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Abstract

The experiment took place at the Institute for Nuclear Physics of the Forschungszentrum
Juelich in Germany using Wide Angle Shower Apparatus (WASA) detection system. The
detector was installed at the Cooler Synchrotron (COSY) storage ring. Data sample was
collected using the reaction pp → ppη at the incident proton energy of 1.4 GeV.

The analysis dedicated mainly to a search for the very rare η → e+e− decay is presented.
The experimental branching ratio upper limit for this decay is three orders of magnitude
larger then value predicted from the Standard Model calculations. The small probability of
this decay makes the process very sensitive to possible nonconventional interaction which
could lead to significant increase of the branching ratio.

The collected data sample corresponds to about 5.91 · 107 produced η mesons used in
the analysis. The performance of the WASA detector was investigated using more frequent
η meson decay channels like η → γγ and η → e+e−γ. Those two decay modes served as a
testing field for the extraction of the reconstruction efficiency, cross-check of normalization
and moreover for testing the response of the detector for both charged and neutral particles
of various energies. The lack of the signal candidates leads to the branching ratio upper
limit of 3.9 · 10−6 at CL 90%, which is slightly better than the best present measurement
from the HADES Collaboration.





Abstrakt

Eksperyment zosta l przeprowadzony w Instytucie Fizyki Ja֒drowej przy Forschungszentrum
Juelich w Niemczech. Użyty zosta l w tym celu uk lad eksperymentalny WASA zainstalowany
przy pierścieniu akumuluja֒cym COSY. Zosta ly zebrane dane dotycza֒ce reakcji pp → ppη,
przy energii padaja֒cych protonów 1,4 GeV.

W pracy przedstawiona jest analiza dedykowana g lównie poszukiwaniu bardzo rzad-
kiego rozpadu η → e+e−. Najnowszy pomiar limitu na ten rozpad jest oko lo trzy rze֒dy
wielkości wie֒kszy od wartości przewidzianej obliczeniami w Modelu Standardowym. Ma le
prawdopodobieństwo tego rozpadu powoduje, iż proces ten jest bardzo wrażliwy na hipote-
tyczne niekonwencjonalne oddzia lywania moga֒ce prowadzić do istotnego wzrostu stosunku
rozga le֒zień.

Zebrana próbka danych eksperymentalnych odpowiada w przybliżeniu liczbie 5, 91 · 107

wyprodukowanych mezonów η użytych w analizie. Dzia lanie detektora by lo badane za
pomoca֒ cze֒stszych rozpadów mezonu η na dwa fotony oraz foton i pare֒ elektron-pozytron.
Te dwa kana ly rozpadu pos luży ly jako pole testowe do zbadania zdolności rekonstrukcji
detektora, sprawdzenia normalizacji pomie֒dzy kana lami oraz przeanalizowania odpowiedzi
detektora na cza֒stki na ladowane i neutralne o różnych energiach. Ma la liczba możliwych
kandydatów na rozpad η → e+e− jest, przy uwzgle֒dnieniu b le֒dów, zgodna ze spodziewana֒
liczba֒ przypadków pochodza֒cych z t la. Brak widocznych przypadków sygna lu prowadzi
do górnego ograniczenia na stosunek rozga le֒zień BRlimit < 3, 9 · 10−6 przy poziomie
ufności 90%. Podany wynik jest nieznacznie lepszy od najnowszego pomiaru pochodza֒cego
z kolaboracji HADES.
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1 Theoretical Foundations and Present Status

1.1 The η Meson

The η meson along with π0, π+, π−, K0, K
0
, K+, K−, and η′ belongs to the pseudoscalar

meson multiplet within SU(3) flavor symmetry group (see fig.1). It was discovered in the
collisions between pions and nucleus in 1961 at the Bevatron at Lawrence Berkeley National
Laboratory. In the quark model the η meson is a linear combination of the two quantum
states (η1 and η8) mixed with a certain angle θ:

η = η8cos(θ) − η1sin(θ), (1)

where octet (η8) and singlet (η1) states have quark composition given by formulas:

η8 =
1√
6

(uu + dd − 2ss)η1 =
1√
3

(uu + dd + ss) (2)

If one express the mixing angle in the terms of ideal mixing angle tan(θi) = 1√
2
, when the

terms uu + dd and ss decouple, one can obtain such an expression for the η meson pure
SU(3) quark composition:

η =
1√
2

(uu + dd)cos(α) − ss sin(α), (3)

where the new mixing angle α = π
2
− θi + θ. From the most recent experiments (see [1],[2])

we know that the value of θ angle is in the range of 14◦-19◦, with the best experimental
result θ = −15.5◦ ± 1.3◦ [2].

Figure 1: Pseudoscalar meson multiplet.

The basic properties of the η meson are covered in the tab.1.
In the tab.2 one can find the most prominent decays of the η meson.

1.2 The η → e+e− Decay in the Frame of Standard Model

In the lowest order of QED perturbation theory, the decay of the neutral meson, P (q) →
l−(p−) + l+(p+), where q2 = M2, p2

± = m2, (M - meson mass, m - lepton mass, and defining
momenta to hold the relation q = p− +p+) is described by the one-loop Feynman amplitude
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Property Value

Mass (547.51 ± 0.18) MeV
Life time (5.0 ± 0.3) · 10−3 s
Charge 0
Strangeness 0
Decay width (1.30 ± 0.07) keV
Baryon number 0
Lepton number 0
Quantum numbers IG(JPC) 0+(0−+)

Table 1: Basic properties of the η meson, where I - isospin, G - G-parity, J - spin, P -
parity, C - charge conjugation.

Decay channel Experimental measurement of the branching ratio [3]

η → γγ 39.31 ± 0.20 %
η → π+π−π◦ 22.73 ± 0.23 %
η → π◦π◦π◦ 32.56 ± 0.28 %
η → π+π−γ 4.60 ± 0.16 %
η → e+e−γ 0.7 ± 0.07 %

Table 2: The most prominent decays of the η meson.

Figure 2: Triangle diagram for the P → l+l− process with the pseudoscalar meson transition
form factor P → γ∗γ∗ in the vertex.
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(see fig.2) corresponding to the conversion of the neutral meson via two virtual photons into
a lepton-antilepton pair. The normalized branching ratio is [4, 5, 6, 7]:

ΓP→l+l−

ΓP→γγ

= 2β(M2)(
αm

πM
)2|A(M2)|2, (4)

where β(q2) =
√

1 − 4m2/q2 and the reduced amplitude is:

A(q2) =
2

q2

∫

d4k

iπ2

(qk)2 − q2k2

(k2 + iǫ)[(q − k)2 + iǫ][(p− − k)2 − m2 + iǫ]
FP→γ∗γ∗(−k2,−(q−k)2), (5)

with the transition form factor FP→γ∗γ∗(−k2,−q2) being normalized as FP→γ∗γ∗(0, 0) = 1.
The so-called unitary bound can be extracted using the Cutkosky rules [8, 9] if in eq.(4) only
the imaginary part of the amplitude, which is model independent, is taken into account:

ImA(q2) =
π

2β(q2)
ln

1 − β(q2)

1 + β(q2)
. (6)

This is the contribution of two on-shell photons in the intermediate state. For η → e+e−,
using the relation |A|2 ≥ ImA2, the value of unitary bound was found to be:

BR[η → e+e−] = Γη→e+e−/Γtotal ≥ 1.78 · 10−9,

or in another form using as a reference η meson decay into two photons:

Γη→e+e−/Γη→γγ ≥ 4.51 · 10−9.

The most recent theoretical calculations using various VMD versions and parametrization
models like hidden gauge (see ref.[10]) and corrections for the models mentioned before like
mass corrections (see ref.[11]) are collected in tab.3. The authors of ref.[12] gave the value

Decay channel [13] [11] [10] hidden gauge [10] modified VDM

Γη → e+e−/Γtotal (10−9) 4.60 ± 0.09 5.24 4.68 ± 0.01 4.65 ± 0.01

Table 3: The most recent theoretical predictions for η → e+e− decay.

of BR[η → e+e−] as follows:

Γη → e+e−/Γtotal = (5 ± 1) · 10−9.

The authors of ref.[14] gave predictions for this decay:

Γη → e+e−/Γtotal = (5.8 ± 0.2) · 10−9.

In ref.[15] normalized BR value is given with respect to the η meson decay into two photons:

Γη → e+e−/Γη → γγ = (6.2 ± 0.3) · 10−8.

This value corresponds to:

Γη → e+e−/Γtotal = (2.4 ± 0.1) · 10−8
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1.3 Experimental Results on η → e+e− Decay

The experimental search for this decay started in 1974, when Davis et al. in his work [16]
put a limit BRexp < 3 · 10−4 at CL = 90% based on 1.2 · 104 sample of η decays.

More recent works from 1996 (White et al. [17]) and 1997 (Browder et al. [18]) where
mainly directed to the search for this particular decay channel. In the first one the data were
taken at the Saturne η facility using pd →3 Heη reaction obtaining the total η event sample
of Nη = (1.22 ± 0.01) · 109. The main variable used in the final selection process was the
opening angle of electron-positron deviation between the measured value in the spectrometer
and the value calculated from full body kinematics. The calculated 90% confidence level
upper limit corrected by the uncertainties was < 2 · 10−4 based on 9.1 background events
in the expected signal area. In the second work data collected by the CLEO II detector
at the CESR were used. The η mesons were produced in the e+e− collisions with 10 GeV
center-of-mass energy. The η → e+e− decay candidates were search in invariant mass of
e+e− spectrum and Nη → e+e− = 27.1 event candidates were found and this number leads

to 90% confidence upper limit < 7.7 · 10−5.
In 2008 also the branching ratio limit < 2.7 · 10−5 at CL = 90% were published in [19].

It is worth to mention due to the fact that it used the same detector as in this work but
located on CELSIUS storage ring and it was using pd →3 Heη reaction slightly above to the
η meson production threshold at 893 MeV of incident proton projectiles energy. The decay
candidates were searched on 2-dim plot of invariant mass of e+e− versus the opening angle
between electron and positron. The limit was based on 2.41 · 105 eta meson candidates and
under the assumption of no event candidates were seen in the area of interest. The obtained
values for branching ratios or branching ratio limits are shown in the figure 3.

Figure 3: The measured branching ratios for different η meson decay channels with lepton-
antilepton pair(s) taken from Ber lowski et al. [19].

Today the best upper limit for η → e+e− decay BRexp < 4.9 · 10−6 at CL = 90% comes
from HADES experiment [20]. It was operated at GSI laboratory and used data from proton-
proton collisions at 3.5 GeV kinetic beam energy. Using the invariant mass distribution of
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e+e− pairs in the range of η meson mass, the experimental data points were fitted using a
polynomial background function with the exclusion of some range around eta meson mass.
Then using known value of η meson production cross section and upper limit for signal
counts the value mentioned above was obtained.

1.4 The η → e+e− Decay as a Probe of the New Physics

The pseudoscalar mesons decay into e+e− pair became one of the most interesting topics in
today low-energy hadron physics, since there is a possible admixture of non-SM processes
that can enhance the BR of this decay. The most recent and very precise experimental value
of BR(π◦ → e+e−) = (7.49± 0.29± 0.25) · 10−8 determined by KTeV collaboration exceeds
latest theoretical calculations from Dorokhov and collaborators [13, 21, 11] by 3 standard
deviations. The suggestion from Kahn et al. [22] is that the possible explanation can be
the exchange of an off-shell neutral boson U of mass mU ∼ (10−100)MeV . This indication
is an extension of previous work originated by Fayet [23, 24]. The U boson was previously
proposed by Boehm et al. [25, 26, 27, 28] (see also ref.[29]) in the light dark matter models
to mediate the annihilation of a neutral scalar dark matter particle χ of (1-10) MeV mass in
the reaction χχ → e+e−. Such theoretical models can explain the positon/electron excess
observed in several experiments [30, 31, 32] by an annihilation of dark matter particles into
e+e− pairs. This models were also used as an explanation for a 511 keV line observed
by INTEGRAL experiment [33] emanating from the center of the Galaxy due to excess of
positrons produced in this annihilation process [22].

The possible explanation proposed by Kahn et al. [22] in order to explain the mis-
match between experimentally obtained value and theory predictions for the branching
ratio BR(π◦ → e+e−) is to assume that coupling of the neutral vector meson U to the d
and u quark fields of the e+e− pair and π◦ via the axial-vector components gd

A, gu
A and ge

A

respectively. For the calculations simplicity, a common axial coupling gA ≡ gu
A − gd

A ≡ ge
A

of the order of gA = (2.0 ± 0.5) · 10−4 · mU/(10 MeV ) was fitted. The calculation was
based on the model of SM tree-level process π◦ → Z∗ → e+e−, where Z boson mass was
replaced by by the much lighter mass mU of the neutral vector meson U and where the
weak coupling constant is replaced by gA. Under the assumption that the octet axial-vector
quark-coupling is of the same order as above, the U boson contribution to the branching
ratio BR(η → e+e−) is about 10−9, which agrees with theoretical calculation by Dorokhov
et al. [13, 21, 11] and it is much smaller than the experimental bound value 2.7 · 10−5 ob-
tained by CELSIUS/WASA collaboration [19]. However, using the same fit, the prediction
for contribution of order 2.0 · 10−5 to BR(η → µ+µ−) is an order of magnitude larger than
the experimentally measured value BR(η → µ+µ−) ∼ (5.7± 0.9) · 10−6 [34]. The mismatch
can by explained in the two ways: either axial-vector coupling of the U meson to the muon
is smaller than ge

A or the octet axial-vector quark coupling is smaller than gu
A − gd

A.
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2 Experiment

The Wide Angle Shower Apparatus (WASA) detector was designed to study production and
decays of light mesons. Pions and eta mesons are produced in hadronic interactions between
proton beam and small spheres of frozen hydrogen or deuterium coming from integrated into
detector setup internal pellet target. It consist of two main parts (see fig.4):
- Forward Detector to measure recoiled and scattered particles;
- Central Detector to study the meson decay products.

Figure 4: Overview of the WASA detector.

The forward part consists of several layers of plastic scintillators and of proportional drift
counters. The central part consists of cylindrical drift chamber located in the magnetic field
provided by superconducting solenoid, surrounded by a barrel of thin plastic scintillators and
finally by an electromagnetic calorimeter of CsI(Na) crystals. This almost 4π setup allows
to investigate rare processes with high luminosities in the order of 1032 cm−2s−1. Physic
program is focused on rare leptonic decays and because of that the detector components
were optimized for the detection of dilepton pairs and a minimization of external photon
conversion close to interaction region.

The history of WASA detector started with ”Letter of Intent for a research program
on elementary particle physics at CELSIUS” in 1984. In 1987 came the proposal for the
detector itself. The setup was tested and developed on CELSIUS beam in The Svedberg
Laboratory, Uppsala, Sweden during 1992-1998. In 1999 the 4π setup and internal target
system was finally completed and was mounted on the beam. Since then until 2005 data was
taken using p+p and p+d reactions with energies up to 1.36 GeV . In 2005 the proposal of
moving the WASA detector due to the shutdown of accelerator was accepted. Installation
in the COSY synchrotron in Juelich, Germany was successfully accomplished in the fall of
2006 and since the spring of 2007 the WASA detector has been taking data.
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2.1 Pellet Target

The pellet target was a very unique installation designed especially for the CELSIUS/WASA
experiment [35, 36]. The main parts are shown in fig.5 and the basic characteristics are
covered in tab.4. The whole setup is placed on the top of the platform of central detector.
It provides a stream of frozen hydrogen or deuterium droplets called pellets. This kind of
arrangement is suited for internal target experiments to accomplish both reasonable beam
life time (here in order of a few minutes), high luminosities in the order of 1032 cm−2s−1 and
reduction of the probability for secondary interaction inside the target area. In the setup’s
heart where pellet generator is located, liquid steam of hydrogen or deuterium is formed into
the jet of droplets by a vibrating nozzle and injected into scattering chamber via skimmer
where the droplets freeze by evaporation in the pressure and temperature below their triple
point. Just before the scattering chamber the stream of pellets is collimated using several
tubes and guided by the flow of the carrier gas to the interaction area. Due to the collimation
and turbulence the typical rate of pellets is ∼ 5000 per second. After the interaction the
pellets are deposited in the pellet beam dump, were the pellets are decelerated and stored.
The remains of the evaporated pellets is removed by the pumping system located around
interaction region.

