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Abstract

Presently, lattice quantum chromodynamics is the only available tool that allows for the calculation of
hadron properties in terms of their constituents, quarks and gluons, incorporating the non-perturbative
nature of the strong interaction in the low-energy regime. However, information about few-hadron
dynamics is not directly accessible. Instead, the finite-volume energy spectra, determined in lattice
calculations, have to be related to the infinite-volume scattering- and decay-amplitudes.

In this thesis, by application of non-relativistic effective field theory techniques, methods for the
analysis of data from lattice quantum chromodynamics are developed that allow for the extraction
of three-body scattering- and decay properties. The fundamental concepts of lattice quantum
chromodynamics, focusing on the methods of hadron spectroscopy, are outlined. The framework of
non-relativistic effective field theories is introduced and the role of relativistic invariance is discussed.

A relation between finite volume decay matrix elements and infinite volume decay amplitudes is
derived at the leading order in the non-relativistic effective field theory power counting for the weak
decay of a scalar particle into three identical likewise scalar particles. This equation establishes a
generalization of the Lellouch-Liischer formalism to the three-body sector.

Furthermore, a novel formulation of the non-relativistic effective field theory formalism is suggested,
which is devoid of some shortcomings of the existing approaches related to the explicit non-covariance
of the three-particle propagator. The three-particle quantization condition, relating the finite-volume
energy spectra to the infinite-volume scattering matrix elements, is written down in a manifestly
relativistic-invariant form within this modified formalism, such that data from different moving frames
can be combined in a global analysis.

Finally, the three-body analog of the Lellouch-Liischer equation is generalized to higher orders
and the systematic inclusion of higher partial waves is discussed. In contrast to the leading order
expression derived in an earlier chapter, it is expressed in a manifestly relativistic-invariant form. This
setup is of particular importance, since in practice the extraction of weak decay amplitudes from
lattice calculations requires the inclusion of data from different moving frames.
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CHAPTER 1

Introduction

History of the Strong Interaction With the discovery that nuclei consist of protons and neutrons,
the presence of a strong force was postulated, compensating the electromagnetic repulsion and allowing
the formation of bound states. Experiments in the 1950s revealed a variety of particles subject to the
strong interaction, called hadrons. Due to the sheer amount of newly discovered particles, not all of
these could be fundamental. In the Eightfold Way, Ne’eman and Gell-Mann [9, 10] systematically
organized hadrons, having similar properties such as mass, in groups. The emerging patterns resembled
the representations of an underlying approximate SU(3) symmetry. Considering the breaking of this
symmetry perturbatively the mass splitting in the multiplets [10, 11] could be explained. This led to
the prediction of the mass of the, up-to-then, unknown Q™ -particle, which was confirmed a fey years
after [12].

In 1964 Gell-Mann [13] and Zweig [ 14] proposed the existence of spin-1/2 constituent particles
occurring in three flavors, the quarks. The observed baryons, hadrons of half-integer spin, are
described as bound states of three quarks, while mesons, the bosonic hadrons, are formed by a
quark-antiquark pair. However, the wave functions of some baryons, constructed within the quark
constituent model, seemed to violate the spin-statistics theorem. For example, the wave function
of the Q" baryon, composed out of three strange quarks with parallel spin, would be completely
symmetric, in contradiction to the Pauli exclusion principle. The problem was resolved by introducing
an additional SU(3) symmetry, such that the quarks occur in one of three states. This new quantum
number was later referred to as color.

Although free quarks could never be observed directly, the deep inelastic scattering experiments of
the late 1960s and early 1970s [15—17], probing the short-range structure of hadrons, provided an
experimental evidence for their existence. The measured cross sections, compared to the Mott cross
section, display an approximate scale invariance, i.e. do not depend on the transferred momentum.
As pointed out by Bjorken [18], this feature should be observed if the nucleons contain point-like
particles. Further analysis confirmed that these constituents carry the postulated spin of the quarks
[19], as well as their fractional charge [20]. On the other hand, the experiments could rule out a simple
three-quark model of the proton, but showed consistency with more elaborate models [21], including
a “sea” of quark-antiquark pairs and neutral gluons that mediate the force.

In 1973, Politzer [22] and independently Gross and Wilczek [23], demonstrated that Yang-Mills
theories obey asymptotic freedom, causing the interaction to become weaker at higher energies and
leading to a scaling behavior consistent with the deep inelastic scattering experiments. Fritzsch,
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Leutwyler and Gell-Mann considered this as an argument in favor of describing the strong interactions
by promoting the SU(3)-color group to a non-abelian gauge symmetry [24], a concept that has
already been discussed earlier by Han and Nambu [25, 26]. This theory, referred to as Quantum
Chromodynamics (QCD), became an essential component of the Standard Model. QCD exhibits
a fundamental difference to the electroweak theory, as its degrees of freedom, quarks and gluons,
are not present in the observable spectrum. They are subject to color confinement, the phenomenon
that color-charged particles can not be isolated. Nevertheless, using the fact that the strong coupling
constant ¢, is small at high energies allows for application of perturbative techniques. This provides
arich testing ground for QCD. Several experiments quantitatively support QCD as underlying field
theoretic description of the strong interactions [27].

However, in the infrared regime, i.e. at low energies, the coupling strength increases such that
perturbation theory is not reliable anymore. In order to gain access to a description of processes at
the hadronic scale, where perturbation theory breaks down, alternative techniques are required. This
thesis will focus on two of these methods: the formulation of Effective Field Theories (EFTs) and
Lattice QCD (LQCD). Within the scope of this thesis, a EFT framework will be established, that
allows for the interpretation of LQCD data in the three-particle sector. In particular, a formalism
will be derived that enables to determine three-body decay amplitudes from LQCD transition matrix
elements.

Lattice Quantum Chromodynamics Lattice QCD is a non-perturbative approach, based on the
path integral formulation of QCD in finite, discretized Euclidean space-time. In its simplest realization
this space-time lattice is a (four-dimensional) hypercube of length L and spacing a, the distance
between neighboring lattice sites. This discretization naturally introduces an ultraviolet (UV) cutoff
A ~ 1/a, while the finite volume leads to a quantization of momenta. Thus the path integral indeed
reduces to a finite-, but tremendously high-dimensional usual integral, rendering an explicit evaluation
impossible. Instead, correlation functions are calculated using numerical methods, such as Markov
chain Monte Carlo, generating samples of (gauge) field configurations according to the probability
distribution determined by the path integral.

Establishing a relation of these correlators, contaminated by discretization and other artifacts, to
real continuum QCD observables is a highly non-trivial task. Essentially, three limits have to be
taken: the continuum limit, a — 0, the thermodynamic limit, L — oo, as well as an extrapolation to
physical quark masses. In order to reduce computational cost, lattice calculations are often performed
at much higher than physical quark masses. Although at present LQCD calculations are practicable
at physical quark masses also in the multi-particle sectors [28, 29], simulations beyond the physical
point, performing the chiral extrapolation subsequently, might remain beneficial in certain cases as
discussed in [30].

Although hadron masses, space-like form factors and similar observables can be obtained straight-
forwardly, the extraction of scattering information from LQCD turns out to be rather obscure at
a first glance. For example, while scattering amplitudes acquire a non-zero imaginary part above
threshold, correlation functions calculated in Euclidean space-time are entirely real. Indeed, as proven
by Maiani and Testa [31], in general it is not possible to simply recover on-shell amplitudes, defined in
Minkowski-space-time, from infinite-volume Euclidean space-time correlation functions, which are
dominated by off-shell contributions. Nevertheless, LQCD still provides access to physical scattering
amplitudes. It turns out, that the volume dependence of the correlation functions does not only



represent an unpleasant relic of lattice regularization, but rather a key to the extraction of scattering
properties. As shown by Liischer [32, 33], the finite-volume dependence of the two-particle spectrum,
obtained from the four point correlation function, encodes information of the infinite-volume scattering
amplitude. The method developed by Liischer allows for the a direct calculation of the scattering
phase shift from two-particle energy levels in the finite volume. With subsequent generalizations to
moving frame [34, 35], non-identical particles with spin [36—38] and coupled channel interactions
[39-42] this method developed into a well established formalism that has been extensively applied to
various systems, see the following reviews [43, 44].

Liischer and Lellouch [45], further extended this formalism in order to relate two-particle weak
decay amplitudes to the corresponding finite-volume transition matrix elements, obtained from lattice
calculations (see also [35, 41, 46—48] for generalizations). Finally, with the inclusion of external
currents [47-54], the two-particle sector is well understood.

The results above rely on the fact that, utilizing unitarity, a closed form of the two-particle scattering
amplitude can be found. On the contrary, in the three-particle sector, such a remarkable simple
relation between spectra and observables is not to be expected. Nevertheless, after it was shown that
also the finite-volume three-particle spectrum can be solely determined by S-matrix elements [55,
56], the last decade has seen a lot of progress in the derivation of an analog of Liischers method in
the three-body sector. Currently three different frameworks have been developed: the Relativistic
Field Theory (RFT) [57, 58], Finite Volume Unitarity (FVU) [59] and Non-relativistic Field Theory
(NREFT) [60, 61] approaches. Within all these conceptually equivalent formalism, a quantization
condition is derived, allowing to fix certain parameters by a fit to the finite-volume spectrum in the
three-particle sector. In return, infinite-volume observables can be calculated by solving pertinent
integral equations using these parameters in a second step. Equivalence between these formalisms
was shown in specific setups [61-64]. Both, the RFT and FVU quantization conditions have been
applied to 7" 7" 7" -scattering from LQCD data [28, 65, 66]. The RFT formalism has been also
applied to the nrK- and KK m-systems [67], while the FVU approach was used for the analysis of the
KKK-system [29]. Furthermore, the pole position and branching ratio of the a;(1260) resonance has
been determined using the FVU approach [68]. An empirical comparison of these two formalisms
was carried in a study of lattice g04—theory, showing good agreement for various coupling strength [69].

The lack of applications of the NREFT formalism for the study of LQCD data in the three-body
sector can be also traced back to the absence of explicit Lorentz-invariance. Preferably, data from
various spectra that were measured with different values of total three-momentum each, referred to
as different moving frames, should be analyzed together. In order to derive a quantization condition
capable of performing a global fit to spectra in different moving frames, a Lorentz-invariant setup is
required. Thus, a major aim of the research project, that has been partially summarized in this thesis,
is the derivation of a Lorentz invariant formulation of the NREFT approach in the three-body sector.

However, it should be pointed out that rendering the quantization condition relativistically invariant
is a subtle issue in all different formulations. The reason is that, in order to yield a relation to physical
observables, infinite-volume amplitudes and their finite-volume counterparts, entering the quantization
condition, must be on-shell. As a consequence, the integral equations for the amplitudes in the infinite
volume and similarly the quantization condition are inherently three-dimensional. Obtaining an
explicit Lorentz-invariant form thus requires additional effort. A solution to this problem was proposed
in the RFT formalism and could be straightforwardly adapted. On the other hand, achieving manifest
relativistic invariance in such a way is not unproblematic. As will be shown later, the modifications
applied in this framework lead to a violation of unitarity in the infinite- and spurious energy levels in a
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finite volume. Therefore, a different procedure has been developed during the research project that is
free from these issues.

Furthermore, despite growing interest of studying electroweak three-particle decays on the lattice,
an analog of the Lellouch-Liischer formula has not been available for a long time. Another aim of the
research project was to close this gap. Here, once again, a relativistic-invariant setup proves to be
essential.

Effective Field Theory Effective Field Theories serve as an approximation of their underlying model
in the low-energy regime. By utilizing the separation of low- and high-energy scales, EFTs only
include those degrees of freedom which are relevant at the chosen scale. The short distance effects on
the other hand are absorbed in the EFTs parameters, the Low-Energy Constants (LECs). Instead of
quarks and gluons, effective theories of QCD are formulated in terms of baryons and mesons directly.
An EFT contains all possible operators, constructed out of the fields corresponding to the relevant
degrees of freedom, obeying the same symmetries as the underlying model. In principle, there is an
infinite number of those terms, which seems to render actual calculations impossible. On the other
hand, employing an ordering scheme, that identifies the relevance of the individual contributions,
allows for an perturbative procedure, that can be improved systematically. This scheme is referred to
as power counting. A pedagogical and comprehensive introduction into effective field theories can be
found in [70].

Probably the most prominent example of an EFT for low-energy hadron dynamics is chiral
perturbation theory (ChPT) [71-73]. It is constructed based on the global SU(N,),, X SU(Ny)g chiral
symmetry of QCD in the limit of vanishing N, quark masses. Indeed the three lightest quarks are
almost massless. The observed spectrum of hadrons on the other hand, implies that invariance under
the subgroup of axial SU(Ny) 4 transformations, is not realized in the QCD vacuum. This indicates
spontaneous symmetry breaking of SU(Ny); X SU(Ny)g — SU(Ny)y, noting that the SU(N)y,
subgroup is protected by the Vafa-Witten theorem [74]. According to Goldstone’s theorem [75, 76],
there are eight massless pseudoscalar particles, corresponding to the number of broken generators,
that can be identified with the low lying octet mesons. In reality, the lightest quark masses are
small but non-zero. Chiral symmetry is approximate but explicitly broken, such that the Goldstone
bosons acquire a mass, that can be related to the quark masses using the Gell-Mann-Oakes-Renner
relation [77]. Chiral perturbation theory is formulated in terms of the Goldstone boson fields, such
that the resulting Lagrangian obeys all symmetries of QCD, including the spontaneously broken
chiral symmetry. Explicit breaking of chiral symmetry due to the nonzero quark masses can be
systematically included in this approach. A general construction of effective Lagrangians in the
presence of spontaneous symmetry breaking, based on group-theoretical consideration, was developed
by Callan, Coleman, Wess and Zumino (CCWZ) [78, 79]. The momentum p ~ M ~ 140 MeV of the
low lying octet mesons provides a soft scale compared to A, ~ 1 GeV, the scale of the next heavier
hadrons. Expansion of observables in p/A  thus yields a reliable power counting scheme.

Nucleons can be straightforwardly included, following the construction by CCWZ. In contrary
to the pure mesonic sector, a power counting scheme as described above is invalid, as the nucleon
mass, which is of the order of the hard scale, appears explicitly. One approach to define an consistent
power counting is given by heavy baryon ChPT [80, 81], where the nucleon momentum is split into a
large, of the order of the nucleon mass, and small residual component. The components of the field,
corresponding to the large momentum, are integrated out, while for the residual components one can



impose a power counting scheme in terms of the small momenta. A similar strategy was applied
to render the NREFT formalism in the three-body sector Lorentz-invariant. Other approaches that
solve the power counting problem are given by, e.g. the infrared regularization [82] and extended
on-mass-shell scheme [83, 84].

Chiral perturbation theory also plays an important role in the analysis of LQCD data. As pointed out
above, results of lattice calculations can not directly be related to real QCD observables due to finite
volume and lattice spacing effects, as well as unphysical large quark masses. As the quark masses
represent input parameters of ChPT, it allows to study the pion mass dependence of observables'.
Thus ChPT serves as a framework in order to study the chiral extrapolation to physical quark masses
in LQCD. This is only true naively as ChPT is formulated in the continuum limit. On the other hand,
it is possible to account for non-zero lattice spacing effects using modified version of ChPT [85-87].
Moreover, also volume dependence can be studied [88—90]. In return, the parameters in the chiral
Lagrangian, can be extracted by fitting to lattice data, see Ref. [91] for a review of recent results.

Studying nuclear processes with all external momenta well below the mass of the pion, it is
advantageous to consider an EFT without pions. In this regime the nucleon can be treated non-
relativistically. Guided by the proposal of obtaining nuclear forces from chiral Lagrangians [92, 93],
non-relativistic pionless EFTs have been elaborated that describe nucleon-nucleon scattering [94-96].
A major advantage of non-relativistic EFTs is that the contributions to the four-point function can be
summed up to all orders, such that one arrives at a closed form for the scattering amplitude. This
allows for an direct matching of the low-energy constants to the effective range expansion parameters,
which are physical observables.

The framework was subsequently extended to the study of three-nucleon and -boson systems
[97-100] and allowed for a quantitative description of neutron-deuteron scattering. An analysis of the
volume dependence of the three-body bound state spectrum was carried out in [101-104] by solving
the scattering equations, obtained in the EFT formalism, numerically. These studies paved the way for
the NREFT approach to the three-particle quantization condition.

Outline This thesis is devoted to a development of a systematic approach to analyze LQCD data in
the three-particle sector, based on the use of NREFT methods. In particular the relativistic invariance
of the NREFT is addressed. An important result is the derivation of a three-body analog of the
relativistic-invariant Lellouch-Liischer equation.

The thesis is organized as follows: Chapter 2 and 3 provide a short introduction into the methods of
LQCD and the NREFT formalism. Here the role of relativistic invariance will be discussed in detail.
In Chapter 4 a three-body analog of the Lellouch-Liischer formalism, restricted to the rest frame, is
derived within the covariant NREFT framework at the leading order. Chapter 5 pays special attention
to the relativistic-invariance of the NREFT quantization condition. A modified version is established
that is valid in moving frames. Chapter 6 represents a generalization of the relativist-invariant NREFT
quantization condition to arbitrary partial waves. Lorentz invariance is proven explicitly. Finally a
three-body analog of the Lellouch-Liischer formula in moving frames is derived.

! Note that the the quark masses can not be tuned arbitrary large as the applicability of ChPT has to be guaranteed.






CHAPTER 2

Lattice Quantum Chromodynamics

In this chapter the features of quantum chromodynamics will be discussed. Outlining the necessity of
a non-perturbative treatment, the basic concepts of lattice quantum chromodynamics will be presented.
Special attention will be paid to hadron spectroscopy, the framework to extract physical properties of
hadrons from LQCD. While it turns out to be quite simple to determine quantities of stable particles,
accessing scattering and resonance properties represents a non-trivial task. Therefore a major part of
this chapter will focus on the relation between the finite-volume two-body energy spectra, measured in
LQCD and infinite-volume S-matrix elements. The generalization to the three-body sector is discussed
briefly.

