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�There is no �rst principle which is in itself unknowable, not to be captured by a �ash

of insight (...) The di�culty has its seat in the empirical side (...) Sometimes we see

an elephant, and sometimes we do not. The result is that an elephant, when present, is

noticed."

Alfred North Whitehead
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Abstract

Doctor of Philosophy

Search for a new light boson in meson decays

by Damian Pszczel

The data sample used in this work was collected by the WASA-at-COSY collaboration

in proton-proton collisions at 1.4 GeV kinetic beam energy. The experiment took place

in 2012 at Forschungzentrum Jülich in Germany at the COSY storage ring. An internal

proton beam interacted with a pellet target of frozen hydrogen.

We implemented a set of selection criteria in order to extract the η → e+e−γ event

candidates. This is a rare electromagnetic decay of the η meson with branching ratio

equal to 6.9 · 10−3. The resulting set of events served as the basis for three analysis.

First, we extracted the η transition form factor that is a function depending on the inner

quark and gluon structure of the meson. We implemented a speci�c method to reduce

the contribution of background channels from direct pion production.

The second analysis was the search for a narrow structure on the e+e− invariant mass in

the selected sample of η → e+e−γ candidates. Many theoretical models and some astro-

physical and particle physics measurements suggest the existence of a new boson, also

called the dark photon, that couples to both dark and to Standard Model particles. This

particle would decay to e+e− pairs of well de�ned mass and therefore could be detected

by looking for narrow peaks in the e+e− invariant mass spectra. Since no statistically

signi�cant signal was observed, we set an upper limit on the coupling parameter ε2.

The third objective of this work was to select a sample of η → e+e−candidates. This

is a very rare decay and therefore sensitive to physics beyond the Standard Model. No

signal from η → e+e− was observed, therefore we were able to set an upper limit on the

branching ratio for this decay.
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Streszczenie

Dane wykorzystane w tej pracy zostaªy zebrane przez zespóª badawczy WASA-at-COSY

w zderzeniach proton-proton przy energii kinetycznej wi¡zki 1.4 GeV. Eksperyment zostaª

przeprowadzony w 2012 w Forschungzentrum Jülich w Niemczech z u»yciem pier±cienia

akumulacyjnego COSY. Wewn¦trzna wi¡zka protonów oddziaªywaªa z tarcz¡ zªo»on¡ ze

spadaj¡cych zamarzni¦tych kropel wodoru.

Opracowali±my zbiór warunków selekcyjnych maj¡cych na celu wyodr¦bnienie kanaªu

η → e+e−γ. Jest to rzadki elektromagnetyczny rozpad mezonu η, ze stosunkiem roz-

gaª¦zie« równym 6, 9 · 10−3. Zbiór wybranych w ten sposób zdarze« stanowi podstaw¦

do trzech przeprowadzonych analiz.

Po pierwsze, zmierzyli±my czynnik przej±cia mezonu η, który zale»y od jego wewn¦trznej

struktury kwarkowo-gluonowej. Zastosowali±my specjaln¡ metod¦ odcinaj¡c¡ wkªad od

kanaªów z bezpo±redni¡ produkcj¡ pionów.

Druga analiza polegaªa na poszukiwaniu w¡skiej struktury w rozkªadzie masy niezmi-

enniczej e+e− dla próbki przypadków-kandydatów na rozpad η → e+e−γ. Wiele teo-

retycznych modeli jak równie» niektóre pomiary astro�zyczne wskazuj¡ mo»liwo±¢ ist-

nienia nowego bozonu, zwanego tak»e ciemnym fotonem, który sprz¦gaªby si¦ zarówno

do cz¡stek ciemnej materii jak i do cz¡stek Modelu Standardowego. Bozon ten, mógªby

rozpada¢ si¦ na pary e+e− o dobrze zde�niowanej masie, byªby wi¦c mo»liwy do od-

krycia poprzez poszukiwanie w¡skich struktur w rozkªadzie masy niezmienniczej e+e−.

Poniewa» nie zaobserwowali±my statystycznie znacz¡cego sygnaªu - postawili±my górn¡

granic¦ na parametr sprz¦»enia ε2.

Trzecim celem tej pracy byªo wybranie próbki zdarze«-kandydatów na rozpad η → e+e−.

Jest to bardzo rzadki proces i z tego powodu wyj¡tkowo czuªy na wkªad od �zyki spoza

Modelu Standardowego. Nie zaobserwowali±my sygnaªu z kanaªu η → e+e− co umo»li-

wiªo nam postawienie górnego ograniczenia na stosunek rozgaª¦zie« dla tego rozpadu.

http://www.ncbj.gov.pl
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Chapter 1

Theory and motivation

1.1 The Standard Model

The Standard Model (SM) is a physical theory developed in the latter 20th century. It

describes the reality as emerging from di�erent combinations of 12 elementary particles,

quarks and leptons (left side of �gure 1.1), that interact trough the exchange of 5 so

called gauge bosons (right side of �gure 1.1).

Figure 1.1: Elementary particles.

The Higgs boson occupies a special place in this picture for it is responsible for particle

masses. Its recent (2012) discovery at CERN (Aad et al. [1], Chatrchyan et al. [2])

rea�rmed the SM is one of the most successful physical model of all time.

1
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Table 1.1: Non-exhaustive list of pseudoscalar mesons

Particle Quark content Mass (MeV/c2) IG JPC Mean lifetime (ns)

π+/π− ud/ud 139.57 1− 0− 2.6× 10−8

π0 uu−dd√
2

134.97 1− 0−+ 8.52× 10−17

η uu+dd−ss√
3

547.86 0+ 0−+ 5.02× 10−19

K+/K− us/us 493.68 1
2 0− 1.24× 10−8

K0
S

ds−sd√
2

497.61 1
2 0− 8.95× 10−11

K0
L

ds+sd√
2

497.61 1
2 0− 5.12× 10−8

1.2 The η meson and its decay channels

The etymology of the word meson comes from the Greek mesos which means middle.

Hideki Yukawa, in the 1930s, �rst used this term to characterize particles with masses

between those of electrons and protons. Those particles are known today as pions (π

mesons). Mesons interact strongly so they are hadrons and they are composed of quark-

anti-quark pair thus their baryon number is zero.

The η particle is a pseudoscalar meson. The list of pseudoscalar mesons, along with

their basic characteristics such as the quark content, mass, mean lifetime, isospin (I),

G-parity (G), total angular momentum (J), parity (P) and C-parity (C) is presented in

table 1.1. The total spin of pseudoscalars is zero and they have odd parity JP = 0−.

The pseudoscalar mesons consisting of up, down, and strange quarks only - pions, kaons

, η and η′ mesons - form a nonet (see �gure 1.2). In terms of the SU(3) �avour symmetry

group, introducing a mixing angle θ, one can represent the η meson as a superposition

of a singlet and an octet states η1 and η8:

|η1〉 =
1√
3

(uū+ dd̄+ ss̄) (1.1)

|η8〉 =
1√
6

(uū+ dd̄− 2ss̄) (1.2)

and (see Kullander et al. [3])

|η〉 = cos θ |η8〉 − sin θ |η1〉 ≈
1√
3
uu+ dd− ss (1.3)
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Table 1.2: Decay modes of η

Decay mode Branching ratio

η → γγ (39.41± 0.20)%

η → π0π0π0 (32.68± 0.23)%

η → π+π−π0 (22.92± 0.28)%

η → π+π−γ (4.22± 0.08)%

η → e+e−γ (6.9± 0.4)× 10−3

where the θ value estimations vary between −15.4◦ (Feldmann et al. [4]) and −18.4◦

(Hsiao et al. [5]) while combined BABAR and CLEO data provide θ ∼ −16.84◦.

Figure 1.2: Pseudoscalar meson nonet.

The approximation that the three lightest quarks (u, d and s) have zero masses leads

to an exact SU(3) �avour symmetry, also known as chiral symmetry of the quantum

chromodynamical (QCD) Lagrangian. In this picture, the pseudoscalar mesons would

be the massless Goldstone bosons1. Since we know that quark masses are non zero, this

symmetry is broken and the pseudoscalar mesons acquire their masses.

The lifetime of the η (see 1.1) meson is relatively long since all its strong, electromagnetic

and weak decays are forbidden in the �rst-order (C, CP, G parity conservation). Its main

decay channels are shown in table 1.2.

1.3 Dark matter and search for a new light boson

The SM of particle physics provides a very satisfactory description of the interactions

between �elds and matter that �ll the space we live in. However, the unexplained nature

of Dark Matter motivates searches for an extension of this model to a more fundamental

1Only η′ meson would have a non zero mass.
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theory. One of many possible approaches to solve this issue consists in introducing the

concept of the Dark Sector.

Dark Sector particles interact weakly with the usual matter through one or more me-

diators that are coupled to the SM via a portal. There are di�erent types of portals

depending on the mediator spin and parity - scalar, pseudoscalar, fermion or vector.

Some astrophysics observations such as the positron and/or electron excesses observed

by PAMELA (Adriani et al. [6]) (see spectra in �gure 1.3 from Adriani et al. [7]), ATIC

(Chang et al. [8]), H.E.S.S. (Aharonian et al. [9]) and AMS (Vecchi [10]) as well as the

narrow 0.511 MeV γ ray emission from the galactic bulge observed by INTEGRAL (Jean

et al. [11]) may indicate the presence of new undiscovered particles that decay to e+e−

pairs. Those measurements are our principal motivation to focus on the hypothetical

vector portal and its associated vector mediator.

Figure 1.3: Positron fraction in cosmic rays (see Adriani et al. [7]).

The hypothesis of a new boson solving the problem of the dark matter content in the

Universe is an idea that emerged in the 80's. Multiple authors postulated an extra

U(1)dark abelian gauge �eld and the associated light vector boson, also called the dark

photon, in the O(MeV�GeV) mass range, as a possible extension of the SM (Fayet [12],

Dobroliubov and Ignatiev [13], Boehm and Fayet [14]).

The dark photon is a vector �eld A′µ with Lagrangian:
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LA′ = −1

4
F ′µνF ′µν +

ε

2 cos θW
BµνF ′µν −

1

2
m2
A′A

′µA′µ (1.4)

where F ′µν ≡ ∂µA
′
ν − ∂νA′µ is the dark photon �eld strength and Bµν ≡ ∂µBν − ∂νBµ

is the SM hypercharge �eld strength. This model of the minimal kinetically mixed dark

photon (Alexander et al. [15]) is parametrized by the dark photon mass mA′ and the

kinetic mixing parameter ε. For mA′ in the range of MeV-GeV, the dominant e�ect of

this kinetic mixing (after electroweak symmetry breaking) is an analogous mixing with

the SM electromagnetic �eld strength Fµν expressed by ε
2F
′
µνF

µν . The result of this

mixing is that the dark photon acquires a coupling of strength eε to the electromagnetic

current.

1.4 Dalitz decays of pseudoscalar mesons

A (single) Dalitz decay of a pseudoscalar meson, also called a conversion decay, is shown

in �gure 1.4 for η. The meson decays into one real and one virtual photon. The latest

converts into a lepton-antilepton pair (electrons or muons). The squared four-momentum

of the virtual photon, q2 is equal to the invariant mass of the resulting l+l− system:

q2 = M2
l+l− = (El+ + El−)2 − (pl+ + pl−)2 (1.5)

where E denotes the particle energy and p its momentum vector.

In the point-like QED approximation, the di�erential cross section2 of the Dalitz decay

is given by:

dΓP→l+l−γ
dq2ΓP→γγ

=
2α

3πq2

√
1−

4m2
l

q2
(1 +

2m2
l

q2
)(1− q2

M2
P

)3/2 (1.6)

The equation 1.6 holds as long as we neglect the inner structure of the pseudoscalar

meson, i.e. its quark and gluon content. In section 1.4.1 we will describe the formalism

used to take into account this e�ect.

2Normalized with respect to the double photon channel.
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Figure 1.4: Feynman diagram of the η → e+e−γ decay.

1.4.1 Form factors

1.4.1.1 Electromagnetic form factor

When we consider the scattering on charged composite particles, we need to take into

account the inner electromagnetic structure of those objects. Quantum electrodynamics

(QED) allows us to calculate the interaction properties of point-like particles. The inner

electromagnetic structure of a composite particle can be represented by a function called

the form factor. The di�erential cross-section for the scattering of an electron (elementary

point-like particle) with a composite particle (such as protons, mesons, etc) can then be

written in the form:

dσ

dq2
=

∣∣∣∣ dσdq2

∣∣∣∣
QED

∣∣F (q2)
∣∣2 (1.7)

where
∣∣∣ dσdq2 ∣∣∣QED is the di�erential cross-section for the scattering of an electron on an-

other point-like charged particle calculated in the QED framework, and F (q2) is the

electromagnetic form factor function depending on the transferred four-momentum q. In

the non-relativistic limit, the electromagnetic form factor is the Fourier transform of the

charge distribution function.

1.4.1.2 Transition form factor

In subsection 1.4.1.1, we have seen how to determine the electromagnetic form factor of a

non-elementary charged particle - we basically just need to bombard it with a structure-

less particle such as electrons and calculate the deviation of the observed di�erential

cross-section with respect to theoretical predictions. For a pseudoscalar meson such as

η this is more complicated because it is short-lived and electrically neutral. Moreover,
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the conservation of C-parity forbids the processes involving neutral mesons and a single-

photon exchange.

In order to investigate the inner (quark and gluon) structure of a pseudoscalar meson we

have to adopt a more subtle approach. We study the decay of the form:

η → γ + γ∗ → γ + e+ + e− (1.8)

This is the Dalitz decay of the η meson. As already seen in 1.4, it involves two photons

- one real, massless, and one virtual with non-zero mass that converts into an electron-

positron pair3. The term transition is generally used in processes such as A → Bγ

where A and B are neutral mesons. The transition form factor describes the e�ects of

the electromagnetic dynamic structure arising at the transition vertex of this process.

The Dalitz decay is a special case since it only involves one neutral meson. Therefore,

the corresponding transition form factor depends only on the electromagnetic structure

of this meson. The virtual photon carries a time-like > 0 four-momentum q, which is

de�ned by 1.5. The probability of formation of a lepton pair with some mass me+e−

is proportional to the probability of emission of a virtual photon with four-momentum

q. In case of a Dalitz decay q = me+e− . Analogically to the approach presented in

section 1.4.1.1, we can express the invariant mass spectrum of e+e− system as a product

of two contributions: a QED part corresponding to the point-like approximation (see

equation 1.6) and the transition form factor that contains the e�ect of the inner structure

of the η meson.

1.4.1.3 Vector Meson Dominance model

In the 60's, J.J. Sakurai predicted the existence of vector mesons coupled to the hadronic

isospin and hypercharge currents (? ]).

The VMD model was introduced in order to explain the fact that the interaction be-

tween (energetic) photons and hadrons is much more intense than expected by the sole

interaction of photons with the hadron's electric charge4. The model tries to solve this

issue by assuming that the photon (JP = 1−) is a superposition of the pure electromag-

netic photon which interacts only with electric charges and neutral vector mesons (also

JP = 1−). It follows that the interaction between photons and hadrons occurs by the

exchange of vector mesons and it is these mesons that give rise to the enhancement5.

3More generally, lepton-antilepton pair.
4Moreover, the interaction between photons and protons is comparable to the interaction of photons

with neutrons in spite of the di�erence of their electric charge structure.
5Through their resonant, i.e. possessing a complex pole, propagators.



Chapter 1. Theory and motivation 8

This e�ect is especially well pronounced in the case of time-like photons (q2 > 0) when

the squared 4-momentum approaches the squared mass of one of the vector meson (e.g.

q2 ≈ m2
ρ).

