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The electromagnetic interactions of hadrons serve as a valuable probe of the nature of the strong
force at low energies and simultaneously allow for tests of fundamental discrete symmetries. In
this thesis, I show how polarization observables can be used to gain an in-depth understanding
of these processes and present two analyses of data from the BESIII experiment where such
observables have been studied.

In the first part of the thesis, I report on a study of the rare decay η' → π+π-e+e- based on
a sample of 1.3×109 e+e- → J/ψ events using the J/ψ → γη' radiative decay as a source of η'
mesons. The branching fraction is measured to be (2.42±0.05stat.±0.08syst.)×10-3 with statistical
precision a factor of two better than the previous best measurement. Furthermore, I investigate
the possibility of a CP-violating contribution to the decay beyond the standard model which
would lead to an asymmetry in the angle between the decay planes of the e+e-- and π+π--pairs.
The asymmetry is measured to be (2.9±3.7stat.±1.1syst.)%, consistent with zero in agreement with
the standard model expectation of no CP-violation.

In the second part of the thesis, the reaction e+e- → Λ anti-Λ is studied at five center-of-mass
energies from 2.3864 GeV to 3.0800 GeV. A combination of fully and partially reconstructed
events is used to measure the Born cross section for the process and determine the ratio and the
relative phase of the timelike electromagnetic form factors of the Λ hyperon.

Finally, I present a benchmark test of the tracking software for the planned upgrade of the
BESIII detector with a new cylindrical gas electron-multiplier tracker.
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Part I:
Introduction





1. Introduction

The basic purpose of any fundamental research is to improve our understand-
ing of the world that we live in. On one hand this spurs further discoveries and
can eventually help make our lives easier. On the other hand, we seek answers
to our existential questions that can help us find our place in a larger cosmic
order. In this context, this thesis investigates some of the most basic building
blocks of our universe.

At a fundamental level, all matter the we deal with in our daily lives is
made up of quarks held together by the strong force within composite objects
known as hadrons. Due to the very nature of the strong force it is a challenge to
understand the interactions between the quarks and the origin of the properties
of the observed hadrons. Almost all visible mass in the universe is generated
by these interactions, but the mechanism responsible for this is not fully clear.

Another related enigma is why the universe is made up of matter at all,
and not antimatter. This is one of the observations that the standard model of
particle physics can not explain. A necessary component of the answer is the
violation of CP-symmetry. However, the mechanism included in the standard
model can not explain the disparity between matter and antimatter that we
can observe. One possible solution to this conundrum is that there are other
mechanisms for CP-violation beyond the standard model that we have yet to
discover.

The electromagnetic interactions of hadrons serve as an important labora-
tory for investigations of both the strong force and CP-symmetry. Their prop-
erties depend on the complex internal structure of the hadrons and if measured
can be used to further our knowledge of how this structure comes about. A
particularly powerful observable that can unlock an in-depth understanding of
these processes is the polarization of the photons and hadrons involved, i.e. the
degree to which the spins of these particles are aligned in a certain direction.
The polarization is challenging to measure and is therefore relatively unex-
plored, but the information it provides helps disentangle the different compo-
nents of the interactions. It can also facilitate the identification of contribu-
tions from rare beyond-standard-model processes that would otherwise not be
possible to resolve.

In this thesis, data on e+e−-collisions from the BESIII experiment are an-
alyzed along two lines of inquiry that involve polarization in the electromag-
netic interactions of hadrons. The first is the study of rare decays of light
mesons in search of new mechanisms for CP-violation and for testing the pre-
dictions of effective field theories that describe the strong interaction at low
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energies. The second is the study of the internal electromagnetic structure of
hyperons, baryons that contain at least one strange quark, with the goal of
achieving a more complete understanding of how matter is formed.

1.1 Structure of this Thesis
This thesis is divided into three distinct parts. Part I describes the current
state of the field and how the research presented in this thesis can improve
our understanding of CP-violation and the strong interaction at low energies.
The theoretical frameworks used to interpret the experimental results, as well
as the BESIII experiment and the related software tools used in this work are
also described. Thus, Part I describes work performed by others. Parts II
and III on the other hand describe the research undertaken by the author of
this thesis. Results and methods discussed therein are the work of the author
unless explicitly stated otherwise. Part II describes a study of the rare decay
η ′ → π+π−e+e− resulting in a measurement of the branching fraction and a
search for a beyond standard model source of CP-violation. Part III describes
a measurement of the energy dependence of the timelike form factors of the Λ
hyperon in the range 2.3864 GeV to 3.0800 GeV as well as tests of how well
the software for a planned upgrade of the BESIII experiment can reconstruct
hyperons.
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2. The Standard Model

The elementary particles that make up the observable universe and the elec-
tromagnetic, weak, and strong interactions between them are described by the
standard model (SM) of particle physics. The mathematical foundation of the
SM is its Lagrangian. Physical conservation laws appear as symmetries of this
Lagrangian because, according to the Noether theorem [1], any transforma-
tion that leaves the Lagrangian invariant corresponds to a conserved quantity.
To respect conservation of energy, momentum, and angular momentum, the
Lagrangian is invariant under the Poincaré group, i.e. space-time translations,
rotations and boosts.

The particle content of the SM, shown in Fig. 2.1, can be broadly divided
into fermions and bosons. The fermions are the particles that make up mat-
ter. They have half-integer spin and their name is derived from the fact that
they obey Fermi statistics. Furthermore, they are subject to the Pauli exclusion
principle according to which identical fermions can not occupy the same quan-
tum state. The bosons mediate the interactions between the fermions and get
their name because they obey Bose-Einstein statistics. The electromagnetic
and weak interactions are unified into one single electroweak theory [2, 3, 4]
with four force-carrying gauge bosons. The photon, γ , mediates the electro-
magnetic interaction, and W± and Z0 mediate the weak interaction. While the
photon is massless, the weak bosons are heavy with masses MW ≈ 80 GeV/c2

and MZ ≈ 91 GeV/c2. The final ingredient is the Higgs boson that gives the
fermions their masses. The third force of the SM, the strong interaction, is the
focus of this thesis. It is mediated by massless gluons (named for “glue”).

2.1 Leptons and Quarks
There are two types of fermions: leptons and quarks. The leptons are grouped
into three families each with one charged and one neutral particle. These
are the electron (e) and electron-neutrino (νe), the muon (μ) and the muon-
neutrino (νμ), and the tauon (τ) and the tauon-neutrino (ντ). For each lep-
ton, there is a corresponding antilepton with opposite quantum numbers. All
leptons interact weakly, and the electron, muon, and tauon that have charge
Q = −1 also interact electromagnetically. In the SM, the lepton number is a
conserved quantity. It is defined as

L = nl−nl̄ , (2.1)
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Figure 2.1. Particle content of the SM. Figure from Ref [5].

where nl is the number of leptons, and nl̄ is the number of antileptons. The
same holds for the number of leptons of each type, the lepton flavor. Neutrino
oscillations violate lepton flavor conservation, but this is a feature that can not
be described within the SM.

The quarks, unlike the leptons, carry color charge and interact via the strong
force as well as the weak and electromagnetic forces. They come in three gen-
erations, each comprising two different flavors. The first generation is made
up of the up and down quarks, the second of the charm and strange quarks,
and the third of the top and bottom quarks. The up, charm, and top quarks are
collectively referred to as the up-type quarks and have electric charge Q = 2

3 .
Similarly, the down, strange, and bottom quarks are referred to as the down-
type quarks and have electric charge Q = −1

3 . Furthermore, the quarks have
flavor quantum numbers that are conserved in the electromagnetic and strong
interactions. For each type of quark, there is a corresponding antiquark with
the same mass but opposite charges. The quarks do not carry lepton number,
but instead baryon number given by

B =
1
3
(nq−nq̄) (2.2)

where nq is the number of quarks and nq̄ is the number of antiquarks. Baryon
number is conserved in the SM, and no deviations from this expectation have
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been observed in experiment. A consequence of this is that the lightest baryon,
the proton, must be stable. Indeed, based on the complete absence of proton
decays in experiment, the mean proton lifetime is estimated to be longer than
1029 years [6]. Finally, quarks carry any of three color charges: red, blue,
and green. Antiquarks carry corresponding anticolors. The combination of all
three colors or of a color and its anticolor is colorless or white. This concept
is an analogy with the more well-known electric charge and has nothing to do
with the visual appearance of quarks, which we know nothing about.

2.2 The Strong Interaction
Arguably, the least understood part of the SM is the strong interaction that
acts on objects that carry color charge, and is mediated by gluons. The gluons
are massless particles that carry both color and anticolor at once, and form an
octet of states with different charges. The fact that they carry the strong color
charge means that gluons, unlike photons which are electrically neutral, can
interact directly with each other as well as with the quarks. The theory that
describes the strong interaction is quantum chromodynamics (QCD).

The QCD Lagrangian contains seven parameters: the six quark masses, and
the coupling constant αs, which gives the strength of the interaction. The en-
ergy behavior of this coupling, which is caused by the self-interactions of the
gluons, gives QCD some of the properties that make it challenging to under-
stand.

It suits our classical intuition for physics well to imagine that a force be-
tween any two objects (e.g. electrical charges) becomes weaker as the distance
between them increases and vice versa. In the quantum world, the momentum
transferred in an interaction, q2, and the distance at which it occurred are con-
sidered equivalent following de Broglie. For the electromagnetic interaction,
the coupling constant takes its well-known value of αe ∼ 1

137 for zero momen-
tum transfer, but with larger momenta or shorter distances, it grows larger and
eventually goes to infinity. The coupling constant of the weak interaction, αW ,
likewise grows with the momentum transfer. This type of energy dependent
interaction strength is known as a running coupling constant. This can be un-
derstood as a screening effect due to vacuum polarization. At large distances,
virtual electron-positron pairs created spontaneously screen a particle, lower-
ing the effective charge and thus the strength of the interaction. The larger the
distance, the smaller the effective charge becomes.

The strong force on the other hand exhibits the opposite running behav-
ior, growing stronger for lower momentum transfers and larger distances, see
Fig. 2.2. This is because the self-interactions of the gluons lead to an anti-
screening effect, increasing the effective charge at larger distances. To first
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order, the coupling constant is given by

αs(q2) =
4π

β0 ln
(

q2

Λ2

) , (2.3)

where β0 = 11− 2
3 n f , n f is the number of quark flavors, and Λ is the QCD

scale which is around 300 MeV. Clearly αs approaches 0 when q2 → ∞ and
diverges when q2 → Λ2, and as such Λ2 represents the location of the Landau
pole, where a perturbative expansion in the coupling constant breaks down.
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Figure 2.2. Energy dependence of the QCD coupling constant. The points with er-
ror bars represent experimental measurements, and black lines represent the world
average and its uncertainty. Figure from Ref. [6].

For large momentum transfers, or equivalently short distances, the coupling
is weak and the quarks and gluons are expected to behave as free particles,
though this has yet to be observed. This concept is known as asymptotic free-
dom [7, 8]. The small value of the coupling (αs ∼ 0.1 in the range 0.1-1
TeV) furthermore allows for a perturbative expansion which has been suc-
cessfully used to predict a wide variety of observables in high-energy e+e−-
and pp̄-collisions measured at e.g. the LEP [9], Tevatron [10], or HERA [11]
colliders.

At sufficiently low energies (� 1 GeV) on the other hand, the coupling
is so strong that the color-charged objects (quarks and gluons) do not exist
as free particles, but are confined inside colorless composite particles called
hadrons. This phenomenon is known as confinement. The relevant degrees

8



of freedom when studying the strong interaction at these energies are thus not
the elementary particles, but the hadrons. The large value of the coupling
furthermore means that the perturbative approach that works so well for high
energies can not be used to make predictions at low energies. In order to
describe physics at this energy scale, one must resort to other approaches like
effective field theories or lattice QCD.

2.3 Discrete Symmetries
In addition to the continuous spacetime, flavor, and gauge symmetries men-
tioned, our classical intuition tells us that there should also be three fundamen-
tal discrete symmetries: parity (P), charge conjugation (C), and time reversal
(T ). However, as we shall see, none of them are actually respected by nature.

Parity symmetry means that the laws of physics should remain the same
under an inversion of all spatial coordinates around the origin (�r→−�r). This
was believed to be a fundamental symmetry of nature until 1957 when Wu
showed that electrons from the β -decay of polarized Co60 were not emitted
with the same rates at angles θ and 180◦ −θ [12]. Thus parity is violated in
the weak interaction, as suggested by Lee and Yang the year before [13].

Charge conjugation transforms particles into their antiparticles, or for some
neutral particles into themselves. Intuitively, one might expect particles and
antiparticles to obey the same rules, and that C would be therefore a funda-
mental symmetry of nature. This is, however, not the case. It was argued by
Lee, Oehme, and Yang that the observed parity-violation must mean that the
C-symmetry was likewise broken in the weak interaction [14].

It was therefore suggested that the combination of parity and charge con-
jugation CP might be a true symmetry of nature. Also this claim was soon
refuted by the results of the Fitch-Cronin experiment [15] which showed that
the KL meson decays into two pions, even though this is forbidden by CP-
conservation. This was later explained through a complex phase in the Cabibbo-
Kobayashi-Maskawa (CKM) mixing matrix that governs the flavor-changing
mechanism of the weak interaction which is now part of the SM.

There are two different mechanisms responsible for CP-violation: The first
is indirect CP-violation, which occurs due to the mixing of particle and an-
tiparticle states with different CP-eigenvalues. This is only possible for neu-
tral mesons that are not their own antiparticle. The other type is direct CP-
violation which is caused by the interference of CP-odd and CP-even tran-
sitions in decays. This is possible for both baryons and mesons, charged and
neutral. In general, weak CP-violation is a combination of both of these mech-
anisms. CP is in principle also broken in the strong interaction via the so-
called θ -term of the QCD Lagrangian. This term induces an electric dipole
moment for the neutron, but precise experimental measurements, most re-
cently by the nEDM experiment [16], have found that if it exits, the neutron
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electric dipole moment must be incredibly small. This means that the size of
CP-violation in the strong interaction must likewise be very small, and that the
value of the parameter θ must be � 1× 10−10, see e.g. Ref. [17] and refer-
ences therein. The question of why the CP-violation in the strong interaction
is so small is known as the strong CP problem.

To our current best understanding, supported by experimental observations,
the combination of parity, charge conjugation, and time-reversal, CPT , is a
fundamental symmetry of nature and inviolate in the SM. In fact, Lee, Oehme,
and Yang [14] showed that it is impossible to create a local Lorentz-invariant
quantum field theory that does not conserve CPT . This is known as the CPT -
theorem. A necessary consequence of this is that whenever CP-symmetry is
violated, so is T -symmetry and vice versa.

As suggested by Sakharov [18], the violation of CP, as well as C and baryon
number B, are necessary ingredients for explaining baryogenesis, i.e. why
there is more matter than antimatter in the observable universe. However,
knowing that CP violation does occur is not the end of the story. In order
to fully understand baryogenesis, we must also understand the mechanisms
of CP-violation as it occurs within the SM, or perhaps beyond it. Indeed,
the CP-violation seen so far is restricted to flavor-changing interactions in the
K- [15, 19, 20, 21, 22, 23], D- [24] and B-meson [25, 26] systems, but the
really crucial ingredient in baryogenesis is CP-violation in baryon decays of
which there are not yet any conclusive observations. Furthermore, the size of
CP-violations that have been observed and are currently known are too small
to explain the matter-antimatter asymmetry, and one possible explanation is
that there are additional sources of CP-violation beyond the SM and the CKM
mechanism.

2.4 Composite Particles - Hadrons
In the 1950s and 1960s, several different experiments observed a wide range of
new, strongly interacting particles that were initially believed to be elementary.
The apparent large variety of species among them led Robert Oppenheimer
to refer to them as the subnuclear zoo. Gell-Mann [27] and Ne’eman [28]
showed that these particles could be organized into multiplets based on SU(3)
symmetry in a scheme that became known as the eightfold way. This organi-
zation could subsequently be justified through the realization that the particles
of the subnuclear zoo were composite objects made up of a fixed set of build-
ing blocks, quarks, combined in different ways [29, 30]. This idea was used to
predict states whose quantum numbers were identified with the experimentally
observed particles. The model that describes the properties of hadrons based
on the constituent quarks in this way is called the quark model. Here it is used
to describe the static properties of hadrons made up of up, down, and strange
quarks, following Gell-Mann, and not so much their dynamics. Because the
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masses of the u, d, and s quarks are not identical, the SU(3) symmetry of the
eightfold way is not is not exact, but broken to some extent.

All hadrons that have been observed so far can be classified into two basic
categories: baryons, with baryon number B = 1 and mesons with B = 0. They
are classified and named according to the additive flavor quantum numbers as
well as the isospin of the constituent quarks. Isospin can be seen as a flavor
quantum number for the up- and down- quarks. Both have total isospin I = 1

2 ,
but differ in the projection on the third component I3: up has I3 =

1
2 and down

has I3 = −1
2 . The difference between isospin and the other flavor quantum

numbers is that isospin adds like angular momentum so that a given combina-
tion of quarks can produce several particles with different isospin states and
different properties. The hadrons are further classified according to their total
angular momentum J and parity P given in spectroscopic notation JP. The
total angular momentum is given by

|L−S| ≤ J ≤ |L+S|, (2.4)

where L is the orbital angular momentum, and S depends on the spin con-
figuration of the individual quarks. The parity is given by the product of the
intrinsic quark parities, chosen to be positive for quarks and negative for anti-
quarks, multiplied by a factor that depends on the orbital angular momentum

P(L) = (−1)L. (2.5)

Let us now discuss the mesons, i.e. the hadrons that have baryon number
B = 0. Typically, this means that they consist of a quark and an antiquark.
For the meson to be a colorless object these must carry a color and the corre-
sponding anticolor. The spins of the constituent quarks can be either parallel
or antiparallel, and as a result, the mesons are bosons with integer spin. Since
quarks and antiquarks have opposite intrinsic parity, the parity of the mesons
depends on the orbital angular momentum L as

P(L) = (−1)L+1. (2.6)

The mesons without orbital angular momentum (L = 0) have odd parity, and
they are therefore known as pseudoscalar and vector mesons. The neutral
mesons are furthermore eigenstates of C-parity, with values given by

C = (−1)L+S. (2.7)

For zero orbital angular momentum, the three lightest quarks, u, d, and s,
can be organized into an octet and a singlet of meson states. For both pseu-
doscalars and vectors there are isoscalar states (with I3 = 0) and the same JPC,
that mix with one another to produce the physically observable particles. For
the pseudoscalars we have

η = cosθPη8− sinθPη1

η ′ = sinθPη8 + cosθPη1,
(2.8)
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where η8,η1 are the isoscalar pseudoscalar octet and singlet states and θP
is the pseudoscalar mixing angle. For the vector mesons, the corresponding
relations are

φ = cosθV ψ8− sinθV ψ1

ω = sinθV ψ8 + cosθV ψ1
(2.9)

where ψ8,ψ1 are the isoscalar vector octet and singlet states and θV is the vec-
tor mixing angle. The pseudoscalar and vector nonets are shown in Fig. 2.3.
If the heavier charm and bottom quarks are also considered, there are many
more possible combinations. Of particular importance for this work is the
vector charmonium (cc̄) state J/ψ . Experiments using e+e−-annihilation are
typically run at the mass of such neutral qq̄ resonances since this yields an en-
vironment with well-defined quantum numbers and particle-antiparticle sym-
metric conditions for high-rate production of a large range of interesting states.

The eight lightest pseudoscalars play a special role in our understanding
of low-energy QCD as the massless pseudo-Goldstone bosons of the broken
chiral symmetry. The η ′, on the other hand, is much heavier, as consequence
of the chiral anomaly.

Figure 2.3. Pseudoscalar meson nonet (left) and vector meson nonet (right). Figures
from Refs. [31] and [32].

For non-zero orbital angular momentum, other types of mesons known as
the scalar (JP = 0+), axial-vector (JP = 1+), and tensor (JP = 2+) mesons are
possible. It is also possible to form excited pseudoscalar and vector mesons
with the same quantum numbers as those shown in Fig. 2.3, but with higher
masses. Finally, a number of more exotic mesons that consist of two quark-
antiquark pairs, known as tetraquarks, have been observed. The first of these
was discovered independently by the BESIII [33] and Belle [34] experiments.

The other major category of hadrons is Baryons, i.e. particles that have
baryon number B = 1. The most common baryons are made of three quarks
with total spin of either 1/2 or 3/2. Each quark must have a unique color
charge, and this allows several same-flavor quarks to occupy the same spin
state without violating the Pauli exclusion principle. The constituents of (anti)
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baryons all have the same intrinsic parity, and the parity of the composite
object is therefore given by

P =

{
(−1)L for baryons
(−1)L+1 for antibaryons

(2.10)

Unlike in the meson sector, the neutral baryons are not their own antiparti-
cles, and therefore they are not eigenstates of C-parity. The lightest and most
commonly occurring baryons are made up of the u, d, and s quarks with no
orbital angular momentum (L = 0). These form an octet of spin 1/2 states and
a decuplet of spin 3/2 states as shown in Fig. 2.4.

Figure 2.4. Spin-1/2 baryon octet (left) and spin-3/2 baryon decuplet (right). Figures
from Refs. [35] and [36].

The baryons are classified according to their quark content and total isospin.
Any baryon that consist of three up and/or down quarks is called N (I = 0) or
Δ (I = 3/2). Those with two up and/or down quarks are known as Λ (I = 0)
or Σ (I = 1), and finally those with only one up or down quark are known as Ξ
(I = 1/2). The exceptions to this naming scheme are the proton and neutron
that have their historical names.

There is furthermore a multitude of excited states with non-zero orbital an-
gular momentum. These are named following the convention outlined above,
followed by their mass to distinguish them from the ground state baryons. For
example, the excited uds-state with I = 0 are called Λ(1405), Λ(1520) etc.
If we also include the charm and bottom quarks, yet more baryon states are
possible. These are named like the other baryons, but with a subscript to indi-
cate the number of charm or bottom quarks. For example, a state with quark
content udc and I = 0 is called Λ+

c
Finally, there are also more exotic baryons beyond the typical three-quark

structure. The LHCb experiment has recently found evidence for “pentaquark”
states made up of three quarks and a quark-antiquark-pair [37].
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3. The Strong Interaction at Low Energies

Making predictions based on QCD at low energies is difficult because the
large coupling constant does not permit a perturbative expansion. One of the
main challenges is to understand how the strong interaction confines quarks in
hadrons and give these the properties that we can observe. Indeed, the inner
workings of even the most ubiquitous hadrons, the nucleons, remain mysteri-
ous to this date. These have been studied extensively for over a century, but
the mechanisms that give them their mass and spin [38] are not yet fully un-
derstood. The intrinsic properties of the constituent quarks provide less than
∼ 10% of the mass [39] and ca. 33% of the spin [40]. The rest must be dy-
namically generated, but how is not yet firmly established. The proton charge
radius too has been the topic of intense discussion. A measurement based on
muonic hydrogen [41] yielded results that were inconsistent with others based
on atomic hydrogen [42, 43, 44, 45] and electron-nucleon scattering [46, 43].
This situation persisted until 2019 when two new experiments using the latter
two approaches [47, 48] both observed values consistent with the previous re-
sults from muonic hydrogen. The reason for the discrepancy is not yet entirely
clear.

To be able to describe the strong interaction in the non-perturbative regime,
one must generally resort to effective field theories or models that only de-
scribe the strong interaction in this particular energy range, and are not ap-
plicable at higher energies. Experimental measurements of the properties and
decays of hadrons test the validity of these models, and serve as a guide for
their further development. In the following, the effective field theories and
other approaches relevant for this work and important features of QCD at low
energies are described.

3.1 Chiral Perturbation Theory
In order to build an effective theory for the strong interaction at low energies
where quarks are confined inside hadrons, it is useful to start from the sym-
metries of QCD. In particular, one can note that in the limit where the quark
masses are vanishingly small (the chiral limit), the QCD Lagrangian has a
chiral symmetry, i.e. left- and right-handed quarks behave the same way. If
we restrict ourselves to only considering the three lightest quarks u, d, and s,
reality should not be too far from the chiral limit since their masses are much
smaller than the typical energy scale of the region we are interested in ∼ 1
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GeV. By studying the experimentally measured hadron spectrum, one can de-
duce that the chiral symmetry must be spontaneously broken. This generates
eight massless Goldstone bosons that can be identified as the lightest pseu-
doscalar mesons. Because we know that the pseudoscalars are not, in fact,
massless, the chiral symmetry must also be explicitly broken. This is real-
ized by introducing the masses through a perturbative expansion in the small
quark masses. The low energy effective field theory for the strong interaction
constructed in this way is called chiral perturbation theory (χPT).

To determine which of an infinite number of interaction terms contribute
to a given process at a certain order in the expansion, the terms are ordered
by the power of the momentum and quark masses. The expansion holds for
momenta smaller than the chiral symmetry breaking scale Λχ ≈ 1 GeV. Heav-
ier particles, e.g. η ′ or ρ0, do not appear explicitly in the chiral Lagrangian,
but their interactions with the lightest pseudoscalars are incorporated through
low-energy constants that multiply the interaction terms. These constants are
determined empirically by comparison with experimental data.

3.2 Vector Meson Dominance
Past studies of the electromagnetic structure of the proton and neutron [49] re-
sulted in the idea that neutral vector particles might be important in mediating
the interactions of photons with hadrons [50, 51]. This led Sakurai to propose
the existence of vector mesons [52], and, in turn, to the notion of vector me-
son dominance (VMD). That is, the idea that the photon-hadron interaction is
dominated by the exchange of neutral vector mesons, and in particular ρ0 . In
modern language, VMD can refer to several different approaches that describe
the photon-hadron interaction in terms of vector mesons.

One frequently used framework is the hidden local symmetry (sometimes
referred to as hidden gauge) model where VMD is reproduced assuming that
the ρ0 is a dynamical gauge boson corresponding to a hidden local symmetry
of the chiral Lagrangian [53].

VMD fails to reproduce results from deep-inelastic-scattering measurements
[54], but remains successful at low energies where pQCD is not applicable. In
particular, it is a useful tool for describing the electromagnetic structure of
both baryons(e.g. [55]) and pseudoscalar mesons (e.g. [56]).

3.3 Axial Anomaly
A symmetry of a classical theory that is broken upon quantization is known
as an anomalous symmetry. An important example of this occurs in massless
electrodynamics. The classical theory has two conserved currents; the stan-
dard vector (electrical) current, and an axial vector current. In the quantized
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theory, the latter is no longer conserved, and this anomaly leads to the triangle
diagrams, shown in Fig. 3.1, responsible for the decays π0,η(′) → 2γ which
would otherwise be forbidden [57, 58]. Similarly in QCD, an anomalous axial
symmetry of the chiral Lagrangian leads to extra gluonic interaction terms for
the flavor singlet state that can explain why the η ′ is so massive compared to
the other pseudoscalars [59].

Figure 3.1. Triangle (left) and box (right) anomaly contribution to the interaction of a
pseudoscalar P with photons.

Effects of anomalies are summarized in the Wess-Zumino-Witten (WZW)
Lagrangian, which contains not only the aforementioned triangle but also the
box, pentagon and further higher anomalies [60, 61]. The box anomaly, shown
in Fig. 3.1, describes the interaction of a photon and three pseudoscalars.
While the π0 → γγ decay is dominated by the anomaly, the anomalous con-
tribution to other decays can be small and in general requires high precision
experiments to be observed.

3.4 Lattice QCD
A complementary approach to effective field theories is the discretized version
of QCD known as lattice QCD [62]. In this approach, the quarks are placed at
sites in discretized space-time connected by the gluon fields, and to make pre-
dictions, ones solve the path integrals over the lattice. Because this involves a
large number of variables it is computationally heavy and must necessarily be
done using MC integration. The precision of these calculations is limited by
available computing resources, and this means that lattice QCD predictions,
unlike those from other approaches discussed here, have statistical uncertain-
ties alongside systematic uncertainties.

In the 21st century, lattice QCD has become a competitive tool used for
precise calculations of a wide range observables, including the strong coupling
constant and the quark masses. For a complete review, see Ref. [63]. There
are ongoing attempts to use lattice QCD to determine the properties of hadrons
and, for example, much progress has been made recently regarding spin of the
nucleons [64] and the electric dipole moment of the neutron [65].
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3.5 Electromagnetic Form Factors
Much can be learned about hadrons and what goes on inside them by study-
ing their electromagnetic interactions. Whereas the coupling of a photon to
point particles is straightforward to describe in QED, the situation is much
more complex when dealing with hadrons because of their non-trivial internal
structure. The deviation of hadrons from a point-like structure is quantified in
terms of scalar functions called form factors F(q2). As an example, the cross
section for the scattering of an electron off a hadron can be described as

dσ
dq2 =

∣∣∣∣ dσ
dq2

∣∣∣∣
pointlike

|F(q2)|2, (3.1)

where the first part of the right hand side is the cross section for scattering
off a pointlike particle. In general, the form factors describe any interaction
between a photon and two hadrons as shown in Fig. 3.2 where the “blob”
represents the form factors. The diagram can be turned so that it instead rep-
resents a decay or a scattering process, but the same form factors apply in all
cases. If the two hadrons are of the same type or a particle-antiparticle pair,
the form factors are called elastic, and if not they are called transition form
factors. For example, the transition form factors describe interactions where
h1 = π0 and h2 = ρ0 or h1 = Σ0 and h2 = Λ.

Figure 3.2. Feynman diagram for the interaction of a photon and two hadrons h1 and
h2. The white “blob” represents the form factors that describe the interaction.

The form factors replace an exact description of the complex internal struc-
ture or the full set of intermediate processes that contribute to a reaction and
simply give the momentum transfer (q2) dependence. This is something that
can be readily measured, and the form factors are therefore an excellent tool
for phenomenological studies. Predictions can be made based on any of the
different approaches described in this chapter, and these in turn can be tested.

Different regions of the momentum transfer range can be explored in dif-
ferent types of reactions. A first subdivision of the form factors is made based
on the sign of q2. For momentum transfers q2 < 0 the corresponding form
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factors are referred to as spacelike. This corresponds to scattering processes
e−h1 → e−h2 that can be either elastic or inelastic. The spacelike form factors
are closely related to the internal spatial structure of the hadrons involved. The
other category is the timelike momentum transfers, q2 > 0. This corresponds
either to annihilation of an e+e−-pair into a pair of hadrons or decays of the
type h1→ γ(∗)h2. This thesis deals with both transition form factors of mesons
and elastic form factors of baryons at timelike momentum transfers.

Angular momentum conservation and charge conjugation symmetry mean
that only certain combinations of mesons can couple to a photon. The simplest
possibility is two charged pseudoscalars, e.g. π+π−, for which the vertex
function is given by

Γμ
π+π−γ = (p++ p−)μFV (q2), (3.2)

where p+ and p− are the four-momenta of the positive and negative pion,
respectively, q = p+− p−, and FV (q2) is the so-called pion vector form factor.
A slightly more involved case that we will consider in this work is the coupling
between a photon, a pseudoscalar meson, and a vector meson (PV γ) as shown
in Fig. 3.3.

Figure 3.3. Feynman diagram for the interaction of a photon, a pseudoscalar meson,
and a vector meson. The white “blob” represents the form factors for that describe the
interaction.

For this interaction, the most general expression for the vertex function is

Γμ
PV γ(∗) =

pμ
+

(
E1(p+− p−− p) ·q−E2q2)+ pμ

−
(
E1(p+− p−+ p) · k+E2q2)

+qμ E2(p+− p−) ·q+Mεμν
αβ (p+− p−)νqα pβ , (3.3)

where we have assumed that the vector meson with four-momentum p decays
into two charged pseudoscalars with four-momenta p+ and p−. The four-
momentum of the photon is q. There are three independent form factors E1,
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E2, and M that are functions of q2 and p2. The first two are electric form
factors that violate parity, and the last is a magnetic form factor that conserves
parity. For real photons, E2 does not contribute to the reaction because q2 = 0
and εγ · q = 0. It can also be useful to define the linear combinations E+ and
E− as

E+ =−(E1 2p− · k+E2q2)

E− = E1 2p+ · k+E2q2.
(3.4)

In VMD models, the meson transition form factors are calculated through the
pole approximation [66] given by

F(q2) = ∑
V

M2
V

M2
V −q2− iMV ΓV (q2)

�
1

1−q2/M2
V
, (3.5)

where the index V runs over all kinematically allowed vector mesons and MV
and ΓV are the corresponding mass and width. In the final expression on the
right hand side, MV can be seen as the effective mass of the different vector
mesons that contribute. By fitting the expression above to data, MV can be
determined to give an idea of which vector mesons are most important for the
reaction.