2.1 Continuum QCD

Quantum Chromodynamics is a quantum field theoretical description of the strong interaction in terms
of quarks and gluons. It is formulated as a SU(3)-gauge theory, defined by the Lagramgian1

I , o
Loco = =55 Tr[FF] + Dy (D, = mp) vy, @.1)
& 7

where the spinors ¢ (x) represent the quark fields, that couple to the gluon field A, (x) via the
gauge-covariant derivative
D, =0, +iA,. (2.2)

Furthermore, F),,, is the field strength tensor of the gluon field:
F,=0,A,-0,A,+i[A,.A]. (2.3)

While for each flavor f = 1,..., N, the quark field consists of a SU(3) triplet, with charges referred
to as colors, the gluon field transforms according to the adjoint representation. The Lagrangian is

! The Lagrangian displayed here does not contain the 6-term and gauge-fixing terms, which are not relevant for the following
discussion.
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invariant under local SU(3) gauge-transformations of the fields:

Y(x) — ¢’ (x) = Q) (x),
P(x) = @' (x) = P(0)Q" (x),
A () = AL (x) = QA (0)Q (x) +(8,2(x0))Q" (x), (2.4)

where Q(x) € SU(3).
For vanishing quark masses m; = 0, f = 1,..., N, the Lagrangian contains a single dimensionless

parameter, the strong coupling g or equivalently o, = g2 /4r. On the other hand, the renormalization
procedure required to remove ultraviolet divergences arising from loop integrals in the perturbative
expansion, introduces an artificial scale u. As a consequence, physical observables, calculated in
perturbation theory, explicitly depend on the renormalization scale u. Consider a dimensionless
observable R, describing a process at some energy scale Q. By dimensional analysis, R = R(Q2 / ,uz, @)
only depends on the ratio QZ/ ,u2 and the dimensionless quantity ;. As the renormalization scale was
added by hand, R indeed must be independed of p. Thus, the coupling must be scale dependent, such
that the explicit u-dependence of R gets canceled:

d 2 2 6 dCYS (9
0=pu— )= |pu—
#dﬂR(Q /1, ay) (ua# tE 9.

) R(Q* /1P, ay). (2.5)

This scale dependence of the running coupling a (1) is described by the S-function which, at one-loop
level, is given by [105]:

da 2

! g 11 2
H d/: = Bla,) = —ﬁo;—;, Bo = (?NC - gN) ; (2.6)

where N, = 3 denotes the number of colors. For the observed number of quark flavors, N = 6, the
B-function is negative, crucial for asymptotic freedom. Increasing the energy scale leads to a reduction
of the coupling strength. Solving the differential equation above, and choosing u = Q, at the energy
scale of the process considered:

2 —_——

Vs
= A =
(@) BoIn(Q/Aqcp) | Qe = HExp ( By ay(w)

I 2 ) 2.7)

The quantity Agcp introduced above is the QCD scale”. Tt describes the energy, at which the coupling
diverges. The emergence of a intrinsic, dimensionful parameter from a scaleless theory is known as
dimensional transmutation. Perturbation theory is only reliable at energies well above this scale’.
Due to the non-perturbative nature of QCD in the low-energy regime, analytic access to properties of
hadrons is very limited. However, lattice QCD provides an approach to study the low energy region
directly from first principles of QCD.

Furthermore QCD is subject to color confinement. Quarks and gluons are not observed as isolated
particles, but rather form color neutral bound states, the hadrons. This is in contrast to the electroweak

2 Note that Aqep is indeed scale independent.

3 The value of Aqcp is depending on the renormalization scheme and the number of quarks. In the MS-scheme for N = 3
one finds Agcp = (332 £ 17)MeV [105]
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interaction, where leptons and gauge-bosons represent the fundamental degrees of freedom which
appear in the measurable spectrum at the same time.

As can be seen from the Lagrangian, QCD possesses a global SU(Ny) flavor symmetry if the masses
of a certain group of quarks is equal, my = m for f = 1,..., N;. That is, the Lagrangian is invariant
under the transformation

U=Whyy) . ¥ Ug, UeSUW). (2.8)
In nature the masses of u- and d-quark are close to zero®, such that an approximate SU(2) symmetry,
referred to as isospin symmetry, emerges. Despite the complicated nature of the interaction of
quarks and gluons, this symmetry should be inherited to the hadronic level. The observed hadronic
spectrum should be classifiable by irreducible representations (irreps) of the isospin symmetry group.
Furthermore, one may also include the s-quark as it is much lighter than the typical scale of hadronic
masses enlarging the symmetry group to SU(3). Indeed such a classification in terms of SU(3)
multiplets turned out to be successful, actually predating the formulation of the strong interactions in
terms of QCD as described in the introductory part. Moreover, predictions of scattering properties,
such as ratios of cross sections, using these symmetry arguments are in a good agreement with
experiments. Including isospin-breaking effects, the Gell-Mann-Okubo formula [10, 11] explains the
mass splitting of hadrons within a multiplet and reproduces the measured values on the percentage
level.

Another important property of QCD is the invariance under a global chiral symmetry in case of
massless quarks. Organizing the N quarks in a field ¢ = (¥, .. ., 1//N)T and decomposing into left-
and right-handed components

1 2
wL/R:PL/Rwﬂ PL/R:§(1¢75)7 PL/R:PL/R7 PL+PR:1’ (29)

the fermionic Lagrangian can be rewritten as:
L=, (iy”D,u) U + Uk (iy’“Dﬂ) U -0 Mg -G My, (2.10)

where M = diag(m,...,my) is the quark mass matrix. For N, vanishing quark masses, the
Lagrangian is invariant under a global U; (N;) X Ug(Ny) symmetry:

YR = 8L/RYL/R>  8r/r € UL/r(Ny). (2.11)

This seems to be a reasonable assumption for the u—, d— and s—quarks, such that Ny = 3 in nature. The
corresponding left- and right-handed currents might be decomposed into axial- and vector-components.
While the singlet vector current gives rise to the conservation of baryon number density, it can be
shown that the conservation of the singlet axial current is violated by the axial anomaly. Moreover,
the observed spectrum of hadrons implies that the non-singlet axial symmetry can not be realized
on the ground state. Otherwise meson and baryon multiplets would come in pairs with opposite
parity. Thus, QCD is subject to spontaneous symmetry breaking5 SU(Np), x SU(Np)g — SU(Np)y,

4 As compared to the mass scale of hadrons, which, in the chiral limit me — 0is determined solely by Agcp-
> The SU(Nf)V subgroup is protected by the Vafa-Witten theorem [74] under certain assumptions.
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where the residual vector subgroup SU(Ny)y, corresponds to the flavor symmetry discussed in the

preceding paragraph. This process results in the appearance of Nf — 1 massless Goldstone modes.
In nature these can be identified with the members of the lightest meson octet, pions, kaons and the
eta-particle. Due to the explicit symmetry breaking effects of non-zero quark masses, these pseudo
Goldstone bosons do not remain massless. The construction of an effective field theory in terms of
these particles, also coupling to other hadrons and sources, is known as chiral perturbation theory and
serves as a low-energy description of QCD dynamics for hadrons.

Since spontaneous symmetry breaking requires a non-perturbative treatment, this once again
indicates that lattice methods are necessary for a description of hadronic interaction in terms of its
fundamental components, quarks and gluons. However, it should be pointed out that in contrast to
the long-ranged nature of the interaction between quarks and gluons, the interaction of hadrons, the
nuclear force, is naturally short-ranged. Qualitatively, the reason is that hadrons are colorless bound
states, preventing them to couple via the strong force of quarks and gluons at large separations. Only
in close proximity, at the scale of a few femtometer, a residual effect of the interacting quarks and
gluons can be observed. This is in analogy to van der Waals forces that emerge between neutral atoms
or molecules via interactions of their charged constituents.

As pointed out above, in order to study QCD in terms of its fundamental building blocks, a
non-perturbative treatment such as lattice QCD is required. Lattice QCD is based on the path integral
formulation of QCD. After performing analytic continuation to Euclidean space-time by a Wick
rotation, within this approach vacuum expectation values of operators O are calculated according to

(0) = % / DYDIDA Oy, i, Al e SEWVAl 7 = / DYDYDA e SeW-HAT (3 17)

where Sy is the Euclidean QCD action®:

Sp = / d*x {;;2 Tr [Fy (0F,, (0] + > i) ()/MDﬂ + mf) wf(x)} . (2.13)
S

In principle the reconstruction of physical observables by analytical continuation of Euclidean
correlation function, obtained form Eq. (2.12), back to Minkowski space is guaranteed [106, 107].
Indeed Eq. (2.12) is related to a stochastic process with probability weight factor exp{—Sg} and can
be evaluated by numerical methods. Nevertheless, the path integral is ill-defined if no regularization
is imposed. In the perturbative regime, the exponential is expanded in powers of the small coupling
constant. The resulting functional integration leads to divergent loop integral which can be tamed,
using dimensional regularization for example. Lattice regularization provides a different approach,
which allows for the application of Monte Carlo methods. This scheme will be discussed in the
following.

® For the sake of compact notation subscripts denoting Euclidean quantities are dropped. The Euclidean metric is given
by Oy = diag(1, 1, 1, 1), so that raising and lowering of indices is trivial. The gamma matrices obey the relation

Ve vy} =264,

10
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0
Ul (x +av)
Ul (x) U,y (x) | 1 Up(x +aid)
R Up(x) tl_/_f(y).
Y a
lT'

i

Figure 2.1: Plaquette operator U,,, (x), as given in Eq. (2.22), and parallel transporter connecting the fermion
fields ¥/ +(y) and ¢ +(z), Eq. (2.20), on a lattice with spacing a. The blue dots represent the lattice points, while
the gray lines connect neighboring sites. The yellow arrows denote a link field in the directions defined by the
unit vectors in the lower left corner.

2.2 Discretization of the Euclidean Path Integral

In lattice regularization the Euclidean space-time is usually discretized in a hypercubic lattice of
spatial and temporal extend, L = aN and T = aN; respectively. Here, a denotes the lattice spacing
between neighboring sites which is considered to be the same in all directions for simplicity, while N
and N, denote the number of lattice sites in spatial and temporal directions, respectively. Also note
that elongation of different spatial direction can be considered. On the other hand, when studying the
effects of the finite spatial volume in the subsequent chapters, a uniform extent will be assumed. The
set of lattice sites can then be written as
A={reRt|x, =an,. n,=01. . N,-1, p=1234}, (2.14)
where N, = Ny and N; = N fori = 1,2,3. Quark fields ¢, and z/_/f are placed only on these lattice
sites and transform according to Eq. (2.4). The fields placed on the lattice are subject to a certain
boundary condition. A common choice is given by periodic boundary conditions, where the endpoints
of the lattice are identified, forming a 4-torus.

Maintaining gauge invariance is crucial when lattice regularization is used. Note that in the
continuum theory, as the coordinates in color space are position dependent, the gauge field emerges
necessarily. It accounts for the change of the inherently different gauge reference frames of fields
z,bf(x) and y¢(x + &), with & — 0, when taking the derivative. In general, “comparing” quark fields at
different space-time points, x and y, requires parallel transport of the field y;(x) to the gauge frame

11
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at y along a path y, ,, connecting these two points:

(2.15)

lpf(y) = F(’Yx,y)wf(x)’ F(yx,y) = Pexp (_1/ A- dS
Vx.y

Here I' € SU(3) is called parallel transporter and P denotes the path ordered product. With the
transformation properties of the parallel transporter

T(ey) = T'(yyy) = Q0 (y, Q) (2.16)

indeed the field Y+ (y) = T(y, , W r(x) — Q(y)¢¢(y) transforms according to a field located at y. As
due to lattice regularization the notion of arbitrary close space-time points is abandoned, instead of
gauge fields lattice QCD is formulated in terms of link variables U, (x) given as parallel transporter of
neighboring sites in the direction of the unit vector fi:

U,(x) = T(¥xsap,x) = Pexp (1/ A(x + tﬁ)dt) . (2.17)
0
According to Eq. (2.16) the link variables transform as
U, (x) = Uy (x) = Qx)U,(x)Qx + af)’ . (2.18)

In lattice regularization the path integral measure reduces to a well-defined integration over a finite set
of field variables

/ DYDIDA — / ]_[ dy(x) dt/_/(x)l—[dU#(x), (2.19)

X€EA M

where dU denotes the invariant Haar-measure of SU(3). Since SU(3) is compact, integration over link
variables U, (x) € SU(3) makes gauge fixing unnecessary when determining physical obervables.

2.2.1 Discretization of the Gauge Action

The remaining steps address the discretization of the Euclidean action. This is a rather non-trivial
task as the use of link variables prevents a direct relation to the continuum version. The fundamental
building blocks, used to assemble a lattice version of the QCD action, need to be gauge invariant.
Due to the transformation properties of the gauge links and quark fields, there are only two distinct
invariant quantities. The former consist out of gauge links connecting two quark fields, forming a
lattice version of the gauge transporter:

)P U (5) = () | | ] U0 |9y (2), (2.20)

(.mey

12
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where vy describes a path from x, to x;. The latter is given by a trace over link variables along a closed
loop:

LU =Tr ]—[ U, 2.21)

(v.p)et

where ¢ is a closed path. The simplest version of this quantity is the plaquette:
U, (x) = U, (1)U, (x + a@)U(x + a?)U;(x). (2.22)

Schematically the plaquette, as well as the lattice version of the gauge transporter as defined in
Eq. (2.20), are depicted in Fig. 2.1.
A suitable lattice version of the pure gauge part of the Euclidean action is given by [108]

=—— Z Z Re Tr [ (x)] . (2.23)

XEN u<v

Inserting U, (x) = exp(iaA,(x)), equivalent to Eq. (2.17) up to O(a) (up to an irrelevant constant), the
continuum action can be recovered when taking the limit a — 0:’

ZZTr[ (%) ] L0 2 —/d4xTr F (x)z] . (2.24)

XEAN W,V

2.2.2 Fermions on the Lattice

In an naive approach, the fermionic action could be discretized according to

Sp=at Y > ) (D[U] + mf) Y,(x), DIU] = %yﬂ(vﬂ £ V) (2.25)

xeN f

where V, and V; denote the covariant forward and backward difference operators respectively:

aV Wy (x) = U (Wrp(x + afl) = wp(x),  aVirp(x) = yp(x) = U(x = apry(x —afd) . (2.26)

Indeed the continuum action is obtained up to discretization effects of O(aZ). However this lattice
action leads to an inflation of the number of quark states. These doublers appear as, due to periodicity,
the lattice version of the free quark propagator has additional poles apart from the physical one.
Fermion doubling inevitably arises in lattice regularization of theories that possess “continuum-like”
chiral symmetry, if locality, translation invariance and hermiticity are imposed [109]. Removing the
unphysical doublers one necessarily has to violate one of these assumptions. This leads to a variety of
different formulations.

Wilson fermions [108] explicitly break chiral symmetry by adding an extra term to the naive
action, that decouples the fermion doublers in the continuum limit. The Dirac operator in the naive

7 Note that the left-hand side explicitly displays the sum over indices y and v, which is taken implicit on the right-hand side
in the summation convention.

13
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discretization is replaced with the Wilson-Dirac operator:

D[U] — Dy [U](x) = D[U] - a%V;V”, (2.27)
where r is the Wilson parameter. While the physical pole in the propagator stays unaffected, the
doublers acquire a mass of 2r/a. In the continuum limit they become infinitely heavy, such that they
decouple. Note that due to the extra term, discretization effects enter at O(a).

Besides staggered fermions [110, 111], other prominent approaches are overlap [112, 113] and
domain-wall discretization [114, 115]. In the latter two, the corresponding Dirac operator obeys the
Ginsparg-Wilson relation

{ys, DIU1} = a D[U]ysD[U].

Chiral symmetry again is explicitly broken in order to evade fermion doubling. However, the relation
implies the existence of a lattice version of chiral transformations [116] that reduce to the continuum
symmetry in the limit a — 0. Moreover the measure of Girnsparg-Wilson fermions explicitly breaks
the lattice axial singlet transformation, resembling the axial anomaly.

2.2.3 Improved Action

As pointed out above, the lattice regularized action is subject to discretization effects. LQCD calculation
thus require a continuum extrapolation, typically achieved by performing multiple simulations on
lattices with decreasing spacing. In order to keep the volume constant, it is necessary to increase the
number of lattice points, thus making calculations numerically expensive. On the other hand, the
Symanzik improvement program [117, 118] provides a way to systematically reduce discretization
effects.

In order to achieve the improvement one considers a continuum effective field theory of the lattice
action. Here the inverse spacing naturally serves as a momentum cutoff. The operators entering the
effective action are then multiplied by orders of powers of a according to their mass dimension. This
yields a systematic way to organize the effective theory into powers of the lattice spacing. Adding
suitable counterterms to the lattice action these correction terms can be canceled exactly, leading to an
improvement in terms of the spacing. For an order O(a) improvement of the Wilson fermion action
Sy it is sufficient to add a single operator [119]:

S = S+ e 3 D 30 B (0 (0), (2.28)

XEAUY f

where o, = —i[y,,7,]/2 and I%,(x) is defined in terms plaquettes as

ﬁuv(x) = _SL(:lZ(qu(x) - va(x))e
Q#V(x) = Uw,(x) + Uv’_”(x) + U_’u,_v(x) + U_V’#(x). (2.29)

The Sheikoleslami-Wohlert coefficient c,, must be tuned appropriately [120-122].
Furthermore, an O(a?) improvement of the pure gluonic action can be achieved by adjusting S

14
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according to [123-125]

Ser = —% by Y ReTr [Upy ()] +b; ) ReTr [sz(x)]) . (2.30)

XEN u<v HEV

Above U, ;jz(x) denotes a 1 x 2 loop in the u and v directions respectively, analogous to the definition
of the plaquette. Explicit values of b, and b, can be found in, for example [123, 126]. While this
procedure is already sufficient for an improvement of on-shell quantities, in general also interpolating
operators have to be adjusted.

