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 Hypernuclei in CBM
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One of the physics cases of the CBM experiment is study 
of hypernuclei: 
• Single and double hypernuclei. 
• Precise measurements of hypernuclei lifetime. 
• Measurement of branching ratios of hypernuclei. 
• Direct access to the hyperon-nucleon (YN) interaction 

through measurements of BΛ in a hypernucleus. 
• “Hyperon puzzle” in the astrophysics: understanding of YN 

interaction is crucial for neutron star physics. 
• Search for strange matter in the form of heavy multi-strange 

objects. 

Advantages of CBM: 
• According to theoretical predictions energy region of CBM is 

preferable for production of hypernuclei. 
• Complex topology of decays can be easily identified in CBM 

with a low background. 
• The detector system is well suited for identification of 

produced hypersystems. 
• High interaction rates, optimal collision energies and clean 

identification will allow to search for ΛΛ-hypernuclei.
J. Steinheimer et al., “Hypernuclei, dibaryon and 
antinuclei production in high energy heavy ion 
collisions: Thermal production versus Coalescence,” 
Phys. Lett. B 714 (2012) 85 

Figure 3: Yields per event of different (hyper-)nuclei in the mid ra-
pidity region (|y| < 0.5) of most central collisions of Pb+Pb/Au+Au.
Shown are the results from the thermal production in the UrQMD hy-
brid model (lines) as compared to coalescence results with the DCM
model (symbols).

late our calculations to these results, they are indicated
as the colored bars on the right axis of figure 2. The
RQMDmodel used was in particular tuned to reproduce
multi strange particle yields (such as the Ξ) and the re-
sults are therefore close to the ones obtained with our
thermal/hydrodynamic approach.
Figures 4 and 5 show the integrated (4π) yields for

all considered clusters as a function of beam energy. As
with the midrapidity results there is a remarkable agree-
ment between both approaches. However, the integrated
yields of non-strange nuclei at high energies are system-
atically larger in the coalescence approach, although the
mid-rapidity yield was smaller. This observation can be
explained when the rapidity distribution of the nuclei is
considered. In the coalescence approach the probability
to produce a nucleus increases with rapidity and in par-
ticular in the fragmentation region, where the nucleons
have small relative transverse momenta and can easily
coalesce.
In addition we point out that the coalescence results

depend on the parameters of the model. As mentioned,
in the presented results the parameter pC for Λ’s was
taken equal to the one of the nucleon’s. However, the
hyperon-hyperon and hyperon-nucleon interactions are

Figure 4: Full acceptance yields per event of different di-baryons cre-
ated in most central collisions of Pb+Pb/Au+Au. Shown are the re-
sults from the thermal production in the UrQMD hybrid model (lines)
as compared to coalescence results with the DCM model (symbols).

not very well known and we expect that these parame-
ters may be different for clusters containing Λ’s or even
Ξ’s. In table 2 we demonstrate how the yields of strange
dibaryon nuclei depend on the momentum parameter
pC . As discussed previously, we have accordingly re-
stricted the rC parameter, however, by imposing an em-
pirical limitation related to the nuclear force properties
that rC can not be larger than 4 fm. One can see, we
expect a very large variation of the yields depending on
the parameters. For instance, the probability of a bound
Λ–nucleon state may decrease by many orders, if we as-
sume a small pC corresponding to a low binding energy
of this state. Usually the parameters are fixed by com-
parison with experiment. Nevertheless, ratios of hyper-

pC= 5 20 50 90
ΛN 4.4 ·10−4 2.7 ·10−2 3.0 ·10−1 2.1
ΛΛ 3.0·10−5 1.2·10−3 6.6·10−3 5.6·10−2
ΞN < 10−6 1.0·10−3 1.1·10−2 1.0·10−1
ΞΛ < 10−6 7.4·10−5 5.8·10−4 1.0 ·10−2
ΞΞ < 10−6 < 10−6 3.8·10−4 7.2·10−4

Table 2: Dependence of yield of strange dibaryons (per one event) on
momentum coalescence parameter (pC in units of [MeV/c]), in central
(b < 3.5 fm) Au+Au collisions at 20A GeV

5

central AuAu events
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Challenges in CBM
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MVD

STS

Magnet

MuChRICH

ToF

ECAL

PSD
TRD

Target

• A fixed-target experiment with a forward 
geometry — high track density. 