Figure 5: Overview of the WASA pellet target.

2.2 Central Detector

The Central Detector surrounds the interaction region inside Scattering Chamber (see fig.4).
Mini Drift Chamber (MDC) in the magnetic field of Super Conduction Solenoid (SCS) and
Scintillator Electromagnetic Calorimeter (SEC) provides information on energy and momen-
tum of measured charged as well as neutral particles. Plastic Scintillator Barrel (PSB) can
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be used for detection, identification and discrimination on the trigger level between neutral
and charged particle tracks.

2.2.1 Coordinate System

The description of the WASA detector can be done in either cartesian (x, y, z) coordinate
system or in spherical (r, θ, φ) coordinates. Both are based on a right-handed coordinate
system with the origin in the interaction point and z axis defined by the beam direction.
The plane transverse to the beam direction defines the x − y plane, where positive x axis
is pointing horizontally outwards of the accelerator ring and y axis is pointing vertically
upwards. The polar angle θ is measured from the beam (z) axis and the azimuthal angle φ
is the angle on x − y plane starting from positive x axis.

2.2.2 Scattering Chamber

In order to keep the amount of passive material next to interaction region reduced to min-
imum the scattering chamber of radius 30 mm made of 1.2 mm beryllium was used (see
fig.6). To lower the probability of secondary interactions beryllium was chosen do to the
fact that the conversion of photons in the electric field of a nucleus is connected directly to
square of the atomic number of the material.

2.2.3 Superconducting Solenoid

The Superconducting Solenoid provides the axial homogeneous magnetic field up to 1.3 T
for the measurement of the momenta of the particles tracked by the Mini Drift Chamber.
It’s cooled down to 4.5◦ K by using of liquid Helium installation. Presence of magnetic field
also protects the whole central detector from low energy Delta electrons produced in the
experiment. The wall thickness of the solenoid was minimized to 0.18 radiation lengths to
ensure accuracy and sensitivity of energy measurements in the electromagnetic calorimeter.
To provide the return path for the magnetic flux whole central detector is enclosed in yoke,
made of 5 tons of pure iron. The yoke also serves as a shield for photomultipliers from
magnetic field. The distribution of magnetic field inside the WASA detector is shown in
fig.7 taken from [37].

Property Value

Pellet diameter 25 − 35 µm
Pellet frequency ∼ 7 kHz
Distance between pellets 9 − 20 mm
Effective target thickness 1015 atoms/cm2

Pellet velocity ∼ 80 m/s

Table 4: The pellet target system main properties.

8



Figure 6: Beryllium beam pipe and crossing it pellet target tubes.

Figure 7: Magnetic flux density calculated for a coil current of 667 A, which corresponds to
the magnetic field of 1.3 T in the interaction region. Contour maxima are indicated by lines
marked A-H, where: A = 0.10 T, B = 0.25 T, C = 0.50 T, D = 0.75 T, E = 1.00 T, F =
1.20 T, G = 1.30 T, H = 1.50 T .
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2.2.4 Mini Drift Chamber

The Mini Drift Chamber (MDC) consists of 1738 tubes (also called straws) made of 25 µm
Mylar and filled with a gas mixture consisting of 80% argon and 20% ethane (C2H6). In the
center of each straw a 20 µm sensing wire made of stainless steel is placed. The tubes are
organized into 17 layers with increasing radii - 5 innermost layers include straws of a radius
of 2 mm, the next 6 layers - 3 mm and the last 6 layers - 4 mm. In order to determine also
z-coordinate of tracks each even layer is skewed by a small angle (4◦-6◦) with the respect to
the beam axis (see fig.8ab). Each layer of tubes is joined and held in place by plates shaped
from an aluminum-beryllium alloy (50% Al-50% Be) into semi-rings surrounding the beam
pipe. For the mechanical construction purpose the MDC is enclosed in cylindrical cover
mode of 1 mm thick Al-Be alloy.

a) b)

Figure 8: The Mini Drift Chamber photographs showing: a) layer structure around beam
pipe, b) details of separated layers.

The signal is created by interaction of passing through ionizing particle with the filling
gas. Electron-ion pairs from generated ionizing clusters are drifting towards the electrodes
due to potential difference created by applying hight voltage to the sensing wire with the
respect to outer cylinder. On it’s way induced electrons can create even more electrons due
to interaction with the gas mixture. In the wire close area the electric field is large enough to
produce electron-ion pair cascade and eventually create a signal. By the looking at the shape
of the signal and drift time needed for the electrons to reach the anode from the interaction
point it is possible to determine the distance of the passing-through particle from the center
of the tube in order to reconstruct the track parameters with resolution better the the straw
diameter (see fig.9). The track curvature with the value of the magnetic field allows to
determine the particle momentum. A more detailed description of the MDC construction
and it’s operation can be found in [38].

2.2.5 Plastic Scintillator Barrel

The Plastic Scintillator Barrel is placed inside of the solenoid and surrounds Mini Drift
Chamber (see fig.10). It consists of central barrel-shaped part and closing it pair of end
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Figure 9: A schematic view of the ionization process in the straw.

caps (see fig.11). The central part is build with 50 elements (each of 550 mm long and
38 mm wide) formed into 2 layers with a small (6 mm) overlap between nearby elements.
The end caps contain 48 trapezoid-shaped elements in each part formed into circles where
front part is flat and backward conical. The elements are shaped in such a way that the
edges of each element overlaps with the neighboring one to avoid gaps. Each part is made of
8 mm thick BC-408 plastic scintillator and connected to the readout system by light guides
attached to each of 146 elements (see fig.12).

The Plastic Scintillator Barrel is an essential system in trigger logic to distinguish be-
tween charged and neutral particles. Also on the level of offline analysis it provides infor-
mation used for the identification of charged particles. More information about design and
performance of the WASA plastic scintillator can be found in [38].

2.2.6 Scintillating Electromagnetic Calorimeter

The Scintillating Electromagnetic Calorimeter consists of 1012 sodium-doped CsI scintil-
lating crystals placed between the solenoid and the iron yoke surrounding all other active
parts of the Central Detector (see fig.13). The scattering angles covered by this detector are
between 20◦ and 169◦ (see fig.14) and this setup allows to cover 96% of 4π decay space.
The crystals shape are truncated pyramids and there are arranged in 24 layers. Crystals
lengths vary from 30 cm in the central part to 25 cm in the forward and 20 cm in the
backward part and corresponds to ∼ 16 radiation lengths and ∼ 0.8 hadronic interaction
lengths. The Calorimeter provides information for measurement of deposited energies and
emission angles of both neutral and charged particles. Energy resolution for photons can
be described by a formula: δE

E
= 5%√

E(GeV )
and for stopped charged particles, the energy

resolution is ∼ 3%, with stopping power of crystals equal to: 190 MeV for pions, 400 MeV
for protons and more than 800 MeV for electrons.
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Figure 10: 3D view of the central part of the Plastic Scintillator Barrel (blue) surrounding
the Mini Drift Chamber (brown).

Figure 11: Forward, central and backward parts of the Plastic Scintillator Barrel.
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Figure 12: One full section of the Plastic Scintillator Barrel. A-C denotes individual ele-
ments, D light guide connections.

The Scintillating Electromagnetic Calorimeter and its performance is described in more
details in [40]

Figure 13: 3D cross section of the Scintillating Electromagnetic Calorimeter (yellow) sur-
rounding the Mini Drift Chamber (brown).

2.3 Forward Detector

The WASA-at-COSY Forward Detector consists of several plastic detectors for time and
energy information and a straw tracker for a measurement of track trajectory angles. Is
designed to detect particles between 3 and 18 degrees polar angle and provide a precise
information for triggering purpose.
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Figure 14: Polar angle θ coverage of the Scintillating Electromagnetic Calorimeter in the
function of individual crystal length. The numbers on the top of the picture show amount
of elements in each of 24 calorimeter rings.

The main part of Forward Detector with the most active material is Forward Range
Hodoscope (FRH), consisting of five layers of each of 24 pie-shaped detectors (see fig.15).
The first three layers are made of 110 mm thick plastic scintillator while the last two have
a thickness of 150 mm. It is used for the determination of the kinetic energy via the energy
deposit of particle in it. The total stopping power for protons is 360 MeV and the stopping
power for 3He ions is 1 GeV .

Figure 15: Schematic view of Forward Range Hodoscope. Diameters of each layer are shown
in mm.

To have precise information about particle track and in order to identify particle three
thin plastic detectors are placed in the front of FRH. The Forward Trigger Hodoscope
consists of three layers of 5 mm plastic scintillator. The first layer contains 48 pie-shaped
elements and the following two layers are each contain of oppositely oriented Archimedian
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shaped elements. The fig.16 shows the idealized procedure of determination of passing
particles both polar and azimuthal angles. This unique geometry plays an important role
on the trigger level. This detector is also used for a precise time information and moreover
combination of both FRH and FTH allows to use offline identification of particles.

Figure 16: Schematic view of Forward Trigger Hodoscope with the example of hits from two
particles marked in black. Joining information from all three layers allows to determine both
polar and azimuthal angles of passing particles.

The most precise information about angles of forward-scattered particles are provided
by the Forward Proportional Chamber (FPC). It is made of four modules divided into four
layers. Each layer contains 122 aluminized 8 mm mylar tubes (called also straws). The
first and the third layers are shifted with respect to the second and fourth to improve the
resolution (see fig.17). The working principle of straw tubes is almost the same as described
before for MDC in section 2.2.4. The FPC provides about a factor of two improvement on
the azimuthal and polar angles of the reconstructed particle compared to using only the
FTH pixel ([42]). Coincidence between the pixel in the FTH and a track from the FPC
also helps to filter out particles not coming from the interaction region and improves the
azimuthal and polar angles determination of the reconstructed tracks as compared to using
only FTH information.

The Forward Window Counter (FWC) is the first detector of the FD along the beam
direction. It consists of two layers of 3 mm thick plastic scintillators shaped into 24 pie-
looking elements. The elements of both layers are shifted half an element with respect to
each other in order to provide two times better azimuthal angular effective granularity (see
fig.18). Online this detector serves as multiplicity counter and offline provides information
for particle identification.

2.4 The Light Pulser System

In order to monitor the transmitted gain of individual scintillation counters during the
experiment the light pulses via light fibers are used. Since the two types of scintillators
are used also two different light sources were designed. A xenon flash tube is used for
the CsI(Na) elements of the calorimeter and three LED-based light sources for all plastic
scintillators. The light pulser signals are monitored directly via photodiodes and serve as
reference signals used in the offline analysis to correct for changes in the gain. More detailed
description can be found in [39].
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Figure 17: Schematic view of Forward Proportional Chamber in order to illustrate its ori-
entation.

Figure 18: Schematic view of Forward Window Counter with some elements removed to see
its structure.
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2.5 Data Acquisition

In order to collect information from different detectors providing variety of signals, several
specialized digitization modules are used in WASA-at-COSY experiment. Those modules
use a self-triggering mode to digitalize and store internally the signals from corresponding
detectors. When the trigger signal is invoked the information from modules is extracted
and written with time stamp of each detector response. A schematic picture of the DAQ is
shown in fig.19 and more information can be found in [41].

For the crystal scintillation detectors, signals are extracted via photomultipliers, propa-
gated into splitter boxes and from there send through discriminators into trigger system and
charge-to-digital-converters (QDCs). Continuously analog signals are sampled by analog-to-
digital-chips (ADCs). Due to the fact that electromagnetic showers can spread along many
crystals the electromagnetic calorimeter is divided into groups of crystals within which en-
ergy sum is collected. Two different methods for QDC signal shaping can be used - one is so
called ”fixed gate” and the second mode is named ”floating gate”. The difference between
those two is that the fixed gate integrates the signal for a certain amount of time starting
from a given trigger time and the following looks for a signal inside a certain time window
defined by a pulse-searching algorithm. The rising edge of signal provides also the signal
time. Within QDC modules also base line subtraction is automatically performed.

Plastic scintillators produce a significantly shorter signals and after ADC conversion they
must be stretched via a signal shaper before integration in QDCs to determine energy and
sending to trigger system via leading edge discriminator to provide time information as a
logical signal as an output.

As for straw detectors of MDC and FPC the signals are amplified, sent to the discrimi-
nators and output from there is collected by time-to-digital-converters (TDCs).

The introduced system can provide event rates of 10 Hz for a typical event size of 8 kB
([42]). The limiting factors are event size and the speed of writing to disk which lead to
dead time of 20 µs per event. During experiment data are stored in RAID (Redundant
Array of Independent Disks) arrays which are for practical purposes were divided into 20
GB files called runs.

Figure 19: The data acquisition system used in WASA-at-COSY experiment.
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2.6 Trigger System

In order to reduce the initial amount of data collected with the pellet count rates more
then 5000 per second and luminosities up to 1032 cm−2s−1 a kind of trigger system is
needed (see fig.20). It allows to focus on only interesting from the experiment point of
view events. Trigger logic makes a decision about discarding or saving particular event
based on the information about hit multiplicities, individual detector matching, energy
deposits in selective detectors, cluster multiplicity and time coincidences. In order to provide
the information on the track charge, the signals from the electromagnetic calorimeter are
matched with signals from the plastic scintillator elements using timing information and
geometrical overlapping of plastic scintillators with the crystals’ clusters. In between, two
energy thresholds (high and low) are applied to give logic signals for both energy settings.
To provide information on the total energy deposited in the electromagnetic calorimeter or
in its subsections (e.g. its halves), the analog signals are summed. If the analog signal sum
is greater than a set up threshold the logical signal of certain length from discriminators is
formed. This signal is combined with the other signals from another detectors and if all of
them are matching the event is saved.

To form more sophisticated trigger conditions, the initial trigger signals can be combined
in coincidence matrix, allowing to use up to 32 different coincidence conditions. Those 32
conditions can be furthermore prescaled to allow high rate triggers be present in the data
stream. The mask and logical ”AND” and ”OR” units finally start the readout (the logic
units were developed at Uppsala University for the CELSIUS/WASA experiment [43]). The
information about trigger logic, trigger rates and prescaling factors are saved into data
stream to allow offline analysis of for example trigger efficiencies or to check which trigger
started the data acquisition.

Figure 20: The trigger system used in WASA-at-COSY experiment.
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3 Analysis

3.1 Software Tools

In order to analyze experimental data a specialized software have been used. To decode
and interpret the detector response we used Root Sorter analysis software which allows
to reconstruct tracks from the information obtained from the individual detectors. For
computer simulations of the detector response Monte Carlo methods were used. It was done
in the two step process: first the decay physics were generated using a event generator and
on the next step the detector response were simulated with a WASA Monte Carlo package.
Analysis were performed using ROOT data analysis framework [46, 47]. The typical analysis
chain of data and Monte carlo simulation is shown in fig.21.