2.3 Hadron Spectroscopy

After having outlined the lattice regularization of QCD, the following section will focus on the
extraction of physical properties of hadrons from LQCD. Access to observables is gained from
calculating correlation functions of suitable interpolating fields, owing the quantum numbers of the
hadrons of interest. For example, a choice of interpolators having non-zero overlap with the pion
states is given by

77 (x) = d(x)ysu(x),
- (x) = u(x)ysd(x),

() = %5 (@(x)ysu) - d(x)ysd(x) 231)

where g(x) = ¢,(x) and g(x) = Lﬁq(x) for quarks of flavor f = ¢ in favor of compact notion.
Correlation functions are then calculated according to the lattice regularized version of Eq. (2.12).
For O = O[y, ¥, U], applying Wick’s theorem

(0) = % / DU (0)p[U]eScWdetD[U], 7= / DU eS5cYldet DU, (2.32)

where det D[U] = [],det D/[U] is the determinant of the lattice Dirac operator and DU =
[1xea I1, dU,(x) for abbreviation. Furthermore (O)p denotes the Wick contraction of the op-
erator O, which is the sum of all possible partitionings into pairs of quark- antiquark-fields with each
pairing replaced by its corresponding Dirac propagator. Note that some of these partitionings might
trivially vanish, as the Dirac propagator is diagonal in flavor space.

If det D[U] = []; det D[U] > O is positive definite

1
dpP[U] = Ze‘SG[U] det D[U]DU, (2.33)

defines a probability measure and the integration in Eq. (2.32) can be performed using Monte Carlo
methods. Expectation values are estimated by averaging over N independent samples

N
(©0) = 5 Y (O)[U]+ 0N, (.34
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8 & @ ®

~_ .

Figure 2.2: Left: connected contribution to the 7 two-point function. Right: disconnected contribution to the
° two-point function as in the third line of Eq. (2.38). The lines with arrows depict quark propagators.

X

where gauge configurations U; are drawn according to the distribution defined by Eq. (2.33) using
importance sampling. Modern LQCD calculations typically apply Hybrid Monte Carlo [127], which
is a Markov chain Monte Carlo method that combines Hamiltonian dynamics with a subsequent
Metropolis-Hastings accept-reject step [128, 129].

In hadron spectroscopy O usually is given by a product of hadron interpolators. For example, the
mass of the positively charged pion, see section 2.3.1, can be obtained from the expectation value

(0,+(x, ) = (" ()@ )T = (2" ()n~ (), (2.35)

with interpolators given as in Eq. (2.31). Performing the Wick contractions
(O (0. 9))plUT = =Tr | 75D, [U)(x, 3)ys D' (U1 1) (2.36)

where D;l [U](x, y) is the quark propagator with flavor f, given by the inverse of the corresponding
Dirac operator. If instead the expectation value

(0 _o(x,y)) = (2’ (x)(x° ()" (2.37)

is considered, there exist more (non-trivial) contractions as O o contains quarks and anti-quarks of the
same flavor:

(O, MU = = 3T |50, [U)x, 75D, U1 )|

+5Tr :ySD;l [U](x, x)] Tr [y5D; U1, y)]

T
- 3T |ysDu U x)] Tr [ySD;,I[U](y, y)] tued. (2.38)

In contrast to the connected contributions in the first line, here additional types of contractions in
the second and third line are referred to as disconnected, diagrammatically displayed in Fig. 2.2.
Calculation of the latter typically demand much more numerical effort and higher statistics. On the
other hand, in the isospin symmetric case m,, = m, the disconnected pieces in Eq. (2.38) cancel and
the correlator reduces to that of the charged pions. This implies the degeneracy of the isospin triplet
pion states. Nevertheless, the full spectrum of hadrons also include isospin singlet states such as the i
meson that require the calculation of disconnected pieces even in the isospin limit.

16



2.3 Hadron Spectroscopy

2.3.1 Spectrum of Stable Hadrons

One of the most easily accessible quantities is the spectrum of stable hadrons, i.e. those that do not
decay within the strong interactions. For N, = 3, these include the light octet pseudoscalars 7 and
K, the octet baryons N, A,  and = as well as the Q particle of the baryon decuplet. The masses of
these particles can be obtained by considering two-point functions of the pertinent interpolating fields.
With suitable interpolators O,, the correlator for the hadron 4 is given by, assuming ¢ > 0:

C,(t) = % > 010,,(,%)0} (0, 0)[0) . (2.39)

Here and in the following a lattice with an infinite temporal extend, T — oo, is considered. Actual
calculations on the other hand are performed at finite 7. Imposing periodic boundary conditions this
leads to pollution by thermal states® [130] that vanish in the limit 7 — oo.

Inserting a full set of eigenstates of the lattice Hamiltonian in the expression above and using
translation invariance the correlation function is given by

_ Z,  _E, (00
Ch(l) = Z m (& , (2.40)

where Z,, = [(0]0,,(0,0)|n) |2 = [(0]0y,|n) |2 is the probability that the state |n) is created by the operator
0,, and E, (0) is the energy of this state with total momentum p,, = 0. The stable hadron corresponds
to the lightest state, denoted by n = 0, the interpolator has overlap with. Since £, < E; < ..., the
contribution of exited states die out exponentially in time. In order to extract the mass of the hadron
one defines the effective mass:

(2.41)

aM 4(t) = log( Cal®) ) )

C,(t+a)

reducing to the ground state energy for large values of time, M 4(t) — E,(0) for t > a. Plotting
M (1) as a function of time, the mass of the stable hadron is obtained by a constant fit to the region
where the data shows a plateau. The fit range, [, /<], Can be quite narrow mainly due to two
effects. Usually 7, is limited by a low signal-to-noise ratio at large times [131, 132]. On the other
hand, ¢, is determined by the excited state contamination to the correlation function.

An improvement can be achieved if the interpolating fields are chosen such that the overlap to
the ground state is maximized. Thus, in practice, rather than using the naive operators in Eq. (2.31)
directly, smearing is applied to the quark fields. Here an average over spatially separated quarks is
taken, intuitively corresponding to a more realistic spatial wave function. One of the most wildly
used techniques is Gaussian or Jacobi smearing [133—135]. Moreover the noise can be reduced
by smoothing the gauge configurations, typically subject to violent UV fluctuations. Prominent
algorithms are provided by APE- [136], HYP- [137] and stout smearing [138].

In order to extract the energies of exited states a variational analysis can be deployed. In this

8 In this case the expectation value in the correlator would not only contain the vacuum state |0) as in Eq. (2.39). Rather a
sum over all lattice Hamiltonian eigenstates |n) has to be taken into account. Using the time evolution of the operator
0,(t,x) = e_H(T_’)Oh(O, x)e_Hl the contribution of exited states |n) # |0) vanishes as exp(-E,,(T — 1)) for T — oo.
However, these thermal states can lead non-negligible artifacts in general (multi-particle) correlation functions.
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Figure 2.3: Masses of the light hadrons from LQCD compared to experimental values from [105]. Data (blue
dots) is taken from [140], where dark and light blue bars denote statistical and systematic errors respectively.
Yellow dots indicate the particles that were used as input. Black horizontal bars represent experimental values,
with gray boxes specifying the width of resonances. Long gray vertical line separate different mutiplets.

approach a basis of different interpolators for the same hadron is constructed and the matrix of
correlators is calculated. The energies can be determined by solving the generalized eigenvalue
problem (GEVP) [139]: C(t)v, = A4,(¢)C(ty)v,, where C(t) denotes the correlator matrix and
A,(t) = exp(=E,t)(1 + O(exp(-AE, t))) with AE,, = min,,.,|E, — E,,|.

Fig. 2.3 shows the hadron spectrum obtained by the BMW collaboration [140] for Ny = 2 + 1
flavors, i.e. approximate physical strange quark and degenerate light quark masses extrapolated to
the physical point of M, ~ 135MeV. Simulations were performed using a stout averaged, Symanzik
improved gauge action and Wilson fermions. Finite-volume effects to the stable hadron masses M,
resulting from virtual pion exchange [141], were taken into account by fitting

M, =M+ exp (M, L) (2.42)

(M, L)

to the measured masses M, , for three different box length L. In order to determine the masses of
resonances, also displayed within the plot, a more elaborate formalism is needed, that will be discussed
in the following section.

2.3.2 Two-Particle Scattering and Resonance Properties from Lattice QCD

The previous section showed that the masses of stable hadrons can be determined by a calculation
of two-point functions on the lattice, extracting the lowest energy levels. As shown by Liischer [32]
their volume dependence is regular, i.e. coincides with the infinite-volume masses up to exponentially
suppressed corrections. This method can be generalized in order to extract more complicated quantities
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as long as the corresponding infinite-volume S-matrix elements contain a single particle in the in-
and out states only. Prominent examples are the space-like electromagnetic form factors of various
hadrons.

On the other hand, the method fails when applied to processes that involve more in- and outgoing
particles, such as scattering. This statement is formulated in the Maiani-Testa no-go theorem, that
was first proven in the context of time-like form factors [31] and will be outlined in the following
paragraph with respect to two-particle scattering.

The Maiani-Testa No-Go Theorem

Considering the process 7" (p;)n " (p,) — 7" (q,)7n" (¢,) in infinite Euclidean space-time, the scattering
amplitude is related to the four-point function

Coppriara, (152195, 31) = (Olmrg (D) (), (39)my (31)]0). (2.43)

where the limits x? — oo and y? — —oo are implicit assuming x? > xg and y? < yg. The pion
interpolators are momentum-projected according to

mi(x%) = / x e 1t (10 x). (2.44)

Taking the limits for x{ and y! first, the correlation function is given by

Zy ~E(q)x)+E (p)y] & 0 0
€ a\11/4] 7Py y}C . (x ,y ), (245)
2E,(p)2E,(q;) P-P2i;. 0y Y25 V2

0 0.0 0\ _
Cpl’qull"Iz(xl’ X325 Y2s yl) =
where, with |k) denoting a 7" -state with momentum Kk,

~ 0.0 0y = (.0
Cpl,pz;ql,qz(xz;yZ) = <Q1|7T;2(x2)77p2()’2)|l’1>

2E,(Q,)2E,,(P,)
x (27)°8°(q, + q, — Q,)(27)°5>(p, + p, — P,,,) (n; out|m; in) . (2.46)

+ . Cinlas
= (4 mq, O)ln: out) s inlp, OIPY) _ (5, (0,1, (0 (B p)-E, @,
n,m

Here full set of in- and out eigenstates have been inserted, according to the boundary conditions
xg — oo and yg — —oo. In Eq. (2.46) the matrix element (n; out|m;in) is the amplitude to be
extracted. Now since x(z) — oo and yg — —oo, the states with the lowest energy will dominate the
sum. As can be read off from the matrix elements (q; |7r;2(0)|n; out) and {(m; in|7r;,2(0)|p 1), these are
the n*n" states with total momenta Q,, = q; + q, and P,, = p, + p, respectively. For the sake of
simplicity let q; + q, = 0 = p; + p,. While the energy of the in- and outgoing pion pairs considered
in the scattering process is equal to 2E_(p, ), the lowest contributing intermediate states correspond to
the two-pion states at rest, E,(Q,,) = E,,(P,,) = 2M,.. Thus, the correlation function is dominated
by matrix elements, (n; out|m;in), that do not correspond to the on-shell scattering process. Only at
threshold, where all momenta vanish, a direct relation can be established.
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Liischer’s Method

The preceding paragraph showed that a simple extraction of scattering parameters, thus also resonance
properties and similarly decay amplitudes from Euclidean correlation functions remains flawed due to
off-shell contributions’. That is, the correlation functions are dominated by matrix elements that do
not correspond to the physical scattering process as described above. This statement is only strictly
true in the infinite volume, where a continuum of intermediate states exists above threshold. In a finite
box of length L with periodic boundary conditions, on the other hand, the momentum is quantized
according to

2n
p=—n, ne¢ 7. (2.47)
L
Therefore, the energy spectrum is discrete. For example, the non-interacting two-pion energies in the

rest frame, as considered above, are given by

4 2
E,=2\M2+ 50’ neZ’. (2.48)
L

Due to interactions, these energies will be shifted. The existence of such a discrete energy spectrum in
principle allows for the extraction of on-shell amplitudes from the correlation function in Egs. (2.45)
and (2.46) if sufficiently high energy levels are reached. However, singling out the correct matrix
element remains a difficult task.

Nevertheless, the discrete energy spectrum of the finite-volume enables access to scattering
parameters. With the pioneering perturbative calculations [143, 144] of the finite-volume energy shift
of the n-Bosons ground state, the scattering length could be obtained by a fit to the energy spectrum.
Proceeding work [32, 33] by Liischer showed that the two-particle finite-volume energy spectrum is
uniquely determined by on-shell S-matrix elements, when corrections that are exponentially small in
the box length L are neglected. This framework, coined as Liischer method, is formulated in terms
of a quantization condition, relating the finite-volume energy levels E, to the infinite-volume phase
shifts ¢,(s). In the particular case of two identical bosons of mass M, it takes the form

detA =0,
Apmt'm = 000 Oy €OLO4(8) = My, ¢y (5, P L), (2.49)
where £m, ¢'m’ denotes the angular momentum space, over which the determinant is taken. The matrix

M depends on the total momentum P of the center of mass system (CMS) explicitly, as well as due to
s = E* — P%, where E is the energy. Furthermore M does not depend on the short-ranged interactions.

¥ Note that with the method described in [142], amplitudes above threshold can be extracted by measuring the proposed
modified Euclidean correlators and fitting them for large but finite times.
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These are completely described by the phase shift. Components of the matrix M are given by

(_ 1 )t’ o+€ j

i
! d
Memem' (P L) = =7 Z Z o1 Cemjs.tom Zjs(139),

Jolee 5=
m,. . , . ; g . f’ g . f’
Conrnr = V"o veie e (n 4 L J(6 0 G) eso
where
L E
a-tp L. _E 251
o Tt VT @31)

with ¢" = +[s/4 - M ? the relative momentum in the CMS and

Y (r _
Zi(is)= ) 5 . Pa={re®|r =y - ldi/2 v, =n, meZ @52

rePy

is the Liischer Zeta-function. The parallel and perpendicular components in the sum are taken with
respect to the CMS momentum. The functions Y;,,(k) = |k|€Y€m(l:1) are related to the usual spherical
harmonics. The appearance of the Liischer Zeta-function leads to an irregular, i.e. non-exponential,
L dependence of the finite-volume energy spectrum. Diagrammatically such contributions emerge
from loops where the particles can go on-shell. A derivation of the quantization condition within the
non-relativistic field theory approach will be given in section 3.2.2.

Solutions E = E,, that satisfy Eq. (2.49) yield the finite-volume energy spectrum for given input
phase shifts 6,(s). These are related to the infinite-volume scattering amplitude 7,(s) in the partial
wave ¢ due to unitarity:

167+/s

g cotd,(s) —iq"

T(s,cos ) = 2(25 + 1P, (cos O)T,(s), Ty(s) =
=0

(2.53)

Here, T (s, cos ) is the total scattering amplitude and 6 denotes the CMS angle. The formula above is
only valid below the first inelastic threshold, which thus defines an upper bound for the validity of
Liischer’s method in this simple form. Generalizations to coupled two-particle channels were provided
by [37, 39-42], such that the range of applicability can be extended up to the three- or morelo—particle
threshold.

Of course, in order to determine scattering amplitudes from LQCD, the direction is reversed. The
lattice energy spectra for given volumes in various frames with total momentum characterized by d are
determined from suitable correlation functions. Then one uses the quantization condition Eq. (2.49)
in order to perform a fit to these energy spectra, such that the optimal parameters of cotd,(s) are
found that minimize the residual sum of squares. Parameterizing the phase shift is a subtle issue, there
exist several forms. For example, in case of short-range interactions, using that in the vicinity of the
elastic threshold (q*)2 = 0, the function (q*)2€+1 cot d,(s) is analytic and, by unitarity, real above the

19 Certain symmetries may restrict the possible interactions. For example, the process 77 — 7w is forbidden by G-parity.
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threshold, leads to the effective-range expansion (ERE) [145]:

1 1 .

#2641 2 )

(q7)"" cotdels) = ——+ 3r(q")" + Olg™), (2.54)
¢

with the coefficients a, and r, are referred to as scattering length and effective range respectively.

It should be pointed out that the generalization of Liischer’s method, originally formulated for the

two-particle system at rest, to moving frames represents a big advantage, as numerically expensive

calculations in large volumes can be avoided while keeping the number of extracted energy levels
fixed.

2.3.3 Symmetries of the Finite Volume

Rotational invariance is explicitly broken in a finite-volume box. As a consequence the quantization
condition as displayed in Eq. (2.49) is non-diagonal in angular momentum and different partial waves
are mixed. Formally the matrix A is infinite-dimensional since all partial waves contribute'' and it is
necessary to impose an angular momentum cutoff. Such a truncation can be justified as 7, (s) ~ (q*)y
in the vicinity of threshold, provides a hierarchy of partial waves in the expansion as displayed in
Eq. (2.53).

As rotational invariance, O(3) = SO(3) X Z,, is not broken completely in a finite volume, further
simplification can be achieved by partially diagonalizing the quantization condition into the irreps
of the residual symmetry group. In case of a cubic lattice with vanishing total momentum d = 0
this group corresponds to the octahedral group12 O,,, containing the symmetry transformations of a
cube. The group O,, contains 48 elements in total, build from 24 proper rotations and space inversion.
Elements that are combinations of rotation and space inversion will be referred to as improper rotations
in the following.

In contrast to the infinite volume, where infinitely many irreps of O(3) exists, labeled by angular
momentum and parity13 ¢” (¢ €N, P = +), there is only a finite number of irreps of the octahedral
group. These are denoted by I' = A}, A5, E¥, T}, Ty and are of dimensions 1, 1,2, 3, 3 respectively.
The superscript denotes the behavior under space inversion. Explicitly the matrix representations
Tr(g) for each group element g € O,, are given in [146, 147]. For example, A| labels the trivial
representation, TAT(g) = 1 for all g € O,,, while A| acts as TAT(g) = =1 if g is in a proper (+1)
or improper (—1) rotation. Since O,, is a subgroup of O(3), all angular momentum representations
% of the infinite volume split into linear combinations of the ten irreps of the octahedral group.
Applying the orthogonality of characters'®, the decomposition of representations ¢F into the irreps of
the octahedral group can be performed as displayed up to £ = 4 in Tab. 2.1. The mixing of partial
waves is evident now: while £ = 0% is completely described by the representation A7, the latter is

" 1f rotational symmetry were exact, still all partial waves contribute, but the matrix A would be diagonal in £ and m, such
that the quantization condition reduces to a product of one dimensional equations for each angular momentum separately.

12 Taking into account fermions, in the infinite volume one considers the double cover SU(2) of the rotation group SO(3).
Similarly in a finite volume the double cover of the octahedral group 20h should be considered.

