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Outline

The LHCb Experiment 
Strange Hadrons at LHCb 
Recent Results 
• Amplitude analysis of D0→K+K−π+π− decays (JHEP 02 (2019) 126) 
• Studies of the resonance structure in D0→K∓π±π±π∓ decays (Eur. Phys. J. C78 (2018) 443) 
• Study of charmonium decays to K0SKπ in the B→(K0SKπ)K channels (Phys. Rev. D 108, 032010 (2023)) 

Summary
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https://link.springer.com/article/10.1007/JHEP02(2019)126
https://doi.org/10.1140/epjc/s10052-018-5758-4
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.108.032010


The LHCb Experiment
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The LHCb Experiment
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Tracking
Vertex

Muon

PID CALO

εVELO≈98%               εTrack≈95% 
δt/t=45fs                εPID(K)≈95% 
σ(IP)≈20μm            εPID(μ)≈97% 
δp/p≈0.5%             εPID(e)≈90%

Charm quarks produced in high η at LHC 
σ(pp→cc) ~ 20σ(pp→bb)

_ _
JINST 3 (2008) S08005

Int.J.Mod.Phys. A30 (2015) no.07, 1530022

ℒ=4x1032/(cm2s)

https://iopscience.iop.org/article/10.1088/1748-0221/3/08/S08005/meta
https://www.worldscientific.com/doi/abs/10.1142/S0217751X15300227


A New Detector for Run3 (2022-ongoing)

LHCb Upgrade 
• New Vertex Locator 
• New Tracking Stations 
• New RICH Electronics 
• Fully Software Trigger
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ℒ=4x1032/(cm2s)→2x1033/(cm2s)

LHCb-DP-2022-002

https://arxiv.org/abs/2305.10515


Strange Hadrons at LHCb
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Spettroscopy at LHCb

Hadrons of Any Kind 
• Mesons, Baryons, Tetraquarks, Pentaquarks 
• Excellent PID performance  
• Flexibility of the Trigger system

Maurizio Martinelli - Strange hadrons spectroscopy at LHCb | 19.03.2024Strange Hadrons at LHCb 7

https://www.nikhef.nl/~pkoppenb/particles.html


Light-Hadrons Spectroscopy at LHCb

Amplitude Analyses 
• Direct production of light hadrons obviously happens but the multiplicity of 

tracks is so large that they are covered by large background 
• Rather study resonances in heavy flavored particle decays (D, B, baryons) 
• Allowed by clean signals and good understanding of detector efficiency
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PHYS. REV. LETT. 127, (2021) 111801

https://doi.org/10.1103/PhysRevLett.127.111801


Recent Results
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Strange Spectroscopy in D0 Decays

Amplitude Analysis of 4-Body Charm Decays 
• 4-Body Charm decays have a rich resonant structure, especially at low masses 

(<1.7GeV/c2) 
• Good knowledge of the resonant substructure of the decay is important for 

other studies (i.e. CP Violation) 
• With pseudoscalars only, 5D phase space
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Amplitude Analysis of 4-Body D0 Decays

B-tagged Decays 
• D⁰ mesons reconstructed from B→D*⁺µ⁻X with D*⁺→D⁰π⁺, or B→D⁰µ⁻X 

Trigger selection on µ to improve efficiency determination 
Requirements on decay chain improve signal purity 

Efficiency 
• Determined from simulation reconstructed as data 
• Included in the fit by performing all the normalisation integrals over the 

simulated data - integration sample 
• Normalisation integrals independent from integration sample, but their 

uncertainty is → use approximation of model to generate the integration sample 
- importance sampling
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Amplitude Analysis of 4-Body D0 Decays

Isobar Model 
• Cascade decays 

• Quasi two-body decays 

• Amplitudes are product of dynamical functions for each isobar and a spin factor 
Dynamical functions: Breit-Wigner; K-matrix 
Spin factor from Covariant tensors
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D⁰ → X P₄
↳ Y P₃

↳P₁P₂

D⁰ → X Y
↳ P₃ P₄

↳P₁ P₂

𝒯(s) =
kBL(q,0)

m2
0 − s − im0Γ(s)

