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Abstract

The B factories and high energy hadron colliders have accumulated unprecedented data samples in the
past decade, and a dramatic progress has been made in hadron spectroscopy. The discovery of many
new unexpected states in the open and hidden heavy flavor spectrum is extremely interesting as they can
not be simply explained by the conventional quark model, and it triggers a campaign of revealing their
internal structure.

It calls for more complex structures. Different explanations for the underlying structure have been
proposed, for instance tetraquark, hybrid, hadro-quarkonium and hadronic molecule. The hadrons can
form hadronic molecule, just like two nucleons form the deuteron. Especially for the exotic states very
close to the threshold of two conventional hadrons, they are very likely to be S -wave loosely bound states.
The X(3872) is one promising candidate of a hadronic molecule.

To clarify the intriguing properties and finally decipher the internal nature, more accurate data and
new processes involving the production and decays of the exotic states will be helpful. In this thesis, we
investigated the mechanism for the inclusive prompt production of the exotic state under the molecular
scenario. The mechanism is as follows: the constituent mesons would be produced by using the Monte
Carlo event generator first, and the formation of the bound state occurs afterward through the final
state interaction which can be described by the effective field theory. The well separated energy scales
associated in the process make the mechanism valid. And a factorization formula can be obtained by
using the Migdal-Watson theorem. We applied this mechanism to predict the production rate of the exotic
charm-strange hadrons Dy, the X(3872) and and its bottom analogs and spin partner at hadron colliders.

We also investigated the kinematical effect in the triangle diagram. The effect can play a important role
in certain transitions, as it might cause an enhancement or a peak. We thus find the ideal energy range to
search for the spin partner of the X(3872) in electron—position collisions associated with one emitted
photon. In addition, we studied the hindered M1 transition between two bottomia as the kinematical
effect in the triangle diagram is expected to lead to partial widths much larger than the prediction of the
quark model. Moreover, we studied the motion of the anomalous threshold singularity of the triangle
diagram of process A, — J/ynK in the complex energy plane. And we found that the intermediate
states A(1890), y.1 and p can make the singularity appear at the y.p threshold, where the narrow
pentaquark-like structure P.(4450) observed by LHCD is located.
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CHAPTER 1

Introduction

In particle physics, the standard model has enjoyed great successes in the last half century in exploring
the fundamental particles and the interactions between them, although it falls short of incorporating the
theory of gravitation. All the elementary particles including quarks, leptons, gauge bosons and the Higgs
boson in the standard model have been observed, which gives credit to the model.

Among the fundamental particles, the quarks make up the most part of our observable matter. The
strong interaction between the quarks and gluons can be described by Quantum Chromodynamics (QCD).
In the high energy region, the quarks and gluons can freely move which is known as asymptotic freedom.
In the low energy region, the interaction between the quarks and gluons becomes strong enough to bind
the quarks to hadrons and the theory cannot be solved perturbatively any more.

A scheme to classify the hadrons is the quark model which was proposed by Zweig and Gell-Mann in
1964 before the birth of QCD [[I} [2]]. The model successfully classifies the large number of hadrons in
terms of the small number of quarks. Mesons and baryons have baryon number 0 and 1, respectively. In
the quark model, mesons are made of valence quark-antiquark pairs ¢g and baryons are made of three
valence quarks ggg. In the most general case, they may also have any number of quark-antiquark pairs.
The valence quarks give rise to the quantum numbers of the hadrons. In addition to flavour and spin
degrees of freedom, the quarks also carry color which is the quantum number introduced to explain the
existence of baryons with three identical quarks, for instance the A** (uuu) and the Q™ (sss). However,
the hadrons are color-neutral and no colorful objects have been observed in experiments as asymptotic
states. This leads to the conjecture of color confinement.

Nevertheless, the color-neutral hadrons can have much more complicated structures than the quark
model allows. There may exist hadrons beyond the simple quark model. For example, the glueballs which
only contain valence gluons, the hybrids which contain valence quarks and gluons as well, especially the
exotic hadrons with multiquarks. At the beginning of this century, the famous X(3872) was observed by
the Belle Collaboration. Its properties are in conflict with quark model expectations for any normal c¢
charmonium, and thus the X(3872) presents a prominent example of a hadron beyond the simple quark
model. So far, the X(3872) has received the most intensive attention. Its discovery opens a new era of
revealing the intriguing hadron structure with multiquarks.

For the multiquark states with more than three quarks, i.e. tetraquarks or pentaquarks, they can be
loosely bound states of two mesons or baryons which is the generalization of the classical light nuclei to
systems of other hadrons, or compact multiquark states. As we know, in the quantum field theory all
possible configurations can mix with each other in various ways as long as they have the same quantum
numbers. Thus strictly speaking, the wave function of a hadron is actually a superposition of all possible
configurations. Yet, if the hadron is very close the threshold of other two hadrons, one may construct an
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effective field theory to describe it with hadronic degrees of freedom. In fact, many of the newly observed
structures were suggested to be hadronic molecules, and may be described by such an approach.

In the open charm sector, the D ,(2317) was observed by Babar in D7 final state [3]] and D;;(2460)
was observed by CLEO in the D*n channel . They can not fit in the simple quark model scheme and
are possible candidates for DK and D*K bound states, respectively. Their mass splitting is approximately
equal to the mass splitting between pseudoscalar and vector charmed mesons, which is the consequence
of heavy quark spin symmetry in the picture of hadronic molecule.

In the hidden charm and bottom sector, one also has the so-called XYZ state or quarkonium-like state,
which can decay to final states containing a heavy quark Q and a heavy antiquark Q, with Q the charm or
bottom quark, but cannot be easily accommodated as a conventional quarkonium. Unlike the light quarks,
charm and bottom quarks are so heavy that their pair production from the vacuum would be heavily
suppressed. Therefore the heavy quarks in the final states are likely to exist as initial constituents. Some
of them, if confirmed as real resonances rather than kinematical effects, are necessarily exotic hadrons,
especially for the charged charmonium-like states Z.(3900), Z.(4020), Z*(4051), Z*(4430) and so on.
They cannot be just charge-neutral QQ configuration but contain at least four quarks. In the bottomium
sector, we can expect the existence of similar exotic states. Actually, the charged bottomium-like states
Z,(10610) and Z,(10650) were observed by Belle in the invariant mass spectra for the decays of T(55)
into Y'(18,2S, 38 )z, hy(1P, 2P)nr and B B®r [[5]].

Let us take the X(3872) as an example. The production of the X(3872) can be achieved through the
weak decay of b hadrons and the prompt production through QCD mechanisms. Since the X(3872) is
very close to the DY D** threshold, it is quite reasonable that it is an S -wave bound state of DD*. After the
discovery of the X(3872), dozens of charmonium-like XYZ states have been observed, mainly through
B hadron decays. Fig.[I.T] which is taken from Ref. [[6]], lists five groups of observed charmonlum-like
states according to their production mechanisms. In addition to b hadron decays, the charmonium-like
XYZ state can be produced through the initial state radiation technique (ISR) in the e*e™ annihilation,
the double charmonium production processes, the two photon fusion processes, and the the hadronic
decays of the Y(4260) as well. What is more interesting is that BESIII reported the X(3872) events in
the radiative decay of Y(4260), Y(4260) — X(3872)y [[7]], which may be regarded as a support of the
dominantly molecular structure of the X(3872) [8]].

Our understanding of hadron spectroscopy can be largely improved by studies of the exotic states.
Great progress has been made in the past decades, see Ref. [9] [I0]] and references therein. One of the
most important aspects is the discrimination of a compact multiquark configuration and a loosely bound
hadronic molecule. Different theoretical predictions based on different scenarios are necessary on the
masses, decays and productions of the exotic states. Comparing these predictions with experiments,
one can make progress towards understanding these new structures, and eventually getting hints of how
confinement occurs.

Under the hadronic molecular configuration, we can use the observed candidates as inputs to predict
their spin partners and charm or bottom analogs according to the heavy quark symmetry. At the leading
order, the scattering of a Goldstone boson off a matter field is universally dominated by the Weinberg-
Tomozawa term , one can predict more bound states of a kaon and a heavy meson with D7, (2317).
On the other hand, some of the leading order interaction between two heavy mesons are identical, there
exist the spin partner of the X(3872) and their bottom analogs [[13]]. The discovery of these spin partners
and analogs can be not only important for the study of their properties, but also for identifying the the
molecular configuration of the X(3872).

The production mechanism for the prompt hadronic molecules by using Monte Carlo event generators
was first proposed in Ref. [14]]. In this thesis, we will use the event generators together with the effective
field theory which is used for describing the final state interaction to establish the factorization formula



of the cross sections, and estimate the production rates of the bound states in the open and hidden heavy
flavour sectors.

For the pentaquarks, a peak was reported by the LEPS experiment in the K*n invariant mass distribution
in the reaction yn — K"K n in 2003 and this structure was declared as a pentaquark called ®.
However, it turned out to be caused by an artificial prescription for the calculation of unmeasured neutron
momentum. And the peak disappeared in later experiments with high statistics by CLAS and
J-PARC [I7]. Thus this claimed observation of the pentaquark is spurious. In 2015, two charmonium-
pentaquark-like states were observed in the J/yp channel in the Ag — J/YK™ p decays . One is
called P.(4380), and the other one is P.(4450).

However, the rescattering effect of the final state could cause an enhancement in the invariant mass
distribution. The near-threshold structure was discovered in the invariant mass spectrum of pp by
BESII and BESIII in the J/y and ¢’ radiative decays to ypp, and in the decays B — xpp
with x being 7*, K*, K and K** by Belle 22]]. A number of theoretical proposal were pj bound
state or baryonium [23]] and glueball state [24] [25]]. In addition to the speculation of genuine state, the
near-threshold enhancement can be reproduced by simply the final state interaction between the outgoing
proton and antiproton [26H30]l. For the P.(4450), it is located exactly at the y.i p threshold and could
be caused by a kinematical singularity in the rescattering process. In this thesis, we will also study the
kinematical effect of the scattering of y.1p — J/yp which can cause a peak located at the same position
as the P.(4450).

This thesis is organised as follows:

e In Chapter[2] we will first give an short introduction to hadron physics. Then we will also briefly
introduce the effective field theories, such as chiral perturbation theory, heavy quark effective
theory, heavy hadron chiral perturbation theory and nonrelativistic field theory, which we are going
to use in later chapters. And we will discuss the dynamical generation of hadronic molecules.

s & Y @ 5 c 7 .
f _ * e c o
. ) ¥ y Z Y (4260)
— Zri
7 7 | o c ot Jly| y ¢
X (3872) Y(4260) X (3940) X(3915) Z,(3900)
Y(3940) Y (4008) X(4160) X (4350) Z,(4025)
Z*(4430) Y (4360) Z(3930) Z,(4020)
Z(4051) Y(4630) 7.(3885)
Z"(4248) Y (4660)
Y(4140)
Y(4274)
7.7 (4200)
Z*(4240)
X(3823)

Figure 1.1: The five production mechanisms and the charmion-like states observed. This picture is taken from
Ref. [@] The first, second, third, and fourth columns are the mechanisms via B hadron decays, initial state radiation
technique (ISR) in the e¢*e¢™ annihilation, the double charmonium production processes, and two photon fusion
processes, respectively. And the last one shows the hadronic decays of the Y(4260).



Chapter 1 Introduction

e In Chapter[3] we will investigate the charm-strange hadronic molecules and their prompt production
at the hadron colliders by using event generators and unitarized heavy hadron chiral perturbative
theory.

e In Chapter[d] we will investigate the general factorization formula for the inclusive production of
the hadronic molecules and calculate the cross sections for the production of the X(3872) and its
spin partner and bottom analogs.

e In Chapter[5] we will study the production of the spin partner of the X(3872) at electron-positron
collider through the charmonium decays. We will show the ideal energy region to produce this
state.

e In Chapter[f] we will study the hindered M1 transition between two bottomia with coupled channel
effects. The partial widths of these transitions could be much larger than the predictions from
quark model.

e In Chapterm, we will investigate the kinematical effect in the narrow P.(4450) structure. From
the motion of the anomalous threshold singularity, we can find the triangle diagram that would
contribute to the peak located at the same position as the P.(4450).



CHAPTER 2

Hadron structure and theories

In the realm of hadron physics, the fundamental field theory, i.e. the quantum chromodynamics (QCD)
for describing the strong interactions, encounters extreme difficulties because at long distances QCD
exhibits color confinement and is nonperturbative. Then alternative approaches have to be used instead,
for example lattice QCD and effective field theories.

This chapter is organized as follows. In Section[2.T} we will first give a brief review on hadron structure.
In Section 2.2} we will also show some relevant effective field theories which we will use in the latter
chapters. At last in Section[2.3] we will discuss the dynamical generation of hadronic molecules.

2.1 Hadron structure

The strongly interacting particles in the Standard Model are the colored quarks and gluons. In nature, the
quarks and gluons are bound to color-neutral hadrons as the strength of their color interactions increases
as the involved energy scale decreases.

2.1.1 Conventional hadrons

In the conventional quark model, a meson is composed of a pair of quark and antiquark and a baryon
is composed of three quarks. Additionally, they may also have any number of quark-antiquark pairs in
the most general case. We show an illustration for the conventional hadrons in Fig. 2.1} The valence
quarks give rise to the quantum numbers of hadrons. These quantum numbers are labels classifying
the hadrons. We can use the set coming from the Poincaré symmetry—J”C, where J, P and C stand
for the total angular momentum, P-symmetry, and C-symmetry, respectively. For a pair of quark and
anti-quark, P = (=1)¥*! and C = (=1)!*5 (only for mesons with vanishing additive quantum numbers
such as electric charge and strangeness), where L and S are the orbital and spin angular momentum,
respectively. The quark model allows the meson gg to have the quantum numbers

O, 07, 177, 17, 1FF, 270, 27T, 2t L. 2.1)

while
07", even ", odd™" (2.2)

are called exotic quantum numbers which can not be formed by a pair of ¢ and g.
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In contrast, the ggg baryon in the quark model can exhaust all the quantum number

5
5 (2.3)

In the quark model with assumed and QCD-motivated quark-quark interaction, the mass spectrum
of the hadrons can be obtained by solving the Schrodinger equation. The Schrodinger equation is
nonrelativistic, and the relativistic corrections are necessary in more general cases, for instance the heavy-
light mesons. For the relativistic corrections, we refer to the literatures by Basdevant and Boukraa ,
Godfrey and Isgur [32] and the Bonn Group for mesons [33] [34]] and baryons [35]]. The Godfrey-Isgur
(GI) relativized potential quark model was very successful in the description of the spectrum and static
properties of the mesons and baryons. Here we give a brief introduction to the GI model for mesons
based on Ref. [32]. In the GI model, the rest-frame Schrodinger-type equation is written as

H) = Ely) 2.4

where the Hamiltonian H = Hjy + V describes the interaction between the quark and antiquark, and the
relativistic kinetic term

Ho= \p? +m? + \[p? + m 2.5)
with m; 5 the constituent quark masses and V = V(p, r) is the effective momentum-dependent potential

of the gg system with p = p; = p» the center-of-mass momentum and r is the usual spatial coordinate in
the nonrelativistic limit. The above subscripts 1 and 2 denote the quark and antiquark, respectively.

As for the effective potential, it can be obtained from the on-shell gg scattering amplitudes in the
center-of-mass frame. The two key ingredients are the short-distance one-gluon-exchange interaction
and the long-distance linear confining interaction. The latter one was at first employed by the Cornell
group and later confirmed by the lattice QCD simulations. More details of the relativistic GI model can
be found in the appendices of Ref. [32].

The relativistic effects are taken into account in the GI model for all mesons in a unified and physically
motivated way. However, the nonrelativistic approximation can well describe the heavy-quark systems.
In the nonrelativistic limit, Eq. (Z:4) turns out to be the familiar Schrodinger equation with

2 2
p
H RTI 2.6
oe;(mﬁzmi) (2.6)
Meson Baryon

Figure 2.1: An illustration of the normal hadrons in the quark model.
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n2+y,  Jgre cc cS; Cs
1'sqg 0t 17:(18) D*
138, 1— JIW(1S) D:*
1'py 1+ he(1P) | Dy (2536)*
1°Py 0% Xco(1P)
1°p; 1** Xc1(1P)
13p, 2++ x2(1P) | D%,(2573)*
1°D; 1 ¥(3770) | D% (2700)*
218, 0t 17:(28)
238, 17— W(2S)
2Py 17

23Pp 1o OYF, 11, 2% | 0 (2P)

Table 2.1: gg quark model assignments for the observed charmonia and charm-strange mesons with established
Jre.

and
Vij(p.r) = Hi™ + H;yp + H3P . (2.7)

The first term Hl.cjfmf includes the spin-independent linear confinement and Coulomb-type interaction,

the second term H?jyp is the color-hyperfine interaction and third term H>? is the spin-orbit interaction
including the color-magnetic term and the Thomas-precession term. More details about the explicit
expressions can be found in Ref. [32].

In Tab. we show the observed charmonia and charm-strange mesons with established J”C in quark
model. Together with the experimental results, the spectra of charm-strange mesons and charmonia
predicted in the GI model will be shown in Chapter [3|and Chapter [ respectively.

2.1.2 Exotic hadrons

In addition to the naive quark model, QCD allows much richer hadron spectrum. Actually, Gell-Mann
and Zweig proposed not only the existence of meson and baryon but also the possible existence of
the multiquark states [2] 36]. To be a multiquark state, it can be the loosely bound state of two or
more hadrons or the compact tetraquark, pentaquark etc. On the other hand, the gluons interact among
themselves because they carry color charges. Therefore two or more gluons may form the color-singlet
glueball. And one or more gluons may bind with a pair of quark and antiquark to form a hybrid meson.
The multiquark state or glueball or hybrid can carry all the exotic quantum numbers mentioned in Eq.[2.2}
We show an illustration for these different types of exotic hadrons in Fig.

2.2 Effective field theory

The fundamental field theory is one of the ultimate aims in particle physics, while the effective field
theory (EFT) has become a practical tool which can avoid unnecessarily complicated calculations in the
fundamental theory or provide insights even without knowing details of the fundamental theory. The very
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basic ingredients of an EFT is scale separation, which allows for a power counting and thus a systematic
expansion, and symmetry constraints. An EFT can be constructed at low energy as a Taylor expansion of
the Lagrangian of an fundamental theory in powers of the external momentum of the light fields divided
by the scale of heavy physics p/A, the value of A depends on the theory under investigation. This is an
approximation, and the truncation of the series depends on the accuracy we desire. In addition, the larger
the separation between the energy scale of interest and the energy scale of the fundamental dynamics is,
the more accurate the EFT can be. To simplify the calculation, an EFT uses suitable degrees of freedom
in the low energy region and the degrees of freedom at higher energy scale are integrated out.

A well-known example of an EFT is the Fermi theory of beta decay for weak interactions. If we
are concerned with the interaction between hadrons, we also need the EFT of theory for the strong
interaction.

In the standard model, quantum chromodynamics (QCD) is the theory describing the strong interactions
between quarks and gluons. The dynamics of the quarks and gluons are controlled by the gauge invariant
QCD Lagrangian

_ 1 ,
Locp =¢i (D —mi) ¢ - ZGZng ; (2.8)

where y; is the quark field labelled by i, D, = 9, + igA;;14/2 is the covariant derivative, with A the
gluon fields and Gy, = 9,A} - 0,A; +g f“bCAzAf, is the gauge invariant gluon field strength tensor, where
the f9%¢ are the structure constants of SU(3). The constants m and ¢ are the quark mass and coupling
constant of the theory, respectively. It is well-known that QCD presents two peculiar properties due to the

Tetraquark Pentaquark

Hadronic
molecule

Figure 2.2: An illustration of the exotic hadrons beyond the simpler states in the quark model.
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coupling constant behave differently in the high energy and low energy regions related to the QCD scale,
Aocp ~ 220 MeV. In the high energy region much larger than Agcp, the coupling constant becomes very
weak which makes the quarks and gluons move almost freely. This phenomenon is known as asymptotic
freedom and the physics can be dealt with in perturbation theory. However, in the low energy region
smaller than Agcp, the constant becomes so strong that the quarks and gluon are bound into hadrons,
which is known as confinement. The perturbative theory is no longer valid.

The EFTs can be constructed according to the fact that

my, Mg, mg < Aocp << M, my,. (2.9)

The top quark is even much heavier than Agcp, while it decays too quickly to form any bound state
and therefore not suitable to be included in the EFT at low energy region. From the above equation,
we know that m, 4 s/Agcp < 1 and get the Chiral Perturbation Theory (ChPT) for light sector, while
Aocp/mcp < 1 and get the Heavy Quark Effective Theory (HQEFT) for heavy sector. Since the mass of
strange quark is not very small compared to Apcp, the high order contributions would be more important
when expanding the quantities of interest in m;.

2.2.1 Chiral perturbation theory for light pseudoscalar meson

Chiral perturbation theory (ChPT) is the EFT of the QCD in the low energy region. It describes the
interactions among the light pseudoscalar mesons in the manner of a low momentum expansion in
momenta and meson masses. It is based on the spontaneous breaking of the approximate chiral symmetry
of QCD and Weinberg’s theorem [37]]. The next-to-leading order (NLO) was constructed by Gasser
and Leutwyler in the 1980s [38] [39]. Here we will give a brief introduction following the discussion in

Ref. [40H42].
Let us first consider the part with only three light quarks in the QCD Lagrangian in Eq. (Z:8))

Liighs = G (i - my ) q, (2.10)

where g = (u, d, s) are the light quark fields. With the right- and left-handed projectors Pgr/;, = (1 £y5)/2,
we have the right- and left-handed fields gg = Prq, qr. = Prg and the relation

av"'q = ary"qr + Gry"qr. Gmeq = Grmyqr + Grmyqr. (2.11)
With this, we can write the Lagrangian as
Liighe = qriPgr + Grilpqr — gr Mqr — g Mqg, (2.12)

where M is the light quark mass matrix, M = diag(m,,, my, ms). If we ignore the quark mass term above,
the right- and left-handed fields decouple and the Lagrangian is symmetric under the chiral transformation
SUQB)LXSUQB)r

gr = qrRar. q1 — q; = Lqr (2.13)

wiht R € SUQ3)g and L € SU(3).. The quark mass term in the Lagrangian leads to an explicit
symmetry breaking. On the other hand, due to the nonvanishing scalar singlet quark condensate the chiral
symmetry S U(3); X S U(3)g is spontaneously broken to its diagonal subgroup S U(3)y. As a result, the
massless Goldstone bosons appear as new degrees of freedom. The eight Goldstone bosons are the light
pseudoscalars (r, K and 7).
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The eight Goldstone bosons can be parametrized in a unitary 3 X 3 matrix and it transforms under
SUQB)LxSUQB)g as

U— U =RUL'. (2.14)
A popular choice for U is
g A
U= exp(l%—a), (2.15)
Fo

where Fy is constant here, and it is referred to as the pion-decay constant in the chiral limit. Its value can
be obtained from the weak decay of the pion 7* — u*v,, and A, are the Gell-Mann matrices. We can use
a matrix ¢ to parametrize the physical octet Goldstone bosons in terms of the Cartesian components ¢,
it reads

X %ﬂo + %n at K*
_ — - _ 1.0 1 0
¢ = Z;qﬁa/la = V2 x s U S (2.16)
a= — 0 _ 2
K K %n

Then we are ready to construct to effective Lagrangian order by order in the momentum expansion with
the use of U. According to the counting scheme of chiral perturbation theory, the elements count as

U=0(q"), d,U=0(. (2.17)

We know that the momentum is due to the derivative of the field. Only even numbers of derivatives are
possible as required by the Lorentz invariance. Thus the the Lagrangian is expanded as p°/ A)? + pZA)z( +
p/ Af( +...with A, = 4nFy = O(1 GeV) the chiral symmetry breaking scale, that is

Lopr=LO+ LD+ LW+ . (2.18)

The first term £© is proportional to Tr[UU'] = 3. We should omit it because it is irrelevant for the
dynamics of the Goldstone bosons. Then the leading order effective Lagrangian reads

F2
L% = TOTr[aﬂU(a“U)T]. (2.19)

Due to the finite quark masses, we need to incorporate the explicit chiral symmetry breaking by adding
the quark mass term in the effective Lagrangian. If we use the trick to assume that the mass matrix of the
light quarks transform as

M- M =RML'. (2.20)

Then one can construct the terms which is invariant under Eqgs. (Z.14) and (Z.20). At lowest order in M,

we have
F2By

Lysp = TMU™ + UM, (2.21)

10



2.2 Effective field theory

where By is related to the scalar singlet quark condensate. Expanding the Lagrangian, one gets

B
Lisp = —70Tr[¢2M] + higher orders of ¢
B _
= —70(2(111,, +mnt T+ 2my + m)KTK™ + 2(mg + mg)K°KC + (my, + mg)n°=°
2 0 my +mg +4mg 5
+— - +—_ 2.22
= ma 3 ) (2.22)
Then we can obtain the masses of the Goldstone bosons in terms of the quark masses
M; = Bo(my +my),
M%, = Bo(mg+my), (2.23)
M%(i =  Bo(my, + my).
The matrix for 7° — 5 mixing is
Bo(m, +mg)  Bo™4
Moy = omemy i am | (2.24)
V3 R

where the off-diagonal terms describing the 7% — 77 mixing at LO vanishes in the isospin-symmetric limit
m,, = mg. In order to get the masses of 7° and 7, one needs diagonalize the above matrix.

On the other hand, from Eq. (Z.24) we know that the quark mass is counted as O(p?), and so is chiral
symmetry breaking Lagrangian L, 5. In total, the effective Lagrangian at the lowest order O( p?) reads

F} . FiBg
-[:eff = TTI‘[(%U(@“U) 1+

T MU + UM'. (2.25)

2.2.2 Chiral perturbation theory for heavy-light meson

As we already know, ChPT is constructed to describe the interaction involving light pseudoscalar mesons.
When the heavy mesons are also involved, in other words if we want to describe the low-energy interaction
between heavy mesons with the light pseudoscalar mesons, we need combine the heavy quark symmetry
together with the chiral SU(3);, X SU(3)g symmetry 44]]. The heavy meson chiral perturbation
theory (HMChPT) focuses on such a purpose.

