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Preamble

In the past years various new hadronic states were discovered in the charm and bottom meson
sector by experiments like Belle, BES and Babar. Many of these states fit into the conventional c¢
or bb meson spectrum, but a growing number of them does not. Especially, the charged ones which
can definitely be no conventional hadrons motivate the term ”exotic“ hadrons to classify particles
which are neither conventional baryons nor conventional mesons. Their substructure is not yet
clear due to the often poor experimental knowledge and there are many different interpretations
for these exotic particles. One very popular idea is the hadronic molecule interpretation which
states that two ordinary hadrons can form a loosely bound pair similar to the deuteron made of a
proton and a neutron. However, in the latter system it is known that after adding a third nucleon
there appears a three particle bound state, the triton. The emergence of such a three-body state
can be explained by the Efimov effect as a low-energy universality phenomenon. The question
which will be answered in this work is if there exists also an Efimov effect in systems of hadronic
molecules which scatter off a third meson or baryon. Since the number of candidate systems is
large (and still growing due to ongoing experiments) it is useful to find a general expression that
tells us if the Efimov effect is present. Moreover, this expression should only depend on the basic
particle properties like mass, spin and isospin. Such a relation will be derived in this work for a
generic three particle system that can be described in a pionless effective field theory. It will then
be applied to a set of possible hadronic molecule systems in order to check if the Efimov effect
occurs. The thesis is organized as follows: after an introduction of quantum chromodynamics
and a review of the classification of hadrons we continue with a summary, firstly, of experimental
observations concerning exotic hadrons, secondly, of the idea of effective field theories and thirdly,
of basic scattering theory. In chapter 2 the three identical boson system will be discussed in order
to explain the Efimov effect more quantitatively. With this knowledge it is possible to derive
the mentioned general expression regarding the existence of Efimov physics in a generic three
particle system. After the detailed derivation in chapter 3 (using the information given in the
appendices) the results will be applied to scattering processes where known hadronic molecules
as well as hypothetical ones are involved. This is done in order to either search for the Efimov
effect or — for the hypothetical molecular states — to predict under which conditions an Efimov
trimer is expected. For system without Efimov effect we will calculate in chapter 5 for a selected
example S-wave observables of the in this case elastic scattering process. The thesis is completed
by a summary of the results and an outlook on further work that can be done based on this work.



Chapter 1

Introduction and theoretical
background

1.1 Quantum chromodynamics and conventional hadrons

Nature is described by four main forces: gravity, electromagnetic, weak and strong force. While
gravity is up to now not yet — in a well established way — quantized, the latter three are com-
bined within the standard model of particle physics. Namely, one uses the concept of quantum
field theories with local gauge invariance (gauge theories) to describe electromagnetic, weak and
strong interactions. On the one hand quantum electrodynamics (QED), i.e. the theory of the
electromagnetic and — with some extensions — also of the weak force (electroweak unification),
is perturbative. This is the case because the corresponding running coupling constant is much
smaller than 1 for a wide energy range. On the other hand the strong force described by quan-
tum chromodynamics (QCD) has a coupling constant whose running is much faster. Hence, for
a wide energy range, especially in the region of hadron formation, it is of the order of 1 and
thus, one cannot use perturbation theory. Apart from this subtlety (which is further discussed
in section 1.3) the standard model of particle physics contains twelve fundamental fermions (as
well as twelve anti-fermions) and twelve gauge bosons (the photon v, W*- and Z%boson as well
as eight gluons) which are the carriers of the electroweak and strong force. One half of the funda-
mental fermions are leptons (electron (e™), muon (x~), tauon (77) and the three corresponding
neutrinos v., v,, v;) and the other half are quarks. As the latter are the constituents of hadrons
we focus on them in more detail. The quarks are grouped into three (weak isospin) doublets

@ ) 6 w

and named up (u), down (d), strange (s), charm (c), bottom (b) and top (t), also known as
quark flavors. Besides the properties summarized in Tab. 1.1 quarks also carry a color charge
with three degrees of freedom (sometimes referred to as "red*, "blue* and "green*). The color
interactions are described in terms of quantum chromodynamics whose underlying group is the
SU(3). color gauge group. There are eight gauge bosons in the theory called gluons (g) which
themselves carry color and anti-color. As already mentioned a bound state made of quarks is
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d u S c b t
@ — electric charge —% —i—% —% —i—% —% —i—%

I — isospin % % 0 0 0 0

I3 — isospin z-component —% —i—% 0 0 0 0
S — strangeness 0 0O |—-1]0 0 0

C — charm 0 0 0 1 0 0

B — bottomness 0 0 0 0O |—-1] 0

T — topness 0 0 0 0 0 1

Table 1.1: Additive quantum numbers of the quarks, from Ref. [2].

called a hadron. Furthermore, we know that due to confinement (i.e. due to the fact that there
is no experimental evidence for free colored particles (e.g. free quarks), see e.g. Ref. [2]) such
a bound state must be color-neutral, i.e. it must be a color singlet which is invariant under
SU(3). transformations. Following Ref. [1] a quark ¢; with color index i transforms under the
fundamental representation 3. of SU(3). and an anti-quark ¢; under the 3.. Therefore one can
form a SU(3). invariant object in two ways: firstly, one can combine a quark and an anti-quark
via ¢;0;;G; so that it is in the 1. (the singlet) of 3. ® 3, = 1. @ 8.. These ¢;§; objects are called
mesons. Secondly, one can use the total antisymmetric tensor e;;, to form a three quark color-
neutral object ;1 ¢ig;jqr known as baryon or a color singlet three anti-quark state €, ¢;q;qx,
the anti-baryon. At first glance, it seems that conventional mesons, baryons and anti-baryons
are the only possible hadrons in the standard model. However, one can combine these already
color-neutral objects to color-singlets with more than three quarks. These states are referred to
as exotic hadrons and will be discussed in more detail in section 1.2.

It is known that the masses of the three lightest quarks u, d and s (obtained in the MS scheme
at a scale of 2 GeV) are [2]

m, =230 MeV, mg=48703MeV, m,=95+5MeV, (1.2)

and thus relatively close to each other especially compared to the much heavier charm (m, ~
1.3 GeV), bottom (my ~ 4.2 GeV) and top (m; ~ 173 GeV) quarks (for a detailed discussion of
the methods used to deduce the quark masses see Ref. [2]). Therefore one assumes an approxi-
mate SU(3); flavor symmetry for the three lightest quark flavors. Hence, quantum mechanics
induce that the bound states of the three lightest quarks will mix. For mesons this motivates
their representation in a multiplet with 3; ®3; = 1;® 8 ground states with angular momentum
L = 0 classified by charge @, isospin I and strangeness S. Since the quarks a fermions with spin
1/2 the total spin of the corresponding mesons can be either 0 or 1. Thus, there are two nonets
(i.e. a singlet plus an octet), one for pseudoscalar (J¥ = 07) mesons shown in Fig. 1.1(a) and
one for vector mesons (J7 = 17), see Fig. 1.1(b). The former pseudoscalar multiplet contains an
isospin doublet with strangeness S = +1 identified with the two pseudoscalar kaons, an isospin

anti-doublet with strangeness S = —1 (the pseudoscalar anti-kaons), an isospin triplet of 7+, 7,
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7w~ without strangeness and in addition the two particles n and 1’ with @ = I = S = 0 which are
superpositions of the SU(3) flavor octet and singlet states ns and 7, (see for example Ref. [2,3]).
The same pattern is also found in the vector meson nonet where the pseudoscalar kaons are
replaced by their vector counterparts (indicated by a % superscript). The vector iso-triplet gets
the symbol p and the two SU(3) octet / singlet superpositional states with Q =1 =5 =0 are
named w and ¢ (note, that their mixing is different from that of n and n’ [2,3]).

For the baryons one has to keep in mind that they are fermions, consequently, their wave function

|baryon) = |color) x |flavor) X [spin) X |space) , (1.3)

must be antisymmetric. Following Ref. [2] it is known that the color wave function is antisym-
metric and the spatial part is symmetric for angular momentum L = 0 (ground state). Thus,
|flavor, spin) must be symmetric, too. Combining both the SU(3); flavor group of the light
quarks and the SU(2) spin group, one can treat a quark ¢ as an element of a SU(6). Group
theory states (see e.g. Ref. [2]) that the direct product of three 6’s can be decomposed into four
multiplets which are either symmetric, antisymmetric or of mixed symmetry:

6066 = 568ym ® TOmixed ® TOmixed © 20antisym . (14)

As mentioned above we need a symmetric representation for flavor and spin. Hence, the 565y, is
the right choice. Since it is more common to treat quark flavor and spin separately we decompose
the symmetric 56-plet again into two ground state SU(3); flavor multiplets where each belongs
to a fixed spin quantum number [2]:

565ym = "10; @ *8; , (1.5)

with a superscript (2J + 1) which defines the total spin J of the three quark state. Namely,
one finds a spin 3/2 flavor decuplet and a spin 1/2 flavor octet, where the elements in both
are classified by their electric charge (), strangeness S and isospin /. In the octet (Fig. 1.1(c))
one has the nucleon isospin doublet of the proton and neutron as well as a strangeness S = —1
iso-triplet (X7, 3% 37) and iso-singlet (A) and finally, a double-strange iso-doublet containing
the two = baryons with zero and negative charge. In the decuplet (Fig. 1.1(d)) one finds the A
resonances and the spin 3/2 states of ¥ and Z and furthermore the 2~ with strangeness S = —3.

Up to know we have only considered the three lightest quarks, but of course there are also hadrons
made of charm and bottom quarks (note, that due to its very short life time the top quark is not
relevant in hadron formation [2]). In order to take such states into account one can extend the
SU(3) flavor group to a SU(4)s or even a SU(5)s flavor symmetry by adding ¢ and b quarks.
However, since charm and bottom quarks are much heavier than u, d and s these symmetries
are badly broken. Hence, the quantum mechanical mixture between a state with e.g. an u quark
replaced by a c is negligible small. The three dimensional multiplets for the SU(4); containing
the charm quark can be found for example in Ref. [2].



(a) pseudoscalar mesons

(c) spin 1/2 baryons (d) spin 3/2 baryons

Figure 1.1: SU(3); pseudoscalar (a) and vector (b) meson nonets as well as SU(3)¢ spin 1/2
baryon octet (c) and spin 3/2 baryon decuplet (d). The particles contain u, d and s quarks
and the quantum numbers vary from negative to positive values as indicated by the axes: electric
charge QQ, third component of the isospin I3 from left to right and strangeness S from bottom to
top.



1.2 Exotic hadrons

In the previous section we have argued that mesons, baryons and anti-baryons are the conven-
tional color-singlets of the standard model (see Fig. 1.2). However, there are in principle more
allowed states: combinations like qq are indeed forbidden as they are not color-neutral, but the
present knowledge of QCD does not forbid states made of more than three quarks. In few words:
the combination of two SU(3). invariants is still invariant. Thus, one could construct so-called
ciple — via combinations with even more quarks, grouped in the same manner. Additionally, also
qqg quark—gluon combinations or even pure gluonic bound states like gg are not forbidden since
they are color-neutral. Although all these states are referred to as exotic hadrons there is a more
precise classification which takes into account their substructure: starting from behind there are
on the one hand glueballs (gg) [4-6] and hybrids (gqg) [4,7] where gluons are explicit degrees of
freedom and on the other hand pure quark states with various numbers of quarks and anti-quarks
which are called tetra-, penta- or hexaquarks in case of four, five or six constituents, respectively.
These multi-quark states are compact objects which are tightly bound by the strong force, i.e.
by quark-gluon interactions.

A different type of exotic hadrons are hadronic molecules whose concept was introduced in
Refs. [12-14,56,57]. They are defined as multi-quark states with at least four constituents (gqgq)
where the quarks cluster into conventional mesons, baryons or anti-baryons which are clearly se-
parated and only bound by the nuclear force, i.e. light-meson (dominantly pion) exchange. Thus,
hadronic molecules are extended objects in contrast to the compact tetraquarks, pentaquarks,
etc. A sketch of the substructure of exotic hadrons is shown in Fig. 1.3.

Obviously, a particle which contains for example four quarks could be either a tetraquark or a
hadronic molecule. Moreover, even the decay products of such a particle do — in general — not
exclude one or the other substructure. A fully solved QCD would answer the question which
explanation for a given particle is the right one. However, we are far from understanding this
theory completely. Hence, there is still an intensive discussion about the exact substructure of
the up to now discovered exotic hadrons.

Meson Baryon Anti-baryon

Figure 1.2: Conventional hadrons.

1.2.1 Experimental results

Considering the results of a large number of finished or still running experiments like BaBar, Belle,
BES or LHCD, it is clear that the mentioned discussion about the substructure of exotic hadrons
is not an academic one. The former three experiments are located at so-called B-factories,
i.e. e*e” colliders originally built for charmonium (cé) and bottomonium (bb) spectroscopy

6



tightly
bound
compact

Glueball Hybrid Tetraquark objects

shallowly
bound

extended
objects

Hadronic molecules

Figure 1.3: FExotic hadrons.

[15-17]. The latter analyzes the collision of protons or lead nuclei at extremely high center-of-
mass energies of up to 8 TeV [18]. Contrary to the expectations the B-factories discovered a
large number of states which do not fit into the scheme of conventional hadrons. Furthermore,
some of these states are even charged so that it is clear (because of their definitely present cé
content) that they must contain more than two quarks and thus must be exotic. The experiments
observed among other states the electrically neutral X (3872) [20] and Y (4260) [21] as well as
the charged Z.(3900) [22-24], Z.(4020) [25-28], Z.(4430) [29-31] and the somewhat controversial
states Z1(4051), Z5(4250) [32] in the charmonium sector. Also in the bottomonium sector two
states were found, the Z,(10610) and the Z;(10650) [33]. An overview of the experimentally
observed XYZ states and their possible substructure in the charmonium and bottomonium sector
can be found in [34,35] and most recent in Ref. [19] where Cleven et al. reviewed the particles
above in full detail.

Besides these relatively heavy states without any open strangeness, charm or bottomness there
additionally are at least two particles, D¥,(2317) and Ds;(2460), whose masses are only half as
large and which carry open charm and strangeness. They were seen by BaBar [36] and by CLEO-
c [37]. Soon after their discovery it was proposed that they could be D™ K molecules [43,44]

7



rather than conventional mesons with ¢s quark content (later the molecule interpretation was
also discussed in Refs. [45-48]). A possible third candidate of this type is the D? (2700) seen by
Belle [59] which could be a D; K molecule, however, due to its decay into DK it is more likely
a radial excited D}, as already indicated by its name.

As last candidates for exotic hadrons we mention the long known resonances ao(980) and f,(980)
whose exact substructure is a widely discussed subject. A theoretical discussion of the possible
substructure of all these states can be found in Refs. [60-62] and from an experimental view in

Ref. [63].

1.3 Effective field theory

In section 1.1 we have already noted that QCD is not perturbative in the energy region of hadron
formation. The self-energy corrections to the gluons which are present due to the fact that gluons
themselves carry color, yield a strong coupling constant «g which becomes weaker for higher
energies (asymptotic freedom). In fact, for energies around 1 GeV, a4 is of order 1 and hence
perturbation theory breaks down (for a review of experimental results concerning the running of
a; see Ref. [2]). It is thus necessary to find a different approach to describe QCD at low energies.
Indeed, effective field theories (EFT’s) are a perfectly suitable choice since they are designed to
perform calculations in the low-energy regime of quantum field theory (QFT). The basic idea is
that a physical phenomenon at a given energy scale Ej is not affected by the details of high-energy
effects at £ > FEj. A semi-classical example would be the scattering of a low-energy photon with
wavelength 500nm off a crystal. Since the wavelength is too large to resolve the lattice structure
of the crystal, Bragg-scattering as a high-energy phenomenon is not relevant. Following the ideas
of Weinberg [64] one needs to identify two scales in a system to construct an EFT: one low-energy
scale m and one high-energy scale A which define an expansion parameter m/A. It allows to
arrange all — in general infinitely many — terms in the effective Lagrangian density which are
allowed by the symmetries of the original full theory in powers of this expansion parameter. As
long as m/A < 1 one knows that a term proportional to (m/A)"™! is less important than a
term proportional to (m/A)". In this way one obtains a power-counting scheme which allows
to calculate observables up to a certain order, knowing that the contribution of all higher order
terms is small and thus can be neglected. Moreover, it is possible to use experimental data to fit
unknown constants (so-called low-energy constants, LEC’s). These constants are prefactors of
the terms in the effective Lagrangian, so it is in principle possible to calculate observables to an
arbitrary high order as long as enough experimental input is available. However, one subtlety of
EFT’s is that they are not renormalizable because new parameters (the LEC’S) appear in them
if one goes to higher orders. In fact, this distinguishes an EFT from conventional perturbation
theory in which independently of the considered order, the number of parameters is fixed in a
way that the theory can be renormalized. Furthermore, the expansion parameter in an EFT is
not assumed to be fundamental in physics. Consequently, the effective scales can change in a
way that the expansion parameter m/A becomes of order 1 or even larger and hence a series in
m/A does not converge anymore and the EFT breaks down. In terms of the photon example
this means that the effective theory breaks down if the photon wavelength becomes of the order
of the lattice spacing in the crystal since Bragg-scattering cannot be neglected anymore. Thus,



one has to ensure that the expansion parameter of an EFT is indeed small in the energy region
where one wants to investigate the original theory.

1.3.1 EFT’s for QCD

After this rather general introduction to EFT’s two important effective theories for low-energy
QCD are presented.

Chiral perturbation theory

For energies up to few GeV where the interaction of nucleons (or other heavier hadrons) can
be described by pion exchange (or if one includes the strange quark, also by kaon or eta-meson
exchange) a famous EF'T called chiral perturbation theory (ChPT) based on the work of Weinberg
in Ref. [65] and of Gasser and Leutwyler in Refs. [66,67] exists. This theory uses the fact
that the masses of the two (or, including s, three) lightest quarks are relatively small (see
Eq. (1.1)). Hence, one can impose chiral symmetry which states that in a vector gauge theory
with massless fermions, the right- and left-handed components of the latter can be transformed
independently. Due to the existence of the quark condensate and the pion decay constant f, #
0 the chiral symmetry is spontaneously broken with the three pions being the corresponding
Goldstone bosons. To be more precisely the pions are pseudo-Goldstone bosons since the chiral
symmetry is only an approximate symmetry because u and d quarks are not massless in nature.
In fact, the mass of the quarks is also the reason why one cannot construct a ChPT including
the very massive charm, bottom or top quarks. A extensive overview of ChPT can be found in
Ref. [68].

Pionless effective field theory

As mentioned above ChPT is valid up to a few GeV, but especially in nuclear physics the energies
are often even smaller, i.e. in the range of a few MeV. The question arises if one can construct
an effective field theory also in this energy region. Indeed, this is possible: for energies where the
pion exchange between heavy hadrons like nucleons is not relevant one can treat these hadrons
as non-relativistic point-like particles which only interact via contact interactions. Such a theory
with an expansion parameter Q/m, with ) being the internal momentum is called pionless
effective field theory (EFT(s)). This was introduced in Refs. [69,71-73]. It was derived for
nucleon—nucleon interactions and is a commonly used tool in nuclear physics [74-77]. Especially
the deuteron was very successfully analyzed in EFT(#t) (see Refs. [71-73,78,79,93]). Since one
can treat the deuteron as a simple hadronic molecule made of two nucleons, one concludes that
EFT(#t) might also be suitable for the description of other hadronic molecules as long as their
constituents have masses of the order of 1 GeV or more and their binding momenta (which
define the internal momenta) are much smaller than the pion mass. However, also for lighter
(but still reasonably heavier than pions) constituents or binding momenta around m, one could
use a pionless effective field theory to obtain at least some first insights into such a system.
A comprehensive review of EFT(7#) and the universality in few-body physics can be found in

Ref. [80].



1.4 Basic scattering theory

In this section we derive all relations of the effective range expansion (ERE) in scattering theory
up to second order (next-to leading order, NLO) for the sake of completeness. However, through-
out this thesis we will only consider the leading order (LO) effective range expansion.
We start with quantum mechanics and follow Refs. [81,82]: for a finite range potential V' which
falls off sufficiently fast for large r the wave function of a scattered particle has the following
asymptotic form:

eikfr

U(r) = €7+ (,0) (16)

where the scattering amplitude f(k,6) depends on the modulus k := |k;| = |k¢| of the incoming
(index i) and outgoing momenta (index f) and on the angle § between those, i.e. k% cosf = k;-k;.
If one considers a central potential V(r) = V(r) one can expand the scattering amplitude in
partial waves with angular momentum L. Ignoring additional spin for the moment the expansion
has the form [81,82]:

(k. 0) = % S (2L + 1)e sin(8,) Py (cos6) (1.7)

with the Legendre polynomials Py, and a phase shift ;. As we will deal with S-wave states in
the following chapters we will now assume L = 0 and conclude from Eq. (1.7) that the scattering
amplitude f is independent of # and thus only a function of k. Since S-wave scattering is
spherical symmetric one can furthermore integrate the incoming plane wave in Eq. (1.6) over the
solid angle to find

dQeiki_r _ sin(kr)

il — 1.8
4T kr (1.8)

which can be written as

sin(kr 1 e thr 1 eibr

kr 2t kr 21 kr
As only the outgoing wave e*” can be affected by the scattering process and since the particle
number is conserved, the only possible modification due to the potential is a phase shift § = d;—¢

in the outgoing wave, that is,

) tteri ) . e
elkr Scaﬂ;lng ez(k’r+25) — ezkr + 2261]61”616 sind . (110)
Hence, the asymptotic wave function in case of S-wave scattering has the form:

e sin § e’Fsr
k ro’
which has to be compared with Eq. (1.6) in order to find a relation for the scattering amplitude
in terms of the phase shift:

Y= kit (1.11)

€9 gin § 1 sin § 1
f(k) = k kcosd—isind  kcoto — ik (1.12)
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Bethe has shown in Refs. [83,84] that for a finite range potential one can expand k cot § about
k = 0 yielding up to second order

1 1
kcotd = _E+§T0k2+"” (1.13)

where the scattering length a and the effective range 1y were introduced (the reason why this
approximation is called effective range expansion). Next, one can use Eq. (1.13) and Eq. (1.12)
to finally get the second order ERE S-wave scattering amplitude:

1
ERE
. 1.14

In the next step we identify a relation between the quantum mechanical scattering amplitude
f and the interaction part T' of the scattering matrix S = 1 + 7" in quantum field theory. For
this purpose we again consider the wave function ¢ of Eq. (1.6) which obeys the Schrodinger
equation

(Ho — E) ==V, (1.15)

where Hj is the free Hamilton operator. Inverting this equation one finds that for 1/(Hy — E)
being the inverse of the operator Hy — E it holds:

1

b= HO V=6 5

with the free particle solution ¢ = i’ which fulfills (Hy — E)¢ = 0. However, a particle can in

general undergo multiple scattering processes. In order to take this fact into account one has to
extend Eq. (1.16) using the T-matrix:
1

V=9 o F
The derivation of this relation can be found for example in Ref. [1] where it is shown that one
can schematically define the T-matrix in the following way:

1 1 1 1
HO_EV+VHO_EVHO_EV+...—V+VHO_E
With this knowledge one can show that the quantum mechanical S-wave scattering amplitude f
is related to the QFT T-matrix by

7V (1.16)

T (1.17)

T:=V+V T. (1.18)

T() = (k). (1.19)

where the prefactor 27/ (with reduced mass p) accounts for the different normalization in QFT.
According to Eq. (1.19) the T-matrix itself is often called scattering amplitude and we will do
so, too. Using what we have found in Eq. (1.14) one obtains the following first and second order
ERE S-wave scattering amplitude (or 7-matrix):

TERE (1) — 2
o= + L4k
2m 1

o Lk ik

(1.20)

ERE
o (k) = (1.21)
from which, however, we need in the following chapters only the LO relation.
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Figure 1.4: Poles of the S-matrix in the complex momentum plane of k. Bound states corres-
pond to poles marked by a dot on the positive imaginary axis, virtual states to the ones marked
by diamonds on the negative imaginary axis. The remaining crosses and squares indicate poles
on the second sheet, i.e. in the lower half of the k-plane. They are either identified as resonances
(being states with definite quantum numbers so that one can interpret them as particles) if they
are close to the positive real axis (crosses) or else as non-resonant background scattering effects
(which could not be interpreted as particles) if they are far away from the positive real axis
(squares).

1.4.1 Some remarks on resonances, bound and virtual states

The scattering of two particles might be affected by inelastic effects due to intermediate two-body
states which are either resonances, bound or virtual states. These states correspond to poles in
the S-matrix (or equivalently in the T-matrix since S = 1+ 7T') and are classified by the position
of the respective pole in the complex momentum plane as it is for example explained in Ref. [82].
A bound state of two particles with masses m; and ms (and reduced mass ;) corresponds to a
pole at k = iy with v > 0, namely, to a pole with vanishing real part, but non-zero imaginary
part. The energy of this state is Ep = k*/(2u) = —7*/(21) < 0 which is identified with the
(negative) binding energy. Moreover, this relation also motivates the term binding momentum
for 7. Note, that we will define (using the bound state mass Mj,) a quantity B := mq +mgy— Mo
which has positive values for bound states so that B = —FEp and call B as well "binding energy “.
Using B instead of Eg one can write v as v = v/—2uEp = v/2uB which will be repeatedly used
in this work. For energies below its threshold m; + ms + EFg = mq; + mo — B a bound state
is stable according to the force which has generated it (which is the strong force for hadron—
hadron scattering). However, there could be other forces in nature which can cause a decay of a
bound state also below threshold via the decay of its constituents (in our case of hadrons these
forces would be the electromagnetic or weak force). Next, we consider virtual states which are
in some sense the counterparts of bound states with the difference that they are located on the
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second sheet, i.e. in the lower half of the k-plane. They lie on the negative imaginary axis again
corresponding to a pole at k = 47, but with v < 0. Their energy Ep = k*/(2u) = —7?/(2u) < 0
is the same as for bound states. However, the quantity B = my + my — M, is negative for
virtual states which thus are sometimes called anti-bound. Since the sum of the constituent
masses (my +mg) is smaller than the mass of the two-body state (Mi2), virtual states cannot be
observed in nature. But due to the corresponding pole in the S-matrix they affect the scattering
of the two particles. The ”binding momentum “ 7 of virtual states is negative, but also the binding
energy B is smaller than zero. Hence, one must modify the relation between them according to

7 = sgu(B)v/2ul B, (1.22)

which is valid for both bound and virtual states. Finally, resonances are dynamically generated
states located on the second sheet somewhere below, but close to the positive real axis. They
thus have a rather small imaginary part (—k;, k; > 0) of the momentum, but also a non-vanishing
real part (k,) corresponding to a kinetic energy which is the reason for their widths as it can be
seen from

K (ke —iky)? kR — kD - 2ik, ks r

= =B s (1.23)

E=_ —
21 21 2u 2

where FE, is the resonance position and I' the resonance width. From Eq. (1.23) it is also clear
that the widths grows as the imaginary part of k& becomes larger. Hence, a resonance far away
from the real axis (i.e. with a large imaginary part k;) is so broad that it cannot be interpreted
as particle anymore, but rather as some non-resonant background in the scattering process.
In Fig. 1.4 we have summarized the classification of resonances, bound and virtual states by
sketching the corresponding poles of the S-matrix in the complex momentum plane of k.

In general hadronic molecules can be either bound or virtual states or resonances since all of
them can be considered as particles with definite quantum numbers. However, we will below use
the binding momentum as variable in the scattering amplitudes of processes including hadronic
molecules. Hence, the particles we consider as molecular states should be either bound or virtual
states where 7 is well-defined. Nevertheless, one can — motivated by the often large experimental
errors in the masses — argue that one could also assign to resonances which are located not too
far away from the imaginary axis at least an approximate binding momentum.

1.4.2 Pole position and effective range expansion

In the first part of this section the ERE amplitude was derived. Now we will relate the pole posi-
tion k = iy of bound states to this expansion. Considering Eq. (1.14) or equivalently Eq. (1.20)
one concludes that the scattering amplitude f(k) or T'(k) has a pole for a vanishing denominator.
At LO this leads to

1 1
———ik=——47=0, (1.24)
a a
which yields
1
=—. 1.2
V== (1.25)
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At NLO the denominator of the scattering amplitude is a function of k&% and hence one finds

1 1 . 1 1 !
—54-57“0]{2—@]?: —5_57“072"‘”)/;0 (126)

This quadratic equation has two solutions
o= — 4+ =127 (1.27)
a

For a large scattering length a > ry being much larger than the effective range ry one can expand
the square root in Eq. (1.27) using v/1 —z ~ 1 — 2/2 + O(z?) (valid for small x) to obtain

1 1/ 7 2 _10%0 2
e daton o

where 1 & 2/ry corresponds to a deeply bound pole and where v, = 1/a reproduces the result
Eq. (1.25) found at LO which corresponds to a shallow bound state with energy Fp = 72/(2u) =
1/(2pa?) which only depends on the scattering length.

Note, that the same derivation can be done for virtual states with a pole also at k = iy, but with
v < 0 and hence one concludes from Eq. (1.25) that virtual states have a negative scattering
length.
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Chapter 2

Universality and the Efimov effect

So far we have only considered two-body systems. In the following we move on to three-body
physics, in particular we discuss the phenomenon of the emergence of a three-body bound state
spectrum in systems with large scattering length. This effect is an example of the universal scaling
behavior of systems with large scattering length (universality) and known as Efimov effect. It
was proposed by Efimov [85], theoretically proven in Ref. [86,87] and experimentally observed,
first in Ref. [100] (which is also reviewed in Ref. [88]). In a system of three identical spin- and
isospinless bosons with divergent scattering length the Efimov effect leads to an infinite number
of three-body bound states (trimers) whose binding energies Bz are geometrically spaced and
which accumulate at the three-body scattering threshold. The spacing is defined by the so-called
scaling factor:

(n+1)

3 ~515.03. (2.1)

B

Naively, one expects that in a scattering process the parameters of the ERE are all of the same
order which is defined by the interaction range R of the corresponding potential V' (r) — 0 for
r > R. Up to second order (i.e. NLO) this would mean that the S-wave scattering length a and
effective range rg would scale as R. However, there could be systems where the scattering length
is large, that is, much larger than the interaction range a > R and hence much larger than the
effective range a > ro ~ R. Such systems with a large scattering length a — oo (i.e. systems in
the resonant limit) exhibit a so-called universal scaling behavior, meaning that observables can
be given in terms of the scattering length only. Besides in system where the scattering length
a > ro ~ R itself is large one finds an universal behavior also in systems where the interaction
range goes to zero (scaling or zero-range limit).

Although there are no systems with divergent scattering length in nature, there are systems
with reasonably large a. For example the nucleon—nucleon 'S system with scattering length
anN = —18.7(6) fm [89] which is approximately an order of magnitude larger than the effective
range roNN = 2.75(11) fm [90] in this channel. Moreover, systems treated in pionless EFT
only interact via contact interactions (see section 1.3) which means that the interaction range is
zero. Therefore every system that can be described in EFT(7) is universal up to higher order
corrections. Hence, the scattering of two particles with large, but finite scattering length has an
universal scaling behavior as long as it is allowed (y < m;,) to analyze it in EFT(j) where the
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interaction range is zero. Consequently, an accordant three particle system could be affected by
the Efimov effect with an exact scaling behavior like that in Eq. (2.1). However, although the
number is constant for all n it must not necessarily be 515.03. A further difference for systems
with finite scattering length is that the trimer spectrum is cut off at the two-body (dimer)
threshold B;. Hence, there are not infinitely many Efimov trimers, but only as much as are
fitting into the energy region B:(,)O) < FE < DB,.

The Efimov effect and universality in few-body systems in general are discussed in Ref. [80] of
Hammer and Braaten which in particular also contains a review of many important methods in
EFT(#) like the concept of dimer auxiliary fields. The following summary is based on this work.

2.1 Efimov effect for identical bosons

We consider a system of three identical particles ) of mass m, but without spin or isospin degrees
of freedom. Additionally, we assume that they have a two-body interaction with large scattering
length and a three-body interaction. In the scaling limit, namely, for a vanishing interaction
range, such a system can be described by the non-relativistic Lagrangian density [80]

2

et (045 ) o= m (@) - (10) (2.2)

Here, we use the so-called dimer field trick [91,92] instead of the Lagrangian introduced in
Eq. (2.2). Therefore we introduce an auxiliary dimer field d which represents a two-body bound
state of two 1) particles. With this new field one can write down a new Lagrangian density,

. V3 9 2
Li=y! (zat + %) g did—go (d'? + (01)"d) — gy diduty, (2:3)

which is equivalent to Eq. (2.2). This equivalence can be seen by eliminating the d field from
Eq. (2.3) using its equation of motion as it is shown in Ref. [80]. We note, that there is no
kinetic term for the dimer field (which would contain time derivatives) and thus it is not dynamic.
Nevertheless, it interacts with the field ¢ via the last two terms in Eq. (2.3). The first interaction
term proportional to g, thereby describes the decay of the dimer field into two boson fields .
Thus, it leads to self-energy corrections to the constant bare propagator i/gs of the field d. At
the end, these corrections allow the dimer field to propagate in space and time. To show this
explicitly we consider the Dyson equation shown in Fig. 2.1(a) as an infinite series of Feynman
diagrams where a thick solid line represents the bare and a double line the full propagator of the
dimer field.

Naming the full one as D (py, p) and the bare one iD° = i/g, one can — according to Fig. 2.1(a)
— write down a relation for the full propagator:

iD(po,p) = iD° +iD°iXiD° 4+4iD%i%iD%i%iD% + ..

o = onn iD° i
=iD nz:% (-2D%)"| == 5D = (00 5% (2.4)
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Figure 2.1: Dyson equation for the dimer field in the three identical boson system as infinite
series of boson loops. A thick solid line represents the bare and a double line the full dimer
field propagator while a single line stands for the 1 propagator (a). Self-energy diagram for the
identical boson system. The single lines in the loop represent the boson fields 1 (b).

where we have introduced the self-energy ¥ and used the geometric series to simplify the infinite
sum. In order to find an expression for the self-energy we firstly identify the corresponding
Feynman diagram (Fig. 2.1(b)) and then use the Feynman rules following from the Lagrangian
in Eq. (2.3) to obtain

d'q 1 1
Cm)* po a0 = 51z (5 + )" e —a0 = 5 (5 — ) +ie

S(po, p) = 295/ . (25)

with the loop momentum (go,q). We have used that the non-relativistic propagator of the field
Y is given by
i

iS(po, P) = (2.6)

Do — % +1e .
Note, that the extra factor of 2 in Eq. (2.5) is a symmetry factor due to the fact that the bosons
are identical. Applying the residue theorem one can carry out the integral over dqq yielding

d3q im

(2m)% g% —mpy + B —ic

S(p0, p) = 22 / 2.7)

which can now be calculated in dimensional regularization with a scale u using the relation

‘ ! it TS e e
/dq(q2+2q-k—62)a_< ) I(a) R 29

which can be found in many QFT textbooks, for example in Ref. [1]. In D = 4 dimensions (i.e.
d=D—1), with k =0 and I'(—1/2) = —24/7 we thus end up with:

4 [ d°g im mg; P
%(po, p) = lim (293 " 4/( 5 ) =2 —mpo + 7 — €. (2.9)

=1
D—4 27T)D_1 q2 — mpg + pz — 7:5 27T
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1Ty =

Figure 2.2: Flastic scattering amplitude of two identical bosons v with an intermediate dimer
state d.

Hence, the full propagator of the dimer field can according to Eq. (2.4) be written as
, i 2 i
iD(po, p) = — - = 2 : (2.10)
gg—z—ff\/—mpoJr%—ia 92 —2—”+\/—mpo—|—%—i5

mg2

In the next step we relate the full propagator to the binding momentum ~ of the dimer. Hence,
we consider the elastic scattering of two boson with an intermediate dimer state (Fig. 2.2). The
corresponding amplitude is given by

k2 8 1 8 1
To(k) = —4¢2D =F=—p=0)=— = 2.11

mg2

with £ being the modulus of the incoming and outgoing momenta which are equal in an elastic
process. Additionally, we have taken into account a symmetry factor of 4 due to the identical
bosons. Comparing this result with the leading order ERE amplitude in Eq. (1.20) we deduce
that the scattering length and thus the binding momentum (cf. LO version of Eq. (1.25)) can
be identified as

2T

1
—=q= ) (2.12)
a mgs
This allows us to finally write the full propagator of the dimer field as
. 2m 1
iD(po, p) = — (2.13)

5 :
mga —’y—l—\/—mp0+p§—z’5

Moreover, this leads to a wave function renormalization constant Z defined as the residue of the
pole in the full propagator [1] and given by

4m

7 = (2.14)

2.2 "
gam

2.1.1 Three-body scattering amplitude

The considerations above provide in some sense a tool box for the following. Namely, the deter-
mination of the three-body scattering amplitude, known as Skorniakov—Ter-Martirosian (STM)
equation [94,95]. Firstly, we note that this task is reasonably simpler using an auxiliary dimer
field instead of using the Lagrangian in Eq. (2.2). Still following Ref. [80] we have to solve the
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Figure 2.3: Integral equation for the three-body scattering of identical bosons using the dimer
field trick. A black square represent a two-body dimer—boson vertex and the black dot the three-
body vertex.

integral equation shown in Fig. 2.3 in terms of Feynman diagrams. This representation can be
understood in the sense that the repeatedly insertion of the right-hand-side into itself will gen-
erate all allowed diagrams with an arbitrary number of bosons. The corresponding scattering
amplitude is — using the Feynman rules according to the Lagrangian density Eq. (2.2) — in the
center-of-mass system given by

HE,k,p) 195 +
yKyP) = — 2 2 (k+p)2 g3
E— o =t~ am TEE
[ d'q D(E + go,q) 493
—H/ ) t(E,k,q) R o3|, (2.15)
) —qo— 5, tiEe |[F+q— 5. — %5 - tie

with incoming 4-momentum £k, outgoing one p, the center-of-mass energy F and a symmetry
factor of 4 in front of g2. Applying the residue theorem to solve the dg integration sets qq =
—q¢*/(2m). After multiplying with the wave function renormalization derived in Eq. (2.14), one
ends up with the following equation for the renormalized amplitude T := Z t:

T(E,k,p)= — 7 493
( ) 7p)* - E_%_%_(k;£)2+i€+g3
3 2 2
q 495
T(E. k D|FEF——
+/(2 )3 ( ) 7q) ( 9 7q) E—%—%—(p;rs) +Z€+g3
(2.16)

We will now restrict ourselves to the analysis of the S-wave three-body system. As explained in
appendix D one can project out the L = 0 partial wave by applying the projection operator

1

5 /1 dcos(8) Pr(cosb) .

