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HADES experiments

HADES in 2007
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Major HADES upgrades:
▶ RPC (2010)
▶ Pion Tracker (2014)
▶ ECAL (2017-2021)
▶ RICH upgrade (2018)
▶ Forward Detector (2021)
▶ iTOF (2021)
▶ new START (2021)

Particle identification: dEdx, β vs momentum
Previous experiments:
▶ various HI beams (Ar+KCl,

Au+Au, Ag+Ag, C+C)
▶ light system beams:

▶ p+p@3.5 GeV (’07)
▶ p+Nb@3.5 GeV (’07)
▶ π−+p /π−+A (’14)
▶ p+p@4.5 GeV (’22)
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HADES elementary programme
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Hyperons and strange baryonic resonances in p+p@3.5 GeV

Phys. Rev. C 95 (2017 Jan.) p. 015207
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Hyperons and strange baryonic resonances in p+p@3.5 GeV

Phys. Rev. C 95 (2017 Jan.) p. 015207
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pK+Λ combined PWA analysis

▶ combined PWA analysis of COSY-TOF, DISTO, FOPI and HADES
▶ contriution of seven N∗ resonances to pK+Λ

▶ 90 % of pK+Λ production gies via resonances

Phys. Lett. B 785 (2018) pp. 574–580
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Dilepton spectra in p+p@4.5 GeV

HADES PRELIMINARY
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Electromagnetic transitions form-factors (eTFF) with HADES

eTFF – sensitive probes of baryon internal structure

Dalitz decays:timelike: spacelike:

charge,

magnetic moment, ...

radius

▶ Space-like region |Q2
| > 0 is inaccessible for excited hyperons

(as a target or beam)
▶ Time-like high |Q2

| is probed by electron-positron anihilation
(BaBar, CLEO-C, BESIII)

▶ Time-like low |Q2
| available via Dalitz decays in HADES,

sensitivity to Vector Meson (ρ/ω/φ) – Vector Dominance Model
→ pion/kaon cloud contributions

HADES is an excellent experiment
for a Dalitz decay measurement

(hyper)nucleonpion cloud

 /  / 

photon
virtual

p
Y*

π-

γ*

p

e
+

e
-

targetbeam

p

K+

spacelike

"pion cloud"

"quark core"

Aznauryan and Burkert, Prog. Part. Nucl. Phys. 67 (2012 1) pp. 1–54
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Comparison of strange and non-strange baryons

i.e. Δ(1232)→Ne+e−/ Σ(1385)0
→Λe+e− and N∗(1520)→Ne+e−/ Λ(1520)→Λe+e− (flavor sym. partners)
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Ramalho, Phys. Rev. D 102 (2020 Sept.) p. 054016
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Salone and Leupold, Eur. Phys. J. A 57 (2021 6) p. 183

0 200 400 600)2c (MeV/-e+eM

1−10

1

10

)2 c
nb

/(
M

eV
/

 - e+ e
M

/dσd

a)

-e+ eγ → 0π
  (QED)  -e+ n e→+p -π

sum 

 X-e+ e→2+CH-πc= 685 MeV/-π
p

)  < 1030 2c (MeV/missM900 < 

0 200 400 600)2c (MeV/-e+eM

1

2

3

4)2 c
nb

/(
M

eV
/

 - e
+ e

M
/dσd

b) quasi-free
 -e+ n e→+p -π

0 200 400 600
)2c (MeV/-e+eM

0

2

4

6

8

Q
E

D
|- e

+ e
M

/dσ
 / 

d
- e

+ e
M

/dσd

c)
QED 

 only ρVDM1 

 incoh. ρ + γVDM1 

 constr.  ρ + γVDM1 

Time-like eTFF [Ramalho] 

nyi]eteLagrangian model [Z

N(1520)→Ne+e−

π
−+p,

√
s = 1.5 GeV

arXiv: 2205.15914 (nucl-ex)