Figure 21: Flow chart of the analysis chain.

3.1.1 Monte Carlo Generation

Two different methods for simulations of various decay reactions were used. The first and
simpler one were using the build-in Phase Space generator into ROOT software package,
called TGenPhaseSpace. The second method used is completely based on ROOT, originally
developed for HADES Collaboration in GSI and called Pluto event generator [44, 45]. It is
a simulation framework for heavy ion and hadronic-physics reactions in the energy regime
up to a few GeV. It is based on C++ code implemented into ROOT environment. Pluto
phase-space generation software is based on GENBOD procedures taken from the CERN-
LIB package [48]. It allows in the simple manner to choose the reaction of interest, set
the properties of beam and target and choose if the user wants to use more sophisticated
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physics models of production and particle decays. In the output of both generators the
four-momentum vectors are created for all the final state particles produced in the reaction.
This output serves as input for the simulation of the detector response. The part of simu-
lations presented in this work is based on the v5.35 version of the PLUTO package within
ROOT v5.26 environment. The same version of ROOT package have been used for ROOT
build-in Phase Space generator.

3.1.2 WASA Monte Carlo Detector Simulation

The WASA Monte Carlo package (WMC) was created based on GEANT3 package developed
in CERN [49, 50]. It simulates the propagation of particles through the WASA detector.
Full description of the detector was implemented including position, dimensions, material
type of each of its components. The software is responsible for the interaction of passing
through particles with the active or passive detector elements. The map of magnetic field
is implemented as well as particle decays, hadronic interactions and secondary effects like
external conversion. In order to have similar resolution in both Monte Carlo simulations
and data the smearing parameters are introduced. As an input for simulation WMC takes
the output files from the generation. As an output it provides a special file containing
responses of all the WASA detectors that interacted in the simulated event. Moreover this
file contains the initial values of parameters (including the four-momentum vectors) used
for the simulation which is very crucial in understanding the detector response for a certain
criteria and obtaining the reconstruction efficiency. On the other hand there are couple of
effects that are not implemented in the simulation software. The most noticeable are: trigger
response simulations, electronic noise and chance coincidence events (so-called pileups).

3.1.3 Root Sorter Reconstruction Framework

Root Sorter analysis environment is base on ROOT data analysis framework [51]. It was
developed to carry online as well as offline data analysis. Originally, it was developed for
the ANKE experiment at COSY synchrotron and later, it was rewritten for the purpose
of the WASA experiment. It has a modular structure i.e. detector information decoding
and track reconstruction are carried in the individual modules in such a way that high level
modules are automatically calling the necessary low level modules. This kind of structure
and working principle allows to use only parts of Root Sorter code as may be required and
add user code without any changes in the ongoing one.

The decoded data are at first stored in the raw hit bank based on energy and time
information decoded from the individual detectors. After calibration there are copied to the
hit bank. In the case of Monte Carlo simulations the working flow is a little bit different,
because the raw Monte Carlo data is at first stored in its own hit bank and after smearing
copied to the normal hit bank. The smearing step is necessary in order to match the
simulated and real data resolution of the WASA detector. From this point the analysis of
Monte Carlo simulation and data is the same. The hits from each subdetector element that
derive from the same particles are merged into clusters and stored in the cluster bank. Next
the track finding routine is invoked which connects the clusters from different detectors,
merge them into tracks and store them in the track bank. It is worth to mention that
cluster and track finding algorithms differ depending on the subdetectors.

20



3.2 Track Reconstruction

The track reconstruction procedure for the most of the WASA experimental setup detectors
consists of the following two steps:

• hits in each detector are merged into clusters by checking the geometrical overlap
or neighborhood of particular hit element and its timing. In this step the deposited
energy is summed and the mean time is calculated. The cluster finding algorithm
starts with the element with the locally highest energy deposit and iteratively adds
all neighboring elements.

• Clusters are merged into tracks using predefined allowed time windows and angular
overlapping.

For specific detectors the tracks can consist of only one cluster, for example Central Detector
neutral tracks that consist of information only from Electromagnetic Calorimeter. For the
Forward Detector different track candidates can share the same cluster.

The outcome of tracking procedure is four different class of tracks:
FDC - Forward Detector Charged tracks, consisting of at least one cluster in one of thin
forward detector scintillators
FDN - Forward Detector Neutral tracks, containing of no clusters in one of thin forward
detector scintillators, but with cluster in the Forward Range Hodoscope
CDC - Central Detector Charged tracks, tracks with either Plastic Scintillator or Mini Drift
Chamber information
CDN - Central Detector Neutral tracks, consisting of only a single cluster in the Electro-
magnetic Calorimeter

3.2.1 Forward Detector

The track finding algorithm for Forward Detector is based on geometrical overlapping be-
tween different layers forming this detector. The routine starts with pixel pattern found in
the 3 layers of Forward Trigger Hodoscope, as shown in fig.16. This set of clusters provides
a starting values for θ and φ angles, when we assume that the particle was produced in the
interaction point of beam and target located at the center of coordinate system. Next this
values are used to search for overlapping clusters in different forward detectors. To provide
the more precise angular information the initial angular values are compared to the hits
in the Forward Proportional Chamber (shown in fig.17) to adjust them if necessary and
improve them in general by at least a factor of 2. For this the purpose the positions of
sense wires in FPC are used. At the end of track finding algorithm the cluster information
from other forward detectors is added to the track. This step requires the minimum en-
ergy deposited in the particular detector and it is using the angular overlapping and time
differences between different detectors.

In order to describe the process of charged particle traveling through matter and recon-
struct its energy via the energy losses in the specific forward detector layers the Bethe-Bloch
formula is used. It describes the average energy loss per unit length as shown in equation 7
[3]. For a particle with speed v, charge z, and energy E, traveling a distance x into a target
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of atomic number Z and mean excitation potential I, the relativistic version of the formula
is proportional to:

−dE

dx
∼ Zρ

z2

β2

[

ln

(

2mec
2β2

I(1 − β2)

)

− β2

]

, (7)

where me is the electron mass, ρ is the density of the target material, c is speed of light
and β = v

c
. This formula is valid for massive particles like protons and charged pions but

for electrons the recoil effects are more significant, so the modified version of equation 7
is used. In order to apply this relation for kinetic energy reconstruction the offline tables
were generated. This tables cover energy loss patterns for a specific particle with a known
scattering angle and kinetic energy. The plot of kinetic energy dependance as a function
of deposited energy is shown in fig.22a for a simulation of pp → ppη. The visible steps on

Figure 22: Relationship between true kinetic energy and energy deposited in the FRH for
simulated protons from the reaction pp → ppη (a). True versus reconstructed kinetic energy
for the same simulated reaction (b).

the left hand side of the plot correspond to protons stopping in a certain layer of Forward
Range Hodoscope. The fifth layer of FRH is not visible due to the fact that particles passing
through the whole detector are indistinguishable from the ones stopping in the last layer of
FRH. Protons with energy above 360 MeV pass through the whole detector and this effect
is visible as curved line in the right hand side of the fig.22. Fig. 22b illustrates the true
value of kinetic energy known from the simulations plotted against reconstructed kinetic
energy for pp → ppη generated events. The holes in this spectrum are due to the protons
stopping in the inactive material of the detector and were treated in the analysis as stopped
in the previous layer of FRH. The background visible in both plots is connected to nuclear
interactions of the protons.

For the purpose of the analysis all charged tracks in the forward detector were treated
as protons.

3.2.2 Central Detector

Mini Drift Chamber

Mini Drift Chamber (MDC) used in WASA detector is a cylindrical straw chamber in which
the better resolution of hit position than the position of wires is achieved using the drift
time measurement (see 2.2.4). The collected drift time spectra parametrization converts it
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to the drift distance which is the radius of closest approach of the ionizing particle with
respect to the anode wire. The parametrization depends on a straw position, drift gas
mixture, electric field applied between the anode wire and the tube cylinder and magnetic
field strength and direction. In addition for the conversion between drift distance and drift
time we need to know the drift velocity of electrons in the gas inside the tube and the mean
time between collisions of the drifting electrons. The initial time information is derived from
fast plastic scintillators surrounding the MDC. In order to reconstruct particle momentum
and its scattering angle the information from the MDC detector is used. The implemented
algorithm uses pattern recognition by invoking the global fit to all hits in the MDC. The
pattern recognition procedure assumes constant magnetic field along the z (beam) axis in
which charged particles’ tracks should take a form of helices. In the projection to the XY
plane the tracks are represented as circles. The parameters of tracks in such a representation
are as follows:

• R - radius of a track on the XY plane connected to its momentum

• R◦ - distance of the center of a tracks circle on the XY plane to the origin of the
coordinate system

• φ◦ - the azimuthal angle between OX axis and straight line crossing the origin of the
coordinate system and the center of a tracks circle

• θ - helix’s dip angle which indicates the inclination of the tracks tangent line in the
respect to the XY plane

• z◦ - z coordinate of the track in the point of closest approach between the origin of
the coordinate system and track on the XY plane

• Q - the charge of the particle

The parameters are visualized in fig.23.
If we define r as a distance from the origin of the coordinate system to a tracks point

and φ as azimuthal angle of the track we can describe the so-called ,,half-helix” which is a
part of the helix from its closest point to its most distant point with respect to the z axis
by a following equations [38]:

z = z◦ +
R

tan(θ)
arccos

(

R2
◦ + R2 − r2

2R◦R

)

(8)

φ = φ◦ + Q · arccos

(

R2
◦ − R2 + r2

2R◦r

)

(9)

l = R · arccos

(

R2
◦ + R2 − r2

2R◦R

)

(10)

The plot of helix’s z coordinate against the curvature length, l is a straight line.
The track reconstruction procedure is divided into two consecutive parts called ,,XY-

plane procedure” and ,,Z procedure”. The track parameters R, R◦, φ◦, and Q are calculated
during the first one and φ◦ and θ during the former using the information from inclined layers
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Figure 23: Helix parametrization used for Mini Drift Chamber track reconstruction.

of tubes. After the both routines the track parameters are converted into the momentum
vector using the average value of magnetic field along the track, its curvature (R) and
scattering angles (θ and φ). More information about reconstruction algorithm can be found
in [52]. The efficiency of MDC track reconstruction using this algorithm is better than 90%
for charged track of energy 50 MeV or greater excluding very high or very low θ angles when
the number of hit tubes is insufficient for the proper track reconstruction.

Figure 24 shows the event display for a reconstructed event with four charged tracks in
the central detector. The lines represent the reconstructed tracks in the MDC, black bars
hits in PSB and pink areas the projection of the hit SEC elements (the size of the crystals
and the radial position of their front faces are not in scale).

Plastic Scintillator Barrel

The Plastic Scintillator Barrel (PSB) is a set of detectors used for deriving precise time
information about charged particles. It is also used as a veto for the neutral ones. It sur-
rounds the Mini Drift Chamber in order to combine the information from both detectors.
The central part of PSB consists of overlapping elements to increase the detection efficiency
and provide better granularity for the azimuthal angle determination. The hits in specific
scintillator element are merged using well defined overlapping regions. The merging proce-
dure checks if the hits are satisfying the minimum requirement of deposited energy greater
than 0.5 MeV and the time difference between the hits less than 10 ns. If so, the time
information is set to an average from individual hits and energy deposit is assigned from a
hit in a cluster with the greatest energy deposit.

Electromagnetic Calorimeter

Due to the fact that electromagnetic showers in the Electromagnetic Calorimeter (SEC)
frequently is larger than the size of individual crystal the hits here are combined into clusters
according to their position, relative time information and energy deposit. Starting from the
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Figure 24: Event display for a reconstructed event with four charged tracks in the central
detector. For more information please refer to the text. Picture taken from Ber lowski et al.
[19].

crystal with the highest energy deposit of minimum 5 MeV the merging procedure searches
for the neighboring hit with a time difference less than 50 ns and minimum energy of 5
MeV. This hit is added to the cluster if not already belonging to another cluster. This
algorithm is then started from the next crystal. The position of cluster is calculated as the
energy weighted mean of the contributing crystals response. After constructing the cluster
the whole routine is started again for the next highest energy hit not yet merged into any
of clusters. In the analysis to reject the electronic noise only clusters of energy more than
20 MeV were considered.

3.3 Trigger Evaluation

In order to reduce the data flow written to disk and select only events with desired signature a
trigger system was used. In the experiment data were collected with a certain set of triggers.
These were among other: the minimum bias trigger, ,,neutral trigger”, ,,charged trigger”,
and so called ,,energy trigger”.

3.3.1 Trigger Concept

The trigger used in this work was designed and developed especially for electromagnetic
decays of η meson and in principle it should accept only event where we observe high energy
deposits in the both sides of the central part of electromagnetic calorimeter. The energy
deposit in one half of electromagnetic calorimeter as a function of the deposit in the other
one is shown in fig.25 for the simulation of η → γγ decay channel. In fig.26 the schematic
view of the electromagnetic calorimeter is shown. Its central part is denoted in white. The
division plane contains the beam direction vector and y vector defined in the right-handed
coordinate system with the origin in the interaction point and z axis defined by the beam
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direction. This type of trigger should treat in the similar manner electromagnetic decays of
the eta meson like: η → γγ, η → e+e−γ, η → e+e−, η → e+e−e+e−. It is true for the small
masses of the virtual photon(s) in single and double Dalitz decays and due to the similar
response in electromagnetic calorimeter for both electrons and photons. For the technical
details of this trigger construction see section 2.6.
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Figure 25: Energy deposit in one half of electromagnetic calorimeter as a function of the
deposit in the other one for η → γγ simulation.

a) b)

Figure 26: a) 3D cross section of the Scintillating Electromagnetic Calorimeter. The back-
ward parts and forward parts are colored in red and yellow respectively. b) Polar angle θ
coverage of the Scintillating Electromagnetic Calorimeter in the function of individual crys-
tal length. The numbers above the picture show amount of elements in each of 24 calorimeter
rings.

3.3.2 Trigger Definition in the Experiment

The main trigger selected and used in this work was so called ,,energy trigger”. In the
experiment it has number 10 in the hardware trigger table. The definition of trigger, which
have been used during the whole run period was:

[fhdwr2 & frhb2 & Vfvh1 & ecrl],
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where the & sign here means logical conjunction between the individual conditions, three
first acronyms are the conditions for protons going into forward detector when η meson is
produced:
fhdwr2 - track matching (coincidence of modules in the φ angle) between Forward Trigger
Hodoscope, Forward Window Counter and Forward Range Hodoscope, at least matching
tracks, low threshold of Forward Window Counter used. More information on matching
trigger can be found in Ref.[53];
frhb2 - at least 2 hits in the second layer of Forward Range Hodoscope;
Vfvh1 - veto condition on the Forward Veto Hodoscope.
The forth abbreviation (ecrl) stands for high energy deposit in central part of the central
detector in both sides of the Electromagnetic Calorimeter.

In the analysis two other triggers were used: ,,neutral trigger” (trigger number 26) and
,,charged trigger” (trigger number 30). The definitions of those triggers were: [fhdwr2 &
frhb2 & Vfvh1 & seln2 & Vps1] and [fhdwr2 & frhb2 & Vfvh1 & ps2 & sel1] respectively,
where:
seln2 - at least 2 neutral clusters in the Electromagnetic Calorimeter, where neutral cluster
is defined as having no geometrical overlapping with hits in the Plastic Scintillator Barrel;
Vps1 - veto condition on the Plastic Scintillator Barrel;
ps2 - at least 2 hits in the Plastic Scintillator Barrel;
sel1 - at least one cluster in the Electromagnetic Calorimeter, this cluster can be both
neutral or charged.