Therefore, in the framework of the VMD model the form factor takes the form of:

F (q2) =
∑
V

M2
V

M2
V − q2 − iMV ΓV (q2)

∼=
1

1− q2

M2
V

(1.9)

where V = ρ, ω, φ6, ΓV (q2) is the total width and MV the mass of the vector meson,

q2 was already described by 1.5.

The illustration of the VMD model in case of η → e+e−γ decay is shown in �gure 1.5.

One can compare it to the diagram from �gure 1.4.

Figure 1.5: Feynman diagram of the η → e+e−γ decay in the VMD model.

The equation 1.9 is often used as a �t function. The MV vector meson mass is replaced

by a free parameter Λ and, for convenience, the value of Λ−2 (sometimes called bη) is

provided as result of form factor calculations.

1.4.2 Search for dark photon in π0 → e+e−γ channel

The search for a dark photon was already performed by WASA-at-COSY collaboration

in the π0 → e+e−γ channel. The results were published in Adlarson et al. [16]. The idea

of the analysis was to search for a narrow structure in the invariant mass spectrum of

e+e− pair (see �gure 1.6) for dark photon mass in 20-100 MeV/c2 range (less than twice

the muon mass). For ε2 > 10−6 the average path traveled by a dark photon emitted in

a low energy π0 decay should be less than a millimeter, therefore we are, in principle,

able to detect its decay inside our detector. Neglecting higher-order electromagnetic and

6For the energy range considered in our experiment the most important contribution originates from
the ρ meson.
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tiny weak contributions and assuming that the dark photon doesn't decay to light dark

scalars and/or fermions, the total width of the dark photon can be expressed as:

ΓA′ = ΓA′→e+e− =
1

3
αε2mA′

√
1− 4m2

e

m2
A′

(1 +
2m2

e

m2
A′

) (1.10)

Figure 1.6: Invariant mass of e+e− from π0 → e+e−γ decay from Adlarson et al. [16]

A sample of 5·105 π0 → e+e−γ decays were selected and since no signal from dark photon

decay was observed an upper limit for the model parameters (ε2,mA′) was established.

This is shown in �gure 1.7.

Figure 1.7: Upper limits of (ε2,mA′) parameter space from Adlarson et al. [16]
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1.4.3 η → e+e−γ channel

The �rst observations of η → e+e−γ (and π0 → e+e−γ) channel was performed in the

70's (Kotlewski [17] and Jane et al. [18]). They were based on limited data samples

with high background contribution (mostly from photon conversion in target and set-

up material). A very insightful treatment of electromagnetic decays of light mesons,

including η → e+e−γ, is presented in Landsberg [19]. The main reason for present

day focus on the η → e+e−γ decay is related to the determination of η transition form

factor. This is done through two decay modes η → e+e−γ and η → µ+µ−γ. The latter

channel was studied in IHEP with Lepton-G spectrometer (Dzhelyadin et al. [20]) and

by NA60 experiment (Arnaldi et al. [21] and, more recently, Arnaldi et al. [22]). The

results of Lepton-G and NA60 experiments are based on respectively 600 and 9000 event

candidates and are shown, along with the VMD prediction, in �gure 1.8. One can observe

there is no information about the form factor below two muon masses for it corresponds

to the lower kinematic limit of the squared four-momentum transfer.

Figure 1.8: Results of the Lepton-G (open circles) and the NA60 (triangles) mea-
surements of the η → µ+µ−γ decay. The solid and dashed-dotted lines are �ts to
the NA60 data while the dotted line is the VMD model prediction. Picture is taken

from Dzhelyadin et al. [20]
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The η → e+e−γ channel was analyzed in SND detector at VEPP-2M collider (Novosi-

birsk) in 1996 and 1998 (Achasov et al. [23]). Here, 109 candidates were found. Another

experiment was performed at MAMI-C accelerator with Crystal Ball (CB) and TABS

detectors (Berghauser et al. [24]). It collected 1345 η → e+e−γ candidates. Both results,

along with NA60 data points and a theoretical calculation from Terschlusen and Leupold

[25], are shown on �gure 1.9.

Figure 1.9: The red circles are the data of Berghauser et al. [24] (the black curve is
the �t to the data). The green (open) circles show the result of the SND experiment
(Achasov et al. [23]). The blue (inverted) triangles represent the result obtained by
NA60 (Dzhelyadin et al. [20]). The green (dashed) curve is a calculation performed

by Terschlusen and Leupold [25]. Picture is taken from Berghauser et al. [24]

The most precise measurements of the Λ−2 parameter up to date were performed by the

NA60 experiment [22] Λ−2 = (1.934± 0.067stat ± 0.050sys) GeV
−2 and the most recent

result is from MAMI (CB/TABS detectors) [26] Λ−2 = (1.97± 0.11tot) GeV
−2.

The analysis of this channel will be detailed in chapter 6. It will be a double track

approach. On the one hand, we will extract the η transition form factor and on the

other hand we will search for the dark photon. The latter will proceed similarly to the

π0 → e+e−γ analysis described in 1.4.2 as we look for a peak in the invariant mass of

e+e− from η → e+e−γ decay.
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1.5 Rare leptonic decays of pseudoscalar mesons

The rare leptonic decays of pseudoscalar mesons, P → l+l−, provide a very sensitive

probe of physics beyond the SM. Historically, the �rst decay of this type to be discovered

experimentally was η → µ+µ− (Hyams et al. [27]). In those fourth-order electromagnetic

processes, the hadron vertex is connected to the leptonic pair by two virtual photons (see

�gure 1.10). This decay cannot go through one virtual photon stage (tree level) since a

photon cannot couple to spin 0. It is suppressed with respect to P → γγ reaction by

two orders of α ∼ 10−2 for it has two more vertices. In the particular case of decay into

e+e−, highly relativistic, the conservation of helicity reduces this branching ratio even

more, by a factor of 2(me/mP )2. Those e�ects are responsible for the extremely low SM

value of those processes. Following Landsberg [19], the branching ratio can be written

in the form:

BR(P → l+l−) = Γ(P → l+l−)/Γ(P → all channels)

= BR(P → γγ) 2α2ξ2β [|X|2 + |Y |2] (1.11)

where α is the �ne structure constant, ξ = ml/mP , β = (1 − 4ξ2)1/2, X and Y are,

respectively, the real (dispersive) and imaginary (absorptive) components of the normal-

ized dimensionless amplitude in the P → l+l− decay. If we neglect the dispersive part,

the imaginary component |Y |2 = 1
4 β
−2
(
ln1+β2

1−β2

)2
provides a way, using the so-called

unitarity bound7, to set a theoretical lower limit on the branching ratio. The dispersive

part diverges logarithmically for a pointlike vertex. Therefore we must introduce a cuto�

related to the vertex structure, the form factor FP (q2
γ1; q2

γ2;m2
P ) (see �gure 1.10). A more

detailed description of the form factor is presented in section 1.4.1.

Figure 1.10: P → l+l− decay.

7Based on the fact that |Y |2 ≥ (ImY )2
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1.5.1 π0 → e+e− channel

The unitary bound for this channel constrains its branching ratio: BR(π0 → e+e−) ≥
4.69×10−8. Taking into account the data from CELLO and CLEO experiments (Behrend

et al. [28]) and (Gronberg et al. [29]) to determine the form factor parameters, a value of

BRth(π0 → e+e−) = (6.23±0.09)×10−8 is obtained in Dorokhov [30]. This result is 3.3σ

below the experimental value from KTeV experiment at Fermilab BRexp(π0 → e+e−) =

(7.48 ± 0.29stat ± 0.25sys) × 10−8 (Abouzaid et al. [31]). KTeV measured 794 π0 →
e+e− events candidates where π0's produced and tagged by KL → 3π0 reaction. This

enhancement is hard to explain by SM contributions (radiative and mass corrections). On

the graph 1.11 from Dorokhov [32] we see many theoretical calculations of this branching

ratio (using di�erent models), the unitary bound and the CLEO bound (form factor data)

along with the experimental KTeV value.

Figure 1.11: Theoretical predictions of BR(π0 → e+e−) and KTeV experimental
value (taken from Dorokhov [32])

Although some of the theoretical predictions Savage et al. [33] (very large uncertainties)

and Gomez Dumm and Pich [34] reported in �gure 1.11 are consistent with the exper-

imental value, the result calculated by Dorokhov and Ivanov [35] in 2007 is the most

precise and therefore relevant estimation to searches related to this channel.

We can neglect any weak SM contribution since the Z boson is much more massive

than the pion mZ/mπ0 ∼ 103. The discrepancy between theoretical predictions and

experimental results described in this section leads to speculations about the existence

of yet undiscovered light particles.
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Table 1.3: Theoretical predictions of η → e+e− branching ratio

Model Ref BR(η → e+e−)×109

LMD large-Nc Knecht et al. [38] 4.5± 0.02

CLOE+OPE Dorokhov and Ivanov [35] 4.6± 0.06

Modi�ed VMD Petri [36] 4.65± 0.01

Hidden gauge Petri [36] 4.68± 0.01

ChPT Savage et al. [33] 5± 1

Mass corrections Dorokhov et al. [37] 5.24

ChPT large-Nc Gomez Dumm and Pich [34] 5.8± 0.2

1.5.2 η → e+e− channel

The most recent theoretical calculations of this decay branching ratio provide values

around 10−9. They use di�erent models, among other ChPT (Savage et al. [33]), modi�ed

VMD, hidden gauge (Petri [36]) and take into account various corrections (such as mass

correction Dorokhov et al. [37]). Those results are listed in table 1.3.

In 2008, a branching ratio upper limit of 2.7 · 10−5 at 90% C.L. was established for this

channel in WASA-at-CELSIUS experiment and published in Berªowski et al. [39]. WASA-

at-CELSIUS set-up consisted of the same WASA detector we use in this work while it

operated at the CELSIUS storage ring located in Uppsala (Sweden) at The Svedberg

Laboratory. This limit was extracted from a sample of 2.41 · 105 η mesons produced in

pd→ 3He η reaction at 893 MeV incident proton energy (close to η production threshold).

The best actual upper limit is < 4.9·10−6 (at 90% con�dence level) and it was established

by HADES experiment in 2012 (Agakishiev et al. [40]). HADES operates at GSI research

centre in Darmstadt (Germany). This result was based on data collected in pp collisions

at 3.5 GeV.

Up till now, there are only upper limits for η → e+e− decay but if one were to determine

a BR(η → e+e−) value exceeding ∼ 6 · 10−9 it might be seen as a signature of physics

beyond the SM.

The analysis of 2012 WASA-at-COSY data with respect to η → e+e− channel is described

in chapter 7.

1.6 Analysis outlook

The structure of this work is the following. In chapter 2, we present the experimental

set-up, the technical parameters of the COSY storage ring and a detailed description of
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the WASA detector together with its data acquisition system. Chapter 3 is dedicated

to event reconstruction i.e. the process used in WASA-at-COSY in order to extract real

particle tracks from raw detector responses. In chapter 4, we describe the methods of

event simulation that are used in this work. We illustrate some of reconstruction e�ects

on those simulations and we brie�y discuss about rest gas in�uence. Chapter 5 presents

the data sample used in this work and describe the initial data reduction. Chapter 6 and

chapter 7 report the analysis of, respectively, η → e+e−γ and η → e+e− channels based

on this data sample. Results of those analysis and the related discussions are presented

in chapter 8. At the end of this chapter, there is a short summary and the outlook for

future activity is sketched.



Chapter 2

Experimental set-up

2.1 The COSY storage ring

COSY (Cooler Synchrotron) is a particle accelerator coupled with a storage ring (184 m

of circumference) operated by the Institute of Nuclear Physics (IKP) at Forschungzen-

trum Jülich in Germany. It provides polarized and unpolarized beams of protons or

deuterons with momentum range between 0.3 and 3.7 GeV/c.

The schematic view of the COSY facility is shown in �gure 2.1. It has the form of a

race track (roman hippodrome) with two 40 m long straight sections. COSY is able to

provide beams to both internal and external targets.

The isochronous cyclotron JULIC starts the acceleration process imparting up to 296

MeV/c momenta to ions. The beam is then injected into the COSY ring where it is

accelerated until the desired momentum is reached. In order to reduce the phase-space

volume, up to ∆p/p ∼ 10−4, electron and stochastic cooling are implemented (see ref

[41]).

The COSY ring can store around 1011 particles per accelerated bunch. This allows

for typical luminosities around 1031cm−2s−1 in case of experiments with an internal

target. The beam intensity is reduced due to collisions with the internal target (or beam

extraction). The duration of typical acceleration cycles in case of our experiment is of

the order of a few minutes. The average beam momentum also decreases with time - this

e�ect is compensated by the use of �barrier bucket�, a nonlinear radio frequency cavity

(see ref [42] for details).

16
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Figure 2.1: The COSY facility.

2.2 The WASA detector

WASA (Wide Angle Shower Apparatus) is a large-acceptance detector (almost 4π) for

charged and neutral particles. It operated at the CELSIUS storage ring at The Svedberg

Laboratory in Uppsala (Sweden) until June 2005. After the shutdown of CELSIUS, the

detector was transported to COSY. Installed in summer 2006, it collected data until

middle of 2014. In 2015 the central detector and the pellet target were removed while

the forward detector is used as azimuthally symmetric polarimeter for the Electric Dipole

Moment (EDM) experiment.

The WASA detector is an internal experiment situated at one of the straight sections of

the COSY storage ring. It was designed to study rare decays of mesons (π0, η, η′ or ω)

and to investigate the structure of hadrons and symmetry breaking mechanisms. The

cross section of the detector together with the acronyms of its sub-parts are shown on

�gure 2.2.
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Figure 2.2: The WASA set-up.

In the following sections, we divide the WASA detector into three components: the pellet

target (PT), the central detector (CD) and the forward detector (FD) and we describe

their sub-parts.

The WASA coordinate system (used in this analysis) is sketched on �gure 2.3.

Figure 2.3: The WASA coordinate system

2.2.1 Pellet Target

The WASA target is based on a unique design that provides droplets of frozen hydrogen

or deuterium. To form those pellets from an initial jet, a piezoelectric vibrating nozzle

is used. The pellets are then collimated and injected into the scattering chamber where

they freeze by evaporation1 and interact with the accelerator beam. The pellet guiding

1The temperature and pressure conditions in the scattering chamber are kept below the hydrogen
triple point.
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Table 2.1: Basic characteristics of the PT system

Pellet parameter Value units

Diameter 25− 35 µm
Frequency 5− 7 kHz
Velocity 70− 80 m/s
Stream divergence 0.04 ◦

E�ective thickness ∼ 1015 atoms/cm2

tube is connected to the beam pipe COSY tube - to its top - in order to allow the pellet

stream injection from above and to its bottom - to collect the droplets in the pellet beam

dump.
 

600 mbar 

Cold head 

 

Droplet chamber 

Vacuum injection 

Skimmer 

H / D2 2 He 

 

COSY beam 

-31×10  mbar  

 

Liquid jet nozzle
T=15 K ; 20 K20 mbar /

60 mbar

-61×10  mbar

-41×10  mbar Beam dump

Figure 2.4: The WASA Pellet Target

This particular setup was developed and tested at the CELSIUS storage ring (see [43]

and [44]). It allows for high luminosities (up to 1032 cm−2 s−1) and signi�cantly limits the

internal photon conversion inside the interaction region (IR). The system design provides

the necessary space to insert the 4π detector around the IR.