Δ
+(1232)→pe+e−

p+p@1.25 GeV
Phys. Rev. C 95 (2017 June) p. 065205
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Σ
0 production in p+p@4.5 GeV

Motivation
▶ Σ0

→Λγ (BR=100 %)
▶ Σ0

→Λe+e− (prediction: BR=0.5 %) – not observed yet
▶ Σ(1385)→Λe+e− (prediction: BR=1.25 × 10−2 %) – not observed yet
▶ Λ(1520)→Λe+e− (prediction: BR=0.85 × 10−2 %) – not observed yet
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γ
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Figure 6.2. Left: illustration of Σ0 decaying via its Dalitz decay, right: illustration of
Σ0 decaying via its radiative decay and the photon subsequently undergoing conver-
sion.

according to its well-known branching ratios. At the current stage, interme-
diate resonances are not considered in most of the Pluto simulations. Due
to the limited detector acceptance, this will introduce a model-dependence
of the combined acceptance and reconstruction efficiency. The effect of this
model-dependence has to be estimated since complete, realistic MC simula-
tions would require a coupled channel PWA [142] which is beyond the scope
of this work.

6.2.2.1 Reactions contributing to Σ0 Production
The total cross-section of pp → anything at T = 4.5GeV is
σtot = 41.4mb [167]. Together with the total number of events N and
the number of events for a given reaction n generated in SMASH, a
cross-section estimate σn for each reaction can be calculated by

σn =
n
N

σtot. (6.1)

This is utilized to convert the number of events for the most dominant Σ0

production channels, found in the SMASH simulations, to the cross sections
listed in Table 6.1. It is noteworthy that some channels with additional pions
are more dominant than the three-body reaction pp → pΣ0K+, although
they have a higher kinematic production threshold. An explanation for this
is likely the presence of intermediate ∆ → Nπ and K∗ → Kπ resonances in
reactions containing pions in the final state which enhance the cross section.
Unfortunately, the the Pluto simulations do not account for intermediate
resonances. Furthermore, at the time of this thesis project, not all Σ0

production channels were available as centrally produced Pluto simulations.
My simulation studies revealed that the the amount of final-state π0 has an
influence on the reconstruction performance. Therefore, the cross sections
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Figure 6.43. Invariant mass distribution of pπ− in experimental data for events con-
taining p, π−, e− and a mini-lepton. A fit of a Gaussian and a second order polynomial
is shown. The ±2σ signal region around the Λ peak and the sideband regions are in-
dicated by red and green lines, respectively.
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Figure 6.44. Invariant mass spectrum of Λe+e− in experimental data after sideband
subtraction. The positron candidate is a mini-lepton.

side. The peaking structure corresponds to combinations of Λ hyperons with
leptons originating from Σ0 radiative decays in which the photon undergoes
external conversion. The broad structure is likely to originate from combina-
tions of Λ hyperons with at least one lepton from other sources. Many of the
reactions included in the simulation cocktail include π0 which decay into pho-
tons which can in turn produce leptons by conversion. In addition, the π0 has
a Dalitz decay π0 → γe+e− with a branching ratio of (1.174± 0.035)% [3]
which directly produces low-momentum electrons and positrons. The invari-
ant mass of the e+e− pair for photon-conversion events is close to zero, re-
sulting in a low reconstructed dilepton invariant mass in most cases. Hence,
it should be possible to identify and suppress this kind of events. At the same
time, a selection on M(e+e−) should be avoided since this is correlated with
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p+p@4.5 GeV: work in progress
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Σ(1385) exclusive and inclusive

σp+p→nK+Σ(1385)+ = 22.27 ± 0.89 ± 1.56+3.07
−2.10 µb

p+p@3.5 GeV: Phys. Rev. C 85 (2012 Mar.) p. 035203
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HADES PRELIMINARY

p+p@4.5 GeV: work in progress
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Σ(1385) inclusive in differential cross-sections
Σ(1385)+

