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Chapter 1

Introduction

In the year 2014, the physics community celebrates the 50th anniversary of the theoretical dis-
covery of quarks, the most fundamental massive particles known today and the building blocks of
all matter. The existence of quarks was independently suggested by physicists M. Gell-Mann [1]
and G. Zweig [2] in 1964. In the meantime, the quark structure of matter has been experimen-
tally established and forms a key element of the Standard Model (SM) of fundamental particles
and interactions. While the SM seems to provide a satisfactory description of all particles and
interactions, except gravitation, these days are marked by intense searches for “physics beyond
the SM” in order to provide a deeper understanding of yet unexplained phenomena in the SM.
On the other hand, even within the SM, questions do remain about the origin of the mass of ele-
mentary particles composed of quarks. Unlike in atomic physics, those quark composites become
much heavier than the sum of mass of their bare constituents. This thesis aims to shed some
light on this mystery which is only qualitatively understood today. Therefore, we will briefly
address the properties of the SM and the formation of particular types of quark composites.

1.1 Standard Model

The SM of particle physics is a theory describing the fundamental particles and the three fun-
damental interactions: the electromagnetic, weak and strong interactions. The theory uniting
the electromagnetic and weak interaction is known as Electroweak theory, and the theory of the
strong interaction is Quantum ChromoDynamics (QCD).

The SM particles (see Figure 1.1) are spin-1/2 fermions, such as quarks and leptons, spin-1
gauge bosons, which mediate interactions between fermions, and the Higgs boson. In total, the
SM consists of 18 particles and their corresponding anti-particles and color-charge partners in
the case of quarks. Twelve of these are fermions (six leptons and six quarks), and each of them
has an anti-particle. Leptons are elementary particles that do not undergo strong interactions.
There are six types of leptons, also known as lepton flavors, forming three generations. The first
generation comprises the electron e− and the corresponding electron neutrino νe, the second
generation includes the muon µ− and the muon neutrino νµ, the third generation includes the
tau τ and the tau neutrino ντ . Quarks carry color charge, traditionally labeled as red, green and
blue, and interact among themselves via the strong force. Quarks also have an electric charge
and a non-zero weak isospin, and interact with leptons via electromagnetic and weak forces.
There are six quark flavors, forming three generations of quarks. The first generation comprises
the up u and down d quarks, in the second generation we find the charm c and strange s quarks,
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Figure 1.1: The particles of the SM: leptons, quarks, gauge bosons, and the Higgs boson.
The dashed rectangles mark the range of particles, i.e. quarks, charged particles or leptons
and quarks, whose interaction is mediated by the respective gauge boson. The Higgs boson is
responsible for the mass of all massive particles.

and the third generation includes the top t and bottom b quarks.

The gauge bosons are the particles that mediate interactions. Photons (γ) are massless bosons
that mediate the electromagnetic interaction between electrically charged particles. The weak
interaction is mediated by heavy W+, W−, and Z0 bosons. The massless gluons mediate the
strong interaction between color-charged particles. Gluons, likewise quarks, carry color charge
and, therefore, can interact among themselves; this is a unique feature of the strong interaction.
Gauge bosons mediating the electroweak interaction can interact only with fermions. The strong
interaction has two distinct properties: the asymptotic freedom and the quark confinement.
The asymptotic freedom states that with decreasing distance between quarks, the interaction
between them weakens. As the distance between the quarks becomes larger, the interaction
between them gets stronger and, above a certain threshold, a new pair of quarks will be created.
This phenomenon is called quark confinement, and it indicates that a single quark cannot be
isolated. Quarks can only appear in groups, forming color-neutral objects. Possible color-neutral
objects in the framework of QCD are sketched in Figure 1.2. A quark-antiquark pair is called a
meson, and a three-quark state is a baryon. Other possible yet fully unrevealed states consist of
four and five quarks, of a gluon and a quark-antiquark pair (so-called hybrids), and of several
gluons (so-called glueballs). The existence of mesons, e.g. π, K, ψ, and baryons, e.g. p, n, is
well established, and they are often called “ordinary matter”. The rest is referred to as “exotic
matter”. Despite intensive efforts, the experimental searches for exotic states such as hybrids
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Figure 1.2: A sketch of possible bound states of quarks and gluons, predicted by QCD.

and glueballs are inconclusive (for a recent overview, see Reference [3]). There exist several
candidates for five-quark states, for example, the Λ0

b(5912) and the Λ0
b(5920) observed by the

Large Hadron Collider beauty (LHCb) collaboration [4]. However, more studies have to be
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done to confirm their five-quark nature. Recently, the BEijing Spectrometer III (BESIII) at
Beijing Electron-Positron Collider II (BEPCII) [5] and B detector (Belle) at Koo Energy Ken
B (KEK-B), Japan [6] reported an observation of a four-quark state. This spectacular finding
is discussed in some detail in Chapter 3.

The Higgs boson is a massive spin-zero elementary particle. The existence of the Higgs boson
was predicted by F. Englert and R. Brout [7], P. Higgs [8], G. Guralnik, C. R. Hagen, and
T. Kibble [9] in 1964 to explain how the fundamental particles in the SM (except photons and
gluons) obtain their masses. In 2012, two experiments at the Large Hadron Collider (LHC) - the
A Toroidal LHC Apparatus (ATLAS) [10] and Compact Muon Solenoid (CMS) [11] experiments
- independently reported a discovery of a new particle with a mass of about 125 GeV/c2, which
is “consistent with the Higgs boson”. In 2013, the ATLAS collaboration reported on an evidence
that the newly observed particle has a zero spin [12], as is required for that particle to be the
Higgs boson of the SM. In 2013, P. Higgs and F. Englert were awarded the Nobel Prize [13] for the
theoretical discovery of a mechanism that contributes to our understanding of the origin of mass
of subatomic particles, and which recently was confirmed through the discovery of the predicted
fundamental particle by the ATLAS and CMS experiments at LHC, Conseil Européenne pour
la Recherche Nucléaire (CERN) [14].

In the SM, the Higgs boson is responsible for the masses of fundamental particles, how-
ever, it contributes very little to the masses of hadrons. For example, the mass of a proton
is 938.272046±0.000021 MeV [15]. The proton consists of one d quark with a bare mass of
4.8+0.7
−0.3 MeV [15] and two u quarks, with a bare mass of 2.3+0.7

−0.5 MeV each [15], summing up to

9.4+1.2
−0.8 MeV. This number is about 100 times smaller than the measured proton mass! The bulk

of the mass is generated by the strong force, and this mass-generation mechanism is complex and
poorly understood. Precision spectroscopy of heavy mesons, such as charmonium, consisting of
a pair of charm quarks, can shed light on the dynamics of the strong interaction, particularly
on the generation of hadron masses.

1.2 On the discovery of charmonium

The J/ψ resonance, which is the lowest-lying charmonium vector state, was simultaneously
discovered in 1974 by two independent research groups: one from the Brookhaven National
Laboratory (BNL) [16] and one from the Stanford Linear Accelerator Center (SLAC) [17]. An
unexpectedly narrow resonance called J was observed in the process p+Be→ e+e−J , J → l+l−

(BNL) and a narrow resonance called ψ was seen in the reaction e+e− → ψ, ψ → hadrons, l+l−

(SLAC). Later the combined name J/ψ was adopted. The reported mass and width were
M = 3.105± 0.003 GeV/c2 and Γ < 1.3 MeV, respectively [17]. The same year, another narrow
resonance was discovered by the SLAC group in the process e+e− → hadrons at

√
s = 3.7 GeV

and received the name ψ′ [18]. Shortly after, the J/ψ and ψ′ were interpreted as bound states of
a new type (or flavor) of quark, the charm quark, and its anti-quark [19]. In 1976, S. C. Ting and
B. Richter, the leaders of the BNL and SLAC research groups, were awarded the Nobel Prize
in Physics for the discovery of charmonium [20]. In 2014, the physics community celebrates the
40th anniversary of the discovery of charmonium.
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1.3 Charmonium spectrum

Charmonium is a quarkonium, a bound state of two heavy quarks: a charm quark c and its anti-
quark c̄. Quarkonium is a case of fermionium, a bound state of a fermion and its anti-fermion.
A well known and extensively studied example of fermionium is positronium, a bound state of
an electron and its anti-particle, a positron. Another example of quarkonium is bottomonium,
a bound state of a bottom quark b and anti-bottom quark b̄.

The quantum numbers of fermionium states can be determined as follows. The total angular
momentum J is given by the vector sum of the orbital momentum ~L and the spin ~S, ~J = ~L+ ~S.
J can take values in the range |L − S|≤ J ≤ |L + S|. The total spin S is determined by the
vector sum of the spins of the fermion ~sf and anti-fermion ~sf̄ : ~S = ~sf + ~sf̄ . The spin of the
fermions is 1/2, thus the possible values of S are 0 and 1. This results in four possible spin
states of the fermion-antifermion pair: a singlet and a triplet. Each two-fermion state can be
denoted in the form (nr + 1)2S+1LJ , where nr is the radial quantum excitation number, with
nr = 0 corresponding to the lowest state. The combination 2S+1 indicates the spin multiplicity,
and L can take different values L = 0, 1, 2..., which are denoted by S, P,D..., respectively. The
lowest-lying two-fermion state has S = 0, L = 0, J = 0, nr = 0 and in this notation is 11S0. The
parity P for a system of two fermions is determined by P = (−1)L+1, and the charge-conjugation
parity C is given by C = (−1)L+S . The value of L is generally not conserved in quarkonia, since
the operator of tensor forces S(S + 1) − 3(~S · ~r)(~S · ~r)/r2 does not commute with ~L2 for the
states with S = 1. Therefore, a mixing of states with different values of L can take place. For
example, the 3S1 charmonium state can get an admixture of the 3D1 state; this is the so-called
S-D mixing (in analogy with S-D mixing in the deuteron).

The other common way to denote two-fermion states is the JPC-notation. The lowest-lying
state 11S0 in this notation is JPC = 0−+. Yet another naming scheme is adopted for the
charmonium (bottomonium) states. States with the same values of JPC are denoted with
lower-case letters of the Latin or Greek alphabet, often with a subscript c (b), which stands
for charmonium (bottomonium). For example, 0−+ states are denoted as ηc (ηb). Table 1.1
summarizes the possible naming conventions of charmonium states with L ≤ 2.

Table 1.1: Possible charmonium states and the naming conventions 2S+1LJ , JPC , and conven-
tional name.

S = 0 S = 1

L = 0 1S0; 0−+; ηc
3S1; 1−−; ψ (for n = 2) or J/ψ(for n = 1)

L = 1 1P1; 1+−; hc
3P0,1,2; (0, 1, 2)++; χc0,1,2

L = 2 1D2; 2−+; ηc2
3D1,2,3; (1, 2, 3)−−; ψJ

Charmonium is sometimes called the “positronium of QCD”. The energy levels of charmo-
nium (and bottomonium) can be found in the same way as for the positronium - by solving
the non-relativistic Schrödinger equation with a proper form of the interaction potential V (r).
For positronium the interaction potential is the Coulomb potential, VC(r) = −α

r , where α is
the Quantum ElectroDynamics (QED) coupling constant, while for quarkonia the VQ(r) is the
sum of a Coulomb-like term and a linear term, that are responsible for asymptotic freedom and
confinement, respectively: VQ(r) = −4

3
αs
r + br where αs is the coupling constant of QCD and b
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is a constant. Note, that the choice of potential is purely phenomenological. More details about
VQ(r) for charmonium are given in Section 2.2.

The spectra of fermionium states are shown in Figure 1.3. The figure reveals the common
sequence of states and particular features of fermionium states, such as the hyperfine- and fine-
splitting due to the spin-spin (~S ·~S) and the spin-orbit (~L·~S) interactions, respectively. The open-
charm threshold, or the DD̄-threshold, equivalent to the dissociation energy in positronium, is
the sum of the masses of the lightest two non-interacting D-mesons: D0 and D̄0. The D0 meson
consists of one charm c quark and one anti-up ū quark and has a mass 1864.86± 0.13 MeV/c2.
The open-bottom threshold, or the BB̄-threshold, is the sum of the masses of the two non-
interacting B-mesons: B0 and B̄0. The B0 meson consists of one bottom b quark and one
anti-up ū quark and has a mass 5279.58 ± 0.17 MeV/c2. Above the DD̄ (BB̄) threshold the
charmonium (bottomonium) states are expected to decay preferably to pairs of open-charm
(bottom) mesons.

Most of the charmonium states below the open-charm production threshold are very narrow.
This remarkable observation can be explained by the Okubo-Zweig-Iizuka (OZI) rule using the
J/ψ as an example. The OZI rule was developed by Okubo [21], Zweig [2] and Iizuka [22] to
explain the suppression of the 3π decay mode of a φ meson (consisting predominantly of a strange
and an anti-strange quark) with respect to the KK̄ decay mode. According to the OZI rule,
decays that can be described by disconnected quark flow diagrams are suppressed with respect
to those described by connected diagrams. Figure 1.4 illustrates the OZI-allowed (left) and
OZI-forbidden (right) decays of J/ψ. The left diagram shows the process J/ψ → D0D̄0, that is
described by the connected quark-flow of the c quarks to the final state and the generation of a
u-quark pair by the interaction of one gluon. The decay amplitude of this process is proportional
to the strong coupling constant, αs. The right diagram shows the process J/ψ → π+π−π0. This
process cannot be described by the connected quark flow and involves the interaction by three
gluons. The decay amplitude of this process is proportional to α3

s. At the mass of the J/ψ, we
find αs < 1 and, therefore αs � α3

s. Correspondingly, the decay J/ψ → π+π−π0 is suppressed
with respect to the decay J/ψ → D0D̄0. The latter process, however, is energetically forbidden.
Consequently, the J/ψ charmonium state has such a narrow width because it can only decay
via OZI-forbidden channels.

  

J/ψ
c

c

c
c

c

c

J/ψ

D0

D0

u

u

u

u

d

d

d

d

π+

π-

π0

Figure 1.4: Quark-flow diagrams for OZI-allowed (left) and OZI-forbidden (right) decays of J/ψ.

The 1−− charmonium states can be abundantly produced in e+e− annihilations. The char-
monium production in e+e− annihilations is shown in Figure 1.5. The direct charmonium
production proceeds primarily via an intermediate photon, creating a cc̄ pair, as shown in the
left diagram of Figure 1.5. Many experiments, such as the experiments Mark I, Mark II, Mark
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Figure 1.5: Charmonium production in e+e− annihilations, left: direct production, right: via
ISR.

III [23], Time Projection Chamber (TPC) [24] and Crystal Ball [25], the BES, BESII and
BESIII [26] experiments at BEPCII, used (and still use) this method for the production of char-
monium states. Another mechanism for the charmonium production in e+e− collisions is the
Initial-State Radiation (ISR) method, which was used by the particle detector at the Cornell
Electron Storage Ring (CLEO) [27] and particle detector for charm at the Cornell Electron
Storage Ring (CLEO-c) experiments. In the ISR process, the electron (or positron) emits a pho-
ton before the annihilation, as shown in the right diagram of Figure 1.5, lowering the effective
center-of-mass energy. Only 1−− charmonium states can be produced using this method. The
advantage of the e+e− annihilations for charmonium production is the nearly background-free
environment. The BESIII experiment is designed for charmonium studies using the e+e− anni-
hilations at center-of-mass energies 3-4.6 GeV. It is running in production mode since 2009 and
has already collected the to-date world’s largest data samples of J/ψ, ψ, ψ(3770) charmonium
states, and harvested large data samples at

√
s=3.8-4.6 GeV. The e+e− annihilations provide

a clean (from a hadronic background point-of-view) environment compared to the alternative
production by, for example, pp̄ annihilations; the large available data samples enable precision
spectroscopy and searches for the decays with tiny branching fractions. The BESIII experiment
is discussed in some detail in Chapter 4. Charmonium states of any quantum number can be
produced in the decays of B-mesons and in pp̄ annihilations. Such experiments, as B-Bbar detec-
tor (BaBar) [28], Belle [29] at the SLAC and the KEK-B [30] B-factories, produce charmonium
in B-decays. Charmonium production in pp̄ annihilations was studied at the CERN Intersect-
ing Storage Ring by the R704 experiment [31], and at the Fermilab antiproton accumulator
by the E760 [32] and E835 [33] experiments. The planned antiProton ANihilations at DArm-
stadt (PANDA) experiment [34] at the future Facility for Antiproton and Ion Research (FAIR)
will exploit pp̄ annihilations for the production of charmonium.

Since the discovery of charmonium, its system plays an important role in studies of the strong
interaction. Charmonium spectroscopy provides important aspects of the underlying potential
of the quark-quark interaction. For example, the hyperfine splitting of the 1S charmonium
states provides access to the spin-spin interaction term of the potential. Charmonium can
be used for precision tests of the SM as well. Charmonium decays feature studies of C-, P -
and CP -violating processes, and the lepton-flavor violation. Quark-mixing matrix elements
can be studied using the flavor-changing weak decays of D mesons, produced in the decays of
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charmonium states. Charmonium lies in the energy region favorable for the searches of QCD
exotica, such as glueballs, hybrids, and hadronic molecules.

Following many years of intensive research on charmonium structure, the year 2013 was
an important year for charmonium spectroscopy. In 2013, the charged charmonium-like state
Zc(3900)± was simultaneously and independently discovered by the BESIII [5] and Belle [6]
experiments and by re-analyzing older CLEO-c data [35]. The observations were published
back-to-back in physics journals, just as it was for the discovery of the J/ψ. The discovery of
the Zc(3900)± is a resonating event in the physics community, since it is the first convincing proof
of the existence of four-quark states, although the exact nature of this “trouvaille” is extensively
discussed (for example, see [36] and references therein). Especially the isospin violation in decays
of another candidate for a four-quark state, the X(3872) [37], is an unresolved puzzle. This and
other modern challenges in charmonium spectroscopy are addressed in Chapter 3.

The work described in this thesis is dedicated to the charmonium spectroscopy, and in parti-
cular to studies of isospin-violating transitions in charmonium below the open-charm production
threshold. Isospin was introduced by W. Heisenberg in 1932 [38] to explain the properties of the
then recently discovered neutron. The mass of the neutron is almost identical to the mass of the
proton, and the strength of the strong interaction between a pair of nucleons was found to be
independent of the type of nucleon (proton or neutron). The internal degree of freedom, isospin
I, was introduced in complete analogy with the intrinsic spin. In the isospin space, a proton and
a neutron are the same particle with isospin I = 1

2 , and its states with the isospin projections
I = +1

2 and I = −1
2 are the proton and the neutron, respectively. Later, with the discovery of

quarks, it was revealed that the proton and the neutron consist of three-quark combinations,
uud and udd, respectively. Isospin, to a good approximation, is conserved in the strong inter-
action, because the up and down quarks have very similar masses, and the strong interaction is
flavor-blind. The isospin-breaking transitions in charmonium hint towards the mass-difference
of the up and down quarks. As an example, we consider the transition ψ′ → π0J/ψ. The
isospin of the cc̄ states is 0, and the isospin of the π0 (consisting of u and d quarks) is 1, and,
therefore, this transition breaks the isospin symmetry. It was shown that the isospin breaking
mechanisms due to electromagnetic processes are suppressed for this particular transition in
charmonium [39, 40]. Therefore, this process is driven by the differences between the u and d
quark masses. Surprisingly, the ratio of the u and d quark masses, calculated using the branch-
ing fraction of isospin-violating transitions in charmonium, contradicts [41] results from other
approaches, for example, the results from lattice QCD calculations, which is a rigorous QCD
tool. This thesis reports on systematic studies of isospin-violating transition in charmonium
that will help to reveal the origins of discrepancies in results of different theoretical approaches.
A more detailed discussion of the isospin-violating transitions in charmonium is given in Subsec-
tion 3.1.5. This thesis features studies of the isospin-breaking processes ψ′ → π0J/ψ (Chapter 6)
and χc0,2 → π0ηc (Chapter 7). It is a great pleasure to submit this thesis in 2014, the 50th an-
niversary of quarks, the 40th anniversary of charmonium, and year 1 after the discovery of
four-quark states.

1.4 Outline

The outline of the thesis is as follows.

In Chapter 2 theoretical tools, that are commonly used to describe the charmonium system
and its dynamics, are described. The basic ideas behind the potential model approach, the
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lattice QCD calculations and the effective field theories are discussed.

Chapter 3 gives an overview of the current challenges in charmonium spectroscopy. Such
problems, as the ρπ puzzle, the observed enhancements of isospin-violating transitions, miss-
ing charmonium states above the open-charm threshold, and the nature of XY Z states are
summarized.

Chapter 4 is dedicated to the BESIII experiment. The physics program of the experiment,
the structure of the BESIII detector and the detector parts, relevant for the presented physics
analysis, together with the off-line software and MC generators are discussed in some detail.

Chapter 5 describes tools and methods that were used for the data analysis, presented in
this thesis, i.e. particle identification, kinematic fitting, common systematic errors.

Chapter 6 reports on the data analysis of the isospin-violating (-allowed) charmonium transi-
tion ψ′ → π0(η)J/ψ. Signal-selection criteria, background suppression and studies of systematic
errors are described in detail.

Chapter 7 is devoted to searches of the isospin-violating transitions χc0,2 → π0ηc. This
analysis is more advanced, compared to the analysis reported in Chapter 6. Less details on the
signal-selection criteria are given.

Chapter 8 is dedicated to a discussion of obtained results and it gives an outlook to future
experiments in the charmonium-mass region. The future PANDA experiment and its role in
solving the charmonium puzzles are discussed.

Chapter 9, finally, contains the overall summary of the physics background, motivations,
theoretical and experimental approaches, and achieved results.



Chapter 2

Theoretical Approaches

This chapter gives a brief introduction to QCD, the theory of the strong interaction, and it
provides an overview of the most evolved theoretical models for the structure of charmonium
and its decays. The basic concepts of potential model approaches (Section 2.2), lattice QCD
calculations (Section 2.3), and effective field theories (Section 2.4) are discussed.

2.1 Introduction of QCD

QCD is an SU(3) gauge theory that describes the strong interaction, i.e. the interaction of
quarks and gluons among themselves and between each other. Quarks form hadrons, such as
the commonly known mesons and baryons, and the interaction between quarks is mediated by
strong force carriers - massless gluons. The word chromo is Greek for color, which is a quantum
number in QCD and analogous to the electric charge in QED. Quarks carry color charge. Unlike
photons in QED, gluons also carry an eight-fold color charge and, therefore, can interact between
themselves giving rise to quark confinement. In addition, quarks have flavors: up, down, strange,
charm, bottom and top.

The gauge-invariant QCD Lagrangian is given by

L = i
∑
q

ψ̄jqγ
µ(Dµ)jkψ

k
q −

∑
q

mqψ̄
j
qψ

i
qδij −

1

4
GaµνG

µν
a , (2.1)

where
(Dµ)jk = δjk∂µ − igs(Ta)jkGaµ

is the covariant derivative. The indices j and k refer to color (j, k = 1, 2, 3), the index q refers
to the quark flavor, and the summation over the color-charge index a is implied, (a = 1, 2, .., 8),
and this counting refers to eight gluon fields. The γµ are Dirac matrices, and mq is the mass
of a quark with flavor q. The ψ (ψ̄) are four-component Dirac (adjoint) spinors, corresponding
to the quark and antiquark fields. Aaµ corresponds to the vector gluon fields, and Gaµν is the
gauge-invariant gluon strength tensor, given by

Gaµν = ∂µAaν − ∂νAaµ + gsfabcAbµAcν .

The parameter gs is the strong coupling constant.

The first term in Equation 2.1 corresponds to the kinetic energy of quarks and the quark-gluon
interaction. The second and the third term correspond to the self-interactions of the quark and
gluon fields, respectively. The third term also contains the kinetic energy of the gluon fields.

11
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QCD has two important properties: confinement and asymptotic freedom. Color confine-
ment states that the force between colored particles does not decrease, as they are separated,
and, therefore, quarks and gluons can never be freed. Confinement imprisons quarks inside
color-neutral hadrons. Asymptotic freedom implies that at decreasing distance between quarks
(increasing energy) the interaction between them becomes weaker. Thus, the strong coupling

constant is, ironically, energy- (distance-) dependent. The dependence of αs = g2s
4π on the dis-

tance (the so-called running) is depicted in Figure 2.1. At short distances (high energies), the
value of αs, which serves as an expansion parameter in QCD, is small (asymptotic freedom!),
and one can apply perturbative methods to calculate observables. At large distances (low en-
ergies), the value of αs becomes large, and perturbative calculations are not valid anymore.
Non-perturbative methods, such as effective field theories or lattice QCD calculations, have to
be exploited to solve QCD problems. The BESIII and PANDA experiments are designed to
study physics in the transition region between perturbative and non-perturbative regimes.

  

Perturbative QCD

Figure 2.1: Running of the QCD coupling constant, αs, as a function of the distance between
two quarks.

2.2 Potential models

The bare mass mc of the charm quark is mc = 1.28 ± 0.03 GeV/c2, and the relative velocity
υ between the quark and the antiquark in the charmonium system is fairly low, υ2 ≈ 0.3.
Therefore, a non-relativistic framework (Schrödinger equation) with relativistic corrections, such
as ~L · ~S and ~S · ~S terms, is a good approximation for charmonium. Similar approaches work well
for hydrogen and positronium.

In the non-relativistic limit, the Schrödinger equation

[T + V (r)]Ψ = EΨ,

can be used to treat the charmonium system, where T represents the kinetic energy term, and
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V (r) is the static potential-energy term with r being the distance between the quark and the
antiquark. The naive form of the potential, V (r), can be derived from first principles of QCD.
At the long-distance scale, the interaction potential must provide confinement, and at the short-
distance scale the asymptotic freedom must be assured. These constraints can be accommodated
by a simple form (in natural units, i.e. h̄c = 1) of:

V (r) = VQ(r) = −4

3

αs
r

+ br, (2.2)

where αs is the coupling constant of QCD. The first term describes a single-gluon exchange
between the quarks and is analogous to the Coulomb potential in QED. The factor 4/3 arises
from the requirement that quark and antiquark are in a color-singlet state. Taking into account
the distance dependence of the coupling in QCD, αs has to be replaced by the running constant
αs(r) [42]:

αs(r) =
2π

9 ln 1
rΛQCD

,

where ΛQCD is the non-perturbative scale of QCD and it is found to be of the order of
200 MeV [43]. The second term in Equation 2.2, in which b is the force constant, corresponds
to quark confinement. The choice of the potential is not unique, since QCD only hints to an
asymptotic behavior of V (r).

One of the most popular and developed forms of V (r) is the Cornell potential [44, 45, 46],
named after the Cornell University in the USA. The Cornell potential takes the form of the
sum of Coulomb-like (with constant αs) and linear terms (see Equation 2.2), and relativistic
terms, corresponding to the spin-spin and spin-orbit interactions, giving rise to the hyperfine
and fine splittings of the charmonium levels, respectively. The Cornell model also takes into
account the coupling of charmonium to DD̄ pairs. The parameters of the potential models
are determined from a fit to the experimental spectrum. The typical values of parameters
are αs ≈ 0.5, b ≈ 0.15 GeV2, and the fitted value of the constituent charm-quark mass is
mc ≈ 1.5 GeV/c2 [47, 45].

The Godfrey-Isgur model [48] is the relativistic version of the Cornell potential. In this form
of the potential, a relativistic dispersion relation for the quark kinetic energy is used:

T =
√
~p 2
c +m2

c +
√
~p 2
c̄ +m2

c̄ ,

where pc is the momentum of the c quark. The αs constant is replaced by the running constant of
QCD, αs(r). The model assumes flavor-dependent parameters in the spin-dependent terms, and
replaces the quark-mass dependence of the spin-dependent terms by the quark kinetic energy.

Figure 2.2 shows the observed charmonium states and the charmonium states predicted by the
Cornell and Godfrey-Isgur potential models. The naive potential models describe surprisingly
well the charmonium spectrum, especially below the open-charm production threshold. All
the states predicted by potential models below the DD̄-threshold are found and their masses
are in good agreement with the measured masses. Above the DD̄-threshold, the situation is
worse. Only four of many charmonium states, predicted by potential models above the DD̄-
threshold are found, namely ψ(3770), χ′c2, ψ(4040), ψ(4160), ψ(4415). Also, many charmonium-
like states above the DD̄-threshold, the so-called XYZ states, are found, which are not predicted
by potential models. These states are not shown in Figure 2.2. More details about XYZ states
will be given in Section 3.2.
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χ
2
'(3930)

Figure 2.2: Predicted and observed charmonium states. The solid lines represent observed
masses, M , of charmonium states. The broken lines represent states, predicted using the Cornell
(left) and the Godfrey-Isgur (right) potential. Spin triplet levels are dashed, and spin singlets
are dotted [47]. The letters S, P,D... correspond to L = 0, 1, 2....

2.3 Lattice QCD

Lattice Quantum ChromoDynamics (LQCD) is the non-perturbative method of validating QCD
at low energies, at scales . 1 GeV, where the coupling constant αs ≈ 1 and perturbative methods
are not reliable anymore (see Figure 2.1). LQCD uses brute force, i.e. it involves “numerical
methods”, to predict observables from first principles of QCD. The only tunable parameters in
LQCD calculations are the strong coupling constant, αs, and the bare masses of the quarks.
No new fields or parameters are introduced and, therefore, LQCD preserves the symmetries of
QCD. A basic introduction to LQCD calculations is given below. Reference [49] was consulted
while writing this section.

The LQCD approach was first proposed by K. Wilson forty years ago [50] and serves nowadays
as a precision tool for QCD calculations. LQCD calculations use the Feynman path integral
approach, in which the partition function in Euclidean space is defined as

Z =

∫
[dA][dψ][dψ̄]e−S , (2.3)
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where the color indices are omitted. The measure of the path integral is given by [dF ] and
indicates integration over all possible configurations of the fields F = A, ψ, ψ̄. S is the QCD
action in 4-dimensional space-time given by

S =

∫
d4xL, (2.4)

where L is the QCD Lagrangian, given by Equation 2.1. In LQCD, continuous space-time (x, t)
is converted to a discrete four-dimensional space-time grid referred to as a lattice, (xi, ti) or
(ani, ant), where a is the spacing between points, also called the lattice spacing, and ni, nt are
discrete numbers in the space and time domain, respectively.

The quark fields are defined at lattice sites ψ(x, t) → ψ(ni, nt), and their derivatives are
replaced by the finite differences of these fields, ∂µψ → 1

2a(ψ(n + 1µ) − ψ(n − 1µ)), where the
point n+ 1µ is one lattice point up from the point n in the µ direction.

The gluon fields, Uµ(ni, nt), are defined on the lattice links connecting neighboring sites
eiagAµ → Uµ(ni, nt), where a takes care of the dimensions and g is a coupling constant, intro-
duced for convenience. This form for the gluon field preserves the local gauge invariance on a
lattice. The purely gluonic action, the so-called Wilson plaquette action, Sg, is derived from the
continuum QCD action:

Sg =

∫
d4x

1

4g2
Tr(GµνG

µν)→ β
∑
p

(
1− 1

3
Re{Tr(Up)}

)
, (2.5)

where Tr is the trace, Up is the closed 1 × 1 loop called the plaquette (see Figure 2.3), and
β = 6

g2
. In lattice calculations, the expectation value of any observable, Γ, is calculated as an

average over an ensemble of field configurations:

〈Γ〉 =
1

Z(U)

∫
[dU ]Γe−Sg(U), (2.6)

where [dU ] is a measure of the path integral, while integrating over all possible paths. In
LQCD, this calculation is performed using Monte Carlo simulations, generating configurations
of {U}α matrices (one matrix for each lattice link), giving the values of 〈Γ〉 in this configuration
Γα. The configurations form ensembles of states, where the probability of finding a particular
configuration α in the ensemble is proportional to e−S

α
g . Then, the expectation value 〈Γ〉 is an

average over the ensemble, 〈Γ〉 = 1
N

∑N
α=1 Γα. Such a measurement has a statistical error, which

for a large number of N propagates as 1/
√
N .

Introducing fermions on a lattice has several difficulties. The first problem is the so-called
fermion doubling problem. To illustrate this problem, consider free single-flavor fermions. The
inverse of the fermion propagator Glattice on the lattice is then G−1

lattice(p) = iγµ
sin pµa
a +m [49],

while in the continuum limit the inverse of the propagator Gcont is G−1
cont(p) = iγµpµ +m, where

γµ are Dirac matrices. Zeros of the G−1 correspond to poles of real propagators, and, therefore,
correspond to particles. The continuum-like inverse propagator is close to zero at p ≈ 0, since the
lattice Bruilloin zone is −π

a ≤ p ≤
π
a . The lattice propagator is close to zero at p ≈ −π/a, 0, π/a.

Thus, in one dimension, one lattice fermion contains two continuum-like fermions. On a four-
dimensional lattice each lattice fermion contains 24 continuum-like fermions, instead of one. The
extra quarks are called doublers. This behavior is called the fermion doubling problem. One
of the ways out is to use the so-called Wilson action, in which the doublers are removed by
adding an extra term to the action, which gives a larger mass to the doublers and they become
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n n+1μ

n+1ν+1μ
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Uν
†(n)

n+1ν

Figure 2.3: A plaquette on the lattice.

unphysical. For this solution the chiral symmetry is broken, and large discretization errors occur.
The other problem that arises when introducing quarks on a lattice is connected to the fact that
the fermion path integral cannot be represented as ordinary numbers in a computer. However,
the fermion fields can be integrated out. The partition function is

Z =

∫
[dU ][dψ][dψ̄]e−Sg+ψ̄Mψ =

∫
[dU ]detMe−Sg , (2.7)

and the form of matrix M depends on the quark formulation. The QCD action then becomes

S = Sg − Tr(ln(M)), (2.8)

and the form of Sg is given by Equation 2.5. The configurations of {U}α have to be generated
with a probability weight of e−S , where the form of S is given by Equation 2.8. The second
term of this equation is computationally expensive, since it involves the inverting of the matrix
M(U), which is a large matrix. Due to computation costs, the second term in Equation 2.8 is
often omitted, and then S = Sg. This approach is called quenched approximation. The quenched
approximation is equivalent to QCD calculations where only valence quarks are accounted for,
and the sea quarks are omitted. Nowadays computational power becomes more affordable, and
the unquenched or dynamical LQCD calculations with Nf = 2 and Nf = 2 + 1, where Nf is the
number of dynamical quark flavors, are usually performed. These calculations take into account
the up, down or up, down and strange quarks.

Masses of hadrons are computed in LQCD from the asymptotic behavior of correlation func-
tions C(t). A typical correlation function can be written as

C(t) = 〈0|O(t)O(0)|0〉,

where O is an operator of creation (annihilation), which can create (annihilate) from the vacuum
all the hadron states with the same quantum numbers JPC . At large separation, the correlation
function is approximately

C(t) w |〈0|O|1〉|2e−E1t,
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where E1 is the energy of the lightest state which the operator O can create from the vacuum.

LQCD calculations are performed by the generation of {U}α matrices, that form ensembles
of gluon configurations, using Monte Carlo methods; quark propagators are calculated for each
gluon configuration. The obtained quark propagators are collected in various combinations,
forming hadron correlators, which then are averaged over all the configurations in the ensemble.
The calculations have to be performed for times t, that are large enough for the correlators to
reach the continuum limit. The hadron correlators are then fitted to their expected theoretical
form to extract hadron masses. The obtained lattice results are converted from lattice units to
physical units by requiring one physical quantity (e.g. the hyperfine splitting MJ/ψ−Mηc) to take
its experimentally determined value. Then, the pion mass, mπ, is calculated. Due to the high
computational costs of LQCD calculations at realistically small quark masses, the quark masses
are elevated and thus, the resulting pion mass obtained in LQCD calculations, is unphysically
high, typically mπ ≈ 400 MeV/c2 [51]. Therefore, the obtained physical quantity, e.g. the

JPC

Figure 2.4: A charmonium spectrum showing only JPC channels in which LQCD calculations
in combination with leading-order chiral perturbation theory predict the existence of hybrid
mesons [51]. Black lines are the experimentally observed states, green boxes are the charmonium
states, blue and red boxes are the hybrid candidates, predicted using dynamicalNf = 2+1 LQCD
calculations. The dashed lines indicate the DD̄ and DsD̄s thresholds using the experimental
masses of D mesons (coarse-dashed gray lines) and masses obtained from LQCD calculations
(fine-dashed green lines). The masses are calculated in a volume of 243 grid points with an
extracted pion mass of mπ ≈ 400 MeV. The calculated (experimental) mass of the ηc has been
subtracted from the calculated (experimental) masses in order to reduce the systematic error
from the tuning of the bare charm quark mass. The vertical size of the boxes represents the one
sigma statistical uncertainty of the calculation.



