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Dear Sir/Madam,  
 
It is my pleasure to recommend Andrew Morris as an excellent candidate for the postdoctoral 
researcher position in the LHCb Group at the Centre de Physique des Particules de 
Marseille (CPPM) and Aix-Marseille University (AMU). Based on my ten years of 
postdoctoral experience working with, and supervising, PhD students across Europe, I suggest 
that you seriously consider his application.  
 
I have been working closely with Andrew on his data analysis topic during the course of his 
PhD, the study of time-dependent CP-violation using B0->Dpipi decays at LHCb. The analysis 
team consists of six members, where Andrew should be considered as the lead analyst and 
future contact author for the forthcoming publication. The analysis is currently under internal 
review and we are pushing to reach publication by the end of the summer. This measurement 
is a complex and ambitious analysis that would have posed a significant learning curve and 
challenge for any student or postdoc, Andrew has faced this admirably. He is involved in most 
parts of the analysis, leading the data processing and selection studies, performing the 
invariant mass fits to select signal candidates, making contributions to the C++ based fitting 
framework Laura++ that are required to perform the multi-dimensional time-dependent 
analysis, and studying the variation of the signal efficiency and the impact of background 
processes.  
 
Andrew has made excellent progress during the course of his PhD such that for the last six to 
twelve months he is showing that he is ready to make the step to become a successful 
postdoctoral researcher. His attention to detail and ability to critique both his own work, and 
that of others, have improved significantly so that he is now able to work independently as 
efficiently as he is within a team. He is a strong communicator and has developed his 
presentation skills through numerous talks in LHCb meetings and at a conference (virtually, 
due to Covid-19). His programming skills in both C++ and python are strong and it is an area 
in which he is interested to continue learning and improving. In general, Andrew is a pleasure 
to work with as part of the analysis team. He has a strong work ethic and is self-motivated, 
with a willingness and interest to learn and understand new things. He presents his work at 
almost every biweekly analysis meeting, and is now happy to ask questions and make 
suggestions to other members of the group.  
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LHCb Original
• Hugely successful experiment, > 600 publications 
• Significant discoveries 
• CPV observed in new systems 
• Rare decays 
• 64 of 72 new hadrons discovered at the LHC 

• Broad physics programme 
• World leading for core topics, but also 
• Heavy ions 
• Fixed target 
• Electroweak 
• Dark Sector
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18th  November 2022, ECFA
Chris Parkes
On behalf of the LHCb Collaboration
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• Major project achieved on budget 
• All sub detectors installed 
• Commissioning to detector and  

dataflow ongoing 
• Detector performance studies  

underway 
• 90% of channels upgraded 
• Replaced readout electronics 
• Operate at 30 MHz 
• Peak luminosity x5 w.r.t. Run 1

LHCb Upgrade I
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LHCb Upgrade II

1

18th  November 2022, ECFA
Chris Parkes
On behalf of the LHCb Collaboration

Upgrade I

Original

Upgrade II

2009-2018

2022-2032

2033-

2 × 1033 cm−2s−1
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LHCb Upgrade II
• Complete new detector required 
• Vertexing: Pixel detector with  

timing 
• Hadron PID: RICH with timing  

and better resolution, TORCH  
for low momentum tracks 

• Tracking: New magnet stations  
and pixel mighty tracker 

• Calorimeter: Better resolution  
and timing information 

• Muon system: New technologies  
for high occupancy regions
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LHCb Upgrade II

1

18th  November 2022, ECFA
Chris Parkes
On behalf of the LHCb Collaboration

Upgrade I

Original

Upgrade II

2009-2018

2022-2032

2033-
WHAT IS LHCb UPGRADE II?

• Upgrade II will involve changes to nearly 
all parts of experiment
• Vertexing: Pixel detector with timing
• Hadron PID: RICH with timing and improved 

resolution + TORCH for low-p
• Tracking: Magnet Side stations + (pixel) 

inner tracker
• Calorimeter: Timing + improved resolution
• Muon system: alternative technologies for 

high-rate regions

• Timing information will be crucial
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See the talks of S. Gambetta on 

Wednesday and T. Szumlak on 

FridayarXiv:1808.08865

FTDR

https://cds.cern.ch/record/2776420?ln=en
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Measurement of excited      baryons     
• Real paper title was actually  
• Light/strange spectroscopy at  

LHCb is not often the intended  
goal of a particular study 

• Typically spin-offs or something that is necessary to model in other searches 

• Full LHCb  
dataset 
(9 fb-1)

5

EUROPEAN ORGANIZATION FOR NUCLEAR RESEARCH (CERN)

CERN-EP-2020-233
LHCb-PAPER-2020-039

3 July 2021

Evidence of a J/ ⇤ structure

and observation of excited ⌅�
states

in the ⌅�
b ! J/ ⇤K�

decay

LHCb Collaboration†

Abstract

First evidence of a structure in the J/ ⇤ invariant mass distribution is obtained
from an amplitude analysis of ⌅�

b ! J/ ⇤K� decays. The observed structure is
consistent with being due to a charmonium pentaquark with strangeness with a
significance of 3.1� including systematic uncertainties and look-elsewhere e↵ect. Its
mass and width are determined to be 4458.8± 2.9+4.7

�1.1MeV and 17.3± 6.5+8.0
�5.7MeV,

respectively, where the quoted uncertainties are statistical and systematic. The
structure is also consistent with being due to two resonances. In addition, the
narrow excited ⌅� states, ⌅(1690)� and ⌅(1820)�, are seen for the first time in
a ⌅�

b decay, and their masses and widths are measured 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 13TeV.

Keyswords: QCD; exotics; pentaquark; spectroscopy; quarkonium; particle and reso-
nance production

Published in Science Bulletin 66 (2021) 1278-1287

© 2021 CERN for the benefit of the LHCb Collaboration. CC BY 4.0 licence.

†Authors are listed at the end of this paper.
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Figure 1: Invariant mass distributions of selected ⌅�
b ! J/ ⇤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.

to improve the momentum resolution of final-state particles by further constraining the
⌅�

b candidate mass to its known value [13]. The resulting Dalitz plot for candidates
within ±15MeV of the ⌅�

b peak position is shown in Fig. 2. As expected, significant
⌅⇤� ! ⇤K� contributions, in particular from the ⌅(1690)� and ⌅(1820)� resonances,
are observed. The J/ ⇤ mass spectrum will be further explored in this article.

