1950ð Þ� 1910:6� 18:4 105:7� 23:2 11:5þ5:8þ49:9
�3:5�9:4

N 2030ð Þ� 2022:8� 4:7 68:2� 8:5 7:3þ1:8þ3:8
�1:8�4:1

NR – – 35:8þ4:6þ10:3
�6:4�11:2

Fig. 6. Projection of mJ=w� with a m�K�>2:2 GeV requirement applied, overlaid by

the fit using two resonances to model the peak region.
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sources considered in the estimation of systematic uncertainty, is

þ5:9%. Considering this large value, the fit fractions for all compo-

nents involved in the extended model and their interference frac-

tions are checked. A large interference fraction of �60.3%

between N 1950ð Þ� and NR is found in the extended model, and a

large width of N 1950ð Þ� of about 350 MeV is found. This could

indicate the NR description in the default model is not perfect.

Therefore several other NR models discussed before, or the NR con-

tribution replaced by a broad Breit-Wigner function are tested; all

of these variations do not change the conclusion on the Pcs 4459ð Þ0
result.

5. Conclusion

In conclusion, an amplitude analysis of N�
b ! J=wKK� decays is

performed using approximately 1750 candidates, and a structure

in the J=wK mass spectrum around 4459 MeV is seen. This struc-

ture can be explained by including a pentaquark candidate with

strangeness in the amplitude model. Its significance exceeds 3r
after considering all systematic uncertainties. The mass and width

of this new exotic state are measured to be 4458:8� 2:9þ 4:7
� 1:1 MeV

and 17:3� 6:5þ 8:0
� 5:7 MeV, respectively. The Pcs 4459ð Þ0 state has a

mass only about 19 MeV below the N
0
c
�D�0 threshold and a narrow

width. Motivated by this fact, the hypothesis of two resonances

contributing to the enhancement is tested. The data cannot con-

firm or refute the two-peak hypothesis. Furthermore, two N
��

states, N 1690ð Þ� and N 1820ð Þ�, are observed for the first time in

N
�
b decays. Using the full amplitude analysis, their masses and

widths are measured to be

M N 1690ð Þ�ð Þ ¼ 1692:0� 1:3þ 1:2
� 0:4 MeV;

C N 1690ð Þ�ð Þ ¼ 25:9� 9:5þ 14:0
� 13:5 MeV;

M N 1820ð Þ�ð Þ ¼ 1822:7� 1:5þ 1:0
� 0:6 MeV;

C N 1820ð Þ�ð Þ ¼ 36:0� 4:4þ 7:8
� 8:2 MeV:

These results are consistent with the average values reported in

the PDG [13] and recent results from the BESIII experiment [14,15].

The mass determinations are much more precise than those listed

in the PDG. Due to limited signal yield, the JP of the Pcs 4459ð Þ0 and

N 1690ð Þ� states are not determined at this stage.
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