18 THEORETICAL APPROACHES

hyperfine splitting MJ/ψ −Mηc , has to be studied for various quark masses, i.e. pion masses
(e.g., see Reference [52]) and has to be extrapolated to the physical pion mass. An appropriate
functional form for the extrapolation is needed, and for this purpose, chiral perturbation theory
is often used. The calculations are repeated at several values of lattice spacing a to ensure the
independence of results on a.

Figure 2.4 shows the charmonium-mass spectrum and the spectrum of predicted exotic states,
obtained from recent dynamical LQCD calculations [51]. Below the open-charm production
threshold, the LQCD results are in good agreement with the experimental results. The observed
discrepancies could be due to discretization effects caused by the finite lattice spacing, systematic
uncertainties within the variational method, and due to the unphysically heavy pion mass.

LQCD calculations provide the most straightforward, powerful and exact approach to solve
QCD problems, but are computationally expensive. To keep computational costs within bounds,
unphysically heavy up- and down-quark masses are used and, in some cases, quenched sea quarks.
However, with the fast increase of computing power in time those problems will be overcome
soon extrapolating from Moore’s law.

2.4 Effective field theories

Effective Field Theory (EFT) is a nowadays popular approach to solve low-energy (large-
distance) QCD problems, where perturbative calculations are not possible due to a large value
of αs (see Figure 2.1). Extensive descriptions of EFTs are given in References [53, 54, 55]. Here,
the underlying basic principles of EFTs are briefly discussed.

The main idea of an EFT is that the dynamics at low energies (large distance) does not
depend upon the details of the dynamics at high energies. Thus, low-energy physics problems
can be treated using an effective Lagrangian that contains only a few relevant degrees of freedom.
EFT has an intrinsic energy scale Λ, that sets the limit of its validity.

A good textbook example of an EFT is the treatment of the energy levels of the hydrogen
atom. The typical energy scale of the hydrogen atom is of the order of α2me, where me is the
electron mass, and α is the coupling constant of QED. The energy levels of a hydrogen atom
can be calculated by ignoring effects at energy scales Λ � α2me, with an error of the order of
α2me/Λ. For a given accuracy, knowledge about high-energy effects (the quark substructure of
a proton, or the weak coupling constant) is not needed. To calculate the radial excitations of
the energy levels, that are of the order of 10−4 eV, the only relevant degree of freedom is the
mass of the proton. If one wants a more accurate description of a hydrogen atom, more details
about the proton have to be included. For instance, to calculate the fine splitting of energy
levels, that is on the order of 10−5 eV, the proton spin is required in addition.

The above-presented example reflects the general spirit of an EFT approach. In an EFT
calculation, one first needs to set a scale of applicability, Λ, and to identify which processes are
the most important ones at a given scale. Technically, the terms in the Lagrangian with the
smallest contribution have to be omitted. This is usually done using a dimensional analysis.
Dimensions of each operator, field and coupling constant have to be determined. For example,
consider a free scalar field φ with a mass m and an action S is given by

S =

∫
(dDx)

1

2
(∂µφ∂

µφ−m2φ2),

where D is the space-time dimension. The mass-dimension r of the field φ can be determined
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using the kinetic-energy term, and the fact, that S is dimensionless. Therefore, φ has a mass-
dimension [φ] = D−2

2 . In this fashion, the dimension of the fields and operators are deduced.
The most important operators are the ones with the lowest dimensions. The rule of thumb
dictates, that the operators with r < D are relevant, those with r = D are marginal and those
with r > D are irrelevant for a given problem. To include all corrections up to order 1/Λr, one
should include all operators with dimension r ≤ D, and all terms with coefficients of dimension
r ≥ D. In the case D = 4, the scalar φ, spinor ψ and vector Aµ fields have mass-dimensions
1, 3/2 and 1, respectively. The relevant gauge-invariant operators are φn (with n ≤ 4), ψ̄ψ,
∂µφ∂

µφ, ψ̄Dψ, ψ̄ψφ, FµνF
µν .

2.4.1 NREFT

For charmonium studies, a Non-Relativistic Effective Field Theory (NREFT) approach is often
used. The bare charm quark is heavy, mc = 1.28 ± 0.03 GeV/c2 [15], and, therefore, the
relative velocity υ of the c quark in charmonium is rather low, υ2/c2 ≈ 0.3. This allows for a
non-relativistic treatment of charmonium.

Charmonium (also bottomonium) has three different scales. First, the mass scale M , which
scales the rest energy of charmonium and provides a short-distance scale for annihilation pro-
cesses. Second, the momentum scaleMυ/c. (Mυ/c)−1 defines the size of the bound state. Third,
the kinetic energy scale Mυ2/c2, which defines the splittings between the radial excitations of
charmonium energy levels.

There is also another scale, ΛQCD, which defines perturbative effects involving light quarks
and gluons. For the charmonium system, the value of ΛQCD is approximately 450 MeV [56],
which is of the same order as the splitting between the ground state of charmonium, ηc, and
its first radial excitation, η′c: Mη′c − Mηc ≈ 657 MeV/c2. Therefore, Mυ2/c2 ≈ ΛQCD for
charmonium.

The inequality (Mυ2/c2)2 � (Mυ/c)2 � M2 is reasonably well fulfilled for charmonium,
and the separation of scales can be performed. The mass scale M , which plays a minor role in
the dynamics of the system, is separated from the scales Mυ/c and ΛQCD. The effects at the
scale M are taken into account via coupling constants of four-fermion operators in the NRQCD
Lagrangian, and those coupling constants can be calculated using perturbative methods under
the assumption αs(M)� 1. The effects of the lower momentum scales Mυ/c and of ΛQCD are
factorized into matrix elements that can be calculated using non-perturbative methods, such as
LQCD (see Section 2.3).

To transform the full QCD theory into a NREFT, the full QCD Lagrangian is modified in two
steps. First, the momentum cut-off Λ of order M is introduced. In this way, the relativistic heavy
quarks together with the light quarks and gluons with momenta of order M are excluded from
the theory. Then, the heavy quark and antiquark degrees of freedom are decoupled, resulting
in a replacement of a relativistic field theory with four-component Dirac spinors (describing the
heavy quarks) by a non-relativistic Schrödinger equation, with separate two-component Pauli
spinors representing quark and antiquark fields. The resulting theory is called a NREFT. The
NREFT Lagrangian takes a form of

LNRQCD = Llight + Lheavy + δL. (2.9)

Llight is the Lagrangian part describing the dynamics of gluons and light quarks; the leading
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term in the Lagrangian is Lheavy describing the heavy quarks and antiquarks and takes the form

Lheavy = ψ†(iDt +
D2

2M
)ψ + χ†(iDt +

D2

2M
)χ,

where ψ and χ represent the quark and antiquark fields, respectively, Dt and D are the time
and space derivatives. The correction term δL includes relativistic effects and takes the form

δL =
∑

ci(Λ)Ôi,

where Ôi are operators and ci(Λ) are coefficients. The coefficients ci depend on Λ in such a
way that the Λ-dependence of the operators is canceled. The coefficients can be written as
perturbative expansions in powers of αs.

The Lagrangian given by Equation 2.9 does not contain mixed two-fermion operators involving
ψ and χ† (or ψ† and χ) due to the NRQCD construction. Such operators correspond to the
annihilation of a cc̄ pair and, therefore, to the creation of gluons with momenta of order M .
Also operators containing higher-order time derivatives are omitted.

The terms in the NRQCD Lagrangian are studied by dimensional analysis for their dependence
on powers of Mυ/c and Mυ2/c2 and, therefore, the relative importance (i.e. the velocity-scaling)
rules are found. For example, the heavy-quark and antiquark fields scale as (Mυ/c)3/2, and the
time derivative Dt scales as Mυ2/c2. The desired accuracy in υ is chosen, and the operators,
that result in contributions with higher orders of υ/c than desired, are omitted. All the terms
in δL give contributions that are suppressed by O(υ2) relative to those from Lheavy. Therefore,
if an error on the order of υ2 is sufficiently small, the Lagrangian is then restricted to the form
LNRQCD = Llight + Lheavy. The inclusion of δL results in an accuracy of O(υ4).

The resulting Lagrangian is finally written as a double expansion in αs and υ. These pa-
rameters are not independent of each other for charmonium, υ ∼ αs(Mυ/c), and relativistic
corrections of order (υ2)n are expected to be more important than corrections of order α2n

s (M),
since αs decreases with the momentum scale.

The major drawback of the EFTs is, that with increasing accuracy the number of c(Λ)
coefficients is also increasing. Those coefficients are determined using low-energy data or other
theoretical approaches, like dispersion theory or LQCD calculations. On the other hand, LQCD
can use extrapolation formulas, derived from EFTs, to perform fits to physical quark masses.
EFTs can perform systematic studies of QCD processes, such as isospin-violating transitions in
charmonium, predicting their branching fractions (see [57]). To validate the EFT predictions,
experimental studies have to be conducted in parallel. The experimental results, presented in
this thesis (Chapters 6 and 7) will help to constrain the parameters of the NREFT, as is proposed
in Reference [57].

Some results of recent potential-model, LQCD and NREFT calculations will be presented in
Chapter 3, which is dedicated to modern problems in charmonium spectroscopy.

2.4.2 Isospin-violating transitions in the NREFT framework

According to the OZI rule (see Section 1.3), charmonium decays to pairs of D mesons are favored
over the other types of decays, since the former ones can be described by connected quark flow
diagrams. Below the DD̄ threshold, charmonium DD̄-decays are energetically not possible.
Although the production of real, or on-shell, DD̄ pairs is not allowed, the creation of virtual,
or off-shell, pairs of D mesons can take place. These virtual DD̄ pairs appear in Intermediate
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Charmed-Meson Loops (ICML). An example of such a process is shown in Figure 2.5. ICMLs
are found to play an important role in charmonium transitions, both below and above the DD̄
threshold. A collection of yet unresolved charmonium problems, such as, for example, the large
non-DD̄ decay width of ψ(3770), that can be (at least partially) explained by contributions of
ICMLs is given in Chapter 3.

Figure 2.5: An example of decays ψ′ → π0(η)J/ψ through an ICML. Charmonia, light mesons
and charmed mesons are denoted by double, dashed and solid lines, respectively. The figure is
taken from Reference [57].

The role of ICMLs in isospin-violating transitions in charmonium is investigated in the frame-
work of NREFT in Reference [58]. The expansion parameter in this effective theory is the velocity
υ of the heavy meson, which can be estimated as

υ/c ∼
√

(2MD̂ −MΨ̂)/MD̂, (2.10)

where MD̂ is the average mass of D and D∗ mesons, and MΨ̂ is the average charmonium mass
MΨ̂ = (MΨ,initial +MΨ,final)/2 for a transition Ψinitial → π0Ψfinal. Ψ is a generic charmonium
state. Power counting rules for the tree-level amplitudes and the loops were found. The sup-
pression factor, SF , defined by the ratio between the loops and the tree-level amplitudes, was
investigated for isospin-violating transitions between different charmonium states. For the tran-
sition between the S-wave charmonium state, i.e. ψ′ → π0J/ψ, the suppression factor is found
to be inversely proportional to υ/c, SF = (υ/c)−1 ' (0.53)−1. Therefore, the contribution of
ICML is by a factor of two larger than the contribution of the tree-level diagram. The suppres-
sion factor for the transitions between S- and P -wave charmonia is found to be proportional to

the momentum q of the pion and the velocity of the charmed meson in the loop, SF = q2

(υ/c)3M2
D

.

Above the DD̄ threshold SF is in the range 0.03 - 0.3.

This thesis is dedicated to experimental studies of isospin-violating transitions in charmonium
below the DD̄ threshold, and the work is, to a large extend, motivated by the need to verify
the role of ICML in charmonium transitions. The next chapter discusses various puzzles that
were observed in charmonium spectroscopy. The role of ICML to (partly) explain these puzzles
is of particular interest. In this thesis, we have selected a few key transitions with the aim to
set a stringent benchmark to our present understanding of ICML, in particular in view of its
application in EFT.
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Chapter 3

Challenges in Charmonium
Spectroscopy

This chapter gives an overview of the current challenges in charmonium spectroscopy. To get a
deeper insight into the structure of hadrons, in particular for charmed mesons, both precision
measurements and rigorous theoretical models are required. The most persistent and unresolved
problems include the long-standing ρπ puzzle, the observed enhancements of isospin-violating
transitions, missing charmonium states above the open-charm threshold, and the puzzling nature
of XY Z states. The work presented in this thesis is related to these puzzles and aims to
contribute to their understanding.

3.1 Non-perturbative effects below the open-charm threshold

3.1.1 The ρπ puzzle

In the non-relativistic framework of perturbative QCD, the partial widths of vector charmonium
decays to hadrons via three gluons, n3S1 → ggg → hadrons, and to leptons, n3S1 → e+e−, are
predicted to be proportional to the mass of the charmonium state and to the square of the
wave function at the origin |ψ(0)|2 [59]. The ratio of the hadronic and leptonic decay widths is
constant, Γ(n3S1 → e+e−)/Γ(n3S1 → hadrons) = constant, and independent of wave-function
effects and it only depends on α and αs [59]. Under the assumption that this paradigm holds
for every individual hadronic decay channel h, the following ratio can be written:

Rh =
B(ψ′ → h)

B(J/ψ → h)
=

B(ψ′ → e+e−)

B(J/ψ → e+e−)
. (3.1)

Taking the values of B(ψ′ → e+e−) and B(J/ψ → e+e−) from the Particle Data Group
(PDG) [15], Rh = 0.130 ± 0.003. These ratios for decays to hadrons and electrons are as-
sumed to be the same under the assumptions that the strong coupling constant αs � 1, that
αs(J/ψ) = αs(ψ

′), and that the charmonium system decays to hadrons predominantly via a
point-like annihilation to three gluons.

The ratio Rh, known as the 12% rule1 was experimentally confirmed for many hadronic decay
modes of the 3S1 states, such as 3(π+π−)π0 [61], pp̄π0 [61], ΛΛ̄η [62], ωπ+π− [63]. The violation

1Earlier measurements were providing Rh ≈ 12%, for example, see Reference [60].

23
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of this rule was observed for the first time in the data collected by the MARKII detector at
the Stanford Positron Electron Accelerating Ring (SPEAR), as reported in Reference [61]. For
some of the hadronic decay modes, such as K∗K and ρπ, the experimental values of Rh were
well below the predictions of perturbative QCD, RK∗K < 2.07% and Rρπ < 0.63% at 90%
confidence levels. Since then, many other experiments have reported this phenomenon [64, 65],
which received the name ρπ puzzle. The most precise measurement of Rπ+π−π0 is performed by
the BESIII collaboration, and the value is Rπ+π−π0 = (1.00± 0.01(stat)+0.06

−0.05(syst))% [66]. The
violation of the 12% rule has been observed for other hadronic channels, such as 2(π+π−π0)
[63], 2(π+π−η) [63], K+K−π+π−π0 [63], as well.

The ρπ puzzle is not yet theoretically understood, although many models have been proposed
to explain this phenomenon. The suggested solutions include the presence of a large intrinsic
charm component inside the ρ meson [67], the formation of an intermediate glueball that mixes
with the J/ψ but not with the ψ′ [68], or a hybrid component of the ψ′ [69]. Another possible
solution for the ρπ puzzle is offered by open-charm effects, as proposed in Reference [70], where
it is argued that the contribution of ICML to the decay width can be significant, since the
mass of ψ′ is close to the open-charm threshold. The suggested model prediction of Rh is in a
reasonable agreement with the experimental data for the final states with non-zero isospin, such
as ρπ and K∗K. However for the isospin-zero channels, such as φη and φη′, predictions based
on the same model are far from the measured values.

Despite a large number of proposed theoretical models, none of them is completely satisfac-
tory, and more work is required both from the theoretical and experimental sides.

3.1.2 2S hyperfine splitting

The η′c (21S0) is the first radial excitation of the ground state of charmonium, the ηc. The
mass of the η′c is of particular interest, because the hyperfine splittings ηc - J/ψ, and η′c -
ψ′ are related to the spin-spin interaction. Measurements of the 2S hyperfine splittings can,
therefore, provide information about the underlying cc̄ confinement potential. A potential model
that is based on a Non-Relativistic (NR) framework and for which the potential ansatz takes
the form of a Coulomb-like potential plus linear terms, predicts a 2S hyperfine splitting of
M(ψ′)−M(η′c) = 32παs|Ψ(0)|2/9m2

c [46], where mc is the mass of the charm quark. Normalizing
to the observed M(ψ′)−M(η′c) splitting, one extracts a value of 67 MeV, which is about 20 MeV
larger than the experimental value of 48.5±3.3 MeV [71]. A possible solution is to include
coupled-channels effects into the theoretical model. This improves the agreement between the
theory and experiment, predicting a splitting with a size M(ψ′) −M(η′c) = 46.1 MeV/c2. It is
tempting to conclude that the ψ′−η′c splitting reflects the influence of virtual decay channels [46].
LQCD predicts a value for the 2S hyperfine splitting of M(ψ′) −M(η′c) = 57.9 ± 2.0 MeV/c2

[72], which is more than 2σ away from the measured value.

The experimental value of the 1S hyperfine splitting is M(J/ψ) − M(ηc) = 115.9 ±
1.0 MeV/c2 [15], and the prediction of a NR potential model is 108 MeV/c2 [47]. The LQCD
calculations predict a value of M(J/ψ)−M(ηc) = 107.9±0.3±1.1+2

−0 MeV/c2 [72]. The discrep-
ancy between the measured 1S splitting and the prediction by a NR potential model is smaller
than in the 2S case, as one would naively expect, since the 1S charmonium states are further
away from the DD̄-production threshold.
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3.1.3 M1 radiative transitions

In a model in which charmonium is described as a pure cc̄ system, M1 radiative transitions
between charmonium levels are due to the magnetic-moment interaction between quarks. The
corresponding Hamiltonian is

HM1 = −µc(~∆ · ~B),

where µc = eec/(2mc) is the magnetic moment, ~B is the magnetic field, mc is the mass of charm
(anti)quark, ec = 2/3 is the c-quark charge, and ~∆ is an operator defined as ~∆ = ~σc − ~σc̄,
with the spin operators ~σc and ~σc̄ acting on the quark and the antiquark, respectively. The M1
transition rate, ΓM1, between two states n2S+1LJ and m2S′+1L′J ′ depends on the energy of the
transition photon, Eγ , and the matrix element < m2S′+1L′J ′ |n2S+1LJ > [42]:

ΓM1(n2S+1LJ → m2S′+1L′J ′) =
4

3

2J ′ + 1

2L+ 1
δL,L′δS,S′±1e

2
c

α

m2
c

E3
γ |< m2S′+1L′J ′ |n2S+1LJ > |2.

In the leading non-relativistic order with a spin-independent potential, and ignoring the recoil
effect, the values of |< m2S′+1L′J ′ |n2S+1LJ > |2 are determined by the orthonormality condition
for the spatial wave functions. For such an approach, the M1 transition between the n3S1 and
m1S0 states in charmonium (with n 6= m), e.g. the transition ψ′ → γηc, should vanish, since
these states have orthogonal wave functions and, therefore, are called hindered M1 transitions.
The transition ψ′ → γηc in such a framework is enabled by relativistic and recoil effects. The
experimental value for the decay width of this transition is Γ(ψ′ → γηc)exp = 0.97±0.14 keV [73].
A spin-dependent NR potential model, that also accounts for recoil effects, was proposed in
Reference [47]. This model predicts a decay width Γ(ψ′ → γηc)potential = 9.7 keV, which is
in striking (one order of magnitude!) disagreement with the experimental value. A similar
discrepancy between data and theory is observed for the allowed M1 transitions. For example,
the decay width of the M1 transition between 13S1 and 11S0 charmonium states is Γ(J/ψ →
γηc)exp = 1.7 ± 0.4 keV [15], whilst the NR potential model predicts a value of Γ(J/ψ →
γηc)potential = 2.9 keV [47]. The LQCD prediction is Γ(J/ψ → γηc)LQCD = 2.51± 0.08 keV.

The discrepancies in the relative M1 transition rates between theoretical predictions and ex-
perimental values can be caused by ICML. Naively, the 2S charmonium states are closer to the
open-charm threshold, thus the contribution of the ICML to the decay width is expected to
be larger, and the discrepancy between the NR potential model predictions and the measured
value is also larger than for the 1S charmonium states. Recently, a theoretical model based
on an Effective Lagrangian Approach (ELA) was developed [74]. The prediction of this model
for the hindered M1 transition is Γ(ψ′ → γηc)ELA = 2.05+2.65

−1.75 keV, which is in reasonable
agreement with the measured value. The uncertainties in the ELA results are coming from
the uncertainties in the coupling constants of charmonium to D-mesons, coupling constants of
D-mesons to photons, cut-off parameters, and the relative phase between the quark-model M1-
transition and ICML-transition amplitudes. Moreover, quenched LQCD calculations predict a
value Γ(ψ′ → γηc) = 0.4 ± 0.8 keV [75] which overlaps within one standard deviation with the
experimental result. Note that the large uncertainty in the theoretical calculations complicates
the physics interpretation and identifying the relevant degrees of freedom via phenomenolog-
ical model approaches is needed. Table 3.1 summarizes measurements and predictions of M1
radiative transitions in charmonium.

From the experimental side, a more precise measurement of the partial widths and, therefore,
more measurements of radiative transitions in the charmonium mass region are badly needed.
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Table 3.1: Summary of measurements and predictions of M1 radiative transitions in charmonium.
In the ELA case, the value of Γ(J/ψ → γηc) = 1.58± 0.37 is taken as input.

Initial meson J/ψ(13S1) η′c(2
1S0) ψ′(23S1) ψ′(23S1)

Final meson ηc(1
1S0) J/ψ(13S1) η′c(2

1S0) ηc(1
1S0)

Γpotential (keV) [47] 2.9 2.5 0.21 9.7

ΓELA (keV) [74] 1.58±0.37 (input) - 0.08±0.03 2.05+2.65
−1.75

ΓLQCD (keV) [75] 2.51±0.08 - - 0.40±0.80

Γexp (keV) 1.84±0.30 [73] - 0.21±0.14 [71] 0.97±0.14 [73]

3.1.4 ηc line shape

The ηc meson is the ground state of charmonium. It was observed for the first time more than
thirty years ago in the M1 radiative transition ψ′ → γηc [76], and since then numerous experimen-
tal studies were performed to measure its mass and width. Measurements using photon-photon
fusion and B decays for the production of the ηc [77, 78, 79] were providing a few MeV higher
mass and significantly larger widths than experiments exploiting radiative transitions to probe
the ηc[80, 81]. With these long-standing discrepancies, the ηc had large systematic uncertainties
on its mass and width in comparison with other charmonium states. A precise knowledge of the
ηc resonance parameters can reveal crucial information on the underlying potential, particularly
on the spin-spin interaction, which causes the ηc − J/ψ 1S hyperfine splitting.
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Figure 3.1: Left: invariant-mass distribution of K0
sKπ from the process ψ′ → γηc, ηc → K0

sKπ
[82], with the fit results (for the constructive solution) superimposed. Points are the data and the
various curves are the total fit results. The signal is shown as short-dashed line, the non-resonant
components as long-dashed line, and the interference between them as dotted line. Shaded
histograms are (in red/yellow/green) for (continuum/π0ηc /other ψ′ decay) backgrounds. Right:
the background-subtracted invariant-mass distribution of hadrons from the process ψ′ → π0hc,
hc → γηc, ηc → Xi, summed over 16 final states Xi [83]. Red dots represent the data, the solid
lines represent the signal shape and the background level.
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The M1 radiative transitions ψ′ → γηc and J/ψ → γηc, with 12 exclusive decay modes
of the ηc, were used to study the line shape of the charmonium ground state, as reported in
Reference [73]. A distortion of the ηc line shape in the ψ′ decay was observed, and this effect
was attributed to the energy dependence of the M1 transition matrix element.

Recently, the M1 radiative transition ψ′ → γηc, with 6 exclusive decay modes of the ηc was
studied using the largest to-date sample of ψ′ decays, collected by the BESIII detector [82]. The
mass and the width of the ηc were found to be 2984.3±0.6±0.6 MeV/c2 and 32.0±1.2±1.0 MeV,
respectively. The obtained results are in agreement with those obtained from photon-photon
fusion and B-decays [77, 78, 79]. The BESIII measurement improved the world’s average on
the width by a factor two [60, 15]. A distortion of the ηc line-shape was confirmed, as can
be seen in the left panel of Figure 3.1. An interference between the ηc and a non-resonant
background was considered, and the statistical significance of the interference was found to be
15σ. This result confirms the previous CLEO-c observation of the ηc line-shape distortion [73],
and may partly clarify the discrepancy found between older experiments, since the interference
significantly affects the ηc mass and width and was not always considered.

The ηc line shape was also studied in the process ψ′ → π0hc, hc → γηc, with 16 exclusive decay
modes of ηc [83]. Surprisingly, no interference with a non-resonant background was observed, as
can be seen in the right panel of Figure 3.1. The mass and the width of the ηc were calculated
and were found to be in excellent agreement with the previous BESIII measurement [82]. The
missing line-shape distortion observed in this radiative process and the origin of the interference
in the γηc process are very puzzling and require more detailed studies from both the experimental
and theoretical sides. No theoretical explanation of the line-shape effect was proposed so far.

3.1.5 Isospin-violating transitions

Isospin is known to be a good symmetry in the charmonium states below the DD̄ production
threshold. The decay rates of isospin-symmetry breaking modes are in general found to be very
small. For example, the branching fraction of the recently measured isospin-violating transition
ψ′ → π0J/ψ was found to be only (1.26 ± 0.02(stat) ± 0.03(syst)) · 10−3 [84], whereas other
hadronic transitions such as ψ′ → π+π−J/ψ with a branching fraction of (33.6± 0.4)% [15] are
significantly stronger.

On the fundamental quark level, the isospin-symmetry is broken due to the electromagnetic
interaction and/or due to the difference in the up- and down-quark masses (mu and md). It
is, therefore, believed that isospin-breaking decays can be used to access the up- and down-
quark mass differences once the electromagnetic effect is either well understood or found to be
negligible. An example of such a process is the transition ψ′ → π0J/ψ [39, 40]. At leading order
of the QCD multipole expansion [85]

Rπ0/η =
B(ψ′ → π0J/ψ)

B(ψ′ → ηJ/ψ)
= 3

(
md −mu

md +mu

)2 F 2
π

F 2
η

M4
π

M4
η

∣∣∣∣−→q π−→q η
∣∣∣∣3 , (3.2)

where −→q π(η) is the pion (eta) momentum in the rest frame of ψ′, Fπ(η) and Mπ(η) are the
decay constant and mass of the pion (eta), respectively. Using Equation 3.2 and the CLEO
measurement of the branching-fraction ratio [86], the up-down quark mass ratio is calculated to
be

mu

md
= 0.40± 0.01. (3.3)
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This result is considerably smaller than the result obtained using an expression that exploits
the Goldstone boson masses within a leading-order chiral-perturbation theory [87]:

mu

md
=
M2
K+ −M2

K0 + 2M2
π0 −M2

π+

M2
K0 −M2

K+ +M2
π+

= 0.56. (3.4)

It is important to understand such a large discrepancy between the values of mu/md obtained
on basis of different theoretical conjectures. Moreover, there are also discrepancies between the
results presented in Equations 3.3 and 3.4 and the results of LQCD calculations. The Flavor
Lattice Averaging Group (FLAG) working group reports values of mu

md
= 0.50 ± 0.02(stat) ±

0.03(syst) and mu
md

= 0.46±0.02(stat)±0.02(syst) for the Nf = 2 and Nf = 2+1 approaches [88],
respectively, where Nf denotes the number of flavors.

Recently, a NREFT study by the FZ-Jülich and IHEP-Beijing groups showed that ICML
are the dominant source for isospin breaking in the transition ψ′ → π0J/ψ [41]. According to
the proposed theory, the contribution of charmed-meson loops to the amplitude of the process
is enhanced by a factor of 1/(υc) ∼ 2, where υ is the heavy-meson velocity in the loops, and
υ w 0.53 c for the transition discussed. Detailed studies of different isospin-violating transitions
in charmonium below the open-charm threshold and the effect of ICML on the widths of the
transitions are described in Reference [57]. These NREFT calculations are based on a first es-
timate exploiting diagrams involving the lowest-lying pseudoscalar and vector charmed mesons
following heavy-quark symmetry and chiral symmetry. The authors state that only with an
effective field theory, that includes Goldstone bosons, charmonia, and charmed mesons as the
degrees of freedom, it would be possible in the future to extract the light-quark masses from
quarkonia decays. Currently, for such a theory quantitative predictions on individual branch-
ing fractions of isospin-forbidden decays of charmonium are difficult, because information on
coupling constants fψDD̄ between different charmonium states and DD̄-mesons is limited. The
theory requires constraints from experimental data, in particular from measurements of decay
rates of other isospin-violating transitions in charmonium [57]. An input from LQCD, in par-
ticular the calculations of fψDD̄ values, is also needed. A complete effective field theory will
also be a rigorous tool to reveal the nature of the XY Z states, such as the X(3872) and other
related puzzles, that will be discussed later in this chapter (Subsection 3.2.2).

This thesis describes studies of the isospin-forbidden transition between the charmonium S-
waves via π0 emission: ψ′ → π0J/ψ (Chapter 6); and the transition from the P -waves χc0,2 to
the ground state ηc via π0 emission (Chapter 7). For the latter transition, the dimensionless
suppression factor for the loops in χc0 → π0ηc is 0.3, according to Reference [57]. This factor is
smaller than in the process ψ′ → π0J/ψ, however, through the interference with the tree-level
amplitude, meson loops may give a significant contribution and cannot be neglected.

3.2 Charmonium above the open-charm threshold

Studies of charmonium states above the open-charm threshold revealed a number of exciting
discoveries. To the big surprise of the charmonium community, the first charmonium state
above the DD̄-production threshold, ψ(3770), has an unexpectedly high decay width to non-
DD̄ channels. This observation contradicts the OZI rule. More details are given later in this
section. The other surprise is that only five of many charmonium states above the DD̄ threshold,
predicted by the potential models, were unambiguously identified. Furthermore, a series of
unexpected states, nowadays known under the name XY Z states, were discovered. The XY Z
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states have unusual properties, that obstruct their interpretation as conventional charmonium
states and, therefore, are considered to be exotic-matter candidates. Some of those states,
namely the X(3872) and the Zc(3900)± are discussed later in the text.

3.2.1 Non-DD̄ decays of ψ(3770)

The ψ(3770) is the first charmonium state above the DD̄-production threshold. It was observed
for the first time by the SLAC - Lawrence Berkeley Laboratory (LBL) collaboration in e+e−

collisions [89]. Since this resonance lies above the open-charm threshold, it is expected, according
to the OZI rule, to decay predominantly to DD̄ pairs. The interesting question is whether this
expectation is fulfilled, since the violations of the OZI rule can point to non-perturbative effects
of QCD.

The NR potential model predicts a DD̄ decay width of the ψ(3770) of 43 MeV [47], assuming
the ψ(3770) to be a pure 3D1 cc̄ state, while the experimental value of the total width is
27.2±1.0 MeV [15]. Such a large discrepancy can be explained by taking into account a mixture
of 13D1 and 23S1 charmonium states, since the operator of tensor forces S(S+1)−3(~S ·~r)(~S ·~r)/r2

does not commute with ~L2 for the states with S = 1.

Numerous experimental attempts were made to measure the non-DD̄ decay width of the
ψ(3770). For example, the BES collaboration measured the branching fraction of ψ(3770) non-
DD̄ decays to be B(ψ(3770) → non−DD̄) = (15.1 ± 5.6 ± 1.8)% [90], assuming that only one
ψ(3770) resonance exists in the energy range from 3.70 to 3.87 GeV. The CLEO collaboration
reported a branching fraction of ψ(3770) non-DD̄ decays to be B(ψ(3770) → non − DD̄) =
−3.3 ± 1.4+6.6

−4.6%, which corresponds to B(ψ(3770) → non − DD̄) < 9% at a 90% CL when
considering only physical (positive) values [91]. The experimental results from BES and CLEO
are not in good agreement, and the experimental status is yet inconclusive. However, these
findings contradict the OZI rule, and the existing discrepancies draw a lot of attention from the
experimental and theoretical sides.

Several theoretical models were proposed to explain such a large non-DD̄ width of the
ψ(3770). A rigorous theoretical prediction for the light hadron (LH) decays of ψ(3770), based
on NRQCD factorization at next-to-leading order in αs and leading order in υ2, where υ is
the relative velocity of the charm quarks in charmonium, was proposed in Reference [92]. The
effect of S − D mixing was found to be very small. The decay width to LH was found to
be sensitive to the charm quark mass mc and, assuming a small mass of mc = 1.4 GeV,
Γ(ψ(3770)→ LH) = 805±403 keV and B(ψ(3770)→ LH) = (3.5±1.8)%. This result disagrees
with the experimental value reported by BES, and the authors suggest, that the measured large
non-DD̄ decay width is most likely due to non-perturbative effects. Since the ψ(3770) is located
above the open-charm threshold, a non-perturbative effect such as the final-state interaction
of DD̄ has to be taken into account. ICML can contribute to the width of non-DD̄ decays.
Such a mechanism was studied in Reference [93, 94] for the decays of ψ(3770) into a Vector -
Pseudoscalar (VP) light meson pair in the framework of ELA. It was found that the ICML con-
tributions account for some deficit for the ψ(3770) non-DD̄ decays. Fixing the cut-off parameter
by B(ψ(3770)→ ηJ/ψ), the total branching fraction for the VP decays of ψ(3770) is found to be
(3.38− 5.23) · 10−2 [93]. Branching fractions for a range of VP decays were predicted, and more
experimental measurements have to be performed to validate the proposed approach. Recently,
the BESIII collaboration reported on the measurement of branching fractions of baryonic decays
of the ψ(3770) [95]. Upper limits on the branching fraction for the ΛΛ̄π+π−, ΛΛ̄π0, ΛΛ̄η, ΣΣ̄,
ΞΞ̄ decay channels were determined, and the total branching fraction by analyzing seven decay
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channels was found to be (−1.1+2.72
−5.46±0.72) ·10−4 at a 90% CL. BESIII has collected the largest

data set on the ψ(3770) state, and more measurements on the branching fractions of various
decay channels will be reported in the nearest future.

Further theoretical and experimental studies of ψ(3770) decays are needed to establish the
role of ICML in charmonium transitions. Such studies will also shed light on the long-standing
ρπ puzzle, as well as on the mechanism of isospin violation below the open-charm threshold,
discussed in the previous section.

3.2.2 The XY Z states

In the last decade, a lot of new and not anticipated charmonium-like states above the DD̄
threshold were discovered. These so-called XY Z states do not fit into the conventional quark
model level scheme and their nature is the subject of a tremendous amount of experimental and
theoretical studies. The Z states are charged states. The Y states usually have JPC = 1−− and
can be populated directly in e+e− annihilations or via initial-state radiation. The X states are
all other neutral states. For an extensive recent overview, see Reference [96]. A few of these
enigmatic states, namely the X(3872) and Zc(3900)±, will be discussed here.

X(3872)

The X(3872) state was the first in a row of exciting findings of new unconventional states in
the charmonium-mass region. It was first seen in 2003 in the process B+ → K+π+π−J/ψ by
the Belle experiment as an unexpected enhancement in the π+π−J/ψ invariant-mass distribu-
tion around 3.87 GeV/c2 [97]. Later, the existence of X(3872) was confirmed by many other
experiments, such as BaBar [98] (using B-decays), Collider Detector at Fermilab (CDF) [99],
D0 [100], as well as CMS [101] and LHCb [102] (using hadron collisions).

Recently, the X(3872) quantum numbers were pinned down by the LHCb collaboration and
are found to be JP = 1+ [103]. The mass and the width, according to the latest PDG ave-
rage [15], are M = 3871.68± 0.17 MeV and Γ < 1.2 MeV at a 90% CL, corresponding to a 7σ
significance. The closest (by mass) 1++ charmonium state, predicted by a potential model (using
the Godfrey-Isgur potential [48]), is the χ′c1(23P1) with a mass of 3953 MeV [47] and a width
of 120 MeV [104]. This prediction is quite far from the experimental value, which complicates
a straightforward assignment of X(3872) as a conventional P-wave charmonium state.