• Up to 1000 charged particles/collision. 
• 105-107 collisions per second. 
• No hardware triggers — free streaming data. 
• On-line time-based event reconstruction is 

required with selection of extremely rare 
probes (like one Ω̅+ per 106 collisions).

• On-line reconstruction at the dedicated high 
performance computing farm (GSI Green IT 
Cube). 

• High speed and efficiency of the reconstruction 
algorithms are required. 

• The algorithms have to be highly parallelised 
and scalable. 

• CBM event reconstruction: Kalman Filter  and 
Cellular Automaton.

π+

Κ+

p

Ω+ Λ

CBM experimental setup

Central AuAu UrQMD event with Ω̅+ decay highlighted

No hardware trigger possible
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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 vectorised 
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
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Ω̅+        Λ̅ K+

p̅ π+

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+

p̅ π+

Simulated AuAu collision at 25 AGeV

π+

Κ+

p

Ω+ Λ

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
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KF Particle Finder: more than 150 decay channels
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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

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

Open-charm

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 → K0s π+ π- 

D0 → K+K-K0s 

D+ → K- π+ π+ 

D+ → K0s π+ π+ π- 

D+ → K0s π+ 

Ds
+ → K+ K- π+ 

Ds
+ → K0s K+ π+ π- 

Ds
+ → K0s K0s π+ 

Ds
+ → K0s K+ 

Λc
+ → p K- π+ 

Λc
+ → p K0s 

Λc
+ → p K0s π+ π- 

Λc
+ → Λ π+ 

Λc
+ → Λ π+ π+ π- 

+ antiparticles

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+

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
Double-Λ 

hypernuclei 
4ΛΛH → 4ΛHe π- 

4ΛΛH → 3ΛH p π- 

5ΛΛH → 5ΛHe π- 

6ΛΛHe → 5ΛHe p π+

π+ → µ+ νµ 

π- → µ- ν̅µ 

ρ → π+ π- 

Δ0  → p π- 

Δ̅0  → p̅ π+ 

Δ++  → p π+ 

Δ̅--  → p̅ π-

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

Light mesons 
and baryons
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Physics coverage
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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  

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

Open-charm

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-   

D̅0  → K+ π- 

D̅0 → K+ π+ π- π-   

D+ → K- π+ π+  

D- → K+ π- π-   

Ds
+ → K+ K- π+ 

Ds
- → K+ K- π- 

Λc
+ → p K- π+ 

Λ̅c
- → p̅ K- π+

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+  

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
Double-Λ 

hypernuclei 
4ΛΛH → 4ΛHe π-   
4ΛΛH → 3ΛH p π-   
5ΛΛH → 5ΛHe π-   
4ΛΛHe → 5ΛHe p π+

π+ → µ+ νµ    
π- → µ- ν̅µ     
ρ → π+ π-      
Δ0  → p π-   
Δ̅0  → p̅ π+   
Δ++  → p π+ 

Δ̅--  → p̅ π- 

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

Light mesons 
and baryons
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Single-Λ hypernuclei

!7

CBM is sensitive to light hypernuclei containing a single Λ within current predictions of their multiplicities

• AuAu, 10 AGeV, 5M central 
UrQMD events + thermal 
isotropic signal, TOF PID. 

• Background can be further 
reduced with additional 
dE/dx PID. 

• For 4ΛHe background can 
be reduced selecting only 
primary hypernuclei.