A schematic description of the PT is shown in �gure 2.4 and some of its basic character-

istics are listed in table 2.1

2.2.2 Central Detector

The main objective of this part of the WASA detector is the detection and identi�cation

of the particles produced in the collisions of beam and pellet target streams. Those
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(a) MDC detector inside Al-Be cylinder (b) MDC detector tiltes layers

Figure 2.5: The MDC detector

particles are directly produced in the interaction process or indirectly as a decay product

of other particles. The WASA CD, surrounding the interaction region, consists of three

sub-detectors and a solenoid. It is able to measure energies and momenta of charged and

neutral particles in an almost 4π solid angle range.

2.2.2.1 Mini Drift Chamber

The so-called Mini Drift Chamber (MDC) consists of 1738 aluminized Mylar drift tubes

arranged in 17 cylindrical layers with layer radius between 41 mm and 204 mm (see

�gure 2.5a). Each straw (drift tube) is �lled with a mixture of argon and methane (80%-

20%) and contains a central anode made of a 20µm diameter gold plated tungsten wire.

The diameter of those straws varies between 2 mm (�ve inner layers), 3 mm (six central

layers) and 4 mm (six outer layers). In order to allow for z coordinate determination,

the tubes in eight of the layers are slightly skewed (tilted) with respect to the beam

direction (from 6◦ to 9◦) forming a hyperboloidal shape (see �gure 2.5b). The tubes in

the remaining nine layers are aligned with the COSY beam axis. Each layer of straws is

held in place by semi-ring plates made of Al-Be (50%-50%) alloy and the whole structure

is placed inside an Al-Be cylinder.

The MDC detector surrounds the interaction region. It is used to reconstruct vertex

positions and charged particle momenta, charges and energies based on the characteristic

of their tracks in the magnetic �eld provided by the solenoid (see section 2.2.2.3). It

covers a polar angle (θ on �gure 2.3) range from 24◦ to 159◦. The precision of vertex

reconstruction for the scattered protons is σx,y ∼ 1 mm (transverse directions) and of

σz ∼ 3 mm (beam axis). A detailed description of the MDC detector can be found

in [45].
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2.2.2.2 Plastic Scintillator Barrel

Figure 2.6: Transverse sections of forward, central and backward parts of the PS
detector.

The PSB is a collection of thin, 8 mm thick, BC-408 plastic scintillators. It has cylindri-

cal shape and is placed directly outside the MDC detector (see �gure 2.8). The central

part (PSC), made of 50 rectangular bars2, forms two partially overlapping layers and

surrounds the drift chamber (MDC). Its extremities are closed with forward and back-

ward end caps each one consisting of 48 trapezoidal shaped elements. The forward end

cap (PSF) is placed at 90◦ with respect to the beam axis and the backward cap (PSB)

is inclined at 30◦ forming a conical shape. A longitudinal PS detection module is shown

in �gure 2.7 while the �gure 2.6 represents its transverse section.

Figure 2.7: A longitudinal detection module formed by the forward (B), central (A),
backward (C) elements of PS and the light guides (D).

2.2.2.3 Superconducting solenoid

To determine the polarity and momenta of charged particles in WASA, we need a mag-

netic �eld. Therefore a superconducting solenoid was inserted between the SEC and

2Two of the initial 48 elements are divided into two halves in order to make space for the pellet
injection tube.
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Figure 2.8: The 3D model of the central part of the PS (blue) surrounding the MDC
detector (light brown).

the PSB detectors. It is cooled by a liquid Helium cryostat that keeps the operating

temperature at 4.5 K and it provides an axial (parallel to the beam) magnetic �eld. The

�ux density in the interaction region can reach 1.3 T (see �gure 2.9). The experiment

that provided data for the analysis described here used a �eld of 1 T.

In order to reduce the negative e�ect on the accuracy of the energy measurements in

SEC, the walls of the SCS are made of 16 mm thick alluminium which is equivalent to

0.18 radiation length. A 5 tons iron yoke, enclosing the whole CD, provide the return

path for the magnetic �ux. It also shields the photomultipliers from the magnetic �eld.

2.2.2.4 Scintillating Electromagnetic Calorimeter

The electromagnetic calorimeter (see �gure 2.10) is the outermost active component of

the CD placed between the solenoid and the yoke. It is formed by 1012 sodium-doped

CsI scintillating crystals which have the shape of a truncated pyramid (see �gure 2.11).

They are arranged in 24 ring-layers along the beam axis and cover an angular range from

20◦ to 169◦. Those layers form three groups:

• the central part (SEC) consists of 17 layers, each with 48 crystals (30 cm each)

• the forward part (SEF) consists of 4 layers, each with 36 crystals (25 cm each)

• the backward part (SEB) consist of 3 layers, two with 24 crystals and one with 12

crystals (20 cm each)
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Figure 2.9: Calculated distribution of the magnetic �ux density for a coil carrying
current of 667 A (see [46]). Contour maxima are indicated by lines marked A-H, where:
A=0.10 T, B=0.25 T, C=0.050 T, D=0.75 T, E=1.00 T, F=1.20 T, G=1.30 T and

H=1.50 T.

The crystal length varies from SEF to SEB - it is equivalent to ∼ 16 radiation lengths

and ∼ 0.8 of hadronic interaction length. The stopping power of the crystals is around

190 MeV for pions, 400 MeV for protons and 450 MeV for deuterons (see reference [47]).

The schematic structure of the calorimeter layers and their angular coverage is shown in

�gure 2.12

Figure 2.10: The electromagnetic calorimeter of WASA.
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Figure 2.11: A fully equipped SEC module consisting of a CsI crystal, light guide
and the photomultiplier tube.

Figure 2.12: Angular coverage of the calorimeter layers with the number of consti-
tuting crystals indicated above.

The electromagnetic calorimeter provides information about the energy deposited along

neutral or charged particle tracks and the angular parameters of those tracks (emission

angles). It covers 96% of the 4π solid angle with gaps for PS light guides and for pellet

injection. The energy resolution for photons is given by ∆E
E = 5%√

E/GeV
while for charged

stopped particles it is ∼ 3%.

The angular resolution is limited by the crystal size and thus we have ∼ 5◦ resolution in

polar angle and ∼ 7.5◦ resolution in azimuthal angle.

2.2.3 Forward Detector

The Forward Detector (FD) is situated down-stream of the interaction region and consists

of plastic scintillators (FWC, FTH, FRH and FVH) and a straw tube tracker (FPC). The

FD provides information about the energy deposits and angular parameters of charged

tracks, mostly scattered protons, deuterons and helium ions. The angular coverage (polar

angle) of the FD detectors is 3◦ − 18◦ and the angular resolution is of about 0.2◦.
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(a) The FWC detector where a quarter of the
second layer was removed to show the structure. (b) The FWC exploded view.

Figure 2.13: The Forward Window Counter detector

2.2.3.1 Forward Window Counter

The FWC is closest to the interaction region, situated along the beam axis. It is formed

by two layers of 24 pie-shaped elements (see �gure 2.13). Each element is a 3 mm

BC408 plastic scintillator. The �rst layer is inclined by 80◦ with respect to the beam

axis (in order to be as close to the interaction region as possible). The second layer is

perpendicular to the beam axis. The layers are shifted by half an element with respect

to each other, resulting in an e�ective granularity of 48 elements.

This detector is an important part of the trigger system and for experiments with 3He

production it also provides information for particle identi�cation.

2.2.3.2 Forward Proportional Chamber

The FPC, located right after the FWC, is a straw tube tracker made of four modules of

four layers. Layers consist of 122 drift tubes each made of 26µm aluminized mylar and

8 mm of diameter and a stainless steel sensing wire of thickness 20µm. The drift gas is

the same a in the MDC (see section 2.2.2.1), a 80%− 20% mixture of argon and ethane.

In order to improve the e�ciency of track reconstruction the orientation of the modules

was shifted in the XY plane as seen on �gure 2.14 at −45◦ (module 1), 0◦ (module 4),

45◦ (module 2) and 90◦ (module 3) with respect to the y-axis.

This detector provides the most precise angular information about the forward scattered

particles.
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Figure 2.14: The Forward Proportional Chamber detector.

2.2.3.3 Forward Trigger Hodoscope

The next detector is called the Forward Trigger Hodoscope. It consists of three layers

of 5 mm BC408 plastic scintillators. There are 48 pie-schaped elements in the �rst

layer and 24 elements in the second and third layer. The shape of the last two layers

is that of an Archimedian spiral - elements are oriented clockwise in the second layer

and anti-clockwise in the third layer. This geometry is shown in �gure 2.15. It creates a

special pixel structure where each pixel correspond to a given combination of elements

and layers. It allows for a fast extraction of angular information, polar and azimuthal

angles, and hit multiplicities needed by the trigger system.

Figure 2.15: The Forward Trigger Hodoscope detector.

2.2.3.4 Forward Range Hodoscope

The FRH detector consists of �ve pie-shaped layers each made of 24 BC400 plastic

scintillator elements (see �gure 2.16). The �rst three layers have a thickness of 110 mm
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Table 2.2: Stopping power of the FRH for di�erent particles

Particle Stopping power

π 200 MeV
p 360 MeV
d 450 MeV

3He 1000 MeV
3He 1100 MeV

and the last two are 150 thick. The energy resolution of stopped particles is of about

3%. The stopping power of the FRH for di�erent particles is shown in table 2.2.

Figure 2.16: Schematic view of the Forward Range Hodoscope detector.

The main function of the FRH detector is the reconstruction of kinetic energies (from

energy deposits) and track parameters of forward scattered particles. Using the ∆E−E
method one can use the signals from di�erent layers in order to identify those parti-

cles (f.e. disentangle between protons and deuterons). The coincidence of signals from

matching azimuthal (φ) angle segments of FRH, FWC and FTH is used to identify the

trajectories of particles.

2.3 The Data Acquisition and Trigger System

The data �ow corresponding to signals from di�erent detector elements is huge. At the

designed luminosity3 of 1032 cm−2s−1 the event rate was estimated to be of the order of

5 ·106 per second (50MHz). The size of one usual event is of the order of a few kilobytes.

The data acquisition system represented on �gure 2.17 is able to handle between 10 and

20MHz. We cannot save all signals, therefore we need a trigger system that enables the

disk writing for only those events that have a desired signature.

3This is an upper limit never reached in the actual experiment. Luminosity values a few times lower
were achieved.
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Figure 2.17: The data acquisition system.

The �gure 2.18 illustrates the two-level organization of the trigger system. The �rst

level4 consists of fast detectors such as plastic scintillators in FD and the PSB detector

in CD. It is based on a set of multiplicity coincidence and track alignment conditions. It

provides the time scale for the event. It is used, for example, to �x the integration gates

for the QDCs. The second stage of the trigger system, slower5, takes into account the

cluster multiplicity and the energy deposits in the electromagnetic calorimeter (SEC).

Figure 2.18: The trigger system.

After passing through the Delay Matching unit that corrects for the time di�erences

between the �rst and second trigger level, the information from the primary triggers

4The �rst level processing time is around 200 ns
5The second level processing time is around 500 ns
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(input triggers) is combined in order to form a more complex triggering pattern. A

prescaling factor is applied to all high rate triggers in order to balance the whole setup.

2.4 Description of the trigger

The trigger (TR10) that was selecting the data set used in this work is de�ned as follows:

fhdwr2& frhb2& seh2. Those acronyms stand for:

• fhdwr2 - two matching tracks in FD (geometrical overlapping and temporal coin-

cidence between di�erent detectors)

• frhb2 - two deposits above a de�ned threshold in the second layer of the FRH

detector

• seh2 - two deposits above a de�ned (high) threshold (around 50MeV) in the elec-

tromagnetic calorimeter

This trigger doesn't apply any condition on the charge of the tracks in the CD. Therefore,

in principle, it should be sensitive for charged and neutral decays of the η meson such as

η → e+e−γ or η → γγ. The analysis of trigger e�ects and e�ciency is of the uttermost

importance for we need to compare our data to Monte Carlo simulations. During the

o�ine analysis of the data sample, we have access to all trigger �ags and can therefore

choose only a subset of events with an active TR10 �ag. There is no such possibility for

Monte Carlo simulations.



Chapter 3

Event reconstruction

3.1 Energy Calibration

3.1.1 Forward Range Hodoscope energy calibration

We will discuss here the energy calibration of the FRH detector since the energy deposited

in this detector is used to determine the kinetic energy of the passing through particles

(mostly protons). All of those detectors are made of plastic scintillator. When a particle

interacts inside a detector element (by excitation, ionization, etc.) light is emitted and

collected by photo-multipliers. Therefore, the output signal is an electric pulse and, by

integration, we calculate the collected chargeQ. This value is approximately proportional

to the energy E deposited by the particle in this detector element. In order to get the

precise relation between Q and E a calibration must be performed.

The calibration correspond to the determination of the translation parameters and setting

them on calibration cards.

Non-uniformity and non-linearity are two important e�ects that we have to take into

account in the calibration process. They are treated separately and the corresponding

procedure is presented in the next two subsections.

3.1.1.1 Non-uniformity calibration.

The e�ciency of the light collection depends on the distance between the interaction

region and the photo-multiplier. This distance, for each FRH layer, is related to the θ

angle of the particle track. Moreover, the total energy deposited in one detector element

30
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depends on the track length inside this element which is proportional to the inverse of

cos θ, that is why we plot Qcos θ versus θ on �gure 3.1.

Figure 3.1: Illustration of non-uniformity in FRH

The non-uniformity e�ect is seen as a systematical shift of the average value as a function

of scattering angle θ. By �tting a third-order polynomial we extract the corresponding

four parameters.

This process is repeated for all layers and elements. For this purpose we use the following

procedure:

• we process a few runs1 with an special script to create a set of histograms such as

in �gure 3.1 - one histogram for each detector element

• the histograms are used as input for a �t to extract the non-uniformity correction

parameters

3.1.1.2 Non-linearity calibration.

The relation between E and Q is not linear due to saturation and quenching e�ects. The

plastic scintillators are not a perfectly homogenous medium neither the photomultipiers

have an ideal linear response to the collected light.

1We can, in principle, use any run but the most accurate is to take runs with an elastic trigger
(TR2=frha1 or TR21=frha1&psc1) in order to select events with minimal ionizing particles (fast protons
punching through all forward detectors). The reason is that the energy deposit of those particles is
almost independent of their kinetic energy and is proportional to the length of their path inside the
active detector material. This leads to a better separation of the non-uniformity and non-linearity
e�ects.
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We need to correct for those deviations. The �tting procedure consists on determining

two parameters for non-linearity correction. We consider the following relation between

Edep and Q:

Edep = Q× C0
1

1−Q× C1
C0

(3.1)

Those parameters need to be chosen such that the experimental data agrees with the

Monte Carlo simulations after non-uniformity correction had been applied. We use two-

dimensional histograms of energy deposits in two adjacent detector layers, for example

∆EFRH2 versus ∆EFRH1 (see �gure 3.2).

Figure 3.2: Energy deposits FRH2 vs FRH1

Setting the values of C0 and C1 for one detector layer (f.e. FRH2) in�uences two his-

tograms ∆EFRH2 vs ∆EFRH1 and ∆EFRH3 vs ∆EFRH2. We use a script that allows

us to visualize simultaneously both plots along with three projections and we manually

tune the parameters. A screenshot of the graphical interface of the script is shown in

�gure 3.3.