13 The parity of a physical states is determined by its internal parity and the parity of the angular momentum state P, = (—1)[.
For example, while a system of three scalar particles in £ = 0 has parity P = +, for three pseudoscalar particles in ¢ = 0
one has P = —.

14 The relevant character tables can be found in [36]
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Table 2.1: Decomposition of irreps of O(3) into irreps of O, and C,,,. In the decomposition into irreps of Cy,,
the occurrence of A; and A, depend on the parity. Below, the notation 4;,; is used, where for P = 1 (P = —1)

Aigp = Ai (Ayp = A)).
P decomposition into irreps of
Oh C4v
0" AT Ay
1* Ty Ay ®FE
2* EfoT; A, ®B ®B,0E
3* Aol ol Ay ® B, © B, ®2F

4 AfeE el eT, 2A,0A) &B &B,o2E

Table 2.2: Contributions of irreps of O, and C,, to irreps of O(3). Note the irreps A; and A, of Cy, both
contribute to 4* as well as 4™, other than the pattern of alternating parties may suggest.

irreps of O;,  contribution to £ P irreps of Cy,,  contribution to £ F
AT 0%,4%,6%,8%, ... Ay 0,1,2%,37,...
A5 3%,6%,7%,9%,. .. A, 0-,1%,27,3%,...
E* 2%,4%,5% 6%, ... B, 2%,3%, 4% 5%, ..
Ty 1%,3%,4%, 5%, ... B, 2%,3%,4%,5%, ...
Ty 2%,3%,4% 5%, . E 1%,2%,3%, 4%, .

also contained within the decomposition of the £ P = 4* state. Tab. 2.2 shows the contributions of the
different irreps of O,, to various angular momenta.

For moving frames, the symmetry is further reduced to the stabilizer group G of the total momentum
d=£0:

G={gec0,|gd=d}. (2.55)

For example, for d = (0,0, 1) the stabilizer group C,, contains 8 elements, corresponding to
transformations leaving an oriented rectangular prism invariant. Note that space inversion is
not a symmetry anymore as it reverses the direction of d. The irreps of C,, are labeled by
I' = A, Ay, By, B,, E and are of dimensions 1, 1, 1, 1,2 respectively. Decomposition of angular
momentum representations ¢ P into these irreps as well as the inverse problem can be found in Tabs. 2.1
and 2.2.

In order to ease the notation, in the following states without internal parity will be considered.
Partial diagonalization of the quantization condition is achieved if it is expanded in the basis of the
irreducible representations of the symmetry group G. For a given representation I" of dimension dr.,
these basis vectors will be denoted by |I',, {, @), where @ = 1,...,dp. Furthermore, t = 1,..., Np
denotes the multiplicity of the irrep I for a given angular momentum ¢. These basis states can be
expressed as a linear combination of angular momentum states:

4
IU.tay= ) e em) . (2.56)

&,m
m=—{
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The coefficients c are tabulated in [36, 147, 148] for low values of £. They can be found by letting
the operator

d
e =T (Thate)) ¢ (2.57)
8€cg

act on the angular momentum states |£m), projecting them on the invariant subspaces of the irreducible
representations. Here T;; (g)r denotes the matrix representations of the element g in the irrep I and

= |G| is the order of the stabilizer group. Furthermore, the action of the group element g on the
state |£m) is given by

t
glemy= "> D' (9)lem'y, (2.58)

’
m =—

where D) denote the Wigner-matrices. The resulting rows and columns of matrices (fm'|H£|£’m>
contain the (unnormalized) basis vectors |I,, £, @) as a linear combination of |£m). The rank of the
matrix corresponds to the multiplicity ¢ of the irrep I'.

The operator A in the quantization condition can then be expressed as

r,r, , L
Al g = (T, G alAlT, Ca’) = Z Z( ) AW . (2.59)

m=— m'=—¢'

Since the operator A transforms trivially under the symmetry group G, according to the orthogonality
of irreps it follows that

,

Ft’rt,
A ,(2/ = <Ft,€,a|A|F g [07 > - (51"1"’6

o o Ay oy - (2.60)

Therefore the quantization condition det A = 0 falls apart into separate conditions for each irrep I':

detA' =0,
Aft t;/tl - 5”'5”/ COt(S[(S) Mft Z/t/(s, P, L),
4 '
F ,
M BL) = D0 3 (i) e Ma @.61)

m=—Cm'=—¢

This represents a practical advantage, as the dimensions of matrices entering the quantization condition
are drastically reduced.

At the end of this paragraph, the quantization condition will be used to generate the finite-volume
spectra in two toy models. Considering £ = 0, only the A(1+) representation contributes in the rest
frame as well as the frame with d = (0,0, 1). The determinant equation simplifies to a usual one:

1
cotdo(s) = =73 —78(1,s) = (2.62)
7y
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Figure 2.4: Finite-volume CMS energy spectra in the rest frame and moving frame irrep for elastic S-wave
scattering. Non-interacting levels are indicated by gray dashed lines. Yellow lines denote the energy spectrum
for attractive interaction (a < 0). In case of repulsive interaction (a > 0), represented by blue lines, a bound
state exists with infinite-volume energy indicated by the dotted blue line. The left and middle panel show the
spectrum in the A irrep in the rest frame and A, irrep in a moving frame, with d = (0,0, 1), respectively. The
right panel shows the phase shift 6(s), with ¢* cot §,(s) = —1/a, as a function of /s for a < 0 (yellow line) and
a > 0 (blue line). Note that here the +/s-axis is vertical.

The first model considers elastic S-wave scattering of two identical bosons of mass M, described by
. 1

q cotdy(s) = —— (2.63)
a

to lowest order in the effective range expansion. Choosing @ = +1.5M (in natural units) the quantization
in Eq. (2.62) can be used to produce the energy spectra in the A(1+) representations of the rest and
d = (0,0,1) frame. These are shown in Fig. 2.4 for the case of attractive (a < 0) and repulsive
(a > 0) interaction and compared to the non-interacting levels. For convenience the CMS energies

Vs = w/E,ZI —P?are plotted. In the attractive case the energy levels are shifted downwards as compared

to the non-interacting levels, while in the repulsive case they are shifted upwardsls. Note that for
a > 0 a bound state exists, the corresponding binding energy in the infinite volume is indicated by the
blue dotted line.

The second model considers a S-wave resonance. It can be described by a Breit-Wigner phase shift

N 61 /s
g’ coty(s) = —ziz(M,i —s), (2.64)
g8 Mg

where My denotes the mass of the resonance and g controls its coupling. Choosing M = 3M and
g = 1.333 the energy spectra in the rest and moving frames for the A(1+) irreps are depicted in Fig. 2.5.
The energy of the resonance is indicated by a yellow line. It can be seen that the energies closely follow
the non-interacting levels, but bend away to the next one in the vicinity of the resonance crossing a
level. This phenomenon is known as avoided level crossing [149].

15 In the moving frame some non-interacting levels are close to each other, such that the energy level of the repulsive
potential might almost overlap with the next energy level of the attractive potential in the figure.
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Figure 2.5: Finite-volume CMS energy spectra in the rest frame and moving frame irrep for a S-wave resonance.
Non-interacting levels are indicated by gray dashed lines, while the resonance energy is represented by a yellow
dashed line. The left and middle panel show the spectrum in the A7 irrep in the rest frame and A, irrep in
a moving frame, with d = (0, 0, 1), respectively. The right panel shows the resonance phase shift 6,(s) as a
function of /s. Note that here the +/s-axis is vertical.

An important remark is in order. This concerns the levels that lie in between two narrowly separated
non-interacting energies that appear in the moving frame'®. An example of such an occurrence can be
observed in Fig. 2.5 between the third and fourth non-interacting levels'’. The small gap between such
neighboring non-interacting energies can be attributed to relativistic effects, the levels are degenerate
in the non-relativistic limit. For example, the third and fourth non-interacting levels in the middle
panel of Fig. 2.5 correspond to pairs of particles with momenta (representativeslg) p, =27/L(0,0,2),
p, =2x/L(0,0,—1) and p; = 2x/L(1,1,1), p, = 27/L (-1, -1,0) respectively. In the interacting
case, there will always lie a “pinched” level in between such two non-interacting energies. The
problem with these energy level arises when considering the non-relativistic limit, in which the two
non-interacting energies approach and from a degenerate level. Naively one would expect that the
“pinched” level thus turns into an unphysical solution which lies exactly at the non-interacting energy.
On the other hand, as shown in App. A.1, the residue of such a “pinched” level vanishes in the
non-relativistic limit, such that the expected unphysical solution indeed disappears from the spectrum.

Furthermore, for practical applications of the Liischer method one should treat “pinched” energy
levels with caution as these are rather insensitive to changes of the form and strength of the interactions.
Moreover, fitting the quantization condition to the finite-volume spectrum in order to determine the
parameters of the phase shift, error bands on the energies of the extracted “pinched” levels result in
extremely large error bands on the phase shift, due to the steep form of the Liischer Zeta-function in
that region. A similar discussion can also be found in [150] where states of the same characteristic,
appearing in finite volumes subject to elongation, have been observed.

16 Such levels can also be seen in the toy model spectra of Ref. [43], where the figures above have been inspired from.
'7 The same behavior can be found in Fig. 2.4 but due to cluttered presentation identifying these levels might be difficult.

'8 The energy level corresponds to the state, build from these momenta, that transforms in the A, irrep. It can be obtained by
applying the projection operator Eq. (2.57) on the state |p;, p,), where the group element acts as g|p;, P,) = |gP1, &P2)-
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2.3.4 Determination of Two-Particle Energy Spectra

As discusses in the preceding paragraphs, scattering information in the two-particle sector can be
determined from the corresponding energy spectrum. The extraction of two-particle energy levels
proceeds similarly as described in Sec. 2.3.1. First one has to find a suitable choice of interpolators.
Application of Liischer’s method in moving frames P = 27/Ld as stated in Eq. (2.61) requires
operators that only have non-vanishing overlap with states |P; I, @) in a irreducible representation I"
of the stabilizer group of P. Focusing on the S-wave scattering of two positively charged pions again
provides a simple example that can be generalized easily.
An operator that has overlap with a two 7" -state with total momentum P is given by

O, (P.q; 1) = mp_o ()74 (1), (2.65)
where

m) =) M at(x). (2.66)

X

This operator can then be projected onto an irrep I of the stabilizer group G of P using the projection
operator defined in Eq. (2.57). A simpler version can be obtained by using the projector defined by
[36]

d, *
n' = Er Z (Xr(g)) 8 (2.67)
g€g
where y(g)" denotes the character of the element g in the irrep I'. The projected operator then reads as
07];7r(P’ q;1) = Hronﬂ'(Pa qQ;1)
d, * o
= Er Z (Xf(g)) Z olPX1+HA(x Xl)g(ﬂ+(xl,[)ﬂ+(X2, 1)). (2.68)

geg XXy

The action of the group element on the two pion fields is given by

g (x, D7 (%5,1) = (1)@t (g7 %, 1) (1)1 (7 1)
=t (g %, )1 (g7 %00 1), (2.69)

where the factors of (-=1)” ®) with P(g) = -1 (P(g) = 1) if the element g corresponds to an improper

(proper) rotation, arise as pions are pseudoscalars. Note that in case of an o0dd" number of pions this

. . -1
factor is not canceled. Moreover, the sums over sites X; can be exchanged by sums overy; = g 'x; as

1 This can be nicely illustrated by the construction of single pion operators with momentum k in a definite irrep of the
corresponding stabilizer group. Repeating the steps presented above this interpolator can be written as:

d * ’) +
m'0=2 2 (@) DOm0,
8eg

Thus, only one dimensional irreps that are odd under improper rotations contribute. For O, this is the A] irrep, while for
C,,, only the A, irrep yields a non-vanishing result. This is in agreement with Tab. 2.2 as the pions are ¢F =0 states.
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these points represent the same lattice. Finally using that k(gy;) = (g_lk)yi as well as g”'P = P one
arrives at

d * X o
OraPain) = = 3 (i (0) 3 &P 000 (xy ) (1) (2.70)

8€G X(,X)

For (at least) one particle at rest, i.e. q = 0, as a consequence of ;. Xr(g) = 0 for non-trivial I, the
result simplifies to:

(+) .
Ok @.0:1) = Y ™in* (x. 0" (x1), O (R.0:1)=0, T A", 2.71)

X1,Xy

In order to extract the energy levels corresponding to states in a given irrep I' the following
correlator”’ is considered

Cr (P, q;1) = (0|0% (P, q; )(O% (P, q; 0))7|0) . (2.72)

Indeed, inserting a full set of states and using translation invariance

0|0t P,q;0)|n; P, T 2
T (g1 = Z €0]O7A( qr ) Py o En®r (2.73)
- 2E, (P)

where |n; P; T') denote states with total momentum P, transforming in the irrep I" that have the quantum
numbers of two positively charged pions. For convenience, also a superscript I is attached to the
energy, emphasizing that the corresponding spectrum describes only states transforming within this
representation. The ground state energy could be determined by a fit to the effective mass as defined
in Sec. 2.3.1. On the other hand, using Liischer’s method also exited states should be extracted. This
can be achieved by solving a GEVP as described previously in Sec. 2.3.1. Using the quantization
condition in the corresponding irrep as formulated in Eq. (2.61) the phase shifts §,(s) and thus the
infinite-volume scattering amplitudes 7,(s) can be determined by a fit to the energy spectrum.

2.3.5 Two-Particle Decays from LQCD

In the context of QCD, decays fall into two categories. The first one describes QCD resonances where
the decay is mediated via strong interactions, such as p — wxr. The second class includes decays,
where the decay products, as well as the initial state are stable particles in pure QCD. Electroweak
processes fall into this category, with the probably most prominent decays of a kaons K — zzr. In this
case the decay can be considered in first order perturbation theory, as the electroweak coupling is
small as compared to the strong interactions. This also applies to processes that proceed via symmetry
violation, such as w — mr, where the amplitude is proportional to the isospin-breaking term m,; — m,,.

A formalism introduced by Lellouch and Liischer [45], see also [35, 41, 46], based on the quantization
condition, allows the study of two-particle decays that fall into the second category described above.
As an example, the following paragraph will introduce the formalism in the context of the K™ — nt

20 Note that if the correlator would be constructed with interpolators in different irreps, the result would vanish due to the

orthogonaliy theorem.
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decay in the isospin symmetric case. Restricting to S-wave interactions, it can be shown that the
infinite-volume decay amplitude can be written as

T(K* — 77°) = (" (p)7"(p,); outlH,, (0) K * (P); in) = 4?0 ) (2.74)

where H,,, is a Hamiltonian (density) describing the weak interactions and 6622(s) is the S-wave phase
shift of isospin21 I = 2. A finite-volume version of the decay amplitude can be calculated from the
Euclidean correlator

(Olmy, (1)mg, (DH,, (Kp (1'))"]0) — R
+ 0 + o NWT 0 /T + + /T ;_> <n;P|leK ;P>’ (2'75)
(Olmy, () () (1) (e (¢ DTIONOIKp () (K (1) |0) 10

where |K*; P) denotes a one-kaon states with momentum P and |n; P) corresponds to a state with
quantum numbers of 7" 7%, In the expression above, it is implicitly assumed that the volume is tuned
so that the energy of the state n coincides with the one-kaon state if the weak interactions are turned
off. As the energy of the kaon in a finite volume only receives exponentially small corrections, that
will be dropped throughout, the condition reads as E,(lo) = Eg, E12< = M12< + P2, Now turning on the
electroweak interaction, which can be treated perturbatively, most of the energy levels will remain
unchanged to first order as H,,, only couples states of different strangeness. On the other hand, the
degeneracy of the states |n; P) and |K™; P) is lifted. To first order in g,,,, where H,, = O(g,,)

E,=EY &+ (n;P|H |K";P) + O(g%). (2.76)
In the infinite volume, the amplitude T(7T+7T0 — 7r+7ro) receives a contribution of order O(g,,)

from 777" - K* — 7tx’. Denoting the momentum of the pion pair by P* = (E,, P) and using
Egs. (2.74) and (2.76), this contribution is given by

2
AT = 1 [APS O = 4]

. + %70 L o). Q77
P - M: 2E(n; P|H,,|K*; P)

The phase shift 5(1):2 in the presence of the weak interaction can be calculated in first order perturbation
theory from the well known analytic form (Eq. (2.53) without the symmetry factor of 2) of the S-wave
two-pion scattering amplitude 7T = 7O 4 AT:

q Al
167ysEY (n:P|H, |K"; P)

5§72 s) =607 (s) = +0(g%). (2.78)

Since the energy level E,, corresponds to a solution of the quantization condition (in the presence of
weak interaction), the phase shift can be replaced by

e 1
507%s,) = kn— ¢%s,), keZ, cotgl(s)= —ngo(l;s), (2.79)
'y

2 Two pion states with / = 1 do not exists for pure S-wave interaction due to Bose symmetry. The isospin / = 0 channel is
excluded by charge conservation.
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for s, = E,f — P. Further, one may expand the functions ¢d(sn) and d(s,,) in a Taylor series around
#(0).

4n = q,
#%(s,) = 62 ?) + (Y sO)Ag; + O(g2)
5072(s,) = 50 + (607 5DAg: + 0(gl). (2.80)

2
where silo) = E,(lo) P’ = M12< and

(©)

Agy = q, = a," = =5~ (i PIH, K3 P) + 0(gy), (2381)
qn

as obtained form Eq. (2.76). Now using that E’(10) is a solution to 66=2(s;0)) =k'n- ¢d(s£0)), the
quantization condition in absence of weak interaction, Eq. (2.74) can be rearranged in order to find:

(0)

2
A = 4m My ( !Zo>) (@32 (M) + (9% (MR)) (s PIH, |K ™ P)?. (2.82)
qn

This equation establishes a relation between the absolute value of the infinite-volume decay matrix
element A and the finite-volume transition matrix element (n; P|H,,|K"; P) that can be extracted from
LQCD by considering a correlator as in Eq. (2.75). These two quantities are proportional to each
other, the proportionality constant is called the Lellouch-Liischer (LL) factor. The phase of the decay
amplitude coincides with the phase shift 6(1):2(s), see Eq. (2.74). It is worth mentioning that the LL
factor does not depend on the kaon interactions but is solely described by the rescattering of the final
pion states, which can be determined by Liischer’s method as described in the previous section. Based
on this framework, a comprehensive lattice study of the K — swrr decays has been performed by the
RBC and UKQCD collaborations [151-153]

2.3.6 Three-Particle Scattering and Decays from Lattice QCD

Having established the principles of hadron spectroscopy in the two-particle sector in the preceding
sections, this paragraph should close this chapter by giving an overview of the strategies that allow
the study of three-body interactions from three-particle LQCD spectra, which is the main scope of
this thesis. The urgency of introducing such a formalism is twofold. First, many QCD resonances
have a significant decay rate into three-particles. Moreover, Liischer’s method is invalid above the
three-particle threshold in general, but numerical simulations are already probing this regime. Thus the
inclusion of three-particle channels represent a major improvement in the study of hadron properties
from LQCD.

