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Introduction Detector Data Analysis Summary

η → π
+
π
−e+e− Existing Data

The rare Decay η → π+π−e+e−

Physics Aspects:
CP-Violation, QCD-Anomalies

see D. Coderre (HK 26.7) & T. Petri (HK 54.5)

HADES Aspects:
pp-Data well described by
hadronic Cocktail (Pluto)

[arXiv:0905.2568]

⇓
rel. η-production from fit

⇓
independent measurement:
– pp → ppη Missing Mass

– η → π+π−e+e− full
reconstruction

η as reference

[A. Rustamov priv. comm., see also HK 17.3]

[PRL (2007) 98(5):052302] 50+

]2 [GeV/ceeM

0 0.2 0.4 0.6 0.8 1 1.2

]2
 [m

b/
G

eV
/c

ee
/d

M
σd

-610

-510

-410

-310

-210

 Dalitz0π

 Dalitzη

 Dalitz∆

 Dalitzω

ρ

ω

φ

All

Data

Comparison with PLUTO
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in HI collisions
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Introduction Detector Data Analysis Summary

η → π
+
π
−e+e− Existing Data

Existing Data

Year Authors BR [10−4] # η’s # η →
π+π−e+e−

1967 Jarlskog, Pilkuhn [NP B1 264] 3.1
1993 Picciotto, Richardson [PR D48 3395] 3.2±0.3
1999 Faessler, Fuchs, Krivoruchenko 3.6

[PR C61 035206]

2007 Borasoy, Nissler [NP A740 362] 2.99+0.08
−0.11

1966 Grossmann, Price, Crawford 13+12
−8 1

[PR 146 993]

2001 CMD-2 [PL B501 191] 3.7+2.5
−1.8 4

2006 CELSIUS/WASA (pp) [PL B644 299] 4.3±1.3
±0.4 75 k 16

2008 KLOE (e+e−) [PL B675 283] 2.68±0.09
±0.07 72 M 1555

2009 HADES (pp) 4-7 M 10–20
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Can we see some of them?
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Introduction Detector Data Analysis Summary

Hades - Experiment Particle Identification

Hades - Experiment
Observ. Detector

p MDC
β TOF(ino)
dE/dx MDC

TOF(ino)
e± RICH

p + p

Ekin = 3.5 GeV
Ibeam = 107/s
dLH2 = 4.4 cm

N ∼ 7.5 · 109 evts

[EPJ A41 243]
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Introduction Detector Data Analysis Summary

Hades - Experiment Particle Identification

Particle Identification - Sim./Exp.
I Hadron ID: MDC dE/dx vs p for PID

I 42% of e+ do not reach TOF (p < 100 MeV /c)
Lepton-Hadron-Discrimination by RICH Ring-Signal only

I tuned cuts on e+e−/π+π−-vertices
good Ring + p < 1000 MeV/c
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Simulation Input Simulated Spectra Missing Mass Cut Experimental Data

Simulation Input: Cocktail

pp

pN(1440)+π0 ppπ+π−π0 ppπ+π−e+e− γ
1.2%19.92%

∼4.5 mb !!

ppω ppπ+π−π0 ppπ+π−e+e− γ
1.2%89.2%0.06 mb

ppη

ppπ+π−π0 ppπ+π−e+e− γ
1.2%

22.73%

ppπ+π−γ ppπ+π−e+e−
∼1%

4.6%

ppπ+π−e+e−

0.042%

0.05 mb

N(1535)
0.069 mb

Event Generator Spectrometer
Pluto + HGeant

Full Scale

Sim
ulatio

n
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Introduction Detector Data Analysis Summary

Simulation Input Simulated Spectra Missing Mass Cut Experimental Data

Simulation Input: e+e− invariant Mass

theory:
Borasoy & Nissler
[EPJ A33 95]

our parametrization
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Simulation Input Simulated Spectra Missing Mass Cut Experimental Data

Simulation Input: e+e− invariant Mass
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⇒ Our parametrization is reasonable