The remaining integral over d®q can be rewritten in spherical coordinates and hence one ends up —
after carrying out the integrals over the angles — with an expression proportional to the Legendre
function of the second kind @, (see appendix D). In Eq. (D.15) it was derived a representation
of Qr—o in terms of the logarithm. Hence, the three-body scattering amplitude in Eq. (2.16) only
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depends on the moduli of the momenta and reads:
16 1 P4 pk+k*—E—i 1
T(E kp) = — 1 | (2122 )&
m | 2kp p? —pk+k*?—FE —ie dm g3
4 M ¢ T(E.k,q) 1 P +pg+q*— E—ie 1 gs
+ — dq 2_]-n ) 2 B . )
0 _7+\/_mE+§lq2_ig ap  \p°—pq+q¢ —LE—ie

4m g3

™

(2.17)

where the remaining integral over dq is regularized by a cutoff A. To account for a correct
renormalization it is now convenient to introduce a cutoff dependent coupling constant H(A) [80],

4mg§
g3 = — A2

H(A), (2.18)
which yields
16~y [ 1 p?+pk+k—FE —ie H(A)
T(E, k,p) = 1
(E,k.p) m {kan<p2—pk+k2—E—i5 + A2

4 2T(E,k 1 2 2_FE—i H(A
+_/ i ¢ T(E,k,q) {2_1n<p2+pq+q2 L §6>+ /52)1 _
0 _7+\/_mE+%q2_i€ ap  \p*—pq+q —E—ie

™

(2.19)

Note, that the equation above is equivalent to Eq. (336) in Ref. [80] up to the fact that the mass
of the bosons is not set to m = 1. As discussed in Ref. [80] the function H(A) must compensate
every change in the cutoff A so that the amplitude itself is well-behaved in the limit of A going
to infinity. However, H(A) is proportional to the three-body coupling gs. Hence, one concludes
that in a system without a three-body interaction it holds H = 0 and the divergent part of the
amplitude drops out. In the other case where g3 # 0 one thus needs a three-body observable in
order to find the physical value of H(A) which ensures the right behavior of the amplitude in the
limit A — oo. In fact, a three-body bound state with binding energy E3 = — B3 corresponds to
a pole in Eq. (2.19) exactly at the energy F = —Bjz. Thus, one can fix the cutoff dependence of
H(A) by determining the poles in Eq. (2.19) for a varying cutoff and searching for the right pole
position £ = —Bj. If this is done one can calculate for every cutoff A the corresponding value
of H. In Ref. [80] it is shown that a numerical determination of H yields

cos [50 In (AA> + arctan (80)]

cos [50 In (AA) — arctan (50)}

H(A) = : (2.20)

which depends on two parameters: on the one hand A, which must be fixed using a three-body
observable and on the other hand the scaling parameter sy = 1.00624 which is independent of
the three-body interaction and which can be determined as discussed in the next subsection.
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Transcendental equation for the scaling parameter

As mentioned previously the scaling parameter sy = 1.00624 is not affected by any three-body
physics. Therefore one can assume for simplicity that g3 = 0 and hence, that H(A) vanishes
(according to the fact that there always exists a cutoff A so that H(A) = 0). In Eq. (2.19) one
can then take the limit of A — oo and one finds

16wy 1 1n<p2+pk:+k2—E—z'5>

m  2kp p?—pk+k*—FE —ic

+§/°°dq ¢ T(E,k,q) R (p2+pQ+q2—E—z:s) o)
0 _7+\/_mE+§lq2_i€2qp p*—pqg+q*— E—ic

T(Ek,p) =

™

This equation is scale invariant and symmetric under the change ¢ — 1/¢ (”inversion invariant ).
In Ref. [80] it is argued that this invariance causes that in the limit of asymptotic large outgoing
momenta p the amplitude T'(E, k, p) has a solution in form of a power law p®. Furthermore,
the authors motivate that in the limit p — oo one can neglect the inhomogeneous term and in
addition all variables E' and v which are proportional to the incoming momentum k£ < p — oo.
Consequently, one ends up with

4 /°° dq (p2+pq+q2>
T(p) = — —T@In|{———) . 2.22
(p) Tl (9) pp— (2.22)
Redefining the amplitude via T (p) = pT(p),
~ 4 /Oodq~ (p2+pq+q2>
T(p) = — | “7@m (L1211 ) 2.93
(p) i) (q) PER— (2.23)

and inserting the power law solution T(p) ~ p°® yields in the asymptotic momentum limit
O *+pg + ¢
P = _/ dg ¢ In (p—2 L (2.24)
V3 Jo P’ =pa+q

Following Ref. [80] it is useful to substitute X = ¢/p so that Eq. (2.24) finally simplifies to the
relation

4 X+++1
1= —/ dX X*'In (—)1() : (2.25)
\/gﬂ' 0 X—f‘y—l

The remaining integral is related to a Mellin transform (see e.g. Ref. [168]) and can be analytically
solved. Hence, one obtains a transcendental equation for the scaling parameter s [80]:

8 1 sin (%s)

B V371 s cos (%5) '

This equation has a purely imaginary solution s = isg with s = 1.00624. Thus, Eq. (2.26) is the
relation which defines the scaling parameter sqg in the three-body problem. As a remark, note

1

(2.26)
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that one could have found Eq. (2.26) also by rewriting the logarithm in terms of the Legendre
function of the second kind using Eq. (D.15),

X++5+1 1
1I1(X+%_1> _2QO(X+X> 5

and considering the results discussed in appendix E. B

The purely imaginary solution of Eq. (2.26) tells us that the amplitude T'(p) ~ p® has not one
uniquely determined real solution, but instead two linearly independent complex solutions (see
also Ref. [167]). Consequently, there is a discrete scaling invariance, that is, a discrete scaling
factor exp(m/sg) in the system of three identical bosons. This discrete scaling invariance is
manifestly an effect of Efimov physics [80] and one concludes that a different system of three
particles which has not a purely imaginary exponent in the power law solution will not be affected
by the Efimov effect, meaning that there is no three-body bound state (the Efimov trimer) in
such a system. It is therefore important to note on the one hand that one does not need an
explicit three-body force in the Lagrangian density in order to check if a three particle system is
affected by the Efimov effect. On the other hand Eq. (2.26) is not an universal relation; it was
derived for a system of three identical, spin- and isospinless bosons, but it will most probably
change if one or more of these properties are changed. These facts motivate the following work:
we will derive an analogous transcendental equation depending on some parameters in order
to describe a large number of different three particle systems (including spin, isospin, identical
or distinguishable bosons and fermions, etc.). Such an equation allows to simply check for an
(almost) arbitrary three particle system if the scaling parameter has a purely imaginary solution,
that is, to check if the Efimov effect is present in the considered system. Moreover, this can
be done without any knowledge of possible three-body physics (corresponding to the available
experimental data of most hadronic molecule candidates) since in the above derivation we have
set the three-body coupling constant H equal to zero anyway. Only to obtain cutoff independent
three-body observables would require to fix H(A) to its physical value.

2.2 Efimov physics in cold atoms and halo nuclei

Up to now the discussion of the Efimov effect as an universality phenomenon was restricted to
nuclear physics and — where this work focuses on — to hadronic molecules, i.e. particle physics.
Besides these applications the Efimov effect is also an important phenomenon in cold atoms and
halo nuclei. The former are atoms which are trapped (e.g. in a magneto-optical trap) and cooled
down by different techniques like laser cooling until they reach temperatures very close to zero
Kelvin (for an overview of this topic see for example Ref. [96]). At such low temperatures — which
are equivalent to low energies — quantum effects become important and thus cold atoms are a
perfect testing ground for phenomena like Bose-Einstein condensation, but in fact also for the
Efimov effect. Especially, the existence of Feshbach resonances [97-99] which allow to fine-tune
the scattering length of a two-atom state to be "large“, leads to many experimental observations
of the Efimov effect. In bosonic systems it was found using cesium [100,101], potassium [102] or
lithium [103, 104] isotopes, but also in a fermionic system of a different lithium isotope Efimov
physics were observed [105,106]. The mentioned experiments have in common that they use the
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indirect detection method of an enhanced recombination rate [109-111], but there are also direct
observations of Efimov trimers [107, 108].

The second field where universality effects are important are halo nuclei. The idea behind this
term is that some isotopes of a few different elements can be interpreted as a compact, deeply
bound core and one or more orbiting nucleons (halo-nucleons) [112-115]. This picture has led
to the development of the so-called Halo EFT where one treats the core and the halo-nucleons
as shallowly bound few-body system. The expansion parameter is R/a with R being the range
of the core-halo-nucleon interaction and its scattering length a [116,117]. Both, core and halo-
nucleons are described as non-relativistic fields and hence the degrees of freedom in the theory are
drastically reduced (for more details on Halo EFT see the reviews in Refs. [118,119]). Examples
for halo nuclei are — besides others — 1Li with two surrounding neutrons, ''Be with one neutron
or ®B with a halo-proton [120]. Thus, one concludes that there are in particular also three-body
systems made of a core and two nucleons. Since the core—nucleon two-body scattering length a
is expected to be large compared to the range R of the core—nucleon interaction, it is likely that
such a system might be affected by the Efimov effect. Indeed, there was much effort to quantify
this assumption about the Efimov effect in halo nuclei [121-127] (see the review in Ref. [128]).
The final conclusion of this subsection is that Efimov physics are an important part of many
different fields in physics which — at least on the first sight — deal with very different subjects.
Already at this point we want to emphasize that the considerations in the following chapters are
not restricted to hadronic molecules and in particular that the final transcendental equation for
the scaling parameter (which tells us if the Efimov effect exists in a system) can also be applied
to a system of cold atoms or to a three-body halo nucleus.
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Chapter 3

Efimov effect in a general three particle
system

In section 2.1 we have explained how the Efimov effect occurs in a system of three identical spin-
and isospinless bosons. At the end we showed a transcendental equation for the exponent s of
the power law solution in the limit of asymptotic large momenta. In case of S-wave scattering
we have found:

i 1 sin (%s)

V3 s cos (s)

From the derivation of this equation we know that its structure depends on the following particle
properties: species (bosons, fermions or mixture), relation of masses as well as angular momen-
tum, spin and isospin quantum numbers of the dimer and its constituents. The question is now:
how will this equation change if one changes one or more of these properties? To answer this
question we will derive a general transcendental equation with a number of parameters represen-
ting various three particle configurations. However, choosing one specific three particle system
with known dimer states the parameters straightforwardly reduce to numbers and at the end one
simply has to find the eigenvalues of a real matrix.

1= (3.1)

3.1 General dimer states

Let us consider three isospin multiplets A;, As, As and their corresponding anti-multiplets A,
Ag, A3 which are related via the G-parity operator G,

Ai = QAZ = CemIQAi s (32)

where C is the charge conjugation operator and ™2 represents a rotation in isospin space around
the I, axis, that is, a change from I3 = 4-1/2 to I3 = F1/2. Because A; = GA; their masses are
equal and hence there are only three mass parameters my, mo and mg. Nevertheless, we treat
A; and A; as independent states since we work in a non-relativistic theory.
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A general system of three particles Py, P, P3 can contain both particles and anti-particles. We
define these particles is terms of the multiplets introduced above:

Pl = a1A1 + blzzll
P2 = CLQAQ + bQAQ
P3 = CL3A3 + bgzzlg > (33)

with a; = {0,1} and b; = {1,0} Vi € {1,2,3}. Hence, choosing e.g. the system P, = N, P, = N,
P3; = A this would fix the parameters to be by = a3 = a3 =1 and a; = by = b3 = 0.

We assume that these particles have shallow two-body bound or virtual states d;; which we will
for simplicity both call "dimers“ (and which in general are isospin multiplets as well). Since
the dimer dy5 between particle P, and P; is physically identical to the dimer ds; between P
and P, there only are three different dimers in the system. Note, that mathematically d,; # dj;
due to possible fermion minus signs from interchanging P; and P; (physically such a minus sign
can be absorbed into the coupling constant which does not affect the observables). Thus, one
has to choose one convention for the order of appearance of P; and P;, but which of them is
irrelevant since the observables are independent of this choice (of course if one does not mix both
conventions). We will use the convention

dij ~ PP,  with i<je{1,2,3}, (3.4)

and the three possible dimers are thus given as dy2, di3 and dag.

3.1.1 Dimer flavor wave function

The possible flavor wave functions for a dimer d,; are

dij = AjA; (3.5)
\/Li (Ain + nijAjle-) ,  if baryon number and flavor are 0 and A; # A,

dij = { m;;AjA; ,  if baryon number and flavor are 0 and A; = A; . (387
AjA;,  else

In the third equation above the dimer has well-defined G-parity with G-parity quantum number
n;; = £1 if the baryon number and the flavor meaning strangeness, charm, beauty (bottomness)
and — for completeness although hadrons containing top quarks does not exist due to the short
lifetime of ¢ quarks — topness are all equal to zero. This condition implies that for A; # A; (e.g.
B*B) the combinations A;A; and A;A; have the same quark content with the same quantum
numbers and masses. Thus, a possible dimer must be a superposition of both states. The G-
parity quantum number 7;; in Eq. (3.7) fixes the sign within the superposition in the following
manner: the G-parity eigenstate d;; must fulfill Gd,; = 7;;d;; and since quantum mechanics tell
us that there could be a phase e’ between the two states of the superposition, we start with the
general wave function

dij = % (AJAZ + €inAin) = % (A]Al + ewg (A]Az>) y (38)
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and apply G to both sides:
1
V2
L od — 1 (i A, A + ;€6 (
= MNijQij = V2 Nig A A5 7+ Thij
Comparing the coefficients one finds that for 7;; = +1 the phase factor must be e’¥ = +1. There-
fore one can replace in Eq. (3.8) the phase factor by the G-parity quantum number which leads
to the wave function in Eq. (3.7). In the case with A; = A; (e.g. B*B*) the prefactor n;; does
not affect observables since later on it could be absorbed in the coupling constant. However, for
the sake of consistency and to distinguish this case from the "else* case where G-parity is not a
good quantum number we will keep it.
Using a; and b; one can parametrize the flavor wave function in a way that for a given system P,
P,, P; (which fixes all a;’s and b;’s to be either 0 or 1) the correct wave function is automatically
generated. For this we introduce two short-hand notations. Firstly, we need a parameter which
tells us if the considered dimer has a well-defined G-parity. This is the case if the following quan-
tum numbers of the dimer are zero: baryon number, strangeness, charm, bottomness (beauty)
and topness must vanish because only hadrons consisting either solely of up and down quarks or
an arbitrary number of ¢q pairs of heavier quarks are up to a sign invariant under the application
of the G-parity operator G. In order to avoid the lengthy combination of Kronecker-deltas which
ensure the vanishing of all the quantum numbers we instead define:

_ S 1 .
Gdij = G—= (AjAi +€9G (4;4)) = —= (GA;Ai + € (4;4)))

S

2

N

JA)) - (3.9)

Onl1] := Obaryon number 0 X Ostrangeness 0 X Ocharm 0 X Obeauty 0 X Otopness 0 ; (3.10)

motivated by the fact that if the right-hand-side is 1, i.e. if all mentioned quantum numbers
indeed vanish, then the dimer is a G-parity eigenstate with corresponding quantum number
n = +1 = |1|. The second short-hand notation is:

1, if A; is identical to A;, i.e. A; = A;
AA; = (3.11)
0, else
Note here, that
5AiAj =1 = (Spipj =1. (3.12)

With this notation one can parametrize the dimer flavor wave function as follows:
dij = aiaj A]AZ + blbj AJAZ
1 1 Saa, T -
* o [E O, (1 - E)] (biaj + aibs) |(mij)™* % AjAi+ (1= da,a;) %Ain}
+ (1= 8,,1)) biajA; A, Vi<je{l,2,3}. (3.13)

To clarify this notation let us consider the three particle system B*BB*. Consequently, we
have P, = B*, P, = B, P; = B* and thus Ay = A3 = B*, Ay = B and by = a3y = a3 = 1,
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a1 = by = bg = 0. Furthermore, we conclude from the quark content of the three particles that
Onpialt] = Opuz1) = 1, but 0,51 = 0. With this information we can write down the possible dimers:

1 1\] 0 = _

do=1X|—+0x [|1—-— 1x14+0x0 BB*+(1-0 BB*
12 _\/5 ( \/5)_( )[(7712) ( ) ha ]
1

(1 1\] 1 = _
ds=1x|—=+1x[1—-— 1x14+0x0 B*B*+(1-1 B*B*
13 _\/5 < \/5) ( ) [(7713) ( ) 3 }

= m3B*B* (3.15)

dyy=1x1x B*B = B*B. (3.16)

The next step is now to identify the physical dimers in the system, i.e. those bound or virtual
states which exist in nature (or in the used theory). In the case above one finds on the one hand
that there is the Z,(10610) as B*B bound state and on the other hand the Z;(10650) as a B*B*
bound state [33]. A BB* state is not known so far. Therefore one has to erase doz from the
theory and only keeps di2 and dy3 in a further analysis.

3.1.2 Spin and isospin part of the dimer wave function

Up to now we have ignored the spin and isospin degrees of freedom. Therefore we define projection

operators ((’)L) 5 with combined spin and isospin indices «, 3, v which couple the spin/isospin
a,By _
of (4;)p and (A;), to a total dimer spin/isospin of (d;; ). Since the anti-multiplet A; has the same

spin and isospin structure as the multiplet A; one finds for the dimer wave function including
flavor, spin and isospin:

(dij) = @ia; (A;) 4 (QZ) (A), + bibj (45), (OL‘)

1 1
+ 5mj|1‘ |:E + 5AiAj (1 — E)‘| (bia]‘ + aibj)

Ll (1), (0) (A0, + (L= a4, (1) (4),]

(1= Gn) biay (A7), (o;.) (A),  Vi<je{1,23}. (3.17)

a, By

By o,By (Ai)7

If we again consider the Z,, Z; example from the previous subsection to clarify the notation, we
would need the two projection operators O}, and Ol, which are given by

i,

OT) ~ = 0ca—7= (7272 Bx

< 12) ta=aA} {B=B}r=cT) \/5( 2Ta)y
1 i,

Oh) ey o5 Vel 75 (T2TA)gs 3.18
(h R e ALY, Ay (3.18)

where {a, b, c} are spin 1 indices, {,7} are isospin 1/2 indices and A is an isospin 1 index. 74
are the Pauli matrices and U, are the generators of the SO(3) rotation group. Hence, O;; is
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the product of the spin projector and the isospin projector which are completely independent
because they act in different spaces. Consequently, they commute and the trace in this combined
spin/isospin space simply means ”trace in spin space“ times ”trace in isospin space“. More de-
tails on and the derivation of these operators and of all other projectors from 0 ® 0 up to 1 ® 1
can be found in appendix A.

Following the usual coupling of spins and isospins like 1/2 ® 1/2 = 0 @ 1 we notice that there
might be more than just one dimer with the same particle content. In order to take this fact into
account we introduce a second dimer d;; with identical constituents, but different spin/isospin
quantum numbers than d;;. Since also the G-parity could change in this case we need in advance
a new parameter 7, and write:

(), =40, (60),, (0, + s (8), ()., (),

1 1
+ 5771,'j|1‘ |:ﬁ -+ (SAZ.AJ, (1 — E)‘| (biaj + aibj)

I\NOA. A [ % ! / I 1
x {(%’) i (Aj)g (Q’;)am (Ai), + (1= da,a;) m; (A)) 4 (Oi;‘)am (Ai)7:|
+ (1 - 57,;j|1‘) by (4)), (OQﬁ)mM (A),  Vi<je{1,2,3}. (3.19)

In general one could continue and define dj;, djj and so on. However, for most two particle systems
two states should be enough since in the end not every possible spin/isospin configuration has a
bound or virtual state (e.g. in the NN system there are four possible configurations, but only
the S =1, I = 0 bound state (the deuteron) and the S = 0, I = 1 virtual state exist in nature).
Therefore we restrict ourselves to only one extra dimer d;;. However, one could straightforwardly

extend this work to a system with three or more states.

3.1.3 Spatial part of the dimer wave function

Finally, we want to make some comments on the spatial part of the dimer wave function. It
depends on the angular momentum of the constituent particles. Thus, we must specify in which
partial wave the constituent particles are. Since the energy within a bound state rises with the
total angular momentum it is more likely that a dimer is formed in the lowest partial wave. In
fact, as long as there is no physical property which forbids a L = 0 interaction, it is justified to
assume that all dimers are S-wave states. In this work we will ignore the special cases where L
must be unequal to zero and state that:

all dimers are S-wave states. (3.20)
In this case the spatial structure stays trivial:
dw‘(X) = 4;a; Aj (X) AZ(X) + bzb] Aj(X) AZ(X) + .. s (321)

and we will not write the x dependence explicitly in our equations. Note, that already for a
P-wave dimer there would appear spatial derivatives:

dy;(x) = aa; [(ﬁAj(x)) Ai(x) + A;(x) (zﬁAi(x)ﬂ +o (3.22)
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More details on P-wave dimers in EFT can be found in Ref. [129].

3.2 Lagrangian density, vertices and propagators

We are working in a non-relativistic theory. Hence, particles and their corresponding anti-
particles are point-like and treated as independent fields. Therefore all particles have the same
non-relativistic kinetic term in the Lagrangian density independently of their spin. Furthermore,
there only are contact interactions between the fields due to their point-like character. As
explained in section 2.1 one can construct an effective Lagrangian density using auxiliary fields.
To get a general expression which takes into account all different three particle systems, we need
six auxiliary fields representing the six possible dimers d;; and dj; for i < j € {1,2,3}. At this
point one has to choose the order of the Lagrangian density: we will only consider leading order
(LO) because already next-to-leading order (NLO) terms depend on the effective range of the
dimers which is very poorly known for hadronic molecules so far. In fact, the two nucleon system
is more or less the only system where effective ranges are measured (one exception is the NA

system [130,131]). At LO we need six new parameters AZ(;) € R and six coupling constants gg) for
i < j€{l1,2,3}. The A parameters can be related to the scattering length of the corresponding
dimer which is at LO related to the — easier measurable — binding momentum via a™! = ~
(see section 1.3). We name the auxiliary fields like the dimers and find Eq. (3.23) where the
Lagrangian density is given in terms of the isospin multiplet fields A and A. Lines 8 to 12 are
the Hermitian conjugation of lines 3 to 7 and the last line stands for the interaction Lagrangian
of d}; which is achieved by replacing in line 3 to 12 all d;; by d};, Oi; by O;;, gi; by gi; and n;; by
n;;- From the Lagrangian density one can deduce the vertex factors describing the interactions
between the dimers and their constituents as well as the propagators of all included particles.
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Y ), 3 ()8 ),
_‘ZS:I (gw{ala] (A1) (Oi)asy (AD) (i), + ity (A1) (Oy)o s (AF) (),
b {% I (1 - %)] (bua; + aiby)
< e (1) 00,5, (4)). @),
£ (1= dan) m (41), (), (A7) (dwa}
=ty by () (O, (4) @, )
+ oy (d) 4, (04) a0, + oy (d) (1), (0)), (),
T 5,7]”{ +0a,a, ( )} (bia; + azb;)
e (4) @, (04, (4,
F o =daa)m (d) (4),(0%) (A»,g}
(=) by () (49, (0) (Az»)ﬁ} )
S (gz-ﬁg;j, diy = diys miy = 155 Oy w;j) (3.23)
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3.2.1 Vertices

The interaction vertices are obtained by collecting all terms with the same number of fields.
Erasing the fields from these terms and multiplying them with a factor ¢ yields the Feynman
rules shown in Fig. 3.1 valid for all indices 4,j € {1,2,3} with ¢ < j. The two parameters vi(;-)

)

and wl(]/ appearing in the vertex factors are defined as

0 . 1 1 (1)) 4
v = 5775;)‘1' E + 5AiAj 1-— E (biaj + aibj) (T]ij ) + (1 — (5771(;)‘1') biaj , (3.24)

and

M5

/ 1 1 /
wi(j) =90 O [% + 04,4, (1 — E)] (bja; + a;b)) (1 — 6AiAj) 77@%) . (3.25)

.|.
At this point we have to make two remarks. Firstly, note that we write [(Oij)a “/B] = (O};)
’ By

according to projection operators like [(TATQ)MT = <(7’AT2)T>/B(X = (7274) 3, The second remark
is on the coupling constants: we use just one symbol g;; in front of each interaction term although
the coupling strength between e.g. d;; and A;A; must not be same as between d;; and A;A4;
because the dimer is different in both cases. However, in nature d;; ~ FP;P,; is always unique
even if bound states between A;A; and between /_ljf_li exist, since A; and A; are not the same
particle. Thus, it is justified to only use one coupling constant which could have different values
for different systems.

3.2.2 Propagators

We can read off from Eq. (3.23) the non-relativistic propagators of the point-like multiplets A;
and A;:

i (Si) s (P, P) = fori=1,2,3. (3.26)

Hence, all particles propagate forward in time and it is no further work needed. For the dimer
fields the procedure is more complicated since they have a coupling to their constituent fields.
Firstly, we note that at LO the dimer fields themselves are not dynamic. Their bare propagators,

(0 _ . 0ap

are constant, but they are dressed by loops of their constituent particles. This leads to the Dyson
equation in Fig. 3.2(a) and hence to a possible propagation.
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Figure 3.1: Vertex factors for all possible interaction terms depending on the parameters a and
bwalidVi,j € {1,2,3} withi < j. Time and momentum flow from left to right and furthermore
0" and wg-) are given in Eq. (3.24) and Eq. (3.25).

v

Ay A; A; A
3 J¢] ) )
a/a+<ﬂ(>ﬂ+a<>ﬂ+a()ﬂ+a<>ﬁ>+m
Aj Aj Aj A]

(a)
A A; A; A,
i(zz('?)aﬁ(po’p) = O‘B + 046 + aﬁ + aﬁ
Aj Aj A; A;
(b)

Figure 3.2: Diagrammatic representation of the Dyson equation. The full dimer propagator is
depicted as double line and the bare ones as thick solid lines (a). Diagrammatic representation
of the dimer self-energy (b).
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Introducing the self-energy <259)>a5 (po, p) the full dimer propagator i <D§]/-)>aﬂ (po, p) is given

by
. 0 . (N0 . QL) . 0 . (N0
7 Di») :2<Dl~> —|—Z(Di-) @(Zi-) Z(Dl-~>
( 1) aB T Jap Ty 7/ e SV
+i (DY) i(x)
ay
— (no () (’)0
_2<DU >ory|: v +Z<E > ( )pﬁ
), i (59),, (28, + -
Pl
(oY TN o) (b
—i (DY ) —-<2ﬁ 1) ] 3.28
(5 {Z[ ; . } (3.25)

<

Self-energy

In the next step one needs to determine the self-energy. Therefore we consider all Feynman
diagrams which — depending on the parameters a; and b; — contribute to it (Fig. 3.2(b)) and
conclude:

; T
¢ (EE}))M (po, P) = <gfj)) Sij (OE?)QW (Og) >Bm [aiajaia] + vfj)vfj) + w()w + b;bjbb; }
d*q 1 1
X / ( - 5 ., (3.29)

2m)* po+ qo — ( —i—q) +ie —q ——(%—q) + 1€

2m;

with loop momentum (gp,q) and S;; being the symmetry factor of the diagrams shown in
Fig. 3.2(b). Depending on whether P, is identical to P; or not the latter is either 1 or 2 (see
appendix B):

2, if P =P
Sy=4" " i (3.30)
1, iR £P,

Before we continue it is useful to have a closer look on the term in square brackets: since P;
cannot be equal to A; and A; at once, we know that there only are two possible parameter sets
{a; = 1,b; =0} or {a; = 0,b; = 1}. Combining this with the set of particle P; and taking into
account a possible non-vanishing G-parity quantum number, five physical combinations for the
term in square brackets remain:

OCLi:szl VAN bZ:bJZO VAN ?71(3/):()

= |:(aiafj) + <v§;)>2 + (w%))z + (bz-bj)Q} =aq;a; =1

oai:ajzo A bl:bjzl A T/Z(],):O

= {(aiaj) + (vg))z + (wg))Q + (bibj)2:| =bib; =1
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1]

Obi:ajzl A ai:bj:O A n
- 0% O\ N2l
= |(aa;) + (v + (wij ) + (bibj)*| = bia; =1

ij

obi:ajzl VAN ai:bj:() VAN 7](/)::]:].

(%]

. % O 2| —
= (aa;) + (v + (w; + (bibj) biaj =1

ij

oeb=a;=0 A a,=b=1 A n({):il

j

= |(aa;) + (v(/))2 + (’w(/)>2 + (b)) =0 1, a:b; =1
] ij Vg - 771(;)‘” i05 =

ij

Hence, one finds

[(aiaj) + (vg-))Q + (w%))z + (bibj)2:| =1 Va,b. (3.31)

Consequently, the self-energy and therefore the full propagator of the dimer d%)

of the species of its constituents. Thus, the self-energy simplifies to

() _(.0)? 0 ()t
! (EZ] )a[g’ (p[)’ p) N (gz] ) Sz <Oz] )a,’ya <Oz] )ﬂ,o”y

d* 1 —1
></ 2614 — . (332
™) po+ g0 — 5= (B +q) +Z5QO+W].(§—Q) — i€

2m;

are independent

Using the residue theorem one can perform the integration over gy which yields after some algebra

2
i(20) )= (o) sy (0F) (09"
Otﬂ a,yo B,U'Y

d? 21,51
<[ Gy I 6w
TG = 2 po+ B 1 - S pra—ie
where we have written the modulus of a 3-vector as |x| := z and introduced the reduced mass
mg;my;
ij =, 3.34
His m; + m; ( )

which is obviously equal for both unprimed and primed dimers. The remaining integral can be

calculated in dimensional regularization using a scale p. As one can found in many textbooks
on QFT (e.g. Ref. [1]) it holds

¢ ! = (— 2) 12 215w
/dq(q2+2q-k—b2)a_< 1) T'(a) [ k b} ; (3.35)
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which was also applied to the self-energy integral in section 2.1. Thus, in D = 4 dimensions we
have with d = D — 1:

0) "\ ? 0 ()t
z;) _ ( ) S, (@) (o“ )
( 1 af gl] ] ayo ) B,oy

o D4 d”'q 2 ki
a (27T)D_1 2 p? Ay :
q* = 2pijpo+ T /1= - Prd—ie

m;+m;

D—4

2 D—1 p-1 I’ (a — —)
- 2( (’)) S, (O({)) (O({)T> p Ey :
v) S \O) %) e |5 T
D-1_4
Apiy O\ p? P 2
— (1= —2 )= —(2upo— =
X{ ( mi—l—mj) 4 (N]p(] 4+Z€

D—4 1 (,))2 ( (/)) ( (/)T) p? .
A N i Sii 1O (@) — 25 - | —e.
2 <gl] H J J 4 o,yo u B,oy H J po Q(mz + mj) e

(3.36)

In the last step we took the limit D — 4. This is possible because there is no pole in D = 4
dimensions. However, for D = 3 it is and therefore the S-wave scattering length has an unnatural
scaling behavior as it is discussed for nucleon-nucleon interactions in Ref. [70]. As the same
authors pointed out in Ref. [72], a scattering length of natural size scales as apat ~ 1/p since
the scale y is set by the pion mass where EFT(7#) breaks down. However, the unnatural large
scattering length any in the NN system yields any > 1/u. This fact will lead to problems in
the power counting scheme of the EFT. Hence, they introduced in Refs. [71,72] instead of the
minimal subtraction scheme which only removes poles in four dimensions, a new scheme called
power divergence subtraction (PDS) scheme which subtracts the poles in both three and four
dimensions by a counter term 525;) so that a correct power counting is restored. Although the
authors only assumed NN interactions the same argument is true for any other system with
unnatural large scattering length. Hence, one should use the PDS scheme also for hadronic
molecules whose scattering length is expected to be rather large. With the PDS scale uppg
(which we use instead of ) the corresponding PDS counter term for our problem is given by

1 2 HPDS
=) =L (30) sy (09)  (oyr)  eos 3.37
< Y af 2 gl] H J J K a,yo K B,oy D -3 ’ ( )

and the self-energy is changed to
PDS
(E%))aﬂ — (E%))w (po, P) + (5252-))aﬂ

D—4 D—-1
2 H p-1 . pal (— ==
=2 (gz(g/)) Hij Sij (Oz(;))aw <O§§)T>ﬁm S EDS [(—1) w2 Llo—-)

(2m)P—t (1)
D—1
At p? P 5 1
— (1= —"2 )2 2 pp — —

X{ < mi+mj>4 (’ujpo 4+25

1 2

— (’)) g (@{)) (@{)T) HPDS 2 3
* 2m (g” Hig i Y ) ano Y ) oy D=3 (3.38)
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which yields after taking the limit D — 4

1 p? .
), 2 - ) s ()., (@0, o (o )
(=0),, = =57 () s (0F), (0F),, /=20 (m0 = gy ) —
1 </>> <(,
o a8 (0F), |
+ 2 (gw MJ a,yo
1
- (O) S, (C)m) <@ot>
2T <gl] Hij K a,yo K B0y
2
< |- —2ui-(po——)—¢e+ms . (3.39)
J 2(m; +m;)

Before we proceed we shorten this result via the definition

S0 N e o o (e P
(Ezj) (po,P) = o (%) fij Sm[ \/ 2145 (po 20m, +mj)) @€+MPDs] . (3.40)

and write:

oY ) 4 1PDS

(=) , (po.p) = (d}’)aw (Og.”)@m (29) wo.p). (3.41)

Now consider the (iso)spin dependent part (Of?) <(’)gﬁ> . It is not necessary to know
a,yo B,oy

the projection operators in detail: as shown in appendix A all projectors are orthonormal (or at
least orthogonal if one has shifted the normalization factor into the coupling constant within the
Lagrangian Eq. (3.23)). Consequently, it holds

(@),... (), = ((00), (e),)_ = ((e0), (017),) = 022

with c§;) € R. If — as in our case (see appendix A) — all projectors are correctly normalized one

finds that
if Og.) is normalized: ¢! =1 Vi< je{1,2,3}. (3.43)

ij

Otherwise, cz(;) depends on the in this case changed prefactors in the projection operators and
must be calculated separately. Note, that such a different normalization would be canceled at
another point in the calculation and does not change any observable. Considering again our
example of Z,(10610) and Z;(10650) we find (cf. Eq. (3.18)):

7 —1
@ = —cy\{o=0o (OT > - 6ac_ 5 50 = ==
( 12){0[7(114},{77(:7}{070'} 12 (B=bB} {o=5}{ry=c7} \/§ (TATQ)VU b\/§ (7_27_B>0—,y
1
=3 dap Tr (TAT2T2TR)
= 5 5ab Tr (TATB)
— Gy an (3.44)
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—1

T o Z‘
(013){04:5114},{7:05}{0':55} (013> (B=bBY} {o=s5} {1=c7} - 7 (Ua)cs (TAT2)§5 5 (Ub>sc (7—27—3)57

1
= T (Ualh) Tr (74727275)
6. 6an (3.45)

as expected since 015 and O3 are indeed normalized. However, we will keep cg-)

be as general as possible. Inserting Eq. (3.42) into Eq. (3.41) yields

<E§3)> (o, P) = das i) 217 (po, p) - (3.46)

in our work to

Together with Eq. (3.27) we can use this result to simplify Eq. (3.28) to

: oy | 5,
Z<Dg’)>a5 (po,p) =i-=; {Z[ 0y ) 5 (po, p) - 0

v

. 5@ = n N (7 1
= ZA(',Y) {Z (5’Yﬁ) [_Cz(j) Zz('j) (p0>p) A(,)

n=0

O 1
W {Z &w [—C()E (pOap) A(/)

’L' p

_ RS 0 (S0 1
= 504,6’@ {Z [—Cij <Z@'j> (po, P) AZ(-;-)
1

160
_ s , (3.47)
A + ) Sii(po, p)

where we have used the geometric series in the second to last step. Using the definition of i],-j in
Eq. (3.40) we finally find that the full dimer propagator is given by

. 21
’ (DZ(;))aﬁ (po,p) = = () 0

(gz] ) ILLZ] S’U C’L]

O
X b .
o A<’) + i n \/ 2# (p p2 ) i
- / PDS —2ii \ PO T Simamsy ] T
<91(J>) Hij Sz] z] ’ 2Amit J)

(3.48)

This result can be used to determine the elastic two-body scattering amplitude Tel of the particles
P, and P;. The advantage is then that one can compare Tgl with the LO effective range expansion
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amplitude T7; RE in order to write the full dimer in terms of an observable, namely the binding

momentum ’y({)

. instead of the parameter AE;).

Elastic scattering amplitude

In Fig. 3.3 we consider all possible diagrams which could — depending on the parameters a and

b — contribute to the elastic on-shell scattering amplitude Ti(j')el(E = k?/(2ui),0) of the two
particles F; and P;. Written as an equation we get

1% k-2 2
) (T(/)el> (E = O> = — ( (/)> Sel [aiajaiaj + 1)(/.)2}(/) + wz(;)wg) + blbjbzbj}

% ) ) ij Y1)
] aﬁ 2/,[,1] J J J

< (00) i(pY) (E L o) (02)
K o,V 4 oy 2/1%')" " 7Ba
210 Sel ( 10 ()t
-5 (7))
Hij Cij i Vsl ¥:Ba
X ! : (3.49)
WA(/.) 5

2
955 ) ij Sij ¢

with symmetry factor Sg (see appendix B),

4 if P, =P;
Sa=14." i (3.50)
1, if P, # P

and in the second step we have used that the term in square brackets is equal to 1 (cf. Eq. (3.31)).
Due to the —ie in the square root one has to choose its negative branch cut and we end up with
a relation only depending on k:

() 02 3 o) _ (o0

of Hij C;j

(3.51)
ij )2 Hij Sij Cij

>'Y»ﬁa o A(,l,) ) '
T + 1pDs | +ik
(s

However, it still has some free (iso)spin indices so we apply projection operators to it. In an
elastic scattering process we know that initial and final state (iso)spin must be equal to the

i) (e

Figure 3.3: Diagrams contributing to the elastic on-shell scattering amplitude of the two par-
ticles P; and P; which correspond to one of the four possible combinations of the multiplets A,
characterized by the parameters a and b.

A; VA,
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(iso)spin of the intermediate dimer. Therefore we conclude that the needed projectors are the
same as those for the vertices within the diagrams in Fig. 3.3. From Eq. (3.42) we know that
Og) is not necessarily normalized and thus we have to do this now via a factor 1/ cg). Note,
that for already normalized projectors cl(-;) = 1 and thus nothing is changed by the extra factor.
After projection onto the dimer (iso)spin one still has to average over initial and sum over final
(iso)spins in order to obtain an index-free amplitude:

(nel 1 ( (/)el>p . 1 1 ( (/)T) ( (/)el> w1 ( (/))
T = — T = — E (@) T: () . 3.52
" dOfZ " n dof /() Y pn NV af | () Y ) naB ( )
P mpP Cij cij

Here dof stands for ”spin degrees of freedom X isospin degrees of freedom“, i.e. dof = (2J+1) x
(2I + 1). Inserting what we calculated in Eq. (3.51) leads to

Ei s (e, (e0) ) m (o), (0),)

1

y (3.53)

27 AZ(»/») .
oz o, T Hpps | Hik

Following Eq. (3.42) both traces yield a factor cl(;) and a Kronecker-delta for the (iso)spin indices:

| 27 Sy 1 1
T = 2L 2d . > G- (3.54)

Hij Sij 27 AV .
(ﬁ +upps | +ik "

2

The sum over the (iso)spin indices p and 7 reduces to

Z 5,077 = (57777 =Tr (]ldim. spin space) Tr (]ldim. isospin space)
,p
= dim. spin space x dim. isospin space
= spin degrees of freedom X isospin degrees of freedom
= dof . (3.55)

Thus, we end up with

o1 S 1
el — 2T el (3.56)

Y Hij Sl j o AY) . ’
((,)—”(,) + upps | + ik

p)
9ij ) Wij Sij ¢;;

which can be compared to the ERE amplitude (cf. section 1.4),

TA(./)ERE _ (2 + 2 (5pip].) ™ 1

; 3.57
" i a%,) + ik ( )
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where the additional term 2 dp,p, ensures the right normalization in case of identical particles.

Using the definitions of Sy (Eq. (3.50)) and S;; (Eq. (3.30)) we observe that also

Sa_)3=2, iR=F (3.58)
Sij =1, ifP#P

reproduces the right prefactor in both cases. Therefore we can identify the scattering length aE;—)

which is at LO equivalent to the binding momentum %»(/-) as

0]
(n — ' 2
ij <91(],)> Wij Sij Cz(';)
Note, that the explicit dependence on the PDS scale uppg may be shifted into the coupling

ij
constant, but for our purpose this does not cause any problems. Hence, we leave the equation
above unchanged. Furthermore, we can plug it into Eq. (3.48) to find an expression for the LO

+ 1PDS - (3.59)

-2
full dimer propagator which only depends on observables except for the prefactor (gf?) which

is canceled anyway in all following calculations. We find:

. 2m Oa
i(DF),, op) =~ ; -
[e% 2 .
(gij ) Hij Sij Cij —’yz»(j{) + \/—21% (po - 2(mp—+mj)) — 1€
= 6ag 1D (90, D) , (3.60)

where we have defined an expression without (iso)spin indices in the last step.

3.2.3 Wave function renormalization constant

The only missing relation before one can derive a general d%)ka scattering amplitude is the wave

function renormalization constant ZZ-(]'-). Firstly, we note that the fields A4; and A; have a wave
function renormalization constant equal to one since they are considered as point-like particles.
Only the dimer fields must be renormalized. From basic QFT we know that Zi(jl-) is the residue
of the corresponding (full) propagator [1]:

<Z}J’.>> T iﬁipo {(iDg) (po. p)) 1}

where pg is set to the binding energy BZ-(J/-) of the bound or virtual state characterized by the
dimer. As explained in section 1.4.1 we use the definition

(3.61)

)2 ’
G

0 = (80) oo 5] e
for the binding momentum fy,;(]{). With the result of Eq. (3.60) we find
)
27 ;5
Z0 - . (3.63)



3.3 General three-body scattering amplitude

In principle one has to analyze dyo—Ps, di3—Ps, dos—Py, d}5—P3, d}5—P, and d,;—P; scattering in
order to account for all possible three particle states. Alternatively, but much simpler one can
only calculate dio—P5 scattering and instead change — if necessary — the particle allocation in the
following way:

Particle allocation

1. Choose the three particles of the system (— e.g. B, B*, B*).

2. Choose the dimer—particle scattering process you are interested in within this system (—
e.g. (BB*)-B").

3. Allocate the multiplets according to that choice, but always in a way that Pj is scattered
off the dimer dlg (—> e.g. A1 B A2 B* Ag )

4. Set a;, b; in P; (i € {1,2,3}) to either 0 or 1 so that the desired three particle system is
reproduced(—>eg al—bg—ag—l bl—ag—b3—0:>P1 BP2 .B>‘< P = B*)

) ()

ZT< > dw /T</>\ d@]
77)

P P

Figure 3.4: Fizing the notation for the dimer—particle scattering amplitudes T with 1,7,k €
{1,2,3} and i < j, k #1i,].

