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Introduction

The phenomenology of hadrons and, in particular, the study of their spectrum, led more than forty
years ago to the development of the Quark Model, where baryons and mesons are described as
bound systems of three quarks or of a quark-antiquark pair, respectively. While this picture still
holds and has been proven to reproduce many features of the hadron spectrum, we now know that
the hadron mass cannot be explained only in terms of the quark masses, but it is mainly due to
the dynamics of the gluons that bind them. Measuring the spectrum of hadrons, studying their
properties and inner structure is therefore crucial to achieve a deep knowledge of the strong force.

Mesons, being made by a quark and an anti-quark, are the simplest quark bound system and
therefore the ideal benchmark to study the interaction between quarks, understand what the role
of gluons is, and investigate the origin of confinement. Meson spectroscopy is, therefore, a powerful
tool to investigate how QCD works at the proton mass scale. Theoretical calculations suggest that
these studies, traditionally dealt with hadronic probes, can be performed trough the scattering
of high-energy photons. This kind of reaction, in fact, is expected to be more effective in the
production of “exotic mesons”, i.e. states with quantum numbers that are not compatible with
the Constituent Quark Model, that would be clear evidence for the presence of gluons in hadron
dynamic.

This work is part of the “MesonEx” experiment, that will run during 2016 in experimental Hall B
of the Thomas Jefferson National Accelerator Facility (Jefferson Lab or JLab) in Virginia, USA.
The main goal is to perform a comprehensive study of the meson spectrum in the light quark
sector, within the mass range 1.0-3.0 GeV/c2, with precise determination of resonance properties,
looking for rare states and exotic mesons. Quantum numbers will be accessed via Partial Wave
Analysis (PWA) of the decay products. A high flux of quasi-real, linearly polarized, photons will
be produced by low Q2 electron scattering. The 11 GeV/c electrons from the CEBAF accelerator
will impinge on a liquid hydrogen target. Electrons scattered at low angle will be detected by the
Forward Tagger (FT), a new dedicated facility. Hadrons in the final state will be measured using
the CLAS12 detector.

In this work I performed a feasibility study of the reaction γ∗p → pπ0η. This is one of the
“golden-channels” that the experiment will measure, searching for exotic states. In the past, dif-
ferent experiments showed evidence for an exotic meson in the π0η system, the π1(1400). However,
the situation is still unclear and a definite answer about the existence of an exotic state is not yet
known. A better study of this state is therefore very attractive.

I obtained a preliminary estimate of the experimental sensitivity to the exotic state trough a
MonteCarlo simulation. First, I generated MonteCarlo events according to a theoretical model
that I constructed together with V. Mathieu and A. Szczepaniak. These were then projected to
the CLAS12+FT detector. Finally, I performed the partial wave analysis of the reconstructed
events, to verify if the reaction amplitude could be correctly reconstructed.

I developed the production amplitude in the Regge theory framework of high-energy scattering.
To validate the model, and fix the free parameters, I compared the results to the data collected,
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iv Introduction

at lower energy, by the CLAS-g12 experiment for the reaction γp→ pπ0η, that I analyzed as part
of this work. I obtained a first estimate of the differential reaction cross-section, as a function of
the π0η invariant mass, in different bins of the photon beam energy. This experimental observable
can be directly compared with the theoretical prediction from the model, whose free parameters
can be extracted by performing a fit to the data. All analysis tools and procedures, tested on data
collected in similar kinematics, have been applied to MesonEx pseudo-data, ready to be used in
the real analysis, as soon as data will be available.

In parallel to the analysis activity, I participated in the design and construction of the Forward
Tagger facility for CLAS12. The Forward Tagger consists of an electromagnetic calorimeter (FT-
Cal), to identify and measure the energy of the scattered electron, a hodoscope of scintillators
(FT-Hodo), to discriminate charged versus neutral particles, and a tracker (FT-Trck), for the
precise determination of the scattering plane.

The FT-Cal is the “core” component of the Forward Tagger. It is meant to detect electrons in
the energy range 0.5-4.5 GeV, with energy resolution of the order of 1 − 2%, and almost 100%
efficiency. It will also provide a fast trigger signal, to perform coincidences with the CLAS12
detector. The calorimeter is made of 332 lead tungstate (PbWO4) scintillating crystals, each
coupled to an Avalanche PhotoDiode (APD), arranged symmetrically around the beamline, to
cover the scattering angles between 2.5◦ and 4.5◦.

To reach these goals, as well as to fulfill the strong requirements dictated by the CLAS12 ex-
perimental setup, each component of the FT-Cal needed to be designed and characterized, before
the final detector setup is validated. In addition to the design of the analog circuits for the signal
acquisition, I performed a measurement of all the critical FT-Cal components, i.e. crystals, APDs,
amplifiers, and DAQ chain. This required the development of specific measurement techniques and
tools. Finally, I contributed to the construction of two small-scale FT-Cal prototypes, measuring
the response to cosmic rays and to electromagnetic showers.

This document is organized as follows. The first Chapter illustrates the physical motivations
of the MesonEx program, and presents the experiment. The second Chapter describes the CLAS
spectrometer, its upgrade to CLAS12, and the new Forward Tagger Facility. Chapter 3 shows
the detailed characterization of the FT-Cal components, and the results obtained from the two
small-scale prototypes. Chapters 4 and 5 contain, respectively, the description of the amplitude
used to generate pseudo-events for the reaction γ∗p → pπ0η, and the analysis of the CLAS data
used to validate the model and fix the free parameters. Finally, the sixth Chapter describes the
full partial wave analysis performed on the MesonEx pseudo-data, used to estimate the sensitivity
of the experiment to the discovery of a possible exotic meson.
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Chapter 1

Introduction to Meson
Spectroscopy

It has been more than thirty years since QCD was postulated as the theory of strong interactions.
While much progress has been made in understanding high energy phenomena through this theory,
the strong-interaction at low energy has remained obscure. A clear understanding of the non-
perturbative regime is necessary since it is here we have the dominant manifestation of the strong
force, binding quarks in hadrons that constitute the bulk of the visible mass of the universe.

Mesons, being made by a quark and an anti-quark, are the simplest quark bound system and
therefore the ideal benchmark to study the interaction between quarks, understand the role of glu-
ons and investigate the origin of confinement. Meson spectroscopy is a powerful tool to investigate
how the QCD partons manifest themselves under the strong interaction at the energy scale of the
nucleon mass (GeV).

1.1 Quantum Chromodynamics and Confinement

Quantum Chromodynamics (QCD) is the field theory that describes the strong interaction acting
between quarks and gluons. Such renormalizable gauge theory is based on the following assump-
tions:

• The interaction between quarks and gluons corresponds to a conserved charge, the color, in
analogy to the electric charge for electromagnetic interaction. There are three color charges,
conventionally referred to as “green”, “red”, and “blue”, and three corresponding anti-colors.

• Quarks are massive, spin 1/2 fermions, with fractional electric charge. Other than the latter,
quarks bring also a color charge, and anti-quarks an anti-color charge. There are six quarks,
referred to as “flavors”, with different masses.

• Gluons are massless, spin 1 gauge bosons, with no electric charge, color charge, and anti-color
charge. There are 8 allowed color/anti-color charge combinations for gluons.

• The strong interaction between quarks manifests via the exchange of gluons, in analogy to
the QED exchange of photons between charged leptons. However, since gluons bring color
charge, they can also self interact.
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6 Chapter 1. Introduction to Meson Spectroscopy

The color group SUc(3) corresponds to the local symmetry whose gauging gives rise to QCD.
Quarks and anti-quarks reside in the fundamental 3 representation of the group and in its conjugate
3 respectively, while gluons reside in the adjoint 8 representation.

QCD is governed by the following Lagrangian density:

LQCD = ψi (iγµ(Dµ)i,j −mδi,j)ψj −
1

4
Gµ,νa Gaµ,ν (1.1)

where:

• ψi and ψj are Dirac spinors representing quark fields, with anti-color and color indexes i and
j respectively, while m is the quark mass,

• (Dµ)i,j is the covariant derivative, that embeds the quark-gluon interaction term,

• Gµ,νa is the gluonic field tensor, defined as:

Gµ,νa = ∂µAνa − ∂νAµa + gsfabcA
µ
bA

ν
c (1.2)

where Aa is the vector field for a gluon with color charge/anti-charge combination a, fabc
are the SUc(3) structure constants, and gs is the strong interaction coupling constant (the
analogous of the electric charge e in QED lagrangian).

The QCD Lagrangian also includes a sum over the six quark flavors, the only flavor-dependent
term being the quark mass m.

Formally, the QCD Lagrangian written as in Eq. 1.1 is almost identical to the QED one. Both
theories describe the interaction between massive leptons trough the exchange of massless vector
bosons, with an underlying local symmetry group corresponding to a conserved charge. The main
difference the fact that, unlike photons, gluons have non-zero color charge, thus they can self
interact. This is explicitly described by the third term in the gluonic field tensor (Eq. 1.2), absent
in the QED counterpart.

Gluonic self-interaction is a necessary component to describe one of the most peculiar QCD
features, the color confinement. According to this property, only colour singlets, i.e. states with
zero total colour charge, can exist as physical states. This behavior can be naively explained
considering that, as two quarks move apart, the intensity of their interaction does not decrease
with distance, as happens in QED, but remains constant. In a specific model, the gluonic field
narrows like a tube, because of gluons self-interaction, and acts like a stretched string binding the
quarks together. When the energy stored in the gluonic field is high enough, a new quark/anti-
quark pair is produced, and all the quarks re-organize in color singlets.

The non-abelian nature of the SUc(3) group, corresponding to gluonic self-interaction terms in
the QCD lagrangian, makes the theory deeply non-linear and very hard to solve analytically. A
part from few regimes, involving very high momentum transfer processes, a perturbative approach
is not possible. In other words, a multi-gluon-exchange diagrams have the same intensity than the
single-gluon exchange, thus can not be neglected in calculations.

1.2 Models

Because of the difficulties in solving QCD exactly to obtain the properties of the physical states,
approximation methods have to be used. The most promising redefines the theory on a discrete
spacetime lattice, formulating the problem in terms of the path integral in Euclidian space-time,
and evaluating the expectation value of the appropriate operator using a MonteCarlo integration
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over the field configurations. Such technique is referred to as “Lattice QCD”. However, important
results can also be derived, in a more direct way, using QCD-motivated models for hadrons.

The first model that has been developed to describe hadrons is the so-called “Constituent Quark
Model” (CQM), derived independently by Gell-Mann [1] and Zweig [2]. In spite of its simplicity,
the CQM efficiently introduces a general structure to organize hadrons and explains some of their
properties. In the CQM, hadrons are built of massive, spin 1/2 constituent quarks, which carry
fractional electric charge. Barions and mesons are made respectively of three constituent quarks
(qqq) and of a quark/anti-quark pair (qq).

Mesons quantum numbers are derived from their qq structure. Considering that the two quarks
can combine their spins to have total spin S equal to 0 or 1, and can have a relative orbital angular
momentum L, the following expressions hold for the total angular momentum J, the parity P, and
the charge conjugation parity C:

J = L⊕ S (1.3)

P = (−1)L+1 (1.4)

C = (−1)L+S (1.5)

Using these relationships to build up possible JPC combinations for mesons, the following allowed
quantum numbers are found:

0−+, 0++, 1−−, 1+−, 1−−, 2−−, 2−+, 2++, . . .

There is a sequence of JPC combinations that are not allowed for a simple qq system:

0−−, 0+−, 1−+, 2+−, . . .

These latter quantum numbers are known as explicitly exotic quantum numbers. If a meson with
these quantum numbers is found, it would be a clear evidence of a state other than a simple qq
configuration.

The original CQM version developed by Gell-Mann foresees three quark flavors, namely “up” (u),
“down” (d), and “strange” (s), with electric charges +2/3, −1/3, −1/3 respectively. The model is
governed by an underlying SUf (3) flavor symmetry, such that quarks belong to the fundamental
3 representation and anti-quarks to its conjugate 3. Hadrons are built summing quarks and anti-
quarks according to the SUf (3) algebra. For the specific case of mesons, with a qq structure, the
following relation holds:

3⊗ 3 = 1⊕ 8 (1.6)

Thus a quark and an anti-quark couple together to a flavor singlet or a flavor octet, resulting in a
nonet of states. This defines the possible mesons flavor states.

According to the SUf (3) symmetry, mesons are expected to be organized in “nonets” of particles
with the same JPC quantum numbers and similar masses. As an example, Figure 1.1 shows two
nonets of mesons as predicted by the model, and the observed particles conventionally assigned to
these states. The mass of particles belonging to same multiplet is actually not exactly the same
due to the partial breaking of the SUf (3) symmetry, that manifests in a difference between the
constituent quark masses.

The Constituent Quark Model formulates a general mass formula that holds for particles be-
longing to the same multiplet, simply derived from the SUf (3) algebra rules, neglecting the mass
differences between isospin multiplets [swart ]:

(mf +mf ′) · (4mk −ma)− 3mfmf ′ = 8m2
k − 8mkma + 3m2

a (1.7)
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Figure 1.1: 0−+ and 1−− nonets from the CQM model, and the experimentally observed particles
assigned to these states.

In the equation above, f and f ′ are the two isospin-0 states, belonging respectively to the SUf (3)
octet and singlet respectively, a are the isospin-1 states, and k are the isospin-1/2 state. For
example, for the ground state 0−+ nonet, f = η, f ′ = η′, and a = π. Such formula is useful in
predicting the masses of nonet members, and also in verifying that a set of states actually forms
a nonet. When applied to the well established nonets, the mass equation holds at 10% level.
Another consequence of the SUf (3) violation is that flavor states do not correspond necessarily to
the physical states. The two isospin zero states can mix to form the observed states. This mixing
is conventionally parametrized in terms of a mixing angle θn such that:(

|f >
|f ′ >

)
=

(
cos θn sin θn
− sin θn cos θn

)(
|1 >
|8 >

)
(1.8)

The case θn ' 35.26◦ is referred to as “ideal mixing”, because the ss quark component is completely
separated from the uu and dd terms:(

|f >
|f ′ >

)
=

( 1√
2
(uu+ dd)

−ss

)
(1.9)

Using the SUf (3) algebra rules, it is possible to predict the nonet mixing angle θn purely from the
particle masses [3, 4]:

tan2 θn =
3m2

f ′ − 4m2
k +m2

a

4m2
k −m2

a − 3m2
f

(1.10)

When θn is calculated for well established nonets, it appears that they are all reasonably close
to ideal mixing. In fact, there are only two important exceptions, namely the ground state pseu-
doscalar mesons and the scalar mesons.

Experimentally, the partial SUf (3) symmetry breaking prevents a certain assignement of the
observed resonances to the states predicted by the CQM. The measurement of mesons decays helps
in solving this problem since providing information on internal quark composition. For example,
the structure of neutral mesons can be investigated from e− e+ leptonic decay, as sketched in Figure
1.2. The amplitude of this electromagnetic process, calculable from within QED, is proportional
to the electric charge of the constituent quarks. The ratio of decay widths for mesons belonging to
the same multiplet can be derived assuming the flavor wave functions as predicted by CQM, and
results can be then compared to experimental data.
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Figure 1.2: Leptonic decay of a neutral meson.

For the vector mesons (ρ, ω, and φ), Eq. 1.10 predicts a mixing angle θn ' 40◦, very close to
the “ideal mixing” case. Therefore, the flavor wave functions are:

ρ =
1√
2

(uu− dd) ω =
1√
2

(uu+ dd) φ = ss

The ratio of leptonic decay widths is therefore:

Γ(ρ→ e− e+) : Γ(ω → e− e+) : Γ(φ→ e− e+) =
{ 1√

2
((2/3)− (−1/3))}2 : { 1√

2
((2/3) + (−1/3))}2 : (−1/3)2 =

9 : 1 : 2

(1.11)

The agreement with the experimental data is pretty good:

Γ(ρ→ e− e+) = (7.04± 0.06) keV
Γ(ω → e− e+) = (0.60± 0.02) keV
Γ(φ→ e− e+) = (1.27± 0.04) keV

(1.12)

These results confirm the validity of the “ideal-mixing”, derived from the CQM, and using
the experimental values for the particle masses. In conclusion, the Constituent Quark Model is
successful in introducing a general scheme to organize mesons in the light-quark sector according
to the SUf (3) flavor symmetry. Also, it reproduces the main features of the meson spectrum, such
as the presence of multiplets with same quantum numbers and similar widths, and explains part of
the known phenomenology. However, the CQM has some limitations. The involved “quarks” are
only massive constituents that carry effective degrees of freedom, and differ from the QCD quarks,
the ultimate degree of freedom of the strong interaction. Gluons are not included in the model,
and confinement is not explained. Finally, the model is unable to make absolute predictions on
masses or decay widths, needing input from experimental data.

The “Bag Model” [5, 6], developed in 1974 by A. Chodos, explicitly introduces gluonic degrees of
freedom in hadron dynamics. Hadrons are described as a system of quark, anti-quarks and gluons
confined in a finite volume. In such a model, with a suitable tuning of the model parameters, the
spectrum of conventional observed mesons can be reproduced [7]. Furthermore, the model predicts
four gluonic hybrid nonets, i.e. qqg states with manifest gluonic degree of freedoms in addiction to
those of the quark/anti-quark pair, with numbers are 0−+, 1−−, 1−+, and 2−+, in the mass range
between 1 and 2 GeV. In particular, the mass of the particles belonging to the 1−+ exotic nonet
is predicted to be approximately 1.4 - 1.6 GeV [8, 9].

Another model that explicitly includes gluonic degrees of freedom in meson dynamics is the “Flux
Tube Model” [10], developed in 1984 by N. Isgur and J. Paton. This model concerns the QCD
strong-coupling regime, where the gluonic degrees of freedom have condensed into a collective
string-like flux tube that binds a quark/anti-quark pair. When the flux tube is in the ground
state, the excitation of the qq system yields the conventional meson spectrum. “Hybrid” states
correspond to the excited modes of the flux tube.
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The Flux Tube Model has been used to predict decay width ratios for hybrid mesons. First
calculations were carried out by Isgur [10]. Later, Close and Page confirmed the results, and
expanded the calculations to include additional hybrids [11]. In the model, the decay of a hybrid
meson occurs when the flux tube breaks at any point along its length, producing a new qq pair in
a relative JPC = 0++ state, same quantum numbers of the vacuum. The preferred decay mode
of hybrids is to an L = 0 and L = 1 meson. The decay to a pair of L = 0 mesons is suppressed,
depending on how close the two inverse radii are, assuming the simple harmonic oscillator (SHO)
wave function approximation. For the specific case of a 1−+ hybrid with mass approximately
2 GeV/c2 this led to the following decay ratios prediction [11]:

πf1 : πb1 : πρ : πη : πη′ = 60 : 170 : 5− 20 : 0− 10 : 0− 10 (1.13)

The decay width of exotic hybrids has been calculated by Page, Swanson and Szcepaniak, within
their flux-tube like model [12]. For the exotic π1 state (JPC = 1−+) they obtained Γ = 81 − 168
MeV, the variation coming from different mass values employed in the calculation, between 1.6
and 2.0 GeV/c2. They also confirmed that the preferred decay modes involve narrow mesons, with
daughters that in turn decay, such as b1π or ρπ. This makes the overall reconstruction and analysis
of these states much more complicated than then simple two pseudoscalar decays.

1.3 Lattice QCD

In principle, the knowledget of the QCD lagrangian, Eq. 1.1, should provide insights to compute
any quantity of interest, removing the necessity for QCD-inspired models. Applying the path
integral formalism, the QCD eigenstates properties are evaluated calculating the expectation values
of a suitable operator O corresponding to the observable of interest:

< O > =
1

Z

∫
dAdψ dψO e−Sq e−Sg (1.14)

Z =

∫
dAdψ dψ e−Sq e−Sg , (1.15)

where Sq and Sg are the quantum-mechanical actions for the fermions and for the gluons respec-
tively, and the operator O is defined in terms of the quarks and gluon fields. The path integral
is defined in Euclidean space for the convergence of the measure. However, fields in Eq. 1.14
fluctuate on all distance scales, and short distance fluctuations needs to be regulated.

Lattice QCD provides a practical way to perform numerical calculation of the path integrals,
by evaluating the quantum-mechanical action over a discrete set of spacetime points rather than
over the continuum. This also introduces a natural momentum cutoff, approximately equal to
the reciprocal of the lattice spacing, so that the theory can be regularized. In the standard lattice
QCD formulation, the quark fields are placed on lattice vertexes, while gauge fields connect adjacent
lattice points. The gauge invariant operators are either products of gauge links between quark and
anti-quark fields, or products of gauge links that form closed paths. Choosing a suitable form
for the quark action, the fermion integral in Eq. 1.14 is exactly calculable, while the gauge field
integral is evaluated via importance sampled MonteCarlo methods.

Hadron masses are calculated in lattice QCD evaluating the “time-sliced” correlator:

C(ti) =<
∑
~xj

O(~xj , ti)O†(~0, 0) > , (1.16)

where the sum is extended all over the lattice site, and the mean value calculated via Eq. 1.14. O
is a suitable gauge-invariant combination of quarks fields and gauge links with the same quan-
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tum numbers of the state under study. For example, when calculating the mass of a pion-
like pseudo-scalar state with 0−+ quantum numbers, a suitable operator would be O(~xj , ti) =
ψ(~xj , ti) γ5ψ(~xj , ti).

The time-sliced correlator embeds information about the energy spectrum, in terms of a weighted
sum of exponentials whose coefficients are the eigentstate energies, i.e. the masses, of the states
with O quantum numbers. By inserting a complete set of QCD eigenstates | N > in Eq. 1.16 one
obtains:

C(ti) =
∑
N
e−Enti

∑
~xj

< 0|O|N >< N|(~xj , ti)O†(~0, 0)|0 >≡
∑
N
An e

−Enti (1.17)

The above equation can be used to derive the mass of the ground state. At large times, only the
corresponding exponential survives, C(ti → +∞) → A0e

−E0ti . The ground state energy it thus
calculated from large-time plateau of the so-called “effective mass”:

meff =
1

a
log (

C(ti)

C(ti+1)
) , (1.18)

where a is the lattice spacing. The mass extraction of the excited state from Eq. 1.17 trough a
multi-exponential fit is non trivial [13]. The region in time for the fit has to be selected, as well as
the number of exponentials, and the stability of obtained results to be checked with respect to these
parameters. The masses of excited states are indeed calculated computing a matrix of correlator
functions, i.e. inserting in Eq. 1.16 two different operators Oi and Oj with same quantum numbers
of the particles under study, and then solving a “generalized eigenvalue problem” [14].

There are three physical sources of systematic errors in lattice calculations [15, 16]. These are
the finite box volume V , the finite lattice spacing a, and the quark mass which is always heavier
than the physical value. In principle, the final results from several calculations performed with
different parameters could be extrapolated to the continuum limit and to the physical quark masses
to predict absolute values of observable quantities. However, since the behavior of QCD on the
lattice close to the physical quark masses is still unknown, lattice results are usually interpreted as
a “guide” for the existence of certain states, providing a mass hierarchy in the meson spectrum.

A very comprehensive study of the meson spectrum from lattice QCD has been recently carried
out by the Hadron Spectrum Collaboration, obtaiining predictions for both the isovector and states
[17, 18]. In the isovector spectrum calculation authors used three quark flavors, corresponding to
u, d, and s, with four different mass settings. Two spatial volumes have been used, with grid sizes
163 × 128 and 203 × 128 respectively, both with spatial lattice spacing a = 0.12 fm. The isoscalar
spectrum has been calculated on the same lattice, using the 163 ×128 grid size. Results are reported
in Figure 1.3. To remove the explicit scale dependence from the lattice spacing, masses have been
normalized by fixing the Ω baryon mass (1.67 GeV) to its nominal value. The quark masses scale
corresponds to a pion mass of ' 400 MeV, as reported in the inset. The good agreement between
lattice results and experimental data for conventional states, both in terms of number of states and
mass hierarchy, proves the advanced stage of the calculation. In the exotic sector (non qq states),
particles with JPC quantum numbers 1−+, 0+−, and 2+− are predicted. The lightest state has
1−+ quantum numbers, while the 0+− and 2+− ground states are almost degenerate and slightly
heavier. Excited exotic states with JPC equal to 1−+ and 2+− are also predicted. In Figure 1.4,
a compilation of several lattice results on the mass of the lightest JPC = 1−+ exotic meson as a
function of the pion mass is reported. It is evident that there is a good agreement between various
lattice calculations and convergence towards the physical pion mass limit is expected in the near
future.
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Figure 1.3: Isoscalar and isovector meson spectrum labeled by JPC , from [17, 18]. Results are normalized
fixing the Ω baryon mass to its physical value. The box height indicates the one sigma statistical uncertainty
above and below the mean value. For isoscalar SUf (3) doublets, the light-strange content of each state is
shown by the fraction of black-green, and the mixing angle is reported. Isovector states are reported in
gray. Pink boxes indicate the position of glueballs in the quark-less Yang-Mills theory [19].

Figure 1.4: Summary of lattice results for the mass of the lightest JPC = 1−+ exotic meson. Data are
from Refs. [20, 21, 22, 23, 24, 25]
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Figure 1.5: Schematic diagram of a peripheral production process. Momentum is exchanged between
beam and target through an off-mass-shell particle.

1.4 Experimental techniques

The meson spectrum in the light quarks sector consists of an increasingly large number of broad,
overlapping states, crowded into the mass region between 0 and ' 3 GeV. Experiments can disen-
tangle the spectrum following two complementary approaches. First, different states have different
sensitivity to the various production mechanisms. Second, mesons usually decay in more than
one mode, thus the measurement of various final states provides specific sensitivity to the signal
because of the different background sources.

In production experiments, the total energy is shared between a recoil particle and a multi-meson
final state. Angular momentum can be transferred in the process, thus the multi-meson system
can have contributions from several resonances with different quantum numbers. Spin, parity, and
charge conjugation (or C−parity) are restricted only by conservation laws, allowing production of
resonances with exotic quantum numbers. In formation experiments there is no recoil particle,
and therefore mass and quantum numbers of the final state are uniquely determined by the initial
state. The direct formation of exotic mesons in e+e− or pp annihilation is thus forbidden.

1.4.1 Peripheral Production

In the last decades, most of the meson spectroscopy data came from hadronic peripheral production
experiments. In these experiments, an intense and energetic beam of pion or kaons hits a nucleon
or nuclear target, thus exciting the beam particle trough the exchange of momentum and quantum
numbers with the recoil nucleon. The target particle is left almost unchanged in the process. The
reaction mechanism is sketched in Figure 1.5. The meson state produced has quantum numbers
determined by the particle exchanged in the interaction. The cross section of these processes is
typically peaked forward, with respect to the incoming beam direction. This behavior is often
parametrized with as an exponential behaviour in the t variable1, i.e. dσ

dt ∼ e−b|t|, with slopes
b ∼ 2.0− 5.0 GeV2. Different t ranges correspond to different exchange mechanisms: for example,
in charge-exchange reactions at small values of |t|, one pion exchange (OPE) dominates. Analysis
are usually performed for specific t values, to extract information about the dynamics of exchanged
particles.

Examples of hadronic peripheral production experiments include the LASS experiment at SLAC
[26], with a 11 GeV/c negative kaon beam impinging on a hydrogen target, the E852 experiment at

1 The Lorentz-invariant variable t is defined as the square of the four-momentum exchanged between the beam
and the target.
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BNL [27, 28], with a 18 GeV/c negative pion beam, and the VES experiment at IHEP (Protvino)
[29]. The COMPASS experiment at CERN [30], currently under data taking, employs a 190 GeV/c
negative pion beam, with both nucleon and nuclear targets.

Because of the generality of the production mechanism, the wide range of kinematics available,
and the accessibility and high cross sections of hadron beams, the hadronic peripheral production
was the “golden” experimental technique in meson spectroscopy. The main disadvantage is the
limited selectivity for specific meson states, the only possible selection being based on the trans-
ferred momentum, or explicitly introducing strange quarks using kaon beams. Experiments with
hadron beams are limited to the excitation of the qq pseudoscalar ground state, because pions
and kaons are the only particles stable enough against strong decay to produce intense beams for
experiments.

Peripheral photo-production provides a valid alternative. Photon properties in hadronic interac-
tions are well known, and are summarized in the so-called “vector-meson dominance” mechanism
[31]. Essentially, at sufficiently high energy, a photon interacts with hadrons as if it has an effec-
tive hadronic structure, derived from its coupling to a qq pair. Such couple must have the same
quantum numbers as the photon, i.e. JPC = 1−−. The “vector-meson dominance” hypothesis
assumes that the sole hadronic constituents of the photon are the ρ0, ω, and φ mesons. In periph-
eral photo-production experiments the scheme of Figure 1.5 still applies, but the incoming beam
is a spin triplet ground state qq. Consequently, the series of preferred excitations is likely to be
different. Phenomenological models, like the flux-tube model, indicate that photons may be more
effective in producing exotic mesons in peripheral production on a hydrogen target. There are also
indications that exotic mesons can be produced with photon probes with cross sections comparable
with ordinary mesons [32, 33].

The use of this technique was limited in the past, due to the lack of high intense, high quality
photon beams. Significant contributions to meson spectroscopy using peripheral photoproduction
came from the LAMP2 experiment at Daresbury [34, 35], and the CLAS experiment at Jefferson
Laboratory [36, 37]. Both employed a tagged photon beam obtained by having a primary electron
beam impinging on a thin target, producing Bremsstrahlung photons. Analyzing the momentum of
recoiling electrons, the photon energy is derived as the difference between the incident and recoiling
electron energies.

The GlueX experiment [38] at Jefferson Laboratory, currently under construction, will perform
a comprehensive study of the light quark meson spectrum using this technique, searching for
exotic and hybrid mesons, with a 11 GeV linearly polarized photon beam, obtained via coherent
Bremsstrahlung.

The MesonEx experiment [39] at Jefferson Laboratory will also study the light quark meson
spectrum via photo-production. The photon beam, however, will be obtained having a primary
electron beam hitting a hydrogen target and detecting those electrons scattered at very low angle,
corresponding to low Q2 events. This solution will provide a high flux of quasi-real, linearly
polarized photons, thus representing a competitive and complementary way to study the meson
spectrum and production mechanisms with respect to real photoproduction experiments.

1.4.2 pp and nn reactions

Reactions involving the pp and the nn initial state provide a direct way to annihilate antiquarks on
quarks. In such reactions, all neutral mesons that decay directly to pp can be produced exclusively,
if the center of mass energy

√
s is matched to their mass. Also, mesons states recoiling against a

light, stable meson can be formed.

The first case is referred to as “exclusive production”. The quantum number of the produced
state are those of the pp system that annihilates. These are the same of a qq system, because both
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are a fermion-antifermion pair with relative angular momentum, and therefore can not be exotic.
The advantage of this technique is that the resolution on particle masses and widths is solely
determined by the proton-antiproton center-of-mass energy, typically of the order of hundreds
of keV. In fact, these observables are extracted by measuring the resonance formation rate as a
function of the center of mass energy

√
s, performing a scan by varying the beam momentum. The

detector is used to tag resonances production and to determine quantum numbers, by measuring
angular distribution of decay products.

Since the mass of the produced resonance is always greater than 1.87 GeV, this technique has
been applied for spectroscopy of charmonia and bottomonia. The JETSET experiment at CERN
[40] explored meson spectroscopy in the strange-quark sector, looking for resonances decaying in
the φφ channel. The PANDA experiment at GSI [41], currently under construction, will be focused
on charmonia spectroscopy, with a center-of-mass energy resolution of tenths of keV.
pp reactions can also proceed trough the production of a meson state X that recoils against a

stable meson. In this proces the qq degrees of freedom of the X state can be excited, since there
are not a priori rules for their exclusion. In fact, these processes have been suggested as a fine
way to excite gluonic degrees of freedom. Since center-of-mass energy is shared between the X
meson and the recoil, even for pp annihilation at rest different final states, with different quantum
numbers, can be produced.

The Crystal Barrel experiment at LEAR [42] employed such technique to study the light quark
meson spectrum, with particular focus on scalar mesons. As an example, the reaction pp → 3π0

has been studied in detail [43], resulting in the first observation of the f0(1500) state.

1.4.3 Central production

In central production experiments, a hadronic beam (protons, pions, or kaons) scatters on a nucleon
target, producing a neutral meson X0 and leaving both the beam and the target almost unchanged.
The X0 state is thus seen as produced by the scattering of two off-shell exchanged particles. At
sufficiently high energy, and low transverse momentum, the process is believed to be dominated by
double Pomeron collision [44, 45]. As the Pomeron may have a large gluonic content, one might
expect that the X0 state is dominated by gluonic degrees of freedom. This technique has been
employed at CERN in the WA76 [46], WA91 [47], and WA102 [48] experiments.