BW:



Signal Yields of D0→K∓π±π∓π±

RS and WS samples 
• Right-Sign: Cabibbo favoured D⁰→ K⁻π⁺π⁻π⁺      

(NS=891k, P=99.6% in 2011/12) 
• Wrong-Sign: Doubly Cabibbo suppressed D⁰→ K⁺π⁻π⁺π⁻ 

(NS=3k, P=82.4% in 2011/12) 
• Contamination of RS in WS (Mistag) 
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EUR. PHYS. J. C78 (2018) 443

https://doi.org/10.1140/epjc/s10052-018-5758-4


Resonant Structure of D0→K∓π±π∓π±

Fit Results D⁰→ K⁻π⁺π⁻π⁺
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EUR. PHYS. J. C78 (2018) 443

https://doi.org/10.1140/epjc/s10052-018-5758-4


Resonant Structure of D0→K∓π±π∓π±

Fit Results D⁰→ K⁻π⁺π⁻π⁺
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EUR. PHYS. J. C78 (2018) 443

https://doi.org/10.1140/epjc/s10052-018-5758-4


Resonant Structure of D0→K∓π±π∓π±

Fit Results D⁰→ K⁻π⁺π⁻π⁺
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EUR. PHYS. J. C78 (2018) 443

https://doi.org/10.1140/epjc/s10052-018-5758-4


Strange Resonances in D0→K∓π±π∓π±

K1(1270)- 

K(1460)- 

• The presence of this resonance is further justified by the Argand diagram 
from the Model Independent Partial Wave Analysis
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EUR. PHYS. J. C78 (2018) 443

https://doi.org/10.1140/epjc/s10052-018-5758-4


Fit Results D⁰→ K⁺π⁻π⁺π⁻ 
• 3-Body resonance parameters fixed to RS fit 
• Largest fraction from K1π (colour-favoured W emission)

Resonant Structure of D⁰→ K⁺π⁻π⁺π⁻ 
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EUR. PHYS. J. C78 (2018) 443
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https://doi.org/10.1140/epjc/s10052-018-5758-4


Signal Yield of D⁰→ K⁺K⁻π⁺π⁻ 

Run1 Sample (2011/12) 
• Cabibbo suppressed D⁰→ K⁺K⁻π⁺π⁻ (NS=160k, P=82.8%) 
• Mass fit used to extract fraction of signal decays and background in ±2σ region 
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JHEP 02 (2019) 126

https://doi.org/10.1007/JHEP02(2019)126


Resonant Structure of D⁰→ K⁺K⁻π⁺π⁻ 

Fit Results D⁰→ K⁺K⁻π⁺π⁻ 
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JHEP 02 (2019) 126

https://doi.org/10.1007/JHEP02(2019)126


Resonant Structure of D⁰→ K⁺K⁻π⁺π⁻ 

Fit Results D⁰→ K⁺K⁻π⁺π⁻ 
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JHEP 02 (2019) 126

https://doi.org/10.1007/JHEP02(2019)126


Resonant Structure of D⁰→ K⁺K⁻π⁺π⁻ 

Fit Results D⁰→ K⁺K⁻π⁺π⁻ 
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JHEP 02 (2019) 126

https://doi.org/10.1007/JHEP02(2019)126


Strange Resonances in D⁰→ K⁺K⁻π⁺π⁻ 

K1(1270)+ and K1(1400) 

• It is interesting to notice that in this analysis the contributions of K*π and 
(ρ-ω)K are more balanced wrt to D⁰→ K⁻π⁺π⁻π⁺ 

• Interference is also much lower in this analysis 
• No evidence of K(1460) is found
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D⁰→ K⁻π⁺π⁻π⁺

JHEP 02 (2019) 126

https://doi.org/10.1007/JHEP02(2019)126


Strange Spectroscopy in B decays

Charmonium Decays 
• Multibody B decays offer a large spectrum of resonant states, but their 