The notation for the mentioned amplitudes is shown in Fig. 3.4. Although with this scheme
we only need to determine dio—P5 scattering it is in general possible that all other scattering
amplitudes contribute to this scattering. Hence, in most cases one has to solve a coupled integral
equation system of all amplitudes. The Feynman diagrams for all six coupled amplitudes are
shown in Fig. C.2 and explained in appendix C. The straightforward, but lengthy task is now
to use the Feynman rules derived in the previous section 3.2 and to determine the coupled
integral equation system. To do so we once more have to fix our notation for (iso)spin indices
and momenta. We will work in the center-of-mass system with incoming 4-momenta k, —k
and outgoing 4-momenta p, —p. Omitting possible ”primes* for the moment the center-of-mass
energy is

k? K’ Vij

E= + — .
2(m2 + mj) ka 2,uij

(3.64)

Furthermore, we assign the combined spin and isospin indices as follows:
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e initial state dimer: «,

e initial state single particle: 3,

e final state dimer: ~,

e final state single particle: o,

e intermediate dimer: u,

e intermediate single particle: v,

e intermediate exchanged particle: p.

Since there only are two different topologies for the Feynman diagrams the notation above leads
to the assignment shown in Fig. 3.5 which is valid for every diagram we need to determine. In
appendix B we have derived the symmetry factor for diagrams like those in Figure 3.5.

k> i
2(mi +my)  2u

?)

2m;

a (q0,a) o 2
(L _ i k) ! ( ‘ (2L7 —p)
2(m; +my)  2p; E v 7 ) 1

(£ (i)
2y 3 i ~ 2(mi +myj) 2

Figure 3.5: Definition of (iso)spin indices and momenta in the center-of-mass system for both
diagram topologies appearing in the scattering amplitudes.

We found
Sijk = Gji (1+0p,p, + p,p, + Opp, Op,p,) (3.65)

with (i, defined in Eq. (B.14).

With all these ingredients one finally can write down the coupled integral equation system of
the six amplitudes contributing to the general d;o—P5 scattering amplitude corresponding to the
diagrams shown in Figure C.2. For details on the equations see appendix F. In Eq. (F.1) we
have combined all diagrams with the same momentum structure. Furthermore, we added terms
which only differ by a ”primed“ or "unprimed“ final state dimer. In order to have more compact
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equations we have introduced two short-hand notations f )0 eyt AT nd f o)1 for the sum
over the a;, b; dependent vertex factors:

n o {aiajakan + U( )ak@n + ahwz(;)vl[g]n + bib; Ul[slz + azajw,[ﬁ]n + bnv; wl[ﬂl]n @g’)bkbn
f<ij(l))(knm) ) aigjapan, + v( )akan + ap® A(/) Wy + by + azajup + bh“ Vi @g)bkbn
+ bibibyba for@<kA{J—2k‘—3VJ=3k‘—2} (3.66)
+ bibjbrby, ,  else
) - {a/laja’kan + U bkb + bhw wl[€]n + a; a]U/)][glL —+ b b; Ul[clz + ahvl(])v,[g]n + ﬁ}g]’.)akan
f(ij('))( ) ;0 Ay v bkb + bhw UH + azajvkn + b;b; @l[c/]n + ahv( ){U\I[ﬂ]n + @z(;')aka”

+ bbby, . for {¢<k Aj=2k=3 \/j:3,k:2}}\/{z’:k A j=n}
+ bibibrb, ,  else ’
(3.67)

where it was necessary to replace the vertex factor wg) by {&g) = w%) + 04,4, vg-) because a

diagram like that in Fig. 3.6 yields in general a vertex factor proportional to wi3. However, if the
constituents A; and Aj are identical (although P, = A; # A3 = P3) one obtains according to the
vertex rules in Fig. 3.1 a factor vy3 instead. In Eq. (F.1) the ¢o integration is already performed

d
di2 //\\ = Az
(Tlg) \Al
P di3
N As

)

Figure 3.6: Ezemplary diagram to clarify the change of the vertex factor w;; — 117(') = w(/) +

d4,A, v ) which is necessary for not missing out contributions to the molecule partzcle scattering
amplztudes.

using the residue theorem: after applying the Feynman rules the terms have the form

/ d4q4 HE. K. q) 1 D(E2+qo,q) ::/ d*q /@gp(%). (3.68)

(27) —Go — 5 +ie E+qo— £ — B 4 e (2m)* J 2

2

They are simplified by noting that ¢(qg) has a (¢ = 1)-fold pole at gy = —¢*/2m; + ie. Therefore
we used the residue theorem,

dqo . ¢ 1ot ¢
/ 5, Pla0) = i€Res, <—2mi ) , where  Resg(:)(c) = (N [(z — 0)'g(2)]

with positive winding number £ = +1 to obtain that Eq. (3.68) is reduced to
[ dq 'S 1
_Z/—(27T)3 t(E,k, q) D (E - 2mz7q E B 2(1_2 B ;;2 B (p+q) + Zg ’ (369)
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which is the form appearing in Eq. (F.1). However, neither (iso)spin projection nor wave function

T . . n\"° . . .
renormalization is applied to the amplitudes (tij )a . As explained in appendix C there are

factors (1 — dp,p;/2) in front of each diagram and thus in front of each amplitude in Eq. (F.1)
which are chosen according to the rules concerning identical particles explained in appendix C
and reviewed in the box on page 51.

3.3.1 Wave function renormalization

We proceed by applying wave function renormalization to the amplitudes in Eq. (F.1) by multi-
plying each amplitude with the square root of the wave function renormalization constant of the
incoming dimer and with the square root of the wave function renormalization constant of the
outgoing dimer:

~ \ O
@ .
(7). (o)} V7in
(T )%3 Eh:&%%% \/213

23 tas))% 23

B =z op : 3.70
(Tl’2>7 . (th2)op vV 21z (3.70)
) o5 (t/13)zy,3 V213
(), (12035 v/

T’>
(%), ,

with Zi(],-) given in Eq. (3.63). The renormalized (i.e. physical) amplitudes i-(]{) are then propor-
tional to \/ 712/ 72-(],-). To get rid of these factors one can redefine all amplitudes via

TV .= 1270 (3.71)
0
ij

Note, that the dio—P5 scattering amplitude ﬁz = T in which we are interested is not changed
by this definition. Thus, we can divide both sides of Eq. (F.1) by i and plug in the full dimer
propagator Eq. (3.60) to find Eq. (F.2) given in appendix F.

3.3.2 Projection on partial wave amplitude

One would expect that the scattering of a particle P3 off the dimer d;5 preferentially occurs in the
partial wave with L = 0 because there is no general reason which forbids a S-wave interaction
and one expects the energy of the scattering state to be minimal. Nevertheless, we keep the
equations general and project out the L-th partial wave amplitude Ti(jl)(L) in Eq. (F.2). For
details on this projection see appendix D, especially for the properties of the Legendre function

of the second kind )7, which we use in the following analysis. As a remainder we once more give

44



its definition:

QLB —ic) == (—1)" % /_1 iz % with B Rand |8 £1.  (3.72)

Using Eq. (D.18) one can rewrite all six amplitudes Ti(j/)(E, k,p) in terms of the partial wave

projected amplitudes Tij')(L)(E ,k,p). The corresponding results can be found in appendix F in
Eq. (F.3) where we have introduced a short-hand notation for the repeatedly appearing Legendre
function:

2 2
ijk . . m; q p .
Q7paE :Q <_ ( + _E) _15) ) 3.73
i ) "\ \2m 205 (3.73)

where one has to keep in mind that j;; = pj; holds by definition.

3.3.3 Spin and isospin projection onto specific scattering channel

Now we can concentrate on the spin and isospin structure: we start by applying projection
operators O, to the amplitudes on the left-hand-side of Eq. (F.3) which couple the (iso)spins
ij

of the dimer dl(-;) and the third particle P, to an incoming (iso)spin state n and an outgoing one
Al

(19)) = ©n,s (1) (0h) (374

Note here, that in general the projection operators Or,; and O;; are not the same because the
former couples dimer and particle (iso)spin while the latter couples two particle (iso)spins to the
dimer (iso)spin. To get the full scattering amplitude one still has to average over initial (iso)spin
and to sum over the final one:

n_ 1 o\ _ 1 "\’
Tz‘j - dOf(n) Z <ng ) - dOf(T]) Z (OT12)n,aﬁ (ng/ )aﬁ (O;‘(()))\’U'y- (375)

Similar to what we have done in section 3.2.2 ”dof(n) “ represents the spin degrees of freedom times
the isospin degrees of freedom in the initial state. If we only consider the (iso)spin dependent
terms in Eq. (F.3) the application of the projection operators yields according to Eq. (3.75) the
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structure below:

- T
T (T12)2/3 <O¥112))‘70'7
T3 (Tls)zw (OTTB)A,M
T23 o 1 Z (O ) (TQg)l% (O%’gg))\,o'y
pr— T o o ~Y
17, dof(n) o el [ (Tiz)ag (OTT{Q)AvUV
! ) o
T1/3 (Tlls)Z5 (OTlfs)A,m
1 \YO
T (T23>a6 ((’);2,3),\707
T 51 i) fz I3 fg T4 §4
(A gl Yo g2 Ys %} Ya %1
1 21 Z9 Z9 z3 Z Z4 Z4
+ | ~ + T+ | < | T2 + T+ |~ | Tis + Tos+ | ~ | Tos
x/ LE/ x/ I, x/ ! / xl
y’l ﬂ’l y’2 ?72 y? ?J? yjl ?J%
z} 5’1 z? 5? zi3 5;) zjl Zjl
1 1 2 2 3 3 4 4
X5 T5 Te Tg X T7
Ys Us Ye s Y7 Yz
Z5 / Z5 / 26 / 26 / 7 / 7 /
+ mg T, + 5/5 T, + $/6 T+ % Ti; + $/7 Ty + 5/7 Ty, (3-76)
/ ~1 / ~1 / ~1
w\z il \z i I
5 5 6 6 7 7

where we have introduced new parameters xg'), yz-('), zi('), EZ@, g}ﬁl) and Ef') fori€{1,2,3,4,5,6,7}.
Their definition (Eq. (A.40) - Eq. (A.81)) and the derivation of the equation above can be found
in appendix A.2. In the last step we want to combine the pairs of terms proportional to the same

amplitude 7}(]»/). We know if 0p,p;, = 1 then
& My =m; = ik = Wik,

. vi(j/-) = wg») = 0 because P; = P; directly induces that there are no mixed terms of a; and b;,

i.e. only a; = a; = 1 or b; = b; = 1 are possible combinations,

© Orp f ) = O, fiyn Since for i < k A {i=2k=3V j=3k=2} (and similarly

for the ”else® case in the definition of f and f) it holds:

5Pin (aiajakan + VijALQn + am@jvkn + biijkn + aiaj@;m + bmvij@kn + @Ubkbn + bzbjbkbn>
= (sz.p]. (aiajakan + bibj’l}kn + aiaj@;m + blb]bkbn)
= 6]31.]3], (aiajakan + AmV;jVen + @ijakan + biijkn + aiaj@;m + Uijbkbn + bm{l}ijﬁ}\kn + bzb]bkbn) .

Therefore we can factor out not only the amplitude itself, but also the a, b parameter dependent

term and write the amplitudes of the coupled integral equation system for dy,—P5 scattering as
shown in Eqs. (F.4 - F.9).
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3.4 Asymptotic behavior

The momentum integrals in the previously mentioned Eqs. (F.4 - F.9) are divergent. Conse-
quently, we introduce a momentum cutoff A¢ to regularize them. In principle, one could proceed
and solve the coupled integral equation system numerically for different three particle systems
in order to find a possible Efimov effect. However, this would mean that we loose all generality
in our equations. More favorably would be a method which keeps this generality. Indeed, one
can consider the approach of asymptotic large off-shell momenta Az > ¢, p > %]/-) ~ k ~ E for
i < j € {1,2,3} which has this property. In Ref. [80] and in the references therein it is explained
how one can use asymptotic Faddeev wave functions to derive the conditions under which the
Efimov effect can occur in a system. However, this method does not provide an instruction to
— more or less — directly read off from the properties of the three particles whether the Efimov
effect occurs if the particles have more general spin and isospin quantum numbers and different
scattering channels. The equations themselves are not changed that much considering these ad-
ditional degrees of freedom, but to determine all the parameters therein becomes more involved
for higher spins and isospins. In contrast one can — still using the asymptotic momentum ap-
proach — consider the work in Ref. [166] and follow its applications in Refs. [92,167]. Here, the
integral equation system is decoupled in order to reduce the problem to the determination of
eigenvalues of a matrix whose entries are spin and isospin dependent. To do so we will see that
one needs to make some assumptions concerning the ratio of masses within the three particle
system. However, these assumptions will match with the given systems if we consider particles
scattering off hadronic molecules. Therefore we will use the second method.

In the mentioned limit of large asymptotic off-shell momenta both, the denominator of the inte-
grand and the argument of the Legendre function @), considerably simplify. Taking into account
that one has to take the limit £ — 0 in the end, it holds

g 0 2 (L 1 _

—>£1_I>Il Vij +\/q uw( mz+mj> i€

0 g (L

Ty Ay my M +m;

ey Ha (3.77)
i)k

where we have introduced the reduced mass of the dimer dg-) and particle Py system,

(mi + mj)mk
m; + m; + my ’

Kk = (3-78)
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Moreover, — omitting the particle indices for the moment — the argument of the Legendre function
reduces to

2 2 2 2
i (3505 ) ) Fam ma (3 (20 5) )
e0 gp ap \21 2p 20 qp ap \ Kk 2p

2 2
m m (¢  p
2aGEE) e
gp " \ap \27 " 2p (379
if it depends on both ¢ and p. The short-hand notation in Eq. (3.73) can thus be extended via
the definition

2 2
ijk ijk . my q p

q,p hm@ q,p;0)=Q (—( + )) . 3.80
L ( ) ( ) L qp 2#1‘;‘ 2Mjk: ( )

In the inhomogeneous term where the Legendre function only depends on p and k& < p one finds
in the same way

m m [ k*  p? N\ p>EE.,. M m [ p? ,
i 1y @ (i (o5 ) —) = im0 (55 (35) )
m mp
= QoY) . 81
kaL( ) (3.81)

In Ref. [165] one can find a formal argument that one can neglect the contribution of the inhomo-
geneous term compared to the the homogeneous part. As a less formal but more straightforward
method one can instead use that Q1 (z) can be written in terms of a hypergeometric function
oFy which is proportional to > 02z~ ("4 [164,165]. Thus, Eq. (3.81) has the following
proportionality:

00 —(2n+L+1)
Mo, (2p NEZ mp
kp L(Quk) kpn:0<2uk>

B 00 2,UJ (2n+L+1) k(2n+L)
_mz m p2n+L+2)

n=0
o] (2n+L+1)
>k 24 1
n=0

Consequently, in our further analysis we can for asymptotic large off-shell momenta neglect the
inhomogeneous terms in Egs. (F.4 - F.9) and replace the denominators of the integrands using
Eq. (3.77) and the Legendre functions via Eq. (3.80). Due to the vanishing inhomogeneities all
amphtudes become independent of k and since E does not appear anymore, too, we simply write

~ [ qu() ) in the following. Since p is unequal to zero one can additionally define new
amphtudes accordlng to

S0 (N o ) o
Ty (p):=pTy(p), YVi<je{l,23}, (3.83)

1

in order to find Egs. (F.10 - F.15) written in terms of these new amplitudes and shown in
appendix F.
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3.4.1 Scale and inversion invariance and decoupling of amplitudes

The coupled integral equation system of Egs. (F.10 - F.15) is scale invariant, but not invariant
under the inversion ¢ — 1/q for large loop momenta. The reason for this is that in each term
Q. depends on the momentum ¢, but with different prefactors in front of ¢ and in front of ¢~ *.
The prefactors themselves are not problematic. As long as in each Qp, ¢ and ¢~! have the same
one, the equation system is inversion invariant, but if only one of them is different in at least one
()1, the invariance is destroyed. However, we know from Refs. [92,167] that this is an essential
property of a three particle system if one wants to decouple the integral equation system. From
a mathematical point of view the necessity of inversion invariance can be motivated by the fact
that one can factor out the Q1’s (which are then equal in each term), write the equations system
as a matrix equation, decouple the amplitudes and insert power law solutions for these decoupled
amplitudes (a power law is the most straightforward choice for a scale and inversion invariant
and physically meaningful amplitude [80]). After these steps one can use a Mellin transform
to calculate the dq integral which leads to transcendental equations for the angular momentum
dependent exponent of the power law SEL) (one equation per amplitude 7). These equations have
purely complex solutions, that is, the Efimov effect is present, if a parameter A (which depends
on spin / isospin factors, symmetry factors, etc.) is larger than a critical value. To apply this
method to our coupled integral equation system and to discuss the related issues in more detail
will be the main task for the rest of this section.

We deduce from Egs. (F.10 - F.15) that the problematic prefactors mentioned above are caused
by the fact that in general the masses my, my and mg are different. Thus, only for (approxi-
mately) equal masses the equation system is (approximately) inversion invariant and a (so-called
approzimate) Efimov effect could be present in the system. However, if there is not a dimer state
for all combinations of particles (e.g. no dy3 and thus no ﬂ(é)) it may exist a scale and inversion
invariant equation subsystem with different masses. To be more precisely a not-existing dimer
state means that there is no resonant interaction with large scattering length between the two
corresponding particles. Nevertheless, they could have a deeply bound two-body state which is
not described by EFT (7).

As a measure for the mass difference between particles P; and P; we define a parameter

mi—mj

= —>= Vi,j€{1,2,3}, 3.84
oy = i e {12.3) (3.84)
with the following properties:
ey
1—gyj=—u (3.85)
m; + m;
2m;
14y = —_”: 7 (3.86)
m; m;
i 2
U : (3.87)
pij 1 —ey
; 2
My _ : (3.88)
pij  1+eg
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\/7 \/ — 1 o). (3.89)

It can be used to eliminate one mass parameter from the coupled integral equations via

.. (3.90)

1— Eij
To ensure at least approximate scale and inversion invariance we will see that it is necessary
to have g;;; < 1 so that one can neglect it and write m; ~ m;. The error due to this re-
placement depends on the exact value of ¢;;. However, we will assume that it is at most of
the order of the error coming from effective range corrections which are anyway neglected in
our derivation of the coupled integral equations. Which mass can be replaced depends on the
properties of the specific system. In fact, one can identify three possible types of systems:

System types
e Type 1: The full system with shallow P, P, P, P; and P, P; bound or virtual states.

e Type 2: The subsystem with only P, P, and P, P; bound or virtual states. Note, that
the subsystem with only PP, and P, P35 bound states instead can be transformed into
the first one by interchanging the particle allocation of P, and P, which does not change
the dimer d;5 in a physical sense. Thus, it is enough to consider the first subsystem.

e Type 3: The subsystem with only P; P, bound or virtual states (i.e. di2 and d},). Note,
that one allocates the three particles in the system so that the scattering one is interested
in is always between particle P, and P. Since in our framework the scattering of two
particles is only possible if there exists a dimer state (i.e. a two-body state with large
scattering length) between these two particles, this subsystem is the only choice if there
are bound states only between two of the three particles.

At this point we have to make some important remarks: firstly, about not existing F; P; bound
states and secondly, regarding the counting scheme of identical diagrams explained in appendix C.
In general one would transform the coupled integral equation system into a 6 x 6 matrix equation
because we have started with six amplitudes. However, if there is no P;P; bound or virtual state

in the system one has to erase all terms proportional to T( ) and thus to T( L) from the ana-
lysis since the corresponding Feynman diagrams do not ex1st in this case. Mathematically this
is allowed since the characteristic polynomial of a 6 x 6 matrix with two rows and columns filled
with zeros is identical to the characteristic polynomial of the same matrix where one has erased
the zero-filled rows and columns. If there is just one P P; bound or virtual state, i.e. d;; exists,
but d’- not, then one erases all terms proportional to T}; (L and thus to T (L) from the analysis,
but keeps the unprimed amplitudes whose Feynman dlagrams are still present. Consequently,
there is just one row and column filled with zeros in the 6 x 6 matrix which can thus be reduced
to a b x 5 matrix. The procedure how one deals with not existing dimers is thus clear. But what
happens in case of two identical particles? If P; and P; are identical it is clear that also the ampli-

tudes Tl(,;) ) and Tj(,?(L) are mathematically and physically identical. Therefore one has to erase
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the second amplitude T @) from the analysis since the just by hand inserted (cf. appendix C)
factors of (1 — dp,p;/ 2) in front of the Feynman diagrams are chosen exactly in the way that

one can also neglect these non-zero amplitudes. Consequently, it remain only Tl(;)(L) amplitudes
if all three particles are identical. However, this does not mean that one deals with a type 3
system since there are bound states between e.g. P, and Pj3, but they are equal to P; P, bound
states. In summary we have the following rules (remember that a not present dimer means
that there is no resonant interaction with large scattering length between the two particles):

Rules on how to treat not-existing dimers and identical particles in a system
e 10 d;; and no d;; dimer = erase all terms proportional to T ) and T

e d;; dimer present, but no d;j dimer = erase all terms proportional to 7} (L).

o if b, =P, = keep amplitude Ti(,;)(L) , but erase all terms proportional to Tj(,?(L).

The advantage of the less straightforward counting scheme of identical diagrams is that one also
needs less parameters which have to be calculated.

3.4.2 Type 1 systems

Consider the full system where bound or virtual states between all three particles exist. Namely,
at least dyo, di3 and da3 exist. To have a general expression we also assume the primed dimers to
be present and consequently no amplitude is erased from Egs. (F.10 - F.15). As we have already
noticed these equations are not inversion invariant for ¢ — 1/q. To achieve this property one
has to ensure that the argument of the Legendre function @)y, is equal in each term. Thus, it is
required that all three masses are at least approximately equal in order to have a system where
the Efimov effect could at all be present. This means that the mass difference parameters 15,
13 and e93 must be small and from their definition in Eq. (3.84) follows that one can replace ms
and mo via

1

ms = e my & my (for e13 < 1), (3.91)
1—e3
1

meo = + mi = mm (fOI' e K 1) . (392)
1—ep

Furthermore, the reduced masses w13 and po3 can be replaced by 12, respectively, since

maym mim
s = ———— = m————~ . (for ey < 1), (3.93)
mi + ms 1he0s —=2my + Mo
maom mim
M23 — 2778 — e 1772 ~ N12 (fOI' €13 <K 1) . (394)
m2+m3 1+€13m 1+ mo

Applying these approximations to Egs. (F.10 - F.15) one can factor out

Ac d Ac d 2 2
qd 122 _/ q (ml < q p ))
- q,p) = _Q + )
/0 qg " (@.) 0 q g qp \2p12 212
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and write the coupled integral equation system as a 6 X 6 matrix equation:

~(L ~(L
7:1E2L i (p) @EQL 3 (q)
leL (p) N ,-5:2 (9)
T3 | _ (-D)Em / “dg ( ( ¢, P )) T3 (9)
Ty (p) T /_ 22 2m2)) | T8 (a)
~I(L (12)2 ~(L
Z{%L; (p) Z{%Li (a)
/ /
T5s " (p) Ty (q)
Since m; = my or at least m; =~ msy one finds
mqmq ma
H12 = M+ 1y 5
and thus
[i12 Nm(mljtml)—l—ml:ml 3m1:§
paze 2 (mg+my)my 2 2m? 4
Therefore the matrix equation simplifies to
~(L ~(L
@EQL ; () T;EQL ; (9)
vaL (p) N Tme (q)
7:2(3;(27) — (—1)t 4 .»41/ ¢ @ 0L (g i 1’3) 7:2(3;(61)
/ / Y
T (p) V3r Jo q p q) | TP ()
. ~i(L
zii (p) @%L;(q)
/ /
153" (p) Ty (q)

with A; being a 6 x 6 matrix whose columns are given by Eqs. (3.99 - 3.104).

92

(3.95)

(3.96)

(3.97)

(3.98)



(Al)z‘l

(-’41)2'2

(-

(-

(-

(-

P, Py

(-
(-

1
2 ) S12 c12 [x

512 s12) 7

<y2 dp, Py S1231Y2 5213> ~2)

Py Py
2

V513 S12 c13 c12 (12)(13)
5p, by z2 S123+22 6p; Py S213 f(l)
2 V/S23 S12 ca3 c12 (12)(23)

J 1 (12)  £(3) ~ ¢(12) F(3)
P12P2> S12 \/Cllz c12 [ 5P1P3 / (12)(12") Si23 + T 6P2P3 f(12)(12') 5213]
(1 _ bpp, ) (?Jé dp, Py S123+75 S213 f(z)
2 \/513 S12 ¢} c12 (12)(13")
(1 _ oppy ) <Zé S1234%5 0Py Py 5213 f(l)
2 \/523 S12 chg 12 (12)(23")
(1 _ dpypy ) (933 dp, Py S132+%3 5312> ~3)
2 V/S12 S13 c12 c13 (13)(12)
op P 1 (13)  £(1) 13) 73
12 3) S13 c13 [y?’ 5P1P2 f(13)(13) 5132 + y3 5P2P3 f (13)(13) SSlQ]
(1 _ oppy ) (Zs S132+23 Sp Py 5312> 1)
2 V/S23 S13 c23 c13 (13)(23)
<1 _ Oppy ) 3 0P Py S1aat; Sanz ]’F(S)
2 /512 813 ¢4, 13 (13)(12")
J (13) (1) =3)
P12P3> S13 \/613 c1 [y 5P1P2 f(13)(13' Siz2 + 73 0 P2P3 f(lS )(13)

(-

(zé S132+25 0py py 5312) ()

py Py
2

\/523 513 chg €13 (13)(23)

33

3
PP f(12 12) Siaz + T2 PP f((lz))(m 5213]

5312]

Y

)

(3.99)

(3.100)



<‘A1)i3 =

(Al) i4

(-

(-
(-

(-

(-
(-

Py Py

<x4 dpy Py S2311%4 5321>

2

9Py Py

)

V512 S23 c12 co3

Y4 S2314+74 5132133 S321

2

5P2P3 1
2 So3 c23

>

V513 S23 c13 c23

523
Pl Py

<zﬁ; dpy Py S231+T) 5'321>

7(3)
(23)(12)

®)
(23)(13)

f(gg )(23) S231 + Z4 p1p3 f(23 )(23) 5321]

_ 5P2P3) 73
<1 2 \/512 523 C/12 c23 f(23)(12/)
<1 . 6P2P3> <y4 5231"1‘@4 6P2p3 S321 (22) o
2 \/513 S23 ¢35 c23 (23)(13")
0 1 (23)  £(2) 23) 703)
P22P3> o \/0/23 - [24 5P1P2 f(gg)(23/ 5231 + Z4 5P1P3 f 23)(23") 3321]
d 1 (12) £(3) (12) 73)
P12P2> S12 \/612 c’12 [x 5P1P3 f(12/)(12 5123 + -TE) 5P P3 f 12/)(12) 5213]
5P1P2 <y5 dp, Py S123+Ys 3213> ~2)
< B > \/513 S12 c13 €, (12)(13)
5p. p 25 S123+25 dp, Py S213 1)
1 2
< ) \/523 S12 c23 (127)(23)

0Py Py
2 Slgc 19

(-
(-

op, Py

12"y 7
5 P3 f12/ 12/ 5123 +x o 5P2P3 f(12/ (12/ 5213]

<yé dp, P, S123+75 3213> =@

2

op Py

)

/ /
\/513 S12 €13 €1z

<Zé 5123+5é 6P1p2 S213

2

)

V52 S12 ¢y

o4

(127)(13")

Y

Y

(3.101)

(3.102)



(A1);s =

(A1)

(-

(-

(-

(-

(3
(13)(12)

5}3 P, <I6 5p1 P3 51324‘56 SSlQ)
1— 2 3)
( 2 \/512 S13 c12 €5

13
5531 Pi

op; Py

) - Ye
2 S13 \/013 chs

5U%) 713

(1)
f(13/ )(13) Sts2 + Vs PyP3 J(137)(13)

8312]

5 p (ze S132+%6 6Py Py SSIQ)
_ 9P Py
(1-)

(1)
\/523 S13 c23 ¢4 (13)(23)
xf Op, Py S132+Zf S312
1— dp Py 67P1P3 6 7(3)
2 \/512 Si3 ¢y s (137)(127)

Op, Py 1
2 S13 clg

r (13 (1)
5P1P2 Jasnas

Si32 + Y

<zé S132+% 0P, Py 5312>

13
Lo |

(1)

(=)

/823 S13 ¢hy ¢4

<z7 dp, Py S231+%7 5321> ~

(137)(23")

§
(1 B P22P3 )

\/512 S23 c12 Chg

y7 S231+Y7 6Py Py S321

®)
Fasnaa)

(2)

1)
(1 _ P22P3>

dp, Py > 1
2 Sa3 \/623 Chg

\/513 S23 €13 Chg

5(23') f(Q)

PPy 23/

<x’7 dpy Py S231+T7 S321>

(1-"5*)

\/S12 Sa3 ¢y chy

Y7 S231+9% dpy Py S321

(1-52)

dpy Py 1 1 5(23)
T2 ) Smd, |77 0p, P,

\/S13 S23 ¢ 5 chy

95

2
f((Qg))/)(le) 5231 + 27

(23")(13)

7(3)
(23/)(12")

(2)
(23/)(13")

(23")
5P1 Ps

73)
oz

3)
137)(137) 5312]

(23) S231 + 27 0 P1P3 f(23/)(23 5321]

Y

(3.103)

(3.104)



As a remainder we once more give the definition of all parameters appearing in the matrix A;:

1 if P, = P; .
e dpp = { > 1 7 and similarly for §4,4..
! 0, else !

b(")
'5&%%:&WﬁW%AFWMﬂ5ﬁm(%%1_%”0’

with 5771(;_)‘” = 5baryon number 0 X 5strangeness 0 X 5charm 0 X 5beauty 0 X 5t0pness 0-

f(h) a;a;agay, + v( )akan + ahw( )v —i— b;b; v,m + alajw,m + by, v( )@,[f]n @g)bkbn
[ ] =
(i) (knl) ;G agay, + v( )akan - ahw() + b;b; zﬁ,[;n - aza]v,m - bhv ) v @g-)bkbn

+ bbb, , fori <k A {]—2 k:—3 vV j =3, k:—2}
+ b;bjbiby, , else

~(h) o {azajak@n + v( )bkb + bhw ka + alajw,m + b;b; vm + ahv( )UH + w( )akan

] () [] ()

;0 Qg + v( bi.b,, + bhw Vg T alajv,m + b;b; w n tanv;f Wy, + Wi agay

+ b;bbb, , for {z<k/\ {322,1{::3\/j:3,k:2}}v{z:k:/\j:n}
+ bibibgb, ,  else '

5
° Uz‘(J/‘) = 6n§})|1\ [\/Li +04;4; (1 - \/%)] (biaj + aibj) ( @()) Aidi + (1 — 5n§;>|1|> bia;.

o wg') = 5n§§>|1\ [\/% + 04,4 (1 - x/%)] (biaj + aib;) (1 — 0a,4,) Th(J)

° {EZ(]/) = wg-) + 04,4, vi(;-).

2, if P =P

e first symmetry factor S;; = {1 |
, else

e second symmetry factor: Sijr = Giji (1 +0p.p, + 0p;p, + Op,P 5Pjpk),
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with fermion minus sign (;jx:

( (on-;éPj#Pk/\onlyPi,ijermions/\{i>j<k\/i>j>k’}
o P,£P,#P, A only P}, P, fermions A {z’<j>k v z’>j>k}
o B,#P #P, A P,P;, P, fermions A {z‘>j<k v i<j>k}

—1, if{® P,=P;# P, N B, P, P fermions A i>Fk

Cijr = o P, =P, #P; N\ P, P, P, fermions

o P, # P;=PF, A only P fermion
o P,# P, =F, N P,P;, P, fermions A i<}
L® P, =P; =P, N P, P;, P, fermions

(1, else

(3.105)

e ¢ is the normalization factor of the (iso)spin operators defined via

(©5),., (), = ((06), (04),) =m( (%), (01),) = o

Note, that all projectors given explicitly in appendix A are normalized which then implies
that ¢f) =1 Vi<je{1,23}.

e 1, y, z are spin and isospin dependent real numbers defined in Eqs. (A.40 - A.81) which
can be calculated by hand using the tables in appendix A. A second method would be
to use Mathematica and the 6-J symbol representation explained in the same appendix.
Note, that using one of these two suggested methods implies cg-) = 1 since both are based
on normalized projectors (see previous point).

In the next step we decouple the amplitudes: the matrix 4; can be diagonalized using an unitary
transformation matrix § which fulfills

S'A,S = diag ()\1, Aoy Ass Ay As, )\6) , (3.106)

with \; (i € {1,2,3,4,5,6}) being the eigenvalues of the matrix A;. Applying the transformation
matrix S to Eq. (3.98) and defining a new set of amplitudes,

" (p) 75 (p)
" (p) T3 (p)
7" (p) T () | ‘
" () Ti”(p)
") T3 (v)

57



one can write Eq. (3.98) in terms of these decoupled amplitudes:

T<L’ () " (q)

;<p> @EL;@

o e |, . A Ae dg P 3" (q)

T(L)(p> = (1) \/§7leag<)‘1’)‘2’)\3’ A1, Mg, /\6> /0 Qr ( q) @(L)(q)

3" () 3" (q)

T<” (p) 75"(q)
(3.108)

Each row of this matrix equation leads to one (decoupled) integral equation for Ti(L) (p) which is
in the limit of A¢ going to infinity scale invariant and symmetric under the inversion ¢ — 1/q,
i.e. inversion invariant. As explained in Refs. [80,92] the solutions to the integral equations thus
have — for A¢ — oo — the form of a power law:

~ D)

TH @) =p , P el Vie{l,2,3,4,56}, (3.109)

which is the most straightforward and physically meaningful solution obeying the mentioned
symmetries. Replacing all amplitudes by their corresponding power law solution one finds

oY e
ps;” o o)
P 4 > dq ¢ )|
= (-1)* diag</\1>/\2>/\37/\47)\57)\6) / — QL (— + —) . (3.110)
PS‘&L) V3m o 4 P q) | ¢ st
st (D)
p* ¢

L L
\pt” e

Note, that we have taken the limit A — oo which does not cause problems since the remaining
integrals are not divergent anymore. It is now useful to substitute ¢ = Xp [165],

(L)

(
pszL) (Xp) i’
Sg Xp)s2
isé“ 4 X 1 Exgsé”
— (=) d'(AAAAAA) @t
psz(f) (=1) Tin iag| A, A2, Ag, Ay, As, Ag ; QL< X) (Xp)sim ,
(L) (L)
ps5L (XP)S5L
e (Xp)”

(3.111)
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and — as the integral equations are decoupled — to divide the i-th row by psz@) to get

sgm—l
1 - (L)
Sso ' —1
1 X
1 . 4 ‘ [e’e) ngL)_l 1
1 = (_1) \/gﬂ_dlag<)\la)\27)\37)\4;)\5;)\6> / dX XSEIL)*l QL X‘I’X ; (3112)
0
1 Xsém—l
1 XséL)fl
which finally is equivalent to
. 4 o Dy 1 ,
1=(-1) 73 Ai dX X Q| X+ X/ fori=1,2,3,4,5,6. (3.113)
7T 0

To achieve our main goal, namely to verify whether the Efimov effect is present in a given three
particle system or not, we need to check if the parameter SEL) is real or purely imaginary. Since
we know that only in the latter case it is present (see section 2.1 or Refs. [80,167] and references
therein). In order to derive the needed transcendental equation for each sl(-L) one has to solve the
remaining integral in Eq. (3.113). One method would be to insert for arbitrary L the explicit
form of . For L = 0 this is perfectly suitable (see for example Refs. [80,92,167]), but already
for L = 1 one ends up with an integral which cannot be solved in an easy way. Therefore we
follow the work of GrieBhammer [165] who derived a general expression for the integral

e (L) 1
ax xs ! X+ =
/ @ (xrx)

using hypergeometric functions and the Mellin transform. We use his derivation to find a solution
to the slightly more general integral

> RO 1
dX X510 (aX + =) |
0 X

where the coefficients of ¢ and 1/¢g are arbitrary (although we need o« = § for the inversion
invariance). In appendix E we deduced in Eq. (E.18) the following result for the Mellin transform
M of the Legendre function of the second kind with the mentioned structure of its argument:

foforng) o] - [Favrtoa(on-)
0

R L+s 41 L—s" 41
BT (1 L“F< : )F( 2 )
o () ()
o

/Oéﬂ F(2L2+3)
L+sPy1 n-sP i1 o043 1
F i i : : (3.114
X 9 1( 5 , 9 ; 9 a4aﬁ ( )
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Given in terms of the ['-function and the hypergeometric function

oo P q Sk
r /’{;—l—aZ (b
pFylar, oy apiby, b 2) = H a - k+b . pgeN. (3.115)
k=0 i=1 j=1

It is known that due to parity conservation only even or odd partial waves can mix. Together
with the argument that one considers low-energy scattering it is thus justified to assume S-wave
scattering or — if L = 0 interactions are forbidden by some symmetry — D-wave scattering alone
and neglect all higher partial wave contributions. In appendix E it is shown that Eq. (3.114)
yields for L =0

/ Caxxi g, (an%) - <ﬁ> "ol () (3.116)
0

o sio) CcoS ( (0)) ,

and for L =1

(1)

0 ) ©
/0 dx x50, (aX +ﬁ%> = (\/E) {(S;;Zz B 1} sin <;S§1)>

[\/40@8—1 _ ((1) _ (1 1))
X | ———F5— S| s; ~ arcsin a—

D |

— COS (351) arcsin (% a_15> >] : (3.117)

Plugging these results into Eq. (3.113) one finds with « = 8 = 1 (since all particles have (roughly)

the same mass) for each parameter SEO)

a transcendental equation of the form

4N 1 Sln<§§)>

= — —_—, (3.118)
V3 SZ(-O) cos (gsf ))
and for D-wave scattering a similar one for sgl):
(1) (7D
4\ 3@(1) oS (E s; ) 1 Sin <55¢ >
= 7 N o\ 4N R N (3.119)
[(%‘ ) _1] sm(2 s ) [(35 )) _1] sin <5Si )

where we have used that arcsin(1/2) = /6.

We note that Eq. (3.118) and Eq. (3.119) have exactly the same form as in the three spinless
boson case. This comes not as a surprise because all particles and dimers in a non-relativistic
effective theory are described in the same way. Hence, their momentum and energy dependence
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and their behavior for asymptotic large momenta is independent of their spin, isospin, species
and mass ratios. The latter would in principle influence the overall prefactor of the matrix A;,
but as we must require all masses to be equal, even this prefactor is unchanged compared to the
three boson case. However, all other additional degrees of freedom affect the eigenvalue \; since
they determine the entries of the matrix 4; (for three spinless boson A\ = A = 2 is simply the
element of an 1-dimensional matrix). To answer the question whether or not the Efimov effect
appears in a system of three particles Py, P,, P53 one just has to determine the eigenvalues of
the matrix A; whose elements can be read off from the properties of the three particles. Only
the calculation of the spin and isospin dependent parameters x, y and z needs some effort if one
does it by hand and not with Mathematica using the 6-J symbol notation.

Before we apply this result to different three particle systems we discuss the two remaining types
of three particle systems.

3.4.3 Type 2 systems

In a system without shallow P, P; bound or virtual states one has — according to the rules derived
at the beginning of this section (see page 51) — to erase all terms proportional to T2(3L ) and ngL)

")
from Egs. (F.10 - F.15). On the one hand a 51(;2 ) _ 1 factor in terms proportional to Qp(~ ms)

(13)

sets m; = mgy and on the other hand d;, = 1 yields m; = my in terms with Q(~ ms). Due
to this fact it is sufficient to set my at least approximately equal to mg in order to get a scale
and inversion invariant system necessary for the Efimov effect. What does this statement mean
in few words? In fact, it means that we are able to analyze a system with two particles of equal
mass and one particle with different mass where only two of the three pairs have a large scatting
length (i.e. a dimer state), if the two equal mass particles are the pair without dimer. Otherwise,
it is not possible to decouple the amplitudes which is necessary for our method.