HADES PRELIMINARY

HADES PRELIMINARY

Σ(1385)−

HADES PRELIMINARY

HADES PRELIMINARY

Reaction Ratio σSMASH σexp

p+p→ [%] [µb] [µb]

Σ(1385)+pK0
S 31.89 2.25 11 ± 2

Σ(1385)+pK0
Sπ

0 14.81 1.05 —

Σ(1385)+pK+π− 15.48 1.09 —

Σ(1385)+nK+ 18.22 1.29 15 ± 2

Σ(1385)+nK+π0 6.80 0.48 —

Σ(1385)+nK0
Sπ
+ 12.76 0.90 —

Σ(1385)−pK+π+ 99.13 1.08 —

p+p@4.5 GeV: work in progress
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Hyperon hadronic decays – Λ(1405)

Prog.Part.Nucl.Phys., 67:55–98, 2012. Phys.Rev., C77:035204, 2008.Hyodo and Jido, Prog. Part. Nucl. Phys. 67 (2012 1)
pp. 55–98

Hyodo and Wiese, Phys. Rev. C 77 (2008 Mar.)
p. 035204
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p+p@3.5 GeV
Phys. Rev. C 87 (2013 Feb.) p. 025201
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T.B.A. (via PDG):
▶ Λ(1600): Γ ≈ 200 MeV
▶ Λ(1670): Γ ≈ 30 MeV
▶ Λ(1690): Γ ≈ 70 MeV

p+p@4.5 GeV: work in progress
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Cold matter effects on Λ(1520)

▶ is Λ(1520) a Σ(1385)π molecule?
▶ in-medium modifications of Λ(1520)
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Kaskulov and Oset, Phys. Rev. C 73 (2006 Apr.) p. 045213

HADES PRELIMINARY

of Λ(1520) M [MeV/c2] σ [MeV/c2] Γ [MeV/c2]

p+p@3.5 GeV 1504.5 ± 4.7 14.7 ± 6.7 15.6 ± 1.0
p+Nb@3.5 GeV 1507.7 ± 3.3 14.7 ± 6.7 34.6 ± 5.2

paper in preparation
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K-matrix approach
2-Pole K-matrix Fit to L(1405)A,B

11

n S0p0 channel
n Solid – fit to data 
n Dashed – each A,B resonance separately 
n Dotted – fit to data:

n full K-matrix fit with coherent L(1405)A,B states
n prior to convolving 7.8 MeV GlueX mass resolution

n pK- channel
n Solid – fit to data: 

n 2.0 MeV GlueX mass resolution

n Dashed – coherent tail of L(1405)A,B states
n Dotted – incoherent high-mass background

n 3rd order polynomial

n 0.00< t < 1.50 GeV2 (full range) 

n L(1520) cross section agreement < 5% 

L(1405)B

L(1520)

L(1520)

L(1405)A

J. Ritman - ChDyn2024, 26-Aug-24

GlueX Collaboration, arXiv: 2512.04136 (hep-ex)

K-matrix approach

Chung et al, Annalen der Physik 507 (1995 5) pp. 404–430

▶ First attempt of K-matrix fit for Λ(1405) + Λ(1520)
▶ p+p@4.5 GeV→ppK+K− (Λ(1520)→K−p, φ(1080)→K+K−)

A = 1
1−iq1apK

1
1−iqaKK

(1 + c1BWφ(1080) + c2BWΛ(1520) + c3BWΛ(1405))

HADES PRELIMINARY

p+p@4.5 GeV:
work in progress

▶ Simultaneous fit of Λ(1405)/Λ(1520)→Σ0
π

0 and Λ(1520)→pK− in the K-matrix formalism for 2 coupled
channels

HADES PRELIMINARY

p+p@4.5 GeV:
work in progress
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Double strangeness reactions – Ξ− production