1.4.4 e+e− experiments

e+e− experiments provided contributions to light quark meson spectroscopy in different ways.
e+e− annihilation reactions are mediated by a single virtual photon, with quantum numbers JPC =
1−−, thus providing a powerful filter on the final states that can be formed, limited only to vector
mesons. The resonance shape of the produced particles is traced out by scanning the center of
mass energy

√
s, while other properties, such as the isospin, are measured by looking at the final

state particle combination. This experimental technique has been widely employed by the DM2
collaboration [49] at Orsay. Another very fruitful source of data on meson spectroscopy in high
energy e+e− collisions is the reaction e+e− → e+e−X where the stateX is produced by the collision
of two photons radiated from the beam electron and positron. A detailed review of “two-photon”
physics has been written by Morgan [50].

1.5 Amplitude analysis

The goal of a meson spectroscopy program is to identify resonances trough the measurement of their
decay products, and to determine their masses, widths, and couplings. A resonance is formally
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described as a complex pole in the production amplitude with defined angular momentum and
isospin. The resonance properties are uniquely determined by the corresponding pole position in
the complex energy plane. In practice, resonances are numerous, often broad and overlapping each
other. Only for a narrow and well-isolated state the resonant structure can be identified as a peak
by looking at the invariant mass spectrum of the corresponding decay products. The identification
of a precise state requires the extraction of the corresponding waves from the measured data.

This task is performed trough the “Partial Wave Analysis” technique (PWA). The cross-section
of the reaction under study is parametrized as a coherent sum of different interfering amplitudes,
with definite quantum numbers. The intensity is then fitted to the experimental data, by employing
an extended maximum likelihood technique, where the free parameters are the wave intensities and
phases. Fits can be performed as a function of the invariant mass of the measured decay products
and other relevant kinematic variables. The PWA is a crucial component for a meson spectroscopy
program since the final results are strictly dependent on the reliability of the PWA tools and rely on
the theoretical assumptions used in building the waves. From the technical side, the improvement
in computer science has removed the most part of the limitations that were common in the past,
allowing the analysis of large data sets with adequate number of waves in a reasonable time. From
the theoretical side, partial wave analysis can be improved introducing known constraints on the
amplitudes, and including basic and fundamental properties, such as analiticity and unitarity,
required by a very general ground.

There are no a priori limitations on the structure of the amplitudes used to parametrize the
intensity of the process. These can thus vary from simple expressions that reproduce data in
an effective way, without a complete theoretical supporting structure, to more complex functions
derived in a rigorous way from the general properties that characterize a scattering process.

The “Isobar model” has been extensively used in the past to perform amplitude analysis of
peripheral production experiments. This model assumes a complete factorization of each wave in
the scattering process in a production part, and a subsequent decay part (see Figure 1.6). The
first term refers to the production of a meson system Xα via beam excitation and exchange of an
off-shell particle with the target, and it is parametrized via a complex number Vα to be extracted
from the data. The second term, instead, corresponds to the decay of Xα, and is parametrized
via a chain of two-body decays. This fixes the kinematic of each wave, leaving only the Vα as free
parameters. Each wave is labeled by the quantum numbers of the meson system Xα and of the
particles involved in the decay chain, referred to as “isobars”. The presence of resonances, with
defined quantum numbers, in each wave is then investigated looking both at the intensity and phase
of the Vα obtained from the fit. A common way to proceed is to parametrize resonances in terms of
Breit-Wigner functions, and then to fit them to the Vα to obtain masses and widths of the states.
Such a procedure is based on the phenomenological observation that, for intense and well-isolate
states, far from the decay threshold, a Breit-Wigner function well reproduces the invariant mass
shape of a resonance, as well as the behavior of its phase. However, for broad states, overlapping
each other, this parametrization can not be adopted. Resonances are not simply “peaks” in the
invariant mass spectrum of a given JPC production amplitude, but are formally described as poles
of the corresponding production amplitude in the complex s−plane. They thus have to be found
studying the analytic properties of the production amplitudes. A rigorous way to perform this
task is to use Dispersion Relations (DR) [51, 52, 53]. They are derived by only assuming causality,
and allows to extend analytically the production amplitudes from the real s−axis, experimentally
accesible, to the complex s−plane, where resonance poles lie. Dispersion relations translate to
very precise constraints that the amplitudes must satisfy on the real axis, and guarantee that
the particular form of the amplitude used is irrelevant, insuring that results are actually model
independent.
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Figure 1.6: The isobar model applied to the reaction γ p → p+3π. The reaction amplitude is factorized
as the product of a complex parameter Vα for the production part and a known Aα kinematic term
describing the decay of Xα in three mesons, trough a chain of two-body decays. τ is a complete set of
kinematic variables describing the final state.

1.5.1 Extended maximum likelihood fits

The extended maximum likelihood technique is employed in partial wave analysis to fit the parametrized
intensity to the data, and extract free parameters. The main quantity of interest is the likelihood
L, defined as the product of the occurrence probabilities of the measured events, according to the
model used to derive the process intensity:

L =

n∏
i

Pi(τi, ~x) , (1.19)

where the product is extended over all the n measured events, each described by a set of kinematic
variables τi, and ~x are the parameters to be extracted from the data. For each event, the probability
is proportional to the intensity multiplied by the detector acceptance ε, which in turns is a function
of the final state kinematic variables:

Pi(τi, ~x) ∝ I(τi, ~x) · ε(τi) (1.20)

The overall normalization is fixed requiring that the integral of the intensity multiplied by the
detector acceptance, over the full final state phase space, is equal to the average number of expected
events µ:

µ(~x) =

∫
I(τ, ~x) · ε(τ)dτ (1.21)

Pi(τi, ~x) =
I(τi, ~x) · ε(τi)∫
I(τ, ~x) · ε(τ)dτ

(1.22)

The total number of measured events n itself is a statistical variable, distributed according to the
Poisson statistics. A proper factor accounting for the probability to measure exactly n events has
thus to be introduced into the likelihood expression, getting its final expression:

L =
µne−µ

n!
·
n∏
i

I(τi, ~x) · ε(τi)∫
I(τ, ~x) · ε(τ)dτ

(1.23)
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The expression for L in Eq. 1.23 can be simplified noting that, for the n events that have been
actually measured in the experiment, the acceptance was one. Also, Eq. 1.21 can be used to cancel
the factor µn, thus leaving the following expression:

L =
e−µ

n!
·
n∏
i

I(τi, ~x) (1.24)

The goal of an extended maximum likelihood fit is to maximize the likelihood to obtain the value of
the free parameters ~x. For computational reasons, it is preferable instead to minimize the inverse
of its natural logarithm, that, a part from inessential constant factors, is given by the following
expression:

− lnL ∝ (−
n∑
i

ln I(τi, ~x)) + µ(~x) (1.25)

The first term in Eq. 1.25 involves a sum over all the measured events, and it is calculable exactly
given the expression for the intensity, for each combination of the parameters ~x. The second
term, instead, requires the knowledge of the detector acceptance as a function of the final state
phase space (Eq. 1.21), and has to be calculated by MonteCarl, generating a large set of Ngen
MonteCarlo events, projecting to the experimental detector, and finally reconstructing using the
same algorithm employed for the data. This leaves Nacc reconstructed events, for which ε(τi) = 1.

The mean value of total expected events is then given by:

µ(~x) =
τ

Ngen

Nacc∑
i

I(τi, ~x) , (1.26)

where the factor τ , representes the total volume of the final state phase space. This factor con-
tributes with a constant, additive term to the likelihood expression (Eq. 1.25), and can thus be
neglected in the fit. Finally, it is worth to mention that, since the reaction dynamics is explicitly in-
cluded in the definition of µ via the intensity I, MonteCarlo events have to be generated according
to a flat phase space distribution, therefore no “a-priori” knowledge of the reaction cross-section
is required.

1.6 The MesonEx experiment at Jefferson Laboratory

MesonEx (JLab Exp-11-005 [39]) is an experimental program to study meson spectroscopy using
quasi-real photo-production. The experimental goal is to perform a comprehensive study of the
meson spectrum in the mass range 1.0 − 2.5 GeV/c2, with precise determination of resonance
masses and properties, looking for rare qq states, and for unconventional mesons with exotic quan-
tum numbers. MesonEx will run in the Hall B of the Jefferson Laboratory, using the low Q2

electron scattering technique to obtain a high flux of linearly polarized, quasi-real photons. In the
experiment, 12 GeV electrons from the CEBAF accelerator [36] will impinge on a liquid hydrogen
target. Final state hadrons will be detected in the CLAS12 detector [54], while the low-angle
scattered electrons will be measured with the new “Forward Tagger” dedicated facility.

1.6.1 Electroproduction at small Q2

Peripheral photo-production is an interesting experimental technique to study the meson spectrum
in the light quark sector. Phenomenological models suggest that the photon may be more effective
in producing exotics hybrids than probes widely used for this scope (as the pion). Moreover, the
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photon linear polarization is a powerful tool in the amplitude analysis, since it acts as a filter
on background, and can also be used to disentagle different production mechanisms. The use of
this technique was quite limited in the past, mainly due to the lack of intense, high quality, and
energetic photon beams. Low Q2 electron scattering provides a competitive, and complementary,
alternative to real photo-production. In this process, a high energy electron beam impinges on a
nucleon target, and only the electrons scattered at very low angle are detected. The electron-target
interaction proceeds trough the exchange of a virtual photon, whose four momentum q ≡ (ν, ~q) is
the difference between the beam and the scattered electron momenta. The virtual photon effective
mass, or “virtuality”, Q2, defined as −q2, is:

Q2 = 4EE′ sin2(θe′/2) , (1.27)

where E and E′ are, respectively, the beam and the scattered electron energy in the laboratory
frame, θe′ is the electron scattering angle, and the electron mass has been neglected. At low
scattering angle, Q2 is ' zero, and therefore the virtual photon behaves as a quasi-real photon.

Moreover, the virtual photon polarization correspond to real photon polarization in the low Q2

limit. The polarization density matrix, proportional to the 3 × 3 space-like minor of the leptonic
tensor Lµν , in the case of an unpolarized electron beam, reads:

ρij =
1− ε
Q2

· Lij =

 1
2 (1 + ε) 0 −[ 1

2εL(1 + ε)]1/2

0 1
2 (1− ε) 0

−[ 1
2εL(1 + ε)]1/2 0 εL

 , (1.28)

where ε and εL are, respectively, the virtual photon transverse and linear degree of polarization,
given by

ε =

[
1 + 2

(Q2 + ν2)

Q2
tan2(θe′/2)

]−1

(1.29)

εL =
Q2

ν2
ε (1.30)

At very low Q2 the virtual photon beam becomes, for all practical purposes, almost a real photon
beam, since

εL =
Q2

ν2
ε→ 0

and the polarization matrix ρij corresponds to the spin density matrix of real, transverse polarized
photons [55, 56].

The photon polarization can be defined, via these relations, on an event-by-event basis, by
measuring the scattered electron three-momentum. At low Q2 the quasi-real photon polarization
ε depends only on the scattered electron energy:

ε =

[
1 + 2

(Q2 + ν2)

Q2
tan2(θe′/2)

]−1

−−−−→
Q2→0

[
1 +

ν2

2EE′

]−1

, (1.31)

and the polarization plane is perpendicular to the electron scattering plane. The associated sys-
tematic uncertainty is only affected by the electron detection resolution. These are significant
advantages with respect to coherent Bremsstrahlung, where only the average polarization can be
determined and the value is based on model calculation, or derived by measuring reactions with
known asymmetries.

The quasi-real photon technique was used in the past to produce high energy (∼ 100 GeV)
photon beams at CERN (Ω [57] and COMPASS [58] experiments) and at DESY (ZEUS [59] and
H1 [60] experiments).
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Chapter 2

Experimental equipment in Hall B
at JLab

2.1 Jefferson Laboratory

The primary mission of the Thomas Jefferson National Accelerator Facility (Newport News, VA,
USA) is to conduct research on the atomic nucleus at quark level with electromagnetic probes,
to study how QCD works at the GeV scale. Founded in 1984, this facility houses the Continu-
ous Electron Beam Accelerator Facility (CEBAF), an electron accelerator providing high-quality,
continuous-wave polarized beam with energy up to 6 GeV and current up to 200 µA simultaneously
to three experimental halls (Hall A, Hall B, and Hall C).

The experimental activity of the laboratory started in 1994, with the first beam delivered to
Hall C. In 2004 a major upgrade of the facility was approved to allow JLab to pursue with even
greater strength its mission. The primary electron beam maximum energy will be increased from
6 to 12 GeV, the research programs in all three current experimental halls will continue with new
equipment, and a fourth hall (Hall D) specifically devoted to photoproduction experiments on
nuclear targets will be built. As a consequence of the upgrade, the JLab experimental activity
paused summer in 2012, to allow major changes to be finalized and to prepare the facility for the
beginning of the 12 GeV era. The new experimental program is expected to start in 2014-2015.

2.1.1 CEBAF Accelerator

The Continuous Electron Beam Accelerator Facility (CEBAF) [36] is the electron accelerator of
Jefferson Laboratory. It was designed and built during the 1980s as a reply to the demand from the
nuclear physicist community for a new kind of electron accelerator to study the interface between
nuclei and particles, in the transition region between the energy regime where strongly interacting
matter is understood as nucleon bound states and the regime where the underlying quark-gluon
structure appears.

To reach such a goal the machine design had to respect strict requirements: variable beam energy
in the GeV scale for kinematic flexibility, high intensity to study processes with low electromagnetic
cross sections, high duty factor to allow coincidence measurements, and sufficient beam quality to
allow usage of high resolution detectors.

The CEBAF design was based on a innovative solution, never applied before to such large scale
accelerators: the use of superconducting radiofrequency cavities (SRF) to provide the necessary

21
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Figure 2.1: Left: schematic layout of the CEBAF accelerator. Right: aerial view of the CEBAF
accelerator complex. Both figures refer to the 6 GeV period, before the 12 GeV upgrade.

accelerating gradient. The schematic layout of the complex, together with an aerial view of the
accelerator site, is shown in Figure 2.1.

Primary electrons are produced at the injector by an electron gun made of a photocatode,
an anode, and a laser system. The laser beam hits the photocatode, thus emitting electrons
trough photo-electric effect. Electrons are then accelerated up to an energy of 100 keV. Having
three different lasers, the current of the beam delivered to each experimental hall can be tuned
independently, by varying the corresponding laser intensity.

Before leaving the injector electrons are accelerated to 67 MeV, and then enter in the CEBAF
complex where they are grouped into 90µm bunches, separated in time by 667 ps. Electrons travel
trough each of the two CEBAF Linacs, acquiring 1200 MeV at each loop: the connection between
the two linacs is done by Recirculating Arcs. Since electrons can circulate trough the CEBAF
more than once, each Recirculating Arc is made of different dipole magnets, with bending strength
matched to the different electron energies. Bunches are splitted before the arc by a suitable magnet,
sent to the matching set of dipoles, and then recombined. After the beam is accelerated to the final
kinetic energy, magnets at the Extraction Elements are used to bend it into the correct hall. In
this way, each experimental Hall can be provided with an independent electron beam, with specific
intensity and energy, having bunches separated in time by 2.004 ns.

The accelerator portion of the JLab upgrade will be constructed on the framework of the existing
CEBAF facility. Five new superconducting radio-frequency accelerating elements will be added
to each Linac, the existing RF cavities will be increased in gradient to achieve a 1.1 GeV/Linac
accelerating power, and a new recirculating arch will be added to provide an extra pass trough the
North Linac. Such new configuration will bring the beam up to 11 GeV for Halls A, B and C and
up to 12 GeV for Hall D.
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Figure 2.2: The JLab accelerator site after the 12 GeV upgrade

2.2 The Hall B Photon Tagger

In addition to the primary CEBAF electron beam, experiments in Hall B have also been performed
with a real photon beam produced by a dedicated facility, the “Photon Tagger” [37]. This system
operates on the Bremsstrahlung principle and is capable to tag photon energies over a range from
20% to 95% of the incident electron energy.

Electrons from the CEBAF accelerator imping on a thin nuclear target (“radiator”) placed
behind a magnetic spectrometer (“tagger”). A small fraction of them emits a Bremsstrahlung
photon trough the interaction with nuclei of the radiator. The energy transferred to the nucleus
in this process is negligible, so the energy conservation law is written as:

Eγ = Ee − Ee′ , (2.1)

where Ee is the energy of the primary electron, Ee′ is the energy of the scattered electron and Eγ
is the energy of the emitted photon. Ee is determined by CEBAF, so the measurement of Ee′ with
the magnetic spectrometer determines uniquely the energy of the photon.

After the radiator, both photons and electrons still travel along the original beam direction.
Photons continue straight ahead the tagger magnet, passing trough a collimating system ,and hit
the target, placed further downstream in the experimental hall. Electrons are bended by the dipole
field of the tagger magnet. The field intensity is matched to the primary beam energy, so that
electrons that did not undergo Bremsstrahlung are directed into a shielded beam dump below the
floor of the experimental hall. Electrons losing energy in the radiator are deflected, emerging from
the field along a focal plane, where a scintillator hodoscope is placed.

The hodoscope is composed by two layers of plastic scintillators detectors. The first layer is made
of 384 partially overlapping small plastic scintillator counters (“E-counters”), that determine the
energy of the scattered electron by tracking it in the magnetic field. The indetermination of the
electron energy is determined by the finite width of these counters. Considering their overlap, this
corresponds to ∆Eγ/Eγ ' 0.1%. The second layer is made of 61 bigger scintillator counters (“T-
counter”), that precisely determine the time of the electron hit. This information is used to make
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Figure 2.3: Overall geometry of the Hall B tagging system, with typical electron trajectories labeled
according to the fraction of energy k/E0 transferred to the emitted photon [37].

a coincidence with the corresponding event measured by the CLAS detector, and to determine
which photon triggered the interaction.

The tagger magnet is unable to deflect the primary electrons with energy greater than 6 GeV.
However, the Photon Tagger will be kept in Hall B after the 12 GeV upgrade, to still have the
opportunity to run photo-production experiments at lower energies.

2.3 The CLAS detector

CLAS (CEBAF Large Acceptance Spectrometer) is the multi-particle spectrometer that was in-
stalled and operated in Hall B during the 6 GeV run period. It provided efficient detection of
neutral and charged particles over a good fraction of the full solid angle and momentum range, to
study photo- and electro-induced nuclear and hadronic reactions.

The detector design is based on a toroidal magnet made by six superconducting coils arranged
around the beam line to produce a field pointing primarily in the azimuthal direction [61]. The
detector itself was composed by six independent magnetic spectrometers, with a common target,
trigger and data acquisition system. A view of the particle detection system in the beam direction
and normal to it is given in Figure 2.4. A summary of the CLAS detector main is reported in Tab.
2.1. Each spectrometer was equipped with drift chambers to determine the trajectories of charged
particles, gas Cherenkov counters for particle identification, scintillator counters to measure time-
of-flight, and electromagnetic calorimeters to detect showering particles (electrons and photons)
and neutrons. During photo-production experiments, CLAS was also equipped with a scintillator
counter (the Start Counter) close to the target for precise event timing.
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Figure 2.4: Schematic view of the CLAS detector parallel (left) and perpendicular (right) to the beam
direction.

Figure 2.5: The CLAS Start Counter. In purple, the target [62].

Start Counter

The Start Counter was the first detector encountered by the spray of particles emerging from
the target, and provided the fast and precise time information needed to match tracks in CLAS
with photons from the Hall B photon tagger. This detector, shown in Figure 2.5, was built of
six identical sectors surrounding the target cell. Each sector consists of four scintillator paddles
coupled to a photomultipler tube trough a light guide. Further details can be found in [62].

Drift Chambers

The Drift Chamber System (DC) was the core of the CLAS detector. It worked in conjunction
with the toroidal field generated by the superconducting magnet and provided information about
charged particles momentum by measuring the curvature inside the field. The magnet and the DC
together defined the spherical, axially segmented geometry of CLAS.

Each of the six DC sectors consisted of three regions. Region 1 (R1) was the innermost one,
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Figure 2.6: Exploded view of one of the six CLAS electromagnetic calorimeter modules [65].

situated close to the target and out of the magnetic field, and was used to determine the initial
direction of tracks. Region 2 (R2) was located between the torus coils, in a region with high
magnetic field to maximize track curvature for momentum measurement. Region 3 (R3) was
the outermost and largest one, and lay outside the field region. It measured the final direction
of charged particles headed towards the outer detectors (Cherenkov Counters, Time of Flight,
Electromagnetic Calorimeters). Further details about the CLAS Drift Chamber system can be
found in [63].

Time-Of-Flight

The CLAS Time-Of-Flight system (TOF) provided precise timing information for charged particles,
mainly used for particle identification. Due to the fast response, it was commonly used to provide
the trigger of an hadronic interaction.

The system, covering an area of 206 m2, was composed by scintillation counters 5.08 cm thick,
15 and 22 cm wide, with lengths which varying from 32 cm at the most forward angle to 450 cm at
larger angles. It covered the polar angles ranging between 8◦ and 142◦ and the entire active range
in azimuthal angle. All the components of the system have been designed to optimize the time
resolution, that varies from about 80 ps for the short counters to 160 ps for the longer counters.
Further details about the CLAS time of flight system can be found in [64].

Electromagnetic Calorimeters

The CLAS forward Electromagnetic Calorimeters (EC) has been used for electron detection and
triggering on electrons at energies above 0.5 GeV, detection of photons at energies above 0.2 GeV
(for reconstruction π0 and η trough their 2γ decays), and detection of neutrons.

The detector, covering polar angles up to 45◦, was a sampling calorimeter made of alternating
layers of scintillator strips and lead sheets with a total thickness of 16 radiation lengths. The lead-
to-scintillator ratio is 0.24. Each of the six EC modules, one for each CLAS sector, was made by
triangular panels arranged radially according to CLAS hexagonal symmetry. There were 39 layers
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Parameter Value
Charged tracks:

Polar angular range (θ) 8◦ to 140◦

Polar angular resolution (δθ) ' 1 mr
Azimuthal angular resolution (δφ) ' 4 mr

Momentum resolution (δp/p) ' 1%
Neutral particles:

Polar angular range (θ) 8◦ to 45◦

Energy/momentum resolution ' 0.1/
√

(E)
Particle identification:

π/p < 3.5 GeV/c
K/π < 2.0 GeV/c

Table 2.1: CLAS detector performances.

in the sandwich, each consisting of 10-mm thick scintillator followed by a 2.2-mm thick lead sheet.
Scintillator layers consisted of 36 strips parallel to one side of the triangle, with the orientation of
the strips rotated by 120◦ in successive layers. There were three orientations (labeled U, V, and W)
which provided stereo information on the location of energy deposition. The energy resolution was
roughly σ

E = 0.003 + 0.093/
√
E. Further details about the CLAS Electromagnetic Calorimeters

can be found in [65].

2.4 The CLAS12 detector

As a consequence of the Jefferson Laboratory 12 GeV upgrade, the existing CLAS detector in
Hall B will be upgraded to CLAS12 [54]. This detector is designed to perform experiments with
high energy electron beam impinging on polarized and unpolarized targets at luminosity up to
1035 cm−2 s−1. As well as to match the increased beam energy and intensity, the detector is
designed to meet the requirements of the foreseen experimental program, such as the operation of
a longitudinal polarized target, the capability to detect forward-going, high momentum particles,
and the separation of electrons, pions, and kaons in a large momentum range.

The exclusive and semi-inclusive reactions that will be measured with CLAS12 are characterized
by the production of a low-momentum baryon at large angles and one or more forward mesons with
high momentum. To cover both these kinematic regions the detector is made by a Forward Detector
(FD) covering the angular range between 5◦ and 35◦ and a Central Detector (CD) covering larger
angles up to 125◦. The performances of the CLAS12 detector are summarized in Tab. 2.2.

2.4.1 CLAS12 Forward detector

The Forward Detector will measure and identify charged and neutral particles scattered between
5◦ and 35◦, in the full momentum range. Particles will be detected by six identical magnetic
spectrometers working in conjunction with a toroidal field, generated by a six coil superconducting
magnet. Each spectrometer, corresponding to a sector of the Forward Detector, will be equipped
with a Micromegas tracker, high threshold Cherenkov counter (HTCC), a set of drift chambers
(FDC), low threshold Cherenkov counter (LTCC), scintillation counters (FTOF), and electromag-
netic calorimeters (FEC). The Forward Detector makes use of some of the existing components of
CLAS and of the Hall B infrastructure.
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Figure 2.7: Left: the CLAS12 Forward Detector. Right: the CLAS12 Central Detector.

Forward Tracking system

The Forward Micromegas Tracker and the Forward Drift Chambers, together with the super-
conducting magnet, form the Forward Tracking system. The detector momentum resolution is
a function of the polar angle, ranging from 0.3% at 5◦ to 1.0% at 30◦, and is nearly constant
as a function of the momentum. The foreseen resolution for the polar and azimuthal angle are
respectively 1 mrad and 1 mrad/ sin θ.

Micromegas detectors (“Micro Mesh Gaseous Structure”) are gaseous particle detectors and thus
measure the passage of charged particles trough the ionization induced in the gas volume [66]. In a
Micromegas this volume is divided in two parts by a metallic micro-mesh: the “conversion” volume,
typically 3 mm thick, and the “amplification” volume, typically 25-100 µm thick. The detector is
oriented with the “conversion” volume facing the target. When a charged particle hits the detector,
an electron-ion pair is produced by ionization. The electric field in the conversion volume forces
the electron to drift toward the micro-mesh and the ion toward the cathode. When the electron
enters into the amplification volume it senses the higher electric field and acquires sufficient energy
to produce secondary electron-ion pairs, starting an avalanche. This induces a very high electric
signal at the anode, that is then acquired with a suitable amplifier. The anode is segmented in
strips or pixels to obtain the position of the impinging particle in the detector. The Forward
Micromegas Tracker consists of 3 double layers of flat detector disks, designed with a new PCB
technology (“bulk Micromegas”) [67]. Each layer is segmented with 500 µm strips in the transverse
direction respect to the beamline, with the second layer rotated by 90◦, to measure the hit position
trough the coincidence of the two. The foreseen spatial resolution is 500µm/

√
12 ' 144µm for

both x and y directions.
The Forward Drift Chambers will measure the trajectory of charged particles moving in the

toroidal field, and hence their momentum. The design of the system is very similar to that of
CLAS, with some minor modifications dictated by the operation at higher luminosity and the
required higher resolution. It consists of three regions: the first will be located in front of the
torus coils, outside of the torus field region, the second will be positioned between the magnet
coils, inside the high field region to maximize track curvature for momentum measurement, and
the third will be placed outside the torus coils. Each region is made by two superlayers, with wires
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Figure 2.8: Simplified scheme of Micromegas operating principle. A charged particle ionize the gas in the
“conversion volume”, and creates an electron-ion pair (1). The electron drifts in the electric field toward
the micromesh (2), until it reaches the amplification volume (3). The higher electric field here presents
start an avalanche (4), inducing a high electric signal at the anode (5), that is then read-out trough a
proper amplification circuit.

placed at a stereo angle of ±6◦ respect to the toroidal field, to measure polar and azimuthal angle
of the trajectory.

Forward Time-Of-Flight system

The Forward Time-Of-Flight system (FTOF) is a major component of the CLAS12 forward de-
tector, used to measure the speed β of charged particles. The design parameters were chosen to
allow for separation of pions and kaons up to 3 GeV/c. Considering the average path length from
the target to the CTOF of 650 cm and the fact that more energetic particles are emitted at small
angles, the above request translates to a timing resolution varying from 60 ps in the very forward
region to 150 ps at larger angles. Other requirements to the system are imposed by the foreseen
luminosity, resulting in a high-rate environment, as well as from the integration in the first level
trigger.

Each FTOT sector is made by three set of rectangular scintillator counters, referred to as “pan-
els”. Panels “1a” and “1b” are located at forward angles, covering the range from 5◦ to 36◦, while
panels “2” are located at larger angles, covering the range from 36◦ to 45◦. Each “1-a” panel is
made of 23 plastic scintillator, 5.08 cm thick and 15 cm wide, read out trough short acrylic light
guides. The lenght of the counters ranges from 32 cm at the smallest scattering angles to 275 cm
at larger angles. Panels “1-b” consist of an array of 58 scintillator, each 6 cm wide and 6 cm thick,
with lengths matching the panel “1-a” counters. Finally, panels “2” counters consist of the current
CLAS panel-2 TOF counters, with 22 cm wide, 5.08 cm thick scintillators.

Forward Electromagnetic Calorimeters

CLAS12 Forward Electromagnetic Calorimeters will serve three main functions: measurement and
identification of electrons with energy greater than 0.5 GeV, the measurement of photons with



30 Chapter 2. Experimental equipment in Hall B at JLab

Figure 2.9: Schematic layout of the three regions of the CLAS12 Forward Drift Chambers system.

Figure 2.10: View of the FTOF counters for
CLAS12 highlighting the location of the panel-1 (or-
ange) and panel-2 (red).

Figure 2.11: Time differences ∆t between protons
and pions, protons and kaons, and kaons and pions
over the 650-cm flight path from the target to the
FTOF system.
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Figure 2.12: Left: schematic layout of the CLAS12 ECAL+PCAL assembly. Each PCAL sector (red)
is placed in front of a corresponding ECAL one (light blue). Right: foreseen CLAS12 Electromagnetic
Calorimeters energy resolution. Blue points correspond to ECAL+PCAL assembly, while red points are
for the ECAL only. Note the x-scale reporting the quantity 1√

E
.

energy greater than 0.2 GeV (mainly for π0 and η reconstruction trough their neutral decays), and
the neutrons/photons separation.

The existing CLAS EC will be re-employed in CLAS12, installed at a distance of ' 6 m from
the target. However, this detector is not able to absorb the full energy of the electromagnetic
showers produced by electrons and photons with momenta above 5 GeV, resulting in a decrease
of the energy resolution. Moreover, due to the π0 decay kinematic, for momentum higher than
5.5 GeV/c, the opening angle of the decay photons becomes too small to be resolved with this
detector.

To resolve such issues, a pre-shower calorimeter (PCAL) isplaced in front of the EC. The design
consists of 15 overlapping layers of plastic scintillator and lead, with consecutive layers rotated of
120◦. The whole assembly corresponds to 5.5 radiation lenghts, and the foreseen energy resolution
is σE

E ' 0.1/
√
E.

2.4.2 CLAS12 Central detector

The Central Detector is based on a 5T superconducting solenoid magnet and consists of a barrel
tracker, Central Time-Of-Flight scintillators (CTOF), and a Central Neutron Detector (CND). It
is meant to measure charged hadrons and neutrons in the angular range from 35◦ to 125◦ and with
momenta < 1.5 GeV/c, in the full azimuthal angular range. The solenoidal field is used to bend
charged particles for momentum measurement and to shield the Forward Deetector from Móller
electrons. CLAS12 target system will be located at the center of the Central Detector.

Central Tracking system

The Central Tracking system is based on a hybrid solution involving both silicon strip detectors
and bulk Micromegas, with the detector mounted approximately 25 cm downstream of the nominal
target center. The system is made of 3 double layers of bulk Micromegas around 2 double layers
of silicon detectors. Because only about 20% of the total charged particle momentum is carried by
tracks in the central region, the fractional momentum resolution at 1 GeV/c is 5% to match the
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Figure 2.13: CLAS12 Central Tracking System and Forward Micromegas. From the inner to the outer,
the tungstene cone (orange), the Central Silicon Detector (gray), the Central Micromegas (yellow-blue).
Also shown is the Forward Micromegas Tracker (light-blue).

momentum resolution of the forward tracking system. This hybrid solution has been proved from
simulations to be give a better resolution than those obtained using only one type of detector.

Central Time-Of-Flight system and Central Neutron Detector

The Central Time-Of-Flight system is part of the CLAS12 particle identification system. The
design timing resolution is 50 ps, to allow 4σ separation of pions from kaons up to 0.64 GeV/c and
pions from protons up to 1.25 GeV/c.

The design of the detector includes 50 plastic scintillator counters, each 66-cm long and '
3.5×3 cm2 in cross section, as shown in Figure 2.14. These counters will be placed inside the
superconducting solenoid at a radius from the beam axis of ' 25 cm. Scintillator counters are
coupled to PMTs trough acrylic light guides for signal readout.

Figure 2.14: CAD drawings of the CLAS12 Central Time-of-flight system CTOF (left) and the CLAS12
Central Neutron Detector CND (right).
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Parameter Forward Detector Central Detector
Charged tracks:

Polar angular range (θ) 5◦ to 35◦ 35◦ to 125◦

Polar angular resolution (δθ) < 1 mr < 10 mr to 20 mr
Azimuthal angular resolution (δφ) < 4 mr < 5 mr

Momentum resolution (δp/p) < 1% at 5 GeV/c < 5% at 1.5 GeV/c
Neutral particles:

Polar angular range (θ) 5◦ to 40◦ 40◦ to 125◦ (neutrons only)
Polar angular resolution (δθ) < 4 mr < 10 mr

Energy/momentum resolution < 0.1/
√

(E) < 5%
Particle identification:

e/π In full momentum range NA
π/p In full momentum range < 1.25 GeV/c
K/π < 3 GeV/c < 0.65 GeV/
K/p < 4 GeV/c < 1 GeV/c

Table 2.2: CLAS12 detector performances.

The structure of the Central Neutron Detector is similar to the CTOF: it is made by 4 cylindrical
layers, each composed by 30 trapezoidal scintillator counters coupled to PMTs for light readout
via light guides. The design momentum resolution is ' 5%, with 10% detection efficiency.