If we indeed assume €935 < 1 we can replace in the remaining equations all mg and p3 via

1 + €93
ms = mo =~ My ,
1-— €93
mims mimsa
/,L13 = = T3 ~ ILL12 . (3120)
my + mg Theay 1 T M2

Together with the modified Kronecker-deltas this leads to a set of equations all proportional to
2

2(a.p) = Q1 (qp (2:12 + L )) which can be found in Eqs. (3.122 - 3.125). In the same

2p12
way as we did for type 1 systems one can now factor out the Legendre function )7 and write

Egs. (3.122 - 3.125) as a 4 x 4 matrix equation:

Tl(QL ; (p) ) R @Ezi ; (9)
(p) (-1) / ¢ dq <m1 < ¢’ p® >) Ti5"(q)

_ — 4, m + o . (3121

)(p) 77 M12 qp \2p12 2412 7:1(2”((]) ( )
75" () 5" (a)

where the matrix A has in principle the same entries as for a type 1 system, but with erased
third and sixth row and column as it is shown in Eqs. (3.126 - 3.129).
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L opp ) 1 1 Ao dg T (q)
()% (1~ - da
2 ™ W12 812 C12 Jo q K12

H(12)2

502 (12) 73
X [x P Ps f(12 (12) Sias M1Q(q,p) + T2 51321%3 f(m) )(12) So13 m1Q}° (CLP)]

~~

oo\ 1 <$3 Op Py S132 + T3 S312> ~ Ae qq TE)
+(-1)" (1— P1P3> - (%3)(12)/ S miQ1 (g, p)
2 ) m mev/SiSizescs o 4

+ (-1* <1 _ 5P1P2) 1 /AC dg T}y (
2 T 12 812 V€2 ¢y 12

H(12)2

X [x5 Py Ps f(12')(12 St leL (¢,p) + s pQPi f(( N(12) So13 lelLZQ@,p)]

(966 Op Py S132 + Te S3 ) A /(L)
+(=1)k <1 _ 5P1P3) 1 1 ) ) )/ ¢ @ 113" () mQ2(q, p) |

fira
2 T 12 v/ S12 S13 €12 €5 (13)(12 0 q 2
H(12)2

(3.122)

Ty (p) =
) 1 (3/2 dpp, S123 + U2 5213) . Ao g f(L)( )
L PP 2 q
- (1 ) ) oo [ 2L Qi a.0)

- m1
2 T iz V/S13 S12 ¢13 Ci2 q  [J-H12
H(12)2

=(L
+ (_1)L (1 _ 5P1P3 l 1 /AC @T1(3)(Q)
2 T p12 S13 13 Jo q a2

H(12)2

5013) ~
X [y?’ PPy f(13 13) S132 leL (q p)+y3 pzpd f(13 13) S312 leL (q, p)]

5 ~
+ (1)t (1 _ 5P1P2) 1 <y5 PP, S123 + Us 5213> ~2) / _q ( ) O02(¢.p)
g q

!
2 fi2 v/ S13 Si2 €13 €y (12)(13) —&
H(12)2

) 1 Ac qu/(L

T 12 513 V€13 Ch3 ’(‘1122)2

5039

op P
_1L 1_ 1473
+(=1) ( 5

P1 )
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T (q

(—1)* (1 — 5”2) 1 /AC dq
2 T (412 512 \V/Cla €12 2

H(12)2

X [xl 55:’1121;3 f((EQ))(IQ’ 8123 leL (q p) ~, 653122133 f(3)) 127) S213 le?Z(q,p)]

x4 Op py, Sz + T4 Sz12 ) _ Ac (L)
+ (=1t <1_ 5P1P3> l( 3 3 ) 3) / dg Ti3" (g )m LQ¥2(¢,p)

fasyae
2 )7 /SuSudpas a0 [
6P1P2> 1 1 /AC@T{;L)(Q)
0

/
T p12 Sz Cl9 q Hi2
H(12)2

X [QZ% 51(9112}{1 f((132)/)(23/) Sl23 le?Q(%p) / 6531221% f 127)(127) 5213 m1Q1L22(Q7p>]

5 1 ZL’% 5pp 5132—1—%{3 5312 - Ac d T’(L)
+ (=1 <1_ P1P3> %( s >f(3) / aq 113 (9) miQ2(q,p) ,

137)(12/
12 A/ S12 S13 ¢y 0'13 (13)(2) q K12
H(12)2

(3.124)

Spp,\ 1 Yo 0P,y S123 + Yo So13 A go TE)
(_1)L (1_ PP) ( ) 7(2) )/ q 119 (Q) m1Q122(q,p)

— f ,
2 T 12 v/ S13 Si2 €3 Ci2 (12)13
+(-1)* (1 - 5P1P3) 1 /AC dg T
2 T (12 513 Vi3 ci3
7(3)

(13
X [y P112’2 f(13 13/) S132 leL (¢,p) + ¥ 5532123 f(lg)(lg/ S312 m1QL (g, p)]

M(12 2

ﬁ

/ ~y .
) 1 <y5 5P1P2 Staz + Ys 5213) » Ac g T/(L)
P1P2) - (2) / aq Ly (q) my 122(q p)

+(=1)" (1 - Fonas
2 2 \/S13 S12 €13 ¢ 03 o g ﬁ

/(L
e (1ot L /AC dg T (q)
2 ™ W12 513 C/13 0 q Hi2

H(12)2

(13 13") (3
[yﬁ PlPi f(13/)(13, Sis2 Q> (q,p) + Vg 5532133 f(lg, )(137) Ss19 lefQ(q,p)] . (3.125)
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(A2)i1

<A2)i2

(-

(-

o, Py

5P Py 1
2 S12 c12

(12) ()
l% Orirs Jaay

P, Py
(1-%

2

(-

1
) S12 \/0’12 c12

) <y2 dpy Py S123+72 5213>

V/S13 S12 c13 c12

5 1P3 f12)(12/ Sz + T

( _ 61”11’2

) <y2 dp, Py S123+75 5213>
\/513 S12 ¢} c12

Op Py
(1-%

P Py 1
2 S13 c13

Y3 0

> <:C3 0py Py S132+3 5312>

V/S12 Si3 c12 c13

13
1(311‘2’2 f((l) 13) Sl32 + y3

(xé 6P]_P3 Sl&Q‘i‘ié 5312>

5
(1 _ P12P3>

\/512 S13 ¢} C13

(AQ)iS

<"42)i4

5P1P3 1 , 13) (1)
(1 I S13 4/l c13 5P1P2 f(13)(13/ S1z2 +
op Py 1 (12) £(3)
(]- 2 S1o \/012 oy Ty 5P1P3 f(12’)(12 5123 +
g S Ts S
(1 _ 5P1P2) <y5 Py Py 0123195 213)
2 \/513 S12 €13 ¢fq
5P1P2 , (12
(1 N 2 512 C 5P1P3
Y5 Op, Py S123+7; 5'213>
<1_5P1P2> (5 1172 5
2 \/513 S12 ci3¢)y

(-

(-

0Py Py

(356 dp, Py S132+%6 5312>

0
(1 . P12P3>

) ; Yo
2 S13 \/013 cls

\/512 S13 c12 ¢f4
(13" ¢(1)
6P1P2 f(13/ 13) S13a +

<1‘g 6P1P3 5132+5% 3312>

8
(1 _ P12P3)

Opy Py Ly
2 S13 0/13

13 (1)
é 5P1P2 f(13’)(13’)

T
\/512 S13 ¢l Chg

Si32 + Yg
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7(2)
(12)(13)

5(12)

PoPs

72
fanas

£(3)
(13)(12)

5(13)

Py P

7
IRENED

513)

y3 PP

(12))
s 6P2P3

7(2)
f(12/)(13)

3) (12") 7
f12/ (127 O123 + T /5P2P3 f(12/)(12' Sa13

72
(12/)(13")

7(3)
(13/)(12)

580

Yo 0 PyPs

(137)(12)

(13") 7(3)
6 0p,py J (13 (131)

Py Ps

~ (12) 73
12) S123 + T2 55’2;3 f((12))(12) 5213]

£3)
f(12)(12') S213]

73)
f(13)(13 5312]

£3)
f(13)(13/) 8312]

3213]

£(3)
f 12/)(12)

f(13/ )(13) 5312]

5312]

(3.126)

(3.127)

(3.128)

(3.129)



Although the matrices A; and A, are almost identical (they just differ by their dimension, but
not by their entries) Eq. (3.98) and Eq. (3.121) have a different, mass dependent prefactor,
respectively, which can affect the result for sl(-L) in the end.

To find the corresponding transcendental equation for the parameter SEL) we do the same as in the
type 1 case. One applies an unitary transformation under which the amplitudes decouple, namely,
under which A, becomes diagonal. Since the decoupled amplitudes fulfill scale and inversion
invariant integral equations their replacement by a power law solution ~ psEL) (1€ {1,2,3,4}) is
justified and hence one finds in the limit A¢ — oo a similar equation to Eq. (3.113):

D)

L S. l
e \/T / dx X5 1 Q, <2mz <X+X)), (3.130)

where \; are now the eigenvalues of the matrix A;. Considering the argument of the Legendre
function it becomes clear why we had to find the Mellin transform Eq. (3.114) of the more general
QL. Using Eq. (3.116) one finds with @ = 5 = my/(2u12) the corresponding transcendental

equation for L =0
my G 1 sin (sl(-o) arcsin (’“f))
1= 1 R (3.131)
2 Hi2 s; cos( 5(0)>

? 7

AN 1 sin (SEO) arcsin 1= 512)))

= 1= — (3.132)
(0)
\/4 — (1 —e19)? — 2]2 S cos <251(0)>
In the second representation (Eq. (3.132)) we have with Eq. (3.89) and
4 4 4 4 4
, (3.133)

Wi-? ViR (APt ah) (@ _2F -4 i (222
rewritten it in terms of the mass difference parameter —1 < €15 < 1 which must not tend to zero
in a system of type 2. However, if it is very close to zero one directly observers that Eq. (3.132)
looks the same as the determining equation of SEO) for a type 1 system (Eq. (3.118)), but as the
eigenvalues \; can be different for 4; and A, they lead in general to different results for 51(0)' Only
in the case of a type 1 system without a P, P5; dimer where one has to erase all TQ(Q amplitudes
so that A; becomes equal to A both equations are equivalent. But this is not surprising since
such a system (type 1 without dgg) is what we have called type 2. Nevertheless, in general where
€12 is not close to zero it can have a large effect on s( ) if one mass is much larger than the other
it tends to £1. In the limit of £19 — +1 the right-hand-side of Eq. (3.132) yields 0/0 and hence
one can use the rule of L'Hospital and arcsin(0) = 0 to find

( (0) )>>
A | sin(s;’ arcsin

1= lim W

Fam \/4 (1 —e19)2—2) Si cos ( 850))

A — (3.134)

COS <gs§0)> 7
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(0)

i .

which can be solved for s

_2 = 2 \
S; Warccos( i) - [ — arccos (\;)]

2
=2+ —1In{ X\ +iy/1—\ 1
n( i 2), (3.135)

where we have used the complex logarithm to continue the arc-cosine to the region outside the
interval [—1, 1]. For eigenvalues |\;| > 1, SEO) can be purely imaginary and hence the existence of
the Efimov effect is not excluded and one cannot make a general statement about its occurrence.
In the other limit, i.e. €10 — —1, Eq. (3.132) goes to

A 1 sin (35‘” arcsin <(1_§12)>)
1= _lm, : (0 (0)
c12—— \/4 B [(1 _ 512)2 _ 2]2 S; coS (%‘Sz )
A\, tan (55(0))
= 6+ , (3.136)
&

with arcsin(x) 2 /2. Thus, sgo) tends to infinity, but its sign and in particular the fact

whether it is real or purely imaginary depends on the sign of ;. Using the definition of €15 =
(my —ms)/(my +ms2) we conclude that on the one hand the limit of it going to +1 is equivalent
to m; > msy = mg and on the other hand ;9 — —1 corresponds to m; < my = mg3. The
conclusion is thus that one cannot deduce solely from the mass ratio of the particles if there is
an Efimov effect in the system or not.

For completeness we state also the result of Eq. (3.130) for angular momentum L = 1 (cf.

Eq. (3.117)):

H12
X | =7 sin (sf-l) arcsin <E>> — cos (351) aresin (Mu))

sgl) my my
AN 851) oS (sgl) arcsin (“_—;12)>>
- Va1 — e 2P [(ng)Q - 1] sin (351"
AN 1 sin <s§1) arcsin (172512)>>

_ . (3.137)

(1 —¢ep)? [(sgl))Q B 1} sin (%351)>

Taking the limit ;o — £1 does not lead to further insights regarding the Efimov effect. Hence,
we omit its derivation. However, besides these subtleties the search for a possible Efimov effect
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is like in the type 1 system reduced to the determination of eigenvalues of a matrix whose entries
can straightforwardly be read off from the properties of the three particles in the system.

Before we continue with the last type of systems we can — as a check — apply the type 2 results
above to a system of either two (identical or distinguishable) bosons or two identical fermions
and a third boson in order to reproduce (in parts) Fig. (53) in the work of Hammer and Braaten
in Ref. [80]. To do so one has to change the particle allocation via P, = PHB p, = PHB and
P; = PHB since in Ref. [80] a system with mHB = m B £ mIB is considered which does not fit
in our scheme with m; # mo = m3. Assuming the bosons to be scalars and the fermions to have
spin 1/2 one has the following dimers in the system: dj5 and di3. Both with spin 1/2 (there are
no primed dimers) so that the spin 0 scattering channel is the only allowed channel for bosonic
and fermionic configurations. From the particle allocation we read off that S;o = Si13 =1, dpp, =

5§3P =0fori=1A j=2,3 and that f (12)(12) f}f’%)(m) = f((122))(13) = f((122))(13) = 1. Furthermore,
we know from the symmetry factor S;;; derived in appendix B and given in Eq. (B.13) that for
all above mentioned combinations of bosons and fermions it holds S3;3 = S312 = 1. The matrix

Ay (cf. its first two columns Eq. (3.126) and Eq. (3.127)) simplifies to

Ty U2 T3
-/42 - PoPs 5(13 9 (3138)

y2 PyPs

which is a 2 x 2 matrix since we erased all primed variables because there are no primed dimers.
All in all there are three cases left:

e P, = P3 bosons: the modified Kronecker-deltas both vanish. Thus, one finds

(0 Z\ (01
(1 3)-0)-

where the parameters 3 and 75 are calculated using one of the methods explained in the
last two sections of appendix A. The matrix A, has the eigenvalues \; o = £1.

e P, = P3 bosons: the modified Kronecker-deltas yield 1 and in addition it holds Tlg =T 12
since P, = P3. Hence, according to the rules in the box on page 51 one erases T3 from the
equations. The result is a number Ay = 25 = 1 so that A\; = 1.

e P, = P; fermions: the modified Kronecker-delta yield 1 and as above the matrix A, again

has a 1 x 1 structure, but now the r parameter is —1 so that one finds: Ay =z, = —1 and
thus \; = —

The non-positive eigenvalues in the fermionic case are already a hint to what is shown in Ref. [172]
and used in a similar framework in Ref. [173]. Namely, that in a system as above the Efimov
effect can only occur in S-wave scattering if the particles are (identical or distinguishable) bosons
or in P-wave scattering if at least two of the particles are fermions. Indeed, one does not find
purely imaginary solutions to Eq. (3.131) for A; = —1, independently of the mass factors. In
contrast, for A\; = 1 the same equation (3.131) yields purely imaginary solutions for arbitrary
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Figure 3.7: Results of type-2-system calculations for two either identical or distinguishable
bosons (pluses) or identical fermions (crosses) Py, Psy and a third boson Py in comparison with

Fig. (53) in [80] where the solid line describes the scaling factor exp(w/sgo)) for Py, P3 being

bosons and the dash-dotted line that for P, Ps being identical fermions, i.e. exp(ﬂ/sgl)), as
functions of the mass ratio my/msg.

mass ratios. Rewriting the mass dependent factors in Eq. (3.131) in terms of my/mg = my/mq
one can reproduce the solid line of Fig. (53) in Ref. [80] which belongs to the two bosonic cases:
we took this figure and used our method to find the ”pluses“ shown in Fig. 3.7 which match
with the solid line as they should. In the same way one can reformulate the P-wave relation
Eq. (3.137) in terms of the mass ratio m, /mg and search for purely imaginary solutions of 551) for
A1 = —1 in the fermionic case. One finds that for mass ratios m;/mg = 13.6 such solutions exist
and thus the Efimov effect is present, which agrees with the statements in Refs. [80,172,173].
In Fig. 3.7 we have marked the results of our method by crosses which match with the dash-
dotted line for fermions as expected. Note, that the dashed line of Fig. (53) in Ref. [80] which
corresponds to a similar (though different) system of two bosons / fermions and a third boson,
but with a bound state dsz between the particles with equal masses, cannot be described by our
method (see opening words of this section 3.4.3) and is thus not shown in Fig. 3.7.

3.4.4 Type 3 systems

We will now focus on three particle systems of type 3 where only shallow P; P, dimers exist.
As there is just one pair of particles with large scattering length one would expect that Efimov
physics are not relevant in such a system. Indeed, we will show that the analysis of type 3
systems only yields an Efimov effect if the system can fluctuate into a type 2 system due to a
superposition in the flavor wave function of the respective dimer.

Following the rules on page 51 one has to erase in a type 3 system all terms proportional to
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Tl( and T ©) from Egs. (F.10 - F.15). It remain just two coupled integral equations:

~ opp | 1 1 < dg Tiy (q)
R (1) L1

T 12 Sh2 C12 q
H(12)3
(12 (12
X [xz P1})>3 f(12 12) Si23 szL (q p)—i—xz p2;)>3 f(12 12) S213 leL (q p)]

L)
+(-1)* (1_ 5%) ! qu;g

2 T 412 512 V€12 ¢y k12
H(12)3

X [xE) P P3 f(12/ 12) Si23 m2QL (q p) + T3 5531221% f((132),)(12 So13 leL (q p)]
(3.139)

1 dq le

~ )
P = -0F (1-22) 1
2 2 T 12 512 \V/Cha €12

(12)3

12) (3 12) (3
[ 5331193 f(12) )(127) Sia3 m2Q%1 (C] p) + 372 5532133 f(lg) )(12) Sais3 le?Q(q,p)]

/(L
(i) L T
2 ™ U12 512 C/12 0 q K12

H(12)3

~—

127) 3 ~1 ¢(12
[ 5531133 f(12)/) (23" 3123 mQQ%H(q)p) / 5P2P;))) f(12/ )(127) 5213 le}?Q(QJQ)] .
(3.140)

(120)

20
We note that each term is proportional either to dp, p, ~ or to 5](3 Py ) ,but it P, = Py (P, = Ps)
there must be an extra P,Ps (P P;) bound state which is a contradlctlon to the classification
of type 3 systems. Thus, we conclude that a type 3 system only exists for the special case (cf.

Eq. (C.2))

120 Py /PPy
50 /PQ?PS O s 430,001 (5175,2)‘” o, A2> —1. (3.141)
(12<’>) (12<’)) .
Furthermore, it also leads to a contradiction if we assume 0 PLPs =94 Ppy = 1 because this would

imply A; = Ay = Az, but with A; = A, the equation above always yields zero. Therefore one has

(12(0) _

120
to distinguish two cases for which a type 3 system can exist: firstly, 5&1 P, ) _ L and dp,p,

12() 120
And secondly, the vice versa case (51(3 P, ) - 0 and 51(32 P, ) - 1. However, by interchanging the
particle allocation of P, and P, one can transform these two cases into each other and we only
have to consider one of them. We chose the first one.
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Q) Q)
Case 1: 61(3111,3) =1 and 5&1213 ) =0

(/
From the condition 5531}) ) _ =1 for P, # Pj it follows that 0 A0 = 1, 04,4, = 0 and 94,4, = 1.
Therefore one can conclude that P, and P, both are bosons which implies (193 = +1 and thus

Sio3 = 1 as well as S1o2 = 1. Also concerning the a,b parameters one finds some constraints:
ayay = biby =0, v§2 = w§2 =1/v/2 and a3 = 1 or by = 1. Altogether this leads to

1
3
f((1)2</))(12[,]) = <a1a2a1a2 + agwgw[] + 531}%2)”%}2 + b1b251bz> =3 (3.142)

for all combinations of primed and unprimed variables. Finally, this yields with dp, p, = 0 (follows
from 4,4, = 0) the matrix equation below:

-~ x2 T5 _
T1(2L) () _ (=1 my  [paan €12 Vewzdh, A dg me (q P T1(2L)<‘1)
LT RV el BN S (5= (2+2)) (Za)
T (p) ™ 12 H12 — 7 0 q 2 \p ¢ T (q)

(3.143)

o

Decoupling the amplitudes and inserting the power-law solution ~ psz@) one finds in the limit
Ac — oo with X = ¢/p:

s( ) —1
/L(12 dX ( mo ( 1 )) .
1= 1/ X+ = , forie{l,2}, 3.144
T 1u12 QL 2#12 X { } ( )

with \; being the eigenvalues of the matrix

Z2 Z5
I e (3.145)

/
\/c12¢]5 C12

For S-wave scattering we deduce from Eq. (3.116) with o = § = my/(2p12) the following trans-

cendental equation for sl(-o):

. (0) . 112
1 S1n (52- arcsin <m ))
1= 2 RO /) (3.146)
12 H12 S5t cos( S(O)>

? %

This result is very similar to what we have found for the type 2 system. However, this is
not surprising because a system of type 3 only exists in a situation where one deals with a
superposition-dimer d ~ AyAy + 7712 A2A1 (cf. the properties of P, and P, derived above). In
fact, it accounts for the case that one considers a three particle system A,A; A3 where neither
Ay A nor Ay A have a bound or virtual state and which seems to not contribute at all. But as
it can fluctuate into the system A, A; A; where the latter two fields have a dimer state, it does
contribute. Then, we finally note that the fluctuated system is because of A; = A3 nothing else
then a type 2 system with particles 1 and 2 interchanged compared to what we have discusses
in section 3.4.3. This explains the mentioned similarity and we conclude that type 3 systems are
just a remnant of type 2 ones. Hence, they can be ignored in further analyses.
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3.4.5 Implementation with Mathematica

Considering the matrices A; and Ay corresponding to type 1 and type 2 three particle systems
we observe that they only depend on a rather small number of parameters like spin and isospin.
Hence, it is relatively straightforward to implement the full calculation of the two mentioned
matrices into a computer program. For this purpose we choose Mathematica since it already
contains a command SixJSymbol which determines the Wigner 6-J symbols for given spins.
Furthermore, one can — after determining the eigenvalues of A4; 5 — use the FindRoot command
to find a solution of the transcendental equation for the scaling parameter s which depends
on these eigenvalues. To use such a program in the right way one has, however, to remember
the rules in the box on page 51 in order to assign to the parameters the right input values.
Considering for example the NNN system one has to erase the amplitudes T3, T53 and the
respective primed counterparts. Consequently, one has to set the spins Ji3 = Jos = no (see com-
ments within the program) to get the right results. The corresponding Mathematica notebook
"Efimov_Analysis.nb“ can be found on the attached CD. On start the input parameters are
set to values which correspond to the NNA system with the particle allocation P, = P, = N,
P; = A and with the hypertriton as Efimov trimer.
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Chapter 4

Efimov effect in hadronic molecules

After the discussion of the different types of three particle systems in the previous section one
can continue with two possible applications. Firstly, one can apply the derived methods for
the determination of the parameter s) to various three particle systems where some particle
scatters off a — more or less — established hadronic molecule, in order to check if the Efimov
effect is present in such a system. The nature of many states appearing below is not completely
understood due to lacking experimental data. We will interpret all of them as S-wave hadronic
molecules. Additionally, we assume that they at least approximately fulfill the conditions that are
necessary to treat them in a pionless EFT (see also section 4.3). The second application will be
that we consider specific combinations of charm and bottom mesons (which are the constituents
of a large number of molecules, cf. Tab. 4.1) and check which spin and isospin configurations
lead to Efimov trimers in the scattering off a third charm or bottom meson. This procedure is
also applied to hypothetical dibaryon systems.

Before we start with this task we want to emphasize that the ideas of treating hadronic molecules
like the X (3872) in EFT(7) [132] or to search for possible Efimov trimers in X (3872)-D scattering
[133] were already invented by Hammer and Braaten and respective co-workers. Moreover, one
should also mention the work regarding hadronic molecules done in Refs. [134-162] which is in
many aspects the basis for this thesis.

4.1 Established systems

We start with the first application where we discuss the Efimov effect in established molecule
systems. For this purpose we have collected a set of experimentally known bound or virtual
states in Tab. 4.1 which have in common that one can interpret them as hadronic molecules.
Furthermore, one can find the constituent particles of these molecules in the same table where
the given mass of an isospin multiplet has to be understood as the charged/uncharged mean
mass. A short discussion of the applicability of EFT(7#) to the particles in this table can be
found in section 4.3. Before we discus the results of our search for Efimov trimers we start with
two demonstrative examples to clarify the derived method: on the one hand the well-known three
nucleon system with the triton as three-body bound state (discussed e.g. in Refs. [80,92,93])
and on the other hand we consider as a "new*“ system the one made of three kaons.
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particle / molecule

wave function

IG(JP)

isospin av. mass [MeV]

K [2] J/ 1(07) 495.6
D 2] J/ 1(07) 1867.2
D* [2] J/ (1) 2008.6
D, [2] J/ (1) 2421.4
B 2] J/ 2(07) 5279.4
B* 2] J/ 2(17) 5325.2
N [2] / 5(57) 938.9
A [2] / 02" 1115.7
ao(980) [2] KK [40-42,61] 1-(0) 980
f0(980) [2] KK [40-42,61] 0F(0F) 990
D*,(2317) [36,37] DK [43,44,47] 0(0%) 2317.8
D1 (2460) [36,37] D*K [43,44,47] 0(17%) 2459.6
D7,(2700) [59] DK (?) 0(17) 2709
X (3872) [20] 7 (DD + D*D) [58] 0(1%) 3871.7
7.(3900) [22-24] 75 (D*D + D*D) [49,50] | 17(1%) 3899.0
7,(4051) [32] —D*D* [51,52] 1-(1%) 4051
Z5(4250) [32] 7 (01D — DyD) [51,53] | 17(17) 4248
7(4430) [29-31] 75 (D*Dy + D*Dy) [51,54] | 17(17) 4443
7,(10610) [33] 75 (B*B + B*B) [55] 1+(1H) 10608.4
Z1(10650) [33] B*B* [55] 1+(1%) 10653.2
A(1405) [2] KN [56,57] 0(37) 1405.1
351 NN PW (deuteron) NN 0(1%) 1875.6
1Sy NN PW NN 1(07) J/
35, AN PW [38,39) AN (1) J/
1Sy AN PW [38,39] AN £(07) J/
1Sy AN PW (?) AA [175] 0(0%) /

Table 4.1: Considered hadrons and their two-body molecule states (PW: partial wave). The

1sospin averaged mass is the mean one of the iso-multiplet members.

molecule wave functions are hypotheses (their first proposal is referenced); especially, the inter-

pretation of DY = KD, and the existence of the H-dibaryon AA are very hypothetical as indicated

by the question marks. Note also, the remarks on the applicability of EFT(1 ) in section 4.3. For
each particle the reference for its discovery and properties is given in the first column.
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4.1.1 Three nucleon system

In the NN system it is known that there is one 2S; partial wave bound state with isospin 0
(the deuteron) and a 'Sj partial wave virtual state being an iso-triplet. Since the three particles
in the system are identical their allocation to the generic particles P, P, and Pj is obviously
P; = N for i = 1,2,3. The deuteron will be assigned to the dimer d;, and the virtual 1S, state
to d}, with quantum numbers (cf. Tab. 4.1)

1(J7) ()
1(J7) (1)

0(1),
1(07) . (4.1)

Keeping in mind that nucleons have both spin and isospin given by 1/2 one concludes that one
only has — according to the rules in the box on page 51 — to deal with T}5 and 77,. Since all
particles have the same mass we consider a type 1 system where the matrix A; is a 2 x 2 matrix
with elements

5P P 1 12 3 12) 3
(A1), = (1 - ; 2) < [x 5531113 f((1§)(12 Sti23 + T2 5§DQP3 f((12)) (12) SHEIE

Si2 €12
Op, P, 1 - o, 602 ¢ 5(12) -
(Al)zl =\|1- 9 51 m Py P3 f (12)(12") Stz + T P2P3 f(12 (127) Sz |
12 i J
op, p 1 [ (12) £(3) ~ ¢(12') F(3) -
i = (1 7 2) SioJem iy | Oppy Jr2ny(12) S123 + T5 0p,py J(120)12) S |
12 | J

op, P 1 12} 4(3) ~ <(12)) (3
(AI)QQ — (1 — ; 2) 512 6,12 [x% 5531Pi f((12/ 12/ S123 + ! 5P2Pi)’, f((12)/)(12/) 5213

The particle allocation yields that a; = az = az = 1, but all b’s are zero and consequently the
functions f and f return ”1° independently of their arguments. Furthermore, all Kronecker-
deltas are 1 and the symmetry factors Sis = 2 and Sy93 = So13 = —4 can be found according
to appendix B. The remaining spin and isospin dependent factors x are determined using one
of the methods explained in appendix A. Depending on spin (S) and isospin (/) channel one
finds using for example the 6-J symbols in Eqs. (A.111 - A.146) with j; = jo = i3 = iy = 1/2,
Jig = I}, = 1 and Ji, = I12 = 0 the following values:

N 101 1 1 g —L forS=1&r1r=1%
_ 12(J+I)X3{2 2 }X1{2 2 — 47 2 2 ,

Ty =Ty = (=1) I 51 I To LoforS=3&1=1

N 11 119 3 forS=1&I1=1
-~ 12(J+I)X\/§{2 2 ><\/§ 2 2 — )4 2 2 7
ry =Ty = (1) I g1 I'Io 0, forS=38&1I=1

N 119 11 g 3 forS=1&I=1
e = T — 12(J+I)X\/§{2 2 }X\/g{Q 2 _ ) 2 2 :
5 =15 =(—1) I'so 5 11 0, forS=3&1I=1
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All in all the matrix A; reduces to
—1 -1 1 _3
Afigvl t= ( °3 12) ; (4.2)
T2 2

_3 1 3
in the spin and isospin 1/2 Channel (doublet channel) and to Af_ =2 )\1
2

=1
=1
2

1

2 =—-1/21n the
_1

quartet channel with S = 5. The eigenvalues in the former case are )\1 2 = 2, —1. Plugging

them into the transcendental equation for the S-wave scaling parameter SE ) (Eq. (3.118)) one

obtains that only in the doublet channel s§°> = 1.00624 7 is indeed purely imaginary. Hence,
the Efimov effect is present in the system. This result perfectly coincides with the work done in

Refs. [80,92].

4.1.2 KKK system

In the second detailed example we consider the system KK K. From experiment we know that
there are two candidates for hadronic molecules in this system (cf. Tab. 4.1): a¢(980) and f,(980).
Both can be interpreted as a K K state, but with different quantum numbers [2]:

I¢ (JPC) (ag) = 1’(0**)
19(JP9) (fo) = 0% (0" ) . (4.3)

The kaons K themselves have I(J¥) = 1/2(07). To answer the question whether or not an
Efimov trimer exists in the system we will analyze aq—K scattering. Namely, following the rules
described in the previous section we allocate the three kaons to the generic three particles P,
P, and P5 as follows:

Plzk,
P=P=K. (4.4)

Because of P, = P we have to consider just two dimers (cf. rules in the box on page 51): di2 and
d}5. Since all three particles in the system have the same mass we consider the type 1 results,
i.e. we have to find the matrix A; and diagonalize it. From the allocation above we can directly
read off almost all parameters needed to determine the elements of A;. Indeed, Eq. (4.4) sets
b1 = ay, = a3z =1 and a; = by = b3 = 0. Furthermore, we have

dpp, = 0pp, =0,

6P2P3 =1 )
5A1A2 == 5A1A3 = 5A2A3 = 1 ) (45)
and thus
(b))
6P1-P]- E(spip]. , Va<b€{1,2,3}. (46)
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It is sufficient to calculate v§2 and w§2 since all elements with other indices are erased from A;.

With G-parity quantum numbers 7,2 = —1 and 7}, = +1 we find

v1p =1 X% [%—klx(1—%)}(1><1+()><O)><(—1)1+(1—1)><1><1:—1, (4.7)

012 = +1 ) (48)
W12 = 'U)/12 =0 y (49)

which is needed to determine f and f Also the symmetry factors Sis = 1 and Sio3 = 2 as well
as Sa13 = 1 are a consequence of the particle allocation in Eq. (4.4). Obviously, there are no
fermion minus signs (i.e. (123 = (213 = +1) since all three particles are bosons. The 2 X 2 matrix
A; is thus given by

Ty __ T
A = x Ve (4.10)

The remaining four spin and isospin dependent parameters Ty, T5, 7, and % can be calculated
using one of the methods explained in appendix A. All methods have in common that they use
normalized projection operators and hence we know c¢12 = ¢}, = 1. This holds independently of
the scattering channel. However, the x parameters are of course different for different spin and
isospin. While the spin channel is uniquely determined to be 0 the isospin one can be either
1/2 or 3/2. In order to find the x parameters we use in this example their defining equations
in Eqgs. (A.43 - A.52). Plugging in the right operator of Tab. A.2 to Tab. A.7 according to the
spin and isospin quantum numbers of ag, fy, K and choose one of the two scattering channels
one has to calculate in the spin 0 & isospin 1/2 channel:

~ 1 -1 ) —1 -1 1
=3 %(Tg)xaﬁ(Tm72)poﬁ(727g)upﬁ(7m)m =-3
., 1 i —i —1 V3
x:_éa_TmT c ™ =\T2)vp—=\Tm)uvx = (7
2 9 )\\/§< 2)11 \/§(Q)P\/§( )A 9
1 -1 i —i V3
L5 = 2 %(7—9)/\0%(72)pUE(T2Tg)V06V/\ = 5
- 1 i —1 1
== 0rn—0rx o = vpOu = 5 4.11
Ly 9 O \/§<7'2)p \/§<T2) pOVA = 5 ( )
and in the other possible channel with isospin 3/2 the task is to determine
B2 = = 3 (1700 + dre] ~= (D)o (T hopm (T + Smb] =1, (412)
To = 43 TgTe) \o glY o \/§ TmT2 pa\/i ToTy I/p3 TeTm )vd imUvA] — 1, .

since 7, = T5 = 75 = 0 because the isoscalar fy cannot contribute to the second channel. The
numbers above are obtained using the well-known identities for the Pauli matrices summarized
in appendix A.
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The matrix A; in the spin 0 & isospin 1/2 channel is given by

5=0,I=1 —1
"41 ’ = (_ig 12 9 (413)
2 2
and its eigenvalues are \; = —1 and Ay = 1 so that the transcendental equation for L = 0 in
Eq. (3.118) yields
s =2 (4.14)
s = 0.413697 i . (4.15)

Since one solution is indeed purely imaginary we deduce that the Efimov effect is present, but
its scaling factor exp(zﬁr/séo)) = 1986.14 is rather large.

_3
I=3

=1= )\1.
For S-wave scattering Eq. (3.118) has a purely imaginary solution 550) = 0.4136971 so the Efimov
effect is again present with the same scaling factor of 1986.14 as for isospin 1/2 and we conclude
that there must be in either channel a K K K trimer state in the system. As a remark, note that
even if the a¢(980) is not a molecule and hence the f3(980) (whose molecular substructure is

more established [174]) is the only remaining dimer in the three kaon system, the scaling factor
of 1986.14 is unchanged.

In the I = 3/2 channel one obtains just a single number, i.e. an 1 x 1 matrix Afzo’

4.1.3 Summary of other established systems

After those two detailed examples we will now summarize the results for all physically promising
combinations of molecules and single particles in Tab. 4.1. Namely, for all three particle systems
where at least two of the three particles have a bound or virtual state. Depending on the
considered particles we either apply the rules for type 1 or type 2 system. However, the in section 3
derived methods do not provide a straightforward analysis for the following kind of systems: a
system of two particles with (approximately) equal mass and a third particle with different mass
where the equal mass ones have a resonant interaction (i.e. a bound or virtual state) cannot
be analyzed. Hence, we will use the mass difference parameters ¢;; := (m; — m;)/(m; + m;)
introduced in Eq. (3.84) to classify systems where the mass difference is still small enough so
that type 1 system equations are applicable. Therefore one has to compare in each relevant
system the mass difference parameter and the effective range of the corresponding molecule. The
contribution of the latter is already neglected as we have only considered leading order terms in
the effective range expansion. Unfortunately, in almost all two-body systems the effective range
is not known (one exception is the NN system with the deuteron as bound state). Thus, we
have to assume that the corrections from setting €;; ~ 0 are indeed at most of the order of the
effective range corrections. This should be a justified assumption as it can be seen by comparison
with Ref. [167] where the mass difference between nucleons and A particles (eya ~ 0.1) is also
neglected.

In the same way as described above for the NNN and KKK system one finds for all other
systems the matrices which needs to be diagonalized in order to find their eigenvalues \;. We
plug these eigenvalues into the transcendental equation for the S- and P-wave scaling parameter
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sz(.o’l) given in Egs. (3.118, 3.119) for type 1 or in Egs. (3.131, 3.137) for type 2 systems. Note,

however, that it is shown in Refs. [80,172,173] that for symmetry reasons some boson/fermion
configurations can only occur in even or odd partial wave channels, respectively. For instance in
a three boson system the Efimov effect can only be present in the S-wave channel.

In Tab. 4.2 we have summarized all systems where the Efimov effect occurs. One observes that
— concerning fully bosonic systems — only in the K KK and in the scattering of charm mesons
off the not so well-established K D; molecule D? (2700) the Efimov effect is present. Is the
molecule in the latter scattering process a D?,(2317) or a D4;(2460) instead one finds no Efi-
mov trimer since the mass ratio €12 = €x p is not large enough to push the factor in front
of the trigonometric functions in the transcendental equation for s(°) above a critical value so
that 5% becomes purely imaginary. Also in all (according to Tab. 4.1) possible combinations of
three charm mesons or of three bottom mesons (both analyzed using the type 1 scheme since
the mass difference is reasonable small) there is no Efimov effect. The conditions under which
such meson—meson molecules would be affected by Efimov physics will be discussed in the next
section.

Next, we focus on systems consisting of fermions only. Besides the already known results con-
cerning the NNN [80,92] and NNA system [167] one finds evidence for Efimov trimers in the
scattering of a nucleon off a H-dibaryon (AA) which was suggested by Jaffe in Ref. [175]. A
further extension with more dibaryon states like N, N=, AX, A=, ¥, ¥=, == or even with )
combinations could be possible, but there is up to now no experimental evidence for such dimers.
However, we will discus some issues concerning them in the next section.

As a third alternative there could be molecules consisting of a baryon and a meson. An ex-
ample for such a two-body system is the A(1405) lying just below the KN threshold so that
its interpretation as a virtual kaon—nucleon state is justified (see also Refs. [176,177]). The two
corresponding three particle states are thus NK K and K NN. The former fits into the type 2 sys-
tem scheme, but is not affected by Efimov physics. Unfortunately, the latter cannot be analyzed
because the two equal mass particles (the nucleons) can form a bound (35S partial wave) and a
virtual (15, partial wave) state. However, if one chooses one specific isospin channel, namely the
one corresponding to the system K~ pp, the type 2 method is applicable to K NN since the two
protons have no dimer state. This gives us the opportunity to check whether the theoretically
predicted [178-180], but not yet experimentally confirmed [181,182] K~ pp three particle bound
state can be interpreted as Efimov trimer in the scattering of a proton off a A(1405). Indeed,
we found in the K NN isospin 1/2 channel with I3 = +1/2 fixed that there is an Efimov effect
which gives rise to a K~ pp trimer. Its existence would thus support the interpretation of the
A(1405) as hadronic molecule.
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system channel scaling parameter Im (S(O)) scaling factor exp (%)
_ S=0&I=3 0.413697 1986.14
KKK
S=0&1=3 0.413697 1986.14
KD\D(?) | S=1& =1 0.231624 777104.0
S=0&1=1 0.231624 777104.0
KD\D* () | S=1&T=4 0.231624 777104.0
S=2&1=4 0.231624 777104.0
S=0&1I=3 0.231624 777104.0
KDiDy (?) | S=1&T=} 0 /
S=2&I=1 0.231624 777104.0
S=1&I=1 1.00624 22.69
NNN | S=1&1=3 0 /
S=3&1I=1 0 /
S=3&I=0 1.00624 22.69
=1&I=1 1.00624 22.
va 1 9=k 006 69
S=3&I1=0 1.00624 22.69
S=3&I=1 0 /
S=1&I=1 1.00624 22.69
NAA 2 2
~ S=0&1=3 0.605355 179.41
K~pp -
S=1&1I=3 0.605355 179.41

Table 4.2: OQwverview of the considered three particle systems according to Tab. 4.1 in which
the Efimov effect is present. Shown is the imaginary part of the (in this case purely imaginary)
S-wave scaling parameter s© and the corresponding scaling factor exp (;(—g) Note, that there
1s no P-wave Efimov trimer because of symmetry reason such a state can only be present for
specific boson / fermion configuration as it is shown in Refs. [80, 172, 173]. The question mark

indicates that the DY, = KDy molecule interpretation is very hypothetical.
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4.2 Hypothetical systems

After our analysis of a large number of more or less established molecules scattering off a third
particle we now consider some hypothetical two-body bound states in order to identify the spin
and isospin quantum numbers which would lead to Efimov trimers in corresponding scattering
processes. For all these systems we assume that one indeed can treat them in EFT(#f). Namely,
we assume that their binding momenta are at most of the order of the pion mass so that one can
obtain at least some first estimates (see also section 4.3). We will focus on three different systems:
firstly, one can assume that besides the known DD (BB) charm and bottom mesons also DD
(BB) bound states exist (a possible explanation for the fact that they are not yet discovered
at one of the B-factories would be that one needs at least four charm or bottom mesons since
they are produced in anti-particle-particle pairs). Secondly, one can consider the known charm
and bottom molecules, but change their quantum numbers to other values. Thirdly, one can
consider the large number of hypothetical dibaryon bound states. However, all these two-body
systems have in common that — choosing an appropriate third particle scattering off the molecule
— the corresponding three-body systems consists of identical particles or at least of multiplet—
anti-multiplet combinations. Therefore the number of parameters in our type 1 system analyses
reduces and additionally the remaining ones are more restricted.