Multiplicities: 
• A.Andronic, et. al, “Production of light nuclei, hypernuclei and their antiparticles in relativistic nuclear collisions,” Phys. Lett. B, 697 (2011) 203 
• J. Steinheimer et al., “Hypernuclei, dibaryon and antinuclei production in high energy heavy ion collisions: Thermal production versus 

Coalescence,” Phys. Lett. B 714 (2012) 85 
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Double-Λ hypernuclei

!8

AuAu, 10 AGeV, 1012 central events equivalent, TOF PID

High statistic measurements at 107 interaction rates will allow to 
measure double-Λ hypernuclei

• Background can be 
further reduced with 
additional dE/dx PID. 

• For 5ΛHe and 5ΛΛH 
background will be 
reduced selecting only 
primary hypernuclei.
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Fit quality of hypernuclei
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• The fit quality is demonstrated, for example, at 3ΛH hyperon. 
• Y and Z components have similar distribution to X. 
• Residual - difference between simulated and reconstructed parameters, pull - 

residual normalised by the error. 
• The KF Particle mathematics allow to obtain correct errors and, as a result, 

correct pulls (unbiased, width about 1), χ2 and flat prob (p-value) distributions.



19 March 2019 Maksym Zyzak, DPG 2019, München /12

Further improvements: dE/dx in STS and TRD
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• CBM can perform dE/dx PID in two detectors: STS built from silicon strip detectors and TRD built 
from gaseous detectors. 

• The expected resolution should be enough to separate 1 and 2-charged particles and clean up 3He 
from proton contamination and 4He spectra from protons and deuterons. 

• The studies of including dE/dx are ongoing.

TOF TOF + TRD TOF + STS

p
K
π
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Further improvements: add more channels
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Λ

π-

Ξ-

π-

Ξ-

π-

pΛ

Conventional method Missing Mass Method

• For better control over the systematic errors all possible channels should be studied. 
• The missing mass method for reconstruction of short-lived particles with a neutral daughter 

particle was developed and added to the KF Particle Finder package. 
• It was successfully applied to reconstruction of Σ, Ξ, Ω hyperons (see next talk HK 20.5 by 

Pavel Kisel) and can be applied to the hypernuclei. 
• Possible decays of single-Λ hypernuclei that can be studied:

3ΛH → 3He π- 

 d p π- 
 p p n π- 

 t π0

4ΛH → 4He π- 

 t p π- 
 d d π- 

 3He n π- 
 p p n π-

4ΛHe → 3He p π- 

 d p p π- 
 p p p n π- 

 4He π0 
 d d π0 

 t p π0

+
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Summary and plans

!12

Summary 

• CBM is perfectly suited for registration of hypernuclei. 

• The mathematically correct algorithms of KF Particle Finder allow precise 
reconstruction with high efficiency and significance. 

• With the optimal collision energies, data rates up to 107 Hz, precise reconstruction 
algorithms CBM provides great opportunities to study ΛΛ-hypernuclei. 

• The developed missing mass method opens access to a large fraction of possible 
decay channels of hypernuclei, thus, allowing direct measurements of branching 
ratios and providing tools for the control over systematic errors. 

Plans 

• Improve PID of daughter particles by adding dE/dx information. 

• Add more decay channels to the reconstruction scheme. 

• Studies of systematic errors.
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Background estimation for double-Λ hypernuclei
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• Due to the low multiplicities, spectra for double-Λ hypernuclei can not be 
simulated on the event-by-event level with a statistics of 5M events. 

• As the first approximation the background was 

a) fitted with a function f(x) = A⋅ea1x2+b1x⋅(B - ea2x2+b2x)p; 

b) normalized to 1012 events; 
c) for 4ΛΛH, 5ΛΛH and 6ΛΛHe the shape was taken from similar decay 

topologies and shifted according to the mass difference. 
• In case of 6ΛΛHe no entries were found for 5M events. As the upper limit one 

entry per 5M events was assumed.

]2 [GeV/c}-πH p3
Λ

 {invm
4 4.5 5

En
tr

ie
s

0

20

40

]2 [GeV/c}-πH p3
Λ

 {invm
4 4.5 5

En
tr

ie
s

0

500

]2 [GeV/c}-πHe p5
Λ

 {invm
6 6.5 7

En
tr

ie
s

0

500
a) b) c)