During the whole experiment the triggers mentioned above were unprescaled.

3.3.3 The Energy Trigger Effects

The influence of the trigger conditions on the collected data sample is shown by comparing
Monte Carlo simulations and data for the η → γγ decay channel. Since the only part of
electromagnetic calorimeter connected to the trigger system was the cental part we shouldn’t
have any particles in the θ angular range outside (40◦ − 140◦) interval. In fig.27a the
distribution of θ angle for η → γγ decay candidates is shown, the trigger cut line at 40◦ is
clearly seen. Due to the fact that the trigger request high energy deposit in the both halves
of electromagnetic calorimeter also the drop of effectiveness of particle detection in φ angular
range around the points where two halves of calorimeter meet is seen. The effect is shown
in fig.27b.

3.3.4 Hardware Signals from the Energy Trigger

The natural way to check the trigger response is to take a look at the hardware signals com-
ing from the trigger for each half of the central part of electromagnetic calorimeter. Those
signals should be available at the level of data analysis but unfortunately the corresponding
information in the data set was found to be uncorrelated with the energy deposits in the re-
spective half of the electromagnetic calorimeter. Such behavior contradicts the expectation.
It means that we have no access to the true values of signals in the analyzed data set.
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Figure 27: Photon θ (a) and φ (b) angle distribution for η → γγ decay candidates in Monte
Carlo simulation without the trigger condition (dashed line) and data (solid line). Monte
Carlo simulations were normalized to data.

3.3.5 Efficiency of the Energy Trigger

In order to estimate efficiency of energy trigger the data collected with energy trigger and
two more generic triggers were compared. Two channels were selected: for η → γγ reaction
,,neutral trigger” (number 26) were chosen for comparison and for η → e+e−γ reaction
event tagged with ,,charged trigger” (number 30) were selected. For both channels collected
events with corresponding triggers were analyzed the same way as for ”energy trigger”. The
plots in fig.28 show invariant mass spectra (histogram) with gaussian fit to the signal (blue)
and polynomial fit to the background (green). The solid red line indicates the sum of signal
and background functions. For efficiency calculations the following equation were used:

Efftr10 = Ntr10&trX/NtrX , (11)

where letter N stands for number of events in the signal using the condition that event
was tagged with a specific trigger number(s). In the fig.28 the corresponding plots used for
efficiency calculations are shown. Each set of pictures contains the invariant mass of two
neutral clusters (a) or invariant mass of e+e−γ (b) for three different triggers (energy trigger
- TR10, neutral trigger - TR26, charged trigger - TR30). Each histogram was fitted with a
gaussian distribution over a polynomial background, and the number of events comes from
the gaussian signal content. The efficiency of the ,,energy trigger” were found to be very
similar in both cases and equal to ∼ 70%.

3.3.6 Threshold of the Energy Trigger

The distributions of energy deposits in either half of electromagnetic calorimeter are shown
in fig.29 for events tagged with energy trigger and without it. By dividing those two distri-
butions one can evaluate a trigger efficiency function for the energy deposit in the half of
electromagnetic calorimeter. The following fit function was used:

A

1 + B ∗ exp(−C ∗ x2)
, (12)
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Figure 28: Invariant mass plots used for the efficiency calculations of energy trigger for the
two eta meson decay channels: a) η → γγ, b) η → e+e−γ (for a more detailed description
see text).
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Figure 29: The distributions of energy deposits in either half of electromagnetic calorimeter:
a) events without energy trigger, b) events tagged with energy trigger flag.

where A, B and C are the free parameters, and the x variable is the value of bin from the
histogram. The fig.30 shows the fit results in the range of 0.1 GeV up to 0.4 GeV . The
fit chi2 per number of degrees of freedom was 4.2. Outside the 0.1 − 0.4 GeV range the
constant lines were plotted.
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Figure 30: The distribution of the relation between the number of events with specific energy
deposit with or without energy trigger tagged. Data is shown as points with statistical error
only, red line shows the fit results in the range of 0.1 − 0.4 GeV and blue line indicates the
linear behavior range assumed.

3.3.7 Monte Carlo Simulation of Trigger Response

The function obtained above after normalization to the unity at the highest point of the
fit was used to simulate energy trigger response in the simulation. For energy deposits in
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halves of electromagnetic calorimeter outside the 0.1 − 0.4 GeV range constant behavior was
assumed with probability of 1 for the energy deposits above 0.4 GeV and minimal probability
for energy deposit below 0.1 GeV - the same as minimum value of the probability function
in the 0.1 GeV point. After the normalization this function tells us about the probability
of saving an event with a given energy deposit in either half of electromagnetic calorimeter.
In simulations each event were reweighted according to the product of the probabilities
corresponding to the energy deposit in each half of electromagnetic calorimeter.

It was checked that the application of the probability function to the generated η → γγ
events leads to decreasing of an acceptance to ∼ 80%. This number can be compared to
previously calculated for data trigger efficiency 72%.

3.4 Rest Gas Contribution

,,Rest gas” is defined as the remnants of gas left in the scattering chamber due to evaporated
and bounced out pellets not sucked entirely by the pump system. The purpose for this study
is following: we expect that charged events should have worse acceptance outside the ,,true”
vertex point than neutral events, due to the reconstruction algorithm issues and geometrical
coverage of Mini Drift Chamber. The second effect is that when we reconstruct neutral
tracks from hits in the Electromagnetic Calorimeter we assume for angle determination
that the vertex point were in the center of coordinate system. In that case events produced
not in the vertex are reconstructed with wrong angles and as a consequence we assume
wrong momentum vector for them. This should effect the invariant mass reconstruction
and moreover acceptance derived from Monte Carlo simulations. This study also allows
us to measure the contribution of the rest gas in the data sample, as a byproduct we can
measure in data the spread and position of x and y vertex coordinate to tune the Monte Carlo
simulations. The x value is correlated with pellet diameter and its positioning and y value
depends on the width and spread of the COSY beam. In order to investigate the influence
of the rest gas on the reconstruction of events the following Monte Carlo simulations were
performed.

3.4.1 Monte Carlo Simulations for the Rest Gas Events

In the Monte Carlo simulation program the flat distribution of the rest gas along z (beam)
axis were assumed (see fig.31). So instead of smeared around (0,0,0) vertex point in the
simulations we investigate the case where z vertex point coordinate with equal probability
takes value between -90 cm and 90 cm. A special algorithm for vertex reconstruction using
a point of closest approach of two charged tracks as a vertex position. For this method 100k
of pp → pp(η → e+e−γ) simulated events were used. In order to be able to extract the
reconstructed vertex point only events with exactly 2 oppositely charged tracks were used.
Also to be sure that we don’t interchange electrons in the central detector with protons we
allow only events with 2 forward charged tracks within the angular acceptance of the de-
tector. Furthermore we neglect events where the distance between charged tracks is greater
than 5 mm, which clearly indicates wrongly reconstructed tracks, as both particles should
come from the same point of interaction. As expected for the pp → pp(η → e+e−γ) sim-
ulation events accepted by the above conditions were located near the true z = 0 vertex
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Figure 31: The simulation of flat contribution of the rest gas along z (beam) axis.

point (see fig.32a). For completeness we check also spread of true z coordinate of the vertex
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Figure 32: True z vertex coordinate for the selected after reconstruction η → e+e−γ events
(a) and η → γγ events (b) with rest gas only (simulations).

for the pp → pp(η → γγ) simulations of 100k events with the same flat vertex z coordi-
nate distribution. Here we only accept events with 2 forward charged tracks within the
angular acceptance of the detector and exactly 2 neutral particles in the central detector.
In comparison the accepted true vertex points are much more stretched along z axis (see
fig.32b). This effect has a strong influence in the reconstructed invariant mass of eta, which
can be seen in fig.33a and fig.33b. In the first picture the IMγγ is shown and in the second
figure IMγγ is plotted in the function of the true vertex position. The events downstream
or upstream the beam direction have wrong momentum vectors assumed due to the recon-
struction algorithm that calculates them as coming from the center of coordinate system.
The cut line at -50 cm and 40 cm are connected to the particles collected with backward
or forward part of electromagnetic calorimeter respectively and therefore having completely
wrong angles reconstructed. To quantify the effect of the rest gas, the efficiency of vertex
reconstruction for η → e+e−γ channel was calculated by dividing the reconstructed vertex
point spectra (see fig.34) by the distribution of true value of vertex position. The output
histogram was parameterized with gaussian fit over a polynomial function (see fig.35).
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Figure 33: a) Reconstructed invariant mass of two photons, b) Invariant mass of two photons
as a function of true z vertex coordinate. Both pictures for η → γγ with rest gas only Monte
Carlo simulation .
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Figure 34: Reconstructed z vertex coordinate for Monte Carlo η → e+e−γ simulation with
rest gas only after channel selection.
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Figure 35: Efficiency of z vertex coordinate reconstruction for η → e+e−γ Monte Carlo
simulation with rest gas only after channel selection (the last data point is excluded from the
fit).
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3.4.2 Rest Gas Contamination in the Data

The same study as for the Monte Carlo simulations were performed for data sample where
we have an admixture of the beam interactions with the rest gas. The selection of events and
procedure for vertex reconstruction was the same as for η → e+e−γ Monte Carlo simulations
in the previous section. The plot of reconstructed z value is shown in fig.36a for the 20 runs
of experimental data. In order to extract the value of rest gas amount we divide the spectra
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Figure 36: Reconstructed z vertex coordinate for data events before (a) and after (b) effi-
ciency correction. The polynomial fit to the rest gas contribution is shown (for more infor-
mation please see the text).

by the efficiency function bin by bin. Next, the efficiency corrected spectrum is fitted with
gaussian distribution above the polynomial background. The outcome of this procedure
can be seen in fig.36b with polynomial fit line only that shows the rest gas contribution.
The value of rest gas contamination in data is estimated to 10% and it is constant along
the whole time of the experiment. The one remarkable thing that we can derive from the
reconstructed data vertex point is that we don’t see almost any rest gas contribution along
positive z values most likely due to reconstruction reasons.

To have better parametrization of vertex position the x and y components of vertex
points reconstructed from data were analyzed. Parameters of fitted gaussian distribution
shown in fig.37 were used to improve a Monte Carlo simulations. The values of parameters
obtained are summarized in table 5.

Mean [mm] σ [mm]

Vertex x position −0.27 ± 0.01 1.46 ± 0.01
Vertex y position 0.23 ± 0.01 1.80 ± 0.01

Table 5: Vertex x and y parameters obtained from data distributions using gaussian fit.

It is seen that larger fraction of events coming from the rest gas interactions are accepted
in the case of η → γγ than in η → e+e−γ decay channel. The data spectra were used to
parameterize the vertex position and its spread for the Monte Carlo simulations.
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Figure 37: Reconstructed x (a) and y (b) vertex coordinate for data events with superimposed
gaussian fit results (red line).

3.5 External Conversion

One of the most prominent backgrounds to single Dalitz decay of η meson is external
conversion of photons in the detector material, especially those coming from η → γγ. The
lepton pair vertex position was calculated from the closest distance between the measured
points on the two charged tracks in the XY plane. Than the reconstructed vertex is set to
the mean values of that points coordinates. Reconstructed vertex position in the XY plane
is shown in fig.40. It is observed that the external conversion mainly occurs in the material
of beryllium beam tube at R = 30 mm. In same the figure the clusterization of points is
seen at the position of connection between pellet tubes and beam pipe at 90◦ and 270◦.
Such effect is not observed in the real data. It can be explained by the wrong material type
and its amount implemented in the simulations. To have the proper description of data
in the simulations we define the graphical cut to get rid of these kind of events shown in
fig.40a as a red line. Vertex distance which is the distance in the XY plane from (0, 0) point
to the calculated vertex position point is presented in fig.41. In the parallel we calculate
the invariant mass of e+e− pair at the position of beam pipe, which should be smaller then
10 MeV for external conversion. The idealized idea of the different behavior of external
conversion and single Dalitz is shown in fig.39. It is clearly seen that the concentration of
events in the smallest mass region and for the vertex position larger than about 30 mm
is due to the external conversion and should be removed. In the fig.38 the plot of vertex
distance as a function of the invariant mass of e+e− pair calculated at the beam pipe position
is shown for simulated single Dalitz decay of eta meson (a), simulated photon conversion
events from η → γγ (b) and the data (c). We define conversion events by the value of the
vertex distance and invariant mass of e+e− pair calculated at the beam pipe position as
shown in fig.38a with an area between red lines.

From Monte Carlo simulations of η → e+e−γ channel and η → γγ decay with the
external photon conversion the signal to external conversion background ratio changed after
the cut from 2 : 1 to 19 : 1. The signal loss estimated from the simulations is 15% and the
external conversion reduction is at the level of 91%. The shape of invariant mass of electron-
positron pair before and after the conversion reduction procedure is shown in fig.42. Also
in fig.43 the shape of invariant mass of electron-positron pair after conversion subtraction
is shown in the comparison to expected spectrum from the reconstructed single Dalitz of η
meson.

The alternative approach for the conversion cut is illustrated in fig.44 where plot of
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Figure 38: Plot of vertex distance as a function of the invariant mass of e+e− pairs calculated
at the beam pipe position: a) generated conversion events from η → γγ decays, b) single
Dalitz of η meson simulation, c) data with the selection condition shown in red.

Figure 39: The illustration of the effect on non-conversion and conversion pairs. The left
diagram shows single Dalitz of η meson, where the e+e− pair is coming from the origin.
In this case the magnetic field changes the direction of momentum vectors and therefore
invariant mass of e+e− pairs calculated in the point of beam pipe is larger than the actual
value. The right diagram shows the external conversion effect for single photon. Here, the
e+e− pair is created in the beam pipe so the momentum vectors are parallel and the invariant
mass is close to the mass of two electrons.
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Figure 40: Reconstructed vertex position on the XY plane: a) generated conversion events
from η → γγ decays, the red line shows the graphical cut used to suppress unwanted con-
version events in the simulation, b) single Dalitz of η meson simulation, c) data.
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Figure 41: The value of reconstructed vertex distance. Full points - data, blue line - single
Dalitz of η meson simulation, red line - generated conversion events from η → γγ decays,
black line - sum of above Monte Carlo simulations.
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Figure 42: Invariant mass of e+e− pair: a) before conversion cut, b) after conversion
cut. Full points - data, blue line - single Dalitz of η meson simulation, red line - generated
conversion events from η → γγ decays, black line - sum of above Monte Carlo simulations.
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Figure 43: Invariant mass of e+e− pair after external conversion subtraction from data.
Full points - data, blue line - single Dalitz of η meson simulation.
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vertex distance as a function of the invariant mass of e+e− pairs calculated at the beam
pipe position is shown. The red lines define the conversion area and indicate the cuts on the
vertex distance greater than 30 cm and the invariant mass of e+e− pairs calculated at the
beam pipe position less than 10 MeV. The analysis under this conditions change the signal
to external conversion background ratio after the cut to 22 : 1 as compared to previously
obtained 19 : 1. The signal loss is 20% in this case and the external conversion reduction
is equal to 93% (previously 15% and 91% respectively). The difference between the cuts
used gives some information about systematic errors of this condition. It did not change
substantially the shape or number of event on the final distribution of the invariant mass of
e+e− pairs.
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Figure 44: Plot of vertex distance as a function of the invariant mass of e+e− pairs calculated
at the beam pipe position for data with the alternative selection condition shown in red. For
more information please refer to the text.
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4 Normalization Using pp → pp(η → γγ) Reaction

For the normalization (to estimate the number of η mesons produced in the data sample)
η → γγ decay channel was used. To clean up and enhance data sample for this particular
decay channel following requirements were applied:

• Two or more charged tracks in the Forward Detector. Number of those track for data
and Monte Carlo simulation for η → γγ is shown on fig.45.
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Figure 45: Charged tracks multiplicity in the Forward Detector per event: a) data and b)
η → γγ simulation.