Sim. of KLOE Data
Ambrosino et al.
[PL B675 283]

our parametrization
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Simulation Input Simulated Spectra Missing Mass Cut Experimental Data

5-Prong - Simulation Cocktail I
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Simulation Input Simulated Spectra Missing Mass Cut Experimental Data

5-Prong - Simulation Cocktail II
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Introduction Detector Data Analysis Summary

Simulation Input Simulated Spectra Missing Mass Cut Experimental Data

5-Prong - Missing Mass Cut

pp → ppη/ω → p pπ+π−e+e− (γ)
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Introduction Detector Data Analysis Summary

Simulation Input Simulated Spectra Missing Mass Cut Experimental Data

Simulation for 7.5 · 109 events
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Introduction Detector Data Analysis Summary

Simulation Input Simulated Spectra Missing Mass Cut Experimental Data

Simulation & Experiment
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Simulation Input Simulated Spectra Missing Mass Cut Experimental Data

Simulation & Experiment
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Introduction Detector Data Analysis Summary

Simulation Input Simulated Spectra Missing Mass Cut Experimental Data

Cross Section Limits
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Introduction Detector Data Analysis Summary

Summary

I GOAL:
understand η-production in pp- & AA-collisions at SIS energies
study rare decay η → π+π−e+e− as reference source

I dominant background by

I 5-Prong: Exp + Sim agree well
Missing Mass Cut: η/ω-decays become visible

I 55 ω → π+π−π0 → π+π−e+e−γ detected

I preliminary upper limit for η → π+π−e+e− signal:
σexcl

pp→ppη . 0.19 mb.
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HADES-Collaboration

G. Agakishiev, A. Balanda, D. Belver, A. Belyaev, A. Blanco,

M. Böhmer, J. L. Boyard, P. Cabanelas, E. Castro, S. Cher-

nenko, J. Díaz, A. Dybczak, E. Epple, L. Fabbietti, O. Fateev,

P. Finocchiaro, P. Fonte, J. Friese, I. Fröhlich, T. Galatyuk,

J. A. Garzón, A. Gil, M. Golubeva, D. González-Díaz, F.

Guber, T. Hennino, R. Holzmann, P. Huck, A. Ierusalimov,

I. Iori, A. Ivashkin, M. Jurkovic, B. Kämpfer, I. Koenig, W.

Koenig, B. W. Kolb, A. Kopp, G. Korcyl, GK Kornakov, R.

Kotte, A. Kozuch, A. Krása, F. Krizek, R. Krücken, H Kuc,

W. Kühn, A. Kugler, A. Kurilkin, P. Kurilkin, P.K. Kählitz,

V. Ladygin, J. Lamas-Valverde, S. Lang, K. Lapidus, T. Liu,

L. Lopes, M. Lorenz, L. Maier, A. Mangiarotti, J. Mark-

ert, V. Metag, B. Michalska, J. Michel, C. Müntz, L. Nau-

mann, Y. C. Pachmayer,M. Palka, Y. Parpottas, V. Pechenov,

O. Pechenova, J. Pietraszko, W. Przygoda, B. Ramstein, A.

Reshetin, J. Roskoss, A. Rustamov, A. Sadovsky, P. Salabura,

A. Schmah, J. Siebenson, Yu.G. Sobolev, T. Solovieva, S.

Spataro, B. Spruck, H. Ströbele, J. Stroth, C. Sturm, M.

Sudol, A. Tarantola, K. Teilab, P. Tlusty, M. Traxler, R.

Trebacz, H. Tsertos, V. Wagner, M. Weber, J. Wüstenfeld,

S. Yurevich, and Y. Zanevsky —

Thank you !
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Theory SimInput PID Vert. Accept. N(1440) 5-Prong 6-Prong
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Theory SimInput PID Vert. Accept. N(1440) 5-Prong 6-Prong

CP-Violation CP Qu.Numbers QCD-Anomalies

Matter-Antimatter-Asymmetry
Theories

I CP violation

I super-symmetry

I leptogenesis

η → π+π−e+e−

KLOE Collaboration / Physics Letters B 675 (2009) 283–288 287

Table 2
Summary of the numbers used in the master formula (1) for the branching ratio
evaluation.