2.2.2.1 Heavy quark effective theory

Let us first give a brief introduction to the heavy quark effective theory (HQET). For more details, we
refer to the review in Ref. [45]] and the textbook by Manohar and Wise [46].

In the light quark limit m,, 4 — 0, the dynamics of the QCD respects the chiral symmetry. On the
other side, it exhibits the heavy quark flavor and spin symmetry in the heavy quark limit m.j, — co. The
top quark is not included as it decay too fast to form any bound state. The relevant part in the QCD
Lagrangian for the heavy quark reads

Lo=0GD-my)0, (2.26)

where Q is the field for the heavy quarks ¢ and b.

11
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Due to the fact that the heavy quark in a heavy-light hadron moves almost with the same speed as the
hadron and is almost on shell, we can decompose its the momentum as

p’é = mgt* + k¥, (2.27)

where v is the four-velocity of the heavy hadron normalized to v> = 1 and k is the so-called residual
momentum. In a heavy hadron the light degree of freedom can have momenta k* of the order O(Agcp),
that is to say k* < mg. The propagator of the heavy quark in QCD reads

i d+y (k.
G " +0(mQ). (2.28)

We can use the projection operators P. = (1 +)/2 to project out the large- and small-component
fields, h, and H,. By defining h,(x) = ¢™¢"*P, Q(x) and H,(x) = ¢"™2"*P_Q(x), we can decompose the
heavy quark field as

O(x) = ™" [l (x) + H,(x)]. (2.29)

In the rest frame v* = (1,0, 0, 0), h, and H, correspond to the annihilation of a heavy quark and creation
of a heavy antiquark, respectively. Then the heavy quark part of QCD Lagrangian in terms of the new
fields reads

Lo = hyiv- Dh, — Hy(iv- D + 2mp)H, + hyilp , H, + H,ilp  h,, (2.30)

where DY = D* — t#v - D is orthogonal to the heavy quark velocity. Using the equation of motion, we
have H, = ilp, h,/(2mg + iv - D). The Lagrangian can be written as

B 1 [eS) _ iv-D n
~£Q = /’lviU . th + — hviDJ_ __lU ) iDJ_hU
2mg & 2mg
n=0

- 1 - - 1
hyiv - D hy + ——h,(iD1)*h, + ihUO'WG”"hU +0|—|. (2.31)
2mg dmg m>
Q
In the heavy quark limit mgy — oo, only the first term survives and we get the HQET Lagrangian

Lyoer = Mhyiv-Dhy, (2.32)

which is spin and flavor independent. Thus we have heavy quark spin and flavor symmetry. From the
above Lagrangian we can get the Feynman rule for the heavy quark propagator which is consistent with
Eq. (2:28) if one notices that &, contains the projector P,.

One important consequence of the heavy quark symmetry is that the pseudoscalar D (B) mesons and
the vector D* (B*) mesons form a S U(2)s spin multiplet, the symmetry breaking effect is at the order of
Aocp/mg. And the interaction involving the charmed and bottom meson are the same, thus we also have
the S U(2)r flavor symmetry with the symmetry breaking effect at the order of 1/m. — 1/my.

On the other hand, as Eq. (2.3T)) shows, the third term which corresponds to the chromomagnetic
coupling of the heavy quark spin to the gluon vanishes in the heavy quark limit. That means the spin
of the heavy quark 5o and the total angular momentum of light degrees of freedom s, are decoupled.
We know that their sum J = Sp + 5 is conserved, and in the heavy quark limit they are also conserved
separately.

12



2.2 Effective field theory

As a result of the heavy quark symmetry, the wave function of a heavy-light meson Qg must be
independent of the flavor and spin of its heavy quark Q. Therefore the wave function can be characterized
by the total angular momentum of the light degrees of freedom s;. And we can use the value of s; to

classify the heavy-light meson and collect them in doublets with total spin J = s, + % For example,

when the orbital angular momentum of the light degrees of freedom / = 0, the state sf = %_ with parity

P = (—=1)"*! corresponds to the spin symmetry doublet of pseudoscalar meson P and the vector meson P*.
The spin doublet (P, P*) with negative parity can be represented by a 4 x 4 matrix H, which denotes the
effective field for heavy-light mesons

1+ .,
H = ——[Ppy" - ysPl. (2.33)
and its hermitian conjugate multiplet is
H = yH'y
1
= [Py + ysP*]—; v, (2.34)

where the factors YMp and v Mp- have been absorbed into the definition of the heavy fields P(v) and
P*(v, €) as will be shown later. The field H satisty the constraints yH = —Hy = H.

2.2.2.2 Heavy meson chiral perturbation theory

Here we follow the discussions in Refs. 48] to introduce the effective Lagrangian describing the
interaction between heavy mesons and light pseudoscalar mesons which we will use later. As a heavy-
light meson contains a heavy quark Q and a light antiquark g, we can construct the fields for the mesons
according to their quantum numbers

P(v) qysho /M, (2.35)

Géhy \| M, (2.36)

P*(v,€)

where M), and M, are the masses of the pseudoscalar 0~ and vector 17, meson, respectively. € is the
polarization of the vector meson and v is the four-velocity. Here the small-component fields H, in

Eq. 2:29) is ignored.

In order to describe the coupling of Goldstone bosons to the heavy hadrons, it is convenient to introduce
a new matrix, the coset field £. It is the key ingredient in the theory of non-linear realization of chiral
symmetry [50]]. In this theory, the field ¢ is simply related to the Goldstone bosons as

£=U"?, (2.37)

where U is the exponential represented unitary matrix in terms of the physical octet Goldstone bosons
defined in Eq. (2:29). ¢ transforms under chiral S U(3), X S U(3)g transformations as

& — LehT = heRT, (2.38)

where 4 is the unitary matrix belongs to the S U(3)y unbroken subgroup, and depends on L and R. With

13
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£, one can construct a vector field V,, and an axial vector field A,

1
Vi = 3 €00 + 60,7, (2.39)
Ay = (€ 0,6 - 60,6

In the chiral transformation, the vector field acts like a gauge field, while the axial vector field is just an
S U(3) octet. They transform as

Vy = hV,h' +hdh', A, — hAh. (2.40)
For the heavy-light mesons, they have the transformation rule
P— Ph', P*— P'h'. (2.41)
Then the guage-covariant derivative can be constructed in terms of the vector field V,, as

D, P’
D,P

(O + V) PT, (2.42)
&P+ PV,

The Lagrangian for the strong interaction between the heavy mesons with the Goldstone bosons has to
satisfy Lorentz invariance as well as the C, P, T invariance. Furthermore, we require the chiral invariance.
The leading order Lagrangian with only one single derivative can be constructed as

% % X 1 % % % %
L = DPD'P' = MpPP' + fo(PA'PLT + PLAMPY) = SPU P + Mp. PP

1 "
390G (PPA P + PRATPIT), (2.43)

where
Pt =D,PT - D,PT,
PW:PV ((9ﬂ+VM)—P# (0,+ V). (2.44)

There are two coupling constants fp and g¢ in the Lagrangian. In addition to the chiral invariance, we
also require the heavy quark symmetry at the leading order in the 1/Mp p- expansion. Once we apply the
heavy quark spin symmetry, the two constants are related as

gp = ——2 . (2.45)

And the heavy quark flavor symmetry will relate them to the masses of heavy mesons.

2.2.3 Nonrelativistic effective field theory

For the purpose of studying the charmed meson loops in the decays ¢/ — J/yn’(1), a nonrelativistic
effective field theory (NREFT) is constructed in Ref. [51]]. The interaction between quarkonia with
heavy-light mesons can be treated nonrelativistically due to the fact that the quarkonia are close to the
thresholds of corresponding mesons.

14



2.2 Effective field theory

2.2.3.1 Framework

In the nonrelativistic limit, it is convenient use the effective fields to study the phenomenology of the
heavy mesons and quarkonia belonging to doublets or multiplets, and the effective fields will be shown
below. For heavy mesons as well as quarkonia, we choose to use the two-component notation introduced
in Ref. [52]]. The notation employs 2 x 2 matrix fields, and can be simplified by using the nonrelativistic
approximation. Here we will give a brief discussion on the effective fields for the heavy-light meson and
quarkonium separately.

Heavy-light meson

As discussed in Section[2.2.2] the heavy-light Qg mesons can be classified according to the total
angular momentum of the light degree of freedom s, which is half-integral and collected in doublets
with total spin J = s, + % and parity P = (—1)"*!, where again [ is the orbital angular momentum of
the light degree of freedom . The total angular momentum of the light degrees of freedom satisfies
s,=1+ 5y, where s, is the light antiquark spin.

For [ = 0, we have only s‘; = %_, which corresponds to the doublet containing the lowest lying
heavy mesons (P, P*) with quantum number (0™, 17), and denote it as H. For [ = 1, we have either
sf = %Jr or sf = %+, corresponding to two doublet containing the heavy mesons (P, P}) with
quantum number (0*, 1*) and (P, P») with quantum number (17, 2%) ,respectively, and denote
them as S and T, respectively. For [ = 2, we have either sf = %_ or sf = %_, corresponding to two
doublet containing the heavy mesons (P, P;) with quantum number (17,27) and (P, P3) with

quantum number (27, 37), respectively, and denote them as X and X’, respectively.

Here we will give the explicit expressions for the effective fields H, S, T and X. The general form
for the effective fields has been derived in Refs. [54]], it is a traceless and symmetric Lorentz

tensor .
HYOHE G = 50— 3 (2.46)

The tensor satisfies v, Hy' ™ =y, H'"™ = 0 and a = u,d, s is the flavor label for the light
quarks. It transforms under the Lorentz transformations as

HAYM s DIAALL - AL HET M DA, 2.47)

where D(A) is an element of the 4 X 4 matrix representation of the Lorentz group. For light degrees

of freedom with parity (—1)* ~1/2 we have the doublet of states Pf;f ) and Py,_1)2,

L+y( . i 2k + 1
Hy"™ = T{(P&m/z)gl " Y = k+—17’5(P51—1/2)‘v11 i

1
[ V]l vf_myvl('ym_lﬂl) v§ v,]:_"'
1

—Sr T O v#k)]}, (2.48)
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16

while for parity (— 1)%+1/2 we have P, +1/2 and P

se—1/2°
1+y¢ . 2%k +1
Hsl Be = ) {(Ps,+1/2)u1 e 1757uk+1 - k+1 ( si— 1/2)V1 vk
1 ,
|9 - T O G
1
i V,Hmw“wwc)]} (2.49)

where the phase difference between the P and P* terms is arbitrary.

The quark and antiquark have opposite parity, so do the light degree of freedom and meson.

Therefore s} = 1" and sb = %+ doublets correspond to the case in Eq. (2:48), while s7 = 1" and

2
st = 3" doublets correspond to the case in Eq. (2:49). Then

1
H, = +l/[Pgu7 a’yS]
S, = li/[P’# # Paa]’
1 , 3 1
Ty = -H/ Py \/;Pla75(g/; - g)’v()’ﬂ - Uu))],
1 *UY 3 Y£2%
X = %‘ Py = P = 330 + )| (2.50)

With the Dirac representation of the gamma matrices

o (1 0 N U s (01 2.51)
Y = 0 _1 > Y = —O'i O s Y= 10 ’ .

where the o; are the Pauli matrices. In the rest-frame of the heavy-light meson, the velocity is
given by v = (1, 0,0, 0), and then the effective fields can be simplified. Let us take H, and Tg as

examples. For the sf = %_ doublet, one easily get

-

H, = (Pgo “?":}‘Pa]z(o ‘(?'PZ‘P”), 2.52)

where the time-like component of the heavy meson field can be neglected because it is suppressed
by a factor of j/m which tends to zero in the nonrelativistic limit. 7 and m are the momentum and
mass of the heavy meson, respectively. For s‘; = %Jr doublet, we have

[ 0 —P%O'j— \/§PTa+ \/gp)la-o_"djé"j ]
0

0

ij 2pi 1 ik
[ 0 _Plzjaa-‘/ - \/;Plla - l\/;eijkpiao- ] (2.53)
0 0

Tq

Q

X
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Parity Charge conjugation
H,— -H, H,— oyH o)
H,— -H, H, - ooH! o)

T: > T! T — 0Tl oy

Té - Té Té - 0'2T£T0'2

Table 2.2: Properties of the superfields under parity and charge conjugation transformations.

Therefore, we can define the fields for the heavy meson states in two component representation.
They are

H, = P-¢&+P, (2.54)

L 2 . 1 .
Pl ol + \/; P+ \@ &Pl o, (2.55)
1

for sf = 3_ (S -wave) where sf = %+ (P-wave) heavy-light mesons, respectively. In the above
equations, P, and P}, annihilate the pseudoscalar and vector heavy mesons, respectively, and Py,
and P;, annihilate the excited axial-vector and tensor heavy mesons, respectively.

T

As we know only the flavor neutral mesons are eigenstates of the charge parity, and the heavy-light
mesons do not have definite charge parity. Therefore we have to clarify the phase convention
of such mesons under charge conjugation. Here we use the same phase convention for charge
conjugation specified in Ref. []], they are

CPC™' =P, cP’C”' = P*, CP\C"' =Py, CP,C™' = P;. (2.56)
Under these conventions, the fields for annihilating the sf = %Jr heavy mesons containing a heavy
antiquark is [53]]

-

A, = o> (P;'; 3T+ Pa)az =-P.¢+h, (2.57)

For the sf = %+ heavy mesons, the corresponding field has the form

iy _ii 2 . 1 =
T, = —PlzJaa'J + \/;Plla - i\/gfijkpiao—k- (2.58)

The transformation properties of the relevant doublets are shown in Tab. [2.2]

Heavy quarkonium

In the case of a heavy quarkonium, the flavour symmetry can not be applied so that the each
multiplet describes states with a defined heavy flavour . For a quarkonium (QQ pair) with
relative orbital angular momentum L = 0, the multiplet reads [48]]

1+¢ 1-y
J=— |Hy, - Hoys| — - (2.59)
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Here, H denotes the quarkonium field. For L # 0, the multiplet has the generic expression

Jﬂ1-~~#L — I_H/

L
1

Ml eHiaBy

e+ g

1 20-1 <&
+Z TS| Z(,y/li _ U/li)HZL'l-ﬂi—lﬂiHmﬂL (260)
i=1

2
LNCL-DQRL+ D

HHI---#:’—I#HI---#L
Ly

" . . e i—1Mit 1 e M j— f+1 e l_l/
Z(gu,y_/ _Uulvu_,),yaHzgll Hi— 1 i1 oM j— 1M i HL+KZI ,“L,)/S) >

i<j
where Hy, Ky are the effective fields of the multiplets with total spin J = A, and K}y is the spin
singlet, H4 represent the spin triplet. From above formula, we can obtain

o L =1 multiplet:

JHo= %’ {H’zmy(, + %eﬂ“ﬁyvayﬂHly + %(y“ —v")Hy + K’l’ys} ]%/ : (2.61)
e [ =2 multiplet:
JV = 1%II{HQ;W’)/Q + % (e”"ﬁyvayﬁH‘z’y + emﬁyvayﬁHgy) + % \/g[(y” - v)H|
+(oy" = v)HY| - x/%_s(gw — M)y HY + Kg”ys}l%/ . (2.62)

It is convenient to write the corresponding multiplets through the above formulae in the nonrelativ-
istic limit in the two-component notation. The S, P and D wave states are

J = H -#-Hy, (2.63)
. g 1 .. 1 . )
J. = HYlo,— —éW*o.Hy + —Hyo' + K (2.64)
27 \/— J ’
2 V3
and
Ji = Hf'c —i(e"lmaHf + €M H) )+l E[Hjo'i + Hjo|
= 3 Yk V6 oy, o, 7 V5l 1
1 ... y
-——0"H, -+ K, (2.65)
V15 2
respectively.

The interaction of heavy mesons and quarkonia with other fields can be described by an effective
Lagrangian in terms of above doublets and multiplets.

2.2.3.2 Power counting

In effective theories, an infinite number of terms in the Lagrangian and diagrams arise. The purpose of
the power counting is to classify the importance of each one. In the NREFT, the intermediate heavy
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mesons are nonrelativistic with velocity v < 1. The power counting scheme of NREFT is performed in
terms of the velocity. The velocity is estimated as

+my—M
Imq + my — M| (2.66)

Map
where m, and mj; are the masses of heavy mesons, with m,, = (m, + mp)/2, and M is the mass of
quarkonium. We have the following scaling rules:
e The three-momentum scales as v,

e The kinetic energy scales as v?,

o The Feynman propagator, as in the nonrelativistic expansion, has the form

1 1
~ (2.67)

2 _ ic 2.
F-m+ie o0 L 4 je)

and thus it scales as v2,

e The S-wave momentum independent coupling scales as ¢,

e The P-wave coupling scales as v.

If all the three vertices are S -wave, the amplitude scales as

v 1

which is greatly enhanced if the velocity is small.

2.3 Dynamical generation of hadronic molecules

For a effective field theory containing the constituents of hadronic molecules as the degrees of freedom,
the hadronic molecules appear as poles of the scattering amplitudes, which are so-called dynamically
generated. The dynamical generation of a hadronic molecule from the effective field theory is a non-
perturbative phenomenon. The hadronic molecule does not appear phenomenologically in the Lagrangian
as a degree of freedom, but it can be obtained by using the interaction of the constituent particles.

The Lippmann-Schwinger equation reads

14

T=—o,
1-G-V

(2.69)

where V is the tree-level interaction of the consistent particles and G is the two-point loop integral. It is
the infinite sum of the scattering amplitude and allows the dynamical generation of poles, namely

1-G-V=0. (2.70)

There are three kinds of poles on the complex energy plane of scattering amplitude. They are bound
state, virtual state and resonance. All the three poles are called hadronic molecule. Let us take a simple
case as example, in which only one channel is considered:
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e A bound states is associated with a pole below the threshold of two hadrons in the real axis on the
first Riemann sheet of the complex energy plane. The three-momentum of the scattered hadron in
the center of mass frame of the two hadrons satisfies

Im pg, > 0, Re pg, = 0. 2.71)

e A virtual state is to be identified with a pole below the threshold of two hadrons in the real axis on
the second Riemann sheet. The three-momentum satisfies

Im pem < 0, Re pem = 0. (2.72)

o A resonance happens at a pole above the threshold of two hadrons below the real axis on the second
Riemann sheet, namely
Im pe, < 0. (2.73)

In the case of coupled channel, the situation is somewhat more complicated. For more detailed
relations, we refer to Ref. [57].
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CHAPTER 3

Production of charm-strange hadronic
molecules at the LHC

In this chapter, we will provide a theoretical exploration on the hadroproduction of the D},(2317),
D;1(2460) and D,;(2860) at the large hadron collider (LHC). Besides, the predicted spin partner of the
D;;(2860), called Dy (2910) hereafter, is also investigated. Most of the calculations and discussions
presented here are taken from our published paper in Ref. [5§]]. For the production of the exotic states,
there have been some literatures devoted to such investigation at the hadron colliders, especailly under
the hadronic molecule picture [14] [59H62].

The assumption used in our calculation is that the four charm-strange states are all S-wave hadron
molecules which are the composite particles of a kaon and a nonstrange charmed meson. Based on this
assumption, the charmed meson—kaon pairs will be produced first. And for the production of the pairs, we
will make use of two Monte Carlo (MC) event generators, Herwig and Pythia, to do the simulation. After
the production of the constituents, these D;; states will be formed through the final state interactions
between them. The approach we used is similar to that used in Ref. [59}[60] for the study of the production
of the X(3872) and Ref [62]] for other heavy quarkonium-like states. The difference is that the universal
elastic scattering amplitude is used there to cope with the final state interaction, while we use the effective
field theory (EFT) to get the scattering amplitude for the kaon and charmed meson. One may note that
the effect of the rescattering of constituents is ignored in Ref. [I4]], and we will discuss this in more
detail in Chapter[d Finally, we are able to derive an estimate of the production rates for these particles
at an order-of-magnitude accuracy. It presents a promising prospect to observe these states at the LHC
based on the accumulated data according to the results we will show in the following. This calls for an
experimental analysis.

This chapter is organised as follows. In Section 3.1} we first give an introduction about the four
charm-strange states. Then an overview of the effective field theory description of the kaonic bound
states will be presented in Section[3.2] Based on the MC event generators, we will derive the production
rates of the molecular states in Section [3.3] while the numerical results are presented subsequently in
Section[3.4] At last, we will summarize this chapter in Section [3.3]

3.1 Introduction
In the past years, many of the charm-strange mesons have been observed at varieties of experimental

facilities. This kind of heavy-light mesons is particular and can provide a unique platform to study the
heavy quark dynamics and non-perturbative QCD in the presence of a heavy quark. The discoveries
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Figure 3.1: Spectroscopy of the charm-strange mesons, where the solid and dashed lines are for the values from the
relativized Godfrey-Isgur (GI) model [32]] and the Ref. [[64]], respectively. The circles are the observed particles and
the squre is the D»(2910) predicted in Ref. [@]

have not only enriched the particle zoo of the conventional ¢5 family, but also have found unexpected
candidates for exotic states beyond the conventional quark model for mesons. Among them, the D7,(2317)
is the first one discovered by the Babar Collaboration in the inclusive D,n® mass distribution in 2003
from e*e” annihilation data at energies near 10.6 GeV . At the same year, the D;(2460) was observed
by the CLEO Collaboration in the D*z° final state , followed by the discovery of the D7 ,(2860) by the
BABAR Collaboration in the DK channel [[63]).

We plot the spectrum of the charm-strange mesons in Fig. 3.1} where the lines are the results by
the QCD motivated quark model: the solid and dashed ones are for the values from the relativized
Godfrey-Isgur (GI) model [32]] and the model uses the relativistic Dirac Hamiltonian and includes the
1/m, order corrections [[64]], respectively. The circles are the observed particles and the square is the
speculated D (2910). It is likely that the D§0(2317) and D,(2460) are spin partners, because the mass
difference between them is not large. A more important feature of the above mentioned two charm-strange
mesons is that their masses are quite far below the potential model predictions for the lowest states with
the same quantum numbers as we can see from the data. As the GI model is a typical quenched quark
model, Ref.[[66] takes the screening effect into account to modify it. However the masses of D (2460)
and D7 (2317) are still far below the modified model. There exists various explanations for their nature.
For instance, D ,(2860) is regarded as the conventional 13Ds(c5) in Ref. , where the authors propose
that the measurement of its spin can be used to verify the explanation. We refer to the reviews in Ref. [0
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3.1 Introduction

D,(2317) Dy1(2460) D7 ,(2860)
constituents DK D*K DK

mass 23178+ 0.6 2459.6+0.6 2863.2%3Y
relative energy (Ep) | —45.1+£04 -447+04 —54.8f%1?

Table 3.1: Masses of the D},(2317), D;1(2460) and D;;(2860) taken from the Particle Data Group , and the
relative energy Ej of the exotic states to the corresponding meson-meson thresholds (in units of MeV).

[10] for more details.

One particular interesting assumption for the underlying structure is that the D ,(2317) and D;;(2460)
are hadronic molecules, i.e. the DK and D*K bound states, respectively [68H72]]. As the Tab. [3.I|shows,
the mass splittings Mp_, 2460) — M D(2317) = 142 MeV and Mp- — Mp ~ 143 MeV are approximately
equal. It is a natural consequence of heavy quark spin symmetry in the picture of hadronic molecules [[73]].
We can also resort to the parity doublet assumption to explain the equality. The D7,(2317) and
D;1(2460) are below the DK and D*K thresholds, respectively. Moreover both have narrow widths, less
than 3.8 MeV and 3.5 MeV, respectively [[77]. The small widths of the two arise from the radiative decays
and isospin-violating hadronic decay modes. Under different interpretations of the internal structure,
these decay modes have been intensively explored. The isospin-violating decay can occur through the
1 — n° mixing . While in the hadronic molecule picture, an additional mechanism for the decay exists
due to D*K meson loops and the direct coupling of the D and K™ mesons to 7°. The mass differences
between the neutral and charged charmed meson and kaons would give rise to isospin-violating decay
even dominate over the contribution from the 7 — 7 mixing . Therefore the isospin breaking
decays can be used to distinguish the hadronic molecule picture from the others. It is necessary to
measure the width of the order of 100 keV predicted in the hadronic molecule picture. At present, the
experimental resolution is not high enough. Only the planned PANDA experiment is expected to have
the ability to perform such a measurement [83]]. Nevertheless, the hadronic molecule picture is supported
by some lattice QCD calculations of the charmed meson-light meson scattering lengths [[84} [85]..

The kaons can be regarded as pseudo-Goldstone bosons of the spontaneous breaking of chiral symmetry
SUB)XSUB)r — SU@3)y. As aconsequence of chiral symmetry, the leading order interaction between
an narrow excited heavy meson and the kaon should be the same as that for the ground state charmed
mesons when Born terms are neglected, which is a very good approximation for S -wave scattering [86]].
The excited state must be narrow enough so that its width is small compared to the inverse of the range of
forces between the heavy meson and the kaon. If not, a new large energy scale would be introduced, and
we can not make the analogy to the ground state mesons any more. We can expect more kaonic bound
states analogous to the D,(2317) and Dy;(2460) as the DK and D*K bound states. Especially, the ratio
of branching fractions B(D7,(2860) — DK)/B(D;,(2860) — D*K) is difficult to be accounted for in
other models. But the interpretation as D(2420)K bound state can explain the experimental data for the
D7 ,(2860) very well. Besides, a spin partner of the D7 (2860), the D»(2910) as a D>(2460)K bound
state, was predicted to have a mass and a width around 2910 MeV and 10 MeV, respectively. This state is
expected to have quantum numbers J© = 2~ and decays into the D*K and D*7.

Until now, most of the available studies of the exotic candidates from both experimental and theoretical
sides in the charm-strange sector have been mainly focused on the spectrum and decays or the production
through B meson decays in the e* e~ collisions. The underlying structure of the Dy states is a longstanding
problem that needs to be solved. For the purpose of revealing their nature, more data and processes
involving these states would be equally important and urgent. For example, the processes include
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Chapter 3 Production of charm-strange hadronic molecules at the LHC

heavy-ion collisions B8] and the hadroproduction due to the large number of charm quarks that
could be produced. At low energy regions, the forthcoming PANDA experiment is a promising facility to
reach such a purpose. First it has a particular focus on the hadroproduction of D(;(2317) state , and
secondly it is supposed to have the ability to measure the decay width of the D7(2317) at the 100 keV
level which is important as we discussed above. We note that in high collision energy regions at hadron
colliders like the LHC, the charm quark will be abundantly produced via the QCD processes, which
makes it an ideal platform for the study of these new exotic hadrons and in particular for searching for
the predicted D»(2910). Moreover, the LHCb Collaboration has already reported some measurements
about the states in charm-strange sector, such as the decays of the D, (2710), which is the first radially
excited state of the D with JP =17, and the decay of D;;(2860) into the D+Kg and D°K™ final states
with small statistical uncertainties [90].

