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Abstract

Enormous progress in physics, both on experimental and theoretical side, enriched our knowl-

edge about the particles which build matter. Among those particles there are mesons, to which

this thesis is entirely devoted. The overwhelming majority of mesons is made of `conventional'

quark-antiquark pairs, but nowadays there is mounting evidence for `non-conventional' mesons,

such as tetraquarks, glueballs, hybrids, and molecules. The main aim of this thesis is to under-

stand the nature of some scalar and vector mesonic resonances which still remain puzzling and

need to be clari�ed.

After a short introduction concerning mesons in the context of Quantum Chromodynamics

(QCD), we present the theoretical formalism which we use throughout this work. Next, we

investigate two nonets of conventional (quark-antiquark) excited vector mesons. Within an

e�ective Quantum Field Theoretical (QFT) model we evaluate various decay channels of these

states and compare the results with existing experimental data listed in the Particle Data Group

(PDG). Moreover, we make predictions for a not-yet observed ss̄ state with 1 3D1 quantum

numbers.

Some non-conventional mesons can be understood by the mechanism of dynamical generation.

We show that the inclusion of a single conventional quark-antiquark seed in the relativistic

QFT Lagrangian may cause the appearance of an additional associated state as a dynamically

generated companion pole. This is a consequence of the strong coupling of the standard qq̄ seed

to its decay products generating quantum �uctuations which modify the propagator (and thus

the spectral function) of the original meson.

Along this line, we show that light scalar kaon K∗0 (700), which is not yet well understood,

emerges as a companion pole of the heavier qq̄ meson K∗0 (1430). Moreover, we show that the

enigmatic axial-vector resonance X(3872) in the charmonium sector can be interpreted as the

(virtual) companion pole of the conventional cc̄ state χc1(2P ).

By applying the same theoretical formalism to the vector charmonium sector, we study the

conventional cc̄ meson ψ(4040). We �nd out that an additional companion pole appears on

the complex plane. At �rst sight one may identify it with the puzzling enhancement Y (4008)

observed by the Belle Collaboration. However a detailed analysis reveals that an utterly di�erent

mechanism, independent of the existence of the companion pole, is responsible for the creation of

Y (4008). Hence, the bump associated with Y (4008) should not be interpreted as an independent

resonance, but rather as a manifestation of the strong coupling of ψ(4040) to the D∗D channel.
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Streszczenie

Pomimo ogromnego post¦pu w dziedzinie �zyki cz¡stek elementarnych wci¡» niewyja±nionych

pozostaje wiele kwestii, które mog¡ przyczyni¢ si¦ do lepszego zrozumienia budowy materii.

Spo±ród ogromnej liczby istniej¡cych cz¡stek, w niniejszej pracy uwag¦ skupiamy na konwencjon-

alnych oraz niekonwencjonalnych mezonach opisanych skalarnymi oraz wektorowymi liczbami

kwantowymi.

Mezony konwencjonalne, które w przyrodzie wyst¦puj¡ w zdecydowanej wi¦kszo±ci, skªadaj¡

si¦ z par kwark-antykwark. Znanych jest jednak coraz wi¦cej dowodów potwierdzaj¡cych istnienie

mezonów niekonwencjonalnych takich jak glueballe, hybrydy czy te» obiekty czterokwarkowe,

których budowa wykracza poza ten prosty schemat.

Stosuj¡c efektywne modele kwantowej teorii pola systematyzujemy wiedz¦ dotycz¡c¡ mezonów

konwencjonalnych, wyja±niamy natur¦ kilku zagadkowych mezonów niekonwencjonalnych oraz

dokonujemy licznych przewidywa« teoretycznych.

Zrozumieli±my, »e dwa nonety mezonów wektorowych, jeden ze wzbudzeniem radialnym za-

wieraj¡cym stany {ρ(1450), K∗(1410), ω(1420), φ(1680)}, drugi ze wzbudzeniem orbitalnym ze

stanami {ρ(1700), K∗(1680), ω(1650), φ(1959)}, bardzo dobrze wpisuj¡ si¦ w obraz konwencjon-

alny. Oprócz analizy szeregu kanaªów rozpadu dokonujemy przewidywa« dla nieodkrytego jeszcze

eksperymentalnie stanu ss̄ o liczbach kwantowych 1 3D1, w niniejszej pracy oznaczonego jako

φ(1959). Wykazali±my, »e poszukiwany stan rozpada si¦ gªównie do kanaªów K̄K∗(892) oraz

K̄K, ale mo»liwy jest równie» rozpad do pary γη. Taki wynik daje nadziej¦ na odkrycie mezonu

φ(1959) w trwaj¡cych eksperymentach GlueX i CLAS12 w Je�erson Lab.

Co dotyczy mezonów niekonwencjonalnych, pokazali±my, »e natur¦ niektórych z nich mo»na

zrozumie¢ poprzez mechanizm dynamicznej generacji biegunów stowarzyszonych.

Analiza sektora skalarnego potwierdziªa istnienie enigmatycznego stanu K∗0 (700), dopeªnia-

j¡cego nonet lekkich mezonów poni»ej energii 1 GeV. Nasze wyniki stanowi¡ dodatkowy i nieza-

le»ny dowód na to, »e K∗0 (700) powinien zosta¢ zaakceptowany w spisie cz¡stek elementarnych

w Particle Data Book jako odr¦bny mezon. Co wi¦cej, wykazali±my, »e K∗0 (700) mo»na in-

terpretowa¢ jako dynamicznie generowany biegun stowarzyszony do ci¦»szego konwencjonalnego

mezonu K∗0 (1430).

Podobna sytuacja ma miejsce w sektorze wektorowym, gdzie uwag¦ skupiamy na stanie

X(3872). Pomimo licznych dowodów eksperymentalnych potwierdzaj¡cych istnienie tego mezonu,

jego natura wci¡» pozostaje niewyja±niona. Nasza analiza pokazuje, »e X(3872) jest dynamicznie

generowanym, wirtualnym biegunem stowarzyszonym do konwencjonalnego stanu χc1(2P ), dla

którego równie» poczyniono przewidywania teoretyczne.

Stosuj¡c podobny formalizm, zbadali±my zagadkowy stan Y (4008), zaobserwowany w ekspery-

mencie przeprowadzonym przez kolaboracj¦ Belle. Bardziej szczegóªowa analiza pokazuje jednak,

»e Y (4008) nie jest realnym stanem a jedynie konsekwencj¡ silnego sprz¦»enia mezonu ψ(4040)

z p¦tl¡ DD∗ poprzez któr¡ ten rozpada si¦ w kanaª π+π−J/ψ. Dochodzimy do wniosku, »e nie

ka»da wypukªo±¢ pojawiaj¡ca si¦ w danych eksperymentalnych odpowiada realnej cz¡stce.
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Chapter 1

Introduction

1.1 Mesons in the framework of the quark model and beyond

A signi�cant number of states listed in the Particle Data Book (PDG) is identi�ed as strongly

interacting and extremely short-lived (τ ≈ 10−22 s) resonances. Since many decades their nature

and properties are extensively studied by both experimental and theoretical physicists. However,

some of these resonances still remain puzzling and need to be clari�ed. This is what we aim to

do in this thesis.

Mesonic resonances emerge as composite objects in the framework of Quantum Chromody-

namics (QCD) - the theory describing the quark-gluon strong interactions. Namely, although

quarks and gluons are the fundamental degrees of freedom in QCD, they cannot be observed as

free objects. Quarks are structureless fermionic (spin-1/2) particles that carry an electric and

color charges. At present, six types (�avors) of quarks are known to exist in nature: u (up), d

(down), s (strange), c (charm), b (bottom), and t (top). Each �avor may appear in one of three

possible colors, that are: red, green, and blue. For what concerns the gluons, they are eight

massless, bosonic (spin-1) color-charged particles. Yet, what the detectors can really observe are

the colorless combinations of quarks and gluons. These so-called �white� states are denoted as

hadrons.

How are they formed? The quark �elds interact strongly with each other via gluon �elds and

form bound states. Hadrons can be further classi�ed into

baryons: fermionic hadrons with baryon number B = 1 , (1.1)

and

mesons: bosonic hadrons with baryon number B = 0 . (1.2)

The baryon quantum number B, mentioned above, is de�ned as

B ≡ 1

3
[n(q)− n(q̄)] , (1.3)

where n(q) and n(q̄) are the numbers of quarks and antiquarks in a given hadron, respectively.

In addition, a conventional meson is a quark-antiquark (qq̄) object, while a conventional baryon
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consists of three quarks (qqq). Conventional mesons and baryons can be described by the quark

model [1]. Indeed, the vast majority of hadrons listed in the PDG can be understood as conven-

tional objects [2].

This thesis is entirely devoted to the study of some mesons. As clear from the de�nitions

in Eqs. (1.1) and (1.2) we recall that the only conditions that a strongly interacting particle

has to ful�ll to be a meson is a vanishing baryon number and integer spin. It follows that a

meson is not necessarily a bound state of one quark and one antiquark. As various experimental

results suggest, there are �white�, bosonic particles that do not consist of only one qq̄ pair. Still,

according to the de�nition of Eq. (1.2) they are also mesonic states. Such objects are called

non-conventional mesons. Among them one can distinguish multiquarks (including the most

popular four-quark objects such as tetraquarks and molecules), hybrids, and glueballs.

It is worthwhile to make a closer inspection of the internal structure of the non-conventional

states. A tetraquark is a complex structure built out of one diquark and one antidiquark (qq)-

(q̄q̄). Closely related are the mesonic molecules which consist of two quark-antiquark couples

(qq̄)-(qq̄). Moreover, hybrids are objects composed of a qq̄ pair with at least one additional

gluon (qq̄)-(g). The last objects, the glueballs, are made solely of gluons (gg or ggg). The

schematic illustration of conventional meson is shown in Figure 1.1, while the di�erent types of

non-conventional mesons are presented in Figure 1.2. Note, in both �gures we depict only the

�constituent� quarks and gluons. Next, we discuss quantum numbers. A conventional meson,

Figure 1.1: Schematic illustration of a conventional (quark-antiquark) meson.

where both constituents, the q and the q̄ carry spin 1
2 , can have two possible values of the spin

S, either S = 0 for antiparallel orientation of the quark spins, or S = 1 for the parallel one.

Another important quantum number of a meson is its spacial angular momentum L. Moreover,

S and L combine to give the total angular momentum J with J = |L−S|, |L−S+1|, . . . , |L+S|.
Having these three numbers and taking into account the principal quantum number n, one can

characterize conventional mesons by using the non-relativistic spectroscopic notation n 2S+1LJ .

In addition, one can describe mesons by parity P (P (qq̄) = (−1)L+1) and charge conjugation C

8



Figure 1.2: Schematic illustration of non-conventional mesons such as tetraquark (a), molecule

(b), hybrid (c), and glueballs (d).

(C(qq̄) = (−1)L+S). By using a relativistic notation, one can classify mesons into JPC multiplets

[3]. For instance, mesons characterized by L = S = 0 are pseudoscalars (JPC = 0−+) but those

with L = 0 and S = 1 are vectors (JPC = 1−−). The further systematic assignment of various

known mesonic states is presented in Table 1.1.

It should be stressed that the notation JPC is applied also to non-qq̄ mesons. Moreover,

there are some combinations of quantum numbers, as for example JPC = 0+−, JPC = 1−+ and

JPC = 2+−, which cannot be produced by qq̄ systems. However, such multiplets can be obtained

for non-conventional mesons, such as glueballs and hybrids.

9



States

Name S L J P C JPC n 2S+1LJ I = 1 I = 1
2 I = 0 I = 0

Pseudoscalar 0 0 0 − + 0−+ 1 1S0 π K η η′(958)

Vector 1 0 1 − − 1−− 1 3S1 ρ(770) K∗(892) φ(1020) ω(782)

Pseudovector 0 1 1 + − 1+− 1 1P1 b1(1235) K1B
† h1(1380) h1(1170)

Scalar 1 1 0 + + 0++ 1 3P0 a0(1450) K∗0 (1430) f0(1710) f0(1370)

Axial vector 1 1 1 + + 1++ 1 3P1 a1(1260) K1A
† f1(1420) f1(1285)

Tensor 1 1 2 + + 2++ 1 3P2 a2(1320) K∗2 (1430) f ′2(1525) f2(1270)

Pseudotensor 0 2 2 − + 2−+ 1 1D2 π2(1670) K2(1770)† η2(1870) η2(1645)

Excited vector 1 2 1 − − 1−− 1 3D1 ρ(1700) K∗(1680) ∗ ω(1650)

2−− Tensors 1 2 2 − − 2−− 1 3D2 ∗ K2(1820) ∗ ∗

3−− Tensors 1 2 3 − − 3−− 1 3D3 ρ3(1690) K∗3 (1780) φ3(1850) ω3(1670)

Excited vector 0 1 1 − − 1−− 2 3S1 ρ(1450) K∗(1410) φ(1680) ω(1420)

Table 1.1: Systematic assignment of some conventional light mesons according to their quantum

numbers: spin (S), angular momentum (L), total spin (J), parity (P), charge conjugation (C),

isospin (I) and principal number (n). Moreover, (*) stands for states which have not yet been

observed in experiment.

1.2 QCD

In this section we present some basic information concerning QCD. In particular, we describe

the QCD Lagrangian and discuss its most salient consequences: asymptotic freedom and quark

con�nement.

1.2.1 The QCD Lagrangian

The strong force binding quarks via gluons into hadrons is described by Quantum Chromody-

namics (QCD). Its Lagrangian includes the quark �elds qf (x) and, as a consequence of SU(3)c

gauge invariance, the gluon �eld Aµ(x) (mediating the strong interaction). It explicitly reads:

LQCD = q̄f (x)(iγµDµ −mf )qf (x)− 1

4
GaµνG

a,µν , (1.4)

where the sum over f, µ, ν, a is understood. The quark �elds are represented by four-component

Dirac spinors with space-time coordinates xµ = (t, x, y, z) and each appears in the fundamental

representation of the color gauge group SU(3)c. In fact, qf (x) can be understood as a 12-

component spinor. Moreover, the index f stands for the �avor of the quarks with bare quark

mass mf , respectively, and can be: up (u), down (d), strange (s), charm (c), bottom (b) and top

(t).
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The coupling between the quark �elds qf (x) and the gluon �eld Aµ(x) is contained in the

gauge covariant derivative, de�ned as

Dµ = ∂µ − igAµ , (1.5)

where g is the gauge coupling constant of QCD. The gluon �eld which mediates the strong

interaction is represented by a 3×3 matrix Aµ(x), where µ = 0, 1, 2, 3 is the Lorentz index. This

matrix can be expressed as

Aµ(x) = taAaµ(x) (a = 1, . . . , 8) (1.6)

by using the generators of the SU(3) group ta = λa

2 , where λa are the Gell-Mann matrices.

The last term of the Lagrangian, known also under the name Yang-Mills Lagrangian, stands

for the kinetic energy of the gluons as well as their self-interactions. In terms of the gluon �eld,

the strength tensor reads:

Gaµν = ∂µA
a
ν − ∂νAaµ + gfabcAbµA

c
ν , (1.7)

where the quantities fabc for (a, b, c = 1, . . . , 8) are the antisymmetric structure constant of SU(3)

[4].

In Figure 1.3 we present the tree-level Feynman diagrams of the QCD Lagrangian of Eq.

(1.4). In panel (a) one can observe the vertex corresponding to the interaction between quarks

Figure 1.3: Feynman diagrams of QCD. The quarks and antiquarks are marked by the straight

solid lines, while gluons by the spiral lines.

and gluons. Panels (b) and (c) describe the gluonic self-interactions, with three- and four-gluon

vertices, respectively.

1.2.2 The Properties

The QCD theory has two speci�c features: con�nement and asymptotic freedom. The �rst

property, i.e the con�nement, states that quarks and gluons cannot be observed in nature as

isolated objects. What really hits the detectors are states which are neutral in color charge. It is

not possible to separate the quarks con�ned in hadrons, since for increasing distance, the strong
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force between them does not decrease. At most, one may produce additional hadrons when qq̄

pairs are created out of the QCD vacuum. Simulations of QCD on the computer (lattice QCD)

as well as theoretical approaches and experiments show that con�nement is a physical fact, yet

a rigorous mathematical proof does not exist currently [5].

The second property, i.e asymptotic freedom, means that the interaction between the quarks

gets weaker as the distance gets shorter. This striking discovery brought the Nobel Prize in 2004

[6].

1.3 Natural units

In this thesis we use natural units, since it is convenient and rather common for the �eld of

particle physics. According to this convention, two fundamental constants, the velocity of light

in vacuum (c) and the Planck's constant (} = h
2π ), are set to unity:

c = } = 1 . (1.8)

In this system, } and c are the fundamental units of action (and angular momentum at the same

time) and velocity, respectively. Moreover, the energy is given in GeV, where 1 GeV roughly

corresponds to the mass of the proton at rest. As a consequence, the dimensions of all basic

quantities (energy, mass, momentum, length, time) are expressed in terms of relevant powers of

GeV:

[energy] = [mass] = [momentum] = [length]−1 = [time]−1.

1.4 Resonances and Breit-Wigner parameterization

In this section we make some general remarks on resonances. This aspect is important since

resonances play a crucial role in our theoretical analysis. The term �resonance� refers to an

unstable and short-living state like most mesons are. In fact, such mesons cannot be directly

measured in experiments because they live only for an extremely short time (τ ≈ 10−22 s). It

means that they decay during the propagation from the source to the detector. The existence of

resonances is deduced by the study of their decay products (such as pions, photons and leptons)

which are much more long-lived/stable.

The mean lifetime of a given resonance (τ) is connected with the decay width (Γ) through

the relation:

Γ =
1

τ
. (1.9)

One should stress that a resonance does not have a de�nite value of mass. It rather possesses a

mass distribution, which in the case of an isolated resonance can be well approximated by the

non-relativistic Breit-Wigner formula (see e.g. Ref. [3] and refs. therein):

ds,BW (m) =
Γ

2π

1

(m−M)2 + Γ2

4

, (1.10)
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where M stands for the mass and corresponds to the maximum of the peak. In Figure 1.4 we

present the shape of the Breit-Wigner distribution.

Figure 1.4: Shape of the Breit-Wigner distribution.

Interestingly, Eq. (1.10) has a pole for the complex value of m given by

mpole = M − iΓ

2
. (1.11)

In general, there are many di�erent de�nitions for the mass of a resonance, which relay on its

propagator ∆(s), where s is the squared four-momentum of the unstable particle (for details see

later on). One of them is the so-called Breit-Wigner mass (mBW ), that is de�ned as the zero of

the real part of the inverse propagator:

Re[∆−1(s = m2
BW )] = 0 . (1.12)

Another commonly used de�nition of the mass of the resonance is obtained from the coordinates

of the propagator poles (on its second Riemann sheet, see Chapter 4)

∆−1(s = spole) = 0 (1.13)

leading to the relation:
√
spole = mpole − i

Γpole

2
, (1.14)

see Eq. (1.11). This means that according to this de�nition the mass of the resonance corresponds

to the real part of the pole while the total decay width can be found by doubling the imaginary

part of it.

One should also remind that the relativistic extension of Breit-Wigner distribution is possible

and sometimes useful. It takes the form:

drels,BW (m) =
2M

π

MΓ

(m2 −M2)2 +M2Γ2
. (1.15)
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The latter expression does also have a pole for

mpole =
√
M2 − iMΓ 'M − iΓ

2
, (1.16)

in agreement with the previous discussion.
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Based on the talk given at 8th International Winter Workshop �Excited QCD� 2016 in

Costa da Caparica (Portugal) (6-12.03.2016)

14
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for a yet unknown vector ss̄ state with a mass of about 1.93 GeV,� EPJ Web Conf. 18
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tive models,� to be published in Acta Physica Polonica B - Proceedings Supplement

[arXiv:2004.09970 [hep-ph]].
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1.6 Organization of the thesis

The structure of the thesis is as follows: In Chapter 1 we brie�y characterize the mesons, includ-

ing the classi�cation according to their conventional and non-conventional nature. Moreover,

we provide some general information about QCD, the underlying theory of quark-gluon strong

interactions. In Chapter 2 we discuss in detail the basic aspects concerning the kinematics of the

two-body decay. In Chapter 3 we perform the phenomenological study of two nonets of excited

qq̄ vector mesons. In particular, by applying our e�ective model we make some predictions for

the undiscovered ss̄ resonance described by 1 3D1 quantum numbers. In Chapter 4, using the

example of the conventional vector state K∗(892), we introduce a theoretical approach devoted

to the study of the spectral functions and pole positions of resonances. The same model, with

small modi�cations, is also used in Chapter 5, where we investigate the scalar kaonic sector and

show that the K∗0 (700) state can be understood as a companion pole of the heavier qq̄ reso-

nance K∗0 (1430). Moreover, within the same theoretical setup, in Chapter 6 we consider the
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conventional vector charmonium state ψ(4040) and describe the puzzling enhancement Y (4008).

Later on, in Chapter 7 the idea of dynamical generation is incorporated to explain the nature of

X(3872). We summary and present our main conclusions in Chapter 8.

1.7 Presentation of the main results

1. By employing an e�ective QFT model we study two nonets of excited vector mesons,

the �rst one with radial excitations involving the states {ρ(1450), K∗(1410), ω(1420),

φ(1680)} and the second with orbital excitations and the corresponding states {ρ(1700),

K∗(1680), ω(1650), φ(1959)}. We explore numerous strong and radiative decay channels

and branching ratios related to both nonets and con�rm that they accommodate well into

the conventional quark-antiquark assignment.

2. We make predictions for the so far undiscovered state φ(1959) belonging to the nonet of

orbitally excited vector mesons. We obtain that the main decay channels of this resonance

are into K̄K∗(892)+h.c. and K̄K meson pairs; φ(1959)→ γη is also an interesting channel.

It may be possible to con�rm the existence of φ(1959) at the ongoing GlueX and CLAS12

experiments carried at the Je�erson Lab.

3. We study the non-conventional scalar state K∗0 (700) that very recently has been added to

the summary table of PDG, with the annotation that con�rmation is needed. We show

that this resonance emerges due to the mechanism of dynamical generation. It appears

as a companion pole of the heavier conventional qq̄ resonance K∗0 (1430) characterized by

the same set of quantum numbers. Moreover, we determine the coordinates of the pole of

K∗0 (700) on the complex plane. Our results represent an additional and independent proof

of the existence of K∗0 (700). We underline that this state should be added to the particle

listings as a well-established meson.

4. We investigate the putative state Y (4008) observed by the Belle Collaboration in order

to explain its puzzling nature. Following the idea of dynamical generation we study the

system in which a conventional cc̄ seed state corresponding to ψ(4040) is included in the

Lagrangian. Our analysis reveals that two poles emerge on the complex plane. One of

them corresponds to ψ(4040) resonance, but the second one cannot be identi�ed with

Y(4008) because of signi�cant discrepancies with the experimental data. Here, a di�erent

mechanism takes place. The broad enhancement observed in the spectral function appears

in the J/ψπ+π− channel when considering the decay of ψ(4040) through an intermediate

DD∗ loop. We conclude that Y (4008) is not a real state, but rather a manifestation of the

strong coupling of the DD∗ to ψ(4040) in a particular channel.

5. We show that the enigmatic and widely discussed state X(3872) can be understood as a

virtual companion pole of the yet undiscovered χc1(2P ) resonance. It appears as the e�ect

of dressing the χc1(2P ) seed state by DD∗ loop. The obtained spectral function has a
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non-trivial shape due to the narrow and sharp peak located at its lowest D0D
∗
0 threshold

that can be identi�ed with the X(3872) meson. In turn, the cc̄ seed state in the spectral

function is visible as a broad peak, which for some set of parameters may even disappear.

This can possibly explain why χc1(2P ) could not be found in experiments so far. In the

complex plane one always has two well de�ned poles: one for the cc̄ seed state in agreement

with quark model predictions and the second (virtual) pole for the X(3872) located just

below the lowest D0D
∗
0 threshold.
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Chapter 2

Basics of the two-body decay system

2.1 Introduction

In this chapter we present in detail the kinematic basics of two-body decay systems, which

we need for a proper description of the resonances. We start from the general formula of the

three-momentum for two-body decays and then we derive the relevant expressions for the decay

widths.

2.2 Kinematics of two-body decays

Let us consider the decay process of the type S → ϕ1ϕ2 (see Figure 2.1) in the rest frame of

the decaying particle S with four-momentum pµS = (M0,~0). The emitted particles ϕ1 and ϕ2

have four-momenta Kµ
ϕ1 ≡ (E1,~k1) = (

√
k2

1 +m2
1,
~k1) and Kµ

ϕ2 ≡ (E2,~k2) = (
√
k2

2 +m2
2,
~k2),

respectively.

Figure 2.1: Schematic illustration of the process S → ϕ1ϕ2.

The four-momentum conservation law

pµS = Kµ
ϕ1

+Kµ
ϕ2

, (2.1)

leads to the relations
~0 = ~k1 + ~k2 , (2.2)
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and

M2
0 = m2

1 +m2
2 + 2~k2 + 2

√
(~k2 +m2

1)(~k2 +m2
2) , (2.3)

where the quantity ~k in Eq. (2.3) is related to ~k1 and ~k2 in the following way:

~k = ~k1 = −~k2 . (2.4)

We then obtain the modulus of the three-momentum of the particle ϕ1 (or ϕ2) reads as

|~k| = 1

2M0

√
M4

0 + (m2
1 −m2

2)2 − 2M2
0 (m2

1 +m2
2) , (2.5)

valid for M0 ≥ m1 + m2. Namely, for M0 < m1 + m2 the decay cannot take place since it is

kinematically forbidden.

For m1 = m2 = m, |~k| simpli�es to the formula

|~k| =
√
M2

0

4
−m2 . (2.6)

2.3 Determination of the decay widths

2.3.1 Vector → pseudoscalar + pseudoscalar

There are numerous examples of this kind of decay:

ψ(4040)→ D+D−, ψ(4040)→ D0D̄0,

ρ(1450)→ K̄K, ρ(1450)→ ππ,

K∗(1410)→ Kπ, K∗(1410)→ Kη,

K∗(1410)→ Kη′, ω(1420)→ K̄K,

φ(1680)→ K̄K, ρ(1700)→ K̄K,

ρ(1700)→ ππ, K∗(1680)→ Kπ,

K∗(1680)→ Kη, K∗(1680)→ Kη′,

ω(1650)→ K̄K, φ(1959)→ K̄K.

The calculations shown below refer to the decay of the ψ(4040) state into two charged scalar

states (D+, D−) in the rest frame of the decaying particle (see Figure 2.2). For the neutral case

(decay into D0, D̄0) the procedure is analogous.

The corresponding Lagrangian for the considered process is expressed as

LchargedψDD = igψDDψµ((∂µD+)D− − (∂µD−)D+) . (2.7)
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Figure 2.2: Schematic decay of ψ(4040) into D+D− (D0D̄0).

The following notation is used:

1. Four-momenta of the particles:

pµψ =
(
mψ,~0

)
; (2.8)

kµ
D+ =

(
ED+ ,~k

)
=

(√
m2
D+ + |~k|2,~k

)
; (2.9)

kµ
D− =

(
ED− ,−~k

)
=

(√
m2
D− + |~k|2,−~k

)
. (2.10)

2. Energy:

mψ = ED+ + ED− . (2.11)

For mD+ = mD− we have

ED+ =

√
m2
D+ + |~k|2 = ED− = E =

mψ

2
. (2.12)

3. Momentum:

|~k| =

√
m2
ψ

4
−m2

D+ . (2.13)

4. Useful relations:

kψkD+ = mψE = kψkD− ; (2.14)

k2
D+ = m2

D+ = k2
D− ; (2.15)

kD+kD− = E2 + |~k|2 =
m2
ψ

4
+ |~k|2 . (2.16)

20



The total width for the two-body decay reads [7]:

Γψ→D+D− =
|~k|

8πm2
ψ

|M|2 . (2.17)

In order to obtain the decay width it is necessary to determine the amplitude of the decay process

denoted asM, which can be written as

−iM = igψDDεψ,µ(ikµ
D+ − ikµD−) , (2.18)

whose modulus squared reads:

| − iM|2 =
1

3
g2
ψDD

∑
λ1

εψ,µ(λ1)εψ,ν(λ1)(kµ
D+ − kµD−)(kνD+ − kνD−)

=
g2
ψDD

3

(
−gµν +

kψµkψν
m2
ψ

)(
kµ
D+ − kµD−

)
(kνD+ − kνD−)

=
g2
ψDD

3

(
(kψkD+ − kψkD−)2

m2
ψ

−
(
k2
D+ + k2

D− − 2kD+kD−
))

=
g2
ψDD

3

(
2kD+kD− − 2m2

D+

)
= 2

g2
ψDD

3

(
|~k|2 +

m2
ψ

4
−m2

D+

)
=

4

3
g2
ψDD|~k|2 . (2.19)

Finally, the decay width reads

Γψ→D+D− =
|~k|

8πm2
ψ

4

3
g2
ψDD|~k|2 =

|~k|3

6πm2
ψ

g2
ψDD . (2.20)

2.3.2 Vector → pseudoscalar + vector

As examples of this kind of decay we mention:

ψ(4040)→ D∗(2007)0D̄0 + h.c, ψ(4040)→ D∗(2010)+D− + h.c.

This subsection contains the calculation of the tree-level decay width into charged particles (see

Figure 2.3).

Figure 2.3: Schematic decay of ψ(4040) into D∗+D− (D∗−D+).
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The following relations hold:

1. Four-momenta:

pµψ =
(
Eψ,~0

)
=
(
mψ,~0

)
; (2.21)

kµD∗ =
(
ED∗ ,~k

)
=

(√
m2
D∗ + |~k|2,~k

)
; (2.22)

kµD =
(
ED,−~k

)
=

(√
m2
D + |~k|2,−~k

)
. (2.23)

2. Energy and momentum conservations:

mψ = ED∗ + ED ; (2.24)

mψ =

√
m2
D∗ + |~k|2 +

√
m2
D + |~k|2 ; (2.25)

|~k| =

√(
m2
ψ −m2

D∗ −m2
D

)2
− 4m2

D∗m
2
D

2mψ
. (2.26)

3. Useful relations:

kD∗kψ = ED∗Eψ − ~kD∗~kψ =

√
m2
D∗ + |~k|2mψ . (2.27)

The Lagrangian for the charged decay mode is:

LψD∗D = igψD∗Dψ̃µν
(
D∗µν+D− −D∗µν−D+

)
+ igψD∗Dψ̃µν

(
D∗µν0D̄0 − D̄∗µν0D0

)
, (2.28)

where ψ̃µν is the dual vector �eld de�ned as

ψ̃µν =
1

2
εµνρσψ

ρσ =
1

2
εµνρσ (∂ρψσ − ∂σψρ) = εµνρσ∂

ρψσ , (2.29)

hence the charged part of the Lagrangian takes the form

LchargedψD∗D = igψD∗Dεµνρσ∂
ρψσ

[(
∂µD∗+ν − ∂νD∗+µ

)
D− −

(
∂µD∗−ν − ∂νD∗−µ

)
D+
]

= igψD∗D2εµνρσ
[
∂ρψσ

(
∂µD∗+νD− − ∂µD∗−νD+

)]
. (2.30)

The next step is to determine the amplitude of the decay process into charged particles. The

calculation for ψ(4040)→ D∗+D− at tree-level is shown below. According to the Feynman rules

the amplitude −iM takes the form

−iMD∗+D− = i2gψD∗Dεµνρσε
ν
D∗+k

µ
D∗+ε

σ
ψk

ρ
ψ , (2.31)

and similarly for ψ(4040)→ D∗−D+

−iMD∗−D+ = i2gψD∗Dεµνρσε
ν
D∗−k

µ
D∗−ε

σ
ψk

ρ
ψ . (2.32)
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Then summarizing:

| − iMD∗+D− |2 = 4g2
ψD∗D

1

3

∑
λ1,λ2

εµ1µ2µ3µ4k
µ1

D∗+ε
µ2

D∗+(λ1)kµ3

ψ ε
µ4

ψ (λ2)εν1ν2ν3ν4k
ν1

D∗+ε
ν2

D∗+(λ1)kν3
ψ ε

ν4
ψ (λ2)

=
4

3
g2
ψD∗Dεµ1µ2µ3µ4εν1ν2ν3ν4k

µ1

D∗k
ν1
D∗k

µ3

ψ k
ν3
ψ

∑
λ1

εµ2

D∗(λ1)εν2
D∗(λ1)

∑
λ2

εµ4

ψ (λ2)εν4
ψ (λ2)

=
4

3
g2
D∗Dεµ1µ2µ3µ4εν1ν2ν3ν4k

µ1

D∗k
ν1
D∗k

µ3

ψ k
ν3
ψ

(
−gµ2ν2 +

kµ2

D∗k
ν2
D∗

m2
D∗+

)(
−gµ4ν4 +

kµ4

ψ k
ν4
ψ

m2
ψ

)
=

4

3
g2
ψD∗Dεµ1µ2µ3µ4εν1ν2ν3ν4g

µ2ν2gµ4ν4kµ1

D∗k
ν1
D∗k

µ3

ψ k
ν3
ψ +

−4

3
g2
ψD∗Dεµ1µ2µ3µ4εν1ν2ν3ν4k

µ1

D∗k
ν1
D∗g

µ2ν2
kµ3

ψ k
µ4

ψ k
ν3
ψ k

ν4
ψ

m2
ψ

+

−4

3
g2
ψD∗Dεµ1µ2µ3µ4εν1ν2ν3ν4

kµ1

D∗k
µ2

D∗k
ν1
D∗k

ν2
D∗

m2
D∗+

kµ3

ψ k
ν3
ψ g

µ4ν4 +

+
4

3
g2
ψD∗Dεµ1µ2µ3µ4εν1ν2ν3ν4

kµ1

D∗k
µ2

D∗k
ν1
D∗k

ν2
D∗

m2
D∗+

kµ3

ψ k
µ4

ψ k
ν3
ψ k

ν4
ψ

m2
ψ

. (2.33)

The obtained result can be signi�cantly simpli�ed becuse only the �rst term is nonzero, while the

other terms vanish because they involve products of an antisymmetric tensor with a symmetric

one. For example, in the second term we have the following quantity:

εµ1µ2µ3µ4k
µ3

ψ k
µ4

ψ X
µ1µ2 = ε0123k

2
ψk

3
ψX

01 + ε0132k
3
ψk

2
ψX

01 + ε1023k
2
ψk

3
ψX

10 +

+ε1032k
3
ψk

2
ψX

10 + . . . = 0 , (2.34)

where

Xµ1µ2 = −4

3
g2
ψD∗Dεν1ν2ν3ν4k

µ1

D∗k
ν1
D∗g

µ2ν2
kν3
ψ k

ν4
ψ

m2
ψ

. (2.35)

Alternatively, one can reach the same conclusion in a general way:

εµ1µ2µ3µ4k
µ3kµ4Xµ1µ2 = εµ1µ2µ4µ3k

µ4kµ3Xµ1µ2 = −εµ1µ2µ3µ4k
µ3kµ4Xµ1µ2 ⇒

⇒ 2εµ1µ2µ3µ4k
µ3kµ4Xµ1µ2 = 0 , (2.36)

which vanishes because it contains a product of the antisymmetric Levi-Civita tensor and

the symmetric tensor kµkν . Similarly, one can show that the third and the fourth terms vanish.