Let us now consider the interaction of a photon and two spin-1/2 baryons of
the same type as shown in Fig. 3.4. Whether in elastic scattering e−B→ e−B
or annihilation e+e−→BB̄ through the exchange of a single photon, the matrix
element for this interaction is given by

Γμ = γμF1(q2)+
iσ μνqν

2M
F2(q2), (3.6)

where M is the mass of the baryon and F1(q2) and F2(q2) are the Dirac and
Pauli electromagnetic form factors.

Figure 3.4. One-photon exchange diagram for elastic scattering e−B→ e−B or anni-
hilation e+e− → BB̄.
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By taking linear combinations of these two, we can define the Sachs electric
and magnetic form factors [67, 68] that offer a more straightforward interpre-
tation of experimental results. They are given by

GE(q2) = F1 +
q2

4M2 F2 (3.7)

GM(q2) = F1 +F2. (3.8)

In the Breit frame, where the momentum transfer is completely space-like,
GE and GM correspond to the Fourier transforms of the charge and magnetic
moment distributions. They are normalized such that

GE(0) = Q
GM(0) = μ,

(3.9)

where Q is the total charge and μ is the magnetic moment. In the spacelike
region, the form factors are real-valued.

Since the first experiments by Hofstadter in the 1950s [69], the space-
like form factors of the nucleons have been studied extensively via electron-
nucleon scattering experiments where the electric and magnetic form factors
were separated using the Rosenbluth method [70] (for a review see e.g. [71,
72]). Modern facilities with high-intensity, polarized electron beams have en-
abled measurements on the basis of polarization observables (see e.g. [72])
that have led to important advances in separating the electric and magnetic
form factors from each other. In particular, it has been found that the electric
form factor of the proton decreases faster than expected for q2 < −2 GeV2,
indicating that it crosses zero around -15 GeV2 [73].

In the timelike region, the form factors are complex functions

GE(q2) = |GE(q2)|eiΦE

GM(q2) = |GM(q2)|eiΦM
(3.10)

with a relative phase ΔΦ = ΦE−ΦM. In general, a non-zero relative phase be-
tween the form factors can lead to polarization of the final state baryons even
if the initial state is unpolarized [74]. If this polarization can be measured, so
can the relative phase. The timelike form factors are not directly related to the
electromagnetic structure, but rather to the time evolution of the charge and
magnetization densities [75]. They provide snapshots of the production pro-
cesses and give information on how intermediate hadronic states contribute to
the reactions [76]. Extensive experimental efforts are ongoing to measure the
timelike nucleon form factors in e+e−- or pp̄-annihilation experiments. Re-
cently, the BESIII experiment has measured the moduli of the timelike electro-
magnetic form factors of both the proton [77] and neutron [78] with a precision
similar to that achieved in the spacelike region. However, a complete measure-
ment of the timelike form factor must include a determination of the relative
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phase and for the nucleons this has not yet been realized. A measurement of
the relative phase in pp̄-annihilation would require a polarized initial state,
either in the form of a polarized p̄-beam, a polarized target, or both [79, 80].
Another option would be to use e+e− → pp̄ with unpolarized beams and mea-
sure the polarization of the proton with a polarimeter. Efforts to develop a
polarized 3He target are ongoing within the PANDA collaboration [81], and a
polarized antiproton beam is being developed by the PAX collaboration [82].
For hyperons, on the other hand, the polarization can be measured without the
need for a dedicated polarimeter and a complete measurement of the timelike
form factors can be performed at existing experiments. The possibilities and
prospects for studies of the form factors of hyperons are discussed further in
Chapter 5.
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4. Meson Decays

Precise tests of the predictions from effective field theories can be made by
measuring the decays of light pseudoscalar mesons. These processes also pro-
vide opportunities for studying CP-violation. In this chapter I will discuss how
CP-violation has been observed in the flavor-changing decays of neutral kaons
and show how analogous methods can be used to look for beyond SM sources
of CP-violation in flavor-conserving processes.

4.1 CP-Violation in Kaon Decays
CP-violation was first observed in the decay of the neutral kaon into two pions.
This is a process where both the direct and indirect mechanisms mentioned in
Section 2.3 contribute. The indirect component is due to the mixing of the CP-
eigenstates and the direct component is due to the interference of the tree-level
and penguin diagram [83] contributions. The former means that both KS and
KL can decay into the two pion final state, and the latter leads to an observable
difference in the decay rates to the π0π0 and π+π− final states. The presence
of direct CP-violation has been established by comparing the decay rates of
KL and KS into two pions [19, 20, 21]

η+− =
Γ(KL → π+π−)
Γ(KS → π+π−)

= ε + ε ′

η00 =
Γ(KL → π0π0)

Γ(KS → π0π0)
= ε−2ε ′

(4.1)

where ε and ε ′ represent the degree of indirect and direct CP-violation, re-
spectively.

In addition, CP-violation has been observed in angular variables in the
decay KL → π+π−e+e− [22, 23]. There are four possible contributions to
the decay amplitude that are illustrated in Fig. 4.1. The dominating con-
tribution is expected to be a CP-conserving magnetic (M1) transition, while
the second most important is a directly CP-violating flavor-changing process
with bremsstrahlung. The other two contributions come from indirectly CP-
violating electric dipole (E1) photon emission and a CP-conserving KL → γ∗KS
contribution, the latter sometimes referred to as the charge radius process. The
interference between the CP-conserving and CP-violating amplitudes gen-
erates an angular distribution proportional to sin2ϕ , where ϕ is the angle

22



Figure 4.1. Contributions to the decay KL → π+π−e+e−.

Figure 4.2. Illustration of the angle ϕ between the decay planes of the π+π−- and
e+e−-pairs. The unit vector ẑ is given by the sum of the momenta of the electron and
positron. Figure from Ref. [84].

between the decay planes of the π+π−-pair and the e+e−-pair as shown in
Fig. 4.2.

The KTeV and NA48 experiments observed asymmetries at the level of
(13.6± 2.5± 1.2)% [22] and (13.9± 2.7± 2.0)% [23], respectively, consis-
tent with the SM CKM mixing matrix mechanism [85]. This does not, how-
ever, preclude the presence of an additional CP-violating contribution from an
electric dipole transition on the percent-level.
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4.2 The Process P→ π+π−l+l−
So far, CP-violation has only been observed in flavor-changing decays of
strange, charm [24] and beauty mesons [25, 26], and the effects have been
found to be consistent with the SM CKM-mechanism. For a complete pic-
ture, it is also interesting to search for CP-violation in flavor-conserving pro-
cesses. One possibility for exploring this topic that has been discussed since
the 1970s is to study photon polarization in meson decays [86]. In particular,
the process η(′)→ π+π−γ has been suggested as a good candidate. This decay
could proceed via an intermediate CP-violating decay η(′)→ π+π− followed
by the emission of a bremsstrahlung photon. Because there is no change of
flavor, the SM electroweak contribution to this process is expected to be van-
ishingly small BEW (η ′ → π+π−) ≤ 3× 10−29 [87]. The contribution from
CP-violation in the strong interaction is likewise small. The branching frac-
tion for η ′ → π+π− due to strong CP-violation is constrained by the value of
θ to be of the order O(10−17) or smaller [87]. The most stringent experimen-
tal limit set so far is B(η ′ → π+π−) ≤ 1.8× 10−5 at 90% C.L. [88]. The
SM mechanisms for CP-violation clearly contribute very little to this decay,
and this means that interactions beyond the SM can in principle have a size-
able and detectable contribution. In the following, we will discuss what such
a contribution could look like.

If the two-pion system is in a p-wave, the decay P→ π+π−γ(∗) is equivalent
to having the pseudoscalar couple to a photon and a vector meson as discussed
in Section 3.5. The decay is thus described by three independent form factors:
two electric and one magnetic. The two-pion system in a p-wave is odd under
C. Since the neutral pseudoscalars are even and the photon is odd under C, this
means that the decay does not violate C. As a consequence, the magnetic form
factor, which conserves P, also conserves CP. The electric form factors violate
P and therefore violate also CP. The magnetic transition is the dominating
contribution and can accurately predict the experimentally measured decay
width for decays of both η and η ′ [89, 90, 91]. In a vector meson dominance
picture, it can be factorized into three separate parts, see Fig. 4.3. The contact
term represents the contribution from the axial anomaly, in this case the box
anomaly shown in Fig. 3.1. The other two diagrams give the VMD interactions
where the pseudoscalar does not interact directly with photons. The electric
transition includes any CP-odd beyond SM interactions. We will return to the
specific form of this interaction and the corresponding form factor later.

For now, let us discuss the formalism for the decay P→ π+π−γ(∗) in the
most general way possible. We begin by defining the relevant kinematic vari-
ables. In the rest frame of the decaying particle P, the momentum direction
of the photon, with four-momentum k and three-momentum k, is taken as the
z-axis. We further define p+ and p− as the four-momentum vectors of the
π+ and π− in the rest frame of the π+π− system. p+ and p− are the corre-
sponding three-momentum vectors. For the case when the photon is virtual
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Figure 4.3. Contact term corresponding to the axial anomaly (left) and vector meson
dominance contributions (middle and right) to the decay P→ π+π−γ(∗).

and decays into a lepton-antilepton pair (ll̄), we define four-momenta k+ and
k− for the decay products. The corresponding three-momenta are k+ and k−.
The angle θp is the angle between p+ and the z-axis in the π+π− rest frame,
given by

θp = arccos
(

p+ · k̂
|p+|

)
. (4.2)

When relevant, θk is the angle between k− and the P momentum in the ll̄ rest
frame

θl = arccos
(−k− · k̂
|k−|

)
(4.3)

The dominating magnetic form factor can be factorized into parts that de-
pend on the properties of the decaying particle, and intermediate vector meson
contributions respectively. For η ′, it is given by [92]

M(sππ ,sll) =
e

8π2 f 3
π

1√
3

(
fπ

f8
sinθmix +2

√
2

fπ

f0
cosθmix

)
×V MD(sππ ,sll),

(4.4)

where sππ is the squared invariant mass of the π+π−-pair and sll is that of the
photon, fπ = 92.4 MeV is the pion decay constant, f8 = 1.3 fπ and f0 = 1.04 fπ
are the pseudoscalar octet and singlet decay constants respectively, and θmix
is the pseudoscalar mixing angle. The VMD factor accounts for the different
contributions illustrated in Fig. 4.3 and is given by

V MD(sππ ,sll) = 1− 3
4
(c1− c2 + c3)+

3
4
(c1− c2− c3)

m2
V

m2
V − sll− imV Γ(sll)

+
3
2

c3
m2

V

m2
V − sll− imV Γ(sll)

m2
V

m2
V − sππ − imV Γ(sππ)

.

(4.5)
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Here it is assumed that the vector meson is ρ0 and Γ is its total width

Γ(s) = gmv

(
s

m2
V

)⎛
⎝1− 4m2

s

1− 4m2

m2
V

⎞
⎠

3/2

Θ(s−4m2), (4.6)

where gmV = 149.1 MeV is the on-shell width of ρ0, mV is ρ0 mass, m is
the mass of the pion, and Θ is the Heaviside step function. The parame-
ters c1−4 are model dependent and determine the contributions of the differ-
ent interaction terms illustrated in Fig. 4.3. In the case of full vector me-
son dominance, where photons and hadrons only couple via vector mesons,
one would have c3 = 1, c1− c2 =

1
3 . However the contact term, i.e. the box

anomaly, is required by χPT. The box anomaly predicts the low energy limit
V MD(sππ = 0,sll = 0) = 1. In the hidden gauge model this is realized by
c3 = c1− c2 = 1 [93, 94, 95]. Evidence for the presence of the box anomaly
has been seen in the decay η ′ → π+π−γ where it causes a shift of the peak in
the π+π− invariant mass by about 20 MeV/c2 [96, 97, 98, 99, 100, 101, 102].
The model parameters have also been determined by a fit to data on hadronic
cross sections in e+e−-annihilation from mainly the CMD-2 experiment. The
best fit yields c3 = 0.927±0.010, c1− c2 = 1.168±0.069 [103].

Recalling the vertex function from Eq. 3.3, and remembering that the elec-
tric form factor E2 does not contribute when the photon is real we are now
ready to express the squared amplitude. In the rest frame of the decaying
pseudoscalar P, it is given by

|AP→ππγ |2 = m−4
P E2

γ

(
|M|2|k̂ · (ε×p+)|2 + |E1|2|(ε ·p+)|2

+E∗1 M
[
k̂ · (p+× ε)

]
(ε ·p+)

∗

+M∗E1
[
k̂ · (p+× ε)

]∗
(ε ·p+)

)
,

(4.7)

where ε is the photon polarization vector. The interference terms depend on
the T -odd product k̂ · (p+× ε) which, according to the CPT theorem, must
also be CP-odd. If one sums over polarizations, the interference terms vanish,
resulting in

|AP→π+π−γ |2(Eγ ,θπ) =
E2

γ
(
1−2Eγ/mP

)
β 2

π sin2 θπ

4m2
P

(|M|2 + |E1|2
)
, (4.8)

where βπ =
√

1− 4m2
π

sππ
. It is clear therefore that CP-violating contributions

to the decay can not be measured except by explicitly studying the photon
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polarizations. The Stokes vector for the polarization has the components

S1(Eγ ,θπ) =
2Re(E∗1 M)

|E1|2 + |M|2

S2(Eγ ,θπ) =
2Im(E∗1 M)

|E1|2 + |M|2

S3(Eγ ,θπ) =
|E1|2−|M|2
|E1|2 + |M|2

(4.9)

Clearly S1 and S2, known as the linear and circular polarizations, are related to
the interference and would be zero in the absence of the electric transition. It
has been shown that an unconventional, structure dependent interaction, illus-
trated in Fig. 4.4, could induce an electric dipole-type transition [104]. Here,
unconventional means that the strength of the interaction is unconstrained by
experimental knowledge of η ′ → π+π− and the neutron EDM. It could in
principle have a significant contribution to the decay, and possibly generate
linear polarizations up to 21% in decays of η and about 4% in decays of η ′,
compared to an SM expectation of less than 10−6 in both cases. A similar
analysis for the decay KL → π+π−γ has been performed in Ref. [105].

Figure 4.4. Illustration of the contribution from the unconventional operator to the
decays η ′ → π+π−γ(∗). Figure adapted from Ref. [104].

However, experimental facilities where large samples of η/η ′ are produced
are typically not equipped with polarimeters and such a measurement can not
be performed at present. Let us discuss alternative methods for extracting the
polarization that are possible at experiments that detect charged particles. The
first option is to consider polarized real photons that convert into an e+e−-
pair in the detector material. The differential cross section for pair production
depends on the photon polarization [106], and it has been suggested [107]
that the angle-dependent rate of conversion events could therefore be used to
measure the polarization. The second method, and the one that will be used in
this work, is to consider the case when the photon is virtual and decays into an
e+e−-pair. In this case, the polarization is translated into a correlation between

27



the angular distributions of the e+e−- and π+π−-pairs [108]. We can express
the decay rate in terms of CP-even and CP-odd components as

dΓ(P→ π+π−e+e−) =
(
dΓ(P→ π+π−e+e−)

)
CP−even

+
(
dΓ(P→ π+π−e+e−)

)
CP−odd .

(4.10)

The CP-even component, integrated over the angles θp and θk, is given by

(
dΓ(P→ π+π−e+e−)

dslldsππdϕ

)
CP−even

=Ckin.|M|2sππβ 3
π λ 3/2(m2

P,sππ ,sll)

×βl
3−β 2

l
2

sin2 ϕ,

(4.11)

where λ is the Källén function, βl =

√
1− 4m2

l
sll

, Ckin. is a kinematic factor

and M is the same magnetic form factor as above. Terms that depend on the
electric form factors squared have been omitted because their contributions are
expected to be negligible. The CP-odd component, likewise integrated over θp
and θl , is given by

(
dΓ(P→ π+π−e+e−)

dslldsππdϕ

)
CP−odd

=Ckin.Re
(
M(E∗+−E∗−)

)
× λ (m2

P,sππ ,sll)

sll
sππβ 3

π sin2ϕ,
(4.12)

where E+ and E− are the linear combinations of the form factors E1 and E2
defined in Eq. 3.4. Both terms depend on ϕ , which is the angle between the
decay planes of the e+e−- and π+π−-pairs, illustrated in Fig. 4.2. While the
CP-even term is symmetric with respect to ϕ , the CP-odd term is antisymmet-
ric. In order to study the CP-odd contribution to the decay rate, we can thus
define the asymmetry

ACP =< sgn(sin2ϕ)>=
1
Γ

∫ 2π

0

dΓ
dϕ

sgn(sin2ϕ)dϕ

=
Ckin.

Γ

×
∫ sππβ 3

π λ (m2
P,sππ ,sll)

sll
Re

(
M(E∗+−E∗−)

)
sin2 θπdsππdsll .

(4.13)

From the expression above, we can see that that the size of the asymmetry is
proportional to the size of the electric form factors E±. The presence of the
type of four-quark operator illustrated in Fig. 4.4 would lead to electric form
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factors of the form

E+ ∝
eF(s)G

m3
P

(sll +2k · p−)

E− ∝
eF(s)G

m3
P

(sll +2k · p+),
(4.14)

where F(s)
 0.19 is a form factor for the transition P→ γ and G is a dimen-
sionless real parameter. When it was first suggested, it was argued that this
operator would neither lead to a neutron EDM nor contribute to η ′ → π+π−
and that G could be of the order 1. This would mean a negligible impact on
the decay rate, but could lead to an asymmetry ACP on the percent level [108].
More recently, it has been suggested that such an operator must also give rise
to interactions that do contribute to the neutron EDM, and that the electric form
factors must be much smaller than previously thought, E/M < 10−11 [109].

The asymmetry was measured in the decay η → π+π−e+e− by the KLOE
[110] and WASA-at-COSY [111] experiments to be Aϕ = (−0.6± 2.5stat.±
0.7syst.)×10−2 and Aϕ = (−1.1±6.6stat.±0.2syst.)×10−2, respectively. Both
measurements are consistent with zero and the SM expectation of practically
no CP-violation. The focus of this work is to measure the asymmetry in the
decay η ′ → π+π−e+e−, which has never been studied before. While the po-
larization induced by the CP-violating contribution is predicted to have a max-
imum value of 4% in this case compared to 21% in the decay of η , the branch-
ing fraction for η ′ → π+π−e+e− is almost one order of magnitude larger than
its η counterpart and an observation may still be possible.

Aside from the possible contribution of beyond SM sources of CP-violation,
it is interesting to test the different models that describe the strong interaction
contributions to the decay. The most straightforward test is to measure the
partial decay width, but with large data samples, the structure of the magnetic
form factors could be tested by studying the sππ and sll distributions. In ad-
dition to the vector meson dominance models with the box anomaly shown
explicitly above, calculations have been performed at one-loop order in a chi-
ral unitary approach that combines chiral perturbation theory and final-state
interactions [91]. As above, the anomaly is accounted for by the WZW action.
This model depends on five parameters that have been determined by fits to
data on η(′)→ π+π−γ .

The focus for this work is on a measurement of the branching fraction of
the decay η ′ → π+π−e+e−. Predictions from the aforementioned models are
given in Table 4.1. The chiral unitary approach and modified VMD model
both have uncertainties due to parameters estimated by fitting data. Both VMD
models furthermore have uncertainties due to the experimentally determined
universal vector coupling constant g.

On the experimental side, the decay η ′ → π+π−e+e− was first observed by
the CLEO experiment in 2009 [112] via the process ψ(2S)→ π+π−J/ψ fol-
lowed by J/ψ→ γη ′. The analysis found 7.9+3.9

−2.7 signal events and the branch-
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Table 4.1. Predictions for the η ′ → π+π−e+e− branching fraction.

B(η ′ → π+π−e+e−) (10−3)

Unitary χPT [91] 2.13+0.17
−0.31

Hidden gauge [92] 2.17±0.21
Modified VMD [92] 2.27±0.13

ing fraction was determined to be (2.5+1.2
−0.9±0.5)×10−3. The most precise

measurement until now was made by the BESIII experiment in 2013 [113]
using a data set of (225.3± 2.8)× 106 J/ψ events. The branching fraction
was determined to be (2.11±0.12(stat.)±0.15(syst.))×10−3 from 429±24
signal events.
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5. Hyperons

Hyperons are baryons that contain at least one strange quark alongside up
and/or down quarks. In this way, they can be considered siblings of the nucle-
ons. Because they are similar to the nucleons, studies of hyperons are a com-
plementary approach to understanding the structure of matter and how quarks
form hadrons in general. At the same time, the unique properties of hyperons
give access to new information that is not available for the nucleons. The mass
of the strange quark is close to the QCD scale and by studying hyperons one
can thus probe the strong interaction in the confinement domain. The heavier
strange quark mass also means that compared to the proton, a smaller portion
of the hyperon mass is dynamically generated and this can perhaps help us
understand the mechanisms behind the observable masses of hadrons.

From SU(3) symmetry emerges twelve hyperons with L = 0, six with spin
1/2 and six with spin 3/2, see Fig. 2.4. This works focuses on the lightest
of these, Λ, with quark contents (uds). Its properties, listed in Table 5.1, are
similar to those of the proton; the spin-parity are the same, and the mass is
slightly larger. Unlike the proton however, the Λ hyperon is unstable and to be
studied experimentally it must be reconstructed from its decay products.

Table 5.1. Measured properties of the Λ hyperon [6].

Quark content uds
Mass 1.116 GeV
JP 1

2
+

τ 2.6×10−10 s
cτ 7.8 cm

5.1 Hyperon Decays
Depending on their quantum numbers and mass, hyperons can either decay
via the weak, electromagnetic, and/or strong interactions. For Λ, there are no
possible final states with mass < mΛ into which it can decay while still satis-
fying baryon number and strangeness conservation. Therefore it must decay
weakly and as a consequence, the Λ hyperon has a relatively long lifetime of
2.6× 10−10 s. In an experiment, this means that a Λ hyperon will travel a
measurable distance before decaying which complicates the process of recon-
structing it. The Σ0 hyperon, in contrast, can decay electromagnetically into
Λγ and hence it has a much shorter lifetime of the order 10−20 s.
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All known decay modes of Λ and their branching fractions are listed in
Table 5.2. In this work, only the two dominating hadronic weak decays into a
nucleon and a pion will be considered. The contributions from weak radiative
and leptonic decays are small enough to be considered negligible.

Table 5.2. Known decay modes of the Λ hyperon and their branching fractions [6].

Mode B
Λ→ pπ− 63.9%

nπ0 35.8%
nγ 1.75×10−3

pπ−γ 8.4×10−4

pe−νe 8.32×10−4

pμ−νμ 1.57×10−4

For all hyperon decays, transitions corresponding to a change in isospin of
3/2 are strongly suppressed relative to those where the change is 1/2 [114].
This phenomenological selection rule is known as the isospin-1/2 or ΔI =
1/2 rule. This leads to the prediction that the branching fractions for the
dominating decay modes of Λ should be related to each other by B(Λ →
pπ−)/(B(Λ → pπ−)+B(Λ → nπ0)) = 2

3 . Including a phase space factor
and radiative corrections, the expected ratio rises to 0.674. The experimentally
observed ratio of 0.641±0.005 [6] significantly disagrees with this prediction,
but still shows that the contribution from the ΔI = 3/2 transition is small .

The weak decay of a spin- 1
2 hyperon into a baryon and a meson is charac-

terized by two spin transitions S and P, where the former is parity-violating
and the latter is parity-conserving. The amplitude is given by

A = S+Pσ · n̂, (5.1)

where n̂ is the direction of the final baryon in the rest frame of the decaying
hyperon, and S and P can be expressed as

S = |S|exp(iξS)exp(iδS) (5.2)
P = |P|exp(iξP)exp(iδP). (5.3)

The arguments ξS,P and δS,P are weak and strong phases respectively. Both
have isospin components corresponding to ΔI = 1/2 and ΔI = 3/2, but due to
the isospin-1/2 rule, it will be sufficient to consider the former in this presen-
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Figure 5.1. Illustration of the vectors n̂ and P̄B for the decay Λ→ pπ− given in the
rest frame of the decaying Λ.

tation. The decays are described by three parameters defined as [115]

αΛ =
2Re(S∗P)
|S|2 + |P|2 (5.4)

βΛ =
2Im(S∗P)
|S|2 + |P|2 =

√
1−α2

Λ sinφΛ (5.5)

γΛ =

(|S|2−|P|2)
(|S|2 + |P|2) =

√
1−α2

Λ cosφΛ. (5.6)

Note that the definitions of these parameters are analogous to the components
of the photon polarization in Eq. 4.9. Experimentally, one studies the pa-
rameters αΛ and φΛ. The decay asymmetry parameter, αΛ, lies in the range
−1≤ αΛ ≤ 1, and is related to the daughter baryon angular distribution via

dΓ
dΩ

=
1

4π
(1+αΛn̂P̄Λ), (5.7)

where n̂ is the flight direction of the daughter baryon, and P̄Λ is the polariza-
tion vector of the decaying hyperon as illustrated in Fig. 5.1. This relationship
means that the hadronic weak decays of hyperons are “self-analyzing”. That
is, the angular distribution of the daughter baryon can be used to determine
the polarization of the decaying hyperon without the need for a dedicated po-
larimeter.
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The parameter φΛ , −π ≤ φΛ ≤ π , relates the polarization of the decaying
hyperon PΛ to that of its daughter Pb

Pb · ẑ = αΛ +PΛ · ẑ
1+αΛPΛ · ẑ (5.8)

Pb× ẑ = |PΛ|
√

1−α2
Λ

sinφΛx̂+ cosφΛŷ
1+αDPΛ · ẑ (5.9)

That is, the transverse polarization of the daughter baryon is rotated by an an-
gle φΛ with respect to the polarization of its parent. A simultaneous measure-
ment of the decay parameters of a hyperon and the corresponding antihyperon
allows for a test of CP-symmetry. If CP is conserved, one expects α = −ᾱ
and one can construct the CP test

ACP =
αΛ + ᾱΛ
αΛ− ᾱΛ

(5.10)

where a non-zero value would indicate CP-violation. Throughout this work,
however, CP-conservation will be assumed.

The decay asymmetry parameter for Λ, αΛ, was measured in a series of ex-
periments in the 1960s and 70s [116, 117, 118, 119, 120] . The PDG-average
of αΛ = 0.642± 0.013 that was established after these measurements was in
place for the last forty years, and was used in all measurements relating to Λ
polarization up until now.

Recently, the BESIII experiment measured the value of αΛ through the re-
action e+e− → J/ψ → ΛΛ̄ following the procedure outlined below, taking
into account the correlations between the spins of hyperon and antihyperon.
The result, 0.754±0.003±0.002 [121], is 17% larger than the old PDG aver-
age and has led to a reevaluation of the contributing measurements. The CLAS
experiment has since performed a re-analysis of its data on γ p→ΛK and mea-
sured the decay parameter to be αΛ = 0.721± 0.006± 0.005 [122]. Another
independent measurement is provided by a BESIII analysis of Ξ→Λπ→ pππ
that yielded the value αΛ = 0.760± 0.006± 0.003 [123]. The two measure-
ments from BESIII are consistent with each other, but not with the result from
CLAS. Nevertheless, all three point to a true value of αΛ larger than the old
PDG average. An analysis of Λb → J/ψΛ from the LHCb experiment [124]
found that the BESIII-value gave a better description of data than the old PDG
average, which supports the aforementioned conclusion.

In this work, the focus is on the form factors of Λ, and the data samples
used are far too small to provide competitive measurements of the decay pa-
rameters. Therefore, CP-conservation is assumed so that αΛ = −ᾱΛ, and its
value is fixed to 0.754.
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5.2 Hyperon Form Factors
Measurements of the electromagnetic form factors of hyperons are interesting
from the point of view of extending our understanding of the internal struc-
ture of hadrons to a more general picture beyond just the nucleon. To what
extent do the electromagnetic properties of the hyperons follow from SU(3)
symmetry, and do new effects come into play when strangeness and the larger
strange quark mass are involved? The electromagnetic form factors of the
whole baryon octet have been investigated on the basis of chiral perturbation
theory, see e.g. [125], as well as lattice QCD, see e.g [126].

Because of the short-lived nature of hyperons, it is difficult to study their
properties in scattering experiments. It is not feasible to create a hyperon
target, and making a hyperon beam with sufficiently high intensity is very
challenging. Therefore there is little experimental data on their spacelike elec-
tromagnetic form factors, and the charge and magnetization densities inside
them are largely unknown. What is known so far comes from one measure-
ment of the charge radius of the Σ−-hyperon [127], which gives the value
its electric form factor at q2 = 0. Modern, high-intensity e+e−-annihilation
experiments do however allow us access to the timelike form factors of hy-
perons. Their self-analyzing hadronic weak decays enable measurements of
their polarization. This means that, unlike for nucleons, the relative phase
between the timelike hyperon electromagnetic form factors can be extracted
experimentally.

While we can only measure the timelike form factors of hyperons, there is
still hope that we can learn something about their spacelike structure. Disper-
sion relations, see e.g. Ref. [128], can provide a description of the form fac-
tors in the spacelike and timelike regions simultaneously. It has been shown
that for the proton, this approach can reproduce experimental results in both
regions as well as the expected behavior at q2 = 0 and in the asymptotic
limit [129]. For hyperons in particular, this means that data on the timelike
form factors can be used to determine the experimentally inaccessible space-
like form factors. Recently, the authors of Ref. [130] showed how data on
the timelike form factor, and in particular the relative phase ΔΦ, can be di-
rectly related to predictions of the electromagnetic structure of Λ. The q2-
dependence of ΔΦ is especially interesting. For each time the sinus of the rel-
ative phase crosses zero, there must be a corresponding zero crossing for the
electric form factor in the spacelike region. Furthermore, the spacelike and
timelike form factors GE and GM must become equal in the asymptotic limit,
i.e. for q2 → ∞. This follows from analyticity and the Phragmén-Lindelöf
theorem. Therefore the relative phase must become either zero or an integer
multiple of π [131, 132]. Finding the scale where the asymptotic behavior sets
in would provide a clear constraint for the dispersive calculations.

By studying the relative phase over a wide range of momentum transfers,
and particularly if the asymptotic scale can be identified, it is possible to pin
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down the spacelike structure of Λ despite the fact that it can not be measured
at present. This information allows for the extraction of both dynamical and
static properties of the Λ-hyperon such as the charge radius which is hitherto
unknown.

5.3 Formalism for The Process e+e− → YȲ
The production of a hyperon-antihyperon pair in e+e−-annihilation via single-
photon exchange has been investigated in great detail and a theoretical formal-
ism for describing the process is well established [74, 133, 134, 135, 136]. It
has recently been shown that the same formalism also describes the produc-
tion via the decay of vector charmonia, e.g. J/ψ,ψ(2S) [137], and this fact has
been utilized with great success for high precision measurements of hyperon
decays at the BESIII experiment (see e.g. Ref. [121]). The cross section de-
pends on the two complex form factors GE and GM and can be expressed in
terms of three observable parameters: |GM|, the ratio R = |GE |/|GM| and the
relative phase ΔΦ. To describe the angular distributions of the hyperons and
their daughter baryons, only the latter two are needed. The form factor ratio
is related to the hyperon scattering angle distribution, and the relative phase to
the hyperon polarization.

