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Abstract

As one of the four known fundamental forces in nature, the strong interaction is
crucial for the formation of matter. Established in the early 1970s, the underlying
field theory of quantum chromodynamics is embedded in our current Standard Model
of particle physics, describing the strong interaction between quarks and gluons.
However, due to its non-perturbative nature at low momentum transfer, we nowadays
face a wide range of phenomena that still need to be understood.

Especially in recent years, various collider experiments reported numerous states that
show properties inconsistent with quark-model predictions. So far there exists not
only significant tension between the parameters extracted from different exclusive
measurements for these so-called exotic states, but there is in some cases even no
consensus on the actual number of states that contribute. One reason for this is that
the experimental data are analyzed for the channels individually and parameterized
by a simple sum of Breit-Wigner functions - in particular omitting relevant threshold
effects. In this work, we aim towards a systematic study of the vector states above
4.2 GeV, consistent with the principles of analyticity and unitarity.

The first chapter introduces the theoretical framework relevant to our analyses. In
the second chapter, we present our initial study of the energy range from 4.2 to
4.35 GeV, which hosts most predominantly the Y (4230). New data published in
2022 and 2023 clearly highlight the asymmetric lineshape in J/¢n+7~ at the DD
threshold. We demonstrate that the experimental data of eight final states are
consistent with the assumption that the Y (4230) is a D; D hadronic molecule. This
is achieved by including interference with the well-known conventional charmonium

state 1(4160), as well as taking the relevant thresholds into account.

In the third chapter we lay the foundation to significantly extend the studied energy
range. While our first analysis focused solely on the intermediate Dy D channel,
heavy quark spin symmetry also calls for potential bound states in D; D* and DyD*.
We present the necessary formalism for the future study of the full coupled channel
dynamics.
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1. Theoretical foundation

1.1. Standard Model

The Standard Model of particle physics is a quantum field theory describing the
fundamental forces of nature [1-3], however, so far excluding gravity. The strong,
electromagnetic, and weak interactions are covered by a SU(3). ® SU(2)r, ® U(1)y

gauge group.

Due to various experiments, there is overwhelming evidence that fermions appear in
3 families [4]. The first generation of leptons consists of electron (e) and electron-
neutrino(v, ), the second of muon (1) and muon-neutrino (v,), and the third of tauon
(1) and tauon-neutrino (v,). For the quarks they are filled by up- (u) and down- (d),
charm- (c) and strange- (s), top- (t) and bottom-quark (b). Moreover, several gauge
bosons, corresponding to the generators of the gauge group, need to be introduced
to allow for local gauge symmetry. There are 8 gluons (g) for the strong-, the W=+
and Z boson for the weak- and the photon () for the electromagnetic interaction.

Although the W= and Z bosons are observed experimentally to be massive particles,
a corresponding mass term would break the SU(2), symmetry. To avoid this their
masses are generated dynamically by the Higgs mechanism, introducing the only
scalar field to the Standard Model, the Higgs boson [5]. Coupling to quark and lepton
fields via the Yukawa interaction, the Higgs potential has a degenerate minimum
with a non-zero vacuum expectation value, such that symmetry gets spontaneously
broken. This generates an effective mass of the W* and Z boson, as well as for
quarks and leptons.

Observed phenomena like e.g. neutrino oscillations indicate a non-zero mass for
neutrinos as well, although the exact mechanism is not known yet [6]. At present
the Standard Model Lagrangian has 19 free parameters which numerical values
were established by experiments; consisting of 3 lepton masses, 6 quark masses, 3
CKM mixing angles and 1 CP violating phase, 3 gauge couplings for the strong,
electromagnetic and weak interaction, as well as the Higgs vacuum expectation value
and its mass.
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1.2. Quantum Chromodynamics

The field theory describing the strong interaction of quarks and gluons is called quan-
tum chromodynamics (QCD) [3}, |7, §]. The Lagrangian density Lqcp is constructed
from local SU(3), gauge invariance with quarks ¢%, antiquarks ¢* and gluons Af, as
degrees of freedom
1 a apv —a [ 7H@D a
LQCD = _ZGMVG " +q (le — mq5 b)qb

¢ =(uds,ctb) (L)

q¢=(t,d,5,¢10b),
where a, b denotes the SU(3) flavor index. The interaction with the gauge fields is
contained in the covariant derivative

D = 0,6 +igT AS,. (1.2)

with 7% denoting the SU(3), generators in the adjoint representation. G, denotes
the gluon field strength tensor

Go = D, AL — 0,A% — gf™eAbAC (1.3)

(T 2]

where the structure constants f¢ are defined by the algebra [T,,T}] = ifapeT..
Quarks and antiquarks transform under the fundamental and anti-fundamental
representation

q —U(x)q = exp (—W(w)%) q

T (1.4)
G —qU'(z) = gexp (M)“(w);“) -
In general there is an additional SU(3). gauge invariant term of mass dimension 4
2
g 9 vpo a a
E%CD - 3271‘2 e'u P G,ul/GpO' . (15)

Due to the Levi-Civita tensor the QCD-6 term E%GD transforms odd under parity,
while it is invariant under charge conjugation. This introduces a C'P violating
term, which has not been observed experimentally, leading to the upper bound
fqcp < 2.5 x 1071 [9]. Up to now it is unclear, why its contribution is so small,
contradicting the expectations from naturalness. However, for the present work it
can be safely neglected and QCD can be assumed to respect C'P symmetry.

One of the major differences between QCD and QED occurs in the renormalization
of the coupling constants. To one loop, the QCD S-function is given by

3
g 11 2
5(91?,) = _16:!;2 (?CA — gNF) , (16)
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Figure 1.1.: Summary of measurements of o as a function of the energy scale (). Figure
taken from Ref. [4].

where foce fo¢ = C'46% = 35% in QCD and Ny denoting the number of quark flavors.
The solution of the resulting renormalization-group equation up to 1-loop can be
expressed as

9 2T 1

as(q) = Em,

Aqep

(1.7)

with 8y = 11 — 2Ng/3. Tt follows that as(¢?) decreases for increasing ¢?. This
phenomenon is known as asymptotic freedom. Apart from quark masses, which have
their origin from the Higgs mechanism, the energy scale Aqcp ~ 200 MeV is the
only fundamental parameter of QCD. Hadronic bound states can be classified in
terms of irreducible representations of the SU(Ng) group.

1.3. Effective Field Theories of QCD

As formulated by Weinberg in Ref. [10], writing down the most general Lagrangian,
containing all terms consistent with the assumed symmetries will result in the most
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general S-matrix consistent with analyticity, perturbative unitarity, cluster decom-
position and assumed symmetries. The Lagrangian contains an infinite number of
operators that need to be arranged by some power counting scheme. Given the
characteristic energy scale of hadronic processes A, ~ 1 GeV, the strong interacting
quarks can be categorized into two groups. The low energy regime involving the
three light quarks with m, < A,, namely up, down and strange, can be described
by low-energy effective field theories like Chiral Perturbation Theory |[11H16]. From
the three remaining quarks with mg > A, the top quark is too heavy and decays
before it hadronizes. To perturbatively describe the charm and bottom quarks,
which can form metastable hadrons like D and B mesons, one can use Heavy Quark
Effective Theory (HQET) by expanding in Aqcp/m. or Aqep/my respectively [17-20].

1.3.1. Chiral Perturbation Theory

Defining the projection operators

1
Prir = 3 (1 ++5), such that ¢t = Prrq, (1.8)

one can decompose the quark fields of the QCD Lagragian into right- and left-handed
chiral components
1 y R I _ _
Lacp = =7 GG + > qfibef + qriaf — meqiay — meqiaf . (1.9)
f
Considering only the light quarks f = u,d, s and working in the limit of vanishing
quark masses
m 1 a a pv ~L ~R
Laco = — GG+ > qibay + qfibqf (1.10)
!
one observes that the right- and left-handed chiral components decouple. In this

form, L& is invariant under independent SU(3) flavor rotations as well as U(1)
transformations for qr/r,

C‘TR/L — eii@a T{LefiaR/L(j'R/L . (111)
This symmetry group
UB)L @ U3)r =~ SUB)y @ SU3)a ® U(1)y @ (U(1)a) (1.12)

10



1.3. Effective Field Theories of QCD

is called chiral symmetry. Noether’s theorem states that every continuous symmetry
of the action is associated with a conserved current

oL
= ——=9,. 1.1

Here it is convenient to define corresponding vector and axial-vector currents

A\ . Aa
Vi =5 Vi =1q {M, 7]
Vi =q"g, V' =0
A 3 A\, (1.14)
Al = ’7“75761, 0, AN = 1iq {M7 7} q
) - Nyg? v ipo
Al = quu/yf)% auAM = 2'LQ’V5Mq + #EMV/MG/; Gﬁ )

where M = diag(m,, mg, ms) denotes the quark mass matrix. While the vector-
current V# is also conserved for all quark masses being equal, for m, — 0 the first
three currents are conserved. However, the singlet vector-current is always broken
due to the azial anomaly [21]. As no mass-degenerate states of opposite parity
are found experimentally and the Vafa-Witten theorem states, that no vector-like
symmetry can be broken [22], one needs to assume that only SU(3)y instead of
SU(3)r ® SU(3)y, is approximately realized as a symmetry of hadrons. Therefore,
chiral symmetry is spontaneously broken U(3)gr ® U(3), — SU(3)y @ U(1)y ® U(1)a.
As a consequence eight massless Goldstone bosons 7%, 7%, K0, K% K*, ng emerge,
although the presence of axial anomaly is shifting the mass of the experimentally
observed 1’ upwards. Due to the actual non-vanishing quark masses, chiral symmetry
is also explicitly broken, resulting in a non-zero mass of the Goldstone bosons. For
now, we assumed that m,,, mq, ms; < Aqcep, however, as my > (m, + mg)/2 one
observes that the isospin symmetry concerning just v and d works significantly better.

With these considerations one can now establish a field theory with the Goldstone
bosons as degrees of freedom. As demonstrated the massless QCD lagrangian is
invariant under the compact Lie group G = U(3)g ® U(3)y,, while we assume that the
ground state of our theory is only invariant under a subgroup H of G. Consequently
a state ¢ of its Hilbert space H transforms under a non-linear realization ¢ of G

e(g,0) €H. (1.15)

Denoting ¢ = 0 as the ground state, a requirement on the mapping is that the ground
state for all elements in h € H = SU(N)y is mapped onto itself, ie. ¢(h,0) = 0.
However, every other g ¢ H generates a non-trivial state ¢(g,0) = II that correspond
to the Goldstone bosons. So it is sufficient to look at the quotient group G/H as it

11
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is maps isomorphically on the Goldstone bosons. Defining g = (E, R) € G, we want
to relate the left coset gH with the SU(N) matrix U = RL'. Multiplying ¢ on the
left coset gH

9gH = (L,RRLYH = (1, RRL'LY)(L, L)H = (1, R(RL") L"), (1.16)

we find that the representative of the transformed coset is (1, RRLTL'). Therefore
U must transform under

U=RL'— U =RRL"L. (1.17)

A possible realization is given by

U =exp <Z\/f§f)

®im o g (1.18)
_ — 0 0
=l wrw B
- 2
K K 7

with f, = 92 MeV denoting the pion decay constant in the chiral limit. In order to
establish a proper field theory one needs to introduce a power counting to characterize
the importance of different terms. As the momenta of the Goldstone bosons are
small in comparison to the hadronic scale A,, an expansion in orders of pg /A, is
sensible. Due to Lorentz symmetry only terms even in the momenta will contribute
to a pure Goldstone boson lagrangian

EX _ Zﬁgn)’ Eg{zn) = O((pé/Ax)n) . (1.19)

n

For n = 0 the lagrangian can not contain derivatives and only terms proportional to
UtU = const. are possible. The most general, chirally invariant Lagrangian at lowest
order O((pa/A)?) can be written as

2
r@ _ I
X 4
where (...) denotes the trace in flavor space. External scalar s and pseudoscalar
sources p can be included via

(0,U0U"y, (1.20)

X = 2Bo(s + ip), with x — RyL'.

This also allows to include the explicit symmetry breaking by the non-zero quark
masses. The chiral symmetry breaking quark mass term is given by

Ly =—qrMaqy, — @ M'qg. (1.21)

12



1.3. Effective Field Theories of QCD

With the mass matrix M being constant, £,; would be invariant, if M transformed
like
M RMLT. (1.22)

Introducing the mass-term analogous to a scalar source with the correct transforma-
tion properties, the full leading order lagrangian is given by

@ _ wrrty o I Bo e i
LY = T((S’MUa U>+T<MU +UM"). (1.23)

which gives the so called Gell-Mann—Oakes—Renner relation [23]. The free parameter
By can be determined by relating the derivative of the ground state energy density
with respect to the light-quark mass m, in pure QCD to the effective field theory

O0[Hacol0) | _ 9(0[#,]0)

1.24
dmy, dmy, ’ (1.24)

mgq=0 mq=0

which at leading order evaluates to

(0|gq|0)
3f.°

1.3.2. Heavy Quark Effective Theory

By observing that a heavy quark bound inside a hadron with momentum p is nearly
on-shell and approximately moves with the velocity v of the hadron, on can decompose
its momentum p as

0= — (1.25)

Pt = mou" + k", (1.26)

where k* is the momentum of the light degrees of freedom. The fluctuations inside
a hadron due to the exchange of soft gluons are of order £* = Aqcp, such that the
velocity of the heavy quark can be expressed by

vl ="+ 0 (AQCD) . (1.27)

mq

allowing for a pertubative expansion in Agcp/mg.

Here it is possible to decompose a solution of the Dirac equation into velocity
eigenstates

U(@) = e [Py + P Q(x) = 7T | Qu(x) + Qul@) | (1.28)
with the corresponding projectors

14
P, = T’” fulfilling Py + P~ =1, P} =1 and ¢P. = +Py . (1.29)

13



1. Theoretical foundation

Thus, the kinetic- and mass-term of the QCD Lagrangian can be expressed as

(DD — mo)t = iQuv - DQy + Qu(—ivD — 2me)Qy + iQuIQy + iQuPQ, . (1.30)

If p* = mgu* were exactly fulfilled the small component Q. is equal to zero, as the
Dirac equation then implies that (1 — ¢)1 = 0. For convenience one defines

D" = D" — v (vD), (1.31)
SO becomes
L= ’iQUU . DQU + év<_iv D — QmQ)Qv + iQ’l}lDJ_QU + iévlpLQv . (132)

The field Q has a mass of 2mg, while @) is a massless excitation relative to the
reference energy E ~ mg, describing fluctuations in the heavy quark momentum
that keep the velocity fixed. As Q is a heavy degree of freedom, one can integrate it
out using the equations of motion

(iv- D +2mg)Q, = ilD | Q,, (1.33)

resulting in

L =iQuv - DQ, + Qviﬁlmiﬁj_@v
1.34)
w-D (
_ZQ’UU DQv+_ZQUZIpL ( ) IDLin
The leading 1/m¢ correction can be expanded as [24]
. = 1
Lijmg = 1Quv - DQy + Y. (=01 + 0z — 03)
mq
(1.35)

02 - Ol = QvDu(gw/ - UNUV)DVQ
O3 = Q’UO-MVG,MVQ’U )

where Oy — O corresponds to the non-relativistic kinetic energy for v = (1,0,0,0)7
and O3 describes the chromomagnetic coupling between gluons and the heavy quarks.
Including the gluon field strength tensor G* and light-quark fields ¢ one arrives at
the full HQET Lagrangian

»CHQET = — ZGZVG(”W ‘I’ (j(lw — mq)q + ’iQUU . DQU

Z@vuzn( ik D) iD,Q.. o

14



1.3. Effective Field Theories of QCD

Considering Eq. (1.34) in the limit mg — oo only the leading order term remains
Lo =iQuv - DQ, . (1.37)

It is apparent that eq. ((1.37]) contains no Dirac matrices, resulting in a SU(2) spin
symmetry group that leaves L, invariant. In the rest frame the SU(2) generators S°
can be chosen as

1 /g o g
s=3(7 o). s8] =enst (139

with o denoting the Pauli matrices. An infinitesimal SU(2) transformation
Q, — (1+ié- 9)Q, (1.39)

leaves the Lagrangian invariant
6Lo = O, [w .D,ie- 5} O, =0, (1.40)

meaning that the interactions of the heavy quark leave its spin s, unchanged. By
extension, as the total angular moment .J is conserved, the angular momentum of the
light degrees of freedom j, = J — sy, is conserved as well. Consequently particles with
the same j, form multiplets like D, D* or B, B* for jI = %_ as well as for example
he, Xeo, Xe1 and X2 in the doubly heavy systems, that are degenerate at leading order.
At next to leading order only O3 of equation transforms non-trivially under

spin rotation, which leads to the observed hyperfine splitting of the masses

mp —mp ~ 140 MeV

(1.41)
mp+ —mpg ~ 45 MeV .
Another symmetry emerges as eq. ((1.37)) is not depended on the heavy quark mass
mgq, such that it can be extended by

Ny
Lo=1iY Qiv-DQi, (1.42)

i=1

where Ny denotes the number of heavy quarks moving with velocity v. Combining
the spin symmetry with the invariance under rotations in flavor space, the symmetry
group of L., can be promoted to SU(2 Ny). This is the so-called heavy quark
spin-flavor symmetry, that in the limit of mg — oo the interaction is independent of
the heavy quark spin and flavor.

15



1. Theoretical foundation

1.4. Hadronic Molecules

A hadronic molecule is a bound state composed of two (or more) hadrons. The
concept is analogous to a nucleus that is composed of multiple baryons. As a result,
certain characteristics of light nuclei may be generalized to hadronic molecules. For
this reason, we begin this section with a very brief overview of few-nucleon systems.
For additional material we refer to Refs. [25-27].

Important characteristics for nuclear systems are the binding energy Ej, as well as
the binding momentum 7. The lightest nucleus composed of a proton and a neutron
is the deuteron with a binding energy of Ej(deuteron) = 2.22 MeV, defined as the
difference between sum over the masses of the constituents m; and the mass of the
bound state My

Ey(X)=> m;— My. (1.43)
The binding momentum given by

Y= 2By p=—2 (1.44)

my + Mo

is a measure for the typical momentum scale inside a molecule and only well defined
for a two body system. Furthermore, it defines the size of a molecule, which large
distance behaviour scales like exp(—vr). The binding momentum ranges from values
of a couple MeV for the seperation of the A in hypertriton (v & 13 MeV up to several
100 MeV in He* (y ~ 200 MeV), which also sets the scale for the binding momenta
expected for meson systems. The internucleon interaction is in general strongest in
a S-wave, due to the missing centrifugal barrier. Consequently, the deepest bound
nuclei are in a S-wave, however, also higher partial waves are possible. The role of
the one-pion exchange for nuclear and molecular bindings is still being discussed in
the literature and is briefly addressed later in this section.

While there are certain parallels between nuclei and mesonic molecules, there are
also differences, e.g. the latter do not survive the large NV, limit [28] 29).

1.4.1. Weinberg Criterion

The Weinberg Criterion developed by Steven Weinberg is a scheme to quantify the
molecular and compact components of a bound state wave function [30, 31]. His
original goal in 1965 was to demonstrate that the deuteron is not an elementary
particle, however, it can also be generalized from bound states to resonances and
virtual states close to threshold [32, |33].

16



1.4. Hadronic Molecules

One can define the wave function |¥) of a bound state as a composition of a compact
component [1)y) and a two-hadron component |hhs)

_( Ao
)= <X(k>’h1h2>> . (1.45)

In this context compact describes an object whose size is controlled by the confinement
radius Reonr, < 1fm, such that this component is much smaller than ~ 1/~ for small
binding energies. As given by the ansatz, A quantifies the contribution of the
compact component |1) to the bound state wave function, such that A\* denotes the
probability to find the compact component in the physical state. x(k) is the wave
function of the two hadron component with relative momentum k.

As demonstrated by Weinberg in Ref. [34] a general interaction Hamiltonian can be
expressed in following form

H V
H|T) = E|T), ’H—(V th), (1.46)

using the fact that it is possible with a field redefinition to shift all hadron-hadron
interactions into g, such that the two-hadron Hamiltonian is simply given by the
kinetic term HY, = k?/(2p) with p being the reduced mass of the two-hadron system,
see also Ref. |35]. Defining a transition form factor

f(k) = (¢o|V |hihs) (1.47)

the two hadron wave function in momentum space is given by

_ f(k)
) = A g (1.48)

From the normalization of the bound state wave function one finds:

L =(T]W) = N (do[to) + / %

= <1 +f éw]; (B +f::g];22u>>2) |

Recollecting the definition of the wave function renormalization factor in a non-
relativistic theory

X (K)[?(hihs|hihy)
(1.49)

GE)= -2+ O(E-E)) with Z= !

1.50
E—-FE, P 1 — Y (E)|p-p, (1.50)

17



1. Theoretical foundation

one finds
2= (v Gt imn) 0= [ G

2m)* (By + k2/(21)) 2m)3 B — K2/ (2p)
(1.51)

Comparing Eq. (1.51)) to Eq. (1.51)) gives
7 =\ (1.52)

This allows one to write a relation between the probability of finding a compact
component, A\?, and the bare coupling go. The Integral of Eq. is convergent
even if f(k) = const, which in case of a S-wave coupling is satisfied by the LO
expansion of f(k) with f(0) = go [36]. Solving for gy yields

2y [ 1
9 = #L] (y - 1) +0 (%) , (1.53)

where [ denotes the inverse range of forces. Note that higher order corrections are
impossible to include in a model-independent way. The bare coupling gy appears in
the physical propagator of the bound state, such that one can write the corresponding
T-matrix for two continuum particles whose threshold lies in close proximity of the
bound state pole

_ 90
Tw(B) = E + By + g3pn/(2m)(ik + ) (1.54)

where the subscript NR indicates non-relativistic normalization. Equation (|1.54))
corresponds to a one-channel version of the Flatté parameterization.

So one can conclude, that a measurement of near-threshold data in principle allows
to determine the composition of the bound state wave function. Following Eq. ,
the different behavior of compact and molecular structures is also reflected in the
effective range expansion

1-X /1 1
=2 (5) <0 (5)

A2 1 1
i (3) e 3),

where 3 denotes the inverse range of forces with 5 > ~. For a pure molecule, one
finds that the scattering length a becomes maximal while r tends to be very small,
although typically greater than zero. Compact states are characterized by a small
scattering length of order 1/ while r — —o0

(1.55)

(1.56)

18



1.4. Hadronic Molecules

These differences can also have severe impact on the line shapes of such near-threshold
states. Solving Eq. (L.55|) for Z in the zero-range approximation, namely neglecting

terms of O(1/f), results in
[ a
1-7 = = X. 1.
a+ 2r (1.57)

As X is the probability of finding the two hadron composite component in the bound
state wave function, it is also called compositeness.

Production reaction, on the other hand, are sensitive to the residue of the bound
state pole, which is given by the effective coupling constant g.g.. It is calculated by
multiplying the bare coupling with the wave-function renormalization v/ Z

1 E
9% = Zg3 = 167 M* (;) 1-X)+0 (ﬁ) : (1.58)

Thus the effective coupling of such a system is bounded from above, becoming
maximal for a pure molecular state. The consequences of this important observation
are discussed later in this section.