• Two or more neutral tracks in the Central Detector. Multiplicity of those tracks for
data and Monte Carlo simulation for η → γγ is shown on fig.46.
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Figure 46: Neutral tracks multiplicity in the Central Detector per event: a) data and b)
η → γγ simulation.

• No charged tracks in the Central Detector.

• The two charged tracks in the Forward Detector closest in time within theta angular
range of 3◦-18◦ and emitted with the time difference less than 20ns (see fig.47 for the
time difference distribution for those tracks) were selected.

• We request two neutral tracks in the Central Detector giving the greatest opening
angle between them in the XY plane (approximation of back-to-back emission of the
two photons from the eta meson decay in the CM system - see fig.48).

40



a) Time [ns]
0 2 4 6 8 10 12 14 16 18 20

E
nt

rie
s

0

2

4

6

8

10

12

14

16

610×

b) Time [ns]
0 2 4 6 8 10 12 14 16 18 20

E
nt

rie
s

0

500

1000

1500

2000

2500

3000

3500

Figure 47: Time difference between charged tracks in the Forward Detector: a) data and b)
η → γγ simulation.
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Figure 48: Emission angle between selected two neutral tracks in the central detector in the
XY plane: a) data and b) η → γγ simulation.

a) Time [ns]
-100 -80 -60 -40 -20 0 20 40 60 80 100

E
nt

rie
s

0

5

10

15

20

25

30

35
610×

b) Time [ns]
-100 -80 -60 -40 -20 0 20 40 60 80 100

E
nt

rie
s

0

500

1000

1500

2000

2500

3000

Figure 49: Time difference between mean time of charged tracks in the Forward Detector
and neutral tracks in the Central Detector: a) data and b) η → γγ simulation.
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• The neutral tracks have to be emitted in [-25,+35]ns bounds around mean time of
two Forward Detector charged tracks found in previous step (see fig.49 for the time
difference distribution for those tracks). In addition the time difference between the
two Central Detector neutral tracks cannot be greater than 50ns (see fig.50 for the
time difference distribution for those tracks) and there cannot be any Plastic Barrel
Scintillator hit in the time interval of 100ns around each of this Central Detector
neutral track.
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Figure 50: Time difference between neutral tracks in the Central Detector: a) data and b)
η → γγ simulation.

• Each neutral track have to be in the proper theta angle interval to mimic the trig-
ger conditions for Monte Carlo data sample (for more information about trigger see
section 3.3 [trigger]).

Those cuts left us with 1.94 · 107 η → γγ event candidates (see fig.51 for invariant mass of
two photons and missing mass of two protons distribution). At first let define a low energy
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Figure 51: Distributions for events with two or more photons: a) invariant mass of two
photons and b) missing mass of two protons.

photon as a neutral track in the Central Detector with momentum less than 50 MeV and a
high energy photon as a neutral track in the Central Detector with momentum greater than
150 MeV. We divide the invariant mass distribution of two photons into two different classes
- one with exactly two high energy photons and any number of low energetic photons and
the second one with more than two high energy neutral tracks in the Central Detector. In
fig.52 one can see invariant mass distributions for both classes and the second one doesn’t
show a maximum at the mass of η → γγ decay. Due to that fact for further analysis only
events with exactly two high energy neutral tracks in the Central Detector were chosen. In
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fig.52a one can also see the gaussian fit, above polynomial background to the π◦ invariant
mass distribution that gives σ = 17.6 MeV (FWHM = 41.4 MeV ) and peak position at
136.7 MeV . The correlation of invariant mass of two photons and missing mass of two
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Figure 52: Invariant mass of two photons for data events with: a) exactly two high energy
photons b) more than two high energy photons. In the left diagram fit to π◦ mass is shown.

protons for events with exactly two neutral particles in the Central Detector are shown in
the fig.53, where one can clearly see the area of η meson production and it’s decay into
two photons and the band of π◦ production with some photons lost due to geometrical
acceptance of Electromagnetic Calorimeter and reconstruction efficiency. In order to have
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Figure 53: Invariant mass of two photons distribution for data events in the function of
missing mass of two protons.

the same conditions for data and Monte Carlo simulation we select trigger effects cut of
energy deposit in each half of SEC > 150 MeV and each photon in the opposite half of
the central detector. In fig.54 correlation between energy deposits in each half of Electro-
magnetic Calorimeter is shown. We choose most of η meson decays by requesting missing
mass of two protons in the range of the η meson mass, so MMpp in 0.5 − 0.6 GeV interval.
In fig.55 the invariant mass of two photons distribution is shown. The signal shape was
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fitted above polynomial background in the range of 0.2 − 0.9 GeV , to estimate the back-
ground shape above peak. The fit results are as follows: in the data distribution of invariant
mass of two photons we have 76% signal content with 15% of polynomial background under
η → γγ peak and less than 9% of unknown content that can be due to overlapping events.
The fit results shows that we are left with Nev = 1.4 · 106 events. For further calculations
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Figure 54: Energy deposits in each half of Electromagnetic Calorimeter: a) data and b)
η → γγ simulation.
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Figure 55: Invariant mass of two photons distribution for data events (points) with fitted
signal shape (blue line) above polynomial background (dotted line). Red line is a sum of
signal function and background contribution.

we define acceptance for η → γγ decay channel based on Monte Carlo simulations as:

Accγγ = Treff · Geoacc · Receff · Cuts, (13)

where the acceptance includes trigger efficiency (Treff), geometrical acceptance (Geoacc),
reconstruction efficiency (Receff) as well as selection criteria described above (Cuts). For
the final selection the acceptance is equal to 6.0%. The number of event surviving each set
of cuts and acceptance after certain analysis steps are summarized in table 6.
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Requirement Nev data MC Acc

Any number of photons 12.21 · 106 9.7%
Two high energy photons 2.24 · 106 9.0%
γ energy, EdepLR, MMpp 1.78 · 106 6.0%
Shape Fit 1.40 · 106 6.0%

Table 6: Number of η → γγ events and Monte Carlo acceptance after selection criteria.
Nev - Number of data events surviving particular cut; MC Acc - Acceptance taken from
η → γγ channel simulation under this condition. Each criterion assumes that all previous
requirements were also in use and each counts only events within 0.2 − 0.9 GeV range of
invariant mass of two photons. For the explanation of each of the selection cuts please refer
to the text.

The total number of the produced η mesons can be estimated using the formula:

Nη = Nev/(Accγγ ∗ BRγγ), (14)

where BR for η → γγ is equal to 39.31% [3]. Finally the total number of η mesons produced
during the data collection is:

Nη =∼ 5.97 · 107.

To estimate the systematic uncertainty of obtained above value for the total number
of η mesons produced it has been recalculated with different initial conditions for several
selection criteria mentioned in this section. The simple way to obtain the value of the
systematic uncertainty (σsys)is to add the squares of all individual contributions under the
square root:

σsys =
1

N

√

∑

i

(xr − xi)2, (15)

where xr is reference value and xi is measurement under the change in the analysis code. The
checked analysis conditions were described below, and the systematic error contributions are
summarized in the table 7.

• Missing mass of two protons cut (MMpp).
The missing mass of two protons cut helps us to select events coming from η meson
decays. The original cut value was MMpp in 0.5− 0.6 GeV interval. In order to check
the influence of this criterion we differ this cut in two ways: one is more strict with the
MMpp cut value 0.52−0.58 GeV and the second one is more loose with the MMpp cut
value 0.48 − 0.62 GeV . The corresponding distributions of signal shape fitted above
polynomial background are shown in fig.56.

• Photon selection for the analysis.
In the analysis we change the way in which we select photons for further calculations.
In the original two photons are chosen from all available with the requirement of
highes opening angle in the XY plane. Here we change this condition to the one that
selects two most energetic neutral particles in the central detector. The corresponding
distributions of invariant mass of two photons is almost the same as before.
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Figure 56: Invariant mass of two photons distribution for data events (points) with fitted
signal shape (blue line) above polynomial background (dotted line). Red line is a sum of
signal function and background contribution. The pictures shows the distributions with a
change in the cut on missing mass of two protons to more loose one (a) or more strict one
(b) as described in text.

• Threshold value for the energy deposits in the halves of electromagnetic calorimeter
(EdepLR).
In η → γγ decay at this energy photons should have the high value of the opening
angle and therefore aim into opposite halves of electromagnetic calorimeter. The
threshold value ensures that the event collected is connected to the situation where
we have at least two photons of high energy possibly coming from η → γγ decay. The
corresponding distributions of signal shape fitted above polynomial background are
shown in fig.57.
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Figure 57: Invariant mass of two photons distribution for data events (points) with fitted
signal shape (blue line) above polynomial background (dotted line). Red line is a sum of
signal function and background contribution. The pictures shows the distributions with a
change in the condition on threshold energy deposited in the electromagnetic calorimeter to
more loose one (a) or more strict one (b) as described in text.

• Threshold value for the minimum energy of photon to be considered as high energy in
the analysis (Eγ).
In the analysis we finally select only events with a strict number of photons of energy
grater than 150 MeV. If we change the threshold value to either 125 MeV or 175 MeV
we don’t see almost any change in the final distribution.

• The shape of the signal function fitted as gaussian distribution (EdepLR).
Two checks were performed when for the fitting the final distribution of the invariant
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mass of two photons we used gaussian shape instead of signal shape for Monte Carlo
simulations. The corresponding distributions of signal shape fitted above polynomial
background are shown in fig.58. The left picture shows the fit results for the sum of
single gauss above polynomial background and the left one illustrates the results for
fit of double gauss with polynomial function. In the first case the mean value of gauss
distribution was a free parameter but in the second picture both functions had fixed
mean value to the η meson mass.
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Figure 58: Invariant mass of two photons distribution for data events (points) above poly-
nomial background (dotted line). Red line is a sum of signal function and background con-
tribution. The pictures shows the distributions with a fit using single gaussian distribution
(a) or double gaussian distribution (b) as described in text.

• The shape and range of the background function fitted.
Several checks were performed using the different ranges for fitting the final distribu-
tion of the invariant mass of two photons with polynomial background function. Two
sample distributions are shown if in fig.59. In the left picture the range of polynomial
background has been changed from 0.2-0.9 GeV to 0.3-0.8 GeV. In the right picture
the background function used was a polynomial of a higher order. Several attempts
varying fit ranges and background shapes were made and the results are shown in
table 7.
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Figure 59: Invariant mass of two photons distribution for data events (points) with fitted
gaussian shape (blue line) above polynomial background (dotted line). Red line is a sum of
signal function and background contribution. The pictures shows the sample distributions
using different range of fit (a) and different shape of background assumed (b).

47



If we take into account the different contributions to the systematic error using the equa-
tion 15 for the different systematic errors show in the table 7 the obtained result is σsys =
0.14 · 107. The statistical error is negligible compared to the systematic errors. So finally
the number of η mesons produced when we include the systematical error can be express be
a number:

Nη =∼ 5.97 ± 0.14syst · 107.

The other attempt to calculate the number of η mesons produced is to take the average
of results obtained in table 7. Using the same method of systematic error calculation as
previously we can express it as follows:

N η =∼ 5.91 ± 0.12syst · 107.

Condition Nη · 107 Acc |∆Nη|·107

Initial 5.97 6.0%
Loose MMpp 5.82 6.2% 0.15
Strict MMpp 6.16 5.5% 0.19
Loose Eγ 5.97 6.0% 0.00
Strict Eγ 5.97 6.0% 0.00
Loose EdepLR 5.87 6.0% 0.10
Strict EdepLR 6.07 5.9% 0.10
Photon selection 5.97 6.0% 0.00
Gaussian shape 6.17 6.0% 0.20
Double gaussian shape 6.52 6.0% 0.55
Background shape 5.37 − 6.10 6.0% up to 0.60
Fit range 5.28 − 6.05 6.0% up to 0.69

Table 7: The summarization of the systematic uncertainties under different analysis con-
ditions or fit parameters. The table shows the total number of η mesons produced obtained
while changing the initial parameters (Nη), the deviation of the result from the original value
(|∆Nη|), Acc is acceptance taken from η → γγ channel simulation under this condition. For
the description of different analysis conditions please refer to the text.
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5 Analysis of pp → pp(η → e+e−γ) Reaction

5.1 Introduction

The Feynman diagram of process in which the meson decays into a virtual photon and a
real photon as shown in fig.60a. In the framework of Quantum Electrodynamics (QED)
the virtual photon converts into e+e− pair, where q2 is the squared four-momentum of this
virtual photon and it is equal to the squared mass of the e+e− pair, following the relation
below [61]:

q2 = M2
e+e− = (Ee+ + Ee−)2 − (pe+ + pe−)2, (16)

where E denotes particle energy and p stands for its momentum. This process is called
conversion decay or referred as single Dalitz decay. The QED theory gives an approximation
for the formula of the differential cross section under assumption that the meson is point-like
particle [60]:

dΓl+l−γ

dq2 · Γγγ

=
2α

3πq2

√

√

√

√1 − 4m2
l

q2

(

1 +
2m2

l

q2

)(

1 − q2

M2
P

)

, (17)

where l denotes lepton, α is the fine-structure constant, q2 is the mass squared of the lepton-
antilepton pair, ml stands for the lepton mass, MP is the mass of pseudoscalar meson. This
calculations give the theoretical shape of e+e− invariant mass distribution shown in fig.60b
(solid line) with detector influence not taken into account. The picture shows a dominant
contribution from small masses of e+e−. The above equation does not take into account the
structure of meson. To answer this problem all effects caused be the inner structure of the
meson are introduced as an additional term called the transition form factor - F (q2):

dΓl+l−γ

dq2
=

dΓl+l−γ

dq2 · Γγγ

· | F (q2) |2 . (18)

In the case of η meson Dalitz decays we have a situation when the transition vertex contains
only one meson, so the transition form factor gives an information about the structure and
the properties of the meson itself. The transition form factor used in generation assumed
single-pole formula with parameter Λ related to the mass of the vector meson [68]:

F (q2) =

(

1 − q2

Λ2
P

)−1

, (19)

where ΛP = 0.73 and q2 is the mass squared of the lepton-antilepton pair. The corrections
to the the QED formula introduced by a transition form factor term are shown in fig.60c
(dotted line) with detector influence not taken into account. In the following studies we
analyze only events that are below the regime were the transition form factor plays a role
(roughly above 200 MeV for η → e+e−γ see fig.60b) so its details will be not discussed here.
For more details about the transition form factor simulation see 6.3.3.

5.2 The pp → pp(η → e+e−γ) Reaction Simulation

The pp → pp(η → e+e−γ) reaction have been simulated using the phase space model of
production and η meson two-body decay into dilepton and real photon. The dilepton mass
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Figure 60: a) Feynman diagram showing the η → e+e−γ single Dalitz decay in the frame-
work of QED theory. b) The squared transition form factor of the η meson plotted as a
function of the lepton-antilepton pair mass and the results of the CB/TAPS measurement of
the η → e+e−γ decay. c) The expected in QED e+e− mass distribution using equation 17
(solid line) and calculated with η form factor (dotted line) using single-pole formula 19.
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was probed using the formula 17 from QED distribution under assumption that the η meson
is point-like particle [60]. The simulation also included the transition form factor (of the
form shown in equation 19) which don’t play an important role for IMee < 200 MeV so it
will be not discussed here. For more information about the transition form factor simulation
see previous subsection and subsection 6.3.3.

