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BES-II: HLT+xHLT
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Extend the functionalities of STAR HLT farm with CBM FLES algorithms for express production (xHLT).

HLT

Distributed 
Storage

Read: 2GB/s 
Write: 1GB/s 
(extendable)

Capacity: 30TB 
(extendable)

Production Controller: 
• submit jobs 
• track job status

DB: Job and file Status
PicoDst

hlt-good events 
up to 1400Hz 
~500MB/s

sink 
daq files

• Extend the functionalities of HLT farm:  infrastructure for expression production

• Sink daq files on HLT disk: 
work with Jeff Landgraf 

• Job status DB schema 
originally adopted from 
Levente Hajdu

HLT

HLT

Distributed 
Storage

Read: 2GB/s 
Write: 1GB/s 
(extendable)

Capacity: 30TB 
(extendable)

Production Controller: 
• submit jobs 
• track job status

DB: Job and file Status
PicoDst

hlt-good events 
up to 1400Hz 
~500MB/s

sink 
daq files

• Extend the functionalities of HLT farm:  infrastructure for expression production

• Sink daq files on HLT disk: 
work with Jeff Landgraf 

• Job status DB schema 
originally adopted from 
Levente Hajdu

xHLT

xCal, xProd, xPhys
HLT Good Events 

Full chain of express production and analysis has been running since 2019
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CBM ➝ STAR: Reconstruction and Analysis Software
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Within the FAIR Phase-0 program the CBM KF Particle Finder has been adapted to STAR and applied to Au+Au collisions recorded during 2014, 2016 and BES-I.

Prof. Dr. Ivan Kisel, Uni-Frankfurt, FIAS FIAS, 24.04.2017      /20 
 

KFParticle: Reconstruction of Vertices and Decayed Particles

Concept: 
• Mother and daughter particles have the same state 

vector and are treated in the same way 
• Reconstruction of decay chains 
• Kalman filter based 
• Geometry independent 
• Vectorized 
• Uncomplicated usage

11

3

KFParticle Lambda(P, Pi);                               // construct anti Lambda 
Lambda.SetMassConstraint(1.1157);              // improve momentum and mass 
KFParticle Omega(K, Lambda);                      // construct anti Omega 
PV -= (P; Pi; K);                                               // clean the primary vertex 
PV += Omega;                                                // add Omega to the primary vertex 
Omega.SetProductionVertex(PV);                  // Omega is fully fitted 
(K; Lambda).SetProductionVertex(Omega);   // K, Lambda are fully fitted 
(P; Pi).SetProductionVertex(Lambda);            // p, pi are fully fitted

KFParticle provides uncomplicated approach to physics analysis (used in CBM, ALICE and STAR)

r = { x, y, z, px, py, pz, E } 

Position, direction, momentum 
and energyState vector

Functionality: 
• Construction of short-lived particles 
• Addition and subtraction of particles 
• Transport 
• Calculation of an angle between particles 
• Calculation of distances and deviations 
• Constraints on mass, production point and decay length 
• KF Particle Finder

Ω̅+        Λ̅ K+

p̅ π+

Simulated AuAu collision at 25 AGeV

π+

Κ+

p

Ω+ Λ
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CBM, 5M central Au+Au, 10 AGeV, PHSD STAR, 1.3M mbias Au+Au, 200 AGeV, Run 2016

Used for the real-time express physics analysis during the BES-II runs (2018-2021)

✓ Since 2016 the Cellular Automaton (CA) Track Finder is the default STAR track finder for data production. Use of CA provides 25% 
more D0 and 20% more W by reprocessing of 2013 pp510 data sample.


✓ The KF Particle Finder provides a factor 2 more signal particles than the standard approach in STAR. The integration of the KF Particle 
Finder into the official STAR repository for use in physics analysis is currently in progress.

FAIR Phase-0
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CBM ➝ STAR: KF Particle
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KFParticle Lambda(P, Pi);                               // construct anti Lambda

Lambda.SetMassConstraint(1.1157);              // improve momentum and mass

KFParticle Omega(K, Lambda);                      // construct anti Omega

PV -= (P; Pi; K);                                               // clean the primary vertex

PV += Omega;                                                // add Omega to the primary vertex

Omega.SetProductionVertex(PV);                  // Omega is fully fitted

(K; Lambda).SetProductionVertex(Omega);   // K, Lambda are fully fitted

(P; Pi).SetProductionVertex(Lambda);            // p, pi are fully fitted

KF Particle provides a simple and very efficient approach to physics analysis

Features:

• KF Particle class describes particles by the state vector 

and the covariance matrix.