3.2 Dynamical generation of the kaonic bound states

For Dy states which can be dynamically generated from the interaction between charmed mesons and
kaons in the isoscalar channel, the assumed molecular structures can be explicitly decomposed as
1
ID,;) = — (|CTK°) + |c°k ™)),
where C denotes the D, D*, D; and D, charmed mesons. We use the isospin phase conventions

€ty = =11/2,1/2).|c%) = 11/2.-1/2),
|K*) =11/2,1/2),|K°) = [1/2,-1/2),

which corresponds to the convention for the d quark |J> =—11/2,1/2). The two numbersin |--- ,---)
are the isospin / and its third component /3. The scattering amplitude may differ in sign under different
phase conventions, however, the final physical observables remain the same.

3.2.1 Scattering of the Goldstone bosons off the charmed mesons

As we can see that all the considered bound states contain the light pseudoscalar kaon, and it can be
considered as a Goldstone boson of the spontaneous chiral symmetry breaking from SU(3);xSU(3)g to
SU@3)y. As shown in Section the interaction between the Goldstone bosons and the heavy mesons
can be described by the heavy meson chiral perturbation theory (HMChPT) /7)), which combines
the chiral and heavy quark symmetries in the light and heavy quark sectors, respectively. More details
about the HMChPT can be found there. It is shown that the contribution from exchanging heavy mesons
is negligible [86]l, therefore we can only consider the leading order contact terms interaction between the
Goldstone boson and heavy meson, which comes from the kinetic term of the Lagrangian in Eq. 2.43)

Lyin = D,HD'H', (3.1

where H denotes the heavy charmed meson field with the composition (cit, cd, c3), i.e. (DO, D*, D) and
the chiral gauge derivative is given by

1
Dy=0u+ 5 (" Ouu + ud,u’), (3.2)
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3.2 Dynamical generation of the kaonic bound states

= v + W + VY G G Xv + ..
/N N N AN /\ AN
/ Ny / Ny 7/ - N s/ —_ [ N
7/ N 7/ N 7/ N 7/ N

Figure 3.2: Sketch of the resummation of the amplitudes. Here, T denotes the total scattering amplitude, V is the
leading order amplitude and G is the loop integral. The heavy meson H and kaon are represented by solid and
dashed lines, respectively.

with U = exp (i V2®/F) and u = VU. Here, @ is the 3 x 3 matrix parametrizing the octet Goldstone
bosons shown in Eq. , and F is the pion decay constant in the chiral limit. Since we will only
consider the leading order interaction, F = 92.2 MeV will be used. The kinetic term in Eq. (2.43) can be
written more explicitly as
1
Lin = 5 (@"HI®, 0, @1H" - H[®,8,010"H"). (3.3)
It is shown in Ref. that the kaon—charmed meson scattering with the isospin / = 0 is the most
attractive one among all the channels for the light meson-heavy meson S -wave scattering. Hence we
only consider the / = 0 case here. We can express the (DOK +> in terms of the isospin eigenstate as

Lpgy=r - L
V2 V2

Thus the leading order scattering amplitude has the relation

ID°K) = IDK)'=0, (3.4)

. 1, . o1, . _
(D°K*|V|D°K*) = 5 =L K|V IDKY=! + 3 =0 pK|V |DK)Y*=0, (3.5)
that is
1 I1=1 1 1=0
Vpog+opog+ = EV (s,t,u) + EV (s, t,u), (3.6)

where s, ¢ and u are the Mandelstam variables with the constraint s + 7+ u = 2(m%{ + m%{) for the particles
when they are on-shell, with my and mg the mass of the charmed meson and kaon, respectively. One
finds that D*K* — D*K™" is a purely I = 1 one,

V= (s, t,u) = Vprgroprge (s, 1, u). (3.7)
Eventually we have the relation from Eq. (3.6) and Eq. (3.7)

VIZ0(s, t,u) = 2Vpo e, poges (5, 1, 1) = Vprgr pr g+ (s, 1, 1), (3.8)
From the Lagrangian, one can derive the leading order scattering amplitude. The tree level scattering

amplitude of the process HK — HK in I = 0 reads

S—u

Vs, t,u) = _W’

(3.9)

The Mandelstam variable u can be expressed in terms of the scattering angle 8 between the incoming and
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Chapter 3 Production of charm-strange hadronic molecules at the LHC

outgoing particles in the center-of-mass frame

1 1
—u(s,cosf) = s—2m% - 3G+ m2, — m)* + 7:AGs, m3,, m) cos 6. (3.10)
S N

where A(x,y,2) = x* + y? + 2> — 2xy — 2yz — 2xz is the Kiillén function. More details about the kinematics
of the two-body scattering are shown in the Appendix [A] The scattering amplitude V(s,,u) can be
decomposed by using the Legendre polynomials P;(cos 8) in terms of partical waves

V(s,t,u) = Z(ZL + 1)Pr(cos )Vi(s) (3.11)
L=0

where Vi (s) are the partial wave amplitudes, and they can be projected out by using the orthogonality
relation of the Legendre polynomials

1
Vi(s) = f Pr(cos0)V(s, t(s, cos0), u(s, cos 8))d cos 6

2(V2)V J-i
where (V2)V is a factor due to the Bose symmetry. The parameter N depends on the number of times
that identical particles appear in the partial wave amplitude. For instance, we have N = 2 if both the
initial and final states are identical, like 7m — zr; N = 1 if the initial or final states are identical, like
nm — KK; N = 0 if both the initial and final states are not identical, like our case DK — DK. The
S-wave amplitude, i.e. L = 0, can be projected out for on-shell particles

1 1
Vo(s) - f V (s, t(s,cos 6), u(s, cos ))d cos 6

2J4

2
1+0(k—2)], (3.12)

——m HE K
2
F my,
where Ex = (s — m%, + m%() /(2+/s) is the energy of the kaon, while k is the momentum in the center-of-
mass frame. In the above equation, we have used the fact that the heavy meson is highly nonrelativistic
in the energy region of interest.

We need to sum the scattering amplitudes up to infinite orders due to the strong interaction, and most
importantly a perturbative expansion up to any finite order cannot account for the subthreshold states
which appears as poles of the amplitude, for instance the D7;(2317). The summation shown in the Fig.@
can be done by using the Bethe-Salpeter equation (BSE)

V(K',q;5)T(q, k;s)
—mk +ie)(p — q)> — m3, + ie]’

, , [ dYq
Tk k:s) = V(K k: s)+lf(2ﬂ)4 . (3.13)

where p? = 5. Here the dependence of the amplitudes on the center-of-mass momenta both in the initial
and final states are explicitly kept in the expression. The equation is an integral one and can be solved
numerically. Here instead of solving the equation numerically, we will follow the approach developed
by Ref. [91]] and take the on-shell approximation, i.e. using the S-wave amplitude V((s) as the kernel.
The justification of this approximation can be found in Refs. by using dispersion relations or in
Ref. [04] by taking the off-shell contribution into account. A critical discussion on the use of the on-shell
approximation is given in Ref. [95]]. Eventually, the integral equation can be simplified to an algebric
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3.2 Dynamical generation of the kaonic bound states

equation. The resummed S -wave scattering amplitude reads
To(s) = Vo(s) [1 = G(s)Vo(s)] ™. (3.14)

Notice that both here and in Eq. (3.9) we have neglected the polarizations of the charmed mesons with
spin 1 or 2, which can be factorized out to be a overall factor of the resummed scattering amplitude. The
justification is due to the fact that these charmed mesons are highly nonrelativistic in the energy region of
interest. For more details we refer to Appendix [B]

3.2.2 Loop function

In Eq. (3:14), G(s) is the two-meson scalar loop function

d* 1 1
G(s) = i 2q4 — — (3.15)
2n)* g —my +i€(p—q)° —my + i€

This integral is obviously divergent.

3.2.2.1 Relativistic formulation

The divergent integral can be regularized by adopting a three-momentum cutoff parameter [91]). Unfortu-
nately, it give rise to an artificial singularity of the loop function which would have an impact when the
momentum in the center-of-mass frame approaches the cutoff [96]]. A feasible way is to use the once
subtracted dispersion relation [92]]

—so (., ImG(s
Gso) + — f gy — MO
T s (

s = 5)(s" = s0)

G(s)

! m my
= Ten 2{a(/vt)+log > R 10gm—§+2 [log(s—A+0)
+10g(s+A+0')—10g(—s+A+0')—log(—s—A+0)]}, (3.16)

where Im G(s) = —p(s)0(s — sy1,) is the imaginary part of the loop function, with p(s) the phase space
factor, a(u) is the subtraction constant related to G(sg), with u the regularization scale which is related to
subtraction point sg and sy, = (m] + m5)? is the threshold square, and

g = [_(S - (ml + mZ)Z)(S - (m1 — mz)z)]l/z, A = m% — m%

In Eq. (3:16), the regularization scale u can have any arbitrary value since its change can always be
absorbed into a(u). The function G(s) is symmetric under the exchange of the internal lines, i.e. m; < ms.
Moreover the regularized loop function is only valid above the threshold, however, the value beyond the
region can be obtained through analytical continuation.
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Chapter 3 Production of charm-strange hadronic molecules at the LHC

JP State Constituents Thresholds Predicted masses Experimental data
0" D;,(2317) DK 2362.8 2317.8 (input) 2317.8+0.6

1" D41 (2460) D*K 2499.8 24554 2459.6 + 0.6

1= D ,(2860) DK 2917.9 2875.0 2863.2%5%

27 Dp(2910) DyK 2959.1 2916.3 ?

Table 3.2: The predictions of the pole position of the kaonic bound states (in units of MeV).

3.2.2.2 Non-Relativistic formulation

According to the heavy quark effective theory, we can do the replacement to the heavy-light meson
propagator in the heavy quark limit

1 R 1 ’
lz—mlzq+ie 2my( -k — A + ie)

3.17)

where v is the velocity of the heavy meson, k the residue momentum with the relation &* = I* — mgo*
and A is the mass difference between pseudoscalar and vector heavy mesons which can be dropped
here. Treating the heavy meson nonrelativistically, we get an analytic expression for the regularized loop

function [80]

d*q 1
Gnr(s) = if 70 O ;
2m)*2my (q —mK+le)(\/§—q-v—mH+ze)
1 m2 E
= - {EK a(,u)+10g(—§) + 2pem cosh™! (—K) - i27rpcm}, (3.18)
16°my u mg

where again y is the regularization scale, a(u) is the subtraction constant which is scale-dependent
rendering the loop function scale-independent, and p., = A(s, m%l, mg()/ (24/s) is the center of mass
momentum.

3.2.3 Results

In the calculation, we will choose the nonrelativistic loop function for the case with a nonrelativistic
heavy meson and a relativistic light meson in the loop, because the relativistic loop function violates
spin symmetry [86]]. A bound state of the charmed meson and kaon is associated with a pole of the
resummed scattering amplitude below threshold on the real axis in the first Riemann sheet of the complex
energy plane. We fix the value of subtraction constant a(u) to reproduce the mass of the D(((2317) at
2317.8 MeV, and get a(u = 1 GeV) = —4.0 which is a little different from the one in Ref. [[65]] where the
authors consider two coupled channels DK and Dn. And we assume that the same subtraction constant
can be used in all other channels. Because of renormalization group invariance, a change of the scale u
can be balanced by a corresponding change of the subtraction constant a(u). For example, if the scale
change from u to y’, the subtraction constant will change as

aW) = a(u) + 1og(z—;). (3.19)
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3.3 Hadroproduction of the kaonic molecules

Figure 3.3: The mechanism considered here for the inclusive production of the Dy; as a HK bound state in
proton—proton collisions. Here, X denotes all the produced particles other than the H and K in the collision.

We present the results in Tab. [3.2] with the experimental data for comparison, where the central values for
the masses of the constituents are used.

For a given scale y, different values of the subtraction constant correspond to different pole positions
in a given channel. This fact allows us to vary the constant to get different binding energies so as to
investigate how the cross sections depend on the binding energy later on.

3.3 Hadroproduction of the kaonic molecules

We assume that the production of the Dg; will happen through two steps. The charmed meson kaon
pairs will be generated first, and the pairs form the Dj; states afterward. The mechanism is shown
in Fig. #.2] This mechanism is valid only when the binding energy of the bound state is small so
that the constituents H and K are only slightly off-shell. However, in principle, the D;; states can
also couple to other components such as the conventional c5 or a [cq][5G] tetraquark if they have the
required quantum numbers even the dominant component of their wave function is a kaon—charmed
meson bound state. All the components contribute to the production of the Dy states. In general, it is a
process-dependent question to conclude which one is more important. Here we assume the bound state
component dominants.

3.3.1 Factorization of the near-shreshold production

Before going to the HK case, we will discuss the factorization for the production rate of X(3872) first. In
Ref. , a factorization formula of the D* D production in the near-threshold region was used. It applys
the universal elastic scattering amplitude f to account for the final state interaction (FSI) of D**DV pair,
and reads

2

) 1 TIDOD(k) + X Bk
_ ! |70 + X1 . Pk
- ﬂ—uX; f 40-bex | =0, FOF G G20

where k is the center-of-mass momentum of the constituents, u is the reduced mass, T DD (k) + X] is
the amplitude for the D**D? inclusive production, and X means all the other particles in the inclusive
process. The phase space integration runs over all the rest particles and the one for the total momentum
of the D* DO pair. The second equality in in Eq. holds because of the Migdal-Watson theorem
[98]]. The dramatic dependence of the amplitude 7~ on the relative momentum k is mainly given by the
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Chapter 3 Production of charm-strange hadronic molecules at the LHC

Figure 3.4: Inclusive production of the HK pair in proton—proton collisions. Here I" denotes the vertex for direct
production, T is the resummed HK scattering amplitude, and X denotes all the produced particles other than the
HK pair.

universal scattering amplitude f in the near-threshold region. Thus 77/ f is insensitive to k and we can
take the limit k — O in that factor.

In this FSI method, the cross-channel rescattering with other particles comoving with the components
is neglected. However, it is argued that the presence of such particles could make the use of the Migdal-
Watson theorem invalid and largely affect the so-calculated cross section [61] [99]]. In fact, the effect of the
comoving hadrons can be treated as perturbations. We will discuss this in more details in Section F.2.1}

However, in general, it is not clear how the factor 77/ f depends on the relative momentum at all.
Especially, when the produced particles contain one or more of the lowest-lying pseudoscalar mesons
(pions, kaons and the n-meson) which are the pseudo-Goldstone bosons of the spontaneous breaking
of chiral symmetry of QCD, the near-threshold production amplitude without the FSI should have a
momentum dependence required by chiral symmetry. At first sight, it is not clear whether the universal
elastic scattering amplitude is valid to describe the FSI and there exists a factorization formula analogous
to Eq. (3:20) or not. As a consequence of chiral symmetry, we will argue that such a factorization formula
indeed exists by using the resummed S -wave scattering amplitude in Eq. (3:14) instead of the universal
one.

For the inclusive HK production, the general differential cross section formula reads
3

2m)32u’

1
do[HK(k)] = med¢HK+X|M[HK(k)+X]|2 (3.21)
X

where k is the three-momentum in the center-of-mass frame of the HK pair, u is the reduced mass, and
M[HK (k) + X] is the production amplitude including the FSI. As depicted in Fig.|3.4] we separate the
inclusive production amplitude of the HK pair into two parts: one is that for the direct production denoted
by I', and the other one includes the FSI described by the scattering amplitude 7. Thus, we have an
integral equation

d* I'(q;s)T(q,k;
M(k;s):r(k;s)+if z (¢:9)T1q 2s) — (3.22)
(2n)* (¢* — my + iO)(p — @)* — my, + ie]
If we rewrite this equation in terms of operators, we get
M=T01+GD, (3.23)

where G is the operator for the Green’s function of the HK system. Similarly, the BSE given in Eq. 313)
can be written as
T=V1+G1). (3.24)
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3.3 Hadroproduction of the kaonic molecules

Inserting Eq. (3:24) into Eq. (3.23), we obtain
M=TVT. (3.25)

The production amplitude should be dominated by the S -wave if we are only considering the production
of the HK pair in the near-threshold region. Taking the same on-shell approximation as the resummed
scattering amplitude given in Eq. (3.14), in the near-threshold region we have

M(k) = To(k) Vo(k)™" To(k), (3.26)

where we have explicitly presented the dependence of all the functions on the center-of-mass momentum.
From Eq. (3:12)) we know that the S -wave amplitude is proportional to the energy of kaon, i.e. Vj(k) o«

Ex = ,lmé + kz.

But how does the direct production amplitude I'g(k) depend on the momentum? To answer this
question, we need to do a chiral symmetry analysis which is applicable in the near-threshold region.
Since we are only interested in the HK pair in the process and do not care about the details of the
other particles, we may parameterize all the other particles involved in the inclusive production process
by an external source field S which has the same quantum numbers as the HK pair. This means that
we neglect the cross-channel rescattering of the charmed meson and kaon with other particles in the
final state, as it is much smaller than the one between the charmed meson and kaon. Actually, the
spirit of this kind of treatment has already been used to investigate the nx(KK) system in the decays
JIW — ¢nn(KK) . In order to ensure that the interaction strength vanishes at threshold as required
by the Goldstone theorem, the coupling of the Goldstone bosons (pions, kaons and the eta) to any other
fields has to be in a derivative form in the chiral limit when the masses of the up, down and strange quarks
are zero. Thus, the Lagrangian for the near-threshold HK production at leading order in the momentum
expansion can be written as

Lorod = ¢S 0M'HO,K, (3.27)

where all the short-distance physics has been parameterized into the coefficient ¢ and the source field
S. As a matter of fact, there can be a term of the form 6*S H d, K. However, this term can be recast
into the one in Eq. (3:27) modulo a higher order term by using integration by parts. In the Lagrangian,
we have made an implicit approximation that in the final states of the inclusive production, there is no
other soft chiral particles other than the kaon in the HK pair so that we can neglect the interaction of the
kaon with them. Although there are two derivatives in the Lagrangian, it is of order O(k), with k being a
momentum much smaller than the typical hadron scale A, ~ 1 GeV. The reason is that the dominant
part of the heavy meson four-momentum is the mass of the heavy meson, and thus 0 H is dominated
by its temporal component. An insertion of the light quark masses will give higher order corrections.
Therefore, at leading order in the chiral expansion, the direct production amplitude is proportional to
the energy of kaon too, i.e. Io(k) « Eg. It is same energy dependence as in V((k) given in Eq. (3:12).
Together with Eq. (3:23)), this means that the production amplitude can be factorized into the product of a
constant C and the resummed scattering amplitude of HK in the near-threshold region

M(k) = CTy(k). (3.28)

Indeed, a factorization formula for the production of the HK pair does exist in the near-threshold region

1 A’k
do[HK(k)] = m; f d¢HK+x|C|2|To(k>|2m, (3.29)

33



Chapter 3 Production of charm-strange hadronic molecules at the LHC

7 AN

Figure 3.5: The scattering of the charmed meson and kaon through the resonance. The charmed meson and kaon
are represented by solid and dashed lines, respectively.

where the constant C may take a value of M[HK(k) + X]/To(k) for any k provided that k < A,. Itis
related to the coefficient ¢ in Eq. (3.27) through

I(k) | lcF?
Vo)l 2

IC| = (3.30)

Eq. (3:29) is the analogue of the factorization used in studying the DD* production in Ref. , and
is applicable to the near-threshold production of a pair of a heavy meson and a pseudo-Goldstone
boson. This formula allows for the separation of the long-distance and short-distance contributions in
the amplitudes for the production of the molecules. The short-distance one is the same for the processes
pp — HK and pp — Dg;, while the long-distance factor resides in a multiplicative factor of the
scattering amplitude given in Eq. (3:14).

3.3.2 Production of the charm-strange hadronic molecules

The cross section for the production of Dy is
1
oDyl = > f dp,,+x IMIDs; + XIP. (3.31)
ux 4

Since the integrated phase space dgp+x in Eq. (@.24) contains the part of the total momentum of the HK
pair, the phase space integration in the above equation d¢p_,,x is the same as d¢px.x. Since these D,;
states are the bound state poles of T(s), the resummed scattering amplitude 7(k) contains information
about the generated hadronic molecules. Therefore, it is straightforward to extend the factorization
formula Eq. (3:29) to the case of the inclusive Dj; production provided that these states are produced
through intermediate HK pairs. The recipe is to replace the HK — HK scattering amplitude T(s) in
Eq. (3:29) by the amplitude for the process HK — Dy, which is given by the effective coupling constant
for the Ds;HK vertex in the vicinity of the Dy, pole. Thue, we have

r— dop,,+x |C gesl
flux ;

2P
=2 f dp,,x Il (332)
X

5 Jeff
where C is the same constant as that in Eq. (3.29).
The scattering of the heavy charmed meson and kaon with a pole can be depicted as Fig.[3.3] and

O-[DSJ]
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around the pole the amplitude can be approximated by

1

$ = Spole

To(s) = gefr geft (3.33)

where spole = MIZ)S, and the effective coupling constant g.g is given by the residue of the transition matrix

element at the pole

lim (s — spole) T0(s)

S Spole

ggff
1
d[Vo(s)~! = G(s)1/ds

(3.34)

S=Spole

We have checked that the same equation will be obtained if we use the approach adopted in Ref. [59]
which uses the Migdal-Watson theorem and the unitary relation for the scattering amplitude.

If we vary the subtraction constant in the expression of loop function G, we can get different binding
energies. Therefore the cross section for the hadronic molecule in Eq. (3.32) is dependent on the
subtraction constant, and indeed on the binding energy. With a smaller binding energy, we found that
the production rate of the molecules gets smaller. This conclusion is in agreement with Ref [59]]. As we
know the scattering length relate to the binding energy Ep as a = (2uEg)~"/?, it means that the bound
state with a larger scattering length is more difficult to be produced. Yet, this conclusion relies on the
assumption that the subtraction constant a(u) in the first DK loop attached to the production vertex takes
the same value as that in generating the pole.

3.3.3 Estimate the cross section using Monte Carlo event generators

MC event generators have been used in many other processes as a phenomenological and successful tool.
They are able to simulate the hadronization of partons produced in QCD processes, and therefore provide
an estimate of the pp — HK inclusive cross sections. Here we will use two commonly adopted programs,
Pythia and Herwig [[102]]. However, the above two event generators do not incorporate the FSI
effect which governs the momentum dependence close to threshold as depicted in the scattering amplitude
To(s) in Eq. (3:14). Therefore, the MC cross section corresponds to the case without near-threshold
FSI, and can be approximately expressed in terms of the vertex given in the leading order Lagrangian in

Eq. B.27).

do[HK(k)] ) 1 f , K

R S T = Kyx— d Ex|” ——, 3.35

( o e HK g ; buk+x lcmy Ekl prE (3.35)

where the factor Ky ~ O(1) is introduced because of the overall difference between MC simulation and

the experimental data, while for an order-of-magnitude estimate we can roughly take Kyx ~ 1.
Therefore, the coupling constant ¢ can be determined using Eq. (3.33).

1 2 (do[HK(k)] 4mp
ﬂ_uxlefd¢HK+X|C| = ( ) (3.36)

Ak hckREInd,

Substituting the result into the Eq. (3:32)), we obtain the cross section for the Dy;:

2P

) Jeft

oDyl =

2
(dO'[HK(k)]) 4nu (3.37)

dk

22,2 "
MCk=Exmy,
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Chapter 3 Production of charm-strange hadronic molecules at the LHC

Although the expression contains explicitly a factor of 1/ (E%(kz), this factor is completely cancelled by
(do[HK(k)]/dk)yc and thus a momentum-independent value is obtained.

3.4 Results

In order to form a molecular state, it is necessary that the constituents move nearly collinearly as a
multi-quark system and thus have a small relative momentum. Such configurations can be realized in an
inclusive 2 — 2 QCD process first, and later the multiquark final states can be produced by soft parton
shower radiations. The dominant partonic process for the production of the D,y states is gg — ¢ because
the gluon density at the LHC energy is much larger than those for quarks. Besides that, the process
qq — cc will also be included in this analysis.

We have used Pythia and Herwig to generate 10® events which contain a pair of the charm and
anti-charm quarks. These events are then analyzed by the Rivet library in order to pick out the
charmed-meson kaon pair with a small invariant mass. Since the kaons in these events are mostly
produced from the soft gluon emission by the heavy charm quarks, they tend to move together with the
charmed hadrons. This portion of the events will contribute significantly to the formation of the molecules.
To match the capability of the detectors, we have also implemented the cuts on the transverse momentum
of the meson pair pr > 5 GeV, and the rapidity |y| < 2.5 and 2.0 < y < 4.5 for the ATLAS/CMS (denoted
as LHC for simplicity) and LHCb detectors, respectively. In Fig.[3.6] we show the differential cross
sections (histograms in this figure) versus the center-of-mass momentum of the constituent mesons up
to 0.35 GeV for the inclusive processes pp — DK, D*K, D1 K, and D,K at the LHC with /s = 8 TeV.
Since the production of charmed mesons D; and D; is not included in Pythia, we only show the results
from Herwig.

As analyzed in Section[3.3.T]and shown in Eq. (3:33), one should be able to approximately describe
the production mechanism in the MC calculation using the leading order effective Lagrangian given in
Eq. (3:27), and the resulting differential cross section is proportional to k*E%. To validate this feature,
we fit to these distributions with Eq. (3:33) up to 350 MeV for the center-of-mass momentum. The
fitted results are shown as curves in Fig. [3.6] Note that the shape of the cross section in Eq. (3:39) is
completely fixed, and the fitting procedure only results in a normalization constant, which is proportional
to square of the coupling constant |c[>. From this figure, one sees that the MC results can be well
described, except the D*K from Herwig where there exists a clear peak at the bin between 150 MeV
and 200 MeV. This peak can be attributed to the resonance D, (2536) because it decays into D**K° and
D*°K* with a center-of-mass momentum of 149 and 167 MeV, respectively. Note that this resonance
was included in Herwig but not in Pythia. In principle, this resonating contribution can be built in the
scattering amplitudes using a coupled-channel formalism, which will improve the consistency with the
MC simulations. However, since we are only interested in an order-of-magnitude estimate, we refrain
from doing such an analysis.