In contrast the wave functions of resonances and virtual states are not normalizable
and Eq. can not be employed, which makes the extension to states other than
bound states difficult. However, the formal definition of the field renormalization
factor Z allows to derive similar relations between Z, a,r and g% for virtual states,
e.g. for Eq. one simply needs to replace v with —v to get relations for a virtual
state. Further using the fact that a probabilistic interpretation requires | X| € (0,1),

Ref. [33] introduced
= = 1
Xo=1—-Zy= 4| ——F+. 1.59
4 4 \/ 1+ |2r/al (1.59)

Note that this choice is not unique and alternative suggestions exist, eg. Ref. [37].
By construction Eq. agrees with Weinberg’s original formula ( Eq. (L.57)) in
its regime of applicability. Ref. [33] used the fact that by varying QCD parameters
like quark masses, a bound state pole can transition into either a virtual state or a
resonance and therefore allow for a connection between them.

Both Weinberg’s original formula and its extensions are generally based on the fact
that the scattering amplitude near threshold fulfills the effective range expansion,
which is typically expected in systems where the momenta are smaller than the inverse
range of forces. While true in most cases, Ref. [38] demonstrated that scattering
amplitudes may have zeros close to threshold, which invalidate the effective range
expansion.
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1. Theoretical foundation

1.4.2. Lineshapes

Decay of particle R - ab - al[cd]
0.51 i

1 __ rb =0 EEtreshold
— | — m=01 [\
L% — =03 [1\if
v Lo\
s i i
: 0.3 i )
o L
T 0.2 H\
E Y
o Lo
m 0.1 e
s N
! ¢ Re(E,)= —0.5MeV
0.0 === '{'"}g ( P)

E [MeV]

Figure 1.2.: Resulting count rate for a bound state decaying into its constituents R — a, b,
with one of the constituents further decaying into b — cd, for different width
of the constituents I'y.

For more deeply bound states like the Y (4230) with £, ~ 60 MeV uncertainties are
of the same order as the compositeness itself. However, as derived in Eq. , the
coupling of a hadronic molecule to the two hadron continuum becomes maximal.
Consequently, the constituents threshold can significantly distort the lineshape of
a molecular resonance 36} 39]. In case of the Y (4230), one of its constituents, the
D;(2420), is unstable itself and can decay into D*m. To demonstrate the effects of
this one can choose a generalization of Eq. . The resulting count rate in the
elastic channel may be written as

ar 1 + 2 (Okea/OE)
OE = (E + By + £ (iker + ) +i00/2)2

ke(E) = \//7\/1/E2+F§/4+E+i\/ﬁ\/,/E2+F§/4— E

is introduced to account for the constituents width I', [39]. )
The emerging lineshapes for the example of the X (3872) as a D*D molecule are
shown in Fig. |1.2] using

my = 1865 MeV, my = 2007 MeV, T'y=1.5MeV, gu =0.1MeV. (1.61)

(1.60)

where
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1.4. Hadronic Molecules

Starting with a true bound state, i.e. I'y = 0 MeV, denoted by the black dotted
curve in figure [I.2] the lineshape is only non-zero above the threshold with a peak
structure at slightly higher energies. However, if the constituent has a non-vanishing
width, coupling strength can leak below the threshold and enhance the pole structure
itself, where the relevant parameter is given by the binding energy over the width of
the constituent Ej/T,.

1.4.3. Powercounting

Figure 1.3.: The 1st diagram shows the contribution to the 2-body self energy for an
unstable particle involved. Interchanging momenta of the final particles as
shown in the second diagram reveals, that the One-pion exchange in the 3rd
diagram is of the same order as the first one.

In order to estimate the uncertainties of an effective field theory a proper power
counting scheme is necessary. However, no theoretical agreement is found for doubly
heavy systems, with XEFT and Weinberg counting being the most prominent
proposals in the present situation. XEFT, based conceptually on the KSW scheme
introduced for NN scattering [40], was first introduced to investigate the pion
dynamics for the X (3872), under the assumption that it is a D*D molecule [41].

The starting assumption in XEFT is that the typical pion momentum is small, so all
momentum scales above p, ~ pp & pu are integrated out. As energies are treated
non-relativistically, they are of order momentum squared. Consequently, the one
pion exchange as well as the momentum-independent contact interactions are naively
of order O(1). In that sense, the theory is perturbative and therefore cannot produce
bound states. Since bound states are formed, the corresponding scattering length is
large. Therefore, the momentum-independent contact terms must scale like O(p~*)
and are treated non-perturbatively.

The classical Weinberg power counting [42] on the other hand requires to calculate
a potential up to order O((ps/A,)"). The resulting potential is then used in a
scattering equation, thus also including the one-pion exchange non-perturbatively.
For 3-body systems, this yields some significant deviation between the two power
countings [43].

We study systems where 7D loops provide inelasticises for resonances. Those need
to be resummed. To see that this naturally calls for a resummation also of the
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1. Theoretical foundation

one-pion exchange let us look at DD* scattering - the system that generates the
T..(3875). The Lagrangian for D* D7 introduced later in Section gives rise to
both a momentum-dependent self-energy of the D* and a one-pion exchange in the
D*D system, shown as the first and last diagram of Fig. As both diagrams
can be converted into each other by simply changing the momenta of the final
state particles, both are naturally of the same order. Therefore, it is essential for
the 3-body dynamics to include both the momentum-dependent self-energy as well
as the one-pion exchange simultaneously to not violate 3-body unitarity [44]. In
their analysis of the T,., Ref. [45] investigated the effects of a perturbative and
non-perturbative inclusion of the one-pion exchange. Considering no 3-body effects
or only the momentum-dependent D* self energy non-perturbatively, following XEFT,
leads to significantly different pole parameters. Ref. [45] demonstrates that both
dynamical ingredients, the D* self-energy as well as the one-pion exchange, need
to be considered non-perturbatively to achieve 3-body unitarity and allow for a
meaningful pole extraction.

1.5. Heavy Meson Chiral Perturbation Theory

From the derivation of heavy quark effective theory we find that for hadrons that con-
tain one or more heavy quark the chromomagnetic interaction is strongly suppressed,
leading to the conservation of the heavy quark spins. When studying hadronic
molecules, however, it is not appropriate to work on quark level, but hadrons need
to be considered as degrees of freedom, following the ansatz from chiral perturbation
theory. This further allows for a proper inclusion of the Goldstone bosons. To
construct a Lagrangian that is invariant under both heavy-quark spin and chiral
transformation it is useful to define superfields representing the different light-quark
spin multiples of heavy mesons, that have the correct transformation properties [46].
The ground states of heavy mesons with light quark quantum numbers ;I = %7,
namely {D, D*}, will be denoted by H,. For angular momentum L = 1 two spin
multiplets emerge, one with j/ = §+ containing the spin pair { Dy, Dy} and one with
ir = %+ containing {Dj,, D} denoted by T}, and S,, respectively. We may thus write

1+9 .,
HéQ) = T¢ [Dau’Yu - Da'YS] )
I3 1 _|_ 1% 174 17
rr = 127 {Dgﬁl% — /3Das(e" — I (3 = o) (1.62)
1+
SC(LQ) = Tyﬁ [D1u7u75 - Dé)a} ;
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1.5. Heavy Meson Chiral Perturbation Theory

where a is the SU(3) flavor index. We have, e.g., for j/’ = 3~

D, = (D", D%, D7)
D* _ D*O D*+ D*+ (163)
ap ( w0 s ) :

The heavy field operators contain a factor /My and therefore have dimension 3/2.
Under SU(3);, ® SU(3)g chiral symmetry the superfield transform like

H, — HU (1.64)

where U is a unitary matrix introduced in Section [1.3.1] Under heavy-quark spin
symmetry it transforms like

H, — SH,, (1.65)

where S € SU(2) as demonstrated in Eq. and below. At last, under Lorentz
transformations

H, — D(AN)H,D(A)™", (1.66)

where D(A) € O(1,3) is a representation of the Lorentz group. As pair creation
is suppressed in HQET the field operators, eg. D}* and D, for the ground state,
only destroy the corresponding D**, D, mesons with 4-velocity v. The superfields
creating heavy mesons are given by

] ) 1+

H® = qoH@ o = [D1y,+ Dls] — y

_ , , 14+

TCEQ)M = ’YOTCEQ)MT |:DgaT Y+ \/>Dla,l/ =3 ’7 - v’u)’y )75 9 ¢ . (167>
. 1+

S =28PM = [D1’ZT’YMY5 D/f] 5 14y

The corresponding superfields containing an anti—heavy quark @ can be constructed
using the charge conjugauon operator C = 174", where we are following the conven-

tion CDP -1 = D9 and D1 = D*(Q)
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1. Theoretical foundation

_ ~ y 1_
7% = [ D@73, — \ 3D (e - Jo# - v)| 152
B

7(Q 2 1-— v v v
T = T @1 = T¢ { @ty 4 /2D (g — 19 (7 — o))
_ 1—
S = | Dt D(l)a} Tﬁ
_ _ 1—
S(EQ) = fYOSo(LQ) T’)/O = T |:D/1;g7u75 Dé)a:| 5

(1.68)
where (...) denotes the tracing over the Dirac matrices, A, ~ 4 f, the chiral symmetry

braking scale and D), = 8, + V,, D), = 0, — V,, the covariant derivatives.

Pseudoscalar mesons couple through the vector V, and axialvector A, current
containing an even and odd number of boson fields, respectively,

1
YV, = §(UTau“ + ud,u’)
Z. (1.69)

A, = §(uTﬁﬂu — u&uuT) ,

conserving chiral symmetry [47]. Chiral symmetry violation is introduced via con-
structions of the kind
e = ulyut £uxfu , (1.70)

with x = 2BM, where M is the quark mass matrix and B a scale parameter related
to the chiral condensate. Here the exponential parameterization is employed for the
light Goldstone boson fields, where u = /U consistent with Eq. (I.18):

U =ex <z i )
P\,

I+ I ™ K* (1.71)
_ — s 0
o = m —757—’— \T}—% K y
K- K° — 2

NG

with f, = 92 MeV denoting the pion decay constant in the chiral limit. The
Lagrangian is constructed by imposing invariance under heavy-quark spin and chiral
transformation [19, 48-50].
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1.5. Heavy Meson Chiral Perturbation Theory

The mass and kinetic terms are
5 fr
Lin =i{Hyv, D}, Ha) + = (0" uduul) + (x+)) (1.79)
+(5y (v Dy, = 06a5) Sap) + Ty (100 Dy, = 6 A1) Tap)
where Ag and Ar denote the mass difference due to hyperfine splitting in the
{Dy, D1} and {Dy, Dy} doublet, respectively. The relevant terms for the interaction
are given by

Ling = g(H Lourys HD) + g0 (TE9" L5 T D)

h - h 7
OV Duars HD) + T (DAY HE)

X X
+ g{HD a5 H ) + g3 (TS Aays Ty 2) (1.73)
hl h2

_ = = o — _
T AD, ) s H?) + THTEVM AL ) HY) + .
X X

+

1.5.1. Coupling constants

The relation between the decay width and the effective coupling of a resonance R
with total angular momentum Jg decaying into the two-body final state a in the
narrow width approximation is given by [51]

1 1
Troe = — po(m? Mpsal?, 1.74
o0 = () <2JR+1)§‘ ol (174)

where mp denotes the resonance mass, the phase space factor is

2pa(mp)

2 a

“ =—_——" 1.75
(mfy) = e 20 (1.75)
and p, denotes the relative momentum of the decay particles in the rest frame of the

resonance,

V(Mg — (mag +ma2)?)(m, — (Mag — ma2)?)
(2mR) ’

with m,; for the masses of the particles in channel a. The summation runs over the
polarizations of the final and initial state, respectively, if necessary. The pertinent
matrix elements can be read off the Lagrangian given in Eq. straightforwardly
allowing one to determine the couplings from the experimentally measured decay
widths.

pa(mp) = (1.76)
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1. Theoretical foundation

1.5.2. Superfield H — H® transition

The Lagrangian for the transition of a j = 1~ superfield into 3~ and a Goldstone
boson is given by

Lrmr = 9<HbAba’Y5Ha> : (1.77)
Expanding the relevant terms for D* — D® results in
9 * a
Lp+pa :4\/§f7r [D aDTau(I)} (1+ ¢D*)7 (1 + ¢D)>
g

T [D*.D'8,®] (4 (vp- - vp + 1) g™) (1.78)
L.0.V2g
fr

At leading order in HQET the velocity of the heavy mesons do not change due to
the mass degeneracy in the multiplets. As the pion 4-momentum is contracted with
the D* polarization vector, only the spacial components remain

. V29
V(D*y — Dy®yp,) = 7 Toa (Pr * €0 )\/MDMp = g7 Toa(Dr * €D+ ) (1.79)
where 73, is the corresponding isospin coefficient.
The squared matrix-element for the transition of D** — D%®,;, summed over the

D* polarization, is given by

2g2cz pTFD(mD*)Q
D [ Mpepg|* = =2 = mp-mp (1.80)

[D*.D'o*®] .

pol.

where the coefficient ¢,; can be read off from the Goldstone boson matrix provided in
Eq. (1.18): ¢y =1 and ¢,y = 1/v/2. Using eq. (1.74)) we extract for D** — DOx*

12f270(D*+ — DO+) mper

: ~ 057, (1.81)
PrD (mD*) mpo

mw”%D%w:¢

where the central values listed in the Review of Particle Physics by the Particle Data
Group [51] were used

D(D** — D7) = BR(D** — D°x*) -T2 = 0.677 - 83.4keV = 56.4keV |
(1.82)
Analogously from D** — D*7% we find

2412wl (D*+ — DT70) mpe+

PrD (mD* )3 mp+

lg(D*" — D) = \/ ~ 0.57, (1.83)
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1.5. Heavy Meson Chiral Perturbation Theory

with T'(D** — D*x%) = 25.6keV. Therefore we use g = 0.57 in our calculations
in line with the non-relativistic limit in Ref. [52] and lattice calculations [53]. The
Lagrangian for D*D*r is given by

g * * «
L ypog =——— ff Do D ®p, (1 + D)y v 4597 (1 + ¢2)))

=17 fﬂD* oD ®p,, [4i (Ve 4 pD )] (1.84)
Lé),@D*iD*uq)pkEijk ,
resulting in the vertex '
V(D*y — D*®p) = z?geﬁj T mp. = gl €5 p et (1.85)
where g7 = %mm .

1.5.3. Superfield " — H® transition

The interaction of the j7 = %+ dublet {Ds, D1} with {D*, D} and the Goldstone
bosons ¢ given in Eq. (1.73)) can be re-expressed as
hy

Loy = ZA

Do
(T2 (D bars HED) + i AT (DA HIY) + e
]f;, X (1.86)
=7 (T Dry"(9,0,®)ys H ) + h.c.

where b/ = (hl + hQ)/AX
The resulting Vertex for D1 — D*r is

h 3 .
‘CDlD*ﬂ' :E §(D1)a(D ),Bq)p,upu

(A +9p )" —
2 h
f7r
B = @ = (p-0)*)g™ = (p- v)(p™0" +p 7)) .
Due to the Proca-constraint the last term vanishes, as a heavy-field is contracted

with the velocity v. The Oth component drops out, such that the D-wave scales with
the 3-momentum squared.

Lo — v sy (L4 )

3 (1.87)

= (D1)a(D7)5®

2h/

3T —(D1)i(D");2(3p"p’ — p*oV), (1.88)

£DlD*ﬂ'
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1. Theoretical foundation

The decay of the narrow D; into D*7 is predominately in a D-wave, since the S-wave
is suppressed by heavy-quark spin symmetry, which calls for the conservation of
the light quark total angular momentum in the decay. However, violations of this
symmetry in the charm sector can be sizeable. To get an estimate for the S-wave
strength in the D; decay, we can use the fact that the spin partner of the Dy, the
Dy, can only decay into D*m and D7 in a pure D-wave due to the total angular
momentum conservation [54]. From Eq. it follows

I ¥ a, v
Lp,p*r ZE<D2)MI(D )s®p"py (1 + ¢D2)7 Y 'YEfYﬁ(l + ¢D*)>
o 2Zh/
fr

(1.89)
= (D2)ua(D*) ®p" 0,7

resulting in

2ih/
Ix
Analogously the Lagrangian for Dy — D7 is given by

Lp,per = (DQ)ik(D*)jq)piPIEkjl . (1.90)

o %(Dmmaﬂa”@«l ) (L 6p))

Lot

fa

The Oth component of field contraction goes to 0, yielding

(1.91)
(DQ)WD(I)p P’ (v* 4+ 1)g*

2h o
,CDQDﬂ- = f—(Dz)ijZp]DTq) . (192)

Adding the partial widths, according to Eq. (1.74)), the total width of the D5 is given
by

1 PrD* m2
Dp, = LoD S g

5 mp, ol
. (1.93)
1 PrD m2
* 5% > Mool
2 pol.
with ,
32h
Z T ) [ —5Pxp+(mp,) ' mp,mp-
pol. ™
3 41? (1.94)
Z ‘MDQ—)Dﬂ"Q 2 3 2p7rD(mD2>4mD2mD )
pol. f”

28



1.5. Heavy Meson Chiral Perturbation Theory

where the factor 3/2 in front of each term results from adding the partial widths of
the D®+70% and D®O7+ in line with what was done for the decay of the D*. Using
[p, = 47.3 MeV [51], one can extract h’ = 0.82 GeV~'. Our calculation is not
sensitive to the sign of this coupling which we chose positive.

Allowing for a D*m S-wave, the expression for the total width of the D; reads

1 prp-(m7
o, = 1220 7 g

3 mp, o,
L pope (1.95)
Pr D~ le d—wave
*3 3 mp, p; |MD1—>D* )
From Eq. (1.88)) one finds
J h/2 A
Z ’MDlvi?l\;eﬂ - f QPD*ﬂ(le) lemD* ) (196)

pol.

where again a factor 3/2 was included to account for the two possible final states.
With £/ fixed above, one finds %Y = 15 MeV, in agreement with Ref. [54]. Since
the total width of the D;(2420) is 31 MeV [51], the S-wave decay must generate the
remainder. Using

S-wave N h; k
Lo =i NI (D1 - D) Oobra (1.97)
one gets
S—wave h/2 2 3
Y My = AL 3 MDD (1.98)

pol.

where w, denotes the energy of the pion and again the factor 3/2 accounts for the
two decay channels Df — D*7" and D**x% This leads to i), = 0.57. Below we
study a pion angular distribution, which is sensitive to the relative sign of A’ and h..
We already account for the observation that the data call for equal signs of the two.

1.5.4. Superfield T'— T'® transition

The vertex functions presented in this section are only relevant for the full analysis
discussed in Sec. Bl

The transition of the jI = %+ doublet {Dy, D1} into {Ds, D;} and a Goldstone
bosons ® is given in Eq. (1.73]) by

Lrra = gsu{ T Apas D) . (1.99)

The resulting vertex for Dy — D7 reads
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1. Theoretical foundation

V3 g% v BT 1
Lp,pye = — ——Dj Dm (1+ ¢D2)%”Ya75(guﬁ - g(%& —upy ) 7) (1 + ¢D1>
L.O. 893/2 v Bt a (o0 av B ap Bv | af v
= —i—= Dy Dy 'p" (29" g™ — g™ g™ + g™ 9"
BV TR B (
+g*Pvr” — g* oot 4+ gM oot
(1.100)
Due to the Proca constraint, the terms in the second line proportional to v*v” vanish,
such that the vertex is given by
. 8932 v v v
Lp,p,e = —1i \/3} <2D5 D} ,p, — DY"D} p, + D, D} p >
8¢ T (1.101)
. Y2 ij T
=—i DY DI
V3, o
Here we exploited that the polarization vector for a Spin-2 particle corresponds to a
symmetric rank-2 tensor, i.e. it is symmetric under the exchange of its indices and

its trace vanishes in d = 4 dimensions.

Analogous to D* — D*® in Eq. (1.84), the j© = g+ doublet can also emit a pion in
a P—wave for D; — D;® and a P— or E—wave for Dy — Dy®. The corresponding
lagrangian for the former reads

393/2
2fx

(U o, (0 = 3708 = o) n(a™ = 50 = eyl + i)

LO., QOQ%DVDM )

DyDyTp*

£D1D1<I> =

37 pv°e
2093/2 Kt ijk
D’L D z]
3f7T 17’
(1.102)
The vertex for the pion emission of the Dy in a P—wave is given by
93 v «
Loupue = = 172D Dhp™ (14,0357 + i)
2 Ve v o _apr
Lo, ?/ Dy” D p e (1.103)
293/2 Dlj szlT ]kl
"

where g¢s, is a free parameter to be determined in a fit.
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1.5. Heavy Meson Chiral Perturbation Theory

1.5.5. Superfield HH — cc transition

We now come to the description of the doubly heavy vector fields of relevance to
this study. In the case of a meson with two heavy quarks QQ, degeneracy is still
expected under the rotation of both heavy quark spins, allowing us to write QQ
superfields just from the spin structure [46, |55]

L+

Jﬂ1~~~ul
2

H,u1 ,uloz 2 :euzaﬁ'yva,yﬂHﬂl Hi—1 i1

+1 \/T

1
+ 7\/(2[ — 1)(2[ 4+ )Z(ry _ Uuz)Hlﬂ_ll i— 1 i1

=1

g b n 7 « i i i 1
2 j : 1l . . Moo g — 1 41 g — 1 G410
(g 1y v 7«/0 ]) r-\// Hl

V(2 =1)(2l+1)

1 —
+ Klﬁl-.-ul%) :| 5 ¢ .

) (1.104)
The ¢ = 0 superfield R(?%) contains the {.J/¢,n.} doublet and can be expressed as

ROO = L0 gy, ) 15 (1.105
where the interaction with D/D* is given by the Lagrangian
Lunp = W%(R(QQ)H%(%H@ , (1.106)
with Aé_;B = A(0,B) — (0,A)B. The resulting vertex factors are
Vipwpp =91/600(€5/0 * Q)
VJ/wD*D ZQJ/wD*DZ'GijWS/wE%*Qk (1.107)

Vijwpps = — 9/ D= D~ [<€J/w -€2)(e1 - q)
—(espp - q)(e1 - €) + (e5pp - €1)(e2- )]

with ¢ = k:@ — k:gQ) = denoting the relative residual momentum between the D
mesons. At leading order the masses of the multiples are degenerate mp« = mp = myg
and ¢ simplifies to ¢ = p1 — myv — pa + myv = p; — po. The coupling is traditionally

parameterized as
My MATE (1.108)

9j/pAB =
A me T/
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1. Theoretical foundation

which includes the leading spin-symmetry violating effects via the mass factors. The
¢ = 1 superfield P(9%9) contains the spin triplet o, Xe1, Xe2 and the singlet h,

P T A R
pear _ 117 (xS Yo e Moaysxiy

2
—¥

1.109
o) A o
Ve 1) =

Due to the Proca-constraint, P*v,, the leading order Lagrangian for the interaction
of the £ = 1 spin-multiplet with D and D* contains only a single term:

Lonp — igHTHP <P<QQ>”H26L%FIM> . (1.110)

From this the vertex factors evaluate to

h *
Vier p = —29" (€ + €n.)\/Mp.Mp-mp

2
. * * m *
ViD*D* = 2zghceaﬁmmhcvo‘egcefef ﬁ (1.111)
= 2ig"e*e) € ezt /mbmy,
where we fixed o = 0. The coupling is parameterized as
m 1
ghe = — e (1.112)

3 chO ’

where f;/, = 416 MeV was determined using vector-meson dominance (VMD) [56]
and f,., = (510 £ 40) MeV obtained from results of QCD sum rules [57]. Those
parameters carry a systematic uncertainty which is difficult to quantify. We allow
f1p to vary within 10% of its value in the fits, while we fix f, , to its central value,
since the fits of our initial study are not sensitive to this quantity.