BR inputs Values

Number of events 1555 ± 52
Efficiency 0.0803 ± 0.0004
Luminosity (1733 ± 10) pb−1

e+e− → φ → ηγ cross section (41.7 ± 0.6) nb

Table 3
Summary of the systematic uncertainties on the branching ratio.

Source of uncertainty σ(BR)

Free/fixed scale factors 0.18 × 10−5

Sidebands range 0.05 × 10−5

Binning 0.02 × 10−5

Analysis selection 0.55 × 10−5

Normalization 0.42 × 10−5

Total 0.72 × 10−5

• repeating the whole analysis chain after moving selection cri-
teria on s2p, s4p, Dee(BP), Mee(BP), 〈cos θ f 〉, 〈cos θb〉 and
Mππee by ±1σ , ±2σ ’s, ±3σ ’s around the reference value. The
BR is then recomputed for all of these variations. The system-
atic uncertainty has been evaluated as the quadratic sum of
RMS’s obtained for each case.

The uncertainty on Nηγ has been also added to the systematics
in the normalization term. The results of the systematics evalua-
tion are summarized in Table 3. The largest contributions are due
to the normalization and to the cut on Mee(BP). Taking the total
systematic error into account, the measurement of the branching
ratio is:

BR
(
η → π+π−e+e−(γ )

) = (26.8 ± 0.9Stat. ± 0.7Syst.) × 10−5. (3)

7. Decay plane asymmetry evaluation

The decay plane asymmetry is calculated starting from the mo-
menta of the four particles and is expressed as function of φ, the
angle between the pion and the electron planes in the η rest frame
(Fig. 5):

Aφ = Nsinφ cosφ>0 − Nsinφ cosφ<0

Nsinφ cosφ>0 + Nsinφ cosφ<0
. (4)

The quantity sin φ cosφ is given by (n̂ee × n̂ππ )ẑ(n̂ee · n̂ππ ), where
the n̂’s are the unit normals to the electron and pion planes and ẑ
is the unit vector along the axis defined by the intersection of the
two planes. The distribution of the sin φ cosφ variable in the signal
region is shown in Fig. 6. We remind that the signal MC has been
produced with Aφ = 0.

While the analysis efficiency is completely flat in the sinφ cosφ

distribution, some distortion is introduced by the reconstruction,
because of events with wrong mass assignment. The correction
to this distortion has been evaluated by MC, fitting with a lin-
ear function the ratio between the generated and reconstructed
sinφ cosφ distributions. The resulting slope is −0.032 ± 0.016. The
use of higher polynomials does not improve the fit. The origin of
this slope has been investigated by MC and it is completely due
to the 14% of signal events with wrong particle identification. This
because the particle identification algorithm forces the mass as-
signment in case of ambiguities without discarding events. The aim
is to preserve the statistics, which completely dominates the asym-
metry measurement.

The asymmetry has been evaluated for the events in the
535 MeV < Mππee < 555 MeV mass region after background sub-

Fig. 5. Definition of the angle φ between the pion and electron decay planes.

Fig. 6. Distribution of the sin φ cosφ variable in the signal region. The background
scale factors have been obtained as described in Section 5. Dots: data. The black his-
togram is the expected distribution, i.e. signal MC (dark grey), φ background (light
grey) and continuum background (white).

traction. After applying the correction, we obtain:

Aφ = (−0.6 ± 2.5Stat. ± 1.8Syst.) × 10−2, (5)

which is the first measurement of this asymmetry.
As for the branching ratio, the systematic error has been eval-

uated repeating the whole analysis chain after varying selection
criteria by ±1σ , ±2σ ’s and ±3σ ’s around the reference value and
taking as uncertainty the quadratic sum of the resulting RMS’s. The
uncertainty due to the correction has been evaluated varying its
slope by ±1σ . The largest contribution is due to the cut on Mππee

while the contribution of the slope correction is 0.5 × 10−2.
In order to check the distortion correction applied to Aφ , we

have defined a control sample having only events without am-
biguities in particle identification. In this case the probability of
wrong particle identification is almost zero and no distortions are
observed in the MC sinφ cosφ distribution. The fraction of this
control sample in data and MC events is in good agreement (0.62±
0.02 and 0.64 ± 0.02 respectively), showing that our simulation
reproduces the real data well. The asymmetry evaluated with the
control sample is in good agreement with our measurement but
has a larger statistical error: Aφ = (−1.2 ± 3.1Stat.) × 10−2.