With Eq. @27) and the differential distributions in Fig. [3.6] we can obtain the production rates of
the hadronic D,; molecules. These results for the cross sections for the inclusive processes pp —
D¥(2317), Dy1(2460), D,;(2860) and D»(2910) (in units of ub) at the LHC with /s = (7,8, 14) TeV
are shown in Table[3.3] Results outside (inside) brackets are obtained using Herwig (Pythia if applicable).
Here the rapidity range |y| < 2.5 has been assumed for the LHC detectors (ATLAS and CMS), while the
rapidity range 2.0 < y < 4.5 is used for the LHCb. The differences between the values from Pythia and
Herwig are caused by the different hadronization mechanisms to form the charmed and kaon mesons.
From this table, one sees that the cross sections for the pp — D,;(2860) and the pp — D;»(2910) at
the LHC are at the 10~! b level, while the ones for the pp — D,(2317) and the pp — D;1(2460) are
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Figure 3.6: Differential cross sections do/dk (in units of ub/GeV) for the inclusive processes pp — DK, D*K,
D1 K and D,K at the LHC with +/s = 8 TeV. The histograms are obtained from the MC simulation (Herwig and
Pythia) while the curves are fitted according to the momentum dependence sz%(. In the MC calculation, the

kinematic cuts used are |y| < 2.5 and pr > 5 GeV, which lie in the phase-space regions of the ATLAS and CMS
detectors. Here, we have averaged the events in different charged channels, e.g. D°K* and D* K for the DK case.
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D*\(2317) Dyi(2460) Dy;(2860) Dy2(2910)
LHC7 | 250.83) 2.1(091)  0.21() 0.27(-)
LHCb7 | 0.61(0.15) 0.5(0.17)  0.05(-) 0.06(-)
LHCS | 2.9(0.94) 24(1.0)  0.24() 0.32(-)
LHCb 8 | 0.74(0.18) 0.61(0.2)  0.06(-) 0.08(-)
LHC 14 | 55(1.6)  4.7(1.7) 0.5(-) 0.65(-)
LHCb 14 | 1.6(0.35) 1.3(0.38)  0.13(-) 0.17(-)

Table 3.3: Integrated normalized cross sections (in units of ub) for the inclusive processes pp —
D (2317), D41(2460), D4;(2860) and D»(2910) at LHC. The results outside (inside) brackets are obtained
using Herwig (Pythia). Here the rapidity range |y| < 2.5 has been assumed for the LHC experiments (ATLAS and
CMS), while the rapidity range 2.0 < y < 4.5 is used for the LHCb.

larger by roughly one order of magnitude. Such large production rates suggest a promising perspective
for searching for these four exotic states at the LHC.

The D;(2460) has a large decay branching fraction into Dyy and thus can be reconstructed from the
K*K~n*y final states. With the available decay branching fractions [[77]], we find that the cross section
for the process pp — D,1(2460) — Dy — K*K~ "y reaches O(107 fb), and this would yield O(10%)
events when considering the integrated luminosity of 22 fb~! from ATLAS and CMS in 2012
. The D,;(2860) mainly decays into DK and D*K, while the D(2910) has a large partial width
into D*K. These two hadrons can be reconstructed in hadronic final states. In particular, based on the
1 fb~! data accumulated in 2011, the LHCb Collaboration has used the DK final state to reconstruct the
D;;(2860) , where about 3 x 10* DYK™ events from the D,,;(2860) were observed. Using the cross
section shown in Table and assuming that the D;;(2860) — DK™ is of O(1071) supported by the
Babar data , we predict about O(10%) D’K™* events to be generated, which is about two orders of
magnitude larger. However, since the detection efficiency of the experiment was not published, a direct
comparison is not possible. Currently, we may only conclude that our prediction is not in conflict with
the measurement. A more quantitative comparison is expected when the efficiency corrected data is
available in the future.

The search for the Dy states at hadron colliders depends on the non-resonant background contributions.
To investigate this issue, we take the D (2317) to be constructed in the Dyy final state as an example. To
be conservative, we use the cross section o(pp — D7 + anything) as an upper bound for the background.
The ATLAS collaboration has provided a measurement of this cross section at /s = 7 TeV [[107]:

o (D¥) = (168 + 34*3] + 18 + 10) pb. (3.38)

where the pr(Dy) > 3.5 GeV and the pseudo-rapitidity n < 2.1. Our results in Table show that the
cross section of the pp — Dy((2317) at /s = 7 TeV is about 2 ub. Using the integrated luminosity in
2012, 22 fb~! [[104} [105]], we have an estimate for the signal/background ratio

S 2x22x%x10° x 5%
VB V170x22 x 109

where 5% is the current upper bound for the branching fraction of the Dy(2317) — Dyy [[77]. It is
worthwhile to point out that our theoretical results have to be modified somewhat due to the mismatch
in kinematics, however, we believe that the above estimate indicates a great potential for observing the

~1x10°, (3.39)

38



3.5 Discussions

discussed molecular states at the LHC.

3.5 Discussions

We have explored the hadroproduction of D,(2317), D,1(2460), D,;(2860) and the predicted D»(2910)
states at the LHC under the assumption that these hadrons are S -wave hadron molecules. We have made
use of two MC event generators, Herwig and Pythia, to simulate the production of the charmed-meson
kaon pairs. Together with effective field theory to handle the final state interaction among the meson
pairs and neglect their interactions with other particles, we have derived an estimate of the production
rates for these particles at the order-of-magnitude accuracy. Our results show that the cross sections for
the pp — D,;(2860) and the pp — D (2910) at the LHC are at the 10! 4b level, while the ones for the
pp — D,(2317) and the pp — Dy1(2460) are larger by roughly one order of magnitude. Thus, these
states can be copiously produced at the LHC, and measurements in the future would be able to test the
molecular description of the above states and also the production mechanism. Such measurements are
very important to gain deeper insights into the hadron interactions, in particular the interactions between
heavy and light mesons.
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CHAPTER 4

Production of the X(3872) and its bottom
analogs and spin partner at hadron colliders

We derived the formula to estimate the cross section of the inclusive production of an S -wave loosely
bound states by using the amplitude from heavy hadron chiral perturbation theory (HHChPT) for the
heavy-light mesons in Chapter [3] In this chapter, we will study the production of the exotic hadrons
with hidden heavy flavor at hadron colliders under the assumption that these particles are S -wave meson-
meson molecules. Most of the calculations and discussions presented here are taken from the publication
in Ref. [108]]. We primarily focus on the production of the X}, which is bottom analogue of the X(3872)
with BB* components and its spin partner, a B*B* molecule with J”¢ = 2** and denoted as X;», at the
LHC and the Tevatron. Besides, the results on the production of the spin partner of the X(3872), denoted
as X with JP€ = 2+* will also be given. According to the heavy quark spin symmetry, the binding
energies of the X, and X, are similar to those of the X, and X(3872), respectively. Since the X(3872)
has been studied experimentally and theoretically, we will also revisit the production of the X(3872), and
compare the obtained results with the experimental data and other theoretical results.

This chapter is organized as follows. We begin in Section [d.T]by revisiting the dynamical generation of
all the mentioned candidates of hadronic molecules above, denoted as X in the following. In Section@,
we will derive the factorization formula for the production amplitude. In Section [#.3] we will present the
production cross section by using the event generators. Finally, the results and discussions will be shown
in Section[d.4]and Section 4.5} respectively.

4.1 Charmonium-like XYZ states

Over the last decade or so, many charmonium-like states have been observed but they can not fit into
the conventional charmonium spectroscopy predicted by the quark model, in particular these close to or
above the open-charm thresholds. One can see this cleary from Fig. [.T] where we show the spectroscopy
of the charmonia which is taken from Ref. [I09]. Among them the X(3872) is one of the most interesting
states. We will discuss this state as well as its partner in the following.

4.1.1 The X(3872) and its bottom analogs and spin partner

The Belle Collaboration first discovered the X(3872) in B exclusive decay B — KnnJ/y in the nnJ /[y
invariant mass distribution at the e*e™ collider in 2003 [[111]], and later the BaBar Collaboration confirmed
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Figure 4.1: Spectroscopy of the charmonia taken from Ref. - The solid lines denote the predictions by quark
model [32]] while the shaded lines represent the observed conventional charmonium states [T10]]. The horizontal
dashed lines are various D( )D( ) thresholds, while the red dots are the newly observed charmonium-like states.
The states in the last column do not fit the listed spin assignment.

its existence in the same channel . The possible quantum numbers J7€ of the X(3872) are 17+, as
the analyses of its decays to J/ym " n™ and D°Dx° favor 17 rather than 2~ and the decay to
J/y suggests it is even under charge conjugation. The quantum number was finally determined by
the LHCb Collaboration 10 years after the discovery [116]. On the other hand, the isovector hypothesis is
excluded by using a likelihood ratio test [I17]], and also by the fact that it is observed only in the neutral
charge state. Until now, its internal structure is under debate. The X(3872) is peculiar in some aspects,
for example its total width is so tiny and only the upper bound is known: I' < 1.2 MeV and its mass lies
extremely close to the D°D*0 ,

Mx3872) — Mpo — Mp-o = (=0.12 £ 0.24) MeV. 4.1)

Because of the proximity to the threshold, the X(3872) is regarded as one especially promising candidate
for a hadronic molecule—either a DD* loosely bound state [[118]] or a virtual state [[119].

The unexpected large ratio of the branching fraction of the two processes X(3872) — J/yn*n™ and
X(3872) — J/yntn~n® was reported by the Belle Collaboration for the first time . As the X(3872)
is an isosinglet I = 0, the process X(3872) — J/yr*n~, via a virtual p°, violates the isospin symmetry
and should be suppressed. However, the isospin violation is remarkably large, as shown by

[(X(3872) — J/yw)
T(X(3872) — J/ym*m)

=0.8+0.3. 4.2)
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One explanation is that the larger phase space for decay of the X(3872) to J/yp than J/yw can contribute
to the large ratio [I21]]. Furthermore, the evidence for different rates of charged and neutral B decays into
X(3872) was also found in Ref. [122].

These puzzling facts have stimulated great interest in revealing the underlying structure of the X(3872).
One of the important aspects is to discriminate the compact multiquark configuration and the loosely
bound hadronic molecule configurations. Although recent calculations of the hadroproduction rates at the
LHC based on nonrelativistic QCD indicate that the X(3872) could hardly be an ordinary charmonium
xc1(2P) [123], the disagreements in theoretical predictions in the molecule picture is also sizable [[14]
[124).

On one hand, it is important to study the X(3872) itself. However, a possible analogue of the X(3872)
in the bottom sector may exist due to the heavy flavor symmetry. In Ref. [[I25]], it was referred to Xj,,
and we follow the notation here. Actually, such a state was predicted to exist in both the tetraquark
model and hadronic molecular calculations [128]]. But the mass of the BB* molecule based
on the mass of the X(3872) is a few tens of MeV higher than the one predicted in the tetraquark model.
For example, the mass of the lowest-lying 1+ bgbq tetraquark was predicted to be 10504 MeV ,
while in Ref. || the mass was predicted to be (10580fg) MeV based on the molecule assumption.
Therefore, it is also expedient to search for the X; on the other hand. The measurements of its properties
would help us to understand the underlying interaction in the formation of the X(3872) in addition to the
Xp.

It is unlikely to discover X, at the current electron-positron colliders, as its mass is larger than 10 GeV
and its quantum numbers J©C are 1**. But at the Super-KEKB, large data sets are expected in future, of
order 50 ab™! . This makes the prospect for the observation of the X}, bright through the Y(5S, 6S)
radiative decays.

4.1.2 Dynamical generation

The heavy quark spin symmetry (HQSS) has been widely adopted to predict new hadronic molecules [[73]
130H134]], as well as the heavy flavor symmetry (HFS) [135]]. By exploring the consequences of
heavy quark symmetries on the X(3872) within the framework of effective field theory, Ref. [13]] made
predictions on the bottom analogues and the spin partner of X(3872). In this section, we will explore the
consequences of the heavy quark symmetries for the hadronic molecules mentioned above and discuss
the dynamical generation of them.

The Lippmann-Schwinger equation (LSE) in terms of the operators reads

T =V+VGT. (4.3)

In the momentum space, the LSE is an integral equation. One can solve the integral equation numerically.
However, as discussed in Section 3.2] the integral equation turns out to be an algebric equation after
taking the on-shell approximation. We can iterate the on-shell S -wave Vy(E) infinite times and get the
resummed §-wave amplitude as

To(E) = Vo(E) [1 = GE)Vo(E)I ™", (4.4)
where G(E) is the two-point loop integral

. d4q 1
N I VAV S N R R
2n)* (g —my +i6)[(P — q)* —my, + i€]

G(E) = 4.5)
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where E = VP2, and my; and my are the masses of two charmed mesons. The loop integral is obviously
divergent, but can be regularized by various methods, for example using a sharp cut-off parameter or
form factors are shown in the Appendix [D} Here we will choose the same Gaussian form factor used in
Ref. [[I3] to regularize the loop function, as we study the production of the hadronic molecules predicted
there. Then the regularized loop function reads

%+ gkeZkz/Az (erﬁ(%)— 1)} (4.6)

G(E.A) = — 2 | Var
bis

where A is the cutoff, u is the reduced mass of the heavy mesons and erfi(z) = (2/ v/n) OZ e’ dt. The
regularized loop integral is dependent on the cutoff A. We will use the range of [0.5, 1.0] GeV for the
cutoff A following Ref. [I3]]. This range is a reasonable choice as the following considerations. On
one hand the cutoff of the effective theory A should be larger than the typical momentum scale we are
concerning, i.e. the wave number of the bound states. On the other hand, it should be as small as possible
in order to make the heavy quark symmetry valid.

The Lagrangian describing the strong interactions of heavy mesons and antimesons which contain one
heavy quark (Q) or antiquark (Q) includes two contributions at the leading order (LO) in the effective
field theory (EFT) expansion, and can be written as

L= L5+ L, 4.7

where LSSL)I is the 4-meson interaction vertex while L;(z g 1s for the interaction vertex with one pion
exchanged. The contact range Lagrangian for the 4-meson interaction, which is consistent with the HQSS

and chiral symmetry, can be written as [[133]

ng; = Do, Tr [I-_I (Q)“H;Q)yﬂ] Tr [H @b I:I}()Q_)y”] + Do Tr [I:I(Q)“HgQ)yﬂ%] Tr [H (Q)bI:I}gQ)y“%
+ Eou Tr[AQ 20 Hy, | Tr [H@r z ggéw]
+ Eop Tr[AHQ9 28 Hy,ys| Tx [H@’ z H§Q>yuy5] :
(4.8)
and the Lagrangian for the one pion exchange is
LYy = —#{Tr [A QP HE )y, ys| + Tr [H@bH;@yﬂys] @ gm0 +0(, (4.9
n

where 7 are the Pauli matrices, a, b, r, s are the isospin indices, and 7 are the pion fields. Fy is the pion
decay constant, while g is a coupling constant which can be determined from the charmed meson decay
D* — Dm.

With the leading order Lagrangian, the potential is quite simple because the pion exchanges and
coupled-channel effects can be considered subleading [138].. It only contains the energy-independent
contact range interactions between the considered heavy meson pair. Therefore, at very low energies, the
interaction between heavy mesons and antimesons (D™ D® or B* B™) can be described solely in terms
of the contact-range potential.

We use the matrix field HQ (H@) to denote the doublets of pseudoscalar and vector heavy-meson
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(antimeson)
1+¢ .
HO - T[PuLQ)VM—PEJQ)VS]’ (4.10)
_ o I
HO: = [p@apu P(Q)),S]Tl/’ 4.11)

where the pseudoscalar meson (antimeson) fields are represented by P(aQ) (PEIQ)) and their vector HQSS
partners are P29 (P:9). Thus we have the relation

ChP*(17+) = PP (2*), (4.12)
which is the consequence of HQSS. On the other hand, assuming HFS for the contact temﬂ we have

C(?D_* ( 1 ++)
C(?*D_* (2++)

CEB (1), (4.13)
Cp @, (4.14)

Thus, the four leading order low energy constants are equivalent and we denote them as Cy. The value of
the constant Cy is unknown, but it satisfies the equation

1-CoGIE,A] =0, (4.15)

at the pole of the bound state E = Epgje. This equation can be used to determine the constant Cp. However,
as shown above the loop function G is dependent on the cutoff A, Cy should depend on A as well. This
is required by the renormalization group invariance, and at the end the physical observables are cutoff
independent. We first take the observed X(3872) mass as input to determine the constant Cy, and then use
the value to predict the partners of the X(3872). To take the heavy quark symmetry breaking into account,
we can expect the counter term Cy to deviate from the heavy quark limit by the order of Agcp/mg, that

is [133)

cre = cpene (1 + O(AQCD )) (4.16)
mo

where we take Agcp = 300 MeV, and mg = 1.5 GeV for the charm quark and mgp = 4.5 GeV for the

bottom quark. Thus a relative uncertainty of 20% in charm sector and 7% in bottom sector will be

introduced. In the calculation, we use the central values for the masses of the constituents. The values of

the predicted masses together with uncertainties are listed in Tab. &1}

One may notice that there is one big difference between the predicted X;, and the X(3872), that is we
expect that the isospin breaking effects would be much smaller for the X;, than that for the X(3872). For
the X(3872), the distance of its mass to the D°D* threshold is much smaller than the distance to the
D*D*~ threshold, which leaves its imprint in the wave function at short distances through the charmed
meson loops so that a sizable isospin breaking effect is expected. But the mass difference between the
charged and neutral B mesons is only (0.32 + 0.06) MeV , moreover the binding energy of the BB*
system may be larger than that in the charmed sector due to a larger reduced mass. Besides, although the
isospin breaking observed in the X(3872) decays into J/¢ and two/three pions can be largely explained
by the phase space difference between the X(3872) — J/yp and the X(3872) — J/yw [121]], the phase
space difference between the Yp and Tw systems is negligible since the mass splitting between the Xj,

! This assumption is reasonable: considering resonance saturation for the contact terms, they will not depend on M. However,
there is another point of view, see Ref. [136]
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Jre state Thresholds A =0.5 GeV A =1GeV Experiment
I**  5(DD*-D'D)  3875.84  3871.69 (input) 3871.69 (input) 3871.69+0.17 qﬂ]
2+ D*D* 4017.2 4012%) 4012*3 ?

1 R* * D 8 25
¥ (BB —B'B) 106046 10581*5 105392 ?
2+* B'B* 10650.4 10626*3 105842 ?

Table 4.1: The predictions of the pole position of the bound states in units of MeV. The uncertainties are caused by
the heavy quark symmetry breaking.

and the T(1S) is definitely larger than 1 GeV. Therefore, to a very good approximation, the X, should be
an isosinglet state, which is in line with the predictions in Refs. 127 [128]].

4.2 Factorization formula

To derive the factorized formula for the prompt production cross section, we start with the scattering
amplitude. The inclusive amplitude can be written in terms of its wave function in the momentum
representation {x(k) as

dk ~
MIX] = f—M HH'(k 11 k), 4.17
] Gy g UHH 0+ all (4.17)

where the X stands for X(3872), X, Xp» or X2, u is the reduced mass of the heavy mesons H and H” and
M[HH’ + all] is the amplitude for the inclusive production of heavy mesons H and H'.

4.2.1 The rescattering effect
The squared amplitude is written as

2

IMIX]? = ‘ f (2 )3 M[HH’(k)+all] Ix(k)
JT

IA

( 2ﬂ)3 o |M[HH (k) + a11]| f 5 |Fx(k )| (4.18)
where the Schwartz inequality has been applied and the last factor is the normalization integral for the
wave function. In order to estimate the upper bound for the production cross section of X(3872), Ref.
used a sharp cutoff kyax for the integral over k, where kp,x is the momentum scale set by the binding
momentum +/2uFEy, with Ey the energy of X(3872) relative to the threshold, i.e. the binding energy.
After applying the uncertinty principle relation, the authors of Ref. got kmax = 35 MeV. While after
inserting the phase integral, the amplitude squared |M[HH’ (k) + all]* for the prompt charmed meson
pairs was simulated by the Monte Carlo event generators like Pythia and Herwig. However, in the event
generators, the amplitude squared is independent of the relative momentum k, and we will discuss this
later in more detail. They obtained 0.11 nb and 0.071 nb for the Fermilab Tevatron by using Pythia
and Herwig, respectively. The results are smaller by orders of magnitude than the lower bound on the
experimental one, (3.1 = 0.7) nb, which is extracted from the CDF data. Therefore, they concluded that
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4.2 Factorization formula

the expectation of the X(3872) being a charmed meson molecule is unlikely.

However, in Ref. [59], the authors argued that the upper limit of the integral kmax should not be set by
the binding momentum, but set by the typical momentum scale associated with the range of interaction
between the charmed mesons. The final state interaction between the charmed mesons can play an
important role in the region of small relative momentum. The effect can make the charmed mesons which
are created with a large relative momentum to rescatter into the small region. Therefore the integral
region in Eq. @I8) should be extended. As a result, the upper bound on the cross section estimated in
Ref. [I4] will increase significantly, and the large discrepancy with the lower bound on experimental
result will be resolved.

In order to take the rescattering effect into account, Ref. [59]] used the universal elastic scattering
amplitude to account for the dramatic energy dependence of the matrix element according to the Migdal-
Watson theorem [98]], then derived the factorized formula of the production rate.

However, one may doubt the use of the Migdal-Watson approach, because of a huge numbers of
hadrons comoving with the molecular components. The hadrons near the constituent mesons with a small
relative momentum can be investigated by using the event generators. In Ref. [99],, it was shown that
effect of the hadrons is significant and do necessarily interfere the charmed mesons to rescatter into the
bound state in an unknown way. Thus the hadrons could significantly change the prompt production
cross section estimated in Ref. [59]]. While the authors of Ref. [60] argued that the interaction strength
between a hadron with a constituent of the would-be loosely bound S -wave molecule is much smaller
than the one between the two constituents. Hence the effect of the comoving hadrons can be treated as
perturbations, and the use of Migdal-Watson theorem is valid.

4.2.2 Factorization of the amplitude

By using the Schrodinger equation for the bound state
(k| H )y = —Ep (ki) (4.19)

where A = lAcz/ 2u + V is the Hamiltonian for the system, with V the potential for the two-body scattering
and Ep is the binding energy. The wave function can be expressed as
2

Ix(k) = —————Tx(k 4.2
Yx(k) e 2/1EBTX( )s (4.20)

where Tx(k) = (k| V |y) is amplitude for the coupling of the bound state to the two-body channel, i.e.
HH’ — X. In the case that the hadronic molecule is a loosely bound state, Tx can be approximated by the

Figure 4.2: The mechanism considered here for the inclusive production of the X as a HH’ bound state in
proton—proton collisions. Here, all denotes all the produced particles other than the H and H’ in the collision.
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Chapter 4 Production of the X(3872) and its bottom analogs and spin partner at hadron colliders

nonrelativistic coupling constant gyg of the X to its constituents and independent of the momentum. The
nonrelativistic coupling constant has the relation to the relativistic one as g = gyg V2my V2mpy \2my.
As my is the mass of X and extremely close the threshold, thus my ~ mgy + mg . Then the wave function
is

- g dK®
kK = 4 ) — Gk
Yx(k) Mmymy TRV RN f = (k)
dK°
= g\/Zufg G(k), (4.21)

where G(k) is the Green function of the heavy meson pair. After inserting the wave function into
Eq. @I7), we can obtain

d*k
MX] = ¢ f WM[HH’(k)+all] G(k). (4.22)

Or alternatively, when the binding energy of a bound state is small, we can assume that the formation
of the hadronic molecule, which is a long-distance process, would occur after the production of its
constituents, which is of short-distance nature. The mechanism is shown in Fig.[F.2] In general, the
scattering amplitude is an integral equation over the momentum of the intermediate mesons, and we can
get the same formula as above.

As argued in Ref. [59], one should be able to approximate the production amplitude M[HH’ + all],
which does not take into account the FSI carrying a strong momentum dependence near threshold, by a
constant. According to the Migdal-Watson theorem 98], which is valid when coupled channels and
cross-channel FSI are neglected, the FSI in the production is described by the elastic scattering amplitude.
Thus, both M[HH’ + all] and g can be taken outside the momentum integral, while the integral of the
Green function G (k) turns out to be the divergent two-point scalar loop function. Therefore, the amplitude
for the production of the hadronic molecule can be written as [58]|

M[X] = M[HH' +all] G g, (4.23)

where G is the two-point loop integral.

4.3 The cross section using event generators

To derive the cross section for the production of the hadronic molecules, the starting point is the general
differential Monte Carlo (MC) cross section formula for the inclusive production of the constituents

3

o (4.24)

’ 1 4
do[HH (ke = Knmg— > f depmanl MUH' (k) + all]
ux all

where k is the three-momentum in the center-of-mass frame of the HH’ pair, u is the reduced mass of
the HH’ pair. As we know the event generators have been tuned in many high energy experiments to
reproduce the distributions of one charmed meson, but to our knowledge no distribution of charmed
meson pairs has been reproduced to be tuned in the event generators. Thus the factor Kyy- is introduced
for the overall difference between MC simulation and the experimental data. Generally this factor is of
O(1), for example Ref. tuned the MC tools on the D°D*~ pair production cross section distributions
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on the CDF data and the factors were 0.74 and 1.8 for Pythia and Herwig, respectively. Therefore,
we can roughly take Kgyg ~ 1 for an order-of-magnitude estimate.

The event generators like Pythia and Herwig do not include the information of the final state interaction
between the mesons, and the matrix element M[HH’(k) + all] is independent of the relative momentum
approximately in the low relative momentum region. Thus in the region where the relative momentum is
small, we have the relation

do[HH' (Bl _ ,
AR (4.25)

On the other side, the cross section for the production of the hadronic molecule is written as
1
oX] = 7 3 [ b MO+l (426)
ux all

where the phase space integration is the same as the one in Eq. #.24). Finally we can deduce the cross
section of X based on the Eqs. (¢23) and (@.24) as

’ 2
1 ) |G|2(d0'[HH (k)]) 4nu 4.27)

olX] = — g Tk e 22 .