From the perspective of simulations, despite the fast growing computational complexity, the
examination of three- or more-particle energy levels may be regarded as a simple generalization of
the strategy outlined before. Namely, although the number of contractions grows factorial like??, as
depicted in Fig. 2.6 for the scattering of three positively charged pions, from a technical point of view
the construction of appropriate three-particle operators proceeds as discussed as in Sec. 2.3.4.

Nevertheless, establishing a relation to physical observables is a highly non-trivial task. Use of

22 For example, for the scattering of N charged pions, the number of possible contractions is (N !)2.
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\—»/
+5 similar contractions +17 similar contractions +11 similar contractions

Figure 2.6: Contractions of the 777" 7" correlator. Pions are indicated by grey solid blobs, blue and yellow
fermion lines indicate the u- and d-quark propagator respectively. There are three different topologies of graphs
as depicted, each with a multiplicity as noted below the diagrams.

perturbative expansions of energy shifts for the three-particle ground state [4, 6, 143, 144, 154—156]
and exited states [157] in powers of 1/L is rather limited as these fail in the presence of resonances
or shallow bound states. As systems featuring such properties are of great interest, establishing an
analog of the Liischer equation in the three-particle sector is highly desirable.

It should be pointed out that the simplicity of Liischers framework, relating the finite-volume energy
spectrum to the physically observable phase shift directly, relies on the explicitly known analytic
form of the two-particle scattering amplitude as formulated in Eq. (2.53). Contrary, the three-particle
scattering amplitude obeys integral equations, that usually can be solved only iteratively or numerically.
A three-particle quantization condition, that allows for the extraction of physical observables directly
is not to be expected in 3+1 dimensions™.

Nevertheless, triggered by the proof that the finite-volume energy spectra can be solely determined
by three-body S-matrix elements [55], the last decade has shown increasing progress in the formulation
of a three-particle quantization condition. Nowadays three alternative approaches are available, the
Relativistic Field Theory (RFT) [57, 58], Finite Volume Unitarity (FVU) [59] and Non-relativistic
Field Theory (NREFT) [60, 61] formulation. Conceptually all these formalisms are similar: Replacing
the integrals in the equations of the infinite-volume three-particle scattering amplitude by finite-volume
sums, the quantization condition is obtained in the form of a vanishing determinant of this system
of equations. Having chosen an appropriate parametrization of the two- and three-body short-range
interactions, their corresponding parameters can be determined by using the quantization condition
in order to perform a fit to the energy spectrum obtained from LQCD. In return, infinite-volume
observables can be calculated solving the three-particle scattering integral equations with the set of
extracted parameters.

The RFT approach was subsequently generalized to the inclusion of 2 < 3 channels [159],
resonant sub-channels [160], the different isospin-channels for the scattering of three pions [161],
non-degenerate scalars [162, 163] and the treatment of fermions [164]. However, despite growing
interest, the determination of three-particle decay amplitudes from LQCD remained inaccessible
until recently only. The following chapters will present the derivation of a relativistic-invariant,
three-particle analog of the Lellouch-Liischer formalism within the NREFT approach.

23 Note that the authors of [158] derived a quantization condition in 1+1 dimensions containing the three-body scattering
amplitude explicitly.
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CHAPTER 3

Three Particle Quantization Condition in the
Non-Relativistic Field Theory Approach

As already pointed out in the introductory section, effective field theories play an essential role in
the analysis of lattice data, which has to be corrected for discretization effects and unphysical large
pion masses as well as finite-volume contributions. The scope of this chapter is the introduction
of the concepts of non-relativistic effective field theories, that will be used in the derivation of the
three-particle analog of the Lellouch-Liischer equation, in order to study the latter effects.

In order to emphasize the benefits of NREFTSs it should be pointed out that the irregular L
behavior of the two-particle scattering matrix elements, described by the Liischer Zeta-function,
stem from diagrams that are singular in the physical region, i.e. below the inelastic threshold. These
singularities emerge in s-channel two-particle loops. On the other hand, diagrams involving creation
and annihilation of particles and antiparticles exhibit an analytic behavior. These will only generate
exponentially suppressed corrections as guaranteed by the Poisson summation formula. Clearly,
creation and annihilation only play a subordinated role in that context. This situation is exactly
recovered in NREFT where only particles correspond to the relevant degrees of freedom. Due
to particle number conservation and the absence of antiparticles, NREFTs accomplish a drastic
simplification in the calculation of amplitudes. Indeed, in NREFTS, the two-body scattering amplitude
is completely described by a tower of s-channel bubbles that reproduce the irregular L behavior in the
finite volume, while the regular contributions are included in the LECs implicitly. Thus, in the NREFT
treatment of the two-body system a quantization condition can be derived with significant less effort.

3.1 Non-Relativistic Effective Field Theories

Relativistic theories possess a natural scale that separates particles from antiparticles, given by the
mass gap, equal to twice the particles mass. If the kinematics under consideration are such that the
three-momenta of the particles involved are small as compared to their mass, due to the separation of
scales, antiparticles can be disregarded. Thus, a formulation in terms of an EFT, where antiparticles
are integrated out explicitly and their effects are absorbed into the LECs, represents an equally good
description of the process. As will be shown later, the restriction to the particles three-momenta being
non-relativistic can be relaxed, such that the relativistic dispersion law can be reproduced. In that
sense, the dynamical aspect that creation and annihilation of antiparticles can be disregarded is more
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important. Nevertheless the following section will focus on the non-relativistic kinematics.

A NREFT could be obtained from a relativistic theory by separating particle- and antiparticle
degrees of freedom and integrating out the latter explicitly in the path integral formalism. As this might
be a rather complicated task, instead one may write down the most general Lagrangian containing
all possible operators that respect the symmetries of the underlying model. In the non-relativistic
setup, particles are the only degree of freedom. Therefore, in contrast to relativistic theories, fields
entering the Lagrangian only contain creation- or annihilation-operators exclusively. The LECs,
i.e. the couplings in the Lagrangian, remain undetermined in this process, but can be matched to
physical observables. In this procedure a set of observables is calculated in the NREFT up to a certain
order in some suitable power counting scheme. Afterwards, the LECs entering the expressions for
these obervables can be expressed in terms of those. For the non-relativistic kinematical setup, where
three-momenta p are small compared to the particle mass M, the expansion in powers of |p|/M = O(e)
provides a power counting scheme, that identifies the relevance of operators. Considering the temporal
component, the quantity pO — M should be counted as O(€?).

To lowest order, a NREFT for scalar particles of mass M obeying a Z,-symmetry that allows
interactions with an even number of particles initial- and finial state only reads [70]:

2
L=0¢ (i@t - M+ 2V—M ¢+Cod'd' dd+Dyd ¢ ¢ dpd+. .., (3.1)
where
P(x) = / d’k ak)e ™ k0=m+ & (3.2)
@n)’ ’ 2M° '

annihilates a particle. The ellipsis contains operators with a higher number of fields as well as
operators with derivative couplings. Furthermore, as the field ¢ is not hermitian, all interactions will
contain an equal number of creation and annihilation operators. As a consequence particle number is
conserved at each vertex.

Unlike the constants C, and Dy, the LEC associated with the kinetic term v? /(2M) is fixed to
unity by reparametrization invariance [81, 165]. This is a consequence of the Lorentz symmetry
of the underlying relativistic theory. Indeed, after matching, S-matrix elements in the NREFT are
Lorentz-invariant, up to a given order in the power counting. For the kinetic terms, this guarantees
that the relativistic dispersion law is recovered order by order.

As indicated by the ellipsis, the leading order Lagrangian actually contains an infinite tower of
vertices with an arbitrary number of fields, seemingly preventing any practical use of NREFT on a
first glance. On closer analysis, there exists a hierarchy of the different n-particle sectors, rendering
the problem manageable. This specific ordering of interactions is due to particle number conservation
at each vertex, in combination with the fact that only particles traveling forwards in time yield a
non-vanishing contribution: The non-relativistic propagator

d*k 1

e k=¥ (3.3)
Qo) M+ 10 —ie

D(x - y) = O[T (1)]0) = /

vanishes for x° < y0 since there is only a pole in the lower half-plane. Also closed single-particle
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loops vanish, as can be seen from the above equation at x = y by performing the k° integral explicitlyl
and using the fact that the remaining three-momentum integral vanishes in dimensional regularization.
As a consequence the propagator in Eq. (3.3) remains valid up to all orders in perturbation theory,
when relativistic corrections of the kinetic term are neglected. Any contribution of vertices to the
two-point function demands particles moving backwards in time or looping back to themselves. Only
the inclusion of kinetic terms that are of higher order in the power counting will alter the form of the
propagator, shifting the pole position to K0 = w(k) = VM? + K = M + kz/(2M) - k4/(8M3) +... By
the same arguments, it can be seen that in general, interactions from higher sectors do not contribute
to processes which involve a lower number of particles. That is, three-particle scattering at leading
order is completely described by the Lagrangian in Eq. (3.1) and any interactions of n > 3 particles
can be disregarded. Similarly, in order to describe the two-particle sector, all three- or more-particle
vertices can be dropped. This property allows for a compact derivation of Liischer’s equation, that
will be discussed in the following sections.

3.2 The Two-Particle Sector

3.2.1 Matching in the Two-Particle Sector and Covariant NREFT

In this section the infinite-volume two-particle scattering amplitude for the process ¢(q;) + #(g,) —
#(p,) + ¢(p,) is considered. This analysis should be carried out to all orders in the power counting.
As discussed above it is sufficient to include two-particle interactions only. The NREFT Lagrangian
can be written as

2 v

L=¢ iat—M+m+m+... ¢+ L, (3.4)

where the terms in brackets reproduce the relativistic energy-momentum relation order by order.
Furthermore, £, = L(ZO) + Lf) + ... is the Lagrangian in the two-particle sector, where the

superscript denotes the order in the power counting. For example, Lgo) is the two-body term given in
Eq. (3.1). In order to determine higher order terms, it should be pointed out that, due to the reduction
of Poincare symmetry to conservation of total three-momentum P = p; + p, = q; + (, and rotational
invariance in the NREFT setup, the two-particle amplitude can depend on six” invariants, which may
be chosen as:

P>, p> d¢. Pp, Pq pq. (3.5)

Here q = (q; — q,)/2 and p = (p; — p,)/2 denote the relative momentum of the in- and out-going
states. Since identical bosons are considered here the three last most operators can only appear in
even powers. For example, while for ¢(p,) < ¢(p,) the relative momentum acquires a sign, p — —p,
the total momentum remains unchanged, P — P. Furthermore, hermiticity constraints the operators
constructed from the set of invariants Eq. (3.5) to be symmetric with respect to the exchange of p < (.

! Here the limit x° — y0 with x* > yo should be considered. For x° < y0 the integral is vanishing as discussed before.

2 The 12 degrees of freedom from the four three-momenta p; and q j are reduced by the three generators of space translation
(corresponding to the conservation of total three-momentum P) and another three from the generator of rotations.
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Hence, at next-to-leading order (NLO), the two-particle Lagrangian can be written as

2 .
£? =, (¢*¢* (¢ v ¢) + h.c.) + G (¢T¢TV2 (¢ ¢)+ h-C-) ; (3.6)

Ud

where V = (9 - ;) /2 is the Galilean invariant derivative, with arrows indicating the derivatives
acting on the left or right field. The construction of the higher order Lagrangian proceeds in a similar
manner by building polynomials in terms of the operators defined in Eq. (3.5), which are generated by
derivatives in position space.

At order 0(64) also off-shell terms can be written down:
@ = =il s
Oy shenn =P ¢ (¢V ¢5) - (¢ V¢ ) (gbV ¢) + h.c. (3.7)
The corresponding momentum space expression is given by

P -q°), (3.8)

which clearly vanishes if the momenta are taken on-shell, as for PO = Epl + Ep2 = qu + qu, where
E, =M +K*/2M):

p?

2 2 %12 0

= = :M P —2M—_ . 39
P =q=(q) ( 4M) (3.9)

Therefore, at tree-level off-shell operators do not contribute. In fact this statement is true to all orders,
as can be seen by evaluating the following loop integral

1:/ APk K — q2)?
@71 (Ep - 5 - K —is) (Ey_y - &+~ ie)

) (3.10)

that corresponds to a two-particle loop with one insertion of the off-shell vertex. Above dimensional
regularization is used and D denotes the number of space-time dimensions. Performing the K°
integration explicitly

4% (K2 — o)

I=m/ ALl Vi 3.11)
(2m)" k™ —g¢

where d = D — 1 and (q"‘)2 is given as in Eq. (3.9). Clearly, if the external momentum is on-shell,

q2 = (q*)Z, the denominator is canceled and the integral vanishes in dimensional regularization. As

the result is scheme-independent, indeed off-shell terms do not contribute even at loop-level.

The unknown LECs, appearing as coupling constants in the Lagrangian £,, must be expressed
in terms of physical obervables in order to obtain a meaningful theory. This could be achieved by
matching the amplitude obtained in the NREFT to the relativistic one of the underlying model. The

36



3.2 The Two-Particle Sector

matching condition for the (on-shell) two-body scattering amplitudes reads as

2

-1/2
Tar(P1 P2 41 @) = | | 2w(p)2w(a) ™ Tr(p1 P2 41 @) (3.12)
i=1

where T and T denote the non-relativistic and relativistic amplitude respectively. The factors
containing the relativistic energy of the particles arise due to the different normalizations of one-particle
states:

(plq) = 2n )363(p -q), non-relativisitc,
(pla) = 271)* 2w(p) &°(p - q), relativisitc . (3.13)

The matching proceeds by adjusting the LECs, appearing in the explicit expression of the non-
relativistic amplitude, such that Eq. (3.12) is obeyed up to a given order, expanding both left- and
right-hand side in a series of the three-momenta. Although this procedure allows to take into account
relativistic effects systematically, at higher orders the matching in an arbitrary moving frame is rather
inconvenient as the matching condition is explicitly frame dependent.

In the two-particle sector, explicit Lorentz-covariance can be restored within a slightly modified
non-relativistic framework [148, 166, 167]. In order to achieve this, first of all, relativistic insertions
should be summed up to all orders. Moreover, to account for the different normalizations of the
particle states, a rescaling of the non-relativistic fields is performed: ¢(x) — /2w(x)¢(x), where

w(x) = VM 2_ V% The equivalence theorem [168—171] guarantees that the S-matrix elements
obtained from the redefined field theory coincide with the original ones. Due to the modification
above, in this covariant NREFT approach, the matching condition takes a Lorentz-invariant form,

T\r(P1> P23 41, 42) = TR(P1> P25 41> 92)-

After summing up relativistic insertions to all orders, the Lagrangian describing the two-particle
sector is given by

L£=¢"2w(id, - w)g + £,, (3.14)

where £, = Lgo) + L;z) + ... contains all Lorentz-invariant four-particle operators of different orders
O(€") in the power counting scheme. Up to NLO

Ly =Cp9'0'06+ C, (0,0 #9)'9 4~ M6 9 + ) (3.15)

where w* = (w,iV) and w = VM? - V2.

As a consequence of the resummation of relativistic corrections, the hard scale M is present in the
propagator. In order to avoid the breaking of the counting rules introduced in the preceding section,
calculations of loop diagrams require choosing an additional renormalization prescription. Within the
particular prescreption chosen here, referred to as the threshold expansion [172], the integrand of
a generic loop integral is expanded in a series of inverse powers of the hard scale M in a first step.
These terms are integrated individually in dimensional regularization and the result is summed up to
all orders afterwards.
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For the two-body loop integral3 in a reference frame with CM momentum P!

dk, dk, @2n)*s4P -k, - k,)
I(P) =
(P) / @2n)2w(k,) ) 2w(k,) wk,) + w(k,) - P° - ie
d%k 1 1
- , 3.16
/ (27r)d dwK)w(P - K) (k) + w(P — k) — P’ —ie G-10)

this procedure can be carried out practically using the identity4

1 1 1 1 1
Awiwy |\ wy +wy— P D O —w,— PO
1 Wy W1+W2+P wq W2+P Wi Wy P
1 1

(3.17)

where w; = w(P/2 + k) and w, = w(P/2 — k), while (¢*)* = s/4 — M? and s = P* = (P*)* - P*.
Expanding the last three terms on the left hand side of Eq. (3.17) in inverse powers of M only gives a
polynomial in momenta. Therefore, after shifting the integration variable, k — k + P/2, adding and
subtracting these terms to Eq. (3.16), the threshold expansion allows to rewrite the loop integral in a
form without explicit dependence on the hard scale M:

1 dk 1
- L . 3.18
(P) > p0 / o 1K~ &P/P) — (4) (3.18)

Introducing parallel and perpendicular components of the integration momentum with respect to P:

P kP
k= —k +k,, kj=-—, 3.19
P| I L Il P| ( )
the remaining integral can be evaluated and yields:
ig"
I(P) = . 3.20
(P) Snvs (3.20)

Indeed the result is of order O(¢) in agreement with the naive counting rules and coincides with the
imaginary part of its relativistic counterpart. Furthermore, it can be seen that applying the threshold
expansion, the loop function I(P) = [ (P2) is given by a Lorentz-invariant expression. Moreover, it
should be pointed out that only the absorptive part of the integral survives, the replacement

1

w1+w2—PO—is

s iné (w1 +wy —PO) (3.21)

is thus justified.
As discussed in the last paragraph of the preceding section, due to the properties of NREFTs all loop

3 The k? integrations have already been performed here.
# For notational convenience the is prescription may be used implicitly.
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Q- o 2@

Figure 3.1: Diagrammatic representation of the Lippmann-Schwinger equation for the amplitude 7 in the
non-relativistic EFT. The second line represents the Born series of the amplitude, summed to all orders. The
two-particle scattering amplitude is merely given by the bubble sum over elementary loops I(P) with an
interaction given by the potential V' at each vertex.

diagrams in the two-particle sector can be expressed in terms of the elementary bubble integral I(P)
given in Eq. (3.16). This leads to drastic simplifications in the calculation of the two-body scattering
amplitude Tyg = 7', which obeys the Lippmann-Schwinger equation of the form:

dk, dk,
@m) 2w (k) 2m) 2w(k,)

m)?6%(p; +p, — k; — k)
w(k,) + w(k,) - P’ —ie

1
TP, P2:41:92) == V(P P2: 41 q2) — 5

XV(pp, Py K, Ky) T(ky,ky;q;,95), (3.22)

where P° = w(q;) + w(q,). Diagrammatically this can be represented as in Fig. 3.1. The potential V
is given by the matrix elements of the interaction Hamiltonian

2?6 (py + Py — 4y — )V (P, P2 A1, @) = Py, P2 H 14y, @) (3.23)

and is a Lorentz-invariant polynomial. For instance, using Eq. (3.15), up to NLO the potential is given
by:

~V(P1 P41 o) = 4G +4C; ((py - 2) + (01 - 42) 207 . (3.24)

with on-shell four-momenta p; and g;.