5.3 Time Cuts and Particle Multiplicities

Meanwhile the check if using energy trigger one can see more pronounced decay channel of
the η meson into virtual photon and real photon was performed. This channel also can serve
as a experimental field for checking the detector response to e-p pairs with a wide range of
invariant masses. Below the list of cuts used to select this decay channel is shown:

• Two or more charged tracks in the Forward Detector. Multiplicity of those track for
data and Monte Carlo simulation for η → γγ is shown on fig.61.
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Figure 61: Charged tracks multiplicity in the Forward Detector per event: a) data and b)
η → e+e−γ simulation.

• At lest two Central Detector charged particles, where at least one is positively charged
and at least one is negatively charged. Number of those tracks for data and Monte
Carlo simulation for η → e+e−γ is shown on fig.62.

• One or more neutral track in the Central Detector. Multiplicity of those tracks for
data and Monte Carlo simulation for η → e+e−γ is shown on fig.63.

• The two charged tracks in the Forward Detector closest in time within theta angular
range of 3◦-18◦ and emitted with the time difference less than 20ns (see fig.64 for the
time difference distribution for those tracks) were selected.

• We request two charged particles of opposite sign giving the smallest opening angle
between them in the XY plane. This angle is strongly correlated to invariant mass
of particles and the XY plane was chosen because of better reconstruction of charged
tracks in this plane. The correlation plot between opening angle in the XY plane and
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Figure 62: Charged tracks multiplicity in the Central Detector per event: a) data and b)
η → e+e−γ simulation.
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Figure 63: Neutral tracks multiplicity in the Central Detector per event: a) data and b)
η → e+e−γ simulation.

a) Time [ns]
0 2 4 6 8 10 12 14 16 18 20

E
nt

rie
s

0

2

4

6

8

10

12

14

16

610×

b) Time [ns]
0 2 4 6 8 10 12 14 16 18 20

E
nt

rie
s

0

5000

10000

15000

20000

25000

30000

Figure 64: Time difference between charged tracks in the Forward Detector: a) data and b)
η → e+e−γ simulation.
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invariant mass of electron-positron pair for both data candidates and Monte Carlo
simulation of η → e+e−γ channel is shown in fig.65.
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Figure 65: Emission angle between selected two charged tracks in the central detector in the
XY plane versus invariant mass of electron-positron pair: a) data and b) η → e+e−γ sim-
ulation.

• Those tracks have to be emitted in [-25,+35]ns bounds around mean time of two For-
ward Detector charged tracks found in previous step (see fig.66 for the time difference
distribution for those tracks).
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Figure 66: Time difference between mean time of charged tracks in the Forward Detector
and charged tracks in the Central Detector: a) data and b) η → e+e−γ simulation.

• In addition the time difference between the two Central Detector charged tracks cannot
be greater than 50ns (see fig.67 for the time difference distribution for those tracks)
and there have be a Plastic Scintillator hit in time interval of 100ns around each of
this Central Detector charged track. The correlation between charged tracks in the
Central Detector and hits in the Plastic Scintillator is shown in fig.68.
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Figure 67: Time difference between charged tracks in the Central Detector: a) data and b)
η → e+e−γ simulation.
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Figure 68: Time correlation between charged tracks in the Central Detector and Plastic
Scintillator hits: a) data and b) η → e+e−γ simulation.
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• We request one neutral particle giving the greatest opening angle in the XY plane to
electron-positron pair, found in previous step. This is an approximation of back-to-
back emission of the two photons, one virtual and one real, from the eta meson decay
in the CM system - see fig.69.
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Figure 69: Opening angle in the XY plane between selected two charged tracks in the central
detector and one neutral track: a) data and b) η → e+e−γ simulation.

• The neutral tracks have to be emitted in [-25,+35]ns bounds around mean time of
two Forward Detector charged tracks found in previous step - see fig.70 for the time
difference distribution for those tracks.
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Figure 70: Time difference between the mean time of charged tracks in the Forward Detector
and neutral tracks in the Central Detector: a) data and b) η → e+e−γ simulation.

• Each Central Detector track have to be in the proper theta angle interval to mimic the
trigger conditions for Monte Carlo data sample (for more information about trigger
see section 3.3).

The distribution of IMee after the selection criteria listed above is shown in fig.71. The
enhance at small masses is connected to Dalitz decays of π◦ and η mesons as well as
external conversion of photons in the detector material.
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Figure 71: Invariant mass of electron-positron pair before η → e+e−γ channel selection.

5.4 Selection

In fig.72 one can see the invariant mass of e+e−γ as a function of missing mass of two
protons for events in data with a restriction of small invariant masses of electron-positron
pairs (< 0.125 GeV).
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Figure 72: Missing mass of two protons as a function of invariant mass of e+e−γ for events
in data with a restriction of small invariant masses of electron-positron pairs in η → e+e−γ.

I order to select events from this decay channel more precisely we introduce the following
cuts:

• Missing mass of two protons in the range of 0.5 - 0.6 GeV - see fig.73

• Invariant mass of e-p pair < 0.125 GeV - see fig.74

• Angle between electron and positron less then 60◦- see fig.75

• Emission angle of eta < 30◦- see fig.76
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Figure 73: Missing mass of two protons: a) data and b) η → e+e−γ simulation.
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Figure 74: Invariant mass of electron-positron pair: a) data and b) η → e+e−γ simulation.
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Figure 75: Opening angle between electron and positron in the LAB frame: a) data and b)
η → e+e−γ simulation.
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Figure 76: Emission angle of the η meson in the LAB frame: a) data and b) η → e+e−γ sim-
ulation.
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Figure 77: Opening angle between electron-positron pair and photon in the LAB frame: a)
data and b) η → e+e−γ simulation.
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• Angle between e-p pair and photon in the range of 70◦-140◦- see fig.77

• Missing mass to e-p pair and photon in the range of 1.6 - 2.2 GeV - see fig.78
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Figure 78: Missing mass of electron-positron pair and photon distribution: a) data and b)
η → e+e−γ simulation.

• At least one track identified as an electron by ratio R=momentum/deposited energy,
R < 1.65 - see fig.79

a) mom/edep [ratio]
0 1 2 3 4 5 6 7 8 9 10

E
nt

rie
s

0

50

100

150

200

250

300

350

400

450
310×

b) mom/edep [ratio]
0 1 2 3 4 5 6 7 8 9 10

E
nt

rie
s

0

1000

2000

3000

4000

5000

6000

Figure 79: Identification plot of ratio R equal to momentum divided by deposited energy: a)
data and b) η → e+e−γ simulation.

• Conversion reduction cut on vertex distance less then 30 mm and invariant mass of
e+e− pair calculated on the position of the beam pipe less than 10 MeV (for more
information on the conversion see section 3.5)

• Trigger effects cut (energy deposit in each half of SEC > 150 MeV and at least one
particle in each half of the central detector) - see fig.80
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Figure 80: Energy deposits in each half of the Electromagnetic Calorimeter: a) data and b)
η → e+e−γ simulation.

5.5 Simulated Background Channels

The list of simulated channels with Branching Ratios for η and π◦ decays taken from [3]
and cross-sections for direct pion production is collected in table tab.8.

Reaction channel BR or CS at 1.4 GeV Acc select Final Nev

pp → ppη 9.8 ± 1.0 µb [55] — —
η → e+e−γ 6.9 · 10−3 [3] 5.82% 7887
η → γγ 39.31% [3] 0.07% 596
η → π+π−(π◦ → γγ) 22.74% [3] 0.47% 138
η → π+π−(π◦ → e+e−γ) 22.74% ∗ BR(π0

D) [3] 1.02% 3
η → (3π◦ → γγ) 32.57% [3] 0.06% 0
η → (2π◦ → γγ)(π◦ → e+e−γ) 32.57% ∗ BR(π0

D) [3] 2.31% 44
η → π+π−γ 4.60% [3] 0.56% 145
pp → ppπ+π− 2 mb [59, 57] 0.07% 0
pp → ppπ+π−(π◦ → γγ) 4.6 ± 1.2−0.9

+0.7 µb [38] 0.39% 0
pp → ppπ+π−(π◦ → e+e−γ) 4.6 ± 1.2−0.9

+0.7 ∗ BR(π0
D) µb [38] 0.76% 113

pp → pp(3π◦ → γγ) 0.8 ± 0.2−0.2
+0.1 µb [56] 0.03% 0

pp → pp(2π◦ → γγ)(π◦ → e+e−γ) 0.8 ± 0.2−0.2
+0.1 ∗ BR(π0

D) µb [56] 1.30% 52
π◦

D =π◦ → e+e−γ 1.174% [3] — —

Table 8: Monte Carlo simulated signal and background samples with corresponding Branch-
ing Ratios (BR) and Cross-Sections (CS) for particular channel. ,,Acc select” stands for
acceptance after particle selection and time cuts and ,,Final Nev” indicates the number of
events expected from a certain reaction after all selection criteria including kinematical cuts.
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5.6 Final Distributions for the e+e−γ Decay

We divide the invariant mass distribution of e+e−γ into two classes - one with exactly
one high energy photon and any number of low energetic photons and the second one with
more than one high energy neutral track in the Central Detector. In the fig.81a one can
see invariant mass of e+e−γ distributions for both classes plotted without the condition on
number of high energy photons. The plot with more than one high energy neutral track
doesn’t show a maximum at the mass of η → e+e−γ decay. Moreover the invariant mass
of the photon chosen for the analysis and the second one is showing the maximum at the
π◦ mass, which is shown in the fig.81b. Due to that fact for further analysis only events
with exactly one high energy neutral track in the Central Detector were chosen.
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Figure 81: a) Invariant mass of e+e−γ for events with: any number of high energy photons
(solid line), exactly one high energy photon (dashed line), more than one high energy photon
(filled histogram). In the figure b) the invariant mass of photons from the class where we
have more than one energetic photon is shown.

The decomposition of invariant mass of electron-positron pair (see fig.83), invariant mass
of e+e−γ (see fig.82) and missing mass of two protons (see fig.84) are shown in appropri-
ate pictures. Normalization is based on the total number of η mesons produced obtained
from η → γγ analysis (see section 4). The same notation is used for those three pictures:
data is shown as points with statistical error only, black solid line is sum of Monte Carlo
cocktail (signal plus background), green solid line indicates simulated η → e+e−γ signal
contribution, and blue solid line shows background from direct pion production and eta
meson decays other than η → e+e−γ. The plots show that the reconstruction parameters
for data are not exactly matching the ones used in Monte Carlo simulations. Moreover the
generated spectra of invariant mass of e+e−γ don’t have a tail left to the η meson mass,
which can be due to pileup events that were not taken into account in the simulations.

Two attempts were made to check if the observed number of e+e−γ events fits the one
expected assuming the Nη obtained from η → γγ. In the first, we assume that all events
in the final distribution of invariant mass of e+e−γ (see fig.82) are the signal events. After
taking into account the Branching Ratios and signal content in Monte Carlo cocktail it leads
to Nη = 5.59 · 107. But on the other hand we expect that most of events located left side
to the η meson peak in the plot of invariant mass of e+e−γ are connected to the unknown
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Figure 82: Invariant mass of e+e−γ for the final selection of the η → e+e−γ channel. Data
is shown as points with statistical error only, black solid line is sum of Monte Carlo cocktail,
blue solid line indicates simulated η → e+e−γ signal contribution, and red solid line shows
background from direct pion production and eta meson decays other than the η → e+e−γ.
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Figure 83: Invariant mass of electron-positron pair for the final selection of the
η → e+e−γ channel. Data is shown as points with statistical error only, black solid line is
sum of Monte Carlo cocktail, blue solid line indicates simulated η → e+e−γ signal contribu-
tion, and red solid line shows background from direct pion production and eta meson decays
other than the η → e+e−γ.
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Figure 84: Missing mass of two protons for the final selection of the η → e+e−γ channel.
Data is shown as points with statistical error only, black solid line is sum of Monte Carlo
cocktail, blue solid line indicates simulated η → e+e−γ signal contribution, and red solid
line shows background from direct pion production and eta meson decays other than the
η → e+e−γ. Right picture shows the same distribution with zoom to the area of η meson
mass.
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background contribution or possibly the contribution from pile-ups (see fig.81b). Expected
background from channels with charged pions misidentified as electrons or channels with
π◦’s are also located in the area on the left side of the η meson mass. Due to that the
second check were performed when only the right hand side of the η meson peak in the plot
of invariant mass of e+e−γ (in the interval of 0.56-0.8 GeV) were used to fit the expected
from Monte Carlo simulations signal plus background shape. The results of this fit are
shown in fig.85 and corresponding to it the total number of η mesons produced is equal to
4.94 · 107.
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Figure 85: Invariant mass of e+e−γ for the final selection of the η → e+e−γ channel. Data
is shown as points with statistical error only and black solid line is the fit of sum of Monte
Carlo cocktail of signal and background channel. The fit area used only the right side of
IMeeγ distribution.

These numbers are in agreement within less then 15% error with total number of η
mesons produced obtained from η → γγ analysis shown in section 4. For example Nη

from η → γγ decay channel is Ngg = 5.91 · 107, the N
′
η from η → e+e−γ decay channel is

N eeg = 5.27 · 107, so △Nη = N gg − N eeg = 0.64 · 107, which is 12% of the N eeg.
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6 Search for pp → pp(η → e+e−) Reaction

6.1 The η → e+e− Signature

The η → e+e− decays of η meson have it’s own very distinctive characteristic. It involves
two body decay of a high mass particle into single electron-positron pair with an opening
angle in the center of the mass equal to 180◦. At our incident proton energy of 1.4 GeV
this angle transforms to ∼ 100◦ because of the boost at the laboratory frame. Each decay
particle takes roughly half of available energy of ∼ 300 MeV on average and stops in the
material of the electromagnetic calorimeter. The eta mesons are tagged by the observation
of the two charged particles in the forward detector (within θ range of 3◦ − 18◦. The
electrons and positrons are tracked inside the central detector. In the central detector we
measured the momenta of particles with the drift chamber, collect the energy deposits with
the electromagnetic calorimeter and check if the particle has a charge using the plastic barrel
in between the above detectors.

Here we want to compare the most of the studied characteristics of η → e+e− decays
with the direct two charged pion production which is the one of the background channels for
this decay. All histograms in this subsection are plotted after reconstruction and particle
selection, taking into account detector acceptance. We assumed here the electron masses
for the charged particles in the central detector.

In the fig.86 the missing mass of two protons is shown, where for the signal a clear peak
around the eta meson mass at ∼ 547 MeV is visible, and for the direct production the
distribution has a continuous behavior in the η meson mass range.
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Figure 86: Missing mass of two protons after reconstruction: a) η → e+e− simulation and
b) pp → ppπ+π− simulation.

In the fig.87 the invariant mass of electron-positron pair is shown, where for the signal
simulation a bump near the eta meson mass is seen and again a continuous shape for the
direct production is visible. In the signal simulation the tails are connected to the events
in which the reconstruction algorithm provides us a wrong momenta of the high energy
electron(s). The reason for such unprecise reconstruction is that charged particles with high
momenta have small track curvature.

In the fig.88 the opening angle between electron and positron is drown, where the sig-
nal events are concentrated around ∼ 100◦ and the direct production occupies the whole
available range.