In this section I will present the formalism and show how the angular dis-
tributions of the hyperon-antihyperon pair and their decay products can be
related to the form factor parameters R and ΔΦ. To begin with, I will give the
singly-differential cross-section to illustrate the relationship between the pa-
rameter R and the hyperon scattering angle. I will also show how the total, mo-
mentum transfer dependent cross section is related to the form factors. Then
I will give the most general possible description of the production and decay
of any spin-1/2 baryon-antibaryon pair and their subsequent decays. This part
will in particular illustrate the relationship between the parameter ΔΦ and the
polarizations of and spin correlations between the hyperon and antihyperon.
Lastly, I will give explicit expressions for the angular distribution that can be
used to extract both parameters from data.

The one-dimensional differential cross section for the e+e−-annihilation
into a baryon-antibaryon pair, e+e− → BB̄, can be expressed as

dσ(q2)

dΩ
=

α2β
4q2

(
1
τ
|GE |2 sin2 θ + |GM|2(1+ cos2 θ)

)
, (5.11)

where α ≈ 1/137 is the fine structure constant, τ = q2/4m2
B, mB is the baryon

mass, β is the baryon velocity β =
√

1−1/τ , and θ is the scattering angle of
the baryon with respect to the electron beam direction. This can be rewritten
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as

dσ(q2)

d cosθ
=

2πα2β
4q2

(
(1+ cos2 θ)+

1
τ

R2 sin2 θ
)
|GM|2, (5.12)

where R=
∣∣GE(q2)/GM(q2)

∣∣ is the ratio of the form factors. At the production
threshold, the electric and magnetic form factors are equal by construction and
therefore R = 1.

The angular dependence can be further simplified as

dσ(q2)

d cosθ
=

2πα2β
4q2(τ +R2)

(
1+η cos2 θ

)
, (5.13)

where η = τ−R2

τ+R2 , −1 < η < 1. From a measured angular distribution parame-
ter, the ratio of electromagnetic form factors can thus be determined as

R =
√

τ

√
1−η
1+η

. (5.14)

If the e+ and e− beams are unpolarized, the (anti)baryon can only be polarized
in the direction perpendicular to the production plane. This polarization is
given by

Py(cosθ) =
√

1−η2 cosθ sinθ
1+η cos2 θ

sin(ΔΦ). (5.15)

Clearly, a non-zero relative phase will lead to a non-zero transverse polariza-
tion. The total cross section, integrated over all angles, is given by

σ(q2) =
4πα2β

3q2

(
1

2τ
|GE |2 + |GM|2

)
, (5.16)

which can be used to define an effective form factor

|Ge f f (q2)|=
√

2τ|GM|2 + |GE |2
2τ +1

=

√√√√ σ(q2)(
1+ 1

2τ
)(4πα2β

3q2

) . (5.17)

5.3.1 Joint Angular Distributions
Now we turn to the task providing a description of the full angular distribution
of the process e+e− →ΛΛ̄. Let us begin by defining the reference system. We
start from the center-of-mass system, where the momenta are defined as

pppΛ =−pppΛ̄ = ppp
kkke− =−kkke+ = kkk

(5.18)
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Figure 5.2. Definition of the coordinate system and angles used to describe the process
e+e− → ΛΛ̄.

and the scattering angle is given by

cosθ = p̂pp · k̂kk. (5.19)

We define a right-handed coordinate system with the basis vectors

eeez = p̂pp,

eeex =
1

sinθ

(
p̂pp× k̂kk

)
× p̂pp

eeey =
1

sinθ

(
p̂pp× k̂kk

)
.

(5.20)

This coordinate system, illustrated in Fig. 5.2, is used to define the spherical
angles Ω1 : (θ1,φ1) of the proton in the Λ rest frame and those of the antiproton
Ω2 : (θ2,φ2) in the Λ̄ rest frame. The reaction is completely described by the
five-dimensional vector ξ = (θ ,Ω1,Ω2).

In Ref. [138], a modular formalism for describing the production and sub-
sequent decay of any baryon-antibaryon pair is developed. The spin state is
encoded in the spin density matrix which, for a spin-1/2 baryon-antibaryon
pair is given by

ρBB̄ =
3

∑
μ,ν̄=0

C1/2
μν σB

μ ⊗σ B̄
ν , (5.21)
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where σB
μ are the spin-1/2 basis matrices for baryon B in its helicity frame

σB
0 = 1 (5.22)

σB
1 = σx =

(
0 1
1 0

)
(5.23)

σB
2 = σy =

(
0 −i
i 0

)
(5.24)

σB
3 = σz =

(
1 0
0 −1

)
. (5.25)

The coefficient matrix Cμν contains the polarization P and spin correlations C
and is given by

C1/2
μν = 3

1+η cos2 θ
3+η

⎛
⎜⎜⎝

1 0 Py 0
0 Cxx 0 Cxz
Py 0 Cyy 0
0 Cxz 0 Czz

⎞
⎟⎟⎠

=
3

3+η

⎛
⎜⎜⎝

1+η cos2 θ 0 βψ sinθ cosθ 0
0 sin2 θ 0 γψ sinθ cosθ

βψ sinθ cosθ 0 −η sin2 θ 0
0 γψ sinθ cosθ 0 η + cos2 θ

⎞
⎟⎟⎠ ,

(5.26)

where βψ =
√

1−η2 sin(ΔΦ) and γψ =
√

1−η2 cos(ΔΦ). The spin correla-
tions are transformed to the decay products of the baryons via the 4×4 decay
matrices aμν

σB
μ →

3

∑
ν=0

aD
μ,νσb

ν . (5.27)

The full angular distribution is finally given by

W (ξ ,ω) = Trρbb̄ ∝
3

∑
μ,ν=0

CμνaB
μ0aB̄

ν0. (5.28)

For a spin 1/2 baryon like Λ the decay matrix is is given by

aμ0 =

⎛
⎜⎜⎝

1
αΛ cosφb sinθb
αΛ sinθb sinφb

αΛ cosθb

⎞
⎟⎟⎠ , (5.29)

where αΛ is the decay parameter defined in Eq. 5.6. Finally, the differential
cross section can be written as

dσ
d cosθdΩ1dΩ2

=
W (ξ )
N

, (5.30)
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where the normalization factor N is given by

N =
∫

W (ξ )d(cosθ)dΩ1dΩ2. (5.31)

Let us now write out the full expression for the angular distribution in the
process e+e− → ΛΛ̄. The function W can be expressed in terms of a set of
seven functions Fk(ξ )

F0(ξ ) = 1

F1(ξ ) = sin2 θ sinθ1 sinθ2 cosφ1 cosφ2 + cos2θ cosθ1 cosθ2

F2(ξ ) = sinθ cosθ(sinθ1 cosθ2 cosφ1 + cosθ1 sinθ2 cosφ2)

F3(ξ ) = sinθ cosθ sinθ1 sinφ1

F4(ξ ) = sinθ cosθ sinθ2 sinφ2

F5(ξ ) = cos2 θ
F6(ξ ) = cosθ1 cosθ2− sin2 θ sinθ1 sinθ2 sinφ1 sinφ2

(5.32)

as

W (ξ ) = F0(ξ )+ηF5(ξ )

−α2
Λ

(
F1(ξ )+

√
1−η2 cos(ΔΦ)F2(ξ )+ηF6(ξ )

)
+αΛ

√
1−η2 sin(ΔΦ)(F3(ξ )−F4(ξ ))

(5.33)

Here, CP-conservation: αΛ = −αΛ̄ is assumed. When only one of the hyper-
ons is reconstructed, it is still possible to extract some information about η
and ΔΦ. After integrating over the angles of the proton or antiproton, only
three out of seven functions are non-zero,

F0(ξ ) = 1
F1(ξ ) = sinθ cosθ sinθ1 sinφ1

F2(ξ ) = cos2 θ
(5.34)

F1(ξ ) can be further simplified by realizing that

sinθ1 sinφ1 =
px

|p|cosφ1
sinφ1

=
px

|p| tanφ =
px

|p|
py

px
=

py

|p| .
(5.35)

Then one can define
py

|p| := cosθp, (5.36)
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where θp is the angle between the y-axis and the proton momentum. That
is, only two angles are needed to describe the decay distribution. The set of
functions that describe the single-hyperon case becomes

F0(ξ ) = 1
F1(ξ ) = sinθ cosθ cosθp

F2(ξ ) = cos2 θ ,
(5.37)

and the decay distribution simplifies to

WΛ/Λ̄(ξ ) = F0(ξ )+ηF2(ξ )

+αΛ/Λ̄

√
1−η2 sin(ΔΦ)F1(ξ ).

(5.38)

Note that the phase only appears as sin(ΔΦ). Therefore, when only Λ or Λ̄ is
reconstructed, the value of ΔΦ will be ambiguous: either ΔΦ or 180◦ −ΔΦ.

Alternatively, the angular distribution can be expressed in terms of the po-
larizations P and spin correlations C

W (ξ ) =I (θ)

(
1+αΛ ∑

ν
Pν(θ)cosθν +αΛ̄ ∑

μ
Pμ(θ)cos θ̄μ+

αΛαΛ̄ ∑̄
μν

Cμν(θ)cos θ̄μ cosθν

)
,

(5.39)

where the indices μ̄,ν represent the coordinate axes x, y, and z defined in
equation 5.20, and cosθν and cos θ̄μ are the corresponding direction cosines
of the proton and antiproton. The expression above can be rewritten in a more
compact form as

W (ξ ) =
(
1+η cos2 θ

)
∑
μν

Cμν(θ)n̂μ n̂ν , (5.40)

where μ = 0,x,y,z, n̂0 = 1, n̂x = cos θ̄x, n̂y = cos θ̄y, n̂z = cos θ̄z, and ν = 0,x,y,z,
n̂0 = 1, n̂x = cosθx, n̂y = cosθy, n̂z = cosθz. From this expression, it is straight-
forward to define method-of-moments estimates of the spin correlations and
polarizations.

5.4 State of the Art
Hyperon form factors are relatively unexplored compared to nucleon form fac-
tors, but a number of measurements of primarily the form factor ratio R have
been performed in recent years. These measurements are done using two main
experimental techniques. One is the initial-state radiation (ISR) technique
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where the accelerator is run with high-intensity at a fixed center-of-mass en-
ergy, but where one makes use of the fact that in a portion of events, either (or
both) of the beams radiates bremsstrahlung photons, effectively lowering the
center-of-mass energy. In this way, one can achieve a continuous distribution
of data over the desired energy range. However, the probability for emitting
an ISR photon goes to zero as the energy of the photon becomes large, and
this means that it is challenging to collect sufficiently large data samples. The
ISR method is illustrated in Fig. 5.3.
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Figure 5.3. Left: Illustration of the ISR process. The electron radiates off a photon
before the collision with the positron, lowering the energy available for the ΛΛ̄-pair.
Right: The luminosity of an ISR sample collected by the BaBar experiment as a
function of the effective center-of-mass energy. The distribution of energies is ap-
proximately continuous, but the luminosity falls off as the energy carried off by the
photon increases. Figure produced with data from Ref. [139].

The other method is the energy scan technique, illustrated in Fig. 5.4, where
the center-of-mass energy of the accelerator is varied and data collected at
discrete energy points. This method allows for a larger, controlled luminosity
at the expense of only giving data in discrete bins.

The BaBar experiment has measured the cross section for e+e− → ΛΛ̄, as
well as the effective form factor of Λ in the time-like region, covering a wide
energy range from close to the production threshold up to 3.4 GeV using the
initial state radiation technique [140]. Furthermore, the ratio of the electric to
the magnetic form factor R= GE/GM for Λ was measured in two mass ranges:
from threshold to 2.4 GeV/c2 and from 2.4 to 2.8 GeV/c2 and the results were
R = 1.73+0.99

−0.57 and R = 0.71+0.66
−0.71 respectively.

The CLEO-c experiment has studied the reaction e+e−→ΛΛ̄ at the ψ(3770)
and ψ(4170) masses [141]. Based on pQCD predictions, it is argued that the
contribution of resonant production is negligibly small, and that these data
therefore probe the electromagnetic form factor. Because of the limited size
of the data sample the measurement of the form factor ratio R only consid-
ered two limiting cases R = 1 and R = 0. Data were found to be consistent
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Figure 5.4. Luminosity as a function of the center-of-mass energy for an energy scan
sample collected at the BESIII experiment. Data are collected in discrete bins, but the
luminosity can be chosen freely according to the specific needs of the experiment.

with R = 0 and GM was determined under that assumption. However, a recent
measurement from the BESIII experiment [142] has found that the branching
fraction for the decay ψ(3770)→ ΛΛ̄ is at least an order of magnitude larger
than was assumed in the CLEO-c analysis. This results calls the CLEO-c con-
clusions about the form factors of Λ into question.

Using energy scan data collected in 2011 and 2012, the BESIII experiment
has measured the cross section of e+e− → ΛΛ̄ and the effective form factor
of Λ at center-of-mass energy 2.2324, 2.4, 2.8, and 3.08 GeV [143]. In 2015,
an additional set of high-luminosity scan data samples were collected in this
region. The largest of these samples, at 2.396 GeV, was used to perform the
first complete measurement of the Λ timelike electromagnetic form factors,
including the relative phase, by exploiting the self-analyzing weak decay of
Λ [144]. Several comparatively large data samples have not yet been used
to study the reaction e+e− → ΛΛ̄. At higher energies, a recent analysis has
measured a non-zero phase and form factor ratio at

√
s = 3.773 GeV/c2 [145],

calling for a reevaluation of the CLEO-c results.
BESIII has furthermore employed the spin correlation and polarization anal-

ysis used in this work to completely determine the form factors for the pro-
cesses e+e− → J/ψ → ΛΛ̄ [121], Σ+Σ̄− [146], Ξ−Ξ̄+ [123] and ψ(2S)→
Σ+Σ̄− [146]. In particular, these were the first observations of hyperon po-
larization in these processes which, in turn, allowed for measurements of the
decay parameters of both hyperons and antihyperons. Comparisons of the hy-
peron and antihyperon decay parameters give precise tests of CP-symmetry.

On the theory side, predictions for the ratio R and relative phase ΔΦ of
Λ have been made using meson exchange models [76] and dispersive ap-
proaches [130] that agree with the current experimental knowledge dominated
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by results from BESIII. Further experimental input, especially on the q2 de-
pendence of the phase, will be of great importance for future developments.
The current experimental status for the timelike form factors of Λ is shown in
Fig. 5.5 together with the predictions from meson exchange models.

2.2 2.3 2.4 2.5 2.6
√s (GeV)

0

1

2

|G
E
/G

M
|

BaBar
BESIII

2.20 2.25 2.30 2.35 2.40 2.45 2.50
√s (GeV)

-20

0

20

40

60

80

ar
g

(G
E
/G

M
) 

(d
eg

)

BESIII

Figure 5.5. Currently published data and model predictions for the ratio R = |GE/GM|
(left) and the relative phase (right). Figure adapted from Ref. [76].
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6. Scientific Questions for This Thesis

In this thesis, electromagnetic interactions of hadrons and in particular asso-
ciated polarization observables are studied to reveal new insights about the
matter-antimatter asymmetry in the universe and the internal structure of mat-
ter. Specifically, I seek to answer the following questions:

Are there beyond SM contributions to the decay η ′ → π+π−e+e− that vi-
olate CP-symmetry? Can effective field theories for the strong interaction
accurately predict the branching fraction of this decay?

What is the energy dependence of the timelike electromagnetic form factors
of the Λ hyperon, and in particular, the relative phase ΔΦ between electric and
magnetic form factors? Do the values of ΔΦ indicate that the form factors
cross zero in the spacelike region? Can we learn something about the spacelike
structure of hyperons by studying their timelike structure?

In connection with the hyperon studies, can the software for the planned
upgrade of the BESIII detector reconstruct hyperon events with high precision
and efficiency?

45



7. The BESIII Experiment

The Beijing Spectrometer (BESIII) collaboration comprises around 500 scien-
tists from 72 institutions in 15 different countries across Europe, Asia, and the
Americas. BESIII is a multi-purpose detector for hadron physics experiments
located at the Beijing Electron-Positron Collider (BEPCII) in Beijing, China
that has been running since 2008 and as the name implies is the third major
upgrade since the original BES detector located at this site. BEPCII provides
e+e−-collisions at energies ranging from 2 GeV, close to the threshold for
production of hyperon-antihyperon pairs, to 4.95 GeV covering the J/ψ and
ψ(2S) resonances as well as exotic XYZ-states. The energy range covered
with BESIII at BEPCII is shown in Fig. 7.1. Table 7.1 lists the wide range of
data sets collected at BESIII each year since the start of the experiment.

Figure 7.1. Hadronic cross section in e+e− annihilation. The region accessible with
BESIII at BEPCII is highlighted in blue. Figure adapted from Ref [6].

7.1 The Beijing Electron-Positron Collider
The Beijing electron-positron collider (BEPCII) is a dual ring collider operat-
ing at beam energies from 1 up to 2.5 GeV. The e+ and e− beams always have
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Table 7.1. Data taken year by year with the BESIII detector since its inauguration in
2009.

Year Type of Data Ecms Luminosity/
(GeV) Number of Events

2009 J/ψ 3.097 0.225×109

2009 ψ(2S) 3.686 0.107×109

2010-2011 ψ(3770) 3.770 2.9 fb−1

2011 ψ(4040) 4.009 0.5 fb−1

2011 τ scan ∼ 3.554 0.024 fb−1

2012 J/ψ 3.0971 1.087×109

2012 ψ(2S) 3.686 0.341×109

2013 Y (4260),Y (4360) 4.23, 4.26, 4.36 2.9 fb−1

2014 Scan 3.85-4.59 0.8 fb−1

2015 Scan 2.0-3.08 0.5 fb−1

2016 D±s D∗∓s 4.18 3.1 fb−1

2017 Scan 4.19-4.28 3.8 fb−1

2018 J/ψ 3.097 4.6×109

2018 ψ(3686) scan ∼ 3.686 0.5 fb−1

2019 J/ψ 3.097 4.2×109

2019 Scan 4.13-4.44 3.8 fb−1

2020 Scan 4.61-4.7 3.8 fb−1

2021 ψ(2S) 3.686 2.5×109

the same energy. Its performance is optimized for running at 1.89 GeV, where
it is designed to reach a luminosity of 1.0× 1033 cm−2s−1 [147]. For three
months per year, the electron ring is used as a source of synchrotron radiation.

The beams begin their life at the thermionic triode electron gun [148] that
generates a 10 A beam with a pulse length of 1ns. Positrons are created by
first accelerating electrons up to 240 MeV and letting them hit a 10mm di-
ameter, 8mm thick tungsten target [149]. Positrons produced in the resulting
interaction are collected with a solenoid magnetic field and accelerated further.
This system produces positrons at a rate of 50 mA/min. A 202 m long linear
accelerator accelerates the beams up to a maximum energy of 1.3 GeV, where-
after they are injected into the storage rings with a circumference of 237.5 m,
one for electrons and one for positrons. Kicker magnets at the injection point
ensure that the injected bunches are in phase with the stored beam. The rings
each hold 93 bunches with a spacing of 8 ns, and the maximum current is 910
mA. Four RF cavities in the rings accelerate the stored beams up to the desired
energy. A total of 357 magnets shape and steer the beams as they propagate
along the rings [150]. The layout of the two storage rings is shown in Fig. 7.2.

The BESIII detector is located at one of two interaction points where the
electron and positron beams cross at an angle of 2×11 mrad. Superconducting
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Table 7.2. Design parameters of the BEPCII beams at the BESIII interaction
point [150].

Parameter Value
Bunch length (σz) 1.5 cm
Bunch width (σx) ∼ 380 μm
Bunch height (σy) ∼ 5.7 μm
Relative Energy spread 5×10−4

insertion magnets just before the interaction point ensure that the beam keeps
the desired shape despite the competing influence of the detector magnet. Key
beam parameters at the interaction point are listed in Table 7.2 [150].

The lifetime of the beam in the storage rings is around 2.7 hours, but the
accelerator is generally operated in so-called top-off mode, where the beam
currents are always kept within certain upper and lower limits. This allows
for keeping the average luminosity above 60% of the peak value at all times.
This is not to be confused with the top-up mode [151] that was implemented in
2019. In the latter scheme, the beams are refilled every 90 seconds to ensure a
current that is constant within 1.5%. This leads to an increase of the luminosity
by 20 to 30% compared to the top-off mode.

Figure 7.2. Layout of the BEPCII storage rings. “RF” stands for the superconducting
radiofrequency cavities that accelerate the beams up to full energy and “SR” shows
the point where synchrotron radiation is extracted. The BESIII detector is located at
the interaction point labeled “IP”. Figure adapted from Ref. [152].
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7.2 Interaction Region
In order to minimize the amount of secondary interactions, the beam pipe in
the interaction region, shown in Fig. 7.3, must be made as thin as possible.
At the same time, the beam pipe needs to be a able to withstand the heating
caused by interactions with the beam. Therefore, BESIII makes use of a jack-
eted pipe with inner (0.6 mm) and outer walls (0.8 mm) made of beryllium,
which has low density and atomic number. The volume between them is filled
a high purity mineral oil for cooling. The inner surface of the inner wall that
faces the beam is coated with a 14.6 μm gold layer for absorption of syn-
chrotron radiation photons and beam particles. In total, this design and choice
of materials means that particles produced at the IP must pass through 1.04%
of a radiation length to reach the detector [153].

Figure 7.3. Cross-section view of the beam pipe in the interaction region. Figure from
Ref. [153].

7.3 The BESIII Detector
The BESIII detector consists of several subdetectors that serve different pur-
poses. From the beam pipe and outwards, these are (see Fig. 7.4): a multi-
layer drift chamber for tracking of charged particles, a time-of-flight system,
an electromagnetic calorimeter for photon detection and energy measurement,
and a muon detector. In the following sections, each of these components will
be described in greater detail.

The following right-handed coordinate system is adopted by the BESIII
experiment [155]:

• The positive x-axis points toward the center of the BEPCII storage rings.
• The positive y-axis points vertically upward.
• The positive z-axis points in the direction of the positron beam, and is

parallel to the solenoid magnetic field.
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Figure 7.4. Cross-section view of the upper half of the BESIII detector. The detector
is mirrored around the beam pipe [154].

7.3.1 Multilayer Drift Chamber
The multilayer drift chamber (MDC) is responsible for tracking charged par-
ticles to determine their momentum and position. In particular, we want to
know the kinematics of particles at the point where they were produced, i.e.
the production vertex. For this purpose, the MDC is used as the innermost
subdetector.

The MDC covers 93% of the solid angle and consists of an inner and outer
part. These share a common gas volume filled with a mixture of He and C3H8
in proportions 60/40%. The inner part is designed in such a way that it can be
replaced to mitigate the effects of radiation damage as the detector ages. The
inner radius is 60 mm and the outer radius is 800 mm. The longest extent in the
beam direction is 2.4 m. Wires are stretched along the length of the chamber
in a drift cell pattern, see Fig. 7.5, with high-voltage anode or sense wires
surrounded by an almost square formation of eight cathode or field shaping
wires that generate an electric field. There are a total of 6796 sense wires
made of gold-plated tungsten organized in 43 circular layers. The field shaping
wires are made of gold-plated aluminium. There are both axial layers, parallel
to the beam axis, and stereo layers with a small tilt relative to the beam axis.
Such stereo layers allow for a determination of the z-position in addition to
the xy-position. The 8 layers of the inner part are all stereo layers, and have
a smaller cell size of 12× 12 mm2 compared 16.2× 16.2 mm2 in the outer
part. In the outer part there is a mix of in total 16 stereo and 19 axial layers.
A set of four consecutive layers with the same stereo angle is referred to as
a superlayer. A highly uniform magnetic field along the beam axis provided
by a superconducting solenoid that surrounds the whole detector causes the
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trajectories of charged particles to curve in the xy-plane [156]. A 3D-drawing
of the MDC is shown in Fig. 7.5.

The operating principle of the detector is the following: As charged par-
ticles travel through the gas mixture they will ionize atoms along the way,
resulting in pairs of electrons and positive ions. The electric field causes the
electrons to drift toward the sense wires and generate an electric pulse. The ve-
locity at which electrons travel toward the sense wire depends on the strength
of the electric field and is thus well known. The time of arrival of these signals
with respect to the time of the collision is given by the detector clock. By
taking into account the time of flight of particles from the IP to the cell and
the time for signal propagation in the wires, the time from ionization to signal,
the drift time, can be determined. Since both time and velocity are known,
the position at which ionization occurred can be determined. By subsequently
measuring the curvature of charged particle trajectories one can determine the
momentum since the magnetic field strength is precisely known. Furthermore,
the pulse height of each hit gives a measure of the energy deposited in the
interaction and can be used to identify particles. The charged particle track
information collected by the MDC is also used for the hardware trigger and
online software event filter and to extrapolate tracks to other subdetectors.

Figure 7.5. 3D drawing of the multilayer drift chamber (left). The beam pipe runs
along the central axis and is attached to support structures at both endcaps. The wires
are stretched between the endcaps parallel to or with a small stereo angle with respect
to the beam pipe. Sense and field wires are organized in a structure of almost square
drift cells (right). Figures from Refs. [156] and [157] respectively.

The single-wire spatial resolution is designed to be <120 μm in the xy-
plane, and < 2 mm in z-direction. The transverse momentum resolution that
can be achieved is 0.5% at 1 GeV/c, and the dE/dx resolution < 6%, allowing
for 3σ K/π separation up to 770 MeV/c.
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7.3.2 Time of Flight System
The time-of-flight (TOF) detector, placed between the MDC and the EMC,
provides a precise measurement of the time of arrival of charged particles.
This can be used to determine the flight time from their origin. Comparing this
value with the expected value for different particle species allows for particle
identification. The TOF detector also provides fast signals for the trigger that
can help to reject events from cosmic background radiation.

The TOF system is based on plastic scintillator counters connected to fine-
mesh photomultiplier tubes that turn the scintillator light into electric signals.
These are chosen for the high light yield that can be achieved with a relatively
small detector and for yielding fast signals that can provide precise timing
measurements. In the barrel there are two cylindrical layers, each consisting of
88 Saint-Gobain BC-408 scintillators that cover the solid angle |cosθ |< 0.83.
These are connected to PMTs at the each end of the detector. The two endcap
TOF systems cover the solid angle 0.85 < |cosθ | < 0.95 and each consists
of 48 Saint-Gobain BC-404 type fan-shaped crystals that are read out with
PM tubes at the center of the detector. The precise time measurement from
the TOF system can be combined with the momentum and the length of the
trajectory measured by the MDC to estimate the mass in order to identify a
given particle. The TOF setup employed at BESIII allows for a total time
resolution of around 100 ps, and a separation efficiency for K/π of about 95%
up to 900 MeV/c.

7.3.3 Electromagnetic Calorimeter
The role of the electromagnetic calorimeter (EMC) is to provide precise mea-
surements of the energies of photons and electrons. It consists of in total 6272
CsI(Tl) scintillator crystals read out by silicon photodiodes. The crystals are
organized into one barrel and two endcap sections, covering in total 93% of
the solid angle. The barrel has an inner radius of 940 mm, a length of 2750
mm and covers the angular range |cosθ |< 0.83. It is made up of 44 rings that
each contains 120 crystals. Except for the two most central rings, these are
inclined so that they point toward z = ±50 mm. The endcaps have an inner
radius of 50mm and cover the range 0.85 < |cosθ | < 0.93. Each is made up
of six layers with increasing numbers of crystals that are all pointing toward
z =±100 mm. A drawing of the EMC is shown in Fig. 7.6.

As a high-energy photon or electron hits the detector, it will generate a
shower of secondary electrons and positrons that will spread out before they
are eventually absorbed. The signature of such events are therefore clusters of
crystal hits centered on the one that was first struck. The total energy of the
incident particle can be deduced by combining the energy deposits of all hits
belonging to a certain cluster.
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The EMC can measure photon and electron energies ranging from 20 MeV
up to 2 GeV with a resolution of ∼ 2.3%/

√
E(GeV). The shower position

resolution in the xy-plane is σxy ≤ 6 mm /
√

E(GeV).

Figure 7.6. Schematic drawing of the electromagnetic calorimeter of BESIII [153].

7.3.4 Muon Chamber
Distinguishing muons and pions from each other is a challenging task due to
the similarity of their masses. To achieve better separation, BESIII makes use
of a special muon chamber (MUC) as its outermost sub-detector. This detec-
tor consists of resistive plate chambers filled with an argon/F134a/isobutane
mixture (50/42/8%) that are inserted into the steel plates of the magnetic flux
return yoke that surrounds the whole detector. Like the TOF and EMC sys-
tems, it is made up of a barrel and two endcap parts, and the total coverage
corresponds to 89% of the solid angle. There are 8 detecting layers in the
endcaps and 9 in the barrel, and each layer consists of two RPC layers and
one pickup strip layer. Between these layers, the iron of the yoke acts as an
absorber that slows the muons down and increases the chance of a detector
interaction. A drawing of the MUC is shown in Fig. 7.7.

One expects that most hadrons and electrons are absorbed by the either
the calorimeter or the iron yoke before reaching the MUC. Muons on the other
hand are expected to penetrate through the iron because they are more massive
than electrons and do not interact strongly. Any signal in the MUC is therefore
most likely to have come from a muon. If they do manage to reach the first
layers of the MUC, hadrons are unlikely to be able to penetrate any deeper.
Therefore the penetration depth, i.e. the number of layers of the MUC that
have a signal, can be used to distinguish between true and fake muon signals.

The MUC is effective for a minimum muon momentum of 0.4 GeV/c and
can achieve muon identification efficiencies over 90% for momenta over 0.5
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Figure 7.7. Schematic drawing of the muon chamber of BESIII [153].

GeV/c. The percentage of pions misidentified as muons is below 10% for the
majority of the expected momentum and angular range. The resolution for the
position measurement from one layer is 1.2 cm.

7.3.5 Superconducting Solenoid
A superconducting solenoid provides a highly uniform magnetic field for mo-
mentum measurements in the drift chamber. The field strength has been set
to 1 T for all data taking periods except for the 2012 campaign at the J/ψ
resonance when it was set to 0.9 T. The non-uniformity of the magnetic field
is 13%. The magnetic field has been measured with a precision of < 1 mT and
position resolution < 1 mm in the axial and radial direction and < 0.1◦ in ϕ .
These measurements also include the magnetic field from the superconducting
insertion quadrupoles.

7.3.6 Online Luminosity Monitoring
During data taking, the luminosity is monitored online using Bhabha scatter-
ing events, e+e− → e+e−γ . Most photons from such events are emitted at
small angles, < 1 mrad, relative to the beam axis. To detect them, two detec-
tors are placed on either side of the interaction point in the otherwise empty
space between the magnets immediately outside the BESIII vacuum chamber.
These detectors consist of a tungsten target that converts the Bhabha photons
into electrons and positrons. These subsequently travel trough a block of fused
silica where they generate Cherenkov photons that are read out by two PMTs.
The count rates in these detectors can be converted into a measurement of the
luminosity in real time [153].
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7.3.7 Trigger
The data acquisition system of BESIII is designed to handle event rates of up
to 4 kHz. The rate of good physics events when running at the J/ψ resonance
is expected to be 2 kHz, while the rate from cosmic background is expected to
be 2 kHz and that from beam loss background is expected to be 40 MHz [153,
158]. The latter refers to particles that escape the magnetic field and collide
with the detector instead of circulating along the rings. In order to achieve
tolerable rates, BESIII makes use of a two-level trigger system that is able to
reject the vast majority of background events while retaining close to 100% of
the interesting events. The first level (L1) is a hardware trigger and the second
level (unintuitively referred to as L3) is an online software event filter [159].

The bunch spacing of the beams of BEPCII is 8 ns, but the timing proper-
ties of the detectors and the time evolution of physics events mean that the
hardware trigger must necessarily be considerably slower. Several factors
contribute to this. Long-lived particles in interesting physics events do not
decay immediately after production, and give a natural spread of 30 ns in the
TOF measurement. In addition, the average drift time in the MDC is 400 ns.
The slowest signal by far, and the main limiting factor for the trigger, is the
calorimeter signal with a rise time of 1.5 μs and decay time 3 μs. To be able
to include the energy deposit in the EMC in the L1 trigger, the trigger signal
is therefore set to arrive with a fixed latency of 6.4 μs.