4.2.1 Hypothetical charm and bottom meson systems

Assuming that there is a shallow dimer in the system of two charm or bottom mesons, respectively,
one can consider the systems DD D, D*D*D* or DD, D, in the charm sector and BBB, B*B*B*
or B1B1B; in the bottom meson sector. In each system one deals with identical particles.
According to the rules in the box on page 51 one thus has to erase the amplitudes 773 and T3
from type 1 system equations. The matrix A; defined in Egs. (3.99 - 3.104) is thus reduced to a
2 x 2 matrix Ald whose elements are:

id . op,p 1 (12) 4w )
("411 )11 o (1 — ; 2) 512 o [ 6P1P3 f(12 )(12) 5123 + T2 5P2P3 f(12)(12) 5213 3
(Aid) =(1- 0P, Py 1 | ) § (12) f R 5 f 5 ]
Y 2 Sio \/0/127612 i Py P3 J(12)(12/) P123 P2P3 (12)(12/) 213_ 7
id) _ op,p 1 (12) £(3) 42
(A11 )12 - (1 - ; 2) R _x5 Op Py Ji12na2) S1238 + L5 0p,py [ 12) 5213_ ;
id Op,p 1 (12') 4(3) (12 )
(All )22 o (1 - ; 2) 512 6/12 [ 5P1P3 f(lZ’ 12/ 8123 -+ ZU5 5 f(12/)(12/) 5213] . (416)

From this result it is straightforward to deduce the entries of A4 if there are more than two
different spin/isospin configurations, that is, if there are dimers d},, d{%, etc. with other quantum
numbers. But firstly, we notice that all (normal and modified) Kronecker-deltas yield 1 for three
identical particles P, = P, = P;. Furthermore, f((,..)) ) = f(("'))(”) = 1 independently of the
arguments since we have a; = 1 for i = 1,2, 3. Also the symmetry factor Sio = 2 is already fixed.
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Only the second symmetry factor Sio3 = So13 = 44 is not unique; it is positive in the case that
the three identical particles are bosons, but negative for fermions. One can thus write for an
arbitrary number of dimer states:

i 1
) = (a=1)] | ~l(a—1)]
<A11 )ab == (a=1] [(b-1)1 [$2b+<b*1> T o)) (4.17)
12

where the plus (minus) sign is for bosons (fermions) and the notation [(a — 1)/] has to be under-

stood in the manner of [3 /] = /17 and so on. In order to get rid of the remaining spin/isospin

parameters we use the 6-J symbol notation explained in appendix A.3. From Eqs. (A.111 -
1)/]

A.146) we deduce with dp, p, = 1 that the parameters xg(;j:(i)—/]u and 5[2(&:@_1) are equal and given
by

. . [(a—1)/]
((a-1)] _ ~l(a-1)] _ 28 [(a—1)7] (b=1)] Ju o1 I
Lobt(b—1) — Lab+(b—-1) — (—1) \/<2J12 + ) <2J1 1) {j1 S J[(b 1 /]}

. . [(a—1)1]
(2 ) (2 ) 0 )

with j; (¢1) being the spin (isospin) of the identical particles P, = P, = P3 and S (I) is the
considered spin (isospin) channel. Since we have derived the equation above using normalized
spin and isospin projectors we know that the factors ¢ are equal to 1 independently of the
number of primes. Hence, Eq. (4.17) can be written as

(A1) = s o(-1)2sD \/ (275 1) (2287 + 1>\/ (20867 4 1) (2057 4+ 1)
ab

It J[ a—1)/] i i I{(;_l)/]

-1y (-1 ( - (4.19)

]1 S J 1 I I 12
Consequently, the existence of the Efimov effect is completely determined by the spin and isospin
structure of the particles and the dimers. The question is now: what do we know about these
degrees of freedom? Firstly, we know from Tab. 4.1 that all charm and bottom mesons are isospin
1/2 particles and secondly, the spin is either 0 for D, B or 1 for D*, Dy, B*, B;. Thus, one
concludes that on the one hand both pseudoscalar charm (DDD) and bottom (BBB) meson
systems behave exactly the same and on the other hand that the remaining vector (D*D*D*,
B*B*B*) and axialvector (D D1D;, By B;B;) meson systems are equivalent in the sense of Efi-
mov physics. To find the spin and isospin configurations leading to an Efimov effect it is thus
necessary to identify all possible two-body quantum numbers Ji5 and [;5 of the dimers. From
the constituent particles we conclude that for all systems iy ® ;1 = 1 @ 3, i.e. that there are two
molecule states: one with 15 = 1 and one with I, = 0. Concerning spin one has to distinguish
between D or B systems and D*, B*, Dy or B; systems. All in all one finds the combinations
shown in Tab. 4.3 where also the matrix Aild is given. Calculating the eigenvalues for both sys-

tems and for all channels one concludes that for all spin and isospin configurations except for
the S =0 & I = 3/2 channel of the (axial-)vector system there is always at least one eigenvalue
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Md = 9, Plugging this into the transcendental equation for the S-wave scaling parameter s(®,

Eq. (3.118),

a4 1 sin (259)
/3 50 cos (2s50)

one finds that s(®©) = 1.00624 i is a solution. Hence, a system of three identical charm or bottom
mesons behaves in all channels — except for the mentioned S = 0 & I = 3/2 channel of the
(axial-)vector system — like a three identical boson system with spin- and isospinless particles.
This statement is only true if all theoretically possible two-body spin and isospin configurations
indeed exist in nature. Considering for example the DDD or BBB pseudoscalar systems one
observes that in the case of only a I12(J12) = 0(0) dimer the system has a scaling factor of
s = 0.413697 4. In the case of only an I;5(J12) = 1(0) dimer one finds s = 1.00624 i in the
S = 0, I = 3/2 channel, but there is no Efimov effect in the other allowed S = 0, [ = 1/2
channel. Since in the (axial-)vector system of charm and bottom mesons the number of present
/ missing two-body configurations is large we will not discuss all of them for every scattering
channel. Instead, we give some qualitative results concerning the existence of the Efimov effect:

Qualitative results for hypothetical identical charm and bottom meson systems

DDD and BBB systems:

e One or two dimers: in a system of three identical pseudoscalar charm or bottom mesons
the Efimov effect is always present in at least one scattering channel independently of
the number and of the quantum numbers of the dimer or the two dimers, respectively.

D*D*D*, DlDth B*B*B* and BlBlBl Systerns:

e Exactly one dimer: in a three identical spin 1 charm or bottom meson system the
Efimov effect does not occur if this dimer has the quantum numbers I15(J12) = 0(0), 1(0)
or 0(1). For the other allowed configurations (1(1), 0(2) and 1(2)) one always finds at
least one scattering channel where Efimov physics are relevant.

e Exactly two dimers: in such a system the Efimov effect does not occur if the two
dimers have the quantum numbers I15(J12) = 0(0) and I15(J75) = 1(0) or vice versa. All
other combinations lead in at least one scattering channel to an Efimov trimer in the
system.

e More than two dimers: for every configuration of dimers and quantum numbers there
will be an Efimov trimer in at least one scattering channel.

The conclusion is thus that — if these kind of molecules indeed exist in nature — it is very likely
that the Efimov effect is an important property of such a system of three identical charm or
bottom meson systems.
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Jj1 dimer QN channel QN matrix Ald
1 V3
= -3 -1
S=0&1=3 2
-1 \/g
S=08& =1
V3 1
S=0&1=3 -2
11 1 g VB _\5
3 V3 V3 3 V3
_1 1 1 1 _\6 5
V3 3 V3 V3 3
_\Lf 1 1 8 \/ii _5
&=L 3 2 2 12 2
S & 2 1 1 V3 1 Vb _ A5
/3 2 2 2 V12
N SN/ S L
Jio=0 & I15=0 s Vi oviz 26 vz
SRA VY Y/ S i WS U |
Jo=0& I},=1 V3 3 22 2\/52\/5\/ﬁ 6
| =1 =0 \ Loy
R O R I
25 V5 1
T =2 & Ity =0 3B 3
1 V3 V3 3
J///// — 2 & [///// — 1 5 _T _7 5
12 12 A 1 3 .3
_ _1 2 2 2 2
S=2&1=3 VI T G
2 2 2 2
3 V3o v3 1
2 2 2 2
1 -3
S=2&1=3
—/3 -1
1 -3
S=3&I=3
-3 -1
S=3&I1=3 2

Table 4.3: All possible spin and isospin configurations (QN: quantum numbers) for the pseu-
doscalar (j; = 0) meson systems DDD, BBB and for the three spin j; = 1 charm and bottom

meson systems D*D*D*, D\D\D,, B*B*B*, BB B;.

The isospin of the identical particles

Py = P, = Ps is always i1 = 1/2 and not explicitly given.
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4.2.2 More dimers in existing charm and bottom meson systems

After the discussion of the completely hypothetical three identical meson systems in the previous
subsection we will now consider the experimentally confirmed states in Tab. 4.1. We assume that
there are more bound states in the underlying two-body molecule systems with different spin and
isospin configurations. This is motivated by the fact that the processes in which the molecules are
produced in experiments may favor some or even forbid other configurations because of symmetry.
However, this argument makes sense only for (axial-)vector charm and bottom mesons, i.e. D*,
D1, B* and B; because for the molecules with one pseudoscalar meson instead we have already
checked in section 4.1.3 that this does not lead to an Efimov effect. This was explicitly done
for the charm molecules X (3872) and Z.(3900) and thus we know that — a not yet discovered —
iso-singlet partner of the Z,(10610) would not change the situation in the bottom sector. This
is clear because except for their masses all relevant quantum numbers for Efimov physics of D
and B as well as of D* and B* are equal. Since there are no D;D; or By B; dimers known so far
we restrict ourselves to the vector charm and bottom mesons which behave in the sense of the
Efimov effect completely the same. Hence, it will be sufficient to analyze only one system; the
result will be valid for both D*D* and B*B*.

Consequently, we consider the three particle system P, P,P; with P, = A;, P, = P; = A,, where
A; is an isospin ¢; = 1/2 and spin j; = 1 field (corresponding to both D* and B*). A two-body
bound state between A; and A; can thus have the following spin and isospin quantum numbers:

Jiz =0 & I3 =0, J,=0& I},=1, Jhy=1& I, =
///_1 & [//5_1 J{/2//_2 & ]’{/é/:O, /////_2 & I/////:1

Although these are the same combinations as in the previous section on three identical mesons
one has to keep in mind that the situation is different. On the one hand particles P; and P are
not identical and on the other hand not all particles have a large scattering length (we do not
consider a hypothetical A;A; dimer in contrast to what was done above). Indeed, our particle
allocation tells us that by = ay = a3 = 1 and 715 = %1 for all numbers of primes. Therefore one
finds v15 = 112 and f (12)) (12)01 f(52)<')(12) = agvgvg = 77877% which also holds for all numbers

and combinations of primes. Concerning the modified Kronecker-deltas one gets (5531213 = 0 and

dp,p, = 1 and similarly for primed symbols. Finally, the relevant symmetry factors are Si; = 1,
Si23 = +2 and S13 = +1 as we deal with bosons. All together and with the "multiple prime*
notation from the previous section 4.2.1 this leads to a matrix A$44 whose elements are given

by

AAA _ ~la=1)1] [(a nn [(b=1)/]
(-’41 > y  Too+(o-1) Th2 e

_ ng(;_l),] /r]g(Qb_l)/] ( 1>2 S+I ( ) 1[(;—1)/]+J{(2b71)/]+I£(2u71)/]+1{(2b71)/]_4_2
\/ (275 1) (228 +1) \/ (2014 1) (20l 1)
]1 ]1 Jl[ a—1)1] 21 Z.l [{(Qafl)l] L9
X Q" 0-11 (4 [(b-1) ( - (4.20)
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Here, Egs. (A.111 - A.146) were used to replace the spin and isospin dependent x parameters by
6-J symbols. Besides a minus sign from the additional phase factor and/or the G-parity quantum
numbers in front, the matrix elements are half as large as those in the identical charm or bottom
meson system (cf. Eq. (4.19)). Hence, one could make a similar table like Tab. 4.3 in order to
deduce that although some elements indeed change their sign the eigenvalues does not. However,
they are divided by two, i.e. Aid = A444/2 Tn Refs. [80,166] it is shown that

44X 1 sin(359)

V350 cos (Ts0))

has a purely imaginary solution (i.e. the Efimov effect occurs) if the eigenvalue \ is larger
than a critical value A\¢ = %ﬁ ~ 0.826993. Therefore the extra factor of 1/2 compared to the
eigenvalues in D*D*D* or B* B* B* systems is an important difference. Indeed, one observes that
the qualitative results concerning the existence of the Efimov effect are changed in comparison

to the previously discussed case:

Qualitative results for extended D*D* or B*B* hadronic molecules

e Exactly one dimer: in a D*D*D* or B*B*B* system the only dimer quantum numbers
for which the Efimov effect is present (exclusively in the S = 3, I = 3/2 channel) are
I5(J12) = 1(2). For all other configurations (0(0), 1(0), 0(1), 1(1) and 0(2)) Efimov
physics are not relevant.

e Exactly two dimers: an Efimov trimer can be found if the two dimers have the quantum
numbers I12(J12) = 1(1) and I],(J}5) = 0(1), 1(0) or vice versa. In all other cases there
is no Efimov effect.

e Exactly three dimers: in such a system one finds an Efimov trimer in at least one
scattering channel for the dimers with all possible quantum numbers except for I15(J12) =
0(0), I}5(J15) = 0(1) and I{5(J7,) = 0(2) or any permutation of these regarding the
primes.

e More than three dimers: for all dimer configurations and for all quantum numbers
the Efimov effect will be present in at least one scattering channel.

As it is written in Tab. 4.1 we know that both Z; = B*B* and its charm analog Z; = D*D* have
the quantum numbers I(.J) = 1(1). Therefore one concludes that as soon as an additional D*D*
or B*B* state with either I'(J’) = 0(1) or 1(0) or 1(2) is discovered, Efimov physics should be
taken into account in Z;-D* and Z;-B* scattering.
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4.2.3 Hypothetical dibaryons

Now we focus on fermionic systems: besides the H-dibaryon called AA bound state which was
predicted by Jaffe in Ref. [175] there are much more candidates for dibaryon states like 3 or
==, but also in the charmed or bottom baryons sector there could be states like A A.. See for
example Refs. [183,184] for a theoretical discussion of some of the candidates and Refs. [185,186]
for lattice calculations regarding dibaryons with €2’s. Thus, it may be worth the effort to analyze
three identical fermion systems like ¥33, === and so on. One has to deal with a system of
identical particles which can be described using the type 1 method. Moreover, the corresponding
matrix A; is already known from section 4.2.1 where we have derived it for three identical
particles independently of their species:

(A1) = 2(-1)25 \/ (2785 1) (278 +1) \/ (2085 1) (2087 4+ 1)
% jl jl Jl S i [{(QG_D/] (421)
jl S J12b 1)/ i I Il[(Qb_l)/] )

where the plus sign is valid for bosons and the minus sign for fermions. All dibaryon—baryon
scattering processes can thus be described using the relation above with a minus sign in front.
However, the spin and isospin quantum numbers are less restricted than in the three charm or
bottom meson case in section 4.2.1. Independently of additional charm or bottom quarks (see
for example Ref. [2]) A ground state baryons have the quantum numbers I(J) = 0(1/2),
Y(cp) ground state baryons have I(J) = 1(1/2) and =) ground states have spin and isospin
I(J) = 1/2(1/2). Only Q baryons have different quantum numbers if one strange quark is
replaced by a charm or bottom one. Namely, for the ground state one has I(J) (Q2) = 0(3/2),
but I(J) (2.p) = 0(1/2). Hence, we notice that the .; Q. (.p system is in the sense of Efimov
physics equivalent to the Ay Acp) Acp) system. Additionally, we deduce that the spin and
isospin quantum numbers of the three (. ;) system are interchanged compared to the D*D*D*,
B*B*B*, etc. systems. Consequently, the eigenvalues in the latter fermionic system have the
same modulus, but the opposite sign as in the bosonic system. In the following we summarize
the qualitative results in the same way as it was done before:

Qualitative results for hypothetical dibaryons
A(c,b)A(c,b)A(c,b) and Qc,ch,ch,b systems:

e Exactly one dimer: if spin and isospin of the dimer are I15(J12) = 0(0) one finds no
Efimov trimer while for I15(J12) = 0(1) the Efimov effect occurs in the S =1/2, I =0
channel.

e Exactly two dimers: if both allowed dimer states with quantum numbers [15(J12) =
0(0) and I}5(J}5) = 0(1) are present in the system, Efimov physics are relevant in the
S =1/2, I = 0 scattering channel (cf. AAA system in Tab. 4.2).
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2 (e,h) 2i(e,b) H(e,p) Systems:

e Exactly one dimer: for the dimer quantum numbers I12(J12) = 1(0), 1(1) and 2(1)
there will be at least one scattering channel with an Efimov trimer while for dimers with
L12(J12) = 0(0), 0(1) and 2(0) Efimov physics are not relevant.

e Exactly two dimers: except for the two dimers with quantum numbers I15(J12) = 0(0)
and I],(J75) = 0(1), 2(0) or the dimers with I12(J12) = 0(1) and I{,(J},) = 2(0), one
finds for all other combinations at least one channel where the Efimov effect occurs.

e More than two dimers: for every possible number of dimers larger than two there is
always at least one scattering channel with an Efimov trimer.

E(Cyb)E(c,b)E(qb) systems:

e Exactly one dimer: only for a dimer with quantum numbers /15(.J12) = 1(1) the Efimov
effect is present in the S = 1/2, I = 3/2 and in the S = 3/2, I = 1/2 channel. For the
three other possible dimers one finds no Efimov effect.

e More than one dimer: for an arbitrary number of dimers larger than two one finds
independently of the quantum numbers at least one scattering channel with an Efimov
trimer.

QO systems:

e Exactly one dimer: for a dimer with spin and isospin I12(J12) = 0(0) one finds no
Efimov trimer, but for all other dimers with quantum numbers I12(J12) = 0(1), 0(2) or
0(3) the Efimov effect occurs in the S = 1/2, S = 3/2 or S = 7/2 scattering channel

(with I = 0 being unique).

e More than one dimer: if there is more than one dimer in the system Efimov physics are
relevant in at least one scattering channel independently of the dimer quantum numbers.

In conclusion, one deduces that Efimov physics are an important phenomenon in dibaryon—
baryon scattering and if dibaryon molecules are found in experiments it would be promising to
search for three particle bound states in order to clarify their substructure.

4.3 Summary of the results

In this last part of the current section we will summarize and give some remarks concerning
the results above. First of all we must once again emphasize that the substructure of many of
the considered particles is not clear. Hence, their interpretation as hadronic molecules is just a
hypotheses. However, if this interpretation is correct their treatment in a non-relativistic pionless
effective field theory is justified as long as their binding momenta are smaller than the pion mass
or at least of that order. Calculating the binding momentum ~;; = sig(B;;)+/24j|Bij| using
the binding energy determined with the relation B;; = (m; +m;) — My,; one observes that the
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mentioned condition is on the one hand clearly fulfilled for a number of particles in Tab. 4.1 like
the X (3872) with binding momentum vy ~ 15 MeV. On the other hand there are also particles
like the Z.(3900) whose binding momentum |yz, | ~ 211 MeV is even larger than the pion mass.
However, especially due to the often large uncertainties regarding the masses of the molecule
candidates it should be justified to use EFT(j) also for the "problematic“ particles in order to
obtain at least some first insights to the respective molecule—particle scattering. In the same way
we assumed that the binding momenta of the considered hypothetical states are also at most of
the order of m, so that their treatment in EFT(j) is possible. Of course, future experiments
could prove this assumption wrong. As a remark, note that one could add pions to the theory to
get a more accurate description of the physical system like it was done for the X (3872) using the
so-called XEFT in Refs. [187,188]. Regarding the Efimov effect we found that only a rather small
number of molecule—particle scattering processes is affected by an intermediate Efimov trimer
(see Tab. 4.2). However, experimental setups possibly restrict the allowed quantum numbers of a
possible molecular state. Thus, there might be a reasonable chance that more states with different
quantum numbers exist in nature. Depending on the exact spin and isospin of these additional
molecules we have shown that the Efimov effect might become important (see box ”Qualitative
results for extended D*D*D* or B* B* B* hadronic molecules“ on page 85). Moreover, there might
exist charm or bottom meson molecules with identical constituents (DDD, B*B*B*, etc.) for
which we have checked that their scattering off a third (identical) particle is most likely affected
by Efimov physics. In fact, only if there is just one dimer with I15(J12) = 0(0),1(0),0(1) this
will not be the case (see box ”Qualitative results for hypothetical identical charm and bottom
meson systems* on page 82). From this point of view it would be very interesting to search for
more molecule states of the ”anti-charm /bottom meson — charm /bottom meson “ type and for the
completely new ”charm/bottom meson — charm/bottom meson“ states. While for the first type
the existing eTe™ collider B-factories are not favorable due to symmetry reasons which forbid or
suppress the production of other quantum numbers, they are in principle suitable for the latter
type. However, one would need rather high energies since the charm and bottom mesons are
produced in particle-anti-particle pairs. Consequently, one would need four bottom mesons in
total in order to observe e.g. a BB molecule. Furthermore, we have also found that dibaryon
systems are — with just a few exceptional quantum numbers — affected by the Efimov effect (see
box ”qualitative results for hypothetical dibaryons“ on page 86). Hence, more experimental ef-
fort to discover such states could be worthwhile.

A common feature in all cases is that experimentally observing a molecule—particle scattering
process which is affected by an Efimov trimer would strongly support the molecule interpreta-
tion of the accordant particle. Moreover, discovering even a second Efimov trimer with binding
energy (exp(im/s))” times larger could be seen as almost a proof of the molecular nature of the
corresponding particle. However, it is not clear whether there are observable second trimer states
at all since the Efimov spectrum is cut off at a certain point as explained in section 2.1.

An important remark concerning this work is that — although we exclusively have focused on
them — it is not restricted to hadronic molecules. The derivation in section 3 was completely
general and hence one can apply the presented methods to every particle scattering off a S-wave
dimer as long as either for an arbitrary number of dimer states all masses are (approximately)
equal (type 1 system) or for m; # mo = mg if there is no dy3 dimer (type 2 system). Not
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analyzable with our method are systems with three different particle masses and systems where
exactly two of the three particles have equal mass (and the third an unequal one), but where the
equal mass particles also have a dimer state. However, apart from these subtleties the derived
matrices A; (type 1) and Az (type 2) are also valid in the physics of cold atoms or halo nuclei.

As a final remark, we want to emphasize that in all three-body systems of equal mass which
we have discussed, the maximal eigenvalue was A = 2 corresponding to a scaling parameter of
s = 1.00624 i. Thus, it seems to be the case that there is some kind of minimal scaling factor
exp(m/1.00624)% ~ 515.03 in Efimov physics. A further analysis in order to proof or falsify this
conjecture and if it is true to check its possible extension to the unequal mass system should be
worthwhile.
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Chapter 5

Elastic molecule—particle scattering
observables

As it was shown in the previous chapter the up to now known charm and bottom meson molecules
are not affected by Efimov physics if they are scattered off a third charm or bottom meson. How-
ever, the absence of Efimov trimers makes the respective scattering processes elastic. Therefore
one can extract from the given S-wave three-body scattering amplitude the scattering length
and the phase shift as three-body observables.

At this point it is useful to recapitulate the cutoff independence of these observables: in chap-
ter 2.1 it was explained that the existence of a three-body bound state is in some sense indepen-
dent of the exact value of the three-body coupling constant H(A) which thus can be set to zero
(according to the argument that there always exists a cutoff Ay so that H(Ay) = 0). However,
some of the observables are — directly or indirectly — affected by a three-body bound state and
therefore via H cutoff dependent. This means that if a three particle bound state is found, the
three-body binding energy B3 and scattering length as are functions of A. This dependence can
only be removed using an experimentally measured value of either B or as to fix H(A) which
then allows a prediction of the respective other. In contrast, if there is no three-body bound
state then one concludes that there is no three-body force at all. For energies |E| < A the re-
maining scattering observables are thus not cutoff dependent. In particular, this fact allows us to
treat molecule—particle scattering at negative energies below the dimer threshold as a two-body
scattering problem (see section 5.2.1). With an existing three-body bound state the situation
would change. According to the Efimov effect such a state would lie below the two-body binding
energy. Thus, the system of a molecule and a particle could form such an Efimov trimer and
hence their scattering would not be elastic anymore.

As a selected example we will discuss the elastic scattering of B and B* meson off the two
molecules Z,(10610) and Z;(10650) in more detail. All other scattering processes without Efi-
mov trimer, i.e. all elastic processes, could be analyzed in the same way.
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5.1 Elastic S-wave Zb(/)—B(*) scattering

In total there are four different scattering processes where the bottom mesons B and B* are
involved: following Tab. 4.1 one has to consider Z,~B, Z,-B*, Z;-B and Z,-B* scattering.
Consequently, one has to deal with the three particle systems BB*B, BB*B*, B*B*B and
B*B*B* which will be discussed below. Regarding the notation we will use m and m, for the
masses of B, B and B*, B* mesons, respectively. Furthermore, p (7) is used for the reduced
mass (the binding momentum) of the molecule Z,(10610) and ' (7') for the reduced mass (the
binding momentum) of Z;(10650).

5.1.1 Z,—B scattering amplitude

According to the method derived in chapter 3 we allocate the particles F; as follows: P, = P3 = B
and P, = B*. Hence, we deduce a; = by = a3 = 1 as well as

5P1P2 = 5P2P3 = 6A1A2 - 5A2A3 =0 )
(Splp3 :5A1A3 =1. (51)

Furthermore (cf. Tab. 4.1), the G-parity quantum number is 75 = +1. Firstly, there is no
resonant interaction with large scattering length between the two B mesons and secondly, the
two dimers dis and dss are identical. Thus, one has to — according to the rules in the box on
page 51 — erase the latter from the equations. Therefore it remains just one dimer in the system
(cf. Eq. (3.13)),

5l
V2
which represents the molecule Z,(10610) with I9(JF) = 17(1*). The only remaining amplitude
is thus Tl(ZL ) and since we are interested in the scattering process one has to consider the amplitude

in Eq. (F.4) where the asymptotic momentum limit is not yet applied. For S-wave scattering
one finds

27 Y12
N%g Si2 €12

% [I P1P3 f(12 (12) 5123 k;p ok p E) 4+ 1 553122133 flg)(12 5213 i 122(/{: p; E)

T (B, k,p) =

[e%) 0
1 1 / i @ TS (E,k,q)
0

;/ubu Si2 C12 2 2 .
—Y12 + \/—2M12 (E — 2(173 — m) — 1€

12 3 mo ~ (12 3
X [l’g 5;’12’3 f((12))(12) 5123% 211((] D; E) + T2 5;2123 f;( ) )(12) S213 Q[) (q b; ) .

(5.3)
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Using the summary on pages 56 and 57 all other parameters in Tl(g) are obtained to be given as

nin =1, Sty =0,

Uiz = \/Li ’ Wip = % ,

f((132))(12) = a3W12W12 = % ) f(%))(m) = a3V19V1y = % 7

Sip=1, cla=1,

Sizs =1, So1z = 2,

spin 1 & isospin 1/2 channel: 1z = 29 = _% , By =T = +% ’
spin 1 & isospin 3/2 channel: z; =z = +1, T =Ty = —1,

where we have used in the last two lines Eqgs. (A.111, A.129) together with the fact that B is a
pseudoscalar and B* is vector isospin doublet so that the allowed channels in Z,—B scattering
are spin 1 and either isospin 1/2 or isospin 3/2. Plugging the results into Eq. (5.3) yields

1

—= Y12 Mg 1
Ty (E.k,p) = {]?}W i; "5 Ok pi B)
12

_%{_%} 1nwl/”dq ¢ T (E k.q) L Q3 (q,p; B)
1
0 .
—Y12 + \/—2M12 (E— % — W%) — 1€

where the upper entry corresponds to the isospin 1/2 and the lower one to the isospin 3/2
channel. One can now reinsert the short-hand notation for the Legendre function of the second
kind defined in Eq. (3.73) and additionally use Eq. (D.10) which relates it to the logarithm (for
the behavior in the limit ¢ — 0 see Eq. (D.15) which was derived in appendix D) in order to find
the representation of the amplitude below:

1
0 -5 ym, 1
T1(2)(E7k7p) = { 12}7T Iu2 2]’6’}9 n

27 s

k2 2 k .
Py BB g
1 oo 2 (0)
%_{]g}élnhu/ dq ¢ Ty, (E. k,q)
™ W 0 2 2 .
—V+¢—%(E—§z—ﬂﬁm3>—“

L kp
L —E+ zs]

2 2
1 4+ —E+ 2 e

x;%ng 2 e (5.5)
pq ﬂ—i_ﬁ_E_m_*_Zg

Note, that the upper (lower) component still represents isospin 1/2 (isospin 3/2) as before and
that we have replaced my by m., my 3 by m, pi2 by p being the reduced mass of the Z,(10610)
and vy by 7 being its binding momentum.

5.1.2 Z,—B* scattering amplitude

The second process we want to analyze is S-wave Z,—B”* scattering. Hence, the scalar iso-doublet
B is replaced by the vector B*. The corresponding three particle system BB*B* is allocated to

92



the generic particles P; as follows: P, = B, P, = B* and P; = B*. Thus, a; = by = a3 = 1 as
before, but in contrast to the Z,—B case it holds

0Ara; = 1. (5.6)

While both two-body systems BB* and B*B* are G-parity eigenstates (leading to 8,,,1| =
Onos(1) = 1), the combination BB* is not and hence §,,,;1) = 0. According to Eq. (3.13) there are
three different dimers in the system:

1, = _
diy = — (B*B + 2 B*B) , 5.7
12 \/§ ( T2 ) ( )
dys = BB* (5.8)
d23 = 7’]233*3* . (59)

From Tab. 4.1 we deduce that only dio = Z,(10610) and dy3 = Z;(10650) are present in nature.
Thus, one can on the one hand insert the quantum numbers I(J) = 17(17) for both states
and on the other hand erase all di3 contributions. Since there are no states with other quantum
numbers than 17(17) one has to erase all primed amplitudes, too (see page 51). The coupled
scattering amplitudes T1(2L ) and Tz(?f ) are given by the S-wave projected versions of Eq. (F.4) and
Eq. (F.6) without Tl(gL ) and without primed amplitudes TZ-/J(L). Before we write them down we

note that also the modified Kronecker-deltas are zero except for 5531221&3 = 1 and hence we find

~ 73
27 912 %1 Jiaz) 5213 11 12

T (B, k,p) = kop; B
12 ( ) M%Z Slg C1o kp 0 ( )
1%2 f((fg))(lg) S213 /OO dq q2 ng) (Ea ka Q> % (1)22((],]9; E)
™ H12 Si2 €12 0 2 2 .
—Y2 + \/_2#12 <E - ;73 o 2(m1q+m2)) —©
R fomaz S [ ; ¢ Ty (B, k,q) ™2 Q3%(q, p; E)
— q )
T pa2 V/S12 S23 €12 Ca3 Jo 9 g ¢ ,
—Y23 t 4/ —2M23 T S T 2matma) ) Y
(5.10)
and
(0) 2T Y12 21 f((llg))@g) Si23 My 931
Ty (E. k,p) = — Q¥ (k,p; F)
o3 ft12 \/ Saz S1a Co3 c12 kp
i 1 Z2 f((112))(23) 5123 ood q2 Tg))(EJ{%(D % %31<Q7p; E)
T pg /523 S12 €23 €12 Jo 9 B_ 2 ¢ .
—712 + —212 - m - 2(m1 +ma) — 1€
(5.11)
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The three particles P, P, and Pj are distinguishable bosons in the Z,—B* system. Hence, all
symmetry factors are equal to 1 independently of their indices. Using the summarized definitions
on page 56 one obtains for the f and f factors

2 (5.12)

~3) 1 703) . 1 (1) _
J f(23)(12) - E ’ f(12)(23) o V2

(12)12) ~ 9

The remaining x and z parameters are spin and isospin dependent. Depending on the respective
channel the results of appendix A.3 lead to the values summarized in Tab. 5.1. Since normalized
projectors are considered in the mentioned method it is directly implied that all factors ¢;; are

equal to one. One observes that in the spin 0 and 2 channels only the amplitude ng) contributes
while for spin 1 both amplitudes are part of a coupled system. In the former case one finds

K Pk _
2,u+2,u’ E+m e

Byp_p_pk_
2/,L+2/,L/ L m e

+{—%}Lﬁ /Oodq ¢* T)3 (B, k, q)
0

1
0 —5 ym 1
T1(2)(E7kap) = { 12}71- M2 2pk n

2 2 .
xil s ta—E+B—ie (5.13)
2 |L+ L -E-M—ic|

where the upper components represent the spin 0 or spin 2 channel with isospin 1/2 and the
lower ones are valid for spin 0 or spin 2 with isospin 3/2. Furthermore, the short-hand notation
for the Legendre function was replaced according to Eq. (3.73) and Eq. (D.10) as in the previous
section. The coupled integral equation system for the spin 1 channel is then given by

R LA Ry L

1 1 T
TOE kp)= 4 2 L7210 2 o
12 (B, K, p) 1 7T,u2 kan %_{_%_E’_%_Z’g
LY 1w [ Ty (E, k,q)
+ Py dq
—1 Qﬂ-lu 0 B B 2 2

L [Gt B
X —111 q2 pQ bgq 1
- 0
_% L om. d ¢’ T2(3)(Eak’Q)
L N !
. .
0 —7’+\/—2M'<E_%_2(#im)>_%
2 2
. e SR
X oI | 25— | (5.14)
S T i S
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1 1
TO (B, k,p) — { Q}ﬁﬂm"‘

1 W 2pk
1Y 1 om, [ P TV(E, k,q)
RS Va2 i 1
0 2 2 .
—7+\/—2u (E—z%*—m> e

2 2 k .
;—u,—l—g—u—E—i-p —25]

K p Pk _
2u’+2u FE Tl

2 2
1 g+ — B+ B —ic
x 7l i e I (5.15)
Paq 2—H,—|—E—E—m—*—28

where again the upper entries must be used for isospin 1/2 and the lower ones for isospin 3/2.
Moreover, it holds m; = m, ma = m3 = My, 12 = W, pgz = ', Y12 = 7y and Y93 = +' with the
notation introduced at the beginning of this section on elastic ZZSI ~B™ scattering.

€ T2 T4 21 Z2

spin 0 & isospin 1/2 | —3 | —3 0| 0
spin 0 & isospin 3/2 | 1 1 0] 010
spin 1 &isospin 1/2 | 5 | 3 | —5|—5 | —3

spin 1 & isospin 3/2 | =1 | —1 | 1 1
spin 2 & isospin 1/2 | =3 | =3 | 0 | 0 | O
spin 2 & isospin 3/2 || 1 1 0] 01O

Table 5.1: Spin and isospin channel dependent parameters for Z,-B* scattering.

5.1.3 Z|-B scattering amplitude
The three particle system P, = B*, P, = B* and P; = B again leads to a1 = by, = ag = 1, but it
holds

Op,p, = 0p Py = 0Py, = 0ay45 = Oapas =0,
Oaya, = 1. (5.16)

This is not surprising since compared to the previous section on Z,—B* scattering we simply
interchanged the particle allocation of P, and P,. Therefore one has to deal with the same two
dimers

dyy = (n12 = +1) B*B*, (5.17)

1 = _

representing the Z,(10610) and the Z;(10650), but now dio is interpreted as the latter. Again
there is no d;3 = B*B dimer and there are no primed ones at all in the system. However, in
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contrast to the above discussed case there are less scattering channels because the spin 1®0 =1

is fixed. Applying 553112;3 = 553122]13 = 55321:23 =0 and 55321?};2 = 1 to the corresponding amplitudes T 1(2L )

(Eq. (F.4)) and T2(§) (Eq. (F.6)) and projecting both onto S-waves one ends up with

~ 73 L m
(0) 1 Ty f((23))(12) 5321 ©° q2 T2(3 )(Ea k, Q) q_p2 %13(% b; E)
T12 (E,/{?,p) = — dq ,
T pz V/S12 Sa3 €12 Ca3 Jo 9 _ 2 ¢ .
—Y23 + 4/ —2M23 T %y T (matmyy ) €
(5.19)
and
(0) 272 21 f((llg))(Qg) Si23 M2 931
Ty (B, k,p) = T QL (k,p; E)
fo3 12 /S23 Si2 Ca3 C12 kD
1oz Fi2)2s) Sras > " ¢ Ty (B, k,q) ™2 Q¥ (q,p; E)
T paz V/S23 S12 €23 €12 Jo 9 B_ 2 ¢ .
—Yi2 + £/ —2H12 T Sms T mima) ) Y
2) S 0o 2 T(L) E. k m3 )322 B
124 f(gg)(gg) 231 / d q- 1Log ( ) 7Q) ap QL (Q>p, ) (5 20)
™ 23 Sa3 Ca3 0 1 '

—Y23 + \/—2M23 (E - % - W%) — i€

The remaining parameters are according to their definitions on pages 56 and 57 given by
Sij=Suyur=1, Vi jke{l,23},

regarding the symmetry factors and by

7w L £ _ b £ _ b 7@ _ 1
(12)(28) ~ 75 (13)(28) ~ 75 (28)(23) — 5 °

Moreover, one needs the values given in Tab. 5.2 which are obtained using the methods presented
in appendix A.3, i.e. ¢;; =1 forall i < j € {1,2,3}.

Xyq 21 zZ2 Z4

spin 1 &isospin 1/2 | & | 1 | | 2

spin 1 & isospin 3/2 || -1 | =1 | =1 | —1

Table 5.2: Spin and isospin channel dependent parameters for Z,-B scattering.

With the notation that upper entries are for isospin 1/2 and lower ones for isospin 3/2 this yields
the coupled integral equation system below (with my = mg = m,, mg = m, 12 = i, ploz = K,
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Y12 =7 and a3 = 7):

Tl(g)<E’ k,p) =

T3y (B, k,p) =

1 m,

Var W

/°° ; ¢ Ty (E. k. q)
0

2 2 .

&Y

2 2
. L+ —F4+ P e
B L | (5.21)
2pq ;—M+§—M—E_a%_i€
3\ g0 me L it b = B4 e
-1 2m / J By _p_pk_
il 2pk + E e
2 2/'L M
- L
+{%}_1 U q L0 5k
=) Vor u Jo = :
_7/+\/—2u’(E—f_m_m>_w
X L 1 2q_”l %_E+%_i€
¢ | L+ L -FE- 2 —e
- L
1) 2ru J, ’ -
_7+\/—2M<E_2qﬁ_m)_w
2 2
. L4 _F4B_ e
i [ErE (5.22)
g |+ -E-% e

where it was again used that one can — according to Eq. (3.73) and Eq. (D.10) — write the L = 0
Legendre function of the second kind in terms of the logarithm.