8. Conclusions

Using a sample of 1.7 pb−1 collected in the φ meson mass re-
gion, we have obtained a measurement of the η → π+π−e+e−(γ )

branching ratio with 4% accuracy, ten times more precise than the
previous best measurement [6–8]:

BR
(
η → π+π−e+e−(γ )

) = (26.8 ± 0.9Stat. ± 0.7Syst.) × 10−5. (6)

CP violation in standard model (weak

decays) does not explain
Nγ
Np
∼ 109.

Motivates search for unknown sources.

η → π+π−γ

E1 by bremstrahlung of (π+π−)∗

intermediate state

Additional variable to nEDM !
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Luminosity (1733 ± 10) pb−1

e+e− → φ → ηγ cross section (41.7 ± 0.6) nb

Table 3
Summary of the systematic uncertainties on the branching ratio.
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Analysis selection 0.55 × 10−5

Normalization 0.42 × 10−5
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Mππee by ±1σ , ±2σ ’s, ±3σ ’s around the reference value. The
BR is then recomputed for all of these variations. The system-
atic uncertainty has been evaluated as the quadratic sum of
RMS’s obtained for each case.

The uncertainty on Nηγ has been also added to the systematics
in the normalization term. The results of the systematics evalua-
tion are summarized in Table 3. The largest contributions are due
to the normalization and to the cut on Mee(BP). Taking the total
systematic error into account, the measurement of the branching
ratio is:

BR
(
η → π+π−e+e−(γ )

) = (26.8 ± 0.9Stat. ± 0.7Syst.) × 10−5. (3)

7. Decay plane asymmetry evaluation

The decay plane asymmetry is calculated starting from the mo-
menta of the four particles and is expressed as function of φ, the
angle between the pion and the electron planes in the η rest frame
(Fig. 5):

Aφ = Nsinφ cosφ>0 − Nsinφ cosφ<0

Nsinφ cosφ>0 + Nsinφ cosφ<0
. (4)

The quantity sin φ cosφ is given by (n̂ee × n̂ππ )ẑ(n̂ee · n̂ππ ), where
the n̂’s are the unit normals to the electron and pion planes and ẑ
is the unit vector along the axis defined by the intersection of the
two planes. The distribution of the sin φ cosφ variable in the signal
region is shown in Fig. 6. We remind that the signal MC has been
produced with Aφ = 0.

While the analysis efficiency is completely flat in the sinφ cosφ

distribution, some distortion is introduced by the reconstruction,
because of events with wrong mass assignment. The correction
to this distortion has been evaluated by MC, fitting with a lin-
ear function the ratio between the generated and reconstructed
sin φ cosφ distributions. The resulting slope is −0.032 ± 0.016. The
use of higher polynomials does not improve the fit. The origin of
this slope has been investigated by MC and it is completely due
to the 14% of signal events with wrong particle identification. This
because the particle identification algorithm forces the mass as-
signment in case of ambiguities without discarding events. The aim
is to preserve the statistics, which completely dominates the asym-
metry measurement.

The asymmetry has been evaluated for the events in the
535 MeV < Mππee < 555 MeV mass region after background sub-

Fig. 5. Definition of the angle φ between the pion and electron decay planes.