The divergent loop integral G is regularized and expressed in Eq. (D.3)). As for the coupling constant geg,
the same as Eq. (3:34), it is related to the residue of the bound state pole by

g Co(A)
i = M Co(A) G(Vf5, A)

Co(N)
d[1 = Co(A) G(s5, N)1/dsls=p2

2
Yeft

(4.28)

where s is the center-of-mass energy squared and the parameter A comes from the Gaussian form factor
used to regularize the loop integral G. Thus the loop integral and the coupling constant will be dependent
on A. In principle, the A-dependence should be absorbed by a counterterm parameterizing short distance
physics. However, without any knowledge of the counterterm, we allow A to choose a value in the range
of [0.5, 1] GeV [[13]] and the resulting different cross section values indicate the intrinsic uncertainty.

4.4 Results

As illustrated in Fig. A2} the mesonic constituents must be produced at first, and in order to form the
molecule the constituents have to collinearly move with a small relative momentum. This configurations
can be generated from the inclusive QCD process containing a heavy quark pair QQ with a similar
relative momentum in the final state. However, there must be a third parton produced in the recoil
direction. Thus the process is a2 — 3 one.

In the explicit realization of the 2 — 3 parton process, we generate it initially through the hard
scattering, and more quarks will be produced via soft radiations. Madgraph is used to generate the
2 — 3 partonic events which contain a pair of heavy quark and antiquark (bb or &c) in the final states,
and later on are passed to the MC event generators for the hadronization. In the hadronization stage, we
use Herwig [[[02] and Pythia [I01]]. Finally, the outputs from the event generator are analyzed by using

the Rivet library [[103]].
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In order to improve the efficiency of the simulation, we apply the partonic cuts for the transverse
momentum pr > 2 GeV for heavy quarks and light jets, m.; < 4.5 GeV (kpp- = 1.14 GeV and
kpp- = 1.02 GeV), my; < 10.7 GeV (kgg- = 715 MeV and kg. 5 = 517 MeV at the hadron level), and
AR(c,¢) < 1(AR(b, b) < 1) where AR = /An? + A¢? (A¢ is the azimuthal angle difference and Az is the
pseudo-rapidity difference of the bb).

As one can see from Eq. @27), we need to calculate the differential cross section of the charmed
meson pair from the event generators. As the X(3872) and its spin partner and bottom analogs, X., Xp,
X2, are the bound state of DD*, D*D*, BB*, B* B*, respectively. Thus we will simulate the 4 distributions
correspondingly based on 107 partonic events generated by Madgraph. Here we show the differential
cross sections do/dk (in units of nb/GeV) for the process pp — BYB*0 in Fig. and the ones for the
reaction pp — B*°B*Y in Fig. at the LHC with the center-of-mass energy /s = 8 TeV and at the
Tevatron with /s = 1.96 TeV for example. The kinematic cuts are |y| < 2.5 and pr > 5 GeV, where y
and pr are the rapidity and the transverse momentum of the bottom mesons, respectively. The cuts lie in
the phase space regions of the ATLAS and CMS detectors. While for the Tevatron experiments (CDF and
DO0) at 1.96 TeV, we use |y| < 0.6; the rapidity range 2.0 < y < 4.5 is used for the LHCDb detector. The
solid and dashed lines in the plots are from Herwig and Pythia generators, respectively. Before we extract
the factor 1/k?dor/dk from the differential distributions, we have checked that do/dk is approximately
proportional to k%, cf. Eq. ({23).

4.4.1 The X(3872)

Before we move to predict the producion rate for the bottom analogs and the spin partner of the
X(3872), it is important to compare our results with the experimental ones of the X(3872). To do such
a comparison, we need to estimate the range for the branching ratio 8(X(3872) — J/yn*n™). First,
we shall revisit the production of the X(3872) from the experimental data. On one hand, by making
use of the Babar upper limit for B(B* — X(3872)K™") and the most recent Belle measurement of
B(B* — X(3872)K*) x B(X(3872) — J/yn*n™) [142],

B(B* - X(3872)K") < 3.2x107%
B(B" — X(3872)K™) x B(X(3872) — J/yn"n™) = (8.63+0.82+0.52) x 1075, 4.29)
we can derive the lower bound:
B(X(3872) = J/yn n™) > 0.027. (4.30)

On the other hand, in addition to the J/yx* 7~ channel [142], if we sum over the branching fractions of
all measured channels of the X(3872), for example DD+ c.c. || J/yw || , W'y and J/yry I,
146]], we can derive the upper bound for the branching fraction of the X(3872) — J/yn*n~:

B(X(3872) — J/yn*n) < 0.083 (4.31)

Together with the experimental measurements about the production cross section of the X(3872) with
subsequently decaying to J/yn*n~ final states, like the measurements by the CDF Collaboration [[147]

o(pp — X) x B(X(3872) = J/yn*n™) = (3.1 £ 0.7) nb, (4.32)
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o(pp/pp — X(3872)) Ref. [[14]] Ref.[59] A =05GeV A =1GeV Experiment
Tevatron < 0.085 1.5-23 10(7) 47(33) 37-115 [|[147])
LHC7 - 45-100 16(7) 72(32) 13-39 [|148|

Table 4.2: Integrated cross sections (in units of nb) for pp/p — X(3872) compared with previous theoretical
estimates [[I4] [59]] in which the LHC7 result is estimated based on non-relativistic QCD, and experimental
measurements by CDF and CMS [[T48].. Results outside (inside) brackets are obtained using Herwig (Pythia).
Kinematical cuts used are: pr > 5 GeV and |y| < 0.6 at Tevatron and 10 GeV < pr < 50GeV and |y| < 1.2
at LHC with /s = 7 TeV. We have converted the experimental data o(pp — X) X B(X(3872) — J/yr*n™) =
(3.1 +0.7)nb and o(pp — X) x B(X(3872) — J/yntn™) = (1.06 + 0.11 + 0.15)nb into cross sections
using B(X(3872) — J/yntn~) € [0.027,0.083] as discussed in the text.

and by the CMS Collaboration [[148]]
o(pp = X) x B(X(3872) — J/yn"n") = (1.06 + 0.11 + 0.15) nb, (4.33)

we can obtain a range of values of o(pp/pp — X(3872)).

We show the integrated cross sections (in units of nb) for the pp/p — X(3872) in Tab. @ and
compare with previous theoretical estimates [59]] and the experimental results. Results outside (inside)
brackets are obtained using Herwig (Pythia). In this table, we have converted the experimental data of
the CDF and CMS Collaborations to o(pp/pp — X(3872)). And we use the same kinematical cuts on
the transverse momentum and rapidity as those in the experimental analyses: pr > 5 GeV and |y| < 1.2
at the Tevatron and 10GeV < pr < 50GeV and |y| < 0.6 at the LHC with /s = 7 TeV.

As we can see from the table, the upper bound derived for o(pp/pp — X) at Tevatron by Ref. is
quite small, while the values predicted by Ref. [59] increased significantly after taking into account the
final state interaction by using the universal scattering amplitude but still can not fit the experiments. Our
results agree with the experimental measurements quite well, which validates our estimate based on an
effective field theory treatment of the rescattering effect.

In summary, our estimates for the cross section at the Tevatron are given as

_ (10,47) nb for Herwig
o(pp — X(3872)) = T, (4.34)
(7,33) nb for Pythia

and at the LHC with /s = 7 TeV

o(pp — X(3872))

{ (16,72) nb  for Herwig (4.35)

(7,32) nb for Pythia

4.4.2 The bottom analogs and the spin partner of the X(3872)

As for the partners of the X(3872), we collect the integrated cross sections (in units of nb) for the
pp — Xp, and pp — Xpp 2 in Tab. @ in which the results outside (inside) brackets are obtained using
Herwig (Pythia). From the table, one sees that the cross sections for the X, is similar to those for the X,
and the ones for the X, are of the same order as those for the X(3872) given in Table @ but are two
orders of magnitude larger than those for their bottom analogues.

The CMS Collaboration recently presented some results of the first search for new bottomonium states
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Xp Ex, =24 MeV(A =0.5GeV) Ex, =66 MeV(A =1 GeV)
Tevatron 0.08(0.18) 0.61(1.4)
LHC 7 1.5(3.1) 12(23)
LHCb 7 0.25(0.49) 1.9(3.7)
LHC 8 1.8(3.6) 14(27)
LHCb 8 0.3(0.62) 2.2(4.7)
LHC 14 3.2(6.8) 24(51)
LHCb 14 0.65(1.3) 4.909.7)
X2 Ex, =24 MeV(A =0.5GeV) Eyx, =66 MeV(A =1GeV)
Tevatron 0.05(0.13) 0.36(1.)
LHC7 0.92(2.3) 6.9(17)
LHCb 7 0.14(0.36) 1.12.7)
LHC 8 1.1(2.7) 8.1(20)
LHCb 8 0.19(0.46) 1.4(3.5)
LHC 14 1.9(5.) 15(37)
LHCb 14 0.38(0.96) 2.9(7.2)
X Ex, =48 MeV(A =0.5GeV) Ex,=56MeV(A=1GeV)
Tevatron 4.4Q3.) 22(15)
LHC7 66(44) 327(216)
LHCb 7 14(8.5) 71(42)
LHC 8 74(52) 369(256)
LHCb 8 17(10) 83(50)
LHC 14 135(90) 672(446)
LHCb 14 35(19) 174(92)

Table 4.3: Integrated cross sections (in units of nb) for the pp/p — X}, and pp/p — X;» at the LHC and Tevatron.
Results out of (in) brackets are obtained using Herwig(Pythia). The rapidity range |y| < 2.5 has been assumed for
the LHC experiments (ATLAS and CMS) at 7, 8 and 14 TeV; for the Tevatron experiments (CDF and DO) at 1.96
TeV, we use |y| < 0.6; the rapidity range 2.0 < y < 4.5 is used for the LHCb.

based on a data sample corresponding to an integrated luminosity of 20.7 fb~! at /s = 8 TeV . The
search mainly focused on the X, decaying to V(1S )n*n~. Unfortunately, no evidence for the X}, was
found. Nevertheless, the upper limit at a confidence level of 95% on the product of the production cross
section of the X, and the decay branching fraction of X, — T(1S)z*7~ has been set to be

o(pp = Xp » TAS)n*n7)
o(pp — T2S) = TS+ 7

< (0.009,0.054), (4.36)

where the range corresponds to the variation of the X; mass from 10 to 11 GeV.

Using the current experimental data on the o-(pp — Y(25)), it is easy to convert the above ratio into
the cross section which can be directly used to compare with our results. Since the masses of the T(25)
and X}, are not very different, it may be a good approximation to assume that the ratio given in Eq. (£.36)
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is insensitive to kinematic cuts. Using the CMS measurement in Ref. [I50]:
a(pp = TRSNB(L2S) — ™) = (2.21 £ 0.037015 £ 0.09) nb, (4.37)

with the cuts pr <50 GeV and |y| < 2.4 for the Y(2S), and the branch ratios B(T(2S) — utu~) =
(1.93 £0.17)% and B(T(2S) — Y(1S)n* ™) = (17.85 £ 0.26)% [77]], we get

a(pp = Xp)B(X, — T(1S)n*77) < (0.18,1.11) nb. (4.38)
Taking into account theoretical uncertainty caused by A, our estimate for the cross section o(pp — Xp) is

(1.8,14) nb for Herwig
a(pp = Xp) ~ o (4.39)
(3.6,27) nb for Pythia

However, after considering the branching ratio B(X;, — T(1S)n*7~) which is expected to be tiny because
of isospin breaking (we will discuss this later), our result given in Eq. (@39) is consistent with the CMS

upper bound in Eq. [@38).

4.5 Discussions

Our numerical results may only be regarded as an order-of-magnitude estimate. This is because the
short-distance physics of the production was only estimated by varying A in the range of [0.5, 1] GeV, as
well as other effects such as the cross-channel FSI were completely neglected and so on.

As we have discussed above, the X}, and X, are isosinglets and their isospin breaking decays will
be heavily suppressed in sharp contrast to the X(3872). As a consequence, we can not simply draw
an analogy to the decay X(3872) — J/yn*n™ and attempt to search for its partner X}, in the similar
Y(1S,2S,3S)n*n~ channels, because the isospin of the Y'(1S,2S,3S)n*n~ systems is one when the
quantum numbers are JPC¢ = 1**. This explains why the CMS Collaboration got the negative search
result . The possible channels that can be used to search for the X;, and X, include the T'(nS )y (n =
1,2,3), Y(18)7* 7~ 7° and yp 7" 7~. In addition, the X, can also decay into BB in a D-wave, and the
decays of the X, are similar to those of the Xj, with the bottom being replaced by its charm analogue.
Since the mass of the X, is about 140 MeV larger than that of the X(3872), therefore the phase space
difference between the J/yp and J/¥w becomes negligible. As a result, the isospin breaking decay
X2 — J/yntn~ through an intermediate p meson should be largely suppressed compared with the decay
of the X(3872) into the same particles.

The Y(nS)y (n = 1,2, 3) final states are advantageous compared with the pionic decays, because no
pion needs to be disentangled from the combinatorial background. However, the disadvantage is also
obvious, that is the low efficiency in reconstructing a photon at hadron colliders. The X(3872) meson has
a sizable partial decay width into the J/iyy channel

B(X(3872) —= yJ /) > 6 x 1073, (4.40)

which is expected to be comparable with the branching ratio for the X;, — Y, see Ref. for an
estimate. If the estimate is reasonable, the cross section for the pp — X, — yY(1S) — yutu~ is of
O(10 fb) or even larger when summing up the Y(15,2S, 3S). Consequently, we can expect at least a few
hundred events according to the fact that the CMS and ATLAS Collaborations have accumulated more
than 20 fb~! data . At the LHCb detector, less events will be collected, about O(3 fb™1) ,

53



Chapter 4 Production of the X(3872) and its bottom analogs and spin partner at hadron colliders

due to the smaller integrated luminosity. However, a data sample of about 3000 fb~! will be collected,
for instance by ATLAS after the upgrade [[I54]], and the future prospect is bright for the production.

As we know a signal could be buried by a huge background. Thus the background contributions
from nonresonant can also play an important role in the search for these molecular states apart from
the production rates at hadron colliders. In order to investigate this issue, let us take the X as an
example. The X, will be reconstructed in the T’ + vy final states. In this process, the inclusive cross section
o(pp — Y) can serve as an upper bound for the background. From the ATLAS Collaboration, it has
been measured at /s = 7 TeV as

a(pp = TS )(— p*u7)) = (8.01 £0.02 £ 0.36 + 0.31) nb, (4.41)

with the kinematic cuts py < 70 GeV and |y| < 2.25. Our results in Tab. [4.3]show that the corresponding
cross section for the pp — X, is about 1 nb at /s = 7 TeV. And it is noteworthy to point out that
our kinematic cuts in py are more stringent compared to the ones set by the ATLAS Collaboration.
If we use the integrated luminosity in 2012, 22 fb~! , we can estimate the lower bound for the
signal/background ratio

S 1x22x10°x248% x 1072

VB~ V8 x 22 x 106

where 2.48% is the branching fraction of the Y(1S) — u*u~ [77], and 1072 is a rough estimate for the
branching fraction of the X;, — T(15)y. The value of the signal/background ratio can be significantly
enhanced in the data analysis by employing suitable kinematic cuts which can greatly suppress the
background, and accumulating many more events based on the upcoming 3000 fb~! data .

0.4, (4.42)
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Figure 4.3: Differential cross sections do/dk (in units of nb/GeV) for the process pp — B°B*? at the LHC with
/s = 8 TeV (the first and second panels) and at the Tevatron with /s = 1.96 TeV (the third panel). The kinematic
cuts for the first panel are used as |y| < 2.5 and pr > 5 GeV, which lie in the phase-space regions of the ATLAS
and CMS detectors, for the Tevatron experiments (CDF and DO) at 1.96 TeV (the third panel), we use |y| < 0.6; the
rapidity range 2.0 < y < 4.5 is used for LHCD (the second panel). The solid and dashed lines are from Herwig and
Pythia generators, respectively.
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Figure 4.4: Differential cross sections do-/dk (in units of nb/GeV) for the process pp — B**B*° at the LHC with
/s = 8 TeV (the first and second panels) and at the Tevatron with /s = 1.96 TeV (the third panel). The kinematic
cuts for the first panel are used as |y| < 2.5 and py > 5 GeV, which lie in the phase-space regions of the ATLAS
and CMS detectors, for the Tevatron experiments (CDF and D0) at 1.96 TeV (the third panel), we use |y| < 0.6; the
rapidity range 2.0 < y < 4.5 is used for LHCb (the second panel). The solid and dashed lines are from Herwig and
Pythia generators, respectively.
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CHAPTER D5

Production of the spin partner of X(3872)
through charmonium decay

Although the X(3872) has been observed by many other experiments after its discovery [112] [116]
[148], [T56HI58]l, no evidence for the existence of its spin partner has been reported. In Chapter @] we
investigated the prompt production of the X(3872) and its spin partner denoted as X, there, based on the
hadronic molecular assumption. It was shown that there is a significant potential for the discovery of
these states.

On the other hand, Ref. [8]] reported the study on the production of the X(3872) as a DD* molecule
in charmonia radiative transitions. In that paper, it was shown that the favorite energy regions for the
X(3872)y production are around the Y (4260) mass and 4.45 GeV. Later on, the BESIII Collaboration
observed events for the process Y(4260) — X(3872)y [[7]], which may be regarded as a support of the
dominantly molecular nature of the X(3872). The existence of the D*D* bound state is the consequence
of the heavy quark spin symmetry of the molecular nature of the X(3872), its mass can be derived later
by heavy quark spin symmetry as around 4012 MeV. Thus we denote the spin partner as X»(4012) in this
chapter. In this chapter, we will investigate the production of the X,(4012) associated with the photon
radiation in electron—positron collisions as an extension of Ref. [§]]. The production of the X,(4012) in
e*e” collisions in the energy range of the BESIII experiment thus provides an opportunity to search
for new charmonium-like states on the one hand and can offer useful information towards understanding
the X(3872) on the other hand. The main calculations and discussions of this part are taken from our
published paper in Refs. [[I60].

We will organize this chapter as follows. We first give a brief Introduction in Section[5.1} Then, we
will illustrate the production mechanism and give the effective Lagrangians in Section After that,
we will give the results with a simple treatment of the width of the intermediate meson in Section[5.3]
followed by the momentum-dependent width in Section[5.4] The last section serves as a summary.

5.1 Introduction

In the heavy quarkonium mass region, the so called XYZ states have been observed, and many of these
quarkonium-like states defy a conventional quark model interpretation. They are therefore suggested to
be exotic. The X(3872), discovered by the Belle Collaboration [ITT]], is the one of the most interesting
exotic states. As the mass of the X(3872) is extremely close to the D°D*? threshold, it is regarded as one
especially promising candidate for a hadronic molecule.

59



Chapter 5 Production of the spin partner of X(3872) through charmonium decay

Effective field theory (EFT) can cope with the interaction between heavy mesons in bound state systems
at low energies. For such a kind of systems, heavy quark symmetry is relevant due to the presence of the
heavy quark/antiquark in the meson/antimeson. This fact leads to predictions of new states as partners
of the observed XYZ states in the hadron spectrum. For example, with an EFT description of the heavy
mesonic molecules, the heavy quark symmetry can be used to predict the existence of the spin and bottom

partners of the X(3872) 133]].

The spin partner of the X(3872), called X»(4012) hereafter, is predicted to exist as the S -wave bound
state of D*D* with quantum numbers 2** . Such a state was also expected to exist in other models,
see Refs. [T6THI64]. It is different from the X(3872) in several aspects: first, being an isoscalar state
it should decay into the J/ymam with a branching fraction much larger than that for the J/ynr because
the J/yp and J/yw thresholds are far below the mass of the X»(4012) (very different to the case of the
X(3872)); second, it is expected to decay dominantly into open charm mesons, DD, DD* and D*D, in a
D-wave with a width of the order of a few MeV ; third, its mass as set by the D*D* threshold is
higher than the quark model prediction for the first radially excited y.2 [32].

The significance of the X,(4012) state is that its mass should be approximately given by the
Mx2(4012) ~ Mx(3372) + Mp- — Mp ~ 4012 MeV (5.1)

as dictated by heavy quark spin symmetry for heavy-flavor hadronic molecules [[13] [73]]. One also can
derive its mass with explicit calculation as shown in Section. .1} and get the same value predicted in
Tab. Notice that a state with the same quantum numbers 27" was also predicted in the tetraquark
model [166]]. However, the fine splitting between the 2** and 1** tetraquarks, which was predicted to
be 70 MeV in Ref. [I66], is not locked to that between the D* and D. Similarly, the splitting between
the 2P cc states in the Godfrey—Isgur quark model is 30 MeV [32], also much smaller than Mp- — Mp.
Therefore, if a 2** state will be observed in experiments with a mass around 4012 MeV, the mass by
itself would already be a strong support for the hadronic molecular nature of both the X(3872) and the
tensor state. As a result, searching for a 2** state with a mass around 4012 MeV is very important even
for understanding the nature of the X(3872).

5.2 Production mechanism

The production of the X(3872) through the radiative decay of the ¥(4160) charmonium is considered in
Ref. [167]] using heavy hadron chiral perturbation theory along with the X-EFT [[I68§]]. Then, Ref. [[§]
studied the X(3872) production by considering the contribution from intermediate charmed meson loops,
and it was argued that the dominant mechanism is as follows: the initial charmonium is coupled to a pair

of charmed mesons with one being S -wave with sf = %_, where s; is the total angular momentum of

the light-flavor cloud in the charmed meson, and the other being P-wave with sf = %+, and the P-wave
charmed meson radiatively transits to a D(D*) which coalesces with the other S -wave charmed meson,
D*(D), into the X(3872). The spin partner of X(3872), the X»(4012), can be produced by a similar

mechanism as shown in Fig.[5.1}

In the triangle loop, all the heavy-light mesons can be considered as nonrelativistic. Thus the three-point
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5.2 Production mechanism

Figure 5.1: Relevant triangle diagrams for the production of the X,(4012) in vector charmonia radiative decays.
The charge-conjugated diagrams are not shown here.

loop function can be evaluated simply

(il 1
') any (2 —m} + im D[P — D2 — m3 + i€][(I - )> — m3 + ie]
H12423 L[tan‘l ( c23 —c12 + il ]
16mmimym3 +fa 2 yJa(cia — iuppl'y)
2a + cip —iupl - 623)]
2Va(cys — a)

where m;, my and ms are the masses of the intermediate heavy mesons. I'; is the width of first meson,

here we take it as a constant. Generally, the width is momentum-dependent and we will discuss later.
2 72
Anda = (%) q* bia=my+my =M, by =bia+m3—M+q°, cio =2u12b12, €23 = 2u23(b23 + 757)

and y;; = mym;/(m; + m;) are the reduced mass. More details can be found in the Appendix@

I(my,my,mz) =

+tan”! ( (5.2)

Notice that the X,(4012) couples to D*D* instead of DD* + c.c., as it is in the case of the X(3872).
We will only consider the neutral charmed mesons in the loops because the photonic coupling between
the P-wave and S -wave charmed mesons for the neutral ones is much larger than that for the charged
ones. This is due to cancellation of contributions from the charm and down quarks in the charged mesons,
see, e.g. . In the loops, the X,(4012) couples to the D**D*° pair in an S -wave. With the quantum
numbers being 177, the initial charmonium can couple to one P-wave and one S -wave charmed meson
in either S - or D-wave. Since both the initial charmonium and the X,(4012) in the final state are close
to the corresponding thresholds of the charmed-meson pairs, we are able to use a power counting in
velocity of the intermediate mesons. Following the power counting rules as detailed in Ref. and
presented in the case of interest in Refs. [[8] [I71]], the dominant contribution comes from the case when
the coupling of the initial charmonium to the charmed mesons is in an S -wave. In this case, the initial
charmonium should be a D-wave state in the heavy quark limit m, — oo as a consequence of heavy quark

spin symmetry [[172].
As aresult of the approximate heavy quark spin symmetry, one can classify the heavy-light charmed

mesons according to the total angular momentum of the light degrees of freedom s, and collect them in
doublet s? with total spin J = s + § where the parity P = (—~1)"*! and orbital angular momentum /. In
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Chapter 5 Production of the spin partner of X(3872) through charmonium decay

the nonrelativistic limit, the superfields for the %_ and %+ multiplets using 2 X 2 matrices are written as

H, P ¢ +P, (53)

L 2 . 1 .
Plol+ \/; P +i \/; &P o, (5.4)

where ¢ are the Pauli matrices, P,, P, Pj, and P, annihilate the pseudoscalar, vector, axial vector and
2* tensor charmed mesons, respectively. More details are shown in Section [2.2.3] Besides, the field for
the D-wave 17~ charmonium state can be written as

T,

j_ L [30 ; j i [T
szz\/;(l//04+wjo')—ﬁ6]w-0', (5.5)
where  annihilates the D-wave vector charmonium. The general nonrelativistic formula for the orbital
angular momentum L = 2 multiplet is shown in Eq. (2.63). Here the spin-2 and spin-3 states are irrelevant
for our study and they are not shown above. In order to calculate the triangle diagrams in Fig.[5.1] we
need the Lagrangian for coupling the D-wave charmonia to the %_—%Jr charmed-meson pair as well as
that for the E1 radiative transitions between the charmed mesons [§]

£=2n () o'H] - AL 'T]") ] + 3 ST [TiH] '+ He., (5.6)
a

where E! is the electronic field, ¢, is the coefficients dependent on the light flavor and in the first term
the Einstein summation convention is used while for the latter we distinguish the coupling constants for
different light flavors because there is no isospin symmetry in the electromagnetic interaction. Moreover,
we parametrize the coupling of the X,(4012) to the pair of vector charm and anticharm mesons as

Ly, = —=xJ7 (DD + D™D /) + Hec. (5.7)

\/§ 2

In order to quantify the relative production rate of the yX»(4012) with respect to the yX(3872), we
. 1— 3+ .
require the Y(4260) to couple to the 5 -5 meson pair as follows

2 2
_ Y it i A =i .y’ ijkvit (v "xk wk yJ
Ly= @yl (D} Do - DuD},) + l$6” Y'" (D] D" - D;*D1,)
+y—\/§Yi "(DY.D;’ - D;’DY ) + He., (5.8)

where we have assumed isospin symmetry in the couplings and the flavor index a runs over up and
down quarks. Notice that if the ¥(4260) is a pure DD (here and in the following the charge conjugated
channels are dropped for simplicity) molecule , it would not couple to the D;D* and D,D* as
given by the y’ and y” terms, and thus cannot decay into the yX»(4012). These two terms are included
to allow the decay to occur. Actually, the Y(4260) may have D;D* and D,D* components, and the
possibility was discussed in Ref. [I75]]. Because the X»(4012) is the spin partner of the X(3872), for a
rough estimate, we can assume that x; takes the same value as the coupling constant of the X(3872) to the
DD*. We also assume that the values of 5’ and i’ are related to y by a spin symmetry relation for D-wave
charmoinia. Their relation to y can be obtained by comparing the coupling of D-wave charmoinium to
the corresponding charmed mesons in Eq. (5.6) with Eq. (5.8), and we gety’ = —y/2 and y"’ = Vey/10.
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5.3 Results

As we mentioned we take the assumption that the X,(4012) and Y(4260) are pure hadronic molecules.
Since the X»(4012) and Y(4260) are slightly below the corresponding S -wave threshold, the effective
coupling to the constituents can be written as

I = %T %[1 +0(V2per)] (5:9)

under the nonrelativistic normalization. In this equation, u = mymy/(m; + my) is the reduced mass, the
binding energy € = m; + mp — M and r is the range of forces. Thus the coupling constants y and x; in
Eq. (3.7) and Eq. (5.8) can be given by the above equation [[T77].