3.1.2 The energy calibration of the Central Detector.

We have seen in section 2.2.2 that The Central Detector is composed of three parts:

the Mini Drift Chamber (MDC), the Plastic Scintillator Barrel (PSB) and the electro-

magnetic calorimeter (SE). The energy calibration of the CD is based on the photons

originating from pion decays and on the reconstruction of those. The goal of the calibra-

tion procedure is that the invariant mass distribution of all cluster-cluster combinations

will peak at the correct meson mass. The calibration is linear an it uses a pedestal run
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Figure 3.3: Non-linearity �tting graphical interface

(data is collected without any threshold on signals for di�erent detector elements) and

one constant for gain. A more detailed description is presented in [48].

Here, we focus on the veri�cation of the calibration of the electromagnetic calorimeter.

In order to check the calibration of the SE we look at the histogram of energy deposit

in the SE versus the particle momentum multiplied by the sign of its charge. On such

a plot, electrons and pions form characteristic bands due to the di�erence in their mass

and stopping power. We expect those bands for data and Monte Carlo simulation to

match.

First of all, we simulate two η decay channels, η → e+e−γ that contains only electrons

in the �nal state and η → π+π−γ with pions in �nal state. Then, we �t the simulated

electron and pion bands with a linear function (see �gures 3.4a and 3.4b). Then we

superimpose those lines on the corresponding histogram for data (see �gure 3.5).

As we see on �gure 3.5 while the matching between the electron bands and the �tted lines

is rather satisfactory, for the pion bands it is not the case, as we observe some discrepancy.

The reason of this o�set will be investigated and corrected in further studies. A simple

solution is to use a correction function but in case of our analysis, the pions are rejected

anyway (see proper conditions in chapter 6).
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(a) η → e+e−γ (b) η → π+π−γ

Figure 3.4: Energy deposit in calorimeter versus q/e× momentum.

Figure 3.5: Calorimeter calibration plot (lines are from �ts to the simulated distri-
butions).
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3.2 Track reconstruction in MDC

The reconstruction of particle trajectories is crucial in the data analysis for it provides the

four-momentum vectors that allow calculations of all other observables. As a general rule,

hits from di�erent detector elements are combined into clusters. The clusters are then

merged into tracks. There are di�erent algorithms depending on the considered detector

part. The MDC track reconstruction provides the momenta and angles of charged tracks.

We group hits in MDC, using pattern recognition algorithms into tracklets and parametrize

them as helices. At least 7 hits are needed to form a track. Then, we use a �tting rou-

tine that re�ne the parameters of each tracklet. We assume that the magnetic �eld is

homogeneous in the whole MDC detector. This is not exactly true therefore a systematic

uncertainty is introduced.

The helices are then extrapolated to the calorimeter and matched with its clusters.
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Monte Carlo simulations

4.1 Pluto simulation framework

Pluto is a simulation framework for heavy ions and hadronic physics based on ROOT

environment (see reference [49]). It was initially developed by the HADES collaboration

in GSI (see reference [50]). It adds a library of C++ classes providing an easy way to

simulate di�erent reactions in particle physics. The package includes models for reso-

nance and Dalitz decays, resonance spectral functions with mass-dependent widths, and

anisotropic angular distributions for selected channels. The generation of the homoge-

neous and isotropic phase space is based on the GENBOD routines (see reference [51]).

For elementary reactions, PLUTO uses angular distribution models for selected chan-

nels based on the parametrization of existing data. The models used for simulations of

reactions treated in this work will be mentioned in the next sections.

In addition to its large prede�ned set of classes and models, the PLUTO framework

allows the user to include new angular distributions, rede�ne branching ratios, add new

reactions or particles.

The output �le of a PLUTO simulation has a ROOT format. It contains the four-vectors

of all �nal state particles as well as vertices where the decays take place. The PLUTO

simulation doesn't take into account any detector e�ects. Some of the simplest experi-

mental limitations such as the geometrical acceptance can, in principle, be implemented

by using the so-called �lters. The output of a PLUTO simulation provides an input for

the WASA Monte Carlo program that mimics the detector response (see section 4.2).

36
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4.2 WASA Monte Carlo

The WASA Monte Carlo software is based on GEANT3 package developed in CERN

(see references [52] and [53]). We use this program to determine our detector response to

particles generated from PLUTO. Based on physical models, we obtain the signals from

di�erent detector elements.

4.3 Production of the η meson

In our experiment, the η meson is produced in p-p collisions at 1.4 GeV incident proton

kinetic energy (corresponding to 2.14 GeV/c momentum). The threshold energy for η

production in proton-proton collision is 1.256 GeV. Given the cross section for η pro-

duction increases with energy it would seem natural to use the highest possible beam

energy. However, we are limited by the forward detector geometry - forward scattered

particles can only be detected if their θ angle is in 3◦ − 18◦ range1. The other issue

is that while the η production increases with energy so are the cross sections of most

background reactions. We therefore set the beam kinetic energy to 1.4 GeV which is a

compromise.

The η meson being, just next to the pion, the lightest non-strange particle. Its pro-

duction mechanism was investigated and described by many authors, for π−p → ηp

production channel see, for example, references [54], [55] or [56], for pp → ppη reaction

refer to [57], [58] or [59]. The production mechanism of η in p-p collisions is dominated

by the S11 or N∗ resonance at 1535 MeV/c2. This structure sits very close to the η−N
threshold, which means that the s-wave η−N interaction is extremely strong and its ef-

fects manifest themselves in the �nal state interactions (FSI). This strong and attractive

interaction might even lead to the formation of quasi-bound states of the η meson with

a nucleus. This interesting possibility, beyond the scope of this work, is explored in the

WASA-at-COSY experiment, see reference [60] for further details.

In �gure 4.1 we show the pp→ ppη and pp→ ppη′ production cross sections as a function

of the excess energy Q =
√
s − 2mp −mη where

√
s is the total center-of-mass energy.

The increase of the total cross section with energy that is apparent in �gure 4.1 is mostly

related to the Q2 dependence of the non-relativistic three-body space. However, if one

modi�es this with the one-pole approximation to the S-wave proton-proton �nal state

interaction, the near-threshold energy dependence becomes:

1We need protons in order to tag the η meson through the missing mass peak.
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σT (pp→ ppη) = C

(
Q

ε

)2/(
1 +

√
1 +Q/ε

)2
(4.1)

where C is constant and ε is the pole position (see Krusche and Wilkin [61]).

Figure 4.1: The cross section for pp → ppη (upper points) and pp → ppη′ (lower
points) production as a function of the excess energy Q. The solid curves are arbitrarily

scaled pp FSI predictions of equation 4.1. Taken from Krusche and Wilkin [61]

The η production mechanism is represented by the Feynman diagram of �gure 4.2.

This picture assumes that this interaction proceeds through the emission of a meson

x(π, η, ρ, ...) from one of the nucleons followed by a xN → ηN transition. For a more

detailed description of this process see reference [57].

Since the η meson production mechanism that we adopted in this work is based on pure

phase space generation, we need to check if this choice could have an impact on further

selection criteria. The �gures 4.3, 4.4, 4.5 and 4.6 represent respectively the distributions

of proton kinetic energy, proton θ angle, η meson θ angle and the angle between dilepton

and photon (in laboratory frame of reference).

The di�erences between those distributions are su�ciently small to neglect their e�ect

in out analysis.
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Figure 4.2: The mechanism of pp→ ppη production (taken from [57]).

Figure 4.3: Monte Carlo simulation (Pluto) for 106 events: proton kinetic energy.

4.4 The decays of η meson

4.4.1 The η → γγ decay channel

This channel is important as a possible background since its branching ratio is 39.41%.

There is a possibility that one of the photons interacts with the detector material (e.g.

the beam pipe) creating an e+e− pair. The �nal state is the same as in Dalitz decay and

the invariant mass of the three particles combines to the η meson mass thus it cannot

be rejected easily. Nevertheless, we can use the fact that the leptonic pair is produced

outside the interaction point, often at the beam pipe. This suppression of the external

conversion is discussed in section 6.4.

The PLUTO model of this decay is an isotropic two body decay of a spin-less particle.
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Figure 4.4: Monte Carlo simulation (Pluto) for 106 events: proton θ angle.

Figure 4.5: Monte Carlo simulation (Pluto) for 106 events: θ angle of the η meson.
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Figure 4.6: Monte Carlo simulation (Pluto) for 106 events: angle between dilepton
and photon in the laboratory frame.

4.4.2 The η → e+e−γ decay channel

This reaction is our main channel in this analysis. We would like to extract η → e+e−γ

event candidates from our data sample. On the one hand, it constitutes the principal

background for the search of a light dark boson that decays into e+e− pair, on the

other hand, a large sample of η meson Dalitz decay events allows the extraction of the

transition form factor of the η meson (dividing the invariant mass of e+e− spectra from

data by the spectra from pure QED simulation).

In order to select the η Dalitz decay channel and reduce other background contributions,

we need to apply well chosen cuts on di�erent variables such as angles, energies, invariant

masses but also multiplicities of tracks etc. Therefore, we need to generate Monte Carlo

simulations of those di�erent channels and observe which distributions of variables allow

us best to separate those contributions from η → e+e−γ decay.

The �gure 4.7 shows the parameters used in PLUTO generation of the Dalitz processes.

In addition to the virtual photon invariant mass mγ∗ = me+e− , its momentum pXRFγ∗ , the

polar θXRFγ∗ and the azimuthal φXRFγ∗ emitting angles in the rest frame of the decaying

particle (in our case η meson) there are two angles related to the photon decay into e+e−

pair: the θe helicity angle and φe so called Treiman-Yang angle (see [49]).

Since the pseudoscalar mesons are spin-less, no alignment information is carried from the

production mechanism to the decay, so θXRFγ∗ , φXRFγ∗ and φe are isotropic. The helicity
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Figure 4.7: Geometrical variables involved in the description of a Dalitz process in
PLUTO (taken from [49]).

angle distribution for pseudoscalar mesons is given by (1 + cos2(θe)) (see reference [62]),

which is included in PLUTO by default.

In order to describe the invariant mass distribution, PLUTO generates the Dalitz decays

with a proper form factor. The latter can be set equal to unity in order to get a pure

QED distribution. Both spectra are presented in �gure 4.8.
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Figure 4.8: E�ect of the transition form factor on the invariant mass of e+e− spectra.

Figure 4.8 represents the simulated invariant mass of e+e− for a pure QED (transi-

tion form factor equals unity) and a more realistic simulation where the form factor is

computed assuming the VMD (Vector Meson Dominance) model.
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4.4.3 The η → π+π−π0 decay channel

The branching ratio of this η decay channel is 22.92%. The probability for this channel to

mimic the Dalitz decay is rather low due to the fact that it would need the simultaneous

misidenti�cation of two pions and the loss of one of the photons from π0 → γγ decay.

PLUTO simulation of this channel is based on the fact that the plane of the η decay

shows a strong non-phase space behavior, which is caused by the di�erence of the light

quark masses (see reference [63] for details). The parameterization of the matrix element

(i.e. the deviation from the constant value of the Dalitz plot) used in PLUTO is based

on the measurement performed by the Crystal Barrel collaboration (see reference [64]).

4.4.4 The η → π0π0π0 decay channel

Although this is a very common decay of the η meson with branching ratio equal to

32.7% its �nal state contains mostly photons from π0 → γγ decays and therefore it can

be e�ciently rejected during the selection process.

4.4.5 The η → π+π−γ decay channel

This decay has a branching ratio of 4.2%. The �nal state contains two charged tracks

and one neutral particle, same as in the Dalitz decay.

For this decay, PLUTO uses the simplest gauge invariant matrix element including p-

wave interactions of the pions according to
∣∣M2

∣∣ = k2q2 sin2 θ, where k is the photon

momentum in the rest frame of the η meson, q and θ are de�ned as the momentum of

either pion and the angle between π+ and γ, both in the rest frame of the two pions.

4.5 Direct production of π mesons

4.5.1 The pp→ ppπ+π− reaction channel

In this reaction no photons are produced. Nevertheless, this channel can be an issue

because it has a high cross section and if a neutral track is mistakenly added to the

event the �nal state would have the same topology as the η Dalitz decay. An addi-

tional neutral track photon could originate from another event (pile-up e�ect) or from a

misinterpretation of an electromagnetic cascade split-o�.
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4.5.2 The pp→ ppπ0π0 reaction channel

This is an important channel for its cross section is high with respect to the η meson

production. We have to consider the case where one pion decays into two photons and

the other one through Dalitz decay. The process of direct two pion production mostly

occurs via a two-Delta resonance state, therefore we will use this mode of production in

our simulations.

4.5.3 The pp→ ppπ+π−π0 reaction channel

If one of the photons from the decay of the neutral pion is lost, we have the same problem

as in the previous section. We use the contribution from this reaction to the missing mass

of two protons in our �tting procedure (see section 6.9) to reject the non-η background

(see �gure 4.9).
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Figure 4.9: Missing mass of two protons for pp→ ppπ+π−π0.
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Data set

5.1 Initial data sample reduction.

Our analysis is based on data taken during the beam-time period that lasted from Febru-

ary 2012 until April 2012 (e�ectively around 6-7 weeks). In the experiment, collisions

between a proton beam with kinetic energy of 1.4 GeV and frozen hydrogen pellets were

used. At this energy the η meson production channel pp→ ppη is open.

The total amount of data collected during this period is around 115 TB. Even after

an initial rejection of non relevant data, for example due to other triggers or detector

adjustment periods, we have to deal with 70 TB of stored data �les.

Therefore, we need to further reduce this amount of data keeping only events that ful�ll

some basic criteria. A RootSorter-based program called PPSEL was written that selects

a certain class of events and saves them for further processing.

Our analysis focuses on charged decays of the η meson such as η → e+e−γ or η → e+e−

therefore we look for events with at least two charged tracks in the central detector.

Additionally, we also wanted to have access to the dominant neutral modes of decays of

η such as η → γγ and η → π+π−π0 for normalization and background studies. This two

classes of events were stored separately.

A common condition for both classes is that each event contains at least two proton-like

tracks in the forward detector. This criterion allows us to calculate the missing mass

for those two particles (see �gure 5.1). For the reaction pp → ppη we should be able to

observe a peak at the η meson mass. The Forward Detector is thus used like a trigger

to tag the events with η meson production.

The table 5.1 shows the e�ect of selection criteria applied to the data sample for a typical

data �le. All those cuts are applied for both charged and neutral η decay classes. The

common selection steps are the following:

45
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Figure 5.1: Missing mass of two proton-like tracks in the Forward Detector.

Figure 5.2: Time di�erence in ns between charged tracks in the Forward Detector.
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Table 5.1: E�ect of the selection conditions

Condition Number of events

All events 4·106

Trigger 5.57·105 (13.9%)

≥ 2 FD ch.tr. ≥ 10 MeV 4.94·105 (12.35%)

≥ 1 pair FD ch.tr. inside 10 ns time window 4·105 (10%)

proton identi�cation 2.76·105 (6.9%)

• the trigger system must have been activated, which happens when there are at least

two tracks of matching clusters in the Forward Detector and at least two clusters

in the Central Detector above threshold

• at least two charged tracks in the Forward Detector with energy deposit above 10

MeV

• at least two charged tracks in the Forward Detector inside 10 ns time window (see

�gure 5.2)

• two proton-like tracks in the Forward Detector (particle identi�cation in FD)

After this primary selection process, the data sample is divided into two streams that

are saved for further analysis. The stream with charged decays of η meson is selected by

the following set of conditions:

• at least 14 hits in the Mini Drift Chamber - the event reconstruction program

needs at least 7 hits in MDC in order to build a charged track and we want two

reconstructed charged tracks

• at least two hits in the Plastic Scintillator - only charged particles should provide

a signal in the PS detector

The events with neutral decays are chosen by requiring:

• no hits in the Plastic Scintillator

• at least two neutral tracks reconstructed in the Central Detector with energy de-

posit above 10 MeV

The table 5.2 shows the number (absolute and relative) of events that remain after all

selection conditions for both classes.
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Figure 5.3: The missing mass of two protons for the selection of charged decays of η.