After this simpli�cation and renaming the indexes µ2 ↔ µ3 and ν2 ↔ ν3 (this does not

change the value of the expression), | − iMD∗+D− |2 takes the form

| − iMD∗+D− |2 =
4

3
g2
ψD∗Dεµ1µ3µ2µ4εν1ν3ν2ν4g

µ2ν2gµ4ν4kµ1

D∗+k
ν1

D∗+k
µ3

ψ k
ν3
ψ

=
4

3
g2
ψD∗Dε

ν2ν4
µ1µ3

εν1ν3ν2ν4k
µ1

D∗+k
ν1

D∗+k
µ3

ψ k
ν3
ψ . (2.37)

In order to make the next steps clear, we use the following general property of εαβγδ (four

dimensional Levi-Civita in Minkowski space):

εαβγδερσγδ = −2δαβρσ =

∣∣∣∣∣ δαρ δασ

δβρ δβσ

∣∣∣∣∣ = −2
(
δαρ δ

β
σ − δασ δβρ

)
. (2.38)
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Consider now that:

gα′αgβ′βε
αβγδερσγδ = ε γδ

α′β′ ερσγδ . (2.39)

Then, after using Eq. (2.38), one has:

gα′αgβ′βε
αβγδερσγδ = −2gα′αgβ′β

(
δαρ δ

β
σ − δασ δβρ

)
= −2

(
gα′ρgβ′σ − gα′σgβ′ρ

)
, (2.40)

which leads to the formula

ε γδ
α′β′ ερσγδ = −2

(
gα′ρgβ′σ − gα′σgβ′ρ

)
. (2.41)

Based on the above expressions, the amplitude square | − iMD∗+D− |2 of the decay ψ(4040) →
D∗+D− can be expressed as:

| − iMD∗+D− |2 = −8

3
g2
ψD∗D (gµ1ν1gµ3ν3 − gµ1ν3gµ3ν1) kµ1

D∗+k
ν1

D∗+k
µ3

ψ k
ν3
ψ

= −8

3
g2
ψD∗D

(
k2
D∗+k

2
ψ − (kD∗+kψ)2

)
=

8

3
g2
ψD∗D

(
(kD∗kψ)2 −m2

D∗+m
2
ψ

)
=

8

3
g2
ψD∗D

((
mψ

√
m2
D∗+ + |~k|2

)2

−m2
D∗+m

2
ψ

)
=

8

3
g2
ψD∗D

(
m2
ψ

(
m2
D∗+ + |~k|2

)
−m2

D∗+m
2
ψ

)
=

8

3
g2
ψD∗Dm

2
ψ|~k|2 . (2.42)

Note, the expression for the decay channel ψ(4040)→ D∗−D+ is the same.

Finally, the tree-level decay width for the charged decay channels (two in total) is

ΓD∗+D−+h.c. = 2
|~k|

8πm2
ψ

[
8

3
g2
ψD∗D|~k|2m2

ψ

]
=

2

3

|~k|3

π
g2
ψD∗D . (2.43)

2.3.3 Vector → vector + vector

As examples of this kind of decay we mention:

ψ(4040)→ D∗(2007)0D̄∗(2007)0, ψ(4040)→ D∗(2010)+D∗(2010)−.

The calculations shown in this subsection refer to the decay of ψ(4040) into D∗+D∗− particles

(see Figure 2.4).

Figure 2.4: Schematic decay of ψ(4040) into D∗+D∗− (D∗0D̄∗0).
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Notation and relations:

1. Four-momenta:

pµψ =
(
Eψ,~0

)
=
(
mψ,~0

)
; (2.44)

kµ
D∗+ =

(
E+,~k

)
=

(√
m2
D∗+ + |~k|2,~k

)
; (2.45)

kµ
D∗− =

(
E−,~k

)
=

(√
m2
D∗− + |~k|2,−~k

)
=

(√
m2
D∗+ + |~k|2,−~k

)
. (2.46)

because mD∗+ = mD∗− .

2. Energy:

mψ = E+ + E− ; (2.47)

E+ =
√
m2
D∗+ + |k|2 = E− = E =

mψ

2
. (2.48)

3. Momentum:

|~k| =

√
m2
ψ − 4m2

D∗+

2
. (2.49)

4. Useful relations:

kψkD+ = kψkD− = mψE =
m2
ψ

2
; (2.50)

kD+kD− = E2 + |k|2 =
m2
ψ

4
+ |k|2 ; (2.51)

k2
D∗+ = k2

D∗− = m2
D∗+ ; (2.52)

k2
ψ = m2

ψ . (2.53)

The Lagrangian

LψD∗D∗ = igD∗D∗
[
ψµν

(
D∗+µD∗−ν −D∗−µD∗+ν

)
+ ψµν

(
D∗0µD̄∗0ν − D̄∗0µD∗0ν

)]
, (2.54)

where ψµν = ∂µνψν − ∂νψµ . Using Feynman rules:

−iM = 2gψD∗D∗
(
εµ+ε

ν
− − εν+ε

µ
−
)
εψνkψµ , (2.55)
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where the following assignements are employed: εµ
D∗+ ≡ ε

µ
+ and εµ

D∗− ≡ ε
µ
− . Then:

|M|2 =
1

3
4gψD∗D∗

∑
λ1,λ2,λ3

[
(
εµ+(λ1)εν−(λ2)− εν+(λ1)εµ−(λ2)

)
εψν(λ3)kψµ ·

·
(
εα+(λ1)εβ−(λ2)− εβ+(λ1)εα−(λ2)

)
εψβ(λ3)kψα]

=
4

3
g2
ψD∗D∗

∑
λ1,λ2,λ3

[εµ+(λ1)εα+(λ1)εν−(λ2)εβ−(λ2) +

− εµ+(λ1)εβ+(λ1)εν−(λ2)εα−(λ2)− εν+(λ1)εα+(λ1)εµ−(λ2)εβ−(λ2) +

+ εν+(λ1)εβ+(λ1)εµ−(λ2)εα−(λ2)]εψν(λ3)εψβ(λ3)kψµkψα . (2.56)

Going on:

|M|2 =
4

3
g2
ψD∗D∗

[(
−gµα +

kµ
D+k

α
D+

m2
D∗+

)(
−gνβ +

kνD−k
β
D−

m2
D∗+

)

−

(
−gµβ +

kµ
D+k

β
D+

m2
D∗+

)(
−gνα +

kνD−k
α
D−

m2
D∗+

)
−
(
−gνα +

kνD+k
α
D+

m2
D∗+

)(
−gµβ +

kµ
D−k

β
D−

m2
D∗+

)

+

(
−gνβ +

kνD+k
β
D+

m2
D∗+

)(
−gµα +

kµ
D−k

α
D−

m2
D∗+

)](
−gνβ +

kψ,νkψ,β
m2
ψ

)
kψµkψα . (2.57)

The previous expression consists of four terms which are considered separately in the following

(for simplicity we omit · between Lorentz vectors):

|M|2(1) =
4

3
g2
ψD∗D∗kψµkψα

(
−gµα +

kµ
D+k

α
D+

m2
D∗+

)(
−gνβ +

kνD−k
β
D−

m2
D∗+

)(
−gνβ +

kψ,νkψ,β
m2
ψ

)

=
4

3
g2
ψD∗D∗

(
−k2

ψ +
(kψkD+)2

m2
D∗+

)(
4−

k2
ψ

m2
ψ

−
k2
D−

m2
D∗+

+
(kψkD−)2

m2
D∗+m

2
ψ

)

=
4

3
g2
ψD∗D∗

(
−k2

ψ +
(kψkD+)2

m2
D∗+

)(
2 +

(kψkD−)2

m2
ψm

2
D∗+

)

=
4

3
g2
ψD∗D∗

(
−k2

ψ +
(kψkD+)2

m2
D∗+

)2 +
m2
ψ

(
|k|2 +m2

D∗c

)
m2
ψm

2
D∗+


=

4

3
g2
ψD∗D∗

(
−k2

ψ +
(kψkD+)2

m2
D∗+

)(
3 +

|k|2

m2
D∗+

)
; (2.58)
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|M|2(2) = −4

3
g2
ψD∗D∗kψµkψα

(
−gµβ +

kµ
D+k

β
D+

m2
D∗+

)(
−gνα +

kνD−k
α
D−

m2
D∗+

)(
−gνβ +

kψ,νkψ,β
m2
ψ

)

= −4

3
g2
ψD∗D∗

(
−gνβ +

kψ,νkψ,β
m2
ψ

)(
−kβψ +

kψkD+kβ
D+

m2
D∗+

)(
−kνψ +

kψkD−k
ν
D−

m2
D∗+

)

= −4

3
g2
ψD∗D∗

(
kψ,ν −

kψkD+kD+,ν

m2
D∗+

−
kψ,νk

2
ψ

m2
ψ

+
(kψkD+)2 kψ,ν
m2
ψm

2
D∗+

)(
−kνψ +

kψkD−k
ν
D−

m2
D∗+

)

= −4

3
g2
ψD∗D∗

(
(kψkD+)2

m2
D∗+

−
(kψkD+)2 k2

ψ

m2
ψm

2
D∗+

−
(kψkD+) (kψkD−) (kD+kD−)

m4
D∗+

+

+
(kψkD+)2 (kψkD−)2

m2
ψm

4
D∗+

)
= −4

3
g2
ψD∗D∗

(
−

(kψkD+) (kψkD−) (kD+kD−)

m4
D∗+

+

+
(kψkD+)2 (kψkD−)2

m2
ψm

4
D∗+

)
; (2.59)

|M|2(3) = −4

3
g2
ψD∗D∗kψµkψα

(
−gνα +

kνD+k
α
D+

m2
D∗+

)(
−gµβ +

kµ
D−k

β
D−

m2
D∗+

)(
−gνβ +

kψ,νkψ,β
m2
ψ

)

= −4

3
g2
ψD∗D∗

(
−gνβ +

kψ,νkψ,β
m2
ψ

)(
−kνψ +

kψkD+kνD+

m2
D∗+

)(
−kβψ +

kψkD−k
β
D−

m2
D∗+

)

= −4

3
g2
ψD∗D∗

(
kψ,β −

kψkD+kD+,β

m2
D∗+

−
k2
ψkψ,β

m2
ψ

+
(kψkD+)2 kψ,β
m2
ψm

2
D∗+

)(
−kβψ +

kψkD−k
β
D−

m2
D∗+

)

= −4

3
g2
ψD∗D∗

(
(kψkD+)2

m2
D∗+

−
k2
ψ (kψkD+)2

m2
ψm

2
D∗+

−
(kψkD+) (kψkD−) (kD+kD−)

m4
D∗+

+

+
(kψkD+)2 (kψkD−)2

m2
ψm

4
D∗+

)
= −4

3
g2
ψD∗D∗

(
−

(kψkD+) (kψkD−) (kD+kD−)

m4
D∗+

+

+
(kψkD+)2 (kψkD−)2

m2
ψm

4
D∗+

)
; (2.60)

|M|2(4) =
4

3
g2
ψD∗D∗kψµkψα

(
−gµα +

kµ
D−k

α
D−

m2
D∗+

)(
−gνβ +

kνD+k
β
D+

m2
D∗+

)(
−gνβ +

kψ,νkψ,β
m2
ψ

)

=
4

3
g2
ψD∗D∗

(
−k2

ψ +
(kψkD−)2

m2
D∗+

)(
4−

k2
ψ

m2
ψ

−
k2
D+

m2
D∗+

+
(kψkD+)2

m2
ψm

2
D∗+

)

=
4

3
g2
ψD∗D∗

(
−k2

ψ +
(kψkD−)2

m2
D∗+

)(
2 +

(kψkD+)2

m2
ψm

2
D∗+

)

=
4

3
g2
ψD∗D∗

(
−k2

ψ +
(kψkD−)2

m2
D∗+

)(
2 +

m2
ψ

(
|k|2 +m2

D∗+

)
m2
ψm

2
D∗+

)

=
4

3
g2
ψD∗D∗

(
−k2

ψ +
(kψkD−)2

m2
D∗+

)(
3 +

|k|2

m2
D∗+

)
. (2.61)
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Finally:

|M|2 = 2
4

3
g2
ψD∗D∗

[
(kψkD−)2 (kD+kD−)

m4
D∗+

−
(kψkD+)4

m2
ψm

4
D∗+

−

(
k2
ψ −

(kψkD+)2

m2
D∗+

)(
3 +

|k|2

m2
D∗c

)]

= 2
4

3
g2
ψD∗D∗

[
m4
ψ

4m4
D∗+

(
m2
ψ

4
+ |k|2

)
−

m8
ψ

16m4
D∗+m

2
ψ

−

(
m2
ψ −

m4
ψ

4m2
D∗+

)(
3 +

|k|2

m2
D∗+

)]

= 2
4

3
g2
ψD∗D∗

[
m4
ψ|k|2

4m4
D∗+

+
m2
ψ

m2
D∗+

(
m2
ψ

4
−m2

D∗+

)(
3 +

|k|2

m2
D∗+

)]

= 2
4

3
g2
ψD∗D∗

[
m4
ψ|k|2

4m4
D∗+

+
m2
ψ|k|2

m2
D∗+

(
3 +

|k|2

m2
D∗c

)]

= 2
4

3
g2
ψD∗D∗

[
m2
ψ

(
|k|2 +m2

D∗+

)
|k|2

m4
D∗+

+
3m2

ψ|k|2

m2
D∗+

+
m2
ψ|k|4

m4
D∗+

]

=
4

3
g2
ψD∗D∗

[
4
m2
ψ|k|4

m4
D∗+

+ 8
m2
ψ|k|2

m2
D∗+

]
. (2.62)

Then, the decay width reads:

ΓD∗+D∗− =
|k|

8πm2
ψ

4

3
g2
ψD∗D∗

[
4
m2
ψ|k|4

m4
D∗+

+ 8
m2
ψ|k|2

m2
D∗+

]
=

2|k|3

3πm2
D∗+

g2
ψD∗D∗

[
2 +

|k|2

m2
D∗+

]
. (2.63)

2.3.4 Scalar → pseudoscalar + pseudoscalar

Examples of this kind of decay are:

K∗0 (1430)− → π−K̄0, K∗0 (1430)− → π0K−.

Figure 2.5: Schematic decay of K∗0 (1430)− into K−π0.

The interaction Lagrangian for the resonance K∗0 (1430) decaying into one π and one K

contains two terms, one involving derivative and one does not:

Lint = aK∗+0 K−π0 + bK∗+0 ∂µK
−∂µπ0 + h.c+ . . . , (2.64)

where the dots refer to analogous terms involving the other members of the isospin multiplet.

We turn to the notation:
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1. Four-momenta:

pµK∗0
=
(
mK∗0

, 0
)
; (2.65)

pµπ =

(√
m2
π + |~k|2,~k

)
; (2.66)

pµk =

(√
m2
K + |~k|2,−~k

)
. (2.67)

2. Momentum:

|~k| =

√
m4
K∗0

+
(
m2
π −m2

K

)2 − 2
(
m2
π +m2

K

)
m2
K∗0

2mK∗0

. (2.68)

3. Useful relation:

kKkπ =
m2
K∗0
−m2

π −m2
K

2
. (2.69)

Figure 2.6: Schematic representation of the squared amplitude of the decay of K∗0 (1430)− into

K−π0. Interference of the terms proportional to �a� and �b� is made clear.

Amplitude calculation:

The amplitude element is given by:

−iM = ia+ ib (ikπ,µ)
(
ikµK

)
= ia− ib (kπkK) = i

(
a− b

m2
K∗0
−m2

π −m2
K

2

)
. (2.70)

Finally:

ΓK∗0→Kπ(m) = 3
|~k|(m)

8πm2

(
a− b

m2 −m2
π −m2

K

2

)2

. (2.71)

Moreover, as we shall explain later on in detail (see Chapter 4), a form factor FΛ(m) will be

needed. This form factor implies the modi�cation of the previous expression as:

ΓK∗0→Kπ(m) = 3
|~k|(m)

8πm2

(
a− b

m2 −m2
π −m2

K

2

)2

FΛ(m) . (2.72)

This is indeed applicable to all previously discussed decays.

29



Chapter 3

Excited vector mesons in the qq̄ picture

In this chapter we perform a phenomenological study of two nonets of excited qq̄ vector mesons.

The �rst nonet with the set of states {ρ(1450), K∗(1410), ω(1420), φ(1680)} is roughly identi-

�ed with radially excited vector mesons with quantum numbers n 2S+1LJ=2 3S1. The second

nonet with the resonances {ρ(1700), K∗(1680), ω(1650), φ(???)} corresponds predominantly to

orbitally excited vector mesons described by quantum numbers n 2S+1LJ=1 3D1. After introduc-

ing an e�ective �avor-invariant QFT model, we calculate various decays of the states belonging

to these nonets. In particular, we study the strong and radiative decay channels. The theoretical

results for the decay widths as well as many branching ratios are compared with the available

experimental data of PDG. A good agreement of theory with data is obtained. In addition, some

predictions have been given for the not yet experimentally observed ss̄ resonance belonging to

1 3D1 nonet. Since, within our model its mass is estimated to be ∼ 1959 MeV, throughout this

thesis we identify this state with the name φ(1959). At this point one should point out that

in the original paper [8] we use the name φ(1930) when refering to this particular state. This

updated value is a consequence of a more detailed evaluation of the mass. The state φ(1959)

decays predominantly into K̄K∗(892) + h.c. and K̄K channels, but it also decays into γη. This

means that it can be found in the ongoing GlueX and CLAS12 experiments at Je�erson Lab

which are based on photoproduction.

3.1 Introduction to the excited vector mesons

Before we proceed with the excited states, some words on the ground-state vector mesons have

to be said. This nonet consists of the well-know conventional qq̄ resonances {ρ(770), K∗(892),

φ(1020), ω(782)} and is decribed by the following speci�c quantum numbers: n 2S+1LJ=1 3S1

when using the non-relativistic notation, and JPC = 1−− for the relativistic one. Taking into

account that the pseudoscalar mesons are peculiar due to the phenomenon of spontaneous sym-

metry breaking and the axial anomaly, the ground-state vector mesons are considered as the

lightest �almost ideal� bound states of a constituent quark and a constituent antiquark.

In contrast to the above arguments, the current knowledge about the excited vector mesons

is rather poor and needs to be improved. So far, two groups of excited vector mesons have been
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seen in experiments: these are the nonets with radial and orbital excitations, respectively. Even

if the data are not yet complete, they are good enough to perform a systematic phenomenological

analysis. We recall that the nonet of the vector mesons with (predominantly) radial excitation

has the quantum numbers 2 3S1 (non-relativistic notation) and 1−− (relativistis notation). The

set of states belonging to this nonet is {ρ(1450), K∗(1410), ω(1420), φ(1680)}. For what con-

cerns the nonet of vector mesons with (predominantly) orbital excitation, it has the quantum

numbers 1 3D1 and 1−− in non-relativistic and relativistic notation, respectively. The resonances

corresponding to this nonet are {ρ(1700), K∗(1680), ω(1650), φ(???)}. Notice that the last state
belonging to this nonet is still undiscoved. Moreover, it is important to stress that the physical

states which are mentioned above cannot be directly understood as the ideal qq̄ con�gurations

described by the non-relativistic notation. In fact, mixing between di�erent con�gurations is

possible. In this respect, the assignment given by the non-relativistic quantum numbers should

be regarded as the dominant -but not as the solely- contribution.

3.2 Theoretical framework

In this section we introduce our relativistic QFT model described by an e�ective Lagrangian

whose degrees of freedom are mesonic �elds corresponding to qq̄ states. Our model is constructed

in agreement with �avor symmetry. In the following, we �rst focus on the description of the

mesonic �elds, then we brie�y describe the Lagrangian and the theoretical formulas of the tree-

level decay widths (for both the strong and radiative channels). Finally, we show in detail the

determination of the model parameters.

3.2.1 The �elds of the theoretical model

We start with the introduction of four nonets of mesons, which are presented in forms of matrices.

All �eld components, which correspond to the elements of a matrix, are identi�ed with quark-

antiquark states according to the following assignment:

1√
2


uū ud̄ us̄

dū dd̄ ds̄

sū sd̄ ss̄

 . (3.1)

To be more precise, the nonet of pseudoscalar mesons (P ), the nonet of ground-state vector

mesons (V µ), and two nonets of excited vector mesons (V µ
E and V µ

D) take the following explicit

forms:

P =
1√
2


ηN+π0
√

2
π+ K+

π− ηN−π0
√

2
K0

K− K̄0 ηS

 ; V µ =
1√
2


ωµ+ρµ0
√

2
ρµ+ Kµ?+

i

ρµ− ωµ−ρµ0
√

2
Kµ?0

Kµ?− K̄µ?0 φµ

 ; (3.2)
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V µ
E =

1√
2


ωµE+ρµ0

E√
2

ρµ+
E Kµ?+

E

ρµ−E
ωµE−ρ

µ0
E√

2
Kµ?0
E

Kµ?−
E K̄µ?0

E φµE

 ; V µ
D =

1√
2


ωµD+ρµ0

D√
2

ρµ+
D Kµ?+

D

ρµ−D
ωµD−ρ

µ0
D√

2
Kµ?0
D

Kµ?−
D K̄µ?0

D φµD

 . (3.3)

For a detailed description of these �elds via qq̄ microscopic currents, see Ref. [9]. Note, in

our relativistic QFT approach it is natural to keep track of the relativistic notation (JPC) to

describe these multiplets. Nevertheless, we shall also follow the non-relativictic notation which

describes the dominant contribution in the (not visible in our approach) mesonic microscopic

wave functions. Such treatment (even if only approximate) allows to �nd the connection with

the results of the quark model, thus allowing for a more intuitive understanding of the nature of

these states.

Let us now describe more precisely all these conventional quark-antiquark nonets mentioned

above.

(i) The matrix P represents the pseudoscalar meson nonet identi�ed with the particles

{π,K, η ≡ η(547), η′ ≡ η′(958)}. One should remark that in Eq. (3.2) two �elds, ηN regarded as

purly nonstrange
(
ηN ≡

√
1
2(uū+ dd̄)

)
and ηS as purly strange (ηS ≡ ss̄), are unphysical. In

fact, they mix and generate the physical �elds η ≡ η(547) and η′ ≡ η(958):

ηN = η cos θP − η′ sin θP and ηS = η sin θP − η′ cos θP . (3.4)

The value of mixing angle θP is estimated by the KLOE Collaboration as −40.5◦ [10]. Changing

its value between the range (−40◦, −45◦), suggested e.g. in Refs. [11, 12, 13], does not have

a signi�cant in�uence on our results. The non-relativistic quantum numbers, predominantly

corresponding to this nonet, are (n,L, S) = (1, 0, 0), hence n 2S+1LJ = 1 1S0. For what concern

the relativistic notation, we have JPC = 0−+.

(ii) The ground-state vector mesons are assembled in the matrix V µ, the associated states to

this nonet are {ρ(770),K∗(892), φ(1020), ω(782)}. One should note that also in the vector sector

the mixing between two �elds ω =
√

1
2(uū + dd̄) and φ = ss̄ takes place. However, the mixing

angle is small enough (about −3◦, see Ref. [14]) to be neglected. Thus, the states φ(1020) and

ω(782) are interpreted as purely strange and purely non-strange, respectively.

Notice that the mesons in the ground-state vector nonet are regarded as the lightest ideal

quark-antiquark objects. This is due to the fact that e�fects of axial anomaly and sponta-

neous symmetry breaking are not as signi�cant as in the pseudoscalar mesonic sector. The

non-relativistic quantum numbers describing this nonet are (n,L, S) = (1, 0, 1), and thus n
2S+1LJ = 1 3S1. In the relativistic notation we have JPC = 1−−.

(iii) The �rst group of excited vector mesons is described by matrix V µ
E and is associated to

the states {ρ(1450),K∗(1410), ω(1420), φ(1680)}. This nonet corresponds (roughly) to the radial
excitation characterized by quantum numbers (n,L, S) = (2, 0, 1), hence n 2S+1LJ = 2 3S1 when

using the non-relativistic notation and JPC = 1−− in the relativistic notation. Analogously to

the ground-state vector mesons, the e�ect of isoscalar mixing is negligible for this nonet, hence
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ω(1420) is identi�ed with
√

1
2(uū + dd̄) state while φ(1680) with ss̄. We also recall that the

resonance K∗(1410) was con�rmed by lattice studies in Ref. [15], while the resonances ω(1420)

and φ(1680) in Refs. [16, 17].

(iv) The second group of excited vector mesons is described by the matrix V µ
D and contains

the resonances {ρ(1700),K∗(1680), ω(1650), φ(???)}. This nonet corresponds (predominantly)

to orbital excitations with (n,L, S) = (1, 2, 1), thus n 2S+1LJ = 1 3D1 (not relativistically) and

JPC = 1−− (relativistically). In this case the isoscalar mixing can also be omitted.

It is worth to note that each �eld described above is invariant under the transformations of

�avor symmetry U(3)V , parity (P), and charge conjugation (C), see Table A.1 in Appendix A

for details.

3.2.2 Estimation of the mass of φ(1959)

Let us consider the ss̄ state φ(???) belonging to the 1 3D1 nonet. This state is especially

interesting since its existence is up to now not experimentally con�rmed. We aim to make some

predictions for this state by employing our model. However, in order to do this, one needs to

estimate its mass. We observe that the di�erence of masses of the relevant states from radially

and orbitally excited nonets is almost the same in each case, see Table 3.1 for details. This is

due to the same kind of strong dynamics describing these resonances.

Radially excited Orbitally excited Mass di�erence Predicted mass

vector mesons vector mesons (mD −mE) of φ(???)

State Mass (mE) State Mass (mD) [MeV] mφ(1680) + (mD −mE)

[MeV] [MeV] [MeV]

ρ(1450) 1465± 25 ρ(1700) 1720± 20 255± 32 1935± 38

K∗(1410) 1421± 9 K∗(1680) 1718± 18 297± 20 1977± 28

ω(1420) 1425± 25 ω(1650) 1670± 30 245± 39 1925± 44

φ(1680) 1680± 20 φ(???) ? - -

weighted average 279± 16 1959± 20

Table 3.1: Estimation of the mass of the putative state φ(???).

We have obtained that the average value of the mass di�erence is 279±16 MeV. In our simple

estimation one needs to add this value to the mass of φ(1680). As a consequence, one has:

φ(???) ' (mφ(1680) + 279± 16) MeV = 1959± 20 MeV , (3.5)

where the last error of 20 MeV is obtained by the usual error propagation formula. From now

on, whenever we refer to this putative state, we use the identi�cation:

φ(???) = φ(1959) . (3.6)
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3.2.3 The Lagrangian

We present the interaction Lagrangian of our model. It is constructed in agreement with P , C

and U(3)V symmetries, and by coupling the four matrices given by Eqs. (3.2) and (3.3). One

can write it as

Lint = LEPP + LDPP + LEV P + LDV P , (3.7)

with:

LEPP = igEPPTr ([∂µP, VE,µ]P ) , (3.8)

LDPP = igDPPTr ([∂µP, VD,µ]P ) , (3.9)

LEV P = igEV PTr
(
Ṽ µν
E {Vµν , P}

)
, (3.10)

LDV P = igDV PTr
(
Ṽ µν
D {Vµν , P}

)
. (3.11)

Each term of the above Lagrangian describes a di�erent type of decay: LEPP refers to the process

VE → PP , LDPP to VD → PP , LEV P to VE → V P , and �nally LDV P to VD → V P . Moreover,

the notations [A,B] = AB−BA (in Eqs. (3.8) and (3.9)) and {A,B} = AB+BA (in Eqs. (3.10)

and (3.11)) stand for the standard commutator and anticommutator relations, respectively. The

dual �elds are de�ned by the following terms:

Ṽ µν
E =

1

2
εµναβ(∂αVE,β − ∂βVE,α) , (3.12)

Ṽ µν
D =

1

2
εµναβ(∂αVD,β − ∂βVD,α) . (3.13)

The constants gEPP , gDPP , gEV P and gDV P are the four free parameters of the model. Two of

them (gEPP and gDPP ) are dimensionless and the other two (gEV P and gDV P ) have dimension

Energy−1. In order to determine them we use experimental data listed in the PDG, see details

in Sec. 3.2.5. The explicit form of the Lagrangian of Eq. (3.7) is shown in Appendix A.

For completeness, we also explore the radiative decays of both types of excited vector mesons

into the γP channel. For this purpose, we shall apply to the vector �eld strength tensor Vµν the

following shift [18]:

Vµν → Vµν +
e0

gρ
QFµν . (3.14)

In the equation above, the quantity Fµν stands for the �eld strength tensor of the photons,

gρ = 5.5±0.5 is the coupling constant in the ρππ channel, e0 =
√

4πα is the proton electric charge

and �nally, Q is a 3×3 diagonal matrix with the quark charges: Q = diag{2/3,−1/3,−1/3}. We

stress that in order to study the radiative decays there is no need to involve any new parameter.
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3.2.4 Strong and radiative tree-level decay widths

The usual theoretical expressions for the decay widths at tree-level can be derived from the

Feynman rules. In particular, a resonance R = VE or R = VD decays into three channels:

pseudoscalar-pseudoscalar (R → PP ), ground-state vector-pseudoscalar (R → V P ), and �nally

photon-pseudoscalar (R→ γP). The corresponding tree-level decay widths take the explicit form:

ΓR→PP = sRPP
|~k|3

6πm2
R

(gRPP
2

λRPP

)2
, (3.15)

ΓR→V P = sRV P
|~k|3

12π

(gRV P
2

λRV P

)2
, (3.16)

ΓR→γP =
|~k|3

12π

(
gRV P

2

e0

gρ
λRγP

)2

, (3.17)

where the quantity

|~k| =

√
m4
R + (m2

A −m2
B)2 − 2(m2

A +m2
B)m2

R

2mR
(3.18)

stands for the modulus of the three-momentum of one (of the two) outgoing particles (A or

B) in the rest frame of decaying resonance with mass mR. Moreover mA and mB are the

masses of emitted particles A and B, respectively (see Sec. 2.2 for details). In Tables 3.2, 3.3

and 3.4 we report the isospin/symmetry factors (sRPP , sRV P ) and Clebsch-Gordan coe�cients

(λRPP , λRV P , λRγP ), which are extracted from the explicit expression of the Lagrangian (see

Appendix A).

Decay channel Symmetry factor Clebsch-Gordan coe�cient

VE → PP VD → PP sEPP = sDPP λEPP = λDPP

ρ(1450)→ K̄K ρ(1700)→ K̄K 2 1
2

ρ(1450)→ ππ ρ(1700)→ ππ 1 1

K∗(1410)→ Kπ K∗(1680)→ Kπ 3 1
2

K∗(1410)→ Kη K∗(1680)→ Kη 1 1
2(cos θp −

√
2 sin θp)

K∗(1410)→ Kη′ K∗(1680)→ Kη′ 1 1
2(
√

2 cos θp + sin θp)

ω(1420)→ K̄K ω(1650)→ K̄K 2 1
2

φ(1680)→ K̄K φ(1959)→ K̄K 2 1√
2

Table 3.2: Isospin/symmetry factors and the Clebsch-Gordan coe�cients of Eq. (3.15) related

to the Lagrangian of Eqs. (3.8) and (3.9). For the explicit expressions see Appendix A.