By taking the PDG data for the corresponding masses, we get that the threshold of D° and
D™ is (3871.80 + 0.12) MeV and the mass of the X(3872) is (3871.69 + 0.17) MeV . With
My = (4251 £ 9) MeV, and the isospin averaged masses of the D and D; mesons, we derive the mass
differences between the X(3872) and Y(4260) and their corresponding thresholds, respectively,

Mpo + Mpwo — My =(0.11 £0.21) MeV, Mp + Mp,2420) — My = (38.38 £ 9.09) MeV. (5.10)

Since the X»(4012) has a similar binding energy to that of the X(3872) due to the heavy quark spin
symmetry [I33]], we take the binding energy of X»(4012) to be 0.11 MeV. Then, we obtain

x| = 0.86 GeV™2, |y =3.59*030 + 1.87 GeV™!/2, (5.11)

where the first errors above are due to the uncertainties of the binding energies of Y(4260), and the second
ones are from the approximate nature of Eq. (5.9). The range of forces is estimated by r~! ~ /2 u Ay,
where Ay, is the difference between the threshold of the components and the next close one, which is
Mp, + Mp- — Mp, — Mp for the Y(4260).

With the Lagrangians and the loop function shown in last section, we can now proceed to calculate
quantitatively the production of the yX>(4012) in electron—positron collisions. The amplitude for the
Feynman diagrams in Fig. [5.1]is written as

M= =2 Byl (0! (X) (51103, D, D) = 1103, D, D) 612

215

where E, is the energy of the photon and (i), £(y) and &(X3) are the corresponding polarization vectors.

Although in the heavy quark limit the production of the D-wave vector heavy quarkonium or the
pair of %_ and %+ heavy mesons are suppressed due to the heavy quark spin symmetry , we can
expect a large spin symmetry breaking in the charmonium mass region above 4 GeV. This may be seen
from similar values of electronic widths of the excited vector charmonia. Thus, we will assume that the
production of the yX>(4012) occurs through the D-wave charmonia or the D-wave components of excited
vector charmonia.

We have made a quantitative estimation for coupling constant |x;|, while g4 is still unknown. Without
any detailed information about the values of the coupling constants, we can predict the energy regions
with the maximal production cross sections. In Fig.[5.2] we show the dependence of the decay width of a
D-wave charmonium into the yX,(4012), divided by (g4x2)?, on the mass of the D-wave charmonium
or the center-of-mass energy of the e*e™ collisions. The value of the photonic coupling ¢, does not
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Figure 5.2: Dependence of the partial decay width of a D-wave charmonium into yX,(4012) on the mass of the
charmonium. The dashed and dotted curves are obtained with and without taking into account the widths of the
D1(2420) and D,(2460), respectively. The left and right solid lines are the D; D* and D, D* thresholds, respectively.
Here, ¢, = 0.4 is used.

affect the shape of the dependence either. Nevertheless, we took ¢, = 0.4 which is a typical value
evaluated from various quark model predictions for the decay widths I'(D9 — yD™?) . In
the figure, the dashed curve is obtained neglecting the widths of the D and D, states, and the dashed
curve is the result of evaluating the triangle loop integrals with constant widths for the D and D;. The
left and right solid lines corresponds to the D;D* and D,D* thresholds, respectively. The maximum
around 4.447 GeV and the local minimum around 4.492 GeV of the dotted curve are due to the presence
of Landau singularities of triangle diagrams in the complex plane at (4.447 +i0.003) GeV (for
the D; loop) and (4.492 + i0.003) GeV (for the D, loop), respectively (for a discussion of the Landau
singularities in the triangle diagrams of heavy quarkonium transitions, we refer to Ref. [I71])). The two
cusps on both sides of the shoulders of the peak show up at the thresholds of the D;D* and D, D*.

From the figure, it is clear that the ideal energy regions for producing the yX»(4012) in e*e~ collisions
are around the D;D* and D,D* thresholds, i.e. between 4.4 GeV and 4.5 GeV. It is also clear that the
mass region of the Y (4260) is not good for the production of the yX»(4012), contrary to the case of the
vX(3872). The ratio of the partial decay widths of the Y(4260) to the yX»(4012) and the yX(3872) can
be estimated parameter-free, and is

T(Y(4260) — yX2(4012))
T(Y(4260) — yX(3872))

~ 1072, (5.13)
In the above ratio, whether or not one takes into account the finite widths of the P-wave charmed mesons
only results in a minor change of 2%. It is clear that unless the Y(4260) couples to the D;D* and/or
D, D* with a coupling much larger than that for the D1 D, which is less possible, the branching fraction of
the Y (4260) — yX,(4012) is much smaller than that of the Y(4260) — yX(3872). Given that the number
of events for the latter process as observed at BESIII is the order of 10 [[7]], it is unlikely to make an
observation of the yX»(4012) at an energy 4.26 GeV at BESIII.
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5.4 Momentum-dependent width

In last section, we have obtained the results when the width of the first intermediate meson is taken to be
a constant. Here only one meson in the triangle diagram is allowed to have finite width, otherwise there
would be not apparent threshold effect. Generally, in momentum space, the propagator of intermediate
meson with infinitesimal width can be written as

B(s) = ————

§—m* + i€
where m is the mass of the intermediate meson and s is the square of the momentum. This is for the case
of scalar and pseudoscalar mesons, while for the vector and axial vector mesons we can get the same
formula if we take the nonrelativistic approximation. If the width can not be neglected, we can make the
replacement € — mI'. The naive way of dealing the width I" is to set it as a constant, that is what we do
in last section. However, the width should be dependent on the momentum square s. This effect may be
included using the spectral function of the intermediate resonance. For instance, whenever it appears in
an amplitude, such as B(s)A(s), we replace the expression by

« ds/ p(s,)A(s/)

1
B(s)A — , 5.14
(5) (S)H(WI% s’ —5— i€ ( )
where p(s) is the spectral function, ‘W is the normalization factor
W = p(s)Hds'. (5.15)

Sthr

and sy, is the square of threshold of the decay channel. Therefore we can replace the loop function in
Eq. (5-2) neglecting the constant width of the intermediate meson with a new one.

e For the D in the first diagram of Fig.[5.1] its dominant decay channel is D*rr in a D-wave coupling.
One can easily find that Tp, (s) = ¢°p},,,/ (87 fzMp, V/s), where pey = A(s,m%, m2)/(2/s) is the
center of mass momentum with A(x, y, z) = x> + y*> + z> — 2xy — 2yz — 2xz. Thus we can make the
replacement

l (o]
10mp,, mp, mpr) = o f ds'p(sHI(Vs',ma, m3) (5.16)

Sthr

with the spectral function

1 1 1 mp FD
p(s) = ——Im{ 3 - = — 5 21 ] ) (5.17)
s s —my, +imp,I'p, (s —mp )= +mp Iy
and the normalization factor -
W, = f o(s)ds. (5.18)
Sthr

where sy = (mp- + my)?>.

e For the D; in the second diagram of Fig. [5.1} it has D-wave coupling to Dz and D*n channels.
Thus Tp.(s) = g>p> /(81 fxMp, \/s) and T pr(s) = 3g°p2,. /(47 fMp, \/s). Thus we can make the
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replacement

f ds'p1(sHI(Ns',my, m3) + f ds' pa(sHI(Vs',my, m3)| (5.19)

thrl thr2

1
I(mp,, mp-,mp+) — W, [

with the spectral functions

1 mD,FD,r

pi(s) = = , (5.20)
7 (s = m3, )? + mp, (Upg + Lper)?
1 mp,U'per
p2(s) = = (5.21)
(s — m2D2)2 + mZDl(rDﬂ + FD*ﬂ')z
and the normalization factor
Wa= [ s+ [ patsrts (5.22)
Sthrl Sthr2

where sy1 = (mp + mg)?, sga = (Mp + myg)?.

In the above formulae, the coupling constant g can be estimated by using the value I'p, (Mp,) = 27.1 MeV.
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Figure 5.3: The partial decay width as Fig. but with the width of intermediate meson considered. The dashed
line is the result of a constant width, while the solid line is from the momentum-dependent width.

The partial decay width with momentum-dependent width is shown in Fig.[5.3]as the solid line, where
the results without width and with a constant width are shown as dotted and dashed lines, respectively.
One finds that the enhancement due to the triangle diagram with either a constant or momentum-dependent
width is much smaller than the one without any width. The enhancement is related to the kinematical
triangle singularity to be discussed in Chapter[7} However, our conclusion made above that the ideal
energy regions for producing the yX»(4012) in e*e™ collisions are between the D1 D* and D, D* thresholds
remains the same.
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5.5 Summary

To summarize, it is generally expected that the X(3872) as a hadronic molecule has a spin partner close
to the D*D* threshold. In this chapter, we have investigated the production of the yX,(4012) in e*e™
collisions. According to our calculation, we strongly suggest to search for the X,(4012) associated with a
photon in the energy region between 4.4 GeV and 4.5 GeV in e*e™ collisions. Besides, the width ratio of
the Y(4260) decaying to yX»(4012) and yX(3872) is quite small, at the order of 1072, Thus observing the
vX»(4012) at an energy around 4.26 GeV would be unlikely in the BESIII experiment according to the
current result for Y (4260) — yX(3872).

67






CHAPTER O

Hindered M1 transition between two bottomia

We have seen in the previous chapters that meson loops are the driving force for producing hadronic
molecules. In fact, they may also play a significant role in certain heavy quarkonium processes, for
instance the ones to be discussed in this chapter.

The effects of intermediate mesons can enhance the transitions compared to the corresponding tree-
level contributions. For example, the charmed meson loops can play an important role in the transitions
between two charmonia with one emitted light pseudoscalar meson [[I70]]. In the hindered magnetic dipole
transitions of heavy quarkonia, the coupled-channel effects originate from the coupling of quarkonia
to a pair of heavy and anti-heavy mesons. In this chapter, we will study the hindered magnetic dipole
transitions between two P-wave bottomonia, y,(nP) and hy(n’P), with n # n’. In these processes
the coupled-channel effects are expected to lead to partial widths much larger than the quark model
predictions. The main calculations and discussions of this chapter are taken from our paper in Ref. [182].

We will organize this chapter as follows. We first give a short introduction in Section[6.1] And then we
will analyze the power counting of the transition amplitudes of tree-level diagrams in the quark model, as
well as one-loop and two-loop diagrams in the nonrelativistic effective field theory in Section[6.2] In
Section 6.3} we will give the relevant effective Lagrangians we need for calculating the triangle diagram.
Then the results are given in Section [6.4] The last section serves as a summary.

6.1 Introduction

In recent years, several new bottomonia were discovered. One of the most interesting discoveries is the
hp(1P) found in the puzzling 7° transition Y'(3S) — 7°h,(1P) with a subsequent electric dipole (E1)
transition to the 7,(1S) by the Babar collaboration [[I83]. This finding is consistent with the prediction
that such a transition is a promising way to produce the A, [185]\. The isospin violating decay channel
has the same final states, yyhy, as the one in the electromagnetic cascades T(3S) — yy»s(2P)(J =0, 1,2)
and x37(2P) — yhp. The branching fractions for the E1 transitions T(3S) — yyx»s(2P) are well measured
to be of the order of 10%, but no experimental result for the hindered magnetic dipole (M1) transition
xbs(2P) — yhy, is available. Thus, it is important to investigate the decay channel y;;(2P) — yhp. The
hy(1P) later on was also observed in the isospin conserving decay process Y(4S) — nhy, [186] with a
branching fraction (2.18 + 0.21) x 1073, consistent with the estimate of the order 10~ in Ref. [[187],
where this channel was suggested to be used to search for the /.

The quark model has been used to study the spectrum and decay properties of the excited bottomonia
without the coupled-channel effects from intermediate open-bottom mesons [I88]]. The spectrum was
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also calculated with the inclusion of coupled-channel effects [I89]]. More generally, we remark that
coupled-channel effects due virtual hadronic loops are of recent interest in heavy quarkonium physics. In
the quenched quark model, the mixture between the bare hadron states and the two-meson continuum is
not taken into account. When the coupled-channel effects are considered, the quarkonium spectrum gets
shifted (the values of these mass shifts depend on the specific models, see, e.g., Refs. [I89HI98])). In
addition to the impact on the mass spectrum, the coupled-channel effects are expected to be important
in some transitions between heavy quarkonia [51] [199H207]]. In particular, they are expected to
dominate the hindered M1 transitions between the P-wave quarkonia because of two reasons: first, the
hindered M1 transitions break heavy quark spin symmetry and their widths in the quark model come
from relativistic corrections; second, the coupled-channel contribution has an enhancement due to the
S -wave couplings of the two vertices involving heavy quarkonia [208]]. For instance, the partial width
of y.2(2P) — vh.(1P) from the coupled-channel effects is two orders of magnitude larger than the
prediction from the quark model as shown in Ref. [20§]]. Hindered M1 transitions between bottomonia
may be measured at Belle-II [209]. However, so far, only few predictions on the hindered M1 transitions
in the bottomonium sector have been given, and all of them are based on quark model calculations [[I88].
Since in bottomonium systems the relativistic corrections are small, the quark model predictions on
these partial widths are tiny, in the range from sub-eV to eV. Yet, similar to the charmonia case, the
coupled-channel effects due to virtual bottom mesons could enhance the decay widths to values that
make an observation possible. This motivates us to study here the hindered M1 transitions between
P-wave bottomonia by considering the coupled-channel effects through the coupling to virtual bottom
and anti-bottom mesons. An additional important motivation for us to study these processes is the fact
that experimentalists plan to study them at the coming Belle-II experiment [209]].

6.2 Power counting analysis

We first consider the decay amplitude for an M1 transition between two heavy quarkonia in quark models.
It is proportional to the overlap of the wave functions of the two quarkonia [[I8§]]

Ty o Ky pludPES (6.1)

where ; and y are the wave functions of the initial and final heavy quarkonia, respectively, and E, is
the energy of photon in the rest frame of the initial quarkonium. As discussed in Ref. [208]], the transition
amplitude starts from E,v;/my, for the process of 2P to 1P, where vj, and m, are the bottom quark velocity
and mass, respectively, and the factor 1/my;, is due to the spin-flip of the heavy quark in M1 transitions.
Therefore in quark models the transition rates are very small, and only come from relativistic correction.

On the other hand, due to the fact that the bottomonia are close to the open bottom thresholds so that
the intermediate bottom mesons in the triangle diagram are nonrelativistic, we can use the nonrelativistic
effective field theory (NREFT) suitable for investigating such coupled-channel effects in heavy quarkonia
transitions [51] [210]. A P-wave bottomonium couples to a pair of ground state bottom and anti-
bottom mesons in an S -wave. At leading order, the coupling is described by a constant which does not
contribute any power to the velocity counting. Thus, according to the velocity counting in Section[2.2.3]
the triangle diagram in Fig.[6.1]scales as

v E, E,

ﬂtriangle x _(U2)3 m_b = @, (6.2)

where the factor E,, accounts for the P-wave coupling of the photon to the bottom mesons. One thus
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Figure 6.1: Triangle diagram where the double, solid and wavy lines represent the bottomonium, bottomed meson
and the photon, respectively.

—C G~

Figure 6.2: Two typical two-loop diagrams where the double, solid and wavy lines are the same as in Fig. and
the dashed lines represent the exchanged pions.

sees that the closer the bottomnia to the bottom-meson thresholds, the larger the coupled-channel effects.
One remark is in order: v in the power counting is in fact the average of two velocities. This can be
estimated as v = (v; + vy)/2 with v; = V|m; + my — M;|/f2 and vy = \/lmg +m3 — My|/mny3, where
mj 23 are masses of intermediate mesons as labelled in Fig. @ M;(y) is the mass for the initial (final)
bottomonium, and 77 j is the averaged value of m; and my.

However, unlike the case of charmonium hindered M1 transitions, the two-loop diagrams with a pion
exchanged between two intermediate bottom mesons are not highly suppressed for the bottomonium
transitions. From the power counting analysis in Ref. [208]], the photon vertex in the left diagram of
Fig.[6.2]does not contribute to the velocity counting, but contribute a factor g/F, with F the pion decay
constant and g =~ 0.5 the axial coupling constant for bottom mesons [21TH213]], which comes from the
axial coupling between the bottom-meson with pion, and the vertex scales as E,g/F. As aresult, the
two-loop diagram in the left of Fig. [6.2]scales as

0> g E o,
(02)5 (4m)2F,emp,  °
2
_ Ey(9Ms
mpy\ A, ]’

ﬂZ—loop x
(6.3)

where the factor 1/(4m)? is taken into account as there is one more loop than in the one-loop case,
A, = 4rF is the chiral symmetry breaking scale, Mp is the bottom meson mass and the factor Mlzg is
introduced in order to make the scaling have the same dimension as Aprangle. One can easily see that the
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Chapter 6 Hindered M1 transition between two bottomia

right diagram in Fig.[6.2has the same scaling as the left one as the one more propagator in the left one is
balanced by two more P-wave vertices. Hence the relative importance of the two-loop diagrams shown
in Fig.[6.2]in comparison with the triangle diagram given in Fig.[6.T]can be described by a factor

A>. 2M2
Zow I 78, (6.4)
ﬂtriangle AX

Taking the masses of the 1P, 2P and 3P bottomonia from Refs. [214]], the velocity in the power
counting may be estimated to be 0.31, 0.23 and 0.18 for the 2P — 1P, 3P — 1P and 3P — 2P
radiative transitions, respectively. One then finds that the relative factor given in Eq. (6.4) is of order one,
which means that the contribution of two-loop diagrams like the ones shown in Fig. should be of
similar size as the one-loop triangle diagram in Fig.[6.1] This is different from the charmonium case
studied in Ref. || where M123 is replaced by the much smaller M% and thus leads to a suppression.
Nevertheless, we will only calculate the triangle diagram, and keep in mind that given the power counting
of the two-loop diagrams such a calculation can only be regarded as an estimate, rather than a precise
calculation, with a quantitative uncertainty analysis out of reach.

6.3 Effective Lagrangians

As shown in Section [2.2.3] the heavy meson fields are collected in doublets due to the heavy quark
spin symmetry, and can be written in a two-component notation as it is convenient for nonrelativistic
calculation. The explicit forms of the doublet H, and H, read

A

a
=2

H, = P,-&+P, (6.5)
+

H, = -P,-¢+P, (6.6)
where ¢ are the Pauli matrices, P, and P} annihilate the pseudoscalar and vector bottom mesons,
respectively. On the other hand, the P-wave spin singlet 4, and triplet y;; bottomonia can be collected in
a multiplet as
. o | 1 .. .
Y =0/ ()(” - —e" + —=8"xp0 | + 1y, (6.7)
b2 \/z bl \/g b

which is taken from the general nonrelativistic formula for the orbital angular momentum L = 1 multiplet

shown in Eq. (2.64).

As mentioned above, the leading order coupling of the P-wave bottomonium to the bottom and
anti-bottom mesons is in an S -wave, and thus the effective Lagrangian is given by [210] 215]]

L, = ig—lerwiHaaiﬁa] +he. (6.8)

where g is the coupling constant and Tr denotes the trace in the spinor space.
We also need the magnetic coupling of the photon to the S -wave heavy mesons in the two-component

notation [52] 206} 216]

ef L, 3 e
Ly=>Tr |HH, ¢ BO,|+ g

Tr[H] & - BH,|, (6.9)

where B* = €/%9'A/ is the magnetic field, Q. = diag(2/3,-1/3,—1/3) is the light quark electric charge
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xvo = hyy | [B*,B*, Bl, [B*, B*, B*], [B, B, B']
Xp1 = hyy | [B, B,B"], [B, B*, B']
Xv2 = hyy | [B*,B*, B], [B*, B*, B*]
hy = xpoy | [B*,B,Bl, [B,B*, B*], [B*, B*, B']
hy = xpmy | [B*, B, B*], [B*, B*, B]
hy = xp2y | [B.,B*,B*], [B*, B*, B*]

Table 6.1: Triangle loops contributing to each transition, where the mesons are listed as [m,, m,, m3] corresponding
to the notations in Fig.[6.1} For simplicity, the charge conjugation modes and the light flavor labels are not shown
here.

matrix, Q’ is the heavy quark electric charge (for a bottom quark, Q" = —1/3 ) and mg is the mass of the
heavy quark. 8 is a unknown parameter introduced in Ref. [216]. If we compare the tree level predictions
for the electromagnetic decay widths of the vector heavy mesons, i.e. I'(P; — P,y), with these in the
quark model, we can get 8 = 1/m,, where m, is the light constituent quark mass. One can also fit the
parameter § to the experimental results of the electromagnetic decay widths to obtain its value. The first
term in the above Lagrangian is the magnetic moment coupling of the light degrees of freedom, which
preserves heavy quark spin symmetry. The second term is the magnetic moment coupling of the heavy
quark and suppressed by 1/my.

6.4 Results and discussion

We specify the intermediate mesons in the list [m, my, m3], as denoted in Fig. @ All the possible
loops with the intermediate pseudoscalar and vector bottomed mesons are listed in Table [6.1] for the
corresponding transitions. With the effective Lagrangians given in last section and the loop integral in
Eq. (53.2), we can proceed to calculate quantitatively the transition rates. The pertinent amplitudes for the
hindered magnetic dipole transitions from y(nP) to h,(n’ P) are of the form expressed in terms of the
triangle loop function

_2iegyg’ ( 1 ) T

Myooyhy = Ty)e we  (h 280, + — | I(B:, B:, B!

— v e b)a%s{ PO+ 516 )
(BQa - —) [I(B B,) — 31(By, By, BZ‘,)] } (6.10)

Moy, = 2iV2eqq’ (G- E0p)E) - 8y = G- Ehp)EY) - 8]
x ). [(ﬁQa+—)I(Ba,Ba,B> (ﬁQa—i)I(Ba,Ba,m] (6.11)

a=u,d,s
M)(hz—>yhh = 41699 Eljkg (XbZ) Z { —-q 81(7)8 (hp) (ﬁQa - —)I(Ba, ,Bya)
a=ud,s
+e' ) [/ () — e ()] (ﬁQa )1<B 2B (6.12)
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The transition amplitudes for the hindered magnetic dipole transitions from /;,(nP) to y,(n’ P) are of the
form
2ie99" i ik 1 R
Miysype =~ q'&' (y)e" (hp)éiji Z {2 BQu+ 3 —|1(B;, B, BY)
\/§ a=u,d,s mp

+ (ﬁQa - %mb) |/(Bq. B, B;) - 31(B}, B, Bo)| } (6.13)

Miopen = 2iV2egq’ G- Exp)8) - Ehy) — G- E)EW) - E0i)]

1 * D * 1 % D¥*
X Z |:(ﬁQa + 3_m)I(Ba’Ba’ Ba) - (ﬁQa - 3_m)I(Ba’Ba’ Ba)] ’ (614)

a=u,d,s

. ’ i 1 D% *
Moy, = iegg €3 () Y. {_qgj(’}’)gl(hh)(ﬁQa——3 )I(Ba,Ba,Ba>
myp

a=u,d,s

. . . 1 _
+&'(hy) |48 (v) - 4’2" )] (ﬁQa + 3—) (B, B, BZ)}, (6.15)
mp

where the initial bottomonium should be understood to be of higher excitation then the final one, £'(y),
&'(hp) and &'(yp1) are the polarization vectors for the photon, ki, and 31, respectively, and " (y,) is
the symmetric polarization tensor for the y;;. One also needs to notice that a factor \/WMf, with M; ¢
denoting the masses of the initial and final bottomonia, should be multiplied to each of the amplitudes
to account for the nonrelativistic normalizations of the heavy quarkonium fields (similar factors for the
intermediate heavy mesons have been absorbed in the definition of the loop function).

From these amplitudes, one clearly sees two sources of spin symmetry breaking: the terms from
the bottom quark magnetic moment are explicitly proportional to 1/mj, and the sum of S-terms in
each amplitude vanishes if the vector and pseudoscalar bottom mesons are taken to be degenerate. For
Egs. ((6.10), (6-11), (©.13), (6.14)) given above, this point is apparent, for Egs. ((6.12)), (6.13)), one can
see this after taking the absolute value squared of the amplitude and summing up the polarizations.

The loops involved here are convergent, which means that the coupled-channel effects for the processes
of interest are dominated by long-distance physics described in our NREFT. We do not need to introduce
a counterterm here. The situation is different for the case of E1 transitions. The loop integrals involved
there are divergent, and thus the contact term considered in Ref. [206] also serves as the counterterm and
is necessary for renormalization.