Besides the failure of the existing potential models to explain the observed mass and width,
the mysterious X(3872) demonstrates other features, that disfavor a pure-charmonium inter-
pretation. An isospin breaking in the decays of the X(3872) was reported by the Belle col-
laboration [37]. The ratio of branching fractions of X(3872) decays to three pions and a

J/ψ and to two pions and a J/ψ is RX = B(X(3872)→π+π−π0J/ψ)
B(X(3872)→π+π−J/ψ)

= 1.0 ± 0.5. The decay

X(3872) → π+π−π0J/ψ proceeds via an intermediate ω meson, which has an isospin 0, and
the decay X(3872) → π+π−J/ψ goes via an intermediate ρ with an isospin 1. Assuming the
X(3872) to be a pure cc̄ state, the two-pion transition significantly violates the isospin symmetry,
which is in general a good symmetry in the strong interaction. For example, the isospin-violating
transition ψ′ → π0J/ψ has a branching fraction, that is two orders of magnitude smaller, than
the one for the isospin-conserving process ψ′ → π+π−J/ψ. Moreover, the searches for a charged
partner state were unsuccessful [105], indicating that X(3872) is most likely an isosinglet.

The mass of theX(3872) is suspiciously close to theD∗0D̄0 production threshold, m[X(3872)]−
[m(D∗0) + m(D̄0)] = −0.42 ± 0.39 MeV [15]. Such a large experimental error does not fore-
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Figure 3.2: Possible exotic QCD candidates. Left: tetraquark, a compact diquark-antidiquark
structure with a gluon exchange. Middle: a weakly bound molecule with a pion exchange. Right:
a hybrid, a quark-antiquark pair in the presence of strong glue.

close the possibility that the X(3872) is located above the D∗0D̄0 threshold, and more precise
measurements of both X(3872) and D-meson masses are required. The proximity to the D∗0D̄0

threshold naturally supports models explaining the X(3872) as a weakly bound molecule of a
D∗0 and a D̄0 (see Figure 3.2, right) in an S-wave state above the threshold or an unbound
virtual state slightly below the threshold [106, 107, 108]. According to the molecular model, the
observed large isospin breaking occurs due to the difference in the production thresholds of the
neutral D0 and charged D± mesons. Alternatively, some authors explain the small value of RX
by a larger phase space for the decay to ρJ/ψ than to ωJ/ψ [109].

In the limit of heavy-flavor symmetry and heavy-quark spin symmetry, and using the X(3872)
as an input, a spectrum of partner states is predicted (for more details, see [110]), among which
are a DD̄∗ molecule with a mass of 3836-3870 MeV/c2 and with a spin-parity JPC = 1+−,
a D∗D̄∗ molecule with a mass around 4012 MeV/c2 with JPC = 2++, and a D∗D̄∗ molecule
with a mass of 3983-4013 MeV/c2 with JPC = 1+−. Heavy-flavor symmetry assumes that the
interaction involving heavy mesons is independent of the heavy quark flavor, and, therefore,
partner states should exist in the bottomonium mass region. Indeed, some of the predicted
exotic states fit well to experimental observations. For example, a predicted JPC = 1+− B∗B̄∗

molecule with a mass around 10648 MeV/c2 can correspond to the Zb(10650)± detected by the
Belle collaboration [111, 112].

Another popular interpretation of the X(3872) is the tetraquark. A tetraquark can appear as
a tightly bound diquark-antidiquark system (cu)(c̄ū) that interacts via gluonic color force [113,
114, 115] (see Figure 3.2, left). Such a tetraquark model explains the quantum numbers, the
narrow width, and the similar decay rates to different isospin channels [113]. In addition,
this theory, using the X(3972) as an input, predicts the existence of a whole class of particles
with masses (3754, 3882) MeV/c2 and JPC = 1+− and non-zero charge, with masses (3723,
3832) MeV/c2, and JPC = 0++, with a mass 3952 MeV/c2 and JPC = 2++ and a spectrum of
particles with open charm.

The most recent LQCD calculations do neither predict the X(3872) as a conventional char-
monium state nor as a hybrid state [51] consisting of a cc̄ pair and a gluon (see Figure 3.2). The
results of LQCD calculations are shown in Figure 2.4. Recently, a candidate for the X(3872) was
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found 11 ± 7 MeV/c2 below the DD̄∗ threshold in dynamical Nf = 2 LQCD calculations [116]
in the JPC = 1++ and I = 0 channel. The DD̄ scattering length was found to be large and
negative. However, the authors do not give an interpretation of the observed candidate, since
the calculated scattering length might need sizable corrections due to the finite volume and
simulations with a larger volume still have to be performed.

Despite of the successes of the existing models, all of them have some complications, and
there is no obvious winner yet. More measurements of the X(3872) properties are required to
pin down the nature of the enigmatic X(3872), such as a precise measurement of its width (that
will be possible with the future PANDA experiment), observations of different decay modes,
and searches for partner states both in the charmonium and bottomonium mass regions. Also,
a further development in the theory sector is needed, such as more accurate LQCD predictions
and a deeper understanding of EFT approaches. A better understanding of the isospin-violating
mechanism in charmonium transitions both below and above the open-charm threshold can
provide keys to unravel the existing puzzles.

Zc(3900)±

In 2013 a charged charmonium-like state, Zc(3900)±, was discovered by the BESIII collabo-
ration [5] in the process e+e− → π±Zc(3900)∓ → π+π−J/ψ at a

√
s = 4260 MeV with a

significance of more than 8σ. One week later, this discovery was confirmed by the Belle collab-
oration [6] and by using the CLEO-c data [35] in the process e+e− → (γISR)π±Zc(3900)∓ →
(γISR)π+π−J/ψ. The mass and the width of the Zc(3900)±, according to BESIII, are 3899.0±
3.6±4.9 MeV/c2 and 46±10±20 MeV, respectively. The mass of this state is about 23 MeV/c2

above the D∗+D̄0 production threshold. The mass and the width of Zc(3900)± reported by
Belle and by authors using the CLEO-c data are in good agreement with the BESIII findings.
The newly discovered state couples to charmonium, however, the Zc(3900)± is charged and,
therefore, cannot be a conventional charmonium state. The charge of the state points to the
presence of lighter u and d quarks, and its charmonium-richness hints to the presence of a cc̄
pair. Hence, it is the first convincing signal for the existence2 of a four-quark state predicted by
QCD. This spectacular discovery was chosen as one of the highlights in 2013 by the American
Physical Society [117].

Shortly after the discovery of the Zc(3900)±, BESIII studied the process e+e− → π±(DD̄∗)±

at
√
s = 4.26 GeV. The invariant-mass distribution of (DD̄∗)± pairs revealed a charged state,

the Zc(3885), with mass M = 3883.9± 1.5± 4.2 MeV/c2 and width Γ = 24.8± 3.3± 11.0 MeV
[118]. The mass of this state is 2σ away from the mass of Zc(3900). However, in the fit to the
invariant mass of DD̄∗ possible interferences with a non-resonant background are not included.
Thus, the reported state can be identified as Zc(3900). The angular distribution of the transition
pion was studied and the spin-parity assignment is found to be JP = 1+. Assuming that the
Zc(3885) and the Zc(3900) are indeed the same state, Z±c , one obtains a measure of the ratio

between the partial widths, Γ(Z±c →DD̄∗)
Γ(Z±c →πJ/ψ)

= 6.2± 1.1± 2.7, which is an important lead to identify

its exotic nature.

Studies of the process e+e− → π±π∓hc at
√
s = 3.90 − 4.42 GeV resulted in an observation

of another charged charmonium-like structure in the invariant-mass spectrum of π±hc pairs, the
Zc(4020)± withM = 4022.9±0.8±2.7 MeV/c2 and Γ = 2.9±2.7±2.6 MeV [119]. The mass of this
state is close to the D∗+D̄∗0 threshold, and it is about 1.5σ away from another recently observed

2Previously by the Belle collaboration observed Zb(10610, 10650)± states [111] are not confirmed yet by other
experiments.
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charged state, Zc(4025)±, discovered in the process e+e− → π±(D∗D̄∗) at
√
s = 4.25 GeV [120].

Parameters of the Zc(4025) are M = 4026.3 ± 2.6 MeV/c2 and Γ = 24.8 ± 5.6 MeV. The
main question is whether the Zc(4020)± and the Zc(4025)± are the same state. To answer this
question, more measurements, in particular the determination of the quantum numbers, are
needed together with a confirmation by other experiments.

The most popular interpretation of the Zc states are offered by models involving four quarks.
The interesting fact is that the existence of the Zc(3900)± was predicted both by the tetraquark
and molecular models, described previously in the text. The Zc(3885, 3900, 4020, 4025) can be
good candidates for molecular states with a spin-parity JP = 1+ and a mass close to the sum of
its constituent meson masses [110]. According to the molecular model, a hadronic molecule will
decay mostly to its constituents, and this seems to be the case for Zc(3900). More measurements,
such as observations of other decay modes, searches for the lighter and heavier partners, neutral
partners and partners in the bottomonium sector are required to nail down the interpretation
of Zc(3885, 3900, 4020, 4025)± states. LQCD calculations for four-quark states have recently
appeared [121] and will shed light on the new particles expanding our view on hadron structure.

Summary

The J/ψ meson, which is the 13S1 state of charmonium was discovered 40 years ago, and since
then the charmonium system is a subject of intense theoretical and experimental studies. Differ-
ent theoretical tools were developed for charmonium investigations, such as the potential model
approach, EFTs, and LQCD (see Chapter 2) and various machines for dedicated studies were
built, such as BESIII, CLEO, BaBar, and Belle. Despite of tremendous efforts in experiment
and theory, some charmonium puzzles have not yet been resolved. Some of these conundrums,
such as violations of the 12% rule, large isospin violations in some charmonium decays, non-DD̄
decays of ψ(3770), and the existence of enigmatic XY Z states, were briefly discussed in this
chapter. Problems, presented here, can be (at least partially) explained by ICML-effects, how-
ever, more theoretical and experimental studies are needed to confirm (or reject) the proposed
solution. This thesis is dedicated to systematic studies of isospin-violating transitions in char-
monium, such as ψ′ → π0J/ψ (Chapter 6) and χc0,2 → π0ηc (Chapter 7). These studies will
help to reveal the role of ICML in charmonium transitions.
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Chapter 4

Experimental Setup and Off-line
Software

The thesis is dedicated to experimental searches of isospin-violating transitions in the char-
monium system. This work is based on the analysis of data collected with the BESIII. This
section gives a short and general description of the BESIII experiment. For more details, see
References [26, 122].

4.1 Physics goals of the BESIII experiment

QCD, the theory of the strong interaction, is well tested at short-distance scales (high energies),
where perturbative methods can be applied. At long distances (low energies), however, the
strong coupling constant, which is the QCD expansion parameter, becomes too large, and the
interaction of quarks with the gluonic field cannot be treated perturbatively. Currently, the non-
perturbative effects are not sufficiently understood and are subjects of extensive experimental
and theoretical studies. Experimentally, these effects can be addressed by low-energy facilities
with high luminosities. The BEPCII, which operates in the energy range of

√
s = (2− 4.6) GeV

is an important contributor in this field. The BESIII experiment runs at BEPCII and aims to
shed light on the QCD dynamics in the non-perturbative regime.

A brief summary of the physics program of the BESIII experiment is given below.

Charmonium physics

Historically, there are some notorious problems related to the decays of charmonium. An example
of such a problem is the violation of the 12% rule, the so-called ρπ puzzle. Yet another example
is the non-DD̄ decays of ψ(3770). Precision charmonium spectroscopy which requires high-
statistics data sets, can provide guidance to the solution of these problems. Studies of isospin-
violating transitions in charmonium can provide access to the masses of up and down quarks.
The possibility of running at energies above the open-charm threshold enables studies of so-called
XY Z states, which do not fit into the conventional charmonium model. The above-mentioned
puzzles in charmonium spectroscopy are discussed in more detail in Chapter 3. In addition,
large data samples of charmonium states provide access to Cabbibo-suppressed decay channels
and enable searches of flavor-changing neutral currents. Cabbibo-suppressed decays of D mesons
are weak decays, in which the c quark decays into an s quark. These searches can reveal physics

35
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processes beyond the SM.

Light hadron spectroscopy

The J/ψ has a large probability to decay into gluons, which makes BEPCII a “glue” factory.
Such a facility enables searching for glueballs and probing the gluon contents of light hadrons,
including the low-lying scalar mesons. Glueballs are expected to be copiously produced in J/ψ
radiative decays, thus the inclusive photon spectrum from those decays can be used in hunting
glueballs.

Open-charm physics

Decay properties of D and Ds mesons can be studied with high precision with BESIII. At
BEPCII, D± and D0 mesons can be produced through the decays of the ψ(3770), since the
ψ(3770) has a large decay width to a DD̄ pair. The Ds mesons can be produced through
e+e− annihilations at

√
s around 4.03 GeV. Studies of D decays can provide access to Cabibbo-

Kobayashi-Maskawa (CKM) matrix elements. The CKM matrix, sometimes called quark-mixing
matrix, contains information on flavor-changing weak decays and usually has the formVud Vus Vub

Vcd Vcs Vcb

Vtd Vts Vtb

 ,

where the various |Vij |2 represent the probability of the i-flavor quark to decay into a j-flavor
quark. Through the study of decays D0 → K−(π−)e+νe, one can extract the Vcs(Vcd) CKM
matrix elements (see Reference [123]). Studies of D− D̄ mixing can provide information on the
strength of CP-violating processes. Systematic studies of rare and forbidden decays of D mesons
can provide strict tests of the SM and have the potential to uncover physics beyond the SM.

τ physics

The τ leptons can be produced above the production threshold of 3.55 GeV. Currently, the most
precise measurement of the τ lepton mass was performed by the BES experiment twenty years
ago, and the BESIII experiment will improve the accuracy of this measurement by a factor
of three. The various τ decays, such as leptonic, semi-leptonic and hadronic decays, can be
studied with BESIII. Experimental studies of inclusive hadronic decays can provide a precise
determination of the strange quark mass and the CKM matrix element Vus, while the studies of
leptonic decays can test the universality of the electroweak interaction.

The previously described physics ambitions require a high-luminosity accelerator for charmo-
nium production and a highly efficient detector. The detector must have an excellent tracking
system for charged tracks and an electomagnetic calorimeter with high energy and position re-
solution. Particle identification systems, such as a time-of-flight system have to be present to
enable the identification of long-live particles such as pions and kaons. Scintillator crystals have
a low stopping power for high-energy muons. Therefore, a muon calorimeter is also of high
importance for achieving the aimed physics goals.
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4.2 BEPCII storage ring

Charmonium and charmonium-like states can be copiously produced in head-on annihilations
of electrons with positrons. Therefore, the Beijing electron-positron collider can be used as a
charmonium factory.

BEPCII is a double-ring e+e− collider located at the Institute of High Energy Physics (IHEP),
Beijing, China, designed to operate in the τ -charm energy region. The engineering run of
BEPCII in collision mode was successfully completed in July, 2008, and physics data taking
started in March, 2009. In the analysis, described in this thesis, a data sample collected in
2009 was used. The collider operates in a multi-bunch mode with 93 bunches stored in each
ring, spaced by 8 ns or 2.4 meters. Electrons and positrons are collided at the Interaction
Point (IP) with a horizontal ±11 mrad crossing-angle. BEPCII is designed to collide beams in
the energy range of

√
s = (2−4.6) GeV, and its peak luminosity is optimized at

√
s of 3.78 GeV.

The designed peak luminosity is 1033 cm−2s−1 at a beam current of 0.93 A, and the maximum
achieved luminosity is 0.71·1033 cm−2s−1 at

√
s = 3.78 GeV. In addition to the τ -charm studies,

BEPCII is also used as a high-flux synchrotron radiation light source with a 250 mA electron
beam at 2.5 GeV energy [124].

4.3 Overview of the BESIII detector

The BESIII detector is designed to fulfill the physics requirements discussed in Subsection 4.1,
and the technical requirements for a high-luminosity, multi-bunch collider. The geometrical
acceptance of the detector is 93% of 4π. Figure 4.1 shows the configuration of the BESIII
detector which consists of the following components:

• A main drift chamber that is used for the identification and momentum reconstruction of
charged particles;

• A super-conducting solenoid magnet with a central field of 0.9-1.0 T, considered to be
optimum for precise momentum measurements of charged tracks in the τ - charm region;

• A time-of-flight system for the identification of charged particles;

• An electromagnetic CsI calorimeter for the energy and angular measurement of charged
and neutral particles;

• A muon counter, consisting of resistive-plate chambers, that is designed to distinguish
muons from hadrons by the characteristic hit patterns produced by hadrons penetrating
the return yoke of the solenoid magnet.

Details of each sub-detector, relevant for this work, and their performances are discussed in the
subsequent sections.

Main Drift Chamber

The main functions of the BESIII Main Drift Chamber (MDC) are:

• to determine the momentum and position of charged particles produced in the e+e− col-
lisions;
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Figure 4.1: Schematic view of the BESIII detector.
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Figure 4.2: Momentum resolution of charged tracks. Magenta stars represent muons, blue tri-
angles represent electrons, green circles represent pions, red squares represent kaons. Closed
and open symbols represent negatively and positively charged particles, respectively. The mo-
mentum range of corresponding particles is divided into bins and for each bin a distribution of
pgenerated − pdetected is obtained. The distributions are fitted with Gaussian functions, and the
relative resolution is defined as σ of the Gaussian divided by p = pgenerated.
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• to measure specific energy depositions (dE/dx) for the identification of charged particles;

• to reconstruct hadrons with long lifetimes (mainly K0
S and Λ) that decay in the MDC

volume;

• to produce trigger signals for the selection of good physics events and for the rejection of
background. The definition of a good physics event will be given in Subsection 4.3.

The MDC sub-detector is the innermost BESIII component and it consists of inner and outer
chambers, which are joined together at the end-plates, sharing a common gas volume. The
MDC inner radius is 59 mm, the outer radius is 800 mm, and the maximum length of the
outer chamber is 2.58 m. The polar-angle coverage of the outermost and the innermost wire
layers is |cos θ|< 0.83 and |cos θ|< 0.93, respectively. The MDC sub-detector adopts a drift cell
design, where each drift cell consists of a sense wire surrounded by 8 field wires. There are in
total 43 axial and stereo cylindrical layers of drift cells that are coaxial with the beam pipe. A
helium-based gas mixture (He/C3H8 = 60/40%) is used as the working gas to reduce the effect
of multiple scattering.

The single-wire resolution in the transverse plane is designed to be better than 130 µm, the
resolution in beam direction at the vertex is 2 mm, the dE/dx resolution is about 6% allowing a
3σ π/K separation up to momenta of 770 MeV/c. The momentum (p) resolution (σp/p) of the
MDC system for charged tracks from the physics channels discussed in this thesis is shown in
Figure 4.2. These results were obtained from realistic Monte Carlo simulation that include the
detector geometry and electronic noise. The momentum resolutions of positively and negatively
charged particles of the same types are consistent. The resolution of all the relevant particles
for the analysis discussed in this thesis is better than 1%.

The Time-Of-Flight system

The Time-Of-Flight (TOF) system is a sub-detector that is used to measure the travel time of
charged particles from the IP to the TOF wall in order to identify the particle type. The system
also produces signals for the trigger and helps in the rejection of background. The trigger will
be discussed later in this section. The TOF system is placed between the drift chamber and the
electromagnetic calorimeter and it consists of two parts: the barrel and the end-cap. The solid
angle coverage of the barrel is |cos θ|< 0.83, while that of the end-cap is 0.85 < |cos θ|< 0.95.
The barrel TOF system consists of 2 layers of 88 plastic scintillator elements arranged in a
cylinder with a mean radius of 870 mm. The end-cap TOF systems consist of one layer of 48
fan-shaped elements each with an outer radius of 890 mm. The scintillator elements are read
out by fine-mesh phototubes.

One of the most important parameters of the TOF system is the time resolution. It depends on
the following contributions: the intrinsic resolution caused by the characteristics of scintillators
and the photomultipliers; the time resolution and jitter in the readout electronics; the beam-
bunch length and the bunch timing uncertainty; the vertex and the path-length resolution of
the track. The designed time resolution for the barrel and the end-caps is 90 ps and 110 ps,
respectively.

Electromagnetic calorimeter

The ElectroMagnetic Calorimeter (EMC) is designed for precise measurements of the energies
of neutral and charged electromagnetic particles above 20 MeV and their positions. The EMC
sub-detector also produces signals for the trigger decision for the online background rejection.
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The calorimeter consists of two parts: the barrel and the end-caps. The barrel has an inner
radius of 940 mm and a length of 2.75 m, and its polar angle coverage is |cos θ|< 0.83. The end-
caps have an inner radius of 500 mm and cover the polar angle range of 0.85 < |cos θ|< 0.93. The
small gaps between the barrel and the end-caps are required for mechanical support structures,
cables and cooling pipes. The total solid angle coverage of the EMC system is 93% of 4π. The
entire calorimeter consists of 6240 CsI(Tl) crystals, that are arranged as 56 rings (44 rings in
the barrel and 2×6 rings in the end-caps). Each crystal covers an angle of about 3◦ in both
polar and azimuthal directions. The calorimeter is designed to measure energies of photons and
electrons (positrons) in a range from 20 MeV to 2 GeV. The energy resolution is 2.5% (5%) at
1 GeV for the photons detected in the barrel (end-caps). The position resolution of the hits in
the EMC barrel (end-caps) is 6 mm (9 mm) for 1 GeV photons.

The energy resolution versus photon energy for the photons of the process ψ′ → π0J/ψ →
γγl+l−, where l stands for e or µ is shown in Figure 4.3 (left). The results are obtained from
realistic Monte Carlo simulations. The photon energy range is divided into bins and for each
bin the distributions of (Eγ,detected−Eγ,generated)/Eγ,generated are obtained. Each distribution is
then fitted with a Novosibirsk function [125]. The resolution is defined as σ/Eγ,generated, where
the standard deviation, σ, is obtained from the Novosibirsk function. Thus, for the photon
energy range relevant for this thesis, the energy resolution is better than 3%.
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Figure 4.3: Left: the resolution of photons versus photon energy. Horizontal error bars represent
the width of the energy bins. Right: Fit to the (Eγ,detected−Eγ,generated)/Eγ,generated distribution
for the energy bin (0.09 - 0.17 MeV). For more details see text.

Trigger

The trigger system is required to select relevant physics events (e.g. events from ψ′ decays) and
to suppress background events with a high efficiency. The event rate should be reduced to a
level sustained by the Data AcQuisition system (DAQ). The designed maximum throughput of
the BESIII DAQ is 4 kHz (with a typical event size of 12 kB) and the maximum signal rate
for the ψ′ peak is 600 Hz, thus, well below the limit. However, the signal event rates for the
J/ψ peak is 2 kHz, and the rate of background and Bhabha events is at the level of 104 kHz.
Therefore, the trigger system of BESIII should effectively reduce the level of the background by
a factor of 5000.

The BESIII trigger system has a two-level structure: a Level-1 hardware trigger (L1) with
a Level-2 software trigger. Signals are split into two, one for the digitization and the storage
in the pipeline of the front-end electronics, and the other one for the L1 trigger. Signals from
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different sub-detectors are received and processed by corresponding electronics modules to yield
basic trigger primitives such as the number of tracks in the drift chamber, the number of fired
scintillator bars in the TOF system, and the number of clusters and their topology in the EMC.
Information on these primitives is correlated by the global trigger logic, which generates an L1
strobe when the valid trigger condition is satisfied.

Trigger conditions are pre-determined based on Monte Carlo simulations and are adjusted
based on the actual beam background conditions.

Trigger settings for the ψ′ data taking are summarized in Table 4.1. Channels 1 to 5 are
designed for events with charged particles in the barrel region. Channel 6 is designed for events
with neutral particles only. A long track is defined as a track consisting of segments present in
four MDC super-layers. An MDC super-layer consists of four neighboring wires. If any of the
trigger channels listed in the table were active, the event would be read out. Trigger efficiencies
for various signal scenarios are extensively studied in [126] and are found to be well above 99%
for all the relevant physics cases. The count rates as a function of time for different trigger
channels and for L1 during the ψ′ data taking in 2012 for the run number 26642 are shown in
Figure 4.4. The conditions for ψ′ data taking in 2012 were similar to the conditions in 2009,
except for the trigger channel 3, which was not used in 2012. The information about count
rates for various trigger channels for the 2009 data set were difficult to obtain, therefore only
information about the 2012 data set is shown. From the figure one can see that the typical life
time of the beam is about 250 minutes, the typical data-taking time per run is about 1 hour,
and the typical count rate for the L1 trigger is about 750 Hz.

   0
5

:1
7

:3
9

 0
5

:2
0

:3
9

 0
5

:2
3

:3
9

 0
5

:2
6

:3
9

 0
5

:2
9

:3
9

 0
5

:3
2

:3
9

 0
5

:3
5

:3
9

 0
5

:3
8

:3
9

 0
5

:4
1

:3
9

 0
5

:4
4

:3
9

 0
5

:4
7

:3
9

 0
5

:5
0

:3
9

 0
5

:5
3

:3
9

 0
5

:5
6

:3
9

 0
5

:5
9

:3
9

 0
6

:0
2

:5
5

 0
6

:0
5

:5
5

 0
6

:0
8

:5
5

 0
6

:1
1

:5
5

 0
6

:1
4

:5
5

 0
6

:1
7

:5
5

 0
6

:2
0

:5
5

 0
6

:2
3

:5
5

 0
6

:2
6

:5
5

 0
6

:2
9

:5
5

 0
6

:3
2

:5
5

0

100

200

300

400

500

600

700

800

900

Channel 1
Channel 6
Channel 2

Channel 4
Channel 5

L1

Time (hh:mm:ss)

C
ou

nt
 r

at
e 

(H
z)

Figure 4.4: Count rate in different trigger channels for the run number 26642, taken on the 11th
of March, 2012. The explanation of the various trigger channels is given in Table 4.1.
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Table 4.1: Trigger settings for the ψ′ data taking. Channels 1 to 5 are designed for events with
charged particles in the barrel region. Channel 6 is designed for events with neutral particles
only. A long track is defined as a track consisting of segments present in four MDC super layers.
For more details, see [126].

Trigger Trigger conditions

channel

1 Number of long tracks in MDC ≥ 2 AND number of barrel TOF hits ≥ 2

AND number of barrel clusters in EMC ≥ 1

2 Number of long tracks in MDC ≥ 2 AND number of barrel TOF hits ≥ 2

3 Long tracks back-to-back AND number of barrel TOF hits ≥ 1

4 Number of long tracks in MDC ≥ 1 AND number of barrel TOF hits ≥ 1

AND total energy deposited in EMC is above a lower threshold Th1

5 Number of long tracks in MDC ≥ 2 AND number of barrel TOF hits ≥ 1

AND number of barrel clusters in EMC ≥ 1

6 Number of barrel clusters in EMC ≥ 2

AND total energy deposited in EMC is above a medium threshold Th2 > Th1

4.4 BESIII offline software

The BESIII Offline Software System (BOSS) [127] is developed using the C++ language and
object-oriented techniques on the operating system Scientific Linux developed at CERN. The
whole data-processing and physics-analysis software consists of five functional parts: a general
framework, simulation, calibration, reconstruction, and analysis tools.

The BOSS framework is based on the Gaudi package [128], which provides standard interfaces
and utilities for event simulation, data processing, and physics analysis. The framework employs
Gaudi’s event data service as the data manager. Three types of persistent event data have
been defined in the BOSS system: raw data, reconstructed data, and Data-Summary-Tape
(DST) data. Both reconstructed data and DST data are provided in ROOT format for easy
management and usage. The framework provides abundant services and utilities, for example,
the navigation service, which enables tracing the reconstructed tracks back to the MC-generated
particles, and the magnetic field service, which provides values of the magnetic field in different
spatial positions within the detector volume.

Simulation

The BESIII Object Oriented Simulation Tool (BOOST) [129] is based on the Geant4 package
[130] and consists of four parts: event generators, detector description, particle tracking, and
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detector response. Event generators will be discussed in more detail in Subsection 4.5. BOOST
incorporates the detector materials and geometry, the trigger system, read-out electronics, and
realistic experimental conditions, such as noise and dead channels.

Reconstruction

The BESIII reconstruction package consists of the following parts:

• A track-finding algorithm and a Kalman-filter-based track-finding algorithm to determine
the momentum of charged particles. The MDC tracking algorithm starts with the forma-
tion of track segments from fits. Subsequently the found axial (stereo) segments are linked
and circular (helix) fits are performed using the least-squares method. Finally, after col-
lecting additional hits that might belong to the found track, a track refitting is performed
using a Kalman filter [131].

• A particle identification algorithm based on dE/dx and time-of-flight measurements. The
dE/dx reconstruction algorithm calculates the energy loss of each charged particle through
the chamber and gives a probability of each Particle IDentification (PID) hypothesis. The
TOF reconstruction algorithm averages results from different photomultiplier tubes at
both ends of the scintillator bar, applies various corrections, such as the light attenuation
length, and then calculates the travel time of charged particles from the IP to the TOF.
The energy loss in the TOF system has been added to that of the EMC in order to improve
the shower-energy resolution.

• A shower- and cluster-finding algorithm for the EMC energy and position measurements.
The analog-to-digital converted value of each crystal is converted to energy using corre-
sponding calibration constants. Then, clusters are formed around the local maximum-
energy points, called seeds. The shower energies are calculated from the sums of energies
of 25 crystals around the seed (5×5 array). The 5×5 sum has proven to have the same
performance, as the dynamic sum of the fired crystals [132]. If multiple seeds are found
within the same cluster, a shower-splitting algorithm is applied.

• A muon track finder. This feature was not used in the analysis presented in this thesis.

Calibration

The calibration software consists of a calibration framework and calibration algorithms. The
framework provides a standard way to obtain the calibration-data objects for the reconstruction
and other algorithms. The calibration constants for each sub-detector are produced by the
associated calibration algorithm and then are stored in a ROOT file and a database along
with other information, such as the run information, trigger conditions, software and hardware
version numbers. The MDC system calibration is performed using J/ψ decays into pairs of
muons for both position and dE/dx measurements. The calibration is validated using samples
of charmonium decays to ρπ (for pions), KK (for kaons), ppππ (for protons), µµ (for muons);
radiative Bhabha events are used for electrons (positrons). The EMC system calibration is
performed using cosmic-ray, Bhabha, and π0 → γγ events.
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Analysis Tools

The block diagram of the BESIII analysis software is shown in Figure 4.5. The analysis object
builder fetches reconstruction results and builds data objects that are suitable for the physics
analysis. In this process, different analysis tools are used, such as particle identification, kine-
matic fitting, and vertex finder. These tools will be discussed in more detail in Chapter 5.

  

Figure 4.5: The structure of the analysis software. The diagram is taken from [127].

4.5 Monte Carlo generators

Monte Carlo (MC) event generators play an important role in precision experiments. They are
used for the determination of detection efficiencies and for background studies and they provide
theoretical predictions for particle distributions and integrated cross sections. The charmonium
production in the BESIII experiment via e+e− annihilations is schematically shown in Figure 4.6.
Incoming positrons and electrons can radiate photons via ISR before they annihilate to a virtual
photon. Radiative corrections can be crucial in e+e− charmonium production and should be
carefully taken into account in MC simulations. The KKMC event generator incorporates ISR
and Final-State Radiation (FSR) corrections calculated in QED up to second order and it is used
by BESIII to simulate the e+e− processes up to cc̄ production. Subsequently, the charmonium
decays cc̄→ X are simulated using the BesEvtGen event generator. A more detailed description
of KKMC and BesEvtGen generators is given below.

KKMC event generator

KKMC [134] is a MC event generator for precise predictions of the Electroweak SM for the
processes e+e− → ff̄ +nγ, where f = µ, τ, d, u, s, c, b, at center-of-mass energies from the τ+τ−

threshold up to 1 TeV. Effects due to photon emission from initial beams and outgoing fermions
are calculated in QED up to second order, including all interference terms, within the Coherent
Exclusive Exponentiation [135], which is based on the Yennie-Fraitschi-Suura exponentiation
[136]. Exponentiation is the summing up of infrared real and virtual contributions within the
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Figure 4.6: Illustration of the BESIII event-generator framework. The diagram is taken from
[133].

standard perturbative scheme of quantum field theory. Exclusivity in this case means that the
procedure of exponentiation is done at the level of the fully differential cross section or, at the
level of the scattering matrix element (spin amplitudes), before any phase-space integration over
photon momenta is done. Final-state quarks hadronize according to the parton-shower model
coded in the PYTHIA framework [137].

In the BESIII generator framework, KKMC is used to generate charmonium states with
the inclusion of ISR effects and the beam-energy spread. KKMC supports J/ψ, ψ′, ψ(3770),
ψ(4030), ψ(4160), ψ(4415) charmonium resonances and secondary resonances, such as ρ, ρ′, ρ′′,
ω, ω′, φ, φ′.

BesEvtGen event generator

BesEvtGen [133] is a MC event generator for τ -charm physics that was developed from EvtGen
[138]. EvtGen generates sequential decays chain-by-chain through the accept-reject algorithm,
which is based on the amplitude probability (M) with the combination of the forward and/or
backward spin-density matrix information. BesEvtGen allows access to inclusive generators,
such as Lundcharm [139], which enables the generation of unknown decays for a given resonance,
and PHOTOS [140], which is used for the simulation of FSR.

The EvtGen package provides a framework in which new decays can be added as modules.
These modules, which perform the simulation of decays, are called models in EvtGen. The
framework uses the amplitude for each node in the decay tree to simulate the entire decay chain,
including all angular correlations. An example of a sequential decay is ψ′ → π0J/ψ → γγe+e−.

Models used for the analysis as described in this thesis are:

PHSP, a decay model, that is used to generate decays according to phase-space. It is used for
channels such as ηc → K0

sKπ, π0(η)→ γγ, χcJ → π0ηc, K
0
s → π+π−, χc2 → γJ/ψ.

JPIPI, used to generate the ψ′ → ππJ/ψ decay. The amplitude for the mass of the ππ system
is constructed by the chiral effective Lagrangian as A ∝ [g(m2

ππ−2m2
π)+2g1Eπ+Eπ− ] · εψ′ ,
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where εψ′ , g and g1 are taken from a fit to the experimental mass spectrum of two pions.

P2GC0, P2GC1, P2GS2, constructed for the radiative transitions ψ′ → γχc0,1,2. The

angular distribution of the transition photon is of the form d|M |2
d cos θ ∝ (1 + αn cos2 θ), where

αn (n = 0, 1, 2) were obtained from fits to experimental spectra of transition photons. The
values of αn are 1, −1/3, 1/13 for the γχc0,1,2 transitions, respectively.

S2GV, constructed to generate scalar decays into a photon plus a vector particle, e.g. χc0 →
γJ/ψ.

AV2GV, constructed for the transition χc1 → γJ/ψ.

HELAMP, enabling a simulation of any two-body decay by specifying the helicity amplitudes
for the final-state particles. It is used to simulate ψ′ → π0J/ψ and ψ′ → ηJ/ψ decays.

JPE, constructed for vector decays to a photon plus a pseudoscalar, e.g. ψ′ → γηc.

VLL, used to generate vector decays to a pair of leptons, e.g. J/ψ → e+e−(µ+µ−).

The chains of decay processes together with their models and branching fractions can be
specified in the decay dictionary.

The BesEvtGen generator is used for the inclusive simulation of ψ′ → anything and J/ψ →
anything. Decays with known branching fractions are taken from the PDG [15]. The Lundcharm
model [139] is used for decays with unknown branching fractions. The branching fractions and
the models of known decays can be specified in the decay dictionary of EvtGen. The EvtGen
interface checks whether the decay is included in the decay dictionary and then chooses the
appropriate event generator.



Chapter 5

Analysis Tools and Methods

This chapter describes tools and methods used in both analysis which are reported in this thesis,
namely the analysis of ψ′ → π0(η)J/ψ and χc0,2 → π0ηc. Figure 5.1 shows an event display for
the above-mentioned processes.

In this chapter and in the remainder of this work, the word electrons refers also to positrons,
unless it is explicitly mentioned otherwise.
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Figure 5.1: Event display in the beam view of the detector for the MC simulated processes
ψ′ → π0J/ψ, J/ψ → µ+µ− (left) and ψ′ → γχc0,2, χc0,2 → π0ηc, ηc → K0

sK
±π∓ (right). The

brown area depicts the MDC, yellow segments are the TOF, and the light-blue segments are the
EMC detectors. Energy depositions in various segments are marked in red.