In general, the simpli�ed (but still not trivial) treatment of the decay width at tree-level can

be improved by the inclusion of mesonic loops and studying the pole positions. The loop cor-

rections are important due to the in�uence of quantum �uctuations on the width (Γ) and mass

(M) of the decaying resonance. For what concerns the decays examined in our model, the ratio
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Decay channel Symmetry factor Clebsch-Gordan coe�cient

VE → V P VD → V P sEV P = sDV P λEV P = λsDV P

ρ(1450)→ ωπ ρ(1700)→ ωπ 1 1
2

ρ(1450)→ K∗(892)K ρ(1700)→ K∗(892)K 4 1
4

ρ(1450)→ ρ(770)η ρ(1700)→ ρ(770)η 1 1
2 cos θp

ρ(1450)→ ρ(770)η′ ρ(1700)→ ρ(770)η′ 1 1
2 sin θp

K∗(1410)→ Kρ K∗(1680)→ Kρ 3 1
4

K∗(1410)→ Kφ K∗(1680)→ Kφ 1 1
2
√

2

K∗(1410)→ Kω K∗(1680)→ Kω 1 1
4

K∗(1410)→ K∗(892)π K∗(1680)→ K∗(892)π 3 1
4

K∗(1410)→ K∗(892)η K∗(1680)→ K∗(892)η 1 1
4(cos θp +

√
2 sin θp)

K∗(1410)→ K∗(892)η′ K∗(1680)→ K∗(892)η′ 2 1
4(
√

2 cos θp − sin θp)

ω(1420)→ ρπ ω(1650)→ ρπ 3 1
2

ω(1420)→ K∗(892)K ω(1650)→ K∗(892)K 4 1
4

ω(1420)→ ω(782)η ω(1650)→ ω(782)η 1 1
2 cos θp

ω(1420)→ ω(782)η′ ω(1650)→ ω(782)η′ 1 1
2 sin θp

φ(1680)→ KK̄∗ φ(1959)→ KK̄∗ 4 1
2
√

2

φ(1680)→ φ(1020)η φ(1959)→ φ(1020)η 1 1√
2

sin θp

φ(1680)→ φ(1020)η′ φ(1959)→ φ(1020)η′ 1 1√
2

cos θp

Table 3.3: Isospin/symmetry factors and the Clebsch-Gordan coe�cients of Eq. (3.16) related

to the Lagrangian of Eqs. (3.10) and (3.11). For the explicit expressions see Appendix A.

Γ/M is small enough (safely below 1), which means that loop corrections a�ect only slightly the

tree-level results and can be neglected in �rst approximation, but should be included in future

studies [19].

3.2.5 Determination of the parameters

Our model contains four free parameters (two for each nonet): for radial excitations we have

gEPP and gEV P , while for orbital excitations we have gDPP and gDV P . At �rst sight, it may seem

that the best strategy to determine them is to make a full �t to all available experimental data

related to both nonets. However, following this procedure turns out not to be the optimal one

because some states were observed only in a single experiment and further con�rmations would

be needed. Moreover, in some cases, there is a large discrepancy between di�erent experimental
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Decay channel Clebsch-Gordan coe�cient

VE → γP VD → γP λEγP = λDγP

ρ(1450)→ γπ ρ(1700)→ γπ 1
6

ρ(1450)→ γη ρ(1700)→ γη 1
2 cos θp

ρ(1450)→ γη′ ρ(1700)→ γη′ 1
2 sin θp

K∗(1410)→ γK K∗(1680)→ γK 1
3

ω(1420)→ γπ ω(1650)→ γπ 1
2

ω(1420)→ γη ω(1650)→ γη 1
6 cos θp

ω(1420)→ γη′ ω(1650)→ γη′ 1
6 cos θp

φ(1680)→ γη φ(1959)→ γη 1
3 sin θp

φ(1680)→ γη′ φ(1959)→ γη′ 1
3 cos θp

Table 3.4: Clebsch-Gordan coe�cients of Eq. (3.17) related to Eqs. (3.10) and (3.11) combined

with the shift given by Eq. (3.14).

results describing the same observable. Therefore, instead of doing a �t, in order to determine

the four parameters of our model we chose four well known experimental values.

In order to �x the coupling constants gEPP and gEV P , we employ the following two values

quoted in the PDG [2]:

ΓexpK∗(1410)→Kπ = 15.3± 3.3 MeV , (3.19)

Γtot,expφ(1680) = 150± 50 MeV . (3.20)

Such a choice is justi�ed by the good quality of these results: the decay channel K∗(1410)→ Kπ

is precisely known and the resonance φ(1680) is rather narrow. The decay channels (also included

in our model) contributing to the total decay width of φ(1680) state are: φ(1680) → KK̄,

φ(1680)→ φ(1020)η and φ(1680)→ K∗(892)K. Moreover, the latter is listed in the PDG as the

dominant one (in agreement with our theoretical results). By minimizing the χ2 function:

FE(gEPP , gEV P ) =

(
ΓK∗(1410→Kπ) − Γexp

K∗(1410)→Kπ

δΓexpK∗(1410)→Kπ

)2

+

(
Γφ(1680)→K∗(892)K + Γφ(1680)→φ(1020)η + Γφ(1680)→K̄K − Γtot,exp

φ(1680)

δΓtot,expφ(1680)

)2

(3.21)

we obtain:

gEPP = 3.66± 0.4 and gEV P = 18.4± 3.8 [GeV−1] . (3.22)

For consistency, concerning gDPP and gDV P , we use two values reported by the experiments

ASTON 84 [20] and ASTON 88 [21] about the well known resonance K∗(1680). We stress that

both experimental results which we use are compatible with the �t provided by the PDG.
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The �rst quantity used to �x these parameters is the ratio Kρ/Kπ

ΓK∗(1680)→Kρ

ΓK∗(1680)→Kπ

∣∣∣∣
exp

= 1.2± 0.4 by ASTON 84 [20], (3.23)

which depends on the ratio gDV P /gDPP . Notice that the corresponding value reported by the

PDG [2] reads 0.81+0.14
−0.09 and is comparible with ASTON 84. Additionally, we employ the decay

width for the channel K∗(1680)→ Kπ. To this end, we obtain its value from the following two

quantities:

ΓK∗(1680)→Kπ

ΓtotK∗(1680)

∣∣∣∣∣
exp

= 0.388± 0.036 and ΓtotK∗(1680)

∣∣∣
exp

= 205± 50 MeV by ASTON 88 [21],

(3.24)

which gives:

ΓK∗(1680)→Kπ
∣∣
exp

= 79± 21 MeV from ASTON 88 [21]. (3.25)

This value is also in good agreement with the results of the PDG, that quotes the ratio

ΓK∗(1680)→Kπ/ΓtotK∗(1680) = 0.387± 0.026 and the total decay width ΓtotK∗(1680) = 322± 110 MeV.

Next, using Eqs. (3.23) and (3.25) and minimizing the χ2 function

FD(gDPP , gDV P ) =

 ΓK∗(1680)→Kρ
ΓK∗(1680)→Kπ

−
(

ΓK∗(1680)→Kρ
ΓK∗(1680)→Kπ

)exp

δ
(

ΓK∗(1680)→Kρ
ΓK∗(1680)→Kπ

)
2

+

(
ΓK∗(1680)→Kπ − Γexp

K∗(1680)→Kπ

δΓK∗(1680)→Kπ

)2

, (3.26)

we obtain the values for the coupling constants gDPP and gDV P as:

gDPP = 7.15± 0.94 and gDV P = 16.5± 3.5 [GeV−1] . (3.27)

3.3 Results of the model

In this section we present the results for both groups of excited vector mesons. In particular,

we focus on strong and radiative decay channels of these nonets. In Sec. 3.3.1 we discuss the

vector mesons with radial excitations while in Sec. 3.3.2 we investigate the mesons with orbital

excitations.

3.3.1 Radially excited vector mesons

In the following we discuss the strong decays of radially excited vector mesons into two pseu-

doscalar mesons, and also into one pseudoscalar and one vector meson. Next, the radiative

decays of this nonet are described.

Strong decays
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We �rst calculate the decay widths of the resonances ρ(1450), K∗(1410), ω(1420) and φ(1680)

decaying into mesons via strong interactions. The results for the VE → PP channels are shown

in Table 3.5 and for VE → V P channels in Table 3.6. Our theoretical results are compared with

the experimental data, whenever existent.

Decay process VE → PP Theory [MeV] Experiment [MeV]

ρ(1450)→ K̄K 6.6± 1.4 < 6.7± 1.0 by DONANCHIE 91 [22]

ρ(1450)→ ππ 30.8± 6.7 ∼ 27± 4, seen by CLEGG 94 [23]

K∗(1410)→ Kπ 15.3± 3.3 15.3± 3.3 by PDG

K∗(1410)→ Kη 6.9± 1.5 not listed in PDG

K∗(1410)→ Kη′ ≈ 0 not listed in PDG

ω(1420)→ K̄K 5.9± 1.3 not listed in PDG

φ(1680)→ K̄K 19.8± 4.3 seen by BUON 82 [24]

Table 3.5: Results for the partial decay widths of the resonances belonging to the nonet of

predominantly radially excited vector mesons decaying into two pseudoscalar mesons.

In general, one observes a very good agreement between the theory and experiment. The de-

cay channels for which we obtained large values for the decay widths are observed in experiments,

while those with theoretically small decay widths have not been observed. We then conclude

that the conventional quark-antiquark assignment of this nonet is well upheld.

In PDG one may �nd other experimental data such as various ratios which can be also studied

within our theoretical model. We proceed to calculate some of them.

Let us �rst consider the resonance ρ(1450) for which four di�erent branching ratios are

experimentally known, see Table 3.7 for their values.

In the �rst entry of that table we report the ππ/ωπ ratio. Its value obtained in Ref. CLEGG

94 [23] is very well explained by our theoretical result. In the second row, the ratio ππ/ηρ is

shown. In this case, a satisfactory agreement is also visible. The next ratio KK/ωπ, for which

only the upper limit is given, seems to be consistent with our theoretical result. Note, the three

quantities mentioned above depend on the ratio between two coupling constants gEPP and gEV P .

The last quantity is the ηρ/ωπ rate. The PDG gives for this ratio three di�erent values. Our

theoretical value is in very good agreement with the value determined in Ref. AULCHENKO

15 [25] and is also qualitatively compatible with the result obtained in Ref. DONNACHIE 91

[22]. For what concerns the value given by Ref. FUKUI 91 [26] , where only the lower limit

is determined, the disagreement with our theory is visible. However, this value is also not

compatible with the other experimental results quoted by the PDG. Notice that our theoretical

result for the ratio ηρ/ωπ does not depend on any parameter of the model. Hence, we are not
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Decay process VE → V P Theory [MeV] Experiment [MeV]

ρ(1450)→ ωπ 74.7± 31.0 ∼ 84± 13 seen by CLEGG 94 [23]

ρ(1450)→ K∗(892)K 6.7± 2.8 possibly seen by COAN 04 [27]

ρ(1450)→ ρ(770)η 9.3± 3.9 < 16.0± 2.4 by Donnachie 91 [22]

ρ(1450)→ ρ(770)η′ ≈ 0 not listed in PDG

K∗(1410)→ Kρ 12.0± 5.0 < 16.2± 1.5 by PDG

K∗(1410)→ Kφ ≈ 0 not listed in PDG

K∗(1410)→ Kω 3.7± 1.5 not listed in PDG

K∗(1410)→ K∗(892)π 28.8± 12.0 > 93± 8 by PDG

K∗(1410)→ K∗(892)η ≈ 0 not listed in PDG

K∗(1410)→ K∗(892)η′ ≈ 0 not listed in PDG

ω(1420)→ ρπ 196± 81 dominant, Γtot = (180− 250) by PDG

ω(1420)→ K∗(892)K 2.3± 1.0 not listed in PDG

ω(1420)→ ω(782)η 4.9± 2.0 not listed in PDG

ω(1420)→ ω(782)η′ ≈ 0 not listed in PDG

φ(1680)→ KK̄∗ 110± 46 dominant, Γtot = 150± 50 by PDG

φ(1680)→ φ(1020)η 12.2± 5.1 seen by ACHASOV 14 [28]

φ(1680)→ φ(1020)η′ ≈ 0 not listed in PDG

Table 3.6: Results for the partial decay widths of the resonances belonging to the nonet of

predominantly radially excited vector mesons decaying into one pseudoscalar and one vector

meson.

able to calculate the theoretical error of this value since within our approach the errors follow

solely from the uncertainties related to the decay widths. However, taking into account the errors

of the masses of the resonances one may estimate the error of this ratio to be around (10-20)%.

The same remark applies to other quantities which do not depend on the coupling constants.

The next resonance belonging to the nonet of radially excited vector mesons is K∗(1410).

This state is very well known from experimental observations as well as from lattice studies [15].

The results are shown in Table 3.6, where we remind that the Kπ channel was used to determine
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ρ(1450)

Branching ratio Our model
Experimental results

Value Reference

Γρ(1450)→ππ
Γρ(1450)→ωπ

0.41± 0.20 ∼ 0.32 CLEGG 94 [23]

Γρ(1450)→ππ
Γρ(1450)→ηρ

3.3± 1.6 1.3± 0.4 AULCHENKO 15 [25]

Γρ(1450)→KK
Γρ(1450)→ωπ

0.088± 0.043 < 0.08 DONNACHIE 91 [22]

Γρ(1450)→ηρ
Γρ(1450)→ωπ

≈ 0.12

0.081± 0.020 AULCHENKO 15 [25]

∼ 0.21 DONNACHIE 91 [22]

> 2 FUKUI 91 [26]

Table 3.7: Branching ratios ralated to the ρ(1450) resonance.

the model parameters. A signi�cant discrepancy between theory and experiment is observed for

the decay into the K∗(892)π channel. Our theoretical value is approximately three times smaller

than the PDG quote.

Let us now look at two ratios related to K∗(1410) resonance which are listed in the PDG,

see details in Table 3.8. In both cases our theoretical results are too large when compared to the

K∗(1410)

Branching ratio Our model
Experimental results

Value Reference

ΓK∗(1410)→ρK
ΓK∗(1410)→K∗(892)π

≈ 0.42 < 0.17
ASTON 84 [20]

ΓK∗(1410)→πK
ΓK∗(1410)→K∗(892)π

0.53± 0.26 < 0.16

Table 3.8: Branching ratios ralated to the K∗(1410) resonance.

experimental data. This disagreement is a natural conseqence of the presence of K∗(1410) →
K∗(892)π channel in both ratios. This particular channel should be veri�ed in the future.
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Next, we consider the resonance ω(1420). The dominant decay, ω(1420) → K∗(892)K is

listed in the PDG as the only experimentally measured decay channel: Our theoretical value

is well compatible with the experimental result. All the remaining channels of ω(1420) have

not yet been seen in experiments. Hence, our theoretical results for them are predictions. One

should take into account that these decay rates are quite small since the predicted decay widths

for them are in the order of few MeV. Interestingly, in PDG one can �nd information about the

following quantities:

Γω(1420)→ωη

Γtotω(1420)

Γω(1420)→e+e−

Γtotalω(1420)

∣∣∣∣∣
exp

= (1.6+0.09
−0.07) · 10−8 by ACHASOV 16B [29] (3.28)

Γω(1420)→ρπ

Γtotω(1420)

Γω(1420)→e+e−

Γtotalω(1420)

∣∣∣∣∣
exp

= (0.73± 0.08) · 10−6 by AULCHENKO 15A [30] , (3.29)

which allow us to determine the ratio

Γω(1420)→ωη

Γω(1420)→ρπ

∣∣∣∣
exp

=
(1.6± 0.08) · 10−8

(0.73± 0.08) · 10−6
= 0.021± 0.001 , (3.30)

in good agreement with the corresponding theoretical value of about 0.025.

The last state of this nonet is φ(1680). Also for this resonance only one channel can be found

in the PDG, for which a very good agreement with the theoretical result is obtained. According

to the PDG, two ratios related to φ(1680) are experimentally known and can be compared with

the results of our model (see Table 3.9). In both cases a satisfactory agreement is visible.

φ(1680)

Branching ratio Our model
Experimental results

Value Reference

Γφ(1680)→KK̄
Γφ(1680)→K∗(892)K

0.18± 0.09 0.07± 0.01 BUON 82 [24]

Γφ(1680)→ηφ
Γφ(1680)→K∗(892)K

≈ 0.11 0.07± 0.01 AUBERT 08S [31]

Table 3.9: Branching ratios for the φ(1680) resonance.

Radiative decays

We now turn to the decays of the resonances ρ(1450), K∗(1410), ω(1420) and φ(1680) into

one photon and one pseudoscalar meson. In order to evaluate these radiative decays `Vector

Meson Dominance' is applied [18]. In this approach one does not need to introduce any new

parameter. The results for the partial decay widths are shown in Table 3.10. Because of the

poor experimental knowledge about the radiative decays of this nonet, most of the results are
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Decay process VE → γP Theory [MeV] Experiment [MeV]

ρ(1450)→ γπ 0.072± 0.042 not listed

ρ(1450)→ γη 0.23± 0.14 ∼ 0.2− 1.5, see text

ρ(1450)→ γη′ 0.056± 0.033 not listed

K∗(1410)→ γK 0.18± 0.11 seen, < 0.0529 MeV PDG+ Alavi-Harati 02B [32]

ω(1420)→ γπ0 0.60± 0.36 1.90± 0.75, see text

ω(1420)→ γη 0.023± 0.014 not listed

ω(1420)→ γη′ 0.0050± 0.0030 not listed

φ(1680)→ γη 0.14± 0.09 seen

φ(1680)→ γη′ 0.076± 0.045 not listed

Table 3.10: Results for the partial decay widths of the resonances belonging to the nonet of

predominantly radially excited vector mesons decaying into one photon and one pseudoscalar

meson.

predictions. However, a general remark can be done: those radiative decays with a (relatively)

large theoretical width were actually seen in experiments.

Even if no direct experimental data on the widths exist in PDG, for two radiative channels

some estimate can be done. First, let us consider the transition ρ(1450)→ γη. In PDG one can

�nd that

Γρ(1450)→γη
Γρ(1450)→e+e−

Γtotalρ(1450)

∣∣∣∣∣
exp

= 2.2± 0.5± 0.3 eV by AKHMETSHIN 01B [33], (3.31)

and

Γρ(1450)→ππ
Γρ(1450)→e+e−

Γtotalρ(1450)

∣∣∣∣∣
exp

=

{
0.12 keV by DIEKMANN 88 [34]

0.027+0.015
−0.010 keV by KURDADZE 83 [35]

. (3.32)

Moreover, taking into account that Γρ(1450)→ππ ≈ 84 MeV (CLEGG 94 [23]), one gets:

Γρ(1450)→γη
∣∣
exp
≈

{
1.5 MeV

0.2 MeV
. (3.33)

The second of the estimated values shows a good agreement with our theoretical prediction, see

Table 3.10. Note, at present it is not possible to determine the error of the experimental value

since in [23] no information is reported.
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The second transition for which a similar study can be done is ω(1420)→ γπ0. In this case

we have

Γω(1420)→γπ0

Γtotalω(1420)

Γω(1420)→e+e−

Γtotalω(1420)

∣∣∣∣∣
exp

= 2.03+0.70
−0.75 · 10−8 by AKHMETSHIN 05 [36] (3.34)

and
Γω(1420)→e+e−

Γtotalω(1420)

∣∣∣∣∣
exp

= (23± 1) · 10−7 by HENNER 02 [37] (3.35)

which upon using Γtotalω(1420) = 215 MeV [2] deliver the width

Γω(1420)→γπ0

∣∣
exp

= (1.9± 0.75) MeV. (3.36)

Again, a satisfactory agreement with our theoretical value is obtained, see Table 3.10 for com-

parison. According to our model, this particular channel seems to be the largest radiative decay

of the nonet of radially excited vector mesons.

Furthermore, in PDG one can �nd information about the upper limit of the width for the

transition φ(1680)→ γK. This value, originally determined in Ref [32], is comparable with our

predictions, see again Table 3.10 for details.

For what concerns the remaining radiative decays predicted by our model, there is so far no

experimental data to which one can compare. Hopefully, ongoing experiments such as GlueX

and CLAS12 could deliver new results in the near future.

3.3.2 Orbitally excited vector mesons

Next, we move to the nonet of orbitally excited vector mesons decaying into two pseudoscalar

mesons as well as into one pseudoscalar and one vector meson via the strong interactions. Simil-

larly to the previous section, here radiative decays are also described.

Strong decays

Let us now discuss the results for the orbitally excited vector mesons. In the �rst step we

calculate the strong decays of the resonances ρ(1700), K∗(1680), ω(1650) and φ(???) = φ(1959).

The results for the VD → PP channels are reported in Table 3.11 and for VD → V P channels in

Table 3.12. When comparing the predictions of our model with the available experimental data

a satisfactory agreement is obtained. It should be noted that in some cases slight di�erences

appear. However, besides these small discrepancies, our identi�cation of ρ(1700), K∗(1680),

ω(1650) and φ(???) = φ(1959) resonances as the nonet of orbitally excited vector mesons is

satisfactory.

Let us now have a closer look at the results of our model. We start with the ρ(1700) resonance.

According to the PDG average, its total decay width reads 0.25±0.10 GeV, that �ts to our result

of 0.42± 0.08 GeV. From Table 3.11 one can see that our theoretical predictions for PP channels

are somewhat overestimated with respect to the experimental data (except K∗(1680) → Kπ
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Decay process VD → PP Theory [MeV] Experiment [MeV]

ρ(1700)→ K̄K 40± 11 8.3+10
−8.3 MeV, see text.

ρ(1700)→ ππ 140± 37 75± 30 by BECKER 79 [38]

K∗(1680)→ Kπ 82± 22 125± 43 by PDG

K∗(1680)→ Kη 52± 14 not listed in PDG

K∗(1680)→ Kη′ 0.72± 0.02 not listed in PDG

ω(1650)→ K̄K 37± 10 not listed in PDG

φ(1959)→ K̄K 104± 28 resonance not yet known

Table 3.11: Results for the partial decay widths of the resonances belonging to the nonet of

predominantly orbitally excited vector mesons decaying into two pseudoscalar mesons.

which is underestimated). For what concerns the decay into ππ (for which we compare with the

data reported by BECKER 79 [38]) some older experiments deliver similar results:

Γρ(1700)→ππ
∣∣
exp

=


56± 29 MARTIN 78C [39]

75± 32 FROGGATT 77 [40]

63± 30 HYAMS 73 [41]

. (3.37)

Even if the data are consistent, new measurements and further veri�cation would be advisable.

Next, we move to the decay into the KK̄ channel. The branching ratio

Γρ(1700)→KK̄

Γρ(1700)→2(π+π−)

∣∣∣∣∣
exp

= 0.015± 0.010 DELCOURT 81B [42], (3.38)

together with
Γρ(1700)→ππ

Γρ(1700)→2(π+π−)

∣∣∣∣∣
exp

= 0.13± 0.05 ASTON 80 [43], (3.39)

and
Γρ(1700)→ππ

Γtotρ(1700)

∣∣∣∣∣
exp

= 0.287+0.043
−0.042 ± 0.05 BECKER 79 [38], (3.40)

upon using Γtotρ(1700) = 250 MeV lead us to

Γρ(1700)→KK̄

∣∣∣
exp

= 8.3+10.4
−8.3 MeV. (3.41)

This value, to which we re�er in Table 3.11, is about 5 times smaller than our theoretical

prediction. Nevertheless, one should take into account that in both cases large errors occur.

Similarly, by using the ratio

Γρ(1700)→KK∗(892)

Γρ(1700)→2(π+π−)

∣∣∣∣∣
exp

= 0.15± 0.03 DELCOURT 81B [42], (3.42)
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Decay process VD → V P Theory [MeV] Experiment [MeV]

ρ(1700)→ ωπ 140± 59 seen, see text

ρ(1700)→ KK∗(892) 56± 23 83± 66 MeV, see text

ρ(1700)→ ρη 41± 17 68± 42 MeV, see text

ρ(1700)→ ρη′ ≈ 0 not listed in PDG

K∗(1680)→ Kρ 64± 27 101± 35 by PDG

K∗(1680)→ Kφ 13± 6 not listed in PDG

K∗(1680)→ Kω 21± 9 not listed in PDG

K∗(1680)→ K∗(892)π 81± 34 96± 33 by PDG

K∗(1680)→ K∗(892)η 0.5± 0.2 not listed in PDG

K∗(1680)→ K∗(892)η′ ≈ 0 not listed in PDG

ω(1650)→ ρπ 370± 160 ∼ 205, 154± 44, ∼ 273, 120± 18, see text

ω(1650)→ K∗(892)K 42± 18 not listed in PDG

ω(1650)→ ω(782)η 32± 13 ∼ 100, 56± 30, see text

ω(1650)→ ω(782)η′ ≈ 0 not listed in PDG

φ(1959)→ KK̄∗ 260± 109 resonance not yet known

φ(1959)→ φ(1020)η 67± 28 resonance not yet known

φ(1959)→ φ(1020)η′ ≈ 0 resonance not yet known

Table 3.12: Results for the partial decay widths of the resonances belonging to the nonet of

predominantly orbitally excited vector mesons decaying into one pseudoscalar and one vector

meson.

one gets:

Γρ(1700)→KK∗(892)

∣∣
exp

= 83± 66 MeV (3.43)

to which we compare in Table 3.12. The obtained value, even if it has a quite large error, is

consistent with our calculations. This particular decay channel is also reported by COAN 04 [27]

as possibly seen and by DELCOURT 81B [42] and BIZOT 80 [44] as clearly seen.

Furthermore, by using the same procedure, we are able to determine the decay width of the
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mode ρ(1700)→ ρη. To this end, we use the ratio

Γρ(1700)→ρη

Γρ(1700)→2(π+π−)

∣∣∣∣∣
exp

= 0.123± 0.027 DELCOURT 82 [45], (3.44)

which delivers the following value

Γρ(1700)→ρη
∣∣
exp

= 68± 42 MeV. (3.45)

As one can see from Table 3.12 a good agreement with our theoretical value is obtained.

As a next step, we discuss some ratios related to the ρ(1700) resonance. To do this, we

incorporate some available data of decay widths containing dilepton pair e+e−:

Γρ(1700)→MM ·
Γρ(1700) → e+e−

Γtot
ρ(1700)

,

as well as some ratios containing 2(π+π−):

Γρ(1700)→MM

Γρ(1700)→2(π+π−)
.

In both mentioned quantities we use the notation MM for the decay into meson-meson pairs

(which can be PP or V P ). In Table 3.13 we report the results for the ratios: PP/PP (in the

�rst row), PP/V P (in the second, third and fourth row), and V P/V P (in the last row).

Let us �rst consider the ππ/KK ratio, which is of the PP/PP type. This means that it

does not depend on any parameter of our model. The comparison of the theoretical value with

three independent experimental determinations is shown in the �rst entry of Table 3.13. In all

cases a satisfactory agreement is obtained, especially when compared with the value reported by

DIEKMANN 88 [34] and BIZOT 80 [44].

We move to the PP/V P ratios. In the second entry of Table 3.13 the ππ/ηρ rate is considered.

Again, we have three experimental results to which our theory can be compared. De�nitely, the

determination obtained by KURDADZE 83 [35] and ANTONELLI 88 [46] is the closest one to

our theoretical value. Also the result obtained by ASTON 80 [43] and DELCOURT 82 [45] is

not so far from our prediction. On the contrary, the value evaluated by DIEKMANN 88 [34] and

ANTONELLI 88 [46] is much larger than our theory prediction as well as the other experimental

determinations.

The second ratio of the type PP/V P is KK/ηρ. The main information about this decay rate

is reported in the third entry of Table 3.13. Among two available experimental determinations

only the �rst one, determined by BIZOT 80 [44] and ANTONELLI 88 [46], is consistent with

our theory. This is because large experimental errors appear. The second value, calculated by

combining DELCOURT 81B [42] and ANTONELLI 88 [46], is de�nitely in disagreement with

our result. Notice that in this case the experimental results are also not consistent with each

other.

The next ratio of the PP/V P type, listed in the fourth entry of the discussed table, is

KK/KK∗(892). Our theoretical result is compared with three independent experimental values

47



ρ(1700)

Branching ratio Our model

Experimental results

Value Reference

Γρ(1700)→ππ
Γρ(1700)→KK

≈ 3.5

∼ 3.7 DIEKMANN 88 [34] + BIZOT 80 [44]

0.83± 0.82 KURDADZE 83 [35] + BIZOT 80 [44]

8.7± 6.7 ASTON 80 [43] + DELCOURT 81B [42]

Γρ(1700)→ππ
Γρ(1700)→ηρ

3.4± 1.1

∼ 18 DIEKMANN 88 [34] + ANTONELLI 88 [46]

4.1± 2.7 KURDADZE 83 [35] + ANTONELLI 88 [46]

1.1± 0.47 ASTON 80 [43] + DELCOURT 82 [45]

Γρ(1700)→KK
Γρ(1700)→ηρ

0.98± 0.33
5.0± 4.7 BIZOT 80 [44] + ANTONELLI 88 [46]

0.12± 0.09 DELCOURT 81B [42] + ANTONELLI 88 [46]

Γρ(1700)→KK
Γρ(1700)→K∗(892)K

0.71± 0.24

0.11± 0.10 BIZOT 80 [44]

0.10± 0.07 DELCOURT 81B [42]

0.052± 0.026 BUON 82 [24]

Γρ(1700)→K∗(892)K
Γρ(1700)→ηρ

≈ 1.37
43± 21 BIZOT 80 [44] + ANTONELLI 88 [46]

1.22± 0.27 DELCOURT 81B [42] + DELCOURT 82 [45]

Table 3.13: Branching ratios involving the ρ(1700) resonance.

and in all cases a disagreement is visible. This inconsistency can be easily explained by the

fact that this particular ratio depends solely on the ratio of the coupling constants gDPP /gDV P

reported in Eq. (3.23), which in turn relies on the data of ASTON 84 [20] and ASTON 88 [21]. In

this respect, it would be very useful to have new measurements concerning the KK/KK∗(892)

ratio.

The last ratio involving the ρ(1700) resonance and reported in the last entry of Table 3.13 is

K∗(892)K/ηρ. There is a signi�cant discrepancy between the two experimental values. Yet, our

theoretical prediction agrees very well with the value determined in DELCOURT 81B [42] and

DELCOURT 82 [45].

Let us now discuss the next state belonging to orbitally excited vector mesons, the K∗(1680)

resonance. As we mentioned above, the experimental status of K∗(1680) state is rather well
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established. Its partial decay widths calculated from our model are in agreement with the

experimental ones, see Table 3.11 and Table 3.12 for details. For this case, two ratios can be

studied. Both are reported in Table 3.14.

K∗(1680)

Branching ratio Our model
Experimental results

Value Reference

ΓK∗(1680)→Kπ
ΓK∗(1680)→K∗(892)π

1.01± 0.34
1.30+0.23

−0.14 PDG

2.8± 1.1 ASTON 84 [20]

ΓK∗(1680)→Kρ
ΓK∗(1680)→K∗(892)π

≈ 0.79
1.05+0.27

−0.11 PDG

0.97± 0.09+0.30
−0.10 ASTON 87 [47]

Table 3.14: Branching ratios involving the K∗(1680) resonance.

We start from the Kπ/K∗(892)π rate. As one can see in the �rst row of Table 3.14, our

theoretical result is compared with two experimental data, one from PDG average and one

determined in ASTON 84 [20]. De�nitely, a better agreement is obtained with the former.

The next ratio, reported in the second entry of the same table, is Kρ/K∗(892)π. Again, we

have two experimental determinations to compare with. Our theoretical result is consistent with

both of them.

Going further, we study the resonance ω(1650). According to the PDG its decay into ρπ

is claimed as the dominant channel, just as our model shows. In PDG one cannot �nd the

numerical value of the width of this particular mode, however it is possible to determine it from

available experimental data. To this end, we combine the quantity

Γω(1650)→ρπ

Γtotω(1650)

∣∣∣∣∣
exp

=

{
∼ 0.65 ACHASOV 03D [48]

0.380± 0.014 HENNER 02 [37]
(3.46)

with the total decay width of ω(1650) cited by PDG [2]

Γtot
ω(1650) = 315± 35 MeV . (3.47)

One gets:

Γω(1650)→ρπ
∣∣
exp

=

{
∼ 205 MeV ACHASOV 03D [48]

120± 18 MeV HENNER 02 [37].
. (3.48)

Our theoretical value of 370 ± 160 MeV is consistent with the value based on ACHASOV 03D
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[48]. This is due to the large errors that emerge in our prediction. There is no agreement with

the second experimental data, based on HENNER 02. [37]

Interestingly, there is also another way to extract Γω(1650)→ρπ by using completely di�erent

experimental outcomes. In this case we use the quantities

Γω(1650)→ρπ

Γtotω(1650)

Γω(1650)→e+e−

Γtotω(1650)

= 1.56± 0.23 AULCHENKO 15A [30] (3.49)

and
Γω(1650)→e+e−

Γtotω(1650)

∣∣∣∣∣
exp

=

{
∼ 18 ACHASOV 03D [48]

32± 1 HENNER 02 [37]
, (3.50)

which together deliver the values

Γω(1650)→ρπ =

{
∼ 273 MeV ACHASOV 03D [48] + AULCHENKO 15A [30]

154± 44 HENNER 02 [37] + AULCHENKO 15A [30]
. (3.51)

As one can see, the desired value could not be clearly determined. It is however clear that in

all cases large numerical values of the width are obtained. This signals that the ρπ channel is

dominant.

