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Motivation
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➢ Differential and total cross sections

➢ Resonance parameters, spin density matrix elements 

➢ Scattering lengths from FSI

➢ K-matrix formalism pole positions for Λ(1405)

𝑇𝑝 = 4.5 𝐺𝑒𝑉
• Strangeness production in a non-strange system, OZI

• Final state interactions in 𝑝𝐾− and 𝐾+𝐾− pairs

• The role of baryon resonances, 𝑁∗

𝐾−

𝜖𝑡ℎ𝑟 = 600 𝑀𝑒𝑉

𝑝𝑏𝑒𝑎𝑚

General interest apart from Λ(1405) contribution: 

…



HADES detector Event Selection Procedure

Reconstruct 4-momenta of all particles

• Topology: 2𝐾± & 1𝑝 in HADES, 1𝑝 in Forward

• PID in HADES:         NN-based, 𝜋±, 𝐾±, 𝑝 classification

• Kinematic refit:  4C,  𝜒𝑝𝑝𝐾𝐾
2 < 20 …

𝑲+

𝒑

𝒑

𝑲−

Good momentum resolution, acceptance, PID

• Dataset from Feb 2022

• ~1010 events

Signal: 𝑝𝑝 → 𝑝𝑝𝐾+𝐾− (~5 𝜇𝑏)

Background:     𝑝𝑝 → 𝑝𝑝𝜋+𝜋− (~5000 𝜇𝑏)*

𝑝𝑝 → 𝑝𝐾+[Λ → 𝑝𝜋−] (~50 𝜇𝑏)**

…
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* Eur. Phys. J. A 50, 82 (2014),  ** Phys. Lett. B 742, 242–248 (2015)



Kinematic Refit and Data Quality

4C refit

• Minimization: 𝜒2 = Ԧ𝑦 − Ԧ𝜂 𝑇𝑉−1( Ԧ𝑦 − Ԧ𝜂)

• Constraint:            σ𝑃𝑖 − 𝑃𝑏𝑒𝑎𝑚+𝑡𝑎𝑟𝑔𝑒𝑡 = 0

Linear background fit

✓ Τ𝑆 𝐵~30 Very clean dataset

✓ 1.5 ∙ 105 signal events

KinFit: Comput. Softw Big Sci 8, 3 (2024)
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• Method: 

Bin-by-Bin

Phase Space Simulation

• Parametrization: 

Main resonances in 2D, 3D, or 4D:

𝑀(𝐾+𝐾−) + 𝑀(𝑝𝐾−)

𝑀(𝐾+𝐾−) + 𝑀(𝑝𝐾−) + 𝜃𝜙→𝐾𝐾
𝐺𝐽

𝑀(𝐾+𝐾−) + 𝑀(𝑝𝐾−) + 𝜃𝜙→𝐾𝐾
𝐺𝐽

+ 𝜑𝜙→𝐾𝐾
𝐺𝐽

Efficiency and Acceptance Correction
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Amplitude Analysis

• MC phase space simulation, 

reweight events with |𝐴|2:

• 𝐴 =
1

1−𝑖𝑞1𝑎𝑝𝐾
∙

1

1−𝑖𝑞𝑎𝐾𝐾
∙

∙ (1 + 𝑐1𝐵𝑊𝜙(1020) + 𝑐2𝐵𝑊𝛬(1520))

• Simultaneous fit to the 𝑀𝐾+𝐾− and 𝑀𝑝𝐾−

• Fit parameters:      𝑐1, 𝑐2, and phases,

𝛬/𝜙 parameters,

𝑎𝑝𝐾, 𝑎𝐾𝐾 scattering lengths

✓ Valid description of the experiment with FSI encapsulating different effects

𝜙(1020) Λ(1520)
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Amplitude Analysis

✓ The best fit requires a subthreshold 𝛬 1405 → 𝑝𝐾 contribution

• 𝑎𝐾𝐾 = [(0.47 ± 0.05) + 𝑖 0.0 ± 0.1 ] fm

• 𝑎𝑝𝐾 = [(0.09 ± 0.02) + 𝑖 −0.22 ± 0.05 ] fm

• Resonance parameters consistent with PDG:

𝑀𝜙 = (1019.5 ± 0.1) MeV 

Γ𝜙 = (4.5 ± 0.1) MeV

𝑀Λ = (1519 ± 0.5) MeV

ΓΛ = (14 ± 0.5) MeV
𝜦(𝟏𝟒𝟎𝟓)
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Coupled Channels Analysis in K-Matrix Formalism

Two-pole description of 𝛬(1405) – Dynamically generated Σ𝜋 − ഥ𝐾𝑁 state?