5.1.4 Z]-B* scattering amplitude

Finally, we consider Z;-B* scattering leading to the three particle system P, = Py = B* and
P, = B* which corresponds to a; = b, = a3 = 1 and

Opp, =0pp, =0,

OPPy = 0414, = 04,4 = 0npn, = 1. (5.23)

From Eq. (3.13) it follows — keeping in mind that there is up to now no experimental evidence
for a B*B* state with large scattering length — that there is just one dimer dy5 = 1712 8*B* in the
system (cf. rules on page 51) whose G-parity is according to Tab. 4.1 given by 15 = +1. The
corresponding S-wave three-body amplitude ng’) is defined by Eq. (F.4) where one has erased
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all contributions from the other amplitudes:

27 712

Ty (B kp) = o
12 ( ) ,U%Q 512 C1o
mo ~
X [% 5812123 f((f))(lg Sz — kp 211(k p; E) + 2 5;122133 f12)(12 5213 k:p lLZz(k%p; E)

1 1 /Oodq quz (E,k,q)
T 412 Si2 €12 - )
0 —Y12 + \/_2/“2 (E - 2(173 - 2(m1q-2&-m2)> -

ma

X [1'2 6812123 f((g)) 12) ‘9123 qp Lll((Lp; E) + x? 553122]33 f(lgg) )(12) 5213 QL (q b; ) .

(5.24)

From the summarized definitions on pages 56 and 57 one deduces &% P P =1, but (5(12 =0 and
Sz = S13 =1,
5123 =2 )

® o)
fanaz = fagay =1

With Egs. (A.111, A.129) derived in appendix A.3 for normalized projection operators (i.e.
c12 = 1) one additionally finds the values shown in Tab. 5.3 for the spin and isospin dependent x
factors. Hence, one ends up with the following amplitude (with m; = my = m3 = m., p2 = 1
and 712 = 7/ as explained at the beginning of section 5.1):

F 1)
2
_1_ / . K2 4 p2 E+ pk .
0 -, 7 m. o o Bt e
T].(Q)(E7k7p> = 14 27 2 k n k‘2 .
2, w= 2p 2,+——E *—28
4
1
\ 2 )
f 1)
2
o (L)
Lt 1m, [ 2T (B K,
+ l4 ;_// dq ¢ Ty ( q)
_2% e 7’+\/—2u’ (E—ﬁ——%m*im*)) —E
1
\ 2 J
2
1 q—/ E+ 2L — e
x — In | 24 : (5.25)
2pq 2qu —E m*—zg

where the entries in curly brackets represent the channels from top to bottom in the same order
as in Tab. 5.3 and where Eq. (3.73) together with Eq. (D.10) were used to write the Legendre
functions in terms of the logarithm.
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X1 | o | T1 | To
spin 0 & isospin 1/2 | 3 | &+ | 2 | 2
spin 0 & isospin 3/2 | —1 | =1 | =1 | —1
spin 1 & isospin 1/2 | —3 | =1 | =1 | —3
spin 1 &isospin 3/2 | 5 | 3+ | 3 | 3
spin 2 & isospin 1/2 || =3 | =% | =1 | —1
spin 2 & isospin3/2 | 5 | 3 | 5 | %

Table 5.3: Spin and isospin channel dependent parameters for Z,-B* scattering.

5.2 Numerical determination of scattering length and
phase shift

In this section it will be described how the three-body observables scattering length and phase
shift can be deduced from the discretized scattering amplitude, given in form of a matrix equation
T = R+ MT. The discretization itself is explained in appendix G. For a single integral equation
describing Z,”-B") scattering in an arbitrary channel there are three relevant regions of the
center-of-mass energy E (the binding energy of the relevant molecule Z, or Z; is denoted as
B(Z) which is equal to either B or B’):

e —B(Z) < E <0: in terms of the momentum £ this energy region translates to 0 < k <
kmax where kmax is the root of E(k) which defines the momentum where the molecule
breaks apart into its constituents. Hence, in this region the elastic scattering of a
bottom meson off a molecule takes place.

o —00 < F < —B(Z): for smaller energies below the molecule threshold there would appear
— if present — three particle bound states due to the Efimov effect.

e 0 < F < oo: for larger energies the molecule will break apart and one has to deal with
a system of three individual bottom mesons which scatter off each other. However,
this system will not be further discussed in this work.

In a system of two coupled integral equations where both Z, and Z; are involved one has to
replace in the second case —oo < E < —B(Z) by —oco < E < —max(B, B’) as a trimer state
must lie below both dimer thresholds. In the first case one has to take care of the relation between
the two binding energies B and B’. The elastic two-body scattering Z,~B* only takes place for
B > B’, namely in the energy region —B < E < —B’. In the other case, i.e. for B < B’ both
molecular states can be built of the three bottom mesons. Thus, there is no region where we
would deal with a two-body problem alone. Since there is no straightforward way of describing
such a three-body scattering problem in the used theory we will not analyze it in more detail.
The second coupled system appears in Z;—-B scattering. Here, the situation is interchanged: for
B < B’ the valid energy region is —B’ < E' < —B and the inaccessible case is given by B > B’.
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5.2.1 Method

As we know already from section 4.1 that there is no Efimov effect in ZZS/)*B(*) scattering we
can restrict the discussion to the elastic molecule-particle scattering region. According to the
dimer auxiliary field trick (cf. section 2.1) the molecule is treated as one particle and hence
one can describe molecule—particle scattering in terms of two-body scattering theory which was
discussed in section 1.4. Consequently, one can write for the elastic S-wave amplitude Tl(g) in all
four processes:

2m 1
T (k) = 5.26
12 ( ) [L(lg)g k cotd — ik ’ ( )
with leading order effective range expansion
0 2 1
T (k) = (5.27)

H(12)3 —é — ik
From the considerations above it is clear that one needs the explicit form of the amplitude
T l(g)(E ,k,p). It can be found by numerically solving the inhomogeneous matrix equation T =
R + MT (see appendix G) for a given momentum £k, i.e. for a given center-of-mass energy
E ~ k2. Here, the vector T is given by T = ng) for the single integral equations of Z,-B
T

and Z;—-B* scattering and by T = <T1(g),T 2(§)> for the coupled systems of Z,-B* and Z;,-B
scattering (cf. appendix G). These matrix equations are solved using the ZGESV routine of the
LAPACK library which is documented in Ref. [190].

Thus, one concludes from Eq. (5.27) that the three-body molecule-particle scattering length as
can be determined via

H(12)3

as = —=02% Re [ng)(())] . (5.28)

In a numerical calculation one sets k = p; (i.e. k is equal to the first mesh point, cf. appendix G)

instead of exactly zero and uses ng)(k;) = ng)(E = k*/(2pqa2)3), k,p = k). This approach is

justified since for a typical number of 100 mesh points one gets p; < 0.005 even for large cutoffs

A ~ 10000 MeV. Therefore p; is sufficiently close to 0 and hence no extrapolation is needed.

The second observable, namely the scattering phase shift, can be determined as a function of the
1

momentum k by rearranging Eq. (5.26):
. (5.29)
T3y (k) )

Note, that for each k£ one has to take — after solving the matrix equation — that part of the
amplitude Tl(g)(k;) which corresponds to the pole contribution, that is, in the discretized version
Tyn_1 or Ty_5 depending on the number of poles in the scattering process (cf. appendix G).
Besides the predictions one can use Eq. (5.26) in the form

2 1
— Im =k, 5.30
1(12)3 [T(k‘)] (5.30)

as a check for the numerics used, in the sense that a linear dependence is from a numerical point
of view very sensitive to any programming error.

2 1

f(12)3 k

d(k) = arccot (
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5.2.2 Results

The (coupled) integral equations derived in section 5.1 will now be analyzed using the numerical
methods explained in the previous section and in appendix G. The binding energies needed as
input for these calculations are obtained by Cleven et al. via an analysis of bottom meson loops
in the framework of hadronic molecules which is presented in Ref. [139]. The values are:

B =4.7"53 MeV | (5.31)
B = 0111046 MeV (5.32)

which lead — according to Eq. (1.22) — to the binding momenta

v =157.97330 MeV | (5.33)
v = 24.2075%° MeV . (5.34)

Hence, one observes that the value for the Z,(10610) is larger than the pion mass which in
principle contradicts the application of EFT(7), however, due to the large uncertainties of + it
is not excluded that the binding momentum of Z, is below m, (though close to it) so that one
can use a pionless EFT at least to obtain some first insights.

Discussion of Z,—B scattering

As a consequence of the fact that there is no Efimov effect in the system, the elastic scattering
Zy—B is completely described by the formulae in section 5.2.1 which lead to cutoff independent
values for the two observables, Z,~B scattering length a3 and S-wave phase shift §(k). The
scattering length in the [ = 3/2 & S = 1 channel is given by

_3 o_
at "7 = ~15.13 fm , (5.35)

and the corresponding phase shift in this channel is shown as a function of k£ in Fig. 5.1. As it
is known from basic scattering theory [81,82] a positive phase shift corresponds to an attractive
potential between the two scattering particles. However, such a potential can only induce a

S-wave bound state if the scattering length is also positive. Since aézg’sz is negative this
observation agrees with the absence of the Efimov effect in the system. From Fig. 5.1 we conclude
that the scattering length in the other channel with I = 1/2 & S = 1 must be positive since the
phase shift is negative. This is indeed the case:

_1o_
as 277 = 0.62 fm . (5.36)

Discussion of Z,—B* scattering

In the same way as for Z,—B scattering one can analyze the coupled Z,—B* system. Again one
can predict the scattering length and the phase shift in all six isospin-spin channels of the elastic
scattering process. Since the projection onto some of the isospin and spin states yields identical
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Figure 5.1: S-wave phase shift 0 as function of the momentum k for both channels in elastic
Zy—B scattering.

prefactors, there only remain four different values and curves. The latter are shown in Fig. 5.2
and the scattering lengths are given by

_3 o_
1=3,5=0,2

ol — _15.66 fm , (5.37)
At _ 062 fun (5.38)
Al Z 0,88 fn (5.39)
a5 197 fm. (5.40)

Thus, the correlation between the signs of ¢ and a3 agrees with the missing Efimov trimers.

Discussion of Z;—B scattering

It is already known that there is no Efimov effect in the Z;-B system. But moreover, it holds
B ~ 4.7 MeV > 0.1 MeV ~ B’. Thus, it is not possible (according to section 5.2.1) to extract
other observables for this process. A different approach would be necessary to deal with such a
non-trivial three-body system which is beyond the aim of this work.
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Figure 5.2: S-wave phase shift & as function of the momentum k for all six channels in elastic
Zy—B* scattering. Note, that the S =0 and S = 2 spin channels yield the same result.

Discussion of Z;,—B* scattering

Finally, the analysis of Z;~B* scattering allows us to obtain the scattering lengths and the phase
shifts which are shown in Fig. 5.3 and given by

_3 qo_ _1 —
[=35=12  I=15=0

_1 o
ay 277 = 4.03 fm | (5.42)
—3 o—
ar 2" = 9.61 fm . (5.43)

One observes that the absolute value of the scattering length in the I = 3/2 & S = 1,2 and in
the I = 1/2 & S = 0 channel is almost two orders of magnitude larger than in all other processes
and channels. In Ref. [82] it is explained that for a growing attractive potential, the scattering
length a3 tends to minus infinity until it appears a bound state in the system which causes at
B3 = 0, that az changes its sign to positive infinity. Hence, for Bs > 0, a3 is positive and finite.
Consequently, the large absolute value of the scattering length indicates that the interaction
between Z; and B* is just quite not strong enough to from a bound state.
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Figure 5.3: S-wave phase shift § as function of the momentum k for all six channels in elastic
Z;-B* scattering. Note, that for each isospin state the S =1 and S = 2 spin channels yield the
same result and additionally that the I = 1/2 & S = 0 result is equivalent to that of I = 3/2 &
S=1,2.
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Chapter 6

Conclusion and outlook

In this work we considered the generic three-body scattering of a particle off a S-wave dimer in a
pionless non-relativistic effective field theory. This was done in order to derive a transcendental
equation whose solution tells us whether or not the corresponding three-body system is affected
by Efimov physics. For this purpose we made the assumption that the constituents of the two-
body bound or virtual state are heavy compared to pions, but that their binding momentum
is rather small, i.e. at most of the order of the pion mass, so that EFT(#) is applicable. The
method we have used to search for Efimov trimers in a three particle system was to decouple
the molecule—particle scattering amplitudes within the coupled integral equation system in the
limit of asymptotic large momenta, that is, to diagonalize the matrix whose elements contain
all information about spin, isospin, flavor normalization factors and symmetry factors. Unfor-
tunately, the decoupling / diagonalizing is only possible if one imposes some constraints on the
masses and the existence of shallow dimer states between some particles. We found two types of
systems which are suitable for this method: type 1 must have (approximately) equal masses (but
no further constraints) and type 2 must have my = ms3 or m; = mg (remember the freedom in
the allocation of particles 1 and 2) with the restriction that the equal mass particles must have
no bound or virtual state (i.e. they do not have a large scattering length). Only systems made
of two equal mass particles with a dimer and a third particle of different mass and in addition
systems where all particles have different masses cannot be described by the presented method.
However, especially in a system with three unequal masses whose difference is so large that even
the approximation of equal masses is not justified, it is relatively unlikely that such particles at
all have a bound state explained by the strong force. Besides these subtleties there are no more
constraints. Hence, one finally finds a transcendental equation for the scaling parameter s which
can have — depending on the eigenvalues of the matrix and on the mass ratios — a purely imaginary
solution which corresponds to the existence of the Efimov effect. Although this method could
be used in many different fields of few-body physics (e.g. cold atoms or halo nuclei) we applied
it to hadronic molecules scattering off a third particle which has a large scattering length with
at least one of the constituents of the molecule. Indeed, we found that a couple of established
particles — interpreted as hadronic molecules — are affected by Efimov physics. In particular, the
three kaon system KKK has a reasonably small scaling factor of 1986.14. In the up to now
known charm and bottom meson system no Efimov effect was found. Instead, we have analyzed
the — due to the absence of Efimov trimers — elastic ZglLB () scattering as a selected example in
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order to obtain three-body observables like S-wave scattering length and phase shift in systems
without Efimov effect using EFT (). We have also checked that hypothetical molecules made of
identical bosons (with spin and isospin) or fermions have for most spin and isospin configurations
an intermediate Efimov trimer state in their scattering off a third identical boson or fermion.
Although it might be experimentally challenging to find such new states it might also be worth
the effort because the existence of trimer states would be hard to explain in the tightly bound
diquark picture, but would emerge naturally in the hadronic molecule interpretation. Hence, in
this sense this work provides in principle a further method to clarify the nature of — at least some
— exotic particles in the charmonium and bottomonium sector.

As an outlook one can say that the extension of this work to P-wave or even higher L dimer
states would be a nice feature, especially in cold atoms or halo nuclei where the existence of
higher partial wave dimers is more common than in the hadronic molecule sector. Furthermore,
an inclusion of higher order terms would obviously improve the quality of the results. However, it
would require more experimental knowledge about the scattering length and the effective range of
the particles. Also the extension of the used pionless EFT to a EFT with explicit pions (XEFT)
would be useful, especially for the not so shallowly bound molecular states. Independently of
the theoretical effort it is expected that the planned or already running experiments like Belle II,
BES III or LHCDb will provide more data which could help improving the theoretical predictions.
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Appendix A

Spin and isospin projection operators

In the first part of the appendix our goal is to explain the structure of the combined spin and
isospin projection operators O;;. In the second part we focus on the projection onto a specific
scattering channel in order to derive the defining equations for the parameters x, y and z. Finally,
in the last subsection we will discuss the relation between these parameters and the Wigner 6-J
symbol which gives us the opportunity to determine them for arbitrary spin and isospin without
explicit knowledge of the projection operators. Since spin and isospin are described equivalently
we derive all relations only considering spin. To generalize the results to isospin is straightforward
(in fact, it corresponds to simply renaming all variables).

A.1 Combined spin and isospin projection operators

We start with some conventions regarding the matrix elements defining a generic scattering
amplitude T" ~ (out|...|in) with ket and bra vectors defined according to the conventions of
Ref. [1]:

(k, p| ~ (O apay ,

[k, p) ~ @ajap[0) . (A1)
Hence, it holds
((k, p))" = ((0l@,a)" = ala} |0) = [k, p) - (A.2)

Here, @, is the annihilation and EL is the creation operator which annihilates and creates a state
with momentum p, respectively. Again following the conventions of Ref. [1] the field used in the
Lagrangian density A is related to @ and A' to af by a Fourier transform. Thus, we will use the
fields A and AT as synonyms for annihilation and creation operators, respectively. Since we are
working in a non-relativistic theory it holds that the contraction of a state with momentum p
and the operator A yields 1, i.e.

(p|AT =1,
Alp) =1. (A.3)
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Figure A.1: Diagrammatic representation of a generic dimer decay. The corresponding ampli-

tude T3 = depends on the incoming and outgoing spin indices.

Adding spin degrees of freedom to the theory the fields Az become proportional to polarization
vectors (£y). for which we use the same symbol independently of the exact spin. In fact, for
a = / being a scalar spin "index“ the polarization vector becomes €5 = 1. For a = a € {1,2}
being a spin 1/2 index one gets a non-relativistic two dimensional spinor &5 = X, and for
a=1i¢€{1,2,3} being a spin 1 index 5 = &; is the usual polarization vector of vector particles.
The contractions in Eq. (A.3) are thus changed to contractions of a state with momentum p and
spin a with the operator Az where a denotes the component of the polarization vector &:

(p.al AL = () (). (A4)

«

Az |p, @) = (&a); (P) - (A.5)

To clarify the notation consider a state (p, (i = 1)| which is contracted with an operator Al which
is associated to a spin 1 field:

1 1, forz=1
(p.(i=1[Al= (@), (p)=|0] =40, fori=2 |, (A.6)
0/, 0, forv=3

where we have used the Cartesian polarization basis.

After this introduction we can continue and use the relations above to derive the projection
operators O0;; which appear in the Lagrangian density Eq. (3.23). Note, that the results for
projectors up to spin 1 ® 1 are collected in Tab. A.1 in section A.4. In order to proof that these
projectors O;; in Tab. A.1 indeed are correct we consider the vertex function of a dimer decaying
into its constituents which is in Fig. A.1 shown as a Feynman diagram (note, that we can restrict
ourselves without loss of generality to the case d;; ~ A;A;). We will compare the numerical value
of the decay amplitude with the corresponding Clebsch-Gordan coefficient. If we ignore for the
moment the non-trivial wave function renormalization of the dimer field d;; the decay amplitude
is according to the vertex functions in Fig 3.1 given by

Tgi(kpﬂ) = <q7 E;P@‘ a;a;(—9i;) (AI)E(OM)&BW (A;‘% (dij)a

= —gyu0; (1) O (), Gt a1, A7

ka)
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where we have in the second step contracted the operators with the external lines according to
Fig. A.1. If we additionally set the momenta to k = p+q the §-function yields 1 and we conclude
from phenomenology that the expression

C .= <5g)g(oij)a,g§ (5;1%(8})& , (A.8)

as part of the amplitude T gi(p, q) must be equal to the Clebsch-Gordan coefficient for coupling

spin B of A; and spin 7 of A, to a total spin a of d;;. In the following we will check this condition
exemplary for the spin coupling 1 /2® 1 — 1/2, but first we give some remarks regarding the
notation.

We write all projectors in terms of non-relativistic spinor indices «, 3,7, ... € {1,2} and in terms
of the Cartesian polarization vector indices i, 7, k, ... € {1,2,3} which describe spin 1/2 and spin
1 interactions, respectively. The underlying group of spin 1/2 is SU(2) whose generators are the
three Pauli-matrices

S B () RS (R RE®

and for spin 1 it is the three dimensional rotation group SO(3) which is generated by the matrices

—1

0 0 0
Ui=(00 —i|, U,=1]0 (A.10)
0 i ’

o O O
O = O
o O O

1

0], Us = 0
0 0
For both groups the generators fulfill besides other properties the following useful relations. For
the Pauli-matrices it holds:

ol =1 Vi,
Tr(o;) =0 Vi,
Tr(oi0;) =20 Vi,j,

oi0; =0 L +ieyor Vi,j,
loi,0i] =2i€00p Vi,j,

{O’i, O'j} = 25” 1 \V/Z,.] . (Al].)
And similarly the matrices U; fulfill:

Ui)jk = —teyn Vi,5,k,
Te(U) =0 Vi,
Te(U;U;) =26; Yi,j,
(UiUj)ke = 045 Ore — 0ic0n; V1,7, k, 0,
Ui, Ujl =icij Uy Vi, j. (A.12)
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The spin indices we are working with are given in the Cartesian polarization basis, namely, they
correspond to the spin 1/2 polarization vectors ¥, and the spin 1 polarization vectors &; given

by
1
{;a—(é),;a—(?)} and  a=[0] a=[1] 5=
0 0

respectively. Since X2 are the eigenvectors to the eigenvalues \; o = £1/2 of the matrix o3/2
one can directly identify X, with the physical spin states defined by their magnetic quantum
number m:

(A.13)

w

Y

_ o O

)22;77?,:——. (A].4)

In the spin 1 case one has to perform a change of basis from Cartesian ({£},£3,£3}) to spherical
({€, €0, £-}) polarization vectors where the momentum p points in z-direction. The latter can
be identified with physical spin states m = 0, 1 in the following manner:

1
- 1(44_,_,) 1 )~ 41
g4 = ———=\(¢ 1W€9) = ——— 1| =m= ,
+ \/§ 1 2 \/§ 0
0
50253: 0 ém:O,
1
S () (A15)
E_ = E1 — &9 — | ) =m=—1, .
V2 V2|

meaning that £, £y and €_ are the normalized eigenvectors to the eigenvalues +1, 0 and —1 of
the generator Uz. Alternatively, one can maintain the Cartesian basis indices in the Lagrangian
density and insert

j=—-——7(1+142) for am =41 state,

Sl

(1 —42) for am = —1 state,

<
I
TS
—_
S

j =3 foram =0 state, (A.16)

instead (note, that the i on the right-hand-side is the imaginary unit while j on the left is a spin
index). This is the method we will use.
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Ket spin vectors |7, m) are then related to the polarization vectors via

11

272
1 1
*a:‘§’_§>7 fOI'QI27

&=111), fori=—75(1+12),
glz|170>7 fOl"Z:?)j
G=[1-1), fori=-75(1-12). (A.17)

From the Clebsch-Gordan coefficients it additionally follows that one can identify for spin 3/2
the ket vectors with

- 33 ,
€i Xa = §’§> , for {l:—%(1+22)7a:1}7
=N 3 1 1 1 . V2
€i Xa = 375/ f01"75{12—75(1+12),Q=2}+—3{1:3,g:1},
. 31 /s . X
fiXa= |5 =y ), for 73;{&:3,g=2}+7§{1=75(1—12),g—1},
L. |13 3 o ,
§iXa= |5 =5 ), for {&:75(1—22)@:2}, (A.18)

and similarly for spin 2:

5 =12,-2), for {g = L(1-i2),j=201- z2)} . (A.19)

The corresponding bra spin vectors (7, m| = (|j,m))" can be found by Hermitian conjugation of
the relations above.

Let us now consider the coupling (J(Ai) = 1/2) ® <J(Aj) = 1) — (J(dij) = 1/2). From
Tab. A.1 we take the corresponding projection operator

(Oz‘j)a”@ﬁ = % (gg)ﬁa )
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where @ = « and E = [ are spin 1/2 indices and ¥ = ¢ is a spin 1 index. Plugging this into
Eq. (A.8) we find

* (Yg>1 <52T>3(_)Q)1_ <>Z§T>2 (5_;;[)3(_’0&)2] : (A.20)
Depending on «a, @ and g the equation above yields

o fora=1 =1

g= : (A.21)

(A.22)
oforgzl,ﬁzQ
| (i ri) =, gm0
C=—( (&) +i(e]) )=<0, forg=3 ’
3 974 /9 -
L (H+ig) =0, forg=1i1+:2)
(A.23)
o fora=2 =2
X 0, forg:—\/ii(l—ﬂ)
=7 (&), =% frg=3 ' (A-24)



These results can be compared with the Clebsch-Gordan coefficients in Ref. [2]:

>
(w ® 1, —1|) |% b= <—1>51%(<1,—u®<%,% )

1,3:2.3)=0, (A.25)

= (0B (L e (34 ) Lk D =2, (A2)

LLily—0,  (A27)

where it was used that
(Gl © Gaomal ) L, o J M) = (=17 (aomal @ Gvymal ) L jui /M) (A:29)

holds with the standard notation of Ref. [2]. Indeed, one observes that C is equivalent to the
Clebsch-Gordan coefficient of the respective coupling. In the same way one could proof that the
other projectors given in Tab. A.1 are correct.

A.2 Projection onto scattering channel

Up to now the decay amplitude Eq. (A.7) still has free (underlined) indices. In fact, ﬁ and y
represent two polarization vectors 55 and €5 which can be coupled to — in general — more then
one total spin called p. Hence, the decay amplitude with initial spin state 77 and final state spin
p can be written as a a

TS = 7 (OT> Ta Sa (A.30)
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where we have introduced an operator O which projects onto a specific final state p, i.e. which

couples the spins B and 7 to a total spin p. Since this projector must be normalized in order to do
not over-count some spin states, there is an normalization factor of 1/1/¢ added. The Kronecker-
delta dz7 in Eq. (A.30) is nothing else than the (already normalized) projection operator which
couples "nothing“ and spin & to spin 7). To get the full index-free decay amplitude one has — in
the usual way, cf. Ref. [1] — to average over initial and sum over final state spins leading to

. 2 L 1 i 5
B i = 7 \Or) 15 0ai- A31
dof(n) % 1 dof(1) % \/E( T)mB & Oag ( )

We now introduce a convention for scattering amplitudes, namely that initial spins are written
as subscript and final state spins as superscript. Next, we consider a generic two-body scattering

amplitude ng and know from the considerations above that the full amplitude T is given by

1 3G /iy
~ dof(7) ; dof (@) £ Z \/— ( >Am T35 (Or)gas » (A.32)

with 7) being the total initial and X being the total final state spin onto which the two operators
O7 and Or project. Note, that for elastic scattering one has to set 77 = A as initial and final

state must be equal in this case. The projection operators (9;) have the same structure as the
operators O derived above since both couple two spins to a total spin. The only difference is that
the former couple the dimer spin and the spin of the third particle to the scattering channel spin
while the latter couple the spins of the two constituent particles to the spin of the corresponding
dimer. It is thus not necessary to give Op explicitly; it can be deduced from Tab. A.1.

In the derivation of the transcendental equation for different types of systems (cf. section 3)

the deduced scattering amplitudes on the one hand have the same index structure (Tw)é% as the

generic one in Eq. (A.32). On the other hand they are given as integral equation, that is, they
are proportional to themselves and to the other amplitudes Tj; and Tj;, but with different final
state indices. To explain the method of projecting onto a specific spin channel it is sufficient to
consider only one example as which we chose the Th3(¢) contribution to the Ti3(p) amplitude (cf.
second row of the first diagram on page 158):

(Tlg,%E ~ <p,i; —p,i‘ (dla)ﬁ (A3)5 ((913)~~~ (A1) (Tas)5

X <A£>5 (023)@5;(Z§>~(d23)ﬁ k,a
= (2);(2), (0h) (1055 (O (%)
= b5 055 (O )W (T2 ()55 055 055

- (oig)w (Tos); (O (A.33)

IS
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where we have used in the third step that in Cartesian spin basis (£5); = Jaa holds for all
which directly follows from the definition in Eq. (A.13). The full index-free amplitude therefore
has the proportionality

1
Tl?’:W(ﬁ)Z( )y ~ dofmZ cTncT13< ’mm

- ﬁ?A o

((’)13)7% (TQS) (O )u ap <OT12) 738 -

(A.34)

What we want to achieve is that also the right-hand-side is written in terms of the full amplitude
Ty3. We know from Eq. (A.32) that

T av
f = dof%ﬂ EE: N <51&3> (Ts)35 (Onia)ya7 - (A.35)

Since the projection operators are unitary, i.e.

@Q (@qw_@mﬂm (A.36)
we can write Eq. (A.34) as
Thz ~ Yig ! (Or} ) (T23)W (Oris)q55 = Ya Tos (A.37)
ey NG
A

with y, defined as

1 1 i i

i e (O0), (OV) OO a5
In the same way all other xz;, v;, z;, *;, y; and z; parameters can be determined. Their defining
equations are given in Eqs. (A.40 - A.81) where we have assumed that all operators Or are
normalized, i.e. ¢y = 1, and furthermore changed the notation of indices by removing the
underline. In section A.4 we have given some overview tables (Tab. A.2 to Tab. A.7) for the
normalized projection operators in which the indices are named in the same way as they are
needed to calculate the parameters. Note, however, that independently of the tables it holds

(Ol ) o if PZ 7é P;

(Oif) o = {(@.é)w e p_p (A.39)
) puop 1 [

because if P; = P; there is just one possibility of assigning the indices p and o to the two identical

particles P; (in contrast to the general case P; # P; where — depending on the considered diagram

—in a vertex either A;r or A} is allocated with the index p so that according to Eq. (3.4) one has

either a projector (Oj;), . or a projector (Oy), ., in the expression).

o = dofl(ﬁ) Z <OTT1(Q)X,&§ <012> a7 <OY2)T>WB <OT”>57&5 (4.40)

A
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(A.41)
(A.42)
(A.43)
(A.44)
(A.45)

(A.46)

(OTIS) A

(A.47)
(A.48)
(A.49)
(A.50)
(A.51)
(A.52)

(A.53)

(o)

(A.54)

(A.55)
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(A.56)

(A.57)

PV <OT{3>

S

CORC)

N7

(A.58)
(A.59)

(A.60)

(A.61)
(A.62)
(A.63)
(A.64)
(A.65)
(A.66)
(A.67)
(A.68)
(A.69)

)

(A.70)

(0

i
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W= olof1 ) <O;fé>>x,aa <O23> i ((9&,3*)%5; <OT23>X,W (A.71)

%i/) - dofl(X) (OTTQ(Q)X,H <023> 0,55 (OégT>:y,aﬁ (OT%)X,W (A.72)
7= dof1 ) (0;1(&))},5& (0/12> iP5 (OQT>’~7,55 (OTllQ)Xﬁﬁ (A.73)
i = dofl(x) <OTTEQ>X,57 <0/12> i <O§I§T>%ﬁﬁ <OT{2>X,;717 (A.74)
= L 0,). _(0h) (08" (On,). (A.75)
dof(p) 5e ) X5 (.55 507 XD
= dof1 by <OTTEQ>X,57 <0/13> .5 <O§IQ)T>WE <OT{3>X,;717 (4.76)
i = dof1 ) (0;1(;?)},5& <O/13> 7,0 (OQT)%% (OTIIB)MD (A.77)
&= dofl(x) <OTT£§2>X@ (O%) o <Ogy>1ﬁv <OT{3>X,;75 AT
7= dof1 ) <OTTI(;>>X,55 (0,23> .75 <O§3T>w,ﬁ~ <OT53>XW (4.79)
%/) - dofl }:) (OTTl(Q>X,ﬁ (Oé?’) i (OEQT%,?} (OTQ/3>X,;7,17 (A.80)
= dofl(x) <OTT5§?)X,H <O,23> i <O§gT>Wﬁ <OT53>XW A5

A.3 =z,y,z parameters and the 6-J-symbol

Wigner introduced the 3-J symbol [169],

jvog2 J
mq mgM’

to describe the coupling of two angular momenta j; and js to a total angular momentum J
for given associated magnetic quantum numbers m, mo and M. It is related to the usual
Clebsch-Gordan coefficients through [170]

((jl,m1|®(j2,m2|>|J,M>:(—1)j1_j2+M\/2J+1(j1 s > (A.82)

my My -M

and only non-zero if the following properties are fulfilled [170]:
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o my € {—|jil,.... [al}, ma € {=|f2|, ... 2|} and M € {—|J|, ..., [J|},
e my+mo =M,

o [j1 —jol < J < g1+ o,

e j1t+j+JeN

As it is discussed in Ref. [170] there are — besides a large number of Regge symmetries — three
important symmetries of the 3-J symbol: it is invariant under even permutations of its columns,

ie.
o SN _ (2 J aN_(J o q
<m1 mo M) - (mg M m1> N (M mq mg) ’ (ASS)
but receive a phase factor for odd permutations:
i Je N o vidgerd (T2 0 SN o videra (1 g2
(m1 mo M)_( 1) (m2 mq M _( 1) mq M mo ’ <A84)

The third property is that also changing the sign of all magnetic quantum numbers yields a
phase:

J1 J2 N o viders [ g2
(—m1 - _M)—( 1) i s M) (A.85)

If we consider Eq. (A.8) and again use that in the Cartesian basis (5). = dza holds (cf.

Eq. (A.13)) we conclude that C can be written as

a

C = (5%)3(01,»)&,% (5§)§ (E5)s = (O)s s - (A.86)

As it was done in the defining equations for the x, y, z parameters (Eqgs. (A.40 - A.81)) we change
the index notation by removing the underline and conclude that

C=(0i)spm = ((ji7mi| ® <jjamj|> | Jij, M) (A.87)

since phenomenology tells us that C is equal to the corresponding Clebsch-Gordan coefficient for
coupling spin j; of particle A; and spin j; of A; to the spin J;; of the dimer d,;. Consequently,
one can use Eq. (A.82) and write

N (qyeiMy T (i Ji i

(O)zpy = (L0025 4+ 1 (mi m; —M¢j> ' (5.88)
However, in the coupled integral equations appear at the same time projectors (Oij)aﬁ with
interchanged second and third index (note, that ”interchanged“ does not mean ”renamed“ since
in each scattering process the indices are fixed by the particle allocation). Thus, the question
arises how the relation Eq. (A.88) is changed? The operator O;; couples the fields AZT and A}
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and according to the order of appearance of these particles within the dimer wave function (fixed
in Eq. (3.4)), the second index corresponds to particle P, and the third to P; (cf. Lagrangian
density in Eq. (3.23)). However, this is only true for distinguishable particles P, and P;. If
they are identical the swap of them obviously does not change the Clebsch-Gordan coefficient.
Therefore the interchange of second and third index of O;; yields the relation

(dj»mj| @ (Ji, il ) |Jij, Myj) . for Py # P;
(Oij)azﬁﬁ = ) ) ’ (A.89)

where the total spin J;; is of course not changed. However, in the upper case this is not our
convention regarding the order of the constituents within a dimer wave function. Hence, we
remember the relation in Eq. (A.29) and write

(Oij)aﬁﬁ — (_1)(1—5P¢Pj)(Jij_ji_jj) < iy ms| ® (jj,mjl) | Jijs M) (A.90)

which holds for the same set of indices fixed in Eq. (A.87) and where the factor dp,p, ensures
that nothing is changed if the particles are identical. Since the right-hand-side yields a (real)
Clebsch-Gordan coefficient it is Hermitian and thus the left-hand-side must be. Consequently;,
Hermitian conjugation does not change Eq. (A.87). In summary we thus find with the help of
Eq. (A.88) for a (due to the particle allocation) fized set of indices @, Bﬁ and i < j € {1,2,3}:

| | - TS
(Oij)aﬁaz(<Jiami|®<ijmj|)| i Myj) = (=1)7 79 \/2Jij+1< nﬁZj _]\}) :

mg ij

(A.91)
(Oi)azs = (G sl @ Gimal ) g, Mig) = (1) 0P P70 (G i @ (g | ) 1z, Mig)

_ (_1\O=bp, P )(Jij—Ji—Jj) ( _1\Fi—d;+Mij B Ji U Jij
— (—1)ttnn (ap BT T (B )

( )
m; mj _Mz'j

T ji—J5 ij jl j Jl T
<Ojj>aﬁﬁz [(%)a,ﬁa} - [(_1)] o \/m(m ”’Zj _Miﬂ')}

)

Vi M - Ji Ji S
(—1) «/2J1]+1< ” _Mij), (A.93)

myg

i i5—27+Mij Ji Jj Jij T
(OZJ) a5 [(Oij)aﬁﬁ} N [(_1)J o m(m m, _Mij)}

)

— (_1\Ji—ditMij+(1=bp;p;)(Jij—ji— Ji jj Jij
=(-1) )\ /205 + 1 <m m; —M-)' (A.94)

7

_ (_1)ji_jj+Mij+(1_6Pin)(Jij_ji_jj) 2Jij+ 1 (‘7Z Jj Jij ) ’ (A.92)

These results allow us to write the z,y, 2 parameters in terms of 3-J symbols. Before we do so
keep in mind that in all Feynman diagrams in appendix C the exchanged particle has the index
p, i.e. p in the detailed notation of the current section. Hence, depending on the particle P;, p
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is either the second or the third index of the projection operator O. With our convention fixed
in Eq. (3.4) it is then also fixed that

(O4j)~ ~5= <<ji7mi| ® <jjamj|> | Jijs Mij)

_(_1)J‘H‘j+Mm/2JU+1(*7" Ji —{w) for i < je{1,2,3},

mi 1 ij
and the relation for (Oj;)- 5~ is determined by Eq. (A.92). Note, that there is no convention

regarding the channel projectors Oz, ; they are simply chosen in the way that the dimer spin
comes first. Thus, one can apply Eq. (A.91) in the form

(OTij);,ﬁ; = ((Jij, M| ® <jk,mk:\> | Tk Mk

M Jij J J .
— (— J@J Je+ ) k
=(-1) \/2J+1<Mij ) M) , fori<je{l,2,3}.

As an example for this method we again consider y4 derived in the previous section:

Y4 = dof(X) . Z (OTTN)Xﬁ <013>7ﬁ;(023),7,55<OT23)X,,717 :

For simplicity we below assume that all particles are distinguishable. Nevertheless, everything
works out in the same way if some particles are identical; one only has to keep in mind that
the indices of some operators O might be interchanged to ensure the right order according to
Eq. (3.4). In terms of 3-J symbols y, is given by

= S (ST ( he R S ~)

my(v) ms(p) _M13<7)

X (_1)j2—j3+M23 /2J23 +1 ( j2 j3 J23 )

ma(c) ms(p) —Mas(p)

X(_l)J23j1+M‘/2J+1<M;];?ﬁ) mﬁg) _]\j(x)), (A.95)

X (_1)j1—j3+M13 /2J13 +1 ( 1 J3 J13 )

where we have made the sum over spin indices explicit and used the variables J and M for
the spin channel A and its magnetic quantum number. Since each magnetic quantum number
implicitly depends on the corresponding index we have written m = m(?) to emphasize this
fact. In this sense the summation over all spin indices can be expressed as a summation over all
magnetic quantum numbers. Furthermore, we know from quantum mechanics that (2J + 1) is

the dimension of the associated spin space and thus (2J + 1) = dof(A) holds. Thus, Eq. (A.95)
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simplifies to

|71 |72l |7s] | J13] | J23] [J]

Ya =/ (2113 + 1)(2Jo3 + 1) Z Z Z Z Z Z

mi=—|j1| me=—|j2| ma=—|j3| M1z=—|J13| Maz=|Josg| M=~|J|

X(_1)J13+J2372j3+M13+M23+2M Jiz  J2 J J2 J3 Ja3
Mz me —M ms  —Mas

JioJgz Jis Jaz g1 J
X ) A 96
(ml ms —M13> <M23 mq —M) ( )

One observes that the substitution M;3 — —M;i3 does not change the sum in y, since M3 €
{_|J13|a ) |‘]13|}:

|71 |72l |73l |J13] | J23] [J]

=V rh)2hLE+) Y Y Y % >y

mi1=—|j1| me=—|j2| m3=—|j3| M13=—|J13| Maz=—|J23| M=—|J|

X(_1)]13+J23—2j3—M13+M23+2M Ji3 Jo J J2 J3 Ja3
—Miz mg —M mo mz —Mas

o Js o Jis Jos 1 J
. A.97
8 (m1 ms M13) (M23 my —M> ( )

Using the symmetry properties of the 3-J symbol given in Eq. (A.83) and Eq. (A.85) yields

ls
Yy = \/(2J13 + 1)(2J23 4 1) Z (_1)J13+J23*2j3*M13+M23+2M

—
X (—1)j2+I+ JoJ Ji3 J2 J3 Jos
—my M Mz) \ma m3 —Mag
i ' ' J ] J J:
« (—1)itists [ J1 J3 13 N 23 A 93
( ) (_ml —mg —Mi3 my —M My )’ ( )

with ) being a placeholder for all sums over magnetic quantum numbers.
Now consider the so-called 6-J symbol,
g2 Ji
Js J Jas)
introduced by Wigner in the same work of Ref. [169]. It is used to describe the coupling of
three spins ji, jo and j3 to a total spin J with two intermediate spins .J;5 and .Jo3 coming

from the coupling of j; with j5 and j, with j3, respectively. More precisely, it is related to the
Clebsch-Gordan coeflicient

((J1, (Jos J3)J23) J| ((J1s J2) J12, J3) J) (A.99)
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which couples the incoming spins according to j; ® jo — J12 and J12 ® j3 — J while in the "out
state one has jo ® j3 — Joz and j; ® Jog — J. Keep in mind that the order of the respective
spins is important since due to Eq. (A.29) swapping leads to possible phase factors. Following
Ref. [170] we know that the coefficient Eq. (A.99) is related to the Racah W-coefficient via

1
V(2J12 +1)(2J23 + 1)

which itself can be written in terms of the 6-J symbol

W (j1jad j3; JioJos) = ((j1, (42, g3)J23) J| ((j1,72) )12, 73) J) »  (A.100)

W (j1jad js; Jraag) = (=1)7 1940t {?; {; J;z} (A.101)

Consequently, one finds that the 6-J symbol above is proportional to the Clebsch-Gordan co-
efficient for the coupling of incoming spins j; ® jo — Jio, J12 ® j3 — J and outgoing spins
J2®J3 = Joz, 1 ® Jaz — J:
(1, (s Gs) J23) J| (v, o) Jaa, ga) J) = (1) 285/ (2015 +1) (225 + 1) {?; ‘7j Jz} .
(A.102)

In Ref. [170] it is shown that the 6-J symbol has certain symmetries: firstly, it is invariant under
any permutation of columns,

VESRVETE S (D I S S S (D I T S U 3 Y - SR ) (RN O SO L S - (D I B B
Ja J5 Je Js J6 Ja J6 Ja Js Js Ja Je Ja Je Js Jé J5 Ja)
(A.103)

and secondly, it is also invariant if one interchanges the upper and lower argument in each of any
two columns [170]:

N R (% e
Ja Js Je Ja J2 I3 Ji J2 Je Ji Js J3

From the considerations above it is clear that the x,y, 2 parameters should be related to the 6-J
symbol. Using again our example parameter y, one can indeed show that this is the case: from
the diagram in Fig. A.2 to which g, is proportional, one observes that y, is the coefficient for the
coupling of spins (jo ® js — Jaz) ® j1 — J in the "in“ state and (j; ® js — Ji13) ® jo — J in the
outgoing one (remember our convention that the dimer is coupled with the left-over particle to a
total spin J and not vice versa). Comparing this with the relation in Eq. (A.102) one concludes
that one has to interchange j; with j3 as well as j, with Ji3. Thus, with the help of Eq. (A.29)
one finds

ya = (((J1, J3) D13, J2) J| ((J2, J3) J23, 31) J)
(=1)7 =792 (=) (G, (Gs, g1)Dis) I | ((Gas ) J23s 41) J)

(_1)J—J13—j2(_1>J13—j1—j3(_1)j1+j2+j3+J\/(2J23+1)<2J13+1) 22 Jz Jas
o J Jis

— (Ve R D ) (A.105)
Jo J Jas
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N A

Figure A.2: Diagram to which vy, is proportional.

where we have used Eq. (A.102) in the third and the symmetry properties in Eq. (A.104) in the
fourth step.