In a similar way we study the decay into the ωη channel. Out of

Γω(1650)→ωη

Γtotω(1650)

Γω(1650)→e+e−

Γtotω(1650)

∣∣∣∣∣
exp

= 0.57± 0.06 AUBERT 06D [49], (3.52)

we have

Γω(1650)→ωη
∣∣
exp

=

{
∼ 100 MeV, ACHASOV 03D [48] +AUBERT 06D [49]

56± 30 MeV, HENNER 02 [37] + AUBERT 06D [49]
. (3.53)

Here, only the second determination matches with our value of 32± 13 MeV.

Moreover, we are able to establish one additional ratio related to ω(1650):

Γω(1650)→ωη

Γω(1650)→ρπ

∣∣∣∣
exp

= 0.365± 0.054 . (3.54)

While, in our model we obtained a much smaller value of about 0.086.

The last state belonging to the group of orbitally excited vector mesons is φ(1959). We

remind that this resonance is up to now not experimentally con�rmed. Therefore, all the results

related to φ(1959) are predictions. For completeness, all of them are reported in Table 3.15.

Even if no experimental data exist, we can compare some of our theoretical results with the

predictions of the quark model. In the case of the decay into KK channel the quark model

predicts the value of about 100 MeV, just as in our model where we have 104 MeV. However, a

large discrepancy appears when we consider the decay into K∗K. The prediction of the quark

model gives ∼ 50 MeV [1], much smaller than our result of 260± 109 MeV.

The lack of the experimental discovery of φ(1959) could be explained by the very broad

total width of this state. According to our model it is about 430 MeV. Hopefully, φ(1959) may
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φ(1959)

BASIC INFORMATIONS

Quark content ≈ ss̄

Mass 1959± 20 MeV

QUANTUM NUMBERS

n 1 (predom.)

L 2 (predom.)

S 1 ↑↑ (predom.)

Old spectroscopy notation n 2S+1LJ = 1 3D1

JPC notation 1−−

DECAYS

Decay mode Decay width

φ(1959)→ KK̄ 104± 28 MeV

φ(1959)→ KK∗ 260± 109 MeV

φ(1959)→ φ(1020)η 67± 28 MeV

φ(1959)→ φ(1020)η′ ≈ 0 MeV

φ(1959)→ γη 0.19± 0.12 MeV

φ(1959)→ γη′ 0.13± 0.08 MeV

Table 3.15: Summary of basic informations concerning the not yet discovered meson φ(1959).

be nevertheless measured at the ongoing GlueX and CLAS12 experiments at Je�erson Lab. In

particular, in Figure 3.1 we present the diagram of the processes

γ + p→ K0 + K̄0 + p, γ + p→ K+ +K− + p (3.55)

which can be examined at GlueX and CLAS12. In our approach all the mesonic vertices are

included (φ(1959)γη and φ(1959)KK). The study of the barionic part is doable by using hadronic

models that contain the baryons as well as their interactions with mesons. In this context, the

extended Linear Sigma Model can be employed [50, 51]. Similarly, the process

γ + p→ K− +K∗+(892) + p→ K+ +K− + π0 + p (3.56)

can also be studied. Moreover, the state φ(1959) should also appear in the data provided by

BaBar, where the process e+e− → K+K− was measured [52]. In the study of this particular

reaction all vector mesons ρ(1450), ω(1420), φ(1680), ρ(1700), ω(1650) and φ(1959) should be

incorporated since interference e�ects may occur, see details in Ref. [53].
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Figure 3.1: Feynman diagram representing the process of Eq. (3.55).

Radiative decays

The results of our approach for the radiative decays of orbitally excited vector mesons are

reported in Table 3.16. All these transitions have not yet been even seen in experiments, hence

Decay process VD → γP Theory [MeV] Experiment [MeV]

ρ(1700)→ γπ 0.095± 0.058 not listed

ρ(1700)→ γη 0.35± 0.21 not listed

ρ(1700)→ γη′ 0.13± 0.08 not listed

K∗(1680)→ γK 0.30± 0.18 not listed

ω(1650)→ γπ 0.78± 0.47 not listed

ω(1650)→ γη 0.035± 0.021 not listed

ω(1650)→ γη′ 0.012± 0.007 not listed

φ(1959)→ γη 0.19± 0.12 resonance not yet known

φ(1959)→ γη′ 0.13± 0.08 resonance not yet known

Table 3.16: Results for the partial decay widths of the resonances belonging to the nonet of

predominantly orbitally excited vector mesons decaying into one photon and one pseudoscalar

meson.

there is no data to compare to. In general, the order of magnitude for the partial decay widths

of radiative decays of orbitally excited vector mesons is similar to that for the nonet of radially

excited vector mesons. The largest width is ω(1650) → γπ, in accordance with the dominant

character of the ω(1650) → ρπ decay. It would be very useful if experimental data on these

decays could be obtained in the future.
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3.4 Conclusions

In this chapter we considered two vector meson nonets, one with (predominantly) radial excita-

tions including the states {ρ(1450), K∗(1410), ω(1420), φ(1680)} and one with (predominantly)

orbital excitations involving the states {ρ(1700), K∗(1680), ω(1650), φ(???) ≡ φ(1959)}. In our

�avor-invariant approach an e�ective QFT Lagrangian was employed. The four free parameters

of the model were determined by using experimental data reported in the PDG.

For both nonets we evaluated strong and radiative decays. In total, we reported 48 partial

decay widths. Moreover, numerous ratios related to both nonets have been studied. Theoret-

ical results were compared with the experimental data. Since not all considered channels are

experimentally known, some theoretical outcomes are predictions.

In general, a qualitatively good agreement between theory and experiment is observed. The-

oretically dominant channels are detected in experiments, while those with small decay widths

are usually not observed. In some cases there is some disagreement between our results and the

data. One should, however, note that numerous discrepancies occur between the data reported

by di�erent experiments measuring the same quantity.

A key point of our study is the investigation of the putative state φ(???) in the 1 3D1 nonet.

Within our framework we estimated its mass to be 1959± 20 MeV and named it as the φ(1959).

We were able to make predictions for the strong and radiative decay modes of this state. We

conclude that the dominant channels are φ(1959)→ K∗(892)K and φ(1959)→ KK. Moreover,

according to our theory, the radiative decay into γη is also possible. This means that φ(1959)

can be searched in photoproduction based studies, as for instance at the ongoing GlueX and

CLAS12 experiments at the Je�erson Lab.

In summary, both theoretical and experimental studies of the excited vector mesons are

important for a better understanding of spectroscopy in the low energy regime. Although the

general picture is consistent, new experimental data, with focus on radiative decays, would be

advisable. Finally, the experimental con�rmation of the existence of φ(1959) would be a neat

proof of the (predominantly) qq̄ assignment for the discussed excited vector states.
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Chapter 4

Vector meson K∗(892)

In this chapter we concentrate on the vector state K∗(892), which we study by using an e�ective

QFT approach at the resummed one-loop level. The validity of the one-loop resummation is

in general satisfactory in hadronic models, as it was shown in Ref. [54]. In the following we

investigate the spectral function of K∗(892), whose shape turns out to be well approximated by

a standard relativistic Breit-Wigner function, and we show that the propagator contains only

a single (relevant) pole on the complex plane. Moreover, in order to understand the nature

of this resonance, we employ a large-Nc study which con�rms that K∗(892) is a conventional

quark-antiquark meson.

4.1 Introduction

According to established knowledge from experimental and theoretical studies, the resonance

K∗(892) is a ground-state vector meson with quantum numbers I(JP ) = 1
2(1−). The Particle

Data Group quotes its mass as 891.66± 0.26 MeV and the total decay width as 50.8± 0.9 MeV

[2]. As we shall show, here we con�rm that the K∗(892) is a standard quark-antiquark object

corresponding well to the four expected charge combinations K∗+ ≡ us̄, K∗− ≡ sū, K∗0 ≡ ds̄,

K̄∗0 ≡ sd̄. This relatively short living state decays predominantly into one pion and one kaon,

see Figure 4.1 for an illustrative presentation of Feynman diagrams and corresponding quark-

line diagrams. The main idea is to apply an e�ective QFT Lagrangian in which a seed state

corresponding to the K∗(892) resonance is coupled to its decay products (one kaon and one

pion). The theory is then studied at the one-loop resummed level.

In this way, we present the main features of our formalism in the case of a well understood

qq̄ state. Later on, we shall apply it to other mesonic resonances which still need a better

understanding.
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Figure 4.1: The Feynman diagrams and the corresponding quark-line diagrams of the resonance

K∗(892) decaying into one pion and one kaon. (Note, the quark-line graphs are solely illustrative,

since we use mesonic d.o.f. in our calculations).

4.2 Theoretical framework

We present our model starting from the Lagrangian constructed as

Lv = cK∗(892)+
µ ∂

µK−π0 +
√

2cK∗(892)+
µ ∂

µK0π− + . . . , (4.1)

where K∗(892) is the vector kaonic �eld, c is the dimensionless coupling constant, and dots stand

for the sum over analogous interaction terms for the other members of the isospin multiplet

(K∗−,K∗0, K̄∗0). As it was shown in Chapter 2, by using the Feynman rules one can obtain

the theoretical expression for the total decay width of mesons. Hence, for the unstable K∗(892)

resonance with mass m (kept as `running', see below) decaying into one pion with mass Mπ and

one kaon with mass MK we have:

ΓK∗(892)→Kπ(m) = 3

∣∣∣~k∣∣∣
8πm2

c2

3

[
−M2

π +

(
m2 +M2

π −M2
K

)2
4m2

]
FΛ(m) , (4.2)

where the quantity |~k|

k(m) =
∣∣∣~k∣∣∣ =

√
m4 +

(
M2
K −M2

π

)2 − 2
(
M2
K +M2

π

)
m2

2m
(4.3)

is the absolute value of three-momentum of one of the decay products in the reference frame in

which K∗(892) is at rest. We refer to Sec. 2.2 and to Refs. [4, 7, 55] for an explicit derivation of

Eq. (4.3). The on-shell decay width can be obtained by �xing the mass m as the nominal PDG

mass of K∗(892):

Γon shell = ΓK∗(m ' 0.892 GeV) = 50.8 MeV . (4.4)
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Another important quantity, included in Eq. (4.2), is the form factor (or vertex function) which

is choosen as a Gaussian function given by

FΛ(m) = e−2|~k|2/Λ2
. (4.5)

This type of form factor is rather conventional in hadron physics and emerges in various studies

on the subject, including microscopic models, such as the 3P0 mechanism used in quark models

[56, 57]. This mechanism describes the production of mesons from a qq̄ pair emerging from the

QCD vacuum, as we show in the bottom part of Figure 4.1. Obviously, the Gaussian function is

an important part of our e�ective model and such a choice is model-dependent and de�nitely not

unique. One should note that the form of the vertex function does not change the qualitative

picture of the results as long as it is smooth and goes to zero su�ciently fast. However, the

results depend strongly on the numerical value of cuto� Λ. This parameter acts as an energy

scale that takes into account the extended structure of mesons.

Notice that we employed here an e�ective QFT model, hence one should not interpret the Λ

parameter as the maximal value of the momentum k. For k larger than Λ the decay into that

particular channel is naturally suppressed. However there are no restrictions for the momentum

k, which can have values even larger than Λ (mathematically, k may range from 0 to ∞, yet

physically the model is limited by the investigated energy range). Technically, one could include

the form factor directly in the Lagrangian of Eq. (4.1) by making it nonlocal [58].

We further introduce the scalar part of the propagator of the �eld K∗ through the equation

∆K∗(p
2 = m2) =

1

m2 −M2
0 + Π(m2) + iε

, (4.6)

whereM0 refers to the bare mass of the K∗(892) state. Without interactions the function Π(m2)

vanishes. Yet, the propagator changes upon turning on the interactions, when intermediate

mesonic loops dress the original state. This mechanism is commonly named as `dressing'. In

general, Π(m2) is the contribution to the self-energy of the vector kaonic �eld K∗ and Π(m2)

contains all the one-particle irreducible diagrams. Here, we consider as an approximation only

one-loop diagrams, see Figure 4.2 for an illustrative example of πK loops.

Figure 4.2: Schematic illustration of πK loops.

Moreover, in terms of the real part Re(Π(m2)) and imaginary part Im(Π(m2)), the one-loop

contribution can be expressed as

Π(m2) = Re(Π(m2)) + i Im(Π(m2)) . (4.7)
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Based on the optical theorem [7], the imaginary part reads

Im(Π(m2)) = mΓK∗(892)→Kπ(m) , (4.8)

where:

ΓK∗(892)→Kπ = ΓK∗+(892)→K+π0 + ΓK∗+(892)→K0π+
isospin symmetry

= 3ΓK∗(892)→K+π0 (4.9)

Note, we work here in the isospin-symmetric limit, hence we consider only one channel denoted

as:

K∗(892)→ Kπ .

Furthermore, in order to calculate the real part we use the corresponding dispersion relation

(valid under the conditions that s = m2 is real and exceeds the value Mπ +MK). For the decay

channel K∗(892)→ Kπ we have [59, 60]

Re(Π(m2)) = − 1

π
P

∞∫
MK+Mπ

2m′
m′ΓK∗(892)→Kπ(m′)

m2 −m′2 + iε
dm′ . (4.10)

Once, the propagator is de�ned, one can introduce the spectral function, given by

dK∗(m) =
2m

π

∣∣Im ∆K∗(p
2 = m2)

∣∣ , (4.11)

which must be correctly normalized:

∞∫
0

dK∗(m)dm = 1 . (4.12)

The quantity dK∗(m)dm can be understood as the probability that the mass of the state K∗(892)

is in the range between m and m + dm. Note, Eq. (4.12) naturally follows from our formalism

and is not imposed as an `ad hoc' constraint. The numerical veri�cation of Eq. (4.12) represents

an important unitarity test of our approach.

When s is not real (or real but smaller than (Mπ + MK)2) the loop Π(s) can be expressed

as:

Π(s = z2) = − 1

π

∞∫
MK+Mπ

2m′
m′ΓK∗(892)→Kπ(m′)

s−m′2 + iε
dm′ = − 1

π

∞∫
(MK+Mπ)2

√
s′

ΓK∗(892)→Kπ(s′)

s− s′ + iε
ds′ ,

(4.13)

where s = z2 is a complex number.

When Π(s) is continued to its second Riemann sheet ( II RS), it reads:

ΠII = Π(s) + 2iI(s) , (4.14)

where

I(s) =
√
sΓ(s), (4.15)

and Γ(s) is given in Eq. (4.2) upon setting s = z2.
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We emphasize that the relation Π(m2 →∞)→ 0 holds in all directions of the whole complex

plane on the I RS. Namely, the functions Π(m2 →∞) and e−2k(s=z2)/Λ2
are completely di�erent

from each other in the I RS. The former does not have any singularity (besides a cut), while

the latter has no cut and an essential singularity for z =∞. For what concerns other Riemann

sheets, the ΠII(z
2) develops singular points.

The propagator in the I RS is given by Eq. (4.6) upon consdering m2 → z2 = s. It can be

also continued to the II RS as

∆K∗,II(s = z2) =
1

s−Ms + ΠII(s = z2) + iε
. (4.16)

One searches poles of ∆K∗,II(s) on the II RS as

∆−1
K∗,II(s = z2) = 0 , (4.17)

where the solution(s) s = spole is (are) such that (see Chapter 1):

√
spole = mpole −

iΓpole

2
. (4.18)

4.3 Results

Our model contains three free parameters: the bare mass M0 of K∗(892) included in Eq. (4.6),

the cuto� Λ employed in Eq. (4.5), and the coupling constant c entering the Lagrangian of

Eq. (4.1). For illustrative purposes, we �x Λ = 0.5 GeV in agreement with other approaches

[61]. Then, M0 is determined under the requirement that the maximum of the spectral function

corresponds to the PDG mass value of K∗(892), obtaining M0 = 0.89166 GeV. Finally, the

coupling constant c is evaluated under the requirement to obtain the PDG value of the decay

width of K∗(892) state; the value is c = 15.73. (Note, we omit the anyhow small experimental

errors in this illustrative study of K∗(892)).

By using these parameters, we calculate the spectral function of Eq. (4.11) for the vector

kaon K∗(892). The plot of the normalized spectral function is presented in Figure 4.3. As

expected, only a unique peak (close to 0.9 GeV) corresponding to K∗(892) is observed. One

can approximate well the shape of the spectral function by using a relativistic Breit-Wigner

distribution. Moreover, as expected, we �nd that the propagator of Eq. (4.6) has a unique

(relevant) pole

∆−1
K∗,II(s) = s−M2

0 + ΠII(s) = 0 , (4.19)

on the second Riemann sheet. This pole corresponds to the seed stateK∗(892) and its coordinates

are
√
spole = (0.89− 0.028i) GeV , (4.20)

which means that

mpole
K∗(892) = 0.89 GeV and Γpole

K∗(892) = 56 MeV . (4.21)
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Figure 4.3: The shape of the spectral function of K∗(892) de�ned in Eq. (4.11) compared with

the Breit-Wigner function, plotted for the parameters listed in the PDG [2]. The used parameters

are: Λ = 0.5 GeV, M0 = 0.89166 GeV and c = 15.73.

In order to prove the conventional qq̄ nature of K∗(892) we analyze the large-Nc behavior

of its spectral function and its pole position. For this purpose we employ a new dimensionless

parameter λ, de�ned as

λ =
3

Nc
, (4.22)

with Nc being the number of colors. In nature Nc = 3 but it is convenient to study QCD for

large values of Nc, since various simpli�cations occur in this limit [62, 63].

Then, we impose the scaling of the coupling constant c in the following way

c→
√
λc , (4.23)

in agreement with large-Nc rules, see Ref. [62, 63] and references therein. Thus, for λ = 0 (Nc →
∞) the state K∗0 (892) becomes stable. Note, for a large value of Nc, Γ scales as 1/Nc. On the

other hand, for λ = 1 we obtain the physical results of our model. We chose some intermediate

values of the parameter λ and repeat the calculations. The results for the spectral function and

the pole trajectories are depicted in Figure 4.4.

For what concerns the spectral function, it is visible that for decreasing λ the peak related

to K∗(892) resonance grows and becomes narrower. Finally, as expected, for λ = 0 the Dirac

delta function is obtained: dK∗ = δ(m−M0). Moreover, the results for the pole in the large-Nc

limit as a function of λ reveal its movement on the complex plane. The pole assigned to K∗(892)

approaches the real energy axis with decreasing λ (increasing Nc). This behavior is typical for a

conventional quark-antiquark object. Moreover, the imaginary part scales as 1/Nc, as expected

for a pole describing a qq̄ state.
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a) b)

Figure 4.4: Panel (a) shows the behavior of the spectral function upon variations of λ parameter.

Panel (b) shows the motion of the pole on the complex plane upon considering the large-Nc limit.

The blue point indicates the coordinates of the propagator pole for the physical case, thus Nc = 3.

4.4 Concluding remarks

In this chapter we have presented the formalism of our e�ective QFT unitarized approach at one

loop. In this context we have studied the well-known quark-antiquark K∗(892) resonance. We

investigated its spectral function, which can be nicely approximated by Breit-Wigner distribution

peaked at around 0.9 GeV. Moreover, we have found the coordinates of a single pole that appears

on the complex plane on the II RS. The large-Nc analysis con�rms the quark-antiquark nature

of the K∗(892) resonance.

In the next chapters we will use similar models to describe more controversial and di�cult

resonances.
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Chapter 5

Scalar mesons K∗0(700) and K∗0(1430)

This chapter is devoted to the investigation of the existence and the nature of the light resonance

K∗0 (700) by employing a QFT approach at the resummed one-loop level. Within our model, a

single (bare) quark-antiquark scalar kaonic seed state, which roughly corresponds to the well-

established resonance K∗0 (1430), is included in the relativistic Lagrangian containing both non-

derivative and derivative terms. The spectral function in the scalar kaonic sector up to 1.8 GeV

cannot be approximated by an ordinary Breit-Wigner shape, due to a signi�cant deformation

in the low-energy region. We show that, besides the expected pole of K∗0 (1430), a dynamically

generated pole corresponding to the light K∗0 (700) naturally emerges through kaon-pion loops.

The performed �t to the experimental Kπ phase-shift data in the I(JP ) = 1
2(0+) channel shows

that the scattering data can be correctly described when the poles for both resonances K∗0 (1430)

and K∗0 (700) are simultaneously present.

5.1 Introduction to the light scalar mesons

The resonance κ ≡ K∗0 (700) [2] (previously named asK∗0 (800) [64]) is the lightest scalar state with

quantum numbers I(JP ) = 1
2(0+). The K∗0 (700), also denoted as κ, has been very recently added

to the PDG summary table as the last missing state of the nonet of light scalar mesons below

1 GeV (but the remark �needs con�rmation� is still present in the detailed entry in the particle

listing). Despite numerous theoretical works where the pole position of light κ is determined

(see Refs. [65, 66, 67, 68, 69]), its nature is not yet fully understood. Together with other well-

established light scalar mesons of that nonet, such as the broad f0(500) and the narrow states

a0(980) and f0(980), the K∗0 (700) is a good candidate to be a non-conventional state. It has been

suggested to interpret them as predominantly tetraquark (qq-q̄q̄) objects [70, 71, 72, 73, 74, 75,

76, 77, 78] or/and as generated dynamically molecular-like states [79, 80, 81, 82, 83, 84, 85, 86,

87, 88, 89, 90, 91, 92, 93, 94, 95]. For what concerns the experimental evidence, this resonance

has been observed by studying πK scattering phase shifts [96]. Moreover, quite recently, the BES

Collaboration reported the presence of the light κ in the decay channel J/ψ → K̄∗0(892)K+π−

[97, 98]. For other experimental signals, see Ref. [99] and references therein. In Ref. [100] one

can also �nd the lattice results of the πK scattering.
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The second resonance described by the same set of quantum numbers, thus I = 1
2 and J = 0,

is the heavier state K∗0 (1430). From both theoretical and experimental side this state is rather

well-established. The PDG [2] reports for K∗0 (1430) a mass of (1425±50) MeV and a total width

of (270 ± 80) MeV. According to the general consensus, this resonance belongs to the nonet of

scalar (J = 0) quark-antiquark states with L = S = 1. The other members of this nonet are

f0(1370), f0(1500)/f0(1710), and a0(1450). (Note, for f0(1500)/f0(1710) mixing with the scalar

glueball is possible, see Refs. [101, 102, 103, 104, 105, 106]).

5.2 The model

For the scalar kaonic sector we use an e�ective relativistic Lagrangian describing the decay (and

interaction) of a single qq̄ seed state (denoted as K∗0 ) into a kaon-pion pair. It is constructed as

the sum of two types of interaction terms, one containing a derivative and one without derivative

(see Chapter 2 for details):

Lint = aK∗−0

(
K+π0 +

√
2K0π+

)
+ bK∗−0

(
∂µK

+∂µπ0 +
√

2∂µK
0∂µπ+

)
+ h.c.+ . . . . (5.1)

The dots in the above equation represent the sum over the other members of the isospin mul-

tiplet. Moreover, the quantities a and b are the coupling constants with dimensions Energy

and Energy−1, respectively. The simultaneous presence of derivative and non-derivative interac-

tions in the Lagrangian of Eq. (5.1) is consistent with other low-energy e�ective approaches of

QCD, such as chiral Perturbation Theory based on the nonlinear realization of chiral symmetry

[107, 108, 109] and chiral e�ective models based on its linear realization [110, 111, 112]. As

usual, the theoretical formula for the decay width of the unstable K∗0 state with mass m (kept

as `running') can be derived from Feynman rules, see Chapter 2 for details, and reads as

ΓtreeK∗0
(m) = 3

k(m)

8πm2

(
a− b

m2 −M2
K −M2

π

2

)
FΛ(m) . (5.2)

The quantity k(m) in Eq. (5.2) expressed explicitly as

k(m) =

√
m4 +

(
M2
π −M2

K

)2 − 2
(
M2
π +M2

K

)
m2

2m
(5.3)

refers to the absolute value of the three-momentum of the kaon (with mass MK) and the pion

(with mass Mπ) in the reference frame where the decaying K∗0 state is at rest. As explained

previously, the quantity FΛ(m) is the form factor which, similarly to the case of K∗(892) in the

vector kaonic sector, is chosen to be an exponential function of the type

FΛ(m) = e−2k2(m)/Λ2
, (5.4)

where a cuto� parameter Λ refers now to the kaonic scalar sector. Upon setting m ' 1.43 GeV

[2] in Eq. (5.2) we �nd the (on-shell) tree-level decay width (Γon shell
K∗0

= Γtree
K∗0

(m ' 1.43 GeV)).

According to some phenomenological models, one can identify it as the physical decay width

of the K∗0 (1430) resonance [112]. It shall be here stressed that the bare qq̄ seed state K∗0 entering
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in the Lagrangian of Eq. (5.1) roughly corresponds to the well-established K∗0 (1430) state, in

accordance with many phenomenological approaches exploring the scalar sector [1, 75, 112, 113,

114, 115].

At this point, we turn to the mathematical formalism of our theoretical approach. Similarly

to Eq. (4.6) we introduce the propagator of the �eld K∗0

∆K∗0
(p2 = m2) =

1

m2 −M2
0 + Π(m2) + iε

. (5.5)

The parameter M0 in the above expression stands for the bare mass of the qq̄ (K∗0 (1430) :

us̄, ūs, ds̄, d̄s) seed state, while the quantity Π(m2) is the self-energy function of the scalar kaonic

�eld K∗0 .

Again, the function Π(m2) can be express in terms of real part Re Π(m2) and imaginary part

Im Π(m2). By applying the optical theorem one gets:

Im ΠK∗0
(m2) = m

(
ΓK∗+0 (1430)→K+π0 + ΓK∗+0 (1430)→K0π+

)
isospin symmetry

= m
(

3ΓK∗0 (1430)→K+π0

)
.

(5.6)

Similarly to K∗(892) also here we work in the isospin limit, therefore we have only one channel

(as an example in Figure 5.1 the K+π0 loop is depicted).

Figure 5.1: An illustrative example of one kaon and one pion circulating in the loop, giving the

contribution to Π(m).

In order to calculate the real part we use the corresponding dispersion relation [59, 60]:

Re(ΠK∗0
(m2)) = − 1

π
P

∞∫
MK+Mπ

2m′
m′ΓK∗0 (1430)→Kπ(m′)

m2 −m′2 + iε
dm′ . (5.7)

Furthermore, the propagator is directly connected to spectral function by the following relation

dK∗0 (m) = −2m

π
Im∆K∗0

(p2 = m2) . (5.8)

It is crucial to remind, that the spectral function ful�lls again the normalization condition

∞∫
0

dK∗0 (m)dm = 1 , (5.9)
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see Ref. [116] for a rigorous mathematical proof. The quantity dK∗0 (m)dm can be identi�ed as

the probability that the mass of the resonance lies in the range between m and m+ dm. Note,

the normalization of Eq. (5.9) demonstrates the conservation of unitarity.

As it will be discussed in the next subsection, in our approach we use the Kπ phase-shift data

for the I(JP ) = 1
2(0+) scattering channel to provide a determination of the model parameters.

Within our approach, we considered only the scalar kaonic resonances in the energy region below

1.8 GeV. Here, the Feynman diagram corresponding to the πK s-channel scattering dominates:

AF =
(ig)2F 2

Λ

s−M2 + Π(s)
. (5.10)

The phase shift reads [117]
e2iδπK − 1

2i
=
|k|

8π
√
s
AF , (5.11)

leading to:

δπK(m) =
1

2
arccos

[
1− πΓtreeK∗0

(m)dK∗0 (m)
]
. (5.12)

Some comments are needed:

1) Eq. (5.12) is obtained under the assumption that the K∗0 propagation dominates in the

s-channel, thus the contributions coming from the u-channel and t-channel meson exchanges

are omitted here. For a wider discussion on the validity of such assumption we refer to Refs.

[118, 119, 120]. There is also shown that this approximation does not a�ect signi�cantly the pole

positions of the resonances.

2) Moreover, the approximation of considering only the s-channel and neglecting the u- and

t-channels is motivated by the fact that the scaterring data, which we use to perform a �t, starts

at a safe distance (∼ 200 MeV) above the Kπ-threshold. This is especially important, since at

threshold all contributions are relevant due to the small overall interaction strength (a conse-

quence of chiral symmetry).

3) Within our e�ective model we investigate the scattering process in the I = 1
2 channel.

Experimentally, the phase shift for I = 3
2 channel (for which no s-channel is present) is negative

(i.e repulsion occurs in this case). When comparing the I = 1
2 and I = 3

2 channels, the latter is

at least four times smaller. This shows that the increased intensity in the former channel is due

to the exchange of the scalar kaon in the s-wave.

5.3 Results

Our model contains four free parameters: the two coupling constants a and b included in La-

grangian of Eq. (5.1), the cuto� Λ entering Eq. (5.4), and �nally the bare seed state mass M0

coming from the propagatar of Eq. (5.5). All the model parameters are determined by �tting the

expression of Eq. (5.12) to the phase shift experimental data of Ref. [21]. In order to obtain the
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parameter's errors, we construct the inverted Hessian matrix out of the χ2 function and calculate

the square roots of its diagonal elements. The results of the �t are illustrated in Figure 5.2 and

the numerical values of all best-�tting parameters as well as their errors are reported in Table

5.1.

Figure 5.2: The solid (blue) curve represents the results of our �t for the kaon-pion phase shift

of Eq. (5.12) performed using the four free parameters of the model a, b,M0 and Λ (for their

numerical values, see Table 5.1). The black points stand for the experimental data of Ref [21].

The value of χ2
0/d.o.f. = 1.25 explains the good description of the data.

The statistical analysis of χ2 gives a satisfactory value χ2
0/d.o.f. = 1.25, thus indicating a

good description of the experimental data by the results of our model.

Parameter a [GeV] b [ GeV−1] M0 [GeV] Λ [GeV]

Value 1.6± 0.22 −11.16± 0.82 1.204± 0.008 0.496± 0.008

Table 5.1: The numerical values of model parameters and their errors obtained by the �t to the

phase-shift data.

The poles are searched in the II RS. We therefore refer to Chapter 4 for a treatment of this

mathematical aspect. These poles (in unit of GeV) are:

K∗0 (1430) : (1.413± 0.002)− (0.127± 0.003)i [GeV] , (5.13)

K∗0 (700) : (0.746± 0.019)− (0.262± 0.014)i [GeV] . (5.14)

We emphasize that a pole related to the resonance κ = K∗0 (700) naturally appears in our calcu-

lation as a dynamically generated state.
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The obtained coordinates of the pole of the propagator provide us useful information about

the resonances. According to the relation given by Eq. (1.14) one can determine the physical

mass of the resonance (to be identi�ed with the real part of the pole) as well as its decay width

(to be identi�ed with the doubled imaginary part of the pole). Hence, for both resonances

K∗0 (1430) and K∗0 (700) we calculate their masses and decay widths out of the coordinates of the

corresponding complex poles. The results of our model in comparison with the PDG values are

presented in Table 5.2.

Mass [GeV] Decay width [GeV]

STATE OUR MODEL PDG OUR MODEL PDG

K∗0 (1430) (1.413± 0.002) (1.425± 0.050) (0.254± 0.006) (0.270± 0.080)

K∗0 (700) (0.746± 0.019) 0.630− 0.730 (0.524± 0.028) 0.520− 0.680

Table 5.2: The numerical values of the masses and decay width for both K∗0 (700) and K∗0 (1430)

resonances obtained from our theoretical model compared to the values reported in the PDG.

The PDG values for K∗0 (700) correspond to the position of the pole. In PDG one can also �nd

Breit-Wigner mass mκ,BW = 824± 30 MeV and decay width Γκ,BW = 478± 50 MeV.

All the theoretical values determined in our model are compatible with those listed in the

PDG.

In panel (a) of Figure 5.3 we present the normalized scalar kaonic spectral function de�ned

in Eq. (5.8) and plotted for the model parameters of Table 5.1. We stress that the resonance

K∗0 (1430) is clearly visible in the scalar spectral function as the unique peak in the energy region

close to 1.4 GeV, but there is no peak for light κ. However, even if only one peak is observed, it

turns out that one cannot approximate the shape of the spectral function by the standard Breit-

Wigner type, since a broad left hand-side enhancement, identi�ed with K∗0 (700), is present. The

existence of a second, additional companion pole corresponding to the broad distortion in the

spectral function is a natural consequence of our theoretical model.

Interestingly, a similar situation holds in case of broad f0(500) state in the isoscalar sector:

even if its pole is commonly accepted, no corresponding peak is present in the scalar-isoscalar

spectral function. In contrast, one can distinguish two scalar resonances f0(980) and a0(980)

which are quite narrow. Despite the fact that their couplings to kaons are known to be large, these

states are situated just at the KK threshold, thus their decays into two kaons are kinematically

suppressed. We summarize that the common origin of all those resonances as well as the light

κ can be explained by mesonic quantum �uctuations. Just as K∗0 (700), the resonances f0(500),

f0(980) and a0(980) can be understood as dynamically generated companion poles, see Ref. [121]

and refs. therein for details.