Dalitz plots are typically more populated at the borders 
• A circumscription of the phase space is possible by studying 

charmonium resonances, which are abundantly produced in the 
process B⁺→(cc)̅K⁺ 

• Charmonium in turn decays to light hadrons (π,K) and provides a 
favourable ground for studying strange mesons resonances 

• These studies are also conducted by other experiments
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B⁺→K⁰ₛK⁺K±π∓ Decays

Lots of Physics 
• Branching fractions of B⁺→(cc)̅K⁺ decays (not covered in this talk) 
• Amplitude analysis of charmonium resonances 

Sample 
• Full LHCb dataset (2011-2018): 9/fb 
• KS candidates reconstructed when decaying inside (LL) and outside (DD) the VELO
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NS=21k 
P=80.0%

NS=53k 
P=69.5%

NS=18k 
P=82.3%

NS=40k 
P=79.9%

PHYS. REV. D108 032010 (2023)

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.108.032010


B⁺→K⁰ₛK⁻π⁺K⁺ and B⁺→K⁰ₛK⁺π⁻K⁺

Charmonium with Good Purity
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PHYS. REV. D108 032010 (2023)

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.108.032010


Selection of Charmonium Resonances
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PHYS. REV. D108 032010 (2023)

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.108.032010


Dalitz Plot of Charmonium Resonances

Maurizio Martinelli - Strange hadrons spectroscopy at LHCb | 19.03.2024Strange Spectroscopy in B decays 24

B⁺
→
K⁰
ₛK
⁺K

⁺π
+

B⁺
→

K⁰
ₛK
⁺K

+ π
-

ηc χc1 ηc(2S)

K*(892)

K*2(1430) K*0(1430)
K*(892)

K*0(1430)

K*0(1430)

K*0(1430)

K*0(1430)

PHYS. REV. D108 032010 (2023)

K*0(1430)

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.108.032010


Dalitz Plot Analysis of ηc→K⁰ₛKπ Decays

2D Dalitz 
• Approximately 15k signal candidates per channel 
• m2(K0π) vs. m2(Kπ) 
• Efficiency parametrised as function of m2(K0π) and cosθπ 
• Two analyses: Quasi Model Independent and Isobar to gain insights of the 

Kπ S-wave 
QMI: amplitude and phase of S-wave fitted at equally spaced intervals of 50 MeV 

,  and  

Isobar: Fit data with superposition of known and poorly known resonances

Aj =
1

2 (aKπ
j eiφKπ

j + aK0π
j eiφK0π

j ) aKπ
j = aK0π

j φKπ
j = φK0π

j
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PHYS. REV. D108 032010 (2023)

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.108.032010


Quasi Model Independent Kπ S-wave Fit
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B⁺→K⁰ₛK⁺K-π+ B⁺→K⁰ₛK⁺K⁺π-

PHYS. REV. D108 032010 (2023)

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.108.032010
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Quasi Model Independent Kπ S-wave Fit
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PHYS. REV. D108 032010 (2023)

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.108.032010


Isobar Model Fit

κ(2600) 
• A large S-wave amplitude is required for the model to fit 

Low mass κ/K*0(700) 
• Tested, non-significant improvement to the fit 

Poorly known resonances 
• K*2(1980) consistent with zero 
• K*0(1430), K*0(1950), a0(1700)
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Comparison with QMI

PHYS. REV. D108 032010 (2023)

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.108.032010


Isobar Model Fit
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InterferenceAmplitudes

PHYS. REV. D108 032010 (2023)

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.108.032010


Dalitz Plot Analysis of ηc(2S)→K⁰ₛKπ Decays

Much Lower Data 
• Approximately 2800 decays in B⁺→K⁰ₛK⁺K-π+ 

• Using the same model of ηc (Isobar only) 
• Very large interference
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PHYS. REV. D108 032010 (2023)

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.108.032010


Dalitz Plot Analysis of χc1→K⁰ₛKπ Decays

High Background 
• Dalitz plot not feasible in this case 
• Simplified approach: fit only the m(Kπ) 

and m(K0π) distributions 
• Efficiency corrected
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PHYS. REV. D108 032010 (2023)