(Poles of the amplitude)

Σ𝜋 analysis described in the previous talk, done by Anna Władyszewska (Σ0 → γ[Λ → 𝑝𝜋−]) 

Simplified procedure:

1. Measure two raw distributions: 

𝑀𝑝𝐾− & 𝑀Σ0𝜋0

2. Re-weight Phase Space simulation 

within a common coupled amplitude

3. Fit 𝑀Σ𝜋 and 𝑀𝑝𝐾− simultaneously

𝐾−

𝑝

𝑝1

𝑝2

𝐾+

𝑝2
′

𝜋0

Σ0

Σ𝜋 ↔ ഥ𝐾𝑁

Λ(1405)
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• 𝐼𝑝𝐾 =
1

1−𝑖𝑞1𝑎𝑝𝐾

2

+ 𝑐1 ( 𝐼 − 𝑖𝐾𝜌 −1𝑃)1
2 + |𝐶Λ(1520)

Σ𝜋 𝐵𝑊𝛬 1520 |
2

• 𝐼Σ𝜋 = |1 + 𝑐2( 𝐼 − 𝑖𝐾𝜌 −1𝑃)2|
2 + |𝐶Λ(1520)

𝑝𝐾
𝐵𝑊𝛬 1520 |

2

Raw Data Averaged over Momentum Transfer

✓ Fit consistent with this hypothesis
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Λ(1405)non-res Λ(1520)

Incoherent sum



• 𝐼𝑝𝐾 =
1

1−𝑖𝑞1𝑎𝑝𝐾

2

× 1 + 𝑐1( 𝐼 − 𝑖𝐾𝜌 −1𝑃)1
2 + |𝐶Λ(1520)

Σ𝜋 𝐵𝑊𝛬 1520 |
2

• 𝐼Σ𝜋 = |1 + 𝑐2( 𝐼 − 𝑖𝐾𝜌 −1𝑃)2|
2 + |𝐶Λ(1520)

𝑝𝐾
𝐵𝑊𝛬 1520 |

2

Raw Data Averaged over Momentum Transfer

✓ Fit consistent with this hypothesis
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Λ(1405)non-res + Λ(1520)

Coherent sum



*Eur. Phys. J. Spec. Top. 230, 1593–1607 (2021)

Pole Positions and Theory

Pole positions, *Recent theory predictions (2000+)

Not directly comparable (calculations vs parameterization)

Uncertainties estimated by varying:

• Global amplitude model

• Production vector

• Fit procedure

Compared to single pole and no Λ(1405)

✓ Clear fit improvements
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Extracted pole 
positions



Mass Spectra in Momentum-Transfer Bins

Can enhance Λ(1405) threshold sensitivity

𝑝𝑡𝑎𝑟𝑔𝑒𝑡

𝑝𝑏𝑒𝑎𝑚

𝐾+

𝑝2
′

Σ𝜋 ↔ ഥ𝐾𝑁

Λ(1405)

𝑡
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𝐾−

𝑝

𝜋0

Σ0



Mass Spectra in Momentum-Transfer Bins

✓ Enhances Lambda(1405) visibility

❖ Larger uncertainties than in raw distributions
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𝑡 ∈ − 3 − 4 GeV2/𝑐4 𝑡 ∈ − 0 − 1 GeV2/𝑐4



➢ Quantitative constraints on Λ(1405) hypotheses

➢More complete pole-position systematic uncertainties 

➢ Branching ratio extraction 

➢𝑁∗ resonances, non-resonant disentanglement

➢…

✓ Clean event sample with S/𝐵~30

✓ Cross-section uncertainties < 15%

✓ Resonance parameters consistent with PDG

✓ 𝐾+𝐾− and 𝑝𝐾− effective scattering length parameters

✓ K-matrix fit consistent with a two-pole Λ(1405)