In order to understand better the nature of both resonances K∗0 (1430) and K∗0 (700) we

study the behavior of the spectral function and position of the poles in the limit in which the

number of colors Nc is large. Such theoretical procedure is very useful since for large Nc values
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a) b)

Figure 5.3: Panel (a) shows the normalized scalar kaonic spectral function of Eq (5.8) plotted

for the model parameters reported in Table 5.1. It is clearly visible that, besides the peak

corresponding to K∗0 (1430), an additional broad structure in the low-energy sector is present.

Panel (b) shows the shape of the scalar kaonic spectral function in dependence of the scaling

parameter λ = 3/Nc. The spectral function becomes more peaked and the enhancement decreases

with decreasing λ.

conventional mesons become stable. As it was already presented in Eq. (4.22) a dimensionless

scalling parameter λ, related to the Nc reads:

λ =
3

Nc
, (5.15)

which enters into our model by replacing the coupling constants in the following way:

a→
√
λa, b→

√
λb . (5.16)

As a consequence, by setting λ = 0 (Nc →∞) we obtain the spectral function which corresponds

to the non-interacting scalar kaonic seed state, thus a delta function peaked at the seed mass.

For the λ = 1 (Nc = 3) we reobtain our physical results. By changing the parameter λ in the

range from 1 to 0, one can successively decrease the interaction and check in a controlled manner

the behavior of the spectral function. In panel (b) of Figure 5.3 we present the spectral function

of K∗0 (1430) plotted for di�erent values of λ. One can observe that, the smaller λ (thus the

larger Nc), the interaction gets smaller and the peak related to K∗0 (1430) becomes narrower and

higher, reducing to a Dirac delta function in the large-Nc limit. Moreover, the broad enhancement

identi�ed with K∗0 (700) state becomes less pronounced and completely dissapears for increasing

Nc (thus for decreasing interaction).

Furthermore, we repeat the same procedure in order to study the behavior of the position of

the poles in the complex plane. The results are shown in Figure 5.4. The large-Nc study reveals

that the poles for both K∗0 (1430) and K∗0 (700) move. The former goes towards the real axis,

which is the characteristic behavior for a conventional qq̄ mesonic state. On the contrary, the

latter goes away from it, and dissapears on the II RS for λ 6 0.24, thus for Nc > 13. We conclude
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Figure 5.4: The movement of both the seed state and companion pole for �ve di�erent values of

λ parameter de�ned in Eq. (5.15). The pole positions corresponding to the physical case (thus

λ = 1) we indicate by big blue dots.

that the pole corresponding to K∗0 (700) is generated dynamically and does not survive in the

limit of large-Nc. A similar threshold behavior has also been found in Refs. [80, 122, 123, 124].

5.4 Modi�cation of the model

We explore various scenarios of our model in order to understand more precisely the results

discussed above. As a �rst step, we consider two simpli�ed forms of the Lagrangian of Eq. (5.1),

each one containing only one type of interaction term (with derivative or without). In order to

obtain the Lagrangian with the non-derivative term only, we set b = 0 in Eq. (5.1). Similarly,

in order to obtain the Lagrangian involving only the derivative term we set a = 0 in the same

expression. Then, we perform two additional �ts to phase-shift data. The �tting results are

illustrated in Figure 5.5.

In Table 5.3 we summarize the outcomes for these alternative scenarios. In the �rst entry

the main results of Sec. 5.3 are reported. The results for the non-derivative case (b = 0) are

reported in the second entry. As it is shown in the �fth column, the value χ2
0/d.o.f has sizably

increased: no satisfactory description can be achieved in this case. In the third entry we present

the scenario in which only the derivative term is retained in the Lagrangian (a = 0). Even if

the value of χ2
0/d.o.f is clearly worsened, an qualitative acceptable description of data is still

obtained.

In order to evaluate the validity of performed �ts we use the statistical test for the goodness

of the �t (see last column of Tab. 5.3). To this end, we introduce the following quantity [125]:

p(χ2 > χ2
0) =

1

2d/2Γ(d/2)

∞∫
χ2

0

dx x
d
2
−1e−x/2 , (5.17)
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a) b)

Figure 5.5: Panel (a): the solid (red) curve corresponds to the case when only derivative terms

are retained in the Lagrangian of Eq. (5.1), while the dashed (purple) curve corresponds to the

non-derivative case. The black points are the experimental data of Ref. [21]. Panel (b): the

solid (orange) curve presents the �tting results for the modi�ed vertex function in Eq. (5.18).

(with d = d.o.f.) which stands for the probability to obtain a χ2 larger than χ2
0 when per-

forming a new scattering experiment (obviously, without changing the theoretical function for

the �t). The very small value of this probability indicates that (i) our theoretical model is not

completely correct (the most reasonable conclusion) or (ii) our theoretical model is correct, but

quite unluckily, statistical �uctuations have an in�uence on the experimental results. For in-

stance, when this probability is smaller than 5%, then the thoretical model can be excluded at

95% con�dence level. To be more quantitative, for our original model (with both derivative and

non-derivative terms in the Lagrangian and Gaussian form factor) we have p(χ2 > χ2
0) = 15.3%

(with d.o.f. = 37 − 4 = 33). This result con�rms that one cannot reject our theoretical model.

The model containing only non-derivative interaction terms gives a very small value of this prob-

ability, which is expected because the experimental data are not satisfactorily covered by the

theoretical function. For what concern the model with only derivative interaction terms the

corresponding value of p(χ2 > χ2
0) is also very small (here, d.o.f. = 37 − 3 = 34). However,

in this case the result may seem surprising at a �rst sight because the form of the theoretical

function match the data. Yet, the results of the statistical analysis implies that both modi�ed

models can be excluded with a good level of accuracy.

For completeness, in the third and fourth columns and for each scenario, we report the

position of the poles for both K∗0 (1430) and K∗0 (700) resonances.

Another important issue requiring a more detailed discussion is the choice of the form factor.

As already mentioned in Chapter 4, the Gaussian form factor originally employed in our model

is relatively easy to use and rather standard in numerous works on the subject. However, if any

other function (on the positive real axis) goes to zero smoothly but su�ciently fast, can be used

as a cuto� function. As a test, we modi�ed our model by using the following form factor:

FΛ(m) = e−2k4(m)/Λ4
, (5.18)
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where k(m) is given in Eq. (5.3). The results of the �t are presented in panel (b) of Figure 5.5

and in the last row of Table 5.3. Also for this scenario we observe that the theoretical model

is in qualitative agreement with the experimental data. Yet, the statistical test shows that one

should reject this scenario. Correspondingly, the value of the pole for κ obtained in this model

is not compatible with the result of our pre�ered model (�rst line of Table 5.3) and with other

values quoted by the PDG. We conclude that changing the cuto� function does not provide a

satisfactory description of experimental data.

Moreover, another form factor, the so-called Fermi function

FΛ(m) = [(1 + e−αΛ2
)/(1 + eα(k2(m)−Λ2))] (5.19)

has been tested for di�erent values of the parameter α. Also this choice turns out to be not

su�cient for the description of the data. The obtained �t does not pass the statistical analysis

of the χ2.

The study of the variations of the model leads us to the conclusion that our original model

with the Gaussian form factor and the Lagrangian containing simultaneously both a (dominant)

derivative and a (subdominant) non-derivative terms describes accurately the experimental data

in contrast to the other scenarios tested here.

5.5 Concluding remarks

In this chapter within our e�ective model we have studied the I(JP ) = 1
2(0+) channel with two

resonances: a conventional qq̄ state K∗0 (1430) and a non-conventional state K∗0 (700). In our

approach, in agreement with other e�ective approaches of low-energy QCD, both derivative and

non-derivative interactions are taken into account. It was shown that, starting from a single

quark-antiquark kaonic �eld, it is possible to describe both states K∗0 (1430) and K∗0 (700), since

the propagator develops two poles, which are needed to reproduce correctly the experimental

kaon-pion phase-shift data. We have explored the spectral function, which turns out to be quite

di�erent from a Breit-Wigner form, since strong deformations, corresponding to the light κ,

emerge in the low-energy region.

In the large-Nc limit one observes that the enhancement, corresponding to K∗0 (700) (as well

as its dynamically generated pole) disappears when Nc is large enough. At the same time, the

pole linked to K∗0 (1430) is present and move toward the real axis. This leads us to conclusion

that K∗0 (1430) behaves as a typical qq̄ state, while K∗(700) is a non-conventional dynamically

generated state (a companion pole within our framework).

We underline that the inclusion of the derivative interaction term into the Lagrangian is

essential for our results since it turns out to be the dominant one for the description of the

experimentalKπ phase-shift data. Nevertheless, to achive a satisfactory �t, also the contribution

of the non-derivative interaction is needed. A reliable �t cannot be obtained by using only one

type of interaction term. Moreover, the Gaussian form factor turns out to be the best choice for

the description of data.
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Chapter 6

Charmonium vector states ψ(4040)

and Y(4008)

In this chapter we investigate the well-established conventional cc̄ resonance ψ(4040), which is

considered as mainly a ψ(3S) state corresponding to quantum numbers 3 3S1. To this end we

use an e�ective QFT model in which the decays of ψ(4040) into the DD, DD∗, D∗D∗, DsDs

and DsD
∗
s channels are included. The evaluated spectral function deviates sizably from the

relativistic Breit-Wigner shape. This is due to the dynamically generated enhancement below

4 GeV, which emerges mostly through DD∗ loops. Moreover, two poles are present on the

complex plane: one for the standard charm-anticharm seed state, identi�ed with ψ(4040), and

the second corresponding to a broad enhancement appearing in the spectral function. At �rst

glance, one can be tempted to identify this additional pole with the puzzling state Y (4008),

observed by the Belle experiment in the π+π−J/ψ channel. Yet, the imaginary part of the

dynamically generated pole is too small when compared to Y (4008). Moreover, a deeper analysis

reveals that a di�erent mechanism, completely independent of the presence of the dynamically

generated pole, is at work: a broad enhancement peaked at about 4 GeV emerges in the decay

chain e+e− → ψ(4040) → D∗D → π+π−J/ψ as a consequence of the D∗D loop. Therefore,

the enigmatic state Y (4008) is not a genuine resonance (or pole), but rather an enhancement

appearing when the resonance ψ(4040) decays via DD∗ loops into the π+π−J/ψ channel.

6.1 Introduction to the charmonium states

In the past decades there has been a huge progress in the understanding of the charmonium sector,

mainly due to the data collected by B−factories experiments. The new observations provided

valuable informations about new resonances. Some of them appear as conventional charmonium

mesons, (thus, standard cc̄ states) whereas others, named as X,Y and Z states, exhibit unusual

behavior, suggesting their non-conventional nature, typical for hybrids, molecules, multiquarks

or glueballs, see Refs. [126, 127, 128, 129].

In this chapter, we investigate the vector charmonium sector covering the energy region
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around 4 GeV where the well-known resonance ψ(4040) is located. According to the PDG [2],

this conventional cc̄ state is described by the vector quantum numbers JPC = 1−−. Moreover,

it has spin 1, the principal number 3 and the angular momentum 0, which in the non-relativistic

spectroscopic notation corresponds to n 2S+1LJ = 3 3S1, see Refs. [1, 130, 131, 132]. The PDG

reports for ψ(4040) a mass of (4039± 1) MeV and a total width of (80± 10) MeV.

Close to ψ(4040), the puzzling and still not con�rmed state Y (4008), with mass 4008 ±
40+114
−28 MeV and total width Γ = 226 ± 44 ± 87 MeV, was observed by the Belle Collaboration.

Y (4008) appears as a broad enhancement in the cross-section of the reaction e+e− → J/ψπ+π−,

measured by using the initial state radiation (ISR) production process [133]. Later on, the same

group con�rmed this observation in updated measurements [134]. Nevertheless, the subsequent

experiments at BESIII [135] and BaBar [136] could not con�rm its existence even if the same

ISR-technique was used. Taking into account the above discussion and knowing that there

was a limited statistic of the data at Belle, the existence of Y (4008) is rather questionable.

Despite all that, this observation initiated an extensive theoretical discussions trying to explain

its nature. The most common scenarios concerned the non-conventional character of Y (4008). It

was therefore proposed to interpret it as a D̄∗D∗ molecule [137, 138], as a tetraquark [139, 140],

and also as an interference e�ect with the background [141]. Another possibility, suggesting that

Y (4008) is a ψ(3S) charmonium state [142, 143], is not pre�ered, since ψ(4040) seems to be a

much better candidate for this assignment. The status of the enigmatic Y (4008) enhancement

has not yet been clari�ed, hence it becomes important to improve our understanding by studying

the nearby energy regime.

Following the idea presented in Chapter 5, where we have found that the light K∗0 (700) ap-

pears as a companion pole of the heavier K∗(1430) resonance, we investigate if one can describe

simultaneously both states ψ(4040) and Y (4008) by using a similar mechanism. It is also inter-

esting that two poles have been observed when studying ψ(3770) charmonium resonance [144].

In analogy to that, we construct a QFT model in which a unique cc̄ seed state corresponding to

ψ(4040) is coupled to the DD, D∗D, D∗D∗, DsDs, DsD
∗
s channels. As we shall demonstrate in

this chapter, there are many similarities between this analysis and that one for the scalar sector,

but signi�cant di�erences and new aspects do emerge.

6.2 The model Lagrangian

In our model the two-body decays of a single charm-anticharm seed state identi�ed with ψ(4040)

resonance are described by an e�ective relativistic interaction Lagrangian which contains three

types of terms:

Lψ(4040) = LV PP + LV PV + LV V V . (6.1)

The �rst term refers to the decay channels into two pseudoscalar mesons (with corresponding

products such as DD and DsDs). The second one stays for the decays into one pseudoscalar

and one vector meson (DD∗ and D∗sDs channels). Finally, the last one couples the vector seed

state to two vector mesons (decays into D∗D∗). Each term of the Lagrangian can be written
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explicitly as:

LV PP = igψDDψµ
[(
∂µD+

)
D− +

(
∂µD0

)
D̄0 +

(
∂µD+

s

)
D−s
]

+ h.c. , (6.2)

LV PV = igψD∗Dψ̃µν
[
∂µD∗+νD− + ∂µD∗0νD̄0 + ∂µD∗+νs D−s

]
+ h.c. , (6.3)

LV V V = igψD∗D∗
[
ψµν

(
D∗+µD∗−ν +D∗0µD̄∗0ν +D∗+µs D∗−νs

)]
+ h.c. . (6.4)

The three quantities in the above expressions, denoted as gψDD, gψD∗D and gψD∗D∗ stand for

the coupling constants (with dimensions Energy0, Energy−1 and Energy0, respectively) whose

numerical values are determined from the experimental data reported in the PDG [2]. Moreover,

ψµν and ψ̃µν are de�ned in the usual way:

ψµν = ∂µψν − ∂νψµ , (6.5)

ψ̃µν =
1

2
εµνρσψ

ρσ . (6.6)

For completeness, all the decay processes studied in our model as well as the masses of the decay

products are reported in Table 6.1. One should stress that the decay channel into D∗sD
∗
s is

kinematically forbidden and is not considered in our analysis.

Term of the Lagrangian Decay processes Masses of the decay products [MeV]

LV PP

ψ(4040)→ D+D−

ψ(4040)→ D0D̄0 mD+ = mD− = 1869.65± 0.05

ψ(4040)→ D+
s D
−
s mD0 = mD̄0 = 1864.83± 0.05

LV PV

ψ(4040)→ D∗0D̄0 + h.c. mD∗0 = mD̄∗0 = 2006.85± 0.05

ψ(4040)→ D∗+D− + h.c. mD∗+ = mD∗− = 2010.26± 0.05

ψ(4040)→ D∗+s D−s + h.c. mD+
s

= mD−s
= 1968.34± 0.07

LV V V
ψ(4040)→ D∗+D∗− mD∗+s

= mD∗−s
= 2112.2± 0.4

ψ(4040)→ D∗0D̄∗0

Table 6.1: Decay processes described by each term of the Lagrangian of Eq. (6.1) with the masses

of the products of these decays. The numerical values for the masses are taken from PDG [2].

As it was presented in Sec. 2.3, an explicit calculation from the Feynman rules led us to the

following theoretical formulas for the decay widths. Depending on the type of decay they are:

Γψ→D+D−+h.c(m) =
[k(m,mD+ ,mD−)]3

6πm2
g2
ψDDFΛ(m) , (6.7)

Γψ→D∗+D−+h.c(m) =
2

3

[k(m,mD∗+ ,mD−)]3

π
g2
ψD∗DFΛ(m) , (6.8)

Γψ→D∗+D∗−(m) =
2

3

[k(m,mD∗+ ,mD∗−)]3

πm2
D∗+

g2
ψD∗D∗

[
2 +

[k(m,mD∗+ ,mD∗−)]2

m2
D∗+

]
FΛ(m) . (6.9)
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One can notice that each decay width given above is a function of m being the `running' mass

of the unstable ψ state. Upon setting it to the nominal mass of ψ(4040) quoted by the PDG [2],

thus m = mψ(4040) = 4.039 GeV, the on-shell decay widths are obtained. The momentum k(m)

was already de�ned in Eq. (4.3).

Next, we turn to the form factor FΛ which regularizes our model. Analogously to the previous

studies for K∗(892) in the vector sector and light κ in the scalar kaonic sector, here we also use

the Gaussian function

FΛ ≡ FGauss
Λ (m) = e−2m

2

Λ2 . (6.10)

As it was already mentioned in this thesis, this choice is not unique. For completeness, a dipolar

form factor

FΛ ≡ FDipolar
Λ (m) =

(
1 +

m4

Λ4

)−2

(6.11)

has been also used. We will show later that the results do not depend strongly on the form of the

vertex function. Nevertheless, one should be careful with the parameter Λ entering Eq. (6.10)

and Eq. (6.11), since its numerical value is important. In our case, Λ is between the range from

0.4 GeV to 0.8 GeV. This is a typical value for mesonic objects since we have obtained Λ to be

∼ 0.5 GeV for the light K∗0 (700) when performing a �t to experimental data. Moreover, in Ref.

[144] it was found that Λ ≈ 0.3 GeV, but also for a value of around 0.4 GeV the results are in

agreement with data. However, in case of the 3P0 model a value of 0.8 GeV was found. Although,

this microscopic formalism is rather common to study masses and decays, but not necessarily

to compute mesonic loops. Since the cuto� Λ is not clearly known, we tested di�erent values of

this parameter for both types of the form factor. As we shall see later in Appendix B, only the

results for Λ up to 0.6 GeV are physically acceptable.

On the other hand, mathematical consistency does not imply that our model is physically

valid at arbitrarily high momenta, since only one resonance, the ψ(4040) is considered. Our

approach can be employed to describe the energy region around 4 GeV. To go beyond it, one needs

to take into account further resonances, such as ψ(4160), and even ψ(4415). For completeness,

we performed the calculations for two resonances ψ(4040) and ψ(4160) being simultaneously

present. We conclude that there are no signi�cant di�erences, then we shall omit ψ(4160) in the

following.

Following the same formalism used in previous chapter to describe the K∗0 (700), we introduce

the propagator for a vector �eld ψµ, whose scalar part is given by

∆ψ(p2 = m2) =
1

m2 −M2
ψ + Π(m2) + iε

, (6.12)

where Mψ is the bare mass of the cc̄ seed state, identi�ed with ψ(4040). The quantity Π(m2) in

the denominator is the self-energy, which is a complex function. Explicitly, at the one-loop level,

Π(m2) can be written as sum of all possible one-loop contributions:

Π(m2) = ΠD+D−(m2) + ΠD0D̄0(m2) + ΠD+
s D
−
s

(m2) + ΠD∗0D̄0+h.c(m
2)

+ ΠD∗+D−+h.c(m
2) + ΠD∗+s D−s +h.c(m

2) + ΠD∗0D̄∗0(m2) + ΠD∗+D∗−(m2) + ... . (6.13)
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The dots in the above equation represent all the other contributions coming from small decay

channels. As an illustrative example, in Figure 6.1 we present the contribution of the D∗0D̄0

loop.

Figure 6.1: Schematic illustration of one-loop contribution shown for the case of D̄0 and D∗0.

Moreover, one can factorize out the coupling constants. For instance, in the D+D− case:

ΠD+D−(m2) = g2
ψDDΣD+D−+h.c.(m

2) . (6.14)

Similar de�nitions can be written for the other channels. At one-loop the quantity ΣD+D−+h.c.(m
2)

is independent of the coupling constant gψDD.

In order to �nd the self-energy Π(m2) = Re(Π(m2))+i Im(Π(m2)) it is convenient to consider

its real and imaginary part separately. The real part Re(Π(m2)) can be computed by using the

dispersion relation. For example, for the decay into D+D− one has

Re(ΠD+D−(m2)) = − 1

π
P

∞∫
2mD+

2m′
m′Γψ(4040)→D+D−(m′)

m2 −m′2 + iε
dm′ . (6.15)

Similar expressions hold for all the other decay channels. For what concerns the imaginary part

Im(Π(m2)), the optical theorem [7], implies that

Im(Π(m2)) = m
(

Γψ(4040)→DD(m) + Γψ(4040)→DsDs + Γψ(4040)→D∗D(m)

+ Γψ(4040)→D∗sDs(m) + Γψ(4040)→D∗D∗(m)
)
, (6.16)

where:

Γψ(4040)→DD(m) = Γψ(4040)→D+D−(m) + Γψ(4040)→D0D̄0(m) , (6.17)

Γψ(4040)→D∗D(m) = Γψ(4040)→D∗+D−+h.c(m) + Γψ(4040)→D∗0D̄0+h.c(m) , (6.18)

Γψ(4040)→D∗D∗ = Γψ(4040)→D∗+D∗− + Γψ(4040)→D∗0D̄∗0 . (6.19)

Since the spectral function is at the center of our discussion, it is worth to recall its de�nition,

dψ(m) =
2m

π

∣∣Im ∆ψ(p2 = m2)
∣∣ . (6.20)

The quantity dψ(m)dm stands for the probability that the mass of ψ(4040) is in the range from

m to m+ dm. An important feature of our model is the normalization
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∞∫
0

dψ(m)dm = 1 . (6.21)

Notice that the integration is formally performed up to m → ∞. However, the numerical

calculations show that the condition given by Eq. (6.21) is already satis�ed for value m = 10

GeV in the upper limit of the integral, since this is far enough above 4 GeV.

Note, we work from now on in the isospin symmetric limit, hence D0D̄0 ≡ D+D−.

At this point we de�ne the partial spectral functions as:

dψ→DD(m) =
2m

π

∣∣∆ψ(m2)
∣∣2mΓψ(4040)→DD(m) , (6.22)

dψ→DsDs(m) =
2m

π

∣∣∆ψ(m2)
∣∣2mΓψ(4040)→DsDs(m) , (6.23)

dψ→DD∗(m) =
2m

π

∣∣∆ψ(m2)
∣∣2mΓψ(4040)→DD∗(m) , (6.24)

dψ→D∗sDs(m) =
2m

π

∣∣∆ψ(m2)
∣∣2mΓψ(4040)→D∗sDs(m) , (6.25)

dψ→D∗D∗(m) =
2m

π

∣∣∆ψ(m2)
∣∣2mΓψ(4040)→D∗D∗(m) , (6.26)

according to which the total spectral function of Eq. (6.20) reads:

dψ(m) = dψ→DD(m) + dψ→DsDs(m) + dψ→DD∗(m) + dψ→D∗sDs(m) + dψ→D∗D∗(m) . (6.27)

For example, the quantity dψ→DD∗(m)dm in Eq. (6.24) is the probability that ψ(4040), has a

mass between m and m + dm and decays into DD∗ [145]. The partial spectral functions are

useful to study the processes corresponding to di�erent decay channels. Moreover, the quantity

dψ→DD∗(m)dm is proportional to the cross section of the process e+e− → DD∗.

The extension to the complex plane is done by following the steps of Chapter 4. Yet, care is

needed because a new feature appears since we have more than a single decay channel.

In general, the loop function of each channel can be continued to the II RS, thus resulting

in 2N possible Riemann sheets. For instance, for the j-th channel the loop as function of s = z2

(complex number) reads

Πj(s = z2) = − 1

π

∞∫
s2th,j

√
s′

Γψ(4040),j(s
′)

s− s′ + iε
ds′ , (6.28)

where, sth,j is the threshold of that channel. For instance, for j = D0D̄0, sth = (2mD0)2, and so

on.

On the II RS of the j-th channel Πj(s = z2) reads

Πj,II(s = z2) = ΠJ(s = z2) + 2i
√
sΓψ(4040),j(s) . (6.29)

Usually, out of the 2N possible RS, only N of them are taken into consideration. If for

instance Re(s) is larger than sth,1, . . . , sth,n (but smaller than sth,n+1, . . . , sth,N ) then

Π(n+1)RS(s = z2) = Π1,II(s = z2)+. . .+Πn,II(s = z2)+Πn+1(s = z2)+. . .+ΠN (s = z2) . (6.30)
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In our particular case, thus for ψ(4040), we will be interested in Re(s) ∼ 4.04 GeV. Then, the

thresholds of the channels DD, D∗D, DsDs and D∗D∗ are on the left while D∗sDs is on the

right. We then search for the poles on the 4 + 1 = 5 RS.

6.3 Parameters of the model

There are �ve free parameters in our model: the couplings gψDD, gψD∗D and gψD∗D∗ of Eqs.

(6.2), (6.3) and (6.4), respectively, the energy scale Λ in Eq. (6.10), and Mψ the bare mass of

ψ(4040) appearing in the propagator of Eq. (6.12).

For what concerns Λ, we vary its numerical value within the interval from 0.38 GeV to 1 GeV

(but as we show in Appendix B only for Λ up to 0.6 GeV one obtains reasonable results for the

pole(s)). Once Λ is �xed we can determine the coupling constants. To this end one needs three

experimental data. The �rst one is the total decay width of the ψ(4040), which is given by the

PDG [2] as

Γtot,exp
ψ(4040) = 80± 10 MeV . (6.31)

The corresponding theoretical formula for the total decay width of ψ(4040) reads [for m = 4.039

GeV (on shell)]:

Γtot,theory
ψ(4040) = Γon shell

ψ(4040)→DD + Γon shell
ψ(4040)→DsDs + Γon shell

ψ(4040)→D∗D + Γon shell
ψ(4040)→D∗sDs + Γon shell

ψ(4040)→D∗D∗ .

(6.32)

Moreover, we choose the following two ratios quoted by the PDG [2] (see also Refs. [146,

147, 148, 149]):
B(ψ(4040)→ DD̄)

B(ψ(4040)→ D∗D̄)

∣∣∣∣
exp

= 0.24± 0.05± 0.12 , (6.33)

B(ψ(4040)→ D∗D̄∗)

B(ψ(4040)→ D∗D̄)

∣∣∣∣
exp

= 0.18± 0.14± 0.03 . (6.34)

Each ratio above has two errors, the �rst one is statistical, while the second is systematic.

Using Eqs. (6.7)-(6.9), we are able to determine the coupling constants and their errors. To

this end we minimize the χ2 function FE which depends on the parameters gψDD, gψD∗D and

gψD∗D∗ :

FE(gψDD, gψD∗D, gψD∗D∗) =


Γtheoryψ→DD(gψDD)

Γtheory
ψ→D∗D(gψD∗D)

− B(ψ(4040)→DD̄)
B(ψ(4040)→D∗D̄)

∣∣∣
exp

δ B(ψ(4040)→DD̄)
B(ψ(4040)→D∗D̄)

∣∣∣
exp


2

+


Γtheory
ψ→D∗D∗ (gψD∗D∗ )

Γtheory
ψ→D∗D(gψD∗D)

− B(ψ(4040)→D∗D̄∗)
B(ψ(4040)→D∗D̄)

∣∣∣
exp

δ B(ψ(4040)→D∗D̄∗)
B(ψ(4040)→D∗D̄)

∣∣∣
exp


2

+

Γtot,theoryψ(4040) (gψDD, gψD∗D, gψD∗D∗)− Γtot,expψ(4040)

δΓtot,expψ(4040)

2

.

(6.35)
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Finally, the last parameter Mψ (the bare mass) is determined by imposing the requirement that

the spectral function reaches the maximum at 4.039 GeV (the PDG average).

It should be stress that a change of Λ implies the variation of all the other parameters.

However, an unambiguous determination of the numerical value of this parameter turns out

to be problematic. It is not possible to perform a reliable �t to the available scattering data,

at least for two reasons: (i) the experimental errors are still quite large and (ii) an unknown

background contribution also needs to be considered. Thus, varying Λ in a reasonable range is

the best strategy at present. The numerical values of all the model parameters are presented in

the Appendix B where for each value of Λ there are di�erent values for coupling constants and

for the bare mass. One can see that the dependence on Λ is much stronger for gψDD than for

gψD∗D and gψD∗D∗ . This can be explained by the fact that the DD threshold is the most distant

one from the on-shell mass value of ψ(4040) resonance and, moreover, the corresponding on-shell

momentum kψDD =

√
m2
ψ(4040)

4 −m2
D+ ' 0.76 GeV is of the order of Λ. Note, the contribution

from theDD channel to the total width of ψ(4040) is rather small and does not in�uence much the

general picture. The results for the partial decay widths analysis performed for di�erent values

of Λ parameter and for two form factors can be found in Table B.5 of Appendix B. Even if the

results are consistent with each other, new experimental data for the channel ψ(4040)→ D−s D
+
s

would be needed in order to improve our model.

6.4 Results

Let us discuss now the main outcomes of our study, namely the shape of the total spectral

function of the ψ(4040) resonance (with later analysis extended to the partial spectral functions

for DD, DD∗ and D∗D∗ channels). The determination of the pole(s) position, and moreover the

characteristics of the process e+e− → J/ψπ+π− play a crucial role for the generation of a peak

corresponding to Y (4008).

6.4.1 Spectral function and pole position(s)

Since we did not determine the precise value for the cuto�, but only limited it to a certain range,

we choose Λ = 0.42 for presenting the results and preparing the plots. Such a choice is motivated

by the fact that this particular value generates a pole whose imaginary part is 40 MeV, just the

half of the PDG width. Once Λ is given, one can determine the other parameters of the model,

see Table 6.2 for their numerical values. The partial decay widths are reported in Table 6.3.

Parameters Λ [GeV] Mψ [GeV] gψDD gψD∗D [GeV−1] gψD∗D∗

Value 0.42 4.01 39.6± 5.0 3.43± 0.80 1.90± 0.95

Table 6.2: The numerical values of model parameters obtained for Λ = 0.42 and for a Gaussian

form factor.
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(Note, the value of the partial decay for the decay into D∗sDs is zero because it is subtreshold).

Decay channel DD DsDs D∗D D∗sDs D∗D∗

Partial decay width [MeV] 5.7± 1.4 46± 12 24± 11 0 4.3± 4.3

Table 6.3: The partial decay widths for di�erent decay channels calculated for the parameters

of Table 6.2.

In the panel (a) of Figure 6.2 we compare the full spectral function de�ned in Eq. (6.20) to

the ordinary Breit-Wigner shape (plotted for the parameters given by the PDG, thusMψ = 4.039

GeV and Γψ(4040) = 80 MeV). According to the expectation, a cc̄ seed state corresponding to

a) b)

Figure 6.2: Panel (a): Total spectral function of ψ(4040) resonance (blue line), de�ned in Eq.

(6.20), plotted for the parameters of Table 6.2 compared with the Breit-Wigner shape (red line)

plotted for the parameters quoted by the PDG [2]. Panel (b) Contributions to the whole spectral

function from DD (green line), DD∗ (orange line) and D∗D∗ (red line) decay channels, de�ned

in Eq. (6.22), Eq. (6.24) and Eq. (6.26), respectively.

the ψ(4040) resonance is visible in the spectral function as a unique peak with the maximum at

around 4.04 GeV. Although the Breit-Wigner distribution describes correctly the region nearby

the peak, there are di�erences close to 3.9 GeV, where a signi�cant enhancement is present. In

order to understand the origin of this puzzling distortion we study the partial spectral functions,

thus the contributions of particular channels to the whole spectral function, see Eqs. (6.20-6.27).

The results for the most signi�cant channels, DsDs, DD∗ and D∗D∗, are presented in panel (b)

of Figure 6.2. One can see that the enhancement is mostly in�uenced by the D∗D loops.

We have found that there are two complex poles. The �rst one situated on the V RS with

coordinates

(4.053± 0.04)− (0.040± 0.010)i GeV , (6.36)

is the seed pole related to the peak in the spectral function, while the second located on the IV
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RS with coordinates

(3.934± 0.006)− (0.030± 0.001)i GeV , (6.37)

is a dynamical �companion� pole which corresponds to the broad deformation. Notice that for
√
s ' 3.93 GeV, the channel D∗D∗ is on the right, hence we consider the IV RS.