• The method for mathematically correct usage of 

covariance matrices is provided by the KF Particle 
package based on the Kalman Filter (KF).


• Heavy mathematics of KF requires fast and vectorised 
algorithms.


• Mother and daughter particles are treated in the same 
way.


• The natural and simple interface allows to reconstruct 
easily complicated decay chains.


• The package is geometry independent and is used in  
different experiments (CBM, ALICE, STAR, sPHENIX).

Ω̅+        Λ̅ K+

p̅ π+

Simulated AuAu collision at 25 AGeV

π+

Κ+

p

Ω+ Λ

/1820 July 2018 STAR Collaboration Meeting

1. KFParticle class describes particles by: 

2. Covariance matrix contains essential information 
about tracking and detector performance. 

3. The method for mathematically correct usage of 
covariance matrices is provided by the KF Particle 
package based on the Kalman filter (KF) developed by 
FIAS group1,2  primarily for CBM and ALICE. 

4. Heavy mathematics requires fast and vectorized 
algorithms. 

5. Mother and daughter particles are KFParticle and 
are treated in the same way. 

6. The natural and simple interface allows to 
reconstruct easily rather complicated decay chains. 

7. The package is geometry independent  and can be 
easily adapted to different experiments.

Concept of KF Particle in CBM
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π+

Κ+

p

Ω+ Λ

V. Akishina, I. Kisel, Uni-Frankfurt, FIAS MMCP 2017, Dubna, 07.07.2017      /16 
 

KFParticle: Reconstruction of Vertices and Decayed Particles

Concept: 
• Mother and daughter particles have the same state 

vector and are treated in the same way 
• Reconstruction of decay chains 
• Kalman filter based 
• Geometry independent 
• Vectorized 
• Uncomplicated usage

11

3

KFParticle Lambda(P, Pi);                               // construct anti Lambda 
Lambda.SetMassConstraint(1.1157);              // improve momentum and mass 
KFParticle Omega(K, Lambda);                      // construct anti Omega 
PV -= (P; Pi; K);                                               // clean the primary vertex 
PV += Omega;                                                // add Omega to the primary vertex 
Omega.SetProductionVertex(PV);                  // Omega is fully fitted 
(K; Lambda).SetProductionVertex(Omega);   // K, Lambda are fully fitted 
(P; Pi).SetProductionVertex(Lambda);            // p, pi are fully fitted

KFParticle provides uncomplicated approach to physics analysis (used in CBM, ALICE and STAR)

r = { x, y, z, px, py, pz, E } 

Position, direction, momentum 
and energyState vector

Functionality: 
• Construction of short-lived particles 
• Addition and subtraction of particles 
• Transport 
• Calculation of an angle between particles 
• Calculation of distances and deviations 
• Constraints on mass, production point and decay length 
• KF Particle Finder

Ω̅+        Λ̅ K+
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Simulated AuAu collision at 25 AGeV
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1. KF Particle — S. Gorbunov, “On-line reconstruction algorithms for the CBM and ALICE experiments,” Dissertation thesis, Goethe University of Frankfurt, 2012, 
http://publikationen.ub.uni-frankfurt.de/frontdoor/index/index/docId/29538 
2. KF Particle Finder — M. Zyzak, “Online selection of short-lived particles on many-core computer architectures in the CBM experiment at FAIR,” Dissertation 
thesis, Goethe University of Frankfurt, 2016, http://publikationen.ub.uni-frankfurt.de/frontdoor/index/index/docId/41428

State vector

Covariance matrix

r = { x, y, z, px, py, pz, E }

C = <rrT > =

2

6666666666664

s2
x Cxy Cxz Cxpx Cxpy Cxpz CxE

Cxy s2
y Cyz Cypx Cypy Cypz CyE

Cxz Cyz s2
z Czpx Czpy Czpz CzE

Cxpx Cypx Czpx s2
px Cpx py Cpx pz CpxE

Cxpy Cypy Czpy Cpx py s2
py Cpy pz CpyE

Cxpz Cypz Czpz Cpx pz Cpy pz s2
pz CpyE

CxE CyE CzE CpxE CpyE CpzE s2
E

3

7777777777775

n

π-

Σ-

Reconstruction of decays with a neutral daughter

by the Missing Mass Method:



Heavy Flavour

Open-charm 
resonances 

D*0  → D+ π- 

D̅*0  → D- π+ 

D*+  → D0 π+  

D*-  → D̅0 π-

Open-charm 
particles 

D0 → K- π+ 

D0 → K- π+ π+ π- 

D0 → K+K- 

D0 → π+ π- 

D0 → K0s π+ π- 

D0 → K+K-K0s 

D+ → K- π+ π+ 

D+ → π+ π+ π- 

D+ → K0s π+ π+ π- 

D+ → K0s π+ 

Ds
+ → K+ K- π+ 

Ds
+ → K+ π+ π- 

Ds
+ → K0s K+ π+ π- 

Ds
+ → K0s K0s π+ 

Ds
+ → K0s K+ 

Λc
+ → p K- π+ 

Λc
+ → p π+ π- 

Λc
+ → p K0s 

Λc
+ → p K0s π+ π- 

Λc
+ → Λ π+ 

Λc
+ → Λ π+ π+ π- 

Ξc
0 → Ξ- π+ π+ π- 

+ antiparticles

Charmonium 
J/ψ  → pp̅ 

J/ψ  → ΛΛ̅ 

J/ψ  → Ξ-Ξ̅+  

ψ′ → Ω-Ω̅+

B mesons 
B+  → D̅0 π+ 

B-  → D0 π- 

B+  → D̅0 K+ 

B-  → D0 K- 

B0  → D- π+ 

B̅0  → D+ π- 

B0  → D- K+ 

B̅0  → D+ K-

Charged particles: e±, µ±, π±, K±, p±, d±, 3He±, 4He±

Strange particles

K*+ → K+ π0 
K*- → K- π0 
K*0 → K0 π0 
Σ*0 → Λ π0 
Σ̅*0 → Λ̅ π0 

Ξ*- → Ξ- π0 

Ξ̅*+ → Ξ̅+ π0

Ξ*0 → Ξ- π+ 

Ξ̅*0 → Ξ̅+ π- 

Ω*- → Ξ- K- π+ 

Ω̅*+ → Ξ̅+ K+ π-

K*+ → K0
s π+ 

K*-  → K0
s π- 

Σ*+  → Λ π+ 

Σ̅*-  → Λ̅ π- 

Σ*-  → Λ π- 

Σ̅*+  → Λ̅ π+ 

Ξ*-  → Λ K- 

Ξ̅*+  → Λ̅ K+

K*0  → K+ π- 

K̅*0  → K- π+ 

ϕ  → K+ K- 

Λ*  → p K- 

Λ̅*  → p̅ K+

K0
s → π+ π- 

K+
 → µ+ νµ 

K-
 → µ- ν̅µ 

K+
 → π+ π0 

K-
 → π- π0 

Λ  → p π- 

Λ̅ → p̅ π+ 

Σ+
 → p π0 

Σ̅-
 → p̅ π0 

Σ+
 → n π+ 

Σ̅-
 → n̅ π- 

Σ-
 → n π- 

Σ̅+
 → n̅ π+

Ξ-  → Λ π- 

Ξ̅+ → Λ̅ π+ 

Ξ-  → Λ π- 

Ξ̅+ → Λ̅ π+ 

Ω-  → Λ K- 

Ω̅+ → Λ̅ K+ 

Ω-  → Λ K- 

Ω̅+ → Λ̅ K+ 

Ω-  → Ξ0 π- 

Ω̅+ → Ξ̅0 π+

Σ+ → p π0 
Σ̅- → p̅ π0 
Σ0 → Λ γ 
Σ̅0 → Λ̅ γ 
Ξ0 → Λ π0 

Ξ̅0 → Λ̅ π0

Strange resonances

Neutral particles: νµ, ν̅µ, π0, n, n̅, Λ, Λ̅, Ξ0, Ξ̅0

Dileptons

Charmonium 
J/ψ → e+ e- 

J/ψ  → µ+ µ- 
Low mass 

vector mesons 
ρ  → e+ e- 

ρ  → µ+ µ- 

ω  → e+ e- 

ω  → µ+ µ- 

ϕ → e+ e- 

ϕ → µ+ µ-

Gamma 
γ  → e+ e- 

Gamma-decays 
π0  → γ γ 
η → γ γ

π+ → µ+ νµ 

π- → µ- ν̅µ 

ρ → π+ π- 

Δ0  → p π- 

Δ̅0  → p̅ π+ 

Δ++  → p π+ 

Δ̅--  → p̅ π-

Light mesons 
and baryons

Hypermatter

Heavy multi-
strange objects 

{ΛΛ} → Λ p π- 

{Ξ0Λ} → Λ Λ

Hypernuclei 
{Λn} → d+ π- 

{Λ̅n̅} → d- π+ 

{Λnn} → t+ π- 

{Λ̅n̅n̅} → t- π+ 

3ΛH → 3He π- 

3ΛH̅ → 3He π+ 

4ΛH → 4He π- 

4ΛH̅ → 4He π+ 

4ΛHe → 3He p π- 

4ΛHe → 3He p̅ π+ 

5ΛHe → 4He p π- 

5ΛHe → 4He p̅ π+

Double-Λ 
hypernuclei 

4ΛΛH → 4ΛHe π- 

4ΛΛH → 3ΛH p π- 

5ΛΛH → 5ΛHe π- 

6ΛΛHe → 5ΛHe p π+

Ivan Kisel HYP2022, Prague, 27.06.2022      /19

 