1.5.6. Additional vertices

Photons couple via the field-strength tensor F'*” = 9,A, — 0, A,, where A, denotes
the photon field. In this way gauge invariance is preserved automatically. The
production of a vector resonance from a photon is thus described by

. i em%/
2fv fv

where V,, = 9,V,, — 0,V,, and V denotes either the field for the Y (4230) or the
1(4160). The implications of heavy quark spin symmetry on charmonium production

Ly Vi, W o VY AR (1.113)
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from photons are discussed later in Sec. , but as the production of the Y (4230)
must go via the broad D;(2430), we may allow for a complex phase at the vertex.
For the decay of Y (4230) — X (3872)7y we can describe the E1 transition of D; going
to D*vy with the following Lagrangian

Ca

5 (T'H,)E" (1.114)

‘CTH'y =

where E? denotes the electric component of the photon field.

1.6. Analiticity and unitarity

1.6.1. S-matrix theory

Considering a short ranged interaction, the S-matrix S is a unitary operator con-
necting asymptotically free initial |¢,in) and final |i, out) particle states undergoing
a scattering process, describing the time evolution from ¢t = —oco to t = c©

|i,out) = S|i,in). (1.115)
Generally for a two channel system it can be written as

g_ 77621‘61 i /1 — ?72€i(61+62) 116
T\ = 772ei(61+62) 7]€2i62 ) (1. )

where 7 denotes the elasticity of the process and ¢; the respective channels physical
phase shift. The T-matrix 7T is defined as the non-trivial part of the S-matrix,
containing all information of the interaction.

Sy =14 2i\/piTiy/pj (1.117)

with p being the two particle phase space defined in Eq. (1.75). The elasticity of the
contemplated process can be expressed with the T-matrix by

n= mod (1+ 2ip;T1;). (1.118)

S and T are analytical over the whole complex plane of the physical sheet up to
branch cuts on the real axis required by unitarity and possible poles below threshold
due to bound states. Every opening of a new threshold comes with a branch cut
located at threshold energy sy, along the real axis, as shown in figure |1.4{(a). The
discontinuity of this so called right-hand cut is in terms of the T-matrix defined by

discT'(s) = lim (T'(s + ie) — T'(s — i€)). (1.119)

e—0T
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1. Theoretical foundation

Figure 1.4.: The left plot shows a schematic depiction of the imaginary part of the first
Riemann sheet of a T-matrix, the black line denotes the real axis (4ie).
The right plot shows the imaginary part of the first Riemann sheet and the
adjacent second Riemann sheet containing a resonance pole.

Using the Schwartz reflection principle for complex analytical functions
T(s*)=T(s)" (1.120)
a relation between discontinuity and imaginary part is given by
discT'(s) = T'(s +i€) — T'(s —ie) = T(s +ie) — T"(s + ie) = 2:Im (T'(s)). (1.121)

For the opening of a threshold involving unstable particles the corresponding branch
cut moves into the complex plane. The branch point itself shifts according to the
particles width, as demonstrated in the right plot of figure [I.5 To be precise, the
branch point is split in two in accordance with the Schwartz reflection principle.
However, the second branch point has negligible influence on the real axis for a
remote threshold. The imprint of the relevant cusp on the real axis appears smoother
the greater the width of the particle is, as demonstrated in figure [1.6, In general
such T-matrix can also contain a left-hand cut due to crossing symmetry, opening at
some energy Spg Zoing to negative oo.

Resonances manifest themselves as poles on the adjacent second Riemann sheet, also
called unphysical sheet as shown in figure (b) The position s, of these poles
contain information about mass m and decay width I' of the corresponding resonance

T
Ve =m i (1.122)

The unitarity of the S-matrix is directly linked to the conservation of probability P,
which for a transition from |in) to |out) states is given by

P = |(in|out)|* = |{in|S|in)|*. (1.123)
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1.6. Analiticity and unitarity

Figure 1.5.: Schematic depiction of the imaginary part of a 2 channel T-matrix. The left
plot shows the physical sheet with respect to the lower threshold in green,
which generates a branch cut on the real axis. The right plot additionally
shows the physical sheet with respect to the second threshold involving
unstable particles in yellow. The width of the constituents shift the branch
point in the complex plane. The blue dot corresponds to a bound state pole
of the second threshold.
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Figure 1.6.: Imaginary part of the T-matrix evaluated on the real axis at the threshold of
some particles a, b for varying width I';, of particle b.

From the elastic unitarity of the S-matrix a condition constraining the T-matrix can
be found

STS=1—=Im(T7") = —p, (1.124)

which is analogous to the optical theorem in a single channel case

Im (T) = T"pT. (1.125)
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1.6.2. Dispersion theory

Im z Im =
e
@Y ":}/.." '
.“. .S
z + i€
. . | S
Re 2 ‘-. / J(zie) : Rez

Figure 1.7.: Contour v for f(z) in the presence of a discontinuity on the positive and
negative real axis marked by red, as well as a pole at z = s,. The left plot
shows the initial contour that is deformed according to the right plot.

Dispersion theory is a powerful non-perturbative tool enabling one to calculate
a unitary and casual function f(s) from just its imaginary part and residues of
eventually present bound states [58]. To obey unitarity and causality the function
has to be analytic in the whole complex plane with exception of the branch cut on
the real axis and potential bound state poles. The discontinuity of the function can
be related to the imaginary part using the Schwartz reflection principle. The residues
of bound states will be omitted below as they do not occur in 77 scattering relevant
to this work. Expressing f(s) in terms of a Cauchy integral gives

R OWIC)

271 y £

f(s) = (1.126)

where 7 is a closed path. Here the function f must be holomorphic in the area
enclosed by 7.

As f(s) is analytic except for the branch cuts and poles on the real axis, the integration
path can be deformed as shown in figure [I.7] We omit residues of potential bound
state in the calculation below, as they do not occur in 77 scattering. Under the
assumption that for |z| — oo : f(z) — 0, the arc contribution will vanish and the
function can be expressed by
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1.6. Analiticity and unitarity
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Expressing the discontinuity via the imaginary part gives the relation
1 I

f(s) == fdzm. (1.128)

7 J, Z—5

If the convergence of f(s) is not sufficiently fast resulting in f(z) — const. for
|z| = 00 one can subtract the dispersion integral

Fs) = L8) =S50 (1.129)

)
S — 8o

with the subtraction point sg < s, such that discf(sg) = 0. If the convergence is
now fast enough, one can write a relation for f(s)

f(s)zl/oo Imf(z)dz:l/m( m/z) g, (1.130)

T z—5 T z—35)(z — sp)

th

Rearranging equation (|1.129)), one obtains the once-subtracted dispersion integral
for f(s)

s—so [ Imf(s)
f(s) = f(so) + / dz, 1.131
()= floo)+ 2 [T (1.131)
where f(sg) is the subtraction constant. If the function still does not converge
properly, one can iterate this procedure at the cost of additional parameters in the
form of a subtraction polynomial.

1.6.3. Homogeneous Omnés problem

In general such function can contain left-hand cuts from crossing-symmetry, however,
for now we only consider the right-hand cuts, the so-called Homogeneous Omnés
problem. We consider f(s) to be a two-particle amplitude with definite isospin and
angular momentum. By unitarity, the discontinuity at the right-hand cut of such a
function in the elastic regime must be given by

discf = 2iT*pf, (1.132)
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where T denotes the elastic on-shell scattering matrix with phase shift §. Since the
discontinuity is purely imaginary and the phase space p is real above threshold, it
follows that T* f € R. Therefore, T and f must share the same argument and one

can express f(s) in the elastic regime in terms of the corresponding scattering phase
shift d(s)
f(s) = 1f(s)[e”, (1.133)

which is known as Watson’s theorem [59]. Finding a solution for this function is
called the Omnes problem [60]. Assuming €2(s) to be such a solution, P(s) - (s)
with a polynomial P(s) € R also fulfills the relation. Further, if Q(s) is free of zeros
one may study the logarithm with discontinuity

disc(log(£2(s))) = 2id(s). (1.134)

Using the dispersion relation (({1.131]) and choosing the subtraction point to be sq = 0,

one obtains
B s [ §(z)
Q(S) = exXp (; Lth de) s (1135)

where €2(s) is the so called Omnes function, which by convention is normalized to

Q(sg) = 1. Using a phase shift which converges to a finite value SILIEO d(s) = c fixes

the high-energy behaviour of the Omnes function to be lim Q(s) — s/,
S5—00

1.6.4. Inhomogeneous Omnés problem

For the inhomogeneous Omnés problem the left-hand cuts from crossed channels are
considered in addition to the right-hand cuts. It is convenient to isolate the left-hand
cut of the scattering amplitude f by writing

f(s,2) =M(s,z)+ (s, z2), (1.136)

where M (s, z) only contains right-hand cuts and all left-hand cuts are contained
in I(s,z), the so-called inhomogeneity. The same separation is still valid for the
partial-wave projected amplitudes fr,

F(s,2) = 32+ D fs)Pi(z),  with fi(s) = Mi(s) + L(s). (1.137)

l

From unitarity the discontinuity along the right-hand cut is given by

diSCR QLij(S) = Z 2@T£Zk(8)0'k(8)Qij s (1138)
k
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1.6. Analiticity and unitarity

where o, = /1 — (4m3/s)O(s — 4m3) and i, j, ... denote the indices of the coupled
channels. One may now define the quantity

Ti(s) = Q' (s)Mi(s) = Q7' (s) (fi(s) — Li(s)) (1.139)

which does not contain any left-hand cuts. Following the ansatz that discg I; = 0,
the discontinuity of Z can be expressed by

discr T, = Q' My, — Q7 M} + Q7 M Q™M
= —Q Mdiscg Q' M, + Q' discg (fy — 1)
= 2iQ Ty pl; — Q' discg I,
= 2iQ" " Typl;,

(1.140)

where the coupled channel indices are dropped to simplify notation. Solving both €,
and T; using their respective discontinuity equation

Q7 = (1-2iT7p)

1.141
Iy = (1= 217 p) 7', .

the discontinuity of Z; may be written as
discp ; = 2iQ ' Tipl, . (1.142)

In general the inhomogeneity I; can introduce additional branch cuts. However,
assuming that the branch points lie on unphysical sheets, Z; can be reconstructed
dispersively

z— S

s" zQ-_klz em (2) 0 (2) MO (2
(Zi(s)); = (Pn_l(s))ﬁz?/j—n st (2) T (2)7m (2) Mo ), (1.143)

resulting in

MZ<S) = Z ij

k

zZ— S

R D =] BT
Im

where P,,_; is the subtraction polynomial of order n — 1.
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2. The Y (4230) as a D1.D molecule

This chapter is largely built on our publication [61].

2.1. Introduction

Following the discovery of the first exotic state in the ce-sector in 2003, the x.1(3872),
also referred to as X (3872), many more states in the charmonium and bottomonium
mass range have been discovered showing properties that defy predictions from the
original quark model. For recent reviews see, e.g., Refs. |25 26, 62-65]. Data in
the J¥¢ = 17~ channel is particularly rich, as states containing ¢c can be created
directly in ete™-collisions, allowing for a straightforward study in experiments such
as BaBar, Belle, and BESIII. This chapter focuses on the vector states in the mass
range from 4.2 to 4.35 GeV, which hosts most prominently the ¢(4230) also known
as Y'(4230). BESIII claims an additional state located at 4.32 GeV to account for
the highly asymmetric line shape in the reaction ete™ — J/¢ntn~ [66, 67]. In
particular, their most recent analysis [67] revealed for the Breit-Wigner mass and
width of the Y'(4230) in this channel

My (s230) = 4221.4 + 1.5+ 2.0 MeV

(2.1)
Fy(4230) =41.8+2.9+ 2.7 MeV s

and for the Y (4320)
My(4320) = 4298 + 12 4+ 26 MeV

Fy(4320) = 127 + 17 + 10 MeV s

where the first and second uncertainty is statistical and systematic, respectively.
The Y (4320) is also necessary in their analysis of the J/¢77? channel [68], where
the parameters shown above are consistent with the data in this channel. However,
the Y'(4230) is in total seen in eight additional channels shown in Fig. 2.1 with
admittedly largely inconsistent resonance parameters. However, the state Y (4320)
shows up in none of them, at least within the mass range consistent with Eq. (2.2)),
not even in ete” — J/YKK which is directly related to ete~™ — J/¢wm by the
approximate SU(3) flavor symmetry of QCD.

The BaBar and Belle experiments reported an additional potential state with a
mass of about 4345 MeV, named Y (4360), in the ¢(2S)nTn~ [77, |78] final state.

(2.2)

41



2. The Y (4230) as a Dy D molecule
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Figure 2.1.: Mass and width of the two Y-states discussed in the introduction as extracted
from the experimental analyses of the individual channels shown by the labels.
All data below a mass value below 4240 MeV is interpreted a Y (4230) and
the one data point above refers to the Y (4320). The experimental values are
taken from [67-76]. The red dot denotes the pole location for the Y (4230) as
extracted in this thesis.

In experiments by BaBar and Belle a state named Y (4360), with a mass of about
4345 MeV, was discovered in the ¢ (25)r 7~ , final state. However, the recent
BESIII measurement of the same channel revealed that the Y (4360) emerges due to
a subtle interference of the Y (4230) and a state at 4390 MeV with a width of 140
MeV , which is thus in a mass range close to the ¢ (4415), although, twice as
wide. A signal at 4390 MeV with consistent parameters was also observed by BESIII
in the h.m and J/¥n final states. As this state is outside of the energy

range studied in this chapter, we do not discuss it here any further.

In the mass range from 4.2 to 4.35 MeV these results raise the following questions:

1. Why do the resonance parameters for the Y (4230) scatter so much in the
different final states? Even for the two data sets with the highest statistic,
the observed width of the Y (4230) deduced from the DD*n channel is almost
twice as large as the width determined from the J/¢mm channel [71]?
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2.1. Introduction

2. What can we learn from the cross section differences for Y'(4230) in its various
decay channels? Note that the cross section in the D D*r channel is about one
order of magnitude larger than those of hidden charm decays.

3. With regard to the previous point, why is the observed count rate for Y (4230)
in final states with both ¢c spin 1 (i.e. J/¢wm and ¢'m7 channels) and ¢c spin
0 (i.e. howm channel) of similar order, despite the production via a photon only
allowing for ¢c in spin 17 Can we understand this seemingly large violation of
heavy quark spin symmetry?

4. Why is the Y'(4320) seen only in a single final state?

5. Can the apparent asymmetry of the J/¢n "7~ line shape be generated by the
opening of the D;(2420)D channel just below the nominal mass of the Y (4320)?
Here the D;(2420) is the narrow axial vector with a width of about 30 MeV,
which decays into 7 D* predominantly in D-wave. The nearby D;(2430) has
a width of about 300 MeV and decays to the mD* channel predominantly in
S-wave. Thus, the broad D; is not capable of producing structures as narrow
as those discussed here, although its mixing with the narrow D;, emerging
from spin symmetry violation, is relevant for the production of the Y (4320).

In this chapter we address the mentioned issues starting from the assumption that
the Y(4230) is a D;(2420)D hadronic molecule, proposed originally in Ref. [79], and
refined in Ref. [80] by taking the Dy D cut properly into account and the triangle
singularity mechanism, which is crucial for the production of the Z.(3900).

2.1.1. Different structure assumptions

Before we lay out the observable consequences of a molecular nature in detail, we
present other possible structure assumptions put forward in the literature, namely
the hybrid, the hadrocharmonium and the compact tetraquark interpretation, as
well as studies that do not require a pole of the Y (4230) at all. The details will
be discussed in the following paragraphs, where we demonstrate the specific and
significant implications of a molecular structure of the Y(4230). For a general
introduction to the different binding mechanisms see the recent review Ref. [26].

Hadrocharmonium

In the hadrocharmonium picture exotic hidden charm states are viewed as a compact
cc state surrounded by a typically excited light quark cloud [81].

The main differences to the molecular picture in the context of the Y (4230) are
already discussed in Ref. [82]. The Y (4230) as a hadrocharmonium state naturally
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2. The Y (4230) as a Dy D molecule

explains its decay into final states that contain charmonium with additional light
quarks and the decoupling to D™ D™ channel, which would be expected for a
standard charmonium quark-model state. However, it appears at odds with the
previously mentioned fact that the ¥ (4230) is also observed in ¢c spin 0 final states
like h.mm, as HQSS calls for a conservation of the heavy quark spin. To overcome
this contradiction Ref. [83] proposed the Y (4230) emerges from the mixing of two
states, one with a spin 0 and one with a spin 1 ¢éc core. This scenario calls for
an additional nearby vector state, with the aforementioned Y (4320) being a good
candidate. Furthermore, this mixing scenario implies the existence of four spin
symmetry partners [84]. For example, there should be two exotic 7. states, one in
between the two vector states, one significantly lighter than the Y (4230). In this
picture, it is difficult to understand why the cross section Y (4230) — DD*x is large.

Hybrid

The first theoretical works after its discovery proposed the Y (4230) to be a hybrid
state based either on phenomenological calculations [85-87] or heavy quark effective
field theory [88]. For a hybrid state in addition to quarks also gluons contribute to
the valence degrees of freedom. Ref. [89] investigated the dacays of heavy quarkonium
hybrids into conventional heavy quarkonia, disfavoring a pure hybrid interpretation
of the Y (4230) [89]. Similar to the hadrocharmonium picture the hybrid scenario
requires the mixing of two close-by vectors states with different spin of the cc
component. This again calls for the existence of both the Y (4230) and Y (4320) to
explain the transitions to heavy quarkonia with spin 1 and spin 0. Additionally, by
exploiting the SU(3) flavor symmetry between J/¢rm and J/9 K K, the rate of the
latter in a hybrid decay is larger than what was found in experiment.

Compact tetraquark

In the compact tetraquark picture the states are typically made of heavy-light
diquarks and anti-diquarks. This approach calls for four non-strange vector states
with masses in the range 4220 MeV and 4660 MeV [90, 91|, since the diquarks
can have either spin one or spin zero allowing for the following spin couplings with
positive C' parity, [0, 0]o, [1,0]; + [0, 1]1, [1, 1]o, [1, 1]z, with the spins of diquark and
antidiquark in the brackets and their total spin as subindex outside — note that a
state that contains two spin 1 substructures coupled to total spin 1 has negative C'
parity. To get the negative parity needed for a vector state, an angular momentum of
1 needs to be introduced between the diquark and antidiquark that in addition flips
the C' parity to the needed -1. For example, the currently preferred fit of Ref. [90]
includes both Y(4230) as well as Y (4320). An alternative approach to compact
tetraquarks, similar in spirit, but different in the realization, is outlined in Ref. [92].
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Thus, we see that three of the non-molecular scenarios prefer the presence of both

Y (4230) and Y (4320).

No pole scenario

For the scenarios requiring no pole the structure of the Y (4230) is generated either
by an interference effects of the well established vectorcharmonia or their strong
coupling to a nearby multi-hadron threshold. In Refs. [93, 94] the structure near
Vs = 4230 MeV is generated from a strong coupling of the Y (4230) to the DD
channel, which threshold lies roughly at 4225 MeV. This indeed provides a reasonable
description of the J/¢n"n~ data, however, no other channels are investigated and
it is unlikely that such a scenario allows a simultaneous description the other final
states, especially the DD*m channel. The same statements apply to Ref. [94], where
the Y'(4230) is generated from an interference of the neighbouring charmonium states.
We therefore do not consider these mechanisms any further.

2.1.2. General considerations

As we only consider the Dy D channel for now and include the contributions of the
D, D* and D,D* channels in a subsequent study (see Sec. , we first limit the
analysis to the energy range from 4.2 GeV to 4.35 GeV. The goal of this study
is to demonstrate that the available data in this mass range are consistent with
the presence of a single exotic state predominantly of molecular nature, which is
reflected in a large coupling to the D;D channel as shown in section . For this
we perform a combined analysis of eight different final states produced in ete™
annihilation, namely D°D*~n, J/yntr~=, J/WWKTK~, hetn™, utu~, Xeo(1P)w,
J/vn and X (3872)7, under the assumption that the Y (4230) is a D; D molecule.
The molecular scenario for the Y (4230) was already advocated in Refs. [95, |96]
based on an analysis of older data in the J/¢¥nm and h.wm channels. Tt is crucial to
emphasize that, while certain properties of the data emerge naturally in the current
analysis, there are cases where fine-tuned parameters are necessary. Moreover,
to obtain a coherent picture, it is unavoidable to include the interference with an
additional vector state whose properties we fix to those of the well-known charmonium
state 1(4160), discussed in section [2.2.3]

Since this work is considered exploratory, a few disclaimers must be given. These
will be overcome in our subsequent project, which is presented in section [3

e We treat the effect of the interference of the 1 (4160) with the Y (4230) pertur-
batively. While this simplifies the fitting, it violates unitarity since only terms
linear in the vector propagators are included in the evaluation of the hadronic
cross sections.
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e To accelerate the fitting, we approximate the imaginary parts in the denom-

inators of the resonance propagators for ¢(4160), Y (4230), and Z.(3900).
Specifically, we keep dynamically the most significant imaginary parts that
exhibit strong energy dependence within the considered mass range. Contribu-
tions from more distant channels that show minimal changes are replaced by

constants. Details are given in the Sec. [2.2.112.2.3

This is a phenomenological study. In particular, we cannot estimate uncer-
tainties from a truncation error in some systematic expansion. The triangle
singularity present in the production of the Z. is embedded in a 3-body phase
space, discussed in section [2.2.2] There are certain kinematic regions close
to the D*D threshold where the triangle diagrams have significant contribu-
tions, however, over a large portion of the phase space these contributions are
subleading. Further, the D;(2430) has a non-negligible width, whose proper
inclusion in a power counting scheme has to be discussed. The current aim is
to demonstrate what is possible with a single molecular particle in the mass
range of interest.

We focus on the effect of the D;D intermediate state in the decays of the
Y (4230), ignoring that heavy quark spin symmetry also calls for the coupled
channels D; D* and the D,D*. This is the main limiting factor of our initial
study when considering the energy range.

The channels with two pions or two kaons in the final states necessitate the
proper inclusion of 77/ K K final-state interactions, as discussed in previous
works [97-101]. In this study, we simplify the treatment of these effects
presented in section [2.4]

The data for ete™ — ¢(25)nm |75], exhibit a very unusual energy dependence
in the ¢(25)m invariant mass distributions at /s = 4230 and 4260 MeV [102],
which seem to require a more refined treatment. Further, the signal of the
Y (4230) in the ¥ (2S)7mm cross section appears way less prominent than the
peak structure around 4380 MeV. Consequently, data from ete™ — 1)(2S) 7w
are not included in the current fits.