5.1 Particle identification (PID) and reconstruction

There are several methods for PID that can be used in data analysis. The methods, that were
used in the analysis relevant for this thesis, are described below.

47
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PID, based on momentum of charged tracks and kinematics

For some processes, the decay products are kinematically well separated. For example, in the
process ψ′ → π+π−J/ψ → π+π−l+l−, which is used in many analysis as a control sample
for systematic studies, the leptons, coming from the J/ψ decay, have momenta of at least
1.55 GeV/c each, and the pions from the transition have momenta smaller than 0.50 GeV/c.
For a given process, the identification of charged tracks (in this case, the pion identification) can
be performed in a straightforward way, using only the momentum information from the MDC:
tracks with momenta larger than 1.40 GeV/c are identified as leptons, and tracks with smaller
momenta are identified as pions.

The E/p method

In the analysis of ψ′ → π0(η)J/ψ, J/ψ → l+l−, where l = e or µ, electrons and muons are
identified using the so-called E/p method. This method of PID is based on the ratio of the
energy E deposited in the EMC, and the track momentum p. The mass of electrons is very
small with respect to their momentum, and the approximation E2 = p2c2 +m2c4 ≈ p2c2 holds,
thus E/(pc) ≈ 1, is valid. Taking into account the detector resolution, the typical value of E/p
for electrons used in analysis is E/(pc) > 0.85. The mass of muons, pions, kaons and protons
is higher, and they punch through the EMC system, depositing only a fraction of their energy,
therefore their E/(pc) < 0.85. The value of E/(pc) for muon identification, applied in this thesis
is 0.08 < E/(pc) < 0.22. This method will be demonstrated in Section 6.2.

PID using TOF and dE/dx measurements

The E/p method is reliable only for electron identification and does not provide good µ/π/K
separation, since these particles punch through the EMC. The µ/π/K separation follows from
exploiting the combined information from TOF, the energy loss, dE/dx, and from the MDC
system. For more information about the TOF and MDC subdetectors, see Section 4.3.

The energy loss in the drift chamber is a function of p/m, where p and m are the momentum
and mass of a charged particle, respectively. This method can provide K/π separation with an
accuracy of 3σ for momenta below 0.6 GeV/c and a reasonable e/π separation for momenta
above 0.4 GeV/c. However, for momenta around 0.2 GeV/c, electrons, muons and pions cannot
be discriminated using dE/dx alone. Similarly, in the momentum range 0.5-0.6 GeV/c electrons
cannot be discriminated from pions.

The TOF system measures the travel time t of charged particles from the IP (Interaction
Point) to the TOF wall. The velocity βc and the mass m of the charged particles can be
calculated from

β =
L

c · t
, m2 = p2 1− β2

β2
,

where L and p are the corresponding flight path and particle momentum, respectively. The
BESIII barrel TOF system provides 2σ K/π resolution for momenta up to 1 GeV/c.

To improve particle discrimination, both the TOF and dE/dx information are used for PID.
For each charged track, the TOF and the dE/dx information is combined to calculate the
PID confidence levels for pion and kaon hypotheses. The track is assigned to the particle type
with the highest confidence level. This method is used in the identification of the channel
ψ′ → γηc → γK0

sK
±π∓ → γπ±π∓K±π∓.
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PID using kinematic fitting

For the reconstruction of pions that stem from the decay of a K0
s , a constrained fitting to a

secondary vertex is used. For more details, see Section 5.4.

PID using TOF, dE/dx measurements and kinematic fitting

The PID efficiency using TOF and dE/dx measurements can be improved by combining the
χ2
TOF,dE/dx with the χ2 of the kinematic fit. This method was used in the analysis of χc0,2 →
π0ηc → π0K0

sK
±π∓, see Section 7.2. For more details about kinematic fitting, see Section 5.4.

5.2 Standard event selection

Here, we summarize the event selection criteria as they are generally applied by the collaboration.
These criteria were determined by dedicated working groups at BESIII in order to optimize the
significance of the signal using MC simulations and probability analysis. The significance is
defined as Nsig/

√
Nsig +Nbkg, with Nsig (Nbkg) the number of signal (background) events.

• Photon candidates are reconstructed from isolated showers in the EMC. To suppress
bremsstrahlung photons and showers not originating from beam collisions, photon candi-
dates must satisfy the following criteria:

– The angle between the photon and the closest charged track should be larger than
10◦.

– The EMC cluster time, t, must be within a time window of 0 ≤ t ≤ 700 ns around
the event start time t = 0.

– The deposited cluster energy, E, in the EMC is required to be E > 0.025 GeV in
the barrel (|cos θ|< 0.8) and E > 0.050 GeV in the end-cap (0.86 < |cos θ|< 0.92)
regions.

• Charged track candidates are selected on the basis of the information from the MDC,
i.e., the reconstructed polar scattering angle, the vertex position and the momentum. To
suppress non-physical tracks and cosmic background, charged track candidates are required
to satisfy the following conditions:

– Tracks must be contained within the MDC fiducial volume of |cos θ|< 0.93.

– The closest distance between the reconstructed vertex point and the IP in the beam
(z) direction and in the transverse (xy) plane are required to be Vz < 10 cm and
Vr < 1 cm, respectively. This requirement was used for all the tracks, except those
coming from the decay K0

s → π+π−.

– The reconstructed momentum, p, of tracks in the MDC must be p < 2.0 GeV/c.

5.3 Detection efficiency

The total detection efficiency ε is the probability that all particles of an event are within the
geometrical acceptance of the detector and pass the reconstruction process. ε depends on the
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particle type, its energy, the geometrical acceptance of the detector, the magnetic field settings
of the setup, and the applied reconstruction algorithm.

ε is calculated using exclusive MC samples for each channel of interest, from the number of
detected events, n, and the number of generated events, N , in the exclusive MC sample:

ε =
n

N
.

This method can be used only if MC results are in good agreement with the data. Control
channels with similar final states as in the studied reaction channel are usually used to reveal
discrepancies and minimize them, for example, by applying corrections to the charged track
parameters, as discussed in Subsection 5.6.4. If small discrepancies remain, they are accounted
for in the final result as systematic errors.

5.4 Kinematic fitting

This section is adopted from the BESIII physics book [26] and modified in view of the physics
channels discussed in this thesis.

Kinematic fitting is a mathematical procedure in which one uses the physics laws governing a
particle interaction or decay to improve the measurements of a particular process. For example,
consider the decay chain, ψ′ → ηJ/ψ, where η decays to γγ and J/ψ to its leptonic mode µ+µ−.
There are several kinematic constraints that can be applied: (1) energy and momentum are
conserved in ηJ/ψ production (4 constraints); (2) the µ+µ− pair from J/ψ must come from
a common space point (2 × 2 − 3 = 1 constraint). When the tracks are refitted with these 5
constraints using the general algorithm discussed below, their parameters are forced to satisfy the
constraints, thereby improving the mass and momentum resolution of the J/ψ. These corrections
will translate to an improved signal to background ratio and frequently elevate marginal signals
to statistically significant results. Kinematic fitting also gives an additional variable, χ2, that
can be used to remove background.

5.4.1 General algorithm

The fitting technique is based on the well-known Lagrange multiplier method [141]. It is assumed
that the constraint equations can be linearized and summarized in two matrices, labelled D and d
(defined below). Each track α (charged or neutral) has 7 parameters: α = (px, py, pz, E, x, y, z),
i.e., a four-momentum and a point where the four-momentum is evaluated. Let α represent the
parameters for a set of n tracks (in total 7n parameters). It has the form of a column vector

α =


α1

α2

...

αn

 .

Initially, the track parameters have the unconstrained values, α0, obtained from the recon-
struction procedure. The functions describing the constraints (in total r functions) can be
written generally as H(α) = 0, where H ≡ (H1, H2, . . . ,Hr). Expanding around a convenient
point, αA, yields the linearized equations
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0 = [∂H(αA)/∂α](α− αA) +H(αA) ≡ Dδα+ d,

where δα = α− αA, and

D =


∂H1
∂α1

∂H1
∂α2
· · · ∂H1

∂αn
∂H2
∂α1

∂H2
∂α2
· · · ∂H2

∂αn
...

∂Hr
∂α1

∂Hr
∂α2
· · · ∂Hr∂αn

 , d =


H1(αA)

H2(αA)
...

Hr(αA)

 , (5.1)

or Dij = ∂Hi
∂αj

and di = Hi(αA).

The constraints are incorporated using the method of Lagrange multipliers in which the χ2

is written as a sum of two terms

χ2 = (α−α0)TV−1
α0

(α−α0) + 2λT (Dδα+ d), (5.2)

where λ is a vector of r unknown Lagrange multipliers and V−1
α0

is the covariance matrix for

parameters α. Minimizing the χ2 with respect to λ and α yields two vector equations:

V−1
α0

(α−α0) +DTλ = 0,

Dδα+ d = 0.
(5.3)

The latter equation demonstrates that the solution satisfies the constraints. The solution can
be written as

α = α0− Vα0DT λ,

λ = VD(Dδα0 + d),

Vα = Vα0 − Vα0DT VDDVα0 ,

(5.4)

where VD = (DVα0DT )−1 is the r × r covariance matrix and

χ2 = λT V−1
D

λ = λT (Dδα0 + d). (5.5)

Note that the χ2 can be written as a sum of r distinct terms, one for each constraint. It can
be shown that the new covariance matrix, Vα, has diagonal elements that are smaller than the
initial covariance matrix Vα0 . In general, non-linearities of the constraint equations require the
kinematic fitting procedure to be applied iteratively until satisfactory convergence is achieved.
Track parameters and their errors, covariance matrices and other quantities can be obtained
after fitting.

The constraints pull the tracks away from their unconstrained values. The (pull)i of the
ith-track parameter is defined as:

(pull)i =
αi − α0i√

(Vα0)ii − (Vα)ii
. (5.6)

This is an important variable to test the track parameter and its error width. The resulting χ2

that is obtained with r constraints is distributed like a standard χ2 with r degrees of freedom,
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if Gaussian errors apply. Since track errors are only approximately Gaussian, the actual distri-
bution can have more events in the tail than predicted by theory. Still, the knowledge of the
distribution allows one to define reasonable χ2 cuts.

Effects of kinematic fitting for the channel ψ′ → ηJ/ψ, such as the improvement in mass
resolution and the background reduction will be shown in Section 6.2.

5.4.2 Kinematic constraints

This section describes the constraints that are used in the analysis relevant for this thesis. If
multiple constraints are desired, one simply extends the matrices by adding additional rows, one
row per constraint. This allows many constraints to be used simultaneously in the fit.

Energy-momentum constraints

Energy-momentum constraints are the most commonly used analysis tools in high energy physics.
They are helpful for improving the momentum, energy and mass resolutions, and for the sup-
pression of background.

In the ψ′ analysis, the momenta of the final-state daughter particles are fully reconstructed
and are required to satisfy the energy-momentum conservation:

H =


∑

j pxj − pcx∑
j pyj − pcy∑
j pzj − pcz∑
j Ej − Ec

 = 0, (5.7)

where pci are constraint values of the momentum in the i-direction for the decay channel c, with
i = x, y, z, and the summation index j runs from 1 to the total number of particles in the final
state.

Considering the analysis of the decay channel ψ′ → π0J/ψ → γγµ+µ−, the energy-momentum
constraints can be written as:

px1 + px2 + px3 + px4 = pψ′x,

py1 + py2 + py3 + py4 = pψ′y,

pz1 + pz2 + pz3 + pz4 = pψ′z,

E1 + E2 + E3 + E4 = Eψ′

(5.8)

where the four-momentum vector sum (~p,E) of the e+ and e− beams is (41 · 10−3,−1 · 10−3,
4 · 10−3, 3.686/c) GeV/c. The center-of-mass energy of the e+e− beams,

√
s, is tuned to match

the mass of the ψ′ (Mψ′). Since the electron and positron beams are crossing with a relative
angle of 0.22 rad and the produced ψ′ is not at rest, the indices 1 and 2 correspond to the
momenta of the photons; the indices 3 and 4 are µ+ and µ−, respectively.

Initially, the track parameters have the values α0 =


α0

1

α0
2

α0
3

α0
4

, where α0
i =


p0
xi

p0
yi

p0
zi

E0
i

 with i = 1..4

represents the four-momentum vectors of µ+, µ− and the two photons. The matrices D and d
are given by:
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D =


1 0 0 0 1 0 0

0 1 0 0 0 1 0

0 0 1 0 0 0 1

0 0 0 1 0 0 0

 ,

d =


p0
x1 + p0

x2 + p0
x3 + p0

x4

p0
y1 + p0

y2 + p0
y3 + p0

y4

p0
z1 + p0

z2 + p0
z3 + p0

z4

E0
1 + E0

2 + E0
3 + E0

4 −Mψ′

 .

The values of D and d are then plugged into Equation 5.3, and the updated track parameters
α are obtained after the fitting procedure.

Reconstruction of K0
s decay vertex

Figure 5.2 illustrates a K0
s that decays into a pair of pions at a secondary vertex, after being

produced in the beam interaction region. Before it decays, a K0
s travels a certain distance, the

flight distance s, and an accurate determination of the lifetime requires a precise determination
of the start and the end points of the flight vector. The start point is the production vertex,
which coincides with the IP, which is determined run-by-run by averaging the preliminary vertex
for a lot of events. The end point at the decay vertex is determined by vertex fitting, and the
accuracy is determined by the tracking error of daughter particles, i.e. pions.

production vertex (IP)

decay vertex

flig
ht distance s

K
s

π+

π -0

Figure 5.2: Schematic representation of a K0
s decay. The K0

s travels a certain distance, the
flight distance s, before it decays into a pair of pions. Pions are subsequently detected by the
tracking system.

The motion of a neutral K0
s before its decay is described by a simple linear equation. The

flight distance s, measured from the production vertex (xp, yp, zp), can be extrapolated to the
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decay vertex (xd, yd, zd) using s = γβcτ = (p/m)cτ (where τ is the mean life time), yieldingxpyp
zp

 =

xd −
px
m cτ

yd − py
m cτ

zd − pz
m cτ

 . (5.9)

Equation 5.9 is actually a constraint condition, similar to Equation 5.8. One minimizes

χ2 = (α−α0)TV−1
α0

(α−α0) + 2λT (Dδα+Eδcτ + d), (5.10)

where Eij = ∂Hi
∂xj

, and solve it for cτ and its error. The vector α = (px, py, pz, E, xd, yd, zd,

xp, yp, zp)
T contains ten variables, seven of them are track parameters at the decay vertex and the

other three are track parameters at the production vertex. This secondary-vertex reconstruction
algorithm has been used in the data analysis of χc0,2 → π0ηc, ηc → K0

sKπ; see Subsection 7.2.

5.5 Input-output check

The so-called input-output check is an analysis method to test the adequacy and performance
of the selected analysis technique, for example, a fitting procedure. This method requires a toy
set of events with known values of test parameters. In the presented thesis, such a test sample
is obtained from an inclusive MC sample, where all the decays of the ψ′ are generated with
branching fractions according to the values published by the PDG [15]. All the selection criteria
that were applied to data are applied to the inclusive MC sample as well, and the final results
are compared. In most of the cases, the results of such an inclusive MC simulation are in good
agreement with the data. This will be shown later (for example, see Subsection 6.3.2). The same
fitting procedures as for the data are applied to inclusive MC results and the number of signal
events is calculated. The obtained number of signal events is then compared to the true number
of signal events in the sample. In the case the disagreement between these numbers is more than
two standard deviations, the fitting procedure is not adequate and should be reconsidered.

5.6 Common systematic errors

5.6.1 Total number of ψ′

The number of ψ′ events was obtained from the hadronic decays of ψ′, which have well-known
branching fractions. The obtained samples have high statistics, and the limiting factor for this
study was systematic errors. The uncertainty of the number of ψ′ events is estimated to be
0.71% as reported in Reference [142].

5.6.2 Photon reconstruction

The photon reconstruction error was studied using the process ψ′ → π+π−J/ψ, J/ψ → ρ0π0,
ρ0 → π+π− and the missing-photon method. Here, the studies are briefly outlined. For more
details, see Reference [143].

During the event selection, events with two charged tracks and at least one photon were
selected. In essence, the channel reconstruction is based on the reconstruction and identification
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of the ρ meson via its π+π− decay together with one of the photons of the π0 decay. The missing
momentum was used to determine the direction and energy of the missing photon. The missing
pion mass and the photon energy were used to identify the channel of interest. The photon
detection efficiency is subsequently calculated as the ratio of the fully reconstructed number of
events, including the detection with the second photon, over the predicted number of photons
based on the missing-photon selection. The data were subdivided in several bins in photon
energy and for scattering angles that were within the geometric acceptance of the detector. The
same analysis was done for Monte Carlo data of the corresponding channel. The difference
between the efficiencies of the data and MC is accounted for as a systematic error due to the
photon reconstruction and was found to be at most 1%. Note that this method is for a large
part data driven and taken very conservatively.

5.6.3 Trigger efficiency

The trigger efficiency was determined using dedicated runs and physics datasets from 2009.
Samples triggered by independent trigger channels were used, for example, the MDC trigger
conditions were checked using events triggered by a trigger channel based on the EMC conditions
only. The uncertainty originating from the trigger efficiency is estimated to be 0.15% and is
reported in Reference [126].

5.6.4 Kinematic fitting error

In general, the MC simulations of the BESIII detector and its response match well with data.
Deviations appear, however, for the pull distributions related to the fitting procedure for charged
tracks. As a consequence, the results of the kinematic fit will differ between MC and beam data.
This discrepancy gives rise to a systematic error in the reconstruction efficiency that has to be
considered in the final result. There are two methods to estimate this error.

The traditional method is to use a control sample of a process with a similar final state and
momentum distribution. After the selection of the sample, two different analysis methods are
applied, namely with and without the usage of a kinematic fit. The kinematic-fitting efficiency
is defined as

εX(χ2) =
NX
after4C(χ2)

NX
before4C

,

where X stands for data or MC sample, NX
before4C and NX

after4C are the obtained number of
events without and with the usage of a kinematic fit, respectively. The difference between
εdata and εMC at a given cut of χ2 is then taken as the systematic uncertainty. This method
provides a straightforward estimate of systematic errors of the kinematic fit, however, it has
some disadvantages. First of all, for some channels it is difficult to find an appropriate reference
channel. Furthermore, it is difficult to select a pure control sample without using kinematic
constraints or selection criteria correlated with kinematic constraints such as total energy or
total momentum.

The method used in the analysis presented in this thesis is based on a correction of track helix
parameters to reduce differences between data and MC. The correction procedure is described
below.
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Track description

A charged track can be described by five helix parameters:

α = (dρ, φ0, κ, dz, tan(λ))T .

The track parameters are illustrated in Figure 5.3. These parameters are defined at the point
of orbit that is closest to the z-axis. For tracks that turn through more than 360 degrees, the
solution with the smallest absolute value of z is chosen. The five parameters, in the order of
appearance in the error matrix, are:

dρ: the distance in the xy plane from the pivot (reference point) to the orbit (cm). The sign is
positive if ~r × ~p is in the positive z direction, where ~p is the vector from the origin to the
track and ~p is the tangent to the track direction.

φ0: the azimuthal angle specifying the pivot with respect to the helix center (rads). The sign is
defined by the sign of ~x · ~ω, where ~ω = ~p× ~z, and ~z is the z-axis unit vector and ~x is the
x-axis unit vector. The domain of φ0 is [0, π/2].

κ: the reciprocal of the transverse momentum pt, i.e. p−1
t (GeV/c)−1. The sign of κ represents

the charge of the track assigned by the track fitting.

dz: the distance of the helix from the pivot in the z direction (cm). The sign is the same as the
sign of the z coordinate.

tan(λ): the slope of the track, tangent of the dip angle. tan(λ) = cot(θ), θ = π/2− λ, where θ
is the polar angle.

The results of all track fits, wherever they are done, use the origin as the pivot.

Track-parameter correction

To reduce the difference between data and MC, two methods can be used. The first one is to
reduce the covariance matrix (Vα0)ii of the unconstrained track parameter i by multiplying it
with a factor σMC

i /σdatai , where σi is the standard deviation of the pull distribution (pull)i for
the parameter i, defined by

(pull)i =
αi − α0i√

(Vα0)ii − (Vα)ii
, (5.11)

where (Vα)ii is the covariance matrix of the constrained track parameter i. The other method
is to enlarge the resolution of α0i by smearing it with a Gaussian with a mean of

α0i + (µdatai − µMC
i )× (Vα0)ii,

where µi is the mean of (pull)i with a σ of√
(σdatai /σMC

i )2 − 1× (Vα0)ii.

The elements of the covariance matrix are consistent between data and MC. Since the first
method will change the elements in the covariance matrix, the second method was implemented.
The correction parameters depend weakly on the track momentum and are calculated using
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Figure 5.3: Schematic representation of the helix parametrization for a charged track bending
clockwise (left) and counterclockwise (right). At BESIII the magnetic field is 1 T along the z
axis (electron beam direction), so negatively charged tracks are bent clockwise and positively
charged tracks counterclockwise. The vector of a position on a helix can be obtained by ~x =
~x0 + (dρ+ρ) · ~ω−ρ ·~υ, where ~ω = (cosφ0, sinφ0)T and ~υ = (cos(φ0 +φ), sin(φ0 +φ))T . tan(λ) is
perpendicular to the plane and, therefore, is not shown. Courtesy of Yao Zhang and Liangliang
Wang.

a control sample. The off-diagonal terms of the covariance matrix are ignored, since their
contribution to the final result are negligible.

Once the correction is applied successfully, the difference between the χ2 distributions of the
kinematic fit obtained from data and MC is reduced, but does not vanish completely. Half of
the difference between the calculated reconstruction efficiencies obtained from MC samples with
and without correction is taken as a conservative estimate of the kinematic-fitting error.

An example application of the correction procedure for track-parameters is given in Subsec-
tion 6.7.1.

5.7 Combined measurements via averaging

In some cases, several different measurements of the same parameter are performed. For example,
the branching fraction B of the process ψ′ → π0J/ψ is measured for two different decay modes
of the J/ψ: to a pair of an electron and a positron (e+e−), and to a pair of oppositely-charged
muons (µ+µ−). The values of branching fractions obtained for these two decay modes are
compared (i.e. checked for consistency), and a combined value of the branching fraction is
calculated. Results of the analysis of ψ′ → π0J/ψ, J/ψ → e+e− and J/ψ → µ+µ− agree within
one standard deviation. Therefore, the combined value of the branching fraction is calculated
(see Chapter 6).

The branching fraction, B, for each measurement, i, is expressed by:

Bi ± δistat ± δisys−common ± δisys−uncommon = Bi ± δiuncor ± δisys−common,
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where δistat, δ
i
sys−common and δisys−uncommon are the statistical error, the common systematic

error, and the uncommon systematic error, respectively. An example of a common systematic
error in the ψ′ → π0J/ψ, J/ψ → e+e−(µ+µ−) analysis is the uncertainty on the number of ψ′

events in the data set. An example of uncommon systematic errors are the tracking errors for
electrons and muons.

The total uncorrelated error δiuncor is given by

δiuncor =
√

(δistat)
2 + (δisys−uncommon)2.

Then the average value and errors are evaluated with

B̄ =

∑
wiBi∑
wi

,with wi = 1/(δiuncor)
2 (5.12)

δ̄stat =
[∑

1/(δistat)
2
]−1/2

, (5.13)

δ̄sys−uncommon =
[∑

1/(δisys−uncommon)2
]−1/2

. (5.14)

(5.15)

Combining the common and uncommon systematic errors, one obtains:

δ̄sys = B̄

[(
δ̄sys−uncommon

B̄

)2

+

(
δisys−common

Bi

)]1/2

, (5.16)

The averaged branching fraction is given by

B̄ ± δ̄stat ± δ̄sys.



Chapter 6

Data Analysis1 2 of ψ′→ π0(η)J/ψ

Three witches watch three Swatch watches.
Which witch watches which Swatch watch?

English tongue-twister.

The isospin-violating hadronic transition ψ′ → π0J/ψ in the charmonium system was sug-
gested by theorists [41] as a channel with a large sensitivity to ICML within the framework

of an effective field theory (see Section 2.4). Measurements of Rπ0/η = B(ψ′→π0J/ψ)
B(ψ′→ηJ/ψ) , where

B(ψ′ → π0(η)J/ψ) are the branching fractions of the corresponding processes, can provide ex-
perimental evidence for hadron-loop contributions in charmonium decays, and impose more strin-
gent constraints on existing theoretical models. In turn, a more refined theory would be able to
make rigorous predictions on various non-perturbative phenomena, such as the mysterious XY Z
states, discussed in Subsection 3.2.2. Recently, a new measurement of Rπ0/η was performed using
106·106 ψ′ events collected with BESIII. The ratio was found to be Rπ0/η = (3.74±0.06±0.04)%,
which is in good agreement with the previously reported measurements [86] and its precision is
significantly improved. This chapter gives a detailed description of the data analysis, leading to
this number.

6.1 MC and data samples

The analysis is based on the ψ′ data accumulated by BESIII from March 7 to April 4, 2009. The
total number of ψ′ events is (106.41±0.86)·106 [142] and the integrated luminosity is 156.4 pb−1.
In addition, data collected with an integrated luminosity of 42.6 pb−1 at a center-of-mass energy
of 3.65 GeV from May 26 to June 3, 2009, are used to estimate the background from e+e− → qq̄
continuum processes.

A Monte Carlo (MC) data sample based on 106 · 106 inclusive ψ′ decays is used to study
the background. This inclusive sample is generated with KKMC [134] plus EvtGen [133] and
the known branching ratios are taken from PDG [15], while the unknown ratios are generated
according to the Lundcharm model [139].

1This chapter is based on M. Ablikim et al. (O. Bondarenko) (BESIII Collaboration), Phys. Rev. D 86,
092008 (2012) (Reference [84]).

2The analysis was done in the course of this thesis in collaboration with Liao Guang-Rui, Zhang Tai-Rui,
Ping Rong-Gang, and Yuan-Ning Gao.

59
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Exclusive MC samples (0.6·106 events each) are generated to determine the detection efficiency
and to model the signal shape. The generator models used for ψ′ → π0(η)J/ψ are HELAMP,
and the decay models used for ψ′ → γχc0,1,2 are P2GC0, P2GC1, P2GC2, respectively. The
decay models for χc0,1,2 → γJ/ψ are S2GV, AV2GV and PHSP, respectively. For more details
see Section 4.5.

The BESIII Offline Software System (BOSS), version 6.5.5, was used for the data reconstruc-
tion and the production of MC samples. The ROOT software [144] with the ROOFIT and
ROOSTAT libraries was used for further data handling.

6.2 Event selection

The general event selection is described in Section 5.2.

In the selection of ψ′ → π0(η)J/ψ events, where π0(η) → γγ and J/ψ → l+l−, two charged
tracks with a net charge of zero and at least two good photon candidates are retained for further
analysis.

J/ψ reconstruction

The decay mode J/ψ → l+l−, where l = e, µ is used to tag the J/ψ. Hence, J/ψ candidates
are reconstructed from pairs of oppositely-charged tracks. The E/p method is used for particle
identification, where E and p are the deposited energy in the EMC and the track momentum,
respectively (see also Section 5.1). A track is identified as an electron or positron (muon) and
it is assigned with the electron (muon) mass if its E/p ratio satisfies the condition E/(pc) ≥ 0.8
(0.08 ≤ E/(pc) ≤ 0.22). Figure 6.1 shows the E/p-distribution for positively and negatively
charged tracks from the data set (only part of the ψ′ data set is used). Events that give rise to
the left peak around 0.1 c correspond to muon, pion, kaon and (anti)proton candidates, events
at the right peak around 0.9 c correspond to electron and positron candidates.
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Figure 6.1: The E/p distribution for charged tracks for a part of the data set. E and p are the
deposited energy in the EMC and the track momentum, respectively.

Invariant-mass distributions of two charged tracks, that were reconstructed for each event,
are shown in Figure 6.2. Only a part of the data set is shown. The invariant mass of two
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tracks is obtained using the momentum information from MDC and the mass assumption that
is made based on the E/p ratios. At least two photons are required in coincidence in each event.
The left plot shows the invariant-mass distribution of tracks that were identified as electrons
or positrons (E/(pc) ≥ 0.8), the right plot shows the invariant-mass distribution of the tracks
that were identified as muons (0.08 ≤ E/(pc) ≤ 0.22). The left tail of the peaks is due to
final-state radiation, and it is larger for electrons/positrons since these particles have a smaller
mass. There are two common peaks in the left and right plots. The prominent peaks around
3.1 GeV/c2 correspond to the decays of J/ψ → l+l−. Peaks around 3.7 GeV/c2 correspond to
the resonant production e+e− → ψ′ → l+l− or non-resonant contribution from e+e− → l+l−

at a center-of-mass energy of 3.7 GeV in coincidence with two random photons. The right plot
shows more structures, caused by particle misidentifications. A detailed explanation is given
below.
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Figure 6.2: The invariant-mass distribution Ml+l− for events in the data set. Only a part of the
data set is used. Left: for E/p ≥ 0.8 c (tracks identified as electrons), right: 0.08 ≤ E/(pc) ≤
0.22 (tracks identified as muons).
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Figure 6.3: The invariant-mass distributions for events with 2.35 ≤ Ml+l− (GeV/c2) ≤ 2.55
according to the right panel of Figure 6.2. Open histogram: charged tracks with a muon-mass
assumption. Filled histogram: the same charged tracks but with a proton-mass assumption.

The peak around 2.45 GeV/c2 originates from the process J/ψ → pp̄ in coincidence with two
photons. The protons are misidentified as muons and the wrong mass (muon mass) is assigned.
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Figure 6.4: Left: scatter plot of the photon energy, Eγ1, versus the invariant mass of two leptons,
Ml+l− . Right: scatter plot of the energy of γ2 versus the energy of γ1. Leptons are required
to be identified as muons. The dashed and fine-dashed lines show the photon energy for the
transition ψ′ → γχc0 and ψ′ → γχc2, respectively. For more details see text.

This results in a too small energy and thereby in a shift towards smaller invariant masses. This
is illustrated in Figure 6.3. The open histogram shows events with a muon-mass assumption in
the invariant-mass region of 2.35 - 2.55 GeV/c2. The filled histogram shows the same events
with a proton-mass assumption. The peak is now moved to the J/ψ mass region, as expected.
The small peak around 2.95 GeV/c2 in Figure 6.2 (right) originates from ψ′ → pp̄ decays or
from a non-resonant process e+e− → pp̄, in coincidence with two random photons.

To understand the structure of the peaks in the right panel of Figure 6.2, we studied in more
detail those events with an invariant mass within the range 3.2 - 3.8 GeV/c2. The results are
shown in Figure 6.4. The left plot shows the correlation between the photon energy, Eγ1, and the
two-track invariant-mass, Ml+l− . The right plot shows the correlation between the energies of
the two photons for each event. Here, γ1 and γ2 correspond to the photons with the highest and
second-highest energy in the event, respectively. Events with Eγ1 around 128 MeV come from
transitions ψ′ → χc2, with χc2 → K+K− (Ml+l− around 3.45 GeV/c2) and χc2 → π+π− (Ml+l−

around 3.55 GeV/c2). These events cannot come from radiative transitions ψ′ → γχcJ → γγJ/ψ,
since the second photon exhibits a continuous energy spectrum as can be seen from the right
panel in Figure 6.4. Events in the right panel with Eγ1 around 261 MeV come from transitions
ψ′ → χc0, with χc0 → K+K− (Ml+l− around 3.28 GeV/c2) and χc2 → π+π− (Ml+l− around
3.44 GeV/c2). Events with Eγ1 around 380-450 MeV come from transitions ψ′ → γχc1,2 →
γγJ/ψ, with a subsequent J/ψ decay into a pair of charged particles.

Events with 2.9 < Ml+l−(GeV/c2) < 3.2, where l = e, µ, are retained for a further analysis.
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π0 and η reconstruction
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Figure 6.5: The distribution of the photon multiplicity, Nγ , per event. Dots represent data, filled
histograms represent results of exclusive MC simulations of ψ′ → π0J/ψ → γγl+l−. Charged
tracks are identified as electrons (left plot) or muons (right plot). The MC histograms are scaled
to match the integral of the number of events in the data samples.

π0 and η mesons are identified via their decay into two photons. Naively, one expects
only two photon candidates for the decays of interest. However, due to cluster split-offs and
bremsstrahlung photons, there can be more photons candidates observed by the EMC for the
relevant physics channels. Figure 6.5 shows the distribution of the photon multiplicity in the
data sample and exclusive MC samples of ψ′ → π0J/ψ → γγl+l−. The invariant mass of the lep-
ton pair in each event satisfies the condition 2.9 < Ml+l− (GeV/c2) < 3.2. Photon multiplicity
distributions obtained using exclusive MC simulations of ψ′ → ηJ/ψ → γγl+l− look identical.
The differences in photon multiplicities for the data and MC simulation results are due to the
presence of large background from processes with higher multiplicities in data. For example,
the strong background channel ψ′ → π0π0J/ψ results in 4 photons in the final state. The pur-
pose of this figure is to illustrate the expected photon multiplicity with respect to the overall
photon multiplicity seen in the data. The major fraction of events has a photon multiplicity of
2 ≤ Nγ ≤ 4, and events within this window are retained for further analysis. The choice was
based on optimizing the significance of the signal.

Background rejection

Figure 6.6 shows the total energy of the two-photons-two-leptons system (Eγγl+l−) versus the
two-photon invariant mass, Mγγ , for the events that survived the previously described se-
lection conditions. Events from the channels of interest appear as blobs around Eγγl+l− =
3.69 GeV. Events around Mγγ = 0.14 GeV/c2 and Mγγ = 0.55 GeV/c2 correspond to the
ψ′ → π0J/ψ and ψ′ → ηJ/ψ channels, respectively. Events with Eγγl+l− around 3.69 GeV
and with 0.16 < Mγγ (GeV/c2) < 0.55 have the expected energy balance, but correspond
to the background processes ψ′ → γχc0,1,2 → γγJ/ψ. Events with Eγγl+l− < 3.69 GeV have
a smaller total energy than the total energy of the electron-positron beam and, thus, cannot
correspond to the channels of interest. These events originate from the background process
ψ′ → π0π0J/ψ; events with Mγγ around 0.14 GeV/c2 come from the same π0, while photon
pairs with Mγγ > 0.14 GeV/c2 come from different π0s. Since only two photons were used in
the reconstruction, the total energy, Eγγl+l− , is less than the total energy of the initial electron-
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positron beam.
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Figure 6.6: The two-photon invariant mass Mγγ versus the total energy of γγl+l− system
(Eγγl+l−) for events from the data set. Events from the channels of interest appear as blobs
around Eγγl+l− = 3.69 GeV and Mγγ = 0.14 GeV/c2 and Mγγ = 0.55 GeV/c2. Bins with a
number of events < 100 are not shown.

One of the possible ways to select the signals of interest and to suppress the background
is to discard events with Eγγl+l− < 3.64 GeV. This kinematic constraint will reject a major
part of events coming from the ψ′ → π0π0J/ψ process. However, we used a more effective
way that exploits all kinematical constraints. The method is called kinematic fitting and is
described in detail in Section 5.4. In short, kinematic fitting is a least-square fit with constraints,
performed on event-by-event basis. The values used in the fit are the measured parameters of
the reaction, such as momenta and angles of the final-state particle trajectories. The constraints
are formed by the conservation of momentum, energy, and (possibly) the masses of intermediate
particles. Kinematic fitting helps to reduce the number of background events and to improve
the momentum resolution of detected charged tracks and photon candidates. For events, after
passing the fit, the value of goodness-of-fit (χ2

C) is calculated. Events which give a too large χ2
C

of the kinematic fit, compared to the χ2
C of MC-simulated signal events, are rejected to improve

the signal-to-background ratio. The value of such a cut is determined from maximizing the
statistical significance. In some bad cases, the kinematic fit fails to find a solution that satisfies
the constraints. In general, events with a huge χ2

C > 200 are rejected which includes these bad
cases as well.

For the processes ψ′ → π0(η)J/ψ, a useful kinematic constraint is the initial four-momentum
of the e+e− beams, pµ = (40, 0, 4, 3686/c) MeV/c. The ψ′ → γγl+l− hypothesis was imposed
by looping over all photon candidates. If there were more than two photon candidates in an
event, the γγl+l− combination with the lowest χ2

4C was selected (4C in the subscript refers to a
4-constraint fit).