CBM ➝ STAR: KF Particle Finder
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The search for up to 200 decay channels is implemented in the KF Particle Finder
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xBES-II: Mesons

6

Signal utilizing 140M AuAu xEvents at 7.7 GeV,  
2021 BES-II (x)production

• Online (x)calibration and (x)reconstruction provide us with high quality data, thus allowing to observe even π0 with 50 σ 
significance.


• Strange mesons are seen with a high significance and S/B ratio.

• STAR with its TPC allows background-free identification of charged kaons by full topological reconstruction with all 4 tracks.
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Signal utilizing 32.5M AuAu events at 7.7 GeV,  
2021 BES-II (x)production

Mesons are used as probes for the full reconstruction chain
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xBES-II: Missing Mass Method
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Signal utilizing 32.5M AuAu events at 7.7 GeV, 2021 BES-II (x)production

• Kaons can also be found using the Missing Mass Method.

• Second peak is due to the (µ/π) particle misidentification. 
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The missing mass method provides additional opportunities in the study of decay channels
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xBES-II: Hyperons
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Signal utilizing 140M AuAu events at 7.7 GeV, 2021 BES-II (x)production

• Recently STAR has upgraded the inner part of TPC that together with an improved CA track finder have increased efficiency.

• New data give a possibility to study lower pt region.

With express calibration and production we observe all hyperons with high significance and S/B ratio
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Fixed Target xBES-II: Pileup
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• To increase statistics the beam interaction intensity was increased.

• This resulted in more than a half of events with at least two reconstructed primary vertices.

• A structure at R = 2 cm is formed by pileup.

• Interactions with the beam pipe material and support structures are also visible.
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Distribution of the distance from 4𝚲He → 3He+p+π- 
candidates to the main primary vertex without and with 
the cleaning procedure.

• The cleaning procedure: reconstruct primary vertices from pileup and interaction with the beam pipe, then discard 
these primary tracks.
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The cleaning procedure significantly reduces background, especially in 3-body channels
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xBES-II: Hypernuclei
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Signal utilizing 437M AuAu HLT triggered events at √sNN = 3.0 GeV Fixed Target, 2021 BES-II (x)production

• With increased beam collision intensity in the Fixed Target mode HLT farm had not enough capacities 
to process all collected data online.


• Therefore a trigger on He has been introduced to enhance hypernuclei. 
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The collected statistics is enough to measure yields, lifetimes and spectra of these hypernuclei

STAR Preliminary 
Express Stream Production

STAR Preliminary 
Express Stream Production

STAR Preliminary 
Express Stream Production

STAR Preliminary 
Express Stream Production

STAR Preliminary 
Express Stream Production

STAR Preliminary 
Express Stream Production
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BES-II: Hypernuclei
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2018, 2019, 2020, 2021x FXT and 2021x collider at 7.7 GeV

• With the same procedure all FXT data from 2018, 2019 and 2020 were analyzed.

• In all (standard and express) production data 5𝚲He is visible with significance 11.6 σ. 