▶ Motivated by HADES-puzzle of Ξ− enhancement in p+Nb and Ar+KCl
▶ VIQ: Is production through intermediate high mass (>2 GeV c−2)

baryonic or hyperon resonance? → pp data needed

p
Ξ
- Λ

π
-

π
-

p
target

p
K+

K+

beam

Phys. Rev. Lett. 114 (2015 May) p. 212301;
Reference HADES results with p+Nb @3.5 GeV and Ar+KCl @1.76 GeV

Projections for HADES with p+p@4.5 GeV
Eur. Phys. J. A 57 (2021 4) p. 138
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Double strangeness reactions – ΛΛ production

pΛ

π
-

p

p
π
-

Λ

target

K+

K+

beam

▶ Sensitive to Y-N and Y-Y interaction

▶ Complementary to PANDA program of ΛΛ at p+p

▶ HADES measured pΛ correlations Phys. Rev. C 94 (2016 Aug.) p. 025201 ,

consistent with ALICE for pΛ and ΛΛ Phys. Rev. C 99 (2019 Feb.) p. 024001 .

▶ ALICE identified 6M Λ and Λ, but only a small fraction in the interesting
region of k∗ < 200 MeV c−1

▶ In HADES smaller contribution from feed-down of higher excited states,
and smaller source-size corrections

Projections for HADES with p+p@4.5 GeV
Eur. Phys. J. A 57 (2021 4) p. 138
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Elastic scattering with p+p@1.58 GeV and p+p@4.5 GeV
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▶ elastic scattering data are used for cross-section normalization
▶ total integrated luminosity at T = 4.53 GeV
L = 5660.6 ± 0.1 (stat) ± 226.0 (norm) ± 180.0 (sys) nb−1

▶ total integrated luminosity at T = 1.60 GeV
L = 345.1 ± 0.1 (stat) ± 2.7 (norm) ± 2.1 (sys) nb−1

paper in preparation
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Λ

SUMMARY
▶ HADES has a diverse research program on

dileptons and hyperons.
▶ Excellent detector for Dalitz decays of mesons,

nucleons and hyperons.
▶ Allows to study internal structure of particles via

eTFF.
▶ Very good performance for identifying hadrons

allows for study of hadronic decay channels.

Thank you for your attention
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Kaons in-medium

Prog.Part.Nucl.Phys., 53:125–136, 2004.

▶ KN potential repulsive

▶ KN potential attractive (??) → kaonic atoms
▶ HI: strangeness exchange, kaons and phi absorption, coupling to Λ(1405) and Σ(1385) resonances

(Y π↔ Y∗ ↔ KN), . . .
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Kaon-nucleon potential

▶ measurements by FOPI (π−A) and ANKE (pA) yield a average potential of 20 ± 5 MeV (HSD)
▶ studies by HADES in ArKCl@1.76 GeV give 40 MeV (IQMD)

PRL 102 (18 2009-05) p. 18205
PRC 82 (4 2010-10) p. 044907
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K0
S at HADES – p+p@3.5 GeV

▶ studies with the GiBUU transport model
▶ modifications to the model (cs scalling, 5-body channels)

PHYSICAL REVIEW C 90, 054906 (2014)
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K0
S at HADES – p+Nb@3.5 GeV

▶ KN potential effects visible in the shift of the p-spectrum
▶ GiBUU ChPT potential is 35 MeV, results consistent with 40 MeV

with and without ChPT KN potential
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K0
S at HADES

▶ another observable (but not independent)

R =
dσ/dp(10◦ < θ < 10◦)
dσ/dp(20◦ < θ < 30◦)

with and without ChPT KN potential
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New results from 3.5 GeV – Σ0 exclusive

▶ No calorimeter in data from 2007 – p+p@3.5 GeV
▶ New anaylsis tools (HADES + PANDA cooperation): □ Neural networks; □ Kinematic refit