The final decision in the hardware trigger is based on a combination of
information from the MDC, TOF, and EMC subdetector systems. The fastest
signals come from the TOF system that reports the number of hits in the barrel
and endcap and whether there are any back-to-back hits. For MDC hits, a fast
track segment finding procedure is performed, and the number of tracks, as
well as their length and position are reported to the trigger. The last system to
provide information is the EMC, that generates signals based on the number
of clusters as well as the position and energy deposit of each cluster. Finally,
hits in all three detectors are matched with each other, and the number of
matched tracks is used to make the L1 decision. The trigger selection criteria
are optimized using MC simulations. A block diagram of the L1 trigger system
is shown in Fig. 7.8.

Simulations show that the efficiency of the global hardware trigger reaches
99.8% for J/ψ → anything, 99.5% for ψ ′ → anything, and 99.9% for ψ(3770)
→ anything. After the L1 trigger, the background rates are reduced to about
1.85 kHz for lost beam particles and 200 Hz for cosmic rays. Trigger effi-
ciencies well above 99% for all types of physics events at the J/ψ and ψ ′
resonances were experimentally confirmed in 2009 [160] and 2018 data [161].

The L1 trigger accept signal gives the green light for event building and
processing by the software event filter. To meet the requirements of the DAQ
system, the latency for this procedure must be less than 5 ms. The total energy
deposited in the EMC and, depending on the energy, either a fast reconstruc-
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Figure 7.8. Block diagram of the trigger system. Figure from Ref. [153].

tion of MDC tracks or the EMC cluster position, along with the TOF and
number of hits in the MUC is used to classify events into five physics cat-
egories: e+e−, μ+μ−, γγ , τ+τ− and hadron events while tuning selection
criteria so that as many background events as possible are rejected. This pro-
cedure yields filtering efficiencies above 99% for all types of physics events
while suppressing 70% of the cosmic ray background and 50% of the beam
related background. In the background scenario described above, this puts the
total event rate well within the acceptable limit of 4 kHz, and the average CPU
time required for the filtering procedure is 1.5 ms. In addition, the selection
criteria on the total energy deposit is straightforward to tune so that the event
rate remains acceptable even in more extreme background scenarios.

Events that pass both the hardware trigger and online event filter are fed to
the DAQ system where data from the different subdetectors are assembled into
events. The average size for an event is 14 kB which means that data must be
written to disk with a rate of 42 MB/s [153].

Event Start Time

The detector clock used for time measurements in all subdetectors and the
entire trigger system is synchronized with the accelerator RF and operates
at a frequency of 41.65 MHz. This corresponds to cycles of 24 ns between
trigger signals. In that time, three beam bunches pass the IP so that there can
be a delay of up to 16ns between the start of the trigger cycle and the bunch
collision that produces an event that should be recorded. The trigger start
time is given by the L1 trigger signal. However, it is more important to know
the time of the bunch collision, referred to as the event start time TEST (see
Fig. 7.9). Depending on the subdetector information available, the start time
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is calculated with data from either the MDC or TOF as

TEST = T DCM−Tev, (7.1)

where T DCM is detector clock time associated with a hit signal, and Tev is the
time from the collision to the considered detector hit. A fast MDC track recon-
struction and PID is performed to estimate the flight time to the position of the
hit whereafter Tev can be calculated by taking into account the signal process-
ing latency for either MDC or TOF. A second, refined determination of TEST
is performed offline as part of the full event reconstruction. This algorithm
achieves an error rate, defined as the fraction of events that are associated with
the wrong beam bunch, of less than 1% [162].

Figure 7.9. Definition of the event start time TEST as the time from the trigger signal
to the bunch collision that generated a good event. Figure from Ref. [162].

7.4 New Cylindrical GEM Inner Tracker
Years of running with high intensity beam related backgrounds have lead to
aging problems for the inner part of the drift chamber with a gain decrease
up to 29% for the first layers. This in turn leads to deteriorated performance
both in terms of hit efficiency and spatial resolution. The gain of the first layer
decreases by about 4% every year, and for the longevity of the experiment it
is crucial to plan for and start preparing a replacement ahead of time.

To this end, the inner part of the drift chamber will be replaced by a new
detector. This is an opportunity to improve the performance compared to the
current design and therefore, the new detector will not be a drift chamber but
a cylindrical gas electron-multiplier inner tracker (CGEM-IT). The main ad-
vantage of this new system is that it allows for better resolution in the position
measurement, in particular in the z-direction. The new detector must fulfill the
following criteria:
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• Cover a polar angle range of |cosθ | < 0.93 and fit within the available
volume from 59 to 183.5 mm in the radial direction.

• Achieve spatial resolution of better than 120 μm in the r−ϕ(xy)-plane
and better than 1 mm in the z-direction. This is similar to the current
MDC in the r−ϕ-plane, but a factor of two better in the z-direction.

• Have a material budget less than 1.5% of a radiation length X0.
• Work for counting rates > 4 kHz/cm2

The design for the new CGEM-IT builds on knowledge from the KLOE-
2 experiment that built the only other existing cylindrical GEM tracker [163].
The core component of a gas electron multiplier detector is a thin (∼ μm) poly-
mer film coated on either side with a conducting metal, typically copper. This
film is etched with a high density of holes in a regular pattern. An example
of this structure is shown in Fig. 7.10. The film is placed in an inert gas and
a voltage difference is applied between the outer metal layers. This creates
a strong electric field in the holes, such that electrons knocked out of the gas
by ionizing radiation will drift toward these and acquire sufficient energy to
cause an avalanche of secondary electrons. The amplified current produced in
this way can either be read out at the surface of the foil by an electrode, or
transferred to a second foil for further amplification if needed [164, 165].

Figure 7.10. Electron microscope image of a GEM foil with the hole structure clearly
visible. Figure from Ref. [165].

The BESIII CGEM-IT will consist of three GEM foils in a cylindrical ge-
ometry. The GEM foils consist of a 50 μm layer of Kapton coated in copper.
The holes are biconical in shape with a diameter of 70 μm at the surface and
50 μm at the center (it has been shown that a hole size approximately equal to
the foil thickness gives optimal amplification [165]). The voltage difference
between the copper electrodes is 300-500 V, resulting in a field of about 100
kV/cm in the holes and a corresponding amplification factor of a few thou-
sand. The entire detector will have an inner radius of 78 mm and an outer
radius of 179 mm. The GEM layers are placed within 2 mm of each other, see
Fig. 7.11, and the detector volume will be filled with a gas mixture consisting
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of argon and isobutane in proportions 90% and 10% respectively [166]. The
total material budget for the detector corresponds to about 1% of one radiation
length [167].

Figure 7.11. Schematic drawing of the three layer CGEM-IT for BESIII. Figure from
Ref. [167].

The readout anode of each GEM foil consists of two sets of copper strips;
one parallel to the detector axis providing the xy-position, and the other with a
stereo angle w.r.t the first, giving the z-position. Larger stereo angles are pos-
sible in the GEM detector compared to the drift chamber, where it is limited
to be within a few degrees so as not to distort the electric field. As a conse-
quence, the z-position resolution of the CGEM-IT is expected to be more than
two times better compared to the current inner tracker. The overall spatial
resolution of the CGEM-IT is expected to be <100 μm [167].
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8. Software

All offline analysis for the BESIII experiment is carried out within the frame-
work of the BESIII Offline Software System (BOSS) [168]. It is based on the
Gaudi architecture [169] developed for the LHCb experiment, and includes
functionality from many external libraries like ROOT [170], CLHEP [171], and
CERNLIB [172]. The main tasks performed by BOSS are event generation, sim-
ulations of the detector geometry, particle transport, digitization of simulated
detector signals, and finally event selection and parameter estimation.

Prior to version 6.6.5 the BOSS framework runs in Scientific Linux SLC5.
Later versions have been updated to run in versions up to and including SLC7.
The work presented in this thesis has been performed in BOSS versions
6.6.4p01 and 6.6.5p01.

8.1 Event Generation
Many different MC generators are available within BOSS to serve the diverse
physics goals of the BESIII experiment. The KKMC [173] generator is used
to model the production of J/ψ in e+e−-annihilation, taking into account the
beam energy spread and initial state radiation. Final state radiation is handled
by the PHOTOS [174] generator.

Most decays are modeled with a customized implementation of EvtGen [175,
176] that includes a wide range of models, and also provides an interface for
user-defined models. Radiative decays of J/ψ into hadrons are modeled with
the helicity amplitude model (HELAMP) within EvtGen that generates angu-
lar distributions based on the spin of the decay daughters [177]. In addition,
EvtGen comprises a phase space model, PHSP, that allows for the generation
of any decay with flat angular distributions. Finally, specific models for the
processes η ′ → π+π−γ and η ′ → π+π−e+e− based on observed [102] and
VMD amplitudes [92] are included.

Hadronic channels produced in the continuum well below the J/ψ reso-
nance are modeled with the Continuum Exclusive Generator (ConExc) [178],
that includes angular distributions as well as ISR and vacuum polarization.
The probability for emission of an ISR photon is calculated using the structure
function method of Ref. [179]. Furthermore, ConExc, uses experimentally
measured cross sections as input to estimate the ISR correction factor for the
reconstruction efficiency. In this work, the ConExc generator is used to model
the reaction e+e− → ΛΛ̄.
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For qualitative studies of background contributions in a given analysis of
data taken at the J/ψ resonance, so-called inclusive samples are used. These
include all known decay modes with branching fractions set according to the
PDG [6] as well as unknown decays of charmonia generated with LUNDCHARM
[180]. At energies below 3 GeV, similar samples based on measured hadronic
cross sections are used, but since there is much less data available in this en-
ergy range they are less finely tuned. The event generation step outputs the
positions and kinematics of the generated particles to be further processed in
the detector simulation.

8.2 Detector Simulation
Particle transport and simulations of how particles interact with the detec-
tor material are performed with the BESIII Object Oriented Simulation Tool
(BOOST) [181] based on GEANT4 [182] with the detector geometry imple-
mented [183] in Geometry Description Markup Language (GDML) [184].
This step simulates the motion of particles in the magnetic field, their en-
ergy loss and scattering as they hit the detector as well as reactions that result
in secondary particles. The QGSP_BERT_HP physics list for which processes
to simulate and how to model them is used as it has been found to describe
data best [185]. Of all the different interactions with the detector material, the
production of e+e− pairs in the trough the conversion of a real photon is of
particular importance for this work. In GEANT, this is implemented via the
Bethe-Heitler cross section [186]. For photon energies Eγ > 50 MeV, it can be
expressed as
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, (8.1)

where E+(E−) is the positron (electron) energy, re is the electron radius, α is
the fine structure constant, and Z is the atomic number of the nucleus where
pair production occurs.

The detector simulation step generates a set of true MC hits and energy
deposits with perfect resolution in the subdetectors that are subsequently con-
verted into realistic detector signals by the digitization algorithm. The digi-
tized hits are subjected to a trigger simulation and if they pass are saved as
recorded events. At this stage the data is saved in raw data format that con-
tains all available information on each event, including hits in all subdetectors.
A schematic view of how data flows in the detector simulations is shown in
Fig. 8.1.
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Figure 8.1. Data flow in the BESIII simulation software. Figure from [168].

8.3 Reconstruction
Full reconstruction is performed offline, taking into account the run conditions
and calibration constants collected run-by-run from a central database. Re-
constructed data can be saved in two different ways based on ROOT trees. The
most frequently used one is Data-Summary-Tape that contains reconstructed
particles, but not raw hits in order to save disk space. The other format, recon-
structed data, is an accumulation of all available information, including raw
hits.

8.3.1 MDC Tracking
As a charged particle moves in a uniform magnetic field it traces a helix. The
coordinates of points along the helix are given by

x = x0 +dp cosφ0 +
α
κ
(cosφ0− cos(φ0 +φ))

y = y0 +dp sinφ0 +
α
κ
(sinφ0− sin(φ0 +φ))

z = z0 +dz cosφ0 +
α
κ

tanλ ·φ ,

(8.2)

where dp is the signed distance from the helix to the reference point in the xy-
direction, φ0 is the azimuthal angle of the pivot w.r.t the helix center, κ = 1/Pt
with sign according to the charge of the particle, dz is the signed distance from
the reference point in the z-direction, and λ the dip angle/slope of the track.
The default choice of reference point is the origin. It is the task of the tracking
algorithm to identify tracks and determine these parameters based on the hits
collected by the MDC.

The track finding algorithm consists of several parts that are suited to find-
ing tracks in different momentum ranges. These are performed in sequence, so
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that hits that could not be matched to a track track in one step are studied again
in the next. When a track is found, its constituent hits are not considered in the
subsequent steps. The first step of the track finding procedure is the pattern
recognition algorithm [187] that looks for track segments in every superlayer
of the MDC by comparing the wire hit patterns to eight four-hit templates and
twenty three-hit templates. Track segments that match one of the patterns are
kept for further analysis.

The next step is the track segment finder (TSF) [188] that looks for tracks
in all superlayers of the MDC where three out of four constituent layers re-
ceived a hit. Hit positions (x,y) in the transverse plane are transformed into
coordinates (X ,Y ) by a conformal map such that tracks that intersect the IP
are transformed into lines, while drift circles are transformed into circles tan-
gential to this line. Hits that do not belong to the track will in general not give
circles tangent to the line. A set of lines are fitted to the two outermost drift
circles, whereafter the inner circles are added to discriminate between them.
Any lines that are tangential to the inner circles are valid candidates. Track
segments found in this way are matched to those in other superlayers through
their position and direction. Finally, the hits in the stereo layers are added and
the least squares method is used to fit a helix of the track.

A recent addition to the BESIII track finding algorithm is the Hough Trans-
form method, that aims to improve performance for low momentum tracks that
were previously lost by the pattern recognition or TSF algorithms [189]. The
conformal transformation described above is followed by the Hough transform

ρ = X cosα +Y sinα, (8.3)

where (X ,Y ) are the coordinates of a hit in the conformal plane, α ∈ [0,π], and
ρ ∈ [−0.1,0.1] (cm−1). Each point in the conformal plane is transformed into
a sinusoid in the α −ρ parameter space. This is done for all hits belonging
to a certain track candidate. If they do indeed belong to the same track, they
will intersect at one point. The coordinates of this point give the parameters
that describe a line through all hits. In practice, this is done by filling a two-
dimensional histogram with the curves corresponding to all hits and finding
the bin (parameter combination) with the highest concentration of curves.

Once a track has been found using any of the aforementioned methods, the
helix parameters are updated using a Kalman filter algorithm where multiple
scattering, energy loss, non-uniformity of the magnetic field and wire sag ef-
fects are taken into account as additional terms in the covariance matrix [190].
For physics analysis, the tracking algorithm returns the momentum of tracks
at the point of closest approach to the pivot point by default. However, the
user can specify a new reference point in order to extract the momentum at a
different point along the helix.
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8.3.2 EMC Shower Reconstruction
The energy deposit in each crystal of the EMC can be derived from the pulse
height and the relevant calibration constants. Hits are subsequently formed
into clusters around the crystals with the largest energy deposit, known as the
seed. If the seed is unique, one shower corresponding to one single particle
is formed. If there are more than one, the cluster is split and several particles
are generated. The energy of the shower is determined by summing the en-
ergy deposits of the crystals in the cluster and the position is calculated as the
mean of the position of all crystals in the cluster weighted according to their
individual energy deposits.

8.3.3 TOF
Each hit in the TOF system is first matched with an MDC track. This track
provides a measure of the particle momentum and velocity. Having deter-
mined the event start time using the procedure described in Section 7.3.7, the
time of flight can be determined by taking into account the speed of light in
the scintillators, and the latency of the readout electronics. In addition to the
time measurement, the pulse height gives a measurement of the energy deposit
that can be added to the EMC measurement for improved resolution.

8.3.4 Muon Track Finder
The MUC reconstruction begins by collecting hits into track candidates that
are subsequently compared to the tracks reconstructed by the MDC. A second
search, that immediately tries to match MUC hits to extrapolated MDC tracks
is performed to find low momentum tracks that did not lead to enough hits
[191]. For example, the penetration depth, the goodness-of-fit of the track,
and how well it matches its corresponding MDC track can be used for particle
identification.

8.4 Analysis
8.4.1 Particle Identification
All subdetectors provide some information that can be used for particle iden-
tification. Generally, the time-of-flight and dE/dx are sufficient for separating
different species of hadrons [192]. It is also possible to include the energy de-
posit and shower shape in the EMC, as well as detailed information from the
MUC. This includes e.g. the penetration depth or the degree of match between
an MDC and an MUC track. In this work, PID based on TOF and dE/dx has
been used.

64



The probability that the measured time of flight was caused by a particle of
species p is given by

P(t; p) =
1√

2πσt
exp

[
−1

2

(
t− tp

σt

)2
]
, (8.4)

where σt ∼ 80 ps. Equivalently for the energy deposit dE/dx

P(dE/dx; p) =
1√

2πσE
exp

[
−1

2

(
dE/dx− (dE/dx)p

σE

)2
]
, (8.5)

where σE ∼ 6.5%. Each of these probabilities is converted to a χ2-value and
these can in turn be summed to yield a new combined χ2 = ∑n

i=1 χ2
i . This

value gives a combined probability P(χ2|n) that the particle is of species p.

8.4.2 Vertex Fit
A vertex fit, that constrains a set of particles to originate from a common
vertex, is a powerful tool both for improving the momentum resolution and for
rejecting background events with different topologies. The motion of particles
in the magnetic field is well known and gives constraint equations

�p =−(�p0× ĥ)× ĥcosρs−�p0× ĥsinρs+(�p0 · ĥ)ĥ)

�x =�x0− (�pp× ĥ)× ĥ
a

sinρs− �p0× ĥ
a

(1− cosρs)+
(�p0 · ĥ)s

p
ĥ

�p = �p0−a(�x−�x0)× ĥ

(8.6)

where �p0,�x0 are the momentum at and the position of the vertex, �p,�x are the
momentum and position at any given point along the track, a is the magnetic
field strength (constant), ĥ is a unit vector along the magnetic field, s is the arc
length along the track from �x0 to �x, and ρ = a/s. A common vertex can then
be found by requiring that �x0 is the same for two or more tracks. The vertex fit
algorithm in BOSS implements these constraints using the Lagrange multiplier
method [193] and outputs the vertex position as well as updated four-momenta
for the particles.

In the analysis of long-lived particles that travel a measurable distance be-
fore decaying, a vertex fit to the final state particles yields the decay vertex,
but it is also useful to know where the decaying particle was produced. This is
achieved by a secondary vertex fit where the long-lived particle reconstructed
in the primary vertex fit is constrained to originate from the interaction region
measured during data taking. If the long-lived particle is charged, its motion in
the magnetic field is subjected to the same constraints as above. If it is neutral,
its motion is simply given by a straight line. The main result of the secondary
vertex fit is an estimate of the decay length.
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8.4.3 Kinematic Fit
e+e−-collisions provide a clean and well-known initial state that allows for
powerful kinematic constraints on the reconstructed particles. Similar to the
vertices, the BESIII software implements fitting under kinematic constraints
using Lagrange multipliers. In this work, the four-momenta of the relevant
particles are constrained to the four-momentum of the initial e+e−-system. If
all final state particles are produced at the interaction point, they can safely be
used as input to the kinematic fit. If not, e.g. if they are produced in the decay
of a long-lived particle, it is more suitable to use the reconstructed momentum
of the decaying particle(s) as input. The constraint equations are given by

px− pcx = 0
py− pcy = 0
pz− pcz = 0
E−Ec = 0

(8.7)

where pc and Ec are the constraint momenta and energy respectively. The fit
takes as input the four-vectors of all involved particles. Missing particles with
known masses can be included as missing tracks. The latter option allows for
testing how well partially reconstructed events fit a hypothesized topology and
can help reject background events.
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Part II:
Analysis of the Rare Decay η ′ → π+π−e+e−





9. Analysis Strategy

This chapter describes a study of the decay η ′ → π+π−e+e− based on a data
sample of 1.3 billion J/ψ events collected by the BESIII detector: 224 million
collected in 2009 and 1.09 billion collected in 2012. The purpose of the mea-
surement is to determine the branching fraction and measure the asymmetry
in the sin2ϕ distribution where ϕ is the angle between the decay planes of the
e+e−- and π+π−-pairs. In the following, I will discuss the strategy for the
measurement of these two quantities.

9.1 CP-Asymmetry
If the CP-violating contribution to the decay η ′ → π+π−e+e− discussed in
Section 4.2 exists, the interference term in the decay rate depends on sin2ϕ ,
where ϕ is the angle between the decay planes shown in Fig. 4.2. Since sin2ϕ
is an odd function, the differential decay rate becomes asymmetric. The size
of the asymmetry, which can be expressed as

ACP = < sgn(sin2ϕ)>

=
1
Γ

∫ 2π

0

dΓ
dϕ

sgn(sin2ϕ)dϕ,
(9.1)

gives a measure of the size of the interference term. Experimentally, the quan-
tity sin2ϕ can be calculated using the final state particle momenta following a
procedure described in Ref. [110]. The orientation of the decay planes is given
by the unit normal vectors

n̂e =
pe+×××pe−

|pe+×××pe−|
and n̂π =

pπ+×××pπ−

|pπ+×××pπ−|
, (9.2)

where pπ± and pe± are the three-momenta of the pions and electrons in the η ′
rest frame, respectively. In this frame, both normal vectors are perpendicular
to the ẑ-axis, defined as the momentum direction of the virtual photon (see
Fig. 4.2)

ẑ =
pe+ +pe−

|pe+ +pe−|
. (9.3)

It follows from the properties of the dot and cross products that

n̂e · n̂π = cosϕ and n̂e××× n̂π = sinϕ · ẑ , (9.4)

69



where ϕ is the angle between the normal vectors, or equivalently the angle
between the decay planes. Then sinϕ is given by

sinϕ = (n̂e××× n̂π) · ẑ (9.5)

and the final expression for sin2ϕ is

sin2ϕ = 2sinϕ cosϕ = 2 [(n̂e××× n̂π) · ẑ] (n̂e · n̂π) . (9.6)

The asymmetry can then be calculated by counting the number of events
with sin2ϕ > 0 and sin2ϕ < 0 as

Aϕ =
N+−N−
N++N−

. (9.7)

Here N+ and N− are the true numbers of events with sin2ϕ > 0 and sin2ϕ < 0,
respectively. These quantities differ from what is measured in experiment in
two ways. Firstly, the limited efficiency of the event selection procedure means
that only a fraction of the true events are reconstructed. This effect is only
important if the efficiency is different in the two regions. In the following, it
is assumed to be identical with value ε in both regions. It will be shown that
if this is true, it does not affect the value of the determined asymmetry. The
second more important effect is that a limited momentum resolution may cause
an event with sin2ϕ < 0 to be reconstructed as sin2ϕ > 0 and vice versa. This
will affect the value of the asymmetry and must be corrected for. Let us now
derive a formula for an unbiased estimate of the asymmetry, corrected for the
migration. We define the number of reconstructed events NR+ and NR− with
sin2ϕR > 0 and sin2ϕR < 0, respectively, where ϕR is the reconstructed angle.
Furthermore, α1 represents the fraction of events that migrated from sin2ϕ > 0
to sin2ϕR < 0 while α2 represents the fraction that migrated from sin2ϕ < 0
to sin2ϕR > 0. The number of reconstructed events can be expressed in terms
of the number of true events as

NR+ = ε(1−α1)N++ εα2N−
NR− = εα1N++ ε(1−α2)N−.

(9.8)

An estimate of the asymmetry based on the numbers of reconstructed events
is given by

Aϕ,R =
NR+−NR−
NR++NR−

. (9.9)

Inserting Eq. 9.8 into Eq. 9.9 yields

Aϕ,R =
ε ((1−2α1)N+− (1−2α2)N−)

ε (N++N−)
, (9.10)
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where the efficiency ε cancels out. Then an expression for Aϕ can be derived

Aϕ =
α1−α2

1−α1−α2
+

Aϕ,R

1−α1−α2
+O(A 2

ϕ,R), (9.11)

where the higher order terms have been neglected. If α1 = α2 =: α , the ex-
pression above simplifies to

Aϕ =
Aϕ,R

1−2α
=

1
1−2α

NR+−NR−
NR++NR−

. (9.12)

The correction factor also affects the uncertainty, so that

σAϕ =
dAϕ

dAϕ,R
σAϕ,R =

1
1−2α

σAϕ,R , (9.13)

where the uncertainty σAϕ,R is given by the error propagation procedure

σAϕ,R =

√(
∂Aϕ,R

∂NR+

)2

σ2
NR+

+

(
∂Aϕ,R

∂NR−

)2

σ2
NR−

=

√(
1

NR++NR−

)2

σ2
NR+

+

( −1
NR++NR−

)2

σ2
NR−

=

√
σ2

NR+
+σ2

NR−

(NR++NR−)
.

(9.14)

Because NR+ and NR− are the efficiency uncorrected numbers of events, their
uncertainties are simply

√
NR+ and

√
NR−. The expression above simplifies to

σAϕ ,R =

√
NR++NR−

(NR++NR−)

=
1√

NR++NR−
=

1√
NR

,

(9.15)

where NR is the total number of reconstructed events. The final expression for
the uncertainty of the corrected asymmetry, σAϕ , is then

σAϕ =
1

(1−2α)
√

NR
. (9.16)

9.2 Monte Carlo Simulations
The Monte Carlo simulations of the processes studied and the signals they
give in the detector are an important part of the analysis. They are used both
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to investigate which background processes can be misidentified as the signal
reaction and to develop selection criteria that can reject them to yield a clean
sample. In addition, the simulations are used to determine the selection effi-
ciency needed to extract the branching fraction and to validate the procedure
for estimating the asymmetry in the sin2ϕ distribution. The following MC
samples are used in this work:

• ηηη ′′′ →→→ πππ+πππ−eee+eee−: 2×106 events modeled with a generator [194] devel-
oped at BESIII based on VMD amplitudes from Ref. [92]. This sample
will be referred to as the signal MC sample throughout this work.

• ηηη ′′′ →→→ πππ+πππ−γγγ: 20× 106 events modeled with a generator based on ex-
perimentally measured decay distributions including ρ0-ω interference
and a box anomaly contribution [102].

• JJJ///ψψψ →→→ XXX : 1.3× 109 events. This sample, hereafter referred to as the
inclusive MC sample, includes all known decays of J/ψ with branching
fractions set to the world averages from Ref. [6]. This sample is only
intended to be used for qualitative investigations of background contri-
butions to the analysis. Therefore the decays are generated using a phase
space model with flat angular distributions. The remaining unknown de-
cay modes are generated with lundcharm [180].

Both the exclusive models are implemented in BesEvtGen [175, 176]. In all
samples, the production of J/ψ is modeled with the KKMC generator [173],
and the decay J/ψ → γη ′ is generated using the helicity amplitude method
of BesEvtGen [177]. Final state radiation is implemented via the PHOTOS
generator [174].
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10. Analysis Description

In this chapter I will describe the procedure used to extract a clean sample of
η ′ → π+π−e+e− events from the data. Furthermore, I will discuss how the
background contamination in the sample is estimated and mitigated, and de-
scribe the calculation of the corrections needed for an accurate determination
of the branching fraction and asymmetry.

10.1 Event Selection
The signal process is studied through the decay chain J/ψ → γη ′ followed
by η ′ → π+π−e+e−. To be considered for analysis, an event must contain
exactly four charged tracks with zero net charge. These tracks are required to
originate from a cylindrical volume around the IP with radius Rxy = 1 cm and
length Δz = 10 cm. Furthermore, the polar angle θ of each track must fulfill
the condition |cosθ | < 0.93. That is, the track must lie within the detector
acceptance. Each event must also include at least one photon. The energy of
this photon must be at least 25 MeV if it was reconstructed using a cluster in
the EMC barrel, or 50 MeV if in the endcaps. The time of arrival must be no
more than 700 ns after the event start time to ensure it belongs to the same
event as the charged tracks. Finally, the angle between the reconstructed pho-
ton trajectory and the nearest charged track extrapolated to the EMC shower
position must be at least 15◦ to avoid cross-contamination.

For each charged track, the PID algorithm described in Section 8.4.1 is used
to calculate the goodness-of-fit variable (χ2

PID) for the hypotheses that the track
originates from a pion, electron or muon. The algorithm is based on the time-
of-flight and energy loss per unit length in the MDC. Moreover, a fit to all four
tracks is performed under the assumption that they originate from a common
vertex, as they should for a signal event. This fit is required to give a goodness-
of-fit variable χ2

vtx. < 200. The updated track parameters from this vertex fit
and the four-momentum of one photon are subsequently used as input to a
fit using energy-momentum (four-constraint, 4C) conservation constrained to
the energy and momentum of the initial e+e−-system. The reaction hypothe-
ses γπ+π−e+e−, γπ+π+μ+μ−, γπ+π−π+π− are tested. The goodness-of-
fit variable χ2

4C from the kinematic fit for each hypothesis is combined with
the goodness-of-fit variables from PID χ2

4C+PID = χ2
4C +∑4

j=1 χ2
PID( j), where

χ2
PID( j) is related to the probability that track j corresponds to a particle of a

given species. The events where the γπ+π−e+e− hypothesis gives the least
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χ2
4C+PID are kept for further analysis. If there is more than one photon in the

event, the one that gives the least χ2
4C is selected.

Furthermore, a cutoff on the χ2
4C+PID variable is imposed to improve the

signal-to-background ratio in the final sample. The cutoff value is optimized
using a figure-of-merit (FOM) defined as NS/

√
ND, where NS is the number of

events present in the signal MC sample after the cut and ND is the correspond-
ing number of events in data. Since ND includes both signal and background
events, this definition gives an estimate of the expected signal significance. If
increasing the cutoff value leads to more signal events than background events
selected, the value of the FOM should grow. If more background events than
signal events are selected, on the other hand, ND grows faster than NS and the
value of the FOM should decrease. As is shown in Fig. 10.1, the FOM has
a maximum for a cutoff at χ2

4C+PID 
 62, which is therefore selected as the
upper limit for the accepted events.
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Figure 10.1. Comparison of χ2
4C+PID from data and signal MC (left) and FOM as a

function of χ2
4C+PID (right). The solid red line indicates the maximum and the chosen

cutoff.

10.2 Background Determination
The background–signal composition of the selected events is investigated us-
ing the inclusive MC sample. The numbers of signal and background events
that pass the selection criteria are listed in Table 10.1. This sample was gen-
erated using the phase space model, without taking into account the specific
dynamics of different processes. These results should therefore not be taken
as a precise estimate of the yields. However, the important conclusion is that
the main source of background is the decay η ′ → π+π−γ where the photon
converts to an e+e−-pair in the detector material.

A clear and clean η ′ signal is visible in the π+π−e+e− invariant mass spec-
trum, see Fig. 10.2, but a closer inspection of other distributions corroborates
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Table 10.1. Number of background events compared to the number of
η ′ → π+π−e+e− events remaining from the inclusive MC sample after the initial
event selection criteria.

Decay chain Final state Number of
events

J/ψ → γη ′, η ′ → ρ0γ, ρ0 → π+π− π+π−γ 3105
J/ψ → γη ′, η ′ → π+π−η , η → γe+e− π+π−e+e−γγ 14
J/ψ → γη ′, η ′ → ωγ, ω → π+π− π+πγγ 4
J/ψ → γη ′, η ′ → π+π−π0, π0 → γγ π+π−3γ 2
J/ψ → ρ0π0, ρ0 → π+π−, π0 → γγ π+π−γγ 2
Other decays with 1 event each - 13
J/ψ → γη ′, η ′ → π+π−e+e− π+π−e+e− 3464

the conclusion from the study of the inclusive MC sample. The contribution
from η ′ → π+π−γ events with a converting photon is clearly visible as the
rightmost peak in the e+e− invariant mass distribution. One would expect that
the e+e−-pairs from conversion events have small invariant masses, but since
the BESIII track reconstruction algorithm assumes that tracks originate from
the IP, the direction of tracks produced elsewhere will be misreconstructed.
Therefore, the e+e−-pairs from conversion events are reconstructed with an
artificial opening angle leading to artificially large invariant masses.