Defining the CM and relative four-momenta P = p, + p, = q; + g5, p = (p; — P»)/2 and
p = (g, — q,)/2, the partial wave expansion of the potential V can be performed in the rest frame:

V(P1, P2 41 @) = 47 ) Y@ (P71 0" DY (@), (3.25)

tm

where

0
. pP p
=p+P|l(y- D= —yv=]|,
p =p (7 P’ 7|P|)

0
q

. P
q =q+P((V—1)(Il)—2—7v— , (3.26)

|P|
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with v = |P|/ P and vy=(1- vz)_l/ 2. denote the relative three-momenta boosted into the rest frame
respectively and Y,,,(p) = |p|£ng(f)) is given in terms of the spherical harmonics Y,,,. Applying a
similar expansion to the scattering amplitude, the Lippmann-Schwinger equation in the partial wave £
is given by:

s AR | d“k d“k e s
(10" 19D = = vep'l. 19D - 5 / (zﬂ)dZWI(kl) (2ﬂ)d2w2(k2) 4w, ()Y (K)

@m)5% (P —k; —ky)
w(k,) + w(k,)) — P* —ie

xv(Ip"], [K7]) te(IK7L 1q7]), (3.27)

where K" is the relative three-momentum k = (k; — Kk,)/2 boosted into the rest frame. As discussed
above, only the absorptive part of the integrand contributes when using dimensional regularization in
combination with the threshold expansion. One may replace

5(py +pr — ki —ky)
w(k,) + w(k,) - P’ —ie

— in6P (P - ky — k) = in6”(P* - k| — k3). (3.28)

Moreover, since the integral measures in the above equation are also Lorentz-invariant, the integrals
might be evaluated in the CM frame. Using the properties of the delta-distribution and spherical
harmonics the Lippmann-Schwinger equation reduces to an algebraic relation for the partial-wave
scattering amplitudes:

t(p° 1 1q']) = —ve(Ip°] 7)) = i ve(Ip"l, ") (g7, 1q7]), (3.29)

167+/s
where (¢*)* = 5/4 — M* amd s = P*? = P?. Thus, on the energy shell where |q*| = |p*| = ¢", the
non-relativistic two-body scattering amplitude 7,(s) = 7,(q", ¢") is given by:

(s = —LomVsa)
T ten (g v () g

This amplitude should be matched to its relativistic counterpart, which allows to fix the values of the
LECs C;, appearing in the potential v,(s) = v,(¢", ¢*). As the relativistic amplitude obeys the unitarity
condition’ Eq. (2.53), demanding that it should be equal to the NREFT amplitude #,(s) yields the
condition

(3.30)

ve(s) = —M*L%vi tan d,(s) . (3.31)
(q)

Therefore the LECs are completely determined by the phase shifts 6, of the underlying model. In
the vicinity of the threshold s = 4M 2, where the NREFT is applicable, it is advantageous to make
use of the effective range expansion Eq. (2.54). Expanding the right hand side of Eq. (3.31) around
threshold will lead to a polynomial in s — 4M 2. As v,(s) is a polynomial in the same argument, the
matching of the LECs can be performed conveniently by comparing the expansion coefficients. For

> Note the different normalization in the partial wave expansions, due to Y,,,,(p) = |p|[Y[m(f)),

40



3.2 The Two-Particle Sector

example, up to NLO only ¢ = O contributes:
vo(s) = —4C, —4C, (s —4M*) + . . .,
167+/s

*

tan 8 (s) = —32mayM — 47ra(2)M (”0 + 5

) (s—4M*) + ... . (3.32)

agM

One can read off:

Cy = 8magM, C, = nagM (ro + ) : (3.33)

a0M2

The advantages of the covariant formulation of the NREFT approach become clear now. Not only
does it relax the condition of the scattering particles moving non-relativistically. It further provides
an explicitly Lorentz-invariant matching condition that allows to express the LECs in terms of the
parameters of the underlying model in a very convenient way. In order to stress this point, one may
define the relativistic K-matrix

. 16
K(p,p2: 41, qp) = 47 Z Yem Pk ()Y (@), ke(s) = —(*;TT\/EI tan 6,(s) . (3.34)
tm q

The matching condition Eq. (3.31) implies that

K(Pp1:p2:41-92) = V(P P2: 4. 92) - (3.35)

Repeating a similar derivation in the original NREFT formalism on the other hand gives

2

KPP0 @) = [ | (2wp)2w(@) ' Ve @1 P2 €1 @) - (3.36)
i=1

Again, the appearance of factors containing the relativistic energy is related to the different normaliza-
tions of relativistic and non-relativistic particle states. In Eq. (3.35), both K and the potential V in the
covariant NREFT are Lorentz-invariant polynomials in the variables s and (p - ¢). This allows to relate
the LECs, appearing in V, in a one-to-one correspondence to the parameters of the underlying model,
present in the expansion of K. This is not the case in Eq. (3.36), as Vg is not a Lorentz-invariant
quantity, for which the factors (2w(pi)2w(q,~))_l/ ? account for. Instead it is a polynomial in the
variables build from the invariants defined in Eq. (3.5), such that hermiticity and Bose-symmetry is
obeyed in case of three identical bosons. This leads to an inflation of couplings. Hence the original

approach leads to the inclusion of redundant parameters, obeying certain constraints.

Now one should keep in mind that the aim is to extract the parameters of QCD, governing the
finite-volume spectra obtained from lattice calculations, using a quantization condition derived in a
NREFT framework. Without performing the matching Eq. (3.36), in the original NREFT formalism
the quantization condition contains superfluous parameters, deteriorating the quality of the fit to the
energy spectrum. As the number of redundancies will grow fast when going to higher orders and the
matching becomes tedious at the same time, using the modified covariant approach represents a great
advantage. As described above, here the number of fit parameters, the LECs in V, are in a one-to-one
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correspondence with the parameters of the underlying model, the coefficients in the K-matrix that
describes the QCD process under consideration. Finally, a quantization condition that is valid in
arbitrary moving frames at the same time, which is of practical importance for lattice calculations, can
not be established in a non-covariant framework. Therefore in the next section, such a quantization
condition will be derived in the modified covariant NREFT formalism.

3.2.2 Derivation of Lischer’s Equation in the NREFT Formalism

The general idea of applying the NREFT approach to the analysis of LQCD data is to derive
quantization conditions that determine the finite-volume energy spectra. Here the unknown LECs
appear as parameters that can be fixed by a fit to the spectra, measured in lattice calculations. In
return, using the values of the LECs found in this manner, allows for the calculation of infinite-volume
quantities from the NREFT Lagrangian. This procedure enables the extraction of infinite-volume QCD
observables from LQCD data. As discussed in the previous paragraph, the covariant NREFT approach
provides a convenient matching condition between the LECs and the physical observables of the
underlying model that appear in the ERE. Moreover the effective range parameters fully determine the
two-body scattering amplitude. Therefore, in the two-particle sector, the calculation of infinite-volume
observables from the NREFT Lagrangian can be skipped.

However, the lattice must obey certain conditions such that an EFT treatment can be utilized. In
the following a Euclidean lattice with extend L in all spatial directions and large temporal elongation
T is considered. Assuming periodic boundary conditions, the momenta are quantized according
to Eq. (2.47). Furthermore, the lattice spacing a and the box length L should be chosen such that
1/L < A < 1/a, where A is the hard scale of the process under consideration. This condition allows
to study finite-volume effects, that are of characteristic scale 1/L, independently from other lattice
artifacts: Since 1/L < 1/a one can effectively work in the continuum limit a — 0. Moreover, as
1/L <« A, the EFTs in the finite and infinite volume coincide; the LECs encoding the UV dynamics at
the scale A or higher are not effected by the IR effects of order 1/L. Such a lattice setup is crucial in
order to apply the EFT approach to the study of finite-volume effects.

The derivation of the quantization condition presented here closely follows Refs. [50, 70]. Formally
a scattering amplitude does not exists in a finite volume, since asymptotic states can not be defined.
However, the LQCD correlation functions used to determine the finite-volume energy spectra, see
e.g. Eq. (2.72), can be calculated in an EFT framework. Considering identical particles, one may
define the following two-particle interpolator():

L2
O(P,q;1) = / d3xld3x2 e (P-x; —iax B(t, %) (1, X,) . (3.37)
)

In NREFT, the correlator’ to extract energy levels can be evaluated diagrammatically as represented

® In the EFT analysis of LQCD data the continuum limit is applied, such that spatial integrals appear in the definition of the
interpolating fields.

7 The calculation here is performed in Minkowski space. One may use a Wick rotation in order to relate the result to the
LQCD correlator.
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3.2 The Two-Particle Sector

(0lO(P, k: 1) O(P.k; 0)7[0) = O +®
Q-o- o @

Figure 3.2: Correlation function in the NREFT. Black dots denote two-particle interpolators, while the lines
correspond to a particle propagator. The amplitude 7; obeys the Lippmann-Schwinger equation with potential
V as displayed in the second line. The two-particle loop should be understood to be evaluated as a finite-volume
sum.

in Fig. 3.2:
dP° 0 Lo(1 +64p_q)
0|0(P,q: )O(P,q;0)' |0y = [ =— P! -4
VIO, a: N0, 0710 /ane {4w(q)w<P—q><w<q)+w(P—q)—P°—is)
3L .
+ LT (@P-¢eP-q - 2}. (3.38)
@w(gwP - q)(w(q) + w(P — q) — P" —ig))

Here the amplitude T obeys a similar Lippmann-Schwinger equation as its infinite-volume counterpart
T. The only difference comes from the two-body loop function, where the infinite volume integration
should be replaced by a sum over the qunatized finite-volume momenta. Thus T will be referred to
as the finite-volume scattering amplitude.

Following the preceding discussion, the potential V is an infinite-volume quantity since it is fully
determined by the LECs of the EFT that coincide® in the infinite and finite volume. Thus the partial
wave expansion in Eq. (3.25) still holds. On the other hand, as rotational symmetry is explicitly broken
in the finite volume, the expansion of the scattering amplitude takes the form

T (01, 22341 02) = 47 D" YVt (P71 1071 )Y (@) (3.39)

m

In the finite volume, using the Feynman rules, on the energy shell the Lippmann-Schwinger equation
for the finite-volume scattering amplitudes reads as

1
tfm,t"m' (S, P) = _655’6”,”,”’ Vg(s) - E 471' Z Vf(S)Xfm,[”m” (S, P)t[”m"’g’m'(s; P) N (340)
t’”,m”
where

Xem.e' ’(S'P) = L Z ‘y;m(k*)‘yf,m’(k*)
tm,t'm L3 k,=27/Ln 4W(k1)W(P - kl)(w(kl) +w(P - kl) _ PO)

(3.41)

8 The LECs coincide up to exponentially small corrections of order O(e_AL) which will be dropped due to the assumption
1/L < A.
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Chapter 3 Three Particle Quantization Condition in the Non-Relativistic Field Theory Approach

is the finite-volume version of the bubble integral (including the spherical functions from the partial
wave projections). Above, k™ denotes the relative three-momentum boosted into the CMS. Making
use of the identity Eq. (3.17) it can be seen that, up to exponentially suppressed terms

A1 3 Y &)Yy (K)
2P L K= (KP/PY) — (q")°

Xem.o'm' (85 P) = (3.42)

The validity of the equation above can be confirmed by noting that the last three terms on the left hand
side of Eq. (3.17) are analytic in the physical region. Therefore, by Poissons summation formula, the
sum over k; of thee three individual terms is equal to the corresponding integral up to exponential
corrections in the volume L. Applying the threshold expansion, in dimensional regularization these
integrals vanish. To further simplify the expression one may define parallel and perpendicular
components of the momentum with respect to P:

K =(k,KD, k=0 "k, K=k, ¥y =0-0)7" = B Gy

E

where E* = 2w(k"). On-shell E* = P°, such thatk* = (y_lk”, k,)=rwithy = (1-(|P|/P°)*)/* =
P°/+/5. Thus

1 1 Z ‘y;m(r)yt"m'(r)

-, (3.44)
2L P o)

/\/[m,f (S P)

where P, = {r eR|ry =y '(n - ldl/2) r, =n,, ne 23} with d = L/(27)P. Using the well
known multiplication rules for spherical harmonics

o+ J

Y)Y () = \/_ D Y W T Cpp g (), (3.45)

j=le=t'|s==j

where Cy,, ;s o7, is expressed in terms of the Wigner 3 j-symbol, see Eq. (2.50). Now noting that

i) = (g = (Ir)? = (¢%)?) x (polyomial in [r|?) in Eq. (3.45), canceling the denominator in
Eq. (3.44), one may replace |r|£+£ - (q*)”g /. as the difference is only exponentially small in the

volume L. After some rearrangement one arrives at the expression

(q *)£’+£’/+1 [ P
Xeme'm' (55P) = ——=—i""" M, p,v(s:P),
bl o e
o+ J i
(-1)° i a
Mfm’f,m,(s’P;L): 3/2 Z Z Fcfm,js,['m'zjs(l;s)’
Y j=le=t1s==i
m’ f—j+€ ] 5/ 4 _] f’
T A YRS T CYRRTEERNT] LA | A S PR CR
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3.3 The Three-Particle Sector

where n = ¢"L/(2r) and

Yy (1) _
Z8,(lis)= Y S Py = {r eR|r =y '(n,—1dl/2), r, =n,, ne 23} (3.47)
-n

rePy

is the Liischer Zeta-function.

The energy levels in the finite volume correspond to poles in the amplitudes #,,,, ,,,s(s; P) given
as in Eq. (3.40). Expressing the potential in terms of the infinite-volume phase shift, see Eq. (3.31),
these poles correspond to solutions of the equation

detA =0,
Apmt'm’ = Op O COLOp(S) = My gy (5, P L) (3.48)

In summary, the modified NREFT framework enables a derivation of the two-body quantization
condition that is valid in arbitrary moving frames in a very transparent way, keeping the bookkeeping
of the Feynman diagrams trivial. Only the bubble diagram leading to the same non-regular L behavior
as the relativistic s-channel loop is kept explicitly, while contributions of diagrams in the relativistic
theory exhibiting an exponential L dependence are included in the values of the LECs from the
beginning. These exponentially small corrections to the infinite-volume quantities are usually dropped
throughout. Due to these convenient properties, the formulation in terms of a covariant NREFT seems
to be suitable also for the analysis of more complicated processes. For example, further applications
in the two-particle sector can be found in [50], deriving the Lellouch-Liischer equation as well as
providing a formalism that allows to extract matrix element of resonances coupling to an external field.
The analysis of three-body LQCD data in a NREFT approach is the main scope of this thesis and will
be discussed in the following sections. As it will turn out, further adjustments are required in order to
derive a Lorentz-invariant three-particle quantization condition.

3.3 The Three-Particle Sector

3.3.1 Introduction of Dimer Fields

Having discussed the description of two-body dynamics within the NREFT formalism, the following
section will turn towards the three-particle sector, aiming to derive a quantization condition.

Extracting the three-particle finite-volume energy levels in general requires a non-perturbative
treatment of the three-body scattering amplitude. This especially applies to (the most interesting)
processes where shallow bound states or resonances are present, such that a perturbative expansion,
e.g. in the scattering length, fails. In that case a full resummation of the two-body sub-processes
entering the expression for the three-body amplitude is needed. Such a treatment was already
performed in the previous section, but a further simplification can be achieved by introducing auxiliary
dimer fields [98, 173].

To keep the discussion simple, only the leading order should be considered first, where the
Lagrangian for the three-body sector reads

L=¢"2wid, -w)p+Cyd'¢ 0+ Dy¢ ¢ 6 09 ¢. (3.49)
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Chapter 3 Three Particle Quantization Condition in the Non-Relativistic Field Theory Approach

Figure 3.3: Graphical representation of the Dyson equation for the full dimer propagator (blue double line). The
grey double line denotes the free dimer propagator o~ while the blue dots represent the particle-dimer conversion
vertex.

Instead, one might write down the following particle-dimer Lagrangian:

h

> (T ¢ +hc)+h,T'Te'¢, (3.50)

L, = ¢T2w(i3t - w)o + oT'T +

where T'(x) denotes the dimer field and o = o' = +1 for reasons seen below. The dimer field can be
integrated out int the path integral formalism:

Joror el [t (e s nsor s L1io0+ 2ot

Tt
_ . d4 2 b ¢ PP ) 351
exp{ 1/ x fo —4(0_ . h0¢T¢) ( )

The resulting expression can be expanded in powers of fields. Due to the separation of the different
particle sectors, it is sufficient to drop terms of eight and more fields

2 ¢ s 5y ¥ hofy Pt
—fy ——————— = —0— —_ 3.52
O4(o-+h0¢7¢) 04¢¢¢¢>+ 7 PP PP+ (3.52)
Indeed, if the conditions
2 2
Co = —O'{TO, Dy = hofo : (3.53)

are fulfilled, the two theories are equivalent at tree level, i.e. the generating functional coincides
26.5)= [ Dons' eoli [ (24504 6))]
_ / DD DTDT exp {i / d*x (Ld Ly j)} (3.54)

such that the correlation functions, obtained by functional differentiation with respect to j and j T, are
the same. Due to the matching of f; to C, the role of o = o' = +1 becomes clear. While f02 is
always positive, C;, which can be further matched to the S-wave scattering length, that can have a
positive or negative sign.