In order to check that Eq. (A.105) is a correct representation of the parameter y, we will verify
that it is equivalent to what we have found in Eq. (A.97). In Ref. [170] it is shown that the 6-J
symbol can be defined in terms of 3-J symbols:

. . |7 . .
‘7.1 J3 J13 — E (_1)]&—m1+j3—m3+J13—M13+j2—m2+J—M+J23—M23 J1 J3 J13
Jo J Jag —my; —mg —Mi3

m=—lji
o g2 gz Ja Jjo J Jis
. (ml —-M Mgg) (m2 ms —M23) (_m2 M M)~ (A106)

Hence, we can replace the product of four 3-J symbols in Eq. (A.97) by the 6-J symbol times
the corresponding phase factor in Eq. (A.106) to obtain

. ) |51
_ Ji Jz Jis J13+Jog —2js— M3+ Mag+2M
Yy = \/(2]13 + 1)(2J23 + 1) {32 7 JQg} Z (_1) 13+J23—2j3—Mi3+Mas

m=—j|

% (_1)j2+J+J13(_1)j1+j3+J13(_1)jl*ml+J'3*m3+J13*M13+j2*m2+J*M+J23*M23 ) (A107)

In order to simplify the sum over the phase factor

¥
§ (_1)4J13+2J23+2J+2j1+2j2—2M13+M—m1—mz—m3
7

m=—|j|

we use that the second condition for a non-vanishing 3-J symbol given on page 118 yields in our
case

—mMy — M3 = M13 = —(m1 + m3> = M13
—Mmso + M = —M13 = M — mo = —M13 . (AlOS)
Furthermore, the first condition on page 118 implies that among others (J;3 — M;3) € IN so that
the factor (—1)2/13=Mi) = 1. Similarly, (—1)2s+2+)) = (—1)20s+01+)) = 1 since the fourth

condition on page 118 tells us that the respective combinations in the exponent are also integers.
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The phase factor is thus equal to
13 I3
§ : (_1)4J13+2J23+2J+2j1+2j2—2M13+M—m1—mz—m3 — E (_1)2J13+2J23+2J+2j1+2j2 (_1)2(J13—M13)

m==—|j] m=—|jl

_ (_1)2J13+2J23+2J+2j1+2j2

= (-1 = (-1¥. (A.109)

o (_1)2(J13+j2+J) (_1)2(J23+j1+J) (_1)_2J

Therefore the parameter y4 in Eq. (A.107) gets the compact form

ys = (=1)*/\/ (213 + 1) (25 + 1) {‘7.1 73 ‘]13} : (A.110)
J2J Jag

which is equivalent to Eq. (A.105). Hence, we conclude that indeed both representations Eq. (A.97)
and Eq. (A.105) for the parameter y, are correct.

The advantage of the 6-J symbol notation in y, is that in contrast to the definition of y, in the
previous section (Eq. (A.38)) it is not necessary to have the projection operators O explicitly
given. It is sufficient to know the spin of the three particles and corresponding dimers as well
as the scattering channel. This allows us to analyze systems consisting of particles with spins
higher than 1 which undergo scattering processes in channels higher than 2, where the projection
operators are more and more complicated or even not known.

In the same way as we derived Eq. (A.105) (or equivalently Eq. (A.110)) one can deduce ex-
pressions for all other x, y, z parameters in terms of 6-J symbols. For instance, one can — using
Eq. (A.102) — deduce :L’g) from

o) = 807, ( (G i) 5. ) 7 | (Gnsdo) 2o ds) ) = ( (G220 T80 ) | (G o) o)
. . G
_ _12J\/ 2J(/)+1 2T + 1 {ﬁ J2 J12}7
07\ (27 1) @R 2

and yg) from

v = opp, <<(J'27]'3)J2(Qajl> J ‘ ((j1>j2)J127j3)> = <<(j17j3)J1(QJ1) J ‘ ((J'1,j1)J127J'3)>
— (_1)(1_5P1P3)(J{g>_j1_j3) <<(j3,]1)J1(Q,j1> J ’ ((]1,j1)<]12,j3)>

N . ) y )

B 27+ (1-6p, )(Jl(;—gl—gg)\/ 0 g3 g1 Ji3
_ (1 17 279 £1) (21 + 1 .

(—1) (J13+)(J12+) [

Note, that the Kronecker-delta in front of the Clebsch-Gordan coefficient originally stands in
front of the corresponding diagram. Therefore the diagram itself is changed before one applies
the Feynman rules and thus one must not interchange the spins within the Clebsch-Gordan
coefficient in the first line; they are interchanged due to the different vertex factor one has to
apply for the changed diagram. However, in the second line of yg) we indeed swap the spins in
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the coefficient and thus pick up a phase factor (as long as P, # P3).

The results are summarized in Eqgs. (A.111 - A.146) where we notice that the parameters with
index 71% are identical to those with index ”2“. Keep in mind that we have derived all relations
in terms of spin only. Consequently, one has to multiply the results of the x,y, z, parameters for
spin with the results for isospin to get the full spin and isospin dependent parameter. However,
we do not give the isospin formulae explicitly since spin and isospin behave analogously. Hence,
one simply has to replace all j’s and J’s by i’s and I’s for the latter. As a practical remark in
the application of the 6-J symbol method, note that in Mathematica the command SixJSymbol
provides an automated calculation of 6-J symbols for given spins.

. . 0
(" _ 27 < ") Ji g2 Jig
= (-1 2J5 +1)(2J12+ 1 ) A.111
T19 (=1 \/ 12 )( 12 ){]1 T J12} ( )
B . . . n
yEI)Q _ (_1)2J+(1—5P1P3)(J13—h—]s)\/(2J1(3) + 1) (2J12 + 1) {]3 J1 J13} (A.112)
> N J J12
o . . n
o) = (—1)2(10mar) (S =) \/ (2780 +1) (212 + 1) {13 . "23} (A113)
: i J o Jio
o . . n
zf) = (—1)2J+(1_6P1P2>(J12 _71_72)\/<2J1(/2) + 1) (2J13+ 1) {‘72 /1 J12} (A.114)
o J o Ji3
. . G
y§'>:(_1)2J\/(2J§Q+1> (215 + ){91 I3 J13} (A.115)
J i3
. ()
2 = (=1)? \/<2J§§,+1 2J13+ { 73 JQS} (A.116)
J Ji3
. ()
(1) _ ") g1 Je Jis
—(~1 20 +1 (2453 + 1 A117
o) = oy (0 1) e {202 T (A7)
: ()
yy = (-1)? \/<2J13+1 (2J23 + 1) {‘71 I3 ‘]13} (A.118)
Jo J o3
. ()
ZEL/) = <_1) \/(2J23 +1 2J23+ {jz jj ?3} (A.119)
J2 23
. ()
2V = (- 1)2J\/<2J1('2)+1 2J{2+ {-71 ‘7j f;?} (A.120)
J1 12
o . . . N
g = (=210 (1) \/ (278 +1) (271, + 1) {43 ) Jw} (A.121)
g1 J I
o . . . N
) = aprr )0 Joag ) o n {0 8 B
1
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B o . . (n
xé’) _ (_1)2J+(1 5P1P2)(J12 J1 12)\/<2J1(/2) + 1) (2J]5 + 1) {]2 1 J12}

v Ji
. . )
yé'>:<—1>”¢(w1‘2+1) @y {2 T
v Jis

(1)
) 0 oy
) = (<1 (278 +1) (27 + 1 { 23}
L0 _ (_1)2J\/<2J(/ + 1) (2J%, + ){ 1 J2 J1(/2)}
¢ 12 23 g2 J Ja
. (1)
0 _ , Jv Js Jis
s ( 1) \/<2J13 + 1) (2J23 + ) {]2 J Jég}
0= e en o {5 )
{ 23 23 g2 J Jy
%’% = (—1)2J+(1—6P1P2)(J12+Jf/2)—2j1_2j2>\/(2‘]1(/2) + 1) (2J12+1) 3:2 ¢ J1(/2)
7 Jjo J Jio
o 2J+(1_6P1P2)(le_jl_j2)+(1—5P1P3)<J££’,)_j1_j3> () VER!
Yo = (=1) (2J13 * ) @iz +1) g2 J
. . ()
§§/7)2 _ (_1)2J+(1—6p2p3)(J23 —32—33) \/<2J2(§5) + 1) (2J12 + 1) {iz (](]2 :?;Z}

gz()’/) _ (_1)2J+(1—5P1P3)(J13_j1_j3)+<1—5P1P2)(Jig_jl_]é)\/(2J1(/2) + ) (2J13 + 1) {f}) ]Jl

, ) ) . . ()
G = (—1y2+(momm) (et -2i-2) \/ (2 +1) @A+ 1) {]7’ 7 Jlg}

Jz J Jis
. . G
A = (—1)2J\/<2J§Q +1) @13 +1) {J? J3 ‘]23}
Jz J Jis

. . G
0 — (1 2J+(1—5P2P3)(J23—j2—j3)\/<2J(’) 1) 2. 1) 71 J2 J13
Ly ( ) 12 + ( 23 1+ ) j3 J J23

. . 0
7 = (—1)2J\/<2J1(Q + 1) (223 +1) {-7,1 73 JlS}
gz J Jas
Noe . . 0]
Ei/) _ (_1)2J+(1—5P2P3>(J23+J2(3>_232—2]3>\/<2J2(Q i 1) (2Ja5 +1) {]3 72 JQQ}
Js J Jas
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~() 2J+(1_5P1P2)<J12+J1(/2>_2j1—2j2> 0 , J2 Jl(/2)

J2 J i
/ . . N ' . . ()
@45/) _ (_1)2J+(15p1p2)(J1211jz)+(15p1P3)(Jf3>1113)\/<2J1(g) + 1) (200, + 1) {33 ) J1/3}
J2 J Ji
(A.139)
o . . n
Eé/) _ (_1)2J+(1—5P2P3)<J23)_J2_J3>\/(2J2(Q . 1) (271, +1) {;3 ]} ?2/3} (A.140)
2 12

o B . . . ()
%é/) _ (_1)2J+(1—6P1P3>(J13—J1—j3)+(1—6P1P2)(J12 —31—32) \/(2J1(’2) 4 1) (QJ{:S + 1) {]2 J1 JlQ}

gz J Jig
(A.141)
) o A . . G
37((5/) _ (_1)2J+(1—6P1P3)<J13+J13 —2]1—2]3) \/<2J1(Q + 1) <2J{3 + 1) {ji ‘?})’ il{z} (A.142)
. . 0
7 = (—1)2J\/<2J2<;3 +1) @35+ 1) {-7.2 . t;%?’} (A-143)
J3 13
o . . N
7 = <_1>2J+<16P2p3><«fésm>¢ (278 +1) s+ 1) {j.l . ‘}2} (A.144)
3 23
. . 0
R CU R YRR i (2145
J3 23
, D o o . . ()
5{7/) = (—1)2J+(1_5P2P3)(J23+‘]23 202 2]3)\/<2J2(Q + 1) (2J33 + 1) {:;2 jj {Izz} (A.146)
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A.4 Projection operator summary tables

’ J(Ai)g ® J(Aj% — J (dyj)5 ‘ index assignment ‘ projection operator (Oij)&’gf;y« ‘

a =/ spin 0 index
0®0—=0 3=/ spin 0 index 1
v =/ spin 0 index
a =« spin 1/2 index
0® % — % E = / spin 0 index Doy
v =+~ spin 1/2 index
a =1 spin 1 index
0®1—1 5 =/ spin 0 index Oik
v =k spin 1 index
a=a spin 1/2 index
®0— % B: £ spin 1/2 index dop
v =, spin 0 index
a =,/ spin 0 index

[

lei—=o0 é: £ spin 1/2 index ﬁ (02) 5,
¥ =~ spin 1/2 index
a =1 spin 1 index
% ® % —1 é: £ spin 1/2 index \/L§ (O-io-Q)ﬂq/
v =+ spin 1/2 index
a =« spin 1/2 index
lol1—1 g = spin 1/2 index \/Lg (%) ga

v =k spin 1 index
a =1 spin 1 index
1®0—=1 B =j spin 1 index 0ij
v =/ spin 0 index
a=a spin 1/2 index
5 =7 spin 1 index —\/Lg (Uj)w
¥ =+ spin 1/2 index
a =/ spin 0 index
1®1—0 gzj spin 1 index — =0k

1® 35—

N[

v =k spin 1 index
a =1 spin 1 index

1@1—1 5= spinlindex —75 (Ui
v =k spin 1 index

Table A.1: Summary of spin projection operators where the indices {a, 3,v...} € {1,2} re-
present spin %, indices {i,j,k...} € {1,2,3} represent spin 1, o; are the SU(2) generators (Pauli

matrices) and U; are the generators of SO(3).
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J(Ai)g @ J(Aj); = J (dg;)>~ index assignment | projection operator ((’)g-)>~~~
I [L.5p
=, spin 0 index
0®0—0 o=, spin 0 index 1
p =/ spin 0 index
f =g spin 1/2 index
0® % — % o=,/ spin 0 index Oup
p=p spin 1/2 index
i =m spin 1 index
01 —1 o=/ spin 0 index Omr
p=r spin 1 index
=g spin 1/2 index
10— 1 o =0 spin 1/2 index S0
p =/ spin 0 index
=, spin 0 index
$®3—0 0 =0 spin 1/2 index \/Li(ag)gp
p=p spin 1/2 index
ft=m spin 1 index
R o0 =0 spin 1/2 index \/LE (0mo2)y,
p=p spin 1/2 index
=g spin 1/2 index
1911 0 =0 spin 1/2 index \/Lg ()
p=r spin 1 index
[ =m spin 1 index
1®0—1 0 =s spin 1 index Oms
p =/ spin 0 index
= spin 1/2 index
1® 35— 3 NE = s spin 1 index —\/Lg (05) o
p=p spin 1/2 index
=/ spin 0 index
1®1—=0 0 =s spin 1 index —\/ichST
p=r spin 1 index
i =m spin 1 index
1@1—1 G =5 spin 1 index — 75 (Un),,
p=r spin 1 index

Table A.2: Summary of spin projection operators where the indices are chosen according to
their appearance in the .y, z parameters Eqs. (A.40 - A.81).
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J(Ai); ® J(4j); = J (dg?)ﬁ index assignment | projection operator (Of?)

1,00

=, spin 0 index
0®0—0 p =/ spin 0 index 1
o=,/ spin 0 index
f = spin 1/2 index
p =/ spin 0 index Ouo
0 =0 spin 1/2 index
i =m spin 1 index
01 —1 p =/ spin 0 index Oms
0 = s spin 1 index

0®

N
N

=g spin 1/2 index

101 p=p spin 1/2 index Oup
o=/ spin 0 index
=, spin 0 index

leol—=o p=p spin 1/2 index 7% (02) 0
0 =0 spin 1/2 index
e =m spin 1 index

% ® % -1 E: p spin 1/2 index \% (UmUZ)pU
0 =0 spin 1/2 index
=g spin 1/2 index

1911 p=p spig 1/2. index \/Lg (5) .1
0 =s spin 1 index
i =m spin 1 index

1®0—1 p=r spin 1 index O
o=/ spin 0 index
=g spin 1/2 index

1® % SN % p=r spin 1 index —\% (Ur)gu

0 =0 spin 1/2 index
=/ spin 0 index
1®1—=0 p=r spin 1 index —\/igérs
0 =s spin 1 index
m  spin 1 index
,
s

spin 1 index _\/Li (Un),
spin 1 index

1
1®1—1 ]
o

Table A.3: Summary of spin projection operators where the indices are chosen according to
their appearance in the .y, z parameters Eqs. (A.40 - A.81).
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J(Ai); ® J(Aj); = J (dg-)>~ index assignment | projection operator (Ogﬁ)
9l

Y.pv

v =, spin 0 index
0®0—0 v =, spin 0 index 1
p =/ spin 0 index

v =+ spin 1/2 index
0® % — % v =/ spin 0 index Opry
p=p spin 1/2 index
v =g spin 1 index

0®1—1 v =,/ spin 0 index Org
p=r spin 1 index

¥ =+ spin 1/2 index
®0— 1 v=v spin 1/2 index Oury
p =/ spin 0 index
v =, spin 0 index

N |

loi—=o0 D;: v spin 1/2 index —\% (02),,
p=p spin 1/2 index
v =g spin 1 index
loi-ol Z: v sp.in 1/2 'index -7 (0209),0”
p=p spin 1/2 index
7=~ spin 1/2 index
T1®1—1 5~: v spir'l 1/2 index \/Lg (o).,
p=r spin 1 index
v =g spin 1 index
1®0—1 v =mn spin 1 index Ong
p =/ spin 0 index
¥ =+ spin 1/2 index
L - A 1
1®3—3 v=mn spin 1 index Vi (Un)w,

p=p spin 1/2 index
v =/ spin 0 index
1®1—=0 v =mn spin 1 index \/§5m
p=r spin 1 index

v =g¢ spin 1 index
1®1—1 V=n spin | index — 75 (Ug),,

p=r spin 1 index

Table A.4: Summary of spin projection operators where the indices are chosen according to
their appearance in the .y, z parameters Eqs. (A.40 - A.81).
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J(Ai); ® J(4;); — J (dg?)y index assignment | projection operator (Ogﬁ)

7.Up

v =, spin 0 index
0®0—0 p =/ spin 0 index 1
v =,/ spin 0 index
v =+ spin 1/2 index
0® % — % p =/ spin 0 index Oury
v=v spin 1/2 index
v =g spin 1 index
0®1—1 p =/ spin 0 index Ong
v =mn spin 1 index
v =~ spin 1/2 index
p=p spin 1/2 index Opry
V=
j =

N |
®
e}
1
DO [

// spin 0 index
/ spin 0 index
p spin 1/2 index _\/LE (02),,
v spin 1/2 index
v =g spin 1 index
spi'n 1/2 i‘ndeX —% (0204),,
spin 1/2 index
spin 1/2 index
- spin 1/2 index \/Lg (on),,
v =mn spin 1 index
v =g spin 1 index
p=r spin 1 index Org
v =, spin 0 index
¥ =~ spin 1/2 index
Nﬁ: 7 spin 1 index -5 (0r),,
v =v spin 1/2 index
v =/ spin 0 index
1®1—=0 p=r spin 1 index \/§5m«
v =mn spin 1 index
=g spin 1 index
p=r spin 1 index —\% (Uyg),.,
v =mn spin 1 index

[
X
[
d
@]
RN
I

2NV
Il
T 2T

®1—

N |+
N =

—_

1®0—

1® 35—

N =

) =2

1®1—1

Table A.5: Summary of spin projection operators where the indices are chosen according to
their appearance in the .y, z parameters Eqs. (A.40 - A.81).
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J <d(/)> ® J (Ag); — channel A index assignment projection operator ((’)T<,>>
ii N

ii
J ij

A= spin 0 index
0®0—=0 =,/ spin 0 index 1
v =, spin 0 index
A=\ spin 1/2 index
0® % — % =/ spin 0 index O
v=v spin 1/2 index

A=/ spin 1 index
0®1—1 =/ spin 0 index Otn
v =mn spin 1 index
A=A\ spin 1/2 index
®0—3 = spin 1/2 index O
v =/ spin 0 index
A= spin 0 index
m spin 1/2 index \/Li (UQ)W
spin 1/2 index

N[

[N
&
[N
(a)
=
I
R =

=/{ spin 1 index

% ® % — 1 f =g spin 1/2 index \/LE (O'EO-Q)MV
v =v spin 1/2 index
A=\ spin 1/2 index
1®1—1 f= g spin 1/2 index \/%;) (00)
v =mn spin 1 index
A =/()\ spin 3/2 index
;13 =g spin 1/2 index 3 (0000) 0 + 5en5;m]

v =mn spin 1 index

A=/ spin 1 index
1®0—=1 i =m spin 1 index Oem
v =, spin 0 index
A=\ spin 1/2 index

1@l i =m spin 1 index _\/Lg (m)u
v=v spin 1/2 index
=0\ spin 3/2 index

1® % — % i =m spin 1 index %[(Oggm)w\ + Oemdua]

v =v spin 1/2 index
A=/ spin 0 index
1®1—=20 i =m spin 1 index _\/Lgdmn
v =mn spin 1 index

A=/ spin 1 index
1®1—1 i =m spin 1 index —\% (Ue)m
v =mn spin 1 index
A =/(lk spin 2 index
1®1—2 i =m spin 1 index % [5€m5kn + OenOkm — %fsék(smn}
v =mn spin 1 index

Table A.6: Summary of spin projectors where the indices are chosen according to their appearance in
the x,y, z parameters Eqs. (A.40 - A.81). 134



J (d(’)>~ ® J (A)s — channel A
0

ij

index assignment

projection operator (O;(,>>

ij

Aoy

A=/ spin 0 index
0®0—0 ¥ =, spin 0 index 1
o=,/ spin 0 index
A=A\ spin 1/2 index
0® % — % v =/ spin 0 index Oox
0 =0 spin 1/2 index
A=/ spin 1 index
0®1—1 v =, spin 0 index Ost
0 =s spin 1 index
A=A\ spin 1/2 index
1®0—1 v =+ spin 1/2 index Y
o=/ spin 0 index
A= spin 0 index
T ®3—0 v =+ spin 1/2 index —\/Lé (02),,
0 =0 spin 1/2 index
A=/ spin 1 index
T®1-1 ¥ =+ spin 1/2 index —\/Li (0200),,,
0 =0 spin 1/2 index
A=\ spin 1/2 index
lel—1 3=+~ spin 1/2 index 75 (0:)y,
0 =s spin 1 index
A =/(\ spin 3/2 index
l®1—3 3=+~ spin 1/2 index 5 [(0:00) 5, + 0s0xy
0 =s spin 1 index
A="{ spin 1 index
1®0—=1 v =g spin 1 index Oge
o =/ spin 0 index
A=A\ spin 1/2 index
1® % — % v =g spin 1 index \/Lg (7g)\0
0 =0 spin 1/2 index
A =/()\ spin 3/2 index
13— 3 4 =g spin 1 index 1 (o400)y, + 0ge0r0]
0 =0 spin 1/2 index
A= spin 0 index
1®1—=0 v =g spin 1 index _\/Lgésg
0 =s spin 1 index
A =/{ spin 1 index
1®1—=1 v =g spin 1 index —\% (UZ)Sg
0 =s spin 1 index
A =/(k spin 2 index
1®1—2 ¥ =g spin 1 index 3 (0960 + 0500 — 2044054
0 =s spin 1 index
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Appendix B

Symmetry factors

In this section we will determine the symmetry factors of the different diagram topologies ap-
pearing in this work. For this purpose we completely ignore spin and isospin degrees of freedom
and consider without loss of generality only the part d;;(x) ~ A;(x)A;(x) of the dimer wave
function. Namely, we ignore the terms proportional to A;(x)A;(x) etc. since they lead to the
same symmetry factors. The notation follows section A.1 where we have fixed in Eq. (A.1) how
bra or ket vectors with arbitrary momentum are related to the vacuum state |0). Since the field
AWM (x) ~ aﬂ ) is related by a Fourier transform to the respective creation or annihilation opera-

tors we use the name of the fields (AET), dg), ...) as a representation for those (note, that one can
distinguish them by their argument: the field depends on coordinate variables and the creation
and annihilation operators depend on momenta). The only important property of a particle in
this section is whether it is a fermion or a boson since the former can cause additional minus
signs. Therefore it is useful to extend the notation and replace A; by F; if the corresponding
particle is a fermion. In the same way we write for fermionic dimers f;; instead of d;; where the
latter is still used for bosons. The equal time anticommutators of two fermion fields are then

given by (cf. Ref. [1])

(R0, Fly)} = 0509 (x — ).
{Fe0. B3} = {Fle0. Fl»)} =0, (B.1)

Consequently, the creation and annihilation operator (also for fermions there is just one, re-
spectively, since we consider a non-relativistic theory without anti-particles) obey equal time
anticommutators [1],

(). (1))} = 0”0 -

B

LE) () =) () =0 B2)

where we have added combined spin and isospin indices a and 3 for completeness although we
will neglect these degrees of freedom in the following. Furthermore, we have used — as explained
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above — the same symbol F' for the operators as for the fields themselves, but with explicit de-
pendence on the momenta. Below we will neglect this explicit dependence and instead write in
this section Fj(x) if the field itself is meant.

In simple words, the interchange of any two fermion fields or operators yields a factor of (—1).
Only in vertices it holds for operator combinations like (dijjFZ) that for P, = P; the two now
identical fermion operators F; within this vertex commute since they are annihilated at the same
point and time. As a remark, note that there are of course no spinless fermions in nature so
the latter statement is a simplification: more precisely one observes that two identical fermions
in such a vertex must be in different spin states due to the Pauli exclusion principle, that is,
(d;rj)a(ogj)a775(Fi)7(E>5. Adding a third fermion (F}), from the right to the system it is clear
that one can directly contract (F})g with (F}),. For the other contraction (yielding the same
diagram) where v and 1 has to be coupled one picks up a minus sign from interchanging (F;)s
and (F}),. However, this minus sign is canceled by the projection operator O;; # 1 which is for
particles with spin not trivial. At the end one always finds a factor of 72 for contractions like
that. This factor would be absent if one particle in the vertex is F; # F; so that the particles are
distinguishable because the contractions of (£, ,I ) with these fields lead to two different diagrams.
Hence, we conclude that the simplification mentioned above leads to the correct result and is
thus justified. Furthermore, one has to keep in mind that a contracted pair of two fermions,
Flf,;r, commutes with all other fields.

In the following we have to deal with three different topologies which define the symmetry factors
Sij, Se1 and Syji. The procedure will be to write down the matrix element of the amplitude 7" for
each diagram topology with regard to identical particles. Then one can analyze all combinations
of fermionic and bosonic fields which are possible in the considered diagram so that one can
determine the right contractions and thus its symmetry factor S via 7' ~ (out| ... |in) ~ S.

The LaTex stylefile simplewick.sty used to type the contractions in this work was provided in
Ref. [171].

B.1 Symmetry factor S5;; of self-energy diagrams

The topology of self-energy diagrams is shown in Fig. B.1. Incoming and outgoing dimers d;;
have the same momentum p and the particles in the loop A; and A; are distinguishable if P; # P;,
but in the special case where P; = P; it holds that A; = A;. Keep in mind that the order of
the operators A; and A; is fixed by the convention d;; ~ A;A; for i < j € {1,2,3} in Eq. (3.4).
Thus, for all dimers d;; with ¢ < j the self-energy amplitude Tgg can be read off from Fig. B.1:

Tsg ~ <P’ <deOz'TjAin) (AIA;OijdiO \p>
— (0] dyy (da},A;4;) (AlAldy) dy o), Wi<je {123}, (B.3)
where we have used in the second step that the projection operators O,; = 1 for spin- and
isospinless fields. Before we continue we have to distinguish two cases, namely whether P; is

identical to P; or not. We start with the first.
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1 TSE = dLj : dl?

A

J

Figure B.1: Topology of self-energy diagrams with equal incoming and outgoing momentum p.
The particles in the loop can be either distinguishable (A; # A;) or identical (A; = A;).

Case 1: P, # P;

The symmetry factor S;; depends on the particle species. Thus, we have to consider four addi-
tional cases regarding the fermionic or bosonic nature of the particles:

e only bosons:

[ [
T ~ (01dsy(d, A, A (AT ALy, )L 10) = (0)dyd} A, ATA, Aldyd]10) ~ 5,y = +1,

e A, =F;isafermion = d;; = f;; is a fermion:

oot A vt At e N gt T Lt A Atd ot
Tsg ~ (Ol fi; (f A ) (B A fig) £510) = O fis £, F B A AL £ 1510) ~ Sij = +1,

o A;=F;isafermion = d;; = f;isa fermion:

[ | [ | [ |
Tsg ~ (0| fi;(fLE3 A (ALE] £i5) £110) = (01 £ f TA AlEF F*f” FE10) ~ Sy = +1,

o A, =F;, A; = F; are fermions:

1,
Tsg ~ <0|du(djf E; F)(FTFTd )dlf 0) = <0|dﬁ.ﬂFfﬁyFTd?f.|o> ~ S =+1.

1) 1 7 Wy

Next, we consider the case with identical particles.

Case 2: P, =PF;

Since P; = P; the field A; is identical to A;. Thus, there are only two additional cases left: either
A; is a fermion or not. However, now there are more allowed contractions leading to the same
diagram. We find:

e only bosons:

T ~ Ol (A A ALAD + (A A AT ANl 0

1)



AT A,

Figure B.2: Topology of a generic two-body scattering process. Since elastic scattering is con-
sidered the momenta p and q are equal in initial and final state. The scattered particles can be

either distinguishable (A; # A;) or identical (A; = A;).
e A, = Fj; is a fermion:

Tog ~ (0ldyd! [(FLE)(FI D + (F ) (F) FNdyd! [0
SE <|Z] ij[(ll)(i i)+<ll)(i 1)] ij 1,]|>
o O O IO
= 2(0|dyd}; F;F] FiF dyyd};|0) ~ Sy = +2.
In summary we conclude that there are no minus signs independently of the number of fermions
in the system and that for identical particles one gets an additional factor of two:

2, ifP =P,
Sy={% DTN (B.4)
1, ifP£P,

B.2 Symmetry factor S, of two-body elastic scattering
diagrams

We consider the elastic scattering of two particles P; and P;. A generic diagram for this process
is shown in Fig. B.2. For i < j € {1,2,3} the corresponding amplitude T} is proportional to

T ~ (p,d| (AIA;['Oz‘jdij> (d;‘[j(/)ijAjAz) p,q)
:<mngi@gAy%>(@y%AQ/ﬂA}m>, Vi<je{1,23), (B.5)

where the projection operators are set to 1 since we ignore spin and isospin. Again, one has
to analyze the two cases with distinguishable or identical particles separately. However, in
both cases one has to untangle the contractions to find the symmetry factor S, for all possible
diagrams.

Case 1: P, # P;
We have to deal with four combinations of bosons and/or fermions:

e only bosons:

J

[ | [ ![ [ | 1 ,_![ 1 1
Ty ~ (0 A;A;(ATAld;) (d]A; A ATAT 0y = (0] A;ATA; Aldyydl A, ATA;AT|0) ~ Sgp = +1,
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o A, =Fjis afermion = d;; = f;; is a fermion:

[ 1 [
QPWW&E@MMMFAFWMW»Z@MAWF%JWFMAWD~%=+L

o A;=F;isafermion = d;; = f; is a fermion:

[ 1 [
QVWWE&MFMMﬂFAMWW»:@WFMA%JMAWFWDN%:+L

o A, =F;, A;j = F} are fermions:

Lt ot vt o ot gt I AL
Te) ~ <O’ FJFZ(FZ P}dij)(diijE‘)E Fg |0> = <O| FJF] FF; dijdijFiFi Eij |0> ~ Se=+1.

And for P; = P; one finds the results below.

Case 2: P, = P;

We have to deal with just two combinations, either only bosons or only fermions. However, there
exist four different contractions:

e only bosons:

1 T 1 1 1 T ;[ 11
T ~ (0] AiAi(ATAdi;) (d; A A) ATAT10) + (0] AiAi( AT ALdy) (d]; Ai Ay ATAT 10)

3 ’L

!f [ 1 [ I 1 % 1
(0] A (ALAldy)(d] A A)ATAT0) + (0] A (AT Aldy) (@], AA) ALA] (o)
—4MANANJ1 AATAATI0) ~ S = 4.
e A, = F; is a fermion:
!( [ | [ 1 [ [ I 1
Ty ~ (O] FE(E Fdig) (Al FoF)ELFY 10) + (0] R (F)Fdy)(dy F2F) F L 0)
[ I 1 [ j[ [ | [ I 1 [ [ I 1
+ (0| EF(EFdy;)(d} FiF) FL ] |0) + (0| FF,(F) Fldyy)(d]; FiFy) F Y 0)
i, 1 l_jf
— 4 (0] FiF FiF dyd, FiFTFET10) ~ Sy = +4.

As for the self-energy diagram also here no additional minus signs appear due to fermionic
constituents of the dimer d;;. However, in contrast to the previous section identical particles
yield a factor of "4“ and thus one finds in summary:

4, if P, =P,
Sel = . ! . (B.6)
1, ifP#P,
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Figure B.3: Topology of a generic exchange diagram in dimer—particle scattering with incoming
momenta P, q and outgoing ones k, r. All three fields A;, A; and Ay are in general considered
as distinguishable, but may be identical (e.g. A; = A;) in some special cases. Note, that there
are no constraints for the particle indices i, j, k € {1,2,3}.

B.3 Symmetry factor 5;;. of dimer—particle scattering
diagrams

In dimer—particle scattering diagrams whose topology is shown in Fig. B.3 one has to be more
carefully with the indices of the particles. In the previous two subsections it only appeared
one dimer in each diagram and since we defined the dimer states d;; only for i < j € {1,2,3}
(cf. section 3.1) there was no doubt about the right order of the constituents. However, in
the diagram Fig. B.3 and the corresponding amplitude 7;;;, the hierarchy of the indices is not
fixed, that is, i,7,k € {1,2,3} and there are no constraints like i < j. Consider for example
the diagrams with on the one hand + = 1 and j = 2 and on the other hand with 7 = 2 and
j = 1. Both topologies are allowed and do appear in our considerations. As the order of the
constituents of the dimers dy; = dj2 and djo themselves is fixed to be AyA; (see Eq. (3.4)), we
conclude that in this section the order of A; and A; depends on the hierarchy of their indices.
For the dimer d;; and the projection operator O;; (which will be set to 1 as we ignore spin and
isospin anyway) the order of their indices does not matter as indicated above. However, due the
already mentioned convention in Eq. (3.4), d;; ~ A;A; for i < j € {1,2,3}, the order of A; and
A, is fixed. Hence, the operator with the larger index appears firstly. The amplitude 75, is thus
different for varying hierarchy of the indices i, j, k € {1,2,3}. One finds

o oot J(AA) <k fATAD) i< L,
Tij <k’r|djk0jk{(AjAk), >k (A;AI), i> Oi;dij |p,q)

(Apd;)(AJAD) i< j <k
AA)(ATADY > 5 <k
— (0| d;, Adl (A i/ do-dl Al B.
Oy (aagalaly i <>k [ DOAI0 (B7)
(AJAk)(A}A}), i>j>k



where we have set the projection operator O to 1 and combined the conditions of the vertex

contributions. Furthermore, one can move AL two steps to left which does not yield any minus
T

sign independently of the particle species and already contract the two dimer operators d@j on
the right:
(AkAj)<AZrA§), i<j<k
AgA)(ALADY ) i> 5 <k m
T~ (0] dypdsd, 3 A6 s Aldyd!|0) B.
1k <0| gkt (A]Ak)(AfA;r), Zé] > k k™) Mg |0> ( 8)
(A AR (ASAD) 0> >k

One proceeds and analyzes all contractions for different combinations of fermions and bosons
with regard to possibly identical particles. We start with the case where all particles are dis-
tinguishable.

Case 1: P, # P; # P,

Here all operators A;, A; and Aj, are distinguishable so one has to consider eight different boson
/ fermion configurations:

e only bosons:

( )

Ai(ARA)(ATADAL, i<j<k

A(AA)AADAL, > <k|

Tije ~ (0] d]"k_d]]!'k ijd;; 0)

| Ai(A; A (ATAD AL i > 5 > k)
( T 1, 1, 1
AATAATAG AL i <<k
AATA A4 A] <k
AR RV , >
= Ofddl { oA A T TS ER gl o)
AATAAT AL i <>k
I_I]L I_I]L I_I]L
\AZAZAJAJAICA]C , 1> > k’)
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o A, =F;is afermion = d;

p

~N 7~

o A; = F} is a fermion

Ty~ (0] Ffle

(

\

(
= (O] f S

\
~ Sik = +1,

fi; is a fermion:

Fi(AcA) (FTADAL, i< j <k
Fi(AcA)(ATENAT i > <k

Fi(AjA)(FTADAL i < j>k

\

[

Fi(AjA)(ATFDAL i > 5 > k)
FEAATAAL, i <j<k)
FHASAAL. > i<kl oy
FEAAAAL i<j>k|
F'Z-_FLTA';{}A':Q, i>j>k)

= dij = fij7 djk = fjk are fermions:

A AGE)(ATFNAL, i< j <k
A(AF)(FTADAL i > j <k

A(FANATENAL i <j >k

Ai(FjA)(FTADAL, i> >k
1, i, 1 )
AATEFTALAL i <<k
[ I_I7 1
AATEFTAAL 0> 5 <k
[ I_l7 1
AATEFTALAL i <>k
[ I_I7 1
AATFFTAGAL, 0> 5> k)
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o Ay = Fjis afermion = d;; = fj; is a fermion:

( )
Ai(FAy)(ATADE] i< <k
1) ABRANATADET > <k| Tl
Tije ~ (O] fir Sk dijdi; |0)
Aj(AF)(ATANE! i< j >k
| Ai(A B (ATADET i > 5 > k)
(o T 1, 1, 1 \
AATGATRE i<j<k
AAAARF  i>j<k|
(0] fefy { AAAA =TS EL o)
AAIGAIRE i<j>k
I_IJr I_IJr I_I]L ) )
~ Sijr = +1,

o A, =F;, A; = F; are fermions = dj; = fj is a fermion:

4 3\
Fi(AF)(FFNAL, i <j <k
Fi(AEN(FTFNAL  i> <k
Fi(FA)(FIFDAL, i <j>k
| E(F AN (EJEDAL, 0> 5> k)
/ 1, 1, 1 \
— FFJFFIAGAL, i <j<k
1, 1, 1
EFFFTAAL  i><k
= (0 fufley PR T2 ISR )
— FiFFFjAGA,, i <j>k
i, i1, 1
| BEF/FFJAAL, i>j>k
+1, i<j<k
-1 i<k
TN, i<k
-1, i>7>k



e A, =F;, A, = F}, are fermions

Tije ~ (0] — fjk'_fjk

= d;; = fij, djr = f;r are fermions:

( )

Fy(FA)FIANE i <j <k
F(RANAFNFL 0> j <k

Fy(AjF)(FJANE] i <j>k

\Fi(Aij)(A;FiT)FII , 1>7>k)

( i, 1, 1 \

— FFfA;AIRF, i<j<k
i, 1, 1

— FFJAAIRE! i> 5 <k
i, 1, 1

— FFfA;AIRF, i<j>k

= (0= fufe
~ Sijk = +1,

o A; =F}, A, = F) are fermions

Tijk ~ <0| djl’kjdjk

= (0] dyl, |

~

igk —

i, 1, 1
| — BFJA;ARE > 5> k)

= dij = fij is a fermion:

AP ) (ATFNEL i< j <k

A Fy) (FJADFL 0> j <k

A R)AIFDE i<j>k

AEFF)FJADFL, 0> > k)
i, i, 1 )

AAIEFIRE ) i <j<k
1 l_l7 1

AAEFTRE i>5<k
[ l‘]_l 1

—~ AATFFIRE i <j>k
I_I]L I_I7T I_I]L . .