2.5 The Forward Tagger

The MesonEx experimental program in Hall B at JLab [39] will perform a comprehensive study
of the meson spectrum in the mass range 1.0− 2.5 GeV/c2 employing low Q2 electron scattering,
that represents a complementary and competitive technique to traditional photo-production ex-
periments. While final state hadrons will be measured with the CLAS12 detector, the low-angle
scattered electron will be detected with a new, dedicated facility: the Forward Tagger (FT). The
purpose of the Forward Tagger is to measure scattered electrons in the polar angular range between
2.5◦ and 4.5◦, outside the nominal CLAS12 acceptance.

The Forward Tagger is made by three components: an electromagnetic calorimeter (FT-Cal), to
identify the electron, measure the electromagnetic shower energy and provide a fast trigger signal,
a tracker (TF-Trck), to measure the scattering angles θe′ and φe′ , and a hodoscope (FT-Hodo) to
provide e/γ separation.

The Forward Tagger is placed between the High Threshold Cerenkov Counter and the torus
support, at about 190 cm downstream of the target nominal position. The close proximity to the
beam line1 and the limited available space requires a compact calorimeter with small radiation
length, very high radiation hardness, and compatible with the high magnetic field there present.
The hodoscope, placed in front of the calorimeter, will be made of plastic scintillator tiles read-out
by silicon photo-multipliers (SiPM) trough wavelength-shifting fibers. The tracking detector will
be located in front of the scintillator counter, thus extending CLAS12 forward tracker acceptance
down to 2.5◦. All these components have been designed to fit within a 5◦ cone around the beam
axis to have no impact on the operation and acceptance of CLAS12 equipment. Figure 2.15 shows
a CAD drowning of the FT integration in CLAS12. Full technical details of detector design and
specifications can be found in [68].

1 2.5◦ at 190 cm corresponds roughly to 8 cm distance between the beam and the detector.
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Figure 2.15: CAD drawing showing the integration of the FT in CLAS12. The FT is located in the free
space between the HTCC and the first DC. The FT calorimeter (blue) is located at about 190 cm from
the interaction point (green cross). The scintillator counter (green) and the tracker (red) are in front of
the calorimeter. A tungsten cone (black) shields the FT from Møller electrons and and electromagnetic
background.
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2.5.1 The Electromagnetic Calorimeter (FT-Cal)

The Forward Tagger Electromagnetic Calorimeter (FT-Cal) has to fulfill demanding requirements,
dictated by the physics and the mechanical constraints in terms of:

• high radiation hardness,

• high light yield,

• small radiation length and Møliere radius,

• fast recovery time,

• good energy and timing resolution.

The electron energy resolution is a crucial factor to determine precisely the photon energy and
ensure the exclusivity of the measured reaction trough missing mass technique. However, since the
foreseen kinematic range corresponds to low energy electrons associated with high energy quasi-real
photons, the energy resolution on the latter will be significantly better than the resolution on the
electron. For example, an electron energy resolution of 2% (at 1 GeV) would result in an energy
resolution of ' 0.2% for the corresponding 10 GeV photon and would allow the use of the missing
mass technique for the most part of the studied reactions.

The FT-Cal should also have a fast recovery time (τ ' 10 ns) to sustain high rates with small
pile-up effects and provide the scattered electron interaction time with good accuracy (<1 ns) to
reject background and identify the signals via coincidence with CLAS12.

Due to the expected high rate from electromagnetic background, the calorimeter is highly seg-
mented in the transverse direction to maintain each channel at a sustainable readout-rate. The size
of each pixel is comparable with the characteristic transverse size of the electromagnetic shower
(Møliere radius), to contain the signal induced by incident particles to few of them, thus minimizing
rates and pile-up. Finally, the calorimeter is located in a region with sizable magnetic field, thus
the photodetectors must be compliant with this environment. Also, they should be small enough
to fit within the available space.

The choice that has been done is to construct a homogeneous calorimeter based on lead-tungstate
(PbOW4) scintillating crystals. In the latest years, such crystals have been extensively studied and
shown to be very resistant to radiation damage, and have been already used in large scale detectors,
such as CMS-Ecal [69], ALICE-PHOS [70], PANDA-EMC [71] and CLAS-IC [72]. PbWO4 main
characteristics are the very fast scintillation decay time (6.5 ns), the small radiation length (0.9
cm) and Møliere radius (2.1 cm), and the high density (8.28 g/cm3), while the main disadvantage
is the poor light yield, only 0.3% of NaI(Tl). There are two types of commercial-available lead-
tungstate crystals: PbWO4-type I, already employed in the CMS experiment, with a light yield of
' 120 γ/MeV at room temperature, and the PbWO4-type II, recently developed by BTCP, with
a higher ligth yield, ' 240 γ/MeV at room temperature.

The light emitted by each crystal when hit by a particle is read by an avalanche photo-diode
(APD, model Hamamatsu s8664-1010) attached to one of its ends. This sensor, other than being
sufficiently small to fit in the FT-Cal design and being operable in a intense magnetic field, has
a spectral response well matched to the light emission spectrum of PbWO4: the crystals emission
peak wavelength is λ = 420nm, corresponding to APD quantum efficiency of ' 70 − 75%. APD
active area is 10×10 mm2, covering almost the whole crystal surface to achieve the maximum light
collection efficiency.

APD signals are read-out trough specifically designed transimpedance amplifiers, with an intrin-
sic gain of the order of 1800, that also provide the necessary bias voltage to the photodetectors.
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Figure 2.16: The Forward Tagger Calorimeter.

Signals, high voltages, and low voltages are collected trough a dedicated motherboard placed in
the downstream side of the calorimeter and delivered to the DAQ and slow-controls systems.

The FT-Cal is made by 332 PbWO4 crystals produced by the SICCAS company, 15 mm ×
15 mm × 200 mm in size, arranged around the beam line with cylindrical symmetry. APDs are
coupled to the downstream face of each crystal, and are directly connected to the preamplifiers.

The FT-Cal has been designed to operate at 0 ◦C, to exploit the higher crystals light yield at
low temperature. Mechanically, the detector has monolithic self-supporting elements each made of
a crystal, an APD, reflective coating of the crystal and some support structures in PEEK plastic.
The mechanical support for each crystal is provided directly by the reflective material, to avoid
dead volume in the detector. Load path and positioning for crystal assemblies is provided by two
copper plates, placed upstream and downstream the calorimeter, and two shaped copper vessels,
one inner and one outer. An external cooling circuit is welded on the rear copper plate and on the
innear and outer copper vessels. Thermal isolation is provided by 20 mm insulating foam, both
out of the inner and the outer copper vessel.

2.5.2 The Hodoscope (FT-Hodo)

The primary aim of the FT-Hodo is to discriminate between photons and electrons hitting the
FT-Cal, both producing indistinguishable electromagnetic showers inside the detector. Electrons
are identified by observing the presence of a hit in the hodoscope which is correlated in position
and time with a signal in the calorimeter.

The main requirement of the FT-Hodo is the high efficiency for charged particles detection, with
spatial and timing resolution comparable with the FT-Cal. Furthermore, to minimize possible
misindetification of photons, the detector is designed to suppress the contribution of false events
arising from photon conversion in the FT-Hodo and from the “splashback” of the electromagnetic
shower created in the FT-Cal.
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Figure 2.17: Left: FT-Cal single crystal assembly: from the front to the back, the supporting nose
(gray), the wrapped crystal (purple), the APD in PEEK housing (red+gray), the preamplifier (green).
Right: The FT-Cal copper thermal rear plate with welded cooling pipes.

The solution adopted to fullfill these requirements is to design the scintillation hodoscope with
two layers of plastic scintillator tiles covering the FT-Cal, each layer being made of 44 small tiles
(“P15”, 15 mm × 15 mm) and by 72 larger tiles (“P30”, 30 mms × 30 mm). Larger tiles are placed
at larger distances from the beam axis, both to keep a uniform rate on each detector channel and
to reduce the level of instrumentation and readout required. Small tiles cover each a single crystal
in the FT-Cal, while large tiles cover an array of four. The first layer is thin (7 mm), to reduce the
probability of gamma conversion in the hodoscope, while the second is thicker (20 mm), to provide
a larger amount of light and to improve the time resolution of the detector.

The high segmentation and the limited space available precludes the use of standard light guides
for the readout. Instead, the FT-hodo design foresees wavelength shifting scintillating fibers (WLS)
embedded in each scintillator tile, twisted on it to increase the optical coupling with the surface.
Part of the light emitted by the scintillator tile is absorbed by the fiber, isotropically re-emitted at
lower frequency, and transported to the other extremity of the fiber, out of the hodoscope active
volume, where an optical sensor reads it. Silicon photo-multipliers (SiPM) have been chosen both
because of their compact dimensions and their compatibility with the high magnetic field present
in the detector region. The hodoscope uses 3x3 mm2 SiPM from Hamamatsu, model S12572-100P,
with 100 µm pitch and quantum efficiency of ' 50%. Their response is well matched to the
emission spectrum of the wavelength shifting fibers.

For effective operation, the timing resolution of the FT-Hodo has to be enough to make a
coincidence between calorimeter and hodoscope hits with a sufficient low rate of accidentals. The
FT-Hodo foreseen timing resolution is ' 1 ns, comparable with the corresponding FT-Cal value.

The majority of particles impinging on the FT-Cal will be highly relativistic, resulting in a fixed
minimum ionizing energy deposit in scintillator tiles regardless of particle type. Thus, measuring
the energy deposition in hodoscope tiles is not critical. The main requirement of the light collection
is that enough photoelectrons hit SiPMs to achieve the required time resolution. However, FT-
Hodo final design includes the possibility to measure the deposited energy, since this information
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Figure 2.18: Left: simplified layout of plastic scintillator tiles of one FT-Hodo layer. Blue squares are
“P15” tiles, red “P30” tiles. Right: GEANT4 visualization of the position of the 2 hodoscope layers (dark
blue). FT-Cal crystals (light blue) and shielding are also shown.

can be still used to perform some timing corrections to improve resolution, as well as to monitor
the behavior of the detector.

2.5.3 The Tracker (FT-Trck)

The FT-Trck provides reconstruction of polar and azimuthal angles for charged particles, essentially
electrons, hitting the FT-Cal. These particles, having non-zero transverse momentum, are rotated
in the x-y plane by the 5T solenoidal field while propagating from the target to the Forward Tagger,
while their polar angle θ is almost conserved, as well as their momentum. The 3-momentum
direction can be reconstructed measuring the rotation in φ between the production vertex and a
tracking plane placed in front of the calorimeter.

The FT-Trck is made of two double-layers of Micromegas detectors, located in the space between
the hodoscope and the High Threshold Cherenkov Counter: the use of two layers results from a
compromise between efficient background rejection and track reconstruction with a low material
budget. Each layer is composed of two single Micromegas detectors with strips oriented perpen-
dicular one respect to the other, such that the (X,Y) coordinates of a track can be determined.
The two layers will be located respectively at 177 cm and at 179 cm downstream of the target,
and centered on the beam axis. They will cover polar angles from 2.5◦ to 4.5◦, thus the detectors
will be anular-shaped with 65 mm inner radius and 142 mm outer radius.

The angular resolution of the detector is determined by the size of the readout strips: for 500
µ m strips a spatial resolution of ' 144 µm is expected, roughly corresponding to 1.7% and 2.8◦

resolution on θ and φ, respectively.

2.5.4 Kinematic, rates and backgrounds

The Forward Tagger Detector has been designed to have a kinematic coverage for electron de-
tection such to tag large energy quasi-real photons with the smallest Q2 compatible with the
electromagnetic background.

The total electron scattering cross section contains contributions from one-photon exchange
(Born process), to which quasi-real photoproduction belongs, from QED vacuum polarization
loops, and from the emission of additional real photons by the electron (radiative corrections).
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Range

Ee′ 0.5 - 4.5 GeV

θe′ 2.5◦ - 4.5◦

φe′ 0◦ - 360◦

Eγ 6.5 - 10.5 GeV

Pγ 70 - 10 %

Q2 0.01 - 0.3 GeV2 (< Q2 > 0.1 GeV2)

Table 2.3: Forward Tagger covered kinematic range.

The intensity of the radiative correction respect to the Born process depends on the kinematics,
increasing with Eγ and decreasing with Q2. To calculate the contributions of internal radiative
corrections to the total inclusive cross section the program RADGEN 1.0 [73] has been used. The
total inclusive electron rate within the geometrical and momentum acceptance of the Forward
Tagger has been evaluated to be ' 130 kHz, for a primary electron beam luminosity of ' 1035

cm−2s−1. Inelastic processes represent about 45% of the total cross section in the kinematic range
of interest, while the remaining 55% is due to elastic events with the recoil proton detected with
CLAS12. Considering only events with high-energy quasi real photon (Eγ between 6.5 and 10.5
GeV), the overall rate for inelastic events is ' 6.5 kHz, while the radiative rate is ' 40 kHz.

The main sources of electromagnetic background in the FT are Bremsstrahlung and Møller
processes. The characteristic angular distribution of Bremsstrahlung photons is strongly forward
peaked (about δθ ≈ me/EBeam ' 0.05mrad@ 10 GeV), therefore their contribution within the
FT angular acceptance (θ > 2◦) is negligible.

Møller electrons and their secondaries are the dominant background contribution to the expected
FT rate. The Møller cross section is almost constant in the kinematic range covered by the detector,
dσ/dθ ≈ 10 − 20mb/rad, however the kinematics of this 2-body process is constrained and, for
angles above 2◦, Møller electrons always have energy smaller than 0.5 GeV, outside the kinematic of
interest. These low energy electrons are bent in the 5T solenoidal field and thus focused towards the
beam line, where they enter into the tungsten cone that shields the detector from this background
and from other secondaries produced along the beam-line, such as low energy photons, X-rays,
and the beam halo. Those particles that exceed this shield and hits the Forward Tagger can be
rejected, both at trigger level or in the offline analysis, because there is no corresponding signal in
CLAS12.
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Figure 2.19: Left: angular and energy distribution of scattered electrons (top) and virtual photon energy
distribution (bottom) within the geometrical and momentum acceptance of the FT. Right: Q2 and linear
polarization of inelastic events within the geometrical and momentum acceptance of the FT. For details,
see Chapters 4 and 6.



Chapter 3

The Forward Tagger Calorimeter

The Forward Tagger Calorimeter (FT-Cal) is the core component of the Forward Tagger detector.
It is ment to identify electrons scattered at low angle, to measure the energy of showering particles,
and to provide a fast trigger signal, to make coincidences with the CLAS12 detector. The FT-
Cal has to fulfill strong requirements in terms of radiation hardness, light yield, radiation length,
recovery time, energy and time resolution, dictated both by the physics and by the mechanical
constraints. Due to the limited space available and its position inside the CLAS12 detector, it
also has to be compact and compatible with a high magnetic field environment. A dedicated
characterization of each detector component was needed to verify requirements, specifications, and
tolerances. Also, technical choices had to be validated by realizing and testing small-scale FT-Cal
prototypes.

In this Chapter, I present the studies that I performed to characterize the components of the FT-
Cal: the scintillating crystals, the APDs, and the amplifiers. I also describe the FT-Cal ancillary
systems that I developed, and that were employed during these measurements. Finally, I show
the results obtained from two small-scale FT-Cal prototypes, respectively with 9 and 16 channels,
whose response to cosmic rays and to electromagnetic showers was measured.

3.1 PbWO4 crystals

PbWO4 crystals are the sensitive element of the Forward Tagger Calorimeter, converting a fraction
of the energy deposited by the incident showering particles into visible light that can be detected
with suitable photo-sensors. These crystals have been chosen because of the properties already
mentioned in previous Chapter, in particular the small radiation length and Møliere radius, the
high density, and the fast scintillation decay time. Before assembling the calorimeter, all crystals
must be fully characterized to ensure that their properties match the detector requirements. The
properties that have to be measured for each FT-Cal crystal and their design specifications are
here summarized:

• Dimensions: crystals have a parallelepiped shape, 15 mm × 15 mm × 200 mm, with 0.15
mm tolerance for all dimensions.

• Longitudinal optical transmission: the absolute longitudinal light transmission should
be not lower than 25% @ 360nm, 60% @ 420nm, 70% @ 620nm.

• Transverse optical transmission: the spread of the wavelength distribution corresponding
to 50% transverse transmission, for 10 measurements performed every 1.5 cm along the crystal

41
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Parameter Value
Density (g/cm3) 8.28

Radiation length (cm) 0.92

Decay time (ns)
6.5 (97 %)
30.4 (3 %)

λmax (nm) 420
n@λmax 2.24

LY (% NaI) 0.6

Figure 3.1: Left: a FT-Cal PbWO4 crystal. Right: PbWO4 main properties.

axis, should be less than δλ = 3nm.

• Light yield: the absolute light yield measured at room temperature with a standard PMT
should be higher than 13 phe/MeV.

• Scintillation kinematic: the scintillation light emitted within the first 100 ns following the
energy deposition event in the crystal should be more than 90 % of the total emitted light.

3.1.1 ACCOS measurements

Characterization of crystals has been extensively performed by using the ACCOS (Automatic
Crystal quality COntrol System) facility at Cern [74]. ACCOS was designed to measure the
properties of the ' 70k CM/EMC PbWO4 crystals and it is now extensively used to characterize
part of the PANDA/EC PbWO4-II crystals. Such a facility can measure all the crystal properties
listed above in a semi-automatic way, for up to 30 samples at time, at +18 ◦C. A reference sample
is installed in the machine, both to acknowledge and correct possible systematic effects between
different runs, and to re-normalize light-yield.

In preparation of the measurement campaign of all the FT-Cal crystals, and to define a full
characterization procedure, two samples of the FT-Cal PbWO4 crystals from SICCAS have been
measured with such a facility. Since FT-Cal crystals differ from PANDA ones only for geometrical
size, a known PANDA reference sample was used during the characterization process.

Geometrical dimensions

Crystal dimensions were measured using a 3D machine. Fifteen points were measured on each
side, and nine points on the two ends, allowing a precise reconstruction of the six crystal faces,
with 5 µm accuracy. The analysis program reconstructs the shape by performing a best-fit to
the points belonging to the same face: the six planes together define the “best-solid”, whose sizes
are thus derived. The deviation of the actual crystal geometry from the nominal one is evaluated
reconstructing the “minimum-solid” and the “maximum-solid”, defined as those formed by six
planes, parallel to the “best-solid” faces, and passing trough the innermost/outermost point of
each face.

Both measured PbWO4 crystals were found to be complaint with the requirements, within the
0.15 mm tolerance.
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Figure 3.2: Left: longitudinal optical transmission for the two PbWO4 crystals measured with the
ACCOS facility as a function of the incident light wavelength. The blue lines indicate the required minimum
transmission value at selected wavelengths. Lines between points have been drawn for better readability.
Right: wavelength values corresponding to 50% transverse transmission, as a function of the position along
the crystal axis. The two RMS spreads are also reported.

Optical properties

Two compact double-beam spectrometers, made by a 20 W halogen lamp, a set of collimators,
lenses and filters, and a UV calibrated PIN photodiode, measured the optical transmission. The
crystal transmission was evaluated comparing the response of the photodiode to direct light and to
the beam passing trough the crystal. Measurements were performed at 11 different wavelengths,
placing interference filters after the lamp. Transverse transmission was measured for 10 different
points along the crystal axis.

The results obtained with the two samples are reported in Figure 3.2, for both the longitudinal
and transverse optical transmission. These two crystals were found to not be fully compatible
with the requirements, neither for the absolute value of the longitudinal transmission at selected
wavelengths nor for the transverse transmission uniformity. Such results have been communicated
to the SICCAS company asking for an improvement of the production process, in order to have
the final set of crystals compatible with our requirements.

Light yield and scintillation kinematics

The decay time and the light yield of PbWO4 crystals were measured using the so-called “start-
stop” technique, detecting the two collinear, 511 keV gamma-rays from a 22Na radioactive source.
One of the two photons was detected in a small BaF2 crystal coupled to a PMT, and provides
the Start signal for the measurement, while the second was detected in the PbWO4. The crystal
was coupled to a PMT trough a proper collimator, to have the mean number of photoelectrons
detected per event not larger then a few tenths. The time difference distribution of the two PMT
hits, measured trough a multi-hit TDC, reproduced the scintillation light emission probability
per unit of time. The decay time was calculated by performing a best-fit trough an exponential
function, while the relative light yield was obtained by integrating it within a ' 100 ns time
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Figure 3.3: Left: time difference distribution for a light yield measurement of a PbWO4 crystal, with
superimposed the best-fit performed to extract the scintillation decay time τ . Right: light yield as a
function of position along the crystal axis for the two measured crystals.

window. To estimate the light yield uniformity, this measure was repeated for 18 points along the
crystal axis.

Results obtained with the samples are reported in Figure 3.3. The left plot shows the time
difference distribution of the two PMT hits for a measurement performed at the crystal center.
The coincidence peak is well separated from the flat, random-coincidences, background. The
position t0 of the peak, not centered at zero because of a fixed time offset in the DAQ system, is
defined as the center of the bin with the highest number of counts. The scintillation decay time τ
is obtained trough a best-fit with an exponential function, properly translated to account for the
offset, plust a constant background term, i.e.:

f(t) = A · exp(− t− t0
τ

) + C , (3.1)

while the relative value of the light yield is obtained integrating the distribution within the first
100 ns after the coincidence peak. The corresponding results obtained for the two samples, as a
function of the position along the crystal axis, are reported in the right plot, both in terms of
relative and absolute light yield. The latter is obtained from the PANDA reference crystal, that
gives a conversion factor of 1u.a. ' 78 phe/MeV.

Both crystals were found to be compliant with the requirements on light yield and scintillation
kinematics. The light yield measured along the crystal axis is always greater than the required
value of 13 phe/MeV, and the scintillation light is always emitted within the 100 ns time window.

FT-CAL crystals full measurement campaign

At the moment of writing of this document, all the 370 FT-CAL crystals (including spares) have
been measured and characterized with the ACCOS facility. Results have been analyzed to verify
the compliance with the design requirements, and to properly place them within the FT-Cal.

The measured light-yield, in absolute units, is reported in Figure 3.4 (left panel). I obtained it
by multiplying the relative ACCOS results, defined as the average over the different measurements
along the crystal axis, with the conversion factor 1u.a. ' 78 phe/MeV previously obtained with
the PANDA reference. This factor was also confirmed by comparing these data to the absolute
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Figure 3.4: Results of the FT-Cal crystals measurement campaign with the ACCOS facility. Left:
Crystals average light-yield. Right: Longitudinal optical transmission, at different wavelengths.

LY reported, for each crystal, by the manufacturer. Almost all the crystals are compliant with the
minimum required LY of 13 phe/MeV. The right panel, instead, shows the crystals longitudinal
optical transmission, measured at the three reference wavelengths. Results obtained with λ =
360 nm are distributed in a quite large range, between T360 = 20% and T360 = 40%, and only 75%
of the crystals are compliant with the requirement T360 > 25%. Instead, at higher wavelengths,
the two distributions are narrower, with more than 95% of the samples compatible with the design
specifications. Since the PbWO4 light emission spectrum is peaked at λmax ' 420 nm, the low-
wavelength spread is not expected to have a strong influence on the detector performances, that are,
instead, more sensitive to the behavior at high wavelength, in correspondence to the longitudinal
transmission plateau.

In summary, 112 crystals were found to be outside specifications, and were sent back to the
factory for replacement. New samples are currently being delivered at CERN, where they will be
characterized with ACCOS.

3.1.2 Crystals characterization at low temperature

The FT-Cal has been designed to operate between 0 ◦C and 20 ◦C. However, the ACCOS facility
can characterize PbWO4 crystals only at room temperature. Therefore, the measure of the main
crystals properties, in particular the light yield, needs to be performed also at low temperature, at
least for selected samples, in order to extrapolate the ACCOS measurements to the full operational
range.

A dedicated cosmic-muons setup was therefore developed. The crystal, inserted in a copper
enclosure for thermal stability, was read using a Photonis XP2262B fast PMT. During the mea-
surement the temperature was kept constant within ±0.5◦C. The PMT was coupled to the crystal
by using a silicon optical pad, and consistent results were found using, instead, optical grease. In
all measurements, the crystal was wrapped by a VM2000 reflecting foil on the free 5 faces. The
response of the PbWO4-II crystal to cosmic rays was measured as a function of the temperature,
at five different working points between +18◦C and -25◦C.

The experimental setup foresaw two plastic scintillators counters, located above and below the
crystal, whose coincidence signal provided the trigger for the data acquisition system. The PMT
signal was digitized with a charge-to-digital converter (QDC). For each temperature setting, the
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Figure 3.5: Left: PbWO4 light-yield as a function of the operating temperature, measured with the
cosmic ray setup. Right: “Induced absorption” ∆ k of a selected sample of 100 PbWO4 crystals, as
reported by the SICCAS manufacturer (y axis) and as measured with the Giessen facility (x axis).

pedestal subtracted spectrum was normalized to the single photoelectron charge, measured with
the same DAQ system and QDC. This measurement was repeated for each working point, to ensure
the gain of the PM was not affected by temperature variation.

The obtained charge distributions were then fitted with a Landau function to extract the position
of the peak, corresponding to the most probable energy deposition. This was finally divided by the
most probable energy deposition value estimated using GEANT4 [75], and corresponding rougly
to 16 MeV. Measurement results are shown in Figure 3.5: the LY gain from +18 ◦C to -25 ◦C
appears to be of the order of 2.5.

3.1.3 Radiation Hardness

Due to the close proximity to the beam line, during the detector operation the FT-Cal crystals
will be exposed to a considerable radiation field, mainly due to low energy electrons and photons,
produced by the interaction of the primary beam with the target and surrounding material, and
scattered at low angle. Radiation dose can be a critical issue for the operation of scintillating crystal
in high background environment, since it induces a deterioration of light transmission, creating
same color centers in the lattice. These defects are not permanent, and can be removed with a
thermal annealing, that, however, may be unpractical during data taking. Detailed MonteCarlo
simulations [68] showed that, at the nominal 1035 cm−2 s−1, the expected mean radiation dose is
' 1 rad/h, with a maximum value of ' 5 rad/h for the innermost crystals.

For this reason, the manufacturer company was required to characterize the radiation hardness
of each crystal, after the exposure to a ' 3 krad 60 Co source. In this way, crystals can be properly
arranged in the FT-Cal setup, with those more radiation-hard mounted nearer the beam line.
However, radiation hardness needs to be measured independently, at least for a selected sample,
to confirm data provided by the manufacturer.

Crystals radiation hardness is expressed trough the “induced absorption” parameter ∆ k, defined
as:

∆ k =
1

L
ln
Tpre
Tpost

, (3.2)
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Parameter Conditions Value
Active Area (mm2) 10 x 10
Quantum Efficiency λ = 420 nm 70%

Spectral Response Range 320 to 1000 nm
Intrinsic Capacitance CJ 270 pF

Dark Current Id G=50, T=20◦ 5 nA
Excess Noise Factor F G=50, T=20◦ 1.29

Figure 3.6: Left: Hamamatsu S8664-1010 APD. Right: the photo-detector properties.

where L is the crystal length (20 cm), and Tpre, Tpost the crystal longitudinal optical transmission
evaluated at a selected wavelength, typically 420 nm, respectively before and after the exposure to
the radiation field. Each FT-Cal crystal is required to have ∆ k < 1m−1.

During the FT-CAL crystals measurement campaign, the radiation hardness of 100 selected
samples was studied, using the facility installed at the University of Giessen. The optical trans-
mission was measured with a spectrophotometer before and after the exposure to a 30 krad 60Co
source, and the obtained ∆k parameter was compared to what declared by the manufacturer.
Results are reported in Figure 3.5 (right-panel). A significant disagreement is seen, both for the
∆k absolute value, and in terms of correlation in between the two datasets. This result calls for
the measurement of the whole batch, to better evaluate how manufacturer results are accurate
and, if necessary, to reject those crystals out of specifications. The full characterization is actually
planned in February 2014, at the Giessen facility.

3.2 Photo Detectors

Avalanche Photodiodes (APDs) are employed in the FT-Cal to readout the light emitted from
scintillating crystals and convert it to an electrical signal. The main reasons to employof these
optical sensors are: the small size (15x15 mm2 for an active area of 10x10mm2), the high quantum
efficiency (' 70% in the spectral region of PbWO4 emission), and the low sensitivity to magnetic
fields. The main disadvantage, compared to standard photomultiplier tubes, is that, due to the
low intrinsic gain (' 20÷ 250), the output signal needs to be amplified by a suitable circuit before
the acquisition. APDs must also be operated at controlled temperature to avoid gain variations
that would directly affect the overall resolution of the detector.

3.2.1 APD layout and operation

APDs are reverse-biased photodiodes with an high intrinsic gain, obtained from an avalanche mul-
tiplication mechanism occurring in their internal depletion region. The detector working principle
is described in Figure 3.7. When optical photons hit the detector, they move across the SiO2

layer, the N layer, and the P layer, finally entering in the depletion region where they produce free
electron-hole pairs. If a reverse bias voltage is applied, the high electric field created in the deple-
tion region multiplies the charge-carriers by impact ionization, resulting in an avalanche process.
Electrons are then collected in the N layer, while holes are collected in the P layer. The output
current signal is proportional to the intensity of the incident light, i.e. to the number of photons
that actually hit the photo-detector.
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Figure 3.7: Left: APD internal layout and working principle. Right: APD equivalent electric circuit.

The APD equivalent electric circuit is similar to that of standard photodiodes. CJ is the intrinsic
capacitance of the APD, RSH is the shunt resistor, and RS is the series resistor. Typically, RS ' Ω,
while RSH ' 107 ÷ 1011 Ω. The current I3 flowing trough an external load R3 in DC regime is
obtained from the following relations:

I3 = I0 − I1 − I2

I3 = I0 − Is · (exp(
qeVd
KT

)− 1)− Vd
RSH

, (3.3)

where I0 is the photo-current generated by incident photons, I1 is the reversed bias leakage current,
and I2 is the current across the shunt resistor. Neglecting the latter due to the very high RSH
value and considering the reverse bias-voltage regime, Vd � 0, the following I3 expression is be
derived:

I3 = I0(G) + Is(G) (3.4)

The DC current is thus the sum of the photo-current and the leakage dark current of the APD
junction, both being a function of the device intrinsic gain G. For time-dependent signals, the
detector intrinsic capacitance Cj has to be considered to determine the cut-off frequency of the
system when connecting the APD to an external circuit with input resistance R. It adds a pole to
the transfer function of the whole system, at a frequency fcut = 1

2πRCJ
.

3.2.2 APD internal gain and dark current measurement

Both the APD intrinsic gain G and dark current Id strongly depend on the bias voltage V and on
the operating temperature T . To reach maximum performances in terms of resolution and linearity
it is important that all the channels in the FT-Cal are operated at the same working point, i.e.
all the APDs have the same gain. It is therefore crucial to measure the gain of each APD as a
function of V and T in the proximity of the foreseen working conditions. Mapping the gain of each
sensor will also permit to sort APDs with similar response and supply with the same bias voltage,
thus reducing the number of independent power channels.

The procedure I employed to measure the internal gain G at fixed temperature T as a function of
the bias voltage V is as follows. The dark current Ioff and the photo-current due to a continuous
illumination Ion were measured at different values of the reverse bias voltage Vb. The light source
was a blue LED, with an emission peak similar to the maximum emission wavelength of PbWO4



3.2. Photo Detectors 49

V (Volt)

0 50 100 150 200 250 300 350 400

I(
n

A
)

­110

1

10

210

3
10

410

APD current

onI

offI

V (Volt)
0 50 100 150 200 250 300 350 400

G
a
in

1

10

210

APD Gain

350 360 370 380 390 400

30

2
10

2
10×2

Figure 3.8: Left: dark current Ioff and light current Ion for an Hamamatsu s8664-1010 APD as a function
of bias voltage. Right: APD gain calculated from these measured currents with equation 3.5. The inset
shows data near G = 150. This measurement was performed at 18.4± 0.1◦.

(420 nm)1. The gain was derived using the following equation:

G(VB) =
Ion(VB)− Ioff (VB)

Ion(G = 1)− Ioff (G = 1)
, (3.5)

where Ion(G = 1) and Ioff (G = 1) are, respectively, the values of the photo-current and the dark
current when the internal gain of the APD is equal to one, i.e. when the bias voltage is sufficiently
low so that the avalanche mechanism is not active. These values must be measured independently
to calculate the gain.

Figure 3.8 shows the typical behavior of Ion and Ioff as a function of the bias voltage, at room
temperature. After an initial plateau, which corresponds to the unitary gain, Ion grows rapidly
for increasing bias voltage. Ioff remains smaller than Ion by a factor ' 100 - 1000. Thus the
denominator in Eq. 3.5 corresponds to the Ion initial plateau. The corresponding APD gain curve
exhibits a constant behavior for bias values lower than ' 100 V, while it increases rapidly for
higher values.