The data currently available do not show apparent peak structures of Y (4230) in
D® D™ channels, which must appear in odd partial waves to reach JF¢ = 1.
This suggests that the couplings of Y (4230) to the two-body open charm
channels are much smaller than those of the vector charmonium states. In
Ref. [103] it was demonstrated that the dips seen in the data of efe™ — D*D*
and D?D? are consistent with interference from the D; D molecular nature of
the Y (4230). We thus do not include these channels these channels here, which
would call for the inclusion of additional ¢c resonances.
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Note that with respect to the implications of the heavy quark spin symmetry there
are more advanced studies than the one presented in this chapter already pub-
lished [104} |105]. However, both those works focus solely on the pole locations that
emerge from solving the scattering equations for the members of the spin multiplet
{Dy, Dy} scattering off those of {D, D*}, where the pole locations were obtained
from Breit-Wigner fits performed by the experimental groups. No attempt is made to
investigate the resulting line shapes in the various decay channels. Contrary to those
works, we here study the energy dependence of the cross sections in the various decay
channels. This allows us to demonstrate that the inclusion of the 1 (4160) together
with the strong coupling of the Y (4230) to the D;D channel that is a consequence
of its assumed molecular nature, is sufficient to describe all data sets studied here
without the need for an additional exotic state in the mass range of interest. This
conclusion is in line with the preliminary results of this study announced in Ref. [106].

Ref. [107] includes the same degrees of freedom as our initial study presented here.
The central finding of this section is that in the energy range relevant to our work
three poles are needed. While one of them might well represent the 1)(4160), only with
somewhat shifted parameters, and another one the Y (4230), there is still a resonance
needed close to 4320 MeV, absent in our analysis. A more detailed comparison will
only be possible, once more details are published.

An alternative analysis, which includes both the 1/(4160) and the Y (4230) in the
energy range of interest, but does not require a state at 4320 MeV, is presented in
Ref. [108]. In this work, the asymmetric shape observed in the total cross sections of
J/¢matr™ and D°D*~ can be reproduced as an interference effect between 1)(4160)
and the higher energy state 1)(4415), where the latter state is beyond the energy
range considered here. It is combined with a non-resonant background. The inclusion
of the Y (4230) is necessary for fine-tuning the agreement with data near 4.2 GeV.
Another notable difference between this work and the previous one, as well as ours,
is the omission of any threshold effects. As we demonstrate below, the significance
of the D;D threshold on the Y line shapes is a direct hint towards its molecular
nature. Accordingly, Ref. |108] argues that their analysis is consistent with a cc
structure of the Y (4230). Thus studying observable differences between the results
of that work and ours is important to pin down the nature of the Y (4230). We come
back to this when discussing the results in Sec. 2.6] It should also be mentioned
that the relatively large cross section seen in ete™ — h.mm, where the final state
contains a ¢c pair in spin zero, contrary to the production of a ¢c pair with spin one
— suggests a considerable amount of heavy quark spin symmetry (HQSS) violation.
This phenomenon is naturally explained in a molecular scenario for the Y, whereas
it seems highly unnatural for a conventional ¢c structure.
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2. The Y (4230) as a Dy D molecule

2.2. Relevant resonances

2.2.1. Y (4230)

We can write the D; D wavefunction as a negative C-eigenstate

_ 1 _ _
DD(C=-1))=—(|D1D) — |DDy)) . 2.3
| D1D( ) 7 (ID1D) — [DDy)) (2.3)
As the Y (4230) is produced by a c¢ pair from the initial photon vertex it must be an
iso-singlet. Following the convention

|%;+%>:D0:Eu |%a+%>:_D+:_0J (2.4)
L-s=D =ced |}, —3)=D"=cu '

the iso-singlet wavefunction is given by |I = 0) = 1/v/2 (| 1) — | 11)), resulting in

_ 1 _ _
|D1D(C = —~1,1 =0)) = 3 (|Df D™)+|D{D%+|D* Dy )+|D°DY)) . (2.5)

In the single channel analysis the effective Lagrangian for the coupling of DD to
Y (4230) and D, D self-interactions reads [96]

Ly = %(BTWD;T - DY'Y'DY) + g, (D1 D){(D{D) + (DDY)Y(DDY)] ,  (2:6)

where the couplings gy and g; include the heavy quark mass normalization of
the fields. Usually, a proper field redefinition allows one to absorb the effect of
non-perturbative hadron-hadron scattering into a pole term. This is not possible only
if there is more than one pole in the mass range of interest |[109]. As this is not the
case here we can safely set the parameter g; to zero. We checked that the inclusion
of this parameter does not allow us to significantly improve the fit, however, it leads
to large correlations between gyq and ¢; slowing the fitting. In our subsequent study,
the effective coupling of the Y (4230) to D1 D and its spin partners will emerge from
solving the full coupled channel Lippman-Schwinger equation.

For now the D; D scattering potential is fixed by

V() = ~L06,(5) (2.7)

where the bare Y propagator reads
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2.2. Relevant resonances

with wy denoting the on-shell energy of the Y (4230) from the field normalization.
Here we dropped the spin indices although G and various other propagators below
refer to the propagation of a vector particle. The reason is that in our non-relativistic
treatment, the spin structure is simply given by §%, so the spin is unchanged.

The relation of the bare propagator Go(£) to the full propagator Gy (E) is given by
the Dyson equation

Gy = Go + Gogyo(2wy Xp,p)gyoGly - (2.9)
From this we find for the D;D scattering amplitude

g
Mp,pspbp = YOGY( ) (2.10)
with

1 1
2wY E—mo — 9%02D1D<E)+irin/2 '
Note that the last term in the denominator was added to account for the contribution

to the width of the Y (4230) from the various inelastic channels. A justification for
this treatment is given in the following section about the Z.(3900).

Gy(E) =

(2.11)

The self-energy 3 for a resonance R can be derived from the standard, scalar
one-loop diagram, which can be dispersively reconstructed from its discontinuity
discY, = 2io, for a two-body state a. In dimensional regularization it reads

~ s — 8o v(s"Ep(s')
2wpE(s) =a — ds’
wr¥y (s) =a . / (s — $)(s' — so)Lt1
- 1 m?2 m2, —m2, +s m?2
0 _ ~ a2 a2 al al
2wpYl(s) = ey, a(p) +log | —5= | + 5% log —
1% a2

+/\1/2(57 My, M) log (miz + mil — s+ )‘1/2(37 My, m31)>:|

25 m2y +m2y, — s — A\V2(s,m2,,m2) ) |’

(2.12)

where @ denotes the subtraction constant and p the renormalization scale. The effect

of the terms a + log(m?2,/u?) € R will be absorbed in the renormalization of the pole.

The masses in the expression refer to the masses of the two particles propagating

in channel a. Analogously, the scalar one-loop diagram can also be derived from
time-ordered perturbations theory, resulting in

- 1
) ETOPT E /
R R o P p,z,z)w2<l> E=walpld)—wal) (o3
/ [ E— wal(pa [, Z) - w2(l)|z=1 .
4wa2 E— Wal (pa la Z) - wa2(l)|z:71
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2. The Y (4230) as a Dy D molecule

Figure 2.2.: The Y (4230) induced production of the D1 D pairs from a pointlike source.
The Sohd hnes denote D; and D mesons as well as the bare propagator G,
double line stands for the dressed propagator of the Y(4230), and the wiggly
line corresponds to the initial photon.

for an external momentum p, where the radial integration has to be performed
numerically. The derivation is analogous to the one presented in appendix [B] for the
triangle loop. Equation and are identical in the limit p — 0. However,
even though the expression derived from time-order perturbation theory contains an
explicit integral, its numerical evaluation is actually faster when performed properly
due to the multiple log and square root functions in Eq. .

The actual expression of the self-energies that enter the propagators is

Ya(s) = Xa(s) — Re(Sq(md)) . (2.14)

With this subtraction, the real part of the inverse Y propagator vanishes at £ = my
and it significantly reduces the correlations between couplings and bare masses [110].
Using the D) D scattering amplitude and the Y (4230) propagator Gy, we can derive
the operator for the production from a point-like source My, shown in Fig. 2.2} via
Y (4230) to D1 D

My = (c— OéGogYO)(l + QWYZDlDGYgiz/o) ) (2-15)

where ¢ is the direct coupling of the photon to D;D in the quantum numbers
JPC¢ =17~ which vanishes in the HQSS limit, and « is the source term coupling of
the photon to the bare Y state. Eq. gives the impression as if it had a pole at
the bare mass mg, however, from Eq. one gets that

(1+ 2wy B(E?)Gy (E)gy,) = Go(E) ™' Gy (E), (2.16)
which allows us to rewrite Eq. as

Here, in the purely one channel DD problem, unitarity requires the parameters to
be real. Neglecting HQSS breaking effects, it is not possible to produce D;(2420)D
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2.2. Relevant resonances

from a S-wave cc source, as the light degrees of freedom j, = % ® % can not couple
to 0. At leading order, the production must go via the broad D;(2430), which has
ir= %Jr. In the quark model, the physical D;(2420) and D;(2430) are generated by
the admixture of a L; ='P, and a *P; quark model state [111]. Ref. [96] argues that
a small amount of HQSS breaking, allowing the mixture of D;(2420) and D;(2430),
suffices for the production to be in the expected order of magnitude. In principle,
we could allow for complex couplings in either the production or contact terms to
absorb this effect, however, it was not necessary to achieve a proper fit.

The polarization of the Y (4230) is determined by the Lepton-Photo production. The
index structure of the Lepton-Tensor L*” must reproduce the transverse polarization
of the photon produced in eTe™ collision

L = 4 [kiky + k{Ky — g™ ((ky - k) +m2)] (2.18)

where kq, ky denote the momentum of the electron and positron. At the energies
studied in this work, the term proportional to the electron mass m, is neglectable.
We define the beam axis as the third component

k1 = kent(0,0, 1), ks = ke (0,0, —1)7 (2.19)

where kqy = k is the center of mass momentum of the electron positron pair. The
scalar product then evaluates in ultra-relativistic approximation as k; - ko = w? +k* ~
2k?. The 4-momenta will be contracted by the polarization vectors of the heavy
fields, leaving only the spacial components, such that:

L = 8k [57 — 6757 (2.20)

where we used ki = ko, ki = —kd™.

2.2.2. Z.(3900)

BESIII first discovered the charged ZF(3900) states in the J/¥7n™ invariant mass
distribution of ete™ — J/¢¥m 7~ which was confirmed by Belle shortly after [112-
114]. Later, its neutral partner was also discovered [115], confirming the Z.(3900)
to be in iso triplet. As the decay ZF(3900) — J/u7® is observed, its minimal
quark content must be éc to produce a J/1 in the final state. Furthermore, as it
also appears in charged modes, additional light valence degrees of freedom must be
present and it was classified as an exotic state. In the literature the Z.(3900) is
predominantly regarded to be a D*D hadronic molecule [25, 80, [116]. Its quantum
numbers were determined to be 1¢JF¢ = 1+1+-,

o1



2. The Y (4230) as a Dy D molecule

Analogous to the Y'(4230), we can express the wavefunction of the neutral Zg(3900)
as a negative C'— eigenstate of D* D under the assumption, that it is a D*D molecule

ID*D(C = 1)) = % (ID*D) + |DD")) . (2.21)

As the charged ZF(3900) are not eigenstates of C', we can follow the construction of
Ref. [117] in the bottemonium sector to write the wave function as

* _ _ i +7y*x0\ *+ M0
|D*D(I = 1)) y=1 = 7 (ID*D*%) — [D**D?))
|ID*D(I =1,0 = —1))1,—0 = % (|D**D°) — D**D~) 4+ |D°D*°) — |D* D*T))
D" D(I = )1y = —= (IDD7) ~ D D))

V2
(2.22)

The relevant lagrangian for the coupling of Z, to D*D and the D*D self-interaction
is

L7 = gz0(D"Z' DV — D'Z'D*1") + g, [(D*D)"(D* D) + (DD*)'(DD*)] + he..
(2.23)
The same reasoning for g; = 0 discussed in section [2.2.1] applies for ¢, i.e. go = 0.

In analogy to the Y propagator provided in Eq. (2.11)) we find for the propagator of
the Z.(3900) from solving the related Dyson equation

1 1
2wz E—mo—>, 959

Gy (2.24)

where the sum in the denominator runs over all relevant channels, which for the
Z.(3900) are D*D and J/¢m [51, [114], denoted as channels 1 and 2 respectively.
Here g; stands for the couplings of the Z.(3900) with the channel ¢, and ¥; refers to
the self-energy in the corresponding channel. As before the trivial spin structure of
the propagator is not shown. As the energy range studied in this work is far above the
J /v threshold, we only consider the leading effect to self-energy, D*D. Experiments
confirmed that the coupling of the Z,.(3900) to D*D is significantly larger than to
J /7, leading to a ratio of partial widths of I'(DD*)/T'(J/¥7) = 6.2 £ 1.1 4 2.7
[114], altough D*D has a tiny phase space.

Therefore the contribution of J/¢7 to the self-energy is well approximated by a
constant, which real part can be absorbed into the bare mass mg, resulting in

1 1

Gz = .
Z 2WZE—m0—g§02D*D—irz/2

(2.25)
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2.2. Relevant resonances
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Figure 2.3.: Diagramatic contributions to Y (4230) — Z.(3900) 7 relevant for the process
ete” = D'D*rxt,

We subtract the real part of the self-energy in accordance with Eq. . The
parameter ['; captures not only the effects of J/i¢m but also the effects of all other
inelastic thresholds. Although this approximation violates unitarity, it is well justified
in certain situations as demonstrated later in this section.

The Z. is at leading order produced via the triangle ¥ — Z.m. Considering the
D°D*~ 7 final state, only two out of the four components of the ¥ (4230) wavefunc-
tion, namely | D D~) and |D°DY), will contribute. The pertinent diagrams are shown
in Fig.[2.3] A so-called triangle singularity further enhances this production [80} [118],
as certain kinematics can lead to logarithmic singularities from the loop integration.
Ref.[119] extensively discusses this phenomenon in the context of Ay — J/Y K
decays. For the process relevant to this work we can write the on-shell momentum
of the D for the first D; D and second D*D(7) cut by

Yor 2 9 2
DPDeutl = 7—A (mY>mD1>mD)
2my

PD,cut2 = V(BEB - p*D) )

(2.26)

where E7, and p}, denote the D* energy and momentum in the center of mass frame of
DD*. The boost factors are given by 3 = ppp+/Epp+ and v = 1/4/1 — p2. As both
these momenta must be equal, it follows for pp > 0 that pp« = y(BES. + p}) >0
and therefore, both the D and D* move in the same direction. In the rest frame of
the Y (4230) the velocities of the D and D* are given by

E; —ps/B _ Ep- xp}/f
B3 — B3 Ep- + 8pp

from which follows vp« > vp. In a classical sense, the D; decays into D*r, and
subsequently the D* can catch up with the beforehand produced D, making the
second cut operative. The generalized idea was already formulated in 1965 in
Ref.[120], from which the two necessary conditions for a triangle singularity follow:

vp =f B, vpr = 3 >, (2.27)
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2. The Y (4230) as a Dy D molecule

1. All three intermediate particles can go on-shell simultaneously.

2. Particle 3 (D*) produced in the decay of particle 1 (D;) can catch up with
particle 2 (D).

Although the contributions shown in Fig. have a relative minus sign, the individual
contributions generate an additional minus sign. From the lagrangian of Eq. it
follows that 77— H® and H — H® vertices change sign under exchange of Q < Q.
The two considered diagrams have the heavy quarks and anti-quarks interchanged.
We do not need to consider the light degrees of freedom, as the vertices for 7+ or 7~
share the same sign. Consequently, all three vertices change sign under the exchange
Q < @, such that the contributions of both diagrams add up.

In the following, we will discuss the effect of the constant width approximation on
bound states and resonances. For the Y (4230), we only consider the leading effect,
namely D; D, to the self-energy. The resulting bound state pole lies on the physical
sheet with respect to D;D. However, as the D; is unstable and decays into D*,
there is an additional branch cut for the DD*r intermediate state, such that the
pole is located on the unphysical sheet with respect to DD*m as depicted in Fig. [1.5
For the present analysis, we only consider a limited energy range, such that the
width of the D; can be treated as constant, as the D; pole is sufficiently high above
the D*m threshold [36]. The propagator of the Y (4230) therefore only produces a
D1 D branch cut and the bound state pole is shifted deeper into the complex plane
according to the constant width.

However, for proper resonances above a threshold, the effect of an additional constant
contribution to the width appears more drastic, as demonstrated in Fig. 2.4, While
the Z.(3900) is considered to be D*D hadronic molecule, our fits suggest the pole
to be slightly above the D*D threshold. The implications of this observation are
discussed later in section [2.6] for now, we focus only on the analytic structure of
the resonance propagator. Considering the contributions of D*D and J/v7 to the
self-energy, the poles of the Z.(3900) appear as the blue dots in Fig. 2.4 consistent
with unitarity. The lower and upper thresholds correspond to J/¢m and D*D,
respectively. The physical sheet with respect to J/¢m is colored green, while the
yellow sheet corresponds to the unphysical sheet to with respect to D*D above its
threshold, where the resonance poles are located. Approximating the contribution
of J/ as a constant, the propagator only generates the higher D*D branch cut,
and the poles move according to Fig. While this violates unitarity and Schwartz
reflection principle, it also appears that the pole located on the positive imaginary
half-plane on the unphysical sheet can move into the negative imaginary half-plane
onto the physical sheet, denoted by the gray color in Fig. [2.4, For the 1-channel
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2.2. Relevant resonances

Figure 2.4.: Depiction of a 2 channel T-matrix showing the implication of the constant
width approximation for a resonance. The blue dots denote the resonance
poles on the unphysical sheet only considering the leading effects to the
self-energy dynamically. The red dots denote the resonance pole after adding
a constant width, showing the trajectory of the pole for increasing I',4q.

system, it seems that analyticity is violated, however, with respect to the full two-
channel problem, the pole moves on the unphysical —+ sheet. As the thresholds
in this example are more than 600 MeV apart, the second pole on the —+ sheet
has negligible influence on the real axis. Consequently, one only needs to consider
the pole on the +— sheet to be physical, which as expected moves further into the
complex plane the higher the additional constant width is.

2.2.3. 1)(4160)

Very close to the nominal mass of the Y (4230) a conventional charmonium resonance
is located, the (4160). With a mass of my = (4191 £ 5) MeV and a width of
I'y = (70 £ 10) MeV, at least some interplay between the two resonances is expected.
While most of the hadronic final states do not show direct evidence for multiple reso-
nances in the studied energy range, the et e~ — ut ™ cross section data clearly shows
two separate structures, which are impossible to describe with a single resonance.
This is illustrated in Fig. [2.5] where we show the fit results with and without the
¥(4160) for the DYD* 7™, J/¢pr T~ and pup~ cross section. The narrow structure
seen in the J/¢7mm channel is by itself incompatible with the broad structure seen
in DD*r, as well as some other channels discussed below. This is also reflected in
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2. The Y (4230) as a Dy D molecule

w(4160)

L’ —— Y(4230) + @(4160)
---- Y(4230)

-
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Vs [GeV]

Figure 2.5.: Fit result for DD*~7+ and J/¢n "7~ channels, including the v(4160) (solid
red line) and omitting it (dashed blue line). The data for the D°D*~x+
channel are from Ref. [121] and those for the J/¢7n* 7~ channel from Ref. [67].
The vertical red dotted lines indicate the positions of the nominal mass of
the 1(4160) and D1 D threshold, respectively. The black dotted line at 4.33
GeV denotes the upper limit of the D°D*~x* fit range.

the resonance parameters extracted by BESIIL. The width extracted from D°D*~ 7+
is with I'y® = 77 £ 6.8 £ 6.3 MeV [71] almost twice as large as in J/¢rt7~ with
'$P41.8 2.9 4+ 2.7 MeV [67], differing by more than 3 standard deviations. Fur-
thermore, p ™ is the only channel where BESIII considered the inclusion of the
1(4160), while neglecting it in all of the hadronic final states. Ref. [122] puts forward
the hypothesis that 1(4160) and Y (4230) could actually be the same state. However,
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2.3. Production with coupled channel FSI

Figure 2.6.: Feynman diagram for production of channel 2. The scattering amplitudes T;;
in the channels ij (i, = 1, 2) are related to the Z. propagator as T;; = ¢:Gzg;.

the data shown in Fig. indicate that this conjecture is incompatible with the
data.

For the exploratory study, we only consider the leading effects of the ¢(4160) pertur-
batively via contact interactions to the final state, described in the following section.
The resonance propagator is parameterized by a constant width Breit-Wigner, where
we fix mass and decay width of the 1/(4160) to its central values given in the Review of
Particle Physics by the PDG [4]. As the coupling of the 1(4160) to the hadronic final
states studied in this work is small, a Breit-Wigner is justified for an exploratory fit.
In our subsequent study, the (4160) will be properly unitarized via some K-matrix
formalism.

2.3. Production with coupled channel FSI

Unitarity links scattering and production processes in hadronic final state interactions.
The derivation of the 3-point function of the Y (4230) given above is already an
example of this. In Eq. both a contact term to the final state as well as a
resonance collecting the interactions of the final state are present. A consequence of
the conservation of unitarity is, that the tree-level production term gets canceled
and the final amplitude given in Eq. is proportional to the dressed resonance
propagator.

Thus, we cannot consider tree-level or contact terms of a decay without including
the non-perturbative final state interactions in the relevant subsystem, which are
parameterized by the pertinent resonance propagators.

The production amplitude Fy for channel 2, shown in Fig. 2.6 can be expressed as

Fy = My(1 4 2592Gz92) + M1X19:1G 292

(2.28)
= Gy (My(E—mo—giX1)+MiX19192)

where M; denotes the production operator for channel i. The expression for Fj is
analogous and obtained by simply interchanging index 1 and 2 in Eq. (2.28). By
defining M; = g; My and My = go My we can express the form factor F' by
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2. The Y (4230) as a Dy D molecule
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Figure 2.7.: Upper line: Feynman diagrams for production operator for Y (4230) — J/¢m.
In the full amplitude, the J/v and one of the pions undergo final state
interactions driven by the Z.. Lower line: The corresponding transition
Ze — J/ym.

. g1 [(E - mo)Ml‘i'g%EQ(Ml—Mz)}
F=G, (2.29)

g2 [(E - m0>M2+g%E1(M2—M1)}

which results in some vertex structure of the source term times the contribution of
the Z. propagator times the corresponding coupling of the channel, which is reflected
in our choice of Feynman diagrams given in Sec. [2.5.2] The effective coupling go of
the Z. to the J/¢m channel, shown in the lower line of Fig. , contains a triangle
diagram and a counter term. My, shown in the upper line of Fig. [2.7] shows the same
structure. Here the triangles appearing in g, and M, are almost identical, apart
from the couplings of the Y and Z. to D-mesons. The principal value part of these
triangles depends on a regulator that requires to be renormalized by a contact term
consistently for both cases because both include the D®) D™ J /) P-wave vertex. In
the molecular scenario, the decay of the Y (4230) is predominantly governed by an
intermediate D; D state rather than the ones depicted in Fig. so it is reasonable
to assume that the coefficient Mg to be real-valued.