We stress that one should not consider these values as �xed results, since the cuto� is not

precisely determined. However, we checked that the dynamically generated pole emerges even

if Λ is sizably larger, see results in the Appendix B. Notice that only a single conventional cc̄

seed state (identi�ed with ψ(4040)) is included in the Lagrangian, therefore the corresponding

pole is expected and delivers the results for the mass and decay width of ψ(4040) compatible

with the experimental data [2]. If the low enhancement in the spectral function of Figure 6.2

is real, one should �nd it in the cross-section of the reaction e+e− → ψ(4040) → DD∗, which

in turn is proportional to the partial spectral function dψ→DD∗(m). Nevertheless, because of

the large errors of the data, this is not yet visible. Moreover, it is at �rst tempting to assign

it to the questionable state Y (4008). However, this assigment is rather controversial since the

corresponding value of the decay width extracted from the pole coordinates, namely Γ ' 60 MeV,

is more than three times smaller than the experimental value (∼ 200 MeV) measured by Belle

[133, 134]. One should also recall that the Y (4008) state has not been seen in the D∗D channel,

but solely in the ISR process with the π+π−J/ψ �nal state. This aspect will be elaborated later

on in this chapter.

As it was already done for the case of the vector K∗(892) and for the scalars K∗0 (1430) and

K∗0 (700), we also perform a large-Nc analysis in the charmonium sector in order to understand

the nature of both ψ(4040) and the second pole. To this end, we again introduce a rescaling

parameter λ ∈ [0, 1], which eneters in our model through the coupling constants:

gψDD →
√
λgψDD , gψD∗D →

√
λgψD∗D , gψD∗D∗ →

√
λgψD∗D∗ . (6.38)

Then, varying λ, one can modify the interaction in a controlled manner and then monitor the

behavior of the spectral function and positions of the poles. We recall that the connection of

λ parameter with Nc is given by λ = 3/Nc. Therefore, for λ = 1, the physical results are

reobtained.

Let us �rst consider the shape of the spectral function of Eq. (6.20) plotted for λ = 0.4, 0.6

and 0.8, see panel (a) of Figure 6.3. For completeness, also the physical result for λ = 1 is shown.

One observes that the decay width of the ψ(4040) resonance vanishes as Nc becomes in�nite,

thus for λ→ 0, while the enhancement disappears at the same time. Furthermore, we report the

coordinates of the poles for λ = 0.4, 0.5, 0.6, 0.8 in panel (b) of Figure 6.3. The pole of ψ(4040)

and the second pole show opposite behavior on the complex plane. For decreasing λ the former

is moving in the direction of the real energy axis, while the latter is moving away from it and

�nally fades away. The behavior of ψ(4040) is typical for a conventional quark-antiquark (here

cc̄) meson, while the second pole has a non-conventional nature.

Next, we also check how the mixing of ψ(4040) with ψ(4160) resonance (being the nearest

quarkonium state) in�uences our results. To this end, we constructed the mixed propagator
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a) b)

Figure 6.3: Panel (a): Study of the shape of the spectral function of Eq. (6.20) in large-Nc limit,

thus upon changing the value of λ parameter. Panel (b): The trajectories of both the seed state

and companion poles in the complex plane. The coordinetes of the physical poles, thus for λ = 1

are indicated by the big blue dots. The results of both panels are plotted for the parameters of

Table 6.2.

(for the mathematical formalism see Refs. [150, 151]), and recalculated the spectral function

by considering the chain ψ(4040) → DD∗ → ψ(4160) → DD∗ → ψ(4040). This process is

particularly important since ψ(4160) is mainly coupled to DD∗ channel. We observed that only

small di�erences of the spectral function appear in the energy region we are intersted in. Such

result indicates that the inclusion of even more cc̄ states does not signi�cantly a�ect the overall

picture presented in this chapter.

6.4.2 Decay into J/ψπ+π−

The Y (4008) state was observed in the reaction e+e− → γ + J/ψ + π+ + π−, hence a deeper

insight into this particular channel is important. Because the photon γ originates from Initial

State Radiation (ISR), we can recast the reaction into two parts:

e+e− → γ(e+e−)o�-shell and (e+e−)o�-shell → J/ψ + π+ + π− . (6.39)

Since, at the fundamental level, both processes are similar to each other, for simplicity we

neglect that e+e− pair is o�-shell, and focus only on e+e− → J/ψπ+π−. It is particularly

interesting to study the case in which this process is realized through the intermediate state

ψ(4040):

e+e− → ψ(4040)→ J/ψ + π+ + π− . (6.40)

Let us now consider two typical decay mechanisms related to this process. In the �rst scenario,

two gluons are emitted:

ψ(4040) ≡ cc̄→ cc̄+ gg → J/ψ + f0(500)→ J/ψ + π+ + π− . (6.41)
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The resonance f0(500) has been choosen to mediate this reaction, since it is the lightest one

among the states carrying the vacuum quantum numbers and it lies in the allowed kinematic

regime. For what concerns the f0(980) and f0(1370) states, the former is already at the border

while the latter is too heavy. However, there is no problem to consider other f0 resonances,

instead of the one proposed here. This decay mode can be formulated by

Ldirectψjf0
= gdirectψjf0

ψµj
µf0 , (6.42)

where the constant gdirectψjf0
couples the ψ(4040) to the J/ψ and the f0(500) (denoted by jµ and f0,

respectively). This term would create a peak with a maximum at 4.04 GeV, which, however, is

not visible in the experiment. Indeed, this would correspond to an `ordinary' decay of ψ(4040),

which generates the peak located at the Breit-Wigner mass of this resonance. From this, it

follows that the coupling gdirectψjf0
should be rather small. Therefore, this particular channel will

be omitted in the following.

In the second scenario, a di�erent mechanism takes place,

ψ(4040)→ DD∗ → J/ψ + f0(500)→ J/ψ + π+ + π−. (6.43)

This process involves an additional vertex, which is described by the following four-body inter-

action:

LDD∗jf0 = λDD∗jf0

[
∂µD∗+νD− + ∂µD∗0νD̄0

]
jµνf0 , (6.44)

where jµν = ∂µjν − ∂νjµ.
Then, for the J/ψπ+π− channel one has the corresponding spectral function:

dψ(4040)→J/ψπ+π−(m) =
2m

π

∣∣∆ψ(m2)
∣∣2mΓψ(4040)→J/ψπ+π−(m) , (6.45)

with

Γψ(4040)→J/ψf0(500)(m)

=
∣∣λDD∗jf0gΨD∗D

[
ΣD0D∗0(m2) + ΣD+D∗−(m2)

]∣∣2 k

8πm2

(
3 +

k2

m2
J/ψ

)
e−2 k

2

Λ2 (6.46)

(the quantity k = k(m,mJ/ψ,mf0(500)) is the momentum of J/ψ). Here, the D∗D loop is

responsible for the J/ψπ+π− production.

As the large-Nc limit shows [62, 63], both mechanisms presented above are suppressed. Then,

the decay into J/ψf0(500) is rather small. The resonance f0(500) is (often) interpreted as a

combination of non-ordinary states with an admixture of qq̄ component, which in turn, may play

an important role when Nc becomes large. In the following, we consider the process of Eq. (6.43)

and introduce the gf0(500)−q̄q to be the coupling of f0(500) resonance to qq̄. Based on the rules

presented in Ref. [63] one can write the scaling of the amplitude as

Aψ(4040)→J/ψ-gg→J/ψ-f0(500) ∝
1√
Nc

1√
Nc

(
1√
Nc

)4

N2
c gf0(500)-q̄q =

gf0(500)-q̄q

Nc
, (6.47)
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where the factor 1√
Nc

corresponds to the coupling of a single conventional meson to quarks.

Moreover, the two gluons, emitted from cc̄ transform into light quarks: this is proportional to

g4
QCD, where gQCD ∝

1√
Nc

. The factor N2
c , is a consequence of two closed quark lines. For the

regular contribution of qq̄ to f0(500), we have gf0(500)-q̄q ∝ 1√
Nc

, which implies the amplitude

1/N
3/2
c . Therefore, for the two pions in the �nal state one has

Aψ(4040)→J/ψ−gg→J/ψπ+π− ∝ N−2
c .

For the other non-conventional parts forming the f0(500), the corresponding amplitude would

be even more strongly suppressed. We stress that the main term of the width for the decay into

J/ψπ+π− goes as N−4
c . Such behavior explains the small contribution of this decay.

Let us then consider Figure 6.4, where the ψ(4040) decays through the DD∗ loop. One can

Figure 6.4: Schematic illustration of the decay of ψ(4040) into π+π−J/ψ through the interme-

diate D∗−D+ loop.

see that the amplitude referring to this process scales as

Aψ(4040)→j/ψ-DD∗→j/ψ-f0(500) ∝
1√
Nc

1√
Nc
gf0(500)-q̄q =

gf0(500)-q̄q

Nc
, (6.48)

just as in Eq. (6.47). Nevertheless, this is expected to be the dominant mechanism because of

the following points: �rst of all there is a strong coupling of the cc̄ seed state, thus the ψ(4040)

resonance couples to D∗D, which turns out to be the main decay channel. Moreover, when

looking into panel (a) of Figure 6.5 where the real part of the DD∗ loops has been plotted, one

can easily see that the maximum of the peak is located at mD +mD∗ , thus around 3.9 GeV.

In summary, the contributions from two functions enter into Eq. (6.45): |∆ψ(m2)|2, having
the maximum of the peak at 4.04 GeV and Γψ(4040)→J/ψf0(500)(m), with the peak1 at 3.9 GeV.

Using the variable m =
√
s, one has

σe+e−→ψ(4040)→J/ψπ+π− (m) =
2π

m
g2
ψe+e−dψ(4040)→J/ψπ+π−(m) . (6.49)

1In general, also for other channels, for instance the one into the DD, the coupling to J/ψf0(500) would occur.

However, the coupling of this particular decay mode to the seed state ψ(4040) is much smaller when compared

to the dominant DD∗ channel. In fact, |ΣDD(m2)|2 has its maximum at the value of mD +mD, thus the overlap

with |∆ψ(m2)|2 is much smaller in this case.
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a) b)

Figure 6.5: Panel (a): Plot of the real part contribution coming from the D∗D loops, as function

of m. It is visible, that both Re ΣD∗+D− and Re ΣD∗0D0 have their maximum near to 3.9 GeV.

Panel (b): The shape of the ratio σR(m) of Eq. (6.50) representing the normalized cross-section

for the process e+e− → ψ(4040) → J/ψπ+π−. A distorted and broad structure pronounced

close to 3.95 is observed.

In panel (b) of Figure 6.5 we plot the normalized cross-section of the process e+e− → ψ(4040)→
J/ψπ+π−, de�ned as

σR(m) =
σe+e−→ψ(4040)→J/ψπ+π− (m)

σe+e−→ψ(4040)→J/ψπ+π− (m = mD0 +mD∗0)
, (6.50)

which is independent on the coupling λDD∗jf0 . (When setting m = mD0 +mD∗0 we have σR = 1,

by construction). The obtained form of the cross-section is rather atypical. It is de�nitely not

a standard Breit-Wigner function. The experimental signal was measured with a quite poor

accuracy, thus one could interpret it as a broad resonance peaked at around 4 GeV. We then

suggest that the Y (4008) is not a standard resonance but a manifestation of the conventional

state ψ(4040) which strongly couples to D∗D loops. More precisely, the puzzling `state' Y (4008)

may appear in the experiment as a consequence of the decay of ψ(4040) via the DD∗ loop into

the π+π−J/ψ channel. Note, this result does not exclude the earlier statement concerning the

existence of a dynamically generated pole on the complex plane, but that pole, even if existent,

should not be assigned to Y (4008).

For completeness, in Figure 6.6 we also report the results of the cross-section of Eq. (6.50) for

di�erent values of the cuto� parameter between 0.38 GeV to 0.6 GeV. A broad structure peaked

at around 3.95 GeV is visible in the cross-section for all values from 0.38 to 0.5 GeV. Yet, for

Λ = 0.5 one can already �nd an additional peak near to 4.04 GeV. Concerning higher values of

the cuto�, for instance Λ = 0.6 GeV, only a unique peak at around 4.04 GeV is observed, which

corresponds neatly to ψ(4040). From this it follows that only for Λ . 0.5 GeV one can generate

a signal consistent with Y (4008).
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Figure 6.6: Study of the form of the cross-section for the process e+e− → ψ(4040)→ J/ψπ+π−,

given by the Eq. (6.50), upon testing di�erent values of Λ parameter.

6.5 Concluding remarks

In this chapter we have explored the energy regime nearby the vector charmonium resonance

ψ(4040), thus around 4 GeV. Within our e�ective approach only a unique cc̄ seed state, assigned

to ψ(4040), was included in the original formalism. We have shown that the shape of the spectral

function deviates from the Breit-Wigner distribution due to the presence of signi�cant enhance-

ment below 4 GeV. Moreover, two poles appeared in the complex plane. Their coordinates (being

an illustrative results consistent with phenomenology) are: (4.053± 0.04)− (0.040± 0.010)i GeV

and (3.934± 0.006)− (0.030± 0.001)i GeV. The former corresponds to the peak in the spectral

function, thus to ψ(4040), while the latter corresponds to an additional enhancement on the

left side. The performed large-Nc study reveals that ψ(4040) resonance may be regarded as a

conventional (predominantly) cc̄ meson while the companion pole is generated dynamically by

the mesonic quantum �uctuations.

Quite importantly, one should not assign this additional pole to Y (4008). Namely, we have

considered the reaction:

e+e− → ψ(4040)→ D∗D → J/ψ + f0(500)→ J/ψπ+π−

and we have shown that the peak around 3.9 GeV appears in the cross-section as a consequence of

the presence of the DD∗ loop. Thus, the strong coupling of the conventional ψ(4040) resonance

to D∗D is the reason for the presence of such a broad structure in the spectral function, which

can be assigned to Y (4008), even if no real resonance is there.
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Chapter 7

Axial-vector states χc1(2P)

and X(3872)

In this chapter we focus on the conventional charmonium state χc1(2P ), which decays mainly

into the DD∗ channel. To this end we exploit a QFT model containing originally only a cc̄ seed

state identi�ed with χc1(2P ) described by quantum numbers JPC = 1++ or n 2S+1LJ=2 3P1.

We show that two peaks are present in the spectral function: a very broad one related to

the original seed state and a very high and narrow one, whose maximum is situated nearby the

D0D∗0 energy threshold, related to the X(3872) state. Moreover, we search for the propagator

poles in the complex plane. Besides the pole related to the seed state χc1(2P ) in the III RS,

there is a second one, a virtual pole on the II RS which we identify with X(3872). Within our

study, the X(3872) state appears naturally as a dynamically generated companion pole of the

conventional seed state.

Our interpretation of the X(3872) delivers a consistent explanation of its molecular and

quarkonium properties. In particular, the prompt production and the radiative decays indicate

that X(3872) is quarkonium-like state: we understand these properties as a consequence of the

cc̄ core. At the same time, the molecular features, such as the isospin breaking transition into

J/ψρ, can be easily explained by the DD∗ mesonic loops dressing the cc̄ core and appearing as

an intermediate state of this channel. In addition, several predictions are made. Our model, even

if rather simple, gives satisfactory results which are comparable with the experimental ones.

7.1 Introduction

In 2003 the Belle Collaboration �rst observed the X(3872) resonance as an unexpected narrow

enhancement appearing in the B+ → K+J/ψπ+π− process [152]. Later on, its existence has been

con�rmed by other collaborations in a series of experiments measuring various processes [2], see

Figure 7.1. Despite huge e�orts from the experimental and theoretical side, the understanding

of the nature of X(3872) still remains puzzling. The state X(3872) has been the �rst resonance

from the family of the so-called X, Y and Z states, which cannot be understood as conventional
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qq̄ objects (for more details, see Refs. [126, 127, 128, 129, 153, 154] and refs. therein). The

resonance X(3872), in PDG 2019 denoted as χc1(3872), has the average mass of (3871.69±0.17)

MeV, see Figure 7.1, where the results of di�erent experiments are summarized. Moreover, the

Figure 7.1: Comparison of the measured masses of the X(3872) state used for the calculation of

its average mass quoted by the PDG [2].

PDG gives for the total decay width only an upper limit:

ΓPDG
X(3872) < 1.2 MeV at 90% CL .

Accordingly, X(3872) is extremely narrow and its mass is situated very close to the D0D∗0

threshold, but it is not yet fully clari�ed whether below or above it. From the predictions

of the quark model there should be a cc̄ state χc1(2P ) with a mass of about 3.95 GeV in the

JPC = 1++ sector (in spectroscopic notation characterized by the quantum numbers n 2S+1LJ =

2 3P1) [133, 134, 155], however its mass is too high to be directly identi�ed with X(3872).

Although the X(3872) is widely studied in many experiments and intensively analyzed in

theoretical models, still there is no consensus on its interpretation. Since the mass of X(3872)

lies nearby the D0D∗0 threshold, it is often interpreted as a D0D∗0 molecule [156, 157, 158,

159, 160, 161, 162, 163]. This assignment o�ers an explanation of the isospin-breaking process

X(3872) → J/ψρ. (Note, here and in the following we use D0D∗0 for D0D̄∗0 + h.c. in order

to simplify the notation). Nevertheless, when considering the radiative decays and taking into

account that X(3872) was also observed in prompt production in heavy ion collisions, the charm-

anticharm structure is favored [164, 165, 166, 167] (see Refs. [168, 169, 170, 171, 172] for the

related ongoing discussion). In order to unify both aspects various models were suggested [173,

174, 175, 176, 177, 178]. These models are based on the idea that the D0D∗0 and cc̄ components

simultaneously contribute to the X(3872) wave function. Moreover, it was also proposed to
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interpret X(3872) as a non-conventional diquark-antidiquark object [179].

Following the idea of dynamically generated companion poles presented in previous chapters,

we check if it is possible to describe the state X(3872) by using a similar formalism. To this end

we construct a relativistic Lagrangian containing a single axial-vector �eld, denoted as χµc1. This

�eld, in the non-interacting case, corresponds to a cc̄ seed state χc1(2P ) ≡ χc1, for which a bare

mass in the range from 3.9 to 3.95 GeV is expected. In our model χc1 is strongly coupled toD0D∗0

and D+D∗− channels. These decay products generate the quantum �uctuations which dress the

bare cc̄ seed state. The total decay width of χc1 turns out to be about 80 MeV, consistent with

the quark model predictions. Then, by studying the imaginary part of the dressed propagator,

we compute the spectral function (mass distribution) of the charm-anticharm state χc1. The

spectral function exhibits a very peculiar shape: besides the expected (broad) peak related to

the seed state, an additional and very peaked enhancement appears in the energy region nearby

the D∗0D0 threshold. In the simplest scenario presented here, this enhancement is a virtual

state: this is a state that corresponds to a pole situated on the real energy axis just below the

lowest D∗0D0 threshold in the second Riemann sheet (II RS). Such a pole can be also interpreted

as a companion pole. As one can expect, a pole of the standard cc̄ seed state also exists and it

is located above both thresholds (D+D− and D0D∗0) in the III RS. We �nd that its real part is

in between 3.95 and 4 GeV, while its imaginary part is about 35 MeV. This result is compatible

with the quark model predictions [1, 164].

The idea presented here delivers a good explanation for both the molecular and charmonium

features of the X(3872). As it is shown throughout this chapter, there is no need to consider

the molecular and qq̄ components in the Fock space separately. The result appears naturally as

a consequence of mesonic quantum �uctuations which dress the bare charmonium state. It is

worthwhile to emphasize that the χc1(2P ) and X(3872) are simultaneously described by only one

spectral function, which is normalized to unity. Taking into account this normalization condition

one can say that only �one object� is present. Interestingly, for certain values of the parameters,

only the peak nearby the D0D∗0 threshold is present in the spectral function and there is no

peak related to the cc̄ seed state. This may explain why the state χc1(2P ) has not yet been

visible in experiments.

Furthermore, we also study the strong decay of X(3872) into D∗0D0, and clearly show why

this decay channel is the dominant one (the relevant decay width is estimated to be ∼ 0.5 MeV).

For completeness, we make predictions for the radiative decays into ψ(1S)γ and ψ(2S)γ and

explain why they are consistent with the charmonium properties. Since X(3872) is a part of the

whole spectral function of χc1(2P ), the corresponding values of the coupling constants to ψ(1S)γ

and ψ(2S)γ are controlled by the underlying qq̄ state (details later on). Then, the decay into

ψ(2S)γ is sizably larger than into ψ(1S)γ and X(3872) is seen in prompt production in heavy

ion collisions.

Moreover, because of dressing by the DD∗ mesonic loops, many properties typical for the
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molecular assignment also arise. The ratio

X(3872)→ J/ψρ→ J/ψπ+π−

X(3872)→ J/ψω → J/ψπ+π−π0

can be explained by considering the D+D∗− and D0D∗0 loops and the small (but crucial) dif-

ference between them.

Finally, the X(3872) cannot exist without the cc̄ seed state. By relying on DD∗ interaction

strength only, and/or by setting the mass of seed state to in�nity, one can observe that the peak

related to X(3872) fades away. This behavior is in agreement with other works on the subject

[174, 177].

7.2 Theoretical formalism

We introduce the Lagrangian describing the decays of the state χc1(2P ) into two mesonic pairs,

D0D̄∗0 + h.c. and D+D∗− + h.c., respectively. Taking into account that the coupling constant,

denoted here as gχc1DD∗ is the same for both charged and neutral channels (due to the isospin

symmetry), the interaction Lagrangian has the form:

Lχc1(2P )DD∗ = gχc1DD∗χc1,µ
[
D∗0,µD̄0 +D∗+,µD− + h.c.

]
. (7.1)

The tree-level decay widths, calculated from the ordinary Feynmann rules, are:

Γχc1(2P )→D∗0D̄0+h.c.(m) = 2
k(m,mD∗0 ,mD0)

8πm2

g2
χc1DD∗

3

(
3 +

k2(m,mD∗0 ,mD0)

m2
D∗0

)
FΛ(m) ,

(7.2)

Γχc1(2P )→D∗+D−+h.c.(m) = 2
k(m,mD∗+ ,mD+)

8πm2

g2
χc1DD∗

3

(
3 +

k2(m,mD∗+ ,mD+)

m2
D∗+

)
FΛ(m) .

(7.3)

In the above equations, the quantity m is the �running� mass of the χc1 state. As usual, k ≡
k(m) ≡ k(m,mA,mB) is the modulus of the three-momentum of one emitted meson. The mass

values of the decay products, taken from the PDG [2], are:

mD0 = 1864.83± 0.05 MeV , (7.4)

mD∗0 = 2006.85± 0.05 MeV , (7.5)

mD+ = mD− = 1869.65± 0.05 MeV , (7.6)

mD∗+ = mD∗− = 2010.26± 0.05 MeV . (7.7)

In analogy to the previous chapters, also here we regularize the theory by using the form

factor FΛ(k). We again choose the Gaussian function for the same reasons discussed previously

FΛ(m) = e−
2k2(m)

Λ2 . (7.8)
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For comparison, in Appendix C we also test the dipolar form factor of Eq. (6.11). As we show

later on, the results are not strongly in�uenced by the particular choice of the form factor. The

parameter Λ varies between 0.4 and 0.8 GeV (Λ ' 0.5 GeV for K∗0 (700) and Λ ' 0.4 GeV for

ψ(4040)). Here, we start with a typical value of Λ = 0.5 GeV [180, 181], but it should not be

regarded as a sharp value. Later on, we shall show that varying this paramater in the range from

0.4 to 0.8 GeV also gives qualitatively similar results.

Next, we turn to the propagator of the χc1 �eld, which is, in our approach, calculated at

one-loop level. Its scalar part, as function of s = m2, is expressed as

∆(s) =
1

s−M2
0 + Π(s)

. (7.9)

As usual, M0 corresponds to the mass of the bare qq̄ state χc1(2P ), which according to quark

model is about 3.95 GeV [1]. Again, Π(s) stands for the self-energy contribution. One can write

it explicitly as the sum of the D̄0D∗0 and D−D∗+ loops:

Π(s) = ΠD∗0D̄0+h.c.(s)+ΠD∗+D−+h.c.(s) = g2
χc1DD∗

[
ΣD∗0D̄0+h.c.(s) + ΣD∗+D−+h.c.(s)

]
. (7.10)

At the one-loop approximation, the functions ΣD∗+D−+h.c.(s) and ΣD∗0D̄0+h.c.(s) entering Eq.

(7.10) are independent of the value of the coupling constant gχc1DD∗ . Furthermore, one can

decompose Π(s) into real and imaginary parts. The latter can be obtained from the optical

theorem and it is

Im Π(s) =
√
s
[
Γχc1(2P )→D∗0D̄0+h.c.(

√
s) + Γχc1(2P )→D∗+D−+h.c.(

√
s)
]
. (7.11)

The real part is calculated from the dispersion relation (valid only if
√
s is real and exceeds the

value mD∗+ +mD−):

Re Π(s) =
P
π

∫ ∞
(mD∗0+mD0 )2

√
s′

Γχc1(2P )→D∗0D̄0+h.c.(
√
s′)

s′ − s
ds′

+
P
π

∫ ∞
(mD∗++mD+ )2

√
s′

Γχc1(2P )→D∗+D−+h.c.(
√
s′)

s′ − s
ds′. (7.12)

For
√
s smaller than mD∗0 + mD0 or if the imaginary part is not equal to zero, P is not taken

and Π(s = z2), in the �rst Riemann sheet (I RS) is:

Π(s = z2) =
1

π

∫ ∞
(mD∗0+mD0)

2

√
s′

Γχc1→D∗0D̄0+h.c.(
√
s′)

s′ − z2
ds′

+
1

π

∫ ∞
(mD∗++mD+)

2

√
s′

Γχc1→D∗+D−+h.c.(
√
s′)

s′ − z2
ds′ . (7.13)

Once more, we present the spectral function

dχc1(2P )(m) = −2m

π
Im[∆(s = m2)] , (7.14)

together with the crucial normalization condition∫ ∞
mD∗0+mD0

dm dχc1(2P )(m) = 1 , (7.15)
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which allows to verify if the numerical calculations are correct. One can interpret the quantity

dm dχc1(2P )(m) as the probability that the mass of the unstable χc1(2P ) state is between m and

m+ dm [19, 116, 145, 182].

As a next step, we introduce the radiative decays described by the following terms

Lχc1-rad = gχc1ψ(1S)γ χc1,µψ(1S)νF̃
µν + gχc1ψ(2S)γ χc1,µψ(2S)νF̃

µν + ... , (7.16)

containing the two coupling constants gχc1ψ(1S)γ and gχc1ψ(2S)γ . Their numerical values are taken

from quark model of Ref. [164].

7.3 Results of the model

Let us now present the main results of our study. We start from the spectral function and poles

in the complex plane. Next, we concentrate on the strong decays into the dominant channel

D∗0D0. Moreover, we discuss some important consequences of our model, such as radiative

decays, prompt production, and �nally, the isospin breaking decay into J/ψρ.

7.3.1 Spectral function and poles

Here we consider two scenarios, depending on the value of the bare mass M0. We named them

as `case I ' and `case II ', respectively. In both cases, the Λ parameter is chosen to be 0.5 GeV.

Later on, we test di�erent values of Λ, in order to check its in�uence on the results. The values

of the masses of the decay products are taken from the PDG [2] and are listed in Table 7.1.

The relevant thresholds are: mD+ + mD∗+ = 3.87985 GeV and mD0 + mD∗0 = 3.87168 GeV,

State D0 D+ D∗0 D∗+

Value [MeV] 1864.83± 0.05 1869.65± 0.05 2006.83± 0.05 2010.26± 0.05

Table 7.1: Numerical values of the masses of the decay products of χc1(2P ) state, taken from

PDG [2]. We neglect the small errors in the calculations.

respectively.

Case I (M0 = 3.95 GeV)

Let us �rst study the case in which the bare massM0 is set to 3.95 GeV (in close agreement with

quark model predictions of Ref. [1]). The coupling constant gχc1DD∗ is obtained by imposing

the requirement:

Re[∆−1(s = m2
∗)] = 0, for m∗ = 3.874 GeV , (7.17)

out of which gχc1DD∗ = 9.732 GeV. Note that the value of m∗ has been chosen to be between

the D0D∗0 and D∗+D− thresholds. (Any other choice of m∗ within this range would not change

the results signi�cantly).

In Figure 7.2 we show the spectral function of Eq. (7.14). It contains two peaks: the �rst one,
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Figure 7.2: The shape of the normalized spectral function dχc1(2P )(m) de�ned in Eq. (7.14),

plotted for the case I (blue solid line) and compared to the Breit-Wigner distribution, plotted

for mBW = 3.986 GeV and ΓBW = 79.7 MeV (red dashed line). It is visible that the spectral

function of our model has two peaks. The broad one, on the right hand side, with the maximum

at around 3.99 GeV, corresponds to the cc̄ seed state. The extremely high and narrow peak,

situated close to the lowest threshold, corresponds to the X(3872) state.

extremely narrow and high, is realized very close to the lowest D0D∗0 threshold and is assigned

to the X(3872) state; the second one, very broad, is located at 3.986 GeV and corresponds to

a state with a width of about 80 MeV, in agreement with the predictions of the quark model.

We emphasize that both peaks come from the single seed state χc1(2P ), which has been initially

included in the Lagrangian. Moreover, the total spectral function of Figure 7.2 is normalized to

unity, therefore it describes simultaneously both states χc1(2P ) and the X(3872).

Let us now consider the integral∫ mD++mD∗+

mD∗0+mD0

dm dχc1(2P )(m) = 0.160 , (7.18)

meaning that 16% of the total spectral function dχc1(2P ) is included in the energy region between

the two thresholds. Taking into account that the decay width of X(3872) is much smaller than

8 MeV and that the experimental uncertainty of this width is around 1 MeV, we also compute

the following integral ∫ mD∗0+mD0+1 MeV

mD∗0+mD0

dm dχc1(2P )(m) = 0.049 , (7.19)

according to which X(3872) corresponds to 4.9% of the spectral function dχc1(2P )(m). Whenever

referring to the peak related to the X(3872) we shall keep the estimated value of 1 MeV for the

extension of the width.
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In the next step, we investigate the function Re[∆−1(s = m2)], which is plotted in Figure 7.3.

One observes that it has three zeros. The �rst one (on the left side) realized for m∗ = 3.874 GeV

Figure 7.3: The function Re[∆−1(m2)] plotted for case I. One observes that three zeros are

reached. The �rst one, on the right hand side, for m = 3.973 GeV, corresponding to the broad

peak in the spectral function, thus to the seed cc̄ state. The second, on the left hand side, for

m∗ = 3.874 GeV, referring to the high peak of X(3872). The third zero, in the center, is not

associated with any peak or pole.

and corresponds to the high peak related to the X(3872) state close to the D∗0D0 threshold.

The third zero (on the right side) is obtained for m = 3.973 GeV and relates to the broad peak

in the spectral function. The second zero (in the middle) for m = 3.891 GeV is not related to

any peak or state, because the derivative of the Re[∆−1(s = m2)] is negative, see Ref. [92] for a

detailed discussion of this aspect.

When investigating the complex plane, we found a pole of the charm-anticharm seed state

corresponding to the broad peak in the spectral function. It is situated on the III RS (above

both thresholds) and has the following coordinates:

3.995− 0.036i GeV . (7.20)

By doubling the imaginary part one gets for the pole width the value of 72 MeV. Moreover, we

�nd a virtual pole on the II RS, too. It is located on the real axis, below the lowest D0D∗0

threshold. Its coordinates are:

3.87164− iε GeV . (7.21)

This virtual pole is assigned to the X(3872) state emerging as a high and narrow peak in the

spectral function of Figure 7.2.

In summary, the evidences for the X(3872) state are:

(i) zero of the function Re[∆−1(s = m2)] for m∗ = 3.874 GeV,

(ii) existence of the virtual pole for 3.87164− iε GeV on the II RS.
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Notice that the virtual pole lies very near to the D∗0D0 threshold, namely only 0.04 MeV

below it. Indeed, the exact value of m∗ and the position of this pole may change upon varying

the model parameters. However, the overall picture remains �rmly stable.

We now study the strong decay widths of χc1(2P ), which can be estimated at the value of

the maximum of the peak (3.986 GeV) as:

Γχc1(2P )→D∗0D̄0+h.c.(3.986 GeV) = 38.1 MeV , (7.22)

Γχc1(2P )→D∗+D−+h.c.(3.986 GeV) = 41.6 MeV . (7.23)

Then, the total decay width of χc1(2P ) is 79.7 MeV. We use this width to construct the Breit-

Wigner function plotted in Figure 7.2. Comparable results are obtained by employing the mass

of the corresponding pole.

A direct estimate of the width of the high peak corresponding to X(3872) is much more

complicated, since the peak is extremely narrow. Its width at half maximum has the value of

about 0.1 MeV. Even by using di�erent sets of parameters, this value changes only slightly and

never exceeds 0.5 MeV. Therefore, as a reliable estimate of the main decay channel of X(3872)

we use the average value given by the following integral

Γaverage

X(3872)→D∗0D̄0+h.c.
=

∫ mD∗0+mD0+1 MeV

mD∗0+mD0

dm Γχc1(2P )→D∗0D̄0+h.c.(m)dχc1(2P )(m) = 0.61 MeV.

(7.24)

The obtained result shows that the decay X(3872) → D̄0D∗0 + h.c. is sizable. We recall that

the width of X(3872) is estimated to be smaller than 1.2 GeV, thus our value of 0.61 GeV

looks reasonable. On the contrary, ΓX(3872)→D∗+D−+h.c. vanishes, since the mass is below the

threshold.