The measured dark current Ioff is reported in Figure 3.9 (left) as a function of the intrinsic gain
G. It shows a linear dependence, as expected from the most common interpretation of APD dark
current as a sum of two terms: the first (“surface-current”) being independent from G, and the
second (“bulk current”) being directly proportional to it.

Finally, the relative gain variation with respect to the bias voltage, between G = 40 and G = 200,
is shown in Figure 3.9 (right). In particular, I got:

1

G

∂G

∂V
= 3.2%/V for G = 50

1

G

∂G

∂V
= 6.5%/V for G = 150

These results are in very good agreement with similar measurements reported in [76].

1The stability of the LED was checked using a stable PMT and measuring its output current while exposed at
the LED light. I did not see any appreciable variation during a period of several hours.
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Figure 3.9: Left: APD dark current Ioff as a function of the intrinsic gain G. Right: APD relative gain
variation with respect to the bias voltage.

Temperature dependence

I investigated the APD gain temperature dependence repeating the measurement described above
at different temperatures between -1 ◦C and +21 ◦C. The obtained results, reported in Figure 3.10,
show that, at fixed bias voltage, the intrinsic gain decreases with temperature. Also, the curves
corresponding to constant gain values in the Voltage-Temperature plane are approximately straight
lines, therefore the APD intrinsic gain depends on a linear combination of these two variables:

G(V, T ) = G(αV − βT ) ≡ G(x) (3.6)

where α and β are two proper coefficients, related to the slope of the iso-gain curves in the
V − T plane, and x = αV − βT . From the above equation, the following expressions for the
relative gain variation respect to the bias voltage and to the temperature can be derived:

1

G

∂G

∂V
= α

G′

G
(3.7)

1

G

∂G

∂T
= −βG

′

G
(3.8)

I also used the the APD gain linear behaviour to derive a procedure to calculate it for any (V, T )
setting. This procedure requires to characterize the device response, as a function of bias voltage,
only at few different temperatures. In particular:

• Knowing the foreseen working point, i.e. the desired bias voltage V0 and operating temper-
ature T0, the combination x0 = αV0 − βT0 is calculated. x0 determines uniquely the APD
gain value G0, as follows from Eq. 3.6.

• The “equivalent-bias” V1, that results in the same gain value G0 when the device is operated
at a different temperature T1, is that corresponding to the same x0 value, and is therefore
given by:

x0 = αV1 − βT1 → V1 = V0 −
(
α

β

)−1

· (T0 − T1) (3.9)



3.2. Photo Detectors 51

Bias Voltage (V)
360 365 370 375 380 385 390 395 400

G
a

in

40

210

210×2

210×3

210×4

210×5

APD Gain

 Bias Voltage (V)
320 330 340 350 360 370 380 390

C
)

°
 T

e
m

p
e

ra
tu

re
 (

0

5

10

15

20

0

20

40

60

80

100

120

140

APD Gain

Figure 3.10: Left: APD intrinsic gain G for different temperatures. + : −1.44 ◦C, ∗ : 2.51 ◦C, ◦ : 6.47 ◦C,
× : 10.44◦C, • : 14.43 ◦C, N : 18.42 ◦C, H : 22.39 ◦C. The open triangle corresponds to the bias declared
by the manufacturer for G=50 @ T=+25◦C. Right: the same data reported in a bydimensional plot, with
constant gain curves highlighted in black.

• G0 is calculated from the gain curved obtained at temperature T1, by evaluating it at the
“equivalent-bias” V1 defined above.

The above method, that requires to characterize the APD response only at a single temperature
T1, is actually based on the knowledge of the ratio k ≡ α/β, i.e. the slope of the constant gain
lines in the V − T plane.

This parameter can be obtained by comparing measurements performed at few different tem-
peratures, and calculating for each of them the bias voltage corresponding to a certain fixed gain.
Figure 3.11 shows, for example, the values corresponding to G = 50, 100, 150, 200 for six temper-
atures in the range between 0 and 25 ◦C. The slope of the lines points are aligned to corresponds,
by definition, to k. This parameter is therefore extracted by performing a best fit with a first-
order polynomial to the different data points. In particular, for the measured APD, I obtained
k = (1.26± 0.01) ◦C/V .

3.2.3 APD working point selection

The APD output noise is the sum of two independent contributions, the first related to statistical
fluctuations in the APD signal formation process, and the second to the electronic noise of the
amplifier (see sec. (3.3)). The first term changes varying the APD internal gain, while the second is
independent on it. The working point of the FT-Cal APDs has thus been chosen with to maximize
the intrinsic resolution of the photodetector, i.e. the signal-over-noise ratio, finding a balance
between the two noise sources.

I investigated the APD optimal working point measuring the intrinsic signal fluctuations, for
different values of the intrinsic gain G, using a stable LED pulser as light source. The employed
APD was previously characterized measuring its intrinsic gain and dark current as a function of
the bias voltage. The gain of the amplifier was also measured and found to be ' 1765.

In practice, I measured the output charge Q and its fluctuations σQ as a function of the bias
voltage VB , integrating the amplifier output signal in a 150 ns gate. To measure the signal fluctua-
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Figure 3.11: APD bias voltage corresponding to a fixed gain G0, as a function of the working temperature.

tions σQn due only to the intrinsic noise of the amplifier, I integrated the output signal out-of-time
respect to the LED pulse, within the same gate.

Results are shown in Figure 3.12. The absolute value of the signal fluctuation σQ increases with
the gain of the APD, as the measured output charge. The relative charge resolution σQ/Q instead
decreases with the gain, reaching a minimum at G ' 100, and then gets slightly worse for larger
bias voltages. This behavior is due to the amplifier noise, that contributes to the signal resolution
with a constant term negligible at high APD gain. The degradation in the resolution for G > 100,
known as “excess noise”, is instead related to inhomogeneities in the APD depletion region, where
the charge multiplication process occurs.

From these measurements, we set the FT-Cal APD working point at the intrinsic gain of 150,
to achieve the best resolution while keeping the dark current at a reasonable low level.

Excess Noise Factor F

APD signal statistical fluctuations arise from two different contributions. The first is related to the
production of electron-hole pairs, so that when Nγ photons hit the photo-detector, the number of
electron-hole pairs is distributed according to a Poisson distribution with mean Ne and standard
deviation σNe =

√
Ne. The second term, instead, originates from inhomogeneities in the depletion

region that each electron-hole pair experiences independently during the avalanche process. This
effect induces an effective fluctuation in the intrinsic gain G that corresponds to an additional term
σG ·
√
Ne in the signal resolution.

The “excess noise factor” F is thus introduced in the APD energy resolution parametrization to
take this effect into account [77]:

σE
E

=
σQ
Q

=
1√
Ne
·
√
G2 + σG2

G
≡
√
F (G)√
Ne

(3.10)

I measured the excess noise factor F for the APD already used to identify the working point of
the FT-Cal photodetectors, as described in the previous section. For each value of the bias voltage,
I measured the output charge Q and its fluctuation σQ, as well as the noise contribution due to
the amplifier only σQn. Subtracting quadratically these two terms I obtained the true APD signal
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Figure 3.12: Results of the measurement to select the APD working point. Top left: measured signal
charge as a function of the bias voltage Vb. Top right: APD intrinsic gain G. Bottom left: output signal
fluctuations, in black the contribution of the preamplifier noise and in red the total fluctuation (APD +
amplifier). Bottom right: output charge relative resolution as a function of the APD gain G.
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Figure 3.13: Left: measured charge fluctuations of signal and background, and their difference, as a
function of the bias voltage. Right: the APD excess noise factor F as a function of the APD intrinsic gain
G.

fluctuation:

σQAPD =
√
σQ2 − σQn2 (3.11)

I estimated the number of primary electron-hole couples Ne from the measured charge Q0 at
the APD nominal working point, divided by the amplifier gain (' 1770) and the nominal gain
G = 150):

Nphe =
Q0

qe ·G0 ·Gampl
' 45 · 103 (3.12)

Finally, I used Eq. 3.10 to evaluate F :

F = Ne · ((
σQAPD
Q

)
2
− (δLED)2) (3.13)

In the formula above, δLED is the contribution to the resolution due to the LED pulser, arising
from intrinsic fluctuations in the LED emission. I assumed this contribution to be ' 1.0%.

Final results are reported in Figure 3.13. I obtained F = 1.6 for G = 50 and F = 2.4 for
G = 100, in agreement with the measurement performed by PANDA collaboration for the same
type of sensors [71].

3.2.4 Facility for APD Gain Measurement

In preparation of the full FT-Cal detector, I developed a facility to measure the APD intrinsic gain
and dark current, as a function of bias voltage and operating temperature, in a semi-automatic
way. This facility can characterize up to 24 devices toghether, in the bias voltage range (0 - 400)
V and temperature range (-2◦ - +25◦). The measurement at each T takes approximately 4 hours,
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Figure 3.14: Simplified layout of the APD gain
measurement facility.

Figure 3.15: One of the metallic plates hosting
APDs in the facility for APD gain measurement.

requiring one day to fully characterize sensors in the chosen temperature range. The full set of 380
FT-Cal APDs can be tested with this facility in approximately one month.

The gain of each APD is measured with the technique already described in previous section.
The dark current and the photo-current are measured scanning the bias voltage range between 0
and 400 V, with programmable steps, and the gain is then calculated trough Eq. 3.5. The stable
light source for photo-current measurement is a blue LED of the same type mentioned before.

The general layout of the facility is shown in Figure 3.14. The 12+12 APDs under measurement
are mounted on two drilled copper plates, both hosting a LED. Each APD is mounted in corre-
spondence of a hole, and is connected to a PCB on the opposite side of the plate. The APDs are
arranged circularly around the LED, that is also connected to the PCB (Figure 3.15). The PCB
distributes the HV bias to each APD and feeds their currents to the input of a current multiplexer.

The current multiplexer is the “core” of the facility (see Figure 3.16), that employs a single
picoammeter and a single HV source for all the APDs. During operation, the APD cathodes are
all connected to the HV source trough independent bias resistors, while the anodes are connected
the multiplexer inputs. The multiplexer single output is connected to the picoammeter. In this
way, only one APD at time is physically attached to the picoammeter, while the other 23 are
coupled to ground.

I designed the current multiplexer using mechanical relays (type SPDT, “single pole, double
throw”2). I chose to employ mechanical relays because the currents to be measured are of the
order of 10-100 nA and other types of electronic switches, such as those based on transistors,
would have introduced spurious currents of the same order of magnitude, leading to incorrect gain

2A SPDT relay is a 3-terminals device. One of them connects to either of two others, depending on the state of
the magnetic coil.
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Figure 3.16: Left: picture of the current multiplexer of the facility for APD gain measurement. Right:
simplified schematic of the gain measurement circuit (only three channels are reported). “HV” is the
common high voltage source, “A” the picoammeter.

measurements.

The facility also includes a cooling system to keep APDs at a constant temperature. The coolant
flows in a pipe welded on each of the two plates and connected to an external programmable chiller.
The temperature is continuously monitored trough 2 thermoresistors mounted on each plate. The
chiller provides temperature feedback loop with 0.1◦ stability. Furthermore, during the operation,
the copper assembly is inserted in a vacuum- and light-tight box flushed with nitrogen to prevent
moisture formation.

The system, controlled trough a Labview program running on a PC, works as follows. During
the initial setup phase the user enters the values for the temperature scan and the number and IDs
of the APDs to characterize. For each programmed temperature, APDs are individually enabled
and their gain is measured. At the end of all measurements data is analyzed to obtain the intrinsic
gain G of the APDs as a function of the bias voltage and temperature. Relevant parameters, such
as the bias voltage corresponding to a gain of 150 at room temperature, the relative variation of the
gain respect to the temperature and the bias voltage in the neighborhood of the nominal working
point, and the k ratio, are then recorded in a file.

During the facility commissioning I investigated the relevance of possible systematic effects in
the measurement, such as those due to long term fluctuations introduced by temperature drifts,
residual moisture formation, variations in the LED emission. I repeatedly measured the gain of the
same APD over a time period of 15 days, comparable with the overall time required to characterize
all the sensors of the FT-Cal, calculating the bias voltage corresponding to its nominal gain at room
temperature (G = 150 @T = +18◦C). Results are reported in Figure 3.17. All the measurements
show the working point within 0.1 V. This corresponds to a relative error on the measured gain
lower than 1%, being 1

G
∂G
∂V ' 6.1% in the neighborhood of the working point. This value is

sufficiently small respect to the accuracy that is needed in the FT-Cal application.
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Figure 3.17: APD bias voltage corresponding to a gain G=150 at room temperature obtained in each of
the 15 measurements performed to check system stability.

3.2.5 FT-CAL APDs characterization

At the moment of writing this document, all the 380 FT-Cal APDs (including spares) have been
characterized employing the semi-automatic facility, and 96% of them were found to be within
specifications. Only 18 showed an unexpected behavior at low temperature, and therefore need to
be replaced.

Results are shown in Figure 3.18. The left panel reports the bias voltage required to operate
photo-detectors at the nominal gainG = 150, for different operating temperatures. Photo-detectors
are distributed in groups of tenths with similar characteristics, as requested during the purchase
process. In the FT-Cal setup photo-detectors belonging to the same group will be supplied with
the same bias voltage, thus reducing the number of required high-voltage channels. The APD
grouping does not change with the operating temperature. The right panel, instead, shows the
comparison between the measured bias voltage corresponding to APD gain G = 150 at 0 ◦C, and
the value obtained by extrapolating data measured at 20 ◦C, using the above described procedure.
The good agreement proofs the reliability of the procedure, that can therefore be employed to
calculate the APD gain at any (V, T ) setting.

3.3 Amplifiers

The APDs output signal is too low to be directly acquired, and needs to be amplified by a suitable
circuit, that must fulfill specific requirements dictated both by the physical application and by the
overall setup of the FT-Cal, in particular the DAQ chain.

I developed this amplifier starting from the existing CLAS-IC [72] design, that was employed
to read-out to a similar APD (Hamamatsu 8664-55, with active area 5x5 mm2). During the
design, I collaborated with the “Servie d’Electronique Physique” (SEP) of the “Institut de Physique
Nucleaire” (IPN) of Orsay. Here I present the scheme of the circuit, as well as the tests on few
samples that I did to characterize it and verify it met the FT-Cal requirements. At the moment
of the writing of this document, all the FT-Cal amplifiers have been produced and tested at IPN
Orsay and delivered to Genova.
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3.3.1 Requirements

The main properties of the amplifier that were considered and tuned during the design phase were:
the gain, the dynamic range, and the intrinsic noise, that were fixed according to the FT-Cal
physical application. In particular, the dynamic range must be large enough to match with the
deposited energy per channel, that, according to simulations, can spread from 10 MeV to 5 GeV.
Thus a dynamic range of at least 500 is required.

The required gain can be estimated requiring that the output signal corresponding to the
maximum energy deposited in each FT-channel (5 GeV) is matched to the maximum signal
that the DAQ chain can acquire (4 V). Assuming a crystal light-yield at room temperature
LY ' 13 phe/MeV, an APD quantum efficiency ε ' 0.7 and intrinsic gain G ' 150, and an
output signal width T ' 50 ns, the output charge corresponding to 5 GeV deposited in the
PbWO4 crystals is roughly:

Qmax ' Gampli · 1.1 pC (3.14)

and this results in an output signal amplitude of:

Amax ' Qmax
2R

T
, (3.15)

where R = 50 Ω is the acquisition device input impedance. By imposing Amax = 4V the required
amplifier gain is Gampli ' 1800.

The intrinsic noise of the amplifier must be small enough to detect the lowest energy deposited
in each channel (10 MeV). This corresponds roughly to a RMS noise not larger than 5 mV.

Finally, the physical dimensions of the amplifier (12x60 mm2) were imposed by the size of the
PbWO4 crystals and of the APD, and no modifications of the CLAS-IC design were required.
Figure 3.19 shows the amplifier with its surface mounted components. The contacts on the rails
ensure careful grounding when the amplifier is inserted in the FT-Cal copper structure.

3.3.2 Circuit design

The designed circuit is a 3-stages trans-impedance amplifier, which converts the APD current pulse
to an output voltage, without performing any integration. The schematic is shown in Figure 3.19.
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Figure 3.19: Top: schematic of the FT-Cal APD amplifier. DC characteristics are reported in red. The
HV bias network is not shown. Bottom: Front and rear view of the FT-Cal APD amplifier.
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The first stage is based on a BJT NPN transistor in common-base configuration, while the sec-
ond and third are based on fast operational amplifiers in non-inverting configuration. The second
transistor decouples the first stage from the second one, acting as a voltage follower. Both transis-
tors (BFR182) have been chosen due to their low noise and high cut off-frequency, while the last
operational amplifier is a rail-to-rail model (AD8067) used to have a maximum output signal of 5
V.

The amplifier also provides bias voltage to the APD, trough a dedicated resistor network (not
shown in Figure 3.19). The APD is coupled to the amplifier at the cathode trough a 100 nF
capacitor, while the anode is kept at ground.

The DC behavior of the first stage is calculated neglecting the small base current, therefore
having equals collector and the emitter currents, Ie = Ic. Since the base is connected to ground,
the emitter voltage Ve is equal to the transistor base-to-emitter voltage drop, Vbe = −0.76V . Thus
Ie = VEE−Vc

Rc
= 630µA.

A current pulse at the input correspond to a variation in the emitter current ie and, since the
collector current variation ic is the same, the voltage signal at the collector is vc = ie · Rc. The
current-to-voltage gain of the first stage is therefore equal to the collector resistance, G1 = Rc =
3.9 · V/mA. The voltage signal is then amplified by the second and the third stages, respectively
with a gain G2 = 2.7 and G3 = 8.7.

The overall transimpedance gain of the amplifier, defined as the ratio between the output voltage
pulse and the input current pulse, is G = G1 · G2 · G3 = 91 · V/mA. The charge-to-charge gain3

depends on the input-impedance of the load the amplifier is connected to, according to the relation
Gc = G

Zin
. For Zin = 50 Ω the charge gain is Gc ' 1800.

The input impedance of the amplifier is related to the first transistor DC emitter current Ie,
trough the relation Zin = VT

Ie
, where VT is the thermal voltage (kT/e). For T=300 ◦K, Rin=41 Ω.

The overall bandwidth is limited by the first stage collector resistance Rc (3.9 kΩ) and capacitance
Cc (2 pF), resulting to a cut-off frequency fcut = 1

2πRcCc
of 20 MHz.

3.3.3 Performances

I measured both the charge-to-charge and charge-to-voltage gain of a FT-Cal amplifier prototype,
injecting different input signals with known charges and measuring the amplitude and the area of
the corresponding output pulses with a digital oscilloscope. The input signal rise time was 20 ns.
Results are shown in Figure 3.20. The measured charge gain of 1679 is compatible with the one
expected from the design and the offset is compatible with 0, proving the good linearity of the
circuit.

I also measured the intrinsic noise of the amplifier, at different working temperatures, simulating
the effect of the APD presence trough a capacitor placed at the circuit input. I measured the RMS
noise of the output signal from the amplifier, calculating the ENC (equivalent noise charge)4 using
the following equation:

ENC =
VRMS

Gv · e
, (3.16)

3A transimpedance amplifier converts an input current to an output voltage, thus its intrinsic gain G is measured
in V/mA. The charge-to-charge gain is defined as the ratio between the charge delivered by the output signal on a
load Z and the charge corresponding to the input pulse, and its given by Gc = G/Z. Finally, the charge-to-voltage
gain Gv is the ratio between the output signal amplitude and the input signal charge, and it is measured in V/pC.
It depends also on the rise-time of the input signal.

4The “equivalent noise charge” of an amplifier is defined as the charge corresponding to an input signal that
results in a output whose amplitude is equal to the RMS noise of the circuit. It is often expressed as an equivalent
number of electrons.
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Figure 3.20: Measured charge-to-charge gain (left) and charge-to-voltage gain (right) of the prototype
for the FT-Cal amplifier.

where VRMS is the output signal fluctuation and Gv the amplifier charge-to-voltage gain. Results
are reported in Figure 3.21 (left). Output noise increases with the input capacitance as expected,
showing a saturation trend at high values, while the temperature dependence is weak. In particular,
at +20 ◦C the ENC for a detector capacitance of 280 pF the ENC is (9000± 100) e− (RMS), roughly
corresponding to a deposition of few MeV in the PbWO4 crystals.

Finally, the amplifier power consumption is shown in Figure 3.21 (right), reporting the contri-
butions for the +5 V and -5 V supply lines and their sum. I performed this measurement injecting
into the amplifier a signal roughly equivalent to 100 MeV deposited in the PbWO4 crystal. At
room temperature, the total power consumption is ' 140mW , with equal contributions from the
two supply lines. This value slightly decrease going at lower temperature, down to 135mW at
-20◦. I did not observe any dependence of the power consumption on the input event rate, up to
500 kHz.

3.4 Readout electronics and raw data elaboration

After amplification, each FT-Cal channel signal is acquired and processed to extract the relevant
physical quantities, i.e. the energy deposited in the crystal by the incident particles and the time
of the corresponding hit. The CLAS12 DAQ system for fast detectors (time-of-flight counters and
calorimeters) is entirely based on “Flash Digital to Analog Converters” (FADCs). These devices
continuously digitize the amplitude of input signals and store the corresponding samples in their
internal memory, leaving them available for readout when a trigger condition is satisfied. The main
advantages of this solution, with respect to a “traditional” one based on QDCs (“charge to digital
converter”), are the following:

• FADCs record the input signal as digital waveforms, therefore filter algorithms can be applied
before proceeding further in the analysis to enhance the signal over noise ratio.

• The digitization is continuous and acquired samples are stored in a circular buffer inside the
board. When a trigger is received, data are made available for readout while the acquisition
process continues on another internal buffer. This reduces the overall dead time of the system.
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Figure 3.21: Left: FT-Cal amplifier ENC as a function of the input capacitance and operating temper-
ature. Right: FT-Cal amplifier power absorption as a function of the operating temperature.

• FADCs are equipped with an on-board FPGA that elaborates digital waveforms to obtain
online elaborated quantities, such as the signal charge and the corresponding hit time. This
gives the opportunity to develop a “smart” trigger logic with sophisticated algorithms for
events selection, and reduce the amount of data to be transferred to the storage disks.

Jefferson Lab developed a custom FADC board that will be employed by all the 12 GeV exper-
iments: further details can be found in [78].

3.4.1 Signal integration

I developed the algorithm to perform digital waveforms integration, thus measuring the charge
deposited in the corresponding FT-Cal channel. This algorithm was developed offline, working
with acquired digital waveforms, and can be implemented in the JLab FADCs FPGA to run
during data acquisition.

The algorithm works as follows (see also Figure 3.22). After finding the peak position and the
corresponding amplitude, the samples belonging to a temporal window with fixed width, centered
on the peak, are used to numerically integrate the waveshape using the trapezoidal rule. Then
the pedestal is measured using the same integration window and technique applied to samples at
the beginning of the acquisition window. These samples are also used to measure the RMS noise.
Finally the charge of the signal is calculated subtracting the pedestal to the previously measured
area. For a signal to be considered valid it is required that its amplitude is greater than three
times the RMS noise, otherwise an error code is reported.

To see the effect on the charge resolution of the integration algorithm I implemented and tested
different numerical methods, such as the Simpson’s rule or the discrete Gauss formula, running it on
the same data set and looking for differences in the results. No appreciable variations were found.
I also tuned the length of the integration window to maximize the charge resolution, obtaining the
best results with a 160 ns window, beginning 40 ns before the peak pulse.

The algorithm has been successfully employed during all the tests of FT-Cal prototypes (see
Sec. 3.6.1 and 3.6.2). The obtained data was also used to further optimize it [79], in particular
employing an integration window with an event-by-event defined width.
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Figure 3.22: FADC acquired waveform for 100 MeV signal from PbWO4. Red dots are the FADC
measured samples, while the black line connecting them has been added for clarity. This event has been
measured with the 16-channel prototype of the FT-Cal during test at the “Beam Test Facility” of the INFN
Frascati Laboratory, presented in Sec. 3.6.2. Acquisition boards were programmed with a 800 ns time
window (200 samples @ 4 ns clock) and -320 mV DC offset, shifting the time scale to have the signal peak
500 ns after the beginning of the acquisition window. The two region between the blue lines, “pedestal”
and “signal”, are used in the calculation of the signal charge, as explained in the text.
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Figure 3.23: Simplified structure of the FT-Cal online monitoring system.

3.5 Online Monitoring System

During online operations, it is critical to have an immediate feedback of the detector response,
to evaluate performances and to estimate data quality, without the necessity of running the full
offline analysis chain.

To this end, I developed an online monitor software for the FT calorimeter. The physical
quantities that need to be monitored spread from those specific to each channel, such as the
waveforms acquired by the FADCs, the deposited energy, and the timing, to those more elaborated,
like the total energy deposited in the detector by showering particles and the cluster distribution
among the crystals. I specifically designed the program to fulfill these requirements, adapting it
to the calorimeter 16-channels prototype. I matched all the involved algorithms to this specific
detector, in particular to the format of the acquired raw data, but I structured the program so
that only the specific algorithms implementation has to be changed to use it with the full FT-Cal,
without modifying the general structure.

I wrote the online monitor software in C++ language, designing a modular program where each
specific task is executed by a defined component. I realized a multi-thread program, assigning to
each thread a specific operation. I took particular attention in thread synchronization, ensuring
that no threads access to the same resource at the same time. For data visualization (histograms
and graphs) and graphical interfaces I used ROOT [80] and GTK [81] libraries. I included in the
program the possibility to run it offline on recorded data.

The structure of the program is shown in Figure 3.23. Each box represents a specific task exe-
cuted by the program, while arrows are the connections in between them, for data and commands
transferring. Depending on the way the program is employed, i.e. for online monitoring or to read
a data file already written to the disk, data source is different. In particular, for the first case I used
the “Event Transfer System (ET)” [82] that has been employed in the CLAS DAQ system and is
foreseen also for CLAS12. The ET system provides a very fast and robust method of transferring
events between different processes, in this case from the CLAS12 DAQ system to the monitoring
program.

The main components of the system are the following:

• The “event producer” interfaces with the selected data source, the ET system or a data file,
and acquires events from it. In the ET case, this operation is triggered by a programmable
clock, while in the data file case it is up to the user to ask the visualization of new events,
trough a proper GUI. Raw data is then moved to the “data analyzer”, that converts them
to an elaborated format containing the relevant quantities to monitor.

• The “data viewer” shows elaborated quantities to the user. It employs two sets of graphycs,
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“long-term” histograms populated with all the events coming from the event producer, and
“short-term” plots, which show event-by-event data and are updated for each new event. In
particular, long-term histograms show the energy deposited in each channel, the total energy
in deposited in the calorimeter, the timing for each channel, and the occupancy. Short-term
plots show the FADC waveforms and the energy center of gravity, one event at time.

• The “updater” ensures synchronization between different threads, and forces the update of
the data-viewer graphycs, using the internal clock or by user request.

3.6 FT-Cal prototypes

The design of the full FT-Cal detector requires not only the detailed study of each single component,
but also the realization of prototypes to test the whole assembly performances, and to validate the
technical choices. To this end, two prototypes of the FT-Cal, with 9 and 16 channels respectively,
have been assembled and tested with cosmic rays and electron beams. Prototypes were used to
check the single crystal mechanical assembly, the thermal performances, the front-end and readout
electronics, and the electrical connections. Response to cosmic rays was studied for both detectors,
while the response to electromagnetic showers has been measured for the Proto-9 at JLab, using
the electrons deviated by the Hall-B tagger system during a photon run (see Sec. 2.2), and for the
Proto-16 at the LNF “Beam Test Facility”.

The main goals of these tests were: to measure the energy resolution of the calorimeter as a
function of the operating temperature, to verify the linearity and stability of the system, to measure
the electronic noise in realistic experimental conditions, and to validate MonteCarlo simulations.

3.6.1 FT Proto-9

The first prototype of the FT-Cal was made with 9 PbWO4 crystals arranged in a 3x3 matrix,
and surrounded by 7 stainless-steel “dummies” in a mechanical structure that simulates the real
assembly. This configuration was chosen in anticipation of the later realization of a bigger prototype
(see Sec. 3.6.2), with 16 crystals. Stainless steel was employed since its thermal properties are
similar to PbWO4. Each crystal, wrapped in a VM2000 reflecting foil, was coupled to a Hamamatsu
Large Area APD, whose output signal was read using a FT-Cal amplifier. The crystal assembly,
shown in Figure 3.24, was hold by two PEEK supports, in the front and in the back, both glued
to the the reflecting foil to form a whole rigid object with the crystal or the stainless-steel block.

The 9 crystals were inserted in a mechanical structure made by two copper plates, one on
the top and one on the bottom of the crystals, and two copper grids that hold PEEK supports.
Preamplifiers were connected to a PCB board to collect signals and provide low and high voltages.
Proper amplifiers grounding was ensured trough copper rails.

The necessary cooling power to operate the prototype at constant temperature was provided by
a liquid circulating in pipes soldered to the copper plates, and cooled by an external chiller. The
rear copper grid thermally decouples the crystals from the preamplifiers, which are the main heat
source in the prototype (approximately 150 mW/channel), and the whole assembly was surrounded
by 5 cm thick insulating material.

With this configuration the prototype was operated in the temperature range between -20 ◦C
and +25 ◦C, with thermal stability of 0.1 ◦C: altough not being foreseen in the final FT design, the
prototype response was measured also at temperatures lower than 0 ◦C for the sake of completeness.
Temperature was monitored trough PT100 sensors located inside the insulation. During operations,
the prototype was inserted into a black box flushed with nitrogen to prevent moisture formation,
and to guarantee light tightness.
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Figure 3.24: Top: a single FT Proto-9 crystal with
its reflecting foil and the two PEEK support. Bottom:
the full crystal assembly.

Figure 3.25: The 9-channels prototype of the FT-
Cal assembled, before being inserted inside the black
box.

The data acquisition system, based on the VME architecture, was similar to the one foreseen for
the full FT-Cal integrated within CLAS12. It used commercial boards with similar characteristics
of those that will be employed at JLab, and it was handled by the same DAQ program (“CODA”,
Cebaf Online Data Acquisition [83]). The signal from each channel was splitted (50% - 50%) with
a passive resistors network. One half of the signal was then sent to a 8-channel FADC (CAEN
V1720), with 4 ns sampling period, 12 bits resolution and 2 V maximum input range, while the
other was sent to a discriminator coupled to a multi-hit TDC (CAEN VX1290), with 25 ps intrinsic
resolution.

Cosmic ray measurements

The FT Proto-9 response to cosmic muons was measured in Genova to obtain a first energy
calibration point for each channel. The experimental setup is shown in Figure 3.26. The detector
was inserted within three plastic scintillator bars vertically aligned and read on each side by a fast
photomultipler (Photonics XP2020 and Hamamatsu R2083). The 6-folds coincidence of the PMTs
defined the trigger for data acquisition. Hit positions along the bars were reconstructed by the
time hit difference between the two PMTs, thus allowing a precise geometrical reconstruction of
the muon track. The time resolution of the over-constrained trigger system was estimated to be
75 ps.

Figure 3.27 shows the energy distribution of the cosmic muons detected in one of the Proto-9
crystals, at +19 ◦C. The red curve corresponds to the best-fit performed to extract the most
probable value of the deposited energy. The fit was done with the convolution of a Landau and a
Gaussian distribution, to include resolution effects.

The calibration constant used to convert the charge to the corresponding energy deposited in
the crystal was derived comparing data to MC simulation, implemented in the GEMC program
[84]. According to simulations, the most probable value of cosmics deposition is 16 MeV. These
simulations contained a very detailed description of the prototype, including the signal elaboration
chain (APDs and amplifiers), modeled according to the nominal parameters of each component
[85]. Data collected with cosmic rays have been used to tune parameters and validate the re-
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Figure 3.26: The experimental set-up used to measure the Proto-9 response to cosmic muons. The
prototype is in the black box between the three plastic scintillator bars.
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Figure 3.27: Cosmic-ray energy distribution measured by a single crystal of the Proto-9, at +19 ◦C.
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Figure 3.28: Left: Proto-9 comparison between data (blue histogram) and MonteCarlo (red histogram),
for the charge deposited in a crystal by cosmic muons. The two fits with a Landau convoluted with a
Gaussian, used to identify peak position, are superimposed. Right: the same comparison after applying
the correction factor to the MonteCarlo distribution, as described in the text.

sults. Figure 3.28 shows this comparison for one of the Proto-9 crystals, in terms of the charge
corresponding to the output signal. This variable has been chosen because it can be derived in-
dependently for data and for MonteCarlo, without any external input. The two spectra are quite
similar, apart from an overall shift, that was corrected fitting them with a Landau convoluted with
a Gaussian to identify precisely the two peak positions and to derive a multiplicative correction
factor for MonteCarlo. Such a factor was found to be (6.0 ± 0.3) %.

During the cosmic ray tests the detector was operated at different temperatures, to see the
light yield see variations for each crystal, and to compare them to the data obtained from the
measurements performed with the single crystal setup. Results are shown in Figure 3.29, reporting
the light-yield (in arbitrary units) as a function of the temperature for one of the crystals, as
measured with different experimental conditions: single-crystal with PMT readout (red), single-
crystal with APD readout (green), Proto-9 (black). APD results are consistent, showing an increase
of a factor 2.7 in light yield between +19 ◦ and −25 ◦, while the LY measured with the PMT at
low temperature is slightly lower.