Although the term proportional to (M, — M;) is formally included in the transition
amplitude, it is not necessary for the description of the experimental data and the
fit found it to be consistent with zero. Thus, we omit these terms and employ for
the production amplitude

1, (M

- ay (o’ + B

F=G,| " %2)( ) ) ; (2.30)
G20y (a5 + E)
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2.4. 7 — KK final state Interaction

where agj ) are free parameters to be determined in the fit. These form factors are
used in both the decays of Y (4230) and the ¢(4160). The strength parameters of

the ¢ (4160) are denoted as BZ-(’ ) in the following sections.

2.4. w — KK final state Interaction

An amplitude M with certain isospin / (we omit the isospin index in what follows)
can be projected to a partial wave M! with definite angular momentum I

1
Mi(s) = 2\2& /_1 dz M(s, 2)P\(2) (2.31)
where P! denotes the Legendre polynomial of degree [, z the scattering angle and
a =0,1,2 is a symmetry factor for identical particles in initial and final states (e.g.
a =2 for AA — BB, a =1 for AA — CC and a = 0 for AB — AB). The full
amplitude can be reconstructed using the orthogonality relation of the Legendre
polynomials

M(s,2) = V2" 32+ 1)M!(s) Pl(2). (2.32)

The rate of convergence for this series may vary depending on the process in question.
We can compare the partial wave expansion for an exemplary box and triangle
topology for Y'(4230) — J/¢mn~, later presented in section [2.5.2] As the Goldstone
boson pair must have positive parity, only even partial waves will contribute. Both
the box and triangle have an intermediate D D*r cut, that can go on-shell in the J /17
invariant mass distribution. For the triangle, however, also the Z.(3900) resonance is
present and can go on-shell. This leads to a very slow convergence of the partial wave
expansion. To show this we my write the Z, amplitude as a resonance propagator

flo) f(p.p) (2.33)

> —m?  (po—pp)?—p*—p —m?+2pp'z’

with p,p’ denoting the incoming and outgoing momenta, respectively, and f(p,p)
denoting some non-resonant contributions. The accommodating scale introduced
by the partial wave expansion for a given partial wave are the momenta (pp’), the
centrifugal barrier factors. The only independent scale appearing in the denominator
of Eq. is given by meg = (po — ph)* —m?, such that the corresponding expansion

parameter is
'\ L
(m;) . (2.34)
meff

Once the resonance can go on-shell the scale meg = 0 vanishes and the expansion
breaks down. Consequently, infinitely many partial waves need to be considered, as
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2. The Y (4230) as a Dy D molecule

M = Box
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D, D* D™ D)
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D Z.(3900) D™
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Figure 2.8.: Comparison of the convergence of the partial wave expansion for a box
topology (upper panel) and a triangle including the Z.(3900) (lower panel) in
the process Y (4230) — J/¢mT7~. The gray unlabeled lines denote partial
waves summed up to Lyax = 0,2,4,...,100 given by Eq..

all contributions will be of similar size. The resulting partial wave expansion for the
box and triangle are shown in Fig. 2.8
Here we compare the expansion of Eq.(2.32) truncated at different L.y

Lmax

MEm(s,2) =v/27 Y 21+ )M (s)Pl(2) . (2.35)

The majority of the box diagram is given by the S-wave contribution, with small
corrections from the D- and F-wave. For L.« = 4 the maximum deviation to the
full amplitude is minor with roughly 4%. In contrast, the convergence for the triangle
including the Z. is considerably worse, where even at L., = 50 significant deviations
to the full solution exist. As a result, the inclusion of the 7w — KK S-wave final
state interaction will have a significant influence on the lineshape of the box diagrams
in the 77 and J/v¢7 invariant mass distributions, with only minor changes for the
triangle diagrams.

The discontinuity of the production amplitude M' is from the unitarity of the
S-matrix given by

disc M (s) = 2i Y T (s)ow(s)Mi(s) | (2.36)
k
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2.4. 7 — KK final state Interaction

where o, = /1 — (4m2/s)O(s — 4m3) and the subscript indices j, k, ... refer to the
coupled channels 77 and KK in our case. Here T}, denotes the meson-meson coupled-
channel amplitude. The solution derived in section [1.6.2]is given by the Muskhelishvili
Omnés function in Eq. (1.144). As a result, the full amplitude encoding the 77/K K
final state interaction can be found by adding the amplitudes M and I', which only
include the left- and right-hand (unitarity) cuts, respectively, and reads

M (s) = M, + T,

=M, +ZQak

dZle 2) T (2)0m (2) MO, (2
o) Z/ (Donc) <>]

= [MPOL MY+ {ij ((Pn_l)k +— P.V./[...]) + iTjkakMg] :

(2.37)
where P,_1 is a polynomial of the order n — 1, which is discussed below, and (2 is
the S-wave Omnés matrix.

The amplitudes M; that have a left-hand cut correspond to the diagrams discussed
in Secs. [2.5.2] and [2.5.3 while the right-hand cut in T is generated from the m7/K K
S-wave FSI encoded in{2.

The required inputs for the amplitude Omnés and 7" matrix are taken from Refs. [123]
124]. We now have a closer look at the principal value integral. Using the abbreviation

> on U TuoMy = f(2) we get
P.v/@f’“@ _ P.V/dz [f’jle) _Ade) fk(S)] ( 1

2z — 8 gn—b  gn-l z—3)

:/dz H’j}zﬁ ~ J;’jl(sl)} - J;ff? P.V./dzﬁ.

Now we can analytically evaluate the integral of the second summand in the last line

° 1 1 1
P.V/ dz—— = —log (—) . (2.39)
s 2(z—s) s s/sgn — 1

However, in the exploratory study we aim at here, we neglect this part which we
anticipate to play the role of a correction. The achieved quality of the fits might
be taken as justification for this treatment a posteriori, even though changes in the
relative weight of the individual contributions in a complete analysis cannot be ruled
out.

(2.38)
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2. The Y (4230) as a Dy D molecule

Finally, the modified 77 and KK s-wave amplitude reads

) 1 1
(M])mod MO + ZQ]k n— 1) + (ZTjkO'k + ;log (—) k0k> Mkv

S/stn — 1
(2.40)
such that we approximate the full amplitude (2.37) as
M moa = M5 + (M)mod - (2.41)

Furthermore, this enables us to project the FSI onto the KK -channel, allowing us
to also determine the contribution of Y (4230) — J/ynrm — J/YKK.

The subtraction polynomial (P,_;) ; in Egs. (]%77 and is matched to the
Y (4230) — J/1®®P chiral contact term. In Ref. [125] it was found that both the
light quarks SU(3) singlet and octet components both contribute for the Y (4230),
which can be decomposed as

¥ (4230)) = (e[ V") + s 13 ) @|vhee), (2.42)
where
Vet %(uu—i—dd—l—ss) (2.43)
. 2.43
Vghght:%(uu—i-dd 255) .

At leading order in chiral expansion the Lagrangian Ly,ee is given by [126]

Ly pae=g1 (Vi*J1) (wa") +hy (V) (uu ) v*0”
s (T (V)T (V)00 (2.44)
+h.c.,
with J = (¢/v/3)1. For the J/vrm and J/¥ KK final states, the resulting s-wave

projected chiral contact terms are given by

2 gs h1+7 I
o 2
MWW__F\/W(gl—i_E) (s —2my) + 5 [s—i—q (1_§>]
2 g8 i 2V2
o __ “ - —2mS3 U=
My e = f2m(g1 2\/5) (s —2my) + 5 {s+q (1 3 )] )

with ¢* = A\Y?(m3,, m3 . 5)/(2my), resulting in
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2.5. Final states

2
— oMy
V3 (2.46)

2
[P )i = QoM + —=Qoo My .

V3
In summary, the amplitudes used in our calculations, which incorporate the 77 /K K

FSI, are given by Egs. (2.40), (2.41)) and (2.46]).

[P, = QuM, +

2.5. Final states

In this section we discuss the relevant final states studied in this work and present
the derivation of the required scattering amplitudes.

2.5.1. D°D*x*

As outlined in Sec. the coupling of a molecular state to its constituents becomes
maximal. Consequently, the most direct access is given by its near-threshold imprint
on the cross section of the channel that forms the molecular state. The unnaturally
large nucleon-nucleon scattering lengths originate from the same logic |25 31} 33].
The phenomenon arises due to a close by molecule in the spin-1 channel, with the
deuteron being a true bound state, and the spin-0 channel, with a nearby located
virtual state.

The unstable D;(2420) with a width of approximately 30 MeV decays predominantly
into D*m in D-wave. Thus, the closest connection to a possible molecular nature
of the Y (4230) is the DD*r final state. The contributing diagrams are shown in
Fig.[2.9] Both diagram (a) and diagram (c) have the intermediate D; D state and
scale with the large Y — D; D coupling. Moreover, both are enhanced by the near
on-shell propagation of the Dy, as we are in the vicinity of a narrow state pole. The
Z.(3900), appearing in the rescattering of the D*D pair, is also treated as a hadronic
molecule, in line with Ref. [80]. Accordingly, we expect the coupling of the Z. to the
D*D channel to be large. The triangle loop part of diagram (c) is further enhanced
by a very nearby triangle singularity [127], as discussed in Sec. Thus diagrams
(a) and (c) are expected to contribute significantly to the observables.

The binding energy of the Y (4230) with about 60 MeV is roughly twice the width
of the D;(2420), which still allows for a resonance signal at /s = 4230 MeV  [36,
39]. However, it is strongly suppressed by the kinematics of the decay D; — D*x
in a D-wave, which develops its effect mostly as an enhancement above the D; D
threshold. In addition, although violating HQSS, the narrow D;(2420) is expected

to mix with the much broader j; = %Jr state, the D;(2430). This allows the narrow
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2. The Y (4230) as a Dy D molecule

Y (4230) Y (4230)  Z7 (3900)

e D° e~ D°
et C) 2 wt et d) T D*~
Dy (DY) D*~(D*?)
D
Y (4230) D%D™)  Z7(3900) $(4160)  Z(3900)
e Do e~ DO

Figure 2.9.: Feynman diagrams contributing to ete™ — DD*x. a) tree level, b) Y (4230)
contact term, c¢) Triangle, d) ¥(4160) contact term, where the last two include
the final state interactions in the doubly heavy subsystem.

D1(2420) to also decay in a S-wave [54], which does not suffer as strongly as the
D-wave from the above-mentioned kinematic suppression. Therefore it can contribute
significantly to the Y (4230) peak in the 7D*D channel. The decays of D;(2420) to
D*m in both S- and D-waves are included in all diagrams that contain this vertex,
i.e. diagrams a) and c) in Fig. 2.9 as derived in Sec.[L.5 In this thesis, whenever
we refer to D; without mass number, we consider the narrow D;(2420), to simplify
notation.

Due to the large width of the D;(2430), it effectively acts like a short-range contri-
bution. Thus, we do not explicitly calculate the corresponding loop contributions,
but parameterize its effect by a S-wave point coupling of the Y (4230) to 7D*D in
all subsystems. Further, as the D*D system undergoes final state interaction, this
point coupling cannot occur isolated but needs to get dressed by the propagator of
the Z.(3900), which parametrizes the D*D S-wave interaction. The details are given
in Sec. and Sec. , which is represented by the diagram (b) The resulting
amplitude is by construction consistent with the Watson final state theorem [12§].

Finally, the structure around 4230 MeV in the experimental data of the D*Dr
channel is notably broader than that observed, e.g., in the J/¢¥7mm channel — see
Fig. As a result, the resonance parameters extracted by the BESIII collaboration
are largely inconsistent for the different final states, as shown in Fig. 2.1, The
possible mechanism considered in this work that allows for a simultaneous fit of
the various channels is the inclusion of the 1 (4160), which is parameterized by a
small S-wave coupling to D*Dm. The experimental signal observed below the D, D
threshold can therefore emerge due to the interference from the two resonances.
Here we assume the coupling for the 1 (4160) to be in a S-wave with respect to
all subsystems. As before, the transition 1(4160) — D*Dm gets dressed by the
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2.5. Final states

Z.(3900) propagator, which parameterizes the D*D final state interaction. The
corresponding diagram is given in Fig. [2.9(d). We are aware of the fact that, if
the 1(4160) were (predominantly) a D-wave charmonium, there should be angu-
lar momentum present in the final state due to HQSS. However, for the present
fit, the data do not require an additional coupling and thus we omit it from our study.

With D°D*~7* being the channel with the most direct access to the molecular
nature of the Y (4230), we expect the tree-level decay to provide the most significant
contribution. As argued above the D;(2420) can decay into D*m in both S- and
D-wave, such that the spin structure of the Y — D°D*~ 7+ amplitude can be written
as

e = G | (MPZ)” = 2 (0, (il = 129°) — )

X [Gp,(Epz) = 2950Tp,p0-G2(Epp-)] } el

(2.47)
where we introduced the abbreviations
h/
. =—=—./mp. mp-
1s \/gfﬂ D."*D
(2.48)
2 h

h;rd: gf—w/lemD* .

The Dy— D*m couplings A’ and b’ in S- and D-wave are fixed from the experimentally
measured D; decay as explained in Sec. The S-wave vertex and other amplitudes
below scale with the on-shell pion energy w, = y/m2 + p2 to respect the Goldstone
theorem, stating that the pion amplitude has to vanish in the chiral limit for p, — 0.
For the spin indices 7, 7 the summation over j is assumed implicitly. The tree-level
diagram is given in Fig. . Furthermore, the DD* pair can re-scatter into the
Z.(3900) via a triangle loop shown in diagram . As explained above we further
allow for a direct point-like transition of the Y (4230)—DD* 7" in an S-wave,
corresponding to the diagram in Fig. [2.9b. The phase of this diagram is fixed by the
re-scattering of the DD* pair into the Z.(3900), which is based on the formalism
described in section 2.3

o\ kj ,
(MSL/)%T) T = Gz(Epp+)gz0wn [agl)(agl)—l—EDD*)ékj .

This expression agrees to Eq. (2.30), where we replaced the general name g; to now
adapt to a notation consistent with Sec|[I.5]
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2. The Y (4230) as a Dy D molecule

The relative factor 2 between the Z. contributions and the tree-level arises from the
isospin coefficient of the Y'(4230) wave function shown in Eq. (2.5]), which is discussed
in Sec. 2.2.2] The coefficients of the iso-triplet production of the Z.(3900) from the
wavefunction in Eq. are absorbed into the coupling gzo of Z.(3900) — DD*.

Formally, one should treat the Y (4230) arising from the DD*r three-body system,
where time-ordered perturbation theory (TOPT) |129] is the most convenient method
for handling the 3-body cuts. With the more complete treatment in mind, which
is presented in Sec. [3] we evaluate all loop integrals of this work using the same
formalism. Thus, the scalar triangle with emitting a pion may be written as

d3 1 1 1
TDlDD* - /

(27)? 8wp,wpwp+ E—wp,—wp E—w,—wp—wp

where the D; energy is given by wp, = v/(mp, —il'p, /2)2 + [2, with the constant
width I'p,. The energies of the other particles are defined analogously. See Sec. [2.2.1]
for a discussion regarding the width of the D;. In addition, we checked that the
energy dependencies of the various loop diagrams included in this study agree
with a covariant evaluation. As demonstrated above, simultaneous treatment of
Y — J/¢mm and Y — DD*r is only possible if we allow the interference with the
1(4160). The contribution of 1(4160) — D"D* 7" is parameterized in line with
Eq. (2.30), yielding

fb%DD*w = ngzoszw Bil)(ﬁél)“‘EDD*)(sij] 6}5 . (2.49)

Here, a comment is in order. As we examine the interference effect between ) (4160)
and Y (4230) on the line shapes in various channels—specifically, for ete™ — D°D*~r,
Jrtn=, JJWKTK™, hentn™, xo(1P)w, J/¢n, and X(3872)y we consider the
same complex couplings g,z = exp(idg,)em%/ fr for the production of resonance
R from a photon as defined in Eq. (1.113)), with R denoting both the 1(4160) and
Y (4230). For all channels listed above, it is obvious that only the relative phase
of the two resonances plays a role, which in principle is not needed to achieve a
proper description of the hadronic final states. However, this is not the case for the
ete” — T~ cross section, where the phases of the two resonances enter individually.
For the discussion regarding the necessity of these phase factors see Sec. for
details.
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2.5. Final states

2.5.2. J/¢Y(nn/KK)

a) . - b .

J/v e
Y (4230) Y (4230)
D*
R VA —— m et T/
™ s
7 7
7/ 7/
7/ 7/
et C)
Dy D* D™ D)
_ __ J/
Y (4230) D Z.(3900) D™
e n:
7
7/
7/
E+ d) ,
7
Dy D ,
7/
= I/
Y (4230) D Z.(3900)
o
N . e ) . .
7/ 7/ 7/ 7/
7/ 7/ 7/ 7/
Y (4230)  Z.(3900) $(4160)  Z.(3900)
e J/w e J/w

Figure 2.10.: Diagrams contributing to ete™ — J/¢wm. The thin lines in the box and
triangle denote D* or D mesons. a) and b) boxes, ¢) triangle, d) triangle
counter term, e) Y (4230) contact term, f) ¢(4160) contact term, where for
the last two the final state interactions in the doubly heavy subsystem are
included.

Next we turn to the discovery channel of the Y (4230), eTe™ — J/¢m, where the
highly asymmetric lineshape lead to the claim for the existence of an additional
state called Y(4320) [66, 67]. Again, driven by the assumed molecular nature of
the Y'(4230), contributions that run through the D;(2420)D intermediate state are
sizable and need to be considered. Then, to reach the J/¢7m final state, possible
topologies are either box diagrams (see Fig. [2.10, (a) and (b) as well as Fig. [2.11
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2. The Y (4230) as a Dy D molecule

J/Y

Y (4230)

Figure 2.11.: Decomposition for the box topology of ete™ — J/¢Ymtn~

for a complete set of box diagrams) or a triangle followed by a Z.(3900) propagator
(Fig. [2.10(c) and (d)). As before we need to allow for additional processes and also
here include a diagram for the contact transition of the Y (4230) to the J/¢ 7 final
state (Fig. [2.10(e)), as before dressed by the final state interaction that leads to the
occurrence of the Z.(3900) — see Sec. for a detailed discussion. Furthermore, we
also allow for a contribution of the ¢(4160) in this channel, shown in Fig. [2.10| f).

The signal of the Z.(3900) appears twice in the J/¢7 invariant mass distribution,
as demonstrated in Fig. As the Z, can form in both the J/¢n" and J/¢m~
subsystem, a so-called reflection can be seen. The imprint of the reflection does not
generate a sharp pole-like structure but leaves a small contribution at low invariant
masses, where the Z. can go on-shell in the other subsystem.

To come to the full amplitudes, the 77 final state interaction needs to be taken into
account as well. Since the initial photon generates a cc-pair, which is isoscalar, and
the final ¢c pair is isoscalar as well, the pion pair must be isoscalar with even angular
momentum (the latter also follows from parity conservation). In the vicinity of the
Y (4230) pole, the mm system is probed in the energy range from its threshold up
to about 1.1 GeV. Since the scalar-isoscalar 77 interaction has a strong coupling to
the KK system, the final state interaction is included by employing a formalism
that explicitly treats the coupled channels. Since the full treatment of the system is
technically very demanding [101] (see Refs. [97-99] for related studies) because of
the intricate singularity structure of the pertinent integrals, in this exploratory study
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Figure 2.12.: Reflection of the Z.(3900) in the J/¢7 invariant mass distribution of the
decay Y'(4230) — J/vymm. The upper plot shows the modulus of the Z.(3900)
propagator in a Dalitz plot for the J/¢m - J/i¢me system. The lower
panel shows the resulting invariant mass distribution for one of the J/¢m
subsystems.

we employ an approximate treatment that still allows for a sensible description also
of the w7 spectra — details are given in the following and in Sec. [2.4]

The coupled channel treatment of the 77 /K K final state interaction provides us at
the same time access to J/¢ K K final state. To make the latter calculation complete,
we also need to take into account strangeness in the source, as shown in Fig. [2.13
This does not introduce any additional parameters, since we demand that the vertices
are consistent with the SU(3)-flavor symmetry. Naturally, the strangeness sources
are also included in the calculation of the J/¢mm final state.

The dominant contributions corresponding to the molecular nature of the Y (4230)
are the box, below denoted as M", and triangle, M*, topologies, since those contain
the DD intermediate state. As the second triangle in figure c) is divergent,
due to the internal P-wave vertex that is connected to a J/1 coupling to a pair of
D™ mesons, a counter term ./\/léT is also introduced
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2. The Y (4230) as a Dy D molecule

I K™

Y (4230) Y (4230)

w]]
W]

o N K-

Figure 2.13.: Final state interaction Y (4230) — J/yntn~ — J/YK+tK~ and strange
source for Y (4230) — J/Y K™K~

il
i J /Y gvo - i ; i - .
v pymr =Gy [(MY/%T> G ( T(Bpipi — 07p%,) — hiwnd ])

NG
<2 (MO AP+ M) el
+ (P € Pry)

f/}—>J/¢7r7r :G¢ [ﬁf) (552) + EJ/I!JTH)] gf/%wwW1GZ<EJ/¢7T1)ET]/l¢ + (pm s pﬂz) )
(2.50)
where gfc _is the coupling of Z. — J /v, given by the triangle transition shown in
figure

9% = g20(MS)* + we,copd™ | (2.51)

To reduce the run-time of the numerical evaluation of the loop integrals only two
out of four contributions of the Y (4230) wave function shown in Eq. with
Dr, <> Dr, are considered, as the differences due to isospin breaking are negligible
small. Fig. shows the individual contributions of the Y (4230) wave function to
one of the possible box topologies. The two diagrams in each row have the heavy
quarks and anti-quarks interchanged. The H — H®,T — H® vertices as well as
the Y — DD and HH — J/4 vertices change sign under the exchange of Q + Q,
such that all contributions add up. As the isospin breaking effects in the loops are
negligible, the diagrams in the same column are approximately equal. For example,
for the box topologies shown in figure only the particle content spelled out first
at each line in the boxes is evaluated explicitly, while those in brackets are included
via multiplication with a factor 2.

The Y (4230) contact term Mg’/ %7;7 has two contributions, one in the w7 invariant
mass from the subtraction polynomial of the w7 final state interaction and the other
in J/¢m from the chiral contact term and intermediate Z.(3900)
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Jv + J/b

J/b

Figure 2.14.: Contributions of the Y (4230) wavefunction to the decay .J/¢m 7~ for one
possible box topology.