In the fig.89 the ratio between the particle momentum and the energy deposited in the
electromagnetic calorimeter is shown, where for the signal tracks - electrons and positrons
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Figure 87: Invariant mass of electron-positron pair after reconstruction: a) η → e+e− sim-
ulation and b) pp → ppπ+π− simulation.
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Figure 88: Opening angle of electron-positron pair after reconstruction: a) η → e+e− sim-
ulation and b) pp → ppπ+π− simulation.

this ratio should be close to one, due to very low mass and small cascade length in comparison
to charged pions.
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Figure 89: Ratio between the particle momentum and it’s deposited energy after reconstruc-
tion: a) η → e+e− simulation and b) pp → ppπ+π− simulation.

In the fig.90 the correlation plot between energy deposit in the electromagnetic calorime-
ter of one charged track in the central detector is shown versus the other one. The high
energy electrons and positrons leave most of its energy in the electromagnetic calorime-
ter. Fast pions (of energy > ∼ 170 MeV are frequently leaving the detector and therefore
depositing only part of their energy.
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Figure 90: Deposited energy of both of the central detector charged tracks after reconstruc-
tion: a) η → e+e− simulation and b) pp → ppπ+π− simulation.

6.2 Background Reaction Channels to the η → e+e− Decay

From the theoretical studies we can establish the three main sources of background reactions
for η → e+e− decay channel - direct two charged pion production, single Dalitz decay of
the η meson with a real photon of very low energy, Dalitz decays of baryonic resonances
and combinatorial background.

6.2.1 The pp → ppπ+π−

The first important background channel is direct two charged pion production (pp → ppπ+π−)
due to the fact that cross-section (CS) for this reaction (∼ 1.5 mb) [59, 57] is about 150
times larger then the cross-section for eta meson production (∼ 10 µb) in pp reaction at
1.4 GeV [55]. This channel decay products lead to the same topology as η → e+e− decay
because of exactly two charged particles in the final state. There are several facts that help
us to get rid of this channel. Only a small fraction of events (∼ 1%) for this channel is in
the one σ range of the η mass according to the Monte Carlo simulations (see fig.86b). The
second fact is that electrons/positrons, if are going into electromagnetic calorimeter, leave
almost all of their energy inside it, via electromagnetic shower. Pions on the other hand, if
not suffering from nuclear interactions (or are not decaying), are passing through the SEC,
leaving only part of their energy. Also we know that the light decay products like e+e− pairs
carry larger kinetic energy than the pions. Other direct pion production channels don’t play
an important role as a background due to lower cross-section than direct two charged pion
production and also to the fact that they have different number of final state particles then
η → e+e− decay channel.

6.2.2 The pp → pp(η → e+e−γ)

The second background to consider is the single Dalitz decay of η meson for the large masses
of the virtual photon. The invariant mass of e+e− pair produced in this reaction channel
can be very large if the virtual photon takes most of the decay energy. In that situation the
real gamma produced has very low energy and can easily be undetected or cut off on the
threshold values of the detector. It can also be lost in some part of the detector where we
cannot measure neutral particles. This situation is rare, but because in this case we have
only electron-positron pair with a high mass when assuming that photon was undetected, it
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is very hard to distinguish it from η → e+e− decay channel because of the same topology.
Also those events have very similar kinematics as there were also produced from decay of η
meson.

6.2.3 Dalitz Decays of Baryonic Resonances

Dalitz decays of baryonic resonances were found to be an important background due to the
same final state particles as in η → e+e− decay channel. It is hard to calculate the amount
of background events due to very limited information on cross-section for production of
several important channels and rather unknown form factor of Dalitz decays of baryonic
resonances in the area of high masses of e+e− pairs. The composition plot of IMe+e− for
various baryonic resonances at the incident proton energy of 1.61 GeV can be found in fig.91
[63] and cross-section for the baryonic resonance cocktail for the energy 1.4 GeV is shown
in fig.92 [65].

Figure 91: IMee cross-section for pp → pX reaction for the incident proton energy of 1.61
GeV [63].

In this work we assumed that the main background channel is Dalitz decay of ∆(1232) in
the reaction pp → p(∆(1232) → pe+e−) and the cross-section of baryonic resonances around
the η meson mass is dominated by this decay. The ∆(1232) is dominant at this energy and
cross-sections for the other baryonic resonances like N(1520), N(1535), ∆(1620) at 1.4 GeV
are lower by at least one order of magnitude and branching ratios for the Dalitz decays are
at least at the same order of magnitude.

6.2.4 Combinatorial Background

Another possible background contributing to η → e+e− is combinatorial background. For
an estimation of this background the like-sign method can be used. This method looks for
the same sign pairs in the data that pass all the same selection criteria as the signal events.
The number of combinatorial background events (NCB) can be estimated from the formula:

NCB = 2
√

N++ · N−−, (20)
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Figure 92: IMee cross-section for pp → pX reaction for various energy of protons [65]. The
green line shows the differential cross-section for the energy of incident protons 1.4 GeV.

where N++ and N−− is the yield of positively and negatively charged pairs. This formula
can be obtained in a following way. Lets assume that in an event we have N pairs with
one negatively charged particle and one positively charged particle. The total number of
unlike sign combinations that are possible is equal to N2. But on the other hand to get the
number of random combinations only, we have to subtract the pair that come from a real
decay. So we have:

N+− = N2 − N = N(N − 1) (21)

To calculate the number of like-sign combinations, for example for the ++ combinations,
we add the number of combinations made by the first positively charged particle, which is
equal to a total of (N − 1) pairs, then (N − 2) created by the second charged particle and
so on. Finally the total number of ++ combinations can be express by an equation:

N++ = (N − 1) + (N − 2) + ... + [N − (N − 1)] + (N − N) (22)

where there are N terms. If we change the order of terms it is easy to see that the equation
can be simplified to:

N++ = N · N − (1 + 2 + ... + N) = N2 − 1

2
[N(N − 1)] =

1

2
N(N − 1) (23)

And similarly for N−−. The formula 20 is applicable if there are no acceptance or recon-
struction effects, either for positively or negatively charged particles. For this we check
the 100k Monte Carlo simulations of η → e+e− decay channel and the difference is within
the statistical error, so we did not consider any correction factor to take such effects into
account. The results of this study are shown in table 9.

Most likely this background doesn’t come from pileups of events with an another event
with charged pair because in this case we should have similar number of N++ and N−−.
In our case we see the majority of N++ which can be due to overlapping with pp → dπ+,
pp → pnπ+ or proton-proton elastic scattering reactions which have much higher cross-
section in comparison to the η meson production.

The number of events and results obtained using this method are shown in section 7.
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N− negatively charged tracks 78855 ± 281
N+ positively charged tracks 78393 ± 280
|N− − N+| difference 462 ± 397

Table 9: The Monte Carlo derived acceptance study for the tracks of different sign.

6.3 Monte Carlo Simulations

In order to find out which background is most important in the study of the very rare η
meson decay we generated several Monte Carlo data samples for signal as well as background
channels:

6.3.1 Signal from the η → e+e−

The pp → pp(η → e+e−) channel have been generated using a simple phase-space model of
three body production of protons and η meson and binary decay of the η meson into the
lepton-antilepton pair.

6.3.2 The pp → ppπ+π−

Several models for the two charged pion production were considered and generated using
the PLUTO event generator:

• pp → pp(ρ(770)0 → π+π−)

• pp → (∆++ → pπ+)(∆0 → pπ−)

• pp → ppπ+π− phase space direct production

• pp → ppπ+π−with condition on mass of π+π− equal to the η meson mass to enhance
the number of expected events in the area of interest around the η meson mass at
∼ 547 MeV

6.3.3 The pp → pp(η → e+e−γ)

The single Dalitz decay of η mason have been simulated using the following conditions:

• The IMe+e− > 0.3 GeV

• The mass distribution according to the assumption that η meson is point-like particle
[60]:

dΓl+l−γ

dq2 · Γγγ

=
2α

3πq2

√

√

√

√1 − 4m2
l

q2

(

1 +
2m2

l

q2

)(

1 − q2

M2
P

)

, (24)

where l denotes lepton, α is the fine-structure constant, q2 is the mass squared of the
lepton-antilepton pair, ml stands for the lepton mass, MP is the mass of pseudoscalar
meson
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• The form factor using single-pole formula with parameter Λ related to the mass of the
vector meson [68]:

F (q2) =

(

1 − q2

Λ2
P

)−1

, (25)

where ΛP = 0.73 and q2 is the mass squared of the lepton-antilepton pair

This simulation corresponds to less than 2% of pp → pp(η → e+e−γ) decay without cut
0.3 GeV on IMee[66].

6.3.4 Radiative Decay of Baryonic Resonances

The pp → p(∆(1232) → pe+e−) reaction were simulated using PLUTO event generator
under the following conditions:

• The mass-dependent width of the Breit-Wigner distribution of the Delta

• The anisotropic (s+p wave) production angle for the pp → p∆(1232) channel

• The dilepton mass for Delta(1232) Dalitz decay using formulas 24 and 25

6.3.5 Summary of Monte Carlo Simulations

The summary of Monte Carlo generated background channel as well as the signal can be
found in tab.10. For the most of reactions the PLUTO generator was used, except for
the pp → pp(η → e+e−), where phase space model was assumed and pp → pp(η → e+e−γ),
where events were generated according to formulas 24 and 25.

Reaction channel Nev Cross-section Branching ratio Remarks

pp → pp(η → e+e−) 106 10 µb [55] —
pp → ppπ+π− 106 1.5 mb [59, 57] —
pp → ppπ+π− 107 1.5 mb [59, 57] — IM(π+π−) equal to

the η mass
pp → pp(ρ(770)0 → π+π−) 105 1 µb [67] ∼ 100% [3]
pp → (∆++ → pπ+)(∆0 → pπ−) 105 1.5 mb [59, 57] —
pp → pp(η → e+e−γ) 105 10 µb [55] 7 · 10−3 [3] Generated with

IMee > 0.3 GeV
pp → p(∆(1232) → pe+e−) 106 5.5 µb [65] 4 · 10−5 [64]

Table 10: Summary of Monte Carlo samples used in the η → e+e− analysis. Nev - Number
of background or signal events generated.

6.4 Selection of the η → e+e− Event Candidates

After reconstruction ∼ 1.5 · 108 events in all preselected files are seen. Further selection
introducing following particle number selection cuts and time cuts was applied:
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Figure 93: Forward detector charged tracks multiplicity. a) η → e+e− simulation, b) data.

• Two or more forward detector charged tracks (see fig.93).

• From all forward detector charged tracks we are choosing the two closest in time
within theta angular range of 3◦-18◦ and having time difference less than 10ns. The
time difference the mean time for all combinations of charged tracks in the forward
detector and distribution of time difference for all combination of forward detector
charged track can be found in fig.94.
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Figure 94: Time difference distribution for all combinations of charged tracks in the forward
detector. a) η → e+e− simulation, b) data. The selection condition is shown in red, only
events left to the line are accepted.

• No neutral tracks in the central detector with energy greater then 20 MeV

• Two or more central detector charged tracks, at least one positively and negatively
charged (see fig.95).
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Figure 95: Central detector charged tracks multiplicity. a) η → e+e− simulation, b) data.
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• We request two oppositely charged particles in central detector giving the greatest
opening angle between them on the XY plane. For the distribution of the opening
angle between electron and positron on the XY plane see fig.96. Those tracks have
to be in the time coincidence with previously chosen forward detector charged tracks
therefore we are requesting the time difference between 0 and 20 ns (see fig.97). In
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Figure 96: Opening angle between electron and positron on the XY plane. a) η → e+e− sim-
ulation, b) data. The selection condition is shown in red, only events right to the line are
accepted.
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Figure 97: Time difference between all combinations of charged tracks in the forward detector
and the central detector charged tracks. a) η → e+e− simulation, b) data. The selection
condition is shown in red, only events between the lines are accepted.

addition time difference between those two central detector charged tracks cannot be
greater than 10ns (see fig.98) and there must be at least one plastic barrel hit in time
interval of 20ns around each of those central detector charged tracks (see fig.99).

6.5 Cut Optimization

In order to find the best possible values of kinematical and identification cuts to select
η → e+e− signal events from data, linear optimization of every cut was used. Data and
Monte carlo samples were taken after selection (see section 6.4) involving at least two charged
particles in the central detector, at least two protons in the forward detector and a number
of cleaning time cuts. As an input for optimization procedure four different Monte Carlo
simulations were used, where the first one as a signal and three other as a background:

• 100k η → e+e−
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Figure 98: Time difference distribution for all combinations of charged tracks in the central
detector. a) η → e+e− simulation, b) data. The selection condition is shown in red, only
events left to the line are accepted.
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Figure 99: Time correlation between all times taken from the plastic scintillator detector
and time for each charged particle in central detector. a) η → e+e− simulation, b) data.
The selection condition is shown in red, only events between the lines are accepted.
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• 100k η → e+e−γ, where IMee > 0.3 GeV

• 1 million pp → p(∆(1232) → pe+e−)

• 1 million pp → ppπ+π−

In this analysis it was decided to chose the form of optimization function in order to
provide the smallest branching ratio upper limit. The upper limit formula has the form of:

BRlimit =
(Nev − Nbcg) + λ · σev

Acc · Nη

, (26)

where σev is the statistical error on number of event candidates, Acc stands for the simulated
signal acceptance, and Nη is the total number of η mesons produced obtained in the section 4.
If we assume that the term Nev−Nbcg is very small the whole equation is proportional to the
ratio between the square root of number of events in the final distribution divided by the
the efficiency for the signal channel with constant λ and Nη terms (more about the upper
limit formula can be found in section 7). Lets define significance was as follows:

S =

√

Nbg

Acc
, (27)

where Nbg is estimated from Monte Carlo simulations number of expected events using
experimental values for cross-sections and branching rations, Acc stands for the sum of
geometrical acceptance and detector efficiency for the simulated signal.

More than fifteen different kinematical and identification variables were checked. The
list contains:

• Missing mass of all particles

• Invariant mass of e+e− pair (IMee)

• Invariant mass of e+e− pair and one of the protons

• Angle between electron and positron (DEGee)

• Angle between electron and positron on the XY plane

• Sum of momenta of electron and positron

• Sum of kinetic energy of electron and positron

• Sum of energy deposits of electron and positron (SumEdep)

• Ratio between momentum and energy deposit (Iden)

• Emission angle of eta meson calculated from electron and positron

• Emission angle of eta meson calculated from protons

• Total missing energy
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• Total missing momentum

• Total missing angle

• Missing transverse momentum

• Phi angle difference for electron and positron

For the most of possible distributions mentioned above the optimization procedure didn’t
find extremum due to similar shape of distributions for background sum and signal. The
only possible variables to be optimized using this procedure were: invariant mass of electron-
positron pair, opening angle between electron and positron in the LAB frame, ratio between
particles momentum and it’s energy deposit in the electromagnetic calorimeter and sum of
energy deposits in electromagnetic calorimeter for both electron and positron. See fig.100,
fig.101, fig.102, fig.103 for the comparison between distributions for simulated signal, gener-
ated π+π− background channel and data. In the fig.100 the distribution of invariant mass
of electron-positron pair as a function of opening angle between electron and positron in the
LAB frame is shown. Due to the fact that this two variables are correlated the 2-dim opti-
mization procedure was initialized here. In the calculations all charged tracks were treated
as electrons.