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.108.032010


Summary
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Summary

Strange Hadrons Spectroscopy at LHCb 
• A byproduct of amplitude analyses of B and D decays 
• (Relatively) Large yields with high purity 
• Many interesting results can be extracted 

K*0(1950) established 
New parametrisation of the Kπ S-wave including K*0(1430), K*0(1950), and κ(2600) 

• KK and Kπ S-waves can be studied
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Spares
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Systematic Uncertainties D⁰→K∓π±π∓π±

Tested With PseudoExperiments 
• Size of Integration Sample (Resampling) 
• Background description in WS fit 
• Flavour Misidentification 
• Detection Asymmetry 
• Alternative Models 

Tested With Alternative Fits 
• Background Description 
• Selection Efficiency 
• Resonance Shapes 

Tested With Multiple Fits of Resampled Data 
• Background Description 
• Uncertainties of the Fixed Parameters
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Systematic Uncertainties D⁰→ K⁺K⁻π⁺π⁻

Tested With PseudoExperiments 
• Fit Bias 
• Background description 
• Flavour Misidentification 
• Detection Asymmetry 
• Alternative Models 

Tested With Alternative Fits 
• Background Description 
• Selection Efficiency 
• Resonance Shapes 

Tested With Multiple Fits of Resampled Data 
• Background Description 
• Uncertainties of the Fixed Parameters
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Systematic Uncertainties ηc→K⁰ₛKπ

Sources of Uncertainties 
• Efficiency Correction 

 
• Trigger Selection 

TOS vs. No-TOS 
• Uncertainty on Signal Purity 

±5% change in BDT selection 
• Radius of the Blatt-Weisskopf factor (1.5/GeV) 

Varied in (0.5 ÷ 2.5)/GeV range 
• Background Model 

Random variations of background model 

Negligible 
• Fit Bias 
• Sidebands

ϵ(m(K0
SK), cosθπ) → ϵ1(m(K0

SK))ϵ2(cosθπ)
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Amplitudes Phases



Systematic Uncertainties ηc(2S)→K⁰ₛKπ

Sources of Uncertainties 
• Efficiency Correction 

Use 2D-binned map 
• Trigger Selection 

TOS vs. No-TOS 
• Uncertainty on Signal Purity 

±5% change in BDT selection 
• Radius of the Blatt-Weisskopf factor (1.5/GeV) 

Varied in (0.5 ÷ 2.5)/GeV range 
• Background Model 

Random variations of background model 

Negligible 
• Fit Bias 
• Sidebands
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Amplitudes Phases



Systematic Uncertainties χc1→K⁰ₛKπ

Sources of Uncertainties 
• Decay Modes 

Difference between separate results 
• Uncertainty on Signal Purity 

±5% change in BDT selection 
• Radius of the Blatt-Weisskopf factor (1.5/GeV) 

Varied in (0.5 ÷ 2.5)/GeV range
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Amplitude Analysis of 4-Body D0 Decays

Software: AmpGen 
• C++ and ROOT based with multithreading (OpenMP) 
• Isobar model 

- coherent sum of amplitudes  
- polarised sum of amplitudes for particles carrying spin 
- incoherent sum of amplitudes for background description 

• Spin Formalism 
Covariant Tensors (Rarita-Schwinger) 
Canonical helicity formalism 

• Quasiparticles 
Fictional decaying particles to describe for example S-wave with K-matrix
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https://github.com/GooFit/AmpGen


Modelling 3-Body Resonances

3-Body Running Width 
• The width of 2-body resonances is typically given by 

 

• In 3-body resonances one must account for the dynamics of the intermediate decay 
process 

• We decided to express it in terms of the spin-averaged matrix element of the decay 
integrated over the phase space of the three-particle final state 

,  

3-Body Amplitude 

, 

Γ(s) =
Γ0qm0

q0 s ( q
q0 )

2L

BL(q, q0)2

Γ(s) ∝
1
s ∫ dsabdsbc ℳR→abc

2
Γ(m2

0) = Γ0

𝒯(s) =
kF(q)

m2
0 − s − im0Γ(s)

F(q) = e−r2q2/2
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