4 Amplitude analysis

An amplitude analysis is carried out to measure the properties of the ⌅(1690)� and
⌅(1820)� resonances, and to examine a possible contribution from any P 0

cs pentaquark
states decaying into J/ ⇤. 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 ⇤K� mass and five angular observables ✓⌅�

b
, ✓⌅� , ✓J/ , �⇤ , �µ , where

✓ and � denote the polar and azimuthal angles, respectively. The probability distribution
function only comprises the contribution from signal ⌅�

b decays, since the background
is subtracted using the sPlot technique [34, 35], as discussed in detail in Ref. [3]. The
e�ciency on the six-dimensional phase space is folded into the signal probability density
function. The amplitude analysis follows a similar strategy to that of ⇤0

b ! J/ pK�

decays in Ref. [3], with the ⇤0
b baryon and proton in the ⇤0

b decay replaced by the ⌅�
b

and ⇤ baryons, respectively. However, a cross-check with the Dalitz-plot decomposition
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 ⇤ baryon in the ⌅⇤� and
P 0
cs decay chains [37]. First, in the ⌅⇤� ! ⇤K� decay, the ⇤ particle is used to define

3

Ξ

Science Bulletin 66 (2021) 1278-1287
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Measurement of excited      baryons     
• Following the mass fits 
• Select events in a 15 MeV window around  

the signal peaks. 
• Signal yield:  
• sWeight to subtract the background 

• Search for pentaquarks in  
• Main aim of the analysis 

• Model      resonances in   
• Necessary to achieve the above 
• New results would be a bonus!

6

the two decay angles of the ⌅⇤� system. The definition of the remaining angles is the
same as in Ref. [3]. Secondly, the Euler rotation in the ⌅⇤� ! ⇤K� decay aligns the spin
axis along the ⇤ momentum, while the rotation in the P 0

cs ! J/ ⇤ frame aligns the spin
axis in the direction opposite to the ⇤ momentum. An additional rotation to align the
z-axis between the P 0

cs and ⌅
⇤� chains generates a term (�1)J⇤��Pcs

⇤ in the amplitude of
the P 0

cs chain, where J⇤ and �Pcs
⇤ are the spin and the helicity of the ⇤ particle in the P 0

cs

rest frame, respectively. This term is the particle-two convention factor [38].
Table 1 lists the possible contributions from well established ⌅⇤� states according to

the PDG [13]. The states constitute a default description of the ⇤K� 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 ⌅(1820)� baryon,
combinations of di↵erent JP of these states are examined in the amplitude fit. Due to
limited sample size, each ⌅⇤� 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 momentum barrier, so the contributions are chosen in increasing order of L.
For all ⌅⇤� 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 ⇤K� system, m⇤K� .
The masses and widths of the ⌅(1690)� and ⌅(1820)� resonances are free fit parameters,
while those of other ⌅⇤� resonances are constrained by their known uncertainties [13].
The contribution of the NR S-wave component to the m⇤K� spectrum is described with a
function that is inversely proportional to m2

⇤K� [39]. Alternative descriptions of the NR
component are considered to estimate systematic uncertainties on the model. The ⇤K�

4 6
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Figure 2: Dalitz plot for all candidates within ±15MeV of the known ⌅�
b mass. The yellow area

shows the kinematically allowed region.
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Measurement of excited      baryons     
• First step is to describe the         projection correctly  
• If this doesn’t fit well in the other projections, add exotic candidates in other 

channels

7

Ξ
ΛK−

and J/ ⇤ mass spectra are shown in Fig. 3 with the projections of amplitude fit overlaid.
After the determination of the amplitude model with ⇤K�-only contributions, a

P 0
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 +1. Only the smallest allowed L is
considered due to the suppression of higher values of L. A J/ ⇤ mass resolution of
2.6MeV obtained from simulation is taken into account by smearing the P 0

cs Breit-Wigner
amplitude accordingly. The fits show a significant improvement when adding the P 0

cs

state. The largest improvement on �2 lnL when adding a single P 0
cs contribution is

found to be �2 lnL = 43, for an addition of 6 parameters. This fit, which includes the
⇤K� resonances in Table 1, a NR ⇤K� component and a single P 0

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 (�). This is
estimated using pseudoexperiments where the look-elsewhere e↵ect is taken into account.
The di↵erence of the �2 lnL obtained using fit models with and without the contribution
of the P 0

cs state is used as the test statistic to evaluate the p-value of the null hypothesis,
where several alternative ⌅⇤� models are used to describe the contributions from the
⇤K� resonances. The p-value is estimated by fitting the distribution of the test statistic
from 10 000 pseudoexperiments for the model based on the results from the fit to data
fit, generated with the null hypothesis. To take into account the look-elsewhere e↵ect
for each pseudoexperiment, the global maximum of 2 lnL is obtained by scanning the
values of the mass and width of P 0

cs state in the kinematically allowed region, instead of
limiting their values to be consistent 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 �2 lnL value exceeding the smallest �2 lnL value
from data. This p-value corresponds to the signal significance of 3.1� with a two-sided
Gaussian test for the P 0

cs state, providing the first evidence for a charmonium pentaquark
candidate with strangeness.

As shown in Fig. 3, the projections of the full amplitude fit onto the ⇤K� and J/ ⇤
invariant mass spectra match the data distributions 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

State M0 (MeV) �0 (MeV) LS couplings JP examined

⌅(1690)� 1690± 10 < 30 4 (6) (1/2, 3/2)±

⌅(1820)� 1823± 5 24+15
�10 3 (6) 3/2�

⌅(1950)� 1950± 15 60± 20 3 (6) (1/2, 3/2, 5/2)±

⌅(2030)� 2025± 5 20+15
�5 3 (6) 5/2±

NR ⇤K� - - 4 (4) 1/2�

Table 1: The components in the amplitude fit used to describe the ⇤K� system. The JP ,
masses (M0) and widths (�0) of the ⌅� 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 ⇤K� component, given in parentheses. The ⌅(1820)� 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 ⇤K� contribution,
labelled as NR, is also considered in the fit model.

5

This left a peak clearly unaccounted for in m2(J/ψΛ)

Science Bulletin 66 (2021) 1278-1287
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Measurement of excited      baryons     
• First step is to describe the         projection correctly  
• If this doesn’t fit well in the other projections, add exotic candidates in other 

channels
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and J/ ⇤ mass spectra are shown in Fig. 3 with the projections of amplitude fit overlaid.
After the determination of the amplitude model with ⇤K�-only contributions, a

P 0
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 +1. Only the smallest allowed L is
considered due to the suppression of higher values of L. A J/ ⇤ mass resolution of
2.6MeV obtained from simulation is taken into account by smearing the P 0

cs Breit-Wigner
amplitude accordingly. The fits show a significant improvement when adding the P 0

cs

state. The largest improvement on �2 lnL when adding a single P 0
cs contribution is

found to be �2 lnL = 43, for an addition of 6 parameters. This fit, which includes the
⇤K� resonances in Table 1, a NR ⇤K� component and a single P 0

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 (�). This is
estimated using pseudoexperiments where the look-elsewhere e↵ect is taken into account.
The di↵erence of the �2 lnL obtained using fit models with and without the contribution
of the P 0

cs state is used as the test statistic to evaluate the p-value of the null hypothesis,
where several alternative ⌅⇤� models are used to describe the contributions from the
⇤K� resonances. The p-value is estimated by fitting the distribution of the test statistic
from 10 000 pseudoexperiments for the model based on the results from the fit to data
fit, generated with the null hypothesis. To take into account the look-elsewhere e↵ect
for each pseudoexperiment, the global maximum of 2 lnL is obtained by scanning the
values of the mass and width of P 0

cs state in the kinematically allowed region, instead of
limiting their values to be consistent 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 �2 lnL value exceeding the smallest �2 lnL value
from data. This p-value corresponds to the signal significance of 3.1� with a two-sided
Gaussian test for the P 0

cs state, providing the first evidence for a charmonium pentaquark
candidate with strangeness.