JLab Measurements

The Proto-9 response to electromagnetic showers was tested at Jefferson Laboratory, using electrons
diffused by a Bremsstrahlung radiator placed along primary beam line during a photo-production
experiment (see Sec. 2.2). The prototype was placed below the Hall-B tagger hodoscope, to detect
electrons deflected by the Tagger magnet, after their interaction with the E− and T−Tagger
scintillator counters, as shown in Figure 3.30. The detector was operated at +19 ◦C. During the
measurement the prototype was hit by all the electrons whose trajectories, and thus momenta,
were matched to the position of the detector. Coincidence with the Hall-B Tagger scintillation
counters was thus required to select electrons with a well-defined energy.
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Figure 3.29: PbWO4 light yield as a function of temperature measured with different experimental
methods.

Figure 3.30: Left: scheme of the Proto-9 positioning under the Hall-B photon tagger at JLab. The
prototype position is highlighted in red. Trajectories for electrons diffused by the Bremsstrahlung radiator
and deflected by the Tagger magnet are shown, for different electron energies, and for a 2.282 GeV primary
electron beam. Right: the experimental setup at JLab.
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Figure 3.31: Signal induced by an electromagnetic shower in the crystals of the Proto-9.

The response to two different energies, 1.31 GeV and 1.92 GeV, was measured by changing the
primary electron beam energy from 2.282 GeV to 3.356 GeV. The energy resolution was evaluated
trough detailed MonteCarlo simulations. The Tagger components (plastic scintillators), the air
gap, and all other passive materials in front of the prototype were included to obtain a realistic
estimate of the resolution, obtaining 2.2% and 1.8% respectively.

These tests also permitted to measure the performances of the amplifiers in a realistic experimen-
tal environment, with more potential noise sources than in the laboratory, where all the FT-Cal
components were tested. Figure 3.31 shows the typical signal produced by a 1.31 GeV electron
hitting the central crystal, as acquired with FADCs during the data-taking. The noise level, well
visible in channel 8, is approximately 4 mV RMS. This value is compatible with what obtained
from measurements performed in Genova (see sec. 3.3.3), thus showing the good performances of
the detector electronics in a realistic experimental condition.

Before measuring the energy resolution, I equalized the peak positions to match the individual
channel gains. First, data from cosmic ray measurements were used to obtain a first calibration
constant for each channel. Then, events from the 1.31 GeV dataset having most of the energy
released in one single crystal were selected, requiring an energy deposition in the crystal higher
than 150 MeV, and the energy deposited in all the others lower than 250 MeV. In this way, a well
defined peak in the energy distribution was identified for each channel. These peaks were aligned
to the MonteCarlo pseudo-data , processed by the same algorithm, deriving a correction factor for
the measured energy. I iterated this procedure until these correction factors were stable.

After equalization, I obtained the energy resolution of the prototype for 1.31 GeV incident
electrons summing the 9 crystals contributions. I selected events with electrons hitting the central
crystal, requiring to have more than 600 MeV released in it, and less than 500 MeV released in
all the others. I obtained the energy resolution for 1.92 GeV incident electrons with the same



3.6. FT-Cal prototypes 71

E (MeV)
800 850 900 950 1000 1050 1100 1150 1200

0

100

200

300

400

500

600 1.31 GeV

E (MeV)
1350 1400 1450 1500 1550 1600 1650 1700

0

100

200

300

400

500

600

700

800

900 1.92 GeV

 / ndf 2χ  41.77 / 29
Constant  3.9± 142.9 

Mean      0.7±  1090 
Sigma     0.57± 29.96 

E (MeV)
800 850 900 950 1000 1050 1100 1150 1200 1250

0

20

40

60

80

100

120

140

160  / ndf 2χ  41.77 / 29
Constant  3.9± 142.9 

Mean      0.7±  1090 
Sigma     0.57± 29.96 

1.31 GeV  / ndf 2χ  44.92 / 34
Constant  3.5± 137.5 
Mean      0.9±  1593 
Sigma     0.64± 35.32 

E (MeV)
1300 1350 1400 1450 1500 1550 1600 1650 1700 1750

0

20

40

60

80

100

120

140

 / ndf 2χ  44.92 / 34
Constant  3.5± 137.5 
Mean      0.9±  1593 
Sigma     0.64± 35.32 

1.92 GeV

Figure 3.32: Top panels: energy deposition in the FT Proto-9 for 1.31 GeV (left) and 1.92 GeV (right)
impinging electrons, with (red) and without (black) the cuts used to select hits in the center of the detector.
Bottom panels: energy resolution obtained with the prototype.

procedure, increasing the threshold on the central crystal to 900 MeV.
Results are reported in Figure 3.32. Using the cuts described above, the left tail in the total

energy distribution, corresponding to events with the electron impinging on one of the external
crystals, is completely suppressed, as shown in the two top panels. It should be noted that, even
for the selected events, the total energy released by the electromagnetic shower in the detector is
lower than the electron energy, due to side leaks. The experimental energy resolution, normalized
both to the measured energy and to the nominal, is reported in Tab. 3.1, together with values
obtained from MonteCarlo simulations for comparison.

3.6.2 FT Proto-16

After the experience gained with the FT Proto-9, an improved version of the prototype, the FT
Proto-16, was built assembling 16 PbWO4 crystals in a 4x4 matrix. The mechanics of the Proto-16
was modified compared to the Proto-9, as shown in Figure 3.33. In particular, the single-crystal
assembly was improved by using dedicated tools for the APD and the VM2000 foil gluing, and
detailed quality assurance procedures were defined. The grounding of the FT-Cal amplifiers was
improved by replacing the separated copper rails with horizontal plates with carved slots for their

Incident electron energy σE
Emeas

σE
Enom

σE
Enom

|MC

1.31 GeV (2.75± 0.05)% (2.29± 0.04)% 2.2%
1.92 GeV (2.22± 0.04)% (1.83± 0.03)% 1.8%

Table 3.1: The measured energy resolution of the FT Proto-9, normalized both to the total energy
deposited in the detector Emeas and to the nominal electron energy Enom.
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Figure 3.33: Exploded view of the Proto-16 assembly

insertion. The cooling system was simplified by soldering the cooling pipe to the thermal shield
and to the back plate, which was shaped properly to host it. All these new features have been
included in the final design of the FT-Cal that was presented at the end of the previous Chapter.

BTF Measurements

After a preliminary measurement with cosmic rays performed in Genova with the same setup em-
ployed for the FT Proto-9, the response of the prototype to electromagnetic showers was measured
at the Beam Test Facility (BTF) [86, 87] of the INFN Frascati National Laboratory, part of the
DAΦNE collider complex. Such a facility hosts an e−/e+ test beam, obtained by attenuating the
primary Linac beam trough a system of tunable targets, magnets and slits. Both the beam energy
and intensity can be varied, from 25 to 500 MeV and from 1 to 105 particles per bunch. The
possibility to lower the number of particles per bunch at the level of a few provides ideal conditions
for detector testing, and gives the opportunity to study detector performances as a function of the
number of electrons hitting the calorimeter, i.e. of the total deposited energy. Each bunch in the
beam has an intrinsic width of 10 ns, and the repetition rate can be varied from 20 to 50 Hz, also
depending on the other DAΦNE ongoing operations.

Figure 3.34 shows the BTF experimental hall after the installation of the prototype and asso-
ciated equipment. The detector was placed on a movable table, that can be displaced in the x
and y direction with 0.1 mm accuracy, z being the direction of the incident beam. This feature
was exploited to move the calorimeter with respect to the beam, to center it on different crystals.
A plastic scintillator slab, read at both ends by two fast PMTs (Hamamatsu R2083), was placed
after the beam pipe exit window, in front of the calorimeter, to provide a fast coincidence signal
and thus to determine precise event timing within the 10 ns time window of each bunch. The data
acquisition system, the same employed for the Proto-9 expanded to accommodate all the detector
channels, was triggered by the RF signal from DAΦNE.

Data from cosmic ray measurement was used to obtain a first calibration constant for each
crystal, in a similar way as described for the Proto-9. The response of each crystal to the 500 MeV
electron beam was then measured at the BTF. Different runs were taken, working at low particle
multiplicity per bunch ( Ne ' 1.5), and centering the calorimeter to have the beam impinging on
the center of a single crystal, by mean of the movable table. To isolate single-electron bunches
events were selected requiring a total energy deposition lower than 600 MeV, and less than 200
MeV in the neighboring crystals. In this way, a well-defined peak in the energy distribution was
isolated for each channel, and the corresponding calibration constant was fixed to have it at 330
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Figure 3.34: Left: aerial view of the Frascati DAΦNE accelerator complex, with the Linac, the storage
ring, and the BTF highlighted. Right: experimental setup during the Proto-16 tests at the Frascati Beam
Test Facility.

MeV, as indicated by MonteCarlo simulations. Finally, all the calibration constants were scaled
by a common factor to have 440 MeV released in the whole calorimeter by a single electron hitting
it the center.

After this procedure, the new calibration constants were found to be compatible with those
obtained from the cosmic-rays measurement within 5 − 10%. This is an important result, that
indicates that a preliminary calibration for the full FT-Cal can be performed without beam.

The position and width of the peaks in the total reconstructed energy distribution were found via
Gaussian fits and analyzed to check system linearity and determine the experimental resolution. To
this end, events were filtered introducing a threshold on the reconstructed energy of each channel
equal to 5 MeV.

Measurements were repeated with different detector configurations, in particular changing the
operating temperature, from +18 ◦C to 0 ◦C and -20 ◦C, the APD intrinsic gain, from 150 to
75, and the DAQ setup, removing the passive splitter and feeding output signals directly to the
FADC boards. The aim of these tests was to determine the optimal setup of the detector in a
real experimental environment, to finalize the design of the full FT-Cal. As for the FT Proto-
9, the detector was operated also at −20◦ working point for the sake of completeness, although
this working point is not foreseen in the FT-Cal design due to the limited advantages obtained,
compared to the technical difficulties encountered in its implementation.

The best configuration was found to be T = 0◦, and APD intrinsic gain of 150, thus confirming
what already known studying FT-Cal single components. No appreciable variations were found
changing the DAQ chain. Results for the best configuration are reported in Figure 3.36. The
response of the prototype in the whole energy range up to 4 GeV shows no deviations from linearity,
and the resolution for energies greater than 2 GeV is comparable with MonteCarlo predictions. At
lower energies there is a significant discrepancy between data and simulations, probably because
of an underestimated constant contribution in the overall resolution. Full details and results of all
the performed tests can be found in [68] and [79].
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Figure 3.35: Left: energy deposition spectrum in a single crystal of the FT Proto-16. The black
histogram includes all events, the red one includes only events with a single electron impinging on the
calorimeter, and the blue one includes single-electron events with less than 200 MeV detected energy in
the neighboring crystals. Right: the total energy detected by the Proto-16, after full calibration, for a
mean electron multiplicity of the order of 1.5. Peaks corresponding to different bunch population are
clearly separated.
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Figure 3.36: Left: FT Proto-16 reconstructed energy as a function of the incident electron energy. Right:
FT Proto-16 experimental energy resolution (black points), compared with MonteCarlo results (black).



Chapter 4

The π0 η channel in the MesonEx
experiment

I studied the reaction γ∗ + p → p + π0 + η in the framework of the MesonEx experiment. The
π0 η final state is one of the “golden channels” that this experiment will measure, as part of a
broader meson spectroscopy program. Therefore, a detailed preparatory study is required. First,
the feasibility of the measurement within the foreseen experimental setup has to be evaluated, by
estimating the acceptance and resolution. Second, given the experimental conditions, the capability
to perform a full PWA has to be verified. This requires the development of all the necessary analysis
tools and algorithms. Finally, the experiment sensitivity to a possible exotic state JPC = 1−+ has
to be estimated, as a function of coupling and width.

I performed this study using a MonteCarlo simulation. I generated pseudo-data according to
an amplitude derived within the Regge theory framework, in collaboration with V. Mathieu and
A. Szczepaniak. The free parameters in the amplitude were tuned to fit γp→ pπ0η data collected
at lower energy by the CLAS collaboration.

This preparatory work was not a pure “exercise” being an end in itself, but the tools, the
algorithms, and the formalism that I derived actually constitute the basis for the analysis of the
real experimental data. In fact, even if they were developed within a simulation, the generating
amplitude is not just a model, but contains a detailed and rigorous description of the reaction.
Consequently, the pseudo-data analysis faced most of the difficulties that would arise when treating
the real experimental data, and the developed tools are matched to this realistic situation.

The description of the CLAS data analysis and the projection to CLAS12 is reported in the next
two Chapters. Here, after an introduction to the π0 η channel fenomenology and a brief review of
the existing experimental data, I discuss the reaction amplitude and the show the modifications
needed to adapt it to the low Q2 electron scattering were derived. Finally, I derive the formalism
needed to perform the partial wave analysis of the π0 η channel.

4.1 Phenomenology of the π0η channel

Properties of the π0 η channel derive from the specific topology. In particular, the two mesons
system has definite charge conjugation parity, and since both mesons do not carry spin, the total
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angular momentum is equal to the relative orbital angular momentum of the two particles:

C = Cπ0 · Cη = +1 (4.1)

J = L (4.2)

P = Pπ0 · Pη · (−1)L = (−1)L (4.3)

Therefore, only the following JPC quantum numbers are allowed for this final state:

0++, 1−+, 2++, 3−+, 4++, . . .

Due to strong decays conservation laws, a resonance X0 decaying to the π0 η final state would have
the same quantum numbers. Recalling the discussion about exotic quantum numbers of Chapter 1,
it follows that any state decaying with odd π0 η relative angular momentum, would have quantum
numbers incompatible with a qq structure. Finally, the partial wave analysis formalism is simplified
by having only two pseudo-scalar particles in the final state, and the associated discrete ambiguities
can be dealt in a rigorous way [88].

For all these reasons, the π0 η system is an attracting candidate to measure when searching for
exotic mesons, since it would provide an unambiguous signature for their presence in the hadronic
spectrum.

In the past, this channel has been studied using different production mechanisms. The most
employed has been the peripheral hadro-production, with a high energy pion beam impinging on a
nucleon or nuclear target. It has also been studied via the annihilation of protons on anti-protons
or anti-neutrons, or trough the decay of heavy-quark mesons. Only recently this channel has been
studied in a photoproduction experiment. It has to be noted, however, that the neutral π0 η
channel has never been studied in a photo-production experiment related to meson spectroscopy.
The only data available for the reaction γp → pπ0η comes from the CB-ELSA experiment, that
employed a Bremsstrahlung photon beam with energy between 0.9 and 3.0 GeV on a hydrogen
target [89]. This experiment focused on the study of barionic resonances decaying to the ∆+(1232)
η state.

The first published analysis of the π η channel comes from the NICE experiment, performed in
1981 in Protvino [90]. This experiment measured the charge-exchange reaction π−p→ π0ηn, with
a 40 GeV/c pion beam impinging on a hydrogen target. Both the π0 and the η where detected
trough their 2γ decay mode, while the neutron was identified trough missing mass technique. The
invariant π η mass spectrum was dominated by the a2 (1320) state. There was also a hint for the
a0 (980) state, but the authors did not exclude a leakage from the η′ decay. For such a reason,
they decided to concentrate only in the mass region above 1 GeV. The decay angular distributions
were fitted with a combination of S, P, and D-waves, but no exotic 1−+ signal was found.

In 1988, the GAMS experiment at CERN SPS measured the same reaction, with a 100 GeV/c
pion beam [91]. They performed a momentum analysis, obtaining the production amplitudes
by solving the related system of algebraic equations. They claimed the observation of an exotic
1−+ state, by comparing the phase to the dominant a2 (1320). Fitting the exotic wave with a
Breit-Wigner distribution they obtained a mass and width of (1406 ± 20) MeV and (180 ± 20)
MeV. However, in 1988 a critical review of the previous work highlighted some inconsistencies
in the analysis, thus concluding that the 1−+ signal was only an artificial consequence of these
inaccuracies [92].

In 1993, the VES collaboration studied the reaction π−N → π−ηN with a 37 GeV/c pion
beam impinging on a Beryllium target [29]. They performed an accurate partial wave analysis,
parameterizing the reaction intensity with an S, a P, and a D-wave, and performing a maximum
likelihood unbinned fit to the data to extract the production amplitudes. They found the a2 (1320)
in the D-wave to dominate the invariant mass spectrum. They also found some structures in the
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Experiment Reaction Exotic signal Notes Ref.
NICE π−p→ π0ηn Not seen [90]

GAMS π−p→ π0ηn
M = (1406± 20) MeV New analysis discarded

[91, 92]
Γ = (180± 20) MeV resonant interpretation

VES π−N → π−ηN Found intensity in P-wave No resonant interpretation [29]

KEK π−N → π−ηN
M = (1323± 4) MeV Possible leakage

[93]
Γ = (143± 12) MeV from D-wave

E852 π−p→ ηπ−p
M = (1360± 25) MeV

[94]
Γ = (385± 40) MeV

E852 π−p→ ηπ0n Not seen [95]

Crystal Barrel pp annihilation
M = (1360± 25) MeV

[96]
Γ = (220± 90) MeV

Crystal Barrel pn annihilation
M = (1400± 20) MeV

[97]
Γ = (310± 50) MeV

COMPASS π−p→ π−ηp
M = (1556± 25) MeV

[98]
Γ = (500± 25) MeV

CLAS γp→ π−η∆++ Not seen [99]

Table 4.1: Summary of the searches for exotic mesons in the πη channel found in litterature.

exotic P-wave, in the region near 1.4 GeV, without making any further conclusion about their
origin and nature.

The same reaction was also studied by the KEK experiment, with a 6.3 GeV/c pion beam on
a hydrogen target [93]. After an analysis similar to the VES experiment, they claimed an exotic
signal in the P-wave, with mass and width respectively (1323 ± 4) MeV and (143 ± 12) MeV.
However, the behavior of the P −D phase difference, and the fact that resonance mass was close
to the a2 (1320), seemed to indicate a possible leakage from the dominant D-wave.

The E852 experiment studied the πη final state in various charge modes, with different results. In
1997 they measured the reaction π−p→ ηπ−p, with a 18 GeV/c pion beam [94]. After performing
a PWA which included S, P, and D-waves, they found a broad peak in the exotic 1−+ wave, with
parameters M = (1360 ± 25) MeV and Γ = (385 ± 40) MeV. They also showed in detail the
stability of the P − D phase difference respect to possible systematic effects. In 2003 the E852
collaboration also reported results about the charge-exchange reaction π−p → ηπ0n [95]. They
confirmed structures in the exotic P wave, however their resonant interpretation was much more
problematic, and no consistent set of P-wave Breit-Wigner parameters could describe the data.
They also suggested that the π η rescattering mechanism could explain the P wave behaviour.

Proton-antiproton and neutron-antiproton annihilation at rest have been exploited to study the
π η final state by the Crystal Barrel experiment [96, 97]. In both measurements, the Dalitz Plot
analysis of the ππη final state confirmed the requirement of introducing a πη exotic P-wave to
describe the data. The resonant behavior was seen via the interference with the dominant a2

D-wave signal. The Breit-Wigner parameters obtained in pp measure were M = (1360± 25) MeV
and Γ = (220± 90) MeV, while for the np they found M = (1400± 20) and Γ = (310± 50).

The COMPASS experiment at CERN provided so far the most accurate dataset for the πη
final state, with more statistics than any other previous experiment. COMPASS measured the
reaction π−p → π−ηp with a 190 GeV/c pion beam, on a hydrogen target [98]. Exploiting the
high accumulated statistics, they performed a full PWA analysis including contributions from S, P,
D, and G-waves, finding a significant intensity in the exotic P-wave. Performing a mass-dependent
fit of the production amplitudes with Breit-Wigner functions, they found a 1−+ state with mass
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(1556± 25) MeV and a width (500± 25) MeV. A resonant interpretation of this state in the vein
of previous analyses was possible, by including large background terms and by adding additional
resonance terms into the D-wave.

Finally, the CLAS collaboration studied this state in a photoduction experiment, measuring
the charge-exchange process γp→ ∆++π−η with a Bremsstrahlung photon beam, with energy in
the range between 4.5 GeV and 5.5 GeV, impinging on a hydrogen target [99]. The requirement
to have a ∆++ in the final state was introduced to filter out possible background sources from
other channels, in particular from barionic contributions, not negligible at these photon energies.
The PWA clearly identified the a2(1320) D-wave signal, while no P-wave contribution was found.
However, the analysis was limited by the available statistics: only 1200 events were accepted for
the final PWA fits.

4.2 Production amplitudes in the Regge theory framework

A relativistic scattering process a+b→ 1+2+. . .+n of spinless particles is described by a complex
amplitude A, function of the particles 4-momenta Pa, Pb, P1 . . . Pn. The differential cross section
dσ is proportional to the modulus squared of the amplitude, trough the kinematic phase space
factor dΦn, as dσ = |A|2dΦn. When particles carry spin, there is a different amplitude Ai for each
spin configuration i, and thus a corresponding cross-section dσi. If the initial state is unpolarized,
and the spins of paarticles in the final state are not measured, the process cross-section is obtained
by summing on the final state spins and averaging on the initial state.

For a two-body final state, only two independent variables are required to describe the reaction
kinematic, as a consequence of energy and momentum conservation. Moreover, since the amplitude
is invariant under Lorentz transformations, it is a function of Lorentz-invariant four-momenta
combinations. Besides the particle masses, these are usually chosen as the Mandelstam variables
s, t, u, defined as:

s = (Pa + Pb)
2 (4.4)

t = (Pa − Pc)2 (4.5)

u = (Pa − Pd)2 , (4.6)

where
√
s is the total energy in the center of mass frame, while t, the so-called “momentum

transferred”, and u, are related to the scattering angle in the CM frame θCM :

t = m2
a +m2

c − 2E∗aE
∗
c + 2P ∗aP

∗
c cos θCM (4.7)

u = m2
a +m2

d − 2E∗aE
∗
d − 2P ∗aP

∗
d cos θCM , (4.8)

being E∗X and P ∗X , respectively, the energy and the momentum of particle X in the CM frame.
Since s+ t+ u = m2

a +m2
b +m2

c +m2
d, only two of these variables are independent. The invariant

amplitude can then be written as A(s, t).
Important properties of the invariant amplitude A are derived from general principles of the scat-

tering theory, such as causality and conservation of probability. Among these, crossing symmetry
asserts that the scattering amplitude A(s, t) for the reaction a+ b→ c+ d, where all particles are
scalars, describes also the cross-channel processes, identifying pµX = −pµ

X
for Mandelstam variables

calculation:
a+ c→ b+ d t-channel process (4.9)

a+ d→ b+ c u-channel process (4.10)

In order to make the principle of crossing symmetry precise, it is necessary to consider A(s, t) as
a function of complex variables s and t. Physical processes are then described by this amplitude
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when s and t take real values. This requires the study of the analytic properties of the amplitude
A(s, t), since the connection between different physical regions is made passing trough non-physical
territories of the s− t plane.

When particles carry spin, crossing symmetry relates the helicity amplitudes in the t−channel
to those in the s−channel. Relations are more complicated since the latter observable depends
on the momentum direction and changes when moving from the t−channel to the s−channel.
More precisely, the s−channel helicity amplitudes can be expressed in terms of t−channel helicity
amplitudes as:

Tµ1,µ2
µ3,µ4

(s, t) =
∑
λ

ds1λ1,µ1
(χ1)ds2λ2,µ2

(χ2)ds3λ3,µ3
(χ3)ds4λ4,µ4

(χ4)Tλ1,λ2

λ3,λ4
(s, t) , (4.11)

where µ are s−channel helicities and λ are t−channel helicities. Analytic expressions for the
crossing angles χ can be found in [100].

In the following, I will focus on the case of scalar particles, deriving the properties of the
production amplitudes within the Regge theory.

4.2.1 Two-body reactions

In its most general form, Regge theory is a very convenient framework to study the strong interac-
tion of high-energy elementary particles, based on fundamental properties of the scattering theory,
namely the analyticity of the scattering amplitude A and the crossing symmetry.

The basic idea behind the theory is the use of complex angular momentum, combined with
relativistic scattering theory. Originally, T. Regge developed his work to study non-relativistic
scattering on a Yukawa-like potential [101, 102]. The subsequent extension of the theory to the
relativistic scattering of strong interacting particles was initially due to Blankenbecler and Gold-
berger [103], Chew and Frautschi [104, 105], and Gribov [106]. Very comprehensive and detailed
reviews of the Regge theory and of the most important results have been written by Irving [107]
and Eden [108].

For a two body scattering process a + b → c + d, at high s and relatively low |t|, the scatter-
ing amplitude A(s, t) is derived starting from the partial-wave expansion in the cross t−channel,
corresponding to the reaction a+ c→ b+ d:

A(s, t) ∝
+∞∑
l=0

(2l + 1)fl(t)Pl(cos θt) , (4.12)

where t > 0 is the energy squared in the center of mass frame, and s < 0 is related to the
t−channel scattering angle θt. Crossing symmetry states that the same amplitude also describes
the s−channel process under study, for which s and t have their conventional meaning and values.
However, to move between the two kinematic regimes, passing trough phase-space regions where s
and t assume non-physical values, analytic continuation of the above expression is required.

Regge theory provides a practical way to perform such an analytic continuation. The idea is
to “promote” the angular momentum l to a complex variable, and make an analytic extension
fl(t) → f(l, t). The amplitude A(s, t) can then be written as a contour integral in the l−plane,
making use of the Cauchy integral theorem: this is referred to as “Sommerfeld-Watson” transform.
The result depends only on the location of the poles αn of the analytic function f(l, t) in the
complex l−plane, as a function of t. In the limit s� t the amplitude is:

A(s, t) '
∑
n

βn(t) (−1)αn(t)

sin(παn(t))

(
s

s0

)αn(t)

(4.13)
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Figure 4.1: Chew-Frautschi diagrams for natural (left) and unnatural (right) mesons. The two trajectories
are αnat = 0.5 + 0.9 ·M2 and αunnat = 0.7(M2 −M2

π). Data from [4].

Trajectory Analytic form

N∗ αN∗(t) = −0.37 + t · 1.0 GeV−2

∆ α∆(t) = 0.15 + t · 0.9 GeV−2

ρ, ω αρ(t) ' αω(t) = 0.50 + t · 0.9 GeV−2

π, η απ(t) ' αη(t) = 0.7 GeV−2 · (t−m2
π)

Table 4.2: Analytic expression for Regge trajectories for known barion and meson resonances [108].

where s0 ' 1 GeV is the hadron mass scale, and βn(t) is a “coupling factor”, related to the residual
of n−th pole of f(l, t). The complex functions αn(t), that give the position of the n−th pole of
f(l, t) as a function of t in the complex l−plane, are the so-called “Regge-trajectories”.

The Regge amplitude in Eq. 4.13 provides the main features of the Regge theory. However,
it is an approximation because it does not include relativistic effects1. Also, unphysical poles of
the Regge propagator sin−1(παn(t)) for negative integer values of α needs to be canceled. To
remove poles, it is conventional to invoke zeros in the residues βn(t) ∝ π/Γ(αn). The relation
Γ(α) ·Γ(1−α) · sin(πα) = π can then be used to trade the sin−1(παn(t)) term by Γ(1−αn) having
only poles for positive spin, requiring couplings redefinition.

The physical interpretation of Regge poles and Regge trajectories follows from the fact that, for
the t−channel process, a pole in the l−th wave should correspond to a physical resonance that
decays to the b + d channel. Thus, when <(αn(t)) = J , the Regge pole αn(t) corresponds to a
resonance pole with mass m and spin J . The form of αn(t) follows from the experimental evidence
that known barionic and mesonic resonances show a linear relation between the spin and the mass
squared, as shown in Figure 4.1. Remembering that in the cross t−channel t is the total energy
squared, the following equation holds:

α(t) ' α0 + t · α′ (4.14)

1These require to separate even and odd partial waves in Eq. 4.12 before proceeding with the transformation.
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Figure 4.2: Regge description of the process a + b → c + d, at high energy. Particles a and b interacts
trough the exchange of one or more “Regge trajectories”, with “Regge couplings” βRa,c(t) and βRb,d(t).

Regge theory therefore connects the high-energy behavior of the scattering amplitude in the
s−channel to resonance region in the t−channel.

The interaction between particles a and b is described trough the exchange of one or more
“Reggeons”, or “Regge trajectories”, as sketched in Figure 4.2. Trajectories have a defined rela-
tion betweenmass and intrinsic angular momentum, that is not restricted only to integer values.
t−channel resonances lie on these trajectories, and correspond to integer spin values. The ex-
change of a “Regge trajectory” is then equivalent to the exchange of a whole family of particles,
with different spins and same quantum numbers (charge, strangeness, C−parity, . . .).

Moreover, if a Regge trajectory is allowed in two different reactions, there is a relation between
contributions to the two amplitudes. This feature of the Regge theory is provided by factorization:
the “coupling factor” βn(t) is written as the product of two “Regge couplings”, each specific to
one of the two particle-particle-reggeon vertexes involved in the process:

βn(t)a+b→c+d = βRa,c(t) · βRb,d(t) (4.15)

Considering only the leading Regge trajectory α̃, i.e. the one with the largest real part, the
scattering amplitude A(s, t) is thus written as:

A(s, t) ∝ βRa,c(t) · βRb,d(t) · sα̃(t) (4.16)

The total cross-section for the process a+b→ c+d is related to the imaginary part of the forward
elastic amplitude via the optical theorem:

σTot(a+ b→ anything) ' 1

s
=(Ael(s, 0)) (4.17)

Using Eq. 4.16 and taking only the leading Regge trajectory α̃, the total cross section is then:

σTot(a+ b→ anything) ' 1

s
sα̃0 = sα̃0−1 , (4.18)

where α̃0 is the t−intercept of the (linear) leading Regge trajectory.
Experimentally, the hadronic total cross-sections increase at very high energy, with an approx-

imate behavior σTot ' s0.081, corresponding to α̃0 ' 1.081 [109]. This Regge intercept is not
compatible with any of the known mesonic or barionic trajectories (see Tab. 4.2): hence, the
main process in high-energy scattering is not meson or barion exchange in the t−channel, but
the manifestation of something different. The corresponding Regge trajectory is referred to as
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“Pomeranchuk” trajectory2, αP , and the corresponding exchanged Reggeon is called “Pomeron”.
Since the Pomeron is exchanged in elastic processes, where the particle charges do not change,
it must have vacuum quantum numbers, i.e. zero electric charge, strangeness, barionic number,
positive C−parity, etc . . .

4.2.2 Extension to multi-particles final states

Regge theory has been applied to reactions involving more than two particles in the final state
by Kibble [110], Hong-Mo [111, 112], and Shimada [113]. In this multi-particle framework, the
interaction between any pair of particles is parametrized using results obtained by applying Regge
theory to 2→ 2 interactions, as outlined in the previous section.

The two body interaction is driven by the value of the invariant mass of the two interacting
particles,

√
s. When the order of magnitude of this observable corresponds to the hadronic scale,

i.e.
√
s ' GeV, the two particles interact by forming direct resonances, with defined spin and

quantum numbers. Instead, for bigger s values, resonances are no longer produced in the direct
channel, and the interaction proceeds trough the exchange of Reggeons.

In the following I will focus on reactions involving three particles in the final state, a+b→ 1+2+3.
The kinematic of these reaction is defined by five independent variables. A convenient choice makes
use of the following five relativistic invariants:

s12 = (P1 + P2)2 ta = (Pa − P1)2

s23 = (P2 + P3)2 tb = (Pb − P3)2

s = (Pa + Pb)
2

(4.19)

The physical meaning of these variables is the following: s is the conventional Mandelstat vari-
able, corresponding to the total energy squared in the center of mass frame; s12 and s23 are,
respectively, the invariant masses (squared) of the systems 1− 2 and 2− 3; ta and tb represent the
momentum transferred squared between particles a − 1 and b − 3. The invariant mass s13 of the
system 1− 3 is related to the previous variables trough the equation:

s = s12 + s23 + s13 −m2
1 −m2

2 −m2
3 (4.20)

This choice of variables is convenient because the physics of the reaction, and thus the form of
the scattering amplitude, is directly related to the values of s, s12, s23, and s13. At low energies, i.e.
for
√
s smaller than few GeVs, the process is dominated by poles in the direct s−channel, which

correspond to resonances, while at higher energy it is characterized by the cross-channel exchange
of Regge trajectories. The interaction between particles i and j is governed by their invariant mass
sij . At high sij a Reggeon exchange between them is expected, while for lower values (sij ' GeV2)
direct channel resonances are formed.

The high-energy behavior of the reaction a + b → 1 + 2 + 3 is therefore characterized by two
different dynamical processes: the exchange of a single Regge trajectory between one particle and
a resonance formed by the other two, and a double Regge exchange. The relative strength of these
mechanisms depends on the invariant masses of the final state particle pairs.