Summary Outlook
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Backup



Particle Identification with DANN

✓ All information simultaneously, 

better performance

✓ Operates with probabilities, 

flexible classification 

✓ Less sim-exp difference

• 𝑀𝑜𝑚𝑒𝑛𝑡𝑢𝑚

• 𝐶ℎ𝑎𝑟𝑔𝑒

• 𝑇ℎ𝑒𝑡𝑎

• 𝑑𝐸/𝑑𝑥𝑀𝐷𝐶

• 𝐵𝑒𝑡𝑎

Input parameters 5 Probabilities:  𝜋±, 𝐾±, 𝑝

2 Domain classes: sim, exp+ 𝛽𝑡ℎ𝑒𝑜𝑟𝑦
𝑖 𝑝 − 𝛽𝑒𝑥𝑝

𝑖 x3

• Traditional PID systematic uncertainties ~10%

➢ Improve PID and reduce systematic error (Sim-Exp consistency)



Resulting Distributions

Mass distributions overlap, while keeping contaminations in K low.

*Experiment, Feb22 dataset, PT2 trigger.



Momentum Dependence of Kaon Efficiency and Purity

Selection efficiency and “purity” vs momentum

*Share of particles being identified as 𝐶𝑖 with loose cuts (prob > 35%) → Sum is more than 1

✓ DANN sim-exp agreement (< 1% per particle)



Comparison With the Graphical Cuts (𝛽 − 𝑃)

*Both TPR and FPR are self-contained for the case of two classes and thus insensitive to the fractions of events 

DANN PID has ~1.5 times better 

purity at the same efficiency:

*

*

✓ Performance improvements



Kinematic Refit and Data Quality

• Minimization: 𝜒2 = Ԧ𝑦 − Ԧ𝜂 𝑇𝑉−1( Ԧ𝑦 − Ԧ𝜂)

• Constraint:      4C           σ𝑃𝑖 − 𝑃𝑏𝑒𝑎𝑚 = 0

• Finds ideal 4-vector parameters that satisfy constraints

Linear background fit

✓ Sufficiently flat 

probability 

distribution



Mass Distributions and Model Approximations

• Efficiency and luminosity corrected counts

• 2 combinations per event (2 protons)

• MC events based on phase space 

distribution reweighted by a model



Total and Resonance Cross Sections

𝜎 𝑝𝑝 → 𝑝𝑝𝜙(1020)

• 𝜎 𝑝𝑝 → 𝑝𝑝𝐾+𝐾− = 5600 ± 400 nb

• 𝜎 𝑝𝑝 → 𝑝𝑝𝜙(1020) = 1220 ± 90 nb

• 𝜎 𝑝𝑝 → 𝑝𝐾+Λ(1520) = 2740 ± 200 nb

At 𝑠 = 3465 ± 5 MeV

Systematic uncertainty ~15%

mainly from global acceptance



Total and Resonance Cross Sections

✓ Inclusion of FSI increases the low-energy cross section, and the measurements align.

• 𝜎 𝑝𝑝 → 𝑝𝑝𝐾+𝐾− = 5600 ± 400 nb

• 𝜎 𝑝𝑝 → 𝑝𝑝𝜙(1020) = 1220 ± 90 nb

• 𝜎 𝑝𝑝 → 𝑝𝐾+Λ(1520) = 2740 ± 200 nb

At 𝑠 = 3465 ± 5 MeV

Systematic uncertainty ~15%

mainly from global acceptance

𝜎 𝑝𝑝 → 𝑝𝑝𝐾+𝐾−



Angular Analysis for 𝜙(1020) spin

✓ A transition from unpolarized to transverse production?

➢ Inclusion of 𝜑 diagonal elements is underway

𝝆𝟎𝟎 = 𝟎. 𝟎𝟒 ± 𝟎. 𝟎𝟐 - This measurement at 600 MeV

𝜌00 = 0.23 ± 0.04 – DISTO at ~100 MeV above 𝐸𝑡ℎ𝑟

Longitudal polarization (1/3 for unpolarized)



Systematic Errors and Uncertainties

Extrapolated to 

1.001

Bias at 20: 1.68%

• Varying the methods, selection cuts, and models

• Comparing Sim to Exp efficiencies

Estimated via