As shown in Fig. 3, the projections of the full amplitude fit onto the ⇤K� and J/ ⇤
invariant mass spectra match the data distributions 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

State M0 (MeV) �0 (MeV) LS couplings JP examined

⌅(1690)� 1690± 10 < 30 4 (6) (1/2, 3/2)±

⌅(1820)� 1823± 5 24+15
�10 3 (6) 3/2�

⌅(1950)� 1950± 15 60± 20 3 (6) (1/2, 3/2, 5/2)±

⌅(2030)� 2025± 5 20+15
�5 3 (6) 5/2±

NR ⇤K� - - 4 (4) 1/2�

Table 1: The components in the amplitude fit used to describe the ⇤K� system. The JP ,
masses (M0) and widths (�0) of the ⌅� 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 ⇤K� component, given in parentheses. The ⌅(1820)� 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 ⇤K� contribution,
labelled as NR, is also considered in the fit model.

5

This left a peak clearly unaccounted for in m2(J/ψΛ)

Science Bulletin 66 (2021) 1278-1287
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Measurement of excited      baryons     
• Add a pentaquark state in the           channel  
• If this doesn’t fit well in the other projections, add exotic candidates in other 

channels

9

Ξ
J/ψΛ

State M0 (MeV) �0 (MeV) FF (%)

Pcs(4459)0 4458.8± 2.9 +4.7
�1.1 17.3± 6.5 +8.0

� 5.7 2.7 +1.9+0.7
� 0.6� 1.3

⌅(1690)� 1692.0± 1.3 +1.2
� 0.4 25.9± 9.5 +14.0

� 13.5 22.1 +6.2+6.7
� 2.6� 8.9

⌅(1820)� 1822.7± 1.5 +1.0
� 0.6 36.0± 4.4 +7.8

� 8.2 32.9 +3.2+6.9
� 6.2� 4.1

⌅(1950)� 1910.6± 18.4 105.7± 23.2 11.5 +5.8+49.9
� 3.5� 9.4

⌅(2030)� 2022.8± 4.7 68.2± 8.5 7.3 +1.8+3.8
� 1.8� 4.1

NR � � 35.8 +4.6+10.3
� 6.4�11.2

Table 2: Mass (M0), width (�0) and fit fraction (FF) of the components involved in the default
fit. The masses and widths of the P 0

cs, ⌅(1690)�, and ⌅(1820)� resonances are free parameters,
while those of the other ⌅⇤� resonances are constrained by the known uncertainties [13]. The
quoted uncertainties are statistical and systematic. When only one uncertainty is given, it is
statistical.

�2 is calculated to be 77 for these bins, indicating a reasonably good description of the
data. The P 0

cs state is determined to have a mass of 4458.8± 2.9 (stat)MeV and a width
of 17.3± 6.5 (stat)MeV, and hereafter is denoted as Pcs(4459)0. Figure 4 highlights the
Pcs(4459)0 contribution by comparing the fits to the mJ/ ⇤ and cos ✓Pcs distributions with
and without the Pcs(4459)0 state included, where ✓Pcs is the helicity angle of the J/ ⇤
system, defined as the angle between the direction of the J/ particle and the opposite
direction of the K� particle in the J/ ⇤ rest frame. The Pcs(4459)0 state is more visible
when the dominant contributions from ⌅⇤� with low masses are suppressed by requiring
m⇤K� > 2.2GeV. As shown in Fig. 4 (right), a significant improvement of the fit quality
is also found in the cos ✓Pcs distribution when including the Pcs(4459)0 state.

No evidence for any other P 0
cs state is found in the considered mass range. This is also

clear when examining the mJ/ ⇤ projections in three intervals of m⇤K� , 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(4459)0 mass is about 19MeV below the ⌅0
cD

⇤0 threshold. In this
region, Ref. [11] predicts two states with JP = 1/2� and 3/2� and a mass di↵erence of
6MeV. This is similar to the two Pc(4440)+ and Pc(4457)+ pentaquark states, which
are just below the ⌃+

c D
⇤0 threshold. Thus the hypothesis of a two-peak structure with
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Figure 3: The (a) m⇤K� and (b) mJ/ ⇤ distributions of selected candidates compared to the
result of the fit with the P 0

cs state.
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State M0 (MeV) �0 (MeV) FF (%)

Pcs(4459)0 4458.8± 2.9 +4.7
�1.1 17.3± 6.5 +8.0

� 5.7 2.7 +1.9+0.7
� 0.6� 1.3

⌅(1690)� 1692.0± 1.3 +1.2
� 0.4 25.9± 9.5 +14.0

� 13.5 22.1 +6.2+6.7
� 2.6� 8.9

⌅(1820)� 1822.7± 1.5 +1.0
� 0.6 36.0± 4.4 +7.8

� 8.2 32.9 +3.2+6.9
� 6.2� 4.1

⌅(1950)� 1910.6± 18.4 105.7± 23.2 11.5 +5.8+49.9
� 3.5� 9.4

⌅(2030)� 2022.8± 4.7 68.2± 8.5 7.3 +1.8+3.8
� 1.8� 4.1

NR � � 35.8 +4.6+10.3
� 6.4�11.2

Table 2: Mass (M0), width (�0) and fit fraction (FF) of the components involved in the default
fit. The masses and widths of the P 0

cs, ⌅(1690)�, and ⌅(1820)� resonances are free parameters,
while those of the other ⌅⇤� resonances are constrained by the known uncertainties [13]. The
quoted uncertainties are statistical and systematic. When only one uncertainty is given, it is
statistical.

�2 is calculated to be 77 for these bins, indicating a reasonably good description of the
data. The P 0

cs state is determined to have a mass of 4458.8± 2.9 (stat)MeV and a width
of 17.3± 6.5 (stat)MeV, and hereafter is denoted as Pcs(4459)0. Figure 4 highlights the
Pcs(4459)0 contribution by comparing the fits to the mJ/ ⇤ and cos ✓Pcs distributions with
and without the Pcs(4459)0 state included, where ✓Pcs is the helicity angle of the J/ ⇤
system, defined as the angle between the direction of the J/ particle and the opposite
direction of the K� particle in the J/ ⇤ rest frame. The Pcs(4459)0 state is more visible
when the dominant contributions from ⌅⇤� with low masses are suppressed by requiring
m⇤K� > 2.2GeV. As shown in Fig. 4 (right), a significant improvement of the fit quality
is also found in the cos ✓Pcs distribution when including the Pcs(4459)0 state.