When s is large, it follows from Eq. 4.20 that at least one of the three invariant masses, say sik,
has the same order of magnitude of s, resulting in a Regge exchange between particles i and k. If
one of the other two invariant masses is small, of the order of few GeVs, the two corresponding
particles form a direct-channel resonance, and the reaction thus corresponds to a quasi two-body
process:

a+ b→ i+ (j, k) (4.21)

2After Isaak Yakovlevich Pomeranchuk, the founder and first head of the theory division at ITEP, Moscow.
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Figure 4.3: Left: sketch of the reaction a+ b→ 1 + 2 + 3, with the kinematic variables highlighted. Left:
Dalitz boundary for the reaction γ + p → p + π0 + η as s = 10 GeV2, having p ≡ 1, η ≡ 2, π0 ≡ 3. The
boundaries corresponding to different kinematic regions are purely qualitative.

If both the other invariant masses sij and sjk are small, the reaction dynamics is instead given by
the coherent sum of the two amplitudes for the quasi two-body processes a + b → i + (j, k) and
a+ b→ k+ (i, j), that produces rescattering effects. However, for pure kinematic reasons, at high
energy this case is not present.

Finally, if all the invariant masses are large, no direct channel resonances are formed, and two
Reggeons are exchanged in between the three final state particles. This is referred to as “Double-
Regge exchange”.

A convenient way to visualize this invariant-mass dependence of the reaction dynamics is trough
a Dalitz plot, as shown, for example, in Figure 4.3 for the process γ + p→ pπ0η at s = 10 GeV2,
having p ≡ 1, η ≡ 2, π0 ≡ 3. The three shadowed regions I, II, and III correspond, respectively,
to events with low s12, low s13, and low s23. In these regions the reaction is expected to be
dominated by the production of resonances, if any exist, i.e. by quasi two-body reactions, and
the corresponding amplitude is thus derived from the 2 → 2 case, Eq. 4.13, completed with the
description of the resonance decay. The three regions near the corners, instead, correspond to
events with two low invariant masses, and rescattering effects in the final state are here expected.

Region IV finally corresponds to events with all invariant masses si,j large. The reaction dy-
namics is dominated by the double Regge exchanges. Factorization suggests that the scattering
amplitude in this kinematic region has the following form, for the specific case of final state particles
ordered as in Figure 4.3 (left):

A(s, s1,2, s1,3, ta, tb) '
∑
Ri,Rj

βRia,1(ta) · βRjb,3(tb) · γ
Ri,Rj
2 (ta, tb) · s

αRi (ta)
12 · s

αRj (tb)

23 , (4.22)

where Ri and Rj are the two exchanged Regge trajectories, that couples to particles a-1, and

b-3 with couplings βRia,1(ta) and β
Rj
b,3(tb) respectively, while γ

Ri,Rj
2 (ta, tb) is the Reggeon-Reggeon-

particle coupling, corresponding to the middle vertex of the diagram. Amplitudes for the different
arrangements of particles 1, 2, and 3, are written in a similar way, but allowed Regge trajectories
can be different. The full amplitude is the coherent sum of all these contributions.
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4.3 Parametrization of the amplitude for the reaction
γ + p→ p+ π0 + η

The production amplitude for the reaction γ + p → p + π0 + η that I developed consists of two
contributions. The first describes the photo-production of a mesonic resonance X decaying to the
π0 η final state, while the second corresponds to a non-resonant mechanism, given by double Regge
exchange.

As discussed before, the dynamics of the π0 − η system is controlled by the the two mesons
invariant mass Mπ0η, with direct resonances produced at low mass (Mπ0η ' GeV), and reggeon
exchange present only ad higher mass. It is not correct to sum the two contributions in the whole
invariant mass range, since this would correspond to a “double-counting”. The two mass regions
are however related by duality arguments, in the form of “Finite Energy Sum Rules (FESR)”
[114, 115]. In particular, the extrapolation of the double Regge contribution at low invariant mass
should be, on average, equal to the resonant contribution there present.

In the contest of the analysis of this reaction in the MesonEx framework, I mainly employed
the amplitude to generate MonteCarlo events, that are then projected on the detector and recon-
structed, to evaluate the experiment sensitivity to a possible exotic signal. The main amplitude
requirement is thus to reproduce data in an effective way. Therefore, I included in the resonant
contribution only the states that are significantly visible in the experimental data, and that are
known to decay to the π0η channel: the a0(980), the a2(1320), and the a2(1700). I also included
a possible exotic state, the π1(1400), whose measure feasibility needs to be studied. The coupling
was varied during the simulation to study the experiment sensitivity range. Finally, I decided
to parametrize also the small residual, non-resonant background at low Mπ0η using a modified
version of the double Regge amplitude, converging to the proper one at high invariant mass. This
choice was motivated by the experimental evidence that the double Regge contribution effectively
reproduces this background, as discussed in Chapter 5.

Given these assumptions, the total amplitude is the incoherent sum of the two contributions:

Aλhh′(s, t,Mπ0η,Ω) =
∑
X

AXλhh′(s, t,Mπ0η,Ω)⊕ADRλhh′(s, t,Mπ0η,Ω) , (4.23)

where λ = ±1 is the photon helicity and h(h′) = ± 1
2 is the target (recoil) nucleon helicity. The

choice of an incoherent sum is motivated by the fact that, at high invariant mass, only double
Regge contribution is expected, thus the first factor is negligible. At low invariant mass, instead,
the above parametrization well reproduces the experimental data.

The kinematic variables used to describe the final state are the total momentum squared s, the
exchanged momentum squared at the nucleon vertex t = (ptarget − precoil)2, the invariant mass of
the π0− η system Mπ0η, and the angle of the η in the meson rest frame Ω. All the expressions are
explicitly derived in the Gottfried-Jackson reference frame3. This choice of kinematic variables,
despite being not covariant, is convenient to describe resonances in the π0η system, since they
appear as structures in a defined invariant mass region, with specific π0η angular distribution.

The differential cross-section is given by:

dσ

dtdMπ0ηdΩ
=

1

4
Φ
∑
λ,h,h′

|Aλ,h,h′ |2 , (4.24)

where the factor 1/4 comes from averaging over the initial photon and target polarizations and the

3The Gottfried-Jacskon reference frame is defined as the rest frame of the π0η system, with the ŷ axis perpen-
dicular to the production plane, and the ẑ axis oriented along the beam direction.
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phase-space factor Φ is:

Φ =
2

(2π)4

1

64F 2
I

· q , (4.25)

where q is the center-of-mass momentum of the two mesons, and FI = PµbeamP
target
µ is the invariant

flux factor.

4.3.1 Resonance production

This mechanism corresponds to the quasi-two body reaction:

γ + p→ p+X → p+ π0 + η , (4.26)

and the corresponding amplitude is derived in the Regge framework of two-body scattering, com-
pleted with the description of the X propagation and decay. The full amplitude is:

AXλ,h,h′ =

[∑
R

βRγ,X β
R
p,p

1

2
(1 + τRe

−iπαR(t))Γ(j0 − αR(t))(α′s)αR(t)

]
·

· gXπ0η BW (Mπ0η)λ(1−δJ0 )Y J,λ(θ, φ) (4.27)

The first factor, inside squared parenthesis, contains the Regge description of the X resonance pro-
duction on the proton, while the remaining terms parametrize, in an effective way, the propagation
and subsequent decay.

The sum is extended only to the dominant Regge exchanges, i.e. those with the largest intercepts
in the corresponding trajectory αR(t), parametrized as:

αR(t) = α0
R + α′ · t (4.28)

βRγ,X and βRp,p are, respectively, the photon-resonance-Reggeon coupling and the target-recoil-
Reggeon coupling, depending explicitly on the photon helicity and on the spin configuration of
the target and recoil proton. In particular, I assumed a spin-flip dominance mechanism, in analogy
to the non-resonant contribution, where this is derived rigorously [116]. This, together with the
application of the parity conservation to each Regge vertex (Eq. 4.48, 4.49), gives:

βRγ,X(λ) = −βRγ,X(−λ)

βRp,p(h = +, h′ = −) = −βRp,p(h = −, h′ = +)

βRp,p(h = h′) = 0 (4.29)

Finally, τR is the signature of the exchanged trajectory4, and j0 the lowest spin of the physical
particles belonging to it.

The resonance propagation and the subsequent decay are parametrized trough a Breit-Wigner
function, that effectively reproduces the mass distribution of the two mesons near the resonance
mass, and a spherical harmonic function that accounts for the resonance spin J , related to the
angular distribution of the two daughters. gXπ0η is a properly dimensioned decay coupling factor,

while the factor λ(1−δJ0 ) guarantees parity invariance (see Eq. 4.44).
The Breit-Wigner expression I used is:

BW (M) =
MRΓ0

(M2
R −M2)− iMRΓ(M)

, (4.30)

4The signature τ of a particle with spin s and is defined as τ = (−1)s. For Regge trajectories, the signature
coincide with that of the physical particles belonging to it.
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Resonance JPC Production Propagation and decay
Reggeon βRγX βRpp MR Γ0 gXπ0η

a0 (980) 0++ ω 0.28 8.51
0.98 GeV 0.147 GeV 50 GeV−1

ρ 0.83 2.67

a2 (1320) 2++ ω 0.69 8.51
1.32 GeV 0.11 GeV 16 GeV−1

ρ 2.08 2.67

a2 (1700) 2++ ω 0.31 8.51
1.7 GeV 0.194 GeV 7.5 GeV−1

ρ 0.93 2.67
π1 (1400) 1−+ ω/ρ Variable 1.35 GeV 0.33 GeV 1 GeV−1

Table 4.3: Resonant contributions included in the amplitude for the reaction γ+ p→ p+π0 + η. Values
in bold have been obtained from the analysis of CLAS data, as described in Chapter 5. Decay couplings
g have been calculated from the experimental widths and branching ratios (see Appendix B).

with MR and Γ0 the nominal mass and width of the resonance, and q0 the π0η center-of-mass
momentum q evaluated at the resonance mass. B′L(q, q0) are the so-called Blatt-Weisskopf barrier
factors, tabulated in [117]. The mass-dependent width that appears in the denominator is:

Γ(M) = Γ0
MR

M

(
q

q0

)2L+1

(B′L(q, q0))2. (4.31)

The list of the resonances and of the corresponding Regge exchanges included in the amplitude
is reported in Tab. 4.3. When possible, I exploited Regge factorization and thus used the couplings
obtained from other reactions that involve common Regge exchanges and vertexes [118], while I
used experimental data to fit the cross-section and obtain the missing couplings.

In particular, I derived the a0 and a2 couplings to the photon, βργa and βωγa. These are not
independent, but are related, from isospin symmetry, by the relation:

βργa = 3βωγa (4.32)

I obtained the decay couplings g by comparing the Breit-Wigner expression with the experimental
widths and branching ratios of the different resonances, as described in Appendix B.

Finally, I introduced a hypothetical 1−+ exotic state, the π1(1400), whose measurement sensi-
tivity in MesonEx has to be evaluated. Mass and width were taken by PDG, from the average
of the results reported by previous experiments. Since the branching fraction to the π0η is not
known, I could not proceed as before to determine the decay coupling gπ1

π0η. Instead, I arbitrary set

it to 1 GeV−1, fixing the overall amplitude normalization trough the Regge production coupling
β. For each case I considered, I expressed the production coupling in terms of the relative π1 total
intensity with respect to the dominant a2 signal.

4.3.2 Double Regge exchange

This mechanism corresponds to the non-resonant production of the π0η system on the proton,
with two Reggeon exchanged between particles in the final state. Considering only the exchange of
meson trajectories, there are two possible contributions to this amplitude, respectively for a “fast”
η and for a “fast” π, as sketched in Figure 4.4.

The two amplitudes have a similar analytic structure, but the exchanged trajectories are different.
For the amplitude At with a “fast” η, the possible exchanges at the top vertex are x = {ω, ρ} and
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Figure 4.4: Double Regge exchange in the reaction γ + p → p + π0 + η. Left: amplitude At for a fast
eta. Right: amplitude Au for a fast pion.

correspondingly at the middle vertex there could be y = {ρ, ω}. For the amplitude Au with a
“fast” π0, the possible exchanges at the top vertex are x = {ω, ρ}, with y = x.

The amplitude At reads:

ADR−tλ,h,h′ = K cos(θ) eiλφ·

·
∑
x,y

βxγηβ
y
ppγ

xy
π ·

1

αx − αy
· [ξxξyx(α′s)αx−1(α′s2)αy−αxΓ(1− αx)− ξyξxy(α′s)αy−1(α′s1)αx−αyΓ(1− αy)]

(4.33)

where s1 = M2
π0η, s2 is the invariant mass squared of the p− π system, and K a proper kinematic

factor [113].
The exchanged Reggeons x and y, corresponding to the trajectories αx and αy, couple to the

external particles via the couplings βxγη and βypp. These depend on the helicity configuration of the
photon and on the spin state of the target and recoil proton, trough Eq. 4.29. Finally, γxyπ is the
Reggeon-reggeon-pion.

The signature factors are:

ξi =
1

2
(1 + τie

−iπαi) ; ξij =
1

2
(1 + τiτje

−iπ(αi−αj)) (4.34)

For αx = αt the amplitude does not present an unphysical pole, since in that case the term
inside squared parenthesis is zero for any x, y combination, being τ = −1 for both the trajectories
involved in the sum.

The amplitude Au for a fast pion is simply obtained by making the substitutions s2 → s3 and
ta → u, with s3 being the invariant mass of the p − η system, and u the momentum transferred
squared between the photon and the pion.

As before, due to Regge factorization, the β couplings can be obtained from other reactions
involving same vertexes and trajectories. The procedure to calculate the reggeon-reggeon-particle
coupling, detailed in [113], requires to compare this amplitude with the one for the two-body
reaction obtained by removing the particle in the middle of the diagram, i.e. π for At and η for
Au. However, the π − ω − ρ coupling that appears in At is already known from [113], while I
derived the η − ω − ω and η − ρ− ρ couplings from SU(3) symmetry:

γηωω = γηρρ =
1

2
cos(φη)γπωρ , (4.35)
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Vertex
Exchanged trajectory
ω ρ

pp 8.51 2.67
γη 0.378 · e−2.0·|t| 1.139 · e−0.75·|t|

γπ 0.763 0.148

γπωρ γηωω γηρρ
6.5 2.298 2.298

Table 4.4: Left: particle-particle-reggeon couplings for the double Regge exchange amplitude. t is the
transfered momentum squared at the corresponding vertex. Right: particle-reggeon-reggeon couplings.

with φη ' 42◦ the η − η′ mixing angle in the flavor basis.
The coupling values are reported in Tab. 4.4. It is worth to mention that there are no free

parameters in this contribution to the full reaction amplitude.

4.4 Photo-production amplitudes in the low Q2 framework

The two main “ingredients” needed to study the π0η channel in the MesonEx experiment are the
properties of the quasi-real photon beam and the photo-production amplitude for the reaction
γp→ pπ0η, presented, respectively, in Sec. 1.6 and in Sec. 4.3. To proceed, is now time to couple
them together.

I started from the amplitude expression for the full reaction that also involve an electron:

e(p) + p(k)→ e(p′) + π0(w1) + η(w2) + p(k′) , (4.36)

where the four momenta of the particles are indicated in parenthesis. The leptonic vertex of the
amplitude, in the one-photon-exchange approximation sketched in Figure 4.5, can be written using
QED rules. The hadronic vertex is handled in an effective way introducing a hadronic current
Jνhadr, that depends on the four momenta of the target, the recoil proton, and the mesons, as well
as from their spins. Indicating with s (s′) the spin of the beam (scattered electron) and with h
(h′) the spin of the target (recoil proton), the amplitude reads:

A = e2u(p′, s′)γµu(p, s) ∆µν J
ν(k, k′, h, h′, w1, w2) , (4.37)

where u and u are the Dirac spinors associated to the initial and final state electron, and ∆µν is
the photon propagator, whose explicit form depends on the gauge fixing choice. However, since
the electromagnetic current is conserved for both the electron and the proton vertexes, the gauge-
dependent term in the photon propagator can be neglected:

A =
i e2

Q2
u(p′, s′)γµu(p, s) gµν J

ν(k, k′, h, h′, w1, w2) (4.38)

Eq. 4.38 is well known in the framework of electro-production experiments. To effectively use
it, the explicit form of the hadronic current Jν is required, and must be provided as an external
input.

This expression has to be modified to also use real photo-production amplitudes. In this way,
MesonEx can share amplitudes with other experiments performing meson spectroscopy with real
photons, the same analysis tools can be used, and results can be directly compared. To do so, I
re-wrote the reaction amplitude as the product of two factors. The first describes the emission of
a quasi-real photon by the electron, and the second the subsequent interaction of the photon with
the target. I did this exploiting the following completeness relation, that holds for virtual photon
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Figure 4.5: One-photon-exchange diagram for the reaction e+p→ e+π0 +η+p. The red circle “hides”
the strong interaction vertex, while γ∗ is an internal photon line, also referred to as “virtual photon”.

polarization vectors5: ∑
λ=−1,1

εµλε
ν∗
λ − ε

µ
0ε
ν∗
0 = −gµν (4.39)

where q is the four momentum of the quasi-real photon and λ the helicity. Combining Eq. 4.39
with Eq. 4.38, I finally derived the following reaction amplitude expression:

A = −i e2
1∑

λ=−1

(
1

Q2
u(p′, s′)γµu(p, s)ε∗µ(q, λ)

)
· (εν(q, λ)Jν) ≡

∑
λ

Ls,s
′

λ ·Aphoto (4.40)

The second factor in Eq. 4.40 is the Lorentz-invariant photo-production amplitude Aphoto for the
process γp → pπ0η, that was presented in the previous section. It depends explicitly from the
photon helicity λ, including the case λ = 0. However, it can be shown that longitudinal polarized
photons do not contribute to the π0η final state.

The first factor Ls,s
′

λ , instead, accounts for the quasi-real photon emission by the incident elec-
tron. Such a term is independent from the specific final state under study. It depends only from
the scattered electron kinematics and helicity. Therefore I calculated it once, and then I included

it in the amplitude calculation. The explicit Ls,s
′

λ expression is reported in Appendix A.

4.5 Partial wave analysis formalism for γ∗ + p→ p+ π0 + η

To derive the formalism needed in the partial wave analysis of the reaction γ∗ + p → p + π0 + η,
I started from the real photo-production case, and then I modified the results to account for
the quasi-real nature of the photon beam, including a proper electron-scattering term. All the
expressions are explicitly derived in the Gottfried-Jackson reference frame.

For the real photo-production process there are 8 independent amplitudes Aλ,h,h′ , corresponding
to the different helicity configurations of the photon (λ), target (h), and recoil nucleon (h′). Since

5In principle, the right side of Eq. 4.39 should contain other terms, proportional to the photon four momentum
qµ. However, since both the electron and proton vertexes in the OPE diagram conserve the electromagnetic current,
these additional terms do not contribute to the reaction amplitude.
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both π0 and η are pseudo-scalar particles, these are decomposed in partial waves using spherical
harmonic functions YJ,M (θ, φ) [119]:

Aλ,h,h′(s, t,Mπ0η,Ω) =
∑
J,M

V JMλ,h,h′(s, t,Mπ0η)YJ,M (Ω) (4.41)

The complex production parameters V are extracted from the data, by performing a maximum
likelihood fit with the intensity expression corresponding to the above amplitude. Invariance under
parity can be used to reduce the number of independent amplitudes, and thus of parameters to be
fitted to the data. I introduced the reflection operator in the ŷ direction Y :

Y = eiπJyP (4.42)

The Y action on a single-particle helicity eigenstate, whose momentum ~k lies in the xz plane, is:

Y |~k, λ >= η(−1)s−λ|~k,−λ > , (4.43)

where η is particle intrinsic parity (P |~0, λ >= η|~0, λ >), and s its spin. Parity invariance implies
A = Y −1AY , therefore:

Aλ,h,h′(. . . , θ, φ) = < h′, . . . , θ, φ|Y −1AY |h, λ >=

= ηπηηη
2
pηγ(−1)sp−h(−1)sp−h

′
(−1)sγ−λA−λ,−h,−h′(. . . , θ,−φ) =

= −(−1)h
′−hA−λ,−h,−h′(. . . , θ,−φ) , (4.44)

where . . . denote all scalars under Y , i.e. (s, t, M). Meson momenta only do not lie in the xz
plane, and thus are affected by the action of Y , φ → −φ. Using Eq. 4.41 for the partial waves, I
got:

V JMλ,h,h′(s, t,Mπ0η) =

∫
dΩAλ,h,h′(s, t,Mπ0η, θ, φ)Y ∗J,M (Ω) =

= −(−1)h
′−h
∫

dΩA−λ,−h,−h′(s, t,Mπ0η, θ,−φ)Y ∗J,M (Ω) =

= −(−1)h
′−h
∫

dΩA−λ,−h,−h′(s, t,Mπ0η, θ, φ)Y ∗J,M (θ,−φ) =

= −(−1)M (−1)h
′−h V J−M−λ,−h,−h′(s, t,Mπ0η) , (4.45)

where I used YJ,M (θ,−φ) = (−1)MYJ,−M (θ, φ). Parity relations are thus summarized as follows,
distinguishing between the spin-flip (h 6= h′) and the spin no-flip (h = h′) case:

V JMλ,h,h′ =


(−1)M · V J−M−λ,−h,−h′ spin-flip

(−1)M−1 · V J−M−λ,−h,−h′ spin no-flip

(4.46)

Furthermore, the two amplitudes corresponding to each proton spin configuration, i.e. Vλ,±,±
for the spin no-flip and Vλ,±,∓ for the spin-flip, can be related by assuming a Regge pole model for
the reaction γp → p + (π0 + η). The corresponding production amplitude has the form reported
in Eq. 4.27,

Aλ,Mh,h′ = βRλ,M · βRh,h′ · f(s, αR(t)) , (4.47)

where β are the Regge coupling factors for each of the two vertexes and f it the Reggeized t−channel
propagator.
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Parity conservation applied separately at the two vertexes gives [107]:

βRλ,M = hR ηγ ηπ0η (−1)sγ−sπ0η+λ−MβR−λ,−M = −(−1)MβR−λ,−M (4.48)

βRh,h′ = hR (ηp)
2 (−1)sp−sp+h−h′βR−s,−s′ = (−1)h−h

′
βR−h,−h′ , (4.49)

where I used ηπ0η = (−1)sπ0η for the intrinsic parity and spin of the π0 η system, and I assumed
natural Regge exchange, i.e. hR = 1.

These relations can be used to simplify the expression of the reaction intensity, used in the partial
wave analysis, by eliminating terms with M < 0. In the following, I derive explicitly the intensity
expression for the spin-flip case, considering only waves with J ≤ 2, |M | ≤ 1. The extension to
higher partial waves, or to the spin no-flip case, proceeds in an similar way.

The intensity is obtained from the coherent sum of the different partial waves, summing in-
coherently on the photon helicity, and using Eq. 4.49 to simplify the sum on the two spin-flip
configurations:

I(s, t,Mπ0η,Ω) =
∑
λ=±1

|
∑
J,M

V JMλ (s, t,Mπ0η)YJ,M (θ, φ)|
2

(4.50)

Parity relations (Eq. 4.46 and Eq. 4.49) can be used to eliminate terms with M < 0 and reduce
the number of free parameters:

I =
∑
λ=±1

|V 0,0
λ Y0,0 + V 1,0

λ Y1,0 + V 1,1
λ Y1,1 + V 1,1

−λ Y1,−1 + V 2,0
λ Y2,0 + V 2,1

λ Y2,1 + V 2,1
−λ Y2,−1|

2
(4.51)

This expression, however, holds for the real photo-production reaction and has to be modified
to adapt it to the quasi-real case. The virtual photon is no longer an external particle, and thus
the sum over its polarization must be performed at the level of the amplitude, before taking its

modulus squared. Also, the factor Ls,s
′

λ that accounts for the quasi-real photon emission (Eq. 4.40)
must be included in the amplitude. Finally, the incoherent sum over the beam and recoil electron
helicities must be included.

I =
∑
s,s′

|
∑
λ,J,M

Ls,s
′

λ V JMλ YJ,M |
2

=

=
∑
s,s′

|
∑
λ

Ls,s
′

λ (V 0,0
λ Y0,0 + V 1,0

λ Y1,0 + V 1,1
λ Y1,1 + V 1,1

−λ Y1,−1 + V 2,0
λ Y2,0 + V 2,1

λ Y2,1 + V 2,1
−λ Y2,−1)|

2
=

=
∑
s,s′

|V 0,0Y0,0(Ls,s
′

+ − Ls,s
′

− ) + V 1,0Y1,0(Ls,s
′

+ − Ls,s
′

− ) + V 2,0Y2,0(Ls,s
′

+ − Ls,s
′

− ) +

+V 1,1
+ (Y 1,1Ls,s

′

+ + Y 1,−1Ls,s
′

− ) + V 1,1
− (Y 1,1Ls,s

′

− + Y 1,−1Ls,s
′

+ ) +

+V 2,1
+ (Y 2,1Ls,s

′

+ + Y 2,−1Ls,s
′

− ) + V 2,1
− (Y 2,1Ls,s

′

− + Y 2,−1Ls,s
′

+ )|2 , (4.52)

where the last equality is motivated from the parity relation V J,0λ = −V J,0−λ ≡ V J,0, that holds in
the spin-flip case.

This expression is finally fitted to experimental data, to extract the seven unknown complex
production parameters V trough a maximum likelihood unbinned fit, as explained in Sec. 1.5.16.
Fits are performed in independent bin of s, t, Mπ0η to derive the dependence of the parameters on
these kinematic variables.

6Actually, it is clear from Eq. 4.52 that the phase of the V coefficients can be determined apart from a global
contribution Φ0, since the intensity is sensitive only to the relative phases difference.
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Chapter 5

Analysis of the reaction γp→ pπ0η
measured with CLAS

The study of the π0η channel in MesonEx requires pseudo-data to be generated, according to the
amplitudes derived in the Regge framework, and described in the previous Chapter. However, to
validate the amplitudes and tune free parameters, it is necessary to compare with real experimental
data. This comparison ensures that the results are motivated not only from the theory, but also
from the experimental point of view.

I analyzed the reaction γp→ pπ0η using the data measured with the CLAS detector during the
g12 run period, when the HyCLAS experiment, specifically designed to study meson spectroscopy,
took place. The experiment was performed using the Hall B Photon Tagger converting a 5.71 GeV
electron beam from the CEBAF accelerator to a Bremmstrahlung photon beam impinging on a 40
cm liquid hydrogen target. The experiment collected 622 data taking runs, resulting in 25.8 billion
events recorded. Different trigger configurations were employed, including two charged-particles
events, or events with one charged-particle and two neutrals. A full description of the experimental
conditions is reported in [120].

My goal was to obtain an estimate of the differential reaction cross-section, as a function of the
π0η invariant mass, in different bins of the photon beam energy. This experimental observable can
be directly compared with the theoretical prediction from the amplitudes, whose free parameters
can be extracted by performing a fit to the data. Moreover, the analysis procedure employed
to extract the signalcan be exported from HyCLAS to MesonEx with minor modifications, since
the kinematic regime and the detector design are similar in the two experiments. The analysis
of the CLAS data thus provided a benchmark to test the event selection algorithm within a real
experimental environment, including important systematic effects not present in the MonteCarlo
simulation.

In this analysis, I used data that have already been reconstructed, or “cooked”, starting from
the measured raw data, using the standard CLAS reconstruction framework. Details can be found
in [121] and [99].

93
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5.1 Events selection

The reaction I studied was:

γ + p → p+ π0 + η (5.1)

π0 → γγ (5.2)

η → γγ (5.3)

where all the particles in the final state, the proton and the four photons, were measured. I
made this choice because, from a preliminar analysis of events with only two photons measured, I
realized that the resolution of the CLAS detector was not good enough to extract a clean signal,
reconstructing one of the two mesons via the missing mass technique. The request to measure all
the four photons reduces the background from other channels, and also permits to apply selection
cuts on the data having the full reaction kinematic available.

After requiring one proton and four photons measured, and applying the standard CLAS fiducial
cuts, 4.42M of the events were selected. These are the input for this analysis. I excluded runs with
the ratio of the total number of pγγγγ events over the accumulated charge of the primary electron
beam clearly different from the average.

I did not apply any selection on the trigger configuration during the event selection. However,
I verified a posteriori that all the selected pπ0η events were recorded by the same trigger, that
required one charged particle and two neutrals.

5.1.1 Initial state photon selection

Information on the initial photon energy is provided by the CLAS Photon Tagger, described in
Sec. 2.2. When the trigger condition is satisfied, all the hits measured in the detector within a
' 100ns coincidence time window are recorded. Each hit corresponds to an electron belonging
to one of the ' 50 bunches that passed trough the radiator during the coincidence time window1,
emitting a Bremmstrahlung photon. Depending on the primary electron beam intensity, and on
the radiator tickness, the number of hits can vary from few to over a hundred.

To select the photon that actually triggered the hadronic event, it is necessary to match the
time of the photon hit with the start time of the CLAS measured event. The CLAS start time is
obtained from the time of the proton hit in the Start Counter, propagated back to the event vertex
using the track information obtained by the Drift Chambers. The photon hit time is obtained from
the Photon Tagger and is then propagated to the vertex location.

Photons produced by beam pulses other than the “true” one are rejected requiring a time
coincidence between CLAS and the Photon Tagger in a 2.004ns window. The coincidence window
width is equal to the time distance between the beam bunches. However, if more than one photon
is compatible with the CLAS start time within this coincidence window, it is not possible to
identify which of them actually initiated the event. I decided to reject these “multiple-good-
photons events”, introducing a proper correction factor to the overall normalization that accounts
for their exclusion. The fraction of events having more than one photon in the “good” beam pulse
is about 13%. I also excluded events that, despite triggering the CLAS detector, did not have any
photon in the time coincidence window.

Finally, I imposed a constrain on the photon beam energy Ebeam, keeping only events with
Ebeam > 2.35 GeV. This threshold is a trade-off between the high Ebeam region, where the pro-
duction of π0 η resonances is favorited, and the energy range covered by the CB-ELSA experiment

1As previously described in Sec. 2.1.1, the electron beam is delivered to each experimental hall from the CEBAF
accelerator with a 2.004ns time period, independent from its intensity, therefore in a 100 ns time window 50 electron
bunches are expected.
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Figure 5.1: Left: time difference distribution between photon hits and CLAS start time. The 2.004ns
coincidence window is highlighted. Right: photon beam energy distribution. In black, all the photons
measured by the Tagger. In red, “good” photons within the coincidence window, neglecting events with
more than one hit. The “hole” at 3 GeV is due to a Photon Tagger T-counter with a malfunctioning
phototube, that was not accounted for during reconstruction.

[89], between 0.9 and 3.0 GeV. This is the only reference found in litterature where a measurement
of this reaction is reported, and can be used to verify the consistency my results.

In summary, the fraction of events kept after the photon selection was 66.1%.

5.1.2 Vertex selection

The target used in the HyCLAS-g12 experiment was cylindrical in shape, 40 cm long and with
2 cm radius, centered 90 cm upstream from the CLAS center. For this analysis, involving only one
charged particle, the event vertex is calculated from the distance of closes approach (DOCA) of
its trajectory to the beam line. The vertex is then defined as the midpoint of the DOCA vector.
I selected events with the z vertex position in the range (-110, -70) cm, while I did not put any
requirement on the vertex radial distance r from the beam line2. After this selection, 64.5% of the
initial events survived.

5.1.3 Exclusive events selection of γp→ pγγγγ

The events used in this analysis require proton and four photons measured by CLAS. However,
since the detector acceptance does not cover the whole 4π solid angle, in particular for neutrals, a
consistent fraction of these events is expected to have particles not been measured by the detector.
These events are a background source for the reaction under study and must be rejected.

The missing four-momentum in the reaction γp → p γ1 γ2 γ3 γ4X, where X is the ensamble of
the non-detected particles, is:

PX = Pbeam + Ptarget − Pp − Pγ1 − Pγ2 − Pγ3 − Pγ4 (5.4)

2In the CLAS standard reference frame, the ẑ axis is parallel to the beam line, pointing toward the beam dump.
The ŷ axis is vertical, and x̂ = ŷ × ẑ.
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Figure 5.2: Event vertex z coordinate distribution. The target location matching cut is highlighted.

To select exclusive events, i.e. events with no missing particles, it is common to require that the
total missing mass squared m2

X ≡ PµXPµX is compatible with zero. However, from a preliminary
study, I concluded that cutting on the total missing mass squared does not help in background
reduction, due to the poor resolution on the photon measurement. This is clearly seen in Figure 5.3
(left panel), where m2

X is plotted against the missing mass on the final state proton mep, defined
as:

m2
ep = (Pbeam + Ptarget − Pp)2

(5.5)

The missing mass for the non-exclusive events dominated by a single η or η′ production on the
proton is compatible with zero. The comparison of the missing mass distributions for all events,
for exclusive η production, and for exclusive η′ production, is shown in Figure 5.3 (right panel).
This confirms that they all are compatible with zero, thus a cut on this variable would not rejectem
them.