T ik ) T 2
<M§7%T) = ngf/jwwm [a?)(a? + EJ/W)] + QM+ —= QM

V3
(2.52)

with céT denoting the free parameter of the triangle counterterm. The amplitudes of
the loop diagrams are given below, where the notation and numerical implementation
are discussed in the appendix

(Mm)jl = BI(ngJ/wD*D*a qui}g - Pirng - 5lj(p7r2 ) CII))
+ BH(g;gJ/wDaniQQfI — 5 (pry - qu))
+ BIII(Q?QJ/wDDa P, )

(MY = Tp, oo+ 950G 2(Ejpn) (M) (2.53)
(MY =T (95957000, @1 7 — 6% (pry - 1)) + T(97 900D, 2,411’
+ T3(95 9500 D aiipk, — Py did — 0 (dly - Pry))

(MéT)ﬂ = TD1DD*gZOGZ<SJ/¢7T)CéT5ﬂW7r2 ;

where the g1, qir, qumr, ¢}, ¢jy, @i denote the relative momenta at the J/1 D™ D®) ver-
tex for the different box and triangle topologies. Additional free parameters come
from the production polynomials of the Y (4230) and ¥(4160) contact terms, namely
04&2), aéQ) and 5%2), ﬁém respectively, as well as the triangle counterterm céT. The

inclusion of the 7 — K K final state interaction is discussed in section
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2. The Y (4230) as a Dy D molecule

With J/¢mr included in the study, we can also easily access J/¢¥ KK, as the main
contribution is expected to go via the 7 — KK final state interaction in the S-wave,
where no new parameters need to be introduced. As mentioned above, the effect
of the triangle topologies are negligible, as the partial wave projection on the 7w
system contains a tiny S-wave piece due to the presence of the near on-shell Z,.(3900)
in the J/¢m subsystem. The amplitude is given by

il
i JYWKK 7 i g ij n ij
MY—>J/¢KK =Gy <<MY/%T ) - ( 1d(3p1p{ =9 Jp%) + h1sw7r15 ])

1 FS
Mjl Mloop at e l
X Yoawkk T Jjr €1/ap s

Tr—KK

(2.54)

where we collected the loop diagrams in the amplitude

loo it j j
(M )" = (M (M) (2.55)
and y )
(M) = (g221j\45”r - —QZQMng) oM. (2.56)
V3

Furthermore, Mg—u/wKK is a strange source shown in Fig. [2.13, We postpone the

inclusion of strange triangles, including the Z.5(4000), to a later, more complete
analysis. In this sense, we regard this channel in this analysis as a consistency check.
On the other hand, the Z.5(4000) can only appear in conjunction with an additional
kaon within the triangular mechanism. Consequently, this state is expected to
contribute significantly only in the energy range around 4470 MeV, well exceeding
the energy range of interest in this study, even when accounting for the Z., width.

2.5.3. homtnm—

The diagrams contributing here are in principle analogous to those for the J/¢¥nrm
channel, shown in Fig. [2.10l However, in contrast to that channel, we exclude
diagrams containing a Z.(3900). This is based on the observation that Z.(3900)
does not show a significant contribution to the h.m invariant mass distribution.
Additionally, we point out that the Z.(4020) is not included in this section, since this
would require a complete treatment of the {D; D®), Dy, D™} coupled channels, and
of the { DD*, D* D*} sub-systems, which is postponed to future work presented in
Sec. |3} Moreover, the contact terms that drive the contributions shown in diagrams
(e) and (f) of Fig. in the J/¢7mm channel are omitted here since they violate spin
symmetry. This symmetry violation is overcome by the loop diagrams as a result of
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he

Y (4230) Y (4230)

Y (4230)

Figure 2.15.: Diagrams contributing to eTe™ — h.mt 7.

the spin symmetry violation that enters through the mass differences of D and D* as
well as Dy and Dy — the former one being included explicitly in the calculation, the
latter one by choosing an energy range where the Dy contribution should be negligible.
For a detailed discussion on how the spin symmetry gets restored in the heavy quark
limit even in the presence of hadronic molecules, see Ref. [130]. In summary, for the
hemm channel we only include the box topologies shown in Fig. [2.15] expecting some
deviations from experiment as a result of the omission of the Z.(4020). On the other
hand, it is not expected that the Z.(4020) will generate significant structures in the
total cross section of h.mm, which is the focus of the current work, since in this case,
the narrow peak from Z.(4020) in the 7h, subsystem is smeared. The same effect is
demonstrated explicitly in this work, where the narrow structures of the Z.(3900)
seen in the J/¢m subsystem do not modify visibly the energy dependence of the
total cross section for J/¢mm.

The amplitude therefore reads

i . GngO

Y —>henrm T \/5

with M given by

(1w, 67 =y (3pa i =07 p) ] MET ™ mi etjmplrye, , (2.57)

4 ms/*z,/m M, My
MfEl]cmr: 9 D\/gf?c he!'oxc (B{lcmr_’_Bﬁcmr) ) (258)
TJ XcO
2.5.4. x ow

The Feynman diagrams are shown in figure [2.16, The main contribution is expected
from the triangle, which scales like the scalar triangle as both the D; — Dw and
DD — x. are S-wave at leading order. Additionally, there are two S-wave contact
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7 7
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Figure 2.17.: Diagrams contributing to J/un.

terms for the Y (4230) and ¢(4160) respectively

)
Y—>X ow GY ( X owmj/l/)mDEcow_{—cx ow) €w

(2.59)
¢—>x ow Gwcx ow€w
aN . . .
where ¢, ¢l ., and ¢/ are free parameters. The width of the w is included by

convolving the cross section for a fixed w mass with the w spectral function — see,
e.g., Ref. [131].

2.5.5. J/ym

For .J/vym, the couplings of the triangle shown in figure are fixed. The vector-
vector-axial vector vertex of the contact terms must couple via e**?? which reduces
to a three dimensional €™ in the rest frame of the incoming particles:

( 1 % s i *
YaJ/WyIGY <—% [ (3pnp] 5Jpn) hlswné ]} T]/?Jm (g?/g 7Ql)

mjl m 2.60
+C§/wnp§7) ey (2.60)

i _ P ijl, § 1
v/ =GwC € PHET 1y 5

where ¢ denotes the relative momentum at the J/v vertex and C«}I//wn and cff Sy BTE
free parameters. We do not consider the mixing of the singlet n; and octet ng to the
physical n and 7’ states, but just match ng = 7, as the mixing effects are small.
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2.5.6. X (3872)7

Dl D*

5 X (3872)
Y (4230) Y (4230) $(4160)

X (3872) X (3872)

Figure 2.18.: Diagrams contributing to X (3872)~.

If Y (4230) is a Dy D hadronic molecule and both Z.(3900) and X (3872) are D*D
hadronic molecules with I(JP¢) = 1(177) and I(JFY) = 0(1*7), respectively, the
production mechanism of the latter pair in Y (4230) decays must be analogous [132].
Only that the particle radiated off in the course of the Y (4230) decay must have
positive C' parity for the transition to the Z. and negative C' parity for the transition
to the X (3872). Thus, all that needs to be done to get from the diagram that
generates the Z, in Y (4230) — 7Z. to the one that generates the X (3872), is to
replace the pion in the final state by a photon. The resulting diagrams are shown
in Fig. and are analogous to Y (4230) — Z.m as well as J/¢n. However, the
quality of data for X (3872)~ does not allow one to distinguish between the triangle
and contact transition of Y (4230) — X (3872)~, such that we omit the latter from
the startf] The vector-vector-axial-vector coupling of D; — D*y scales with e/,
such that the amplitude is given by

i _ Y ijl g 1
voxy = Gyox, Txy€7 eex

j 1

. N 2.61)
b il (
wosxy = Gucy €€ ey,

with ¢, and c}pﬁ being free parameters to be determined in a fit.

2.5.7. ptp~

For each reaction discussed so far the electromagnetic production mechanism and
the strong decay were entangled in a special way. What makes the ete™ — ptpu~
especially interesting is, that here we may isolate production from decay since the
total cross section is by far dominated by the real-valued tree-level diagram (first
diagram in Fig. and the hadronic cross sections only contribute significantly
through their interference with the mentioned dominating one.Moreover, the decays

'We can get equally good fits to the data by replacing the triangle by the contact term, since
the quality of the data does not allow one to see the different energy dependences of the two
amplitudes.
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2. The Y (4230) as a Dy D molecule

Y (4230) /7 (4160)

ut
Y (4230) —~W(4160)
_ 0

Figure 2.19.: Diagrams contributing to e™e™ — ™. The hatched circle in the rightmost
diagram indicates the mixing of the two vector states driven by their common
decays to the channels DD*x, J/vmm, xow, J/1¥n and X (3872)~ considered
in this analysis — for details see text.

(& H (&

of Y (4230) and (4160) into the same hadronic channels induce some mixing of
these in the v* — ~* transition amplitudes. The diagrams contributing to the
process are shown in Fig. [2.19, The mentioned mixing of the two vector resonances
is depicted here as the hatched blob. The imaginary part of this mixing amplitude
is given by the respective interference terms that contribute also to the various
exclusive hadronic channels discussed above. It is dominated by the transitions
Y (4230) — DD*m — 1(4160), since the DD*m cross section is by far the largest
hadronic cross section. Therefore, the simultaneous study of the hadronic channels
and the eTe™ — ™~ channel provides a sanity check for the size of the induced
mixing of the vector states, which turns out to be significant.

As discussed we consider three main contributions for ete™ — p*p~, namely

Octe—ptu— — Uzlfg—%u‘*‘,u— |1+AR+AmiX|2
with b2
tree _ @
ere-—utu = T3 (2.62)
for the tree level amplitude and we introduced
AR = Z gwRGRg'yR (263)
R=Y3
and
Amix = Y 9:0GeMEE Grgom (2.64)
R#R!

where g,r = exp(idp,)em%/fr defined in Eq. with 0g, denoting a phase
factor discussed in Sec. The individual terms in Eq. represent the different
diagrams shown in Fig. [2.19. The imaginary part of M2 is fixed by unitarity and
can be reconstructed from the optical theorem

Im MEE — %Z/dnf M*(R — fIM(R — f), (2.65)
f
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2.5. Final states

where f = DD*m, x.ow, J/1n and X (3872)y are all final states with significant
contributions from both ¢(4160) and Y (4230) studied in this work. Note that the

sum runs over all allowed final states with the given particle content — accordingly,
f = [DD*r] should be understood as

[DD*r] ={D~D*°z", D~ D**7" D*D*'7 |
DYD* 7% D°D**n=, D°D*07", (2.66)
D°D* xt, D°D*7%%} .

Since all those channels are connected via isospin symmetry, they can be included
via a proper multiplicity factor — clearly for that we need to neglect, e.g., the mass
differences between the different channels. For example, for DD*n we denote decay
amplitudes for the transition of Y (4230) and 1(4160) to the experimentally measured
channel D°D*~ 7+ as A and B, respectively,

A4af—>DQD*'+) =A
=B

Y

where in accordance to Eq. (2.64]) A and B do not contain the resonance propagators,
but only the decay vertices. Summing over all channels one therefore obtains

I M = 57 fatt o
1 sa2 Lo 2.68
=5 [dl 4 BA+§BA (2.68)
1
:§/MIGEA,

where f € [DD*n| was defined in Eq. (2.66). The factor 4 in Eq. (2.68) arlses from
the four different decay modes of the Y (4230) wave function given in Eq. (2.5)). For
each mode the subsequent D; decay can produce a charged or a neutral pion, e.g.
DY can decay into D*°7° and D**7~, where the amplitudes scale as 1 and 1/v/2,
respectively, due to the isospin factors. The additional factors arising in the other
channels are 3/2 for J/ymm and 1 for yqw, J/¢n and X (3872)y. The real part of
MER" can in principle also be constructed dispersively, however, there is still freedom

mix

in the subtraction constant. So for now we just approximate it via a real constant

M = S DS A (R MR ). (2:69)
!
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2. The Y (4230) as a Dy D molecule

2.6. Fit Strategy, Results and Discussion

In 2022 and 2023 BESIII published new XYZ data sets for J/yn* 7~ [67] and D°D*~ 7
[121] with very impressive statistics. Those data clearly highlight the asymmetric
lineshapes of the total cross sections in these two channels. It turns out that from
those channels most of the parameters specific for the Y (4230) are fixed. The
Z.(3900) shows up prominently only in the DD* [133] and J/v7* [134] subsystems
of those channels. To get a better constraint on the light quark SU(3) singlet and
octet components (for details see Appendix we also include J/¢ K™K~ in the
first fit. This may overestimate the contributions of the contact term in J/¢p K+t K~
to some extend as it needs to compensate for a possible contribution from the missing
Z.5(4000) triangle, but allows us to reduce the correlation of the parameters. We
do not include the data for the J/17%7° channel in the fit, due to their reduced
statistics in comparison to J/¢Yrt7~. Since putp~ is the only channel showing a
clear separation of the Y (4230) and ¢(4160) signals and their interference, it is also
included in the first fit. This further allows us to properly separate photon and
strong couplings, since in the hadronic channels they only appear as a product. With
this in mind, our fit strategy is the following:

1. The resonance parameters of the Y (4230) and Z.(3900), as well as the channel
dependent parameters of DYD*~ 7, J/yntn~, J/WpKTK™ and putp~ are fitted
simultaneously to the D°D*~w, J/¢rtn~, J/YKTK™ and utpu~ total cross
sections, the DD*, J/17n* and 7t 7~ invariant mass distributions, and the pion
Jackson angle extracted from D°D* 7.

2. With the resonance and channel dependent parameters of DYD*~n+, J/¢nt 7~
and ptp~ being fixed, the remaining parameters in the channels xow, J/1¥n
and X (3872)y are fitted to the corresponding cross sections data.

3. At last, the parameters obtained in the previous steps are used as initial
parameters for a global fit to all observables.

If we were working with a complete formalism, with all relevant channels dynamical
and unitarity imposed, all parameters would necessarily be real. However, here some
ingredients are approximated. e.g. as shown in Ref. [135] the direct transition of
a photon to the D;(2420)D intermediate state that predominantly couples to the
Y (4230), if it is a hadronic molecule, is suppressed by heavy quark spin symmetry,
since this narrow D state has a light quark cloud with j, = 3/2. On the other hand,
there is no such suppression for the transition of the photon to D;(2430)D, where the
broad D;(2430) has its light quark cloud with j, = 1/2. The D;(2430)D intermediate
state may thus act as a doorway state to feed the production of the molecule. This
effect can be included effectively via a complex coupling of the Y (4230) to the photon.

78



2.6. Fit Strategy, Results and Discussion

Moreover, the ¢ (4160) production from a photon sits in the tail of the 1)(4040) [74]

— an effect which may also be included by allowing for a complex coupling. It is
worth noting that, while all hadronic cross sections are sensitive to the difference of
those two phases only, the leptonic cross section ee™ — p*p~ probes the phases
individually, as shall be discussed below. It turns out that all other parameters of
the model can be chosen real valued.

The results of the fits are shown in Fig. to Fig. 2.23] the parameters and
statistical uncertainties that emerge from the fit are listed in Table at the end
of this section. We see that the interplay of the ¢ (4160) and Y (4230) is important
and shows a non-trivial impact in almost all final states. This naturally explains

the large scatter of the resonance parameters of the Y (4230) in the single channel
analyses of BESIIT — c.f. Fig. [2.1]

With the central values of the parameters fixed in the fits, the pole parameters of
the Y'(4230) can be extracted from its propagator. We find

GY(4230) _ (4227:|:4—% (501“2)) MeV, (2.70)

pole

where the uncertainty estimation is described in section

We now discuss the results for the various channels in some detail. The results for
the D°D*~ 7 channel are shown in Fig. The apparent peak structure around
4.22 GeV emerges in our study from the interplay of the 1(4160) and Y (4230).

Remarkably, this interplay manifests differently in the D°D*~7 and J/v 77 channels
— we refer to Fig. for an illustration. In addition to this, we find a strong enhance-
ment at the D;D threshold in the cross section, mainly driven by the prominent
D decay in D-wave. The deviations of our results from the data, starting around
4.35 GeV, are expected, as the molecular scenario predicts an additional bound state
in the Dy D* channel 82, 104, 105]EL which will be included in a subsequent study.

The peak at low DD* invariant masses is generated by the interplay of the tree-level
two-step decay Y (4230) — D, D — D*mD, the contact mechanism and the triangle
operator. The last two mechanisms involve the rescattering of DD* into the Z.(3900).
The resonance parameters of the Z.(3900) are very poorly constrained. The fit seems
to prefer masses slightly above the DD* threshold, however, for the whole mass
range of approximately my € [3.86,3.9] GeV, the data are described with similar
quality. In the current fit the pole closest to the real axis of the Z.(3900) appears
at the +— sheet, respectively, with /s, = (3884 —i44/2) MeV. In comparison to
Ref. |118] we find a slightly higher mass, however, double the width for the Z.(3900).

2Another bound state is expected in the Dy D* channel, however, this channel does predominantly
decay into D* D*rm and not into the channel studied here, D* D7.
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2. The Y (4230) as a Dy D molecule
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Figure 2.20.: Fit results for the D’D*~7 cross section, the D°D*~ invariant mass distri-
bution and the pion Jackson angle. DYD*~nT R-scan and XYZ data are
from Ref. || DYD*~ invariant mass distribution is from Ref. ||
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Figure 2.21.: Predictiogls for the D*7 invariant mass distributions to be measured in
ete”™ — DD*r. The left (right) panel shows our prediction at 4230 (4300)
MeV.

It remains to be seen if this feature is caused by the incomplete 7r — KK final
state interaction used in this work. The data for the pion Jackson angle are also
reproduced well. Contrary to Ref. [95], in this study the S-wave is more prominent
due to the presence of the ¢(4160) as well as the S-wave decay of the D;(2420).

Naturally, a prominent contribution from the D;D intermediate state not only
influences strongly the energy dependence of the total cross section but also the
D*r invariant mass distributions. Our predictions for those at total energies near
the Y (4230) pole location and near the nominal D;D threshold are shown in the
left and right panel of Fig. [2.21], respectively. In both panels the peak from the
Dy is clearly visible at the upper end of the spectrum. While the data currently
available do not allow us to provide an unambiguous determination of the various
parameters leaving some freedom in the actual height of the D; signal, the pres-
ence of such a peak is a model independent prediction of the molecular scenario.
Any model that does not account for the D;D as a prominent component of the
Y (4230) wave function will not show such a structure — as such this invariant mass
distribution is a crucial observable to either support or disprove the molecular picture.
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2. The Y (4230) as a Dy D molecule
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Figure 2.22.: Fit results for the J/yn+ 7~ cross section and the J/¢r* and 7+ 7~ invari-
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ant mass distributions, as well as results for the J/¢ K+t K~ cross section.
J/¢yrtr~ XYZ data from Ref. [67], J/¢7* and 7~ invariant mass distri-
bution from Ref. [134]. The data for the J/¢K K channel are taken from

Ref. .



2.6. Fit Strategy, Results and Discussion

The results for the J/¢mr final state are shown in Fig. . A linear non-interfering
background of 9 pb is added due to the presence of the J/¢¥m continuum. The loop
contributions, dominant in the molecular scenario, enhance the cross section at the
D, D threshold, allowing for a description of the highly asymmetric lineshape with
just a single pole — in the experimental analyses of Refs. [66, [67] this asymmetry
was generated by the additional state Y'(4320) as described in the introduction. It
should be noted that also in Ref. [108] an analysis is presented, where, in particular,
the J/vymm data is described with essentially the same resonance content as presented
here, along with the addition of a 1(4415) state, but without including threshold
effects. In this case, the asymmetry of the peak in the total cross section is driven by
interferences, predominantly involving ¢ (4160) and 1)(4415). While we regard our
explanation of the data as more natural, since the data indicate some structure right
at the Dy D threshold, at some point experiment will allow us to choose between the
two explanations, not only since the energy dependences in the mentioned energy
range are different (but not sufficiently to be distinguished given the current quality
of the data), but also since an analysis of the type presented in Ref. [108] will provide
completely different DD* and D*r invariant mass distributions compared to the

ones shown in Figs. and [2.21] respectively.

The J/v7n* invariant mass distribution shows a prominent peak, generated by the
Z.(3900) pole, the D*D threshold and the nearby triangle singularity, and its reflec-
tion. In principle, the J/¢n* and D°D*~ lineshape can also be described by just
including the triangles and introducing a contact interaction for DD* — DD*, where
the cusp is then generated simply by kinematic effects of the DD* rescattering with-
out any resonance structure. However, we find that the strength of the DD* — DD*
transition potential, necessary for producing the pronounced structure in the D*D
invariant mass distribution, becomes too large to justify a perturbative approach.
We confirm the observation made in Ref. [136] that with this strength parameter
the next order in DD* scattering becomes larger than the perturbative rescatter-
ing; moreover, resumming the scattering series generates a pole in the subsystem.

Based on this, we argue that the existing data calls for the presence of a Z.(3900) pole.

The fit result for J/¢ K™K~ is shown in the top right of Fig. . Note that the
line shape emerging for this channel is closely linked to that of the J/¢¥7mm channel
and no new independent parameters are entering for this hidden strangeness channel.
In our fit, the contact term is the dominant contribution. A possible reason is that it
needs to absorb the effects of the Z.(4000) and the corresponding triangle diagrams
not included in this analysis, though their main effect is expected at the energies
above those considered here. The boxes again show a very strong enhancement

in the cross section at the D;D threshold explaining the apparent asymmetry in
the data. We find the Y — J/¢Yntn~ — J/o K™K~ contribution generated by the

83



2. The Y (4230) as a Dy D molecule
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Figure 2.23.: Prediction for the h.mt 7~ cross section. The data are taken from Ref. [73].

77 /KK FSI to be by far dominant in the studied energy range, in comparison to
the box with strange D-mesons, as shown in Fig. where only the D, D cut goes
on-shell. At higher energies, above the D*DK threshold at about 4.47 GeV, the
D:DK intermediate state in this box will go on shell. Consequently, we expect a
more pronounced contribution from the strange source in this mass range. Starting
from this energy also the Z.,(4000) generated via the triangle mechanism should
contribute considerably.

It should be stressed that in our analysis the unusual energy dependences of the
J/ymm and J/9PKK cross sections emerge from the same physics, which is natural
given the approximate SU(3) flavor symmetry of QCD, while in the experimental
analyses the former is driven by an interference of the Y (4230) with the new resonance
Y (4320) [67] and the latter predominantly by the shifted threshold for J/¢w KK vs.
J/ymm with some small distortion from an interference with another new resonance,

called Y'(4500) [76].

To complete the discussion of the final states with three hadrons, in Fig. [2.23| we
show the cross sections with an h. in the final state. These rates are of particular
interest, since the h. has its ¢c pair in the spin singlet state, which was originally
produced in a spin triplet via its coupling to the photon. Thus, in this transition
the heavy quark spin changes, at odds with heavy quark spin symmetry. However,
besides violations of that symmetry due to the relatively small charm quark mass,
spin symmetry conservation can also be circumvented by the presence of hadronic
molecules: In the molecular picture it is natural to expect the h.wm and the J/¢mm
cross sections of similar order of magnitude as is confirmed by the data, since only
in the presence of a molecule the two-meson loops that decorrelate the heavy quark
spins appear at leading order for both channels as explained above. Moreover, by
using values for both the J/D®D® and the h.D™ D™ couplings available in
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2.6. Fit Strategy, Results and Discussion

the literature (details on how the various couplings were determined are given in
App. , we can describe the cross sections in both channels, providing additional
support for the molecular picture. In the h.mm channel we observe a discrepancy
between the data and our prediction starting already at around 4.3 GeV. We think
this reflects the omission of the D; D* channel in our study: Only once this channel
is incorporated we can include the Z.(4020) which might be responsible at least for

some part of this discrepancy.