No evidence for any other P 0
cs state is found in the considered mass range. This is also

clear when examining the mJ/ ⇤ projections in three intervals of m⇤K� , 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(4459)0 mass is about 19MeV below the ⌅0
cD

⇤0 threshold. In this
region, Ref. [11] predicts two states with JP = 1/2� and 3/2� and a mass di↵erence of
6MeV. This is similar to the two Pc(4440)+ and Pc(4457)+ pentaquark states, which
are just below the ⌃+
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Measurement of excited      baryons     
• Add a pentaquark state in the           channel  
• If this doesn’t fit well in the other projections, add exotic candidates in other 

channels
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� 3.5� 9.4

⌅(2030)� 2022.8± 4.7 68.2± 8.5 7.3 +1.8+3.8
� 1.8� 4.1

NR � � 35.8 +4.6+10.3
� 6.4�11.2

Table 2: Mass (M0), width (�0) and fit fraction (FF) of the components involved in the default
fit. The masses and widths of the P 0

cs, ⌅(1690)�, and ⌅(1820)� resonances are free parameters,
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Measurement of excited      baryons     
• Results for the     resonances 
• Precise measurements of the mass and width of two states 

• Spin-parity measurements will require more data 
• Run 3 data sample should have 10 times the number of signal events 

• Evidence for a new pentaquark state 

• Significance of 3.1 sigma
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Ξ
Ξ

Source Pcs(4459)0 ⌅(1690)� ⌅(1820)� ⌅⇤� ⌅⇤� NR
(1950) (2030)

M0 �0 FF M0 �0 FF M0 �0 FF FF FF FF

JP +4.7
�0.3

+0.0
�5.7

+0.1
�1.3

+1.2
�0.1

+14.0
� 0.9

+6.7
�0.3

+0.8
�0.2

+1.4
�0.5

+4.2
�0.3

+ 0.2
� 9.4

+0.0
�4.1

+ 0.9
�11.2

Model +0.7
�1.1

+8.0
�2.0

+0.7
�0.5

+0.5
�0.4

+ 1.8
�13.5

+1.9
�8.9

+1.0
�0.6

+7.8
�8.2

+6.9
�4.1

+49.9
� 5.4

+3.8
�1.6

+10.3
� 6.4

⇤ decay +0.0
�0.7

+0.0
�4.7

+0.0
�0.3

+0.0
�0.4

+ 0.2
� 0.0

+0.0
�0.8

+0.0
�0.5

+0.0
�7.2

+0.0
�4.1

+ 2.4
� 0.0

+0.0
�1.3

+ 3.9
� 0.0

sWeights +0.0
�0.2

+0.3
�0.0

+0.1
�0.0

+0.1
�0.1

+ 3.1
� 0.2

+1.4
�0.0

+0.2
�0.2

+2.2
�1.5

+1.6
�0.5

+ 0.7
� 1.6

+0.0
�0.2

+ 0.0
� 2.7

E�ciency +0.1
�0.1

+0.0
�0.5

+0.0
�0.1

+0.1
�0.2

+ 2.1
� 1.5

+0.8
�1.3

+0.1
�0.2

+1.1
�0.3

+0.5
�0.7

+ 2.3
� 1.0

+0.3
�0.2

+ 1.1
� 0.9

Final +4.7
�1.1

+8.0
�5.7

+0.7
�1.3

+1.2
�0.4

+14.0
�13.5

+6.7
�8.9

+1.0
�0.6

+7.8
�8.2

+6.9
�4.1

+49.9
� 9.4

+3.8
�4.1

+10.3
�11.2

Table 3: Summary of absolute systematic uncertainties for the fit parameters. The units for
masses (M0) and widths (�0) are MeV. The fit fraction in percent is denoted FF.

⌅(1950)� fit fraction is +49.9%, 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 sources considered in the estimation
of systematic uncertainty, is +5.9%. Considering this large value, the fit fractions for all
components involved in the extended model and their interference fractions are checked. A
large interference fraction of �60.3% between ⌅(1950)� and NR is found in the extended
model, and a large width of ⌅(1950)� of about 350MeV 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 contribution replaced by a broad Breit-Wigner function are
tested; all of these variations don’t change the conclusion on the Pcs(4459)0 result.

5 Conclusion

In conclusion, an amplitude analysis of ⌅�
b ! J/ ⇤K� decays is performed using approx-

imately 1750 candidates, and a structure in the J/ ⇤ mass spectrum around 4459MeV
is seen. This structure can be explained by including a pentaquark candidate with
strangeness in the amplitude model. Its significance exceeds 3� after considering all
systematic uncertainties. The mass and width of this new exotic state are measured to
be 4458.8± 2.9+4.7

� 1.1MeV and 17.3± 6.5+8.0
� 5.7MeV, respectively. The Pcs(4459)0 state has

a mass only about 19MeV below the ⌅0
cD

⇤0 threshold and a narrow width. Motivated
by this fact, the hypothesis of two resonances contributing to the enhancement is tested.
The data cannot confirm or refute the two-peak hypothesis. Furthermore, two ⌅⇤� states,
⌅(1690)� and ⌅(1820)�, are observed for the first time in ⌅�

b decays. Using the full
amplitude analysis, their masses and widths are measured to be

M(⌅(1690)�) = 1692.0± 1.3 +1.2
� 0.4MeV, �(⌅(1690)�) = 25.9± 9.5 +14.0

� 13.5MeV,

M(⌅(1820)�) = 1822.7± 1.5 +1.0
� 0.6MeV, �(⌅(1820)�) = 36.0± 4.4 +7.8

� 8.2MeV.

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(4459)0

and ⌅(1690)� states are not determined at this stage.
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Future prospects
• Workshop outlines 4 different areas 

• In principle I think LHCb could contribute to all of them… 
• Excited kaons appear in many channels, where to look? 
• Producing them in B-hadron decays provides extremely clean samples 
• … but limits the production of the heavier states
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03/04/2023

Future prospects
• Large samples of  
• Run 2 data gives ~500k events 
• No amplitude analysis yet 
• Rich structures visible up to  

around 2.2-2.3 GeV 

• Can also access KK
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Figure 2: Dalitz plot distributions for (a)B± ! ⇡±⇡+⇡�, (b)B± ! K±⇡+⇡�,
(c)B± ! ⇡±K+K� and (d)B± ! K±K+K� decays. The colour scale indicates the
number of events.

B± ! K±K+K� are shown in Fig. 2. In the symmetric channels, the phase space
distribution and its projections are presented with the two axes being the squares of the
low-mass mlow and high-mass mhigh combinations of the opposite-sign particle pairs, for
visualization purposes.

Most of the candidates are concentrated in the low-mass regions, as expected for
charmless decays dominated by resonant contributions. The gap from the vetoed potential
J/ contributions is visible in the B± ! K±⇡+⇡� channel, as well as the gaps from D0

regions excluded in all modes.
In order to visualise localized asymmetries, the ACP in bins of the phase space [30] is

constructed. Adaptive binning is employed, such that the e�ciency-corrected signal yield,
also obtained with the sPlot technique, is approximately equal in all bins. There is no
specific rule for choosing the best binning except for requiring a minimum bin occupancy.
Figure 3 reveals a rich pattern of large and localized asymmetries which result from
interference between the contributions, as well as possible ⇡⇡ ! KK rescattering, as was
observed in the amplitude analyses of Refs. [2–4] and elastic scattering experiments [31,32].