Using the masses of the mesons given by the Particle Data Group [[77]], it is easy to get numerical
results for the partial decay widths. As for the masses of the 3P bottomonia, we choose the quark
model values from Ref. [[I88]], which were obtained based on the measured y;;(3P) mass by the
LHCb Collaboration [214]] with the predicted multiplet mass splittings, i.e. Mj,ap) = 10.519 GeV,
M,,.ap) = 10.500 GeV, M, 3p) = 10.518 GeV and M), 3p) = 10.528 GeV. These masses are very close
to the ones in Ref. [189], where the coupled-channel effects are taken into account in a nonrelativistic
quark model. We also take 8 = 1/276 MeV~! , and my;, = 4.9 GeV.

The decay amplitudes are proportional to the product squared of the coupling constants of the bottom
and anti-bottom mesons to the 1P, 2P and 3P bottomonia, denoted as g, g} and g7, respectively. As the
mass of the y,;(1P,2P,3P) and h,(1P, 2P, 3P) are below the bottom and anti-bottom meson threshold,
the coupling constants cannot be measured directly. Here, we show the decay width of the hindered
MI transitions between two P-wave bottomonia in units of the coupling constants in the Table[6.2] The
unknown parameters will get cancelled if we calculate ratios of the decay widths which are proportional
to the same product squared of coupling constants. Furthermore, we also expect that these ratios are
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J=0 J=1 J=2 units

xps(3P) = hy(2P)y | 0.3 1.8 1.4 | (4,9))* keV
hy(3P) — xp;2P)y | 0.3 2.2 1.6 | (9,9))* keV
xps(3P) = hp(1Pyy | 49 134 119 | (g19})* keV
hy(3P) = xps(1P)y | 33 158 154 | (919])* keV
Yps(2P) = hy(1P)y | 12 1.8 1.8 | (919))* keV

hp(2P) = xp,(1Pyy | 07 2.0 25 | (919} keV

Table 6.2: Decay widths for the hindered M1 transitions between y;(nP) and h,(n’ P), where the coupling constants
take values in units of GeV~'/2.

J=0 J = J=2
ours | RQM | ours | RQM | ours | RQM

Thepnpy [oso [ 003 | 11| 05 | 14| 92

L y,@Py>hy(1PYy

Table 6.3: Comparison of the ratios of the decay widths for the 2P to 1P bottomonia with the ones from the

RQM [T88].

less sensitive to the two-loop diagrams in Fig. [6.2]as the numerator and denominator in the ratio, being
related to each other via spin symmetry, would get a similar correction. The ratios in our calculation
can be easily obtained from Table [6.2] In order to show that the coupled-channel effects lead to very
different values for some of these ratios, we show a comparison of ratios for selected decay widths of the
hindered M1 transitions between the 2P to 1P bottomonia with those obtained in the quenched quark
model of Ref. [I88]] in Table[6.3] These predictions can be tested in the future from experiments or
lattice QCD calculations. In fact, radiative transitions of S -wave bottomonia, including the hindered M1
ones, have been studied by using lattice QCD [2I7H219]]. As suggested in Ref. [208]], one can check the
coupled-channel effects directly in lattice QCD by comparing results in full and quenched calculations —
the former includes the coupled-channel effects intrinsically while the latter does not.

As mentioned in Ref. [I88]], the numerical results of these hindered transitions in the quark model are
very sensitive to relativistic corrections (these transitions do not vanish only when relativistic corrections
are accounted for in the quenched quark model). Nevertheless, they are tiny because the M1 transitions
break heavy quark spin symmetry as well, and are in the ballpark of sub-eV to eV in Ref. [[I88]]. If the
partial widths really take such small values, an experimental observation of the bottomonium hindered M1
transitions would be impossible in the foreseeable future. In turn, this means that once such transitions
are observed, the mechanism would be different from that in the quenched quark model, and would
be caused by coupled-channel effects. Then, the measured partial widths can be used to estimate the
involved coupling constants.

Unfortunately, the values of the coupling constants g1, g} and g’ cannot be estimated reliably. If one

takes the model estimate made in Ref. || g1 = —2+my,,/3/ fys and uses the value f,,, = 175 MeV

! Here we have replaced the charmonium quantities by the corresponding bottomonium ones, and there is a factor of 2
difference for g; in the definition of the Lagrangian in (6.9) and that in Ref. [215).
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from a QCD sum rule calculation , then one gets g; ~ —20 GeV~'/2. This value is so large that if
the 0 is located only 1 MeV above the BB threshold it would have a huge width of 21 GeV. However,
the quark model predictions for the open-bottom partial decay widths of the 4P bottomonia leads to
lg1(4P)| ~ 0.2 GeV~!/2 (the one for the 5P states is slightly smaller), which, although it is for the 4P
states, is two orders of magnitude smaller than that from the former estimate. In Ref. I@]], the product
of the coupling constants (g lg’l )? is estimated to be of order O(10 GeV‘z) in the charm sector, where the
difference between the model estimate for g4 and the extracted value from quark model predictions
of the 2P charmonium decay widths is much smaller. If we naively take the same estimate here, despite
that there is no simple flavor symmetry between charmonia and bottomonia, then the partial decay widths
of O (1 ~ 102) keV could be large enough for a possible measurement in the future.

In principle, we can also calculate the decay widths for the isospin breaking transitions between the
Xb»s(nP) states with the emission of one pion. They would be proportional to the same combination
of unknown coupling constants. The charmonium analogues from the coupled-channel effects have
been analyzed in details in Ref. . However, we refrain from such a calculation because the isospin
breaking between the charged and neutral bottom mesons is one order of magnitude smaller than that in
the charmed sector because of the destructive interference between the contributions from the up and
down quark mass difference and the electromagnetic effect [221]).

6.5 Summary

In summary, we studied the hindered M1 transitions between two P-wave bottomonia, y»(nP) and hy(n’ P)
(n # n’) assuming the mechanism is dominated by coupled-channel effects. Because of the suppression
from heavy quark spin breaking and small relativistic corrections, such transitions have tiny partial
widths from sub-eV to eV in the quark model. In the mechanism underlying coupled-channel effects, the
breaking of heavy quark spin symmetry can come from the different masses of bottom mesons within
the same spin multiplet, and the problem of tiny matrix elements for transitions between bottomonia of
different principal quantum numbers in the quark model does not exist as well. Therefore, it is natural
to expect that the coupled-channel effects lead to much larger widths for such transitions than those
predicted in the quark model. A future observation of such transitions at, e.g., Belle-11 may be
regarded as a clear signal of the coupled-channel effects, and the measured widths could then be used
to extract a rough value of the product of the so-far unknown coupling constants, e.g. gi1g;. Such
information would be useful for other transitions where intermediate bottom mesons play an important
role, such as the decays of the Z,(10610) and Z;(10650) into h,x and hy,(2P)r.

At last, we want to emphasize again that the coupled-channel effects in heavy quarkonium transitions
can be checked directly in lattice QCD by comparing results from quenched and fully dynamical
simulations as we already suggested in Ref. [208]]. A better understanding of coupled-channel effects
would lead to new insights into the dynamics of heavy quarkonia.
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CHAPTER 7

Kinematical effect in the narrow P, structure

In 2015, the LHCb Collaboration announced that two pentaquark-like structures were observed in the
J/y p invariant mass distribution in the Ag — J/w K~ p decays. In this chapter, we will show that the
current information on the narrow structure at 4.45 GeV is compatible with kinematical effects of the
rescattering from y . p to J/y p. The main results and discussions presented here are taken from our
published paper in Ref. [222]). In that paper, we observe the following:

o First, it is located exactly at the y,; p threshold.

e Second, the mass of the four-star well-established A(1890) is such that a leading Landau singularity
from a triangle diagram can coincidentally appear at the y.; p threshold.

e Third, there is a narrow structure at the y.; p threshold but not at the y .o p and y 2 p thresholds.

In order to check whether that structure corresponds to a real exotic resonance, one can measure
the process Ag — K x.1 p. If the P.(4450) structure exists in the y.; p invariant mass distribution as
well, then the structure cannot be just a kinematical effect but is a real resonance, otherwise, one cannot
conclude that the P.(4450) is another exotic hadron. In addition, it is also worthwhile to the J/¢ invariant
mass distribution of processes with a completely different kinematics, such as the photoproduction
processes [223H226]] or pion induced reactions 228

This chapter is organized as follows. We will first give a brief introduction to the background in
Section[7.]] Then we will discuss the two-point loop diagram for the . p rescattering in Section[7.2]
After that we will briefly introduce the Landau equation and discuss the three-point loop diagram and the
motion of the singularity in Section[7.3] The last section is devoted as a summary.

7.1 Introduction

The observation of many different hadrons half a century ago stimulated the proposal of the quark
model as a classification scheme [2]], and helped to establish quantum chromodynamics (QCD) as the
fundamental theory of the strong interactions. Since then, hundreds of more hadrons were discovered.
A renaissance of hadron spectroscopy studies started in 2003, and since then a central topic is the
identification of the so-called exotic hadrons. These are states beyond the naive quark model scheme, in
which mesons and baryons are composed of a quark—antiquark pair gg and three quarks gqgq, respectively.
Most of the new interesting structures were observed in the mass region of heavy quarkonium, and are
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called XYZ states (for a list of these particles and a review up to 2014, see Ref. [[77])). In particular, the
X(3872) extremely close to the DD** threshold is widely regarded as an exotic meson, and the
charged structures with a hidden pair of heavy quark and heavy antiquark such as the Z.(4430) [229]
, Z£(3900) , Z£(4020) , and Z; (10610, 10650) [[5] would be explicitly exotic were
they really resonances, i.e. poles of the S-matrix.

Candidates for explicitly exotic hadrons were extended to the pentaquark sector by the new LHCb
observations of two structures, denoted as P, in the J/i p invariant mass distribution [[I§]]:

e P.(4380): m=(4380+8+29)MeV, I =(205+ 18 +86) MeV,
o P.(4450): m=(44498+1.7+25)MeV, I'=(39+5+19) MeV.

In the experimental fit, an amplitude analysis of three-body final state J/y¥pK reproduces the two-body
mass distributions of m,, and m;,,. Many known A* baryons are introduced because they decay to Kp,
and they serve as a background in the J/ip invariant mass distribution. In order to obtain a satisfactory fit
in this distribution, two additional Breit—-Wigner amplitudes were introduced, these are the two structures
P.(4380) and P.(4450). Moreover, the best fit solution for the quantum numbers are spin-parity J* values
of (3/27,5/2"), while almost equally acceptable solutions could be either (3/2*,5/27) or (5/2%,3/27).

For the nature of this two structures, there have been some explanations. For example, they were
suggested to be hadronic molecules composed of an anticharm meson and a charmed baryon [2344236]]
the existence of which were already predicted in Refs. [237H240]. They were also discussed as a
pentaquark doublet in Ref. [241]]. Besides, the pentaquark states of diquark-diquark-antiquark as the
internal structure was proposed in Refs. [242] 243].

Normally, when people observe a peak in an invariant mass distribution of certain final states, they
fit the peak by using the Breit—Wigner parameterization to extract the masses and widths, and claim
that a new resonance is discovered. This is exactly the same procedure for the observation of the two
pentaquark-like structures as we stated above. However, such a procedure is problematic. On the one
hand, many of these structures are very close to certain thresholds to which they couple strongly. In this
case, the use of Breit—Wigner is questionable and one needs to account for the thresholds. This can be
achieved using the Flatté parameterization [244]] (a method in this spirit for near-threshold states with
coupled channels and unitarity was recently proposed in Ref. [243]]). On the other hand, not every peak
should be attributed to the existence of a resonance. In particular, kinematical effects may also show
up as peaks. Such kinematical effects correspond to singularities of the S-matrix as well, but they are
not poles. In general, they are the so-called Landau singularities including branch points at thresholds
and more complicated ones such as the triangle singularity, also called anomalous threshold (detailed
discussions of these singularities can be found in the textbooks [246] [247]]). The observability of the
triangle singularity was extensively discussed in 1960s (see Refs. [248H250]] and references therein), and
recently was used to explain some structures including the 1(1405), a;(1420) and ¢(2170) [251H256].. In
fact, there were suggestions that some of the Z, and Z,, states were threshold effects and the
threshold effects might be enhanced by triangle singularities [262]]. For a general discussion of S -wave
threshold effects, see also Ref. [263]]. Therefore, in order to establish a structure as a resonance, one has
to discriminate it from such kinematical effects. Indeed, this is possible. As discussed in Ref. , a
resonance can be distinguished from threshold kinematical effects only in the elastic channel which is the
channel with that threshold. The purpose of this chapter is to discuss the possible kinematical effects
for the narrower structure at 4.45 GeV in the LHCb observations and suggest measurements to check
whether it is a real exotic resonance or not.

We first notice that the P.(4450) structure is exactly located at the threshold of a pair of y.; and proton,
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Figure 7.1: The fit projections for the invariant mass distributions (a) mg, and (b) my, for many A* with two P}
states. This two figures are taken from Ref. [I8]]. In the fit, the amplitude analysis of three-body final state J/ypn
is used to reproduce the two-body mass distributions of mg, and ;.

(4448.93 + 0.07) MeV, and

MPC(4450) - M/\/,C1 - Mp = (0.9 + 3.1) MeV. (7.1)
If the angular momentum between the y.; and proton is a P-wave, then the two-body system can have
quantum numbers JP =(1/2,3/2,5/2)", compatible with the favored possibilities 5/2*,5/2~ and

3/27 [18]l. The x,1 p can rescatter into the observed J/y p by exchanging soft gluons. Two possible
diagrams for such a mechanism will be shown later, and we will discuss them subsequently.

It is worthwhile to notice that the y.; can be produced in the weak decays of the A, with a similar
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magnitude as that for the J/y. In the bottom quark decays, the charm quark is produced via the mediation
of a W-boson. After integrating out the off-shell mediators, one arrives at two effective operators for the
b — ccs transition:

o}
)

[V (1 = ys)c* 157y, (1 — ys)bP], (7.2)
[V (1 = y5) PPy, (1 - y5)b°], (7.3)

where one-loop QCD corrections have been taken into account to form O;. Here, «, 8 are color indices,
and they should be set to be the same in O, in order to form a color-singlet charmonium state. The quark
fields, [cy*(1 — ys)c], will directly generate the charmonium state. A charmonium with JPC = 17" like
the J/y is produced by the vector current, while the axial-vector current tends to produce the y.; with
JPC = 1** and the 7. state with J°€ = 0*~. Since the vector and axial-vector currents have the same
strength in the weak operators, one would expect the production rates for the J/y and y,; are of the same
order in b quark decays. Corrections to this expectation come from higher-order QCD contributions but
are sub-leading [265]]. In fact, such an expectation is supported by the B meson decay data [[77]]:

(10.27 £ 0.31) x 1074, (7.4)
(4.79 +0.23) x 107%. (7.5)

BBt — JJYK™)
B(B+ _)X01K+)

7.2 The y.1p inelastic rescattering in two-point loop

Having made the above general observations, we now return to the discussion of the Ag decays measured
by LHCb. As we already discussed above, the y.| p can rescatter into the observed J/y p. And there
are two possible diagrams for such a mechanism, one is the two-point loop diagram shown in Fig. [7.2]
with a prompt three-body production Ag — K x.1 p followed by the inelastic rescattering process

Xc1p — J/Yp.

K/
/ p
/
P
/
A
N
\ / ~
SN 27 VNN
X1

Figure 7.2: The two-point loop diagram illustrating the mechanism of the y.; p — J/i p inelastic rescattering in
the decay A) —» K~ J/yp .

We will first focus on the two-point loop diagram whose singularity is a branch point at the y.; p
threshold on the real axis of the complex s plane, where and in the following +/s denotes the invariant
mass of the J/y p or y.1 p system. It manifests itself as a cusp at the threshold if the y.; p is in an
S-wave. For higher partial waves, the threshold behavior of the amplitude is more smooth and a cusp
becomes evident in derivatives of the amplitude with respect to s. Since we are only interested in the
near-threshold region, both of the y.; and the proton are nonrelativistic. Thus, the amplitude for Fig.[7.2]
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7.2 The y. p inelastic rescattering in two-point loop

is proportional to the nonrelativistic two-point loop integral

[ dq 32 fa@
OnlE) = f Q3 E—my—my—q*/Qu)’ (7.6

where mj > denote the masses of the intermediate states in the loop, u is the reduced mass, E is the
total energy and A is the cut-off paramter. Here, we consider the case for the P-wave y.; p which has
quantum numbers compatible with the possibilities of the P.(4450) reported by the LHCb Collaboration,
though one should be conservative to take these determinations for granted as none of the singularities
discussed here was taken into account in the LHCb amplitude analysis. If we take a Gaussian form factor,
fa(@?) = exp (—2@’ 2 /Az), to regularize the loop integral, the analytic expression for the loop integral is
then given by

_ BN (o AR e V2k)
GA(E)——W(]{ +T +?€ erfi T -1, (7.7)

with k = \/2,u(E —my — my + i€), and the imaginary error function erfi(z) = (2/ v/r) OZ e dt. A better
regularization method should be applied in the future, but for our present study such an approach is fine.

-0.3 -0.2 -0.1 0.0 0.1
Re AL

Figure 7.3: Fit to the real and imaginary parts of the P.(4450) amplitude shown in Fig. 9 in Ref. with Eq. (7.8).
The blue curve represents the best fit. It is counterclockwise with increasing the Ji p invariant mass from 4.41 GeV
to 4.49 GeV, the same range as for the LHCb diagram.

Using an amplitude with the loop function given in Eq. (D-3)), one can get a peak around the x. p
threshold. In order to have a more quantitative description of the effect of Fig.[7.2] we fit to the Argand
plot for the P.(4450) amplitude depicted in Fig. 9 (a) in Ref. with an amplitude

A =N [b+Gp(E)], (7.8)
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Figure 7.4: Absolute values of the amplitude in Eq. (7.8) which includes the two-point loop integral and is used to
fit to the Argand plot in arbitrary units.

where b is a constant background term which may originate from a direct production of the K~ J/y p,
and N is an overall normalization. We fit to both the real and imaginary parts of the P.(4450) amplitude
by minimizing the sum of the chi-squared values for both the real and imaginary parts. The best fit with
a real background term has y?/d.o.f. = 1.75 and is given by N = 3144, b = —=2.9 x 10™* GeV* and
A = 0.16 GeV. With a real background term, the amplitude in Eq. can only be complex when the
energy is larger than the y.1 p threshold, as is evident in Fig.[7.3] The background is in general complex
as a result of the fact that the K, J/y and p can go on shell and many A resonances can contribute to
the K p state. One sees from the figure that the counterclockwise feature of the LHCb amplitude is
reproduced, and the overall agreement is good. The absolute value of the amplitude in Eq. (7.8) with
these determined parameters has a narrow peak around the y.; p threshold as shown in Fig.[7.4]

2
We have checked that using a different form factor A*/ (cf 24 A2) gives a similar result. In both cases,
the peak is asymmetric unlike the Breit—-Wigner form.

7.3 The y.1p inelastic rescattering in three-point loop

The second diagram for the y.| p rescattering into the observed J/y p final state is a three-point loop
diagram shown in Fig. with the K~ p pair produced from an intermediate A* state and the proton
rescattering with the y.; into the J/y p.

7.3.1 Landau equation

Before we continue, we will first give a brief introduction to the Landau rules for kinematical singularit-
ies [[I81]]. The Landau rule is a useful tool to study analytic properties of the singularities in the Feynman
integral. The main contents presented here are following the textbook [266].

First, let us consider the Feynman integral for the triangle diagram shown in Fig.[7.6] where the external
particles have momenta pp, p, and p3 and corresponding masses u, 4 and us, i.e. pl.2 = /1? (i=1,2,3).
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/L

~

Figure 7.5: The three-point loop diagram illustrating the mechanism of the y.; p — J/¢ p inelastic rescattering in
the decay A — K~J/y p.

P2

q3 a1

<
<

P1 q2 P3

Figure 7.6: The triangle diagram for illustration of the Landau rules.

Momentum conservation requires p; + p> + p3 = 0. For the internal particles, their momenta are denoted
as q1, g> and g3 with masses mp, my and m3, respectively, and generally they are not on shell, i.e. ql.2 # ml2

Since the numerator of a tensor integral would not change the singularity, we can consider only the
scalar integral for simplicity. The scalar Feynman integral for Fig. [7.6is of the form

_ (dq i
2n)* (q% - m% + ie)(q% - m% + ie)(q% - m% +i€)

(7.9)

From the diagram we have the relations g» = g¢; — p3 and g3 = g + p», thus there are six poles for the
integrand in the complex g¢ plane

quo = @ +m? Fie, (7.10)
G0 = G5 +m3Fie, ie. qio = p3o £ +(§1 — F3)? +m3 Fie, (7.11)

g0 = % ,/qg +m} Fie, ie. qo=-pp=* J@1 + o)+ m3 ¥ ie. (7.12)

The integral can have a singularity only when the poles in the complex g;o plane pinch the integral
contour. In other words, the condition that the integral has a singularity will be fulfilled when two of the
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Chapter 7 Kinematical effect in the narrow P, structure

three denominators in the integral are zero at the same time
GF=m’(i=120ri=1,3, ori=23), (7.13)
or all of the three are zero at the same time
G =m?(i=1273). (7.14)

If only two denominators are simultaneously zero, it is essentially the condition to find the singularities
of a simpler two-point loop diagram as one of the internal line can be shrunk to a point. In this case,
the singularity is called the lower-order singularity of the diagram. We can deal with this as in the last
section. Here we consider the case that three denominators are zero simultaneously. The singularity in
this case is called the leading order singularity.

Just from Eq. (7.14), we can not get an equation that fulfils the condition of a singularity, and is in
terms of the external momentum at the same time. We need the relation of all g; first. Here we have two
strategies:

1. Let us introduce three positive numbers a1, @, and a3, which are essentially the Feynman paramet-
ers as can be seen later and a four-dimensional vector

ai1q1 + az2q2 + @3qs.

The spatial components of the vector can be zero by choosing appropriate coordinates. On the
other hand, we know that one of the quantities ¢,y can have a sign opposite to that of the other
two. Then we can always find @, @, and a3 to make the temporal component of the vector satisfy
a1q10 + @220 + a3qzo = 0. In total, the four-dimensional vector fulfils

3
Zaiqi = 0. (7.15)
i=1

2. We can also introduce integrals over Feynman parameters to combine the denominators of propag-

ators as
= [La [ﬁ dﬁi)é{iﬁi | (7.16)
(277)4 i=1 i=1 D’
with D defined by
D= iﬁi(qf -m}), (7.17)
i=1

where 8; are the Feynman parameters. The condition for the poles pinching the integral contour,
i.e. a singularity, is equivalent to [240]]

D

p=0=22.
0q1

(7.18)

Hence with the partial derivative we can get the similar equation as Eq. (7.13) with « replaced by
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7.3 The y.) p inelastic rescattering in three-point loop

B as the g; depend linearly on the loop momentum ¢, that is

3
> Bigi =0. (7.19)
i=1

It is obvious that ¢; are essentially the Feynman parameters.

If we multiply the Eq. (7-13) by g1, g» and g3, we can obtain

a1q3 + a2(q192) + 3(q1g93) = 0
@1(q192) + a2g5 + 3(q293) = 0 . (7.20)
@1(q193) + @2(q293) + a3q3 = 0

With Eq. (7.20), we know that there is a non-trivial solution for the «; if and only if the determinant of
the 3 X 3 matrix satisfies

@ (@9 (q193)
(192) @ (q293) | =0
(@193) (©293) ¢

As aresult of Eq. (7:14), we can define the parameters y;; = (m? + m% - ql.Zj) /(2m;mj), where g;; = i+ ¢,
being the four momentum of the ij pair. Eventually, the above determinant can be rewritten as the Landau
equation

1+ 2y12023913 = Yp + Y3 + 13 (7.21)

which will be used in the following.

7.3.2 Motion of the singularity

The above discussed leading Landau singularities of the diagram, Fig.[7.3] can cause further enhancement
around the y.| p threshold as we will discuss now.

The leading Landau singularities for a triangle diagram are solutions of the Landau equation in
Eq. (7.2I). To be specific, we let m;, my and ms correspond to the masses of the A*, x.; and proton,
respectively. Then, ‘1%2 = Mlz\b, q% = Mf(, and q%3 = s is the invariant mass squared of the J/y p pair.
It is easy to solve this equation for any given variable. We solve it as an equation of s, and it has two
solutions of the form

1
+ 2 2 2 2 2 2 2 2
sT = (mp+m3) + Py (my + m5 — q7,)(q73 — my — m3) — 4dmymoms
m
1

12, A A, )| (.22)

where A(x,y,2) = x> + y> + 22 — 2xy — 2yz — 2xz is the Killén function. The «; or B; are Feynman
parameters, thus they must be positive. It can be shown that only one solution s~ leads to positive a; or
B

For an easy visualization, we plot in Fig. the motion of the solutions in the complex +/s plane.
The solid line corresponds to the solution s~, while the dashed line corresponds to the other one s*.
Meanwhile in order to give an easy visualization of the kinematical region between A and B, we also
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Figure 7.7: Motion of the two triangle singularities in the complex plane of s = M, ,, = M, , with respect to
changing the mass of the exchanged A* baryon (several values are labeled in the plot in units of GeV). The solid
line corresponds to the solution s~ in Eq. (7:22)), while the dashed line corresponds to the other one s*. In order to
distinguish the trajectories from the real axis, we put a small imaginary part, =5 MeV corresponding to a width
of 10 MeV, to M,-. Only the part between the two filled triangles, labelled as A and B, has a large impact on the
physical amplitude. The thick solid straight line represents the unitary cut starting from the y,; p threshold.

show the corresponding Dalitz plot in Fig.[7.8] As discussed in 1960s, see e.g. Ref. [24§], only one of
the singularities can have an impact on the amplitude in the physical region defined on the upper edge of
the real axis on the first Riemann sheet of the complex s-plane, and it is effective only in a limited region
of one of these variables. Here we want to investigate in which values the A* mass can take so that there
can be an evident singularity effect in the J/y p invariant mass, /s. According to the Coleman—Norton
theorem [267], the singularity is in the physical region only when the process can happen classically,
which means that all the intermediate states are on shell, and the proton emitted from the decay of the A*
moves along the same direction as the y.; and can catch up with it to rescatter. Let us start from a very
large mass for the A* so that it cannot go on shell in Fig.[7.5] Decreasing this mass, when it has a value

Mihigh = \|q1, — M2, (7.23)

it can go on shell. At this point, the x| is at rest in the rest frame of the decaying particle Ap, and the
proton emitted from the decay A* — K~ p can definitely rescatter with the y.; classically. This is the
point shown as a filled triangle with M- = 2.11 GeV, labelled as A, on the solid curves in Fig.[7.7} One
can also see the kinematics clearly from the point A in Fig.[7.8] If we decrease m, further, the y.; will
speed up and the proton will slow down. Thus, the lower bound of m; for the rescattering process that
happens classically is given by the case when the y.; and the proton are at a relative rest as shown by the
point B in Fig.[7.§] i.e. when the y.| p invariant mass is equal to their threshold. Thus, at this point the
triangle singularity coincides with the normal threshold, and

s™ = (my + m3)°. (7.24)
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Figure 7.8: The corresponding Dalitz plot which shows the region between A and B in Fig.