Figure 6.7 shows the total energy, Eγγl+l− , (left) and two-photon invariant-mass, Mγγ , (right)
distributions of the data set. Note that the plotted kinematic variables are the original ones
before the kinematic fit. The filled histograms depict the distributions in cases for which χ2

4C <
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200. These figures illustrate the power of such a 4C fit. A huge fraction of ψ′ → π0π0J/ψ
background events is rejected, particularly around Mγγ = 0.14 GeV/c2.
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Figure 6.7: The total-energy Eγγl+l− (left) and the two-photon invariant-mass Mγγ (right)
distributions for the data set. Dots represent all the events from the data set (projections of the
histogram in Figure 6.6 on two axes) and filled histograms represent events, that pass the 4C
kinematic fit in addition.

To improve further the signal-to-noise ratio, a stricter cut on the χ2
4C value has been used.

An optimum value of χ2
4C is determined by optimizing the statistical significance separately for

the ψ′ → π0J/ψ and ψ′ → ηJ/ψ channels, and for each decay of the J/ψ separately. Events
satisfying 0.1 < Mγγ (GeV/c2) < 0.18 and 0.45 < Mγγ (GeV/c2) < 0.60 are selected for further
analysis of ψ′ → π0J/ψ and ψ′ → ηJ/ψ channels, respectively. The χ2

4C-distributions for the
studied channels are shown in Figure 6.8.

To find the most appropriate value for the χ2
4C cut that optimizes the signal-to-background

ratio, the dependence of the significance,
Nsig√

Nsig+Nbkg
, on a cut-off value of χ2

4C is studied. Nsig is

the number of signal events, obtained from exclusive MC simulations of the channels of interest,
Nbkg is the number of background events, obtained from MC simulations of all known ψ′ decays,
excluding the channels of interest. Figure 6.9 shows the dependence of the significance on χ2

4C

for the ψ′ → π0J/ψ (left) and ψ′ → ηJ/ψ (right) channels. The following cuts were used for the
further analysis and were chosen to maximize the significance:

χ2
4C < 100 for ψ′ → π0J/ψ → γγe+e−,

χ2
4C < 60 for ψ′ → π0J/ψ → γγµ+µ−,

χ2
4C < 70 for ψ′ → ηJ/ψ → γγe+e−,

χ2
4C < 50 for ψ′ → ηJ/ψ → γγµ+µ−.

Besides a significant reduction of background levels, kinematic fitting improves significantly
the momentum resolution of charged tracks and photon candidates. Figure 6.10 illustrates this
for the invariant mass of lepton pairs (e and µ pairs). The invariant-mass resolution FWHM/2.36
(where FWHM stands for full width at half maximum) before kinematic fitting is 16.1 MeV/c2

for both π0 and η mass windows, and after the kinematic fit was applied, we obtain a resolution of
3.8 MeV/c2 and 9.3 MeV/c2 for the π0 and η mass windows, respectively. Figure 6.10 also shows
that the J/ψ decays are unambiguously reconstructed and that most of the events originate from
the processes involving J/ψ. From now on, only kinematically fitted parameters are used.

Figure 6.11 shows the two-photon invariant-mass distribution, Mγγ , versus the invariant
mass of two leptons and the highest-energy photon in the event, Mγl+l− . In this special case,
events satisfy the condition χ2

4C < 60. Horizontal bands around Mγγ = 0.14 GeV/c2 and
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Figure 6.8: Left: 0.1 < Mγγ (GeV/c2) < 0.18, right: 0.45 < Mγγ (GeV/c2) < 0.60. Dots repre-
sent data, filled histograms represent results of exclusive MC simulations of the corresponding
channels of interest. MC histograms are normalized to the data yield at smaller values of χ2
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Here and everywhere later in the text, labels “π0(η)J/ψ”refer to π0(η)J/ψ selection criteria.
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Figure 6.9: The dependence of the significance
Nsig√

Nsig+Nbkg
on the cut-off value of χ2

4C for the

ψ′ → π0J/ψ (left) and ψ′ → ηJ/ψ (right) channels. Open circles and solid dots represent
J/ψ → e+e− and J/ψ → µ+µ− decay channels, respectively. Arrows indicate the applied cuts.
For more details, see text.

0.55 GeV/c2 correspond again to π0 and η decays, respectively. The three vertical bands around
Mγl+l− = 3.41 GeV/c2, 3.51 GeV/c2 and 3.56 GeV/c2 correspond to the background processes
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Figure 6.10: The two-lepton invariant-mass distributions Ml+l− for the data events, satis-
fying χ2

4C < 60. Left: events with 0.10 < Mγγ (GeV/c2) < 0.18, right: events with
0.50 < Mγγ (GeV/c2) < 0.60. Dots represent Ml+l− before a kinematic fit was applied, filled
histograms represent Ml+l− after kinematic fitting.

χc0,1,2 → γJ/ψ, respectively. The band corresponding to χc0 → γJ/ψ has a low intensity, since
the branching fraction of this process is small. In order to reject these background processes,
the following constraints are used:

Mγl+l− < 3.50 GeV/c2 or Mγl+l− > 3.57 GeV/c2 for the ψ′ → π0J/ψ selection,

Mγl+l− < 3.50 GeV/c2 for the ψ′ → ηJ/ψ selection.
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Figure 6.11: The two-photon invariant-mass distribution Mγγ versus the invariant mass of
two leptons and the highest-energy photon in the event Mγl+l− . Horizontal bands around
Mγγ=0.14 GeV/c2 and 0.55 GeV/c2 correspond to π0 and η decays, respectively, defining the
events of interest. The three vertical bands around Mγl+l−=3.41 GeV/c2, 3.51 GeV/c2 and
3.56 GeV/c2 correspond to χc0, χc1 and χc2 decays into γJ/ψ, respectively.

The final two-photon invariant-mass distributions are shown in Figure 6.12. The π0 and η
decays are unambiguously reconstructed and the level of the background is low in both cases
(compare to Figure 6.7, right panel).
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Figure 6.12: The final two-photon invariant-mass distributions. Left: for π0 selection criteria,
right: for η selection criteria.

Summary of selection criteria

Table 6.1 summarizes the applied selection criteria for the channels of interest. The table does
not include the general selection criteria that were described in Section 5.2.

Table 6.1: Summary of the applied selection criteria.

Mode ψ′ → π0J/ψ ψ′ → ηJ/ψ

Final states γγe+e− γγµ+µ− γγµ+µ− γγµ−µ−

Number of photons [2, 4] [2, 4] [2, 4] [2, 4]

E/p (c) > 0.8 (0.08, 0.22) > 0.8 (0.08, 0.22)

Ml+l− (GeV/c2) (3.05, 3.15) (3.05, 3.15) (3.05, 3.15) (3.05, 3.15)

χ2
4C < 100 < 60 < 70 < 50

Mγγ (GeV/c2) (0.10, 0.18) (0.10, 0.18) (0.45, 0.60) (0.45, 0.60)

MγJ/ψ (GeV/c2) excluding excluding

(3.50, 3.57) (3.50, 3.57) < 3.50 < 3.50

6.3 Comparison with MC results

In the discussed analysis, MC simulations are used to obtain the detection efficiency and to
study the background contributions. This can be done only if MC results are in good agreement
with the data. In this section, the exclusive and inclusive MC results are compared to the data.

6.3.1 Comparison with exclusive MC results

Figure 6.13 shows two-lepton invariant-mass distributions for π0 (upper panel) and η (lower
panel) selection criteria. To reduce the background, the invariant mass of the two photons is
restricted to 0.125 < Mγγ (GeV/c2) < 0.145 and 0.510 < Mγγ (GeV/c2) < 0.580, respectively.
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Although exclusive MC results are in reasonable agreement with the data, there are still some
discrepancies. The mass resolutions of the MC are slightly better than for the beam data. This
is an effect that is commonly observed in other BESIII analysis using BOSS 6.5.5. For a large
part these discrepancies are due to a small mismatch in the momentum reconstruction of the
charged tracks. To account for these differences, corrections to charged-track parameters for
the MC samples are applied. This procedure is described in detail in Subsection 5.6.4. Results
of these corrections are represented by filled histograms in Figure 6.13. As one can see, the
correction resulted in a slightly improved agreement with the data, particularly at the low-
energy side. Only exclusive MC results whereby the charged-track parameters were corrected
are used further in the analysis. The differences in the data and MC distributions are accounted
for as systematic errors.
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Figure 6.13: Two-lepton invariant-mass distributions for π0 (upper panel) and η (lower panel)
selection criteria. Left: for J/ψ → e+e− decay channel, right: for J/ψ → µ+µ− decay channel.
Dots represent data, open histograms represent results of exclusive MC simulations. Filled
histograms represent results of exclusive MC simulations whereby corrections to charged track
parameters were applied. Histograms are scaled to match the number of data events.

Figure 6.14 depicts the angular distributions, cos θJ/ψ, of the reconstructed J/ψ in the ψ′

center-of-mass system for the π0 (left) and η (right) selection criteria. Differences in the angular
distributions for π0 and η selection criteria are caused by differences in acceptances and are well
understood. Distributions of the cosine of the helicity angle, where the helicity angle θ(l±,J/ψ) is
defined as the angle between the lepton (l±) in the J/ψ rest frame and the reconstructed J/ψ
momentum in the ψ′ center-of-mass system, are shown in Figure 6.15. The invariant masses of
the two photons are restricted to 0.125 < Mγγ (GeV/c2) < 0.145 and 0.510 < Mγγ (GeV/c2) <
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0.580 for the π0 and η selection, respectively. The exclusive MC results are in good agreement
with the data. Differences in angular distributions of the J/ψ for the ψ′ → π0J/ψ and ψ′ → ηJ/ψ
channels are caused by the different selection criteria that were used for both channels and
differences in the acceptances of the recoiling light mesons.
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Figure 6.14: The angular distribution cos θ(J/ψ) of the reconstructed J/ψ in the ψ′ center-of-
mass system. Left: π0 selection criteria, right: η selection criteria. Dots represent data, light
filled histograms represent results of exclusive MC simulations, dark-filled histograms represent
results of exclusive MC simulations of background channels. Exclusive MC histograms are scaled
to match the number of data events.
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Figure 6.15: Same as Figure 6.14, but here are shown the cosine of the helicity angle,
cos θ(l±, J/ψ), or the angle between the lepton (l±) in the J/ψ rest frame and the reconstructed
J/ψ momentum in the ψ′ center-of-mass system.

Calculation of efficiencies

The exclusive MC results are in reasonable agreement with the data, as shown above. This
enables us to use the exclusive MC results for the efficiency determination. Using the method
described in Section 5.3, efficiencies of the ψ′ → π0J/ψ detection were obtained and found to be
(23.05±0.05)% and (29.11±0.06)% for the J/ψ → e+e− and J/ψ → µ+µ− decay modes, respec-
tively. Efficiencies of the ψ′ → ηJ/ψ detection were obtained and found to be (35.41±0.06)%
and (46.28±0.06)% for the J/ψ → e+e− and J/ψ → µ+µ− decay modes, respectively. The
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errors are statistical. Detection efficiencies for the ψ′ → π0J/ψ channel are lower than the
efficiencies for the ψ′ → ηJ/ψ due to stricter kinematic cuts applied and due to the fact, that
the geometrical acceptance causes a cut at cos θJ/ψ ∼ ±1 for π0. Detection efficiencies for the
e+e− are lower than the ones for µ+µ− due to larger radiative losses of electrons (positrons).

6.3.2 Comparison with inclusive MC results

Figure 6.16 shows two-photon invariant-mass distributions for the π0 (upper panel) and the η
(lower panel) selection criteria. As one can see, although the number of background events is not
well reproduced, the lineshapes, obtained using inclusive MC simulations, are in good agreement
with the data. This reasonable description gives confidence in understanding of the background
shape underneath the peaks.
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Figure 6.16: Two-photon invariant-mass distributions, Mγγ , for π0 (upper panels) and η (lower
panels) selection criteria. Left: for J/ψ → e+e− decay channel, right: for J/ψ → µ+µ− decay
channel. Dots represent data, light-filled and dark-filled histograms represent results of inclusive
MC simulations of ψ′ decays including and excluding the channels of interest, respectively.

6.4 Background studies

Additional exclusive MC samples of dominant background channels were generated to study
their effects on the two-photon invariant-mass distributions. A description of various studied
background channels is given below.
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Table 6.2: Summary of the background channels for ψ′ → π0J/ψ . B is the total branching
fraction of the process [15], ε is the detection efficiency, Nexp is the expected number of events in
data. The total number of events in the data is obtained using the fitting procedure, described
in Section 6.5.

J/ψ → e+e− J/ψ → µ+µ−

Channel B ε(%) Nexp ε(%) Nexp

ψ′ → π0π0J/ψ → 4γJ/ψ 1.0 · 10−2 <0.01 <1 <0.01 <1

ψ′ → γχc0 → γγJ/ψ 6.7 · 10−5 1.93 148 3.08 233

ψ′ → γχc1 → γγJ/ψ 1.9 · 10−3 0.10 208 0.16 328

ψ′ → γχc2 → γγJ/ψ 1.0 · 10−3 0.02 389 0.58 608

ψ′ → γγJ/ψ 1.8 · 10−5 3.14 200 3.49 70

Sum 946 1240

Total number in inclusive MC 960 1240

Total number in the data 1304 1568

Table 6.3: Same as Table 6.2, but for the background channels for ψ′ → ηJ/ψ.

J/ψ → e+e− J/ψ → µ+µ−

Channel B ε(%) Nexp ε(%) Nexp

ψ′ → π0π0J/ψ → 4γJ/ψ 1.0 · 10−2 0.28 2963 0.26 2690

ψ′ → γχc0 → γγJ/ψ 6.7 · 10−5 11.70 895 15.03 1150

ψ′ → γχc1 → γγJ/ψ 1.9 · 10−3 0.37 740 0.32 640

ψ′ → γχc2 → γγJ/ψ 1.0 · 10−3 <0.01 <1 <0.01 <1

ψ′ → γγJ/ψ 6.0 · 10−5 7.19 457 9.76 621

Sum 5102 4481

Total number in inclusive MC 5107 5102

Total number in the data 5796 5835

Background from ψ′ decays

The results that were obtained using inclusive MC simulations, and depicted in Figure 6.16, are
in reasonable agreement with the data and can be used for the background studies. According
to these results, the main background sources are ψ′ decays, involving a J/ψ and at least two
photons. The strongest background modes are ψ′ → γχcJ → γγJ/ψ, ψ′ → γγJ/ψ, ψ′ →
π0π0J/ψ → 4γJ/ψ decays. These decays result in uniform, non-peaking two-photon invariant-
mass distributions for both the π0 and η selection criteria.

Tables 6.2 and 6.3 summarize the background processes from the ψ′ decays for the π0 and
η channels in the ranges 0.10 < Mγγ (GeV/c2) < 0.18 and 0.45 < Mγγ (GeV/c2) < 0.60,
respectively.
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Background from non-resonant processes

The non-resonant background from e+e− → ff̄ processes, where f = e, µ, d, u, s, c, was studied
using a data sample collected at a center-of-mass energy of 3.65 GeV. Figure 6.17 shows the
corresponding two-photon invariant-mass distributions for π0 (top panel) and η selection criteria
(bottom panel).

)2 (GeV/cγγM
0.1 0.15

)2
E

ve
nt

s 
/ (

2 
M

eV
/c

0

2

4

6

8

10

)-e+ e→(ψJ/0π

)2 (GeV/cγγM
0.1 0.15

)2
E

ve
nt

s 
/ (

2 
M

eV
/c

0

2

4

6

8

10

)-µ+µ →(ψJ/0π

)2 (GeV/cγγM
0.46 0.48 0.5 0.52 0.54 0.56 0.58 0.6

)2
E

ve
nt

s 
/ (

3 
M

eV
/c

0

2

4

6

8

10

)-e+ e→(ψJ/η

)2 (GeV/cγγM
0.46 0.48 0.5 0.52 0.54 0.56 0.58 0.6

)2
E

ve
nt

s 
/ (

3 
M

eV
/c

0

2

4

6

8

10

)-µ+µ →(ψJ/η

Figure 6.17: Two-photon invariant-mass distributions for π0 (top panel) and η selection criteria
(bottom panel) from a data sample collected at center-of-mass energy of 3.65 GeV. Left: for
J/ψ → e+e− decay channel, right: for J/ψ → µ+µ− decay channel.

The number of background events from non-resonant processes for the π0 selection criteria
are estimated to be 92±18 and 114±20 for J/ψ → e+e− and J/ψ → µ+µ− decay channels,
respectively. For the η selection criteria, the contribution of the non-resonant background is
estimated to be 92±18 and 192±27 for the J/ψ → e+e− and J/ψ → µ+µ− decay channels,
respectively. The Mγγ distribution of surviving events is uniform and non-peaking. The number
of background events from non-resonant processes were obtained by counting the number of
events from the continuum data sample that survive the cuts and by normalizing those values
by the relative luminosities of the data sets (156.4 pb−1 and 42.6 pb−1 for the ψ′ and continuum
data samples, respectively).

J/ψ sideband analysis

For the J/ψ sideband analysis, we consider events satisfying 2.9 < Ml+l− (GeV/c2) < 3.05 and
3.15 < Ml+l− (GeV/c2) < 3.3. All the other selection criteria are the same as for the signal-event
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selection. The J/ψ sideband events are shown in Figure 6.18. The number of events in each
figure is scaled by the width of the J/ψ signal region divided by the width of the J/ψ sideband
region. The corresponding Ml+l− distributions show no obvious peaks as expected.

)2 (GeV/cγγM
0.1 0.12 0.14 0.16

)2
E

ve
nt

s 
/ (

2 
M

eV
/c

10

20

30

40

50
)-e+ e→(ψJ/0π

)2 (GeV/cγγM
0.1 0.12 0.14 0.16 0.18

)2
E

ve
nt

s 
/ (

2 
M

eV
/c

0

5

10

15

20

)-µ+µ →(ψJ/0π

)2 (GeV/cγγM
0.53 0.54 0.55 0.56

)2
E

ve
nt

s 
/ (

1 
M

eV
/c

0

5

10

15

20 )-e+ e→(ψJ/η

)2 (GeV/cγγM
0.53 0.54 0.55 0.56

)2
E

ve
nt

s 
/ (

1 
M

eV
/c

0

5

10

15

20 )-µ+µ →(ψJ/η

Figure 6.18: Same as Figure 6.17, but for J/ψ sideband events.

6.5 Extraction of the number of signal events

The signal yields for the ψ′ → π0(η)J/ψ channel are obtained by a fit to the observed two-
photon invariant mass, Mγγ , distributions. As was concluded in Section 6.3, the results of
MC simulations are in general in reasonable agreement with the data. This allows to use
exclusive MC simulations of the channels of interest with high statistics to obtain the π0(η)
lineshapes (LS) and to use them as the dominant kernel in the probability density function
(PDF) to fit the data. The total lineshape of the signal plus background is represented by a
PDF given by PDF = LS(π0(η))

⊗
Gaussian(Mγγ − δm, σ) + bkg for the π0(η)J/ψ channels.

The signal line shapes LS are taken as a sum of two Gaussian functions whose parameters are
determined from a fit of exclusive MC results. To account for the differences between data
and MC, the π0/η line shapes are modified by a convolution (

⊗
) with a Gaussian function,

Gaussian(Mγγ − δm, σ), where δm and σ correct the π0/η mass and resolution, respectively. In
general, the corrections δm and σ are found to be small: |δm|< 1 MeV/c2 and σ < 3 MeV/c2

for all the modes. The background line shapes bkg are described by a first-order (second-order)
Chebyshev polynomial function for the π0(η)J/ψ decay channels. The Chebyshev polynomial
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coefficients are free parameters of the fit to the data.

Figure 6.19 shows the Mγγ distributions and the fit results for the ψ′ → π0J/ψ channel. The
reduced χ2 values of the fits are 1.02 and 0.93 for the e+e− and µ+µ− decay modes of J/ψ,
respectively. The fit yields 1823±49 events for the J/ψ → e+e− mode and 2268±55 events for
the J/ψ → µ+µ− mode. The number of degrees of freedom is 86 for both cases.
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Figure 6.19: Mγγ distributions and fit results for ψ′ → π0J/ψ channel. Left: for J/ψ → e+e−,
right: for J/ψ → µ+µ−. Dots represent data, the solid lines represent the total fit result, dashed
lines represent the background contributions.

Figure 6.20 shows the Mγγ distributions and the fit results for the ψ′ → ηJ/ψ channel. The
reduced χ2 values of the fits are 0.79 and 0.82 for the e+e− and µ+µ− decay modes of J/ψ,
respectively. The number of degrees of freedom is 95 for both cases. The fit yields 29598±202
events for the J/ψ → e+e− mode and 38572±224 events for the J/ψ → µ+µ− mode.
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Figure 6.20: Same as Figure 6.19, but for the ψ′ → ηJ/ψ channel.

6.6 Input-output check

The input-output check procedure is described in Section 5.5. Table 6.4 summarizes the results
of the input-output checks for the ψ′ → π0(η)J/ψ channels. The output values are consistent
with the input values within statistical errors. Therefore, the fitting procedure is satisfactory
and can be used for the extraction of the number of signal events for the channels of interest.
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Table 6.4: Summary of input-output checks. Nsig is the number of signal events, ε is the
detection efficiency, B is the branching fraction.

Mode ψ′ → π0J/ψ ψ′ → ηJ/ψ

Final states γγe+e− γγµ+µ− γγe+e− γγµ−µ−

Nsig 1867±57 2313±61 27975±191 36321±227

ε(%) 23.12±0.05 29.22±0.06 35.55±0.06 46.54±0.06

Input B(10−3) 1.26 31.60

Output B(10−3) 1.30±0.04 1.28±0.03 31.74±0.22 31.53±0.19

6.7 Systematic errors

The main sources of systematic uncertainty originate from the number of ψ′ events, trigger effi-
ciency, lepton tracking, photon reconstruction, kinematic fitting, uncertainties of the branching
fractions for π0(η)→ γγ and J/ψ → l+l−, and the selection and fitting procedures.

Errors on B(J/ψ → l+l−) and B(π0(η)→ γγ)

The uncertainties of B(J/ψ → l+l−) and B(π0(η)→ γγ) are taken from the PDG [15] and are
part of the systematic error in the analysis. The values of the branching fractions are B(J/ψ →
e+e−) = (5.94 ± 0.06)%, B(J/ψ → µ+µ−) = (5.93 ± 0.06)%, B(π0 → γγ) = (98.82 ± 0.03)%,
and B(η → γγ) = (39.31± 0.20)%.

6.7.1 Kinematic fitting error

The systematic error due to a mismatch between data and MC with respect to kinematic fitting
is estimated using the method of charged-track parameter correction, described in detail in
Subsection 5.6.4. This correction procedure makes use of a control channel and, thereby, is data
driven.

Control-sample selection

As a test channel, the process ψ′ → π+π−J/ψ → π+π−l+l− was used, where l = e, µ. The
general event selection is described in Subsection 5.2. The two tracks with the lowest momenta
were identified as pions, and the other two tracks were identified as leptons. To select a control
sample with a high purity, the PID information was used, and the probability for a pion candidate
was required to be larger than 0.001. Other selection criteria that were used, are listed below:

• each event is required to have exactly four charged tracks with a net charge of zero;

• the polar angle of a charged track is required to be |cos θ|< 0.8;

• the number of good photons must be less than two;

• particles with momenta smaller than 0.45 GeV/c are identified as muons;
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• the E/p ratio is used to identify a lepton. When the E/(pc) ratio of a charged track is
larger than 0.8 (smaller than 0.22), it is labeled as an electron/positron (muon);

• the invariant mass of the two leptons (Ml+l−) is required to be in the range
3.05 < Ml+l− (GeV/c2) < 3.15 to match with the mass of the J/ψ.

The obtained efficiencies for ψ′ → π+π−J/ψ(e+e−) and ψ′ → π+π−J/ψ(µ+µ−) are (25.10±
0.10)% and (33.22±0.10)%, respectively. The purities (signal-to-background ratios) of the ob-
tained samples are calculated using the inclusive MC sample and are found to be 99.99% and
99.86% for the J/ψ → e+e− and J/ψ → µ+µ− decay channels, respectively.

Table 6.5: Correction factors extracted from the pull distributions. m is the mean of the pull
distribution and σ is the standard deviation.

φ0 κ tanλ

mdata −mMC σdata/σMC mdata −mMC σdata/σMC mdata −mMC σdata/σMC

µ+ 0.003 1.273 0.092 1.218 0.579 1.255

µ− 0.037 1.275 -0.030 1.220 0.578 1.264

e+ -0.001 1.207 0.137 1.117 0.578 1.186

e− 0.037 1.202 -0.065 1.101 0.579 1.179

Table 6.5 shows the calculated correction factors for the track parameters. The largest dis-
crepancies are obtained for the tanλ parameter (for the definition, see Subsection 5.2). The
correction factors for the other parameters are small. Note that the remaining discrepancies
disappear after the correction was applied.

Figure 6.21 shows the χ2
4C (top, left) and pull distributions of helix parameters φ0, κ, tanλ of

the electrons and positrons from ψ′ → π+π−J/ψ → π+π−e+e−. The corresponding distributions
for the muons from ψ′ → π+π−J/ψ → π+π−µ+µ− look similar.

The correction factors from Table 6.5 were used to correct the parameters of charged tracks
from ψ′ → π0(η)J/ψ. The corrected track parameters were applied for all the MC results that
were used in the analysis for the comparison with data and for the calculation of the detection
efficiencies. The χ2

4C distributions for events from ψ′ → π0(η)J/ψ are shown in Figure 6.22.
The correction of the track parameters successfully improves the agreement between data and
MC results.

Table 6.6 summarizes the detection efficiencies before (ε1) and after the correction (ε2) for the
studied decay channels. The systematic error due to the kinematic fitting is calculated as half
of the difference between the corrected and uncorrected detection efficiencies as a conservative
estimate. Note, that the difference between the corrected and uncorrected efficiencies is small,
therefore the effect of the tanλ parameter is also small.

6.7.2 Tracking efficiency

In the following section, differences in the tracking efficiencies between data and MC simulation
are studied to estimate the systematic error that stems from this deficiency. The tracking
efficiency of leptons is studied using the control decay channel ψ′ → π+π−J/ψ, J/ψ → l+l−

(l = e, µ). The tracking efficiency of the data is studied using the full 106 · 106 ψ′ data set. For
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Figure 6.21: The χ2
4C (top, left) of the kinematic fit and pull distributions of helix parameters

φ0, κ, tanλ of the electrons and positrons from ψ′ → π+π−J/ψ → π+π−e+e−. Dots represent
data, open and filled histograms represent exclusive MC results before and after the correction,
respectively.

Table 6.6: The detection efficiencies before (ε1) and after the correction (ε2) for the studied
decay channels.

Decay channels ε1(%) ε2(%) 1
2
ε1−ε2
ε2

(%)

ψ′ → π0J/ψ(e+e−) 23.12 23.05 0.15

ψ′ → π0J/ψ(µ+µ−) 29.22 29.11 0.19

ψ′ → ηJ/ψ(e+e−) 35.55 35.41 0.20

ψ′ → ηJ/ψ(µ+µ−) 46.54 46.28 0.28

the study of the efficiencies, exclusive MC samples of 0.5 · 106 events each for l = e, µ were used
in addition to a sample of 106 · 106 inclusive MC events, whereby ψ′ → anything.

The tracking efficiency ε is calculated with

ε = Nfull/Nall,

where Nfull indicates the number of events with a π+π−l+l− final state, whereby all the final
tracks were reconstructed successfully; Nall indicates the number of events with one or both
charged lepton tracks successfully reconstructed in addition to the pion-pair. In the case one
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Figure 6.22: The χ2
4C distributions for events from ψ′ → π0J/ψ (top panel) and ψ′ → ηJ/ψ

(bottom) panel. Left: for J/ψ → e+e−, right: for J/ψ → µ+µ−. Dots represent data, open and
filled histograms represent exclusive MC results before and after the correction, respectively.

charged track is lost, the identification of the decay channel is still possible and the information
on the missing track is available from the missing-momenta method: pl,missing = pψ′ − pπ+ −
pπ− − pl,detected, where p is the four-momentum of the particle.

The following event selection criteria are applied:

• no photons have been reconstructed for all events;

• at least three charged tracks have been found;

• two of the charged tracks have to be identified as pion;

• the invariant mass of a pion pair, Mπ+π− , is in the range of [0.35, 0.65] GeV/c2, which
corresponds to the kinematic range of the pion pair in the reaction;

• the recoil mass of the pion pair, Mπ+π−recoil, is in the range of [3.07, 3.115] GeV/c2;

• the lepton identification is based on the ratio of deposited energy measured in the EMC to
the momentum measured in the MDC (E/p): the track is labeled as an electron/positron
if E/(pc) > 0.8 and as a muon if 0.08 < E/(pc) < 0.22.
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The requirement 0.08 < E/(pc) < 0.22 can introduce an additional systematic error, since
E/p for kaons and protons is in the same range as for muons. To reduce possible background
from misidentified charged tracks from other two-body decays of J/ψ, such as J/ψ → KK

∗
(892)

(see Figure 6.23), an additional requirement for muon candidates was introduced, namely the
momentum of the detected muon in the rest frame of the reconstructed J/ψ should be larger
than 1.45 GeV/c. This selection leaves a sample of around 99% purity, which is subsequently
divided into angular (cos θ) and transverse momentum (pt) bins. The angle θ is the angle of
a lepton with respect to the electron beam direction. The number of events in each bin is
estimated using a fitting procedure of the recoil-mass spectra of the pion pair, Mπ+π−recoil. The
signal is represented by a double Gaussian and the background by a constant. The result of this
fit is shown in Figure 6.24. The integral of the constant function is subtracted from the total
number of events to obtain the number of signal events. The fitting procedure is done separately
for e and µ candidates.
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Figure 6.23: The momentum distributions of identified muons in the rest frame of the recon-
structed J/ψ. Left: in the case all charged tracks are detected; right: one charged track is
missing. Dots represent beam data, the filled histogram shows the exclusive MC result. The
peaks around 1.55 GeV/c corresponds to charged tracks originating from J/ψ → µ+µ− decays;
the peak around 1.37 GeV/c corresponds to misidentified tracks coming from J/ψ → KK

∗
(892).

A comparison of the efficiencies obtained for data and MC simulations is shown in Figure 6.25
and Figure 6.26. The results show a slightly lower efficiency for data than for simulations, an
effect which is more pronounced at low transverse momenta.

To investigate the size of the discrepancies over the whole phase space, events have been
divided into pt and |cos θ| bins resulting in two-dimensional maps. The maps of εData/εMC for
exclusive MC for electrons/positrons and muons are shown on the left panels of Figure 6.27 and
Figure 6.28, respectively, and maps of the corresponding statistical errors are shown on the right
panels of the figures. Bins have a non-uniform width: regions with a slowly varying εData/εMC

are combined and a finer binning was chosen for regions with a strongly varying εData/εMC .
Note that there are a few bins for which we could not determine the efficiency, since the channel
ψ′ → π+π−J/ψ(J/ψ → l+l−) does not cover that part of the phase space. The coverage in
phase space is comparable for the channel of interest. Therefore, the bins for which no efficiency
could be determined can be safely ignored.
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Figure 6.24: The recoil-mass distribution of a pion pair (dots) for the transverse momentum
range 1.1-1.2 GeV/c. The data are fitted with two Gaussian functions representing the signal
(solid line) and a constant function representing the background (dashed line).
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Figure 6.25: Tracking efficiency versus pt for electrons (left) and muons (right). Solid points are
data, open squares are exclusive MC results and gray triangles are inclusive MC results. Errors
are statistical.
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Figure 6.26: Same as Figure 6.25, but for tracking efficiency versus cos θ.

The systematic error of the tracking efficiency was estimated using the formula

∆ =

∑
ij fijNij

N
,
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Figure 6.27: Map of εData/εMC for exclusive MC simulations for electrons (left) and its statistical
error (right).
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Figure 6.28: Same as Figure 6.27, but for muons.



6.7 SYSTEMATIC ERRORS 83

where indices ij stand for pt and |cos θ| bins, fij = 1 − (εData/εMC)ij , Nij is the number of
events in bin ij, and N =

∑
ij Nij/εData,ij is the total number of events in the histogram.

The systematic errors on the tracking are estimated to be 0.16% and 0.19% for ψ′ → π0J/ψ
(for e+e− and µ+µ−, respectively) and 0.14% and 0.20% for ψ′ → ηJ/ψ (for e+e− and µ+µ−,
respectively). The influence of the choice of background function was studied. In the case no
background subtraction was performed, the difference between the efficiencies obtained for data
and MC simulations was smaller than with the background subtraction. For a conservative
estimate of the systematic error, the results with the largest differences were taken.

Cuts on E/p ratios

In the analysis, the E/p ratio is used to identify charged tracks as leptons. If there exists a
difference in E/p values between MC and data, the E/p cut may be a source of systematic
error.

The uncertainty from the E/p ratio cut is determined with control samples derived from
ψ′ → π+π−J/ψ → π+π−l+l−. The first sample was obtained using the event-selection criteria
as described in Subsection 6.7.1. The second sample was obtained using all the selection criteria
as described in Subsection 6.7.1, but with looser cuts on the E/p ratio: E/(pc) < 0.6 for muons
and E/(pc) > 0.6 for electrons/positrons. Similar samples were obtained using exclusive MC
simulations. The corresponding E/p distributions are shown in Figure 6.29. The systematic
error caused by the E/p cuts is calculated as the difference of Ndata/NMC with strict and loose
cuts on E/p. Ndata is the number of events in the data sample and NMC is the number of
events in the exclusive MC sample with the same selection criteria. The systematic error caused
by the E/p cuts are estimated to be small, namely 0.06% and 0.05% for J/ψ → e+e− and
J/ψ → µ+µ−, respectively.
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Figure 6.29: E/p distribution for leptons from the process ψ′ → π+π−J/ψ. Left: J/ψ → e+e−,
right: J/ψ → µ+µ−. Dots represent data, lines represent exclusive MC simulation results.

Cut on the invariant mass of two leptons

The systematic errors due to differences between data and MC when cutting on the invariant
mass of the two leptons, Ml+l− , are studied using the control samples obtained from ψ′ →
π+π−J/ψ → π+π−l+l−. The first sample is obtained using the selection criteria as described in
Subsection 6.7.1. The second sample was obtained using all the selection criteria as described
in Subsection 6.7.1, but with a looser cut on the Ml+l− : 2.9 < Ml+l− (GeV/c2) < 3.30. Similar
samples were obtained using exclusive MC simulations. The systematic error caused by the
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Ml+l− cuts is calculated as the difference of Ndata/NMC with loose and strict cuts on Ml+l− .
Ndata is the number of events in the data sample and NMC is the number of events in the
exclusive MC sample with the same selection criteria. The systematic error caused by the
Ml+l− cuts are estimated to be 0.06% for J/ψ → e+e− and J/ψ → µ+µ−.

Cut on the invariant mass of two leptons and a photon

To estimate the uncertainty of the Mγl+l− cut, a control sample of ψ′ → γχc1,2 → γγJ/ψ(l+l−)
is used. The selection criteria are obtained by optimizing the purity and are the following:

• two charged tracks with a net charge of zero and at least two photons;

• the invariant mass of two leptons, Ml+l− , must be in the range 3.05 < Ml+l− (GeV/c2)
< 3.15;

• the invariant mass of two photons must fall outside the mass range of η,
0.50 < Mγγ( GeV/c2) < 0.58, and π0, 0.12 < Mγγ (GeV/c2) < 0.15;

• the invariant mass of the highest energy photon and the two leptons must be in the range
3.45 < Mγl+l− (GeV/c2) < 3.60.

According to inclusive MC simulations, the purity of the obtained data set is about 93%. The
main background channel is ψ′ → π0π0J/ψ, with a contribution of 6% of the total number
of events. Figure 6.30 shows the invariant-mass distribution of the highest-energy photon and
electron and positron, Mγe+e− . The invariant-mass distribution of the highest-energy photon
and two muons looks similar. The MC results are in reasonable agreement with the data,
although the resolution for MC events is slightly better. This discrepancy is partly coming from
the fact that the exclusive MC simulation does not include the background channels.
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Figure 6.30: Invariant-mass distribution of an electron-positron pair and the highest-energy
photon for events from ψ′ → χc1,2 → γγJ/ψ. Dots represent data, filled histogram represents
results of exclusive MC simulations. The MC histogram is arbitrarily scaled.