— AAIEF G 0> 5 > k)

, 1<j<k

, 1>7 <k

L i<j>k

, 1>7>k

[
fijfz‘Tj 10)

1
i 5 10)

1
firf510)

1
fii f510)



i, Ap = F}, are fermions:

Next, we consider the case P, = P; # F.

Case 2: P,=P; # F;

( )
F(EF)FIFNF, i<j<k
F(F.F)FIFNF!, i>j<k
FE(FF)(EFNE i <>k
| F(F B (E D EL 0> 5> k)
/ 1, 1, 1 \
FFFFIRF i<j<k
,_lTF,d?“TF,_lFT i<k
(O dydly, 4 ~ iy FaEg FiF 0= TS KA G (o)
— F,F/FFIFF, i<j>k
i, 1, 1
| EF/FFIRF, i>j>k |
+1, i<j<k
)1, i>5 <k
vk -1, 1<j>k
+1,i>757>k
The amplitude Tj;; in Eq. (B.8) is for P, = P; # P}, reduced to
AcAN(ATADY i<k '_}
Tt~ .A.T(klzk’ Al B.

and the four different combinations of bosons and fermions yield the following symmetry factors:

e only bosons:

Ty ~ (0 dyd),

— 2 (0] dyed,

Aj(A A (ATANAT + Aj(AA)(ATADAL i >

A; ATA ATAkAT ,

~ Sijk = +2,
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1>k

Af(ApA) (ATANAT + A (A A (ATADAL i <k

diyd, |0)

doydl, |0)
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e A, =F;is afermion = d; = f; is a fermion:

T F(AGE)(FTFNAL + Fy(ALE)(FTFNAL i < k
ﬂjkN<0|_fikszk (A F)EF) A (AL)UEFFD A i< di‘j_difﬂ())

Fy(FAy)(F] DAL + Fy(F A (FJFDAL, i >k
TP ETALAl !
— FF EF , 1<
=2 (0| — funfh e ’“m'f dﬂ 10)
— FFEFAAL 0>k
~ Sijk = +2,

e Ay = F, is afermion = d;; = f; is a fermion:

— Aty ot Ayt <
T (0] fufh A F AN ATANE] + A((F AN ATANES i <k dij'_dij|0>

A A F)(ATANE + A(A R (ATADES i >k

L AT A AT ot <
2 (0] fufh T VAAAAIREL i<k dﬂ 0)
AATAATFkF,j, i>k
~ ijk:+27
e A, =F;, A, = F}, are fermions:
. VETFNF + F, NFIFNET . i<

F(FE)(FIENE! + F(FF)(FTENE! i > k
FFTFFTFkF,j, i<k {3
17"

_EFRFEF, ik ’

42, i<k
TR o sk

— 2 (0] dyd), 0)

Case 3: P, = P, # P,

We continue with the analysis of the diagram in Fig. B.3 for P, = P, # P;. The corresponding
amplitude is given by (cf. Eq. (B.8))

Tiji ~ (0] dij Asd; {Eﬁ j ;Eiﬁ% z :?} ATd'_!‘ 10) . (B.10)

Consequently, we have to consider four different cases regarding the particle species:
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e only bosons:

A (A A (ATADAT i <
TkaN<0|d,zg_di] (AjA)(AJADA; i< d,ij_dij’m
A(AA)(ATAD AL i >
AATAATAA
- ATAC AL <9
— (o] dyd, § AAAAAAL TSI L,
AATAATAAL, i >

~ Sk = +1,

L F(AF)FADF i< | T
Tiji ~ (0] — fijf;; ’L‘%L‘ = fijfiTj‘ 0)
E(FA)ATFDET, i >

1, 1, i
~ FFfA;AIRF! i<

Tt
—. — fii fi;10)
— EFJA;AIEF] | i >

~ Sijr = +1,
o A;=Fjisafermion = d;; = fi; is a fermion:

Aj(FjA)ATFNAT, i< j

'_|T '_|T
Tije ~ (O] fij f; fiz £ 10)

AZ-(AiFj)(FJTAI)AZ L i>
A,_,|4TF,_I|TTA,_1|4T —
- <O’fl]f;r] '_|T Ij_l7 1 J fljfj] ’O>

—~ FFFFEF | i<
= <o|d;dfj —. 1 / d:di 10)
~ BFFFIFE 0>
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Case 4: P, # P, = P,

In the second to last possible configuration of identical particles where P; # P; = P}, the ampli-
tude of the diagram in Fig. B.3 yields

i J(AANAAD i< G 41 4

and the symmetry factor S, for different fermion / boson combinations is listed below:

e only bosons:

Tiji ~ <0|d],‘kjdjk B ijdi; 0)
Ai(AjA)(ATAD AT + Ai(A;4))(ATAD AT i >
AATAALA, AT
=2 (Ol dypd], { PA 00 TSI 8 g o)
~ Sijkr = +2,

o A;=F,isafermion = d; = fi; is a fermion:

Fi(A;A)(FJAD AL + Fi(A;A) (FfADAT, i < j

Fﬁﬁ

=2 (0]l § 115 P4 1 10)

—
Tije ~ (0] dg':d}!-k fijfiTj 10)

o A;=Fjisafermion = d; = fi;is a fermion:

Ay (FEFNATFNF + A(FFE)ATFNET i< | )
njkN <0‘d],k_dj]€ ( J J)( i ) ( J ])( ) j) j > fl]f:]|0>
A F By (FIADF] + A(FyFy)(FTADE] i > j
AAE PR B ]
— 2 (0 dydl, { ARG T TSI p o)
— LA FIFF], 0>

~ Sk = —2,
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o A, =F;, A; = F; are fermions:

Fy(FyFy)(F] FDF] + Fy(FyFy) (ETE F]

:2(O|d]'-k_dj-,,C —, ™.’ ' _.J dij'—di'fj|0>

-
Ty~ (0] diedl ST o)

>
>
>
I,
1

+ F(EF)(FIENF] i >

Case 5: P, = P; = B,

Finally, we consider the case where all particles are identical, i.e. P, = P; = P;. Hence, there
only are two cases: all particles are either bosons or fermions. Furthermore, the corresponding
amplitude,

m
Ty ~ (0] dA;df (A A;) (AT AN AlddT |0) | (B.12)

has no explicit index dependence since for only one index there is no hierarchy left in the system
(note, that we have written d;; = d;j, := d for simplicity). We find for

e only bosons:
1
Tiji ~ (0] dd' | A(AiA)(ATAD AT + Ai(A;A47) (ATA]) A]

—
+ Ai(AiAi)(AZADAI + Ai(AiAz‘)(AZAZT)AI dd'" |0)

M, 1, 1, 1, M1
— 4 (0| dd" A; AT A; AT A; Aldd" |0)
~ Sijk = +4,

e only fermions (A; = F;):
[
ﬂﬂ~®WﬂE@EWW%ﬁ+E@EWWWﬁ

1
+E@EWW%§+E@EMW®EPJM

[ 1, 1, i, |{r
=4Mmﬂ—ﬂﬁﬂﬁﬂﬁkfm

~ Siji = —4,
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Summary

Collecting the results for all different configurations one can summarize them by the following
formula for the symmetry factor S;jp:

Sijk = Gji (1+0p,p, + 0p,p, + Opp, Op,p,) (B.13)

where (1, is either +1 or —1 depending on the particle species, the hierarchy between the indices
and the fact whether some of the particles are identical or not. It is defined as:

Cz‘jk =

.

\+1’

(
[ ]

ifce®

else

Py # Py # Py
Py # P; # Py
P # P; # P
P =P; # B,
P = P, # F;
P, # P =D
P, # P; = DB
P =P =h

A only P;, P; fermions A {i>j<k \Y% i>j>k}

A only P;, P, fermions A {z’<j>k v z'>j>k}

A

> > > > >

P, P;, P, fermions
P, P;, P, fermions
P;, P;, P, fermions
only P; fermion

P;, P;, P, fermions
P, P;, P, fermions

A {z‘>j<k: Vv z’<j>k}
A >k

A i<

(B.14)

Note, that in each case the particles which are not mentioned to be fermions must be bosons, so
the conditions are unique.
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Appendix C

Feynman diagrams contributing to
d;12—P3 dimer—particle scattering

In order to find a completely general expression for the dio—P5 scattering amplitude it is necessary
to identify all contributing Feynman diagrams. This is done in Figure C.2 and with the remarks
below we want to motivate this result.

It is obvious that some diagrams only contribute if at least two of the three particles are identical.
This is the reason for the Kronecker-delta dp,p;,
5 _J1, if B = Pj,ie. P and P; are identical particles (C.1)
BF 0, 1if P, # Pj, ie. P and P; are distinguishable particles '

in front of some diagrams. Moreover, we have to take into account the structure of the dimer
wave function of G-parity eigenstates made of a superposition of distinguishable particles, e.g.
dig = \%([11142 + A1 Ay). Choosing for example the three particle system P, = Ay, P, = Ay, P3 =
Az = A; the normal ép, p, = 0 vanishes. However, since the two terms in the wave function
can fluctuate into each other we know that the diagram in Fig. C.1 does contribute to the three
particle system: within the blob dis is in the state A;A, and thus contributes together with
P; = A; = A; to the chosen three particle system P, = Ay, P, = Ay, Py = A3 = A,. After the
blob and during the propagation to the next vertex it fluctuates into A; Ay and decays into A,
and A,. The latter recombines with P; = A; to di» which can change its state again so that
in the final state one founds the same particle content as in the initial one. Thus, a prefactor
0p, p,, which forbids such a contribution, cannot be right. For this we have introduced a modified

@) . . :
Kronecker-delta 51(5233]_ ) which solves this inconsistency:

ab)
51£>in ) i=0p.p, + (04,4, — Orp)) 577(’,3\1| <5n<’g\1| - 5AaAb) ’ (C2)

where the first factor of the additional term ensures that nothing must changed if P, = P;. The

second factor checks if the dimer dgg is a G-parity eigenstate and if this is true the last factor
finally checks if there is a superposition in the wave function (A, # A,) or just a single term
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d12 7\ Ay di2 7\ Ay
. A P3s=A A
iTi2 ~ 0P P Tio \ 2 =" Spp, (Tu \ 12
——
Py da3 Ay di2
N A3 l A4 Al
P115175<4:1:A3:P3 0
(a)
i e
di2 4 . Ay di2 4 . Ay
- 12 A Pa—=A -
Ty ~ 057, Tho \2 =T aRd (Tu \*2
Ps da3 Ay di2
N As l N A

PI=MAL=Aa=P g (0 1) x 1 x (1—0) =1

(b)

Figure C.1: For dis being a G-parity eigenstate with a superposition of states in the wave func-
tion, the shown diagram contributes to the amplitude Ti5. However, with a "normal“ Kronecker-
delta, 0p, p, = 0, it does not (a). Since this is wrong one must introduce a modified Kronecker-

delta, 553112;3 =1, (c¢f. Eq. (C.2)) to get the right result (b).

(A, = Ap). Note, however, that not every Kronecker-delta has to be modified.
Unfortunately, it is then not anymore ensured that the number of %aarticles and of anti-particles
is conserved separately. Considering Figure C.1(b) we see that (5812193 =1 also for P; = A; which
leads to a contradiction of particle conservation. Thus, we need in advance a prefactor as to

restore it. In the same way we have added by hand a or b factors to some diagrams in Figure C.2.

As a second issue one observes that some diagrams become identical if two or all three particles
are identical. Thus, one would count them twice (two identical particles) or even six times (three
identical particles). Therefore we could define a new parameter n representing the number of
identical particles,

L, tP#P#P

n = 2, ifplng%Pg\/P17£P2:P3\/P1:P37épg s
3, ifP1:P2:P3

(C.3)

to avoid double-counting of diagrams. This straightforward procedure simply takes all diagrams
into account and divides at the end by the number of identical ones. Hence, in some sense one
does a lot of effort to determine diagrams which are equal to others. Therefore we introduce
a different and a bit less straightforward approach to account for possibly identical diagrams.
We do the following: whenever two amplitudes become identical because of identical particles
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(e.g. for P, = P, the amplitudes Tl(é) and TQ(Q are equal) one simply erases one of them from the
equations. Thus, there is no double-counting except for the situation that in Tl-(j/) the particles
P; = P; are identical. To correct the appearing factor of 2 we must put in by hand the additional
factors of (1 —dpp,/ 2) in front of the diagrams. The advantage of this more complicated notation

is that one needs to calculate less parameters and thus has more clear equations.
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Gaqt

Figure C.2: All diagrams contributing to a general dy»—Ps scattering amplitude. The extra factors of (1—6p,p,/2) correspond

(ab)

to the special counting scheme for diagrams becoming equal under some circumstances. The modified Kronecker-deltas 5Pin

are defined in Eq. (C.2).
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Appendix D

Projection on L-th partial wave

A scattering amplitude T'(E, k, p) can be expanded in partial waves as
T(E.k,p) = » (2L + 1) T"(E, k,p)Py(cos0) , (D.1)
L=0

with the Legendre polynomial (i.e. Legendre function of the first kind) P, and 6 = <((k, p) being
the angle between incoming and outgoing momenta whose moduli we write as k and p. Since
the Legendre polynomials are orthogonal,

1
2
/_1 d cos 6 Pr(cos0)Py(cosb) = méu , (D.2)

one can project out the L-th partial wave using an operator defined via

TE(E, k,p) = %/1 dcos(0) Pr(cosT(E,k,p) . (D.3)

-1

In Fig. D.1 we have defined the angles between the momenta of a scattering amplitude T'(E, k, p).
Following Ref. [163] in this system it holds the useful relation

L
47r * / /
Pr(cost)) = 57 D Yin (056 Yim (0,¢)
m=—1L
L
= Pr(cos0)Py, (cos ') +22 PL (cos O)P" (cos ') cos[m (p — ¢')] , (D.4)
m:l

where Y7, are the spherical harmonics and P}* are the associated Legendre polynomials.

In the following we will project out the L-th partial wave of the dl(;)—Pk scattering amplitudes
contributing to Eq. (F.2). For the moment we will ignore all terms which do not depend on the
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Figure D.1: Definition of angles between the different momenta of a scattering amplitude
T(E,k,p) where we have chosen p so that it points in z direction.

momenta k, p, q or their moduli &, p, ¢ and write

1 1
7-'7,(;) (E; k7 p) ~ k2 p2 (k+p) E k2 p2 (k+p)2
T Bmy  2mi  2my T € T %my  2ms  2my T €
3
1 Z /dsq Tm<E7k;Q)
3
i k= (2m) + i (B — £ — @ ) _ ¢
) i7< ] f}/lj IU/Z] ka 2(mz+m3)
k#1i,j
" 1 1
2 2 (+) . 2 2 (+)
E— e — o — S tie Bl - - S e
3
4 Z /dgq Tz”j<Eak,Q)
—— (277)3 ) - P P
z,ji,<; —Yi; + 2Mij< —m——z(mz+mj)>—lé
k#i,j
" 1 n 1
2 2 (a+p)? | . 2 2 (a+p)® |
E—Q(fn—k—f—w—%mi + ie E—fﬁ—ﬁ—%ﬁi + ie

(D.5)

If one applies the projection operator Eq. (D.3) and define according to Fig. D.1 the angles
0 = <(k,p), & = <(q,p) and ¢ = <(k,q) one can rewrite the d3q integral in spherical
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coordinates ¢, ¢, ¢’ so that Eq. (D.5) reads

=3
&
—~
IS
-
S~—
I

1
%/ dcos@PL(cosé) (E k,p) ~

e Ppr(cosf [ Ppr(cos b
5/ dcosf 5 ]LDZ,(COS k)p : +§/ dcost = ;(cos k)p .
1 E—m—m—m—QCOSQ+Z€ -1 —m—m—m—10089+2€
3 1 1 /! 00 1 27
+ —/ dcosGPL(COSQ)/ dq/ dcos@'/ dy’
Z:_ (2m)32 /4 0 -1 0
5,j, k=1
1< ]
k#i,j

@370 (20+ )T (B, &, q)Py(cos )
—'Yij + \/—Q[Lij (E — % — W%) — 1€
q Ze 020+ 1)T, /(e)(E k,q)Pi(cos )

2 2 ;
—'yzfj—i- \/—Q,Uij <E_ 2Zn_k - m) o

+

1 1
X 2 + 2 2 7(D6)
E_q__P__qpcose’+zg E—q——p——qpcose’—l—zs

2p;  2ui5 20k 244

where Eq. (D.1) was used to replace the amplitudes on the right-hand-side by their partial wave
expansions and j;; is the reduced mass defined in Eq. (3.34).

Consider the dy¢' integral. From Eq. (D.4) we know that P,(cos®) depends on ¢'. In fact, it is
the only ¢’ dependent term in the integral and hence we find

o 27
/ d¢"Py(cos 1)) = Py(cos 0)Py(cos 0') / dy’
; 0

¢ 2w
—1—22 €—i—m " (cos O) P (COSG)/O dy' cos[m (¢ — )]
m:l

- 7
-~

=0VmeN
= 27Py(cos 8)Py(cos ') . (D.7)

Thus, the second term of Eq. (D.6) is now proportional to the product Pp(cos8)Py(cosf). To-
gether with the d cos @ integration the mentioned product yields due to the orthogonality relation
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Eq. (D.2) just a factor of 267,/(2L + 1) and one ends up with

1 [t P 9
TOW (B, k, p) ~ _@_/ Jeosd 1 (cos 0)

J kp2 -1 m(}c? + P2 —E>+cos¢9_l'5

kp \2p23 ' 2u12
—@l/ldcosﬁ P1(cos 0)
kp 2 m 12 2 :
P - k‘_; <2p13 + 2212 - E) 4+ cosO — e
’ 2(L)
—g7 2 | LA
TN A _2““<E_M_W>_%
ki, ]
2/(L)
2 2
1 1 o
X @5/ dcos ' — - PQL(COS )
W Tﬁ(#w+%u—E)+cosaf_lg
il L ’p 9/
" ﬁ5/ deostf zL(COS ) . (D.8)
w2/ (. —
' qp <2u,ﬂ~ + 2445 E> + cos 0 1€

Now the question arises how one deals with the remaining d cos ") integrals proportional to the
Legendre polynomials? For this purpose we firstly define a short-hand-notation for this kind of
integral:

QLB —ie) == (—I)L% /1 dx (57_32% . with e R\ {-1,+1}. (D.9)

The restriction that |3| # 1 is necessary since at these two points Q1 (5 — i) becomes singular.
Note, that Eq. (D.9) coincides with the definition of the Legendre function of the second kind

with complex argument introduced in Ref. [164]; we will point out this connection below in more
detail.

Motivated by the fact that we assume low energy scattering of P3 off the dimer d;5, one can argue
— similarly to section 3.1.3 where the S-wave dimer approach was justified — that also dijo—P;

scattering is dominated by S-wave interactions. Therefore it is a convenient method [80] to set
L = 0 which simplifies Eq. (D.9) according to Py(z) = 1Vx € R to

Qo(ﬁ—ie):%/_ld:ﬂm:% ln(ﬁ—l—l—is)—ln(ﬂ—l—is)]. (D.10)

In the limit ¢ — 0 we have to distinguish three cases for g # +1:
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e 1<B<1l = pB+1=|8+1AB—-1=—|8—1|, with|3£1]eR"

= 1mQo(f—ie) = 5[ (184 1)) ~ In(~]8 - 1)) |
In (|6 +1]) — In (|8 = 1]) — i arg(~|3 — 1))

(|8 + 1) = In (|8 = 1) — ]
-z () -] =3 (55]) -] o

ef<1: = B+1=-—|f+1, with|3+1]eR"

= lmQo(B—ie) = 5[ (=8 +1) ~In(=|8 1)) |
(|8 + 1)) + i arg(—[B+ 1) — In (|8 — 1)) — i arg(~|5 — 1)

(|8 +1]) +im —In (|8 — 1)) —m]
(D] -3 (5ED) b

e >1. = p[p+1=|p+1], with|f+1]eR"

[\DI}—‘[\DI}—‘[\DI»—‘MIH

= lmQ(8 —ic) = 5[ In (=[5 + 1)) ~In (|5 ~ 1))

= 5[ m(s+1)—m(18-1)]
()] = (5] e

Here, we have used that the logarithm of a complex number can be written as

1\3|>—~1\>|>—~w|»—~

In(—z) =In(| — z|) + i arg(—z) = In(z) +ir, z€R'. (D.14)

In summary we thus find
[ln( ﬁfi ) —'m} , if gl <1

hm QO( { In (’ BH D else

This result could then be plugged into Eq. (D.8) so that one could determine the dyo—P3 S-wave
scattering amplitude which corresponds to an approximation sufficient for most three particle

(D.15)

N—= D=
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systems. However, ignoring this fact for the moment, one can in the same way determine the
limit of @1 (5 — ie) for £ going to zero:

=02 ) " (B—ie)+ua

‘ﬁ—j})—m]—L if 6] < 1 -
.16
gln ‘%)—1, else

Already at this point we notice that — especially due to the (—1)% factor in Eq. (D.9) — both
results for L = 0 and for L = 1 are quite similar to the first two Legendre functions of the second
kind, which we call Q);. In fact, the only difference between ()7 and )y, is that the denominator
in the logarithm is not | — 1|, but |1 — §|. From this we conclude that the standard Legendre
functions of the second kind are real valued for |3| < 1, but complex outside the interval [—1, 1];
in contrast to ()7, where the situation is interchanged (note, that the singularities at £1 are not
affected). However, this difference is not surprising since the Legendre differential equation,

d d
o {(1 —2°) Zil(f)} + L(L+1)y(x) =0, with L € Nt and |z| <1, (D.17)

with two linearly independent solutions y(z) = APL(z) + BQL(x) is only defined on the interval
[—1,1]. Therefore one chooses the brunch cut of the complex logarithm in @ 1, so that it is real
inside this interval. Doing it the other way around (complex inside the interval [—1,1]) one ends
up with Q). Consequently, we conclude that ) are the Legendre functions of the second kind
with a non-standard convention regarding the brunch cut of the complex logarithm [164]. We
will thus also refer to 1 as Legendre function of the second kind. If necessary we would add the
term ”standard“ ("non-standard ) Legendre function of the second kind if Q;, (@) is meant (as
it was done above).

Although we have already found an explicit expression for () and @); and know from the low-
energy scattering approximation that higher partial waves need not to be taken into account,
we will keep the general ()7, in our scattering amplitude. This is done on the one hand because
we will later on derive results where the explicit form of )7 leads to integrals which cannot
be straightforwardly calculated anyway. On the other hand because we simply want to claim a
high level of generality in this work. Therefore we end up with a partial wave projected dz(-;-)ka

167



scattering amplitude given by

TY(B, k,p) ~

meo meo k’2 p2 ) . ) mq (ml ( k’2 p2 ) . )
- — + —F)—ie) - —= — + —FE) —ice
kp Qs ( kp (2M23 2412 kp Qs kp \2p13 2412

3 2n(L)
1 > ¢'T;; " (E, k,q)
o2 Z dgq -
i k=170 i =2 (B — 2 — 2 _
< Vi Hij 2mp  2(matmy) e
ki,
L
. ¢ T (B, k, q)

) . 2 2 . ) 2 2
X{%QL(&<(] 2 —E)—i&)-FﬁQL(%(q + 2 —E)—Zf)]a
qp qp \2pk; 24 qp qap \ 20 245

(D.18)

and thus Eq. (F.2) simplifies to Eq. (F.3) shown in appendix F.
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Appendix E

Mellin transform of Legendre functions
of the second kind

In this section we want to calculate the integral
OO s —1 1
0

which repeatedly appears in the derivation of the transcendental equations for type 1, type 2
and type 3 systems. For this purpose we closely follow the work of GrieBhammer in Ref. [165].
Hence, we firstly notice that the Mellin transform of a function f(z) is defined as [168]

M[f(2),s] = /00 dzz*"tf(2). (E.2)

0

Therefore Eq. (E.1) is nothing else then the Mellin transform of the Legendre function of the
second kind:

M {QL (aX + ﬁ%) ,s@)} — / Taxx“-g, (aX + 5%) | (F.3)
0

Comparing our definition of @1, (see Eq. (D.9)),

/1 deL(x) ’

. 22—z

we observe that



HG
However, in Eq. (A.7) in the appendix of Ref. [165] it is shown that Qg ) can be expressed
in terms of hypergeometric functions which additionally are expressed in a series representation
[164]. Using the same method we find for @1, the following result:

VAL (L + 1) T (2+1+4n)T (EL +n) o (neLen)
T T ] = T T T (YT (©)

2
HG
which is indeed equivalent to the representation of Qg )(z) since (—1)7%" =1 for all n € IN.

However, in contrast to Ref. [165] we consider the argument z = aX + X ~'. Thus, the Mellin
transform in Eq. (E.3) is given as

° L+1
M|:QL(OCX+5%>,S(L):| \/_FL+1 ZF Ly1+4n)T (B2 +n)

2041 (£ 4 F'(L+34+n)I(n+1)

Qr(z) =

n=0

n=

« Od(2n+L+1)/ dX X 2ntL+s (XQ + _> _ (E6)
0 o

As it is done in Ref. [165] the integral over X can be solved using Ref. [164] or even with
Mathematica:

—(2n L 1-L—n2+sD)
/oo I x2S <X2 N é) (2n+L+1) _ 1 (E)Q( 1—L—n2+sE))
0

o 2 \«
L+s(&) L—s(D)
F(n—i— +2+1)F<n~|— 2+1>
'2n+L+1) ’

if B/a >0, 1+ L+ 2n > Re(s* )and1+L+2n—|—Re( )) > 0 holds. Note, that since L,n > 0
the second condition (1+ L+ 2n > Re(s(%))) directly implies the third and additionally we know
that for 41 and ;2 being placeholders for various combinations of ji;; and g it holds

X

(E.7)

2 1 ~
E_m a H>O, \ATRTE (E.8)
a  2um w

Finally, it is shown in Ref. [165] that the remaining condition 1 + L + 2n > Re(s?)) is also
fulfilled. Thus, it is indeed allowed to write the Mellin transform Eq. (E.6) as

1\ ] 1 VAT A1) D (5+140)T (5 +n)
M@ (ox+ig) ) = st G Ty S TR TR AT

n=0

( 1 >2n+L+1 ( )S(QL) T <n+ L+s(2L>+1) T (n_'_ L—s(L )+1)
>< .

VapB T'(2n+L+1)

Ll

(E.9)

In the next step we use the well-known identity I'(z + 1) = 2 I'(z) and the Legendre doubling
formula,

r(f)r("’H) = " r(), YzeC\{0,~1,-2 .}, (E.10)

2 2 21
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to simplify the term

B (L +1) D(L+1+n)T (&L +n)
S 2MHT (B4 (BE) F(2n+L+1) ’

(E.11)

appearing in the Mellin transform above. Since Eq. (E.10) is only valid for z < 0 we can use it
solely in the case of L > 0. Then it holds:

« T(5+1)T (5 =51 (5) T (57) = LT (D),

. F(§+1+n)r(%+n) _ L—EZnF(L—;2n)F(L+22n+1) _ (L—i—2n)2L‘/f;nF(L+2n),

and thus Z = 27(E+Y 477 Plugging this result for Z into Eq. (E.9) one finds for L > 0

(L)

o) )45 0)” ()

o T (n n L+s(2L)+1> r <n " L—s(2L>+1>
X 4 - E.12
nz% F(L+3+n)T(n+1) (af) (E12)

Using the series representation of the hypergeometric functions ,F, [164],

> I( k+a, L @) 2
pFylar, apiby, b 2) = > [] a 1T - k+b . pgeN, (E.13)
k=0 i=1 j=1

one concludes that also Eq. (E.12) can be written in terms of o F7:

s(L) L+s(I) 41 L—sL) 1
1 JT (B\T [ 1 L“F<T>F< 2 >
M |:QL (aX +6Y) aS(L):| oLz <_) ( ) 2013

o vap T (—2 )
(L) _ o)
« oF, L+s —I—l)L s +1;2L+3; 1 (F.14)
2 2 2 43

valid for L > 0.
In order to show that this result also holds for S-waves we insert L = 0 explicitly into Eq. (E.9)
and use I'(1) =1, I'(1/2) = /m and T'(z + 1) = 2 T'(2) to deduce

M{Qo (OéX—i—/B%)’S(O)} \/2_\/1—<6>S(;)F<8(0>2+1F>(F%)<S(;)Jrl)
=T () (ne =52) rg (23) =
" (8(0)“) (=5=1)  T+3)
4"T(n+ 1T (n+1)
fn+ 1 ()

X
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For n = 0 we observe that the last term in the equation above yields 1, but also for n > 0 one
can show with the Legendre doubling formula that

4"T(n+ 1)L (n+ 3) w0 4"nl(@)L (n+3) 4" (5) T (*57)

ren+ )0 (L) 200@o (L) — 20@n)v/7
nfo 4"% 2_(2”—1)F(2n) _ 4n B
B Man)E | Pixa (E.16)

Therefore Eq. (E.15) is equivalent to

(0) (0) (0
s\ F s +1> F ( S +1>
1 T 1 ﬁ 3 ( 3 e
M X 4=, s0 =¥ B
{Qo (a BX) s > 7 Iy
i) dos :
and we conclude that the relation
M1Q X+ L w] _ V7T (B = 1\ r <L+5<2L)+1> T (Lfs(;)Jrl)
L |« X ) S T 9L+2 |\ vap F(2L2+3)
s ) ' E.1

X ol'y ( 2 ’ 2 ) > ; 40(5 ( 8)

holds for all partial waves L > 0.

In particular, we can use the FunctionExpand command implemented in Mathematica to write
Eq. (E.18) for L = 0 and for L = 1 in terms of trigonometric functions. The following identities
hold in the S-wave case:

o I L+s(B)41 T L— s(L>+1 =T 541 T —s(041 — ™
2 =0 2 2 COS(%S(O))’

o I (2L+3)|L =T (5) = %v

L+S(L)+1 L*S(L)%*l 2L4+3 S(O)+1 7S(O)+1 3. Sil’l(S(O) arcsin(ﬁ))
o o Fy D) ; 2 =k 5 TR ) =

) 2 ) 9 2 BONF

Also for the P-wave case the FunctionExpand command provides:

o I L+s() 41 T L—s) 41 =T 14+sW41 T 1—sW41 :7rs(1). 1
2 2 L=1 2 2 2 sm(%s(l))’

« D), =T (1+3) =27,

2 ’ 2 ’2

Lt+sW4+1 L—s(B41, 2043,
i 2F1( I 2 ) 2 )9

!1 (1 S 1 1—s 1.2 3‘2)
=1

= [(5<1>)3 ]2 L\(/lrf sin (s(l) arcsin (\/E)> — cos <S(1) arcsin (y/7) >] '
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Therefore we find for L = 0 that the Mellin transform of Legendre function of the second kind
is given by

M {Qo (“X T ﬁ%) 78(0)} - [ ax g, (O‘X - 6%)
0

B (\/g) s k2 sin (5(0) arcsin (%\/a:lﬁ» (E.19)

s cos (250) ’

and similarly for L = 1:

M [Ql (aX + 6%) ,s(l)} = /OO dx X109, (aX + 6%)
0

_ B 3(1) s 1
N o [(3(1))2 _ 1} sin (%s(l))
VIB=T . [ . (1 [1
X | ————— sin (s( ) arcsin (5 —) )

s afs

— COS (5(1) arcsin (% 0%) >] . (E.20)

These two equations correspond to Eq. (3.116) and Eq. (3.117) which are repeatedly used in the
derivation of the transcendental equation for systems of type 1, type 2 and type 3.
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Appendix F

Three-body scattering amplitude
equations

The very long expressions of the three-body scattering amplitudes corresponding to the Feynman
diagrams shown in appendix C are summarized here in order to keep the main part of this work
more legible. In the respective parts of section 3.3 the according equation numbers are referenced.
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GLT

Three-body scattering amplitudes where all terms with the same momentum structure are combined and where terms
which only differ by a ”primed“ or "unprimed*“ final state dimer are added together. Furthermore, the dgy integration is
already performed using the residue theorem as explained in section 3.3.
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Three-body scattering amplitudes after applying wave function renormalization (see section 3.3.1).

full dimer propagators are plugged in explicitly.
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Three-body scattering amplitudes after projection onto the L-th partial wave. For details (especially on the notation
JF) see section 3.3.2 and appendix D.
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Three-body scattering amplitudes after projection onto a specific isospin and spin channel as explained in section 3.3.3.
For the definition of the x;, y; and z; parameters see appendix A.2.
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Three-body scattering amplitudes in the limit of asymptotic large off-shell momenta (see section 3.4).
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Appendix G

Numerical implementation of scattering
amplitudes

In section 5.1 we have derived the elastic S-wave three-body scattering amplitudes for all pos-
sible ZZS')—B(*) scattering processes. In this appendix it will be discussed how one can solve them
numerically in order to extract the three-body observables scattering length and phase shift.
Comparing all scattering processes and their corresponding channels one concludes that all in-
tegral equations have a similar structure. However, there are some differences: on the one hand
they differ in the prefactors determined by the spin and isospin projections. On the other hand
there is a difference due to the different masses and two-body binding momenta of the scattered
particles which affects the momentum independent prefactors as well as the integrand. However,
the numerical treatment of the (coupled) integral equations is universal in the sense that the E,
k, p and g dependence of the amplitudes is always of the same form. The numerical implemen-
tation used to solve these equations follows the method described in Ref. [79].

Firstly, one observes that each integral equation holds for all £ and thus k. Therefore we will
suppress their dependence and treat them as parameters which leads to integral equations of the
form

T(p) = R(p) + / " dq Kp,g)T(q). (G.1)

where the kernel K (p,q) could contain a pole in ¢ depending on the center-of-mass energy and
the binding momentum . Thus, we write it as l?(p, q) = K(p,q)/(q¢ — qo — ic). The position
of the pole (i.e. go) can be found by rewriting the scattering amplitudes. It is different in each
scattering process, but does not depend on the specific scattering channel. Furthermore, one has
to replace the upper integration boundary by a momentum cutoff A in numerical calculations.
To get rid of the ic prescription in the denominator of K(p,q) we carry out the limit ¢ — 0 using
the Sokhatsky-Weierstrass theorem,

1
S —— AV
q— qoLic q—qo

Fim (g — qo) (G.2)
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with the principal value PV. This changes the integral equation Eq. (G.1) to

T() = R(p) +/0A 4q KOO T@ = K a) T(w) | g ooy (m+1n {A_QO}> |

q— 4o qo
(G.3)

where the principal value integral is already evaluated:

A
Py/dq 1:ﬂnﬁ_%]. (G.4)
0 q9— 4o qo0

Eq. (G.3) can be discretized by replacing the integration over ¢ by a summation over discrete
momenta ¢ =: p; with weights w; and setting p; := p. Introducing the notation R; := R(p;),
T; = T(p;) and K;; := K(p;,p;) one could write Eq. (G.3) in a discretized form, but as there
are poles in the integral kernel one has to take into account their contribution, too. For this one
has to distinguish three cases, corresponding to the number of poles appearing in the (coupled)
integral equations.
In the trivial case without pole the procedure is straightforward. One uses N mesh points
generated e.g. by the Gauss-Legendre quadrature [189] to numerically calculate the integral

N
T,=Ri+Y w KTy fori=1,... N, (G.5)

=1

which holds for all # = 1, ..., N and thus can be described by a matrix relation

T=R+M"T, (G.6)

with <./\/l§0))‘ = wJK being a N x N matrix.

j
If there is one pole we let N —1 be the number of mesh points and set py := ¢o with corresponding
"weight “ wy = 1 which allows us to write Eq. (G.3) as

N-1

KZ T, — Kin T, . A —
T, = R+Z ! N N+KiNTN<Z7T—|—1H|: pN‘|>
— PN PN
N-1 _ N-1
:Ri‘l'ijKijTj‘{’KiNTN Z'7T+ln{ pN] , fori=1,...,N.
j=1 oy Pk —

(G.7)

Note, that for : = N there is no special treatment necessary. One has just added an extra mesh
point with a fixed value. Defining a N x N matrix /\/lgl)

) ijN(Z-j , forj <N
<M1>: A . , (G.8)
ij w; Kjj (’m—i—ln[ pN} S pkw’;N) , forj=N
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Eq. (G.7) can be written as simple matrix relation similarly to the case without pole
T=R+MT. (G.9)

The third case with two poles only occurs in the coupled integral equations. Thus, one has to
generalize the scheme above to a system of two coupled equations. Consider the following system
of such equations:

A A
mmzm@+gdwmmmﬂ@+4dwmmmn@, (G.10)

A A
tmmz&m+Adw@mmﬂ@+4dw@mmn@, (G11)

where it is assumed that the kernels [?il, t = 1,2, have the same pole at ¢ = gp; and also that
[N(ZQ, ¢ = 1,2, have a common pole at ¢ = qp2 # qo,1. Comparing this assumption with the coupled
integral equations in section 5.1 one notices that it is indeed justified. Each integral is discretized
using the same set of mesh points p; := ¢ with weights w; for j = 1,..., (N — number of poles).
Hence, with the notation introduced above (11(p) = (11)i, K12(p, q) = (K12)s5, etc.) one finds

N—poles B N—poles B
j=1 j=1
N-poles N-poles
(Tg)z = (Rg)z + Z W (Kgl)ij (Tl)j + Z w; (KQQ)»L‘J' (TQ)]‘ s for ¢ = 1, ceey N . (Gl?))
j=1 j=1

These two coupled equations can be combined into one matrix equation of the form T = R +
My T, where T is a vector with 2N entries,

(T1)1

(G.14)

(Ty)n

and My is a 2N x 2N matrix whose elements (My),; are defined by the integral kernels and
depend on the number of poles in those. If there is no pole present in the kernels one finds
M,y = /\/lgo) which is given in Eq. (G.18).

In case of a pole in I?Z-l and no one in [?ig we define py := go1 and wy := 1 in order to take

care of the pole contribution to the integral. The matrix My then has the form of Mém) given
in Eq. (G.19) where

A —pn
PN

-y B : (G.15)

1 Pr—DPN

N-poles
z(py) = | im+1In [ }

207



is the pole contribution. Consequently, the (2N )-th column of M(la) is filled with zeros since
there is no such contribution for the kernels Kzg which have no pole.

If the pole distribution is interchanged (i.e. one pole in Kzg, no pole in Kzl) the extra mesh
point is given by py = gp2 with wy = 1 and the structure of the N-th and the (2/V)-th column
is interchanged, too. Therefore My = Mglb) which is defined in Eq. (G.20). Note, that z(py) is
different from that in MS“) because the position of the pole py is different.

In the last case where both kernels I?“ and I?lg have a pole, one has to combine the results for
just one pole in the right way. Since there are now N — 2 mesh points one fills up the N element
set with the additional points py_1 := qo1 and py := @o2. The "wights” are both equal to one,
i.e. wy_1 = wy = 1. The pole contributions depend as before on the function z(py) in which
the sum over k& now runs from 1 to N —2 instead of N —1. This leads to the matrix in Eq. (G.21)
which we will call ./\/léz)

Note, that it is in the same way possible to extend the numerical implementation to an arbitrary
number of coupled integral equations. Finally, we will make some remarks on the distribution of
mesh points. Since the wave function falls off very quickly for large momenta it is useful to have
more mesh points in the region of small momenta and less in that of large momenta instead of
an equidistantly distribution. This leads to a faster convergence in the number of mesh points
and can be accomplished in the following way: one calculates a set of (N — poles) mesh points x;
with weights &; in the interval [0, In(A+1)] using the Gauss-Legendre quadrature implementation
described in Ref. [189] (note, that one could also use a different quadrature scheme). These mesh
points and weights are used to define the mesh points p; and weights w; in the discussion above:

w; = exp(z;) &, (G.16)
p; = exp(z;) — 1. (G.17)

In the continuum this definition corresponds to the substitution ¢(z) = e* — 1 in the integral
Jhdg = MY erda with @ € [0, In(A + 1),
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wy_o(K12)in-2 O
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(G.18)

wy_1(Ki2)in-1 O

wn—1(K12)Nn-1 O

wy—1(Ka2)i,n-1 O

wN—1(f~(22)N,N—1 0
(G.19)

wn (K12)1n 2(pN)

wy (K12)1n5 2(pN)
wy (Ka2)1n8 2(pN)

wy (Ka2)1n8 2(pN)
(G.20)
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