Di↵erent regions of the Dalitz plots in Fig. 3 are defined to study the localized CP
asymmetries. The rescattering region [31] is defined in the Dalitz plot in the two-kaon or
two-pion invariant mass range 1.1–2.25GeV2/c4 for B± ! K±K+K� due to the presence
of the �(1020) resonance and 1.0–2.25GeV2/c4 for the other three channels, as listed in Ta-
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B± ! K±K+K� are shown in Fig. 2. In the symmetric channels, the phase space
distribution and its projections are presented with the two axes being the squares of the
low-mass mlow and high-mass mhigh combinations of the opposite-sign particle pairs, for
visualization purposes.

Most of the candidates are concentrated in the low-mass regions, as expected for
charmless decays dominated by resonant contributions. The gap from the vetoed potential
J/ contributions is visible in the B± ! K±⇡+⇡� channel, as well as the gaps from D0

regions excluded in all modes.
In order to visualise localized asymmetries, the ACP in bins of the phase space [30] is

constructed. Adaptive binning is employed, such that the e�ciency-corrected signal yield,
also obtained with the sPlot technique, is approximately equal in all bins. There is no
specific rule for choosing the best binning except for requiring a minimum bin occupancy.
Figure 3 reveals a rich pattern of large and localized asymmetries which result from
interference between the contributions, as well as possible ⇡⇡ ! KK rescattering, as was
observed in the amplitude analyses of Refs. [2–4] and elastic scattering experiments [31,32].

Di↵erent regions of the Dalitz plots in Fig. 3 are defined to study the localized CP
asymmetries. The rescattering region [31] is defined in the Dalitz plot in the two-kaon or
two-pion invariant mass range 1.1–2.25GeV2/c4 for B± ! K±K+K� due to the presence
of the �(1020) resonance and 1.0–2.25GeV2/c4 for the other three channels, as listed in Ta-
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B± ! K±K+K� are shown in Fig. 2. In the symmetric channels, the phase space
distribution and its projections are presented with the two axes being the squares of the
low-mass mlow and high-mass mhigh combinations of the opposite-sign particle pairs, for
visualization purposes.

Most of the candidates are concentrated in the low-mass regions, as expected for
charmless decays dominated by resonant contributions. The gap from the vetoed potential
J/ contributions is visible in the B± ! K±⇡+⇡� channel, as well as the gaps from D0

regions excluded in all modes.
In order to visualise localized asymmetries, the ACP in bins of the phase space [30] is

constructed. Adaptive binning is employed, such that the e�ciency-corrected signal yield,
also obtained with the sPlot technique, is approximately equal in all bins. There is no
specific rule for choosing the best binning except for requiring a minimum bin occupancy.
Figure 3 reveals a rich pattern of large and localized asymmetries which result from
interference between the contributions, as well as possible ⇡⇡ ! KK rescattering, as was
observed in the amplitude analyses of Refs. [2–4] and elastic scattering experiments [31,32].

Di↵erent regions of the Dalitz plots in Fig. 3 are defined to study the localized CP
asymmetries. The rescattering region [31] is defined in the Dalitz plot in the two-kaon or
two-pion invariant mass range 1.1–2.25GeV2/c4 for B± ! K±K+K� due to the presence
of the �(1020) resonance and 1.0–2.25GeV2/c4 for the other three channels, as listed in Ta-
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Figure 2: Dalitz plot distributions for (a)B± ! ⇡±⇡+⇡�, (b)B± ! K±⇡+⇡�,
(c)B± ! ⇡±K+K� and (d)B± ! K±K+K� decays. The colour scale indicates the
number of events.

B± ! K±K+K� are shown in Fig. 2. In the symmetric channels, the phase space
distribution and its projections are presented with the two axes being the squares of the
low-mass mlow and high-mass mhigh combinations of the opposite-sign particle pairs, for
visualization purposes.

Most of the candidates are concentrated in the low-mass regions, as expected for
charmless decays dominated by resonant contributions. The gap from the vetoed potential
J/ contributions is visible in the B± ! K±⇡+⇡� channel, as well as the gaps from D0

regions excluded in all modes.
In order to visualise localized asymmetries, the ACP in bins of the phase space [30] is

constructed. Adaptive binning is employed, such that the e�ciency-corrected signal yield,
also obtained with the sPlot technique, is approximately equal in all bins. There is no
specific rule for choosing the best binning except for requiring a minimum bin occupancy.
Figure 3 reveals a rich pattern of large and localized asymmetries which result from
interference between the contributions, as well as possible ⇡⇡ ! KK rescattering, as was
observed in the amplitude analyses of Refs. [2–4] and elastic scattering experiments [31,32].

Di↵erent regions of the Dalitz plots in Fig. 3 are defined to study the localized CP
asymmetries. The rescattering region [31] is defined in the Dalitz plot in the two-kaon or
two-pion invariant mass range 1.1–2.25GeV2/c4 for B± ! K±K+K� due to the presence
of the �(1020) resonance and 1.0–2.25GeV2/c4 for the other three channels, as listed in Ta-

8

• Extrapolation to Run 3: ~ few million 
• Plenty of phase space available for 

higher resonances if they appear 
• Amplitude analysis probably 

motivated by CP violation too

• Extrapolation to Run 3: ~ few 100k 
• Plenty of phase space available for 

higher resonances if they appear

Phys. Rev. D 108 (2023) 012008
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Future prospects
• Large samples of  
• Run 1+2 data gives ~24k events 
• No amplitude analysis yet 
• Rich structures visible up to  

around 2.2-2.3 GeV
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B+ → J/ψϕK+
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Table 1: Fit results from the default amplitude model. The significances are evaluated accounting
for total (statistical) uncertainties. The listed masses and widths without uncertainties are taken
from PDG [14] and are fixed in the fit. The listed world averages of the two K2 and K⇤(1680)
resonances do not contain the contributions from the previous LHCb Run 1 results.