With Eq. (7.22)), one gets

2 2

q1,M3 + 6]13’"2

milow = \/W — myms. (725)
2 3

If m, is smaller than m; jow, the proton would not be able to catch up with the y.; and the triangle diagram
can only be a quantum process. For the case of Fig.[7.5] m jow is given by Mx- = 1.89 GeV, labelled as
B and also shown as a filled triangle in Fig.[7.3] In Fig.[7.7} in order to move the singularity trajectories
away from the real axis, we give a 10 MeV width to the A*. For a vanishing width, the solid and dashed
trajectories would pinch the real axis at m; = m pjgh. We can now know on which Riemann sheet of the
complex s-plane the singularities are located. Since only when m; is between m; jow and m pigh (the part
between the two filled triangles in the figure), the process can happen classically and the singularity can
be on the physical boundary (if the A* width vanishes), we conclude that the singularity shown as the
solid curve is always on the second Riemann sheet. On the contrary, the singularity whose trajectory is
shown as the dashed curve in Fig.[7.7]is on the second Riemann sheet when it is above the real axis, and
it moves into the lower half plane of the first Riemann sheet otherwise. Thus, it is always far away from
the physical boundary, and does not have any visible impact on the physical amplitude.

An intriguing observation for the case of interest is that within the range between 1.89 GeV and
2.11 GeV, there is a four-star baryon A(1890) with 3/2%. Taking M- = 1.89 GeV, the triangle singularity
is just at the y.; p threshold which can provide a further threshold enhancement. The mechanism
of enhanced threshold effect due to the triangle singularity was recently discussed for the case of Z,
and Z,, states [262]]. Giving a finite width to the A(1890), the singularity moves away from the real
axis into the lower half plane of the second Riemann sheet (it is located at (4447 — i0.2) MeV for
Mp- = (1.89 —i0.03) GeV), and the enhancement is reduced. The A(1890) has a relatively small width
(60 to 100 MeV [[77]]) so that there can still be an important enhancement. In Fig. |7l§|, we show the
absolute value of the triangle loop integral with the y.; p in a P-wave for three different widths (for a
discussion of the triangle singularities in nonrelativistic triangle loop integral, see Ref. [I71]]). There is
clearly an enhancement nearby 4.45 GeV even when the width is taken to be 100 MeV.
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Figure 7.9: Absolute values of amplitudes for the triangle loop integral with the y.; p vertex in a P-wave in arbitrary
units. We assume the A(1890) with a mass of 1.89 GeV is exchanged in the triangle diagram. The solid, dashed
and dotted lines correspond to a width of the A(1890) of 10, 60 and 100 MeV, in order.

In the above, we have shown that kinematical effects can result in a narrow structure around the y .| p
threshold in the J/¢ p invariant mass of the Ag — K™ J/y p decay. Consequently, a natural question is
whether such an effect happens at other thresholds, in particular those related to the y.; p through heavy
quark spin symmetry (HQSS). As a result of the HQSS, the operator for annihilating a y,; and creating a
J/y is contained in

1 . .
— ' T xeo + i (7.26)

. T R
<JTX1> = _ijchjZ - _Eljkwj le-1 + \/§ ce>

V2

| =

where the fields J = / - & + 7. and ¢ = o7/ (—)(ZJZ - %erijk)(lc‘l + %6if')(co) +H 170]] annihilate
the S-wave and P-wave charmonium states, respectively, and (- - - ) denotes the trace in spinor space.
This means that the rescattering interaction strength for y.o p = J/¥ p or x.o p — J/ p is of similar
size as that for the y.; p — J/¢ p. One might naively expect enhancements at both the y.» p and y.o p
thresholds in the J/y p invariant mass as well. However, this is not the case. As we have shown in
Eq. (73), at leading order in ay, the charmoium is produced by the [¢y*(1 — ys)c] current. This current
has no projection onto the y .o or x.2. The production of the y.o 2 in the b decays can come only from
higher-order QCD corrections which are suppressed. Indeed, there is no enhancement at the y ., p and
X0 p thresholds in A; decays, which is consistent with our expectation.

7.4 Discussions

In conclusion, what we have shown here is that the present information on the narrow structure around
4.45 GeV observed by the LHCb Collaboration is compatible with kinematical effects around the y.| p
threshold: First, it is located exactly at the y.; p threshold. Second, the mass of the four-star well-
established A(1890) coincidentally makes the triangle singularity on the physical boundary located at the
Xc1 p threshold, despite a small shift into the complex plane due to the finite width of the A(1890), and
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third, the y.1, instead of the y.o or .2, can be easily produced in the weak decays of the A, by the V — A
current so that there can be an evident effect at the y.; p, but not the y. p or y2 p, threshold.

Therefore, the most important question regarding the structure around 4.45 GeV is whether it is just a
kinematical effect or a real resonance. As discussed in Ref. [264], kinematical singularities, including
both the normal threshold and the triangle singularity, cannot produce a narrow near-threshold peak in
the elastic channel, which is the y.; p in this case. The reason is the interaction strength in the elastic
channel controls the threshold behavior, and there can be a narrow near-threshold peak only when the
interaction in the elastic channel is strong enough to produce a pole in the § -matrix which corresponds to
a real resonance. On the contrary, one cannot simply determine the interaction strength for the inelastic
channel (y.; p — J/y p in our case) because it can always interfere with a direct production of the final
state. Thus, the question can be answered by analyzing the process Ag — K™ x.1 p: if there is a narrow
structure just above threshold in the y.; p invariant mass distribution, then the structure cannot be just a
kinematical effect and calls for the existence of a real pentaquark-like exotic resonance, otherwise, one
cannot conclude the P.(4450) to be another exotic hadron.
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CHAPTER 8

Summary

The underlying structure of the newly observed exotic states which can not be accommodated within
the traditional quark model is extremely interesting. To distinguish theoretical models of the underlying
structures of the exotica is the current urgent task. In this thesis, we mainly focused on two parts. One is
the investigation of inclusive prompt production of the S -wave loosely bound state at hadron colliders,
the other one is the study of the rescattering of final states in heavy hadron decays.

The prompt production of the hadronic molecules is a subject still under development. The study on
the production can serve as a reference for further experimental investigation for the properties of these

Inclusive prompt production of S-wave loosely bound states

In Chapter 3] we derived the formula to estimate the cross sections of the inclusive productions
of charm-strange states at the LHC by using the amplitudes from unitarized heavy hadron chiral
perturbation theory for the heavy-light mesons. We assume that the charm-strange states D7(2317),
D;1(2460), D;(2860) and D»(2910) are S -wave loosely bound states of a kaon and a nonstrange
charmed meson. Based on this assumption, the charmed meson—kaon pairs will be produced
first by using two Monte Carlo event generators, Herwig and Pythia. After the production of the
constituents, these D;; states will be formed through the final state interactions between them
which can be described by effective field theory. Our results show that these charm-strange bound
state can be copiously produced at the LHC. The measurements can not only be able to test the
molecular description and production mechanism, but will also allow to gain deeper insights into
the interaction between heavy and light mesons.

In addition, we also studied the production of the exotic hadrons with hidden heavy flavor,
namely the XYZ quarkonium-like states at hadron colliders in Chapter ] under the same molecular
assumption. We primarily focus on the production of the X; which is bottom analogue of the
X(3872) with BB* components and its spin partner X, at the LHC and the Tevatron. Since the
X(3872) has been studied experimentally and theoretically, we also revisited the production of
the X(3872), and compared the obtained results with the experimental data and other theoretical
results. Our results for the X(3872) agree with the experiments. And according to our results, the
future prospect for the production of its spin partner and bottom analogs is promising at LHC
based on the accumulated data. This calls for an urgent experimental analysis.

In order to take the effect of the rescattering of the constituent mesons into account, we make use
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of the Migdal-Waton theorem to derive the factorized formula for the production rate. However,
one may doubt the use of the Migdal-Watson approach, because of a huge numbers of hadrons
comoving with the molecular components. The hadrons near the constituent mesons with a small
relative momentum can be investigated by using the event generators. Nevertheless the interaction
strength between a hadron with a constituent of the would-be loosely bound S -wave molecule
is much smaller than the one between the two constituents. Ultimately, we are able to derive an
estimate of the production rates for these particles at the order-of-magnitude accuracy.

In order to clarify the intriguing properties and finally decipher the underlying structure of the exotic

states, more accurate data and new processes involving their production will be helpful.

The rescattering effect of the final states can enhance the transitions when the Landau singularities

appear in a specific kinematical region. This region is associated with the solution of the Landau equation.
In particular, the threshold and anomalous threshold singularities arise in the triangle diagram. From the
triangle diagrams, we can not only find the kinematics region where the transitions get enhanced, but
also find the available intermediate mesons contribute to a peak or enhancement in the transitions.

Rescattering of final states in heavy hadron decays

92

In Chapter 5] we discussed the triangle diagrams for the production of the spin partner of X(3872)
through charmonium decay with the associated emission of a photon in electron—positron collisions
by using an effective Lagrangian approach. The spin partner X»(4012) was predicted by the heavy
quark spin symmetry is a D*D* bound state with quantum numbers J©¢ = 2**, The results show
that the ideal energy region to observe the X»(4012) in e*e™ annihilations is from 4.4 GeV to
4.5 GeV, due to the presence of the S-wave D*D;(2420) and D* D,(2460) thresholds, respectively.
We also point out that it will be difficult to observe the yX,(4012) at the e*e™ center-of-mass
energy around 4.26 GeV.

We studied the hindered magnetic dipole transitions between two P-wave bottomonia, y(nP)
and h,(n’ P) with n # n’, by exploring the effect of the intermediate meson in Chapter[6] In the
transitions, the coupled-channel effects originating from the coupling of quarkonia to a pair of
heavy and anti-heavy mesons can play a dominant role and are expected to lead to partial widths
much larger than the quark model predictions. We estimated these partial widths which, however,
are very sensitive to unknown coupling constants related to the vertices y,0(nP)BB. But the ratios
of the decay widths for the 2P to 1P bottomonia lead to very different values from the quenched
quark model. These differences can be tested in future experiments. A measurement of the hindered
M1 transitions can shed light on the coupled-channel dynamics in these transitions and hence
on the size of the coupling constants. We also suggest to check the coupled-channel effects by
comparing results from quenched and fully dynamical lattice QCD calculations.

Some of the exotic hadron candidates may be just originated from kinematical effects, as not every
peak should be attributed to the existence of a resonance. In Chapter [7] we investigated the newly
observed narrow pentaquark-like structure at 4.45 GeV by the LHCb Collaboration in the J/y p
invariant mass distribution in the Ag — J/Y K~ p decay. We found that it is compatible with
kinematical effects of the rescattering from y.; p to J/y p. On the one hand, the peak is located
exactly at the y.; p threshold and the mass of the four-star well-established A(1890) can make
the anomalous threshold singularity from a triangle diagram coincidentally at the y.; p threshold.
On the other hand, there is a narrow structure at the y,; p threshold but not at the y.o p and y.2 p
thresholds. Therefore, we need more evidences to conclude whether that structure corresponds to a



real exotic resonance. We proposed to measure the process Ag — K™y p. If the same structure at
4.45 GeV exists in the y.; p invariant mass distribution as well, then it cannot be just a kinematical
effect but is a real resonance, otherwise, one cannot conclude that the P.(4450) is another exotic
hadron.

There must exists triangle singularity in the Ag — J/¥ K~ p decay. Therefore, the full amplitude
analysis should also include the triangle singularity in addition to possible Breit-Wigner amplitudes.
How much the triangle singularity could contribute to the peak is not clear so far. This analysis
should be done in the future. If the final state rescattering is enough to describe the experimental
data, there is no need for the new states. Nevertheless, the inclusion of the triangle singularity
would change the fit results.
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APPENDIX A

Kinematics

A.1 Kinematics of two-body scattering

For the two-body scattering

A(p1,my) + B(pz,mp) — C(p3,m3) + D(p4, my), (A.1)

the Mandelstam variables are defined as
_ 2 _ 2
s = (p1+p2) =(p3+ps),

t = (p1—p3)*=(p2—pa),
= m? +m? - 2E Es + 2|p1||p5] cos 6, (A2)

u = (p1—pa’=(p2—ps3).
They are not independent and satisfy the constraint for the on-shell particles
s+t+u=m%+m§+m%+mi. (A.3)

The Mandelstam variables are invariant in all frames, we can deal with them in the simple center-of-mass
frame, in which the quantities will be denoted by an asterisk. In this frame, we have

Vs
17l

* *
E} + E5,
175,

It is easy to get the energies and momenta in terms of the invariants

s +m? — m?

E* = 1 2
! 24s
s +m2 — m?

Ef = 2 1
2 245
s +m2 — m?

) 3 4
3 2+s
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Appendix A Kinematics

2_ .2
. Stmy—my
4 2 \/E ’
JA(s.m2,m3)
7l = Ipl= ——
P P 2 \/E
. . A/ACs, m% mi)
P31 = P4l = 2—\/3,
where A(s, miz, m?) = [s— (m; +m;)*][s — (m; —m;)*]. Inserting the above equations to Eq. (A3)), we have
1
t(s,cosf) = m% + mg - 2—(s + m% - m%)(s + m% - mi)
s
1
= A D5, 2, ) s 6, (A4)
and
u(s,cosf) = m% +m§ +m§ +m421 —s—1

1
2 2 2 2 2 2
= —(s—m5;—my)+ 2—S(s +my — my)(s + m5 — my)

1
2 .2 2 .2
=3 A DA, 2, ) s 0, (AS5)

A.2 Kinematics of two-body decays

In Chapter [5]and Chapter [0} we deal with two-body decays. Here we will show some general properties
of these processes. For the decay of a particle with mass M into two particles with mass m; and m,

A(P,M) — B(p1,m1) + C(p2,my), (A.6)

where P? = M?, p% = m% and p% = m% In the rest frame of the decaying particle, P = (M, 6). The energy
conservation gives M = E| + E;, where E| and E; are the energy of particle B and C, respectively. The
momentum conservation gives p; + p» = 0. Thus, we have

£ M2+m%—m§ £ M2+m%—m% A7
1= T’ 2 = T’ ( . )

and 2
(2 =+ mo?) (M = oy - mo)?)| A
Ip1l = |p2l = i : (A.8)

The decay width reads
L gl e

dl = — — IM|" dQ, A9
0 I IM| (A9)

where dQ = d¢d(cosb) is the solid angle of particle B.
The processes in Chapter [5]and Chapter [f]include (axial-)vector and tensor particles. Since we are not
interested in their polarizations, we can average over the spin states of initial particle and sum over the

96



A.3 Kinematics of three-body decays

spin states of final particles, then integrate over the solid angle. The sum over polarization for vector is

written as )

o o d'q
(q.m) = —g" + —-. (A.10)
m

For a vector meson, if we extract the polarization vector €,(¢, 4) from the amplitude M and define
MH(g) to be the rest of the amplitude, the decay width will be proportional to

Dlea oM@ = 3 eig WM @e g, DM (g)
P A

" (g, m)y M (@ M (q). (A.11)

For a tensor meson, if we again extract the polarization tensor €, (g, 4) from the amplitude M and
define M**(g) to be the rest of the amplitude, we have

Dlen@ oM@ = gula. WM @eplq ODMP(g)

A a4

1 1 +
[5 (Mol + MM, ) — §H,Wnaﬁ] MEGMP (). (A.12)

For a photon, if we extract the polarization vector e; (g, 1) from the amplitude M and define M (g) to
be the rest of the amplitude, we have

D@ oM@ = 3 elg. WM @elg. KM (g)

A A

(=g ) MH@OM™ (g). (A.13)

The squared amplitude averaged over the polarizations is independent of the solid angle, we can obtain
decay width

1 2 |pil
= ——— “(q, ) - M —, A.14
(2J+1)8ﬂ;e<q ) M@f 25 (A.14)
where J denotes the spin of the decaying particle.
A.3 Kinematics of three-body decays
For the three-body scattering
A(P,M) — B(pi,mi) + C(p2,mz) + D(p3,m3), (A.15)
if we average over the spin states of decaying particle, the standard form for the Dalitz plot is
L IMPdm? ,dm3s, (A.16)
(27)3 32M3 3
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Appendix A Kinematics

2 _ 2 _ 32 2 2 2 _ a2 2 2 2 : 2 2
where m; = p;; = (pi + pj)°, then my, +myy +miy = M*+my+m; +m3. For a given value ofmlz, mi,

reaches maximum and minimum values when j; is antiparallel and parallel to 73, respectively. That is

)
n
( 23 Jmax

() = (5 B5) = (B2 =+ {37 = )

where EJ = (m%2 - m% + m%) /(2my2) and E5 = (M? - m%z - m%) /(2my3) are the energies of particles C

and D in the m, rest frame. Dalitz plot is the scatter plot in m%z and m§3. In Chapter we plot the

(B3 + E3) - (\/E§2 -} - B3 - M§)2 , (A.17)
2

(A.18)

Dalitz plot of the process A(b) — K~J/¥ p without taking into account the amplitude squared |M]*>. When
the amplitude squared is taken into account, the allowed region of the plot will be populated with events.
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APPENDIX B

Polarization vectors/tensors in the charmed
meson—kaon scattering amplitudes

In fact, the scattering amplitude in Eq. (3.9) has a factor of the product of polarization vectors (if the
scattered heavy meson is the D* or D1) or tensors (for the D), and the tree-level amplitude should be of
the form

V(s t,u) &) . W), (B.1)
where € - € means e; €, if the scattered heavy meson is the D* or Dy and E;VEW for the D, and 4, ; denote
the polarizations of the initial and final heavy mesons.

If we define o
p
uv o _ v
M = —-g" + o (B.2)
the sum over polarization for vector and tensor states are given by
Dela® =
2
W@ _* () ! !
e = zﬁwﬂw+mﬂh0—§hﬂw- (B.3)

A

Because the heavy mesons are highly nonrelativistic when we are interested in the near threshold region,
we have

me - o0_ PP —_1+1=0,
m

|

|
Q
+

n = —g"+55 =4". (B.4)

Thus the temporal component of the polarization vector can be neglected, and the nonrelativistic polariza-
tion summation formulae are given by

W) _ 5
2.alg " = b,

T
. 1 1
Z 6,-5-1)6,(1(1) = 5 (5ik5 i+ 51‘15,/k) - §5i,/51<1, (B.5)
N
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Appendix B Polarization vectors/tensors in the charmed meson—kaon scattering amplitudes

where €;; is symmetric and traceless. At the one-loop level of the resummed S -wave amplitude, one has

Z V(s)erW . 2WG(s)V(s)erW . ) = gl . 2y (G(s5)V(s), (B.6)
A

As a result of Eq. (B.6), the inner product of the polarization vectors/tensors can be factorized out and
becomes an overall factor of the resummed amplitude

(1) 2y V()
€ € =GOV B.7)

It looks different from the analogous equation in Refs. 268]l, where the denominator of the resummed
amplitude reads 1 — G(s)V(s) [1 + q%m / (3MV)] for the pseudoscalar meson—vector meson scattering,
where g.p, is the size of the momentum of the vector meson in the center-of-mass frame, and My is the
vector meson mass. In the nonrelativistic limit, the additional factor 1 + qgm/ (BMy) is reduced to 1, and
one gets the same equation as Eq. (B.7).
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ApPENDIX C

Unitarization

The S -matrix

Sri={fIS1D) (C.1)

represents the amplitude for the scattering from initial state |i) to final state |f). A momentum eigenstate
can not contain any information about the positions of the particle in space. Hence they are likely to be
widely separated in space and no interact at all. Therefore the S -matrix can be separated into two parts
by writing

S=1+iT. (C2)

Unitarity of the S-matrix, S ST = §T§ = 1 is derived from probability conservation, i.e. the total
probability for any system to end up in some final state must be one. Thus,

T-T =iTT". (C.3)

Then

1Ty = (F]T7i)

(f|r7|a)alTliy x @m)*s* Py - Py)

Z f & _dpi
L2p00n)

= iZfd(Da (fIT7|a)<alT] i), (C4)
a
where the phase space of the intermediate state is
dd, = Qn)*s* (P, - P)]_[ @pi (C.5)
0(271')3
We also have
2iImTy; = iZ f AP, T Ty, (C.6)
a
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Appendix C Unitarization

The phase space integral with two-body final states is given by

[ ae,

@’ \[‘(2ﬂ)32p (2n932k064(P Pk

Gem
f RSPy 1672 \/_ ™ Sm)
2p(8)0(s = s4), (C.7)

qu

\/”
three-momentum in the center-of-mass frame of two-body system g, = \/ (s = sip)(s — (my —mp)?)/(2+/s).
Therefore we have the relation

where sy, = (m; +my)? is the threshold and the phase space factor is defined as p(s) =

with g, the

Im 77! (s) = p(s). (C.8)
The infinite sum 7'(s) of all scattering amplitude given by Lippman-Schwinger equation reads

1
V=I(s) - G(s)
1

) V-1(s) —=Re G(s) — iIm G(s)’ (C.9

T'(s)

where V(s) is the tree-level S -wave amplitude and G(s) is the two-particle loop. Applying the Cutkosky’s
rule to the loop function, its imaginary part is related to the phase space factor

Im G(s) = —p(s). (C.10)

If we combine Eq. and Eq. (C.9), it is obvious that V(s) must be real as unitarity requires.
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APPENDIX D

Loop integrals

D.1 Two-point loop integral

The relativistic scalar two-point loop integral is written as

[ dq 1

X —. (D.1)
Q2m)* (g% — m? + ie)[(P — @)% — m3 + i€]
In the center-of-mass frame (P* = {E, 6}) and using the nonrelativistic approximation, we have
i d*q 1
GE) = f 1 — —
dmymy J (27) (q° - qul —my +ie)(E - q° - 2‘172 —my + i€)
1 d? 1
_ f ‘13 _ , (D.2)
dmymy J Qry p_ L _ my — my
2u

where u = mymy /(m; + my) is the reduced mass. The nonrelativistic form of the integral is related to the
relativistic one as Gygr(E) = 4mimy G(E).

D.1.1 Regulation of the loop integral

Obviously, the loop integral is divergent. But we can regularize the loop integral by taking a sharp cutoff
gmax as the upper limit of the integral, then we get

G (E ) f¢Imax d3q 1
NR\L, dmax) = 3 )
0 <2”)E—g—ﬂ—m1—m2
= L (e~ Rtan™! (222, (D3)
2 k
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Appendix D Loop integrals

where k = \/2/1(m1 + my — E — ie) is the binding momentum. Besides, we can also use a regulator
function f(g) with the cutoff A in the integral. Then the nonrelativistic integral is written as

@
Gnr(E AN) = f(27r)3 _ﬁ , (D.4)

—my —nmy

There are various choices for the regulator function, for example the dipole and the Gaussian form factors.
Here we take the Gaussian form factor, fA(72%) = exp (—2@’ 2/ Az), to regularize the loop integral, the
analytic expression for the integral is given by

Grr(E.A) = - & [«/27% + gkeZkz/Az (erﬁ(%] - 1]] (D.5)

72

the imaginary error function erfi(z) = (2/ v/r) foz e dt.

D.1.2 Riemann sheets in the loop integral

One might have noticed that the momentum k& is a multivalued function of E and its branch point is at the
threshold, which makes the loop function a multivalued function, too. Therefore, the loop function has
two Riemann sheets corresponding to the two possible signs of the binding momentum.

The first sheet is in the range where 0 < Arg(E — m; — mp) < 2x, while the second one is in the rang
where -2 < Arg(E — my — my) < 0. If we move from the first Riemann sheet to the second one, we can
simply change k by —k in the loop function.

D.2 Three-point loop integrals in NREFT

In this section, we will show the calculation of three-point loop integrals in the NREFT. The calculation
is based on the appendix of Ref. [[170]]. The relativistic scalar one-loop integral is written as
a’l 1
Q) (P = m? + im TP = D? = m3 + ie][( - ¢)> — m3 + ie]’

(D.6)

in which we assign the meson with a mass m; a constant width I';. Here at most one meson in the triangle
diagram is allowed to have finite width, otherwise there would be not apparent threshold effect. In the
rest frame of the initial particle (P* = {M, 0}) and using the nonrelativistic approximation, we have

a’l i/(8mymyms)
I(m] , My, m3) (27T)d r P ([’_*)2
(° - ——m1+zl)(M 0 — 3= —my +ie)l - ¢° - 52— mj + ie]
~ —i d?l 1
- - _
Smmams J Qg0 P10 4 biy + o — i) — bas + b1y — G+ ie]

H1223 a®] 1
2mimams J QY@ 4 cpy — il (R - 25227 G+ 03 — i)
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D.2 Three-point loop integrals in NREFT

where b12 =m +my — M, b23 = b12 +m3 — M + qo, Clp = 2/112[912, )3 = 2,[123([923 + ZLnj;) and
Mij = m;m;/(m; + m;) are the reduced mass. In the above equation, we have shifted the integral variable
and performed the contour integration over /. Next we can use Feynman parameters to combine the two
denominators and then dimensional regularization to integrate the loop momentum,

[0ny.mam3) = _HM12f23 f f di 1
2mymym QMR — ax? + (c23 — 12 + iualDx + c12 — ipaly 12
1 3 — C12 + iupal 2a +cpp —iuppl’y — ¢
Hi12M23 _ltan_l( 23 12 t 112 1]+tan‘1( 12 — 12l 23)}7

16tm myms +fa 2 \Ja(cis — ip1aly) 2 Va(cas — a)

(D.7)

@)2 72

where a = (
m3
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