Figure 5.4: The missing mass of two protons for the selection of neutral decays of η.
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Table 5.2: Events in the �nal sample

Condition Number of events

All events 4·106

Events from charged decays 1.4·105 (3.6%)

Events from neutral decays 6.9·104 (1.7%)

Figure 5.5: The missing mass of two protons versus the invariant mass of two photons
for the selection of neutral decays of η.

The selection performed by the PPSEL program reduced the size of the data sample

suitable for our analysis to around 2.7 TB thus a reduction factor of 26 was achieved.

Figures 5.3 and 5.4 show the missing mass of two protons respectively for the events from

the charged and the neutral stream. Figure 5.5 shows the missing mass of two protons

versus the invariant mass of two photons for the neutral selection.

5.2 Normalization with η → γγ channel

The η → γγ channel can be extracted from the neutral decays selection in order to esti-

mate the number of η meson produced. The selection process starts with the condition

used in the initial selection of the neutral decays - the requirement of at least two re-

constructed neutral tracks in CD with deposited energy above 10 MeV and a veto on PS
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signal. This is redundant for preselected data events but necessary for comparison with

Monte Carlo simulations. The selection of the η → γγ channel constrains the processed

events with the following conditions:

• at least two neutral tracks such as −25ns <
∣∣tN − tP ∣∣ < 5ns, where tN is the time

of the neutral signal (CD) and tP is the mean proton time (FD)

• in case there are more than two neutral tracks, we choose the pair with the largest

mutual angle calculated in η rest frame1 Ωγ1γ2
ηRF

• we require Ωγ1γ2
ηRF > 140◦

• time di�erence between neutrals < 10 ns

• the energy deposit of each neutral track must be above 100 MeV

• the missing mass of two protons is in the range 530− 570 MeV/c2

The invariant mass of γγ for data events that pass through this selection process is

represented on �gure 5.6 (black squares).

Figure 5.6: The invariant mass of γγ: data and η → γγ Monte Carlo simulation
(WMC).

The number of η mesons can be estimated using the η → γγ channel with the formula:

1The η four vector is obtained by subtracting two protons four vectors from the initial beam and
target four vector.
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Nη =
Nγγ

BRγγ ·Aγγ
(5.1)

where Nγγ is the number of η → γγ events, BRγγ is the branching ratio for this channel

and Aγγ its acceptance that takes into account the e�ect of the detector geometry, losses

from the reconstruction procedure and the reduction due to the selection criteria.

If we assume that only η → γγ channel remains in data after our selection, we can

estimate the number of η mesons from formula 5.1 by �tting the data with a Monte Carlo

simulation of η → γγ (after simulating also the WASA detector response with WMC).

This is shown on �gure 5.6. The number of η → γγ events extracted is ∼ 10.5 · 106.

The branching ratio for η → γγ is 39.41% and the mass integrated acceptance (for our

selection process)is 14.5 ± 1.3% thus the number of η meson equals ∼ 183.8 · 106. This

value is overestimated - the �t quality is very poor for we have neglected all possible

background sources.

In order to correct the number of η → γγ event candidates and consequently the number

of produced η mesons we �t the selected data with the sum of Monte Carlo simulations

that passed through the same selection process η → γγ, pp → ppπ0 (→ γγ)π0 (→ γγ)2

and a polynomial of degreeN . The double pion production cross section in proton-proton

collisions is 324±21systematic±58normalization µb (see reference [65]) compared to η meson

production cross section 10µb. The acceptance for pp→ ppπ0 (→ γγ)π0 (→ γγ) channel

is 0.025 ± 0.0016%. The �t is based on the following bin per bin decomposition of the

data histogram:

Ndata(x) = Nη

(
BRη→γγ ·Aη→γγ(x) +

σ(pp→ ppπ0π0)

σ(pp→ ppη)
·A2π0(x)

)
+ PolyN

= p0 (Xη→γγ(x) +X2π0(x)) +

N∑
i=0

pix
i (5.2)

where x represents bins in the invariant mass of γγ and the acceptances A∗(x) =
Nfin(x)
Nini(x)

are the ratio (for each bin) between the invariant mass histogram after and before selec-

tion cuts. For this decomposition, the parameter p0 represents the number of η mesons

Nη.

In order to approximate the real value for the number of η mesons, we repeat the �tting

procedure while varying three external parameters: the binning of the �tted histogram,

2BR(π0 → γγ)∼0.98.



Chapter 5. Data set 52

the �t range and the degree of the added polynomial. Figure 5.7 represents the resulting

�ts for 20 MeV/c2 bin width, 350− 700 MeV/c2 �t range and a third order polynomial.

Figure 5.7: The invariant mass of γγ: data and simulations.

The �gures 5.8 illustrate �ts when the bin width is changed while the range is set to

400− 700 MeV/c2 and we add a third order polynomial to the simulations.

The �gures 5.9 illustrate �ts when the �t range is varied while the bin width is set to 20

MeV/c2 and we add a third order polynomial to the simulations.

The tables 5.3, 5.4 and 5.5 contain the number of η meson (/106) extracted from �ts

performed with the addition of respectively second order, third order polynomial, and

no polynomial at all.

Table 5.3: Number of η mesons (/106) extracted from �ts with second order polyno-
mial

XXXXXXXXXXXRange
Bin width

10 MeV/c2 20 MeV/c2 40 MeV/c2

300− 700 MeV/c2 148.68 149.24 148.60

350− 700 MeV/c2 147.05 147.31 146.36

400− 700 MeV/c2 147.54 147.80 146.85

Table 5.4: Number of η mesons (/106) extracted from �ts with third order polynomial

XXXXXXXXXXXRange
Bin width

10 MeV/c2 20 MeV/c2 40 MeV/c2

300− 700 MeV/c2 149.08 149.49 148.67

350− 700 MeV/c2 145.04 145.44 145.87

400− 700 MeV/c2 137.66 138.00 137.58
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Figure 5.8: The invariant mass of γγ: �t with di�erent binning 10 MeV/c2, 20 MeV/c2

and 40 MeV/c2.
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Figure 5.9: The invariant mass of γγ: �t with di�erent �t range 300− 700 MeV/c2,
350− 700 MeV/c2 and 400− 700 MeV/c2.
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Table 5.5: Number of η mesons (/106) extracted from �ts without additional polyno-
mial

XXXXXXXXXXXRange
Bin width

10 MeV/c2 20 MeV/c2 40 MeV/c2

300− 700 MeV/c2 162.20 161.86 161.80

350− 700 MeV/c2 163.57 163.40 163.01

400− 700 MeV/c2 163.47 163.49 163.22

Given the table 5.5 neglects any source of accidental background we use only tables 5.3

and 5.4 to extract a mean value and the standard deviation (as a systematic e�ect):

Nη = (145.90± 0.08stat ± 3.97sys) · 106

Another source of systematic uncertainties on the number of η mesons are the selection

criteria used in our analysis of the η → γγ channel. To take those into account we

repeated the analysis with slight modi�cations of temporal (time between the two pho-

tons), angular (angle between the two photons in η meson rest frame) and missing mass

(of two protons) conditions. The �t was done with a �xed bin width of 20 MeV/c2, in a

�xed 350 − 700 MeV/c2 range and with the addition of a third order polynomial. The

results are shown in table 5.6

Table 5.6: Number of η mesons (/106) extracted from �ts without additional polyno-
mial

Condition Nη/106 η → γγ% in data

|tγ1 − tγ2 | < 12ns 142.14 82.84%

|tγ1 − tγ2 | < 8ns 151.71 83.17%

∠γ1γ2ηRF > 130◦ 142.81 85.60%

∠γ1γ2ηRF > 150◦ 148.90 78.78%

525MeV/c2 < MM2P < 575MeV/c2 141.66 81.77%

535MeV/c2 < MM2P < 565MeV/c2 147.83 83.66%

We observe that for stricter conditions, rather unexpectedly, we extract more η mesons

using the described �tting procedure. This is due to the fact that the acceptance for

η → γγ channel is reduced while the relative content of this decay increases.

Again, we extract the mean value and the uncertainties of those �ts:

Nη = (145.84± 0.07stat ± 4.20sys) · 106

We see that the two mean values are consistent with each other. We therefore merge all

�t results and got the �nal number of η mesons:

Nη = (145.89± 0.08stat ± 3.93sys) · 106
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5.3 Analysis of the main trigger.

In section 5.1 we have mentioned that in order to reduce the size of the data we use

some preliminary criteria. Already during the stage of data acquisition we use a set of

hardware triggers. For an event to be saved it has to activate at least one such trigger.

During the o�ine analysis, we have access to the list of all triggers and we can see which

triggers were activated by this event. An example of such a list, showing the set-up for

a series of runs, is presented in �gure 5.10.

Figure 5.10: List of triggers.

The trigger we use in this work (number 10 in the trigger list) is set to activate for a

coincidence of the following conditions fhdwr2, frhb2 and seh2. The �rst two conditions

concern the Forward Detector and the particles passing through it - fhdwr2 means that

there were at least two matching tracks in the Forward Trigger Hodoscope Forward

Window Counter and Forward Range Hodoscope. This means that a signal (energy

deposit above threshold) was detected in corresponding φ angle modules for each of

those detectors. The second condition, frhb2 triggers when there are at least two signals

in the second layer of the Forward Range Hodoscope.

The last condition, seh2 is related to the Central Detector, it activates when there are

at least two clusters with energy deposits above a high threshold (around 100 MeV).
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With those criteria, the trigger should accept charged and neutral η meson decays such

as η → e+e−γ or η → γγ.

5.3.1 Trigger e�ciency

In order to estimate of the e�ciency of a trigger i, we will compare it to another trigger

j. Both triggers should be sensitive to the same channel. Let N be the total number of

events of a selected channel and Ni (respectively Nj) the number of those events that

activate trigger i (respectively j).

We then calculate the e�ciency in the following way:

Ni = N · Pi Nj = N · Pj Nij = N · Pij (5.3)

In this equation, Nij is the number of events that activate both triggers i and j. Pi

is the probability that trigger i accepts the signal event, we therefore use this value

as an estimation of the trigger i e�ciency. The probability that both triggers will �re

is Pij = P (i ∩ j). Making the assumption that trigger i and j are independent this

probability becomes simply Pij = Pi · Pj and the e�ciency is:

Pi =
Nij

Nj
(5.4)

In reality the triggers are rarely independent, thus we must consider the nature of their

dependency. In this case Pij = P (i∩j) = P (i|j) ·P (j) and we should compare P (i|j) and
P (i). As stated in the beginning of this section, both triggers are sensitive to the same

channel therefore P (i|j) > P (i). This means that our estimation of e�ciency provides a

lower limit.

5.3.1.1 Trigger e�ciency: η → γγ channel.

Here we compare TR10 and TR26 with respect to the neutral decay η → γγ. The only

di�erence between those triggers is that TR26 accepts only neutral tracks but under a

lower energy threshold and add a veto on the PS detector. Trigger T26 is less strict with

respect to η → γγ channel since this decay does not have any charged track that could

be rejected by the veto on PS while the SEC energy threshold is higher for T10.
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We have selected the η → γγ decay by applying the selection criteria described in

section 5.2.

Table 5.7: Neutral selection trigger combinations

Triggers Number of events

TR10(¬TR26) 8248

(¬TR10)TR26 81040

TR10TR26 169741

The number of events for di�erent combinations of those triggers is shown in �gure 5.7.

Using the formula 5.4 on those values we get a relative e�ciency of (67.7± 0.2) %.

5.3.1.2 Trigger e�ciency: η → e+e−γ channel.

The same method was applied to the η → e+e−γ channel. The two compared triggers

TR10 and TR29 di�er only with respect to the following conditions:

• TR10 - requirement of two clusters in SEC above a high threshold

• TR29 - requirement of one cluster in SEC above a low threshold and two hits in

PS

The requirement of two hits in PS is irrelevant since the initial data selection contains

this condition. Therefore, all signal events that trigger TR10 should, a fortiori, activate

TR29.

Table 5.8: Charged selection trigger combinations

Triggers Number of events

TR10(¬TR29) 139

(¬TR10)TR29 308

TR10TR29 204

The number of events for di�erent combinations of those triggers is shown in table 5.83.

Using the formula 5.4 on those values we get a relative e�ciency of (39.8± 3.3) %.

5.3.2 Trigger stability

We use the term of stability to characterize the �uctuation, over the time of the experi-

mental data taking, of the ratio between the number of events selected by two di�erent

3NB: The selection was based on the analysis described in chapter 6.
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triggers, one of them being TR10 that we use in the data selection. This parameter,

measured as a relation between TR10 to TR17, is shown in �gure 5.11. Trigger 17 is

selecting events with at least one signal coming from the forward part of the PS (thin

plastic scintillator in the CD - sensitive on charged particles) and one signal in the center

part of PS.

Figure 5.11: The trigger stability.

We can observe that this value presents some variation through the duration of the

experiment but within reasonable limits.
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Analysis of η → e+e−γ channel

The main goal of this work is either to �nd evidence of the decay of a dark massive

boson U → e+e− or to exclude the hypothesis that such a signal is present in our

data sample. The latter is equivalent to the determination of an upper limit on the

coupling parameter between the dark boson and leptons. The signi�cance of both possible

statements is directly related to the available statistics. Such a decay could be observed

as a superimposed bump in the spectrum of invariant masses of e+e− pairs that could

not be explained by any known reaction. We decided to look for such a signature in

the relevant spectrum of the η → e+e−γ channel. Additionally in this decay we can

extract, from a large set of η Dalitz candidates, the transition form factor of the η meson

(see 1.4.1). Therefore, the �rst step consists in collecting the largest possible sample of

η → e+e−γ events candidates.

In order to do this, we have to implement a set of analysis conditions that selects signal

enhanced data sample. The relative content of the η → e+e−γ channel is supposed to

increase at each step of this process.

The rate at which the proton proton collisions occur is about 106 s−1. On the one

hand, this gives an idea about the di�culty of the task for the data acquisition system

to e�ciently store most of the relevant information. On the other hand, events saved

by the DAQ often contain information generated from multiple overlapping collisions.

In order to select a particular reaction, we need to get rid of background channels by

implementing suitable conditions in the analysis program.

6.1 Multiplicity conditions.

The multiplicity conditions consist of selecting events based on the number of charged

and/or neutral tracks (after reconstruction) that this event contains. In principle, our

60
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search should only focus on events with one neutral track, the photon, and two oppositely

charged tracks, the e+e− pair. In reality, we must proceed more carefully. It would be

wrong to set up the selection criteria on the number of tracks directly requiring C = 2

and N = 1. For charged tracks, we must take into consideration only electrons, therefore

the identi�cation and pion rejection must come �rst. Also, we should only deal with

particles that give rise to a reasonably high signal, thus setting a threshold on the energy

deposit of each track (in our case 20 MeV). Last but not least, in order to reject random

background (pile-ups), we must consider only those tracks that are within a given time

window - this will be discussed in section 6.2.

Nevertheless, for an illustrative purpose only, we present the histograms of the invariant

mass of the two charged particles system (assuming electron mass) for di�erent channels

simulation (PLUTO and WMC). Figures 6.1, 6.2 and 6.3 represent the η decays while

�gures 6.4, 6.5 and 6.6 show the simulation of the direct pion production channels. The

�gure 6.7 shows the simulation of 106 pp→ p∆+ → ppe+e− events.