Fig. 6. Distribution of the sin φ cosφ variable in the signal region. The background
scale factors have been obtained as described in Section 5. Dots: data. The black his-
togram is the expected distribution, i.e. signal MC (dark grey), φ background (light
grey) and continuum background (white).

traction. After applying the correction, we obtain:

Aφ = (−0.6 ± 2.5Stat. ± 1.8Syst.) × 10−2, (5)

which is the first measurement of this asymmetry.
As for the branching ratio, the systematic error has been eval-

uated repeating the whole analysis chain after varying selection
criteria by ±1σ , ±2σ ’s and ±3σ ’s around the reference value and
taking as uncertainty the quadratic sum of the resulting RMS’s. The
uncertainty due to the correction has been evaluated varying its
slope by ±1σ . The largest contribution is due to the cut on Mππee

while the contribution of the slope correction is 0.5 × 10−2.
In order to check the distortion correction applied to Aφ , we

have defined a control sample having only events without am-
biguities in particle identification. In this case the probability of
wrong particle identification is almost zero and no distortions are
observed in the MC sinφ cosφ distribution. The fraction of this
control sample in data and MC events is in good agreement (0.62±
0.02 and 0.64 ± 0.02 respectively), showing that our simulation
reproduces the real data well. The asymmetry evaluated with the
control sample is in good agreement with our measurement but
has a larger statistical error: Aφ = (−1.2 ± 3.1Stat.) × 10−2.

8. Conclusions

Using a sample of 1.7 pb−1 collected in the φ meson mass re-
gion, we have obtained a measurement of the η → π+π−e+e−(γ )

branching ratio with 4% accuracy, ten times more precise than the
previous best measurement [6–8]:

BR
(
η → π+π−e+e−(γ )

) = (26.8 ± 0.9Stat. ± 0.7Syst.) × 10−5. (6)

CP violation in standard model (weak

decays) does not explain
Nγ
Np
∼ 109.

Motivates search for unknown sources.

η → π+π−γ

E1 by bremstrahlung of (π+π−)∗

intermediate state

Additional variable to nEDM !
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Theory SimInput PID Vert. Accept. N(1440) 5-Prong 6-Prong

CP-Violation CP Qu.Numbers QCD-Anomalies

Excursus: CP Quantum Numbers

Photon
parity: results from parities of
spherical harmonics Ylm(θ, φ).

charge conjugation:

η-Meson

pseudoscalar: JP = 0−

C (η) = C (2γ) = (−1)2 = +1

CP(η) = −1

π+π−-Pair P(π) = P(η) = −1
intrinsic × extrinsic

C (π+π−) = +1
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Theory SimInput PID Vert. Accept. N(1440) 5-Prong 6-Prong

CP-Violation CP Qu.Numbers QCD-Anomalies

QCD Anomalies

Divergences in Feynman-Amplitudes of PV-coupling:

resonant decay via triangle:

η

γ

γ

η
ρ0

γ

π−

π+

1

triangle anomaly box anomaly

η′ → π+π−γ

disentangle by
internal conversion
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Theory SimInput PID Vert. Accept. N(1440) 5-Prong 6-Prong

principle fits

Rare Decay in PLUTO

pp

ppη
42%

pN(1535) ppη100%
58%

η-production η → π+π−e+e−

Differential Decay Width:

dΓ (η → π+π−e+e−) =

Γ
(
η → π+π−γ∗

)︸ ︷︷ ︸
determined by Mee

inv

× 1
M4

×MΓ
(
γ∗ → e+e−

)︸ ︷︷ ︸
γ∗−width

dM2
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Theory SimInput PID Vert. Accept. N(1440) 5-Prong 6-Prong

principle fits

Rare Decay in PLUTO

0.0 0.2 0.4 0.6 0.8 1.0
0

1

2

3

4

Mee�HmΗ-2mΠ-2meL

M
ee

2
dG
�d

M

Theorie
Gl 3.1

Boltzmann
Planck

kinematic range:
2me = 1.022 MeV/c2

Mη − 2mπ − 2me =
267.7 MeV/c2
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Theory SimInput PID Vert. Accept. N(1440) 5-Prong 6-Prong

No TOF PID - Exp.