The introduction of the dimer field represents a major simplification in the bookkeeping of diagrams
in the three-particle sector, as it essentially incorporates the whole two-body dynamics. The fully
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3.3 The Three-Particle Sector

Figure 3.4: Two-particle scattering amplitude in terms of the full dimer propagator (blue double line). The blue

dots represent the particle-dimer conversion vertex.

resummed dimer propagator is given by

. AP _ip(,_
{O|T(T(x)T" (y))|0) = / —— Y p(p), (3.55)
2n
where D(P) obeys the Dyson equation, see Fig. 3.3:
I
D(P) = -0 — JTI(P)D(P). (3.56)

Here I(P) is the two-particle bubble integral, given in Eq. (3.16). Using the previous results for this
loop one finds that indeed D(P) = D(Pz) with

167s f;
D(P) = ‘r@ ;-
—167vso fy ~ —iq
Finally, in order to obtain the two-particle scattering amplitude it suffices to attach the vertices

converting the dimer back into two-particle pairs, as depicted in Fig. 3.4. The resulting expression at
the leading order is given by:

(3.57)

167/s
—16n+s50 fy* —ig"

which coincides with Eq. (3.30) for £ = 0, taking into account the matching condition Eq. (3.53).

T(p1, P2 41, Q) = 7(P) = foy D(P) fy = : (3.58)

3.3.2 Inclusion of Higher Partial Waves

Since effects due to partial wave mixing in a finite volume can be significant, the inclusion of higher
partial waves is crucial in order to analyze LQCD data. In the NREFT framework these enter as
higher order operators. Keeping the discussion restricted to identical particles, P-wave contributions
are absent and the first contribution from the D-wave enters at next-to-next-to leading order (N2LO),
O(p4). At the same order, another S-wave operator can be constructed in addition to those given in
Eq. (3.15). In the usual two-particle picture these can be written as

5 ’ v T v
£, = 564(3<w,,¢>*<wv¢>*<w“¢><w 9) = (,0) (W'9)" (w, $)(w” 9)
2
-2 (om0 ) pp b ) - M“¢T¢*¢¢) ,

L9 = ¢, (w0 09" = M ") (v, 00" 8) - M) (3.59)
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respectively. By construction, the potential up to N2LO is given by
~V(P1, P2 Q1 Qo) = 4Cy + 16C, (¢*)* + 16C, (¢°)* +4C; (¢°)* 5Py(cos 6), (3.60)

where g” is the magnitude of the relative momentum and 6 is the scattering angle in the CMS. Note
that the coefficients in L?)’D, especially the factor of three in the first term, are chosen such that

P5(cosf) = (3 cos® 6 — 1)/2 is obtained. Expanding in spherical harmonics according to Eq. (3.25) it
can be read off that:

vo(s) = —4Cy — 16C, (¢°)* — 16C, (¢°)*,  vy(s) = —4C;. (3.61)

The inclusion of higher partial wave interactions can also be applied in the particle-dimer picture in
a simple manner. Neglecting three-body interactions first, one might couple a set of 2¢ + 1 spin-¢

dimer fields 7, where m = —¢, . . ., {, to two-particle operators O, in the same representation:
Ly =020, - w)g+ D (T}, Ty + > (T}, 0 + ). (3.62)
tm ‘m

Integrating out the auxiliary dimer fields in the path integral formalism, the resulting two-body
interaction Lagrangian reads as:

L == 0,0},04,. (3.63)

tm

By virtue of the potentials partial wave expansion Eq. (3.25) the two-particle operators should obey:
0101y 42) = VA7 fi(5) Y(d), (3.64)

where " is the relative momentum in the center of mass frame and f,(s) = ft,(o) + féz)(s /4—-M 2) +...
are polynomials in (q*)2 =s/4-M 2, such that

ve(s) = Ggfg(s)z. (3.65)
The actual expressions for these operator in position space
*2 . P P 1 (=% &+
ofmzx/zt_mpff(—v )y;m(iv ) 6, V =§(V —V) (3.66)

are rather complicated and highly non-local as they depend on the Lorentz transformation A%, (P) into
the CMS, where the total momentum P* should be expressed in terms of the differential operators
wH = (w,iV) itself:

= VI . P , . PP
(iV) = NP AP = =y, AP =87 4 (= )
P P

P2—1/2
P
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3.3 The Three-Particle Sector

Again, in the expressions above, arrows denote the direction the derivatives are acting on.

Despite these rather inconvenient representations of operators, the calculation of the two-body
scattering amplitude turns out to be simple. Considering the second diagram in Fig. 3.3 contributing
to the full dimer propagator i{0|7" (T[m (x)T;,m,(y))|O) one obtains the following loop integral:

loniewtP)= [ d'h A% A S Y)Y K [ KD
frmm Qo P2wk,) Qo) 2wky)  wik,) + w(ky) — P’ — ie
x 2m) 959 P -k, — k). (3.68)

Noting that the numerator is a low energy polynomial and using the properties of dimensional
regularization, together with the threshold expansion, only the absorptive part of the denominator
contributes. Furthermore, as the measure is Lorentz-invariant, the integral can be solved in the CMS.
Due to the orthogonality of the spherical harmonics, the integral reduces to

Lot (P) = 808y 170" )"V (P, (3.69)

with / (P2) the generic bubble integral, given in Eq. (3.20). Therefore the full dimer propagator is
given by:

. d*P _ipeee
iOI7(T,,, (T}, (YDIO) = 676 / o € Pe) py(p), (3.70)
where
Dy(P) = =0 =0 f7 (g )Ng V' SIPPD(P). (3.71)

Finally, attaching the vertices that convert the dimer into two-particle pairs, one arrives at the expression
for the on shell two-body scattering amplitude

T(P1, P2 41> @) = 47 ) Yy (07 7(5) Yf,(q), (3.72)
tm

where

167s(q") >

7(s) = f(8) Dp(P) fe(s) = - — (3.73)
—167v50,f; 2 (s)(q") 7 —ig
A comparison with Eq. (2.53) yields the matching condition’
—16Vs0, f;2(s) = (") ' cot 5,(s) . (3.74)

Both sides being Lorentz-invariant quantities that can be expanded in a series around threshold
again guarantees a one-to-one correspondence between the number of effective couplings ff(l) and
parameters appearing in the ERE of the underlying model. In practice one may just replace the

K Here, again, the different normalizations in the partial wave expansion, due to the use of Y,,,(p) = |p|[Yfm(f)), should be
taken into account.

49



Chapter 3 Three Particle Quantization Condition in the Non-Relativistic Field Theory Approach

expression —167+/so, f[z(s) appearing in the dimer propagator in favor of the ERE:

167+/s

#\2 coox\20+1 7
—a )+ =il

7,(s) = (3.75)

In a finite volume, due to the lack of rotational invariance, the full dimer propagator is non-diagonal
in angular momentum:

, ar’ 1 PO
HOIT (T, COTE, 0y = [ 5= T Dy, (), (3.76)
P

where

€m 'm (P) = 658/(5mm/ 0'52 Z tm, [”m”(P)Dfﬁm” 'm’ (P) . (377)

// //

Here, 1 g“m’ o (P) denotes the finite-volume version of the loop integral in Eq. (3.68) and is given by

> 47 fo 0K )Y (K Y  (K) f(67) (3.78)

e (P)=—5 .
lome Ly S 4wk w(P =K )w(k,) + w(P - k) — P)

The similarity to Eq. (3.41) is obvious. The expressions only differ by the factor of 47 f,(k*?) f,(k*%).
Following the discussion below Eq. (3.41), the loop sum can be calculated completely analogous.
Especially, using the properties of dimensional regularization, the replacement kK? > (q*)2 =s/4—-M 2
only amounts to exponentially corrections. Thus

{’m o' P) = AT f1($) Xem,e'mr (53 P) fpr(5) - (3.79)

Since poles in the dimer propagator correspond to two-particle energy levels due to the trivial relation
to the two-body scattering amplitude, the quantization condition can be read off from Eq. (3.77). After
some simple rearrangements and using the matching condition Eq. (3.74) one arrives at the Liischer
equation Eq. (3.48).

3.3.3 The Three-Body Force in the Particle-Dimer Picture

Having concluded the two-particle sector in the particle-dimer picture it is now time to include the
three-body short range interaction. Keeping in mind that the auxiliary dimer field does not represent a
physical particle in general, it seems advantageous to start the discussion in the pure particle picture.
For the scattering of three on-shell identical scalars ¢(q,) + ¢(g,) + ¢(q,) = ¢(p;) + d(py) + d(p3)
the following Lorentz-invariants can be defined [174]:

s=(p1+p; +P3)2 =(q+q "“13)2,
sljz(pi+pj)29 S;]'z(qi+qj)2’ i’j=1’2’3’l7&
t;=(pi—q), ij=123. (3.80)
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3.3 The Three-Particle Sector

In order to apply a consistent power counting, it is convenient to define the following quantities:

A=s5s-9M>, A, =5, —4M>, A =5, —4M°, (3.81)
where (i, j, k) are cyclic permutations of (1, 2,3). Owing to the imposed counting rule of [k| = O(e)
for a generic momentum k, the quantities above as well as 7;; are of order 0(62).
This set of operators is still overcomplete. Due to Poincare invariance, three-body scattering should
be described in total by eight10 independent variables. Indeed the sixteen quantities above are subject
to eight constraints [174]:

iAia:iAZ:A’ iti,:Af,—A, itﬁ:A;—A, i=123. (3.82)

i=1 i=1 j=1 J=1

Due to the short ranged nature of hadronic interactions, the (tree-level) three-body force K5 can be
expanded in a series with respect to the variables A, Ai,, AZ and 7;;.

Considering identical particles leads to further constraints due to Bose symmetry: The three-particle
amplitude, and therefore also the corresponding three-body short range interaction, must be invariant
under the exchange of any two incoming or outgoing particles. Furthermore, time-reversal allows for
the interchange of incoming and outgoing states. The operators defined above transform according to:

. i ]

piop s A, oA ot
. i J

4o q 0 Dy oAyt © s

where the last line should be understood for all i, j = 1,2, 3 at the same time. At 0(62) there exists
only one'’ independent invariant operator A. Therefore up to NLO:

K;(A) = 79 + 2pA + O(€Y) . (3.84)

Due to unitarity, the coefficients are real.

Now turning to the particle-dimer picture, the dynamics are effectively those of a two-body
system. Letting p, g and P, Q denote the momenta of the incoming and outgoing particles and dimers
respectively, the following Lorentz-invariants can be defined:

s=K =(p+P)V’=(q+0), t=(p-9°=P-0). (3.85)

Here K" = (p + P)"" denotes the total four-momentum. Furthermore, since the auxiliary dimer does

10 The counting is as follows: The six on-shell momenta are constraint by total four-momentum conservation due to
translation invariance. Lorentz-invariance further reduces the number of degrees of freedom, e.g. one can always perform
a boost into the center of mass frame, where the total three-momentum is vanishing. Finally, rotational invariance can be
used. For a general n — m scattering process, the number N of degrees of freedom is given by:

N=3x(n+m)-10,

due to the 10 generators of Poincare symmetry.
i Applying the transformations Eq. (3.83), three operators are invariant: O = A, O, = Zi(A}’,J + A;) and O3 = }3; il
This set can be reduced using the kinematical constraints Eq. (3.82).

ij*
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Chapter 3 Three Particle Quantization Condition in the Non-Relativistic Field Theory Approach

not correspond to a physical particle in general and thus should not be considered on-shell (in contrast
to the particles), the following variables are included:

o2=pP, o2=0". (3.86)
Counting rules can be imposed on the variables'”:

A=s-9M*=0(), t=0(e%),

A, =00 —4M> = O0(€%), A, =0, —4M" =0(€). (3.87)

p q

In the CMS, K* = (4/s, 0), the particle-dimer short-range interactions Vbﬁm’ ffml(t, s, 0'5, O'q2 ) obtained
from (p, ({m)|H,|q, (¢'m’)) can be expanded into partial waves:

vlfdm""'"'(z, 5,000 = =41 . Y Yl (p.m) HY (A A, A) (Yfak (@.m), (3.88)
JM L1’

where (¢m) and (¢'m”) denotes the angular momentum of the dimers. The functions'® Y/ JL ,5, (k, m) are
given by

Y (km) = (LM = m), tm|TM) Yy 5y (K) (3.89)

and p and q denote the particle momenta in the particle-dimer CMS. By momentum conservation:

2

I_) 2

As, o M)
= q =

4s ’

As, o, M%)

49 ) (3.90)

where A(a, b, c) = a® + b* + ¢ = 2(ab + be + ca) is the Killén-function. Finally H' (A, A, A,)
is a polynomial in its arguments. The appearance of different angular momenta can be understood
qualitatively. While J, M describes the total angular momentum L’ and L can be interpreted as the
orbital momentum between the incoming and outgoing particles-dimer pairs respectively.

It is now a straightforward task to write down a Lagrangian that leads to such a potential:

Li=4n ) 3 S S (Y met) B (A B, Ap) (U GV, m)) 6) T (391)
tm ¢'m’ IM LI’

In the above expression, the differential operator A acts on the particle-dimer pairs and can be replaced

by s —9M ? in momentum space. On the other hand Ay and A only act on the dimers to the left and
right respectively, leading to the expressions A, and A, in momentum space.

12 The use of similar symbols is deliberate. This, as well as the counting rules will become clear later.

13 The appearance of these functions emerges when expressing the matrix element in the total spin. First, inserting a full set
of states, the incoming and outgoing states can be rewritten as

Ik, (€m)) = > (L, MIK) |LM, m) = > Yy p,(K) |LM, Em) .
LM LM

Then, inserting another full set of states  ;;; = |[JN){(JN]| for the total spin, these functions appear.
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3.3 The Three-Particle Sector

Figure 3.5: Graphical representation of the relation between the three-body force and the particle-dimer
short-range interaction. Gray double lines denote the dimer propagator at tree level, while the blue dots

correspond to the particle-dimer conversion vertices. The orange rectangle represents the particle-dimer
potential.

In the case of a shallow two-particle bound state, the dimer corresponds to a physical particle.
Thus, a matching to the effective range parameters of the particle-dimer scattering can be performed.

However, a key observation is that the couplings appearing in Hfi’ (A, ZT, ZT) are not independent
if a physical dimer, i.e. bound state, does not exist. While the description of the three-body sector in
terms of the particle-dimer picture should in principle lead to an equivalent theory, as can be seen in
the path integral formalism, solely writing down the most general particle-dimer interactions does
not guarantee that the theories coincide. Instead a matching should be performed. Similarly to the
two-body sector, cf. the step from Eq. (3.57) to Eq. (3.58) or form Eq. (3.71) to Egs. (3.72) and (3.73),
the tree-level three-body force can be easily obtained from the (tree-level) particle-dimer interaction
by attaching the vertices converting dimers back into particlesM. Diagrammatically this is shown in
Fig. 3.5.

An instructive example can be given at NLO. Here only the S-wave dimer is present. Inspection of
the particle-dimer potential Eq. (3.88), owing to the fact that JL 15, (k, m) = O(e"), only15 J,L,L'=0,1
contribute at this order. Thus, up to NLO, dropping the £ = m = 0 = ¢’ = m’ superscripts, the
particle-dimer potential is given by:

Voalts 5,07, 09) = =Hy(A A A) =3P A Hy(A A A + O(eh),
0 1 2 0
Hy(A A, Aq) =h" +h" A+ (B, + D). Hy(A AN =Y. (3.92)

The symmetric combination of A, and A, appears due to time-reversal invariance. Moreover

(s+M* =) s+M> —c2) 1 2 1
M2 + p4s 4 = 5[ =+ §A - E(AP + Aq) + 0(64) . (393)

Pa=

tx.)lH

Now attaching the conversion vertices, this potential has to be multiplied by fo((fz) = fy 0 4

@ o2 o2 . . . . .
fo (o / 4-M ) with o = o, , 0, for the incoming and outgoing dimer respectively. As any two of

the particles can combine into a dimer, those quantities have to be equipped with indices. Denoting
the spectator particle with the index i, one may define:

A, =op —4M*, A =0, —4M®, ;= (p; - q;), (3.94)
where O'Z = P =(p; + pk) for (i, j, k) cyclic permutations of (1, 2, 3) and similarly for (7 . These

variables now comc1de with those in the three-body system defined in Eq. (3.80) and obey similar

4 This is equivalent to integrating out the dimer fields at tree level.
15 As ¢ = ¢’ = 0 the Clebsch-Gordan coefficient implies L = L’ = J. This further excludes the appearance of L = 2.
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Figure 3.6: Graphical representation of the Faddeev equation for the particle-dimer scattering amplitude. Blue

double lines denote a fully resummed dimer propagator, while the particle is depicted as a single black line.
Orange boxes and blue dots represent particle-dimer interaction and dimer-conversion vertices respectively.

constraints as in Eq. (3.82). Finally, in order to obtain the full amplitude one has to sum over
i,j = 1,2, 3. The matching condition reads:

K3(8) = 29+ A = )" fo(05) Valtyjs 5,0, 05 ) fo(05) (3.95)
ij

Indeed using the constraints Eq. (3.82), this equation is fulfilled. Therefore, without loss of generality,
one may set hgz) = hgo) = 0 from the beginning.

On the contrary, if a physical S-wave dimer exists, the variables O'I% and a'q2 are not independent
anymore. Instead they correspond to the mass squared of the corresponding bound state. Thus, the
relations Eq. (3.82) are not valid anymore. In the particle-dimer potential Eq. (3.92) the coefficients
in H, should be matched to the S-wave scattering length and effective range parameter, while h(zo) can
be related to the P-wave scattering length.

It should be pointed out once again, that, similar to the two-particle sector, an actual matching
of the three-body couplings to the underlying model will not be performed. Instead a three-particle
quantization condition will be derived, that allows to fix the values of the three-body LECs by a fit to
the energy spectrum obtained from LQCD. Having determined these parameters, the Lagrangian can
then be used in order to calculate infinite-volume observables. Most commonly these quantities, such
as resonance masses and decay width, are directly derived from the three-particle scattering amplitude.