For the e+e− channel, the difference in the resolution between beam data and MC is about
2.53 MeV/c2 and about 1.89 MeV/c2 for the χc1 and χc2 channels, respectively. For the µ+µ−

channel the difference in resolution between data and MC is about 2.61 MeV/c2 and about
1.27 MeV/c2 for the χc1 and χc2 channels, respectively. These values are subsequently used to
define new cuts on Mγl+l− for the channels of interest:
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• Mγe+e− < 3.5000− 0.0025 GeV/c2 or Mγe+e− > 3.5700 + 0.0019 GeV/c2;

• Mγµ+µ− < 3.5000− 0.0026 GeV/c2 or Mγe+e− > 3.5700 + 0.0013 GeV/c2.

The detection efficiencies using the new cuts are calculated and the number of signal events are
obtained from refitting the Mγγ distributions. The differences in the signal yields with respect to
the nominal results presented earlier are less than 1%, namely 0.6% and 0.2% for ψ′ → π0J/ψ
(for e+e− and µ+µ−, respectively) and 0.1% and 0.8% for ψ′ → ηJ/ψ (for e+e− and µ+µ−,
respectively). The corresponding differences are taken as systematic errors.

The background shape

The uncertainty due to a mismatch in the signal line shape between data and MC is negligible,
because a modified MC-shape is used to account for the differences between the data and MC
results. The uncertainty due to the background shape is estimated by fitting the data with a
third-order Chebyshev polynomial function. Differences with the nominal fit results are taken as
a systematic error and are estimated to be 0.16% (0.22%) and 1.10% (0.10%) for ψ′ → π0J/ψ,
J/ψ → e+e−(µ+µ−) and ψ′ → ηJ/ψ, J/ψ → e+e−(µ+µ−), respectively.

Table 6.7: Summary of all systematic errors (%) that were considered. See the text for more
details.

π0J/ψ(e+e−) π0J/ψ(µ+µ−) ηJ/ψ(e+e−) ηJ/ψ(µ+µ−)

Nψ′ 0.81 0.81 0.81 0.81

Trigger 0.15 0.15 0.15 0.15

Tracking 0.14 0.20 0.16 0.19

Photon 2.00 2.00 2.00 2.00

4C Fit 0.15 0.19 0.20 0.28

B(J/ψ → l+l−) 1.01 1.01 1.01 1.01

B(π0(η)→ γγ) 0.03 0.03 0.51 0.51

Ml+l− 0.06 0.06 0.06 0.06

Mγl+l− 0.55 0.16 0.11 0.82

E/p 0.06 0.05 0.06 0.05

background shape 0.24 0.24 1.14 0.10

fitting range 0.63 0.80 0.55 0.58

Total 2.55 2.55 2.77 2.66

6.7.3 Summary of systematic errors

Table 6.7 summarizes all the sources of systematic uncertainties. Assuming all the sources of
systematic errors to be independent, the total systematic error is calculated by adding all the
individual errors in quadrature. The total systematic error for all the channels is less than 3%.
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6.8 Results and discussion

The branching fractions B for ψ′ → π0J/ψ and ψ′ → ηJ/ψ are obtained with

B(ψ′ → π0(η)J/ψ) =
N
π0(η)
sig

επ0(η) ·Nψ′ ·B(J/ψ → l+l−) ·B(π0(η)→ γγ)
,

where Nsig is the number of the signal events, obtained from the fit, Nψ′ is the total number of
ψ′, and ε is the corresponding detection efficiency.

For the branching fractions of ψ′ → π0J/ψ and ηJ/ψ, the measurements of the decays
J/ψ → e+e− and J/ψ → µ+µ− are combined using the method of weighted average as described
in Section 5.7, where common systematic uncertainties are counted only once. The common
systematic uncertainties are the photon reconstruction, the number of ψ′, the branching fractions
for π0/η → γγ, and uncertainties due to Ml+l− cuts. The measured branching fractions are listed

in Table 6.8. Using the measured branching fractions, the ratio R = B(ψ′→π0J/ψ)
B(ψ′→ηJ/ψ) is calculated,

and the value is listed in Table 6.9.

Our combined result is consistent with previously published data by CLEO-c ([86]), agrees
within two standard deviations with the BESII result [145], and significantly improves the over-
all precision. Our result for B(ψ′ → π0J/ψ) is lower, than the one reported by the BESII
collaboration. This in contrast to our result for B(ψ′ → ηJ/ψ), which is found to be larger than
the one published by BESII. The current estimate of the ratio between the two branching frac-
tions, Rπ0/η, provided by a non-relativistic field theory is (11± 6)% [41]. This value falls within
two standard deviations from the experimental result. The theoretical value lacks precision and
the existing model needs further improvement. To this end, systematic experimental studies
of isospin-violating transitions in the charmonium system are needed and can be carried out
by the BESIII experiment. In this thesis, the result on branching fractions of isospin-violating
transitions χc0,2 → π0ηc are reported in Chapter 7. Studies of isospin-violating transitions will
in general help to improve our knowledge concerning non-perturbative effects in a relatively
simple system such as charmonium, thereby testing the dynamics of QCD. A more extensive
discussion will follow in Chapter 8.

Table 6.9: Summary for the ratio R = B(ψ′→π0J/ψ)
B(ψ′→ηJ/ψ) compared with other measurements and

with theory.

Ratio(%)

Final state γγe+e− γγµ+µ−

Theory [41] 11±6

This work 3.76±0.09±0.06 3.71±0.09±0.05

This work, combined 3.74±0.06±0.04

BESII [145] 4.8±0.5

CLEO [86] 3.88±0.23±0.05

PDG [60] 3.96±0.42
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Chapter 7

Data Analysis1 of χc0,2→ π0ηc

Three Swiss witches watch three Swatch watch switches.
Which Swiss witch watches which Swatch watch switch?

English tongue-twister.

This chapter describes a study of the isospin-forbidden transition of the charmonium P -waves
χc0,2 to the ground state ηc via the emission of a π0. The transition χc1 → π0ηc is not considered
in this analysis since it violates spin-parity conservation. The upper limits on the branching
fractions B(χc0,2 → π0ηc) are measured for the first time. According to Reference [57], the
contribution of the ICML to the width of χc0 → π0ηc is suppressed compared to the contribution
of the tree-level diagrams. This situation is opposite to the process ψ′ → π0J/ψ, where the
contribution of charmed-meson loops is dominant. The χc0,2 states are reached via the radiative
transition from the ψ′. The ηc charmonium state is reconstructed in its decays to K0

sKπ, since
this is a clean channel with a relatively large branching fraction.

7.1 MC and data samples

The analysis is based on the ψ′ data accumulated by BESIII from March 7 to April 4, 2009.
The total number of ψ′ events is (106.41 ± 0.86) · 106 [142] and the integrated luminosity is
156.4 pb−1. In addition, 42.6 pb−1 data collected at a center-of-mass energy of 3.65 GeV, from
May 26 to June 3, 2009, are used to estimate the background from non-resonant processes.

A Monte Carlo (MC) data sample based on 106 · 106 inclusive ψ′ decays is used to study the
background. This inclusive sample is generated with KKMC [134] plus EvtGen [133] and the
known branching ratios are taken from PDG ([146]), while the unknown ratios are generated
according to the Lundcharm model [139]. For more details, see Section 4.5. The decay modes
χc0,2 → π0ηc are not present in the inclusive MC simulation.

In addition to the inclusive MC sample, exclusive MC samples were generated to determine the
detection efficiency and to model the signal shape. The generator models used for ψ′ → γχc0,2
are P2GC0 and P2GC2 [138], respectively. A phase space (PHSP) decay model is used for the
transitions χc0,2 → π0ηc and ηc → K0

sKπ. For more details see Section 4.5. The BESIII Offline
Software System (BOSS), version 6.5.5, is used for the data reconstruction and for the production

1This chapter is based on the article “Searches for isospin-violating transitions χc0,2 → π0ηc”, M. Ablikim et
al. (O. Bondarenko) (BESIII Collaboration), submitted for collaboration review.

89
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of MC samples. The ROOT software [144] with the ROOFIT and ROOSTAT libraries was used
for further data handling.

7.2 Event selection

General event selection

The general event selection criteria are described in detail in Section 5.2. For the selection of
ψ′ → γχc0,2 → γπ0ηc events, where π0 → γγ and ηc → K0

sK
±π∓, the decay K0

s → π+π− is
used to tag the K0

s . Events with four charged tracks with a net charge of zero and at least three
good photon candidates are retained for a further analysis.

K0
s reconstruction

  ( )

(
)

Figure 7.1: Left: the published K0
sKπ invariant-mass distribution of the control sample

ψ′ → γηc, ηc → K0
sKπ from Reference [82], with the fit results (for the constructive solu-

tion) superimposed. Points are the data and the various curves are the total fit results. The
signal is shown as a short-dashed line, the non-resonant components as a long-dashed line, and
the interference between them as a dotted line. Shaded histograms are (in red/yellow/green) for
(continuum/π0ηc /other ψ′ decay) backgrounds. Right: the K0

sKπ invariant-mass distribution
for ψ′ → γηc, ηc → K0

sKπ for data obtained in the current work. The blue line is the total fit
result from Reference [82].

To reconstruct K0
s , a common vertex fit (see Section 5.4) is performed for each pair of op-

positely charged tracks (4 possibilities in total) in every event, where all the charged tracks are
assumed to be pions. The reconstructed vertex of the mother particle is fitted to the IP. The IP
for each run is determined by averaging the event vertices. Pairs that have an invariant mass
within the window |mπ+π− −mK0

s
|< 15 MeV/c2 and a decay length of more than 0.5 cm, are

regarded as K0
s candidates. If there is more than one K0

s candidate in the event, the one with
the best fit (the smallest sum of χ2 of the vertex fit and the IP fit) is kept as the K0

s candidate.

To verify the reconstruction procedure, a control data sample from ψ′ → γηc, ηc → K0
sKπ

was used. The selection criteria are described in detail in Reference [82]. Events in the invariant-
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Figure 7.2: K0
s candidates from the control sample ψ′ → γηc, ηc → K0

sKπ. Left: π+π− invariant-
mass distribution, right: flight distance s distribution. Dots represent data, histograms represent
exclusive MC results. The number of events generated in the MC simulations is normalized to
the number of events from data.
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Figure 7.3: Same as Figure 7.2, but here are shown the momentum (left) and polar-angle (right)
distributions.

mass window 2.90 ≤ MK0
sKπ

(GeV/c2) ≤ 3.05 were selected. As one can see from Figure 7.1,
the background level is low and the data sample is of good purity. The left panel of Figure 7.1
shows the previously published result [82], and the right panel shows the result from the analysis
presented in this thesis. The results are in good agreement.

The invariant-mass, Mππ and flight distance, s, distributions of the K0
s candidates from the

control sample are shown in Figure 7.2. From the slope of the s distributions we obtain a
cτ value of 2.61±0.18 cm, which is close to the PDG value of 2.68 cm [15]. There are small
deviations between the data and MC. Figure 7.3 shows the momentum pππ and the polar angle
θ(π+π−, beam) (with respect to the electron beam direction) distributions of K0

s candidates
from the control sample. As one can see, the MC sample is in good agreement with the data,
hence the differences in the invariant-mass distribution of the K0

s candidates are likely caused
by the presence of background and a resolution mismatch between data and MC.

Figure 7.4 shows the distributions flight distance s of reconstructed K0
s candidates and Fig-

ure 7.5 shows the corresponding Mπ+π− invariant-mass distributions for events that are consid-
ered as χc0,2 → π0ηc candidates. Here, additional cuts on the energy of the transition photon
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Figure 7.4: Flight distance s distribution for the K0
s candidates. Left: χc0 → π0K0

sKπ candidate
events, right: χc2 → π0K0

sKπ candidate events. Dots represent data, histograms represent
results from exclusive MC simulations. The number of events generated in the MC simulations
is normalized to the number of events from data.
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Figure 7.5: Same as Figure 7.4, but here are shown the invariant-mass distributions.

are used: 0.10 ≤ Eγ (GeV) ≤ 0.15 for ψ′ → γχc2 and 0.24 ≤ Eγ (GeV) ≤ 0.28 for ψ′ → γχc0.
As an illustration, the data are compared with exclusive MC results of the two channels of in-
terest. Note that the data demonstrate the presence of nearly background-free K0

s events. From
Figure 7.4 we obtain cτ values from the slope of the s distributions. The cτ values are found
to be 2.58±0.18 cm and 2.44±0.17 cm for the χc0 → π0K0

sKπ and χc2 → π0K0
sKπ candidates,

respectively. Since we observe that the π+π− invariant-mass strongly peaks around the K0
s mass

and since we find a cτ close to that for a K0
s , cτK0

s
= 2.68 cm [15], we conclude that most of the

background in the studied channels comes from the decays that involve K0
s particles.

Finally, only events with a K0
s candidate satisfying the conditions |mπ+π−−mK0

s
|< 10 MeV/c2

and χ2
vtx + χ2

IP < 100, where χ2
vtx and χ2

IP are the chi-squares of the vertex and secondary
vertex fits, were kept as good event candidates. To reject K0

sK
0
s background (e.g. ψ′ → γχc0,2,

χc0,2 → K0
sK

0
s ), the other track pair with opposite charge in each event is required not to satisfy

the conditions of a good K0
s candidate.
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ηc reconstruction

For the remaining two tracks, the information from TOF and dE/dx is combined to form a
likelihood L(π) (or L(K)) with a pion (or kaon) assumption. The remaining pair of charged
tracks in each event can be K+π− or K−π+. To improve the efficiency of the reconstruction,
the chi-squares of the particle identification for K(χ2

K±) and π(χ2
π±) are added together to form

the total chi-square for PID. The particle types of each track pair were determined by choosing
the smallest χ2

K± + χ2
π± value.

π0 reconstruction

π0 candidates are reconstructed from pairs of photons. If there is more than one π0 candidate,
the event is rejected. Figure 7.6 shows the invariant-mass distributions of γγ pairs that make
up π0 candidates for the data and exclusive MC samples. Here, additional cuts on the energy
of the transition photons (0.24 ≤ Eγ (GeV) ≤ 0.28 and 0.10 ≤ Eγ (GeV) ≤ 0.15) are applied
to separate the χc0 and χc2 mass regions, respectively. As one can see from the figure, the π0

identification is clean and the data consist mainly of channels that contain π0s. Candidates
within an invariant-mass window of 0.11 ≤ Mγγ (GeV/c2) ≤ 0.16 are kept for the further
analysis. This is a loose cut and possible differences between the data and MC line-shapes of
the π0 will not influence the final result.
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Figure 7.6: Invariant-mass distribution for the π0 candidates. Left: χc0 → π0K0
sKπ candidates,

right: χc2 → π0K0
sKπ candidates. Dots represent data, histograms represent exclusive MC

results. The number of MC events is scaled to match the number of data events.

Background suppression

A four-constraint (4C) kinematic fit of all identified particles to the initial ψ′ four-momentum
is performed to reduce background and to improve the mass resolution (for more details, see
Section 5.4). If there are more than three photons in the event, all the possible three-photon
combinations are evaluated and the combination with the smallest χ2

4C value is kept. Events in
the region 2.70 ≤ Mηc (GeV/c2) ≤ 3.20 are retained for further analysis and a signal region is
defined as 2.90 ≤ Mηc (GeV/c2) ≤ 3.05. Figure 7.7 shows the invariant-mass distributions of
K0
sKπ from exclusive MC samples.

Figure 7.8 shows the energy distribution of the transition-photon candidates (Eγ) both for
the data and inclusive MC samples. Approximately 1.25 times more events in total are observed
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Figure 7.7: Invariant-mass distribution of K0
sKπ from exclusive MC samples. Left: χc0 →

π0K0
sKπ, right: χc2 → π0π0K0

sKπ. Arrows mark the signal regions.
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Figure 7.8: Energy distribution of the transition-photon candidates. Dots represent data and
the histogram represents the inclusive MC sample.
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than predicted by the inclusive MC data sample. The inclusive MC, therefore, does not represent
the background very well and additional studies of background channels have to be performed
(see Section 7.3). To select candidates which correspond to the transition photon of interest,
conditions on Eγ were applied: 0.24 ≤ Eγ (GeV) ≤ 0.28 and 0.10 ≤ Eγ (GeV) ≤ 0.15 for
the ψ′ → γχc2 and ψ′ → γχc0 transitions, respectively. Energy cuts are selected based on the
statistical significance of the signal. The number of background events was determined using the
inclusive MC sample. Since the studied channels are not included in the inclusive MC simulation
and the data sample shows no visible peak in the signal region (see Section 7.4), the number of
signal events was estimated as

S = 106 · 106 ·B(ψ′ → γχc0(2)) ·B(χc0(2)) ·B(ηc) ·B(K0
s ) · ε, (7.1)

where B(χc0(2)) = B(χc0(2) → π0ηc), B(ηc) = B(ηc → K0
sKπ), B(K0

s ) = B(K0
s → π+π−) are

the relevant branching fractions and ε is the reconstruction efficiency determined from exclusive
MC samples. B(χc0,2 → π0ηc) is assumed to be 10−3 in analogy with the transition ψ′ → π0J/ψ
(B(ψ′ → π0J/ψ) = (1.26± 0.02(stat.)± 0.03(syst.)) · 10−3 [84]).
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Figure 7.9: Top panel: the χ2
4C distribution of the kinematic fit. Dots and histograms represent

the inclusive and exclusive MC results, respectively. Exclusive MC histograms are arbitrarily
scaled. Bottom panel: the optimization of the χ2

4C cut by analyzing the significance distributions
of the inclusive MC sample. Lines are drawn to guide the eye. Left: χc0 → π0K0

sKπ candidates,
right: χc2 → π0K0

sKπ candidates. Vertical arrows show the applied χ2
4C cut.

Figure 7.9 (top panel) shows the χ2
4C distribution for χc0 → π0ηc (left) and χc2 → π0ηc (right)

candidates. The optimization of the χ2
4C cut is shown in the bottom panel of Figure 7.9. To

reject background events, a χ2
4C ≤ 50 cut was applied. This corresponds to the maximum value

of Nsig/
√
Nsig +Nbkg. With this χ2

4C cut, one expects about 14 and 17 events for the χc0 → π0ηc
and χc2 → π0ηc channels, respectively. With the assumption of B(χc0(2) → π0ηc) = 10−2, the
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significance distribution in Figure 7.9 (bottom panel) hardly changes and, hence, the choice of
the χ2

4C cut is reliable.

Figure 7.10 shows invariant-mass distributions of K0
sπ

0 candidates (upper panel) and K±π0

candidates (lower panel) for χc0 (left) and χc2 (right) mass regions. The most prominent peak
comes from decays involving K∗(892). Decays ηc → K0

sKπ cannot involve K∗(892)0(±) →
K0(±)π0, thus those are background processes. To suppress this kind of background, the regions
0.84 < MK0

sπ
0 (GeV/c2) < 0.95 and 0.84 < MK±π0 (GeV/c2) < 0.95 were excluded in the

further analysis. The cuts are optimized to obtain the best statistical significance of the signal.
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Figure 7.10: Invariant-mass distributions of K0
sπ

0 candidates (upper panel) and K±π0 candi-
dates (lower panel) for χc0 (left) and χc2 (right) mass regions. Dots represent data, filled his-
tograms represent inclusive MC results, open histograms show results of exclusive phase-space
MC simulations (arbitrarily scaled). Vertical arrows show the applied cuts.

Figure 7.11 shows invariant-mass distributions of π±π0 candidates for χc0 (left) and χc2
(right) mass regions. The prominent peak comes from decays involving a ρ(770)±. Decays
ηc → K0

sKπ cannot involve ρ(770)± → π±π0, thus these are background processes. The cuts
on the π±π0 invariant mass are not imposed, since these cuts turn out not to improve the
signal-to-background ratio.

Table 7.1 shows the cut flow for each selection criterion for ψ′ → γχc0,2, χc0,2 → π0ηc. The
cut flow was calculated using exclusive MC simulations of the channels of interest. One of the
cuts that reduce the efficiency significantly, is the condition χ2

4C < 50. About 60% of the events
for the χc0 channel and 50% of events for the χc2 channel fail to pass this cut. In the χ2

4C

distributions shown in Figure 7.9, we observe, however, very few events with 50 < χ2
4C < 200

and, therefore, the applied cut should not reduce the efficiency significantly. The explanation
is that a major fraction of events fails the kinematic 4C fit due to a poor reconstruction of the
photon energy, as illustrated in Figure 7.12. The events, represented by the filled histogram,
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Figure 7.11: Invariant-mass distributions of ππ0 candidates for χc0 (left) and χc2 (right) mass
regions. Dots represent data, filled histograms represent inclusive MC results, open histograms
show results of exclusive phase-space MC simulations (arbitrarily scaled).

have a wrong energy balance and, therefore, do not pass the kinematic fit. The geometrical
acceptance together with the photon conversion for the 3 photons in total can account for about
40% loss. Also note that the angular distribution of transition photons for the process ψ′ → γχcJ
follows the (1 + α · cos2 θ) dependence, therefore peaks at forward and backward angles where
there is no photon detection.

Table 7.1: Cut flow for χc0,2 → π0K0
sKπ. These numbers represent progressive efficiencies.

Selection criteria χc0 efficiency (%) χc2 efficiency (%)

Ntracks = 4, total charge = 0 62.83 62.81

3 ≤ Nphotons ≤ 10 43.28 44.25

NK0
s

= 1 27.67 28.37

χ2
4C ≤ 50 11.46 13.24

Nπ0 = 1 10.16 11.37

0.24 ≤ Eγ (GeV) ≤ 0.28 7.69 -

0.10 ≤ Eγ (GeV) ≤ 0.15 - 10.57

excluding 0.84 < MK0
sπ

0 (GeV/c2) < 0.95 6.83 9.60

excluding 0.84 < MK±π0 (GeV/c2) < 0.95 5.82 8.60

Figure 7.13 shows the invariant-mass distributions of K0
sKπ for χc0,2 → π0ηc candidates. The

data show no visible peak in the ηc signal region. In the present analysis, an upper limit at a 90%
CL for the transitions χc0,2 → π0ηc is determined. Inclusive MC results do not reproduce the
number of events in the data, but reproduce the shape of invariant-mass distributions of K0

sKπ
quite well. Therefore, the results of inclusive MC simulations were used for the optimization of
the cut.
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least three good photon candidates, and one π0 candidate. The dots with error bars represent
all the events that survived the selection conditions; the filled histogram shows the events, that
survived the selection conditions but failed the subsequent 4C kinematic fit.
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Figure 7.13: Invariant-mass distributions of K0
sKπ. Left: χc0 → π0K0

sKπ, right: χc2 →
π0K0

sKπ. Dots represent data, filled histograms represent the inclusive (light) and arbitrarily-
scaled exclusive (dark) MC results. The peak around 3.1 GeV/c2 is discussed in the text.

7.3 Background studies

To study the main sources of background, additional exclusive MC samples (0.25 · 106 events
each) were generated. A description of background channels that were studied together with
their reconstruction efficiency (ε) and the expected number of data events (Nexp), both for χc0
and χc2 cuts, is given next.

Background from ψ′ → π0π0J/ψ

Background contributions from ψ′ → π0π0J/ψ, J/ψ → X → K0
sK
±π∓ result in a peak around

3.12 GeV/c2. In this type of transition, one of the photons, originating from π0 decays, may
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escape detection, which causes a smaller total energy for the event. In this case, kinematic
fitting increases the energy of charged tracks, which results in a shift in the invariant mass
from 3.10 GeV/c2 to of 3.12 GeV/c2. A list of J/ψ decay modes, that may contribute to the
peaking background together with their detection efficiencies and the expected number of events,
is given in Table 7.2. The corresponding invariant-mass distributions of K0

sKπ candidates are
shown in Figure 7.14; the upper and lower rows correspond to the χc0 and χc2 selection criteria,
respectively. These decay channels do not overlap with the ηc signal region, but for the overall
description of the background these channels are of importance. These decay channels will be
taken into account in the final fit to the invariant-mass spectrum of K0

sKπ.
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Figure 7.14: Invariant-mass distributions of K0
sKπ candidates for ψ′ → π0π0J/ψ, J/ψ → X.

Upper and lower row correspond to χc0 and χc2 selection criteria, respectively. Left: J/ψ →
K0
sK
∗(892)0, middle: J/ψ → K±K∗(892)∓, right: J/ψ → K0

sKπ.

Table 7.2: List of ψ′ → π0π0J/ψ, J/ψ → X background channels. ε is the reconstruction
efficiency, Nexp is the expected number of counts in the data sample, B is the total branching
fraction for the corresponding decay.

χc0 cuts χc2 cuts

Decay channels B(10−5) ε(%) Nexp ε(%) Nexp

ψ′ → π0π0J/ψ, J/ψ → K0
sK
∗(892)0 20.5 0.1 30 0.04 9

ψ′ → π0π0J/ψ, J/ψ → K±K∗(892)∓ 20.4 0.2 41 0.05 11

ψ′ → π0π0J/ψ, J/ψ → K0
sKπ 24.4 0.2 47 0.05 13
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Background from ψ′ → γχcJ , χcJ → γJ/ψ

Exclusive MC simulations of the decays ψ′ → γχcJ , χcJ → γJ/ψ, J/ψ → K0
sKπ show that

the suppression of these channels is very high, i.e. more than 99.9%. Moreover, the invariant-
mass distribution of K0

sKπ candidates does not peak within the ηc signal region. Thus, no
contribution from these background channels is expected.

Background from ψ′ → γχcJ , χcJ → π0K0
sKπ

Figure 7.15 shows invariant-mass distributions of γπ0K0
sKπ candidates before the kinematic

4C fit, obtained from the data sample for the χc0 (left) and χc2 (right) selection criteria. An
additional condition of 2.70 < MK0

sKπ
(GeV/c2) < 3.05 is used, which eliminates the background

from ψ′ → π0π0J/ψ. The invariant-mass distributions peak around 3.69 GeV/c2. Since for the
majority of events, a mass is found that matches the ψ′ mass, we conclude that the largest source
of background stems from channels that are kinematically identical to the channel of interest.
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Figure 7.15: Invariant-mass distributions of γπ0K0
sKπ candidates from the data (before the

kinematic fit). Left and right panels correspond to χc0 and χc2 selection criteria, respectively.
Events are required to have a K0

sKπ invariant mass within [2.7, 3.05] GeV/c2.

Figure 7.16 shows invariant-mass distributions of K0
sKπ candidates from data and from ex-

clusive phase-space MC simulations of χcJ(J = 0, 1, 2) → π0K0
sK
±π∓. Here the conditions

0.07 < Eγ(GeV) < 0.3 and 2.70 < MK0
sKπ

(GeV/c2) < 3.05 are applied; the other kinematic
conditions are the ones given in Table 7.1. The data show three prominent peaks that correspond
to reconstructed χc0, χc1, and χc2 charmonium states. The agreement between data and exclu-
sive MC line shapes is reasonable, thus, confirming the conclusion that the dominant sources of
background are ψ′ → γχcJ , χcJ → π0K0

sK
±π∓ decays. Table 7.3 shows detection efficiencies

and expected number of events in the data sample for different χcJ mass cuts, estimated using
the phase-space exclusive MC simulations of corresponding decays. Discrepancies in the total
number of events in the data sample and estimated contributions of χcJ → π0K0

sK
±π∓ decays

can be explained by statistical fluctuations, the presence of other sources of background, and the
fact that the used phase-space decay model does not include possible intermediate resonances
modifying the distribution of the final particles. Discrepancies between the number of events in
data and inclusive MC simulations, as was shown in Figure 7.13, are caused by smaller input
branching fractions used in the inclusive MC simulations (these channels were generated accord-
ing to the Lundcharm model [139]). Figure 7.17 shows invariant-mass distributions of K0

sKπ
candidates from exclusive MC samples of χc0,2 → K0

sKππ
0. No peaking background is expected

from phase-space χc0,2 decays in the signal region. The region of 0.15 < Eγ (GeV) < 0.2, which
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Figure 7.16: Invariant-mass distributions of K0
sKπ candidates for χcJ(J = 0, 1, 2)→ π0K0

sKπ.
Dots represent data, filled histograms represent results of exclusive phase-space MC simulations.
The conditions 0.07 < Eγ(GeV) < 0.3 , 2.70 < MK0

sK
±π∓ (GeV/c2) < 3.05, are applied. Filled

histograms are scaled to represent the expected number of events for each process in the data
sample.

corresponds to χc1 selection criteria, was also studied. No unexpected peaks in data and inclu-
sive MC results were found in the ηc signal region, which gives confidence in understanding the
background shape.

Table 7.3: List of ψ′ → γχcJ(J = 0, 1, 2), χcJ → π0K0
sK
±π∓ background channels. ε is the

efficiency of reconstruction obtained from exclusive phase-space MC simulation, Nexp is the
expected number of counts in the data sample, B is the total branching fraction [15] for the
corresponding decay.

χc0 cuts χc2 cuts

Decay channels B(10−5) ε(%) Nexp ε(%) Nexp

χc0 → π0K0
sKπ 84.4±16.6 2.5 2209±435 0.02 20±4

χc1 → π0K0
sKπ 28.6±4.9 0.01 4±1 0.01 3±1

χc2 → π0K0
sKπ 45.6±6.9 0.01 6±1 3.5 1693±255

Total number of events in data 2477 ± 50 1527 ± 39

Other possible decays of the χcJ that have the same combination of final particles and
that are accounted for in inclusive MC simulations, are listed in Table 7.4. Decays involv-
ing intermediate K∗(892)0 are effectively suppressed by excluding events that fall within the
0.84 < MK0

sπ
0 (GeV/c2) < 0.95 and 0.84 < MK±π0 (GeV/c2) < 0.95 invariant-mass regions.

These decay channels do not result in a peaking background within the signal range.

Figure 7.18 shows the Dalitz plots of the K0
sKπ candidates from data and K0

sπ invariant-mass
distributions for both the data and the inclusive MC results. The data reveal more structure
than the inclusive MC. This means that the inclusive MC misses processes which proceed via
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Figure 7.17: Invariant-mass distributions of K0
sKπ candidates for χc0 → π0K0

sKπ with χc0
selection criteria (left) and χc2 → π0K0

sKπ with χc2 selection criteria (right), obtained from
exclusive phase-space MC samples.

Table 7.4: List of ψ′ → γχcJ(J = 0, 1, 2), χcJ → X background channels. ε is the efficiency
of reconstruction, Nexp is the expected number of counts in the data sample, B is the total
branching fraction [15] for the corresponding decay.

χc0 cuts χc2 cuts

Decay channels B(10−5) ε(%) Nexp ε(%) Nexp

χc0 → K∗(892)0K̄∗(892)0, K∗(892)0 → Kπ 16.9 0.2 35 < 0.1 < 1

χc0 → K+K(892)0π− + cc, K(892)0 → K0
sπ

0 7.8 1.0 85 < 0.1 < 1

χc0 → K1(1270)+K− + cc, K1(1270)± → ρ±K0
s 6.0 3.1 200 < 0.1 < 1

χc2 → K∗(892)0K∗(892)0, K∗(892)0 → Kπ 21.6 < 0.1 < 1 0.2 62

χc2 → K∗(892)+K∗(892)−, K∗(892)± → Kπ 21.6 < 0.1 < 1 0.3 75

χc2 → K±π∓K∗(892)0, K∗(892)0 → Kπ 18.9 < 0.1 < 1 0.2 42

the formation of intermediate states and their interferences. For example, the structure in the
data around 1.5 GeV/c2 can be identified as the decay of χc0,2 states involving K∗0 (1430) and/or
K∗2 (1430). K∗0 (1430) and K∗2 (1430) decay to Kπ and K∗(892)π.

Since no published data are available on branching fractions of these transitions, a quantitative
estimate of the expected number of events in the data is difficult. This task would require an
extensive partial wave analysis of the dominant χcJ → K0

sK
±π∓π0 reaction. Such studies are

outside of the scope of this thesis. However, we have studied various resonant decays using
exclusive MC samples and found in all cases no peaking background in the invariant-mass
distributions of K0

sKπ. Hence, for an upper limit estimate of the isospin-violating channel of
interest, a partial wave analysis of the background channels is not necessary and will not improve
the obtained result significantly. The exclusive MC data sets used in these studies together with
corresponding detection efficiencies are listed in Table 7.5. All these channels can result in
the final state K0

sKππ
0, which is identical to the final state of the channels of interest. No

interferences between intermediate states were accounted for in these estimates.
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Figure 7.18: Upper row: Dalitz plots of K0
sKπ candidates from data. Lower row: Invariant-

mass distributions for the K0
sπ candidates. Left and right columns correspond to χc0 and χc2

selection criteria, respectively. Dots represent data, histograms represent the inclusive MC.

Table 7.5: List of exclusive MC samples for the ψ′ → γχc0,2, χc0,2 → X, where X decays via
intermediate resonances. These channels were not accounted for in the inclusive MC simulation.
ε is the respective reconstruction efficiency.

Decay channels ε (%)

χc0 → K1(1400)±K∓ <0.1

χc0 → K∗(1430)0K∗(1430)0 <0.1

χc0 → K∗(1430)0K∗2 (1430)0 <0.1

χc2 → K1(1400)±K∓ 0.6

χc2 → K∗2 (1430)±K∓ 0.3

χc2 → K∗(1430)0K∗2 (1430)0 0.5

Background from ψ′ → π0hc, hc → γηc

Background contributions from the decay ψ′ → π0hc, hc → γηc might result in a peak in the
signal region. The detection efficiency within the χc0 mass window is very low (< 10−6) and
no events in the data are expected. Within the χc2 mass window, the detection efficiency is
0.1% and only one event is expected in the data for this background channel, which is negligible
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with respect to the number of counts in the signal region. Therefore, this potentially peaking
background channel is not accounted for while fitting the spectrum.

Background from ψ′ → π0ηc

This background channel was not present in the inclusive MC simulations. A MC simulation
of ψ′ → π0ηc, ηc → K0

sKπ decays was performed using a PHSP decay model. The detection
efficiencies for these channels are found to be 0.1% and 0.5% for the χc0 and χc2 selection
criteria, respectively. Besides the low detection efficiency, this channel is C-parity violating and
its branching fraction is expected to be negligible. Thus, we do not expect any contribution
from the process ψ′ → π0ηc in the signal region.

Background from non-resonant processes

Background from non-resonant processes was studied using a data sample collected at a center-
of-mass energy of 3.65 GeV. Less than 4 background events are expected for the χc0 selection
criteria, and their K0

sKπ invariant-mass distribution is expected to be uniform. About 4 events
within a mass window 2.70≤MK0

sKπ
(GeV/c2) ≤ 3.20 and no peaking structures in the invariant-

mass distributions of the K0
sKπ candidates are expected for the χc2 selection criteria.

7.4 Extraction of the number of signal events

An unbinned maximum likelihood fit on data is applied to the invariant-mass distribution of
K0
sKπ. The result is shown in Figure 7.19. The ηc line shape is obtained from the exclusive

MC simulations of the signal channels. From the previously described background studies, no
peaking background is expected in the region 2.70≤ MK0

sKπ
(GeV/c2) ≤3.05. The smooth

background is described by a 3rd order Chebyshev polynomial with floating parameters. A
Voigtian function (a Breit-Wigner function convoluted with the detector resolution) is used to
describe the bump around 3.12 GeV/c2 for the data with the χc0 selection criteria. A Landau
+ Gaussian function is used to describe the bump around 3.12 GeV/c2 for the data with the
χc2 selection criteria. This bump originates from ψ′ → π0π0J/ψ decays and is outside of the
signal region. The choice of the fitting functions for the ψ′ → π0π0J/ψ background is based on
exclusive MC simulations. The line-shape parameters of the bump around 3.12 GeV/c2 (for both
Voigtian and Landau + Gaussian functions) are fixed from a fit of the exclusive MC simulations
of the channel ψ′ → π0π0J/ψ. The parameters of the Voigtian function (mass, width of the
peak and detector resolution) are obtained from a fit to the exclusive MC set and are fixed while
fitting the data. Using the maximum likelihood method, the upper limits on the number of
signal events, NUL, at a 90% CL were calculated. NUL is found to be 14.1 and 35.9 events for
the χc0 and χc2 selection criteria, respectively. For more details about the fitting procedure, see
Subsection 7.5.4.

7.5 Systematic errors

The main sources for systematic uncertainties originate from the number of ψ′ events, the
trigger efficiency, tracking, photon and K0

s reconstruction, kinematic fitting, uncertainties of the
branching fractions for ψ′ → γχcJ and ηc → K0

sKπ, and the selection and fitting procedures.
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Figure 7.19: Fits to invariant-mass distributions of K0
sKπ with χc0 (top) and χc2 (bottom)

selection criteria. Dots represent data and lines are the fit results. Arrows indicate the peak
positions of the expected signal.