Particle Identification

Can β be used for PID in the case of η → π+π−e+e−?

 p [MeV/c]×q 
-1000 -800 -600 -400 -200 0 200 400 600 800 1000

kein META

TOFino

TOF

1

10

210

310

Independent variables p,dE/dx and RICH Signal have to be used
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Theory SimInput PID Vert. Accept. N(1440) 5-Prong 6-Prong

No TOF PID - Exp.

Particle Identification - Exp.
Electrons
good Ring

Hadrons
no Ring Correlation

p < 1000 GeV /c graphical cuts
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Theory SimInput PID Vert. Accept. N(1440) 5-Prong 6-Prong

sketch γ-Conversion Pair Vertices - Exp.

Cuts on Pair-Vertices
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Theory SimInput PID Vert. Accept. N(1440) 5-Prong 6-Prong

sketch γ-Conversion Pair Vertices - Exp.

External γ-Conversion

Beiträge nach
Generator -Konv.γext. geom. Akzept. PID Vertexschn.

%

0

10

20

30

40

50

60

70

80

90

100 γ2→0π  0π-π+π→η
γ-e+e→0π  0π-π+π→η

γ-π+π→η
-e+e-π+π→η

γ2→0π  0π-π+π→ω
γ-e+e→0π  0π-π+π→ω
γ2→0π  0π+pN(1440)

γ-e+e→0π  0π+pN(1440)

no significant contribution
from π0 → 2γ
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Theory SimInput PID Vert. Accept. N(1440) 5-Prong 6-Prong

sketch γ-Conversion Pair Vertices - Exp.

Cuts on Pair-Vertices - Exp.

Cuts on pair-vertices determined by simulation fit the experimental
data. Diffuse e+e−-vertex due to higher curvature in MDC and
boundary fields. Majority of γ-conversion in surrounding radiator
material can be suppressed.
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Theory SimInput PID Vert. Accept. N(1440) 5-Prong 6-Prong

Geometrical Acceptance

- slow electrons
- missing p instead of π±

- 5-prong: essential info gain
- 6-prong: statistics too low

η →
π
+ π
− e

+ e
−
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Theory SimInput PID Vert. Accept. N(1440) 5-Prong 6-Prong

Missing Mass - Sim. dominant bg-source

5-Prong - Missing Mass - pN(1440)+π0 Bg

pp → pN(1440)π0 → p pπ+π−e+e− γ
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 = 3,5 GeVkinE
0π+pN(1440)

Simulation

80% BG reduction
no significant change in shape
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Theory SimInput PID Vert. Accept. N(1440) 5-Prong 6-Prong

Missing Mass - Sim. dominant bg-source

Background Source

From the listed production channels which

contribute to Mee
inv esp. pN(1440)+π0 can

result in ppπ+π−e+e− in the final state:

pp pN(1440)+π0

∆π

pπ

pπ+π−

2γ

e+e−γ
4.5 mb
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Theory SimInput PID Vert. Accept. N(1440) 5-Prong 6-Prong

exp. 5-prong uncut missing mass cut ee inv. mass

Experimental 5-Prong-Spectrum

3455 evts
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Theory SimInput PID Vert. Accept. N(1440) 5-Prong 6-Prong

exp. 5-prong uncut missing mass cut ee inv. mass

5-Prong - Missing Mass - Experiment
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I form and abundances comparable with simulation

I no prominent structure from η or ω decays visible
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Theory SimInput PID Vert. Accept. N(1440) 5-Prong 6-Prong

exp. 5-prong uncut missing mass cut ee inv. mass

5-Prong - e+e− Invariant Mass

Majority of e+e−-pairs from π0 → e+e−γ
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Theory SimInput PID Vert. Accept. N(1440) 5-Prong 6-Prong

missing mass sim - exp

6-Prong - Missing Mass

Additional Missing Mass combinations:
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Theory SimInput PID Vert. Accept. N(1440) 5-Prong 6-Prong

missing mass sim - exp

6-Prong - Comparison

I good separation of η and ω but very low statistics (404 evts)

I cut into continuous BG generates peak structure

I 5-Prong analysis is to be preferred
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