To select exclusive events, I therefore introduced a new variable K, defined as the difference
between the missing mass squared on the proton, m2

ep, and the four photons invariant mass. This
new variable is expected to be zero for exclusive events (PX = 0), as follows from the four-
momentum conservation equation:

Pp + Pγ1γ2γ3γ4 + PX = Pbeam + Ptarget (5.6)

Pγ1γ2γ3γ4 + PX = Pbeam + Ptarget − Pp (5.7)

2PXPγ1γ2γ3γ4 +m2
X = (Pbeam + Ptarget − Pp)2 − P 2

γ1γ2γ3γ4 ≡ K (5.8)

K is plotted against the missing mass on the final state proton in Figure 5.4. For events corre-
sponding to the pη or to the pη′ topology K is greater than zero, while exclusive events apper in
the plot as a light vertical band centered at K = 0. I selected them keeping only events with K in
the range (-0.5, 0.052) GeV2. After this cut, only 5.0% of the initial events survived.

5.1.4 π0 and η identification

Since the four photons from the π0 and η decay are measured, I identify the two mesons from the
invariant mass of the different photon pairs combinations. Having four photons, there are three
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4 γ source π0η π0π0

Identified as π0η 82.0% 0.02 %
Identified as π0π0 1.4% 95.5%

Not identified 16.7% 4.4%

Table 5.1: Test of the mesons identification algorithm on MonteCarlo events. I generated a set of
γp→ pπ0η (signal) and γp→ pπ0π0 (background) events, projected them on CLAS, and applied on both
the particle identification algorithm.

different ways to sort them in pairs. To select the “best” photon combination compatible with the
π0η topology, I exploited the kinematic properties of the mesons decay to two photons. For the
process π0/η → γγ the relative angle in between the two photons in the laboratory frame can vary
between θ0 and π, with

cos θ0 =
E2 − 2M2

E2
= 1− 2

M2

E2
, (5.9)

where E is the energy of the decaying particle and M its mass: the lower M , the smaller θ0.
Also, since the decay is isotropic in the meson rest frame, at high enough energy (E > 2M) the
photon relative angle distribution is strongly peaked at θ0, as a consequence of the Lorentz boost.
Therefore, the photons emitted by the π0 are expected, on average, to have a smaller relative angle
than those emitted by the η.

I ordered the four photons calling γ1, γ2 the ones with the smallest relative angle and γ3, γ4

the other two. The by-dimesional distribution of Mγ1γ2 vs Mγ3γ4 , reported in Figure 5.5, shows a
strong enhancement of events belonging to the π0 π0 topology, while π0η events appear as a less
intense peak centered at Mγ1γ2 'Mπ0 , Mγ3γ4 'Mη. Few signal events also appear in the opposite
combination, corresponding to the two photons from the η having a smaller relative angle.

The selections that I used to identify π0η events are highlighted in the plot. They correspond to
3σ cuts around the π0 and the η peaks. After their application, 37k events were kept, corresponding
to the 0.78% of the initial pγγγγ samples.

I tested the efficiency and the rejection power of theidentification algorithm on MonteCarlo
pseudo-data. As possible contamination source, I only considered the γp → p + π0 + π0 channel,
dominating the dataset. The results of this test are reported in Tab. 5.1. Even if the algorithm is
not 100% efficient, i.e. a small fraction of “real” π0η events are not identified, the contamination
introduced by the main background source is negligible3.

5.1.5 Further selections and signal events properties

The goal of this analysis is to measure the reaction cross section, differential in the π0η invariant
mass, as a function of the photon beam energy. Therefore, after identifying a clean sample of
exclusive γp → pπ0η events, I performed a consistency check on the kinematic variables that are
integrated over, since they can introduce systematic effects on the final result.

3 The photon pairs invariant mass resolution is a critical element for the identification algorithm. Before pro-
ceeding with the test on MonteCarlo events, I verified that the resolution in the simulation is matched to the
corresponding experimental value. In particular, I measured the width of the π0 and η peaks. The values I obtained
are the following:

σData
π0 = 16.4 MeV ⇐⇒ σMC

π0 = 15.7 MeV

σDataη = 53.3 MeV ⇐⇒ σMC
η = 47.0 MeV

A good agreement between data and MonteCarlo reconstructed events is seen.
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(left) and Mγ3γ4 (right): in both cases, the second variable is integrated over the whole invariant mass
range.



100 Chapter 5. Analysis of the reaction γp→ pπ0η measured with CLAS

)2­t (GeV
0 0.5 1 1.5 2 2.5 3

2
E

v
e
n

ts
 p

e
r 

0
.0

2
 G

e
V

10

210

3
10

Figure 5.6: −t distribution for exclusive pπ0η events. The selection to exclude −t values out of the
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Cut used Accepted events Accepted events %
Photon beam selection 3.33M 75 %
Photon beam energy 2.92M 66 %
Vertex z−coordinate 2.85M 64 %

Exclusivity 221k 5 %
π0η topology 34.6k 0.78 %

t 30.3k 0.68 %

Table 5.2: Summary of data cuts used to select exclusive γp → pπ0η events, from the initial sample of
4.42M pγγγγ events.

In particular, the distribution of the momentum transferred −t from the photon beam to the
π0η system, calculated as −t = −(Ptarget − Pp)2, shows a rapidly falling exponential behaviour
for −t > 0.2 GeV2. For smaller values, the distribution falls rapidly at zero. This effect is due
to the limited CLAS acceptance for polar angles smaller than ' 10◦ (see Tab. 2.1): small −t
values correspond to events with particles emitted at very forward angles in the laboratory frame.
To avoid a possible cross-section underestimation, that could result from the integration over the
whole −t range, I decided to keep only events in the −t range between 0.2 and 2.0 GeV2, well
inside the nominal CLAS acceptance region. I properly accounted for this −t range limitation in
the cross-section calculation, introducing a MonteCarlo-derived correction factor, as described in
the following section.

After the application of all the cuts, summarized in Tab. 5.2, I ended up with 30.3k clean events
for the exclusive γp→ pπ0η process, corresponding to the 0.7% of the initial pγγγγ sample. These
events were used to calculate the reaction cross-section.

The invariant mass distribution Mπ0η of the π0η system is shown in Figure 5.7. I derived Mπ0η

from the missing mass on the proton mep, rather than from the invariant mass of the four final
state photons Mγγγγ , since the CLAS experimental resolution is higher for charged particles. The
most evident features of the distribution are the peak centered at ' 1 GeV/c2, that most likely
corresponds to the known a0 (980) resonance, and the pronounced shoulder at ' 1.3 GeV/c2,
related to the a2(1320) state. At higher invariant mass the distribution is smoother and no sharp
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Figure 5.7: Invariant mass distribution of the π0η system for exclusive γp→ pπ0η events.

structures are seen.

5.2 Detector acceptance

To calculate the differential cross-section dσ/dMπ0η, the knowledge of the CLAS acceptance
ε(Ebeam,Mπ0η), as a function of the photon beam energy and of the invariant mass of the π0η
system, is required.

The procedure to calculate the experimental acceptance relies on a MonteCarlo simulation of the
detector. First, a set of MonteCarlo events for the reaction γp → pπ0η were generated according
to a certain distribution which, as discussed later, should be as similar as possible to the real,
acceptance-corrected, data. These pseudo-events are then projected on the CLAS detector using
the GSIM program, based on the CERN GEANT3 libraries. For each event, GSIM produces the same
digitized response that CLAS would have reported if that event had been measured, by tracking
particles trough the detector components. To realisticaly model the detector response, and to
account for its specific configuration during the g12 run period, the GSIM output is then fed to
the GPP program, that smears signals to match the actual experimental resolution, and removes
hits from detectors channels that were broken or inactive during the run. The GSIM output,
corresponding to CLAS raw output, is then reconstructed trough the a1c program, as done for
the real data. Finally, the reconstructed events are subject to the same analysis procedure used to
select exclusive γp→ pπ0η signal events from experimental data.

The CLAS acceptance is defined as the ratio between the number of reconstructed and generated
events. The acceptance dependance on the beam energy and on the π0η invariant mass is obtained
binning the data with respect to these variables, and taking the ratio of reconstructed to generated
events in each bin:

ε(Eibeam,M
j
π0η) =

N i,j
acc

N i,j
gen

, (5.10)
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where i and j label, respectively, the photon beam energy bin and the π0η invariant mass bin.

5.2.1 MonteCarlo events generation

The detector acceptance calculated using Eq. 5.10 strongly depends on the shape of the distribution
used to generate the pseudo-data fed to the MonteCarlo simulation. This effect is in particular
related to the kinematic variables from which the acceptance is not dependent explicitly, that are
integrated over. A modification of the corresponding distribution shape would change the number
of reconstructed events, while leaving unchanged the number of generated ones, and would therefore
result in a different acceptance value for the same Ebeam, Mπ0η bin.

It is thus necessary to perform the acceptance calculation generating pseudo-data according to
a kinematic distribution that is as similar as possible to the real one for the reaction under study.
Since the latter has to be extracted from the experimental yield, properly corrected for the detector
response, this results in a iterative process. First, the detector acceptance is calculated using zero-
order pseudo-data, generated according to a “reasonable” kinematic distribution. The first-order
acceptance is used to correct the experimental event yield, and to obtain an estimate of the reaction
kinematics distribution. These are finally used to generate a new set of pseudo-data, that is fed
again to the MonteCarlo procedure. The iterative procedure ends when MonteCarlo reconstructed
events well reproduce the main features of the data or, in other words, when the acceptance
calculated in the (i + 1)-th iteration is not significantly different from the result obtained in the
i-th iteration.

In this analysis, the kinematic variables from which the acceptance is not dependent explicitly
are: the momentum transferred −t, and the polar and azimuthal angles θGJ , φGJ of one of the
two mesons in the Gottfried-Jackson frame. I verified that MonteCarlo events generated with a
flat distribution of the latter two variables well reproduce the main characteristics of the real data.

The t−distribution, instead, is more critical and has to be properly accounted for, applying
the iterative procedure described above. I started the acceptance calculation generating zero-order
MonteCarlo events with a t−distribution of the form A exp−B · t, with B = −3, as suggested from
the experimental data. However, since the data t−slope reflects the dominant reaction mechanism,
this can vary in different regions of the π0η spectrum, or for different beam energies. For this reason,
after correcting the results with the first-order acceptance, I derived the t−slope for the reaction
γp→ pπ0η in different bins of Ebeam and Mπ0η, obtaining the following dependance:

tslope = 2.23 + 0.28 · Ebeam(GeV )− 1.56 ·Mπ0η(GeV/c2) (5.11)

MonteCarlo reconstructed events obtained from the second iteration well reproduce the experimen-
tal data in all the bins Ebeam, Mπ0η, conferming that the t−slope derived from Eq. 5.11 reproduces
the behaviour of real data in a suitable way for acceptance calculation. Figure 5.8 shows the com-
parison between real events and MonteCarlo reconstructed data for a particular bin.

5.2.2 Results

To calculate the CLAS acceptance ε(Eibeam,M
j
π0η), I generated 150M MonteCarlo events, that

resulted in 400k total reconstructed events, approximately ten times more than the number of real
experimental data. I divided them in 9 bins of Ebeam between 2.35 GeV and 5.5 GeV, and in
50 bins of Mπ0η between 0.6 GeV/c2 and 2.5 GeV/c2, for a total of 450 kinematic bins where I
calculated the detector acceptance using Eq. 5.10.

The results of the acceptance calculation are reported in Figure 5.9. In all kinematic bins, the
CLAS acceptance for the reaction γp→ pπ0η is always lower than 1%. Increasing the beam energy,
the acceptance grows, reaching its maximum at higher Mπ0η values.
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Figure 5.9: The CLAS detector acceptance for the reaction γp → pπ0η as a function of the invariant
mass of the π0η system, for different photon beam energies. Left panel: � : 2.525 GeV, • : 2.875 GeV,
◦ : 3.225 GeV, N : 3.575 GeV. Right panel: � : 3.925 GeV, � : 4.275 GeV, • : 4.625 GeV, ◦ : 4.975 GeV,
N : 5.325 GeV. All the photon energy bins have a 0.35 GeV width.
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Kinematic variable Nbins Range (bin width)
Ebeam 9 2.35 GeV - 5.5 GeV (0.35 GeV)
Mπ0η 50 0.6 GeV/c2 - 2.5 GeV/c2 (0.038 GeV/c2)

Table 5.3: Kinematic bins used in the differential cross-section calculation.

I also used a MonteCarlo-based procedure to derive a correction factor that accounts for the
momentum transferred cut, 0.2 < −t < 2.0 GeV2. In fact, to compute the reaction cross section,
the experimental event yield must be extrapolated to the full t range. For each Ebeam, Mπ0η bin,
the fraction αt of MonteCarlo events generated in the accepted t−range respect to the total has
been calculated. I assumed that data have the same fraction, since the MonteCarlo kinematic
distribution was actually matched to real one. The number of measured events in each bin has
then to be divided by this correction factor, other than by the detector acceptance, to obtain the
proper event yield to be used in the cross-section calculation.

5.3 Reaction cross-section

The differential cross-section is calculated using the following equation:

dσ

dM j
π0η

|Eibeam =
N i,j
evnt

εi,j · αt
· 1

Φiγ
· 1
NAv
A Zρx

· 1

∆M
· Ctagger , (5.12)

where N i,j
evnt is the number of measured events in the kinematic bin (Eibeam, M

j
π0η), εi,j is the

detector acceptance calculated for that bin and αt the correction factor that accounts for the
t−range cut in the analysis. Φiγ is the integrated photon flux, for the specific beam energy bin.
NAv is the Avogadro number, and Z, A, ρ, x are, respectively, the target atomic number (2), atomic
weight (2.02 g/mol), mass density (0.0707 g/cm3), and tickenss (40 cm). ∆M is the width of the
π0η invariant mass bins, 0.038 GeV/c2. Ctagger (1.15) accounts for excluded events having more
than one “good” photon candidate hit in the Photon Tagger. The definition of the kinematic bins
is reported in Tab. 5.3.

The integrated photon flux in the i-th beam energy bin corresponds to the number of photons
N i
γ that impinged on the target during the data taking. The photon flux, shown in Figure 5.10, was

determined for g12 by means of sampling the “out-of-time” electron hits in the Photon Tagger,
i.e. those hits measured in the tagger detector, but not matched in time to an hadronic event
measured by CLAS [122].

Since final corrections to the absolute data normalization are still being discussed in the g12

run group, reported results are in arbitrary units. This does not preclude the extraction of the
free parameters in the amplitude employed in the 12 GeV study of this reaction. In fact, what
actually is needed in the MesonEx simulation is the relative weight of the different production
amplitudes. The absolute normalization is fixed by the number of generated pseudo-events, that
should resemble the expected statistics foreseen in the experiment4.

4To calculate the foreseen number of events in MesonEx, a reasonable estimate of the total reaction cross-section
is required (see Sec. 6.2). I obtained this by integrating the differential cross-section, and applying a correction
factor to the overall normalization. I estimated the correction factor by comparing the cross-section of well known-
reaction that I obtained from the CLAS-g12 dataset to the corresponding results found in litterature. The order of
magnitude I got is:

σ(γp→ pπ0η) ' 1µbarn @ s ' 5÷ 10 GeV2 (5.13)

This is qualitatively in agreement with the result reported by the CB-ELSA experiment, extrapolated to the CLAS-
g12 energy range[89].
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Figure 5.10: The integrated photon flux Φγ as a function of the beam energy Ebeam for the g12 data
taking runs considered in this analysis. I used the g12-gflux program to calculate the flux in each bin.

Given this premise, the differential cross-section for the reaction γp → pπ0η, as a function of
the the two mesons invariant mass, is reported in Figure 5.11. I calculated it trough Eq. 5.12,
however, to avoid large statistical fluctuations, I excluded from the analysis those bins with less
than 6 measured events. This resulted in a truncation of the differential cross-section at the Mπ0η

threshold and near its maximum value.

The behaviour of the differential cross-section strongly depends on the Mπ0η value. From the
threshold up to ' 1.4 GeV/c2 it is charaterized by two peaks, respectively near 1.0 GeV/c2 and near
1.3 GeV/c2, that are most likely related to production of the a0(980) and the a2(1320) resonances,
both known to decay to the π0η final state.

The intensity and the relative weight of the two peaks depends on the beam energy. At low
energy, Ebeam < 3 GeV, the a0(980) peak is well visible, and the a2(1320) signal appers only
as a shoulder, while for higher energy the latter becomes more pronounced. Instead, at higher
Mπ0η values, the differential cross-section is smoother and exibits a long tail, characterized by a
shoulder at ' 1.7 GeV/c2, probably associated with the a2(1720) state, decreasing toward the
Mπ0η maximum.

5.4 Comparison with theoretical results

I compared the experimental cross-section for the reaction γp→ pπ0η measured with CLAS with
the theoretical results predicted by Regge theory, presented in Chapter 4, to validate the cor-
responding production amplitude, and to tune free parameters before simulating the MesonEx
experiment. These are the photon-resonance-Reggeon couplings βRγ,X that apper in the resonant
part of the amplitude, Eq. 4.27, for the a0(980), a2(1320), and a2(1700) states.

I first considered only the double Regge contribution, Eq. 4.33, that is expected to describe data
at high Mπ0η, in the non-resonant region. The double Regge amplitude includes no free parameters,
therefore the corresponding cross-section can be directly compared to the experimental data. The
result is shown in Figure 5.12, with the red curve representing the double Regge cross-section,
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Figure 5.11: Differential cross-section for the reaction γp → pπ0η, as a function of the invariant mass
of the π0η system. All the results are in arbitrary units, and the errors are only statistical. The photon
energy bin limits, in GeV, is reported in the histogram titles. The vertical red lines show the allowed Mπ0η

kinematic range, calculated from the mean photon energy of each bin. The red curve is the theoretical
prediction from the double Regge amplitude, scaled to the same cross-section units.
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reported in the same arbitrary units trough an overall scale factor. The agreement with the data
is good for Mπ0η & 1.5 GeV, and gets better increasing the photon beam energy. This proofs
that the double Regge amplitude well describes the high invariant mass data, in particular at high
energy, and the corresponding parameters, obtained from other reactions by Regge factorization,
are suitably tuned.

Also, the extrapolation of the double Regge cross-section to the low invariant mass region quali-
tatively confirms the duality argument. For Mπ0η ' 1 GeV, the reaction dynamics is characterized
by the production of resonances, whose strenght has, on average, the same order of magnitude of
the extrapolated high-mass, non-resonant background.

To calculate the amplitude free parameters I proceeded as follows. First, I extracted from the
data the total cross-sections for the three exclusive processes:

γ + p → p+ a0(980)

γ + p → p+ a2(1320)

γ + p → p+ a2(1700)

Then I compared each result with the corresponding Regge theory prediction, Eq. 4.16, whose
s−behaviour is only determined by the nature of the exchanged trajectories, and whose absolute
value is directly proportional to the square of the Regge coupling to be determined.

I obtained the resonant cross-sections by perfoming a best-fit to the experimental data with a
simplified version of the full reaction amplitude, adding the different resonances incoherently, and
thus neglecting the possible interference between the two a2 states, having the same JPC quantum
numbers. Then, I integrated each resonance contribution in the allowed mass range, to obtain the
corresponding total cross-section, as a function of s.

To effectively parametrize the non-resonant background in the low-mass region, I tried different
solutions, to see how sensitive the cross-sections extraction is to this variation, and to estimate the
corresponding systematic effects on the extracted couplings. Each parametrization I tried followed
these guidelines [123]:

1. It should converge to the double Regge expression at high invariant mass, where it is known
and fixed.

2. It should have a smooth behaviour, without any sharp variations that would mimic a resonant
contribution.

3. It should have an absolute strenght lower than that of resonances, but with the same order
of magnitude, as suggested from the duality arguments.

Among the different solutions, I obtained the best χ2 by parametrizing the low-mass, non-
resonant background intensity using the same double Regge expression that describes data at high
invariant mass. I slightly modified it in the low-mass region, to better fulfil the last guideline, by
scaling it trough the following mass-dependent function:

f(M) = (1 + α e−M/M0) , (5.14)

with α and M0 free parameters to be extracted from the data. I also added a constant σ0 smearing
term to the fit, to account for the detector resolution. I fixed σ0 to 20 MeV, as indicated from the
MonteCarlo simulations. Finally, since the main goal of this comparison is to extract the Regge β
couplings, and then to employ them in the MesonEx study of the π0η channel, at higher energy, I
performed the fit considering only the 6 highermost photon beam energy bins, where the resonant
structures are more pronounced. I fit all bins simultanousely, leaving as free parameters the
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Figure 5.12: Comparison between experimental data and theoretical results. See text for the description
of the different plotted curves.

resonance mass and widths, their intensity at each photon energy, and the background parameters
α and M0, for a total of 27 free parameters.

The results are shown in Figure 5.12. The red line represents the fitted function, while the
green, blue, and yellow curves are, respectively, the a0(980), a2(1320), and a2(1700) resonances
alone. Finally, the black curve is the background contribution. The corresponding couplings that
I obtained are reported in Tab. 5.4.

The fit consistency can be estimated, other than by looking at χ2/NDF = 104.7/156, by
comparing the obtained resonance masses and widths to their “nominall” values, reported in the
PDG. The three resonance masses are compatible with their nominal values within ' 4%, while
the widhts are systematically larger, by a factor ' 25%. This is, probably, due to a non-perfect
cross-section parametrization, in particular in the incoherent states sum, or to residual background
under the resonance peaks not properly parametrized. Finally, the systematic depedance of the
couplings on the low-mass background parametrization, that I estimated varying its form, always
following the three above guidelines, is ' 15%.

Coupling Value
βργa0 (0.83±0.03)
βργa2 (2.08±0.06)

βργa2(1700) (0.93±0.03)

Table 5.4: Regge production couplings β, obtained from the fit of CLAS data. Errors are statistical
only.



Chapter 6

Study of the reaction γ∗p→ pπ0η in
the MesonEx experiment

This Chapter presents the study of the reaction γ∗p → pπ0η performed in preparation for the
MesonEx run. The goal was to obtain a preliminary estimate of the experimental sensitivity to
a possible exotic state JPC = 1−+. This was evaluated by generating pseudo-data, projecting
on the CLAS12 and Forward Tagger detector, and then performing a partial wave analysis of the
reconstructed events, checking whether the reaction amplitude was correctly reconstructed. The
procedure was then repeated by introducing different contributions in the generated pseudo-data,
to check the sensitivity to the exotic wave.

The reaction amplitude constructed within the Regge theory framework, and the comparison to
the experimental γp → pπ0η data measured with the CLAS detector were presented in the two
previous Chapters. Here, I present the MesonEx simulation results. First, I show the pseudo-
events generation, the projection on the detector, and the acceptance calculation. Then, I discuss
in detail the PWA results obtained from the different considered scenarios, differing by the exotic
signal strength.

This work is intended to be the first step toward a systematic study of the above reaction in
MesonEx, to be completed before the experimental run. Remaining issues are reported in the last
section of this Chapter. It is worth mentioning that future work will clearly benefit from the use
of the tools developed here.

6.1 AmpTools

I widely employed the AmpTools software both to generate pseudo-data according to the produc-
tion amplitude, and to perform PWA fits to the reconstructed data. AmpTools, designed by H.
Matevosyan, R. Mitchell, and M. Shepherd at Indiana University, is a collection of C++ libraries
that are useful for performing unbinned maximum likelihood fits to data, using a set of interfering
amplitudes [124]. It provides a set of routines that manage the technical aspects of performing fits
to large sets of data, without imposing any constraints on the physics.

The AmpTools “core” is the Amplitude class. It contains the template of a physical amplitude
involved in the process under study. On a general view, it is a mechanism to turn a set of four
vectors describing an event into a complex number, representing the physics amplitude. The
Amplitude class contains a pure-virtual method, calcAmplitude(GDouble **pKin), that actually
defines how the amplitude is calculated, given the particle four-vectors. The user has to write his

109
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own amplitudes, overriding this method. The user also needs to specify how amplitudes have to
be summed, i.e. coherently or not, and the free parameters to extract from the data.

The amplitudes describing the MesonEx low-Q2 reactions are directly related to those of the
corresponding photo-production processes, via the term Lλs,s′ corresponding to the leptonic vertex
(see also Section 4.4):

A =
∑
λ

Ls,s
′

λ ·Aλphoto (6.1)

Since Lλs,s′ does not depend on the specific reaction, I embedded it in the analysis framework. I

introduced a new AmpTools class, the Clas12PhotonsAmplitude, that contains the Lλs,s′ imple-
mentation, and overrides the calcAmplitude virtual method, as defined in the above equation.
The user has to derive his amplitudes from this new class, providing the photo-production term
Aλphoto. This permits to use amplitudes specifically developed for photo-production reactions also
in the MesonEx PWA framework, without any further modification.

6.2 Pseudo-events generation

The first step in the reaction study is the generation of pseudo-events, according to the reaction
amplitude discussed in Chapter 4. This amplitude describes the full process e−p→ e−pπ0η, includ-
ing the electron-scattering term Lλs,s′ containing the quasi-real photon polarization information. It
is therefore necessary to simulate the entire electro-production reaction, starting from a 11 GeV/c
primary electron beam impinging on a hydrogen target, and generating genuine four-body final
state events.

To have a realistic simulation, I estimated the expected number of events during the MesonEx
run, proceeding as described in [125]. In the low Q2 limit (Q2 � M2

p ), the unpolarized differen-
tial reaction cross-section, with respect to the scattered electron angle Ωe and energy Ee in the
laboratory frame, is:

dσ(Ωe, Ee) = σγ(ν) · dΓ(Ωe, Ee) , (6.2)

with σγ(ν) the total cross section for the real photo-production reaction γp → pπ0η, being ν the
virtual photon energy. The term dΓ(θe, Ee) is the equivalent flux of quasi-real photons, given by:

dΓ(Ωe, Ee) =
α

4π2

Ee
E0

ν

Q2

[
(2E0 − ν)2

ν2
+ 1

]
dΩedEe (6.3)

I calculated the total reaction cross-section by integrating numerically the photon flux in the
kinematic range 2.5◦ < θe < 4.5◦ and 0.5 GeV < Ee < 4.5 GeV, corresponding to the Forward
Tagger acceptance (see Tab. 2.3), and assuming σγ(ν) ' 1µbarn, as estimated in the CLAS data
analysis (see Sec. 5.3). The result is:

Γ ' 7 · 10−4 → σtot ' 7 · 10−4 µbarn (6.4)

The corresponding event rate, at the CLAS12 nominal luminosity 1035 cm−2 s−1, is R '
70 events/s, resulting in ' 500M produced events during the 80 day run of the MesonEx ex-
periment1.

1 The equivalent real photon flux for a typical photo-production experiment (Bremmstrahlung beam on a LT = 40
cm long liquid hydrogen target) that would give the same event rate is:

Φγ =
R

LT · ρLH2 ·NAv · σγ(ν ' 8GeV )
=

70Hz

1.7 · 10−6
' 4 · 107 γ/s (6.5)

This value is similar to what the GLUEX experiment is expecting to run with [38].
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Figure 6.1: Left: Equivalent photon flux dΓ as a function of the scattered electron angle, for two
different energies. Right: the W distribution of phase-space inelastic events, obtained trough GENBOD,
with superimposed the fourth-order polynomial fit that I used to effectively parametrize it.

I employed the so-called “hit-or-miss” technique to generate these pseudo-data, according to the
theoretical reaction intensity. First, a large set of events is generated according to a flat phase-
space distribution. Then, the theoretical intensity Ii is calculated for each of them. Finally, if
Imax is the maximum intensity for the generated events, each event is accepted with probability
PI = Ii/Imax. The resulting events are, by construction, distributed according to the theoretical
intensity function I.

The main advantage of such a technique is that it is applicable independently on the analytical
form of the corresponding amplitude, assuming it does not manifest any divergence in its domain.
However, if the intensity has very strong variations over the phase-space, this method has a low
computational efficiency.

6.2.1 Phase-space generator

Various algorithms exist to generate events for a 2→ N reaction, according to a flat distribution,
i.e. assuming a constant reaction amplitude over the whole final state phase-space. As an example,
the ROOT framework [80] provides the class TGenPhaseSpace, based on the GENBOD algorithm
[126], to generate N -body phase-space events, for N up to 18.

The use of these generators is very inconvenient for this specific analysis. In fact, the events of
interest in MesonEx are those with the scattered electron within the geometrical acceptance of the
Forward Tagger detector, 2.5◦ < θe < 4.5◦ and 0.5 GeV < Ee < 4.5 GeV, that represent only the
' 1.3% of the full available phase-space, for a primary 11 GeV/c electron beam impinging on a
hydrogen target. TGenPhaseSpace, however, produces events over the whole phase-space, without
the possibility to define a specific kinematic range. This would require to generate first a very
large set of events, and then to keep only those of interest, resulting in a very low computational
efficiency.

For this reason, I developed a specific phase-space event generator for the reaction e−p →
e−pπ0η, that employs the inversion algorithm to generate events with the scattered electron in the
kinematic range of interest. I exploited the fact that the scattered electron angular distribution, in
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Custom GENBOD Performance ratio
Full phase space 53” 54” ' 1

Limited phase space 54” 1260” ' 23

Table 6.1: Performance comparison of the GENBOD and my custom phase-space generator, generating
event over the full available phase-space (first line) and only in the kinematic range of interest (second
line). Results refer to 1M events generated on a 2.4 GHz Intel processor machine.

the laboratory frame, only depends on the incident electron energy E0 and on the target mass M :

dP

dΩ
=

1

4π

M(M + 2E0)

(M + E0(1− cos θ))2
(6.6)

This expression can be easily inverted to generate, event by event, the scattered electron only
in the angular range of interest2. Once the electron scattering angle is defined, its energy Ee is
directly related to the pπ0η system invariant mass W ,

W 2 = (M2 + 2ME0)− Ee(2M + 2E · (1− cos θ)) (6.8)

(Wmin)2 = (M2 + 2ME0)− Ee(2M + 2Emax · (1− cos θ)) (6.9)

(Wmax)2 = (M2 + 2ME0)− Ee(2M + 2Emin · (1− cos θ)) (6.10)

The knowledge of the W distribution is therefore required to properly extract Ee. As explained
in [127], this distribution depends only on E0 and on the involved particles masses, and thus has
to be calculated only once, before generating the events. However, its analytic expression involves
an elliptic integral, that can not be written in a closed form. I therefore parametrized it in an
effective way, trough a simple fourth-order polynomial expression, that can be easily inverted and
used to extract, event-by-event, W , and thus Ee.

Finally, once Ωe, Ee, and W have been extracted, the four momenta of the final state hadrons
are obtained from the “decay-like process” W → p+π0 +η, that I handled via the TGenPhaseSpace
class. The performances obtained from this specific phase-space events generator, and those from
GENBOD+rejection, are reported for comparison in Tab. 6.1.

6.2.2 Properties of generated events

The main features of the generated events for the reaction γ∗p→ p+ π0 + η are here presented3.
At this stage, he JPC = 1−+ exotic signal contribution is not included in the amplitude. The
invariant mass of the π0η system is shown in Figure 6.2, left-panel, in the whole t−range. The
two peaks corresponding to the a0(980) and to the a2(1320) states are clearly visible, as well as
the pronounced a2(1720) shoulder. At high invariant mass, only a smooth background is present,
related to the double Regge production mechanism. The extrapolation of the background to the
lower invariant mass region has, on average, the same strength of the resonances contributions.

The left panel shows, instead, the t−distribution, for the whole invariant mass range, and for
selected Mπ0η values corresponding to the a0 and a2 peaks, and to the non-resonant background.

2This is performed by extracting a uniform random number u in the interval [−1, 1], and then calculating cos θ
via:

cos θ =
2u(E0 +M)−M

2uE0 +M
(6.7)

3All the results in this section refer to a reduced sample of data, corresponding to ' 2.5% of the total 500M
statistics.
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Figure 6.2: Left: invariant mass distribution of the π0η system for generated events. Right: geenrated
events t−distribution, in the whole invariant mass range, and for selected Mπ0η values. The background
(blue) is evaluated at M ' 2.0 GeV/c2. The absolute normalization of the three colored histograms is
arbitrary, to fit them in the same panel.

At low t−values, t−slope of resonances is more pronounced respect to the background, while for
higher t they exhibit a similar trend. The dip near t ' −0.6 GeV2 for resonant events is due to
the Regge signature factor ξ in the production amplitude (see Eq. 4.27).

The angular distributions are reported in Figure 6.3. The left panel shows the correlation
between the η polar angle, in Gottfried-Jackson frame, and Mπ0η. The characteristic resonances
behavior are clearly seen, i.e. a flat band for the a0(980) and a fourth-order polynomial trend
for the a2(1320) and a2(1700) states. The background, instead, exhibits a non-symmetric shape,
peaked at forward angles. Finally, the right panel shows the correlation in between the η and
the scattered electron azimuthal angles. The visible structures are related to the virtual photon
polarization, whose polarization plane coincides, event by event, to the electron scattering one.

6.3 Detector simulation and acceptance evaluation

Pseudo-events were projected to the CLAS12+FT detectors, and then reconstructed. I considered,
for both mesons, only the decay to two photons, as already done in the CLAS analysis (see Sec. 5.1).