The vertex fit assumes that all four tracks originate from a common vertex
and provides a solution even though this assumption is clearly not correct. By
studying the projection of the e+ and e− track helices on the xy-plane and their
point of closest approach one can estimate the position of the e+e− vertex,
and the radial distance from the IP, Rxy. The distribution of this variable shows
that e+e−-pairs originate from three distinct regions. The pairs from the signal
events are produced at the IP, while the conversion pairs are created at Rxy ∼ 3
cm, corresponding to the beam pipe, and ∼ 6 cm, corresponding to the inner
wall of the drift chamber. To illustrate the locations where these pairs are
produced the distribution of e+e−-vertices in the xy-plane is overlaid on the
axial cross section view of the beam pipe in Fig. 10.3.

The strategy adopted to deal with the dominating background is to develop
a set of criteria, hereafter referred to as the photon conversion veto, through
which the vast majority of conversion events is rejected and as many of the
η ′ → π+π−e+e− events as possible are retained. After any residual back-
ground has been subtracted the yields in the full angular range, as well as in
the regions sin2ϕ < 0 and sin2ϕ > 0, can be used to determine the branching
fraction and the CP-asymmetry.

One powerful method used for distinguishing between conversion events
and signal events is to study the direction of the e± momentum vectors at
the beam pipe. This is accomplished by changing the reference point of the
e±-helices to their respective points of intersection with the beam pipe and re-
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Figure 10.2. Invariant mass distributions of the π+π−e+e−- (a), e+e−- (b), and π+π−-
(c) systems and the radial distance from the IP to the e+e− vertex in the (d) after the
preselection.

calculating the momentum vectors. This changes the directions of the vectors,
but not their magnitudes. For the e+e−-pairs originating from the IP, the open-
ing angle is increased, meaning that their invariant masses have larger values
than the true ones. This is illustrated in Fig. 10.4. The e+e−-pairs from the
conversion in the beam pipe should instead be parallel, and the invariant mass
close to the true value, i.e. 2me.
These recalculations are implemented by building on functionality from the
Gamma Conversion Finder [195] of BOSS. By selecting an appropriate region
of the two-dimensional distribution of e+e−-pair invariant mass at the beam
pipe, MBP

ee , versus the distance between the e+e−-vertex and the IP, one can
efficiently separate signal events from conversion events. In Fig. 10.5, this
distribution is shown for signal MC, conversion MC and experimental data.
All events on the low mass side of the red line in Fig. 10.5 are rejected. It is
defined by straight line segments between the points (0.004 GeV/c2, 0 cm),
(0.004 GeV/c2, 2 cm), (0.03 GeV/c2, 3 cm), and (0.07 GeV/c2, 10 cm). The
rejection efficiency for the conversion events is 96.1%.

The rejection efficiency can be further improved by taking advantage of the
fact that the e+e−-pairs from the signal and conversion have different angular
distributions. In particular, the electrons in the pairs that originate from con-
version will be produced with momenta parallel to each other and to that of
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Figure 10.3. Electron–positron vertex positions from data and a cross section view
of the BESIII beam pipe. The innermost circle corresponds to signal events from the
interaction point, the middle circular band to conversion events from the beam pipe,
and the outermost band to conversion events from the inner wall of the drift chamber.

Figure 10.4. Example of how the momentum directions of tracks from the IP change
with the choice of a reference point. When using the IP as the reference point the
momentum vectors are parallel. If the intersection with the beam pipe is used there is
an opening angle between the tracks and the invariant mass becomes artificially large.

the converting photon. The magnetic field leads to a non-zero opening angle in
the xy−plane, but the z−components remain unaffected since they are parallel
to the magnetic field. Pairs from the decay η ′ → π+π−e+e− on the other hand
can be produced with an opening in any direction, including the z−direction.
Therefore, the conversion events can be separated from the signal events by
measuring the opening angle in the z-direction, Φee, defined as
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Figure 10.5. Invariant mass at the beam pipe versus radial position of the e+e−-vertex
in the η ′ → π+π−e+e− MC (top left), η ′ → π+π−γ MC (top right), and experimental
data (bottom). All events enclosed by the polygon are accepted. The red solid line rep-
resents the nominal selection region while the dashed and dotted lines give alternative
regions used to estimate the systematic uncertainty.

�u =
�pe+ +�pe−

|�pe+ +�pe−|
= p̂γ (10.1)

�v = �pe+×××�pe− (10.2)
�w =�u×××�v (10.3)

�ua =
�u××× ẑ
|�u××× ẑ| (10.4)

Φee = cos−1
(

�w · �ua

|�w||�ua|
)
, (10.5)

where �pe± are the 3-momenta of electron and positron and ẑ is the direction
of the magnetic field. The angle Φee is expected to be close to zero for con-
version events, and to have a flat distribution between 0◦ and 180◦ for the
η ′ → π+π−e+e− events. The Φee variable is combined with the distance from
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the IP to the e+e−-vertex to give a powerful veto for conversion events. In
Fig. 10.6 the events inside the red polygon, defined by requiring Φee > 75◦
when 1.8 cm < Rxy < 7.5 cm, are accepted. This criterion rejects 97.5% of the
conversion events on its own. This corresponds to 74.7% of the background
events remaining after the MBP

e+e− criterion.
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Figure 10.6. Opening angle Φee versus radial position of the e+e−-vertex in the
η ′ → π+π−e+e− MC (top left), η ′ → π+π−γ MC (top right), and experimental data
(bottom). All events enclosed by the polygon are accepted. The red solid line repre-
sents the nominal selection region while the dashed and dotted lines give alternative
regions used to estimate the systematic uncertainty.

The rejection efficiency for the η ′ → π+π−γ events, whether the photon
converts or not, is found to be 99.998%. Taking into account the total number
of J/ψ events in the sample, NJ/ψ = (1310.5±7.0)×106 [196], and the world
averages for the branching fractions B(J/ψ → γη ′) = (5.25± 0.07)× 10−3

and B(η ′ → π+π−γ) = 29.5± 0.4% [6], the number of conversion events
remaining in the signal region after the photon conversion veto is estimated to
be 48±2. Of these, 23±1 fall in the region sin2ϕ < 0 and 25±1 in the region
sin2ϕ > 0.

Background from non-η ′ sources is estimated from the η ′ sidebands, shown
in Fig. 10.7, defined as 0.06 GeV/c2 < |Mη ′ −Mππee| < 0.08 GeV/c2. The
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number of events from the sidebands is used to estimate the background in the
signal region in the following way:

Nnon−η ′ = Nsideband× width of signal region
2×width of sideband region

=
Nsideband

2
(10.6)

After the photon conversion veto, a clean sample of η ′ → π+π−e+e− events
with ∼ 2% background is selected. The invariant mass distributions of π+π−,
e+e−, and π+π−e+e− as well as sin2ϕ from data, shown in Fig. 10.7, are
in excellent agreement with the signal MC simulations. The cumulative effi-
ciency for the criteria of the analysis algorithm is estimated using the signal
MC sample. The results are presented in table 10.2.
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Figure 10.7. Invariant mass distributions of the π+π−- (a), e+e−- (b), and π+π−e+e−-
(c) systems and the sin2ϕ distribution (d) in the final event sample. Black points
with error bars represent data, the dotted red histogram represents signal MC, and the
dashed green histogram the remaining η ′ → π+π−γ background. The vertical lines in
(c) indicate the sidebands.

For the purpose of the CP-asymmetry measurement, the efficiency is deter-
mined separately for sin2ϕ > 0 and sin2ϕ < 0. The efficiencies in the two
regions are found to be identical and equal to 15.3± 0.1% , which justifies
the assumption used to derive the bin migration correction procedure in Sec-
tion 9.1.
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Table 10.2. Cut flow for the analysis of η ′ → π+π−e+e− determined from the signal
MC sample.

Cut Cumulative efficiency ε (%)
Preselection 26.0±0.1%
χ2

4C+PID < 62 21.7±0.1%
|Mη ′ −Mππee|< 0.02 GeV/c2 21.1±0.1%
MBP

ee 16.2±0.1%
Φee 15.3±0.1%
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Figure 10.8. Fits to Mπ+π−e+e− in the regions sin2ϕ < 0 (left) and sin2ϕ > 0 (right)
after the photon conversion veto and subtraction of remaining π+π−γ background.
The dashed green histogram represents continuous background. The solid blue line is
the sum of the signal and background contributions.

The event yields in the regions sin2ϕ > 0 and sin2ϕ < 0 are determined by
fits to the corresponding π+π−e+e− invariant mass distributions in the range
0.91 GeV/c2 < Mπ+π−e+e− < 1.00 GeV/c2. In these fits, shown in Fig. 10.8,
the signal is represented by the MC lineshape convolved with a Gaussian func-
tion with a standard deviation of 1.5 MeV/c2 to account for differences in
resolution between data and MC simulations, and background is represented
by a second order Chebychev polynomial. Before the fit is performed, the
background from η ′ → π+π−γ is subtracted based on the yields in the MC
simulations.
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10.3 Normalization of the Branching Fraction
In order to determine the branching fraction, the acceptance corrected number
of signal events must be related to the total number of η ′ mesons produced
in the experiment. The most straightforward way of doing this would be to
use the number of J/ψ mesons in the sample [196] and the branching fraction
for the decay J/ψ → γη ′, which are both known, to obtain an estimate of the
number of η ′ mesons in the sample. A second approach is to study a similar
decay of η ′ with a well-known branching fraction in parallel with the signal
channel. An appropriate choice here is η ′ → π+π−γ which is the second
most common decay of η ′ with a precisely measured branching fraction of
29.5±0.4% [6]. Furthermore, its dynamics is well known and as discussed in
Section 4.2, it shares many characteristics with the signal channel. Systematic
effects related to the reconstruction should thus have a similar impact on both
channels. The normalization will serve to cancel out these effects and reduce
the overall systematic uncertainty of the result. This is the strategy chosen for
this work. The branching fraction is then given by

B(η ′ → π+π−e+e−) =
Nη ′→π+π−e+e− × εη ′→π+π−γ ×B(η ′ → π+π−γ)

Nη ′→π+π−γ × εη ′→π+π−e+e−
,

(10.7)

where N is the observed number of events for the two channels (represented
by the subscript), ε is the efficiency, and B(η ′ → π+π−γ) is the branching
fraction for the normalization channel.

The full decay chain for the normalization channel is J/ψ → γη ′ followed
by η ′ → π+π−γ and the analysis aims to select events that contain exactly
two charged tracks with zero net charge and at least two photons. These must
fulfill the same quality criteria as in the analysis of η ′ → π+π−e+e−, see Sec-
tion 10.1. The parameters of the track helices of the two charged particles are
used as input to a vertex fit under the assumption that they originate from the
same vertex. As before, the fit is required to give a goodness-of-fit χ2

vtx. < 200.
The updated charged track parameters from the vertex fit, the four-momenta of
the two photons and the initial e+e−-system four-momentum are used as input
to an energy-momentum constrained fit procedure. The hypotheses π+π−γγ ,
μ+μ−γγ , and e+e−γγ are considered. As before, the kinematic fit is com-
bined with the goodness-of-fit variable from PID, χ2

PID, to yield the quan-
tity χ2

PID+4C = χ2
4C +∑2

j=1 χ2
PID( j). Events for which the hypothesis π+π−γγ

yields the least χ2
PID+4C are chosen, and if an event includes more than two

candidate photons, the combination that yields the least χ2
4C is selected. The

FOM NS/
√

ND is used to find the cutoff for the value of χ2
4C+PID that yields the

best signal to background ratio. As before NS is the number of events present
in the signal MC sample after the cut and ND is the corresponding number of
events in data. As can be seen in Fig. 10.9, the FOM reaches a maximum value
χ2

4C+PID < 140, which is therefore chosen as the selection criterion.
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Figure 10.9. Comparison of χ2
4C+PID in η ′ → π+π−γ MC and data (left) and FOM as

a function χ2
4C+PID (right). The red line indicates the maximum.

The final step is to differentiate between the two selected photons. The one
from the two-body radiative decay J/ψ → γη ′ has a well defined energy of
1.4 GeV. After reconstruction, the energy distribution for these photons has
a full width at half maximum of about 20 MeV. They are therefore easily
distinguished from the η ′ → π+π−γ decay photons that have a continuous
distribution of with energies ranging from zero to about 1.2 GeV. Therefore,
the photon with the largest energy is considered to originate from the decay of
J/ψ and the other one from η ′.

The background remaining after the preselection is evaluated using the in-
clusive MC sample. The number of selected events for the most important
reactions is presented in Table 10.3. As can be seen, one should expect a sig-
nificant background from processes with π+π−π0, and π+π−η final states
where the π0 or η decays into two photons.

Table 10.3. Number of background events compared to the number of η ′ → π+π−γ
events remaining in the inclusive MC sample after the initial event selection criteria.

Decay chain Final state Number of events
J/ψ → ρ0π0, ρ0 → π+π−, π0 → γγ π+π−γγ 134743
J/ψ → π+π−π0,π0 → γγ π+π−γγ 5205
J/ψ → γη ′, η ′ → π+π−π0, π0 → γγ π+π−γγ 2356
J/ψ → ωπ+π−, ω → π0γ, π0 → γγ π+π−γγ 2180
J/ψ → ρ0η , ρ0 → π+π−, η → γγ π+π−γγ 1958
J/ψ → ρ+π−, ρ+→ π+π0, π0 → γγ π+π−γγ 1702
J/ψ → ρ−π+, ρ− → π−π0, π0 → γγ π+π−γγ 1683
J/ψ → γη ′, η ′ → γρ0, ρ0 → π+π− π+π−γγ 652147

Indeed, as can be seen in Fig. 10.10, a peak at the π0 mass and a small
bump at the η mass are visible in the two-photon invariant mass spectrum. By
studying the energy distribution of the photon from the η ′ decay, Eγη ′ , it is
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clear that the background events are concentrated in the low Eγη ′ range, see
Fig. 10.10. To clean up the sample, a condition Eγη ′ > 0.15 GeV is required.
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Figure 10.10. Invariant mass spectrum of the γγ-pair (left) and energy of the photon
from η ′ → π+π−γ (right). The black points with error bars represent data and the red
dashed histogram represents the η ′ → π+π−γ MC.

After the above described selection criteria the data are in good agreement
with the MC simulations of η ′ → π+π−γ . A comparison of the momen-
tum, invariant mass and angular distributions for data and MC is shown in
Fig. 10.11. There is good agreement in all considered distributions. The cumu-
lative efficiency is estimated with the η ′ → π+π−γ MC sample and is found
to be 50.9±0.1% after the preselection and 38.1±0.1% after the requirement
Eγη ′ > 0.15 GeV.

The number of η ′ → π+π−γ events is 786200±900 extracted through a fit
to the ππγ invariant mass spectrum, see Fig. 10.12. The η ′ → π+π−γ signal
is represented by the MC shape convolved with a Gaussian function with a
standard deviation of 1.5 MeV/c2 to account for differences in the resolution
between data and MC. Continuous background is represented by a second
order Chebychev polynomial.

As a consistency check the number of η ′ → π+π−γ events is used to cal-
culate the branching fraction of the decay J/ψ → γη ′ to compare with results
from previous analyses. One finds

B(J/ψ → γη ′) =
Nη ′→ππγ

NJ/ψ ×B(η ′ → ππγ)× εη ′→ππγ

= (5.34±0.09)×10−3,

where the number of produced J/ψ is NJ/ψ = (1310.5± 7.0)× 106 [196].
This is consistent with the current PDG average B(J/ψ → γη ′) = (5.25±
0.07)×10−3 [6] and this shows that the yield-efficiency estimate is consistent
with the known value of the branching fraction for the decay η ′ → π+π−γ .
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Figure 10.11. Momentum distribution of π+ (a), invariant mass distribution of the
π+π−-system (b), and polar angle in the lab frame of the π+ (c) and of the photon
from the decay η ′ → π+π−γ (d). The black points with error bars represent data,
and the red dashed histogram represents the η ′ → π+π−γ MC. The sharp dip around
|cosθ(γη ′)| ≈ 0.8 seen in data and MC in (d) is due to the gap between the barrel and
endcap parts of the EMC.
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10.4 Corrections to the CP-Asymmetry
The bin migration effect in sin2ϕ is studied by comparing the true and recon-
structed values of sin2ϕ . The fractions α1 and α2 defined in Section 9.1 are
estimated as

α1 =
N+/−
N+

and α2 =
N−/+
N−

, (10.8)

where N+/− and N−/+ are the numbers of events that migrated from sin2ϕ > 0
to sin2ϕR < 0 and from sin2ϕ < 0 to sin2ϕR > 0, respectively, while N+ and
N− are the numbers of events with true value of sin2ϕ > 0 and sin2ϕ < 0,
respectively. Inserting the numbers of events from the signal MC sample,
N+/− = 53034, N−/+ = 52665, N+ = 248791, and N− = 247237 yields α1 =
α2 = 21.3±0.1%.

Since the bin migration correction inflates the uncertainty, it is interesting
to investigate if there are kinematic regions where the resolution is particu-
larly poor, and if excluding these can lead to an overall improvement in the
uncertainty. As can be seen in Fig. 10.13, the resolution in sin2ϕ is strongly
correlated with the invariant mass of the e+e−-pair. The pairs with smaller
invariant masses have smaller opening angles, and therefore the determination
of the orientation of their decay planes is more sensitive to small perturba-
tions in the momenta. By excluding events with low Me+e− , the size of the
bin migration factor can be decreased, and if the effect is large enough this
can compensate for the loss of statistics, resulting in a smaller overall uncer-
tainty. To investigate this, a region of Me+e− of varying size is excluded from
the analysis of the signal MC sample and for each step the bin migration cor-
rection factor and statistical uncertainty are calculated. The results are shown
in Fig. 10.13. The conclusion is that there is no cutoff for which the improve-
ment in the resolution outweighs the loss of statistics, and consequently the
full Me+e− distribution is included in the analysis.

The next step is to investigate if the asymmetry measurement procedure,
with the correction factor estimated above, is a reliable estimate of the true
value. To check this, a series of pseudoexperiments are performed on MC
samples generated with a known asymmetry. From each sample, an estimate
of the asymmetry Aϕ,i can be extracted. The true value of the asymmetry is
Âϕ . If the number of events in each sample is N, the estimated uncertainty can
be expressed in a general way as σN = Σ√

N
, where Σ is a constant that describes

how the uncertainty changes with the size of the data set. By constructing the

pull distribution for the estimates, i.e. Aϕ,i−Âϕ
σN

, several different aspects of the
chosen estimator can be investigated. If the number of pseudoexperiments is
large the distribution is expected to be Gaussian according to the central limit
theorem. If it is not, this indicates issues that must be studied in detail. If the
distribution is Gaussian, it should have mean zero and standard deviation equal
to one if the method is unbiased and the uncertainty is estimated correctly.
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Figure 10.13. Difference between the true and reconstructed value of sin2ϕ versus
the invariant mass of the e+e−-system in the signal MC sample (left) and corrected
statistical uncertainty as a function of the lower limit imposed on Mee.

These two parameters can be studied by assuming that there is a bias and that
the uncertainty is not estimated correctly. The distribution in this case is given
by N ( Δ

σN
, σ

σN
). The values of Δ and σ can be determined by fitting a Gaussian

distribution to Aϕ,i−Âϕ
σN

. If the mean of the fitted function is denoted as a and its
standard deviation as b, they are related to the bias and estimated uncertainty
via

Δ
σN

= a and
σ
σN

= b. (10.9)

To summarize, three separate checks can be performed: Is the pull distribu-
tion Gaussian? Is a consistent with zero? Is b consistent with one? For this
purpose, eight MC ensembles with asymmetries ranging from−20% to +20%
in steps of 5% are generated. Each ensemble consists of 125 samples that
match the final data sample in size. The uncertainty for a single sample is
σN = 0.034 calculated according to Eq. 9.16 with N = 2618. The pull distri-
bution is shown in Fig. 10.14. The distribution is approximately Gaussian and
a fit yields a = 0.03± 0.03 and b = 0.99±0.02. The value of a is consistent
with zero, and the value of b is consistent with one, showing that the estimator
is unbiased and that the uncertainty is estimated correctly.
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Figure 10.14. Distribution of the pull function, defined as the difference between the
true and reconstructed asymmetry Aϕ divided by the uncertainty, in the MC ensem-
bles. The line shows a Gaussian function with mean 0 and standard deviation 1.
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11. Systematic Uncertainties

This analysis profits from the work done within the BESIII collaboration to
investigate the systematic uncertainties related to reconstruction procedures,
and in particular differences in efficiency between data and MC. The size
of the resulting systematic effects on the branching fraction and asymmetry
measured in this work are evaluated by re-weighting the MC sample event-
by-event and studying how the results change. For each event, the ratio of
the efficiency in data to the efficiency in MC, εData/εMC, is retrieved from
a table indexed by the momenta and/or scattering angles of the tracks and
photons. The event is assigned this number as a weight to improve the simi-
larity between the MC sample and data. After all events have been weighted,
the branching fraction and asymmetry are computed. The difference com-
pared to the original result is taken as the systematic uncertainty. The cor-
rections are applied to both the signal and normalization channel before cal-
culating the final result, such that possible cancellations are taken into ac-
count. For photons, systematic differences in the reconstruction efficiency
have been studied extensively in processes such as J/ψ → ρ0π0 [197, 198],
e+e− → γγ [198], and e+e− → γμ+μ− [199]. In the following, a systematic
uncertainty of 0.5% in the EMC barrel ( |cosθγ |< 0.8), and 1.5% in the end-
caps (0.86≤ |cosθγ | ≤ 0.92) is used. The systematic uncertainty from track-
ing of pions has been investigated in Ref. [200] which provides a 2D distribu-
tion of the systematic uncertainty in bins of pT versus cosθ . The systematic
uncertainty of the electron tracking procedure in MC has been studied through
the process e+e− → γJ/ψ → γe+e−(γFSR) [201]. The study likewise pro-
vides a 2D distribution of the systematic uncertainty in bins of pe versus cosθe
that is used here. Finally, the systematic uncertainty due to pion and electron
identification has been studied in the processes J/ψ → π+π−π0 [202], and
J/ψ → γe+e− [201]. Both provide systematic uncertainties as a function of
the momentum and scattering angle.

The χ2
4C distribution is known to differ between data and MC, and to correct

for this fact, a set of correction factors for the track helix parameters of pions
has been prepared [203]. These corrections are applied to the MC samples of
both η ′ → π+π−e+e− and η ′ → π+π−γ , but are found to yield only a slight
improvement in the agreement between data and MC. Therefore, the effect of
these corrections on the branching fraction and asymmetry, 0.3% and 0.5%
respectively, are taken as an estimate of the systematic uncertainty due to the
kinematic fit.

The systematic uncertainty from the selection window on the η ′ invariant
mass is evaluated by smearing the η ′ invariant mass distribution in signal and
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η ′ → π+π−γ MC with a Gaussian function with mean zero and width accord-
ing to the fit to Mππγ in Fig. 10.12. The resulting change in the efficiency and
the branching fraction (0.4%) is taken as the systematic uncertainty.

Furthermore, the systematic uncertainty due to the fit used to extract the
η ′ → π+π−γ yield is estimated by changing the background parametrization
from a 2nd to a 3rd, and 4th order polynomial, and the fit range limits within
5% of their original values. The systematic uncertainty, 1.2%, is estimated as
the largest fractional difference between the variations and the original result.

The world average branching fraction B(η ′ → π+π−γ) is dominated by
a BESIII measurement [204] using the same data set as this work. In order
to properly determine the systematic uncertainty, it is therefore important to
take into account the correlations between the two measurements. Differences
in the event selection procedure mean that the final data sample used here is
slightly smaller than that of Ref. [204], and the statistical correlation coef-
ficient between the two is 0.93. Systematic uncertainties are assumed to be
fully correlated if the sources of uncertainty appear in both analyses, and un-
correlated if they appear in only one. The sources shared by both analyses
include tracking, photon reconstruction, kinematic fitting, as well as the range
and background shape in the fit used to extract the signal yield.

In order to evaluate the systematic effects introduced by the photon conver-
sion veto, the selection regions are varied as shown in Figs. 10.5 and 10.6 and
the asymmetry and branching fraction computed for all combinations. The
systematic error for the asymmetry is taken to be half the largest difference
with respect to the original result, 0.9% for the asymmetry and 0.8% for the
branching fraction.

The systematic uncertainties from all sources considered above are summa-
rized in Table 11.1. The systematic effects of MDC tracking, PID and photon
reconstruction for Aϕ are considered negligible.

Table 11.1. Systematic uncertainties contributing to the values of
B(η ′ → π+π−e+e−) and Aϕ . The contributions from all sources are summed
in quadrature.

Source B(η ′ → π+π−e+e−) Aϕ
(×10−2

)
[%]

MDC tracking 0.7 -
PID 3.0 -
Photon Reconstruction 0.6 -
4C Kinematic Fit 0.3 0.5
η ′ mass window 0.4 -
Photon Conversion Veto 0.8 0.9
Normalization 1.3 -
Total 3.5 1.1
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12. Results

The efficiencies and event yields for the signal and normalization channels are
presented in Table. 12.1. Using these numbers, the ratio of branching fractions
is found to be

B(η ′ → π+π−e+e−)
B(η ′ → π+π−γ)

=
Nη ′→π+π−e+e− × εη ′→π+π−γ

Nη ′→π+π−γ × εη ′→π+π−e+e−

= (8.20±0.16stat.±0.27syst.)×10−3.

(12.1)

Taking into account the current world average branching fraction B(η ′ →
π+π−γ) = 29.5± 0.4% [6], the branching fraction of η ′ → π+π−e+e− is
determined to be

B(η ′ → π+π−e+e−) =
Nη ′→π+π−e+e− × εη ′→π+π−γ ×B(η ′ → π+π−γ)

Nη ′→π+π−γ × εη ′→π+π−e+e−

= (2.42±0.05stat.±0.08syst.)×10−3.

(12.2)

Due to the inclusion of additional data collected in 2012, the statistical uncer-
tainty has been improved by a factor of two compared to the previous BESIII
result, which is therefore superseded by this work. As is shown in Fig. 12.1,
the result of this work is consistent with the predictions presented in Table 4.1.

Table 12.1. Efficiencies and event yields for the signal and normalization channels.

Channel ε[%] Yield
η ′ → π+π−e+e− 15.3±0.1 2584±52
η ′ → π+π−γ 38.1±0.1 786200±900

To determine the asymmetry, the event yields from the fits in Fig. 10.8,
Nsin2ϕ>0 = 1331± 40 and Nsin2ϕ<0 = 1287± 37 are inserted into Eq. 9.12
together with the migration fraction α = 21.3%. The result is

Aϕ = (2.9±3.7stat.±1.1syst.)×10−2, (12.3)

which is consistent with zero, and the absence of CP-violation in this process.
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Figure 12.1. Theoretical predictions and experimental results for the branching frac-
tion B(η ′ → π+π−e+e−) compared to the value of this measurement.
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Part III:
Measurement of Λ Timelike Electromagnetic
Form Factors





13. Analysis Strategy

The purpose of this this work is to study the process e+e− → ΛΛ̄ over a range
of energies from 2.3864 to 3.0800 GeV and measure the Born cross section,
the ratio of electromagnetic form factors R, and the relative phase ΔΦ. To
make this possible the ΛΛ̄ final state is reconstructed in two different ways.
The most straightforward method, hereafter referred to as “double-tag” recon-
struction, is when the full final state, i.e. both the Λ hyperon and Λ̄ antihyperon
are reconstructed. This gives us the complete information about the event but
excludes a large number of events which could provide relevant information.
Additional events can be obtained by reconstructing either the hyperon or the
antihyperon and inferring from kinematic constraints that it comes from an
e+e− →ΛΛ̄ event. This method will be referred to as “single-tag” reconstruc-
tion throughout this work.

By following the double-tag reconstruction whenever possible and using
the single-tag approach for events where only Λ or Λ̄ could be reconstructed,
three statistically independent data samples (double-tag, single-tag Λ̄, single-
tag Λ) are obtained that can subsequently be combined in order to improve the
precision of the measurements.

The Λ hyperon has two dominating decay modes Λ→ pπ− and Λ→ nπ0

with branching fractions 64% and 36%, respectively. Since they constitute
close to 100% of all decays, only these two modes are considered. The double-
tag analysis will only select events where both Λ and Λ̄ decay into charged
particles, but in the single-tag analyses the undetected hyperon can decay in
either of the two modes. This means that two classes of events are involved.
When performing the single-tag reconstruction of Λ, these are:

Class 1: Λ→ pπ−, Λ̄→ p̄π+

Class 2: Λ→ pπ−, Λ̄→ n̄π0 (13.1)

Since it is explicitly required that the Λ̄ is not reconstructed, the efficiencies
for selecting these two classes are not equal and this has to be accounted for
in the analysis. When performing the single-tag reconstruction of Λ̄, the two
classes correspond to the charge-conjugates of the processes mentioned above.

13.1 Data Samples
To accomplish a measurement of the energy dependence of the timelike elec-
tromagnetic form factors of the Λ hyperon, the scan method is used as outlined
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in section 5.4, and data in the energy range from 2.3864 GeV to 3.0800 GeV
are analyzed. The center-of-mass energies and luminosities for the considered
samples [205] are listed in Table 13.1. The two closely lying data points at
2.6444 GeV and 2.6464 GeV are analyzed together throughout this work.

Table 13.1. Center-of-mass energies and integrated luminosities for the energy scan
data samples used in this analysis.

Ecm [GeV] Integrated Luminosity [pb−1]
2.3864 22.59±0.01±0.17
2.3960 66.89±0.02±0.46
2.6444 33.65±0.01±0.21
2.6464 34.06±0.01±0.28
2.9000 105.53±0.03±0.90
3.0800 126.21±0.03±0.90

Detection efficiencies as well as the ISR and VP corrections factors dis-
cussed in Section 13.2, are determined using the ConExc MC generator [178].
The form factor ratio, R, determines the scattering angle distribution of the
hyperon in these simulations, according to Eq. 5.13 and is set for each energy
point to the value determined in this analysis. The following MC samples are
used:

• eee+eee− →→→ ΛΛΛΛ̄ΛΛ,,, ΛΛΛ→→→ pppπππ−,,, Λ̄ΛΛ→→→ p̄ppπππ+: 105events at each energy point.
• eee+eee− →→→ ΛΛΛΛ̄ΛΛ,,, ΛΛΛ→→→ pppπππ−,,, Λ̄ΛΛ→→→ n̄nnπππ0: 105 events at each energy point.
• eee+eee− →→→ ΛΛΛΛ̄ΛΛ,,, ΛΛΛ→→→ nnnπππ0,,, Λ̄ΛΛ→→→ p̄ppπππ+: 105 events at each energy point.

Furthermore, the following samples generated with a phase space model (PHSP)
are used to calculate the normalization factors for the maximum log-likelihood
fit (see Section 13.3):

• eee+eee−→→→ΛΛΛΛ̄ΛΛ,,, ΛΛΛ→→→ pppπππ−,,, Λ̄ΛΛ→→→ p̄ppπππ+: 5×106 events at each energy point.
• eee+eee− →→→ΛΛΛΛ̄ΛΛ,,, ΛΛΛ→→→ pppπππ−,,, Λ̄ΛΛ→→→ n̄nnπππ0: 5×106 events at each energy point.
• eee+eee− →→→ΛΛΛΛ̄ΛΛ,,, ΛΛΛ→→→ nnnπππ0,,, Λ̄ΛΛ→→→ p̄ppπππ+: 5×106 events at each energy point.