Figure 6.1: Invariant mass of two charged particles system (with the assumption of
electron masses): 5 · 106 η → e+e−γ events.
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Figure 6.2: Invariant mass of two charged particles system (with the assumption of
electron masses): 8 · 105 η → π+π−γ events.

Figure 6.3: Invariant mass of two charged particles system (with the assumption of
electron masses): 1 · 107 η → γγ events.
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Figure 6.4: Invariant mass of two charged particles system (with the assumption of
electron masses): 14 · 106 pp→ ppπ+π− events.

Figure 6.5: Invariant mass of two charged particles system (with the assumption of
electron masses): 1 · 106 pp→ ppπ+π−π0 events.
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Figure 6.6: Invariant mass of two charged particles system (with the assumption of
electron masses): 1 · 107 pp→ ppπ0 (→ γγ)π0 (→ e+e−γ) events.

Figure 6.7: Invariant mass of two charged particles system (with the assumption of
electron masses): 106 pp→ p∆+ → ppe+e− events.
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6.2 Time conditions.

The signals produced by particles that originate from the same event, for example a

meson decay, should occur within some reasonable time window. The width of this

window is determined by several factors. On the one hand, the physical characteristics of

the particle such as its velocity or momentum, charge, mass and its interaction properties

all have an in�uence the particle path inside the detector, thus on the time of the signal.

On the other hand, the detector itself plays an important role - the physical properties

of the active materials, cable lengths etc. The time of a track is determined by the

TDC response of a given detector element. For charged particles in the central detector

- mostly electrons, pions and protons - it corresponds to the signal from either the

plastic scintillator barrel (PSB) or the electromagnetic calorimeter (SE). The times of

all neutral particles are taken from SE and the time of particles in FD (mostly charged

protons or pions) is set by the response of the forward trigger hodoscope detector (FTH).

In �gures 6.8a and 6.8b we show time di�erences between particles in the central detector

(CD), neutral (N) or charged (C), and protons in the forward part of the WASA detector

(FD). Based on those spectra, we apply the following selection criteria in order to reduce

most of the the overlapping background:

• -21 ns < timeCDN - timeFD < 5 ns

• -16 ns < timeCDC - timeFD < -6 ns

(a) Time di�erence between neutral tracks
and protons.

(b) Time di�erence between charged tracks
and protons.

Figure 6.8: Cuts applied on the time di�erences of particles in CD and FD.

On �gures 6.9a and 6.9b we observe the indirect e�ect of those cuts on the spectra of

time di�erences between charged and neutral tracks in CD.

Further in the analysis, after the selection of an electron pair and a photon that, we

assume, originate from the same Dalitz decay event, we apply one more condition on the

time di�erence between the electrons and the photon:
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(a) Time di�erence between charged and
neutral tracks in CD before time cuts rela-

tive to protons in FD.

(b) Time di�erence between charged and
neutral tracks in CD after temporal cuts

relative to protons in FD.

Figure 6.9: E�ect of temporal cuts relative to protons in FD on the time di�erence
between particles in CD.

• -20 ns < timeCDC - timeCDN < 20 ns

6.3 Particle identi�cation method.

6.3.1 ∆E-p method - basics.

The pions are produced copiously in η meson decays as well as directly in proton inelastic

collisions. The cross section for η meson production is around 12µb while the direct pion

production is of the order of 30 − 40mb, thus three orders of magnitude higher. Our

ability to distinguish between electrons and pions is therefore one of the most important

aspects of the analysis. The method we use to identify those particles is based on the

di�erence in their pattern observed on the histogram that relates the energy loss of a

track in the central detector versus the momentum of this track multiplied by its charge

(signed momentum). In �gure 6.10 which is generated from a data sample, we can see

four partially overlapping bands, a pair for each charge state. The pions are on the lower

band and the electrons (positrons) are located on the higher band. We can proceed in

two ways:

• we apply an arbitrary graphical cut

• we apply a graphical cut using a well-de�ned procedure

Given the two bands are well visible on the histogram (even if they are overlapping for

large momenta), we can use the �rst method to disentangle pions and electrons. This is

presented in the �gure6.11 .
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Figure 6.10: Energy deposit in SEC versus charge × momentum plot - data.

Figure 6.11: Energy deposit in CD versus charge × momentum plot - graphical cut.

6.3.2 ∆E-p method - developed procedure.

Now, let's discuss the other method that was developed as an attempt to optimize the

electron selection. We have seen that the identi�cation of the charged particles is one of

the most important and most di�cult issues in this analysis. One of the main objections

that one can make with respect to the presented graphical method is that it is based

on subjective appreciation. At higher momenta (energies), electron and pion bands are

overlapping and the applied graphical cut adds uncertainties that are di�cult to esti-

mate. Here, we propose a well de�ned procedure, based on the very same histograms, to
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separate electrons and pions.

First, we need to generate Monte Carlo simulations (WMC) of η meson decays: one

sample of events with electrons in the �nal state and one sample with pions in the �nal

state. Therefore, we simulate one million events for both η → e+e−γ and η → π+π−γ

channels. We plot the same histograms used in the last section 6.3.1 i.e. the energy

deposited in the central detector versus the particle momentum multiplied by the par-

ticle charge. We then �t a line to those electronic and pionic bands (e.g. by using a

least-squares �t algorithm on an area of the histogram limited to those bands). Given

the problem with the energy calibration mentioned in section 3.1.2, the pion band �t

is based on data rather than on simulation. The result of such procedure is shown in

�gure 6.12. Then, we use the data sample to compute and plot the distances between

each data point on those histograms and the �tted line that corresponds to one of the

�tted bands (electrons or pions). Finally, we can draw such plots for di�erent energies

(horizontal slices): 60 MeV, 100 MeV, 300 MeV and 500 MeV.

We identify as electrons (respectively pions) those events that are represented by a dis-

tribution of distances with respect to the electronic (respectively pionic) line that is

centered around zero. In �gure 6.13 we can observe two peaks: one centered at zero,

identi�ed as electrons, and a second broader peak, pions, centered at some distance from

zero (energy dependence).

Figure 6.12: Particle identi�cation �t.

In �gure 6.13 we can draw a line (corresponding to one point in �gure 6.12) that maxi-

mizes a �gure of merit. The latter depends on the considered reaction. If the electrons

represent our signal with Ne being their number on one side of the line and pions are
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Figure 6.13: Normalized distances from the e+ �tted line. The vertical red line
represents the position of the π+ line.

the background (with Nπ being the number of pions on the same side of the line) we can

maximize the ratio Ne√
Ne+Nπ

. When our signal is very weak (compared to background)

this reduces to Ne√
Nπ

. Finally, if our reaction is abundant it could make sense to use Ne
Nπ

ratio. We could also take into account the e�ects on the acceptance. If we repeat this

process for a few projections (energy slices) and for each charge, we can construct two

oblique separation lines in �gure 6.12 and use them as an identi�cation condition for our

analysis.

This alternative identi�cation method was developed and is available for future analysis.

In this work we will not use it for two reasons. First of all, for consistency we should per-

form a precise energy calibration for pions (see section 3.1.2). Secondly, we will show that

the simple graphical cut identi�cation described in section 6.3.1 is su�cient to reduce

and control the pion content of our data.
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6.4 Rejection of the background from external pair produc-

tion

Photons passing through the detector material can interact with nuclei and produce

e+e− pairs. This mechanism is called pair production or external photon conversion.

Although the WASA experiment is designed to limit as much as possible this e�ect, it

still represents a large contribution to the e+e− spectra we look at. The main source of

this background is the beam pipe. When electrons are produced o� vertex, on the beam

pipe, their tracks are wrongly reconstructed. The reconstruction algorithm in the MDC

assumes that those tracks originate from the interaction point (0,0,0) rather from their

true origin located on the beam pipe (see �gure 6.14).

Figure 6.14: Momenta vectors at the beam pipe for electrons from η → e+e−γ (left)
and from photon conversion in the beam pipe material (right).

If we perform calculations assuming that the interaction point is somewhere on the beam

pipe, the invariant mass (IMeeBP) of e+e− pairs that were created there should be zero -

their momenta vectors should be parallel to each other. The leptonic pairs coming from

η meson Dalitz decays are generated in the (0,0,0) interaction point and are drawn apart

by the magnetic �eld so their tracks are not longer parallel when they reach the beam

pipe and thus their invariant mass on the beam pipe is non zero. The second feature

that allows us to separate those two contributions is the radius of the closest approach

(CA) of the two e+ and e− tracks in the XY plane. The projection of the beam pipe

can be schematically described as a torus with inner radius of 30 mm. Therefore, we can

expect that the positions of the closest approach of leptonic pairs from external photon

conversion are located around 30 mm while those originating from η Dalitz decay are

closer to 0. Finally, we plot CA versus IMeeBP and perform a graphical cut to separate

the signal from the external conversion background. Figures 6.15a and 6.15b show this

histogram for the simulated signal η → e+e−γ, background η → γγ while the �gure 6.16

represents the data and the cut we apply.
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(a) WASA Monte Carlo η → e+e−γ (b) WASA Monte Carlo η → γγ

Figure 6.15: Radius of closest approach versus the invariant mass of e+e− at the
beam pipe.

Figure 6.16: Radius of closest approach versus the invariant mass of e+e− at the
beam pipe - data with graphical conversion cut.
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6.5 Selection based on total missing energy versus total

missing mass plot.

We use the mass di�erence between pions and electrons (139 MeV/c2 versus 0.5 MeV/c2)

to select electrons and reject pions by graphically cutting on the histogram of total

missing energy versus total missing mass.

Figure 6.17: Total missing energy versus total missing mass for η → π+π−γ simula-
tion.

Figure 6.18: Total missing energy versus total missing mass for η → e+e−γ simula-
tion.

In �gure 6.17, we see the histogram of the total missing energy versus the total missing

mass for η → π+π−γ decay channel. By comparison with the same histogram for the

η → e+e−γ channel (6.18), we see that excluding the region with negative missing energy

and missing mass above 75 MeV/c2 rejects only a small fraction of signal but strongly

reduces the contribution from η → π+π−γ channel (and other pionic channels - see next

sections).

Figure 6.19 shows the total missing energy versus the total missing mass for pp →
ppπ+π− decay channel and the e�ect of the cut on this reaction.
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Figure 6.19: Total missing energy versus total missing mass for pp→ ppπ+π− simu-
lation.

Figure 6.20 shows the total missing energy versus the total missing mass for pp →
ppπ+π−π0 decay channel and the e�ect of the cut on this reaction.

Figure 6.20: Total missing energy versus total missing mass for pp → ppπ+π−π0

simulation.

6.6 Angular distributions in the η → e+e−γ channel

6.6.1 Angle between the η meson and the beam direction in laboratory

frame.

The di�erences in the angular distributions of particle tracks that come from di�erent

reactions allow us to disentangle between di�erent channels. Therefore we can constrain

our sample by applying appropriate angular conditions. First of all, we are interested in

a decay of the η meson that is produced in the collision of protons pp→ ppη. Therefore,

we can reconstruct the missing four-vectors for two protons such as: Pmiss = Pb +

Pt − Pp1 − Pp2 where Pi on the right side of the equation stand for the four-vector

related to the beam, target and the two reconstructed (scattered) protons. The left side

of the equation represents the missing four-vector. In case an η meson is produced it
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would be Pη. The �gure 6.21 represents θLAB (angle with respect to the beam or Z axis

in the laboratory reference frame) of this missing vector for two di�erent Monte Carlo

simulations, one with η meson production pp → ppη (blue), the other with direct pion

production pp → ppπ+π−π0 (black). We see that for reactions with pion production,

the tail of this distribution is larger, thus it seems reasonable to make a cut on 30◦ (red

line). Figure 6.22 shows the same distribution for the data sample.

Figure 6.21: Theta angle of η meson in the laboratory reference frame - Monte Carlo
simulations.

6.6.2 Angle between γ∗ and γ in η meson rest frame.

The other important angular distribution, directly related to the selection of η → γ∗γ →
e+e−γ channel, is the angle between the virtual photon or dilepton γ∗ and the true

photon γ in the rest frame of η meson. Given the law of momentum conservation, this

angle should be equal to 180◦. In reality, due to uncertainties and errors introduced

by the detection and measurement processes a distribution of angles appears (see �g-

ure 6.23a). The �gure 6.23b represents those angular distributions for η → e+e−γ and

three background channels normalized to the maximal value in order to emphasize the

di�erences in shape. To improve the signal-to-background ratio, we cut-o� events with

angle between γ∗ and γ in η meson rest frame lower than 140◦.
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Figure 6.22: Theta angle of η meson in the laboratory reference frame - data.

(a) Wasa Monte Carlo η → e+e−γ (b) Di�erent Wasa Monte Carlo channels

Figure 6.23: Distributions of the angle between γ∗ and γ in η rest frame.
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6.7 Summary of the η → e+e−γ selection

The table 6.1 summarizes the e�ects of the η → e+e−γ selection criteria on η → e+e−γ

and di�erent background channels.

Table 6.1: η → e+e−γ and background reactions

Reaction Nsim �nal selection Acceptance Nexpected

η → e+e−γ 5 · 106 121447 0.0243 ∼ 10900
pp→ ppπ0 (→ γγ)π0 (→ e+e−γ) 107 492 4.9 · 10−5 ∼ 1200

η → γγ 107 176 1.8 · 10−5 ∼ 450
η → π+π−γ 4 · 106 2 5 · 10−7 ∼ 1

pp→ ppπ+π−π0 3 · 106 1 3.3 · 10−7 ∼ 15
pp→ ppπ+π− 1.4 · 107 0 - -

pp→ p∆+ → ppe+e− 106 0 - -

6.8 Radius of closest approach after selection.

The only background channels that survive the selection process are η → γγ and pp →
ppπ0 (→ γγ)π0 (→ e+e−γ). In order to prove this statement we present the �gure 6.24

that shows the distribution of the radius of the closest approach between e+e− pairs,

i.e. the projection on the XY axis of the vector constructed by joining the center of the

shortest segment between the two helices to the origin (interaction point).

Figure 6.24: Radius of closest approach.
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Pileup contribution doesn't appear on this plot for it is distributed randomly, often

outside the considered range. We observe that the simulation of the η → e+e−γ channel

and of the two background channel describes data with good accuracy.

6.9 Method for non-η background suppression.

In the previous sections, we made several selection cuts in order to extract our signal, the

η → e+e−γ decay. The purpose of those conditions is to reject as much as possible of the

background channels. Nevertheless, we know that there is some remaining background

that, for non-η decays, should have a continuous contribution in the vicinity of the η

meson peak. We will try to get rid of this background using the following procedure. We

start with a bidimensional histogram (see �gure 6.25), the missing mass of two protons

versus the invariant mass of e+e− for the selected data set. The histograms that are

shown in �gure 6.27 are projections of 50 MeV/c2 slices in e+e− invariant mass, from

0 to 400 MeV/c2 on the missing mass axis. For each histogram, we perform a �t using

the sum of a simulated pp → ppπ+π−π0 background (to mimic a multiparticle phase

space behavior) multiplied by a third order polynomial and a lorentzian function (that

describes the η → e+e−γ signal). The �gure 6.26 presents the global �t to the whole

0 − 400 MeV/c2 e+e− invariant mass range. For each slice in the e+e− invariant mass,

we extract the signal content i.e. the number of events in the lorentzian function needed

to obtain the best agreement with data. The result of this �t together with a Monte

Carlo simulation of η → e+e−γ signal, is shown in �gure 6.28. This procedure removes

most of the background with the exception of events from η meson decays.