JP Contribution Significance [⇥�] M0 [MeV] �0 [MeV] FF [%]

1+
21P1 K(1+) 4.5 (4.5) 1861± 10 +16

� 46 149± 41 +231
� 23

23P1 K 0(1+) 4.5 (4.5) 1911± 37 +124
� 48 276± 50 +319

� 159

13P1 K1(1400) 9.2 (11) 1403 174 15± 3 + 3
� 11

2�
11D2 K2(1770) 7.9 (8.0) 1773 186

13D2 K2(1820) 5.8 (5.8) 1816 276

1�
13D1 K⇤(1680) 4.7 (13) 1717 322 14± 2 +35

� 8

23S1 K⇤(1410) 7.7 (15) 1414 232 38± 5 +11
� 17

2� 23P2 K⇤
2(1980) 1.6 (7.4) 1988± 22 +194

� 31 318± 82 +481
� 101 2.3± 0.5± 0.7

0� 21S0 K(1460) 12 (13) 1483 336 10.2± 1.2 +1.0
� 3.8

2� X(4150) 4.8 (8.7) 4146± 18± 33 135± 28 +59
� 30 2.0± 0.5 +0.8

� 1.0

1� X(4630) 5.5 (5.7) 4626± 16 + 18
� 110 174± 27 +134

� 73 2.6± 0.5 +2.9
� 1.5

0+
X(4500) 20 (20) 4474± 3± 3 77± 6 +10

� 8 5.6± 0.7 +2.4
� 0.6

X(4700) 17 (18) 4694± 4 +16
� 3 87± 8 +16

� 6 8.9± 1.2 +4.9
� 1.4

NRJ/ � 4.8 (5.7) 28± 8 +19
� 11

1+
X(4140) 13 (16) 4118± 11 +19

� 36 162± 21 +24
� 49 17± 3 +19

� 6

X(4274) 18 (18) 4294± 4 +3
� 6 53± 5± 5 2.8± 0.5 +0.8

� 0.4

X(4685) 15 (15) 4684± 7 +13
� 16 126± 15 +37

� 41 7.2± 1.0 +4.0
� 2.0

1+
Zcs(4000) 15 (16) 4003± 6 + 4

� 14 131± 15± 26 9.4± 2.1± 3.4

Zcs(4220) 5.9 (8.4) 4216± 24 +43
� 30 233± 52 +97

� 73 10± 4 +10
� 7
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Figure 3: Distributions of �K+ (left), J/ � (middle) and J/ K+ (right) invariant masses for
the B+ ! J/ �K+ candidates (black data points) compared with the fit results (red solid lines)
of the default model (top row) and the Run 1 model (bottom row).

is fully described by one mass and five angular observables. For example, the conventional
K⇤+ chain has the following six observables � ⌘ (m�K , ✓K⇤ , ✓J/ , ✓�,�'K⇤,J/ ,�'K⇤,�),
where ✓ denotes the helicity angles, and �' the angles between two decay planes. Due to
the non-scalar final-state particles (µ+ and µ�), an azimuthal angle ↵i

µ is required to align
the helicity frames of µ+ and µ� between the chain i and the reference K⇤+ chain [4,5,29].

The model used in the previous study (Run 1 model) is first tested. Due to the increased
sample size, the model requires improvements (see Fig. 3 bottom row). Additional K⇤+,
X and possible Z+

cs states are added until no further state with a significance larger than
5� improves the overall fit. In total, nine K⇤+, seven X, two Z+

cs, and one J/ � NR
components are taken as the default model, as listed in Table 1. The nine K⇤+ states
are all those with spin-parity J  2 and mass below 2GeV, which are predicted by the
relativistic potential model [30], and kinematically allowed, including three resonances
with poles just below the �K+ mass threshold. All components previously used in the Run
1 model are included, but the JP = 1+ NR �K+, and the broad 0� state, are replaced
by the upper tails of K1(1400) and K(1460) resonances, respectively. The newly added
components are: the upper tail of 1� K⇤(1410) resonance, 2� X(4150), 1+ X(4685), 1�

X(4630), 1+ Zcs(4000)+ and Zcs(4220)+ states.
Figure 3 shows the invariant mass distributions for all pairs of final state particles of

the B+ ! J/ �K+ decay with fit projections from the amplitude analysis overlaid, for
both the default model and the Run 1 model. The fit results are summarised in Table 1,
including mass, width, fit fraction (FF), and significance of each component. The masses
and widths of the four X states studied using the LHCb Run 1 sample only are consistent
with the previous measurements [12, 13]. The significance of each component is evaluated
by assuming that the change of twice the log-likelihood between the default fit and the fit
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Table 1: Fit results from the default amplitude model. The significances are evaluated accounting
for total (statistical) uncertainties. The listed masses and widths without uncertainties are taken
from PDG [14] and are fixed in the fit. The listed world averages of the two K2 and K⇤(1680)
resonances do not contain the contributions from the previous LHCb Run 1 results.
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Future prospects
• Large samples of  
• Run 1+2 data gives ~24k events 
• No amplitude analysis yet 
• Rich structures visible up to  

around 2.2-2.3 GeV
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B+ → J/ψϕK+

• Extrapolation to Run 3: ~100k 
• Likely still well motivated by 

exotic searches 

Phys. Rev. Lett. 126 (2021) 122002
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Figure 3: Distributions of �K+ (left), J/ � (middle) and J/ K+ (right) invariant masses for
the B+ ! J/ �K+ candidates (black data points) compared with the fit results (red solid lines)
of the default model (top row) and the Run 1 model (bottom row).

is fully described by one mass and five angular observables. For example, the conventional
K⇤+ chain has the following six observables � ⌘ (m�K , ✓K⇤ , ✓J/ , ✓�,�'K⇤,J/ ,�'K⇤,�),
where ✓ denotes the helicity angles, and �' the angles between two decay planes. Due to
the non-scalar final-state particles (µ+ and µ�), an azimuthal angle ↵i

µ is required to align
the helicity frames of µ+ and µ� between the chain i and the reference K⇤+ chain [4,5,29].

The model used in the previous study (Run 1 model) is first tested. Due to the increased
sample size, the model requires improvements (see Fig. 3 bottom row). Additional K⇤+,
X and possible Z+

cs states are added until no further state with a significance larger than
5� improves the overall fit. In total, nine K⇤+, seven X, two Z+

cs, and one J/ � NR
components are taken as the default model, as listed in Table 1. The nine K⇤+ states
are all those with spin-parity J  2 and mass below 2GeV, which are predicted by the
relativistic potential model [30], and kinematically allowed, including three resonances
with poles just below the �K+ mass threshold. All components previously used in the Run
1 model are included, but the JP = 1+ NR �K+, and the broad 0� state, are replaced
by the upper tails of K1(1400) and K(1460) resonances, respectively. The newly added
components are: the upper tail of 1� K⇤(1410) resonance, 2� X(4150), 1+ X(4685), 1�

X(4630), 1+ Zcs(4000)+ and Zcs(4220)+ states.
Figure 3 shows the invariant mass distributions for all pairs of final state particles of

the B+ ! J/ �K+ decay with fit projections from the amplitude analysis overlaid, for
both the default model and the Run 1 model. The fit results are summarised in Table 1,
including mass, width, fit fraction (FF), and significance of each component. The masses
and widths of the four X states studied using the LHCb Run 1 sample only are consistent
with the previous measurements [12, 13]. The significance of each component is evaluated
by assuming that the change of twice the log-likelihood between the default fit and the fit
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Future prospects
• Workshop outlines 4 different areas 

• In principle I think LHCb could contribute to all of them… 
• Strangeonia can appear in many decays, where to look? 
• Producing them in B-hadron decays provides extremely clean samples 

• Challenge is to separate them from eachother
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Future prospects
• Amplitude analysis of  
• Just the 2011 dataset 
• ~350k signal candidates, > 97% purity 

• Most of those in the               region 
• Visible structures up to ~2 GeV though
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Figure 17: Dalitz fit projection of m(K+K�). The points represent the data, the dotted
(black) curve shows the combinatorial background, and the dashed (red) curve indicates the
reflection from misidentified B0 ! J/ K�⇡+ decays. The largest three resonances �(1020),
f 0
2(1525) and f0(980) are shown by magenta, brown and green long-dashed curves, respectively;
all other resonances are shown by thin black curves. The dashed (cyan) curve is the non-resonant
contribution. The dot-dashed (black) curve is the contribution from the interferences, and the
solid (blue) curve represents the total fit result.