Finally, the ”do it yourself" (DIY) function of BesEvtGen is used to imple-
ment a generator which describes the production and decay of ΛΛ̄ using the
full differential cross section from Ref. [137], including both R and the rel-
ative phase. These samples are used for input/output and bias checks of the
parameter estimation procedure. Throughout the thesis, this generator will be
referred to as ”mDIY". The following mDIY samples are used:

• eee+eee− →→→ ΛΛΛΛ̄ΛΛ,,, ΛΛΛ→→→ pppπππ−,,, Λ̄ΛΛ→→→ p̄ppπππ+: 5×106 events at 2.396 GeV.
• eee+eee− →→→ ΛΛΛΛ̄ΛΛ,,, ΛΛΛ→→→ pppπππ−,,, Λ̄ΛΛ→→→ n̄nnπππ0: 5×106 events at 2.396 GeV.
• eee+eee− →→→ ΛΛΛΛ̄ΛΛ,,, ΛΛΛ→→→ nnnπππ0,,, Λ̄ΛΛ→→→ p̄ppπππ+: 5×106 events at 2.396 GeV.
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13.2 Determination of the Born Cross Section
As already mentioned in Section 5.4,the electron or positron or both may radi-
ate off ISR photons and lose some of their energy before colliding. Because of
the loss of energy, some of the collisions in data taken at the nominal center-of-
mass energy

√
s instead occur at the lower effective energy m. The observed

cross section for any given process is therefore a combination of the true cross
section at

√
s and other energies m down to the production threshold Mthr of

the hadronic state. The size of the contamination depends on two factors. The
first is the probability for emitting an ISR photon with energy

√
s−m, which

is given by the radiator function W (s,x), where x = 1−m2/s. The second fac-
tor is the probability that a signal-type event will occur at the effective energy
m. This is given by the bare cross section for the process at energy m, σ0(m).

Since the production of hyperon-antihyperon pairs in e+e−-annihilation is
a process mediated by the exchange of a photon, the effects of vacuum po-
larization (VP) must also be taken into account. The photon quantum state
can include both virtual lepton-antilepton pairs and hadrons. These are higher
order electromagnetic processes and their contribution to the observed cross
section must be corrected for in order to obtain the Born cross section. The
effect of VP is parametrized by the vacuum polarization function Π(

√
s). The

leptonic contributions to the VP function can be calculated perturbatively in
QED while the hadronic part requires dispersive approaches.

Taking into account both ISR and VP, the observed cross section can be
expressed as

σobs.(s) =
∫ √

s

Mth

dm
2m
s

W (s,x)
σ0(m)

|1−Π(m)|2 . (13.2)

From this one defines a correction factor

(1+δ )ISR =
σ(s)
σ0(s)

, (13.3)

that can be used to relate the observed cross section to the Born cross section.
But as is clear from both Eq. 13.2 and Eq. 13.3, computing the correction
factor requires prior knowledge of the cross section. This complicates mat-
ters since the cross section is precisely the quantity that is to be measured. In
practice, the cross section and correction factor must therefore be determined
together in an iterative procedure that will be described in Chapter 15. In this
work, the ConExc MC generator [178] is used to determine the correction fac-
tors. ConExc takes an estimate of the energy dependence of the cross section
as input and uses a radiator function calculated up to second order in QED
to calculate the observed cross section. Details on how the vacuum polariza-
tion correction factor is calculated can be found in Ref. [206] and references
therein. ConExc then uses the observed and true cross sections to generate
a sample that consists of both ISR and non-ISR events. In an analysis that
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demands that the nominal beam energy is conserved, the ISR events will be
rejected. This means that the efficiency ε estimated with ConExc will change
depending on the difference between the observed and true cross sections.
The larger the difference, the smaller the efficiency. The product ε(1+ δ )
will however remain roughly constant provided that there are no other energy
dependent selection criteria in the analysis.

Having selected clean samples of e+e− → ΛΛ̄ events and determined the
correction factors, the cross section measurement is done as follows. Given a
number of observed double-tag events NDT , the Born cross section is obtained
as

σBorn =
NDT

L ε(1+δ )B(Λ→ pπ−)2 , (13.4)

where L is the luminosity, ε is the efficiency, and B(Λ→ pπ−) is the branch-
ing fraction for that decay. For a number of observed single-tag events NST ,
the Born cross section is given by

σBorn =
NST

L (1+δ )B(Λ→ pπ−) [ε1B(Λ→ pπ−)+ ε2B(Λ→ nπ0)]
,

(13.5)

where ε1 and ε2 are the efficiencies for the two classes of events defined in
Eq. 13.1.

The three samples: double-tag, single-tag Λ̄, and single-tag Λ are statis-
tically independent. The combined result for the cross section can thus be
obtained by taking the inverse variance weighted mean of the results from the
individual samples,

x̂ =
∑i xi/σ2

i

∑i 1/σ2
i

(13.6)

where σ is the standard deviation, and the index i represents the three samples.
The standard deviation of the mean is given by

σx̂ =

√
1

∑i 1/σ2
i
. (13.7)

13.3 Maximum Log-Likelihood Fit
The form factor parameters R and ΔΦ will be extracted using an unbinned
maximum log-likelihood fit. The likelihood for a measurement based on N
events is defined using the decay distributions from Section 5.3.1 as

L (ξ1,ξ2, ...,ξN ;η ,ΔΦ) =
N

∏
i=1

P(ξi;η ,ΔΦ) =
N

∏
i=1

W (ξi;η ,ΔΦ)ε(ξi)

N (η ,ΔΦ)
,

(13.8)
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where ε(ξi) is the efficiency. By taking the logarithm, the efficiency can be
separated out

lnL (ξ1,ξ2, ...,ξN ;ηΔΦ) =
N

∑
i=1

ln
W (ξi;η ,ΔΦ)

N (η ,ΔΦ)
+

N

∑
i=1

lnε(ξi). (13.9)

This can be turned into a minimization problem instead by taking the negative
log-likelihood

− lnL =−
N

∑
i=1

ln
W (ξi;η ,ΔΦ)

N (η ,ΔΦ)
−

N

∑
i=1

lnε(ξi). (13.10)

It is clear that the efficiency term does not depend on the parameters R and
ΔΦ, and does not affect the estimation of the parameters. The efficiency does,
however, enter the normalization factor N which is given by

N (η ,ΔΦ) =

∫
W (ξ ;η ,ΔΦ)ε(ξ )d cosθdΩ1dΩ2. (13.11)

In practice, the integral is calculated using MC integration with weights rep-
resenting the angular distribution W and detector reconstructed PHSP events
representing the efficiency term. When fitting to all three event classes si-
multaneously, the combined negative-log-likelihood function to be minimized
is

− lnLtot. =− lnLΛΛ̄− lnLΛ̄− lnLΛ,

where each contribution is normalized separately.
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14. Analysis Description

The reaction e+e− → ΛΛ̄ has been studied in several recent BESIII analy-
ses [142, 144]. These were double-tag analyses where all final state particles
are reconstructed, sharing the same basic event selection criteria. The event
selection used in this work largely follows the same standard. The main differ-
ence is that this analysis includes both a double-tag and a single-tag selection
and combines the results from both. To make this possible the PID algorithm,
described in Section 8.4.1, is used to identify protons and pions, whereas the
previous analyses only used a selection based on particle momentum ranges.
The PID algorithm is chosen here because it is able to provide much cleaner
single-tag samples while maintaining comparable double-tag efficiency.

The event selection criteria used in this work can be divided into two stages.
The first is a “preselection” stage providing a first filter. The second stage is
more specific using criteria that apply only to either the double-tag, single-tag
Λ̄, or single-tag Λ samples. All criteria are explained in detail in the follow-
ing sections. A common event selection procedure is used for all five data
points, but for the sake of legibility, only the one at 2.396 GeV, will be used
to illustrate and motivate the event selection criteria. The event selection is
performed using software tools developed in Uppsala by Jacek Biernat.

14.1 Preselection
The first step of the event selection is the identification of charged tracks. The
tracks are required to originate from a cylindrical volume around the IP with
radius Rxy = 10 cm and length Δz = 30 cm. The allowed interaction volume
is larger than in the analysis of η ′ → π+π−e+e− described in Chapter 9 to
account for the long Λ lifetime. The polar angle θ of the charged tracks is
required to satisfy |cosθ | < 0.93. The PID algorithm is used to identify pro-
tons/antiprotons and pions. For each track the particle-hypotheses p, π , and
K are evaluated and the track is assigned the identity that is found to be most
probable. There is no explicit requirement on the number of tracks, but in or-
der for the event to be considered for further analysis the event needs to contain
at least one pπ− or p̄π+ combination. A vertex fit and subsequent secondary
vertex fit is performed for all such combinations. The primary vertex fit, see
Section 8.4.2, uses the track parameters of the final state particles to find the
decay vertex and momentum of the corresponding Λ/Λ̄. The secondary ver-
tex fit, likewise described in Section 8.4.2, determines the decay length given

100



Figure 14.1. Sketch of the process e+e− → ΛΛ̄, Λ → pπ−. There are two types of
vertices that need to be considered: the production vertex, IP, where the e+ and e−
collide to produce the ΛΛ̄-pair and the decay vertex, where the Λ hyperon decays to
produce the final state particles. The distance between the two is the decay length L.

the decay vertex from the primary vertex fit and the experimentally measured
position of the IP. An illustration of the two vertices is shown in Fig. 14.1. If
there is more than one combination of proton and pion tracks, the one with the
largest decay length is kept as a Λ/Λ̄ candidate. This procedure is repeated
until there are no more tracks left to form a Λ or Λ̄.

If there is exactly either one Λ or one Λ̄ candidate, the event will be analyzed
as a single-tag type event. If there is exactly one Λ- and one Λ̄-candidate, the
event will be analyzed as a double-tag event. By definition, these criteria
ensure that there is no overlap between the double- and single-tag analyses.
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Figure 14.2. Distribution of the χ2-variable from the 4C kinematic fit (left) and the
FOM as a function of the χ2 cutoff (right).

14.2 Double-Tag Selection
In the first step of the double-tag analysis chain, the four-momenta of the Λ
and Λ̄ candidates are used as input to a four constraint (4C) kinematic fit where
the energy and momentum of the initial e+e−-system are known. The fit is
required to succeed and a cutoff is imposed on the goodness-of-fit. A compar-
ison of the χ2

4C distribution from data and MC is shown in Fig. 14.2. In order
to find the optimal selection on χ2

4C, the FOM NS/ND, where NS is the number
of events in the signal MC sample and ND is the number of events in data, is
calculated as a function of the upper limit. However, as can be seen in see
Fig. 14.2, the resulting distribution has no maximum and hence the FOM does
not help to decide on a cut. Therefore, an upper limit of χ2

4C < 130, which
includes 95% of the data is chosen.

Subsequently, the invariant mass of the pπ−- and p̄π+-systems is required
to be within a window around the mass of Λ [6]: 1.110 GeV/c2 < Mpπ−/p̄π+ <

1.122 GeV/c2. The width of the window corresponds to about four standard
deviations, as determined by fitting a Gaussian function to the corresponding
invariant mass distributions as shown in Fig. 14.3.

The number of background events remaining in the final data sample is
estimated using the sidebands of the two-dimensional invariant mass distribu-
tion Mpπ− versus Mp̄π+ , see Fig. 14.4. The dashed black boxes in Fig. 14.4
represent the Λ/Λ̄-sidebands, defined as 11 MeV/c2 < |Mpπ−/p̄π+ −mΛ| <
31 MeV/c2, and the solid gray boxes represent non-Λ, non-Λ̄ events for the
same ranges. The number of background events in the signal region is esti-
mated as

NBG =
1
2

Ndashed− 1
4

Ngray = 13±3. (14.1)

The background subtracted number of signal events in the experimental
data sample becomes 583±25 after these selection criteria. A cut flow for the
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Figure 14.3. Fit of a Gaussian function to the invariant mass distributions of the pπ−-
(left) and p̄π+- (right) systems used to determine the mass resolution at 2.396 GeV.
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Figure 14.4. Two-dimensional Λ/Λ̄ sidebands used to estimate the background con-
tent in the double-tag sample at 2.396 GeV.

analysis, including the cumulative efficiency, ε , estimated using the ConExc
MC sample, is given in Table 14.1. Figures 14.5 and 14.6 show a comparison
of data and MC in the momentum and angular distributions of the final double-
tag event sample. The Λ and Λ̄ angular distributions and final state particle
momentum distributions agree well, while for the Λ/Λ̄ invariant masses the
resolution seems to differ between data and MC. This could affect the cross
section result due to the invariant mass window selection and is considered
below as a systematic effect. Moreover, there is a shift between data and MC in
the Λ/Λ̄ momentum distributions. The likely explanation for this effect is the
known differences between data and MC in the resolution of the reconstructed
track parameters for low momentum pions. Since the whole distribution is
included in the analysis the shift is believed to have a negligible impact on the
cross section. Another possible explanation is that the detection efficiency is
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not correctly estimated by the detector simulations. This effect is considered
as a source of systematic uncertainty.

Table 14.1. Cut flow for the double-tag analysis chain estimated with 100,000 ConExc
MC events.

Cut NMC Cumulative efficiency (%) NData
Preselection 21943 21.9±0.1 817
χ2

4C 20763 20.8±0.1 758
Invariant mass window 18494 18.5±0.1 596
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Figure 14.5. Momentum distributions for Λ̄ (a), Λ (b), p (c), p̄ (d), π+ (e), and π−
(f) in the final double-tag event sample. The events fulfill the preselection as well as
the χ2

4C selection and the invariant mass window. The black points with error bars
represent data, and the red histogram represents ConExc signal MC.
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Figure 14.6. Distribution of the invariant mass of the π−p- (a) and π+ p̄- (b) systems,
the Λ̄ (c) and Λ (d) scattering angles, and the decay length divided by its uncertainty
for Λ̄ (e) and Λ (f) in the final double-tag event sample. The invariant mass distribu-
tions (a, b) fulfill all criteria except the invariant mass window. The rest (c-f) fulfill
all selection criteria. The black points with error bars represent data, and the red his-
togram represents ConExc signal MC. The dash-dotted vertical lines in the invariant
mass distributions represent the selection windows.

106



14.3 Single-Tag Λ̄ Selection
In the first step of the single-tag Λ̄ analysis chain the four-momentum of the
Λ̄-candidate is used as input to a kinematic fit constrained to the energy and
momentum of the initial e+e−- system. Because the corresponding Λ is un-
detected, a “missing particle” with unknown momentum but the mass of a Λ
is assumed. Because the momentum direction of the missing particle is un-
known, there is only one over-constraint and in the following this kinematic fit
will be referred to as a one-constraint (1C) fit. For an event to be retained the
fit is required to be successful, which means that the χ2

1C-value must be lower
than the default cutoff of 200.

Since e+e− → ΛΛ̄ is a two-body reaction, the Λ and Λ̄ momenta are given
by the center-of-mass energy and are different from that of Λ̄’s produced in
other processes such as Σ0Λ̄. The threshold for production of Σ0Λ̄ or ΛΣ̄0 is
2.308 GeV, and such background events are present in all samples. However,
they are primarily expected to contaminate the signal region at higher energies,
i.e. the samples with center-of-mass energy ≥ 2.64 GeV where the difference
between the Λ and Σ0 momenta is smaller. Furthermore, the cross section for
e+e−→ΛΣ̄ is known to be lower than that for e+e−→ΛΛ̄ at the low energies,
but approximately the same at the higher energies.

To guard against selecting events where the untagged particle is not a Λ, or
a Λ that originates from the decay of another hyperon, a selection window is
imposed on the Λ̄ momentum. The momentum resolution of the Λ̄ is estimated
by fitting a Gaussian function to data, and is found to be approximately 4.7
MeV/c. The momentum is required to be within a window |PΛ̄− P̂Λ̄| < 14.1
MeV/c, corresponding to about 3σ of the resolution, where P̂Λ̄ is the expected
momentum given the center-of-mass energy.

As can be seen in Fig. 14.7, the Λ̄ momentum distribution in MC is shifted
relative to data. This effect is primarily believed to be caused by differences in
the estimation of track parameters for low momentum pions in data and MC,
and its impact on the results of this work is discussed further in Section 17.5.

Furthermore, the invariant mass of the p̄π+-system is required to be within
a window |Mp̄π+ −mΛ̄| < 4.7 MeV/c2, where mΛ̄ is the Λ̄ mass. This corre-
sponds to about four standard deviations, where the resolution is determined
by fitting a Gaussian function to the p̄π+ invariant mass distribution, and is
found to be about 1.2 MeV/c2, see Fig. 14.8.

The number of background events remaining in the final data sample is
estimated using the Λ̄ sidebands, defined as 1.097 GeV/c2 < Mp̄π+ < 1.106
GeV/c2 and 1.125 GeV/c2 < Mp̄π+ < 1.134 GeV/c2. Figure 14.8 shows the
p̄π+ invariant mass distribution from data with the sideband regions indicated.
From the number of events in the sidebands, the number of background events
in the signal region is given by

NBG =
Nsidebands

2
=

22
2

= 11±2. (14.2)
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Figure 14.7. Fit to the Λ̄ momentum distribution from data (left), and comparison of
the Λ̄ momentum distribution in data and ConExc MC (right). Black points with error
bars represent data and the red histogram represents MC. The red dash-dotted vertical
lines represent the selection window and the solid blue vertical line represents P̂Λ̄.
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Figure 14.8. Fit to the invariant mass distribution in data (left) and comparison of the
invariant mass distribution in data and ConExc MC (right). Data is represented by the
black points and MC by the red histogram. The solid blue vertical lines represent the
selection window and the red dash-dotted vertical lines represent the sideband regions.

The signal purity of the sample, defined as NS/(NS +NBG), is approximately
99.5%. After all selection criteria and background subtraction, the number of
signal events is determined to be 973±32. A cut flow, including the cumulative
efficiency, is given in Table 14.2. Figure 14.9 shows a comparison of data and
MC in the momentum and angular distributions of the final Λ̄ single-tag event
sample. There is generally a good agreement except for a shift in the missing
mass distribution. The latter can be traced back to the aforementioned shift
between data and MC in the Λ momentum distribution. Its impact on the
results of this work is discussed in Section 17.5.
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Table 14.2. Cut flow for the single-tag Λ̄ analysis chain estimated with 100,000
ConExc MC events.

Cut NMC,1 ε1 (%) NMC,2 ε2 (%) NData
(Λ→ pπ−) (Λ→ π0n)

Preselection 16517 16.5±0.1 41884 41.9±0.1 2205
L/ΔL > 0 14365 14.4±0.1 37014 37.0±0.1 1509
Momentum window 12611 12.6±0.1 33035 33.0±0.1 1079
Invariant mass window 11896 11.9±0.1 31141 31.1±0.1 984
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Figure 14.9. Distribution of the Λ̄ scattering angle (a), decay length divided by its
uncertainty (b), missing mass (c), p̄ momentum (d), and π+ momentum (e) in the
final Λ̄ single-tag event sample. The events fulfill the preselection criteria as well
as the momentum and invariant mass conditions. The black points with error bars
represent data, and the red histogram represents ConExc signal MC.
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14.4 Single-Tag Λ Selection
As for the single-tag Λ̄, the first step of the single-tag Λ selection is a 1C kine-
matic fit that is required to have a goodness-of-fit χ2

1C < 200. This initial event
selection is not able to reject a large number of background events where the
Λ candidate originates from the beam pipe region. This is clearly visible in
the xy-projection of the Λ vertex distribution shown in Fig. 14.10. This ef-
fect is not reproduced in either the signal or inclusive MC samples and these
events are concluded to be due to secondary material interactions that are not
included in the GEANT4 simulation of the BESIII detector. Since the contribu-
tion from the side of the beam pipe which faces the outside of the storage rings
dominates, these events are likely caused by lost or scattered beam particles.
Their interactions with the beam pipe seem to produce a secondary proton as
there is no corresponding source of background for the analysis of Λ̄.

The strategy for dealing with these background events, as in the analysis of
η ′ → π+π−e+e−, is to define a veto that can yield a clean sample of signal
events. This is especially important for the unbinned maximum-log-likelihood
fit. However, unlike the photon conversion background, which is well-known
and included in the detector simulations, the behavior of these background
events cannot be studied in an isolated setting. They can however still be
rejected by identifying distributions where data and MC differ. From the ex-
perience with the study of η ′ → π+π−e+e−, criteria related to the location of
the production vertex are expected to be powerful.
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Figure 14.10. Distribution of Λ vertices in the xy-plane in data (left) and ConExc sig-
nal MC (right) after the selection based on the momentum and invariant mass criteria
has been applied.

In the following, selection criteria using two variables to improve the sam-
ple purity are introduced. The first is the sum of χ2-values from the primary
and secondary vertex fits. All events with χ2

vtx. 1+χ2
vtx. 2 < 8 are retained. This
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specific value is chosen as an estimate of where the data and MC distributions
deviate significantly from each other, see Fig 14.11.
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Figure 14.11. Comparison of χ2
vtx. 1+χ2

vtx. 2 (left) and L/ΔL (right) from data and MC.
Black points with errors bars represent data and the red histogram represents ConExc
MC.

The second variable is the decay length divided by its uncertainty. Its distri-
bution is shown in Fig. 14.11. The distribution exhibits a discrepancy between
data and MC above a value of 30. Hence, a selection criterion L/ΔL < 30 is
applied to improve the agreement and discard potential background events.

As in the single-tag analysis chain for Λ̄, the momentum resolution of the
Λ is estimated by fitting a Gaussian function to data as shown in Fig. 14.12. It
is found to be 4.7 MeV/c. The Λ momentum is required to be within a range
|PΛ− P̂Λ| < 14.1 MeV/c, corresponding to about 3σ of the resolution, where
P̂Λ is the expected momentum given the center-of-mass energy.
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Figure 14.12. Fit to the Λ momentum distribution in data (left), and comparison of Λ
momentum distribution in data and ConExc MC (right). Black points with errors bars
represent data and the red histogram represents MC. The red dash-dotted vertical lines
represent the selection window and the solid blue vertical line represents P̂Λ.

The resolution of the pπ invariant mass is determined by fitting a Gaussian
function to the pπ− invariant mass distribution. It is found to be about 1.2
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MeV/c2, see Fig. 14.13. The invariant mass of the pπ−-system is required
to be within a window |Mpπ− −mΛ| < 4.7 MeV/c2, where mΛ is the Λ PDG
mass, corresponding to about 4σ of the peak.
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Figure 14.13. Fit to the invariant mass distribution in data (left) and comparison of the
invariant mass distribution in data and ConExc MC (right). Data is represented by the
black points and MC by the red histogram. The solid blue vertical lines represent the
selection window and the red dash-dotted vertical lines represent the sidebands.

The number of background events remaining in the sample is estimated
using the Λ sidebands, defined as 1.097 GeV/c2 < Mpπ− < 1.106 GeV/c2 and
1.125 GeV/c2 <Mpπ− < 1.134 GeV/c2. Figure 14.13 shows the pπ− invariant
mass distribution from data with the sideband regions indicated. From the
number of events in the sidebands, the number of background events in the
signal region is given by

NBG =
Nsidebands

2
=

18
2

= 9±2. (14.3)

The signal purity of the sample is approximately 98.5%. After all cuts and
background subtraction 575± 25 events remain. A cut flow, including the
cumulative efficiency, is given in Table 14.3.

Table 14.3. Cut flow for the single-tag Λ analysis chain estimated with 100,000
ConExc MC events.

Cut NMC,1 ε2 (%) NMC,2 ε2 (%) NData
(Λ̄→ p̄π+) (Λ̄→ n̄π0)

Preselection 18752 18.8±0.1 44261 44.3±0.1 620892
χ2

vtx. 1 +χ2
vtx. 2 10990 11.0±0.1 26701 26.7±0.1 6222

L/ΔL 8243 8.2±0.1 19636 19.6±0.1 1896
Momentum window 7742 7.7±0.1 18543 18.5±0.1 646
Invariant mass window 7612 7.6±0.1 18215 18.2±0.1 584

Figure 14.14 shows a comparison of data and MC for the momentum and
angular distributions of the final Λ single-tag event sample. As for the Λ̄ sam-
ple, there is generally a good agreement except for the shift in the missing
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mass distribution. Figure 14.15 shows a comparison of the Λ vertex distribu-
tion in data and MC for the final data sample. The reduction of background
events from the beam pipe compared to Fig. 14.10 can be clearly seen.

1.08 1.09 1.1 1.11 1.12 1.13 1.14 1.15

 ]2 [ GeV/c
 p +π 

MM

0

20

40

60

80

100

120

1402
E

v
e
n
ts

/ 
0
.0

2
 G

e
V

/c

Data

ConExc MC

2.396 GeV
ΛSingle-Tag (a)

1− 0.8− 0.6− 0.4− 0.2− 0 0.2 0.4 0.6 0.8 1

Λ
θcos 

10

20

30

40

50

E
v
e
n
ts

/ 
0
.0

5

Data

ConExc MC

2.396 GeV
ΛSingle-Tag (b)

0.2 0.25 0.3 0.35 0.4 0.45 0.5

 [ GeV/c ] p P

0

10

20

30

40

50

60

70

80

E
v
e
n
ts

/ 
0
.0

2
5
  
G

e
V

/c

Data

ConExc MC

2.396 GeV
ΛSingle-Tag (c)

0 0.05 0.1 0.15 0.2 0.25 0.3

 [ GeV/c ] 
-

π P

0

20

40

60

80

100

120

140
E

v
e
n
ts

/ 
0
.0

1
5
 G

e
V

/c

Data

ConExc MC

2.396 GeV
ΛSingle-Tag (d)

Figure 14.14. Distribution of the missing mass (a), Λ scattering angle (b), momentum
of p (c), and momentum of π− (d) in the final Λ single-tag sample. The events fulfill
the preselection criteria as well as the momentum and invariant mass windows together
with the cuts on χ2

vtx. 1 + χ2
vtx. 2 and L/ΔL. The black points with error bars represent

data, and the red histogram represents signal MC.

14.5 Background Determination
While the momentum selection used in the single-tag analyses should reject
most events where the undetected particle is not a Λ or Λ̄, the processes
e+e− → ΛΣ̄0 or e+e− → Λ̄Σ0 are particularly difficult to reject since the mass
of Σ0, 1192 MeV/c2, is close to that of Λ. The momentum distribution of
Λ/Λ̄ produced together with Σ̄0/Σ0 has a different mean value from those
originating from e+e− → ΛΛ̄, but because of finite resolution some events in
the tails may fall inside the chosen signal region. This effect is expected to
be more significant at higher energies. In order to evaluate the contribution
from such background, MC samples of 100,000 e+e− → ΛΣ̄0 and 100,000
e+e− → Λ̄Σ0 events are generated at all considered center-of-mass energies
using the ConExc generator. The yields determined from these samples are
subsequently normalized to the corresponding e+e− → ΛΣ̄0 cross sections re-
ported in Ref. [207]. The results are shown in Table 14.4. These background
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Figure 14.15. Distribution of Λ vertices in the xy-plane in data (left) and ConExc
signal MC (right) after all selection criteria have been applied.

yields are subtracted from the signal yields presented above for the final result.
The uncertainty of the background estimation is included in the cross section
measurement as a systematic uncertainty. This contribution to the systematic
uncertainty on σBorn is non-negligible only at 2.9000 and 3.0800 GeV.

Table 14.4. Normalized background yields from e+e− → ΛΣ̄ and e+e− → Λ̄Σ0 events
in the single-tag Λ and Λ̄ samples and the corresponding contribution to the system-
atic uncertainty of the cross section measurement.

Ecms (GeV) Single-Tag Λ Yield Single-Tag Λ̄ Yield σsyst. (%)
2.3864 0.1±0.1 0.1±0.1 -
2.3960 0.1±0.1 0.7±0.3 -
2.6450 0.5±0.2 1.1±0.3 -
2.9000 3.4±1.1 4.0±1.2 1.0
3.0800 2.0±0.7 3.2±1.1 0.9
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15. Cross Section Measurement

The cross section is determined following the procedure described in Sec-
tion 13.2. The background subtracted signal yields and efficiencies for all
energy points are given in Table 15.1.

Table 15.1. Background subtracted yields and efficiencies in units of percent for all
data points.

Energy (GeV) NΛΛ̄ NΛ̄ NΛ εΛΛ̄ ε1,Λ̄ ε2,Λ̄ ε1,Λ ε2,Λ
2.3864 215±16 373±19 315±20 18.5 12.3 31.5 11.6 28.0
2.3960 583±25 973±32 575±25 18.5 11.9 31.1 7.6 18.2
2.6450 214±16 294±18 244±17 21.7 9.5 30.7 8.7 27.5
2.9000 113±11 118±11 108±11 19.11 6.6 24.4 6.3 22.5
3.0800 57±8 60±8 62±8 14.8 4.5 17.4 4.1 16.0

Before the cross section can be calculated, the ISR and vacuum polariza-
tion correction factor (1+δ ) must be determined for each energy point. This
is done using the ConExc generator that requires an estimate of the energy
dependence of the Born cross section as input. The cross section can be ex-
pressed in terms of the effective form factor Ge f f (q2) defined in Eq. 5.17 as

σBorn(q2) =

(
1+

1
2τ

)
4πα2β

3q2 |Ge f f (q2)|2. (15.1)

It has been established empirically that up to |q2| of a few (GeV/c2)2, the form
factors of the nucleons approximately follow a dipole behavior [69] of the
form

GD(q2) ∝
1

(q2− c2
1)

2 , (15.2)

where the constant c1 can be interpreted as the effective mass of the vector
mesons that mediate the interaction with the photon. In the case of the proton,
it has been found that c1 ≈ 0.71 GeV/c indicating that ρ0 and/or ω mesons
contribute the most. Making the ansatz that the same dipole behavior holds for
the form factors of the Λ-hyperon at the momentum transfer scale considered
here, the effective form factor is given by GD multiplied by a scale parameter.
The Born cross section can be expressed as

σBorn(q2) =
1
q2

c0 ·β(
q2− c2

1

)4 , (15.3)
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where the parameters c0,c1 are determined by fitting to data. This formula
is fitted to previous cross section results from BaBar [140] and BESIII [143]
along with the results from this work. The BESIII data point close to the
production threshold is excluded from the fit as the dipole form factor cannot
be expected to describe the cross section enhancement observed there. The
width of the energy bins from BaBar is taken into account as uncertainty in
the fit. The fitted function is used to re-evaluate the efficiencies and correction
factors, whereafter the cross sections are calculated again. This procedure is
repeated until the difference in the cross section results between the last two
iterations is smaller than 0.1 pb. This tolerance is chosen to be significantly
smaller than the statistical precision of the measurement. The condition is met
after three iterations, and the final fit is shown in Fig. 15.1. The goodness-
of-fit per degree of freedom is χ2/(17− 2) = 0.5. The values of the fitted
parameters are c0 = (8.9±0.7)×104 pb · (GeV)10 and c1 = 1.77±0.01 GeV.
The value of c1 indicates a mixture of contributions from the φ(1680) and
φ(2170) mesons. This is discussed further in Section 20.2. The cross section
values determined for each subsample at all energies are given in Table 15.2.
The final correction factors and the weighted mean value for the cross section
at all energies are given in Table 16.1.
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Figure 15.1. Fit of the cross section lineshape assuming the dipole form for the effec-
tive form factor (Eq. (15.3)) to the previous results from BaBar [140] (black points)
and BESIII [143] (white triangles), together with data from this work (blue points).
The solid red line represents the fit result, and the pink bands represent a 1σ deviation.
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Table 15.2. Born cross section determined for each subsample at all energies.