The distribution of events in �gure 6.25 is nonuniform, the number of events strongly

decreases with increasing e+e− invariant mass. It is therefore natural to apply di�erent

binning in di�erent mass ranges. It would also allow to test the �t stability and serve as

check for systematical uncertainties. This will be done in section 8.1.2 where we present

the results of this procedure applied to the case of the η form factor extraction.



Chapter 6. Analysis of η → e+e−γ channel 78

Figure 6.25: Missing mass of two protons versus invariant mass of e+e− (data).

Figure 6.26: Global �t to the missing mass of two protons.
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(a) First bin (b) Second bin

(c) Third bin (d) Fourth bin

(e) Fifth bin (f) Sixth bin

(g) Seventh bin (h) Eight bin

Figure 6.27: Fits to eight 50 MeV/c2 slices in protons missing mass.

Figure 6.28: Invariant mass of e+e− - extracted η content.
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6.10 Combinatorial background.

There are two sources of combinatorial background. One of them is the wrong combi-

nations of tracks originating from the same reaction (event) and the other are random

coincidences. The �rst case arises when many e+e− pairs are produced in a reaction,

for example in the so-called double Dalitz decay η → e+e−e+e−, or when a pion is

misidenti�ed and treated as a lepton (electron or positron). Since the reconstruction

algorithm is not perfectly e�cient, some of the physical electron tracks are not recon-

structed. Sometimes a particle is not detected due to the detector geometry, when, for

example, it escapes through the beam tube. The analysis criteria could then lead to the

wrong choice of a charged pair. This type of background can, in principle, be assessed

directly by simulating the relevant channels.

The second source of combinatorial background, called random (or accidental) coinci-

dences or �pile-ups�, is more di�cult to handle. It is due to the overlapping of tracks

from di�erent events and reactions1. The temporal resolution of the data acquisition is

�nite, therefore we can expect situations where the particles coming from two di�erent

reactions are merged into one event. The selection criteria implemented in previous sec-

tions reject only a part of the pile-up contribution. The simulation of this background is

possible but it would require to generate a Monte Carlo cocktail of all possible reactions

weighted by their relative occurrence in the sample. In the next section, we propose a

simpler way around allowing us to estimate the distribution of this background.

6.10.1 Estimation of the number of random coincidences

Our estimate of the combinatorial background is based on the following approach. We

assume that the main sources of combinatorial background are events with three charged

tracks. An example of such event is a η → e+e−γ reaction with an additional pion track

(f.e. from direct pion production) if the pion is misidenti�ed as an electron. There are

two classes of such events:

• class N21 with N+ = 2 and N− = 1

• class N12 with N+ = 1 and N− = 2

1For example, the overlapping between pp → pp
(
η → e+e−γ

)
and a large cross section channel like

pp→ pnπ+.
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We neglect events with two charged pairs. This class of events can also contribute to the

combinatorial background but with much lower probability2. Anyway, four track events

are very rare (see �gure 6.29).

Figure 6.29: Charged tracks multiplicity after particle identi�cation.

We know that for one N21 class event there is one wrong +− combination, one correct

+− pair and one (obviously wrong) ++ combination. Therefore, N21
+− = N++where

N21
+− represents the number of combinatorial background events from N21 subset. Ana-

logically, we have N12
+− = N−− combinatorial background events from N12 class events.

Summing up those contributions we estimate the number of combinatorial background

events:

NCB
+− = N21

+− +N12
+− = N++ +N−− (6.1)

In order to extract N21
++ and N12

−−, we process our data sample using our standard

selection cuts and require exactly two identically charged particles after identi�cation.

We �nd that N++ = 42 and N−− = 16.

This leads us to the estimation of the number of combinatorial background in our sample

NCB
+− = 42 + 16 = 58.

2If the random coincident particles are pions then the PID must fail at least once and at least two
correct tracks must be rejected by the selection process.
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6.10.2 Invariant mass distribution of random coincidences

The sum of the e+e− invariant mass distributions of N++ and N−− events provides us

with the expected distribution of the e+e− invariant mass of the combinatorial back-

ground. Given the low statistics of those events, we �t a third order polynomial to the

binned (40 MeV/c2) histogram, then we create a histogram based on the �tted function

(see �gure 6.30). This smooth histogram will be used further in this work.

Figure 6.30: Invariant mass of e+e− distribution for combinatorial background.
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Analysis of η → e+e− channel

As it was already described in section 1.5.2 the η → e+e− is a very rare two-body decay.

A massive η particle disintegrate into an electron-positron pair. This reaction has simple

kinematics, especially in the η meson rest frame. The opening angle between e+e− in this

frame is exactly 180◦. It is transformed by the Lorentz boost to the laboratory frame and

this e�ect, neglecting detector and reconstruction smearing, is shown on �gure 7.1 for

an incident proton kinetic energy of 1.4 GeV. The invariant mass of η → e+e− system is

equal to η meson mass, 547 MeV/c2, and each lepton carries on average 300 MeV that are

almost completely deposited in the calorimeter (see �gure 7.2). Those characteristics,

among many other, are used in order to select η → e+e− candidates from the data

sample. They are presented in section 7.1.

7.1 Summary of η → e+e− selection criteria

The analysis of this channel is based on the same 2012 data set as in the case of η →
e+e−γ reaction. The sample after the data reduction described in section 5.1 is suitable

for this analysis as it contains events with two charged tracks in CD without any condition

on neutral tracks. The criteria that were used to select the η → e+e− candidates are the

following1:

• special trigger that select events with two clusters with energy deposit above thresh-

old in CD

• exactly two charged tracks in CD and in FD, no neutral CD tracks

1The missing values are calculated by taking the di�erence between four-vectors. For example, the
missing polar angle of ppe+e− is the polar angle of the four-vector Pbeam + Ptarget − Pp1 − Pp2 −
Pe+ −Pe−.
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Figure 7.1: Angle between e+e− pair (laboratory frame): η → e+e− simulation

Figure 7.2: Energy of e+ and e−: η → e+e− simulation
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• particle identi�cation such as 0.8 <
∣∣∣momentum

energy

∣∣∣ < 1.1 for each charged track

• sum of energy deposits of the two charged tracks > 550 MeV

• energy deposit for each track > 320 MeV

• angle between electrons in space > 89◦

• angle between electrons on OXY plane > 135◦

• 500 MeV/c2 < invariant mass of e+e− < 700 MeV/c2

• 500 MeV/c2 < missing mass of two protons < 600 MeV/c2

• missing polar angle of ppe+e− < 6◦

• missing momentum of ppe+e− > −500 MeV/c

• missing energy of ppe+e− > −200 MeV

• missing mass of ppe+e− > 1750 MeV/c2

• mean time of protons - time of each electron < 10 ns

• mean time of protons - mean time of electrons < 8 ns

• η emission polar angle θee < 30◦

Those selection conditions are based on the work of dr. Marcin Berªowski described

in his PhD thesis [66]. The purpose of this new analysis consists of several interesting

aspects:

• we use a larger data set from another period (2012)

• we include the whole range of θ angles by using all calorimeter modules (forward,

central and backward)

• we use a di�erent trigger - at least two clusters above threshold (≈ 100 MeV) in

CD for each track

• we broaden the condition on the time di�erence between tracks in FD and charged

tracks in CD from 10 ns to 20 ns

• we use a di�erent particle identi�cation (graphical cut)
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7.2 Selection of η → e+e− event candidates

There are several sources of background to η → e+e− reaction. We will focus on two

reactions that have the most important contribution to this background due to their high

cross section and/or the di�culty to disentangle their �nal state from our signal. Those

channels are pp→ ppπ+π− and η → e+e−γ.

7.2.1 pp→ ppπ+π− background

The importance of this channel is due to its large cross-section (∼ 0.6 mb) with respect to

η production (∼ 10 µb) coupled with the same �nal state - two charged particles in CD.

This channel has no peak in the η mass region but rather contributes to the continuous

background. In order to get rid of it we also exploit the fact that while most of the

electrons stop in the electromagnetic calorimeter thus leaving all their energy inside (via

electromagnetic showers), the pions pass through the SEC and leave only a part of their

energy2.

7.2.2 η → e+e−γ background

Although most of the e+e− pairs from this reaction have low invariant masses, we need

to consider the case when the virtual photon takes most of the decay energy, leading to

large e+e− masses. Then, the real photon has low energy and can easily go undetected

due to the threshold values of the detector elements. In this case, the �nal state is the

same as in η → e+e− and the kinematics are very similar.

7.2.3 Baryonic resonance background

The main background from baryonic resonances could originate from pp→ p∆+ (→ pe+e−)

channel. However, the cross section for ∆+ production is of the order of 1 mb while

BR(∆+ → pe+e−) = 4 · 10−5 we can neglect this channel in comparison to η → e+e−γ.

We generated 106 Monte Carlo events with PLUTO and obtained zero remaining events

after all selection.

2With the exception of those pions that decay inside the detector or undergo nuclear interactions.
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7.2.4 Combinatorial background

Using the same approach as described in section 6.10 we �nd N++ = 11 and N−− = 5.

Therefore we estimate the combinatorial background contribution to be of the order of

16 events.

7.2.5 Data selection

Figures 7.3a, 7.3b, 7.4a, 7.4b, 7.5a and 7.5b illustrate some of the selection criteria

presented in 7.1 by comparing data with the Monte Carlo simulation of the signal reaction

η → e+e−:

(a) Angle between electrons on OXY plane
and applied cut: data.

(b) Angle between electrons on OXY plane
and applied cut: η → e+e− simulation.

Figure 7.3: Illustration of angular condition applied for data and η → e+e− simula-
tion.

(a) Sum of energy deposits of the two elec-
trons and applied cut: data.

(b) Sum of energy deposits of the two elec-
trons and applied cut: η → e+e−.

Figure 7.4: Illustration of energy condition applied for data and η → e+e− simulation.

7.3 Summary of η → e+e− selection

Table 7.1 shows the simulated acceptances and expected number of events for di�erent

channels.
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(a) Invariant mass of ee and applied cut:
data.

(b) Invariant mass of ee and applied cut: η →
e+e− simulation.

Figure 7.5: Illustration of invariant mass condition applied for data and η → e+e−

simulation.

Table 7.1: η → e+e− and background reactions

Reaction Nsim �nal selection Nexpected

η → e+e− 8.4 · 105 2.1 · 103 -
η → e+e−γ 5 · 106 1 (4.36) 90% C.L. ∼ 1
pp→ ppπ+π− 1.4 · 107 0 (2.44) 90% C.L. ∼ 680

pp→ ppπ+π− [66] 107 - ∼ 156+248
−27

combinatorial background - - ∼ 16

The ratio between σ (pp→ ppπ+π−) and pp → ppη at 1.4 GeV is around 600 µb
10 µb = 60.

The number of expected pp→ ppπ+π− events 680 is, in fact, and upper limit due to the

limited statistics of the simulation, e.g. if we generated 10 times more pp → ppπ+π−

events and obtained zero events after selection, the number of expected events would be

68.

The pp→ ppπ+π− simulation in [66] was performed in such a way that IMπ+π− = Mη,

therefore we consider the resulting number of expected pp → ppπ+π− events to be a

better estimate for this background channel.



Chapter 8

Results and Discussion

8.1 Determination of the transition form factor.

We have seen in section 1.4.1 that the transition form factor can be extracted by com-

paring (dividing) the experimental spectrum of e+e− invariant mass from η → e+e−γ

decay with its theoretical pure QED contribution. First, we need to select a clean sample

of η → e+e−γ events. In this work, we have used two di�erent approaches.

8.1.1 Background subtraction using η → e+e−γ selection cuts.

The data sample we use here is produced by directly applying a set of criteria to the

initial data. Those are described in the sections 5.1, 6.1, 6.2, 6.3, 6.4, and 6.6.

The �nal distribution is obtained by subtracting the subsisting background channels

η → γγ and pp → ppπ0 (→ γγ)π0 (→ e+e−γ). In order to extract the transition form

factor, we divide the resulting data spectra by the simulated pure QED η → e+e−γ

decay. As input we use three sets of data and simulations resulting from a modi�cation

of the missing mass condition:

• Sample A: missing mass of two protons in [520, 580] MeV/c2 range

• Sample B: missing mass of two protons in [530, 570] MeV/c2 range

• Sample C: missing mass of two protons in [535, 565] MeV/c2 range
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The resulting histograms are represented in �gures 8.1, 8.2, 8.3, 8.5, 8.6 and 8.7 using

the combinatorial background contribution consistent with the analysis described in sec-

tion 6.10 (58 events). We show those plots for two di�erent bin widths, 20 MeV/c2 and

40 MeV/c2. The �t function used is the square of the slightly transformed equation 1.9:

[
F (q2)

]2
=

(
1

1− q2

Λ2

)2

=

(
1

1− bη · q2

)2

(8.1)

with the �t parameter bη = Λ−2.

The table 8.1 presents the results of di�erent �ts.

Table 8.1: Results of the form factor �ts

Sample Bin width CB events Λ−2 [GeV−2] χ2/ndf

Sample A
20 MeV/c2 58 3.38± 0.12 1.9

280 2.89± 0.21 1.1

40 MeV/c2 58 3.54± 0.12 2.3
280 3.10± 0.21 1.5

Sample B
20 MeV/c2 58 3.05± 0.15 1.3

280 2.29± 0.28 1.1

40 MeV/c2 58 3.18± 0.14 1.4
280 2.44± 0.29 1.7

Sample C
20 MeV/c2 58 3.01± 0.15 1.4

280 2.14± 0.31 1.3

40 MeV/c2 58 3.13± 0.15 1.7
280 2.27± 0.31 2.2

The uncertainties that appear in the table 8.1 are of statistical nature. In order to

estimate the systematic uncertainty we choose a reference value for Λ−2. In our case, it

will be the measurement with the lowest χ2/ndf value and 15 pileup events (3.05± 0.15)

GeV−2. The systematic uncertainty is then calculated using the following formula:

σsys =
1

N

√∑
i

(xref − xi)2 (8.2)

where xref is the reference value and xi the N measurements. Equation 8.2 leads to the

following result: Λ−2 = (3.05± 0.15stat ± 0.15sys) GeV
−2.

We see that we have a systematic discrepancy for masses above 280 MeV/c2 which is

more pronounced for sample A (less strict missing mass of two protons cut). This could

be explained by the presence of non-η background events with high invariant masses that

were not rejected by selection criteria of our analysis. An attempt to solve this problem

was described in section 6.9 and its results are presented in section 8.1.2.
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Figure 8.1: Direct form factor determination (20 MeV/c2 bin width): Sample A.

Figure 8.2: Direct form factor determination (20 MeV/c2 bin width): Sample B.

Figure 8.3: Direct form factor determination (20 MeV/c2 bin width): Sample C.

Figure 8.4: Transition form factor �ts for 20 MeV/c2 bin width (standard combina-
torial background).
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Figure 8.5: Direct form factor determination (40 MeV/c2 bin width): Sample A.

Figure 8.6: Direct form factor determination (40 MeV/c2 bin width): Sample B.

Figure 8.7: Direct form factor determination (40 MeV/c2 bin width): Sample C.

Figure 8.8: Transition form factor �ts for 40 MeV/c2 bin width (standard combina-
torial background).
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8.1.2 Background subtraction using the �t to two proton missing mass

distribution.