Note that the sum of the fit fractions is not necessarily unity due to the potential presence
of interference between two resonances. Interference term fractions are given by
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If the Dalitz plot has more destructive interference than constructive interference, the
sum of the fit fractions will be greater than unity. Conversely, the sum will be less than
one if the Dalitz plot exhibits constructive interference. Note that interference between
di↵erent spin-J states vanishes because the dJ�0 angular functions in AR

� are orthogonal.
The determination of the statistical uncertainties of the fit fractions is di�cult because

they depend on the statistical uncertainty of every fitted magnitude and phase. Therefore
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linear function is used to fit the combinatorial background. There are 342,786±661 signal
and 10,195±134 background candidates within ±20 MeV of the B� peak.
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Figure 5: Fit to the invariant mass spectrum of J/ K� candidates. The dotted line shows the
combinatorial background and the solid (blue) curve is the total.

4 Analysis formalism

One of the goals of this analysis is to determine the intermediate states in B0
s !

J/ K+K� decay within the context of an isobar model [22,23], where we sum the resonant
and non-resonant components testing if they explain the invariant mass squared and angu-
lar distributions. We also determine the absolute branching fractions of B0

s ! J/ �(1020)
and B0

s ! J/ f 0
2(1525) final states and the mass and width of the f 0

2(1525) resonance.
Another important goal is to understand the S-wave content in the �(1020) mass region.

Four variables completely describe the decay of B0
s ! J/ K+K� with J/ ! µ+µ�.

Two are the invariant mass squared of J/ K+, s12 ⌘ m2(J/ K+), and the invariant
mass squared of K+K�, s23 ⌘ m2(K+K�). The other two are the J/ helicity angle,
✓J/ , which is the angle of the µ+ in the J/ rest frame with respect to the J/ direction
in the B0

s rest frame, and the angle between the J/ and K+K� decay planes, �, in the
B0

s rest frame. To simplify the probability density function (PDF), we analyze the decay
process after integrating over the angular variable �, which eliminates several interference
terms.

4.1 The model for B0
s ! J/ K+K�

In order to perform an amplitude analysis a PDF must be constructed that models cor-
rectly the dynamical and kinematic properties of the decay. The PDF is separated into
two components, one describing signal, S, and the other background, B. The overall PDF

5

B̄0
s → J/ψK+K−

data and simulation. Another 2% uncertainty is assigned for the additional kaon which
is due to decay in flight, large multiple scatterings and hadronic interactions along the
track. Using the PDG value for the B0

s lifetime [9] as input gives rise to an additional
1.5% systematic uncertainty. Small uncertainties are introduced if the simulation does
not have the correct B meson kinematic distributions. We are relatively insensitive to
any of these di↵erences in the B meson p and pT distributions since we are measuring
the relative rates. By varying the p and pT distributions we see at most a change of
0.5%. There is a 1% systematic uncertainty assigned for the relative particle identifica-
tion e�ciencies. An uncertainty of 0.02% is included due to the change of the e�ciency
function Eq. (20). Three additional uncertainties are considered in the branching frac-
tions of B(B0

s ! J/ �(1020)) and B(B0
s ! J/ f 0

2(1525)) as these are measured from the
fit fractions of the Dalitz plot analysis. The total systematic uncertainty is obtained by
adding each source of systematic uncertainty in quadrature as they are uncorrelated.

7 Conclusions

We have determined the final state composition of the B0
s ! J/ K+K� decay channel

using a modified Dalitz plot analysis where we include the decay angle of the J/ . The
largest contribution is the �(1020) resonance, along with other S-, P- and D-wave K+K�

states, and a non-resonant K+K� contribution. All of the components are listed in
Table 4. The mass and width of the f 0

2(1525) resonance are measured as

mf 0
2(1525)

= 1522.2± 2.8+5.3
�2.0 MeV,

�f 0
2(1525)

= 84± 6+10
� 5 MeV.

We also observe a significant S-wave component that is present over the entire K+K�

mass region. Within ±12 MeV of the �(1020) mass it is (1.1± 0.1+0.2
�0.1)% of the yield, and

can a↵ect precision CP violation measurements [12]. Finally we determine the absolute
branching fractions

B(B0
s ! J/ K+K�) = (7.70± 0.08± 0.39± 0.60)⇥ 10�4,

B(B0
s ! J/ �(1020)) = (10.50± 0.13± 0.64± 0.82)⇥ 10�4,

B(B0
s ! J/ f 0

2(1525)) = (2.61± 0.20+0.52
�0.46 ± 0.20)⇥ 10�4,

where the first uncertainty in each case is statistical, the second is systematic and the third
due to fs/fd. These results provide a good understanding of the J/ K+K� final state in
B0

s decays over the entire kinematically allowed region. The J/ f 0
2(1525) results supersede

those of Ref. [10]. This decay mode o↵ers the opportunity for additional measurements
of CP violation [42].
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World leading 
measurements

ϕ(1020)

ϕ(1020)
f0(980)

f′ 2(1525)
f2(1640), ϕ(1680),
f2(1750), f2(1950)
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Future prospects
• Amplitude analysis of  
• Just the 2011 dataset 
• ~350k signal candidates, > 97% purity 

• Most of those in the               region 
• Visible structures up to ~2 GeV though
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Figure 17: Dalitz fit projection of m(K+K�). The points represent the data, the dotted
(black) curve shows the combinatorial background, and the dashed (red) curve indicates the
reflection from misidentified B0 ! J/ K�⇡+ decays. The largest three resonances �(1020),
f 0
2(1525) and f0(980) are shown by magenta, brown and green long-dashed curves, respectively;
all other resonances are shown by thin black curves. The dashed (cyan) curve is the non-resonant
contribution. The dot-dashed (black) curve is the contribution from the interferences, and the
solid (blue) curve represents the total fit result.

Note that the sum of the fit fractions is not necessarily unity due to the potential presence
of interference between two resonances. Interference term fractions are given by
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If the Dalitz plot has more destructive interference than constructive interference, the
sum of the fit fractions will be greater than unity. Conversely, the sum will be less than
one if the Dalitz plot exhibits constructive interference. Note that interference between
di↵erent spin-J states vanishes because the dJ�0 angular functions in AR

� are orthogonal.
The determination of the statistical uncertainties of the fit fractions is di�cult because

they depend on the statistical uncertainty of every fitted magnitude and phase. Therefore
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linear function is used to fit the combinatorial background. There are 342,786±661 signal
and 10,195±134 background candidates within ±20 MeV of the B� peak.
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Figure 5: Fit to the invariant mass spectrum of J/ K� candidates. The dotted line shows the
combinatorial background and the solid (blue) curve is the total.