Energy [GeV] σBorn [pb] σBorn [pb] σBorn [pb]
(Single-Tag Λ) (Single-Tag Λ̄) (Double-Tag)

2.3864 127.0±7.6 137.0±7.1 127.5±9.2
2.3960 118.9±5.0 122.1±4.0 116.4±5.0
2.6450 29.6±2.0 32.0±1.9 29.1±2.1
2.9000 8.2±0.8 8.5±0.8 8.7±0.8
3.0800 4.8±0.7 4.1±0.7 4.4±0.6
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16. Form Factor Measurement

In order to measure the form factors of Λ, the angles defined in section 5.3.1
are determined for all events. These are subsequently used as input to the
MLL fit procedure described in Section 13.3. Before applying the MLL fit-
ting procedure to data, it must be ensured that it can correctly estimate the
parameters of the angular distribution. This is tested using the mDIY generator
based on the full angular distribution given in Eq. 5.33 with parameters set to
ΔΦ = 42.2◦, R = 0.959 (η = 0.112), and αΛ = −αΛ̄ = 0.754 (values based
on Ref. [121]). An ensemble of samples that match the data sample at 2.396
GeV in size is generated. Each sample contains 583 double-tag events, 973
single-tag Λ̄ events, and 575 single-tag Λ events. Furthermore a number of
extra events corresponding to background are added to each of the samples to
check if the background contamination in the samples has any effect on the
fit result. The background events are drawn from a phase space MC sample.
The MLL fit is performed for each sample and the values of the parameters Ri
and ΔΦi are estimated. The corresponding true values can be labelled R̂ and

ˆΔΦ. Following the reasoning presented in Section 10.4, the distributions of the
Ri and ΔΦi variables are subsequently studied. The shapes of these distribu-
tions allow several different aspects of the estimator to be investigated. If the
conditions of the central limit theorem are fulfilled, the distribution should be
Gaussian. If it is not, this indicates issues that need to be investigated further.
If the distribution is Gaussian, its mean value a can be studied to estimate the
bias of the method. Note that unlike in Section 10.4, it is not divided by the
fit uncertainty to get the pull distribution. The reason for this is that there is
no a priori estimate of the uncertainty. Rather, the distribution of fit results
should be used to establish a relationship between the number of events and
the expected precision. The standard deviation of the Gaussian distribution of
the fit results can be expressed as

σ = Σ/
√

N, (16.1)

where N is the number of events in one sample and Σ is a scaling parameter
that can be used to estimate the amount of data needed for a given level of
precision. Figure 16.1 shows the distributions for Ri and ΔΦi. The distribution
for R is approximately Gaussian and a fit yields the mean value μR = 0.959±
0.003 and standard deviation σR = 0.086± 0.002. That is, the bias is ΔR =
μR− R̂ = 0.000±0.003 which is consistent with zero. The scaling parameter
is determined to be ΣR = σR ·

√
N = 126± 3. The corresponding distribution

118



for ΔΦ is approximately Gaussian, but with a tail toward higher values. A
fit to the Gaussian component yields a = 42.0± 0.3 and b = 8.0± 0.2. The
bias is found to be ΔΔΦ = 0.2±0.3, consistent with zero, and the uncertainty
parameter ΣΔΦ =

√
N ·bΔΦ = 369±9.

The tail can be understood as a consequence of the ambiguity between the
solutions ΔΦ and 180◦ −ΔΦ. In principle, the cos(ΔΦ) terms of the angular
distribution should make it possible to choose the correct solution. However,
it is suppressed by an additional factor of αΛ compared to the sin(ΔΦ) term
and is consequently a weaker constraint. For small sample sizes a drift to-
ward higher values of ΔΦ is therefore visible. But since this effect is rare and
less than 10% of all fits lie in this tail, it is not corrected for. However, it
is still worthwhile to investigate if there are other reasons for the asymmetry.
Therefore the same type of consistency check is performed for the individual
subsamples.

In particular, studies of the single-tag Λ sample reveal a hidden effect. As
can be seen in Fig. 16.2, the distribution of ΔΦi for the single-tag Λ sample
shows a strong bias. About 10% of all fits yield a result of 90◦. Since this does
not occur for the double-tag or single-tag Λ̄ samples, the conclusion is that this
is an artifact of the small sample size. To learn more, a scan of the likelihood
function as a function of the value of ΔΦ can be performed. This is done for
one of the samples that yields the correct solution and four randomly chosen
samples that yield the result ΔΦ = 90◦. The result is shown in Fig. 16.3. In all
cases where ΔΦ= 90◦, the distribution has a single minimum. This is different
from what is expected in the single-tag fit. The angular distribution in this
case only depends on sinΔΦ, and there are therefore always two equivalent
solutions ΔΦ and 180◦ − ΔΦ. This is indeed what is seen for the samples
that yield results ΔΦ �= 90◦. Whether or not this is a problem depends on the
depth of the minimum, which is directly related to the fit uncertainty. If the
uncertainty is much larger than the difference between the true and estimated
value, the corresponding sample can safely be included in the overall fit since
its impact on the result will be small. If the uncertainty is small, on the other
hand, including such a sample in the overall fit will shift the ΔΦ away from the
true value. In such cases it should clearly not be included. By studying the pull
distribution (ΔΦi− ˆΔΦ)/σΔΦi the typical significance of the discrepancy can
be estimated. In Fig. 16.4, the pull distribution for the samples that yield ΔΦ=
90◦ is shown, and the deviation from the nominal result is always larger than
1σ . The conclusion is that in order to avoid a systematic shift of the overall
fit result, such samples must be excluded from the overall fit. Fortunately, the
likelihood-scan can be done for any individual sample and this ensures that the
wrongly fitted cases can always be identified even in the experimental data.

When fitting to the experimental Λ single-tag sample at 2.396 GeV, one
finds ΔΦ = 90◦ and a likelihood scan, see Fig. 16.5, shows a single, narrow
minimum similar to the cases shown in Fig. 16.3. Therefore it is not included
in the overall fit used to determine ΔΦ at this particular energy. The value of
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Figure 16.1. Distribution of Ri (left) and ΔΦi (right) from the fits to the ensemble with
background events included. The solid red line represents the fitted Gaussian function,
and the dash-dotted vertical line represents the input value.
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Figure 16.2. Results for the parameter ΔΦ from the fits to the Λ single-tag ensemble
with background events included. The dash-dotted vertical line represents the input
value.
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Figure 16.5. Likelihood scan for the experimental single-tag Λ data sample at 2.396
GeV.

ΔΦ is instead fixed from the fit to the double-tag and single-tag Λ̄ samples,
such that the single-tag Λ sample can still be used for the determination of R.
The latter is unproblematic. At the other energies studied in this work, this
effect is not seen, and all three samples can be used. The results of the MLL
fit at all energies are shown in Table 16.1. It is worth noting that the relative
phase ΔΦ lies in the range [0◦,90◦] at 2.3864 GeV and 2.396 GeV, while at
2.645 GeV and 2.9 GeV it lies in the range [90◦,180◦]. The interpretation of
this result is discussed in Section 20.2.

From Eq. 5.40 it is clear that any polarization or spin correlation matrix
element Cμν can be inspected via the moment defined as

MCμν (cosθ) =
1
N

Ncosθ

∑
i

n̂μ n̂ν , (16.2)

where N is the total number of events and the index i runs over all events in
a cosθ bin. To evaluate, as a cross check, if the parameters determined with
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Table 16.1. Results for the Born cross section, form factor R, and relative phase ΔΦ.
The former is calculated by taking the inverse variance weighted mean of results from
the double-tag, single-tag Λ̄, and single-tag Λ samples and the latter is determined
through the MLL fit.

Energy (1+δ ) σBorn R ΔΦ τ
[GeV] [pb] [◦]
2.3864 0.97 131.6±4.6stat. 1.01±0.14stat. 39±12stat. 1.14
2.3960 0.98 120.3±2.6stat. 0.91±0.08stat. 42±10stat. 1.15
2.6450 1.21 30.4±1.1stat. 1.04±0.16stat. 146±13stat. 1.41
2.9000 1.59 8.8±0.5stat. 0.98±0.24stat. 151±19stat 1.69
3.0800 1.96 4.6±0.4stat. 0.51±0.29stat. 78±59stat. 1.91

the MLL fit describe our data well, first an MC sample is generated using the
mDIY generator where R and ΔΦ are set to the fit results at 2.396 GeV. Then
all 16 (acceptance uncorrected) moments in 10 bins of cosθΛ for this sample.
The result is compared with data and a phase space MC sample with η = 0
and ΔΦ = 0. For the single-tag samples, only the polarizations MCμ0/MC0ν are
accessible. The combined result for the polarizations from all three samples
is shown in Fig. 16.6. The fit results yield good agreement in all four distri-
butions and, in particular, for the polarization in the y-direction. Since Λ/Λ̄ is
only polarized in the y-direction, the mDIY and phase space samples give the
same result for the polarizations in the x- and z-directions.
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Figure 16.6. Moments of C00 (a), Cx0 +C0x (b), Cy0 +Cy0 (c), and Cz0 +C0z (d) as a
function of cosθΛ/Λ̄ determined from the double-tag and single-tag samples at 2.396
GeV.
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17. Systematic Uncertainties

This work is based on several data sets taken at different center-of-mass ener-
gies that, in principle, all come with different systematic uncertainties. How-
ever, performing a full evaluation of the systematic uncertainties at each point
quickly becomes cumbersome. Furthermore, many of the data samples ana-
lyzed in this work are quite small, and statistical fluctuations are expected to
dominate over systematic effects. When analyzing these samples, it is difficult
to determine whether any of the observed deviations from the nominal results
are statistical or systematic in nature and one risks double-counting statistical
uncertainties as systematic ones. A more precise estimate can be achieved by
evaluating systematic uncertainties using high statistics samples and extrapo-
lating from these to the other samples.

As a compromise between using large samples and covering the whole en-
ergy range, the systematic uncertainties are evaluated for the data samples at
2.396 and 2.9 GeV and extrapolated to the other data points using a linear
extrapolation of the form

σEcms = σ2.396 +
σ2.9−σ2.396

2.9−2.396
(Ecms−2.396) , (17.1)

where Ecms is the center-of-mass energy where the systematic uncertainty is
to be evaluated, and σ2.396 and σ2.9 are the systematic uncertainties at 2.396
GeV and 2.9 GeV.

The procedure for estimating systematic uncertainties consists of two parts.
First, there are well-known systematic effects that need to be propagated to
the cross section and form factor measurements. For example, the luminosity
at all energy points has been measured up to 1% precision, and 1% is taken
as the associated systematic uncertainty on the Born cross section. The un-
certainty of the e+e− → ΛΣ̄ background yields must likewise be propagated
to the cross section result. The second aspect is that the specific event selec-
tion procedure used in this work may have introduced new systematic effects.
In order to investigate if this is the case, the criteria are varied and σBorn, R,
and ΔΦ are determined for each variation. Then, one must determine whether
the associated change in results is significant or not, i.e. whether it indicates
a systematic effect or is merely a statistical fluctuation. However, data sets
selected from the same sample with varying selection criteria are highly cor-
related, and comparing the differences directly to the full statistical uncertainty
is not appropriate. Instead, the uncorrelated uncertainty is computed following
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Barlow [208]

σuncorr =
√∣∣σ2

nominal−σ2
variation

∣∣. (17.2)

The significance of the deviation from the nominal result is then given by

ζ =
anominal−avariation

σa,uncorr.
, (17.3)

where a represents either σBorn, R, or ΔΦ. Deviations with a significance
corresponding to two or more σuncorr., i.e. with ζ > 2, are considered to be
significant and the origin of these deviations is investigated further. The con-
vention of considering deviations larger than two standard deviations signif-
icant is based on the argument that the probability that the two results come
from the same underlying distribution is less than about 5%. There may also
be cases where the results show a clear trend as a function of the selection
criterion. Such trends are signs of systematic effects and must be investigated
more closely even if the individual results do not deviate significantly from the
nominal value.

As selection criteria are made either more inclusive or more exclusive, one
will eventually reach a critical point where relatively small differences be-
tween data and MC have a significant impact on the result. One must aim to
choose selection criteria with a certain safety margin away from such points.
If one finds that the results deviate significantly from the nominal value at
extreme values of the selection criteria, this does not necessarily indicate a
systematic effect that must be accounted for, but can mean that a critical value
has been reached. In such a case, there is no need to assign a systematic un-
certainty or apply corrections as long as the nominal selection criterion can be
chosen well away from the critical value.

In some cases, a systematic uncertainty may apply to the results from just
one or two, but not all three subsamples. These uncertainties are propagated
to the combined result from all three subsamples by taking the mean across
the three samples weighted by the statistical uncertainty

σ̂syst. =
∑i σsyst.,i/σ2

stat.,i

∑i 1/σ2
stat.,i

, (17.4)

where σsyst. and σstat. are the systematic and statistical uncertainties of a par-
ticular quantity. When a systematic uncertainty is not applicable for a given
sample, it is taken to be zero. The statistical uncertainty is used here as a
measure of the importance of a subsample for the combined result.

The structure of this chapter is as follows. In the first three sections I will
discuss the known systematic effects and evaluate their impact on the measure-
ment of the Born cross section, R and ΔΦ. The final two sections are devoted
to searches for systematic effects caused by the event selection criteria in the
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double-tag and single-tag analyses respectively. Throughout the chapter, the
data set taken at 2.396 GeV will be used to demonstrate the procedure. For
brevity, only the checks where significant systematic effects are found are de-
scribed. Summaries of all systematic uncertainties, including the results of the
extrapolation, can be found in Tables 18.1, 18.2, and 18.3.

17.1 Efficiency Model Dependence
The reaction e+e− → ΛΛ̄ is described by two global parameters η (related
to R, see Eq. 5.14), and ΔΦ and their influence on the angular distribution of
the hyperons and their daughter baryons is given by Eq. 5.33. In general, this
means that the detection efficiency depends on the value of both parameters.
However, studies of the mDIY MC sample have shown that the efficiency dom-
inantly depends on the distribution of the Λ scattering angle θ . Integrating
Eq. 5.33 over all angles except θ , we find

dσ
d cosθ

∝ 1+η cos2 θ , (17.5)

and we see that if only the angle θ is important, the efficiency only depends
on the parameter η . So far, we have used the central value of η determined
with the MLL fit as input to the ConExc MC generator to estimate the effi-
ciency. It is however also important to propagate the uncertainty of η to the
efficiency. This is done through a series of pseudo-experiments where a large
MC sample with flat angular distribution that has been subjected to the de-
tector simulation is re-weighted according to the expected Λ scattering angle
distribution. Each event is assigned a weight 1+η cos2 θ , where η is sampled
from a Gaussian distribution given by the central value and standard devia-
tion from the MLL fit. Subsequently, the sum of weights is divided by the
total number of generated events and the analytical integral of the probability
distribution, 1

3(3+η). This yields the efficiency corresponding to the given
angular distribution. This number can then be used to calculate the cross sec-
tion. The pseudo-experiments yield an approximately Gaussian distribution
for the cross section as shown in Fig. 17.1. The standard deviation of this
Gaussian, 0.75 pb or 0.5%, is taken as the systematic uncertainty due to the
model dependence of the efficiency at 2.396 GeV.

17.2 Cross Section Energy Dependence
The ISR and VP correction factors depend on the model used to describe the
energy dependence of the cross section. The nominal results were produced
assuming a dipole approximation. To investigate how much the correction
factors can vary between different models, we determine the correction factors
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Figure 17.1. Distribution of the Born cross section in the ensemble of pseudo-
experiments where the angular distribution parameter η was sampled from a Gaussian
distribution with mean 0.164 and standard deviation 0.086. The red curve represents
a Gaussian function fitted to the data.

using a pQCD description of the cross section instead. It has been shown [131,
132] that at high q2 � (ΛQCD)

2 ≈ 0.3 GeV2/c4 the effective form factor for
baryon-antibaryon production in e+e−-annihilation is described by the power
law

Ge f f (q2) ∝
1

(q2)2 , (17.6)

where the constant of proportionality cannot be predicted from QCD but must
be determined empirically. The Born cross section is sometimes expressed by
representing the denominator as [209]

σBorn(q2) =
c0 ·β(√

q2− c1

)10 , (17.7)

where the parameters c0,c1 are determined by fitting to data. With this func-
tion, the iterative procedure described in Chapter 15 is repeated. Once again,
the stopping condition is met after three iterations, and the final fit is shown
in Fig. 17.2. The goodness-of-fit per degree of freedom is χ2/(17−2) = 1.0.
The cross section is estimated using the new correction factors, and the dif-
ference compared to the nominal result, shown in Table 17.1, is taken as the
systematic uncertainty due to the model dependence of the correction factors.

17.3 Reconstruction Efficiency for Λ/Λ̄
The efficiencies of the track reconstruction and particle identification algo-
rithms are different in data and MC and as a result there are also differences
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Figure 17.2. Fit of the pQCD power law of Eq. (17.7) to the previous cross section
results from BaBar [140] (black points) and BESIII [143] (white triangles), together
with data from this work (blue points). The solid red line represents the fit result, and
the pink bands represent a 1σ deviation.

Table 17.1. Difference between the cross sections calculated using correction factors
determined with the nominal dipole fit and pQCD fit at each energy point.

Energy [GeV] ΔσBorn[%]
2.3864 0.6
2.3960 0.6
2.6450 0.3
2.9000 0.2
3.0800 0.1

in the reconstruction efficiency for Λ hyperons. This affects both the cross
section and form factor measurement. To evaluate how large the effect is,
one needs to first analyze a control sample and estimate the size of the effi-
ciency difference. However, the possibilities for doing this with the samples
used in this work are severely limited by the sample size. Instead, the best
option available is to use the much larger J/ψ sample where the amount of
data is not an issue. Since this data set was taken with the same detector
setup and reconstruction software, one expects to find the same systematic
differences between data and MC. The final question to be addressed is what
process to use for studying the Λ hyperons. Within the BESIII collaboration,
two studies have been performed: one using J/ψ → ΛΛ̄ [210] and one using
J/ψ → pK−Λ [211]. The latter has the advantage of producing Λ hyperons
with a continuous momentum distribution, but the study only provides the
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efficiency difference between data and MC for the final state particles. The
former gives Λ hyperons with one single momentum, which is much larger
than the average Λ momentum in this work, but on the other hand the study
investigated the difference between data and MC in the combined efficiency
of tracking, PID, and vertex fit for reconstructing Λ hyperons. For the purpose
of this work, it was considered most important to study systematic effects in
the combined efficiency. To do this using J/ψ → pK−Λ would require a new
analysis that includes the vertex fit, and this was considered beyond the scope
of this work. Therefore, the results from Ref. [210] based on the J/ψ → ΛΛ̄
control sample are used. While the Λ/Λ̄ momenta differ significantly in the
control sample and this work, the scattering angle distributions are similar. For
the final state particle momentum ranges, the situation is somewhat better. The
pion momenta overlap almost completely, while for (anti)protons, there is an
overlap with the tail of the distributions from J/ψ → ΛΛ̄ with comparatively
few events. However, it has been shown that the largest differences between
data and MC arise for pions. Therefore this method can provide at least a
rough estimate of the systematic uncertainties at the energies studied in this
work.

Reference [210] provides correction factors for the efficiency difference be-
tween data and MC as a function of the Λ(Λ̄) scattering angle. To evaluate
the effect on the cross section, the ConExc MC samples are generated and
reweighted using these correction factors. For each event, the following pro-
cedure is applied:

1. Find the central value and uncertainty of the correction factor based on
cosθ . For double-tag events, this is done for both Λ and Λ̄.

2. Sample the correction factor from a Gaussian distribution with mean and
standard deviation according to the previous step. For double-tag events,
sample one factor for Λ and one for Λ̄.

3. Assign the correction factors as the event weight. For double-tag events,
the weight is the product of the Λ and Λ̄ correction factors.

Once all events in a sample have been assigned weights, the efficiency is cal-
culated. This procedure is repeated to create an ensemble of samples and for
each of these, the cross section is calculated. The average difference with re-
spect to the nominal result is taken as the systematic uncertainty. The results
are presented in Table 17.2.

The effect on the fit parameters is evaluated using the same reweighting
procedure as above, but applied to the PHSP sample used for normalization in
the fit instead. The average difference between the nominal and reweighted
result is 1.6% for R and 0.6% for ΔΦ.
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Table 17.2. Difference between the nominal cross section result and the result ob-
tained using ConExc MC samples reweighted according to the difference between
data and MC in Λ reconstruction efficiency. The results at 2.396 GeV are given as an
example.

Sample Absolute difference (pb) Relative difference (%)
Double-Tag 1.0 0.9
Single-Tag Λ̄ 0.99 0.8
Single-Tag Λ 0.92 0.8

17.4 Tests of Systematic Effects for the Double-Tag
Selection

In this section I will investigate systematic effects caused by the two criteria
used in the double-tag selection. The first is the selection on the χ2

4C variable
and the second is the invariant mass window.

The selection criterion on χ2
4C is varied between 20 and 200 with a step size

of 10. Fig. 17.3 shows how the values of the cross section changes as a result.
The main interest here is the region below the nominal cut value. However,
using a cut that is too narrow may also not be reasonable as data and MC do
not agree perfectly. In Fig. 17.3 one can see a clear change in behavior for cut
values < 60. This is most likely due to imperfect agreement between data and
MC in the peak region, and cuts in the region between 60 and the nominal cut
value are chosen in the following.
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Figure 17.3. Cross section determined from the double-tag sample (left) as a function
of the selection on χ2

4C. The red point represents the nominal result, and its error bar
shows the full statistical uncertainty. The error bars for the black points represent the
uncorrelated uncertainty. A line is fitted to the cross section as a function of χ2

4C.
The green point represents the value of the fitted function at the point chosen for the
estimation of the systematic uncertainty. The χ2

4C distribution in data and signal MC
is shown for reference (right).
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Figure 17.3 shows that the cross section varies significantly with the selec-
tion criterion on χ2

4C. This effect is believed to originate from low momentum
pions, for which the resolution of the estimated track parameters is not the
same in data and MC. These differences lead to differing efficiencies via the
kinematic fit and χ2

4C selection. Note that this is distinct from the effect con-
sidered in Section 17.3 which is only due to differences in efficiency and not
the values of the reconstructed track parameters.

Because adressing the underlying issue by improving the MC/Data agree-
ment in tracking of low momentum pions is well beyond the scope of this
work, the effect on the cross section is accounted for by assigning a system-
atic uncertainty. This is done by fitting a line to the trending part of the cross
section distribution in Fig 17.3. The fitted function is evaluated at χ2

4C ≤ 60,
the point farthest away from the nominal cut. This result and the nominal result
should be considered to represent the extreme cases that are equally likely to
be true and, following the advice of the BaBar statistics working group [212],
half the difference between them, 1%, is taken as the systematic uncertainty.

The second check concerns the selection window that is applied to the in-
variant masses of the pπ− and p̄π+ systems. The width of the window is
varied between 1.55 MeV/c2 and 13.95 MeV/c2. In ΔΦ, there is a clear trend
to either side of the nominal criterion, as can be seen in Fig. 17.4, and this is
treated as a systematic effect even though the individual points do not deviate
significally from the nominal value. The most likely origin for this behavior
is the difference between data and MC in the track parameters of low momen-
tum pions. To determine the associated systematic uncertainty, a straight line
is fitted to the region between 3 MeVc2 and 9 MeV/c2, see Fig. 17.4. The line
is evaluated at 1σ below the nominal selection, which occurs at 4.5 MeV/c2,
and the deviation from the nominal result, 5.3 %, is taken as the systematic
uncertainty.

17.5 Tests of Systematic Effects for the Single-Tag
Selection

In this section, I will discuss three of the selection criteria used in the single-
tag analyses. The first is the momentum window that is applied to the analysis
of both Λ and Λ̄. The second and third are the selection on L/ΔL and χ2

vtx. 1 +
χ2

vtx. 2 that are only used in the single-tag Λ analysis.
We have already seen in Figs. 14.7 and 14.12 that there is a shift between

the Λ and Λ̄ momentum distributions in data and MC. In order to check if
this means that the results of this work are sensitive the cut on the Λ/Λ̄ mo-
mentum, the size of the momentum selection window is varied between 4.7
MeV/c and 37.6 MeV/c with a step of 2.35 MeV/c. Figure 17.5 shows how
the cross section varies as the selection window on the Λ̄ and Λ momentum
is changed. Significant deviations from the nominal result can be attributed
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Figure 17.4. Value of ΔΦ determined from the double-tag sample (left) as a function of
the width of the invariant mass selection window. The red point represents the nominal
result, and its error bar shows the full statistical uncertainty. The error bars for the
black points represent the uncorrelated uncertainty. A line is fitted to the distribution
and the green point represents the value of the fitted function at the point chosen for
the estimation of the systematic uncertainty. The invariant mass distribution of the
pπ−-system in in data and signal MC is shown for reference (right).

both to increasing background content in the final sample, and to increasing
differences between data and MC. The former is typically probable as the cut
value increases, while the latter becomes more prominent as it decreases. The
background content is an artifact of the event selection procedure, and its ef-
fects can be minimized by appropriate selection criteria. Differences between
data and MC, on the other hand, may adversely affect the result. The most in-
teresting region in Fig. 17.5 is therefore the one below the nominal cut value.
In this region, there are significant deviations in the cross section, and a clear
trend toward lower values as the size of the selection window is decreased.
This indicates a systematic effect that must be accounted for.

The source of this systematic effect is believed to be the clear difference
between data and MC in the PΛ/Λ̄ distribution that can be seen in Figs. 14.7
and 14.12. The peak in MC is narrower than, and shifted relative to its counter-
part in data. This in turn originates from the Data/MC difference in estimating
the track parameters of low momentum pions. Because this effect is due to the
reconstructed track parameters, and not reconstruction efficiency, it is distinct
from the effect studied in Section 17.3.

The difference between the momentum distributions from data and MC may
be corrected for by first fitting the MC distribution to data with a shift along
the x-axis and a Gaussian smearing, and subsequently using the fitted parame-
ters (shown in Table 17.3) to smear the MC sample in the analysis procedure.
The average difference between the cross section obtained using smeared MC
samples and the nominal result is 0.5% for the Λ̄ sample and 0.3% for the Λ
sample. These numbers are taken as the systematic uncertainties. The original
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Figure 17.5. Cross section determined from the Λ̄ (top left) and Λ (top right) single-tag
samples as a function of the size of the momentum window. The red point represents
the nominal result, and its error bars show the full statistical uncertainty. The error
bars on the black points represent the uncorrelated uncertainty. The PΛ̄/Λ distribution
in data and signal MC is shown for reference (bottom left/right). The dash-dotted
vertical lines represent the nominal momentum window.

distributions are shown in Fig. 17.5 and the smeared and shifted distributions
are shown in Fig. 17.6.

Table 17.3. Shift and smearing parameters for the Λ and Λ̄ momenta determined by
fitting the corresponding signal MC distributions to data.

Sample Shift (MeV/c) Smearing (MeV/c)
Single-tag Λ 2.6±0.2 2.3±0.4
Single-tag Λ̄ 2.3±0.2 1.6±0.6

For the second check, the selection on L/ΔL that is used for the single-
tag Λ sample is varied between 5 and 50 in steps of 5. Figure 17.7 shows
how the cross section and R change as the cutoff changes. No significant
deviations from the nominal results are found, but for R there is a clear trend
for cutoffs below 20 that needs to be investigated further. From Fig. 17.8 it
is clear that events on the edges of the cosθp distribution, where θp is the
proton angle used in the fit, tend to get larger values of L/ΔL. Lowering the
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Figure 17.6. Smeared and shifted distribution of Λ (left) and Λ̄ (right) momentum.
The vertical lines represent the nominal momentum window.

selection value therefore affects the edges of the distribution more strongly
than the central bins, and there is most likely a critical region for selection
values below L/ΔL≤ 20 where the efficiency correction applied in the fit does
not accurately account for this effect. Since the nominal selection has a flat
efficiency in cosθp, there is no need to assign a systematic uncertainty.
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Figure 17.7. The R-value determined from the single-tag Λ sample (left) as a function
of the selection on L/ΔL. The L/ΔL distribution is shown for reference (right). The red
point represents the nominal result, and its error bars are the full statistical uncertainty.
The error bars for the black points represent the uncorrelated uncertainty.

Finally, the cut on χ2
vtx. +χ2

second vtx. that is used in the single-tag Λ analysis
is varied between 1 and 30 in steps of 1. Figure 17.9 shows how R changes as
a result of these variations. Below the nominal value of the cut, there are no
significant deviations or trends in R. However, there are significant deviations
above the nominal value of the cut, and up to a value of about 16 it does not
seem that these can be attributed entirely to increasing background content in
the sample. Indeed, Fig. 17.9 shows fairly good agreement between data and
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MC up to this point. This indicates a systematic effect that must be accounted
for.
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Figure 17.9. The R-value determined from the single-tag Λ sample as a function of
the cut on χ2

vtx. + χ2
second vtx. (left). The red point represents the nominal result, and its

error bar is the full statistical uncertainty. The error bars for the black points represent
the uncorrelated uncertainty. The solid red line is fitted to the region between 8 and 16
for estimating the systematic uncertainty. The green point represents the value where
the systematic uncertainty is evaluated. The χ2

vtx. 1 + χ2
vtx. 2 distribution in data and

signal MC is shown for reference (right).

There are no clear correlations between the value of χ2
vtx. 1 + χ2

vtx. 2 and the
distribution of cosθ or cosθp that could explain the trend of R with respect to
the cut value on χ2

vtx. 1 + χ2
vtx. 2 and therefore a systematic uncertainty due to

this selection criterion is assigned. As before, a line is fitted to the trending
part of the R distribution in Fig. 17.9, and evaluated at χ2

vtx. 1 + χ2
vtx. 2 < 16.

Any cut values in the fitted range are considered to be valid, and the nominal
result and the result for χ2

vtx. 1 +χ2
vtx. 2 < 16 therefore represent extreme cases

that are equally likely to be true. The systematic uncertainty is consequently
taken as half the difference between them, 7.4%.
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18. Results

The reaction e+e− → ΛΛ̄ has been studied at five center-of-mass energies be-
tween 2.3864 and 3.0800 GeV. All non-negligible systematic uncertainties are
listed in Tables 18.1, 18.2, and 18.3. The results for the Born cross section, the
ratio of electromagnetic form factors R, and the relative phase ΔΦ are given
in Table 18.4, and plotted as a function of the center-of-mass energy in Fig-
ures 18.1 and 18.2.

Table 18.1. Systematic uncertainties on σBorn given in percent for all data points.
The center-of-mass energies are given in GeV. The contributions from all sources are
summed in quadrature.

Source 2.3864 2.396 2.64 2.9 3.08
Luminosity 1 1 1 1 1
Efficiency model dependence 0.6 0.6 1.4 2.2 2.8
ISR corrections 0.6 0.6 0.3 0.2 0.1
χ2

4C 0.3 0.3 0.4 0.5 0.6
Single-tag momentum cut 0.3 0.3 0.2 0 0
Λ reconstruction 0.8 0.8 0.6 0.3 0.1
ΛΣ background 0. 0. 0. 1.0 1.2
Sum 1.5 1.5 1.9 2.7 3.3

Table 18.2. Systematic uncertainties on R given in percent for all data points. The
center-of-mass energies are given in GeV. The contributions from all sources are
summed in quadrature.

Source 2.3864 2.396 2.64 2.9 3.08
χ2

vtx. + 2nd vtx. cut 1.6 1.6 0.8 0.0 0.0
Λ reconstruction 1.6 1.6 1.8 2.0 2.1
Sum 2.3 2.3 2.0 2.0 2.1

Table 18.3. Systematic uncertainties on ΔΦ given in percent for all data points.
The center-of-mass energies are given in GeV. The contributions from all sources are
summed in quadrature.

Source 2.3864 2.396 2.64 2.9 3.08
Invariant mass window 3.7 3.6 1.9 0 0
Λ reconstruction 0.6 0.6 1.0 1.5 1.8
Sum 3.7 3.6 2.1 1.5 1.8
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Table 18.4. Born cross section for e+e− → ΛΛ̄, ratio of electromagnetic form factors
R, and relative phase ΔΦ measured in this work.

Energy [GeV] σBorn [pb] R ΔΦ [◦]
2.3864 131.2±4.6stat.±2.0syst. 1.01±0.14stat.±0.02syst. 39±12stat.±1syst.
2.3960 119.6±2.6stat.±1.8syst. 0.91±0.08stat.±0.02syst. 42±10stat.±2syst.
2.6450 30.3±1.1stat.±0.6syst. 1.00±0.16stat.±0.02syst. 146±13stat.±1syst.
2.9000 8.5±0.5stat.±0.2syst. 0.88±0.27stat.±0.02syst. 151±19stat.±1syst.
3.0800 4.4±0.4stat.±0.1syst. 0.51±0.29stat.±0.02syst. 78±60stat.±1syst.
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Figure 18.1. R (left) and ΔΦ (right) determined in this analysis as a function of the
center-of-mass energy. Previous results from BaBar are taken from Ref. [140].
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Figure 18.2. σBorn(e+e− → ΛΛ̄) as a function of center-of-mass energy. The blue
circles indicate the results from this work. Red triangles represent results from
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BaBar [140].
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19. Benchmark Tests of the CGEM Track
Reconstruction Algorithm

The development of the new CGEM inner tracker for the BESIII experiment,
see Section 7.4 and Ref. [167] for details, involves both hardware and software
components. In order to make use of data collected with the new subdetector,
a new track reconstruction software must be developed and integrated with
existing algorithms for tracking in the outer MDC. As a part of this process,
it is important to evaluate the performance of the new algorithms and ensure
that they are at least on par with the current methods before the new detector
is installed. One important benchmark is the performance for well-known and
frequently studied physics channels with respect to reconstruction efficiencies
and resolution in important observables. In this work, the ability of the CGEM
software to reconstruct the reaction e+e− → ΛΛ̄ is evaluated and compared to
the software used for the current detector configuration using MC simulations.
The main motivation for the use of this particular channel is that it tests the
reconstruction of displaced vertices. These are central to the study of hyper-
ons, which are the focus of many important measurements at BESIII that may
be interesting to continue with new data in the future. Previous studies of the
CGEM track reconstruction have primarily used particles that originate from
the interaction point, see e.g. Ref. [213], and therefore this work provides a
new angle that gives complementary information.