The output of optimization algorithm is shown in fig.104 only for the variables for which
the maximum can be found. The significance value in 2-dim plot (fig.104c) is shown in
colors. The points correspond to the value obtained from the equation 27 for a given cut
used in the analysis. The analysis was repeated for each possible value of the cut and from
the given distribution the cut value corresponding to the maximum of significance have been
obtained. In the analysis the obtained optimized value for the cut on invariant mass of e+e−

and sum of energy deposits for charged tracks was changed from 0.54 GeV to 0.48 GeV and
from 0.64 GeV to 0.55 GeV respectively in order to avoid the systematical effects connected
to the fact that the cut will be put in the middle of the distribution.

The results of the described procedure are collected in tab.11. In the table one can
find the acceptance before any cuts, its change after introducing one of the cuts obtained
from optimization procedure and the final value after all criteria. Those values are shown
for simulated signal, three different backgrounds. In addition the reduction factor for data
event candidates is shown with the starting number of events and its change after introducing
selection criteria, one by one or all at once.

6.6 Analysis of the η → e+e− Decay Channel

The following cuts were used in this analysis in addition to conditions described in sec-
tion 6.4. The value of some of the cuts were obtained by initializing the optimization
procedure described in section 6.5. As a remark we have to mention that all charged tracks
in the central detector have the electron mass assumed.

• The sum of energy deposits of each of the central detector charged tracks previously
selected > 550 MeV (see fig.105)

• Opening angle between the central detector selected charged tracks on the XY plane
greater than 140◦(see fig.106)
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Figure 100: Invariant mass of electron-positron pair as a function of opening angle between
electron and positron for: a) generated signal, b) π+π− background simulation, c) data.
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Figure 101: Invariant mass of electron-positron pair for: a) generated signal, b) π+π− back-
ground simulation, c) data.
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Figure 102: Opening angle between electron and positron for: a) generated signal, b)
π+π− background simulation, c) data.
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Figure 103: Ratio between momentum and energy deposit for: a) generated signal, b)
π+π− background simulation, c) data.
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Figure 104: The results of optimization procedure. The points shows the value obtained
from the formula 27 for a given cut used in the analysis. Optimization of: a) sum of
energy deposits in electromagnetic calorimeter for both electron and positron, b) ratio between
particles momentum and it’s energy deposit in electromagnetic calorimeter, c) invariant
mass of electron-positron pair as a function of opening angle between electron and positron.

Property Without cuts IMee DEGee EdepSum Ratio All cuts

Cut obtained — > 480 MeV > 77◦ > 550 MeV < 1.2 —
Signal 38.1% 24.4% 36.7% 32.8% 19.0% 5.8%
Expected π+π− 17.7% 6.0% 15.7% 0.00% 0.13% < 0.001%
Expected ∆ 4.4% 0.5% 0.8% 0.7% 1.3% 0.01%
Expected Dalitz 10.5% 0.9% 9.9% 1.7% 5.5% 0.01%
Data reduction 1.7 · 107 ev 97% 50% 93% 20% 300 ev

Table 11: Results of the optimization procedure, where ,,Without cuts” shows the acceptance
for particular reaction channel after reconstruction and topology conditions, ,,All cuts” is
the acceptance after all cuts mentioned. The EdepSum stands for sum of energy deposits
in electromagnetic calorimeter for both electron and positron, IMee is invariant mass of
electron-positron pair, DEGee denotes opening angle between electron and positron, Ratio
means ratio between particles momentum and it’s energy deposit in electromagnetic calorime-
ter.
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Figure 105: Deposited energy of each of the selected central detector charged tracks. a)
η → e+e− simulated signal and b) data. The selection condition is shown in red, only
events above the line are accepted.
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Figure 106: Distributions of the opening angle between the selected central detector charged
tracks on the XY plane. a) η → e+e− simulated signal and b) data. The selection condition
is shown in red, only events right to the line are accepted.
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• Invariant mass of the selected charged tracks in the central detector greater than 0.48
MeV (see fig.107)
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Figure 107: Invariant mass of the selected electron and positron pair. a) η → e+e− simulated
signal and b) data. The selection condition is shown in red, only events right to the line are
accepted.

• Both charged tracks in the central detector identified as electrons by the ratio R
between momentum and energy deposited in the electromagnetic calorimeter, 0.8 <
R < 1.1 (see fig.108). The lower value of cut corresponds to the rejection of events for
which energy deposit is substantially larger than reconstructed momentum indicating
the merging with to many clusters in electromagnetic calorimeter.
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Figure 108: Identification of charged tracks in the central detector by the ratio R between
momentum and energy deposited in the electromagnetic calorimeter. a) η → e+e− simulated
signal and b) data. The selection conditions are shown in red, only events between the lines
were accepted.
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7 Results

In the search for η → e+e− decay the first step was determination of the main background
sources which appeared to be: pp → ppπ+π−, pp → pp(η → e+e−γ), combinatorial back-
ground and pp → p(∆(1232) → pe+e−). The direct two charged pion production has about
150 time larger cross-section then the eta meson production. The single Dalitz decay of the
eta meson leads to the same final state charged particles, if the mass of virtual photon is
close to the η meson mass and real low energy photon is not observed. The combinatorial
background contribution can be driven from data and it’s caused by wrong track selection
in the overlapping events or from two pairs. The radiative decay of Delta(1232) resonance
leads to the the same final state as η → e+e−. According to the Monte Carlo distributions
mentioned before and signal simulation optimization procedure for cuts were evoked. The
particles in the Central Detector were identified using two different methods: energy de-
posited in electromagnetic calorimeter and by using ratio of deposited energy to a particle
momentum.

7.1 Background Contribution

Event selection for the η → e+e− (see section 6.4) included requiring at least two protons
in the Forward Detector (if there were more, two closest in time were used), veto on neutral
particles in the Central Detector of energy more than 20 MeV, at least two oppositely
charged (if more, two giving the greatest opening angle were used) and time correlation
between both charged in Central Detector and protons in the Forward Detector. After this
step of analysis (see section 6.6) 300 event candidates remain in the whole data sample in the
plot of the missing mass of two protons (see fig.109). using cut optimization (see section 6.5),
obtaining Monte Carlo signal acceptance Acc = 5.2% (defined and described using the
equation 13 in the section 4). The number of event candidates in the range of MMpp 0.5-
0.6 GeV is equal to 207. The plot shows an example of distribution obtained from the
Monte Carlo simulation signal shape fit (blue line) above the polynomial background (red
line). The sum of the two distributions mentioned before is plotted in black. The number
of possible candidates for η → e+e− decay channel derived from the example of signal
shape distribution is Nev = 35.6 ± 13.0 with the expected number of events coming from
η → e+e−γ decay Nbcg = 3.5 ± 1.5, where the other η meson decay channels contribution
were found to be negligible. The statistical error for the number of events derived from the
signal shape is taken from the fit parametrization. The results of analysis are summarized
in table 12, where the expected number of events contributing to the MMpp from different
Monte Carlo simulations are shown. The table 1 from [70] was used to calculate the errors
of small number of events. As for the combinatorial background contribution we used the
equation 20 from the subsection 6.2.4. The numbers used for was as follows: N++ = 43 and
N−− = 4, which gives NCB = 2

√
N++ · N−− = 26. The other background channels shows

0 events contributing at this level but if there was even one simulated event candidate it
could explain the possible excess of data events over the expectations.

For the branching ratio limit calculations for a different confidence level we are using the

82



Reaction channel Ngen Nev Remarks

pp → ppπ+π− 107 63+158
−17 IM(π+π−) equal to the η mass

pp → pp(η → e+e−γ) 105 3.5 ± 1.5∗ Generated with IMee > 0.3 GeV
pp → p(∆(1232) → pe+e−) 106 4.5 ± 2.3∗

combinatorial background — 26 ± 7 Driven from data

η → e+e− signal 106 — Acc = 5.2%
data — 207

Table 12: Ngen - Number of background or signal events generated, Nev - Expected number
of events for a selected background channel reaction in comparison to number of data event
candidates both in the range of MMpp equal to 0.5-0.6 GeV. ∗ - based on weighted events.
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Figure 109: Missing mass of two protons for data η → e+e− event candidates after particle
and time selection and optimized cuts (a). On the right side the same distribution in the
restricted area after rebinning with superimposed fit results is shown. Red line shows the sum
of fitted signal shape (blue line) and polynomial background (black line). For more details
please refer to the text.
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equation taken from [69] proposed by Feldman and R. D. Cousins:

BRlimit = BR + λ · σBR =
(Nev − Nbcg) + λ · σev

Acc · Nη

, (28)

where σev is the statistical error on number of event candidates, Acc stands for the simulated
signal acceptance, and Nη is the total number of η mesons produced obtained in the section 4.
The λ term depends on the assumed confidence interval via formula:

∫ µ+λσ

−∞

1

σ
√

2π
exp

[

−1

2

(

x − µ

σ

)2
]

dx =
1

2

[

1 + erf

(

λ√
2

)]

= CL, (29)

where the mean value µ (corresponding to the BR value) and standard deviation σ (corre-
sponding to the σBR value) are taken from the equation 28. If we consider Confidence Level
(CL) equal to 90%, the λ value fulfilling this equation is 1.28. The branching ratio limits
using various fit intervals and assumed types of background functions are summarized in
table 13.

The other approach is to fit only background shape in the range of MMpp equal to
0.5-0.6 GeV using the polynomial function assuming that no signal is visible. The corre-
sponding plots are shown in fig.110, where the right hand side picture shows the background
subtracted spectrum. Number of events in the subtracted spectrum in the range of MMpp

equal to 0.5-0.6 GeV is equal to 20 ± 14 and the value of upper limit obtained using this
method and the equation 28 is equal to 2.1 · 10−5 at CL 90%.
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Figure 110: Figure a) shows the missing mass of two protons for data η → e+e− event
candidates after particle and time selection and optimized cuts with superimposed fit re-
sults (black line), b) shows the background subtracted spectrum (last point is not taken into
account).

The value of branching ratio limit is dependent on the range of fitting and varies also
with different background function assumed therefore further cleaning cuts were applied.
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background function MMpp fit range Nev Signal Acc

poly3 [0.50-0.60] 35.6 ± 14.5 5.2%
poly3 [0.52-0.58] 24.6 ± 14.7 4.9%
poly3 [0.52-0.60] 9.2 ± 13.6 4.9%
poly3 [0.50-0.58] 36.7 ± 14.1 5.2%
poly2 [0.50-0.60] 36.3 ± 12.9 5.2%
poly2 [0.52-0.58] 29.7 ± 14.6 4.9%
poly2 [0.52-0.60] 24.1 ± 13.1 4.9%
poly2 [0.50-0.58] 40.2 ± 14.1 5.2%

Table 13: Number of η → e+e− event candidates, Monte Carlo acceptance after selection
criteria and Branching Ratio limit calculations for different background fit functions (polyX
denotes a polynomial function of a given order) and in the several ranges of missing mass of
two protons (MMpp). Nev - Number of data event candidates taken from the fit parameters;
Signal Acc - Acceptance taken from η → e+e− channel simulation under this condition.

7.2 Final Analysis of the η → e+e− Decay

The effective rejection of η → e+e− decay candidates was obtained with the following cuts:

• time and multiplicity cuts given in the subsection 6.4;

• sum of energy deposits for the central detector charged tracks > 550 MeV ;

• invariant mass of e+e− > 0.48 GeV ;

• opening angle between electron and positron > 77◦;

• ratio between momentum and energy deposit in the electromagnetic calorimeter be-
tween 0.8 and 1.1;

• opening angle between the central detector selected charged tracks on the XY plane
greater than 140◦;

The lack of the signal events after cuts mentioned above leads us to the calculated branching
ratio upper limit equal to 2.1 · 10−6 at CL 90% using the formula 28.

Since the equation 28 does not incorporate the systematic uncertainty in the experiment,
we consider a formula taken from [71] proposed by Cousins and Highland. It includes
systematic error with a Bayesian treatment of statistical approach for a case where the
small number of events are observed.

Un = Un0(1 + Enσ
2
syst/2), (30)

where Un is a new upper limit, Un0 denotes the classical value of upper limit, where no event
are observed, with the 90% confidence level parameter, which is ln10 ≈ 2.30, En ≡ Un0 − n
stands for the excess of the classical upper limit over the number n of observed events, and
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σsyst is the systematic uncertainty. In our case, due to the fact that no events are seen in
the area of interest and we have no background contribution, the equation 30 simplifies to:

Un = Un0 + U2
n0σ

2
syst/2. (31)

It was assumed that the systematic error is dominated by the difference of the normalization
obtained from η → γγ and η → e+e−γ channel shown in the end of section 5. This error is
as large as 15%. Taking this factor into account in the formula 31 we obtain the corrected
value of 90% confidence level branching ratio upper limit:

BRlimit = 3.9 · 10−6 at CL 90%.

This number is almost an order of magnitude better than the previous result obtained by
CELSIUS/WASA collaboration (2.7 · 10−5 at CL = 90%) and slightly better than the most
recent measurement from the HADES Collaboration (4.9 · 10−6 at CL = 90%) [20].
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8 Summary and Outlook

During a two week experiment performed at 2008 the WASA-at-COSY collaboration col-
lected a sample of η meson decays corresponding to about 5.91 · 107 mesons produced. The
experiment took place at Institute for Nuclear Physics of the Forschungszentrum Juelich
in Germany using Wide Angle Shower Apparatus (WASA) detection system. The detector
was installed at the Cooler Synchrotron (COSY) storage ring. Data sample was collected
using the reaction pp → ppX at the incident proton energy of 1.4 GeV. The internal proton
beam was scattered on frozen hydrogen pellets crossing the beam. All the final particles,
both charged and neutral, were detected and measured in the dedicated parts the WASA
detector which covers nearly 4π of decay space. Detector was constructed in order to allow
the search for very rare light meson decays into e+e− pair and to minimize the possible
background from external conversion by using specially designed pellet target system and
low amount of structural material. The production of η meson was identified using the miss-
ing mass technique. In this work the various electromagnetic η meson decays were observed
and its properties were measured. The new trigger system based on high energy deposits
in both halves of electromagnetic calorimeter developed especially for such decays of the η
meson was tested. Its performance was examined and its operation was implemented into
the analysis software. The performance of the WASA detector was investigated using more
frequent decay channels like η → γγ and η → e+e−γ. Those two decay modes served as a
testing field for the extraction of the reconstruction efficiency, crosscheck of normalization
and moreover for testing the response of the detector for electron-positron pairs of various
energies. For this processes several tests were performed on conversion reduction, simulation
of beam interaction with the rest gas, vertex size and its position and trigger response for
particles of different energies.

It was checked that the normalization is in agreement within 15% error between η → γγ and
η → e+e− channel. We see resonable agreement in the shape between data and Monte Carlo
simulations for the invariant mass and missing mass distributions.

The main goal of this work was searching for η → e+e− rare decay. The various cuts
that permit efficient selection of this channel were elaborated on the base of Monte Carlo
generated events. The simulations were performed for the signal and several background
channels as for example single Dalitz decay of η meson, direct two charged pion production
and Dalitz decays of baryonic resonances. For the applied cuts optimization procedure
were developed. The following studies allowed to put a branching ratio upper limit for this
process 3.9 · 10−6 at CL 90%. This number is better than the best measured value in the
international database coming from HADES collaboration. Unfortunately both results are
still three orders of magnitude above the theoretical predictions from the Standard Model for
the decay and at least two orders of magnitude above the expected hypothetical interactions
that arise from physics beyond the Standard Model.

It was shown that WASA detector is a perfect tool in the field of searching for rare light
meson decays. The developed techniques and the experience gained could be used in the
analysis of the data taken during the last years of WASA detector operation. The much
higher statistics nowadays available will allow to push the border even further.
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