As pointed out in the introduction, the (4160) needs to be included to get a consis-
tent simultaneous description of the J/¢rm and D*Dr final states. We allow this
well established vector charmonium state to contribute to both of these channels (as
well as to all other channels included in the analysis), however, the fit reveals that
no significant coupling of the 1(4160) to the J/¢77 is needed. Indeed, the fit puts
the parameter ﬁfz), introduced in Eq. , for the production of the ¥ (4160) to a
value consistent with zero.

The results for the * ;™ final state are shown in the upper panel of Fig. 2.24] The
cross section is completely dominated by the real tree level amplitude, shown as the
first diagram in Fig. . Accordingly, following Eq. , the signal of interest to
us reads to very good approximation

Oete—sptu— = Oroptp- 7 20050 - Re(AR + Amix) - (2.71)
This quantity is shown in the lower panel of Fig. [2.24] As argued above, we allow
for complex couplings at the resonance-photon vertices. Contrary to all observables
studied so far, where only the relative phase of the Y (4230) and ¢ (4160) contributions
played a role, this leptonic cross section is sensitive to the individual phases of these
resonance contributions. The phases of those couplings are thus fixed by the fit to
the u*p~ cross section.
In Ref. [74] a sum of Breit-Wigner terms with complex couplings is used to parame-
terize the data including the ¢(4040),(4160), S(4220) = Y'(4230) (and the 1 (4415),
which is, however outside our energy range of interest). We find that the complex
phase d,- called for by the fit in the production vertex of the 1 to the photon agrees
within uncertainties to the one of the experimental paper. With this phase included
we can reproduce the p*pu~ lineshape in the energy range studied. We see that the
contribution of the (4160) is dominant in comparison to that of the Y (4230) at
least in the energy below 4.2 GeV, as expected in the molecular scenario, since the
coupling of a photon to the D;D channel violates spin symmetry [83]. One should,
however, keep in mind that there should also be some suppression of the coupling
of the ¢ (4160) to the photon, if it indeed is predominantly a D-wave charmonium
state.
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2. The Y (4230) as a Dy D molecule

Figure 2.24.:

Figure 2.25.:
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2.6. Fit Strategy, Results and Discussion

The peak in the data near 4230 MeV in our fits emerges from both the interference of
the two resonances and the Y (4230) itself. The main contribution to the imaginary
part of the pertinent mixing matrix element of the 1(4160) and the Y (4230) is
generated from the DD*r intermediate state — this part is fixed completely by the
data for efe™ — DD*r. As outlined above, the corresponding real part is here taken
as a free parameter that is adjusted in the fit. It is reassuring, however, that the
real and the imaginary part of the mixing amplitude contribute with comparable
strength, as shown in figure 2.25] Although the energy dependence emerging from
the real and imaginary part of the mixing amplitude, A, resembles that of a
single resonance structure, it emerges from an interplay of the different resonance
propagators as well as the mixing amplitude, ./\/lflff:, as outlined in Eq. and
below. One may naively expect that the imaginary part of the mixing matrix element
does not contribute to the total cross section significantly, as only interferences of the
strong amplitudes with the real tree level amplitude matter quantitatively. However,
the phases of the resonance propagators in Eq. non-trivially mix real and
imaginary parts of the mixing amplitude, allowing both contributions to interfere
with the tree level amplitude.

We now turn to a discussion of remaining hadronic two-particle final states, also
included in Fig. 2.26] As one can read from the figure, the energy dependences of
the xcow, the J/¢n, and the X (3872)7 cross section are rather different: While the
first one shows a very narrow structure, the structure in the second is already a lot
broader and the one in the last is more than four times as broad as the first — this is
also reflected in the resonance parameters extracted in the single channel analyses of
the BESIII collaboration collected in Fig. 2.1} In contrast to this, our model allows
us to describe all three cross sections with consistent resonance parameters as a
result of an interplay of the two vector resonances 1 (4160)and Y (4230): the narrow
peak in the y.,w channel emerges from a destructive interference of the triangle
diagram shown in Fig. and the 1(4160) contact term, shown in Fig. [2.16,
since the energy dependences of the two contributions are quite different, as can
be clearly seen in Fig. [2.26| — we included the width of the w by a convolution of
the cross section with the omega spectral function as explained above which is the
origin of the not vanishing cross section below the nominal y.w cross section. The
mechanism we propose here is different from that studied in Ref. [137], however, the
energy dependence found there appears inconsistent with that of the newest data
set for this channel measured at BESIII [70]. Also for the J/¢n and X (3872)y final
states the interplay of the two resonances is crucial, but less dramatic.
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Figure 2.26.: Fit results for the J/ym, xcow and X (3872)~v cross section. The data sets
are from Ref. [69], Ref. [70], and Ref. |72], respectively.

2.7. Pole uncertainty

Within our calculation the pole position is fixed by three parameters (see Eq. ):
gvo, mo and Ty, with mg (I'y,) influencing only the real (imaginary) part of the pole
location and gy( influencing both. To estimate the uncertainty of the pole position
we performed a y? fit, however, with two approximations. First, we only allow the
three resonance parameters my, gyo and I'y, to vary. Second, as J/¢mm has the best
statistics of all the available data and the fit suggests a negligible contribution of the
1(4160) to this channel, it is by far the most restrictive final state for the Y (4230)
pole location. Therefore, to estimate the uncertainty of the Y (4230) pole location, we
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2.7. Pole uncertainty

focus solely on the .J/i7m channel. We checked that the inclusion of DD*r yields no
significant change to the uncertainty of the pole, supporting that the main influence
on the pole position is driven by the data on the J/¢¥7m channel. In the analysis, we
allow mg and I';, to vary within 10 MeV and g, by 0.2 MeV around their best fit
values. These parameter ranges allow the pole to vary over a sufficiently wide range,
including all values within the 1o range around the best fit pole position. Within
these ranges random combinations of the three parameters are picked under the
requirement that for each parameter-set the change in the y? value must lie within

X2best fit Xfandom parameters S AX2 (p7 3) ) (272)

where the three in A,2(p, 3) indicates that three parameters are varied, and p ~ 0.683
corresponds to the 1o band. To evaluate A,z2(p, k) the x? cumulative-distribution

function needs to equate p
1 kA2
——  ~[ 2. =) = 2.
v (55) =». (2.73)

where [ and ~ denote the regular and lower incomplete Gamma functions, respectively
Y(z,a) = / dt t*'e™", Re(a) >0. (2.74)
0

Solving for k = 3 degrees of freedom, the 1o deviation in the x? value reads

A2(p=1lo,k=3)~3525.

X

The fits only included data from 4.2 to 4.35 GeV because this energy interval is
expected to be under control due to the theoretical mechanisms considered in this
work. As mentioned in the main text, deviations of our results from the data beyond
this energy range are expected due to, in particular, the absence of contributions from
the Dy D* and D, D* channels. The results for N ~ 300 random generated parameter
sets that fulfill the condition of Eq. are shown in Fig. The upper panel
shows the obtained 1o uncertainty band for the J/i¢7m7m total cross section, while the
bottom plot shows the corresponding spread of the pole position, which results in

pole

sy (4230) (422&4—% (50t§)> MeV . (2.75)

In addition, the two plots in the middle of Fig. demonstrate the effect of the
1o uncertainty extracted from fits to the J/¢rm channel on the total cross sections
in the DD*m and u*p~ channels. As pointed out earlier, the variations in these
channels are considerably less pronounced compared to those in the J/¢mm channel.
Our error estimate in Eq. is supported by the observation that the uncertainty
we find using this method is of the same order of magnitude as that provided by the
BESIII collaboration extracted from the J/¢7r7m channel.
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2. The Y (4230) as a Dy D molecule

Figure 2.27.:
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2.7. Pole uncertainty

Name Value
Y my (4227 £ 0.4) MeV
ry (54 +£1) MeV
1/fy — (0.012+0.001)
Sy (17.14+0.1)°
U 1/f, — (0.023+0.003)
Sy (67 +£2)°
Z, my (3884 £ 1) MeV
970 (4.15 4+ 0.06) GeV
rZ (48 £1) MeV
DD'w oY — (128 +12)
oSV = (3.95+£0.01) GeV
W (202 +18)
(D _ (3.894£0.1) GeV
Jiprtr— P — (133.9+4)
0 — (14.9£0.9)1073
g8 (244+1)1073
hy — (16.84£2.4)1073
hs (15+0.7) 1073
2 (0£0.1)
cor — (0.4+0.1) GeV?
fJ/¢ 456 MeV
X oW 2 (1.469 £ 0.015) GeV?
Y (0.36 +0.07) 103
Xcow — (16 + 0.5) 1073
J/vm & (67.3+3.4)107° GeV !
S (298 +11) 1072 GeV ™!
X~ Cxry (0.71 £0.15) GeV?
cy, (0.017 £ 0.003) GeV
whp Crnix (0.6 +0.01)

Table 2.1.: Parameters of the model as determined in the fit. We find the value of f;/,
to be strongly dependent on the fit range in D°D*~ 7+, such that we did not
assign an uncertainty to this quantity.
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3. Coupled Channel
{Dl, Dz} — {D, D*} Dynamics

3.1. Introduction

D,D D:D* D,D* D:D DiD" .DZD*
10009 7 Rescan BES Il : 801 1 BEswm I o
8001 I XYZBESII P 60 III
DD*r I ] ] J/vnn II
~ 6001 : : _
2 11 m 8401 ;B :
o T H H H 20 I :
L 5 1 I P
2001 T . ; d ;
4 = : i 2l
0 EEIHI]% 0 . - I;I
41 4.2 43 4.4 45 41 42 43 4.4 45
Vs [GeV] V3 [GeV]

Figure 3.1.: Data for the total cross sections of D°D*~7* and J/+v7t 7~ showing the
relevant thresholds for this study.

With the results of our initial study showing very promising results, in the next
step we plan to turn to a more refined treatment to extend the energy range even
further. While we focused so far solely on the D;D intermediate state for the
Y (4230), heavy quark spin symmetry also calls for potential bound states in the
D, D* and DyD* channel for J©¢ = 17~ Their respective thresholds in the D°D*~ 7
and J/¢Y7mtn~ channels are shown in Fig. . In the case of the DYD* 1 final
state, the D, D* channel decouples, which is also reflected in the derivation of the
coupled channel potential below. Potential experimentally observed candidates are
the Y (4360) as well as the ¢(4415), which are located roughly 50 MeV below the
D1D* and D,D* threshold, respectively. The remaining resonance of the vector
channel, namely 1/(4660), is also hypothesized to be a molecular state of ¥’ f5(980)
[138]. The improvements compared to our previous study planned for the follow up
work are:

e Inclusion of the HQSS spin partners of D; D, namely Dy D* and D,D*. This
not only allows us to study the full coupled channel dynamics and significantly
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3. Coupled Channel {Dy, Dy} — {D, D*} Dynamics

extend the energy range considered but also to include additional resonances
like the Z.(4020), which plays a significant role in the h.m invariant mass
distribution for eTe™ — h.m.

e Contact terms derived from HQSS will be considered non-perturbatively in a
coupled channel Lippmann-Schwinger equation.

e In regards to the previous point, a proper study on the effect of the one-pion
exchange makes it also necessary to include the momentum-dependent width
of the Dy and D5 consistent with unitarity. The width of the D* from its decay
to D is with approximately 80keV still insignificant for our present study,
such that it is well approximated by a constant or even neglected completely.

e Full SU(3) flavor symmetry is considered, which allows us to extend our study
in ete” — J/Y KK with the inclusion of the Z.4(4000).

e The conventional charmonium state 1/(4160), as well as ¥(4040) and potential
others are included unitarized in a K-matrix formalism. This also allows us to
study the P-wave channels DD, DD* and D*D*.

The effect of the most important inelastic channels, which are not related to a direct
(tree-level like) decay of Dy D, Dy D* and D, D*, can be effectively included by adding
an imaginary part to the contact interaction. This imaginary part is fixed by the
intermediate loops of the inelastic channels, such that the construction is consistent
with unitarity as presented in Refs. [139-141]. We automatically include inelastic
channels of the kind D*Dn, D*D*r, ... through the resonant contributions of D;
and Dy. As demonstrated in Sec. a resonance propagator captures the final
state interaction, and as a consequence of unitarity, tree-level amplitudes will cancel.
Consequently, the effects of Dm and D*m, corresponding to the tree-level decays of
the resonances D, and Ds, are included via the momentum-dependent width in the
propagators, as demonstrated later in Fig [3.5 The effect of multi-body channels
containing more than 4 particles like D* Drrr, DDrrmr, ... are strongly suppressed by
their corresponding phase space and as such, can be safely neglected.

3.2. Definitions

With the wavefunction of the Y(4230) given in Eq. (2.5), we can follow an analogous
construction for the wavefunction of a D{D* and D;D* bound state. The C-
convention of the lagrangian in Eq. ((1.73])

C|D) =|D), C|D*) =—|D7) (3.1)
—|D '

C|Dy) 1), C|Dy) = —|Dy)
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3.3. Potential

results in
1 _ _
Yi(C'=-1)) = NG (ID1D) — |DDy))
1 )% * T
Y€ = ~1)) = = (ID:D") = D" Dy)) (3.2)
Ya(C = —1)) = —= (ID:D") — |D*Dy)) .

V2

where we expect a large overlap of the Y (4230) with Y;. Although, the convention of
the C-operator acting on D* suggests the same relative sign for the 2 components of
the |Y5) wave function, the vector vector axial-vector coupling of Y — Dy D* must
scale with the levi-civita tensor and may be expressed by

Ly,pype o €9* (D*”Y;D’fT - D’fTYsz*”) + he. (3.3)

such that the exchange of |D;D*) = —|D*D;) generates an additional minus sign.
Possible partial waves of the two-meson systems for total J7¢ = 17~ are

a, = D1D {3517 3D1}
a, 6 = DlD* {351, 3D1, 5D1} (34)
a,ff = DQD* {351, 3D17 5D1, 7D1, 7F1},

where the individual partial waves of the two-meson states are labeled as 25+1L .
with S, L, and J denoting the spin, relative angular momentum and total angular
momentum of the two-meson system, respectively.

3.3. Potential

3.3.1. Contact interaction

In our initial study, where we only considered the D;D channel, it was sufficient to
describe the S-wave contact interaction with a single constant. To properly describe
the contact terms of the complete {D;, Do} ® {D, D*} multiplet, we employ a more
sophisticated ansatz consistent with heavy quark spin symmetry. As the interaction
is independent of heavy quark spin s, = sp1 + sp2 and J, we may choose the following
eigenbasis for the interaction Hamiltonian

|Sh1, Sha, Sh; Je1s Je2s Jes J) = |sn; Jer, Je2, Je) - (3.5)
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3. Coupled Channel {Dy, Dy} — {D, D*} Dynamics

Consequently, at leading order in the heavy quark limit, four independent contact
interactions F' emerge for isospin [ = 0 and I =1 [25], denoted by

F = (sn;jor, Jez, Jel Hr|Sn; Jprs Jpos Je)

Fl = (50 3,3, el Hilsui 3, 3. 7¢) (3.6)

F§, = (sn; 3,5, JelHilsns 5, 5, Je) -

In the current basis, the light- and heavy-quark spins are coupled for each meson
individually. We can also choose to couple the light- and heavy degrees between the
two mesons to a total sy; ® sp2 = sp and ji ® Jeo = Je, With J = s, ® j, denoting
the total angular momentum of the complete system. To relate the two bases we can
use the transformation [25]

|1, Jers Ji; Sna, ez, o3 J) = Z V(251 +1)(2j2 + 1)(2je + 1) (28 + 1)
Sh»Je
Shi1 Sh2 Sh (37)
X & Jo Jez Je ¢ |Sn1s 82, Sns Jes Jes Jon J)
JaoJe J

with {...} denoting the Wigner-9j-symbol [142]|. For a physics-related application of
the Wigner-9j-symbol see Refs. [14_13, 144). Following the convention of Eq. (13.2)), the
resulting states for the D1 D, D;D* and D, D* channels are

[DiD) = 310:3 5. 1) + 2113, 5,1) + 4°01:3,5,2)
DDy = 3104,3,1) — 21054, 3,10 + 014, 5,2)
D*)y = ¥2|(; 2 1 311-3 1 V5(1.3 1
|D\D*) = ¥2(0; 3,4 1) + 3|1, 3,1 1) — (1,31 2) .
DDy} = =103, 5 1) + 1155, 1) + 1135 5.2)
D2D7) = 30005, 3,1) = S5, 5.1) — {113 5.2)
D' Do) = 010:3.3.0) + 14 3.0) — §14.4.2).

Realizing that the total spin of the heavy quark and anti-quark s, must be conserved
at leading order in HQSS and using the orthogonality of the states in Eq. (3.8), we
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3.3. Potential

Figure 3.2.: Contributions to the one-pion exchange potential derived from time-ordered
perturbation theory. The solid lines label D, D* D1, D> mesons and the
dashed line label the pion.
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Figure 3.3.: Kinematics of the one-pion exchange for in the center of mass frame for
incoming particles «, 3 with momentum p and outgoing particles o/, 3’ with
momentum p’.

can calculate the S-wave potential V, according to Eq. (3.6]), resulting in

(Vo)u = §(3F{ + 5F5 — FY — 5F5)
(Vo)a2 = £ (11F + 5F5 — TFf + 5F%)
1
16

(Vo)ss = & (15F + F§! — 5FF — FY)
(3.9)
(Ve)12=10
(Vehis = 1£60(F1d — de — 3Fy + IY)
(VC)23 = 07

with FY, Fy, Fd, F§l being free parameters to be determined in a fit. We ordered
the channel indices by their respective thresholds, i.e. 1 : D;D,2 : D;D*, and
3 : DyD*. The effect of the most prominent inelastic channels is included by adding
an imaginary part to FY, Fy, F3, F§' analogous to Refs.[139-141], however, no new
parameters are introduced.

3.3.2. One-Pion Exchange

As discussed in section [I1.4] the inclusion of the momentum-dependent width for
the Dy and Dy makes it necessary to treat the one-pion exchange non-perturbative.
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3. Coupled Channel {Dy, Dy} — {D, D*} Dynamics

Furthermore, the study of the T,.. showed a significant influence of the one-pion
exchange on the resulting pole position of the resonance.

The two contributions of the one-pion exchange in time-ordered perturbation theory
as well as the chosen kinematics are shown in Figl3.3] and Fig[3.2] respectively. The
resulting potential for the different channels read:

VErE = 0

V,QPE = (¢ ) (¢ ) 09 O (ep+)] (ep,)! ( 1 + 1 )
D D lab™~1c b 1/d DD* D* (jﬁ) DDllevﬂ-(_:ﬁ)

_ « \ik [« \m ~ijk Almn j in ! 1

3(§PE _ (€D2)a (ED*)C O3Jab0écd (ED*){; (€D2)d (DD* b (D, 7) * Dp,. 5y (D ﬁ))

,D* .\ 2,2,

V=0

V8™ = (€b,), OfuOsea (ep )} (ep. )i A

13 D lab 2cd b D2 d DD*,D,TF(_"ﬁ) DD11D2’7T(_;]57)

VS =0,

(3.10)
where we introduced the following abbreviations for the Lorentz structure of the
vertex functions

ij 2 Y y 1 y
Oljab f7r VD, M D [\/;h/(Sq qj -0 ]q2) - %h;wﬂ'(s ]]
0y, = ifi,/mDQmD\/ﬁh’qiqj (3.11)
Oéj(fb — _@\/W\/_Zhleml l k

The propagators are derived from time-ordered perturbation theory, resulting in

Dapclp,p)=FE— \/m?4 +p? — \/mQB +p'2 - \/m% +p2+p'2—2ppz  (3.12)

for the denominator of the intermediate 3 meson system, where z denotes the cosine
of the scattering angle between pand p’. There is an additional set of OPE potentials
once we consider vertices of the kind {D;, Dy} — {D1, D2} ® as shown in Fig. [3.4]
As the intermediate 3 body cut of both time-orderings contains a heavy {D;, Dy}
field, they will go on-shell at significantly higher energies than those presented in
Eq.. Furthermore, due to the width of the {D;, D5}, the corresponding pole of
the propagator is shifted into the complex plane. However, if these kinds of diagrams
are sub-leading can only be confirmed after the fitting, such that we additionally to
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3.3. Potential

D, < D,y Dy > D,

N ’
N ’
N ’

Y — ’ —

]l
S
]l

[Dy D] [D,D*r]

Figure 3.4.: Contribution V;3 to the one-pion exchange potential to D;D — DyD*. Both
time-orderings contain a heavy jf = %+ field in the intermediate 3-body cut.

Eq (3.10) consider the contributions VOFF to the OPE potential

, 1 1
Ve = O, Oh ca (€01 (€5): ( —— = )
( ) Gab™ded /b D DDQ,D,W( 717) DDl,D* (p 17) (3 13)
- * 5/ % \m ~ijkl kl n
Vgt = (ep,) (€)1 OF O (epy,), (€p-)y Do o 7))
o2, D* )
with the additional vertex functions
) _\/igTab 7 *
4ab —f—Pw mpmp
OBab \/_gTab k z]kmD*
8 i (3.14)
O == i~ 8"t i,

Tab — f Dy -
T

Therefore, the full one-pion exchange potential is given by adding Eq. (3.10)) and

Eq. (3.13), i.e.

Okl _ \/_93/27—ab (5ikpk€jklm

OPE _ y/OPE  7OPE
Vi =V RV (3.15)

The inclusion of the one-pion exchange only preserves HQSS if both S-waves and
all relevant D-waves are considered [25]. In contrast to the partial wave projection
in the 7m — K K system, we need to generalize the formula in Eq. to account
for the spin of the D mesons. The partial wave projected OPE potentials can be
calculated using the formulas of Refs. [145] |146],

VOPE(p,p)) = 5 J1+ : / dﬁr dﬁ: Te[PY(JLS; m)VOPE (g, p ) P(JL'S";7)] , (3.16)
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3. Coupled Channel {Dy, Dy} — {D, D*} Dynamics

where 77 = j/p and P(JLS, 1) denotes a projection operator for the spin coupling.
These projectors are normalized to

1 dQ
= “Pl(a, ) P(a, 7). 1
s | Pl (317)
A list of all relevant projectors considering the j/ = %_ particles is listed in Ref. [141].