The uncertainty of the number of ψ′ events is estimated to be 0.71% as reported in [142].
The uncertainty originating from the trigger efficiency is estimated to be 0.15% [126].

The uncertainty of the photon reconstruction is taken as 1% per photon as reported in [143].
In this analysis there are in total three photons in the final state, which yields a total systematic
uncertainty due to the photon reconstruction of 3%.

7.5.1 Efficiency of K0
s reconstruction

Three parts contribute to the efficiency of the K0
s reconstruction: the geometric acceptance,

the tracking efficiency and the efficiency of the K0
s selection from the Mππ and cτ analysis.

The geometrical acceptance was studied using the exclusive MC simulations of ψ′ → γχc0,2,
χc0,2 → π+π−ηc, ηc → K0

sKπ. The tracking efficiency of pions from the K0
s decay and the

efficiency of the K0
s selection were studied using the control sample of J/ψ → K∗±K∓, K∗± →

K0
sπ
±. Detailed studies of the corresponding sources of systematic errors were presented in

[147]. The systematic uncertainties due to the K0
s reconstruction are estimated to be 2.5% for

the χc0,2 → π0ηc channels.

7.5.2 Tracking efficiency for K and π

The systematic error due to mismatch in the tracking efficiencies between data and MC results
of the two pions originating from the K0

s decay, has been considered in the previous subsection.
This subsection discusses the error of the other two tracks, namely the K and π which are directly
produced at the IP. The tracking efficiency for a kaon as a function of transverse momentum has
been studied using the process J/ψ → K0

sKπ, K0
s → π+π− [148] and the tracking efficiency for
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the π as a function of transverse momentum has been studied using the process ψ′ → π+π−J/ψ
[149]. The difference in efficiencies between data and MC results was found to be 2% for each
K or π track. This value was as well suggested by the Data Quality/Validation group of the
BESIII collaboration and was taken as the uncertainty of the tracking efficiency in this work.

7.5.3 Kinematic fitting error

The error due to kinematic fitting is calculated using the method of charged-track parameter
correction, as described in detail in Subsection 5.6.4.

Control-sample selection

Data from the process J/ψ → φπ+π−, φ → K+K− are used as a control sample for the
extraction of the correction factors. A data set of 226 · 106 J/ψ decays collected at BESIII
is used together with an exclusive MC set of 0.5 · 106 events. The general event selection is
described in Subsection 5.2. The other selection criteria are listed below:

• The event must have four charged tracks and a zero net charge.

• Assuming two of the charged tracks are kaons and the other two are pions, we loop over
all combinations of charged tracks and perform a 4C fit. The combination with the least
χ2
PID + χ2

4C is retained for the further analysis. Here, χ2
PID is the chi-square of the PID

fit and χ2
4C is the chi-square of the 4C fit.

• A cut of |mK+K− −mφ|≤ 0.015 GeV/c2 is used for the φ signal selection.

• A cut of 0.86 ≤ mπ+π− (GeV/c2) ≤ 1.00 is used to select f0(980) events as a good reference
peak.

The efficiency after these conditions is found to be 20.0%. The cut on invariant mass of two pions
reduces the efficiency significantly, however it insures the purity of selected events. According
to the inclusive MC sample, the purity of such a selection is 99.6%.
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Figure 7.20: Momentum distributions of kaons (left) and pions (right). Dots represent kaons
(pions) from the ψ′ → π0ηc, ηc → K0

sKπ MC sample, filled histograms represent kaons (pions)
from the J/ψ → φπ+π−, φ→ K+K− MC sample and open histograms represent kaons (pions)
from the ψ′ → γηc, ηc → K0

sKπ MC sample.
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A comparison between the momentum distributions of kaons (pions) from the χc0 → π0ηc,
ηc → K0

sKπ (exclusive MC results) and the control sample is shown in Figure 7.20. The
momentum distribution of kaons from the control sample only partially overlaps with that of
the signal events. Fortunately, the correction factors depend only weakly on the momentum of
the kaons and pions. To validate this conjecture, one more control sample will be used. This
sample is described below. The correction factors are listed in Table 7.6.

Table 7.6: Correction factors extracted from the pull distributions of helix parameters obtained
from the control data sample J/ψ → φπ+π−.

φ0 κ tanλ

mdata −mMC σdata/σMC mdata −mMC σdata/σMC mdata −mMC σdata/σMC

K+ 0.03 1.12 −0.05 1.15 0.47 1.09

K− −0.05 1.12 0.07 1.16 0.50 1.09

π+ 0.01 1.15 0.01 1.17 0.42 1.11

π− −0.01 1.15 0.03 1.16 0.41 1.12
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Figure 7.21: The pull distributions of the track parameters from the sample J/ψ → φπ+π−

before a correction is applied, from left to right: φ0, κ, tan(λ). Upper row: kaons; lower row:
pions. Dots represent data, histograms represent MC results.
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Figure 7.22: Same as Figure 7.21, but after the correction.
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Figure 7.23: The χ2 distributions of a 4C kinematic fit of the test sample J/ψ → φπ+π−.
Dots represent data, histograms represent MC results. Left: before the correction of MC track
parameters, right: after the correction of MC track parameters. The MC histograms are scaled
to match the number of data events.

Figures 7.21 and 7.22 show the pull distributions of the track parameters of kaons (upper
row) and pions (lower row) before and after the correction procedure is applied, respectively.
Figure 7.23 shows the chi-square distributions of the 4C kinematic fit before (left) and after
(right) the correction of the MC track parameters. The correction of MC parameters successfully
improves the agreement between data and MC results.

The effect of the track-parameter correction was checked as well on a control channel that
is kinematically close to the channel of interest, namely the ψ′ → γηc with ηc → K0

sKπ.
The selection criteria are described in Reference [82]. Events in the invariant-mass window
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Figure 7.24: Same as Figure 7.23, but for the test sample ψ′ → γηc, ηc → K0
sKπ.

2.9 ≤ MK0
sKπ

(GeV/c2) ≤ 3.05 were selected. Figure 7.1 reveals that the background level is
low and the data sample is, therefore, of high purity. The MC track parameters are corrected
based on the coefficients presented in Table 7.6. A comparison of the χ2

4C distributions is shown
in Figure 7.24. The left panel depicts the results before the correction of MC track parameters,
whereas the right panel shows the results after the correction of MC track parameters. The
correction of MC parameters successfully improves the agreement between data and MC results.

Figure 7.25 shows the corresponding χ2
4C distributions before and after correcting the track

parameters. Half of the difference between the efficiencies obtained from MC simulations before
and after correcting for the track parameters is taken as the systematic error of the kinematic
fit. It is found to be 0.60% and 0.40% for the χc0 and χc2 selection criteria, respectively.
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Figure 7.25: The χ2
4C distributions of the kinematic fit. Left and right panels correspond to

χc0 and χc2 selection criteria. Dots represent data, open and filled histograms represents MC
results before and after the correction, respectively. The MC histograms are scaled to match
the number of data events.

7.5.4 Fitting error

Uncertainties in the line shape for the signal and background give rise to a systematic error. This
error is estimated by calculating the upper limit of signal events, NUL, for various scenarios.
Differences in the results are used to estimate the corresponding systematic error. The scenarios
are summarized as follows:
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• The invariant-mass distributions are fitted using alternative intervals within the range
[2.60, 3.30] GeV/c2 and [2.70, 3.40] GeV/c2 for the χc0 and χc2 selection criteria, respec-
tively. Different fitting intervals for the χc0 and χc2 selection criteria are chosen due to
different phase space available for the main background reactions;

• Different background line shapes were applied, namely: 2nd and 3rd-order Chebyshev
polynomial functions to describe the flat component of the background.

• Different line shapes describing the bump at the J/ψ mass were used, namely: a Voigtian
with free parameters and a Voigtian (for χc0 selection criteria) or Landau + Gauss (for
χc2 selection criteria) with fixed parameters according to exclusive MC simulations of
ψ′ → π0π0J/ψ, J/ψ → K0

sKπ. The J/ψ decay modes that were accounted for in the MC
simulations of ψ′ → π0π0J/ψ are listed in Table 7.2.

The upper limits for the [2.70, 3.30] GeV/c2 fitting range with a 3rd-order Chebyshev function
and fixed J/ψ parameters are taken as the nominal upper limit, NUL. NUL is 14.1 and 35.9
for the χc0 and χc2 mass regions, respectively. The value of max(|(NUL −Nmax|/NUL, |NUL −
Nmin|/NUL)) is taken as a systematic error due to the fitting range, and is found to be 5.8%
and 15.0% for the χc0 and χc2 mass regions, respectively.

The value of |NUL − N |/NUL, for N obtained within the same fitting range and the same
order of Chebyshev polynomial but with free parameters for the J/ψ bump is taken as systematic
uncertainty due to the line shape of the J/ψ-related background. The uncertainty is found to
be 7.3% and 6.8% for the χc0 and χc2 selection conditions, respectively.

The value of |NUL −N |/NUL, for N obtained within the same fitting range and with fixed
parameters for the J/ψ-related background but with a 2nd-order Chebyshev polynomial to de-
scribe the contribution from other background channels is taken as a systematic uncertainty due
to the background line shape. The uncertainty is found to be 0.1% and 5.0% for the χc0 and
χc2 selection conditions, respectively.

The various systematic errors on the fitting range and the line shape for the signal and
background are highly correlated due to double counting of possible error contributions. To
be conservative, the total systematic error on fitting is calculated by adding the individual
systematic errors in quadrature. The total fitting error is 9.3% and 17.2% for the χc0 and χc2
selection conditions, respectively.

7.5.5 Uncertainties in efficiency determination

A phase-space (PHSP) model is used for the MC generation of ηc → K0
sKπ events. Possible

intermediate resonances between the final-state particles, for example, K∗2 (1430)0,±, are not
included. These resonances were observed in the test sample ψ′ → γηc, ηc → K0

sKπ. Figure 7.26
shows the Dalitz plot of K0

sKπ candidates from the test sample; bands around 2 GeV2/c4 are
clearly visible and indicate strong contributions from intermediate resonances. The use of a
pure PHSP decay model can introduce systematic errors in the calculation of the reconstruction
efficiencies. To account for these effects, additional MC samples of ψ′ → γχc0,2, χc0,2 → π0ηc,
ηc → K∗2 (1430)K, K∗2 (1430) → Kπ were generated and the reconstruction efficiencies were
calculated. The difference between efficiencies obtained with two different generator models is
taken as a systematic uncertainty. For the χc0 → π0ηc and χc2 → π0ηc decays, the corresponding
systematic uncertainties are 0.1% and 2.2%, respectively.
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Figure 7.26: Dalitz plots for the test sample ψ′ → γηc, ηc → K0
sKπ. Left: experimental data,

right: MC results for the PHSP model.

7.5.6 Uncertainties in the Eγ line-shape

Figure 7.27 shows the energy distribution, Eγ , of the transition-photon candidates, which satisfy
the following conditions: χ2

4C ≤ 50, and 2.7 ≤ MK0
sKπ

(GeV/c2) ≤ 3.05. The number of MC
events in the histograms is scaled to the number of experimental data events. The agreement
between data and inclusive MC results is reasonable. To estimate the systematic uncertainties
due to the Eγ line shape, the Eγ distribution is convoluted with a Gaussian with a resolution of
1.5 MeV and a shift of 0.5 MeV (results are represented by the open histogram in Figure 7.27).
This smearing gave an optimum χ2 when comparing data and MC. The corresponding detection
efficiencies of the channels of interest using the standard cuts were calculated. The largest
difference between the efficiencies with and without smearing for the χc0,2 is 0.6%. This we
quote as a systematic error due to uncertainties related to the Eγ line-shape.

 (GeV)γE
0.1 0.15 0.2 0.25 0.3 0.35

E
ve

nt
s 

/ (
5 

M
eV

)

0

200

400

600

Figure 7.27: The energy distribution of transition-photon candidates. Dots represent data
and the histograms represent inclusive MC simulation results without (filled histogram) and
with (open histogram) smearing of the transition-photon energies. The number of events in
histograms is scaled to the number of data events. The applied cuts are: χ2

4C ≤ 50, and
2.7 ≤MK0

sKπ
(GeV/c2) ≤ 3.05.
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7.5.7 Summary of the systematic errors

Table 7.7 summarizes all the systematic errors that were considered in the analysis. Assuming
that all the sources are independent, the total systematic uncertainties σsysJ with J = 0 and 2
are given by adding the individual errors in quadrature.

Table 7.7: Summary of all considered systematic errors (%).

Source χc0 → π0ηc χc2 → π0ηc

Trigger 0.2 0.2

Tracking of K, π 4.0 4.0

K0
s reconstruction 2.5 2.5

Kinematic 4C fitting 0.6 0.4

Fitting 9.3 17.2

Number of ψ′ 0.8 0.8

Photon reconstruction 3.0 3.0

PHSP generator model 0.1 2.2

Eγ line shape 0.6 0.6

B(ψ′ → γχcJ) [15] 3.2 3.9

B(ηc → K0
sKπ) [15] 6.3 6.3

B(K0
s → π+π−) [15] 0.1 0.1

Total σsysJ 13.0 19.7

7.6 Results and discussion

The upper limits on the branching fractions of the χcJ → π0ηc (J = 0, 2) transitions are
calculated as:

B(χcJ → π0ηc) <
NUL
J

Nψ′εJB(ψ′ → γχcJ)B(ηc)B(K0
s )B(π0)(1− σsysJ )

, (7.2)

where σsysJ is the total systematic uncertainty for the channel with J = 0, 2, εJ is the detection
efficiency, B(ηc) = B(ηc → K0

sKπ) = (2.4±0.2)% [15], B(K0
s ) = B(K0

s → π+π−) = (0.7±0.1)%
[15], and Nψ′ = 106.41 · 106 is the number of ψ′ events.

Table 7.8 summarizes the final results of the analysis.

The presented analysis aimed to search for the hadronic isospin-violating transitions χc0,2 →
π0ηc using 106·106 ψ′ decays collected by BESIII through ηc → K0

sKπ decays. No obvious signal
was observed and the upper limits on branching fractions for the processes χc0,2 → π0ηc have
been obtained. These transitions have not been studied before experimentally. The obtained
limits on the branching fractions will help to constrain non-relativistic field theories and possible
contributions of charmed-meson loops to the various transitions in charmonium. Particularly for
the transition χc0 → π0ηc the NREFT [58] predicts a non-negligible contribution of intermediate
meson loops compared to the tree-level contribution.
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Table 7.8: Summary of the final results for the χcJ(J = 0, 2)→ π0ηc decays.

χc0 → π0ηc χc2 → π0ηc

Efficiency 5.8% 8.6%

NUL
J 14.1 35.9

δJ 13.0% 19.7%

B(ψ′ → γχcJ) [15] (9.7±0.3)% (8.7±0.3)%

B(10−3) < 1.7 < 3.4

7.7 Preliminary studies of the χc0,2 → π0ηc, ηc → 3(π+π−)

Preliminary studies of the χc0,2 → π0ηc transitions were performed, using the decay mode
ηc → 3(π+π−), which has a branching fraction of 2.02±0.54% [83]. The selection criteria are
briefly summarized below. The general event selection is given in Section 5.2. Events with at
least three good photon candidates and with six charged tracks with a net charge of zero are
retained for further analysis. All the charged particles are assumed to be pions, and the event is
then subjected to a 4C kinematic fitter. The ηc candidates are reconstructed from the six pions
whereby the invariant-mass range [2.7, 3.2] GeV/c2 is considered as a signal region. The π0

candidate is reconstructed from a pair of photons with an invariant mass within the range [0.11,
0.16] GeV/c2. The energies of the transition photons are required to be 0.10 ≤ Eγ (GeV) ≤ 0.15
for ψ′ → γχc2 and 0.24 ≤ Eγ (GeV) ≤ 0.28 for ψ′ → γχc0 transitions. To reject the background
from the ψ′ → π+π−J/ψ decays, the recoil mass of any π+π− pair is required to fulfill the
condition |Mπ+π−,recoil −MJ/ψ|> 0.014 GeV/c2, where MJ/ψ is the nominal mass of the J/ψ
meson. To maximize the signal-to-background ratio, a cut of χ2

4C < 50 on the chi-square of the
4C kinematic fit is applied. To reject the background from χc0 → ηX → π+π−π0X, the invariant
mass of any π+π−π0 combination is required to comply with the condition |Mπ+π−π0 −Mη|<
0.015 GeV/c2, where Mη is the nominal mass of the η meson. The results after the selection are
shown in Figure 7.28. Using a PHSP model, exclusive MC data sets of ψ′ → γχc0,2, χc0,2 → π0ηc,
ηc → 3(π+π−) were generated and the reconstruction efficiencies were found to be 5.9% and
6.6% for the χc0 and χc2 selection criteria, respectively. An unbinned maximum likelihood fit on
data is applied to the invariant-mass distribution of 3(π+π−) (the fitting procedure is completely
the same as discussed in Section 7.4) and upper limits of the signal events were found to be 31.5
and 37.9 at a 90% CL for the χc0 and χc2 channels, respectively.

The systematic uncertainty for this analysis was estimated based on our experiences from
other analysis. Here, we briefly outline the main contributions we anticipated. The uncertainty
of the number of ψ′ events is estimated to be 0.71% as reported in [142]. The uncertainty
originating from the trigger efficiency is estimated to be 0.15% [126]. The uncertainty of the
photon reconstruction is taken as 1% per photon as reported in [143]. In this analysis there are
in total three photons in the final state, which yields a total systematic uncertainty due to the
photon reconstruction of 3%. The systematic error due to a mismatch in the tracking efficiencies
between data and MC results is 2% per pion, resulting in 12% for six pions. The kinematic
fitting error is typically 1%. Uncertainties in the Eγ line-shape are expected to be around 1%
(Section 7.5). The dominant systematic error is due to uncertainties in the branching fractions,
namely δB(ψ′ → γχc0) = 3.2% [15], δB(ψ′ → γχc2) = 3.9% [15], δB(ηc → 3(π+π−)) = 27% [83].
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Figure 7.28: Invariant-mass distribution for the 3(π+π−) candidates. Left: χc0 → π03(π+π−)
candidate events, right: χc2 → π03(π+π−) candidate events. Dots represent data, histograms
represent exclusive MC results. The number of events in the MC histogram is arbitrarily nor-
malized.

The light-hadron decays to six pions can proceed via intermediate resonances (e.g. ρ, f0(980)).
These resonances have to be taken into account to estimate the systematic error by taking the
differences in efficiency with respect to a PHSP model into consideration. This error is expected
to be around 5% in analogy with the corresponding error discussion described in Section 7.5.
The error due to the fitting is expected to be 10% and 15% for the χc0 and χc2 channels,
respectively, in analogy with the corresponding error discussion described in Section 7.5. Adding
these systematic errors in quadrature, the total systematic error is estimated to be 32% and 34%
for the χc0 and χc2 channels, respectively.

The upper limits on the branching fractions are calculated using Equation 7.2 and are found
to be B(χc0 → π0ηc) < 3.8 ·10−3 and B(χc2 → π0ηc) < 4.6 ·10−3 at a 90% CL. These results are
in good agreement with the result from the χc0,2 → π0ηc, ηc → K0

sK
±π∓ study (see Table 7.9).

Table 7.9: Summary of results for the B(χc0,2 → π0ηc) for two different decay modes of ηc used
as a tag.

ηc decay χc0 → π0ηc χc2 → π0ηc

K0
sKπ < 1.7 · 10−3 < 3.4 · 10−3

3(π+π−) (preliminary) < 3.8 · 10−3 < 4.6 · 10−3



Chapter 8

Discussion and Outlook

This thesis reports on experimental studies of isospin-violating transitions in charmonium below
the open-charm production threshold. In this chapter, the main results are discussed together
with an outlook to possible future studies with BESIII and PANDA.

8.1 Summary of results on isospin-violating transitions below
the DD̄ threshold

Systematic studies of isospin-breaking transitions below the open-charm production threshold
were performed at BESIII. This thesis reports on the measurements of branching fractions
of hadronic transitions between the S-wave charmonium states, namely the ψ′ → π0(η)J/ψ
(Chapter 6), and between the P - and S-wave charmonium states, namely the χc0,2 → π0ηc
(Chapter 7). Recently, a measurement of the branching fraction of the ψ′ → π0hc process
was reported by BESIII [150]. The corresponding partial widths, which are defined as the
branching fraction times the total width of the initial meson (taken from Reference [15]), are
summarized in Table 8.1. Table 8.1 also summarizes NREFT predictions for the partial widths
of the charmonium transitions below the open-charm threshold (for more details, see Chapter 2).
The listed transitions are discussed in some detail below.

8.1.1 Transitions between the S-waves charmonia

Chapter 6 of this thesis reports on measurements of branching fractions of hadronic transitions
between the S-wave charmonia below the open-charm threshold. For the isospin-allowed tran-
sition ψ′ → ηJ/ψ the branching fraction was found to be (33.75 ± 0.17 ± 0.86) · 10−3, and the
corresponding decay width is Γ(ψ′ → ηJ/ψ) = (10.26±0.41) keV. The branching fraction of the
isospin-breaking transition ψ′ → π0J/ψ is found to be (1.26± 0.02± 0.03) · 10−3, corresponding
to a decay width Γ(ψ′ → π0J/ψ) = (0.38 ± 0.02) keV. The obtained results are in agreement
with the CLEO-c measurements [86] and agree within two standard deviations with the BESII
results [145] (see Table 6.8). The dominant error in the measurement is the systematic error,
and, therefore, the analysis of the full BESIII data set on ψ′ decays (0.5·109 events) will not
result in a significant improvement of the overall precision. Using the measured branching frac-

tions, the ratio R = B(ψ′→π0J/ψ)
B(ψ′→ηJ/ψ) was obtained, and its value is found to be (3.74±0.06±0.04)%.

Our measurement of R is in agreement with the CLEO-c measurement [86], but is smaller than
the BESII result [145](see Table 8.2). The present measurement of BESIII is much more precise
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than the results obtained by BESII.

In the leading order QCD multipole expansion, the ratio of up- and down-quark masses mu
md

can be calculated from the ratio R, see Subsection 3.1.5. Using our measured value of R and
Equation 3.2, the up-down quark mass ratio is

mu

md
= 0.407± 0.006. (8.1)

This result is in good agreement with the CLEO-c result of 0.40 ± 0.01 (Equation 3.3), and
is about 30% smaller than the result obtained using an expression that exploits the Goldstone
boson masses within a leading-order chiral-perturbation theory [87].

Theoretical calculations in the framework of NREFTs show that transitions between two S-
wave charmonium states, such as ψ′ → π0J/ψ and ψ′ → ηJ/ψ are dominated by ICML [41].
The contribution of ICML is enhanced by a factor of (υ/c)−1 ∼ 2. The predicted width of the
transitions by the NREFT contains factors of g2

2g
′2
2 , where g2 and g

′
2 are proportional to the

coupling constants of the J/ψ to DD̄ and the ψ′ to DD̄, respectively. These coupling constants
are unknown, and the NREFT cannot predict the width of the corresponding decays. However,

the ratio R = B(ψ′→π0J/ψ)
B(ψ′→ηJ/ψ) is free of coupling constants in the framework of the NREFT and it

is found to be R = (11± 6)%. The large error is due to the large velocity υ ∼ 0.53 c, since the
error in the calculation up to order n is proportional to υ(n+1). The predicted ratio agrees within
two standard deviations with the experimental result. The theoretical error is large and can be
improved only by performing next-to-leading order calculations. Due to a large contribution of
ICML, the hadronic transitions between the ψ′ and the J/ψ cannot be used for the extraction
of the up-down quark mass ratio, unless the next-to-leading order EFT is established [41]. The
mu
md

can be calculated using the hadronic transitions in bottomonium, namely the Υ(4S) →
π0(η)hb, since the NREFT predicts a suppression of ICML in these decays [152]. However, these
transitions have not been observed experimentally yet. The mass of Υ(4S) is far beyond the
limits of BEPCII energies, however, the Υ(4S) → π0(η)hb transitions can be studied at LHCb
and the future Belle II experiments. Our measurement of R is an ideal benchmark channel to
test the role of ICML in the EFT, and it is, thereby, important for possible future measurements
of R at LHCb and Belle II.

Table 8.2: Summary for the ratio R = B(ψ′→π0J/ψ)
B(ψ′→ηJ/ψ) compared with other measurements and

with theory.

This work 3.74±0.06±0.04

BESII [145] 4.8±0.5

CLEO [86] 3.88±0.23±0.05

PDG [60] 3.96±0.42

Theory [41] 11±6

8.1.2 Transitions between S- and P -wave charmonia

The contribution of ICML to the transition rates between the S- and P -wave charmonia in the
framework of the NREFT is found to be dependent on the available phase space and on the
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velocity of heavy mesons in the loops. Therefore, each SP transition has to be investigated
independently.

ψ′→ π0hc

For this transition, the contribution from ICML is expected to be only a few percent of that
from the tree-level diagram. By only accounting for the tree-level contributions and using a
dimensional analysis, the width of the isospin-suppressed process is estimated to be Γ(ψ′ →
π0hc) = (0.9 ± 0.6)C2 keV, where C is a constant of the order of one [57]. The error is large
and is dominated by the poor knowledge of the light-quark mass difference. Recently, the
BESIII collaboration provided the first measurement of the branching fraction of the transition
ψ′ → π0hc and its value was found to be B(ψ′ → π0hc) = (8.4 ± 1.3 ± 1.0) · 10−4, corre-
sponding to a width of Γ(ψ′ → π0hc) = 0.26 ± 0.05 keV. The theoretical value agrees with
the experimental data, which supports the model and the dominance of tree-level contributions.
Also, the measured width is consistent with predictions of single-channel calculations based on
a QCD multipole expansion using the Cornell potential model, which gives a partial width of
Γ(ψ′ → π0hc) = (0.4− 1.3) keV [153].

η′c→ π0χc0

The contribution from ICML is expected to be about 10% of those from the tree-level diagram.
The η′c charmonium state is difficult to access experimentally using e+e− annihilations. The η′c
can be populated via radiative decays from the ψ′ state, ψ′ → γηc. However, the branching
fraction of this decay is tiny, B(ψ′ → γηc) = (6.8± 4.6) · 10−4 [71], and this decay is difficult to
observe due to the low energy of the transition photon and a large radiative background. The
transition η′c → π0χc0 can be tagged, for example, using the 2(π+π−), π+π−π0π0 or 3(π+π−)
decay modes of the χc0, with the corresponding branching fractions of (2.26±0.19)%, (3.4±0.4)%,
and (1.20±0.18)%, respectively [15]. These light-hadron decays proceed via sub-resonances (e.g.
ρ, f0(980)) and these intermediate resonances will have to be accurately taken into account in
the efficiency calculations. So far, the BESIII collaboration collected a data set of 0.5·109 ψ′

decays. Summing up the branching fractions of the above-mentioned decay modes of the χc0,
and assuming B(η′c → π0χc0) ∼ 10−3, the available data sample contains about 16 events of the
type ψ′ → γη′c → γπ0χc0 → γπ0nπ. With a 10% detection efficiency, one can expect about 2
detected events. With the current data set and with the assumption of B(η′c → π0χc0) ∼ 10−3

together with a 10% detection efficiency, BESIII will only be able to provide an upper limit
on the branching fraction of this transition. However, with the future PANDA experiment it
will be possible to populate the η′c state directly. This possibility will be discussed further in
Section 8.2.

hc→ π0J/ψ

For the given transition, the contribution from ICML is expected to be about 20% of those
from the tree-level diagram. The hc charmonium state is difficult to access experimentally using
e+e− annihilations. The hc can be populated via decays from the ψ′ state. The radiative
transition ψ′ → γhc is C-parity violating, and only hadronic transitions are allowed. The
available phase space is only open for the ψ′ → π0hc transition. This transition is isospin-
violating and, therefore, suppressed. The branching fraction for the transition hc → π0J/ψ was
recently measured by BESIII and was found to be B(ψ′ → π0hc) = (8.4± 1.6) · 10−4 [150]. The
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transition hc → π0J/ψ can be detected using the leptonic decays of the J/ψ, with a branching
fraction B(J/ψ → l+l−) = (11.9 ± 0.1) [15]. So far, the BESIII collaboration collected a data
set of 0.5·109 ψ′ decays. Assuming B(hc → π0J/ψ) ∼ 10−3, the available data would contain
about 50 events of the type ψ′ → π0hc → π0π0J/ψ → 4γl+l−. With a 10% detection efficiency,
one can expect to detect about 5 events. Under these assumptions, BESIII will only be able to
provide an upper limit on the branching fraction of this transition. However, with the future
PANDA experiment it will be possible to populate the hc state directly. This possibility will be
discussed further in Section 8.2.

χc0, 2→ π0ηc

The contribution from ICML is expected to be about 20% and 30% of those from the tree-level
diagram for the transitions χc0 → π0ηc and χc2 → π0ηc, respectively. The ICML contribution is
small, however, possible interferences between the tree-level and loop amplitudes are not taken
into account. These interferences can cause a significant enhancement of the ICML contributions.
The width of χc0 → π0ηc is expected to be of the order of 1 keV [151]. This thesis reports on
experimental studies of the χc0,2 → π0ηc transitions, using the K0

sKπ decay mode to tag the ηc
(for more details, see Chapter 7). We were able to provide upper limits for these transitions. The
obtained values are limited by the presence of a large background contribution from channels
with the same topology as the channels of interest. The upper limits for the widths are found
to be Γ(χc0 → π0ηc) < 18.8 keV and Γ(χc2 → π0ηc) < 7.1 keV at a 90% CL. These results are
compatible with the predictions of the NREFT [151].

It is also possible to tag the ηc using other decay modes. Preliminary studies of the χc0,2 →
π0ηc transitions were performed, using the decay mode ηc → 3(π+π−), which has a branching
fraction of 2.02±0.54% [83]. The preliminary results on the upper limits on the branching
fractions are B(χc0 → π0ηc) < 3.8 · 10−3 and B(χc2 → π0ηc) < 4.6 · 10−3 at a 90% CL. The
corresponding upper limits on the decay widths are Γ(χc0 → π0ηc) < 41.9 keV and Γ(χc2 →
π0ηc) < 9.6 keV at a 90% CL. These results are in agreement with the results obtained by
tagging ηc → K0

sK
±π∓.

Conclusions for the isospin-violating transitions at BESIII

The available BESIII data sample of 106 · 106 ψ′ decays allowed studies of isospin-violating
transitions below the DD̄-threshold. The branching fraction of ψ′ → π0J/ψ was measured and
the obtained result has a significantly better precision compared to previous measurements.
The uncertainty of the measurement is dominated by the systematic error, and a larger data
sample will not improve the precision significantly, unless the systematic error is also improved.
Studies of χc0,2 → π0ηc processes were performed for the first time, and the upper limits on
the corresponding branching fractions were found. BESIII also reported on measurements of
the branching fractions of the process ψ′ → π0hc. The systematic error of this measurement is
comparable to the statistical error, and the analysis of the full available ψ′ data set (including
the data set collected in 2012) will not result in a significantly improved precision. Analysis
of the isospin-breaking processes hc → π0J/ψ and η′c → π0χc0, assuming a 10% detection effi-
ciency and 10−3 branching fractions, will likely result in upper limits on the branching fractions.
Therefore, we tend to conclude from the systematic study in this thesis that BESIII has cur-
rently exhausted its potential for studies of isospin-violating processes below the open-charm
threshold. Experiments of the future generation, such as the PANDA experiment, will profit
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from these ground-work studies at BESIII and may allow systematically improved precision and
harder constraints of theoretical models.

8.2 The PANDA Experiment

The future PANDA experiment [154] at FAIR, Germany, will use pp̄ annihilations to study quark
confinement and the generation of hadron masses. The momentum range of the anti-proton
beam is 1.5-15 GeV/c, which corresponds to

√
s = 2.5 − 5.5 GeV/c2, and covers the region of

bound systems containing charm and strange quarks. The momentum range of PANDA enables
charmonium and charm physics studies and searches for exotica, such as glueballs, hybrids and
molecular states. Also, the production of baryons and hypernuclei will be possible with the
future PANDA experiment. The physics program of the PANDA experiment is summarized
in Figure 8.1. The upper scale indicates the corresponding anti-proton momenta required in a
fixed-target experiment.

  

PANDA

BESIII

Figure 8.1: The physics program of PANDA. For more details, see text.

8.2.1 Isospin-violating transitions with PANDA

The advantage of the future PANDA experiment is the direct population of charmonium states.
This, and the high luminosity L, which is designed to be 2 · 1032 cm−2s−1, enables a study of
decays with tiny (i.e. less than 10−3) branching fractions, which were inaccessible with previous
experiments. Examples of such decays are isospin-violating transitions in charmonium. As was
shown in Section 8.1, some of the transitions below the DD̄-threshold are beyond the reach of
BESIII, i.e. transitions η′c → π0χc0 and hc → π0J/ψ. This section discusses the feasibility of
studying isospin-violating transitions with PANDA.
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The cross section for the process pp̄ → Ψ can be calculated using the Breit-Wigner formula
(in natural units):

σ(Ψ→ pp̄) =
4(2J + 1)π

(s− 4m2
p)

B(Ψ→ pp̄)Γ2
Ψ

4(
√
s−MΨ)2 + Γ2

Ψ

, (8.2)

where
√
s is the center-of-mass energy; J , MΨ and ΓΨ are the spin, mass and the total width of

the generic charmonium state Ψ; mp is the proton mass; B(Ψ → pp̄) is the branching fraction
for the Ψ→ pp̄ process. Taking

√
s = MΨ, Equation 8.2 can be simplified to:

σ(pp̄→ Ψ) =
4(2J + 1)π

(M2
Ψ − 4m2

p)
B(pp̄→ Ψ). (8.3)

Recently, the BESIII collaboration reported on studies of hc → pp̄ [155], ηc → pp̄ [155], and
ψ(3770) → pp̄ [156] which, via Equation 8.3, resulted in upper limits of the cross sections
σ(pp̄ → hc), σ(pp̄ → ηc) [155] and σ(pp̄ → ψ(3770)). These results will be useful for the
formulation of detection strategies and the evaluation of signal rates.

The expected number of events for a transition Ψ→ X can be calculated as

Nexp = L · t · σ(pp̄→ Ψ) ·B(Ψ→ X) · ε, (8.4)

where L is the luminosity, t is the accumulated beam time, B(Ψ→ X) is the branching fraction
for the decay of interest, and ε is the detection efficiency.

Assuming L = 2 · 1032 cm−2s−1, t = 30 days and a 10% detection efficiency (except for the
ψ′ → π0J/ψ channel, for which we assume 25% detection efficiency based on our experiences
with the BESIII data analysis), the expected number of events for the isospin-violating transi-
tions in charmonium below the open-charm threshold are estimated and are listed in Table 8.3.
Measurements at PANDA of the branching fraction of ψ′ → π0J/ψ will not be able to improve
the BESIII results (see Table 6.8). The precision of the BESIII measurement is dominated by the
systematic error, and a larger data sample will not improve its precision, unless the systematic
error is also improved. The number of events for the ψ′ → π0J/ψ, J/ψ → l+l− process detected
by BESIII is 4091±74. Assuming a 25% detection efficiency, PANDA will collect two times more
events than BESIII. We define a Figure Of Merit (FOM) as FOM=Nsig/

√
Nsig + 2Nbkg, where

Nsig and Nbkg are the number of the signal and background events, respectively. The inverse
of FOM is the statistical error, δstat. For the BESIII measurement FOM=63 and δstat = 1.6%.
Assuming the same signal-to-background ratio for the PANDA measurement, the FOM is im-
proved to 87, corresponding to δstat = 1.1%. However, this is an optimistic background scenario
for PANDA, since we expect other sources of background due to a larger yield of hadrons. The
process ψ′ → π0hc, hc → γηc , ηc → 2(π+π−π0) was studied at BESIII [83]. For this process
175.2±17.3 signal events were observed, and the detection efficiency was 2.2%. Assuming a 10%
efficiency, PANDA will collect 8 times more events than BESIII for one month of data taking.
The FOM for the BESIII measurement is 12. Extrapolating this to PANDA, we expect in a
best-case scenario FOM=34 and δstat = 2.9%, which is worse than the BESIII result.