Since the full CLAS12+FT simulation and reconstruction chain was not yet available, I used an
“effective” MonteCarlo code to simulate the detector response. This accounts only for the detector
geometrical acceptance and resolution, without including other effects, such as particles interaction
with the detector materials, and the detection mechanisms. Each final state particle, i.e. the recoil
proton, the scattered electron, and the four photons from π0 and η decay, is projected individually
on the detector. If it is within the nominal detector acceptance region, the four-momentum is
smeared according to the expected resolution, otherwise it is discarded.

To reconstruct signal events, I employed the same algorithm developed for the CLAS analysis.
I considered events with one proton, one electron, and four photons detected. Then, I applied the
exclusivity cut on the K variable4. Finally, I selected events belonging to the π0η topology, by

4K is defined as the difference between the proton missing mass squared and the four photons invariant mass
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Figure 6.3: Left: η polar angle distribution in GJ frame, as a function of Mπ0η, for generated events.
Right: correlation between η and e− azimuthal angles, in GJ frame, for generated events.

looking at the invariant masses of photon pairs, properly ordered according to their relative angle
in the laboratory frame.

In principle, since generated events do not contain the background contribution from other
channels, all of them could be used, without necessity of any selection cut. However, the use of a
realistic reconstruction algorithm, tested on real data, provides a more realistic analysis procedure
that will be used in MesonEx.

Figure 6.4 shows the two mesons invariant mass spectrum for the reconstructed events. The
resonances structures are still visible, while the high-mass non-resonant background is suppressed,
for Mπ0η > 2.5 GeV/c2. The corresponding overall acceptance, from 0.7 to 3.0 GeV/c2 of the π0η
invariant mass, is ' 3.0%, with a maximum of ' 4.5% at 1.2 GeV/c2. This results in ' 15M
events expected during the 80 days of MesonEx run, from the ' 500M produced.

The PWA procedure relies only on the angular distribution of the reconstructed events to extract
the free parameters in the amplitude. It is therefore important to check that this is not too distorted
by the detector acceptance. Qualitatively, this can be checked by looking at the reconstructed
events and checking that the angular behaviour is still visible, as shown in Figure 6.5, left panel.
The comparison with generated data (Figure 6.3) confirms that the main data features are preserved
after the projection on the detector.

Another important test is to check if the asymmetries in the azimuthal angle, generated by the
beam polarization, remains in despite the angular distribution distortion induced by the CLAS12
and FT acceptance and resolution. Figure 6.5, right panel, shows the correlation between φη and
φe− in GJ frame, that contains the information about polarization. The comparison shows that the
structures in the azimuthal angle distribution, related to the beam polarization, are still present
in the data after the projection on CLAS12+FT.

squared, see Eq. 5.6.
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Figure 6.4: Reconstructed events invariant π0η mass spectrum.
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6.4 PWA procedure

I performed the PWA of pseudo-data using a procedure I derived from the analysis of CLAS data.
I employed the high-invariant mass data to constrain the non-resonant background, and then I
extrapolated the behavior to the low mass region.

To construct the intensity expression I made the following assumptions. First, I excluded con-
tributions from states with J ≥ 3, considering only the S, P , and D waves, as suggested by the
previous analysis performed on this channel. Moreover, for each J , I only took the wave corre-
sponding to the minimum spin-flip between the quasi-real photon and the π0η system. Finally, I
parametrized the residual intensity via an incoherent background wave, having the same angular
structure of the double-Regge contribution. The intensity expression is therefore:

I = |V 0,0Y0,0(Ls,s
′

+ −Ls,s
′

− )+V 1,1
+ (Y 1,1Ls,s

′

+ +Y 1,−1Ls,s
′

− )+V 2,1
+ (Y 2,1Ls,s

′

+ +Y 2,−1Ls,s
′

− )|2+|VbckAbck|2
(6.11)

The intensity depends explicitly only on the angular variables of the two mesons system and
of the scattered electron. The dependence on the other kinematic variables, in particular the π0η
invariant mass, the momentum transferred t, and the photon-beam energy Eγ , are embedded in
the production parameters V . Fits are thus performed in independent bin of Eγ , t, Mπ0η to derive
the dependence of the production parameters V on these kinematic variables.

One should note that, due to the explicit introduction of the background term Abck, the intensity
expression contains waves that are not orthogonal with each others. In particular, at low Mπ0η

values, the Abck angular structure has a strong overlap with low partial waves. Increasing the two-
mesons invariant mass, it instead exhibits a pronounced forward η peak, that suggests a projection
over a larger set of angular momenta. In conclusion, a fit performed with the intensity expression
in Eq. 6.11 over the whole invariant mass range would be ambiguous, preventing a proper estimate
of the intensity leakage from one wave to another.

The procedure that I adopted to account for this problem is the following. I exploited the
fact that, at high Mπ0η, the non-orthogonality is less pronounced, since only the background is
present. Therefore, this region can be used to properly estimate the background contribution.
Then, I extrapolated the results to the low Mπ0η mass, fixing the background contribution, and
not leaving the corresponding strenght as a free parameter in the fit5. I verified the validity of this
method performing a first, preliminary fit excluding the double-Regge background contribution,
both in the generated pseudo-data and in the PWA intensity (see Sec. 6.5.1), comparing the results
with those with the background included (see Sec. 6.5.3). The good agreement proofs that the
PWA procedure works, and does not include significant systematic effects in the final results.

Events were divided in 72 Mπ0η bins, from 0.7 to 2.5 GeV/c2, each bin being 25 MeV/c2 width.
Bins above 2.2 GeV/c2 were employed for the background estimation. The bin-width was a trade-
off between the request to maintain large-enough statistics per bin, and the necessity to employ
a fine-enough division to extract from the data the resonant properties, mostly related to this
kinematic variable. Since resonances production is peaked at low t−values, I used a single t−bin,
between -0.1 and -0.3 GeV/c2. Finally, I considered together all the events in the whole Eγ range,
between 6.5 GeV and 10.5 GeV.

In each bin, the PWA fit was independently performed, using random initial parameters. Also, I
repeated the procedure many times (usually 3, and up to 6 for specific bins), taking as final result
the solution with the highest likelihood.

A qualitative estimate of the fit goodness is given by the comparison of kinematic distributions
from pseudo-data with those obtained by the PWA results. These are obtained by using the

5In practice, this required to fit the full intensity formula to the high-mass bins, calculate the mean value of the
Vbck production factors, and use it as a fixed parameter in the low-mass fits. Vbck has no dependence from Mπ0η ,
since this is already embedded in the Abck expression.
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fitted production intensity to generate, in each bin, pseudo-events, trough the same “hit-or-miss”
technique already described before. The detector acceptance is explicitly taken into account, by
working with a set of phase-space events already projected on the detector and reconstructed. The
quality of the fit is then assessed by comparing the weighted and real data distributions. I went
trough this procedure at the end of each PWA fit, as quality check. An example is reported in
Sec. 6.5.3.

6.5 PWA results

Here I report the results from the partial wave analysis of pseudo-data. To obtain a first estimate
of the experiment sensitivity to a JPC = 1−+ exotic state, I repeated the procedure varying the
production intensity of this state in the generated events.

6.5.1 Fit 0-a: no exotic contribution, no background

As explained above, the first test refers to a unphysical scenario without any background contribu-
tion included neither in the pseudo-data nor in the PWA intensity parametrization. This simplified
case was used to verify that the overall fit procedure worked correctly. Also, I compared the results
here obtained with those from the next case, where the background was properly included, both
in the pseudo-data and in the PWA, to check that the procedure adopted to handle it was correct.

I performed the fit both on generated pseudo-events, not yet projected on the CLAS12+FT
detector, and on reconstructed ones, to decouple effects in the PWA procedure from those induced
by the detector acceptance and resolution. Results are reported in Figure 6.6, in terms of the event
yield for each specific partial wave, and of their phase difference, as a function of Mπ0η. For direct
comparison, I also show the results obtained by the analytic integration of the amplitude used to
generate pseudo-events (see Eq.4.23 and 4.27).

The agreement of the PWA results with the theoretical expectation is good, both in terms of
event yields and phase difference. No major distortions are induced by the detector, apart from
the smearing of the resonance peaks due to the finite resolution, and a slightly different S − D
phase difference at very low Mπ0η values. The deviation of data points from the predicted curve
for Mπ0η > 2 GeV/c2 is irrelevant to the analysis, since the S and D waves intensity is negligible
in this region.

Since no exotic π1(1400) contribution was introduced in the pseudo-data, the expected P wave
event yield is zero. Non-zero results from the fit are due to the leakage from the dominant S
and D waves. Leakage happens when the partial-wave basis is no longer orthogonal, typically
due the distortions induced by the non-uniform detector acceptance, or by the finite experimental
resolution. When this occurs, events can have strong overlaps with more than one decay amplitude,
and therefore produce intensity in a wave different from the right one.

Since the contribution of a possible 1−+ exotic signal is expected to be “small”, compared to
those of the well-known resonance decaying to the π0η channel, i.e. the a0(980) and the a2(1320),
it is crucial to estimate the leakage contribution from the non-exotic waves to the exotic one.

Generated events do not show leakage to the P− wave, being the results compatible with zero
within the error in the whole invariant mass range. Some leakage to the P -wave is seen, instead,
on the reconstructed event, at Mπ0η ' 1 GeV/c2. This contribution corresponds to ' 0.1% of the
intensity of the a0(980) wave, dominating the intensity spectrum at 1.0 GeV/c2. Finally, almost
no leakage is seen in the mass region between 1.3 and 2.0 GeV/c2, where the exotic contribution
is expected.

In conclusion, the results obtained from this “simplified” case agrees with the theoretical predic-
tion, thus confirming that the overall fit procedure works, and does not introduce any systematic
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Figure 6.6: FIT 0-a, PWA results. Top: S-wave (left) and D-wave (right) event yield. Closed (open)
circles refer to results obtained from generated (reconstructed) events, while the continuous red line is the
analytical prediction from the amplitude, Eq. 4.23. Bottom left: phase difference between S and D wave.
Bottom right: P -wave event yield. Note the difference in the y scale in between (S,D) and P waves results.
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Figure 6.7: FIT 0-b, background estimate. Closed (open) circles refer to results obtained from generated
(reconstructed) events, while the continuous red line is the analytical prediction from the amplitude, Eq.
4.23. Black points are those from the high-mass PWA fit, with free background strength, while blue ones
are those in the low-mass region, with fixed background contribution.

effect in the amplitude reconstruction.

6.5.2 Fit 0-b: no exotic contribution

I performed a second fit on events generated including the double Regge background contribu-
tion. I evaluated the background contribution from the events in the invariant mass region above
2.2 GeV/c2, performing the PWA fits were Vbck where a free parameter in the intensity formula.
I used the average of the results to fix the background contribution in the lower invariant mass
region. I repeated this procedure lowering the “mass-cut” down to 2.0 GeV/c2, finding consistent
Vbck values.

The results are shown in Figure 6.7, both for generated and for reconstructed events. Black
points have been obtained from the high-mass PWA fits, where the background parameter is free,
while blue ones are those from the low-mass PWA fits, with the background contribution fixed. The
theoretical prediction from the amplitude is also reported for direct comparison. Not surprisingly,
results from generated events agree with the theoretical curve, in the whole Mπ0η range. Results
from reconstructed events, instead, are compatible with the prediction within the errors, but show
a systematic disagreement. In fact, the background wave event yield in the low mass bins is fixed,
and proportional to |Vbck|2, evaluated from the high-mass data. Therefore, in each bin:

Nbck ∝ |Vbck|2 → δNbck ∝ 2 |Vbck| · |δVbck| (6.12)

High mass results from reconstructed events (white points in Figure 6.7) are significantly higher
than the theoretical prediction, and so their average, due to statistical effects in the PWA fits: this
error translates to a systematic shift in the low-mass results.

After fixing the background contribution, I performed the PWA fits in the low invariant mass
region. Results are reported in Figure 6.8, in terms of the event yield for each specific partial
wave, and for the phase differences, as a function of Mπ0η. Again, for direct comparison, I also
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Figure 6.8: FIT 0-b, PWA results. Top: S wave (left) and D wave (right) event yield. Closed (open)
circles refer to results obtained from generated (reconstructed) events, while the continuous red line is the
analytical prediction from the amplitude, Eq. 4.23. Bottom left: phase difference between S and P wave.
Bottom right: P wave event yield. Note the difference in the y scale in between (S,D) and P waves results.
Results are shown in the “low-mass” region, below 2.2 GeV/c2, where the background intensity is fixed.
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Figure 6.9: FIT 0-b, qualitative estimate of the fit goodness. Left: π angular distribution in GJ frame.
Full circles: data (reconstructed events), open circles: fit prediction. The colors refer to different Mπ0η

intervals, as reported in the Figure. The red histogram normalization was scaled by a factor 2, to fit in
the same panel. Right: e− - η azimuthal angles difference in GJ frame.

show the results obtained by the analytic integration of the Regge amplitude, used to generate
pseudo-events. To evaluate the effect of the Vbck uncertainty on the S, P , D waves, I repeated the
low-mass fits twice, fixing it at the nominal value, plus or minus the error. For S and D waves,
this additional error was found to be negligible, with respect to the intrinsic statistical uncertainty
of the production parameters obtained from the fit with the nominal Vbck value. For the P wave
intensity, instead, it had the same order of magnitude of the statistical fluctuations.

Both the results obtained with generated and reconstructed events are compatible with the
theoretical expectation, in terms of the event yields for different partial waves, and phase difference.
In addition, they agree with those obtained from the previous scenario, where no background was
included, confirming that the procedure I followed to deal with it is correct, and do not introduce
any systematic effect in the final results.

The P -wave leakage seen at Mπ0η ' 1 GeV/c2 for reconstructed events is slightly larger than
what was obtained from the previous case, while the two results agree in the invariant mass region
above this value. The leakage is lower than 1% of the total S and D waves strenght. This sets a
limit to the experiment sensitivity for a possible low-mass exotic state with this mass and width.

Finally, I qualitatively verified the goodnes of the fit by comparing significant pseudo-data kine-
matic distributions to the those obtained with the PWA, including the detector acceptance and
finite resolution. Figure 6.9 shows the π angular distribution in the GJ frame, for three Mπ0η

values corresponding, respectively, to the a0(980), a2(1320), and a2(1700) peaks. In all cases, the
agreement between the data and the fit prediction is good. The comparison for the azimuthal
angles difference between the scattered electron and the η in the GJ frame is also shown.

6.5.3 Fit 1: 50% a2 exotic contribution

In this case, I included in the generated pseudo-data an exotic π1(1400) contribution, with a
total strength equal to the 50% of the a2(1320) cross-section. Clearly, this value corresponds to
a very optimistic scenario, with the exotic signal produced with almost the same intensity as the
“regular” resonances. However, it gives the possibility to verify the PWA procedure and to estimate
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Figure 6.10: FIT 1, PWA results. Event yield for the different waves. Top: S wave (left) and D wave
(right). Bottom: P wave (left) and background-wave (right). Closed (open) circles refer to results obtained
from generated (reconstructed) events, while the continuous red line is the analytical prediction from the
amplitude, Eq. 4.23. The color convention for the background wave is the same as in the previous case.
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Figure 6.11: FIT 1, PWA results. S, P , and D waves relative phase differences.
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the P−wave leakage to other waves. For the exotic mass and width, I used the values quoted in the
PDG, obtained from the average of the results reported by past experiments: Mπ1

= 1.35 GeV/c2

and Γπ1
= 0.33 GeV/c2.

I treated the background below the resonances, in the low mass region, as in the previous case.
I employed data in the high-mass region to constrain it, and then I extrapolated this result at the
lower Mπ0η values, employing the double Regge parametrization. I performed the PWA fits in the
low mass region, to extract the S, P , and D waves intensities, and their phase differences.

Results, compared with the theoretical predictions, are shown in Figures 6.10 and 6.11. For
the PWA fits performed on generated events, a very good overall agreement is seen, both for the
non-exotic S and D waves and for the exotic P one. This confirms, once more, the reliability of
the analysis procedure.

Results obtained from reconstructed events, which take into account detector effects, present
instead more criticities, even if they are qualitatively in agreement with the amplitude predictions.
In particular, the D wave intensity is reconstructed as the preduction from the amplitude, a part
from the smearing introduced by the finite detector resolution.

The S and P wave results are, instead, more critical. Leakage from the P to the S wave is
present at Mπ0η ' 1.35 GeV/c2, in correspondence of the π1(1400) mass and, less pronounced, at
lower invariant mass too. This effect clearly manifest as a “shoulder” in the S wave intensity, and,
correspondingly, as a distortion of the P wave peak, that reaches its maximum at a lower invariant
mass, near Mπ0η ' 1.3 GeV/c2. Also the P −D and S −D phase differences are affected by the
leakage and show, at these mass values, a discontinuity with respect to their neighborhoods. The
S − P phase difference, instead, is not altered by this effect, and well reproduces the theoretical
curve. Finally, results above Mπ0η ' 1.5 GeV/c2 do not show any significant leakage effect.

In conclusion, if an exotic signal would be produced with 50% of the total a2(1320) cross-
section, with this mass and width, the MesonEx experiment will be definitively capable to observe
and identify it. However, leakage could introduce systematic effects in the extraction the exotic
resonance properties.

6.5.4 Fit 2: 5% a2 exotic contribution

The last case I considered foresaw an exotic signal contribution with a total strength in the π0η
channel equal to the 5% of the a2(1320) cross-section. The mass and width values are those already
employed in the previous case. This scenario corresponds to a very small π1(1400) exotic signal,
that definitively is not visible as a structure in the two mesons invariant mass spectrum, and
requires a full PWA to be extracted. I treated the non-resonant background as in the previous two
cases, evaluating the contribution at high invariant mass, and then using the result to fix it in the
lower mass region.

As expected, all the waves are correctly reconstructed from the generated data, i.e. when the
detector acceptance and resolution effects are not included in the simulation.

When these are explicitly considered, instead, some problems arise, as already seen from the
previous case. S and D waves intensities are correctly reproduced, a part from the resolution-
induced smearing of the resonance peaks. The P to S leakage effect is not visible anymore, since
the P wave intensity is much lower than the S one. Also, the S−D phase difference is qualitatively
in agreement with the prediction from the amplitude, and is similar to what obtained in the Fit-0b
case (no exotic present in the data).

The reconstructed P wave is in general agreement with the theoretical curve, but presents
more criticities. The intensity is significantly distorted by the the S wave leakage, since the
strength of this effect has, almost, the same order of magnitude of the P wave intensity itself.
Also, the S − P and P − D phase differences, despite showing a variation that reproduces the
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Figure 6.12: FIT 2, PWA results. Event yield for the different waves. Top: S wave (left) and D wave
(right). Bottom: P wave (left) and background-wave (right). Closed (open) circles refer to results obtained
from generated (reconstructed) events, while the continuous red line is the analytical prediction from the
amplitude, Eq. 4.23. The color convention for the background wave is the same as in the previous case.
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theoretical one, manifest important distortions, respectively near 0.9 GeV/c2 and 1.4 GeV/c2, i.e.
in correspondence of the a0(980) and a2(1320) nominal masses.

In conclusion, a π1(1400) produced with a cross section equal to the 5% of the a2(1320) strenght,
mass Mπ1 = 1.35 GeV/c2, and width Γπ1 = 0.33 Gev/c2, seems to be close to the sensitivity limit of
the MesonEx experiment. Unambiguous indications of the exotic resonance are present in the data,
but systematic effects would probably make difficult the correct determination of its properties,
i.e. the mass, the width, and the strenght, using a mass-dependent fit.

6.6 Summary and future perspectives

The obtained results show, at least qualitatively, that a full PWA of the reaction γ∗p→ p+π0 + η
in the MesonEx experiment is feasible. The sensitivity to a possible exotic 1−+ π1(1400) meson
was verified, for an overall production strength equal to 5% of the a2(1320) total cross-section. If
the production strenght is much lower than this value, systematic effects, such as waves leakage,
would have a significant role in the waves reconstruction, and could prevent the clear identification
of such a state.

Clearly, the study here presented is just exploratory. Other than giving a preliminary estimate
of the experiment performances and capabilities, it served as the basis to develop all the tools and
algorithms to perform the real data analysis.

Before the experimental run, a more detailed and systematic work on this channel has to be
performed. In particular, the points that need to be addressed are the following:

• In this analysis, I treated the non-resonant background by employing the data in the high
invariant mass region, and then extrapolating the obtained results in the low mass region,
where it was fixed. I employed the same background parametrization in both regions, since
this was the function used to produce the pseudo-data, in the whole kinematic range. This
procedure was motivated by duality arguments, that connect the two invariant mass regions,
and was already used, in a simplified way, for the CLAS data analysis.

However, in the real MesonEx data analysis, it would not be correct to use the double Regge
formula also at low Mπ0η, where resonances lie, and to consider the low-mass background
via a separate wave. The intensity should be parametrized only using spherical harmonics,
adding to each of them a proper background contribution. Then, one should compare the
two kinematic regimes, and use duality arguments, in the form of finite energy sum rules,
and continuity in between the two regions, to check a-posteriori the results.

• The effect of the inclusion of more waves in the fit must be checked, taking care of the possible
ambiguities, that could arise when the wave set grows. This extension is required because,
even if no major resonances are expected, the background contribution on higher angular
momenta could be not negligible.

• After the determination of the production parameters in independe Mπ0η bins, the mass-
dependent fit of the PWA results has to be performed, to verify also quantitatively that the
masses and width of the simulated states can be retrieved.

• A complete systematic study of the experiment sensitivity to a 1−+ exotic state requires to
vary also the resonance mass and width, other than its production strength. In fact, also
these parameters are a priori unknown, and results reported by past experiments show a
large range of possible variation.
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• The CLAS12+FT detector introduces a distortion in the generated waves. Since the ac-
ceptance is not uniform in the t and Eγ kinematic variables, also different kinematic bins
should be considered, and the corresponding detector-induced effects investigated, to see if
this information can be useful in the analysis.

• The effect of the accumulated statistics must be investigated, to verify if it is the limiting
factor to explore low coupling values, or, instead, other systematic effects, such leakage, are
dominating.



Conclusions

This work was done as part of the MesonEx experiment, that will run in 2016 in Hall B of Jefferson
Laboratory. The goal of the experiment is to perform a comprehensive study of the meson spectrum
in the light quark sector, searching for rare and exotic states, with precise determination of masses
and properties. Mesons are the simplest quark bound system and, therefore, the ideal benchmark
to study the interaction between quarks, understand what the role of gluons is, and investigate
the origin of color confinement. Meson spectroscopy is a unique tool to investigate how QCD
partons manifest themselves under the strong interaction at the energy scale of the nucleon mass:
a clear understanding of the non-perturbative regime is necessary, since in this condition we have
the dominant manifestation of the strong force, binding quarks in hadrons constituting the bulk
of the visible mass of the universe.

MesonEx will use low Q2 electron scattering on a hydrogen target, providing an intense beam
of high energy, linearly polarized, quasi-real photons. This technique has recently been suggested,
by theoretical calculations, as an ideal probe for the production of unconventional meson states.
The CLAS12 detector will be used to detect final state hadrons, while the electron scattered at
low angle will be measured with a new, dedicated, facility: the Forward Tagger.

In preparation for the MesonEx experiment, a detailed study of the reactions that will be mea-
sured is required. The goal is to develop the necessary analysis tools, and then to verify that a
Partial Wave Analysis is feasible, estimating the sensitivity to possible exotic states.

In this work, I investigated the reaction γ∗p → p + π0 + η. This is one of the experiment
“golden-channels”, where a π1(1400) exotic state has been reported by past experiments, but is
still missing a final confirmation. The study was performed by means of MonteCarlo simulations.
The amplitude employed to generate pseudo-data was developed within the framework of Regge
theory for high energy scattering. It was validated by comparing the predictions to the lower
energy experimental data measured with the CLAS detector in the CLAS-g12 experiment.

The results confirmed that a full PWA of this reaction can be carried out within the MesonEx
experimental framework. I obtained a preliminary estimate of the experiment sensitivity to a
possible π1(1400) exotic state, that could be detected in MesonEx for a total production strength
greater than 5% of the total a2(1320) cross-section.

In parallel to the analysis activity, I participated in the design of the Forward Tagger Calorimeter
(FT-Cal), the “core” component of the Forward Tagger facility. It will detect electrons scattered
in the angular range between 2.5◦ and 4.5◦, and energy between 0.5 and 4.5 GeV, with an expected
energy resolution of the order of 1%, and almost 100% efficiency. It will be installed in CLAS12
around the beam-line, in a region with a high magnetic field, reduced available space, and a high
radiation field. To fulfill these constrains, and to meet the physics requirements, we designed a
homogeneous calorimeter, made of 332 lead tungstate (PbWO4) scintillating crystals, each coupled
to an Avalanche PhotoDiode (APD), arranged symmetrically around the beamline.

As a first step, all the detector components needed to be characterized, to verify the compatibility
with the requirements. This was performed through a series of dedicated measurements, in different
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laboratories (Genova, CERN, Giessen University). At present, all the different components have
been individually characterized, and are ready to be mounted in the FT-Cal.

Then, we built two prototypes, with 9 and 16 channels respectively, to validate the technical
choices, and to demonstrate the detector capabilities. We measured the response to cosmic rays and
to electromagnetic showers, at different facilities (Genova, JLab, BTF@LNF), finding consistent
results with MonteCarlo simulation predictions.

As a result of this work, the Forward Tagger Calorimeter design has now been finalized, and the
detector construction is in progress. The calorimeter is expected to be ready and operational in
Spring 2014, when the first tests with cosmic rays are planned.



Appendix A

Leptonic vertex term in the low Q2

reactions amplitudes

The amplitudes for the low Q2 electron scattering reactions measured in MesonEx are written as
the product of two factors. The first is related to the electron vertex of the OPE diagram, while
the second describes the corresponding “quasi-real” photo-production process:

A = −i e2
1∑

λ=−1

(
1

Q2
u(p′, s′)γµu(p, s)ε∗µ(q, λ)

)
· (εν(q, λ)Jν) ≡ Ls,s

′

λ ·Aλphoto , (A.1)

where:

• p, p′, q are the beam and the scattered electron momenta,

• s, s′ are the beam and the scattered electron helicities,

• q = p− p′ is the virtual photon momentum,

• λ is the virtual photon helicity.

The explicit expression of the electron scattering term Ls,s
′

λ term is here reported. I work in the
Gottfried-Jacskon reference frame, where:

qµ = (Eγ ; 0, 0, Pγ) pµ = (E;P sin(θ) sin(φ), P sin(θ) cos(φ), P cos(θ))

Q2 = −q2 = P 2
γ − E2

γ pµ′ = (E′;P ′ sin(θ′) sin(φ′), P ′ sin(θ′) cos(φ′), P ′ cos(θ′)) (A.2)

The three virtual-photon polarization vectors are [128, 129]:

εµ(λ = ±1) =
1√
2

(0;∓1,−i, 0) εµ(λ = 0) =
1√
Q2

(Pγ ; 0, 0, Eγ) (A.3)

These are normalize to have:

q · ελ = 0 and ελ · ε∗λ′ = (−1)λδλ
′

λ (A.4)

and satisfy the completeness relation:∑
λ=−1,1

εµλε
ν∗
λ − ε

µ
0ε
ν∗
0 = −gµν − qµqν

Q2
(A.5)
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When this expression is contracted with a conserved current Jµ, like the electromagnetic current
of the electron, the longitudinal term does not contribute since:

kµJ
µ = 0 (A.6)

and in the calculation one can only use −gµν .
The incident and scattered electron spinors are1:

u(pµ,+) =
√
E +m


cos(θ/2)

eiφ sin(θ/2)

p
E+m

(
cos(θ/2)

eiφ sin(θ/2)

)
 u(pµ,−) =

√
E +m


−e−iφ sin(θ/2)

cos(θ/2)

−p
E+m

(
−e−iφ sin(θ/2)

cos(θ/2)

)


(A.7)

Given these conventions, the explicit expression of the electron scattering term Ls,s
′

λ is:

Ls,s
′

λ = −ie2/Q2 · Fs,s
′

λ

F+
s=s′=+ =

√
2EE′e−iφ

′
cos(θ/2) sin(θ′/2)

F+
s=s′=− =

√
2EE′e−iφ sin(θ/2) cos(θ′/2)

F+
s6=s′ = 0

F−s=s′=+ = −
√

2EE′eiφ sin(θ/2) cos(θ′/2)

F−s=s′=− = −
√

2EE′eiφ
′
cos(θ/2) sin(θ′/2)

F−s6=s′ = 0

F0
s=s′=+ = −2

√
EE′√
Q2

e−iφ
′
(eiφ

′
(Eγ − Pγ) cos(θ/2) cos(θ′/2)− eiφ(Eγ + Pγ) sin(θ/2) sin(θ′/2))

F0
s=s′=− = −2

√
EE′√
Q2

e−iφ(eiφ(Eγ − Pγ) cos(θ/2) cos(θ′/2)− eiφ
′
(Eγ + Pγ) sin(θ/2) sin(θ′/2))

F0
s6=s′ = 0 (A.8)

1 I work in the so-called “helicity” representation, where the explicit expression of Dirac matrices is:

γ0 =

(
I 0
0 −I

)
γi =

(
0 σi

−σi 0

)



Appendix B

Resonances decay couplings

The amplitude describing the photo-production of a mesonic resonance X decaying to the π0 η
final state has the form (Eq. 4.27):

AXλ,h,h′ = (β ·Aλ,h,h
′

Regge(s, t)) · (g ·ADecay(Mπ0 η)) · Y J,λ(θ, φ) , (B.1)

where λ, h, and h′ are, respectively, the photon, target, and recoil proton helicities. The main
amplitude feature is the factorization between the production term and the decay term. The first,
corresponding to ARegge, was derived rigorously in the Regge framework of two-body scattering, for
the process γ+p→ p+X. The second, instead, is motivated from a phenomenological description
of the X resonance decay to the π0 η channel, that results in a Breit-Wigner form Adecay for
the invariant mass dependence, and a proper spherical harmonics for the decay products angular
distribution. In particular, the specific Adecay expression I used is normalized such that:

Adecay =
MXΓX

(M2
X −M2)− iMΓ(M)

→ Adecay(M = MX) = i (B.2)

As a result of this dual approach, the Regge coupling β involved in the production amplitude is
unambiguously deduced from the theory, exploiting Regge factorization, while the decay coupling
g depends on the particular Adecay functional form and normalization.

To derive g, I proceeded as follows. The ratio of the total cross-sections for the two reactions:

R2 : γ + p → p+X (B.3)

R3 : γ + p → p+X → p+ π0 + η (B.4)

is given by the branching-ratio for the X resonance decay to the π0 η final state, i.e.:

σ3 = σ2 ·BR (B.5)

Being (β · ARegge(s, t)) the two-body reaction amplitude, the two unpolarized differential cross-
sections, already summed over the final state proton helicity, are:

dσ2 =
1

64πF 2
I

|β ·ARegge(s, t)|2 dt (B.6)

dσ3 =
2 q

64(2π)4F 2
I

|β ·ARegge(s, t)|2 · |g ·ADecay(M)|2 dt dM , (B.7)
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where q is the mesons break-up momentum in the X reference frame, and the decay-angle integra-
tion has already been carried out.

The total cross-sections are obtained by integrating the above expressions over the whole final
state phase spaces. To perform the t−integral in the second expression, I made the following
approximation. In principle, the kinematically allowed t−values depend on M , therefore the two
integrations on t and M can not be factorized1. However, since |ADecay|2 is strongly peaked
at the resonance mass MX , I assumed tmax,min(M) = tmax,min(MX). Therefore, making some
simplifications, the g coupling is obtained:

1

π
BR =

2g2

(2π)4

∫ Mmax

Mmin

q|ADecay(M)|2dM → g = (2π)
3
2

√
BR

I
, (B.10)

with I the result of the M integral. The physical meaning of the above equation can be understood
by approximating the Breit-Wigner expression |ADecay|2 with a Gaussian function, having the same
FWHM Γ and the same height at the resonance mass, and then performing the integral analytically:

I ' Γ · q0 → g ' (2π)
3
2

√
BR

Γq0
(B.11)

As expected, the coupling g2 is proportional to the inverse of the resonance width and to the
branching ratio, so that the overall decay term reads:

|g ·Adecay|2 ∝M2
X ΓXBR (B.12)

Calculation results for the a0, a2, and a2(1700) states are reported in Tab. B.1, showing the
comparison between the approximate analytical solution and the numerical I evaluation.

Resonance Width Γ (GeV) BR ganalytical gnumeric
a0(980) 0.147 GeV 1 70.56 GeV−1 67.15 GeV−1

a2(1320) 0.110 GeV 0.145 24.69 GeV−1 20.12 GeV−1

a2(1700) 0.194 GeV 0.1 13.01 GeV−1 10.66 GeV−1

Table B.1: Decay couplings g.

1 In the reaction γ + p → p+X(M), with M being the mass of the X system, the two kinematic limits on the
momentum transferred t between the target and the recoil proton are:

|t|min = (PCMγ − PCMX )2 −M4/4s (B.8)

|t|max = (PCMγ + PCMX )2 −M4/4s (B.9)
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