For completeness, in Appendix C we report the results obtained for di�erent choices of the

parameters. They are in qualitative agreement with the ones presented above and can be also

understood as an estimate of the uncertainties of our study. In particular we checked how the

results depend on the Λ parameter. To this end we left m∗ unchanged by adjusting the value

of the coupling constant. Moreover, we tested di�erent values of coupling constant and �x Λ

by changing m∗. It can be observed that the smaller the coupling, the more m∗ moves toward

higher D∗+D− threshold. At the same time, the peak associated to X(3872) becomes lower and

gradually disappears. For a su�ciently small gχc1DD∗, m∗ exceeds the D
∗+D− threshold and

the peak of X(3872) �nally vanishes. In the opposite case, when the coupling constant is larger,

m∗ tends to the lower D∗0D0 threshold and the peak related to X(3872) becomes higher. When

gχc1DD∗ exceeds a critical value, gcriticalχc1DD∗
= 9.808 GeV (which corresponds to m∗ being exactly

at the D∗0D0 threshold), a pole in the I RS appears. This means that an extra (quasi-)stable

bound state arises. For such scenario, the spectral function is as follow [19]:

dχc1(2P )(m) = Zδ(m−mBS) + dabove thresholdχc1(2P ) (m) , (7.25)

where the quantity mBS stands for the mass of this dynamically generated molecular-like bound

state. Although, this bound state is strictly connected to the seed state and could not exist by
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itelfs. The normalization condition, given by Eq. (7.15), is still ful�lled:

Z +

∫ ∞
mD∗0+mD0

dm dabove thresholdχc1(2P ) (m) = 1. (7.26)

Next, we consider a speci�c example in which the coupling constant exceeds the critical value.

For gχc1DD∗ = 10 GeV, one obtains mBS = 3.87164 GeV (pole on the I RS) and Z = 0.0465.

The spectral function of Eq. (7.14) and that one of Eq. (7.25) have similar shapes. For this

(quasi-)bound state the decays into D0D∗0 and D−D∗+ channels do not take place, but decays

into the light hadrons and through radiative processes are possible. This is why the width related

to this pole is very small but nonzero. Nevertheless, the peak above the D∗0D0 threshold is still

present. We stress that the amount of dabove thresholdχc12P (m) between the two thresholds is 0.133.

However, when computing the integral from mD∗0 +mD0 to mD∗0 +mD0 +1 MeV, one has 0.035,

which is less then in the case given by Eq. (7.19).

Case II (M0 = 3.92 GeV)

We now consider the second scenario, in which the bare mass, M0, is set to 3.92 GeV. The

choosen value is very close to the one reported in Ref. [183] and is only a bit smaller than the

value listed in Ref. [1]. Also in this case, the coupling constant is obtained by imposing the same

condition as for case I, m∗ = 3.874 GeV, in which gχc1DD∗ = 7.557 GeV. In Figure 7.4 we plot

the spectral function, compared to standard Breit-Wigner distribution. One observes that the

Figure 7.4: The same as in Figure 7.2 but for case II. Now the only one peak, corresponding to

X(3872) is present. There is no peak related to the cc̄ seed state.

high peak nearby the D∗0D0 threshold is still present, while the broad one, referring to the cc̄ is

not present. Interestingly, a similar behavior is reported in Refs. [178, 184].

The integral of dχc1(2P )(m) between the D∗0D0 and the D∗+D− thresholds
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∫ mD++mD∗+

mD∗0+mD0

dm dχc1(2P )(m) = 0.250 (7.27)

amounts to 25% of the total spectral function (more than in case I). For what concerns the peak

related to X(3872), one has (using the `1 MeV width' estimate):∫ mD∗0+mD0+1 MeV

mD∗0+mD0

dm dχc1(2P )(m) = 0.067 . (7.28)

This means that in this case X(3872) corresponds to 6.7% of the entire spectral function.

For completeness, in Figure 7.5 we show the function Re[∆−1(s = m2)]: it has only one zero

Figure 7.5: The function Re[∆−1(m2)] plotted for case II. One observes only one zero for

m∗ = 3.874 GeV, corresponding to the high X(3872) peak in the spectral function. The virtual

companion pole is situated in the II RS.

for m∗ = 3.874 GeV. This result is compatible with absence of the peak associated to the cc̄ seed

in the spectral function of Figure 7.4. Nevertheless, we have found a pole related to the seed

state which is situated on the III RS and has the coordinates:

3.953− 0.044i GeV . (7.29)

As one can see, it is quite similar to that one reported in Eq. (7.20). From Eq. (7.29) we

conclude that the width of the pole reads 88 MeV. From the above considerations one may see

that the determination of the poles delivers valuable information. Even if no peak is present

in the spectral function, a state can still occur. Moreover, there is a virtual pole on the II RS,

slightly below D∗0D̄0 threshold, realized for

3.87160− iε GeV , (7.30)
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that corresponds to X(3872). Next, we study the partial widths. Since in this case no peak is

present, the on-shell mass is �xed to Re[zpole] = 3.953 GeV. We have:

Γχc1(2P )→D∗0D̄0+h.c.(3.953) = 32.9 MeV , (7.31)

Γχc1(2P )→D∗+D−+h.c.(3.953) = 35.4 MeV . (7.32)

The high peak associated to X(3872) has about 0.91 MeV width at half-maximum. The

result

Γaverage

X(3872)→D∗0D̄0+h.c.
=

∫ mD∗0+mD0+1 MeV

mD∗0+mD0

dm Γχc1(2P )→D∗0D̄0+h.c.(m)dχc1(2P )(m) = 0.54 MeV

(7.33)

is in good agreement with the previous case.

Changing the value of the parameter Λ as well as varying the value of coupling constant

gχc1DD∗ generate similar results, see Appendix C for more details.

7.3.2 Applications of the model

In this subsection we study some applications of our model. First, we concentrate on radiative

decays of the state χc1(2P ). Then we discuss the prompt production of X(3872). Finally, we

describe the isospin breaking decay into J/ψρ. In the following, we use the numerical values of

the parameters of case I.

Radiative decays

We inspect closer radiative decays. We start from Eq. (7.16) which describes the two radiative

processes:

χc1(2P )→ ψ(1S)γ and χc1(2P )→ ψ(2S)γ .

This Lagrangian contains two coupling constants

gχc1(2P )ψ(1S)γ and gχc1(2P )ψ(2S)γ ,

which can be obtained through the quark model. From Ref. [164] we have gχc1(2P )ψ(2S)γ = 1.737

and gχc1(2P )ψ(1S)γ = 0.093. These coupling constants scale proportionally to the overlapping area

of the spatial part of the wave functions of χc1(2P ) state with ψ(1S) and ψ(2S), respectively.

Then, gχc1(2P )ψ(2S)γ is much larger than gχc1(2P )ψ(1S)γ , because the spatial overlap 2P ↔ 2S is

larger than 2P ↔ 1S (namely, for the 2P → 1S transition a cancellation due to the node of 2P

occurs).

The theoretical expressions for the decay widths of the transitions χc1(2P ) → ψ(1S)γ and

χc1(2P )→ ψ(2S)γ depending on m (being the running mass of χc1) are:

Γχc1 (2P )→ψ(1S)γ(m) = g2
χc1 (2P )ψ(1S)γ

k3(m,mψ(1S), 0)

8πm2

4

3

(
1 +

k2(m,mψ(1S), 0)

m2
ψ(1S)

)
, (7.34)

Γχc1 (2P )→ψ(2S)γ(m) = g2
χc1 (2P )ψ(2S)γ

k3(m,mψ(2S), 0)

8πm2

4

3

(
1 +

k2(m,mψ(2S), 0)

m2
ψ(2S)

)
. (7.35)
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Thus, their ratio reads

Γχc1 (2P )→ψ(2S)γ(m)

Γχc1 (2P )→ψ(1S)γ(m)
=

(
gχc1 (2P )ψ(2S)γ

gχc1 (2P )ψ(1S)γ

)2(
k(m,mψ(2S), 0)

k(m,mψ(1S), 0)

)3

1 +
k2(m,mψ(2S),0)

m2
ψ(2S)

1 +
k2(m,mψ(1S),0)

m2
ψ(1S)

 . (7.36)

When considering the decays of X(3872), we use m ' mX(3872) ' 3.872 GeV and get the ratio

ΓX(3872)→ψ(2S)γ

ΓX(3872)→ψ(1S)γ
' 5.4 . (7.37)

This result is in good agreement with the experimental value 2.6 ± 0.4 quoted by the PDG [2].

For instance, the BaBar Collaboration reports for this ratio the value 3.4 ± 1.4 [185], while the

LHCb group obtained the value 2.38± 0.64± 0.29 [186].

The most important aspect is that in our model the large value of the ratio ψ(2S)γ to ψ(1S)γ

appears naturally because the standard cc̄ component contributes mostly to these decays. Hence,

this feature refers not only to the seed state but also to the X(3872). On the other hand, a

purely molecular state would imply that 〈2S|r|2P 〉 is smaller than 〈1S|r|2P 〉, at odds with the

experiment. We also notice that our results for the ratio somewhat larger than the experiment

can be explained by the fact that we do not include the DD∗ loop processes [163].

In the last step we make predictions for the radiative decays. To this end, we calculate the

relevant decay widths, by the following integrals (using again the `1 MeV width' estimate):

ΓX(3872)→ψ(1S)γ =

∫ mD∗0+mD0+1 MeV

mD∗0+mD0

dm Γχc1 (2P )→ψ(1S)γ(m)dχc1(2P )(m) ' 0.54 keV , (7.38)

ΓX(3872)→ψ(2S)γ =

∫ mD∗0+mD0+1 MeV

mD∗0+mD0

dm Γχc1 (2P )→ψ(2S)γ(m)dχc1(2P )(m) ' 3.13 keV . (7.39)

These values can be tested in future experiments.

Prompt production

Our assignment of the X(3872) (as a virtual pole) can explain why this state was observed in

prompt production processes. Namely, the charm-anticharm system dressed by the D∗D mesons

loops can be seen as a unique object represented by the spectral function of Figure 7.2. This

holds true even if there are two poles corresponding to two separate states. From the discussion

concernig radiative decays, it follows that the value of the bare coupling constant is the same for

both the broad peak associated with the seed state and for the high peak of X(3872). We stress

that a di�erent issue is the role of X(3872) in thermal models, where it may be subleading, see

e.g. Ref. [187].

Isospin breaking decay

First, let us consider the transition χc1(2P ) → ψ(1S)ω → ψ(1S)π0π+π− that obeys isospin

symmetry. Basically, this process can be realized through two kind of mechanisms. In the �rst

case, two glouns are emitted and then they transform into the ω meson. In the second case, the

D∗D loop coupled to ψ(1S)ω is involved.
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Additionally, the transition χc1(2P ) → ψ(1S)ρ0 → ψ(1S)π−π+ violates isospin symmetry.

Moreover, the mechanism involving two-gluon emission cannot occur, since the ρ cannot be

created from two gluons. However, the D∗D loop generates an isospin suppressed coupling of

χc1(2P ) to ψ(1S)ρ. In the following we study this issue in more details. To this end we introduce

the Lagrangian which couples D∗D to the ρ0 and ω mesons:

LDD∗ = ξ0D
∗0µD̄0ψ(1S)ν

[
ω̃µν + ρ̃0

µν

]
+ ξ0D

∗+µD−ψ(1S)ν
[
ω̃µν − ρ̃0

µν

]
+ h.c. . (7.40)

In the equation above, ω̃µν + ρ̃0
µν ∼ uū, thus it couples to D̄0D∗0, whereas ω̃µν − ρ̃0

µν ∼ dd̄,

thus it couples to D∗+D−. Moreover, ξ0 stands for the corresponding coupling constant. As

a consequence of isospin symmetry, it is equal in both terms. The energy dependent coupling

constant describing the decay of χc1(2P ) into ψ(1S)ρ is proportional to

ξχc1 (2P )→ψ(1S)ρ(m) = ξ0gχc1DD∗
[
ΣD∗0D̄0+h.c.(s)− ΣD∗+D−+h.c.(s)

]
, (7.41)

while, for the decay into ψ(1S)ω, one has (s = m2):

ξχc1 (2P )→ψ(1S)ω(m) = ξ0gχc1DD∗
[
ΣD∗0D̄0+h.c.(s) + ΣD∗+D−+h.c.(s)

]
+ λgg . (7.42)

Note, in Eq. (7.42), the additional parameter λgg involves the direct contribution of two gluons.

In Figure 7.6 we plot the real part of DD∗ loops. One shall notice that Eq. (7.41) is not

Figure 7.6: Plot of the real part of DD∗ loops. The solid violet line describes the loop function

ΣD0D∗0(m2), while the dashed orange line describes the loop function ΣD+D∗−(m2).

zero, since the quantum loops ΣD∗0D̄0+h.c.(s) and ΣD∗+D−+h.c.(s) are di�erent from each other.

The reason for that is a slight di�erence in mass of neutral and charged D and D∗ mesons.

This, in turn, can be explained by the mass di�erence in between u and d quarks. However,

for s su�ciently far from the two relevant thresholds (D∗0D0 and D∗+D−), the loop di�erence

entering Eq. (7.41) is very small. For instance, for m = 3.986 GeV (the mass value of the state
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originating from the cc̄ seed) the coupling to ψ(1S)ρ can be neglected. On the other hand, for

the X(3872), we cannot neglect the loop di�erence since it is sizably larger and rather important.

Moreover, the sum of the loops in Eq. (7.42) guarantees that the coupling ξχc1(2P )→ψ(1S)ω is

large for the seed state as well as for X(3872). As a further approximation, one may neglect the

parameter λgg. This seems a valid assumption because the loops nearby the DD∗ thresholds are

large. For m = 3.872 GeV, referring to the X(3872), the following ratio holds:

∣∣∣∣∣ξχc1 (2P )→ψ(1S)ω(m)

ξχc1 (2P )→ψ(1S)ρ(m)

∣∣∣∣∣
2

m=3.872 GeV

'
∣∣∣∣ΣD∗0D̄0+h.c.(s) + ΣD∗+D−+h.c.(s)

ΣD∗0D̄0+h.c.(s)− ΣD∗+D−+h.c.(s)

∣∣∣∣2
s=3.872 GeV2

= 12.3 .

(7.43)

It follows that the coupling ξχc1 (2P )→ψ(1S)ρ plays an important role and cannot be omitted. On

the contrary, for m = 3.986 GeV (corresponding to the broad peak), one �nds the ratio ∼ 630.

This indicates that the decay into ψ(1S)ρ is strongly suppressed (there is the cancellation of the

loops). As a consequence, the seed state decays only into the ψ(1S)ω channel.

The theoretical formulas for the widths of χc1(2P ) decaying into the ψ(1S)ω or the ψ(1S)ρ

channels read:

Γχc1 (2P )→ψ(1S)ω(m,x) = ξ2
χc1 (2P )→ψ(1S)ωV (m,x) , (7.44)

Γχc1 (2P )→ψ(1S)ρ(m,x) = ξ2
χc1 (2P )→ψ(1S)ρV (m,x) , (7.45)

where the parameters m and x are the running masses of χc1(2P ) and ω (or ρ) mesons, respec-

tively. Moreover, the quantity V (m,x) reads:

V (m,x) =
k

8πm2

1

3m2
ψ(1S)

[
4k4 + 6m2

ψ(1S)x
2 + 2k2

(
2m2

ψ(1S) + x2 + 2
√
k2 +m2

ψ(1S)

√
k2 + x2

)]
,

(7.46)

where k = k(m,mψ(1S), x). When setting m = 3.872 GeV and performing the integration over

the mass of the ρ meson, one can write the transition X(3872)→ ψ(1S)ρ0 → ψ(1S)π+π− as:

ΓX(3872)→ψ(1S)π+π− =
∣∣∣ξχc1 (2P )→ψ(1S)ρ(mX(3872))

∣∣∣2 ∫ ∞
0

dx V (mX(3872), x)dρ(x) , (7.47)

with dρ(x) being the spectral function of the ρ, taken for simplicity as the relativistic Breit-

Wigner distribution:

dρ0(x) = Nρ
θ(x− 2mπ+)

(x2 −m2
ρ0)2 + Γ2

ρ0m
2
ρ0

. (7.48)

The numerical values of the parameters used in the above equation are taken from the PDG:

mρ0 = 775.26 ± 0.25 MeV, Γρ0 = 147.8 ± 0.9 MeV. Moreover, the normalization factor Nρ is

determined under the requirement that
∞∫
0

dxdρ(x) = 1.

Analogously, the transition X(3872) → ψ(1S)ω → ψ(1S)π+π−π0 can be obtained after

performing the integration over the mass of the ω:

ΓX(3872)→ψ(1S)π+π−π0 =
∣∣∣ξχc1 (2P )→ψ(1S)ω(mX(3872))

∣∣∣2 ∫ ∞
0

dx V (mX(3872), x)dω(x) , (7.49)
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where the spectral function of the ω is given by the following distribution:

dω(x) = Nω
θ(x− 2mπ+ −mπ0)

(x2 −m2
ω)2 + Γ2

ωm
2
ω

. (7.50)

The parameters used in the above equation are [2]: mω = 782.65± 0.12 MeV, Γω = 8.49± 0.08

MeV and Nω obtained from the normalization
∞∫
0

dxdω(x) = 1.

Finally, we obtain the following ratio:

ΓX(3872)→ψ(1S)π+π−π0

ΓX(3872)→ψ(1S)π+π−
' 1.9 . (7.51)

This value is roughly consistent with the experimental result 0.8±0.3. In Appendix C we report

the value of the ratio found for di�erent choices of the model parameters.

In summary, the typically small isospin breaking describing the decay into J/ψρ is sizably at

the value of the mass of the X(3872). This is because of the signi�cant di�erence between the

real parts of the charged and neutral loops. The obtained result of the ratio of Eq. (7.51) is in

qualitative agreement with the experimental one, even without usage of additional parameters

or any other assumption.

However, some improvements of the model are possible. For instance, the previously neglected

parameter λgg describing the process of the direct emission of two gluons can be included into the

calculations. Moreover, the obtained value of the ratio of Eq. (7.51) may be reduced by using a ρ

spectral function which goes beyond the standard Breit-Wigner parametrization. Nevertheless,

these improvements require the use of additional parameters and are not expected to change

much the overall picture.

7.4 Concluding remarks

The experimental data deliver many puzzling features of the X(3872) state. Some of them, as for

instance the prompt production and radiative decays, are characteristic of a cc̄ state. However,

some other features, as its mass position nearby the D0D∗0 threshold and the isospin breaking

decay into the J/ψρ channel, indicate that X(3872) is rather a D0D∗0 molecule.

In this chapter we have shown that it is possible to explain both properties by using a simple

QFT model. Our relativistic Lagrangian includes originally only a unique cc̄ seed state assigned

to the χc1(2P ). The existence of the X(3872) is a result of dressing this cc̄ state by the DD∗

mesonic loops. Our study shows that two poles are present on the complex plane. The �rst one,

located in the III RS, is related to the seed state, thus to χc1(2P ) with a total decay width ∼ 80

MeV. The second is a virtual pole on the II RS close to the D0D∗0 energy threshold, which we

assigned to the X(3872) state.

Moreover, we have shown that both states χc1(2P ) and X(3872) can be described by only

one spectral function, which is normalized to unity. The χc1(2P ) appears as a broad peak on

the right hand side. A very interesting observation is that for some parameter choices this peak

completly dissapears. That can explain why this state has not yet been observed in experiments.
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For what concerns the X(3872), it is visible in the spectral function as an extremely high and

narrow peak nearby the D0D∗0 energy threshold. Our interpretation of the X(3872) as a virtual

companion pole naturally explains the puzzling properties of this state. The cc̄ behavior found

in prompt production and radiative decays is a�ected by the cc̄ core. On the other hand, the

molecular behavior revealed in isospin breaking decays is connected to the DD∗-loop mechanism.

Moreover, our theoretical model explains not only the features of X(3872) but also allows us

to make some predictions. We calculated the strong decays into the D0D∗0 channel, the radiative

decays into ψ(1S)γ and ψ(2S)γ, and the ratio of J/ψρ and J/ψω.
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Chapter 8

Conclusions

In this thesis we have presented a detailed review of the status and interpretation of some

conventional and non-conventional mesonic states with scalar and vector quantum numbers.

The main results are reported in Table 8.1, which summarizes the achievements of this work.

We have understood that two nonets of vector mesons �t very well into the conventional

quark-antiquark assignment. These are the nonets involving (predominantly) vector radial exci-

tations with the resonances {ρ(1450), K∗(1410), ω(1420), φ(1680)} and (predominantly) vector

orbital excitations with the resonances {ρ(1700), K∗(1680), ω(1650), φ(1959)}. In particular, the

resonance φ(1959) should be still con�rmed experimentally. Within our �avor-invariant Quantum

Field Theoretical model we obtained some predictions of its mass and decays. Our (tree-level)

analysis have revealed that the φ(1959) state is very broad (∼ 430 MeV), which explains why it

is di�cult to experimentally discover it. We have shown that the main decay channels of φ(1959)

are into K̄K∗(892) + h.c. and K̄K pairs. Moreover the radiative decay φ(1959) → γη is also

possible. This fact implies that φ(1959) can be con�rmed at the ongoing GlueX and CLAS12

experiments at Je�erson Lab, where the processes

γ + p→ K0 + K̄0 + p and γ + p→ K+ +K− + p (8.1)

can be measured. Another possibility is the study of the reaction e+e− → K+K− at BaBar;

similar processes at BESIII are also very promising.

In this work, we have also investigated some non-conventional mesons, whose nature is not

yet fully understood and needs to be clari�ed. In particular, we have shown that some states

may emerge as dynamically generated companion poles. This rather simple mechanism occurs

when a single conventional quark-antiquark seed state couples strongly to its low-mass decay

products. As a consequence, the quantum �uctuations dress the original seed state and modify

its spectral function. This non-perturbative phenomenon can be investigated by using a QFT

Lagrangian that couples the standard qq̄ state to its decay products. The propagator of the

unstable state is then evaluated at the one-loop resummed level. Non-conventional mesons may

appear as poles in the mass distribition function of the conventional mesons originally included

in the Lagrangian.
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State(s) Method Interpretation Refs.

ρ(1450), K∗(1410) QFT, tree-level, conventional qq̄ nonet [188], [189],

ω(1420), φ(1680) strong and radiative decays JPC = 1−− [190], [191]

(radially excited)

ρ(1700), K∗(1680) QFT, tree-level, conventional qq̄ nonet [188], [189],

ω(1650), φ(1959) strong and radiative decays predictions for φ(1959) [190], [191]

(orbitally excited) (not yet discovered)

JPC = 1−−

K∗(892) QFT at the one-loop (predom.) us̄, sū, ds̄, sd̄ [192]

unitarized level, Pole (II RS): 0.89− 0.028i GeV

one channel Kπ JPC = 1−−

K∗0 (1430) QFT at the one-loop (predom.) us̄, sū, ds̄, sd̄ [180], [192],

untarized level, Pole (II RS): (1.413± 0.02)− [193], [194],

one channel Kπ (0.127± 0.003)i GeV [195]

JPC = 0++

K∗0 (700) QFT at the one-loop (four quark) dynamically [180], [192],

unitarized level, generated pole [193], [194],

one channel Kπ Pole (II RS): (0.746± 0.019)− [195]

(0.262± 0.014)i GeV

JPC = 0++

ψ(4040) QFT at the one-loop conventional cc̄ state [181], [195],

unitarized level, Pole (V RS): (4.053± 0.04)− [196]

�ve channels DD, DD∗, (0.040± 0.010)i GeV

D∗D∗, DsDs, DsD
∗
s JPC = 1−−

Y (4008) QFT at the one-loop enhancement in the channel [181], [195],

unitarized level, ψ(4040)→ DD∗ → π+π−J/ψ [196]

�ve channels DD, DD∗, not a real state

D∗D∗, DsDs, DsD
∗
s

χc1(2P ) QFT at the one-loop conventional cc̄ state [8], [195]

unitarized level, (not yet found)

one channel DD∗ Pole (III RS): 3.995− 0.036i GeV

JPC = 1++

X(3872) QFT at the one-loop (virtual) companion pole [8], [195]

unitarized level, Pole (II RS): 3.87164− iε GeV
one channel DD∗ JPC = 1++

Table 8.1: Summary of the main results.
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We have explored the non-conventional state κ = K∗0 (700), which was recently updated in

the summary table of the PDG implaying that a full nonet of light scalar mesons below 1 GeV

is present. (However, the annotation �needs con�rmation� still �gurates there for the K∗0 (700)).

Our study agrees with other works on the subject by con�rming the existence of the K∗0 (700)

state. We have proposed an independent proof for that and we conclude that K∗0 (700) should

be accepted in the PDG summary list as a meson. Moreover, we have proposed a physical

interpretation of the nature of light κ: within our approach this state appears as a dynamically

generated companion pole of the heavier conventional K∗0 (1430) resonance. The corresponding

coordinates of K∗0 (700) on the complex plane are:

(0.746± 0.019)− (0.262± 0.014) GeV [κ = K∗0 (700)] (8.2)

The spectral function of the regular K∗0 (1430) deviates sizably from an ordinary Breit-Wigner

distribution. The light κ is visible as its signi�cant low-energy enhancement.

Similar studies have been performed in the charmonium sector where one also observes both

conventional and non-conventional mesons. The latter mesons are known under the names of X,

Y and Z.

In this thesis we have investigated the vector state Y (4008), which was observed by Belle

Collaboration and whose nature still remains puzzling. Following the idea of dynamical genera-

tion we have studied the conventional cc̄ state ψ(4040) decaying into DD, D∗D, D∗D∗, DsDs

and D∗sDs channels. We have observed that the spectral function deviates from the Breit-Wigner

shape due to the strong enhancement close to 4 GeV. Moreover, also in this case, in addition to

the pole corresponding to the ψ(4040) state, a second pole appeared on the complex plane. How-

ever, this pole cannot be assigned to Y (4008) since the imaginary part of it is by far too small

when compared to experimental data. Here, a di�erent mechanism -independent of dynamical

generation- is at work. We have shown that Y (4008) appears as a bump when the ψ(4040) reso-

nance decays via DD∗ loop into the π+π−J/ψ channel. The most important observation here is

the fact that the enhancement identi�ed with Y (4008) cannot be regarded as a real resonance,

but it is solely the consequence of the strong coupling of ψ(4040) to the DD∗ loop. In general,

not all bumps appering in some experimentally measured channels should be regarded as genuine

states. Therefore, care is needed whenever a peak appears in a certain channel: in some cases it

can correspond to an actual state, but this is defnitely not a general rule.

The next meson that has been studied here is the axial-vector resonance X(3872) (in PDG

known under the name χc1(3872)). This state, even if con�rmed in many experiments and

studied in numerous theoretical works in the �eld, is still not yet fully understood. We have

shown that X(3872) can also be explained by the mechanism of dynamical generation. However,

in this case the seed state corresponding to the cc̄ χc1(2P ) meson in the quark model has not yet

been discovered experimentally. We have shown that X(3872) appears as the virtual companion

pole of χc1(2P ). An interesting observation is the fact that the spectral function of χc1(2P )

state, correctly normalized to unity, represents simultaneously both states: the seed χc1(2P ) and

X(3872). The shape of the spectral function is very speci�c. The X(3872) corresponds to a very
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high and sharp peak close to the lowest D0D
∗
0 threshold, while χc1(2P ) appears as a broad peak

on the right hand side from it. Moreover, two poles are always present on the complex plane.

The pole for X(3872) has coordinates

3.87164− iε GeV [X(3872)] , (8.3)

while the second one has

3.995− 0.036 GeV [χc1(2P )] ; (8.4)

the latter is in agreement with quark model predictions. One should notice that even if the

pole for the cc̄ seed state χc1(2P ) is always well-de�ned, it is possible that the corresponding

broad peak in the spectral function fades away. This phenomenon may explain why the χc1(2P )

resonance has not yet been observed experimentally. At the same time, our interpretation of the

state X(3872) as a virtual companion pole generated by dressing the cc̄ seed state by DD∗ loops

explains very well the quarkonium-like and molekular-like features of X(3872).

As a concluding remark, we hope that all the predictions presented in this work can be tested

in ongoing and future experiments. Moreover, in the future one can apply the techniques used

in this thesis to other interesting and not yet explained resonances, which still require a better

understanding.
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Appendix A

Lagrangian for excited vector mesons

A.1 Lagrangian form

In this Appendix we show the explicit form of the Lagrangian presented in Chapter 3 and

described by Eq. (3.7).

In the following, the term LRPP given by Eq. (A.1) is related to Eqs. (3.8) and (3.9).

Analogously, the term LRV P given by Eq. (A.2) is related to Eqs. (3.10) and (3.11).

The index R is identi�ed with E for radially excited vector mesons and with D for orbitally

excited vector mesons.

LRPP = igiPPTr [[∂µP, Vi,µ]P ] =
1

4
igiPP

{
K∗0µ

( (
∂µK̄0

)
π0 − K̄0

(
∂µπ0

)
−
√

2
(
∂µK−

)
π+

+
√

2K−
(
∂µπ+

)
+ (∂µηN ) K̄0 − ηN

(
∂µK̄0

)
+
√

2ηS
(
∂µK̄0

)
−
√

2 (∂µηS) K̄0
)

+ K̄∗0µ

(
K0
(
∂µπ0

)
−
(
∂µK0

)
π0 −

√
2K+

(
∂µπ−

)
+
√

2
(
∂µK+

)
π− + ηN

(
∂µK0

)
− (∂µηN )K0 −

√
2ηS

(
∂µK0

)
+
√

2 (∂µηS)K0
)

+K∗−µ

( (
∂µK+

)
π0 −K+

(
∂µπ0

)
−
√

2K0
(
∂µπ+

)
+
√

2
(
∂µK0

)
π+ + ηN

(
∂µK+

)
− (∂µηN )K+ −

√
2ηS

(
∂µK+

)
+
√

2 (∂µηS)K+
)

+K∗+µ

(
K−

(
∂µπ0

)
−
(
∂µK−

)
π0 −

√
2
(
∂µK̄0

)
π− +

√
2K̄0

(
∂µπ−

)
+ (∂µηN )K− − ηN

(
∂µK−

)
+
√

2ηS
(
∂µK−

)
−
√

2 (∂µηS)K−
)

+ ρ0
µ

(
K̄0
(
∂µK0

)
−

(
∂µK̄0

)
K0 +K+

(
∂µK−

)
−
(
∂µK+

)
K− + 2π+

(
∂µπ−

)
− 2

(
∂µπ+

)
π−
)

+ ρ−µ

(√
2K+

(
∂µK̄0

)
−
√

2
(
∂µK+

)
K̄0 + 2π0

(
∂µπ+

)
− 2

(
∂µπ0

)
π+
)

+ ρ+
µ

(√
2K0

(
∂µK−

)
−
√

2
(
∂µK0

)
K− + 2

(
∂µπ0

)
π− − 2π0

(
∂µπ−

) )
+ ω

(
K0
(
∂µK̄0

)
−

(
∂µK0

)
K̄0 +K+

(
∂µK−

)
−
(
∂µK+

)
K−
)

+
√

2φ
( (
∂µK0

)
K̄0 −K0

(
∂µK̄0

)
− K+

(
∂µK−

)
+
(
∂µK+

)
K−
)}

(A.1)
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LRV P = giV PTr
(
Ṽ µν
i

{
Vµν , P

})
= 2giV P ε

µναβTr ((∂αVi,β) {(∂µVν) , P})

=
1

2
giV P ε

µναβ
{(
∂αρ

0
i,β

) (
2π0 (∂µων) + 2ηN

(
∂µρ

0
ν

)
− K̄0

(
∂µK

∗0
ν

)
−K0

(
∂µK̄

∗0
ν

)
+ K+

(
∂µK

∗−
ν

)
+K−

(
∂µK

∗+
ν

) )
+
√

2
(
∂αρ

−
i,β

)(√
2π+ (∂µων) +

√
2ηN

(
∂µρ

+
ν

)
+ K+

(
∂µK̄

∗0
ν

)
+ K̄0

(
∂µK

∗+
ν

) )
+
√

2
(
∂αρ

+
i,β

)(√
2π− (∂µων) +

√
2ηN

(
∂µρ

−
ν

)
+ K−

(
∂µK

∗0
ν

)
+K0

(
∂µK

∗−
ν

) )
+
√

2 (∂αφi,β)
(

2ηS (∂µφν) + K̄0
(
∂µK

∗0
ν

)
+ K0

(
∂µK̄

∗0
ν

)
+K+

(
∂µK

∗−
ν

)
+K−

(
∂µK

∗+
ν

) )
+ (∂αωi,β)

(
2π0

(
∂µρ

0
ν

)
+ 2π+

(
∂µρ

−
ν

)
+ 2π−

(
∂µρ

+
ν

)
+ 2ηN (∂µων) +K0

(
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∗0
ν

)
+ K̄0

(
∂µK

∗0
ν

)
+K+

(
∂µK

∗−
ν

)
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(
∂µK

∗+
ν

) )
+
(
∂αK

∗0
i,β

) (
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(
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ν

)
+
√

2π+
(
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ν

)
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(
∂µρ

0
ν

)
+
√

2K−
(
∂µρ

+
ν

)
+ ηN

(
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∗0
ν

)
+
√

2ηS
(
∂µK̄

∗0
ν

)
+
√

2K̄0 (∂µφν)
)

+
(
∂αK̄

∗0
i,β
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K0 (∂µων)
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(
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ν
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+
√

2π−
(
∂µK
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∂µρ
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(
∂µρ
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∂µK
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+
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∗−
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+
√

2π−
(
∂µK̄

∗0
ν
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+K−

(
∂µρ

0
ν

)
+
√

2K̄0
(
∂µρ

−
ν

)
+ ηN

(
∂µK

∗−
ν

)
+
√

2ηS
(
∂µK

∗−
ν

)
+
√

2K− (∂µφν)
)}

(A.2)

A.2 Invariance properties of the Lagrangian

Here, we show the detailed study of the transformation properties of the nonets of ground-state

pseudoscalar and vector mesons and of radially and orbitally excited vector mesons under parity

(P), charge conjugation (C) and �avor symmetry (U(3)V ). Note, all vector �elds Vµ, VD,µ, VE,µ

transform in the same way.

nonet Parity Charge conjugation �avor symmetry

P −P (t,−~x) P T UPU †

Vµ V µ(t,−~x) −(Vµ)T UVµU
†

Ṽµν −Ṽ µν −(Ṽµν)T UṼµνU
†

Vµν V µν −(Vµν)T UVµνU
†

Table A.1: Transformation properties of the nonets P and Vµ.