The procedure used here was described in section 6.9. We use the same data selection

that in section 8.1.1 and remove the non-η background by a �tting procedure on the

proton missing mass. As a result we get a distribution of e+e− invariant mass. In

order to extract the form factor, we need to divide this distribution by the η → e+e−γ

simulation with the form factor equal to 1. Then, analogically to section 8.1.1 we �t the

obtained data points to extract the transition form factor. As an example, the result for

a uniform 50 MeV/c2 binning, is presented in �gure 8.9:

Figure 8.9: Form factor resulting from �t based background subtraction.

This �t leads to the form factor parameter value of Λ−2 = (1.97± 0.29) GeV−2 while

the �t χ2 = 0.48. We treat this measurement as our reference value. As announced in

section 6.9, we will perform some systematical checks by varying numerous parameters

that in�uence the �tting.
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First, we change the bin width, independently in the 0−100 MeV/c2 and in the 100−400

MeV/c2 e+e− invariant mass range. For example, we change the bin width in the 0−100

MeV/c2 mass range to 25 MeV/c2, such plot is shown in �gure 8.10.

Figure 8.10: Form factor �t based background subtraction (bin width modi�ed for
0− 100 MeV/c2).

This �t χ2 = 1.36 and the form factor parameter is Λ−2 = (1.91± 0.29) GeV−2. In this

highly populated low mass region the �t is rather stable, the main issue is to check the

stability of the large mass region (above 100 MeV/c2). The �t and consequently the form

factor value depends mostly of the behavior of the �t function for large masses where

the statistic is low. It is therefore important to check the �t stability for IMee > 100

MeV/c2. The �gure 8.11 shows the �t for a 30 MeV/c2 bin width.

Here, the form factor parameter is Λ−2 = (1.97± 0.30) GeV−2 while the �t χ2 = 1.15.

The table 8.2 summarizes the results of form factor �ts for di�erent sets of parame-

ters. The �rst column indicates the data sample. The sample C was already used in

section 8.1.1 while the sample D has more stringent time cuts (see also section 6.2 and

�gures 6.8a and 6.8b). Here tFD is the mean time of two protons chosen in the Forward
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Figure 8.11: Form factor �t based background subtraction (bin width modi�ed for
100− 400 MeV/c2).

Detector while tCDC and tCDN , are the times of, respectively, charged and neutral tracks

in the CD.

Sample C:

• -16 ns < tCDC - tFD < -6 ns

• -21 ns < tCDN - tFD < 5 ns

Sample D:

• -14 ns < tCDC - tFD < -4 ns

• -19 ns < tCDN - tFD < 3 ns

The second column contains the bin width used for the �tting of the signal content. The

third column describes the range of the signal content �t. The fourth column stipulates
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the bin width used for the form factor �t in the 100-400 MeV/c2 range1. The last two

columns contain the Λ−2 value and the associated χ2.

Table 8.2: Results of the form factor �ts

Sample MM2P �t bin MM2P �t range FF �t bin Λ−2 [GeV−2] χ2/ndf

Sample C

2 MeV/c2

480-580 MeV/c2
100 MeV/c2 1.88± 0.28 0.3
60 MeV/c2 2.21± 0.29 1.2
50 MeV/c2 2.50± 0.28 1.9

420-580 MeV/c2
100 MeV/c2 1.89± 0.28 0.2
60 MeV/c2 2.13± 0.31 2.3
50 MeV/c2 2.03± 0.30 3.3

4 MeV/c2

480-580 MeV/c2
100 MeV/c2 1.75± 0.29 0.2
60 MeV/c2 1.77± 0.30 0.5
50 MeV/c2 1.82± 0.31 0.4

420-580 MeV/c2
100 MeV/c2 1.89± 0.28 0.2
60 MeV/c2 1.77± 0.31 0.6
50 MeV/c2 1.85± 0.31 0.3

Sample D

2 MeV/c2

480-580 MeV/c2
100 MeV/c2 1.66± 0.30 1.0
60 MeV/c2 1.78± 0.33 2.3
50 MeV/c2 2.14± 0.31 2.6

420-580 MeV/c2
100 MeV/c2 1.93± 0.29 0.6
60 MeV/c2 2.00± 0.32 2.1
50 MeV/c2 2.11± 0.32 1.9

4 MeV/c2

480-580 MeV/c2
100 MeV/c2 1.87± 0.29 0.7
60 MeV/c2 1.82± 0.31 0.9
50 MeV/c2 1.86± 0.32 1.0

420-580 MeV/c2
100 MeV/c2 1.81± 0.28 0.2
60 MeV/c2 1.89± 0.30 0.4
50 MeV/c2 1.94± 0.30 0.5

We take the mean of all results with χ2/ndf ≤ 2.706 - it corresponds to a 90% con�-

dence level. We then calculate the systematic uncertainty in the same way we did in

section 8.1.1. The result is Λ−2 = (1.92± 0.30stat ± 0.18sys) GeV
−2.

Finally, taking into account a systematic uncertainty interval of [1.74; 2.1] our reference

value becomes:

1.97± 0.29stat
+0.13sys
−0.23sys

(8.3)

The �gure 8.12 shows this result in comparison to CB/TABS (see reference [26]) as well

as to the vector meson dominance model and the pure QED (point-like) approach.

1The bin width value for the 0-100 MeV/c2 range is set to 100 MeV/c2 (only one bin) for it has low
in�uence on the form factor �t.
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Figure 8.12: Form factor comparison between this work and other measurements.

Table 8.3 summarizes the results from di�erent experiments and basic information about

those.

Table 8.3: FF �ts from various experiments

Experiment Source of η η → e+e−γ candidates Λ−2 [GeV−2]

CB/TABS γp→ ηp 5.4 · 104 (1.97± 0.11tot)
WASA [67] pd→ 3Heη 5.2 · 102 (2.27± 0.73stat ± 0.46sys)
WASA [68] pp→ ppη 3.1 · 103 (1.9± 0.33stat)

WASA this work pp→ ppη 1.1 · 104 1.97± 0.29stat
+0.13sys
−0.23sys
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8.2 Constraint on the U − γ coupling.

As it was already mentioned in section 1.4.3, the signature of a hypothetical massive dark

boson decaying into e+e− pair could be observed as an initially narrow peak, smeared

by detector resolution and reconstruction features, superimposed on the usual Dalitz

distribution of e+e− invariant mass spectrum. The �rst step consisted in selecting η →
e+e−γ events candidates using criteria that were presented and discussed in chapter 6.

The �gure 8.13 shows the �nal e+e− spectrum for data, Monte Carlo simulations of the

three main background channels - η → γγ, pp→ ppπ0π0 with one Dalitz decay, pileups

- as well as the sum of those. On �gure 8.14 one can observe the di�erence between data

and all backgrounds. We do not observe any statistically signi�cant peak and therefore

we can set an upper limit on the branching ratio for an hypothetical η → Uγ decay,

directly related to the U − γ coupling strength parameter ε.

Figure 8.13: Invariant mass of e+e− - data and background simulations.

In order to extract this limit we follow a similar approach to [16]. For a given value of

the U boson mass corresponding to the kth true invariant mass bin, the number of events

in the ith bin of reconstructed invariant mass of e+e− can be expressed by:

Ni/Ntot =
1

Γb

∑
j

Sijη
b
jν
b
j + Sikηkβ (8.4)
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Figure 8.14: Invariant mass of e+e− - di�erence between data and sum of background
Monte Carlo simulations.

The j and k indices correspond to the true, unperturbed mass distribution while i repre-

sents the reconstructed mass distribution. The experimental smearing2 is characterized

by the Sik matrix (normalized such that
∑

k Sik = 1, see �gure 8.15a), the content of

each true k mass contributes to a range of i reconstructed mass bins. The e�ect of the

selection criteria is described by the acceptance function ηk presented on �gure 8.15b.

The �rst term on the right side of equation 8.4 describes the contribution of η → e+e−γ

and background channels (sum over b) while the second term corresponds to the hypo-

thetical η → Uγ channel and a subsequent U → e+e− decay. Ntot is the number of η

mesons produced and e�ectively detected. In this formalism, the parameter β represents

the branching ratio of the η → Uγ channel.

We can write the equation 8.4 in a simpli�ed form:

Ni =
∑
b

N b
i + nki β (8.5)

where nki = NtotSikηk represents the reconstruction e�ect for a given MU . The corre-

sponding histograms for di�erent values of MU are shown in �gure 8.16.

2The smearing is due to the �nite detector resolution and to uncertainties and approximations of the
measurement of parameters that are needed to compute the invariant mass of ee.
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(a) The smearing matrix.

(b) Acceptance of η → U(→ e+e−)γ.

Figure 8.15: Illustration of reconstruction e�ects.
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(a) n50i (b) n100i

(c) n150i (d) n200i

(e) n250i (f) n300i

(g) n350i (h) n400i

Figure 8.16: Smearing and acceptance e�ects for di�erent MU values.
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We solve this equation for each k thus for each U boson true mass MU (index k). The

parameter β = η → U(→ e+e−)γ is �tted using the Least Squares Method (implemented

in ROOT environment) for each MU . The �gure 8.17 shows the resulting upper limit β

as a function of MU .

Figure 8.17: Upper limit on β as a function of U boson mass MU .

In order to compare this result with other experiments, we convert the upper limit on β

into a limit on the coupling parameter ε. We use the following transformation:

ε2 =
β

2BR(η → γγ) ·BR(U → e+e−)

(
1−

M2
U

M2
η

)−3

|F (MU )|−2 (8.6)

Where,

BR(U → e+e−) =
1

1 +

√
1− 4m2

µ

M2
U

(
1 +

2m2
µ

M2
U

) (8.7)

is the branching ratio of the U → e+e− decay that decreases for M2
U ≥ 2mµ due to the

opening of a new decay channel U → µ+µ−. The form factor F (MU ) =
(

1− M2
U

Λ2

)
is

calculated at the η meson mass and Λ = 0.72 [24] [21].
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Figure 8.18 shows the e�ect of variations of event selection criteria on ε2 calculation.

The systematical uncertainties on the ε2 value due the systematical uncertainty on the

number of η mesons were investigated and found to be negligible. The �nal variation of

the ε2 limit with U boson mass (e+e− invariant mass) is shown on �gure 8.19.

Figure 8.18: Upper limit on ε2 as a function of e+e− invariant mass (U boson mass).
The spread of points re�ects the e�ect of changes in missing mass and time selection.

Figure 8.19: Upper limit on ε2 as a function of e+e− invariant mass (U boson mass).
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8.3 Results from η → e+e− channel

After repeating the analysis chain used in [66] to the data sample collected in 2012, we

�nd 191 subsisting η → e+e− candidates. We �t the two proton missing mass distribution

with a polynomial representing the background and a Lorentz function that represents

the signal. The latter is centered at the η meson mass 547 MeV/c2 and its width is

limited to the 8− 9 MeV/c2 range. This constraint on the signal is determined from an

η → e+e− Monte Carlo simulation (see �gure 8.20). Figures 8.25, 8.26 and 8.27 show

�ts for di�erent bin widths in a 530 − 580 MeV/c2 mass range, while �gures 8.29, 8.30

and 8.31 regard a 520− 590 MeV/c2 mass range.

Figure 8.20: Fit to the η → e+e− missing mass distribution.

From those �ts we can deduce the limit on η → e+e− branching ratio. The formula used

is taken from Feldman and Cousins [69]:

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

Acc ·Nη
(8.8)

where Nev is the number of event candidates with its statistical uncertainty σev, Nback is

the number of background events, Acc is the acceptance on the η → e+e− channel and

Nη is the number of η mesons present in data.

The λ coe�cient depends on the assumed con�dence level via the formula:
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Figure 8.21: 2 MeV/c2 bin width

Figure 8.22: 5 MeV/c2 bin width

Figure 8.23: 10 MeV/c2 bin width

Figure 8.24: Fits to the two protons missing mass (530− 560 MeV/c2 mass range).
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Figure 8.25: 2 MeV/c2 bin width

Figure 8.26: 5 MeV/c2 bin width

Figure 8.27: 10 MeV/c2 bin width

Figure 8.28: Fits to the two protons missing mass (530− 580 MeV/c2 mass range).
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Figure 8.29: 2 MeV/c2 bin width

Figure 8.30: 5 MeV/c2 bin width

Figure 8.31: 10 MeV/c2 bin width

Figure 8.32: Fits to the two protons missing mass (520− 590 MeV/c2 mass range).
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CL =

∫ µ+λσ

−∞

1

σ
√

2π
exp

[
−1

2

(
x− µ
σ

)2
]
dx =

1

2

[
1 + erf

(
λ√
2

)]
(8.9)

where the mean µ and its standard deviation σ correspond, in our case, to BR and σBR.

For a 90% con�dence level λ = 1.28.

The table 8.4 summarizes the results of BR(η → e+e−) limit for di�erent �ts.

Table 8.4: Results of the BRlimit �ts

Bin width [MeV/c2] BR limit [/10−5] χ2

530− 560 MeV/c2
2 6.3 1.47
5 2.8 0.34
10 1.7 0.58

530− 580 MeV/c2
2 2.1 1.37
5 3.6 1.87
10 1.7 0.70

520− 590 MeV/c2
2 5.3 1.35
5 4.9 1.65
10 15.7 8.92

We reject the last measurement given its high χ2 value. The mean from other �ts leads

us to the result:

BRlimit(η → e+e−) = 6.2 · 10−5 (8.10)

where the systematical and statistical uncertainties were integrated in the upper limit.
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8.4 Summary and outlook

Using data collected in 2012 at COSY synchrotron in Jülich (Germany) we selected a

large sample (∼ 11000) of η → e+e−γ events from recorded proton interactions with a

windowless frozen hydrogen pellet target. The analysis was exclusive i.e. we selected full

events where all particles from the η → e+e−γ reaction were reconstructed. In order to

limit the initial amount of data, we applied a preliminary selection that distinguished

between the neutral and charged decays. Then, we conceived an analysis procedure,

based on the analysis of Monte Carlo simulations of various reactions and their interac-

tion with the WASA detector. The η mesons were tagged by the missing mass of the

forward scattered protons detected in the FD. To this purpose, the energy calibration of

the FD was performed. A particle identi�cation method was tested and applied to data.

We have also developed a new identi�cation procedure that could be exploited in further

studies. We have studied the trigger e�ciency and analyzed a neutral η → γγ decay to

extract the number of produced η mesons independently. An estimation of the combina-

torial background was done and the resulting distribution was included as an additional

background channels. We have reduced all background contributions and demonstrated

that we control our data sample by matching the experimental distributions with simu-

lations. A method of non-η background subtraction by �tting the two protons missing

mass spectra was developed. The resulting e+e− invariant mass spectrum was used to

extract the η transition form factor and to search for a hypothetical dark photon.

The transition form factor parameter was found and systematical uncertainties were

analyzed leading to the value of Λ−2 = 1.97± 0.29stat
+0.13sys
−0.23sys

GeV−2.

The search for a dark photon was performed by �tting the whole range of e+e− invariant

mass distribution and taking into account the experimental resolution (smearing matrix)

and the acceptance function. With no signal from a dark boson observed, we have set

an upper limit on the coupling parameter between this dark particle and real photons

(see �gure 8.19).

The data were also used to search for the very rare η → e+e− decay. Since no signal was

observed, we used a �tting procedure to set up an upper limit on this channel branching

ratio with 90% con�dence level: BR(η → e+e−) < 6.2 · 10−5.

In the future, data sets from di�erent years can be merged. It would signi�cantly increase

the available statistics which would improve all the results presented in this work.

Another possible study would consist in performing an inclusive measurement of the

e+e− invariant mass distribution. This would allow us to work with statistics larger by

about two orders of magnitude.
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