σ(p+p→ pK+Σ0) = 17.7 ± 1.7 (stat) ± 1.6 (syst) µb arXiv: 2301.11766 (nucl-ex) arXiv:2301.11766v1
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Inclusive Λ(1520) @ 3.5 GeV – reference for dilepton decay channel Λ(1520)→Λγ∗ (e+e−)

p+p@3.5 GeV and p+Nb@3.5 GeV beams (2007)
▶ production via p+p→pK+Λ(1520)[Λπ+π−]
▶ Λπ+π− threshold is 220 MeV below total energy for p+p

▶ inclusive analysis of pπ−π+π− final state

▶ dominating backgroud from Δ++π−Δ++π− channel
▶ also from p+p→Λ[pπ−]K0[π+π−]pπ+

Λπ
−
π
+ in p+p@3.5 GeV
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HADES PRELIMINARY Λ selection
▶ TMVA based selection
▶ A set - M ∈ (1015, 1025)
▶ B set - outside above
▶ no simulations required
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−
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+ in p+Nb
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Cross-sections normalizations

p+p
▶ data driven model

Phys. Rev. C 95 (2017 Jan.) p. 015207

no. Channel σ [µb]

3-body reactions
1 Λ(1520)pK+ 5.6 ± 1.1 ± 0.4+1.1

1.6

2 ΛΔ
++K0 29.45 ± 0.08+1.67

−1.46 ± 2.06
3 Σ

0
Δ
++K0 9.26 ± 0.05+1.41

0.31 ± 0.65
4 Σ(1385)+pK0 14.05 ± 0.05+1.79

−2.14 ± 1.00
5 Δ

++
Λ(1405)K0 5.0 ± 20%

6 Δ
++
Σ(1385)0K0 3.5 ± 20%

7 Δ
+
Σ(1385)0K0 2.3 ± 20%

4-body reactions
8 Λpπ+K0 2.57 ± 0.02+0.21

−1.98 ± 0.18
9 Σ

0pπ+K0 1.35 ± 0.02+0.10
−1.35 ± 0.09

p+Nb
▶ with use of UrQMD model

Eur. Phys. J. A 50 (2014 May) p. 81

▶ no Λ(1520) production included
▶ but non-resonant Λπ−π+ can be simulated
▶ Λ(1520) simulated with thermal source from Pluto:

→ a static (not expanding) thermal source characterized
by temperature Ts = 75 MeV and rapidity ys = 1.04

HADES PRELIMINARY
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Λ(1520) candidates

p+p
▶ red – non-resonant
Λπ
+
π
− background

▶ green – Λ(1520) signal
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p+p 1504.5 ± 4.7 14.7 ± 6.7
sim 1515.6 ± 2.1 11.3 ± 3.6

σp+p→Λ(1520)X = 7.1 ± 1.1 ± 0.0
2.14 µb

p+Nb
▶ red – URQMD non-resonant Λπ+π− background
▶ green – Λ(1520) signal
▶ orange – Σ(1385) signal

of Λ(1520) M [MeV/c2] σ [MeV/c2] Γ [MeV/c2]

p+p 1504.5 ± 4.7 14.7 ± 6.7 15.6 ± 1.0
p+Nb 1507.7 ± 3.3 14.7 ± 6.7 34.6 ± 5.2
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σp+Nb→Λ(1520)X = 4.97 ± 0.45 ± 3.58
2.53 mb
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K-matrix approach

▶ Multi-stage fit starting from BW + nonRes
▶ Coupled-channel K-matrix formalism

T(s) = [1 − iK(s)ρ(s)]−1K(s)

- ρ(s) – phase space matrix

- K(s) matrix, representing real part of scattering before
unitary corrections

Ki j(s) =
2∑

n=1

g(i)
n g( j)

n

M2
n − s

- n = 1, 2 – indexes of poles

- i, j ∈ {0, 1} – channel indices
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