Note that it is not immediately obvious, that the amplitudes V2F® and }712PE VQCS)P E
vanish for the studied system. The Lorentz structure of the amplitude VOPE for the
transition DD — D;D* can be written as

VISTE o e, (e ppl ey, (e (X)) (3.18)

where A\ and )\} denote the incoming and outgoing polarizations, respectively. For a
general JPC this term does not vanish. However, once we consider the coupling of
the final Dy D* into e.g. the partial wave 3S; for J©¢ = 17—, where the projector is
given by

P(D,D*(3S,)) = %ékle%lely (3.19)

it follows

VOPE o itk piptelli — gyl (§ligH — gMGHY — pip’ — 26+ (3.20)
which is zero for an S-wave, as the initial and final polarization i and i’ are the same.
The same reasoning results in V.37% = 0 and V9P = 0.
3.4. Coupled-channel Lippman-Schwinger equation

With the full potential fixed by VT = Vi, + Vipg, the coupled-channel Lippman-
Schwinger equation for a system with definite J7¢ is given by

/ . —/ d’ q /
Tos(E,p,p) = V50, 0) Z/ E Vel (p, )Gy (@) Ts(q. p') (3.21)

where o, 8, v label the basis vectors for the different partial waves defined in Eq. .
We now consider the momentum-dependent width of the Dy and D5 in the propagation
G, of the multi-meson states. In Ref. [147], Faddeev describes a framework that
extends the principles of two-body unitarity to the three-body case. In general, three
particles can interact via two- or three-body forces. If we assume the interaction to
be of finite range, it follows that beyond a certain distance away from the center of
mass, the three-particle force drops to zero, although two-body forces may remain.
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3.4. Coupled-channel Lippman-Schwinger equation

Figure 3.5.: Feynman diagrams for the dressed propagator of DD, D1D* and Do D* on
the left hand side given by the series of diagrams intermediate containing
D® 71 loops.

These two-body systems might form resonances, while the third particle acts as an
observer. In general, there are three so-called two-body fragmentation channels,
where the two-body subsystem can be unitarized by standard Lippman-Schwinger
equation

to = Va + VaGOta ) (322)

with alpha denoting the index of the corresponding two-body fragmentation channel.
The full 3-body problem shown in Fig. can not simply be resumed, as the kernel
is disconnected. Faddeev derived a set of equations that reiterate the two-body
t-matrices t, into a connected Faddeev kernel, where the defining equation for the
scattering channel [¢1) may be written as

|91) 1) 0t & 1)
o) | = 0 +Go| ta 0 & [V2) |, (3.23)
|13) 0 ty t3 0 |13)

with |¢;) denoting the resonance wave function of channel 1.

For the present study, we consider the proper inclusion of D; and Ds, as the widths of
D and D* are neglectable. For e.g. the first channel D, D, the dominant contribution
in the 3-body channel D* D7 is generated by the resonant D*r — D, interaction in
the studied energy range. We do not explicitly parameterize the 3-body propagator
Gy, but absorb it into V' by considering the resonances of the two-body subsystems
in the OPE of the potential. As a result, we can map the Faddeev equation onto the
Lippmann-Schwinger equation given in Eq. (3.21)), where the full unitarized three
body propagator in time-ordered perturbation theory may be written as

1
B —wy — w4 il,/2°

G, (3.24)

Here I', /2 corresponds to the imaginary part of the intermediate loops, as shown in

Fig. [3.5
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3. Coupled Channel {Dy, Dy} — {D, D*} Dynamics

Inserting the spin-averaged matrix elements into Eq. (1.95) and Eq. (1.93)) yields

_ Lpap-(mp,) [hFw?2 h'?

I'p, = mp,mps + —spp+x(Mp,; ) mp, mps
D 3 — 4f7r2 D.Mp f7r2pD 71'( Dl) D;MpD

1 prp+(m%,) 3h"
2 — 5 mp - f g PrD* (mD2)4mD2mD* +
2 sy

2 PnD(ng) Mmp,Mp ,

(3.25)
from which we can derive the energy dependent width generated for a given channel

v={1,2,3}

r
b 5 mp, f7T

popex(E,1) h/2wﬂ(E,l)2 h'? 4
(B, 1) = s 2 pen (B D)
) =, 12 ot epopw (B DTmp
pppr(E,1) [h2w,(E,1)? h' 4
Iy (E,l) = 5 « + —=pppea(E, 1 « 3.26
2(E,1) Gy P—— e mp~ + fﬂ2pD per(E,1)*mp ( )
1 3h'? 2h'?
Ty(ED) = — |2 o pepppen (B, 1) e (B
3(E, 1) 107mp, [ X mp+ppp=(E,1)° + I mppppx(E,1) }

Here gapc(F, 1) denotes the center of mass momentum of the particles B and C'
embedded in the three body system of particles A, B, C

A2 ()2 2 2 2
qune(B, 1) = 2 Whe M me) wgcz(E—,/mmz?) 2. (3.27)

2(6030)
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4. Summary and outlook

In this thesis we presented a path towards a systematic analysis of the J7¢ = 17~
channels in the range from 4.2 to 4.5 GeV, building on the results of our study of the
Y (4230). We present insight into the exotic vector states Y (4230) and Z.(3900) and
demonstrate the issues arising from simple Breit-Wigner fits omitting the relevant
threshold effects.

In our initial study, we simultaneously analyzed the lineshapes of seven hadronic
final state cross sections and invariant mass distributions as well as data from
ete” — putp~ in the energy range from 4.2 to 4.35 GeV. We demonstrate that
even with a single exotic state, it is possible to describe all those final states with
consistent resonance parameters. This was made possible by including the effects
of the D;D channel as well as allowing for interference between the conventional
charmonium state ¢ (4160) with the exotic Y (4230). Furthermore, this is substantial
in explaining the p* ™ lineshape, where the mixing of the two states constrained by
the hadronic final states, is in fact consistent with the description of the leptonic
final state. This may be interpreted as additional support for the scenario suggested
in this thesis.

The inclusion of the intermediate D;D is necessary if the Y (4230) is a hadronic
molecule formed in this channel. One of the implications of this scenario is the
distortion of the lineshape near the D;D threshold, which is especially prominent
in the D°D*~ 7" and the J/vn 7~ cross sections. In contrast to the experimental
analyses, which extract two states from the data for the J/¢nTn~ channel, the
molecular scenario presented here naturally explains the asymmetric lineshapes.
Furthermore, we are able to describe the energy dependences of the cross sections
for ete™ — J/Yntn and ete” — J/Y K™K~ simultaneously in line with the
approximate SU(3) flavor symmetry of QCD, which is completely disregarded in the
BESIII analysis. Our fits also reproduce the expected hierarchy in the production of
conventional charmonium states in comparison to molecular states in ete™ collisions.
The production of the Y'(4230) from a photon is suppressed in heavy quark effective
theory, which is reflected in the individual contributions of the Y (4230) and (4160)
in ete™ — ptp~, with the latter being significantly larger.

For the other two-body finals states, the lineshape of the y. w total cross section
emerges from the interference of the non-trivial energy dependence of the triangle
diagram, which emerges from a non-trivial interplay of a triangle contribution
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4. Summary and outlook

featuring the D, D intermediate state with the ¥(4160). In addition, our analysis
allows us to describe the very different lineshapes of e.g. J/v¥n and X (3872)7 cross
sections simultaneously via the interference of the 1(4160) and Y (4230).

With the results of this exploratory study showing very promising results, we also
present the next logical step with the inclusion of the spin partners D;D* and
Dy D* called for by HQSS. This will allow us to properly study the coupled channel
dynamics via a Lippmann-Schwinger equation and extend the studied energy range
significantly. With the inclusion of the Z,(4020), a candidate for a D*D* molecule,
we can analyze the h.m invariant mass spectra. The study of the strange partners
of the Z. states, e.g. the Z.,(4000), allows us to probe the J/¢ K+ K~ cross section
and its subsystems in more detail. With the full coupled channel dynamics, we can
also turn to the ¢(2S)r" 7~ final state, which was the only channel omitted in our
previous study of the Y (4230). Since our analysis includes both hadronic and leptonic
final states, we are in the position to disentangle the strong and electromagnetic
coupling of the Y states. Thus we will also be able to improve the current limits and
uncertainties on the corresponding branching fractions to the different final states.

In conclusion, the non-trivial insights gained in this thesis were only possible because
we studied multiple final states simultaneously. This appears unavoidable to get
access to reliable resonance parameters, as single-channel Breit-Wigner analyses tend
to extract resonance parameters with large scatter as shown in Fig. 2.1}
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A. The relativistic three-body phase
space

The differential cross section for a scattering process of two initial into n-final particles
is given by [4]

do =

(27)* M| A (ks + ko3 pr, D2, s ) A1)
4\/(k1'k2)2—m%m% n{F1 2, P1, P25 -5 Pn) )

where |M ’2 is the spin averaged matrix element squared and the factor in front the
so-called initial lux. The the n-body phase space element is defined as

n

n d3 )
A2, (P; pr,pas s pn) = 3 (P = i) [[ i (A.2)

i=1 i=1

with incoming P = k; + ko and outgoing p; momenta. It can be decomposed
recursively via

d®,(P;p1, ... pn) = dP;(q; p1, o p;) APpjit (P pjs1, s pn) d*(2m)° . (AL3)

In the following we explicitly derive the 3-body phase space element. For a more
general review of the relativistic kinematics of particle reactions, we recommend
Ref. [14§]. Analogous to the Mandelstam variables in 2 — 2 scattering it is useful to
define the invariant energies of the two-particle subsystems in a 1 — 3 decay

sip=391 = (p +p2)2 = (P —p3)2
S5 =5y = (p2+p3)° = (P—p1)° (A.4)
si3=1s3 =(p; +p3)2 = (P —p2)2,

which further fulfill the relation

31+82+53:s+2m?. (A.5)

(2
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A. The relativistic three-body phase space

In the center of mass of the decaying particle, the energies £ and 3-momenta p; of
the final particles can be expressed

p_ 5T m? — sy .

1 2\/5 ) Py =

s+ m3 — s3

2ys

= s—irm§—517 b= AY2(s,m2, 1)

2./5 B NG '

Following Eq. the three body phase space element ®5 is given by

(5 = oo /H

where the ¢ function ensures energy and momentum conservation from the incoming
4-vector P decaying into p;. Using the § function to integrate over p, we obtain

)‘1/2(57 m%7 52)

2y/s
. AY2(s,m2,s
o 2 A5 My, 55) (A.6)

E; =

3

W *

d’p;
3o 0P =1 =2 = ). (AT)

1 d3p1d3p3
o = — w1 — Wy — . A.
i(5) = 7 | S5 = = =) (A8

Now we can rewrite the integrand

d*p1 d®py =pidp1dQup3dpsd Qs

(A.9)
prwidw;d pswsdwsd Qs

where Q3 = (cos 013, ¢3) describes the orientation of the 3-momentum ps with respect
to p1. From the relation £ = (p; + p3)* + m3 = p? + p3 + 2p1p3 cos 013 + m3 we get

dewsy P1ps
p— A-l
d cos 913 EQ ’ ( O)
such that we can integrate over cos 63
1 1
@3(8) = Wg /dwldw3d91d¢3@(1 — COS2 613) s (All)

where the heaviside function ensures physical values for 0;3. Here Q3 = (cos 613, ¢3)
describes the orientation of p3 with respect to pi, and €2; the orientation of p; with
respect to some axis.

At last with the Jacobian 5 .
Wi, W3
S A.12
0s1,83  4s’ ( )
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we get the final expression

1

3(5) = 79325

/d51 d82 dQld¢3 . (A13)

In the center of mass frame of the decaying particle the two azimuthal integrations
are trivial, yielding

1
@3 = W /d51 dSQ del y (A14)
such that the total cross section is given by
1 1 -2
o= M| dsy dsydb . A.15
4\/(14:1-]4:2)2 — m2m2 (27r)332$/| ‘ P2t ( )

The integration border of s; can be expressed in terms of s

sy =mi+mj— Ze [(s2 — s+ m3)(s2+m5 —m3) F A?(s2,5,m7) A\ (52, m3,m3)] .
2
(A.16)
Consequently, the borders of the s, integration are trivially given by
(my 4+ m3)? < 59 < (Vs —my)?. (A.17)
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B. Numerical integration

In numerical analysis, quadrature rules allow to compute approximations of definite
integrals. For a more complete review, we refer to Ref. [149]. A function f(z) is
evaluated at certain abscissas z; with corresponding weights w;, allowing us to write
the integral as a sum

b
/ fla) ~ Zf(xi)wi. (B.1)

In its simplest form, n equally spaced abscissas x; are chosen in the interval [a, b],
such that a quadrature rule like the Newton-Cotes Formula is able to reproduce
a polynomial of order n. As the goal is to obtain an integral as accurately as
possible while keeping the number of evaluations of the integrand to a minimum,
more complex algorithms were developed.

With Gaussian Quadrature one effectively doubles the reproducible degree of freedom
by not only choosing the weights w; but also the abscissas x;, making use of orthogonal
function systems. In this sense, higher order does only imply higher accuracy for
very smooth analytic integrands. However, with a variable choice of the abscissas
and weights we can effectively circumvent integrable singularities in the integrand,
demonstrated later in this section.

In this thesis we rely on the Gauss-Legendre-Quadrature which is defined on the
interval [—1, 1] as

| 1@~ s, (B.2)

where the nodes z; are given by the roots n-th Legendre polynomial and the weights

can be calculated via 5

(1 —2f) (P (x:))*
This choice of abscissas and weights allows us to integrate polynomials of order 2n —1

exactly. To adapt the integration range, we simply perform a linear mapping from
[—1,1] — |a, b], resulting in

[ o~ gty (S o

(B.3)

W; =
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B. Numerical integration

B.1. Triangle topologies
Ve

l [ — px
o AN
D

-l

Figure B.1.: Momentum assignment of the triangle loop.

The triangle diagram shown in figure only has one time ordering, such that it
can be expressed as

d3 1 1 1
Toip. — / : . (B5)

27)3 8wpwp,wp+ £ —wp, —wp E — w, —wp+ — wp

with W; = \/m? —|—p?

Wp :\/m%—l—lz

Wp+ :\/m%* + 12+ p2 —2prz (B.6)
WpD, :\/<le - Z.FD1/2)2 + 12
We =\/m2 + p2.

In the center of mass frame of the Y (4230) one can choose the momenta in a way
that only the D* has an angular dependency, where p, = p,(0,0,1)T, such that

z = cos # denotes the cosine of the polar angle of the loop momentum I. Due to the
width of the D; only the last propagator in eq. (B.5|) has poles on the real axis, as
in comparison the D* width is negligible small. We define

I 1
El) = B.7
f( ? ) SWD(.UD]_ E _ le _ (.UD Y ( )
such that f is regular in [. The integral can now be rewritten as
T ! /Adlf(E l)/ld ! ! (B.8)
* = — z .
bbb (2m)% J, ")y wp B —wy —wps —wp

where the trivial integration over the loop momentums azimuthal angle is performed.
Doing a variable transformation

110



B.1. Triangle topologies

dwp~ = dz, (B.9)

1 1 1

The inverse factor of [ is canceled by f(F,[), while p, is canceled by the phase space
integration.
With the relation

1 .
mzlp(x_wo) :FZT('(S(JZ—ZL‘()), (Bll)

where P denotes the Cauchy principal value, Eq. (B.10) becomes

1 1
- =P
E —w, —wp- —wp + € (wD* —(F —wp — ww)) (B.12)

—imd(wps — (E —w, — wp)) -

The § function can be rewritten as

S(wpr — (F —wy —wp)) = —=0(z — ) , (B.13)
with

P4pi+mh — (B —wr —wp)?
2lpx '

(B.14)

20 =

Now Eq. (B.8) takes the form

_ (2;)2 /Ooo dzf(li,rl) /11 dz {—73 (WD* — (Eiwﬂ _WD)) —iﬂé(z—zo)] ,

(B.15)
with
wp=(2=1) 1 E —wp«|,—1 —wr —wp
P / dw * = 10 |: = i :| .
(B.16)

Finally, we arrive at
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B. Numerical integration

I(E) :/OAdg@ [log (' E —wp-

DPr E— Wp+

z=1 — Wx —Wp

z=1 — Wx — WD
2=—1 — Wx — Wp 7
where the remaining radial integration can be performed numerically. In case of the

J/ D™ D™ vertex, which scales with the loop-momentum itself, the integrand is
modified accordingly

z=—1 — Wx — WD

(B.17)

E—WD*

+imO (

E—WD*

d_glNum<l7p17p2>

C,N =C
7-< ’ um) 273 8&)1&]2&]3

GGy, (B.18)

with Num denoting the momentum factors in the numerator and C' being a constant.

To decrease the number of sample points needed to achieve a stable result, it is useful
to further split the [ integration at the poles of the propagator, as the distribution of
Gauss-Legendre sample points is more dense at the integration borders

A B P A
Ja= " (B.19)
0 o Jip i

where the I’ correspond to the poles of the propagator in [, which can be calculated
analytically for each propagator.
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B.2. Box topologies

B.2. Box topologies

e

-
-

l+p1/4 - ]

l—p1—p2

Figure B.2.: One time ordering of the first Feynman diagram shown in Fig. m

The Integral for the scalar box shown in figure is given by

I d®*l Num(l, py, p2) 1 1 1
/(271')3 16&)1&)2&]3(,04 E—wl—(UQE—(U5—W3—WQE—W4—W3—W5—W6 '
(B.20)
In this work the second cut corresponds for most box topologies to DD*r, which
can go on-shell. Analogous to the triangle we isolate the singularity and define the
remaining part in a function f(F,l, ¢, z,p1, p2) that is regular in [ and z. However,
different to the triangle, it is not possible to to perform the integration of the polar
angle analytically as f is also dependent on z, such that we perform a numerical
subtraction

7 / d?l (B, ) 1
(2 )3 y by @y 2, D1, D2 E s 5 )

A 21 1 -
:/ dl l2/ ng |:/ dz f(E717§07 27171»]92) f(EJ?QDa 207p1?p2) (B21)
0 0 -1

E — w5 — w3 — woy

1
1
+f(E>l?SOvZOaplap2)/ dz

1 E—Wg,-tdg-tdg

where zg is the pole of the propagator. The integration of the second summand con
now be done analytically, resulting in
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B. Numerical integration

L 1
dz =
/1 E —ws — w3 — wy

] [ (F — ws — w3 — wy)|.=1
0og

(E —ws — w3 — wa)|=1
The remaining ¢ and [ integration are performed numerically using Gauss-Legendre
integration. Analogous to the triangle loops, one should split the integration at the
integrable singularities in [ to reduce the number of sample points needed. The
general notation used in this work is

(B.22)

d*l Num(l, p1, p2)
B(C,Num)=» C | ——"""=G1G:G B.23
( ’ um) ; 273 16&]1(,02&}3&.)4 PR ( )
where ) . stands for the sum over the different time orderings and G; denotes the
propagators for the different cuts, e.g. Gy = 1/(E — wp, —wp).

The input values given in table were used in the numerical calculations of this
thesis.

Parameter ~ Value [MeV]

m? 135
mE 139.6
m 493.7
m, 547.9
My, 782.7
mY, 1864.8
m3, 1869.7
miy 2006.9
mi 2010.3
mp, 2420.8
Moy 3414.7
m, 3525.9
mX(3872) 3871.7
mw(4160) 4191
T'p- 83.4x1073
Tp, 31.7
L'y(a160) 70

Table B.1.: Input values for masses and widths used in this work, taken from the central
value of the Review of Particle Physics by the Particle Data Group [51].
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C. Remarks on the numerical
evaluation of loops -
Wigner rotation

The numerical integration of certain loop topologies can be quite demanding. A
suitable choice of reference frame simplifies the calculation. In the center of mass
frame for a 2 — n scattering process there is one external angle as a degree of
freedom. While it is possible to include this angle in the calculations explicitly,
one can alternatively work in a certain reference frame for the decay tensor and
subsequently rotate it around the initial (leptonic) tensor. We will focus on 2 — 3
scattering processes relevant for this work.

Following the convention of Ref. [150], we denote the transition amplitude in the
aligned frame by OY,,, with {A} = (A1, A9, A3) collecting the individual helicities of
the three final state particles. In the aligned configuration, we choose one of the
particles momenta g, = p1(0,0,1)T to be oriented along the z axis. The amplitude
M3 in the space-fixed frame, where we fixed the spin projection A of the initial
ete” state along the z axis, may now be written as

M3 = ZD a, 3,7)0%y , (C.1)

where D{* denotes the Wigner D-function for a (2. + 1)-dimensional representation
of the rotatlon group

Dy, B,) = (Gmle” " e e | jm) (C2)

The vectors of the aligned configuration are first rotated around the z axis by ~,
followed by a rotation around the y axis by 3, and at last rotated around the z axis by
«, into the space-fixed configuration. Here $ and a denote the polar and azimuthal
angles of the space-fixed p; momentum, respectively. The Wigner D-function is
related to the spherical harmonics Y! (6, ¢) via

A7 !

S Ym(6.0) (C.3)

Di?j,O(QS? 97 0) =
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C. Remarks on the numerical evaluation of loops - Wigner rotation

and are by definition unitary

Y D R)DL(R) = b (C4)
k

We can re-express the rotation matrix as given in Ref. [151] via
D)y, By) = e, (B)e™ ™ (C.5)

For our intention to reproduce the angular degree of freedom of the phase space
integral in Eq. (A.14)), we need to rotate around the polar angle 8 of p;. The relevant
d—functions in spherical basis for total spin j = 1 are given in the appendix of
Ref. [152):

457(6) = {1+ cos )
i 1
dg]‘—_ll)(ﬂ) - 51(1 — cos 3) (o)
din " (8) = 5 sinf
dgh " (8) = cos 8,
which fulfill the relations
7 _ (_1\ym—-m/ 3]

With Eq.(C.6) and (C.7) we can express the rotation matrix in the spherical basis,

ie. xt:m=1x m=-1,x":m=0, as
o) di(B)  diea(B)  dio(B) dir(8)  di-1(8) —do(B)
d'riL;n (ﬁ) = d—ll(ﬁ) d—l—l(ﬁ) d—lo(ﬁ) - dl—l(ﬁ) d11(ﬁ) do1(5) s
do1(B)  do-1(B)  doo(B) do1(B) —dor(B)  doo(B)

(C.8)
which also must be unitary ", Aoy (B)dl (B) = Gpim. As we are working in the
Cartesian basis for the decay processes, we perform a basis transformation for the
d-matrix. The spherical basis ¥ = (x*, x 7, )T can be expressed in terms of the
Cartesian basis T = (z,y,2)" via

Xt —jg(xfiy)

X=(x|=| xs&-w |,
X’ z
such that

L 1 9

— — . 2 \/5
r=Tyx with T = \/LE \/LE 0
0 0 1
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With T' = T)_,, the basis transformation for a general rotation matrix R is simply
given by
Rpg = TRy Tyoa

Ry = TX%R T! (G9)
{z} = Ix=e A xoa
The spin averaged squared matrix element
IM|? = Z L Z M{ME (C.10)
AN )
may now be expressed in terms of
M2 =3 Lo S By, YO0 c

AN v {7}

In the context of this work, the spin density matrix L, 5/ corresponds to the leptonic
tensor discussed around Eq. . As we are working in the Cartesian basis, the
rotation matrix is given by R = T,,d¥=Y(3)T},. Depending on the chosen
reference frame, the amplitudes O* correspond to the decay amplitudes presented in
section . In this work the, this formalism was mostly used for the J/¢rt7~ final
state presented in section [2.5.2] Due to the numerous loop topoliges, it was easier to
define the amplitude in the aligned frame, and subsequently rotate them according

to Eq. (C.11).
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