The process χc0,2 → π0ηc was not studied before in the ηc → 2(π+π−π0) decay mode, and the
signal-to-background ratio is difficult to predict. Assuming a 10% detection efficiency, Nbkg = 0,
and taking the upper limit for the branching fraction of the χc0,2 → π0ηc process, reported in
Chapter 7 as an optimistic scenario, the FOM (δstat) for PANDA is expected to be 47 (2.1%)
and 82 (1.3%) for the χc0 and χc2 channels, respectively.

It is difficult to predict the background contribution for the η′c → π0χc0 and hc → π0J/ψ
processes. Assuming a 10% detection efficiency, and the branching fractions of the isospin-
violating processes in the order of 10−3, the expected FOM (δstat) values (assuming Bkg = 0)
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are 10 (10%) and 42 (2.4%) for the η′c → π0χc0 and hc → π0J/ψ processes, respectively. The
η′c → π0χc0 transition will be difficult to study at PANDA. Among all the charmonium states
below the DD̄-threshold, the η′c is the most difficult one to populate, both via e+e− and pp̄
annihilations. The η′c has the smallest branching fraction to the pp̄ channel among the discussed
states (see Table 8.3), and a tiny branching fraction of ψ′ → γη′c decays, B(ψ′ → γηc) =
(6.8 ± 4.6) · 10−4 [71]. The η′c can be also produced in decays of B mesons, for example, in
the process B− → K−η′c [158]. This fact suggests studies of the η′c at the B-factories, for
example, at the future Super-KEKB factory [159]. According to Reference [159], with a 5 ab−1

data sample, one expects 35000 signal events for the process B− → K−η′c, η
′
c → KsKπ. The

branching fraction for η′c → KsKπ is (1.9±1.2)% [15], therefore, about 1.8 ·106 η′cs are expected.
Assuming B(η′c → π0χc0) = 10−3, and with B(χc0 → π+π−π+π−) = (2.26±0.19)%, one expects
about 42 events of the process η′c → π0χc0, χc0 → π+π−π+π−. By also considering the detection
efficiency and background sources, we are tempted to conclude that Belle II will be able to set
an upper limit of order 10−3 on the branching fraction for the discussed process.

8.2.2 PANDA above the DD̄ threshold

PANDA will be able to conduct searches for the missing charmonium states above the DD̄-
threshold and to study their isospin-breaking nature. Predictions for the branching fractions of
the χ′c0 → π0η′c, h

′
c → π0ψ′, χ′c1 → π0χc0,2, χ′c2 → π0χc1,2 have been made in the frameworks

of NREFT and ELA [58]. However, the charmonium states χ′c0,1
1 and h′c have not been found

yet experimentally, and these states cannot be populated directly in e+e− annihilations. The
χ′c2 was seen [15], but very little is known about the properties of this state. The branching
fractions B(χ′cJ → pp̄), J = 0, 1, 2, are not known, and it is, therefore, difficult to comment on
the direct population of these states with PANDA.

Studies of exotic states, such as gluons, hybrids, and molecules will be possible with PANDA.
For example, measurements of the width of the mysterious X(3872) can be carried out by the
PANDA experiment. PANDA will be able to set an upper limit on the width in the order of a
few hundred keV [160]. Also, different decay modes of X(3872) can be studied, including the
isospin-violating decay mode X(3872)→ ρJ/ψ → π+π−J/ψ (assuming the X(3872) to be a pure

isospin-zero state). The result on RX = B(X(3872)→π+π−π0J/ψ)
B(X(3872)→π+π−J/ψ)

has a large error, RX = 1.0±0.5.

PANDA will most likely set a tighter constraint on the ratio RX . These investigations will,
hopefully, solve the conundrum of the X(3872) and explain the observed large isospin-violation.

8.3 Conclusions

The charmonium system was discovered 40 years ago and has proven to be a good laboratory
to study the properties of the strong interaction. Despite being a relatively “old” discovery,
charmonium is still good for surprises and hides a bunch of long-known yet unresolved riddles.
For example, the so-called ρπ puzzle dates back to 1983 [61], however, still lacks a reliable
theoretical explanation. The decay widths of some of the hadronic and radiative M1 transitions
are found to be significantly different from the theoretically predicted values. Above the open-
charm threshold, a whole new class of charmonium-like states, the so-called XY Z states, were
discovered. The nature of these states is enigmatic and they form a hot topic for debates today.
These and some other charmonium conundrums are reviewed in some detail in Chapter 3.

1In the 2014 edition of the PDG, the X(3915) is listed as the χ′c0 charmonium state.
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One of the commonly offered solutions is the contribution of ICML. In the charmonium region
close to the DD̄ threshold the decay width is expected by theories (such as ELA and NREFT)
to be dominated by the contribution of ICML. Examples of such decays are the isospin-violating
transition ψ′ → π0J/ψ [58] and M1 transition ψ′ → γηc. To verify the proposed solution,
extensive systematic studies have to be performed by both the experimental and theoretic groups.

Systematic studies of the isospin-violating transitions below the DD̄ threshold, namely of
the ψ′ → π0J/ψ, ψ′ → π0hc, χc0,2 → π0ηc, were performed at BESIII in the context of this
thesis. The decay widths of these processes were found to be within the predicted range of the
NREFT [58] (see Table 8.1). The common problem of the EFTs incorporating ICML is that
the values of the coupling constants gΨDD̄ of charmonium states to the D mesons are unknown.
Moreover, for the states below the DD̄ threshold, these coupling constants cannot be extracted
from the decay widths, and the EFTs have to rely on the theoretical estimates of gΨDD̄. This fact
complicates the NREFT predictions of different charmonium decay widths, and measurements
of ratios R of decay widths of isospin-violating transitions in charmonium are currently highly
desirable by the theorists. Therefore, series of isospin-violating transitions in charmonium have
to be studied. Moreover, the predicted values of R also lack precision, since the uncertainty of
the leading-order EFT calculation is proportional to the expansion parameter υ. From our point
of view, the next-to-leading order theoretical calculations are not worthwhile pursuing before
the whole set of transitions is studied experimentally with a good precision. At this point, the
branching fractions of the ψ′ → π0(η)J/ψ processes cannot be used for the extraction of the
light quark-mass ratio. For the isospin-breaking transitions, the BESIII experiment has already
reached its limits, and further studies need to be picked up by the future PANDA experiment.

For the radiative M1 transition, BESIII still can improve the precision of the branching
fraction of ψ′ → γηc. Using the full data set of ψ′ events (0.5 · 109 in total), the process
ηc → 2(π+π−π0) as a tag, and assuming a 10% detection efficiency, BESIII has the potential
to reach a 0.6% statistical uncertainty for this process. Also, the inclusive measurement of
the B(ψ′ → γηc) is possible due to the relatively high energy of the transition photon and a
low hadronic background. The line shape of the transition photon, observed in an inclusive
measurement, can also give some hints on the distortion of the photon line shape, observed in
the process ψ′ → γηc, ηc → LH, where LH stands for light hadrons. The PANDA experiment
has the potential to observe the η′c → γJ/ψ, which is not experimentally seen yet. We anticipate
that within one month of accumulated beam time, PANDA can produce about 580 signal events
assuming a 10% detection efficiency, with the designed luminosity, assuming the branching
fraction of η′c → γJ/ψ to be 15 · 10−5 (as predicted by the potential model [47]), and using the
J/ψ → l+l− mode as a tag. Alternatively, this process can be studied using B-decays at the
future Belle II experiment.

With the presently largest available data sets on J/ψ and ψ′ decays, BESIII can systematically

study the ratio Rh = B(ψ′→h)
B(J/ψ→h) for exclusive hadronic decay modes and check the naive 12%

rule. There are theoretical predictions of branching fractions for the whole range of ψ′(J/ψ)→
V ector+Pseudoscalar decays available (for example, in the framework of ELA in Reference [70])
and they are waiting for an experimental judgment. The experimental studies are now in progress
and a lot of new results will be released in the future.

Above the DD̄ threshold, studies of the non-DD̄ decays of the ψ(3770) are on-going at
BESIII. Recently, the process e+e− → ψ(3770) → pp̄ was studied, and two solutions for cross
sections with the same chi-square were found, σ(pp̄ → ψ(3770)) < 17.2 nb at a 90% CL, and
σ(pp̄ → ψ(3770)) = 425.6 ± 42.9 nb [156]. The two solutions differ by at least one order of
magnitude, thus it is difficult to comment on the possible role of PANDA in these studies.
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Many predicted charmonium states above the DD̄ threshold have not been observed experi-
mentally. The lack of observation remains a mystery. However, progress has been made recently.
For example, in the 2014 edition of the PDG book, the former candidate for an exotic state,
the X(3915), is interpreted as the missing χ′c0 state. The last member of the triplet, the χ′c1 is
still not seen, as many more states which are predicted by naive potential models. Searches for
these missing states are on-going at BESIII, and can be also conducted by the future Belle II
experiment. For example, the inclusive studies of the process B → ψ2 +X can be used for the
searches for the missing ψ2(13D2) charmonium state [159].

A lot of unconventional charmonium-like states were discovered during the last decade. The
quantum numbers of the enduring exotic state, the X(3872), were recently pinned down by the
LHCb collaboration, and were found to be JP = 1+ [103]. The PANDA experiment will be able
to set an upper limit on the width in the order of a few hundred keV [160]. This measurement
will help to shed some light on the nature of this state. Recently, the BESIII experiment has
collected a large data sample at

√
s = 3810−4420 MeV. With this data sample, a whole spectrum

of charged charmonium-like states was observed, namely the Zc(3885, 3900, 4020, 4025)± states.
Studies of the properties of these states are on-going, however, it is commonly believed that
these states are the four-quark states predicted by QCD. Properties of the 1−− states, the so-
called Y states, are also presently extensively studied at BESIII. Additional studies can also be
carried out by the Belle II experiment using the charmonium production via ISR processes. For
example, the Y (4660), which is outside of the

√
s-range of BESIII, can be studied at Belle II.

The rapidly evolving computing power brings the unquenched LQCD calculations into play.
The unquenched LQCD calculations provide the most straightforward, powerful and exact ap-
proach to solve QCD problems. Besides the direct predictions of the masses, widths and decay
widths of charmonium states, LQCD calculations will also provide coupling constants of char-
monium to the D mesons, that will improve the predictive power of EFTs.

Due to tremendous experimental and theoretical efforts, the pieces of the charmonium puzzle
start to fit together. A lot of work still has to be done, however, with existing and future
experimental facilities and theoretical tools, the blank spots on the charmonium map will be
filled in the near future.
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Chapter 9

Summary

Quantum ChromoDynamics (QCD) is the generally accepted theory describing the strong in-
teraction, i.e. the interaction between the building blocks of matter, quarks, and the force
carriers, gluons. QCD is a successful theory, capable of providing a good description of phe-
nomena, observed by experiments. However, some of the properties of the strong interaction
are understood only qualitatively. One of the most intriguing unexplained phenomena is the
generation of hadron masses. The postulated Higgs boson, finally found in 2013 after long years
of hunting, is responsible for the bare mass of fundamental particles, e.g. quarks. The masses
of hadrons consisting of light quarks, e.g. protons and pions, are much larger than the mass of
their constituents, see Figure 9.1. The bulk of the mass is generated by the strong force, and
this mass-generation mechanism is complex and poorly understood. Precision spectroscopy of
heavy mesons, such as charmonium, consisting of a pair of charm quarks, can shed light on the
dynamics of the strong interaction, particularly on the generation of hadron masses.
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Figure 9.1: The proton mass is much larger than the mass of its constituents.

Charmonium is a bound state of two heavy quarks: a charm quark c and its anti-quark c̄.
Charmonium is sometimes called the “positronium of QCD”, since the energy levels of char-
monium can be found in the same way as for the positronium - by solving the non-relativistic
Schrödinger equation with a proper form of the interaction potential V (r). The J/ψ meson,
which is the lowest-lying 3S1 state of charmonium, was discovered in 1984 [16, 17], and this
finding was awarded with the Nobel Prize in Physics in 1976. In 2014, the physics commu-
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nity celebrates the 40th anniversary of the discovery of charmonium. Since its discovery, the
charmonium system plays an important role in studies of the strong interaction. Charmonium
spectroscopy provides important aspects of the underlying potential of the quark-quark inter-
action. For example, the hyperfine splitting of the 1S charmonium states provides access to
the spin-spin interaction term of the potential. Charmonium can be used for precision tests
of the Standard Model. Charmonium decays enable studies of C-, P - and CP -violating pro-
cesses, and the lepton-flavor violation. Quark-mixing matrix elements can be studied using the
flavor-changing weak decays of D mesons, produced in the decays of charmonium states. Char-
monium lies in the energy region favorable for the searches of QCD exotica, such as glueballs,
hybrids, and hadronic molecules. Different theoretical tools were developed for charmonium
investigations, such as the potential model approach, Effective Field Theory (EFT), and Lat-
tice Quantum ChromoDynamics (LQCD) (see Chapter 2) and various machines for dedicated
studies were built, such as BEijing Spectrometer III (BESIII), CLEO (particle detector at the
Cornell Electron Storage Ring), B-Bbar detector (BaBar), and the B detector in Japan (Belle).
Despite of tremendous efforts in experiment and theory, some charmonium puzzles have not yet
been resolved. Some of these conundrums, such as deviations of predicted branching fractions
of decays of 3S1 charmonium states to hadrons (violations of the so-called 12% rule), large
isospin violations in some charmonium decays, non-DD̄ decays of ψ(3770), and the existence
of enigmatic XY Z states, were reviewed in Chapter 3. The associated challenges, discussed in
Chapter 3, can be (at least partially) explained by the effects of Intermediate Charmed-Meson
Loops (ICML), however, more theoretical and experimental studies are needed to confirm (or
reject) the proposed solution.

This thesis is dedicated to studies of isospin-violating transitions in charmonium below the
open-charm production threshold. Isospin was introduced by W. Heisenberg in 1932 [38] to
explain the properties of the then recently discovered neutron. The mass of the neutron is
almost identical to the mass of the proton, and the strength of the strong interaction between a
pair of nucleons was found to be independent of the type of nucleons (protons or neutrons). The
internal degree of freedom, isospin I, was introduced in complete analogy with the intrinsic spin.
In the isospin space, a proton and a neutron are the same particle with isospin I = 1

2 , and with
the isospin projections I = +1

2 and I = −1
2 for the proton and the neutron, respectively. Later,

with the discovery of quarks, it was revealed that the proton and the neutron consist of three-
quark combinations, uud and udd, respectively. The isospin symmetry observed for the nucleon
was, thereby, traced back to an isospin symmetry between the up and down quarks. Isospin, to
a good approximation, is conserved in the strong interaction, because the up and down quarks
have very similar masses and the flavor-independence of gluon exchange. The isospin-breaking
transitions in charmonium hint towards the mass difference of the up and down quarks. However,
the ratio of the u and d quark masses, calculated using the branching fraction of isospin-violating
transitions in charmonium, contradicts results from other approaches, for example, the results
of lattice QCD, which is a rigorous QCD tool. The theoretical calculations in the framework of
a Non-Relativistic Effective Field Theory (NREFT) (see Chapter 2) state that the contribution
of ICML into the decay width of isospin-violating processes is sizable. Therefore, the extraction
of the light-quark mass ratio in charmonium is possible only if charmed-meson loops are under
control. This thesis reports on systematic studies of isospin-violating transitions in charmonium
that will help to reveal the origins of discrepancies in results on the light-quark mass ratio from
different theoretical approaches, and to pin down the role of ICML in charmonium transitions.

Figure 9.2 summarizes the isospin-violating transitions in the charmonium system below the
DD̄ threshold. We present two analysis of the data, collected by the BESIII detector, namely
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the analysis of the hadronic transitions ψ′ → π0(η)J/ψ and χc0,2 → π0ηc (indicated by red
arrows in Figure 9.2). The BESIII experiment runs at the Beijing Electron-Positron Collider II
(BEPCII) and aims to shed light on the QCD dynamics in the non-perturbative regime. The
experimental setup is discussed in some detail in Chapter 4. For the analysis, the BESIII Offline
Software System (BOSS), version 6.5.5 [127] was used for the data reconstruction and for the
production of Monte Carlo (MC) samples, and the ROOT software [144] with the ROOFIT and
ROOSTAT libraries was used for further data handling. The reported analysis are based on the
ψ′ data accumulated by BESIII from March 7 to April 4, 2009. The total number of ψ′ events
is (106.41± 0.86) · 106 [142] and the integrated luminosity is 156.4 pb−1. In addition, 42.6 pb−1

data collected at a center-of-mass energy of 3.65 GeV, from May 26 to June 3, 2009, were used to
estimate the background from non-resonant processes. For the optimization of selection criteria
and for the determination of reconstruction efficiencies, exclusive MC samples of the decays of
interest were used together with an inclusive MC sample of 106 · 106 ψ′ → anything decays.
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Figure 9.2: Isospin-violating transitions in charmonium below the DD̄ threshold. Red arrows
indicate transitions, studied in this thesis. The blue arrow indicates the transition, studied before
by BESIII [150]. The gray dashed arrows represent transitions, that are not yet observed.

The first analysis, that was presented in Chapter 6, is the study of the transitions between
two S-wave charmonia, namely the isospin-violating transition ψ′ → π0J/ψ and the isospin-
allowed one, ψ′ → ηJ/ψ. The J/ψ meson was reconstructed from its decays to a pair of leptons,
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J/ψ → l+l−, where l = e or µ. The π0 and η mesons were reconstructed from their decays to a
pair of photons, π0(η)→ γγ. The reconstruction efficiency for the ψ′ → π0J/ψ (ψ′ → ηJ/ψ) was
found to be 23.05% (35.41%) and 29.11% (46.28%) for the J/ψ → e+e− and the J/ψ → µ+µ−

decay modes, respectively. The observed number of ψ′ → π0J/ψ (ψ′ → ηJ/ψ) events were found
to be 1823±49 (29598±202) and 2268±55 (38572±224) for the J/ψ → e+e− and J/ψ → µ+µ−

decay modes, respectively. The branching fraction B for the isospin-allowed process ψ′ → ηJ/ψ
was found to be (33.77± 0.22± 0.93) · 10−3 and (33.73± 0.20± 0.90) · 10−3 for the J/ψ → e+e−

and J/ψ → µ+µ− decay modes, respectively, resulting in a combined branching fraction of
(33.75±0.17±0.86) ·10−3. The branching fraction for the isospin-violating process ψ′ → π0J/ψ
was found to be (1.27±0.03±0.0.03)·10−3 and (1.25±0.03±0.03)·10−3 for the J/ψ → e+e− and
J/ψ → µ+µ− decay modes, respectively, resulting in a combined branching fraction of (1.26 ±
0.02± 0.03) · 10−3. Our combined result is consistent with a previously published measurement
by CLEO-c ([86]), and it agrees within two standard deviations with the BESII result [145],
with a significant improvement of the overall precision. Using the measured branching fractions,

the ratio R = B(ψ′→π0J/ψ)
B(ψ′→ηJ/ψ) was calculated, and the value is (3.74±0.06±0.04)%. This value is

somewhat lower than the reported CLEO result (RCLEO=(3.88±0.23±0.05)%), and it deviates
by two standard deviations from the BESII result (RBESII=(4.8±0.5)%), with a significant
improvement of the overall precision. The current estimate of the ratio of branching fractions,
Rπ0/η, provided by a non-relativistic field theory is (11 ± 6)% [41]. This value falls within two
standard deviations from the experimental result. The theoretical value lacks precision and the
existing model needs further improvement.

The second analysis, that was presented in Chapter 7, is the study of the isospin-violating
transitions between the P -wave and the S-wave charmonia, χc0,2 → π0ηc. These transitions
have not been studied experimentally before. The transition χc1 → π0ηc was not considered in
the analysis because it violates spin-parity conservation. Since the P -wave charmonia cannot
be produced directly in the e+e− annihilations, the χc0,2 states were populated via the radiative
transitions from the higher S-wave state, ψ′ → γχc0,2. The ηc, which is the ground state of
charmonium, was reconstructed from its decays to kaons and pions, ηc → K0

sK
±π∓, where

K0
s → π+π−. The π0 meson was reconstructed from its decays to a pair of photons, π0 → γγ.

The reconstruction efficiencies were found to be 5.82% and 8.60% for the χc0 → π0ηc and χc2 →
π0ηc channels, respectively. We were able to provide upper limits for these transitions, where
the values were limited by the presence of a large background contribution from channels with
the same topology as the channels of interest. The upper limits on the number of signal events
at a 90% CL are 14.1 and 35.9 events for the χc0 → π0ηc and χc2 → π0ηc processes, respectively.
The corresponding upper limits on the branching fractions were found to be < 1.7 · 10−3 and
< 3.4 · 10−3 for the χc0 → π0ηc and χc2 → π0ηc processes, respectively. The upper limits for the
widths are found to be Γ(χc0 → π0ηc) < 18.8 keV and Γ(χc2 → π0ηc) < 7.1 keV at a 90% CL.
These results are compatible with the predictions of the NREFT [151].

The common problem of the EFTs incorporating ICML is that the values of the coupling con-
stants gΨDD̄ of charmonium states to the D mesons are unknown. Moreover, for the states below
the DD̄ threshold, these coupling constants cannot be extracted from the decay widths, and the
EFTs have to rely on the theoretical estimates of gΨDD̄. This fact complicates the NREFT pre-
dictions of different charmonium decay widths, and measurements of ratios R of decay widths of
isospin-violating transitions in charmonium are currently preferred by the theorists. Therefore,
series of isospin-violating transitions in charmonium have to be studied. Moreover, the predicted
values of R also lack precision, since the uncertainty of the leading-order EFT calculation is pro-
portional to the expansion parameter υ, the velocity of the heavy hadrons in D-meson loops.
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From our point of view, next-to-leading order theoretical calculations are not feasible before the
whole set of transitions are studied experimentally with a good precision. In this thesis, we have
demonstrated that for the isospin-breaking transitions the BESIII experiment has reached its
limits. We have outlined, which further studies should be picked up by the future antiProton
ANihilations at DArmstadt (PANDA) and Belle II experiments.
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Nederlandse Samenvatting

Quantum ChromoDynamica (QCD) is de algemeen aanvaarde theorie die de sterke interactie
beschrijft, d.w.z. de interactie tussen de bouwstenen der materie, de quarks, en de dragers
van de kracht, de gluonen (lijmdeeltjes). QCD is een succesvolle theorie, die in staat is een
goede beschrijving te geven van door experimenten waargenomen fenomenen. Echter hebben
we van enkele eigenschappen van de sterke interactie nu alleen een kwalitatief begrip. Eén
van de meest intrigerende onverklaarde fenomenen is de totstandkoming van hadronmassa’s.
Het gepostuleerde Higgsboson, dat eindelijk in 2013 is waargenomen na een jarenlange jacht, is
verantwoordelijk voor de kale massa van elementaire deeltjes, bijvoorbeeld quarks. De massa’s
van hadronen die opgebouwd zijn uit lichte quarks, zoals protonen en pionen, zijn veel groter
dan de massa’s van de deeltjes waar zij uit opgebouwd zijn, zie Figuur 9.3. Het grootste deel
van de massa wordt gegenereerd door de sterke kracht; en het is niet duidelijk hoe dit massa-
genererende mechanisme werkt. Precisiespectroscopie van zware mesonen, zoals charmonium,
bestaande uit een paar charm quarks, zou helderheid kunnen geven over de dynamica van de
sterke interactie, in het bijzonder met betrekking tot de totstandkoming van hadronmassa’s.
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Figure 9.3: De protonmassa is veel groter dan de massa van de deeltjes waar hij uit opgebouwd
is.

Charmonium is de gebonden toestand van twee zware quarks: een charm quark c en zijn
antiquark c̄. Charmonium wordt soms ook wel het “positronium van QCD”genoemd, aangezien
de energieniveaus van charmonium op dezelfde manier gevonden kunnen worden als voor po-
sitronium - door de niet-relativistische Schrödingervergelijking op te lossen met een geschikte
vorm van de interactiepotentiaal V (r). Het J/ψ-meson, dat de laagstliggende 3S1-toestand van
charmonium is, was ontdekt in 1984 [16, 17], en deze vondst werd vervolgens beloond met de
Nobelprijs voor natuurkunde. In 2014 viert de natuurkundegemeenschap het 40ste jubileum
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van de ontdekking van charmonium. Sinds haar ontdekking speelt het charmoniumstelsel een
belangrijke rol in de studie naar de sterke interactie. Charmoniumspectroscopie legt belang-
rijke aspecten van de onderliggende potentiaal van de quark-quarkinteractie bloot. Zo geeft
de hyperfijne opslitsing in energieniveaus van 1S-charmoniumtoestanden toegang tot de spin-
spininteractieterm in de potentiaal. Charmonium kan gebruikt worden voor precisietesten van
het Standaardmodel. Charmoniumvervalreacties maken studies naar C-, P - en CP -schendende
processen mogelijk, waarbij C de symmetrie van ladingsconjugatie en P de pariteitssymmetrie
betekenen, evenzo schending van leptonsmaakbehoud. Quarkmixende matrixelementen kun-
nen bestudeerd worden door de smaakveranderende zwakke vervalreacties van D-mesonen te
beschouwen, die geproduceerd worden in het verval van charmoniumtoestanden. Charmonium
bevindt zich in het energiegebied dat gunstig is voor zoektochten naar exotische deeltjes van
QCD, zoals gluon- oftewel lijm-ballen, hybride toestanden en hadronische moleculen. Verschil-
lende theoretische gereedschapssets zijn ontwikkeld voor onderzoek naar charmonium, zoals
het potentiaalmodel, Effectieve Veldentheorie (EFT), en Lattice Quantum ChromoDynamics
(LQCD) (zie Hoofdstuk 2); tevens zijn verscheidene apparaten gebouwd voor studies hier-
naar, zoals BESIII, CLEO, BaBar, en Belle. Ondanks enorme inspanningen door zowel ex-
periment en theorie, kunnen sommige charmoniumpuzzels nog niet worden opgelost. Enkele
van deze raadsels, zoals afwijkingen van voorspelde afsplitsfracties voor het verval van 3S1-
charmoniumtoestanden naar hadronen (schendingen van de zogeheten 12% regel), grote isospin-
schendingen in sommige charmoniumvervalreacties, vervalreacties van het ψ(3770)-deeltje zon-
der DD̄, en het bestaan van de enigmatische XYZ-toestanden zijn besproken in Hoofdstuk 3.
De bijbehorende uitdagingen, besproken in Hoofdstuk 3, kunnen (in ieder geval gedeeltelijk)
verklaard worden door de effecten van tussenliggende gecharmeerde-mesonlussen (Intermediate
Charmed-Meson Loops, ICML), echter zijn meer theoretische en experimentele studies nodig
om de voorgestelde oplossing te bevestigen danwel te verwerpen.

Dit proefschrift is gewijd aan de studie van isospinschendende overgangen in charmonium
onder de open-charm productiedrempel. Isospin werd in 1932 gëıntroduceerd door W. Heisen-
berg [38] om de eigenschappen te verklaren van het toentertijd net ondekte neutron. De massa
van het neutron is bijna gelijk aan de massa van het proton, en de sterkte van de interac-
tie tussen een paar nucleonen bleek onafhankelijk te zijn van het soort nucleon (protonen of
neutronen). De interne vrijheidsgraad isospin I werd volledig analoog aan de intrinsieke spin
gëıntroduceerd. In de isospinruimte zijn een proton en een neutron hetzelfde deeltje met isospin
I = 1

2 , en met isospinprojecties I = +1
2 en I = −1

2 voor het proton en het neutron, respec-
tievelijk. Toen later de quarks ontdekt werden, bleek dat het proton en het neutron bestaan
uit drie-quarkcombinaties, uud en udd, respectievelijk. De isospinsymmetrie die waargenomen
was voor nucleonen kon, daarom, worden terugherleid naar een isospinsymmetrie tussen de up-
en downquarks. Isospin, bij goede benadering, is behouden in de sterke interactie doordat de
up- en downquarks vergelijkbare massa’s hebben. Isospinschendende overgangen in charmonium
laten het massaverschil tussen up- en downquarks doorschemeren. Echter, de verhouding tussen
de u- en d-quarkmassa’s, uitgerekend uit de afsplitsfractie van isospinschendende overgangen
in charmonium, spreekt resultaten van andere aanpakken, bijvoorbeeld Lattice QCD, tegen,
en het laatste is een gevestigde QCD-gereedschapsset. De theoretische berekeningen in het
kader van een Niet-Relativistische Effectieve Veldentheorie (NREFT) (zie Hoofdstuk 2) stellen
dat de bijdrage van ICML in de vervalbreedte van isospinschendende processen aanzienlijk is.
Daarom is de extractie van de lichte-quarkmassaverhouding in charmonium alleen mogelijk als
gecharmeerde-mesonlussen goed begrepen zijn. Dit proefschrift doet verslag van systematische
studies van isospinschendende overgangen in charmonium, die zullen helpen om de oorsprong
van tegenstrijdigheden in resultaten van de lichte-quarkmassaverhouding uit verschillende theo-
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retische aanpakken te onthullen, en om de rol van ICML in charmoniumovergangen te bepalen.

Figuur 9.2 vat de isospinschendende overgangen in het charmoniumstelsel onder de DD̄-
drempel samen. We tonen twee analyses van de data, verzameld door de BESIII-detector,
namelijk de analyses van de hadronische overgangen ψ′ → π0(η)J/ψ en χc0,2 → π0ηc (aangegeven
door rode pijlen in Figuur 9.4). Het BEijing Spectrometer III (BESIII)-experiment draait bij
de Beijing Electron-Positron Collider II (BEPCII) en probeert de dynamica van QCD in het
gebied waar storingstheorie niet toepasbaar is te begrijpen. De experimentele opstelling wordt
in enig detail besproken in Hoofdstuk 4. Bij de analyse wordt versie 6.6.5 van het BESIII Off-
line Software System (BOSS [127]) gebruikt voor de reconstructie van data en de productie van
Monte Carlo (MC) data, en het ROOT softwarepakket [144] met de ROOFIT en ROOSTAT
bibliotheken voor verdere behandeling van de data. De analyses waarover verslag wordt gedaan
zijn gebaseerd op de ψ′ data, verzameld door BESIII van 7 maart tot 4 april 2009. Het to-
tale aantal ψ′-gebeurtenissen is (106.41 ± 0.86) · 106 [142] en de gëıntegreerde luminositeit is
156,4 pb−1. Hier bovenop is 42,6 pb−1 aan data, verzameld bij een massamiddelpuntsenergie
van 3,65 GeV van 26 mei tot 3 juni 2009, gebruikt om een schatting te maken van de achter-
grond ten gevolge van niet-resonante processen. Voor de optimalisatie van selectiecriteria en de
bepaling van reconstructie-efficiënties zijn exclusieve MC-gebeurtenissen van de te onderzoeken
vervalreacties gebruikt in combinatie met een inclusieve-MC dataset van 106·106 ψ′ → anything
vervalreacties.

De eerste analyse die werd getoond in Hoofdstuk 6, is de studie naar overgangen tussen twee
S-golfcharmonia, namelijk de isospinschendende overgang ψ′ → π0J/ψ en de isospintoegestane
ψ′ → ηJ/ψ. Het J/ψ-meson is gereconstrueerd uit zijn verval naar leptonparen: J/ψ → l+l−,
waar l = e of µ. De π0- en η-mesonen zijn gereconstrueerd uit hun verval naar fotonparen:
π0(η) → γγ. De afsplitsfractie B van het isospintoegestane proces ψ′ → ηJ/ψ is bepaald op
(33.77± 0.22± 0.93) · 10−3 en (33.73± 0.20± 0.90) · 10−3 voor de vervalreacties J/ψ → e+e− en
J/ψ → µ+µ−, respectievelijk, hetgeen resulteert in een gecombineerde afsplitsfractie van (33.75±
0.17± 0.86) · 10−3. De afsplitsfractie van het isospinschendende proces ψ′ → π0J/ψ is bepaald
op (1.27± 0.03± 0.0.03) · 10−3 en (1.25± 0.03± 0.03) · 10−3, respectievelijk, hetgeen resulteert
in een gecombineerde afsplitsfractie van (1.26± 0.02± 0.03) · 10−3. Dit gecombineerde resultaat
is in overeenstemming met een eerder gepubliceerde meting van CLEO-c ([86]), en ligt binnen
twee standaardafwijkingen van het BESII-resultaat [145], maar met een significante verbetering
van de algehele precisie. Gebruikmakende van de gemeten afsplitsfracties, kon de verhouding

R = B(ψ′→π0J/ψ)
B(ψ′→ηJ/ψ) worden berekend, met een gevonden waarde van (3.74±0.06±0.04)%. Deze

waarde is ietwat lager dan het resultaat van CLEO (RCLEO=(3.88±0.23±0.05)%), en wijkt twee
standaardafwijkingen af van het BESII-resultaat (RBESII=(4.8±0.5)%), met een significante
verbetering van de algehele precisie. De huidige schatting van de verhouding van afsplitsfracties,
Rπ0/η, gevonden uit een niet-relativistische veldentheorie is (11 ± 6)% [41]. Deze waarde valt
binnen twee standaardafwijkingen van het experimentele resultaat. De theoretische waarde mist
echter precisie en het bestaande model behoeft verdere verbetering.

De tweede analyse, die werd getoond in Hoofdstuk 7, is de studie naar de isospinschendende
overgangen tussen de P - en S-golfcharmonia: χc0,2 → π0ηc. Deze overgangen zijn nog niet
eerder experimenteel onderzocht. De overgang χc1 → π0ηc is buiten beschouwing gelaten in
deze analyse, omdat het spin-pariteitbehoud schendt. Aangezien de P -golfcharmonia niet recht-
streeks geproduceerd kunnen worden in e+e− annihilaties, werden de χc0,2-toestanden bevolkt
via de fotonen overgangen van hogerliggende S-golftoestanden: ψ′ → γχc0,2. Het ηc-meson, de
grondtoestand van charmonium, werd gereconstrueerd uit zijn verval naar kaonen en pionen:
ηc → K0

sK
±π∓, met K0

s → π+π−. Het π0-meson is gereconstrueerd uit zijn verval naar een
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Figure 9.4: Isospinschendende overgangen in charmonium onder de DD̄-drempel. Rode pijlen
geven overgangen aan die bestudeerd zijn in dit werk. De blauwe pijl geeft de overgang weer die
eerder door BESIII [150] bestudeerd werd. De grijze gestreepte pijlen geven overgangen weer
die nog niet waargenomen zijn.

fotonpaar: π0 → γγ. We waren in staat om bovengrenzen te geven voor deze overgangen,
waar de waardes werden beperkt door een grote bijdrage van achtergrondkanalen met dezelfde
topologie als de kanalen waar we gëınteresseerd in zijn. De bijbehorende bovengrenzen voor de
afsplitsfracties van de processen χc0 → π0ηc en χc2 → π0ηc werden bepaald op respectievelijk
< 1.7 · 10−3 en < 3.4 · 10−3. De bovengrenzen voor de vervalbreedtes werden bepaald op
Γ(χc0 → π0ηc) < 18.8 keV en Γ(χc2 → π0ηc) < 7.1 keV, met een 90% betrouwbaarheids-niveau.
Deze uitkomsten zijn verenigbaar met de voorspellingen uit de NREFT-berekeningen [151].

Een veelvoorkomend probleem met EFT’s die ICML in acht nemen, is dat de waardes van de
koppelingsconstantes gΨDD̄ van charmoniumtoestanden naar D-mesonen onbekend zijn. Boven-
dien kunnen deze kopppelingsconstantes niet uit de vervalbreedtes worden gevonden voor toes-
tanden onder de DD̄-drempel, en dus moeten EFT’s zich beroepen op theoretische schattingen
van gΨDD̄. Dit feit bemoeilijkt de NREFT-voorspellingen voor verschillende charmoniumver-
valbreedtes, en metingen van de verhouding R van vervalbreedtes van de isospinschendende
overgangen in charmonium genieten momenteel de voorkeur bij theoreten. Daarom moeten se-
ries van isospinschendende overgangen in charmonium worden bestudeerd. Bovendien missen
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de voorspelde waardes van R precisie, aangezien de onzekerheid in de EFT-berekening tot de
leidende term evenredig is met de expansie parameter υ, de snelheid van zware hadronen in D-
mesonlussen. Vanuit ons oogpunt zijn hogere dan leidende-order theoretische berekeningen niet
haalbaar voordat de gehele verzameling van overgangen experimenteel met goede precisie zijn
bestudeerd. In dit proefschrift hebben we laten zien dat, voor de isospinschendende overgangen,
het BESIII-experiment haar limieten heeft bereikt. We hebben geschetst welke volgende studies
zouden moeten worden opgepikt door de toekomstige experimenten PANDA en Belle II.
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