When this work was carried out, two comparable versions of the software
for the CGEM inner tracker were available: CGEMBOSS 6.6.5b and CGEMBOSS
6.6.5c. The main difference between them, is that the latter combines hits
from CGEM and the outer drift chamber (MDC) to perform a global track
finding, while the former finds track segments separately in the CGEM-IT and
the outer MDC matching these to each other. Furthermore, the versions differ
in their approach to track finding. Version 6.6.5.c uses the Hough trans-
form approach for finding tracks, while 6.6.5b uses only the TSF algorithm.
The two versions of CGEMBOSS will be compared to the latest version of the
track reconstruction software for the MDC, BOSS 7.0.3-1. Like CGEMBOSS
6.6.5c, it performs global tracking using all available tracking algorithms:
pattern recognition, TSF, and Hough transform. For more details about the
different track finding algorithms, see Section 8.3.1.
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19.1 Questions for the study
The purpose of this study is to evaluate how well the CGEM track reconstruc-
tion algorithm performs in reconstructing the reaction e+e− → ΛΛ̄. To that
end, it aims to answer the following questions: What are the efficiencies for
reconstructing tracks that originate from a displaced vertex? Given that the
CGEM-IT has slightly more material than the current MDC, slightly lower
efficiencies are expected with the CGEM. How large is the reduction in effi-
ciency? How do the momentum, invariant mass, and position resolutions in
CGEM compare to those of the MDC? In particular, it is interesting to see if
the CGEM track reconstruction algorithm can meet the goal of improving the
resolution in the z-coordinate compared to the current MDC. Finally, is there
any improvement in efficiency and resolution between the two latest version
of the CGEM software, 6.6.5b and 6.6.5c?

19.2 Strategy
To answer the questions concerning the performance of the CGEM software I
will discuss three quantities of interest. The first is the single-track efficiency,
defined as

εi =
Ni,rec.

Ni,gen.
, (19.1)

where the subscript i represents the particle species (p or π). Nrec.i and Ngen.i
represent the number of reconstructed and generated tracks, respectively. A
measurement of the single-track efficiency provides a test of the track find-
ing algorithm, and will show how the slightly larger material budget for the
CGEM-IT impacts the efficiency. The second quantity of interest is the effi-
ciency for reconstructing a full ΛΛ̄ event, defined as

εΛΛ̄ =
NΛΛ̄,rec.

NΛΛ̄,gen.
, (19.2)

where NΛΛ̄,rec. and NΛΛ̄,gen. are the numbers of reconstructed and generated
events. The event reconstruction efficiency tests how well the CGEM track re-
construction algorithm can estimate the parameters of the reconstructed tracks,
and in particular if they can be used to successfully find the decay vertices of Λ
and Λ̄. Finally, the momentum and position resolutions for the reconstructed
events will be studied. For a given quantity with true value q̂ and reconstructed
value qi, the resolution is defined as the standard deviation of the distribution
of qi− q̂i across the sample. The value of the standard deviation can be esti-
mated by fitting a Gaussian function to the distribution. Since other analyses
have studied the single-track position resolutions before, this work will focus
instead on the decay length of the Λ/Λ̄, which was so far unexplored.
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19.3 Analysis
In order to estimate the efficiencies and resolutions, an MC sample of 100,000
e+e− → ΛΛ̄→ pp̄π+π− events at center-of-mass energy 2.396 GeV is gener-
ated with the ConExc generator. The sample is propagated through the detector
simulation and reconstructed with the three different software versions: BOSS
7.0.3-1, CGEMBOSS 6.6.5b and CGEMBOSS 6.6.5c. At the first stage of the
analysis, the reconstructed tracks of different species are counted without any
further selection criteria. This information is used to estimate the single-track
efficiencies.

In the next step, ΛΛ̄ events are reconstructed following the double-tag pro-
cedure described in Section 14.2, except for the requirement on the kinematic
fit χ2-value and the invariant mass window. The number of reconstructed
events is used to calculate the reconstruction efficiency. Finally, the momen-
tum, invariant mass and decay length resolutions are estimated using the re-
constructed Λ and Λ̄ four-vectors, and the decay length vector.

19.4 Results
The single track efficiencies for each particle species as well as the full re-
construction efficiency are given in Table 19.1. The resolution of the invariant
masses of the pπ− and p̄π+ systems as well as the xy- and z-components of
the decay length are shown in Table. 19.2.

Table 19.1. Single track efficiencies and full reconstruction efficiency for the reac-
tion e+e− → ΛΛ̄→ pp̄π+π− in the three versions of the BESIII track reconstruction
software.

6.6.5b (CGEM) 6.6.5c (CGEM) 7.0.3-1 (MDC)
εp (%) 50 49 60
εp̄ (%) 48 47 58
επ+ (%) 22 18 35
επ− (%) 23 19 35
εΛΛ̄ (%) 7 4 20

Table 19.2. Resolution of the decay length and invariant masses of Λ and Λ̄ in the
three versions of the track reconstruction software. The decay length resolutions are
given in centimeters and the mass resolutions in MeV/c2.

Version σLz,Λ σLz,Λ̄
σLxy,Λ σLxy,Λ̄

σMΛ σMΛ̄

6.6.5b (CGEM) 0.10 0.10 0.17 0.17 1.3 1.3
6.6.5c (CGEM) 0.10 0.10 0.16 0.17 1.3 1.4
7.0.3-1 (MDC) 0.24 0.25 0.18 0.18 1.4 1.4
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19.5 Conclusions
The CGEMBOSS reconstruction software evaluated here shows, as expected, im-
provements in the z-resolution compared to the reconstruction based on the
current MDC already achieving a vertex position resolution better than 1 mm.
At the same time, it yields significantly lower efficiency both for individual
tracks and for reconstructing full ΛΛ̄ events. There are several factors that
explain this result. The effect mainly comes from the fact that both the TSF
and Hough track reconstruction algorithms use conformal mapping procedures
where tracks are assumed to originate at the IP. This lowers the efficiency for
reconstructing tracks that are produced at displaced vertices. For the tracks
that can be reconstructed, the assumption is propagated to the track parame-
ters, which can lead to problems with reconstructing the decaying Λ or Λ̄. The
MDC tracking software uses the pattern recognition algorithm that is free of
assumptions on the point of origin, and therefore performs better. A second
factor is that the larger amount of material in the CGEM inner tracker com-
pared to the MDC lowers the efficiency. However, the exact size of this effect
is difficult to deduce from these studies. What may appear particularly worry-
ing is that the efficiency is lower in the newer CGEMBOSS version 6.6.5c than
in 6.6.5b. It has been found that the current implementation of the Hough
transform performs poorly for low momentum tracks that only leave a few
hits or move along a circular trajectory without exiting the detector. This is
consistent with the observation, see Table 19.1, that the efficiency loss for pi-
ons is larger than for protons. It is expected that these issues can be effectively
resolved with further optimization of the peak finding algorithm used to find
the best track parameter combination, see Section 8.3.1. Therefore, improve-
ments to the single-track efficiencies are foreseen in the near future.

The results presented here show clearly that the current CGEM track finding
algorithms that rely on the assumption that all tracks originate from the IP
lead to poor performance for reactions with displaced vertices. Therefore,
the benchmark tests with the channel e+e− → ΛΛ̄ are postponed until new
and more suitable methods have been introduced. Before then, other more
pressing issues related to the reconstruction of single low momentum tracks
must be resolved.
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20. Summary & Outlook

In this thesis I have presented two analyses of data from the BESIII experiment
where electromagnetic interactions of hadrons are investigated to learn about
the strong interactions at low energies and CP-violation. Here I discuss the
implications of the results and outline possible next steps and potential uses of
the developed methods.

20.1 Meson Decays
A method for selecting clean samples of η ′ → π+π−e+e− events was estab-
lished to measure the branching fraction for the decay with world leading pre-
cision and to determine the CP-violating asymmetry Aϕ for the first time. The
BESIII experiment has already collected an additional data sample of 8.7×109

J/ψ events that is yet to be analyzed, where methods developed in this thesis
will be used. The statistical precision for the branching fraction and asymme-
try will be improved by almost a factor three. For the asymmetry, this would
put the precision on the same level as the theoretical upper bound. The larger
data sample also opens up the possibility for more detailed investigations. For
example, it may be possible to measure the transition form factors by studying
the invariant mass distributions of the π+π−- and e+e−-systems. These are in
turn important for the calculation of the hadronic light-by-light contribution
to the anomalous muon magnetic moment. One could furthermore test lepton
flavor universality by comparison with the related process η ′ → π+π−μ+μ−
which was recently observed for the first time by BESIII [214]. It has also been
suggested that η ′ → π+π−e+e− may be a suitable candidate for searches for
the QCD axion [109, 215] or a dark photon [109] that would couple to the
e+e−-pair.

Another possibility is to develop new methods to probe the CP-violating
contribution to the decay. As was discussed in Section 4.2, the interference be-
tween CP-even and CP-odd amplitudes leads to polarization of the real photon
in the more commonly occurring process η ′ → π+π−γ . It would be interesting
to investigate how the conversion into an e+e−-pair in the detector material,
which was treated as background in this work, could be used as a polarime-
ter. If this is possible, the photon conversion veto used in this work could be
inverted in order to select the conversion events instead. And since there are
more such events than from the process η ′ → π+π−e+e−, one could improve
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the measurement of the CP-violating interference. A precise measurement of
the polarization could also be used to probe the transition form factors.

To summarize, the methods developed in this work to isolate those e+e−-
pairs that originate from the conversion of real photons lay the groundwork
for many future studies of the decay η ′ → π+π−e+e− and similar rare decays
of other mesons. These studies serve as important tests of various descriptions
of the strong interaction at low energies and probe a wide range of topics in
contemporary particle physics. The results presented in this part of the thesis
were published in a peer reviewed journal, see Ref. [84].

20.2 Hyperon Form Factors
The reaction e+e− → ΛΛ̄ was studied at five center-of-mass energies between
2.3864 and 3.08 GeV by combining double- and single-tag analysis methods
and thereby maximizing the size of the data sample. At each energy, the Born
cross section, the ratio of electromagnetic form factors R, and their relative
phase ΔΦ were determined. This work improves the precision and supersedes
the previous BESIII measurement at 2.396 GeV, and extends the analysis to
both higher and lower energies. In particular for ΔΦ, the results presented
here cover a hitherto unexplored energy range and it will be exciting to see
them confronted with the predictions from meson exchange models and dis-
persive approaches [76, 130]. The relative phase ΔΦ exhibits an unexpected
q2-dependence, going from the first to the second quadrant between the lower
and higher energies. This may be an artifact of the method or the limited size
of the data samples. In principle, the double-tag analysis allows for an unam-
biguous determination of the phase. It has, however, been shown in previous
studies within BESIII that it is possible for the exclusive analysis of small
data samples to yield a result 180− ˆΔΦ where ˆΔΦ is the true value. The spin
correlation terms that depend on cos(ΔΦ) are a weaker constraint than the po-
larization terms that depend on sin(ΔΦ). From Eq. 5.33, it can be understood
that this occurs because since the spin correlation terms are multiplied by an
additional factor of αΛ. A natural next step is to investigate the likelihood
of finding the solution 180◦ −ΔΦ given the samples sizes used in this work.
Figure 20.1 shows scans of the negative log-likelihood values as functions of
ΔΦ for the experimental data samples at all five energies. At 3.08 GeV there is
only one broad minimum, and the uncertainty is consistent with solutions both
below and above 90◦. At the other energies the likelihood values for the two
solutions can be compared. The difference between them gives an estimate
of the statistical significance of the preferred solution compared to the alter-
native one. In terms of standard deviations the difference is 0.8σ at 2.3864
GeV, 7.6σ at 2.396 GeV, 3.5σ at 2.64 GeV and 3.4σ at 2.9 GeV. Since the
statistical significance of the preferred solution does not reach the 5σ level it
is not considered conclusive according to high energy physics standards, ex-
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cept at 2.396 GeV. It would therefore be interesting to use bootstrap methods,
see e.g. [216], to investigate the variability of the experimental data sets and
see to what extent the same data set could yield differing results. Furthermore
one should include the impact of the systematic uncertainties when comparing
the two solutions. If the limitations of the method can be identified and a cor-
rected method developed, this would hold great value for the research field as
a whole. Many studies of hyperon form factors are ongoing at BESIII and are
being planned elsewhere. A thorough understanding of the methods improves
the prospects for precise results and facilitates their interpretation.
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Figure 20.1. Negative log-likelihood as a function of the parameter ΔΦ for the exper-
imental data samples at 2.3864 GeV (a), 2.396 GeV (b), 2.64 GeV (c), 2.9 GeV (d)
and 3.08 GeV (e).

144



If we instead consider the possibility that the results are correct, the impli-
cations would be very interesting. Since the form factors are continuous func-
tions, this means that ΔΦ must cross 90◦ somewhere between 2.3960 GeV
and 2.6450 GeV and at this particular energy the hyperons are maximally
polarized, cf. Eq. 5.15. It would be interesting to collect more data in this
range to investigate this prediction. It has also been shown in Ref. [130] that
the number of oscillations of sin(ΔΦ) are a key piece of information needed
to pin down the form factors of the hyperons in the whole complex plane.
The results shown in this thesis are a promising step in that direction. One
can speculate that this behavior of the phase might be e.g. due to some hith-
erto unknown resonance with a mass larger than 2.396 GeV/c2 or that heavier
hyperon-antihyperon channels like ΣΣ̄ or ΞΞ̄, that are opened up in the vicinity
of the energies studied here, contribute via rescattering processes.

Whether the observed behavior of ΔΦ is a an artifact of the method or not,
I have provided the first measurement of the q2 dependence of sin(ΔΦ). This
serves as an important input for dispersive calculations that can estimate the
unmeasurable, at least for now, spacelike structure of the Λ. It is possible that
they can already lead to the first determination of the Λ charge radius, or at
least be used to determine whether it is negative like that of the neutron, or
positive like that of the Σ−. The charge radius for a baryon is defined in terms
of the first derivative of either the electric form factor GE or the form factor
ratio R at q2 = 0:

< r2
E >= 6

dGE(q2)

dq2

∣∣∣∣∣
q2=0

= 6μ
dR
dq2

∣∣∣∣∣
q2=0

, (20.1)

where μ is the magnetic moment. The value of the magnetic moment of Λ its
known μΛ =−0.613±0.004μN [6].

The observed values of ΔΦ are not an integer multiple of π , indicating
that the momentum transfer scale where the behavior predicted by perturba-
tive QCD sets in is higher and that further measurements are needed to find
it. Measurements of ΔΦ around and above the ψ(2S) resonance are under-
way at BESIII, and other experiments like BelleII could probe even higher
energies. BESIII has also collected data at the production threshold, but a
measurement of the form factors at this energy is challenging both due to the
low efficiency and difficulties in modeling the detector response. Therefore a
measurement with the methods used in this work is not feasible. In the past,
dedicated methods for a cross section measurement at threshold were devel-
oped, and it is possible that they could be extended to be used determine the
form factors. Such an analysis would most likely need to use the single-tag
approach because of the low efficiency and therefore only sin(ΔΦ) can be
measured. Improvements at threshold, and for that matter the whole energy
range considered by BESIII, may be possible with the planned Super-Charm

145



Tau Factory [217, 218] that will have both higher luminosity and a polarized
electron beam.

The analysis presented in this study has furthermore provided the most pre-
cise measurement of the Born cross section of e+e− → ΛΛ̄ at five center-of-
mass energies between 2.3864 GeV and 3.0800 GeV. This work will soon be
extended to five additional energies between 2.95 GeV and 3.02 GeV with
data samples that have already been collected at BESIII. The value of the
effective vector meson mass determined from the dipole fit in Chapter 15,
c1 = 1.77± 0.01 GeV, seems to suggest a mixture of contributions from the
φ(1680) and φ(2170) mesons. It was recently shown in Ref. [219] that in-
cluding the φ(2170) in a multipole description of the effective form factor
could explain the near threshold enhancement in the cross section previously
observed by BESIII. It would be interesting to fit our new measurements with
the form factor from Ref. [219] to see if they support this idea.

To summarize, this work has provided both methodological improvements
and new precise measurements that, with some further development, can have
a great impact on our understanding of the electromagnetic form factors of the
Λ-hyperon.
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Sammanfattning på svenska

En av fysikens mest grundläggande målsättningar är att förstå hur den värld
vi lever i fungerar och är uppbygd. Å ena sidan leder denna strävan till nya
uppfinningar som kan förenkla våra liv, och å andra sidan hjälper den oss att
sätta in vår existens i ett större sammanhang och besvara våra frågor om varför
vi finns här. I den här avhandlingen har jag bidragit till detta arbete genom att
undersöka universums allra minsta beståndsdelar och hur de interagerar med
varandra.

All materia som har någon betydlse för vårt vardagliga liv, och för den de-
len all materia som vi överhuvudtaget kan observera, består av protoner och
neutroner. Dessa består i sin tur av kvarkar som hålls samman av den starka
kraften. Interaktionerna mellan kvarkarna ger protonerna och neutronerna de
egenskaper som vi kan observera och bär ansvaret för de mest grundläggande
förutsättningarna för vår existens, men vi vet förvånansvärt lite om dem. Till
exempel genereras nästan all massa som vi kan observera av dessa interak-
tioner, men exakt hur det går till är okänt.

Den starka kraften är en av tre fundamentala växelverkningar som beskrivs
av partikelfysikens standardmodell (SM). Enligt den består all materia i grund
och botten av en uppsättning av tolv partiklar med halvtalsspinn som kallas
fermioner. De svaga, elektromagnetiska, och starka krafterna mellan dem
förmedlas av bosoner. Den mest välkända av dessa är förmodligen fotonen
som förmedlar den eletktromangetiska kraften. Fermionerna kan i sin tur de-
las in i leptoner och kvarkar. Bland leptonerna hittar vi de välbekanta elek-
tronerna (e) tillsammans med myoner (μ) och tauoner (τ), samt elektron-
(νe), myon- (νμ), och tauneutriner (ντ). De första tre är elektriskt laddade
medan de tre sista är neutrala. Kvarkarna å sin sida har både en elektrisk
laddning och en färgladdning. Den senare betyder att de påverkas av den
starka kraften som förmedlas av gluoner (dessa får sitt namn av engelskans
"glue"). Totalt finns det sex olika typer av kvarkar: ner (d), upp (u), sär (s),
charm (c), botten (b), och topp (t) . Upp- och nerkvarkar är de lättaste och
vanligast förekommande av dessa. För var och en av dessa partiklar finns en
motsvarande antipartikel med motsatt laddning men samma massa.

Som namnet antyder är den starka kraften just väldigt stark, och vid de en-
ergiskalor som vi är intresserade av existerar kvarkarna i praktiken aldrig som
fria partiklar utan binds samman till objekt som kallas hadroner. Hadronerna
kan antingen vara mesoner, som består av en kvark och en antikvark, eller
baryoner, som består av tre kvarkar. Protonerna och neutronerna är baryoner.
Ytterligare en konsekvens av den starka kraftens styrka är att det är mycket
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svårt att göra förutsägelser för hur den fungerar vid låga energier. Detta är
orsaken till vår okunskap om hadronernas inre.

Den starka kraften är alltså svår att förstå trots att den är en del av SM,
men det finns också ett antal fenomen som SM inte kan förklara. Ett sådant är
varför vårt universum består av materia och inte antimateria. I big bang tror vi
att lika mycket materia som antimateria måste ha bildats, och så småningom
borde alla partiklar och antipartiklar ha stött ihop och annihilerats. Inget annat
än en tom intighet borde ha blivit kvar. Trots det existerar vi, och det uni-
versum vi kan observera består nästan uteslutande av materia. En bråkdel av
den usprungliga materien måste alltså ha klarat sig, och hur det gick till kan
SM inte förklara. En nödvändig ingrediens i förklaringen är att partiklar och
antipartiklar inte beter sig precis likadant, och inte lyder under exakt samma
naturlagar. Mer specifikt måste CP-symmetrin, som säger att fysikens lagar
måste vara desamma om man samtidigt byter tecken på en partikels laddning
och rumskoordinater, vara bruten. Detta förekommer i SM, och har observer-
ats i experiment, men inte i tillräckligt stor utsträckning för att kunna förklara
varför materia är så mycket vanligare än antimateria. En möjlighet är att denna
ojämvikt orsakas av nya typer av processer bortom SM som vi ännu inte kän-
ner till.

Hadronernas elektromagnetiska interaktioner utgör ett viktigt laboratorium
som samtidigt kan användas för att förbättra vår förståelse av vad som egentli-
gen händer i hadronernas inre och leta efter nya mekanismer som bryter CP-
symmetrin. Hur dessa interaktioner ser ut varierar beroende på hadronernas
inre struktur, d.v.s. på vilket sätt kvarkarna är ordnade. Matematiskt beskrivs
strukturen av formfaktorer som kvantifierar hur mycket hadronerna avviker
från att vara punktformiga. I Fig. I illustreras diagrammatiskt hur formfak-
torerna används för att beskriva hadronernas elektromagnetiska interaktioner.
Formfaktorer kan vara antingen rumslika eller tidslika. De rumslika form-
faktorerna beskriver hur elektriska laddningar och magnetmoment är förde-
lade. Vi kan betrakta dem som ett slags karta över var kvarkarna befinner sig.
Dessa kan studeras i experiment där en måltavla av hadroner bombarderas
med en stråle av elektroner eller vice versa. Denna metod har länge använts
för att studera protoner och neutroner. De tidslika formfaktorerna ger istället
ögonblicksbilder av processerna där hadronerna bildas. Vi kan studera dem i
experiment där en elektron kolliderar med sin antipartikel, positronen, och ett
hadron-antihadronpar bildas. Om vi tänker oss processen som en fabrik där en
elektron och positron stoppas in och hadron-antihadronparet kommer ut på an-
dra sidan beskriver de tidslika formfaktorerna det löpande bandet där de sätts
samman. Till skillnad från de rumslika formfaktorerna tar de tidslika form-
faktorerna komplexa värden och man kan definiera en fasvinkel ΔΦ mellan
dem. Om denna vinkel är nollskild blir de hadroner som bildas i elektron-
positronkollisionerna polariserade trots att det ursprungliga e+e−-systemet
inte är det. Det vill säga att hadronerna föredrar att rikta sitt spinn åt ett särskilt
håll. Om man kan mäta polarisationen kan man bestämma fasvinkeln som är
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en nyckelingrediens för att till fullo förstå formfaktorerna. Polarisationen är
också ett kraftfullt verktyg för att särskilja olika typer av interaktioner som
bidrar till en given process, och kan därför användas för att identifera tidigare
okända brott av CP-symmetrin som annars inte skulle gå att urskilja. I den har
avhandlingen använder jag polarisationen hos både fotoner och baryoner för
att utforska CP-symmetrin och undersöka hadronernas inre.

Figur I. Diagram över interaktionen mellan en foton γ(∗) och två hadroner h1 och h2.
Den vita cirkeln representerar formfaktorerna för interaktionen.

För att testa förutsägelser från olika modeller och utveckla vår förståelse
av den starka kraften behövs stora mängder experimentella data. Därför har
jag samarbetat med cirka 500 forskare från 17 olika länder i Asien, Europa,
Syd-, och Nordamerika inom Beijing Spectrometer-experimentet (BESIII) vid
elektron-positronkollideraren Beijing Electron Positron Collider (BEPCII) i
Peking, Kina. Där kollideras hundratals elektroner och positroner varje sekund,
och ur kollisionerna bildas en uppsjö av hadroner. BESIII-detektorn reg-
istrerar hur hadronerna rör sig och från denna information kan vi dra slut-
satser om hadronernas egenskaper. Bland de data som hittills har samlats in
av BESIII-experimentet finns en världsledande datamängd med 10 miljarder
J/ψ-mesoner och ett antal datamängder mellan 2 och 3 GeV för studier av
energiberoende fenomen.

Mesonsönderfall
Ett antal experiment från 1960-talet och framåt har visat att det finns processer
där CP-symmetrin bryts, men dessa effekter är för små för att ensamma förk-
lara varför det finns en sådan övervikt av materia i universum. Det måste
alltså finnas fler sådana processer och eventuellt helt okända mekanismer för
hur det kan gå till. I sönderfallet η ′ → π+π−γ har man visat att en typ
av mekanism som bryter CP-symmetrin men som inte beskrivs av SM kan
bidra. Om det är korrekt leder det till att fotonerna som produceras i pro-
cessen är polariserade. Om man kan mäta polarisationen kan man påvisa att
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denna mekanism förekommer och mäta hur stort dess bidrag är. Dessvärre
är de experimentuppställningar som bäst används för att studera mesoner inte
utrustade för mäta fotoners polarisation, och vice versa. En sådan mätning
är därför svår att genomföra i dagsläget. Istället kan vi studera den besläk-
tade processen η ′ → π+π−γ(∗)→ π+π−e+e−. Här omvandlas fotonen till ett
elektron-positronpar och eventuella brott av CP-symmetrin går att mäta genom
att studera hur paret rör sig. Specifikt förväntar man sig att den nya mekanis-
men ska leda till att vinkeln ϕ mellan planen som e+e−- och π+π−-paren
färdas i, se Fig. II, har en asymmetrisk fördelning. Detta specifika sönderfall
är också intressant för att testa de teoretiska beskrivningarna av den starka
kraften vid låga energier. Det är nämligen mycket sällsynt, och att studera så-
dana extremfall är viktigt för att testa vår förståelse för den bakomliggande
fysiken till det yttersta och identifiera eventuella luckor. Genom att mäta
fördelningskvoten, d.v.s. hur ofta just detta sönderfall inträffar jämfört med
andra möjligheter, testar vi förutsägelserna från olika modeller som används
för att beskriva den starka kraften vid låga energier.

Figur II. Illustration av vinkeln ϕ mellan π+π−- och e+e−-parens sönderfallsplan.
Figur från Ref. [84].

I den första av två analyser som presenteras i den här avhandlingen har
jag använt data från BESIII för att studera sönderfallet η ′ → π+π−e+e−. Jag
har mätt fördelningskvoten med två gånger bätrre precision än den tidigare
bästa mätningen och studerat vinkeln mellan π+π−- och e+e−-paren för första
gången någonsin. Vinkelfördelningen uppvisar ingen asymmetri. Slutsatsen
är därför att inget brott av CP-symmetrin kan påvisas och att förutsägelsen
från SM är korrekt.
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Hyperoners formfaktorer
Ett enormt arbete pågår världen över med att förfina de experimentella metoder
som används för att studera protoner och neutroner, men det är värdefullt att
attackera frågorna om hadronernas inre struktur längs flera parallella fronter
samtidigt. Ett komplementärt angreppssätt är att studera andra baryoner än
just de två vanligaste för att på så sätt försöka skapa en mer komplett och
övergripande förståelse för hur det går till när den starka kraften binder sam-
man kvarkarna. I den andra delen av den här avhandlingen fokuserar jag på
hyperoner, d.v.s. baryoner som innehåller minst en särkvark. Hur ser den elek-
tromagnetiska strukturen hos en hyperon ut? Har särkvarkens tyngre massa
någon inverkan på hur kvarkarna ordnar sig? Och vad säger det i sådant fall
om den starka kraften? Svaren på dessa frågor kompletterar vår kunskap om
protonerna och neutronerna och bidrar med ny information som kan hjälpa
oss att forma en mer komplett och övergripande förståelse för hur den starka
kraften binder samman kvarkar och bildar all den materia som omger oss.

Till skillnad från protoner och neutroner är hyperoner instabila. De mest
långlivade hyperonerna lever i blott 10−10 sekunder innan de sönderfaller.
Detta gör att det dessvärre är mycket svårt att mäta deras rumslika formfak-
torer. Vi kan däremot mäta deras tidslika formfaktorer i elektron-positron-
kollisioner. I dessa studier är det till stor hjälp att hyperonernas sönderfall är
självanalyserande. Det betyder att sönderfallsprodukternas rörelseriktningar
avslöjar i vilken riktning den sönderfallande hyperonens spinn pekade. Genom
att mäta detta i en ensemble av hyperoner får vi ett mått på polarisationen
och det gör i sin tur att vi kan bestämma fasvinkeln mellan formfaktorerna.
För protonerna och neutronerna är det omöjligt att mäta polarisationen utan
specialdesignade experimentuppställningar som ännu inte existerar. Om man
kan mäta både hyperonernas tidslika formfaktorer inklusive fasvinkeln, samt
hur dessa varierar vid olika energier, kan denna information användas för att
beräkna de rumslika formfaktorerna. Med hyperoner kan vi alltså lära oss både
om var kvarkarna befinner sig och hur det går till när de sätts samman med en
och samma mätning. Denna information kan i sin tur jämföras med det vi vet
om nukleonerna för att skapa oss en bredare förståelse för materiens inre.

I den andra analysen som presenteras i den här avhandlingen har jag stud-
erat processen e+e− → ΛΛ̄ med data från BESIII-experimentet för att mäta
Λ-hyperonens tidslika formfaktorer. Genom en ny metod där både helt och
delvis rekonstruerade ΛΛ̄-händelser kombineras har jag mätt formfaktorerna,
inklusive fasvinkeln, vid totalt fem olika energier. Vid fyra av dessa är det
den första mätningen någonsin, och i samtliga fall är precisionen den bästa
som har uppnåtts. Resultaten visar att fasvinkeln varierar mycket mellan de
högre och lägre energierna, och detta är oväntat. Det är möjligt att detta
är artefakt av metoden eller en statistisk effekt som uppstår på grund av att
datamängderna som används är små och därför krävs vidare undersökningar.
Oavsett vilket är resultaten som presenteras i avhandlingen en viktig pusselbit
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i arbetet med att förstå Λ-hyperonens inre, och skulle kunna användas för att
bestämma de rumslika formfaktorerna som för närvarande inte går att mäta.
Denna information skulle i sin tur kunna användas för att för första gången
kunna beräkna Λ-hyperonens laddningsradie. Jag presenterar även en precis
mätning av tvärsnittet för processen e+e− → ΛΛ̄, d.v.s. sannolikheten att pro-
cessen inträffar, vid samtliga fem energier. Denna information kan användas
för att utvidga vår förståelse för hur det går till när ΛΛ̄-paret produceras.

Slutligen har jag undersökt hur väl en planerad uppgradering av BESIII-
detektorn kan förväntas fungera för att rekonstruera hyperonerna i processen
e+e− → ΛΛ̄. Detta är utmanande eftersom hyperonerna, till skillnad från
många andra partiklar, inte sönderfaller vid interaktionspunkten utan först fär-
das en mätbar sträcka i detektorn. Studien inriktades specfikt på den mjukvara
som ska användas för att spåra laddade partiklar och beräkna deras egenskaper.
Ett minimikrav för att den nya detektorn ska kunna användas är att den och
dess mjukvara kan registrera ungefär en lika stor andel av alla laddade spår
som den nuvarande detektorn, samt att upplösningen i mätningen av spårens
position ska vara bättre än för den nuvarande detektorn. Mina studier visar att
mjukvaran redan i detta tidiga skede uppfyller kraven på upplösningen, men
däremot är effektivteten låg eftersom de algoritmer som används inte lämpar
sig för att för att rekonstruera hyperoner. Mjukvaran är alltså på väg mot att nå
målen, men måste vidareutvecklas för att fungera väl för studier av hyperoner
eller andra partiklar inte sönderfaller vid interaktionspunkten.
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