A.2.1 Parity

The Lagrangian of the model presented in Chapter 3 is invariant under the parity transformation

(P):

LRPP = igRPPTr ([∂µP, VR,µ]P )
P−→ igRPPTr

(
[∂0(−P ), VR,0](−P ) + [∂i(−P ), V i

R](−P )
)

= igRPPTr
(
[∂0P, VR,0]P + [∂iP, VR,i]P

)
= igRPPTr ([∂µP, VR,µ]P ) = LRPP ; (A.3)
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LRV P = gRV PTr
(
Ṽ µν
R {Vµν , P}

)
P−→ gRV PTr

(
−ṼR,µν{V µν ,−P}

)
= gRV PTr

(
ṼR,µν{V µν , P}

)
= gRV PTr

(
Ṽ µν
R {Vµν , P}

)
= LRV P . (A.4)

A.2.2 Charge conjugation

The Lagrangian of the model presented in Chapter 3 is invariant under the charge conjugation

transformation (C):

LRPP = igRPPTr ([∂µP, VR,µ]P )
C−→ igRPPTr

(
[(∂µP )T ,− (VR,µ)T ]P T

)
= igRPPTr

((
(∂µP )T (−VR,µ)T + V T

R,µ (∂µP )T
)
P T
)

= igRPPTr
((

(−VR,µ∂µP )T + (∂µPVR,µ)T
)
P T
)

= igRPPTr
(

(−PVR,µ∂µP )T + (P∂µPVR,µ)T
)

= igRPPTr
(

(−PVR,µ∂µP + P∂µPVR,µ)T
)

= igRPPTr (−PVR,µ∂µP + P∂µPVR,µ) = igRPPTr (P [∂µP, VR,µ])

= igRPPTr ([∂µP, VR,µ]P ) = LRPP . (A.5)

LRV P = gRV PTr
(
Ṽ µν
R {Vµν , P}

)
C−→ gRV PTr

(
−
(
Ṽ µν
R

)T {
− (Vµν)T , P T

})
= gRV PTr

((
PVµν Ṽ

µν
R + VµνPṼ

µν
R

)T)
= gRV PTr

(
VµνPṼ

µν
R + PVµν Ṽ

µν
R

)
= gRV PTr

(
Ṽ µν
R {Vµν , P}

)
= LRV P . (A.6)

A.2.3 Flavor symmetry

The Lagrangian of the model presented in Chapter 3 is �avor-invariant:

LRPP = igRPPTr ([∂µP, VE ]P )
U(3)V−→ igRPPTr

([
∂µUPU †, UVEU

†
]
UPU †

)
= igRPPTr

([
U∂µPU †, UVEU

†
]
UPU †

)
= igRPPTr

(
U∂µPU †UVEU

†UPU † − UVEU †U∂µPU †UPU †
)

= igRPPTr
(
U∂µPVEPU

† − UVE∂µPPU †
)

= igRPP

(
Tr
(
U∂µPVEPU

†
)
− Tr

(
UVE∂

µPPU †
))

= igRPPTr
((
U †U∂µPVEP

)
− Tr

(
U †UVE∂

µPP
))

= igRPP (Tr (∂µPVEP )− Tr (VE∂
µPP ))

= igRPPTr ((∂µPVE − VE∂µP )P ) = igRPPTr ([∂µP, VE ]P ) = LRPP , (A.7)

where we have used that Tr [AB] = Tr [BA] and that U †U = UU † = 1.
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Similarly:

LRV P = gRV PTr
(
Ṽ µν
R {V

µν , P}
)
U(3)V−→ gRV PTr

(
UṼ µν

R U †
{
UV µνU †, UPU †

})
= gRV PTr

(
UṼ µν

R U †UV µνPU † + UṼ µν
R U †UPV µνU †

)
= gRV P

(
Tr
(
UṼ µν

R V µνPU †
)

+ Tr
(
UṼ µν

R PV µνU †
))

= gRV P

(
Tr
(
U †UṼ µν

R V µνP
)

+ Tr
(
U †UṼ µν

R PV µν
))

= gRV PTr
(
Ṽ µν
R V µνP + Ṽ µν

R PV µν
)

= gRV PTr
(
Ṽ µν
R {V

µν , P}
)

= LRV P . (A.8)
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Appendix B

Modi�cation of the model parameters

for ψ(4040)

In this appendix we show how the main results discussed in Chapter 6 vary when changing some

parameters of our model. In particular, we study di�erent forms of the vertex function as well

as various numerical values for the cuto� parameter Λ.

In Table B.1 we present the results for the Gaussian form factor of Eq. (6.10) and higher

values of the parameter Λ (from 0.5 to 1 GeV).

In Table B.2 we present the results for the same vertex function and for lower values of Λ

parameter (from 0.38 to 0.45 GeV).

Similarly, in Tables B.3 and B.4 we show the results for the dipolar form factor given by Eq.

(6.11).

Finally, in Table B.5 we present the results for partial decay widths of the resonance ψ(4040)

for all possible vertex functions and cuto� Λ tested here.

It is visible that changing the form of the vertex function does not in�uence signi�cantly

the overall picture. However, for what concerns the value of the parameter Λ, only the results

obtained for Λ . 0.6 GeV are physically acceptable.
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Gaussian form factor

Cuto� Λ Parameters Pole for ψ(4040) Pole for enhancement

[GeV] [GeV] [GeV]

0.5 gψDD = 19.4± 4.2 (4.056± 0.018) (3.918± 0.007)

gψD∗D = 2.63± 0.39 GeV−1 −i(0.069± 0.054) −i(0.064± 0.004)

gψD∗D∗ = 2.3± 1.0

Mψ = 4.04 GeV

0.6 gψDD = 10.3± 2.7 (4.024± 0.014) (4.055± 0.018)

gψD∗D = 1.95± 0.22 GeV−1 −i(0.039± 0.030) −i(0.032± 0.007)

gψD∗D∗ = 2.4± 1.0

Mψ = 4.07 GeV

0.7 gψDD = 6.9± 1.9 (4.028± 0.016) (4.053± 0.024)

gψD∗D = 1.58± 0.16 GeV−1 −i(0.034± 0.024) −i(0.031± 0.010)

gψD∗D∗ = 2.4± 1.0

Mψ = 4.09 GeV

0.8 gψDD = 5.2± 1.5 (4.028± 0.019) (4.046± 0.030)

gψD∗D = 1.37± 0.13 GeV−1 −i(0.029± 0.022) −i(0.029± 0.011)

gψD∗D∗ = 2.4± 1.0

Mψ = 4.11 GeV

0.9 gψDD = 4.3± 1.2 (4.031± 0.025) (4.047± 0.038)

gψD∗D = 1.24± 0.11 GeV−1 −i(0.028± 0.023) −i(0.027± 0.011)

gψD∗D∗ = 2.34± 0.99

Mψ = 4.14 GeV

1.0 gψDD = 3.8± 1.1 (4.029± 0.032) (4.041± 0.048)

gψD∗D = 1.15± 0.11 GeV−1 −i(0.025± 0.023) −i(0.025± 0.010)

gψD∗D∗ = 2.33± 0.98

Mψ = 4.17 GeV

Table B.1: Results of the model presented in Chapter 6 for the Gaussian form factor and

0.5 GeV 6 Λ 6 1 GeV.

114



Gaussian form factor

Cuto� Λ Parameters Pole for ψ(4040) Pole for enhancement

[GeV] [GeV] [GeV]

0.38 gψDD = 59.5± 3.9 (4.050± 0.002) (3.938± 0.003)

gψD∗D = 3.7± 1.1 GeV−1 −i(0.032± 0.003) −i(0.015± 0.002)

gψD∗D∗ = 1.44± 0.78

Mψ = 3.99 GeV

0.39 gψDD = 53.6± 4.3 (4.051± 0.003) (3.937± 0.004)

gψD∗D = 3.6± 1.0 GeV−1 −i(0.034± 0.004) −i(0.019± 0.002)

gψD∗D∗ = 1.57± 0.84

Mψ = 3.99 GeV

0.40 gψDD = 48.4± 4.6 (4.051± 0.003) (3.936± 0.005)

gψD∗D = 3.59± 0.94 GeV−1 −i(0.036± 0.006) −i(0.022± 0.001)

gψD∗D∗ = 1.69± 0.88

Mψ = 4.00 GeV

0.41 gψDD = 43.7± 4.8 (4.052± 0.004) (3.935± 0.006)

gψD∗D = 3.51± 0.87 GeV−1 −i(0.038± 0.008) −i(0.026± 0.001)

gψD∗D∗ = 1.80± 0.92

Mψ = 4.00 GeV

0.42 gψDD = 39.6± 5.0 (4.053± 0.004) (3.934± 0.006)

gψD∗D = 3.43± 0.80 GeV−1 −i(0.040± 0.010) −i(0.030± 0.001)

gψD∗D∗ = 1.90± 0.95

Mψ = 4.01 GeV

0.43 gψDD = 35.9± 5.1 (4.053± 0.005) (3.932± 0.007)

gψD∗D = 3.34± 0.73 GeV−1 −i(0.042± 0.013) −i(0.034± 0.001)

gψD∗D∗ = 1.98± 0.98

Mψ = 4.01 GeV

0.44 gψDD = 32.6± 5.1 (4.054± 0.005) (3.930± 0.007)

gψD∗D = 3.24± 0.66 GeV−1 −i(0.045± 0.016) −i(0.038± 0.001)

gψD∗D∗ = 2.06± 1.0

Mψ = 4.02 GeV

0.45 gψDD = 29.7± 5.0 (4.054± 0.005) (3.928± 0.008)

gψD∗D = 3.13± 0.60 GeV−1 −i(0.048± 0.020) −i(0.042± 0.002)

gψD∗D∗ = 2.12± 1.0

Mψ = 4.02 GeV

Table B.2: The same as Table B.1 but for 0.38 GeV 6 Λ 6 0.45 GeV.
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Dipolar form factor

Cuto� Λ Parameters Pole for ψ(4040) Pole for enhancement

[GeV] [GeV] [GeV]

0.5 gψDD = 12.5± 3.0 (4.089± 0.033) (3.943± 0.011)

gψD∗D = 2.01± 0.26 GeV−1 −i(0.084± 0.005) −i(0.085± 0.014)

gψD∗D∗ = 2.08± 0.92

Mψ = 4.05 GeV

0.6 gψDD = 7.4± 2.0 (4.031± 0.018) (4.056± 0.024)

gψD∗D = 1.44± 0.16 GeV−1 −i(0.034± 0.020) −i(0.029± 0.006)

gψD∗D∗ = 2.16± 0.93

Mψ = 4.08 GeV

0.7 gψDD = 5.1± 1.4 (4.032± 0.022) (4.053± 0.037)

gψD∗D = 1.18± 0.12 GeV−1 −i(0.032± 0.021) −i(0.028± 0.007)

gψD∗D∗ = 2.20± 0.93

Mψ = 4.11 GeV

0.8 gψDD = 3.9± 1.1 (4.032± 0.028) (4.046± 0.047)

gψD∗D = 1.04± 0.10 GeV−1 −i(0.025± 0.022) −i(0.026± 0.010)

gψD∗D∗ = 2.22± 0.94

Mψ = 4.14 GeV

0.9 gψDD = 3.22± 0.93 (4.029± 0.037) (4.039± 0.057)

gψD∗D = 0.97± 0.09 GeV−1 −i(0.023± 0.024) −i(0.024± 0.010)

gψD∗D∗ = 2.23± 0.94

Mψ = 4.18 GeV

1.0 gψDD = 2.84± 0.83 (3.936± 0.008) (3.890± 0.048)

gψD∗D = 0.93± 0.08 GeV−1 −i(0.005± 0.004) −i(0.003± 0.005)

gψD∗D∗ = 2.24± 0.94

Mψ = 4.03 GeV

Table B.3: The same as Table B.1 but for the dipolar form factor.
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Dipolar form factor

Cuto� Λ Parameters Pole for ψ(4040) Pole for enhancement

[GeV] [GeV] [GeV]

0.38 gψDD = 30.0± 5.6 (4.055± 0.014) (3.941± 0.003)

gψD∗D = 4.03± 0.70 GeV−1 −i(0.045± 0.013) −i(0.038± 0.009)

gψD∗D∗ = 1.97± 0.92

Mψ = 4.02 GeV

0.39 gψDD = 27.5± 5.3 (4.056± 0.017) (3.941± 0.003)

gψD∗D = 3.74± 0.64 GeV−1 −i(0.048± 0.013) −i(0.042± 0.009)

gψD∗D∗ = 1.97± 0.92

Mψ = 4.02 GeV

0.40 gψDD = 25.3± 5.0 (4.058± 0.019) (3.941± 0.003)

gψD∗D = 3.48± 0.58 GeV−1 −i(0.051± 0.012) −i(0.045± 0.010)

gψD∗D∗ = 1.98± 0.92

Mψ = 4.02 GeV

0.41 gψDD = 23.4± 4.7 (4.061± 0.021) (3.942± 0.004)

gψD∗D = 3.25± 0.53 GeV−1 −i(0.054± 0.011) −i(0.049± 0.010)

gψD∗D∗ = 1.99± 0.91

Mψ = 4.03 GeV

0.42 gψDD = 21.6± 4.4 (4.063± 0.023) (3.942± 0.004)

gψD∗D = 3.05± 0.49 GeV−1 −i(0.057± 0.010) −i(0.052± 0.010)

gψD∗D∗ = 2.00± 0.91

Mψ = 4.03 GeV

0.43 gψDD = 20.0± 4.2 (4.066± 0.024) (3.942± 0.005)

gψD∗D = 2.87± 0.45 GeV−1 −i(0.060± 0.009) −i(0.056± 0.011)

gψD∗D∗ = 2.00± 0.91

Mψ = 4.03 GeV

0.44 gψDD = 18.6± 4.0 (4.069± 0.025) (3.943± 0.005)

gψD∗D = 2.71± 0.41 GeV−1 −i(0.063± 0.008) −i(0.060± 0.011)

gψD∗D∗ = 2.01± 0.91

Mψ = 4.03 GeV

0.45 gψDD = 17.3± 3.8 (4.072± 0.027) (3.943± 0.006)

gψD∗D = 2.56± 0.38 GeV−1 −i(0.067± 0.008) −i(0.064± 0.011)

gψD∗D∗ = 2.03± 0.91

Mψ = 4.04 GeV

Table B.4: The same as Table B.2 but for the dipolar form factor.
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Partial decay width [MeV]
H
HHH

HHHH
Λ

Decay
DD DsDs D∗D D∗sDs D∗D∗

Gaussian form factor

0.38 GeV 2.90± 0.38 62.8± 8.1 12.1± 7.0 0 2.2+2.4
−2.2

0.39 GeV 3.57± 0.57 58.9± 9.4 14.9± 8.2 0 2.7+2.9
−2.7

0.40 GeV 4.26± 0.81 55± 10 17.8± 9.3 0 3.2+3.3
−3.2

0.41 GeV 5.0± 1.1 51± 11 21± 10 0 3.7+3.8
−3.7

0.42 GeV 5.7± 1.4 46± 12 24± 11 0 4.3± 4.3

0.43 GeV 6.3± 1.8 42± 12 26± 12 0 4.8± 4.7

0.44 GeV 7.0± 2.2 39± 12 29± 12 0 5.2± 5.1

0.45 GeV 7.6± 2.5 35± 12 32± 12 0 5.7± 5.4

0.5 GeV 9.8± 4.3 22.0± 9.6 41± 12 0 7.4± 6.6

0.6 GeV 11.8± 6.2 10.3± 5.4 49± 11 0 8.8± 7.6

0.7 GeV 12.5± 6.9 6.2± 3.4 52± 10 0 9.4± 8.0

0.8 GeV 12.8± 7.3 4.4± 2.5 53± 10 0 9.6± 8.1

0.9 GeV 12.9± 7.4 3.4± 2.0 54± 10 0 9.7± 8.2

1.0 GeV 13.0± 7.6 2.9± 1.7 54.3± 9.9 0 9.8± 8.2

Dipolar form factor

0.38 GeV 8.4± 3.2 30± 11 35± 12 0 6.3± 5.9

0.39 GeV 8.6± 3.3 29± 11 36± 12 0 6.5± 6.0

0.40 GeV 8.8± 3.5 28± 11 37± 12 0 6.6± 6.1

0.41 GeV 9.0± 3.6 27± 11 38± 12 0 6.8± 6.2

0.42 GeV 9.2± 3.8 26± 10 38± 12 0 6.9± 6.3

0.43 GeV 9.4± 3.9 24± 10 39± 12 0 7.1± 6.4

0.44 GeV 9.6± 4.1 23.3± 9.9 40± 12 0 7.2± 6.5

0.45 GeV 9.8± 4.2 22.2± 9.6 41± 12 0 7.3± 6.6

0.5 GeV 10.7± 5.0 16.9± 8.0 44± 12 0 8.0± 7.1

0.6 GeV 11.9± 6.3 9.5± 5.0 50± 11 0 8.9± 7.7

0.7 GeV 12.6± 7.0 5.6± 3.1 52± 10 0 9.4± 8.0

0.8 GeV 12.9± 7.4 3.7± 2.1 54± 10.0 0 9.7± 8.2

0.9 GeV 13.1± 7.6 2.8± 1.6 54.4± 9.9 0 9.8± 8.2

1.0 GeV 13.1± 7.7 2.2± 1.3 54.8± 9.8 0 9.9± 8.3

Table B.5: Results for the partial decay widths of ψ(4040) computed for di�erent form factors

and various numerical values of the parameter Λ.
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Appendix C

Modi�cation of the model parameters

for X(3872)

In this appendix we discuss how the main results of our study of X(3872) change upon varying

the free parameters of the model presented in Chapter 7. For each set of parameters we have

calculated the most prominent quantities of our study, the coupling constant gχc1DD∗ ; the amount

of the χc1(2P ) state in between the D0D∗0 threshold and 1 MeV above it as de�ned in Eq. (7.19);

the decay width of X(3872) into the main D∗0D̄0 channel as described by Eq. (7.24); the position

of the propagator poles; the decay widths of the radiative transitions into ψ(1S)γ and ψ(2S)γ

exspressed by Eqs. (7.38) and (7.39), the ratio given by Eq. (7.51). All the obtained results are

summarized in Tables C.1-C.4.

Varying the coupling gχc1DD∗

Let us start from testing the results in dependence of the coupling constant gχc1DD∗ at �xed

cuto� Λ = 0.5 GeV. Technically, gχc1DD∗ was determined by choosing di�erent values of the mass

m∗ de�ned in Eq. (7.17) in the range between the D0D∗0 and the D−D∗+ thresholds. Notice

that for m∗ (lowest threshold) one has the so called critical value of gχc1DD∗ . Such cases are

marked in the tables with the label �critical�. Furthermore, one value of m∗ has been chosen

outside the range (below D0D∗0 energy threshold). In this case a `real' bound state (pole on the

I RS) described by the spectral function of Eq. (7.25) is realized.

For the bare mass of cc̄ state we use two numerical values, that are described in Chapter 7

and correspond to case I and case II, respectively. In table C.1 we set M0 = 3.95 GeV and in

Table C.2 M0 = 3.92 GeV. For completeness, we also test two types of form factors, i.e. the

Gaussian one of Eq. (7.8) and the dipolar function

FΛ(m) ≡ F dipolar
Λ (m) =

(
1 +

k4(m)

Λ4

)−2

. (C.1)

As a general observation, the modi�cation of the constant gχc1DD∗ and the use of di�erent form

factors (either Gaussian or dipolar) do not change much the results. The overall picture is quite

stable. One observes that, for each case tested here, a signi�cant enhancement appears nearby
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the lowest D0D∗0 threshold. Moreover, two propagator poles are always present in the complex

plane. One of them refers to the seed cc̄ state χc1(2P ), while the second to the X(3872) state.

For clarity, in all tables the seed pole is indicated by •, while the pole of X(3872) by �. We

recall that the pole assigned to X(3872) is virtual only if the value of gχc1DD∗ is subcritical.

Such a pole is located in the II RS. Otherwise, when gχc1DD∗ exceeds the critical value, a real

bound-state is realized: in this case there is a pole on the I RS.

Quite interestingly, the state X(3872) dissapears if the value of the coupling constant gχc1DD∗

is su�ciently small. Such behavior is consistent with our interpretation of X(3872) as emergent

from the nearby charmonium state and its DD∗ dressing.

Testing the Λ parameter

We also study the changes of the results in dependence of the cuto� parameter Λ. To this end,

we have repeated the calculations for some values of Λ in the range 0.4-0.8 GeV. We consider two

values for the bare mass of the seed, M0 = 3.95 GeV and M0 = 3.92 GeV, as well as two types

of vertex functions (Gaussian and dipolar one). The numerical value of the constant gχc1DD∗

was obtained for m∗ = 3.874 GeV, just as in Chapter 7. One should recall that, although m∗ is

�xed, the value of gχc1DD∗ changes since Λ changes.

One observes that for a quite wide interval of Λ, the main results are qualitatively consistent

with the ones presented in Chapter 7. For each Λ we have found two propagator poles. Never-

theless, care is needed for Λ = 0.8 GeV (or larger), since it generates a too large decay width of

the seed state in comparison to the quark model predictions. For instance, for M0 = 3.95 GeV

the decay width is about 225 MeV for the Gaussian vertex function and about 292 MeV for the

dipolar one. When using M0 = 3.92 GeV we obtain similar large values. In consequence, such a

broad state would be not easy to observe in experiments. We thus conclude that Λ = 0.8 GeV

represents an upper limit for the cuto� value.
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Parameters: M0 = 3.95 GeV, Λ = 0.5 GeV, m∗ 6= const.

GAUSSIAN FORM FACTOR

gχc1DD∗ Eq. (7.19) Eq. (7.24) Pole positions RS Eq. (7.38) Eq. (7.39) Eq. (7.51)

[GeV] [MeV] [GeV] [keV] [keV]

9.808 0.057 0.636 • 3.9961− 0.0359 i III 0.628 3.64 1.92

(critical) � 3.8717− iε II

9.732 0.049 0.607 • 3.9954− 0.0357 i III 0.539 3.13 1.92

(case I) � 3.8716− iε II

9.500 0.029 0.408 • 3.9933− 0.0354 i III 0.323 1.88 1.92

� 3.8715− iε II

9.300 0.019 0.263 • 3.9915− 0.0350 i III 0.206 1.20 1.92

� 3.8710− iε II

9.000 0.010 0.136 • 3.9887− 0.0344 i III 0.110 0.64 1.92

� 3.8699− iε II

8.800 0.007 0.091 • 3.9869− 0.0339 i III 0.076 0.44 1.92

� 3.8689− iε II

8.000 0.002 0.024 • 3.9796− 0.0316 i III 0.024 0.14 1.92

� 3.8609− iε II

10.000 0.035 0.505 • 3.9978− 0.0361 i III 0.387 2.25 1.92

� 3.8716− iε I

DIPOLAR FORM FACTOR

8.339 0.078 0.630 • 4.0075− 0.0390 i III 0.856 4.97 2.87

(critical) � 3.8717− iε II

8.179 0.047 0.481 • 4.006− 0.0389 i III 0.520 3.02 2.87

� 3.8715− iε II

7.800 0.013 0.138 • 4.001− 0.0385 i III 0.146 0.85 2.87

� 3.8675− iε II

7.500 0.060 0.059 • 3.9980− 0.0381 i III 0.066 0.38 2.87

� 3.8616− iε II

7.200 0.0032 0.029 • 3.9945− 0.0376 i III 0.35 0.21 2.87

� 3.8628− iε II

7.000 0.0022 0.020 • 3.9921− 0.0373 i III 0.025 0.15 2.87

� 3.8707− iε II

6.500 0.0011 0.008 • 3.9861− 0.0361 i III 0.012 0.072 2.87

� 3.8658− iε II

8.500 0.039 0.417 • 4.009− 0.0391 i III 0.426 2.48 2.87

� 3.8716− iε I

Table C.1: Results of the model obtained by changing the value of the coupling constant gχc1DD∗

and for two types of form factors (Gaussian and dipolar). The other �xed parameters are

M0 = 3.95 GeV and Λ = 0.5 GeV. The symbol (•) indicates the pole of the seed state, while (�)

the pole of the state X(3872).
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Parameters: M0 = 3.92 GeV, Λ = 0.5 GeV, m∗ 6= const.

GAUSSIAN FORM FACTOR

gχc1DD∗ Eq. (7.19) Eq. (7.24) Pole positions RS Eq. (7.38) Eq. (7.39) Eq. (7.51)

[GeV] [MeV] [GeV] [keV] [keV]

7.689 0.092 0.634 • 3.9547− 0.0444 i III 1.02 5.91 1.92

(critical) � 3.8717− iε II

7.557 0.067 0.544 • 3.9531− 0.0440 i III 0.74 4.27 1.92

(case II) � 3.8716− iε II

7.400 0.043 0.373 • 3.9513− 0.0435 i III 0.48 2.77 1.92

� 3.8713− iε II

7.300 0.033 0.283 • 3.9501− 0.0432 i III 0.36 2.08 1.92

� 3.8710− iε II

7.000 0.015 0.123 • 3.9465− 0.0420 i III 0.16 0.95 1.92

� 3.8689− iε II

6.800 0.009 0.075 • 3.9441− 0.0412 i III 0.10 0.60 1.92

� 3.8664− iε II

6.600 0.006 0.048 • 3.9417− 0.0402 i III 0.07 0.41 1.92

� 3.8629− iε II

8.000 0.034 0.340 • 3.9582− 0.0452 i III 0.38 2.19 1.92

� 3.8714− iε I

DIPOLAR FORM FACTOR

6.537 0.125 0.62 • 3.9700− 0.0498 i III 1.38 8.00 2.87

(critical) � 3.8717− iε II

6.351 0.062 0.40 • 3.9674− 0.0498 i III 0.68 3.94 2.87

� 3.8712− iε II

6.000 0.015 0.094 • 3.9624− 0.0498 i III 0.16 0.96 2.87

� 3.8678− iε II

5.800 0.081 0.048 • 3.95934− 0.0497 i III 0.09 0.52 2.87

� 3.8682− iε II

5.500 0.0039 0.021 • 3.9546− 0.0495 i III 0.043 0.25 2.87

� 3.8688− iε II

5.200 0.0022 0.011 • 3.9495− 0.0492 i III 0.024 0.14 2.87

� 3.8694− iε II

4.500 0.0008 0.0029 • 3.9355− 0.0477 i III 0.0088 0.051 2.87

� 3.8960− iε II

6.800 0.032 0.23 • 3.9735− 0.0498 i III 0.35 2.03 2.87

� 3.8713− iε I

Table C.2: Similar to Table C.1, but for M0 = 3.92 GeV.
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Parameters: M0 = 3.95 GeV, Λ 6= const., m∗ = 3.874 GeV.

GAUSSIAN FORM FACTOR

Λ gχc1DD∗ Eq. (7.19) Eq. (7.24) Pole positions RS Eq. (7.38) Eq. (7.39) Eq. (7.51)

[GeV] [GeV] [MeV] [GeV] [keV] [keV]

0.4 11.259 0.040 0.629 • 3.9861− 0.0171 i III 0.444 2.57 1.32

� 3.8717− iε II

0.42 10.897 0.045 0.636 • 3.9883− 0.0204 i III 0.499 2.89 1.43

� 3.8717− iε II

0.45 10.413 0.048 0.632 • 3.9913− 0.0258 i III 0.528 3.07 1.61

� 3.8717− iε II

0.5 9.732 0.049 0.607 • 3.9954− 0.0357 i III 0.539 3.13 1.92

(case I) � 3.8716− iε II

0.55 9.169 0.050 0.577 • 3.9983− 0.0468 i III 0.551 3.20 2.27

� 3.8716− iε II

0.6 8.694 0.051 0.549 • 3.9998− 0.0588 i III 0.562 3.26 2.65

� 3.8716− iε II

0.7 7.930 0.053 0.497 • 3.9983− 0.0848 i III 0.582 3.38 3.49

� 3.8715− iε II

0.8 7.338 0.054 0.454 • 3.9899− 0.1123 i III 0.600 3.49 4.45

� 3.8715− iε II

DIPOLAR FORM FACTOR

0.4 9.369 0.0440 0.552 • 3.9909− 0.0192 i III 0.485 2.82 1.90

� 3.8716− iε II

0.42 9.090 0.0447 0.536 • 3.9939− 0.0226 i III 0.493 2.86 2.08

� 3.8716− iε II

0.45 8.714 0.0457 0.514 • 3.9984− 0.0282 i III 0.503 2.92 2.36

� 3.8716− iε II

0.5 8.179 0.0472 0.481 • 4.0057− 0.0389 i III 0.520 3.02 2.87

� 3.8715− iε II

0.55 7.732 0.0486 0.452 • 4.0126− 0.0515 i III 0.536 3.12 3.43

� 3.8714− iε II

0.6 7.351 0.0499 0.427 • 4.0190− 0.0660 i III 0.550 3.20 4.04

� 3.8714− iε II

0.7 6.732 0.0522 0.384 • 4.0298− 0.1013 i III 0.575 3.34 5.42

� 3.8711− iε II

0.8 6.249 0.0539 0.348 • 4.0376− 0.1458 i III 0.595 3.46 7.00

� 3.8706− iε II

Table C.3: Results of the model obtained by changing the value of the cuto� parameter Λ and

for two types of form factors (Gaussian and dipolar). The other �xed parameters are M0 = 3.95

GeV and m∗ = 3.874 GeV. The symbol (•) indicates the pole of the seed state, while (�) the

pole of the state X(3872).
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Parameters: M0 = 3.92 GeV, Λ 6= const., m∗ = 3.874 GeV.

GAUSSIAN FORM FACTOR

Λ gχc1DD∗ Eq. (7.19) Eq. (7.24) Pole positions RS Eq. (7.38) Eq. (7.39) Eq. (7.51)

[GeV] [GeV] [MeV] [GeV] [keV] [keV]

0.4 8.743 0.0662 0.626 • 3.9507− 0.0246 i III 0.729 4.23 1.32

� 3.8717− iε II

0.42 8.461 0.0663 0.612 • 3.9517− 0.0282 i III 0.730 4.24 1.43

� 3.8717− iε II

0.45 8.086 0.0664 0.587 • 3.9527− 0.0339 i III 0.732 4.25 1.61

� 3.8716− iε II

0.5 7.557 0.0667 0.544 • 3.9531− 0.0440 i III 0.735 4.27 1.92

(case II) � 3.8716− iε II

0.55 7.120 0.0670 0.504 • 3.9519− 0.0548 i III 0.738 4.29 2.27

� 3.8716− iε II

0.6 6.751 0.0672 0.468 • 3.9490− 0.0659 i III 0.741 4.31 2.65

� 3.8715− iε II

0.7 6.157 0.0675 0.408 • 3.9373− 0.0883 i III 0.744 4.33 3.49

� 3.8713− iε II

0.8 5.698 0.0674 0.359 • 3.9172− 0.1087 i III 0.744 4.33 4.45

� 3.8708− iε II

DIPOLAR FORM FACTOR

0.4 7.275 0.060 0.483 • 3.9572− 0.0265 i III 0.660 3.84 1.90

� 3.8715− iε II

0.42 7.058 0.060 0.463 • 3.9594− 0.0305 i III 0.664 3.86 2.08

� 3.8715− iε II

0.45 6.766 0.061 0.437 • 3.9626− 0.0371 i III 0.670 3.90 2.36

� 3.8714− iε II

0.5 6.351 0.062 0.399 • 3.9674− 0.0498 i III 0.678 3.94 2.87

� 3.8712− iε II

0.55 6.004 0.062 0.366 • 3.9715− 0.0647 i III 0.684 3.98 3.43

� 3.8709− iε II

0.6 5.708 0.062 0.338 • 3.9748− 0.0819 i III 0.688 4.00 4.04

� 3.8703− iε II

0.7 5.228 0.0632 0.291 • 3.9790− 0.1244 i III 0.692 4.03 5.42

� 3.8698− iε II

0.8 4.852 0.063 0.254 • 3.9813− 0.1793 i III 0.690 4.01 7.00

� 3.8704− iε II

Table C.4: Similar to Table C.3, but for M0 = 3.92 GeV.
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