4 Analysis formalism

One of the goals of this analysis is to determine the intermediate states in B0
s !

J/ K+K� decay within the context of an isobar model [22,23], where we sum the resonant
and non-resonant components testing if they explain the invariant mass squared and angu-
lar distributions. We also determine the absolute branching fractions of B0

s ! J/ �(1020)
and B0

s ! J/ f 0
2(1525) final states and the mass and width of the f 0

2(1525) resonance.
Another important goal is to understand the S-wave content in the �(1020) mass region.

Four variables completely describe the decay of B0
s ! J/ K+K� with J/ ! µ+µ�.

Two are the invariant mass squared of J/ K+, s12 ⌘ m2(J/ K+), and the invariant
mass squared of K+K�, s23 ⌘ m2(K+K�). The other two are the J/ helicity angle,
✓J/ , which is the angle of the µ+ in the J/ rest frame with respect to the J/ direction
in the B0

s rest frame, and the angle between the J/ and K+K� decay planes, �, in the
B0

s rest frame. To simplify the probability density function (PDF), we analyze the decay
process after integrating over the angular variable �, which eliminates several interference
terms.

4.1 The model for B0
s ! J/ K+K�

In order to perform an amplitude analysis a PDF must be constructed that models cor-
rectly the dynamical and kinematic properties of the decay. The PDF is separated into
two components, one describing signal, S, and the other background, B. The overall PDF

5

B̄0
s → J/ψK+K−

data and simulation. Another 2% uncertainty is assigned for the additional kaon which
is due to decay in flight, large multiple scatterings and hadronic interactions along the
track. Using the PDG value for the B0

s lifetime [9] as input gives rise to an additional
1.5% systematic uncertainty. Small uncertainties are introduced if the simulation does
not have the correct B meson kinematic distributions. We are relatively insensitive to
any of these di↵erences in the B meson p and pT distributions since we are measuring
the relative rates. By varying the p and pT distributions we see at most a change of
0.5%. There is a 1% systematic uncertainty assigned for the relative particle identifica-
tion e�ciencies. An uncertainty of 0.02% is included due to the change of the e�ciency
function Eq. (20). Three additional uncertainties are considered in the branching frac-
tions of B(B0

s ! J/ �(1020)) and B(B0
s ! J/ f 0

2(1525)) as these are measured from the
fit fractions of the Dalitz plot analysis. The total systematic uncertainty is obtained by
adding each source of systematic uncertainty in quadrature as they are uncorrelated.

7 Conclusions

We have determined the final state composition of the B0
s ! J/ K+K� decay channel

using a modified Dalitz plot analysis where we include the decay angle of the J/ . The
largest contribution is the �(1020) resonance, along with other S-, P- and D-wave K+K�

states, and a non-resonant K+K� contribution. All of the components are listed in
Table 4. The mass and width of the f 0

2(1525) resonance are measured as

mf 0
2(1525)

= 1522.2± 2.8+5.3
�2.0 MeV,

�f 0
2(1525)

= 84± 6+10
� 5 MeV.

We also observe a significant S-wave component that is present over the entire K+K�

mass region. Within ±12 MeV of the �(1020) mass it is (1.1± 0.1+0.2
�0.1)% of the yield, and

can a↵ect precision CP violation measurements [12]. Finally we determine the absolute
branching fractions

B(B0
s ! J/ K+K�) = (7.70± 0.08± 0.39± 0.60)⇥ 10�4,

B(B0
s ! J/ �(1020)) = (10.50± 0.13± 0.64± 0.82)⇥ 10�4,

B(B0
s ! J/ f 0

2(1525)) = (2.61± 0.20+0.52
�0.46 ± 0.20)⇥ 10�4,

where the first uncertainty in each case is statistical, the second is systematic and the third
due to fs/fd. These results provide a good understanding of the J/ K+K� final state in
B0

s decays over the entire kinematically allowed region. The J/ f 0
2(1525) results supersede

those of Ref. [10]. This decay mode o↵ers the opportunity for additional measurements
of CP violation [42].
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World leading 
measurements

ϕ(1020)

ϕ(1020)
f0(980)

f′ 2(1525)
f2(1640), ϕ(1680),
f2(1750), f2(1950)• Extrapolation to Run 3: ~ 15 million 

• Should be able to say more about the higher mass  
states up to ~2.1 GeV 

• Update might not be necessary for the CP violation  
measurement - strong motivation needed from  
spectroscopy side! 
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Future prospects
• Workshop outlines 4 different areas 

• In principle I think LHCb could contribute to all of them… 
• Hyperon states are produced in high numbers in b-hadron decays 

• Some more easily than others though (the     and     baryons are suppressed in b-decays) 

• Should have large samples of the     baryon family 
• Are they large enough? 
• If not, are they complimentary enough? 
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Future prospects
• Analysis of                      decays 
• This is the pentaquark discovery channel 
• The     family dominate the phase-space 

• There are 26k signal events (Run 1) 
• 95% purity 
• Clean laboratory to study     states  

if motivated 
• Could measure masses, widths and spin-parity 
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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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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
(purple) filled squares represents the Pcð4380Þþ state. Each Λ" component is also shown. The error bars on the points showing the fit
results are due to simulation statistics.
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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

(a) (b)

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.
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• The     family dominate the phase-space 

• There are 26k signal events (Run 1)  
• 95% purity 
• Clean laboratory to study     states  

if motivated 
• Could measure masses, widths and spin-parity 
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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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expectation from phase space. The background has been subtracted.
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distribution. The (blue) open squares with the shaded histogram represent the Pcð4450Þþ state, and the shaded histogram topped with
(purple) filled squares represents the Pcð4380Þþ state. Each Λ" component is also shown. The error bars on the points showing the fit
results are due to simulation statistics.
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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.
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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
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FIG. 1 (color online). Feynman diagrams for (a) Λ0
b → J=ψΛ%

and (b) Λ0
b → Pþ

c K− decay.
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• Extrapolation to Run 3: up to 1 million 
• Phase-space again running out by 2.5 GeV 
• Full Run 2 analysis of this channel already very  

challenging. Run 3 analysis would be even more  
so - can we motivate things even more?
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Future prospects
• Workshop outlines 4 different areas 

• In principle I think LHCb could contribute to all of them… 
• Nature of the               looks more challenging though 
• Too light* to decay to       so requires reconstruction using neutrals  

• Not one of LHCb’s strong points… though Upgrade 2 might help 
• New calorimeter and enormous data samples 

• *Broad enough to leak into some Dalitz plots… can we do anything there?
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Summary
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• LHCb has large data samples that contain plenty of strangeness 
• To date, not often the intended target for an analysis 
• LHCb Upgrade and LHCb Upgrade II promise huge data sets for  

the foreseeable future 

• Interested to hear thoughts on places we could have maximum impact