3 3.1
]2 [GeV/c}-πHe3 {invm

0

50

100

310×

En
tr

ie
s

2 M = 2991.2 MeV/c
  S = 37675.92 = 1.8 MeV/cσ

 = 42.0S+BS/B = 0.05  S/

-πHe3→HΛ
3 

3 3.1
]2 [GeV/c}-π {dpinvm

0

100

En
tr

ie
s

2 M = 2991.2 MeV/c
  S = 240.12 = 1.4 MeV/cσ

 = 10.7S+BS/B = 0.93  S/

-πdp→HΛ
3 

3.9 4 4.1
]2 [GeV/c}-πHe4 {invm

0

20

310×

En
tr

ie
s

2 M = 3922.5 MeV/c
  S = 37860.82 = 1.8 MeV/cσ

 = 89.4S+BS/B = 0.27  S/

-πHe4→HΛ
4 

3.9 4 4.1
]2 [GeV/c}-π {tpinvm

0

20

40

En
tr

ie
s

2 M = 3922.0 MeV/c
  S = 57.02 = 1.2 MeV/cσ

 = 6.30S+BS/B = 2.28  S/

-πtp→HΛ
4 

3.9 4 4.1
]2 [GeV/c}-πHep3 {invm

0

200

400En
tr

ie
s

2 M = 3921.8 MeV/c
  S = 977.82 = 1.5 MeV/cσ

 = 25.9S+BS/B = 2.19  S/

-πHep3→HeΛ
4 

4.9 5
]2 [GeV/c}-πHep4 {invm

0

50

100

En
tr

ie
s

2 M = 4840.0 MeV/c
  S = 190.32 = 1.5 MeV/cσ

 = 11.6S+BS/B = 2.44  S/

-πHep4→HeΛ
5 

The collected statistics is enough to study Dalitz plots of 3-body channels

STAR Preliminary 
Express Stream Production

STAR Preliminary 
Express Stream Production

STAR Preliminary 
Express Stream Production

STAR Preliminary 
Express Stream Production
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BES-II: Dalitz Plots: 4𝚲He → 3He+p+𝜋-
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• The background was estimated with the side band method and subtracted under the peak.

• The background is smooth and no structures are observed.

• A complex structure in the signal can be explained as a possible spin effect. 

• Hint of 2-body 4Li π- decay (4Li (JP = 2-): M = 3.75 GeV/c2, σ = 8.7 MeV/c2).
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BES-II: Dalitz Plots: 4𝚲He → 3He+p+𝜋-
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• These are projections of 2-body combinations.

• In the pπ projection the structure can be explained as a possible spin effect. 

• In the nucleus-p combination the signal and background demonstrate different behavior.

• Hint of 2-body 4Li π- decay (4Li (JP = 2-): M = 3.75 GeV/c2, σ = 8.7 MeV/c2).
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Λ
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BES-II: Dalitz Plots: 5𝚲He → 4He+p+𝜋-
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• We observe similar structures to 4ΛHe.

• Hint of 2-body 5Li π- decay (5Li (JP = 3/2-): M = 4.665 GeV/c2, σ = 2.2 MeV/c2).
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BES-II: Dalitz Plots: 5𝚲He → 4He+p+𝜋-
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Signal

Background

• We observe similar structures to 4ΛHe.

• In the nucleus-p combination the signal and background demonstrate different behavior.

• Hint of 2-body 5Li π- decay (5Li (JP = 3/2-): M = 4.665 GeV/c2, σ = 2.2 MeV/c2).

Λ

Signal (190)
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• Because of use of the He based trigger in HLT, we expect higher statistics with offline production. 

• Hint of 2-body resonance 3He* (∼2.818 GeV/c2) decay, 3He M = 2.808 GeV/c2.
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BES-II: Dalitz Plots: 3𝚲H → d+p+𝜋-
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Signal

Background

• Because of use of the He based trigger in HLT, we expect higher statistics with offline production. 

• In the pπ projection we observe a smooth behavior. 

• Hint of 2-body resonance 3He* (∼2.818 GeV/c2) decay, 3He M = 2.808 GeV/c2.
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xBES-II: Hypernuclei Binding Energy
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Binding energy of hypernuclei together with hints on their 2-body resonance decays can be an indication that 
𝚲 behaves similarly to other nucleons (n and p) in hypernuclei

• We observe that binding energy is increasing up to 5𝚲He.

• When comparing binding energies per nucleon, hypernuclei behave similar:


• 5𝚲He - 6.30 MeV/c2,      4He - 7.07 MeV/c2,   5He - 5.48 MeV/c2,    5Li - 5.27 MeV/c2;


• 4𝚲He - 2.55 MeV/c2,      3He - 2.57 MeV/c2,   4He - 7.07 MeV/c2,   4Li - 1.15 MeV/c2;


• 4𝚲H  - 2.65 MeV/c2,       3H  - 2.83 MeV/c2,    4H  - 1.40 MeV/c2;


• 3𝚲H  - 0.8-0.9 MeV/c2,   2H  - 1.11 MeV/c2,    3H  - 2.83 MeV/c2.

• Statistical errors are 40 - 200 keV/c2, and smaller than the markers.
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Summary
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• In the express production data stream we see all signals starting from mesons and up to hypernuclei 
using KF Particle Finder on HLT.


• We observe 5𝚲He with significance of 11.6 σ.


• Dalitz plots of 3-body hypernuclei channels show complex structures: possibly, spin effect. 

• Hints that a significant part of 3-body decays happen via nuclei resonances.


• Hypernuclei binding energy per nucleon is increasing with A up to 5𝚲He.


• There are indications that Λ behaves similarly to other nucleons (n and p) in hypernuclei.

• Decay models are needed for efficiency estimation of 3-body channels and branching ratios.