The following section will focus on the description of three-particle scattering in the infinite volume.
This is a rich field of research itself and besides the NREFT framework that is discussed here two
other main formalisms have been developed that have been applied to physical systems extensively:
the RFT approach [58, 159, 160, 175, 176] and unitarity approaches [177, 178] as well as [179-181]

3.3.4 Faddeev Equations for the Particle-Dimer Scattering Amplitude

The dynamics of a three-body system are governed by the so called Faddeev equations [182]. In the
particle-dimer picture the three-particle scattering amplitude can be straightforwardly related to the
particle-dimer amplitude. Diagrammatically the scattering of a particle and a dimer can be represented
as in Fig. 3.6, which should be understood to be solved self-consistently. Since the particle-dimer
amplitude will be related to the scattering of three particles in the end, the dimer fields should be
considered off-shell in general. The following calculation will be performed in the three-particle rest
frame only. The generalization to moving frames represents a major subject of this thesis and will be
addressed in Chapters 5 and 6. Assigning on-shell momenta ¢** and p" to the incoming and outgoing
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particles respectively and denoting the total four momentum by K* = (E,0), the particle-dimer
scattering amplitude obeys the following integral equation:

a [k 5
Moen - E) = Zoneoi 043+ D [ 2 |5 Zamerne (ks EYD (K = K

// //

My gk g E),  (3.96
x2w(k)(w(k)—k0—is) wik-g:E). - (3:96)

where ¢’m’ and ¢m denote the spin of the incoming and outgoing dimers. Moreover, A is a cutoff on
the three-momentum of the spectator particle in the loop that renders the equation UV finite. Above,
the integral kernel Z corresponds to the sum of the first two diagrams, which can be read off from the
particle-dimer Lagrangian. The expression is rather clumsy and will be given below.

In order to perform the K° integral, it is sufficient to consider the pole structure of the integrand.
The kernel Z contributes a pole at w(p + k) + w(p) — E + K’ —is =0, stemming from the particle
propagating in the exchange diagram, which is located in the upper half plane. Going back to the
derivation of the dimer propagator Df(PZ), restoring the the factor of ie in the two-body loop diagram
Eq. (3.16) in the result Eq. (3.20), i.e. P® = PY +ig, it can be seen that also the poles in D,((K — k)z)
are located in the upper half plane. Therefore the k° contour can be chosen, such that only the pole
at k¥ = w(k) — ie contributes. Thus the integral equation above reduces to a three-dimensional one,
where all particles are on-shell, i.e. K0 = w(k):

M[m,{"m’(p’ q; E)= me,f'm'(n q; E)

&’k 2
+ ————— Zpp " (D> K E)Dpr (K = k)°) Mgy gy (K, G E)
,,Z,,/(er)Z ) e ‘ ot

(3.97)

This equation is referred to as the Faddeev equation for the particle-dimer scattering amplitude.
Furthermore, the kernel is given by

4n ‘y;m(k;)ff(sp) ft"(sq)*yt’/m’(ki])

Zemem (P8 B) = 5 0w p) + wia) + wip + @) — E — ie)
+ar ) Zy w0 m) HyYy (A A A ) (Ve (g )" (3.98)
JM LI’
Here
Sp <k+q>2 S —(k+p)
ki, = —(q K, k= 5(” -k, (3.99)

with k¥ = (w(p + q), —p — q). Variables with an asterix superscript are defined in the respective
two-body center of mass frame.

One may express the quantities in the numerator of the first term in Eq. (3.98) also in terms of the
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e U D

Figure 3.7: Three-particle scattering in terms of the particle-dimer amplitude.

off-shell dimer momenta. In order to do so note that the difference of sf, and 0'; = (K- p)2 is given by

or — s = (E - w(p)’ - (w(p +q) + w(q))’
=(E-w(p)-w(q)—wp+q)(E-wp)+w(q+wp+q)), (3.100)

exactly canceling the denominator. Thus one may replace f;(s,) — f[(oﬁ ) by modifying the regular
second part on the right hand side of Eq. (3.98). The same argument holds for the replacement
Je(sy) — ff(o';). Furthermore, defining p* = (p— (K —p—¢))"/2and "' = (¢ — (K —p—q))"/2, it
can be seen that

P —ky=w@ +w@)+wp+q-E, p-k,=0, (3.101)

and similarly for g*' — kf]’, such that the spherical functions can be expressed in terms of p* and q".

The on-shell three-particle scattering amplitude is finally obtained by equipping the particle-dimer
amplitude with the external vertices, see Fig. 3.7. Furthermore, a disconnected piece should be
included, where only a two-particle subsystem is interacting. As each particle can be the spectator, in
the total amplitude a sum over all different combinations of spectators should be performed:

conn

Tg(pl, P2 P3: 91> dps q3) — T;ﬁsc + T3 ’

3
T3dlsc _ Z Z(zﬁ)3zw(pa)53(pa — qa/) 4r ygm(p;y) Tf((K - pa)Z) yf*’m'(q;,?") ’

a,a,:l tm

3
T300Tm = Z Z Z 4n y[m(sz) T[((K - pa)z) ft’_] (K - pa)z) M{’m,['m/(pm QQ')

a,a’=1 tm 'm’

X fi (K = 4o (K = 4o )Y () - (3.102)

Here, (a, 8,7) and (a’, B, y") are permutations of (1,2, 3). Furthermore pﬁy = (pg — p,)' /2 is the
relative momentum of the two-body subsystem of the particles g and y. Moreover, K = p; + p, + p3 =
q + g, + g5 is implicit.

An important remark is in order. In contrast to the two-particle sector, where dimensional
regularization was used in the calculation of the elementary bubble diagram, the particle-dimer
amplitude is evaluated using cutoff regularization. The reason is that due to the non-perturbative
treatment and the complex diagrammatic structure, the amplitude should be obtained by solving the
integral equation Eq. (3.97) self-consistently. Usually a solution must be obtained numerically, which
can be done conveniently in cutoff regularization. Since physical quantities like the particle-dimer
scattering amplitude are cutoff-independent, the introduction of a UV cutoff necessarily leads to a
cutoff-dependence of the couplings hf)o), hél), hgz)’ h(20)’ ..., compensating the explicit dependence on
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A.

Another important observation is that the dimer propagator entering the Faddeev equation is
evaluated at momenta that typically exceed the range of applicability of the NREFT framework in the
two-body sector. Removing the cutoff on the spectator momentum, A — oo, the CM energy square
of the dimer (K — k)2 can take arbitrary negative values and thus requires knowledge of the whole
subthreshold behavior of the two-body scattering amplitude. Clearly the NREFT is not expected to give
any meaningful description of that region. However, due to the decoupling of low- and high-energy
regimes, three-body observables should not depend on the details of the interactions in this region.
Integrating out the high-energy degrees of freedom consistently, the details of the two-body scattering
amplitude in the far subthreshold region should not be resolved by the particle-dimer scattering
amplitude as the high-energy behavior of the three-body short-range interaction should compensate
any dependence.

However, the exact form of the two-particle amplitude is not known and has to be parametrized by an
ERE in the NREFT formalism. While in the region of applicability of the NREFT this is expected to
yield a good approximation of the exact amplitude, severe discrepancies can arise outside the vicinity
of threshold. This can lead to practical problems if the NREFT amplitude is subject to spurious
poles. Considering the S-wave ERE up to NLO, the NREFT two-particle scattering amplitudes has
subthreshold poles k = ig" at

Kp=—"7""———_ """ (3.103)

If'° 7, > 0 and @, > r,, the pole «; corresponds to a existing (shallow) bound state, while «, is an
unphysical spurious pole with negative residue that lies far below threshold. Nevertheless, using this
form of ERE in the Faddeev equation, this spurious pole will lead to a violation of unitarity in the
particle-dimer amplitude. Following the discussion in the previous paragraph, the pole was only
artificially introduced using the ERE and it should be possible to cancel its influence by adjusting
the renormalization prescription of the three-body short range interactions. Such a formalism was
developed in [183] in the infinite volume and in [5] for the finite volume.

3.3.5 The Three-Particle Quantization Condition

In a finite volume, following the discussion in Sec. 3.2.2, an analog of the particle-dimer scattering
amplitude can be defined, obeying the Faddeev equations as depicted in Fig. 3.6 with loop integrals
replaced by finite-volume sums. Taking into account that the finite-volume dimer propagator, Eq. (3.77),
is non-diagonal in angular momentum space, the finite-volume particle-dimer amplitude in the rest
frame K = (E, 0) is given by the solution of the equations

L
Mfm,["m/(p’ q;E) = me,f'm'(p’ q;E)
A
+ ) iZLz Ak EYDE (K= k) MY, . (kg E)
3 tm,jn\t"» s jnj'n’ e m ,q, s
1 24

. ./
Jn,jn

(3.104)

16 This setup is relevant in the two-nucleon problem. Here, k; corresponds to the binding momentum of the deuteron.
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where £° = w(k) is on-shell and the three-momentum sum is equipped with an UV cutoff A.

The finite-volume three-particle scattering amplitude is again obtained from the particle-dimer
amplitude as in the infinite volume. Since the expression will be rather voluminous, only an abbreviated
from will be given in order to describe the pole structure qualitatively. Such an analysis should be
carried out, since the particle-dimer scattering amplitude explicitly involves poles from both, the
kernel Z at the non-interacting levels E = w(p) + w(q) + w(p + q) as well as the dimer propagator
D, corresponding to the two-particle energy levels. Thus, in that perspective it is not clear from the
beginning that the three-particle amplitude only contains three-particle energy levels. One may define

T (E) = D™(E) + D*(E) M"(E) D"(E), (3.105)

where D and M* are operators in the space of spectator momentum and dimer angular momentum
for a given total momentum K* = (E, 0):

(p. (tm)|D™(E)|q. (¢'m")) = 2w(P)L>6, 4 Dy, (K = ),
(p, (tm)|M"(E)|q, (¢'m")) = Wm(p q,E> (3.106)

Similarly the Faddeev equation for the particle-dimer amplitude can be written in operator form:
M"(E) = Z(E) + Z(E) D"(E) M*(E), (3.107)

where {(p, (tm)|Z(E)|q, (¢'m")) = Zem.o'w' (P> ¢ E). The quantity T3L defined in this way corresponds
to the finite-volume three-particle scattering amplitude with the vertices converting dimers into
particles amputated. The absence of poles from the kernel and the dimer propagator in T3 was
observed in [55, 56, 59, 146] and can be traced back to cancellations in the definition of this amplitude,
as shown below.

Considering the poles in Z;,, »,/(p, q; E) at the non-interacting levels first, it can be seen from the
solution to the Dyson-Schwinger equation for the dimer propagator Eq. (3.77) that Dfm o K= D)
exactly vanishes at these energies, since the finite-volume loop / é,Lm o (K — p) diverges. Therefore

T3L (E), where M*(E) is multiplied by the dimer propagator from the left and right, also vanishes at
these energies.

For the second class of poles from DME ) at the two-particle energy levels in the finite volume one
may write the solution to Eq. (3.107) in the form

ME(E) = (DL(E))_I [(DL(E))_I - Z(E)]_l Z(E). (3.108)

It can be seen that, with the inclusion of the disconnected piece, these poles get canceled in T3L .

Following the preceding discussion, a three-particle quantization condition can be derived from the
finite-volume Faddeev equation of the particle-dimer amplitude directly. This is a system of equations
in the space of on-shell spectator momenta p* and ¢*, as well as angular momenta £, m and ¢’, m’.
The finite-volume energy levels correspond to poles in the particle-dimer amplitude, these emerge at
energies £ where the system of equations Eq. (3.104) is singular. Ignoring the singularities stemming
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from the kernel, these energies are determined by17
detB =0,
-1
Bt’m,f’m’(pv qu) = 2W(p)L36P’q (ng,['m’(K _p)) - Zé’m,t”m’(p7 qu) . (3.109)

Here, in contrast to the two-particle quantization condition, the determinant is not only taken over
angular momentum, but also the space of on-shell spectator momenta. Due to the cutoff, these are
restricted by [p|, |q| < A.

The three-particle quantization condition is the key element that allows to relate LQCD data to
three-body infinite-volume QCD observables. The procedure of extracting these physical parameters
is as follows: In a first step, based on power counting arguments, the expansion of the NREFT
Lagrangian that is tailored to describe the process under consideration must be truncated. This yields
a cutoff on the spin of the dimer fields and the number of LECs. Now the two-particle quantization
condition can be used in order to determine the values of the two-body couplings by performing a fit
to the corresponding energy spectrum, obtained in a LQCD calculation. Since these LECs can be
directly related to the effective range parameters and thus correspond to physical quantities, no further
step is required here. Having fixed a cutoff A, the quantization condition Eq. (3.109) can be used to
fix the values of the remaining three-body LECs by a fit to the three-particle energy spectrum in the
rest frame. Establishing a relation to physical observables directly for these parameters was not yet
successful. However, the NREFT is complete now in the sense that all couplings are known. Once
again it should be pointed out that for a sufficient lattice setup, the LECs are guaranteed to exhibit
exponentially small finite-volume corrections. Therefore, in a final step the Lagrangian can be used in
order to calculate infinite-volume observables from the three-body scattering amplitude. This requires
solving the Faddeev equations (3.97), where, due to the cutoff-dependence of the three-particle LECs,
the same cutoff A as chosen in the quantization condition has to be used.

3.3.6 Towards Relativistic Invariance and a Description of Three-Particle Decays

One major challenge is to establish a relativistically invariant three-particle quantization condition,
that allows for the application in different moving frames defined by the total three-momentum K
of the three-body system. Unfortunately, the infinite-volume Faddeev equations and similarly the

17 The same quantization condition may also be derived from the amplitude T3L . Plugging Eq. (3.107) into Eq. (3.105) and
regrouping terms, a Faddeev equation for T3L can be derived:

T{(E) = D(E) + D"(E) Z(E) TX(E) .
The solution to this equation formally is given by:

-1

-1
=L L
THE) = [(D (E)) - Z(E)] .
- -1
The three-particle energy levels correspond to poles of T3L (E), i.e. to energies where (DL (E )) — Z(E) is not invertable:

det ((DL(E))_1 - Z(E)) - 0.
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three-particle quantization condition given in the form above turn out to be frame-dependent. Although
a precise scrutiny of the covariance of all quantities entering the kernel is needed, which will only be
discussed in one of the following chapters, the failure of invariance can be primarily attributed to the
three-particle propagator

1
2w(K — p — Q)(w(p) + w(q) + wK-p—q) - K’ —is)’

entering the expression of the kernel via the exchange diagram. Due to the explicit non-covariance, the
particle-dimer scattering amplitude will be frame dependent, also rendering the use of the quantization
condition in different frames at the same time impossible. Fortunately, it can be shown that modifying
the NREFT approach slightly, relativistic covariance can be restored also in the three-particle sector.
In this approach, inspired by heavy quark EFT and heavy baryon ChPT, the NREFT is quantized
in an arbitrary frame with four-velocity v*, v? = 1. That is, the momentum p* = p* — v¥(v - p),
“perpendicular” to v¥, is considered to be small. The revision of the NREFT framework under this
adjustment and a derivation of a Lorentz-invariant three-particle quantization condition represents one
of the central topics of the subsequent parts of this thesis.

Another substantial part concerns the derivation of a three-particle analog of the Lellouch-Liischer
formula in the NREFT framework. Conceptually the basic idea is quite simple. The Lagrangian is
extended in order to describe the initial decay process, while the two- and three-body interactions
cause the rescattering of the decay products. While the latter couplings can be fixed form LQCD
data by a fit to the corresponding energy spectra, the LECs multiplying the operators that describe
the initial decay remain undetermined. Nevertheless, as the initial decay process is considered to
be perturbative, to fist order these coefficients enter the infinite- and finite-volume decay elements
both linearly only. Therefore the dependence on these LECs can be eliminated completely in the end,
yielding a linear relation between the infinite-volume decay amplitude in terms of finite-volume decay
matrix elements.

It is important to note that, in contrast to the two-particle decays where the magnitudes of momenta
of the decay products are fixed, the decay Lagrangian in the three-particle sector consists out of
an infinite tower of operators. Eliminating the dependence on more than one of the corresponding
LECs one has to extract finite-volume decay amplitudes in different moving frames. Thus a general
three-particle analog of the Lellouch-Liischer formalism turns out to rely on a Lorentz-invariant
formulation. However the lack of Lorentz invariance is not an issue at the leading order, where
derivative couplings are absent and the decay process is completely described by a single operator.

(3.110)

The remaining chapters of this thesis are excerpts of publications, organized as follows: In Chapter
4 an analog of the Lellouch-Liischer formalism is derived in the three-particle sector at the leading
order for three identical spinless particles in the rest frame. As discussed above, for a general treatment
of three-body decays in the NREFT approach a relativistic-invariant formalism is inevitable which will
be derived in Chapter 5. The three-particle quantization condition is rederived in a Lorentz-invariant
form and examined numerically. Finally in Chapter 6 the three-particle Lellouch-Liischer formalism is
generalized to arbitrary moving frames, allowing the determination of three-particle decay amplitudes
from LQCD data at higher orders.
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cHAPTER 4

On the Three-Particle Analog of the
Lellouch-Luscher Formula

The content of this chapter following this prologue is based on the publication

» F. Miiller and A. Rusetsky, On the three-particle analog of the Lellouch-Liischer formula, JHEP
03 (2021) 152, arXiv: 2012.13957 [hep-lat]

Using non-relativistic effective field theory, in this chapter a three-particle analog of the Lellouch-
Liischer formula in the three-body center of mass frame is derived at the leading order in the NREFT
power counting. This formula relates the three-particle decay matrix elements in a finite volume to
their infinite-volume counterparts and, hence, can be used to study three-particle decays on the lattice.
Such a method was not available before. The generalization of the approach to higher orders is briefly
discussed.

For typical hadronic three-body decay processes, the momenta of the decay products are not small
as compared to their mass. An application of the original NREFT setup, where relativistic corrections
are treated perturbatively, thus proves inappropriate. Although not being wrong in principle, achieving
relativistic invariance in the two-particle sector order by order is cumbersome and rather intransparent.
Instead the use of the covariant form of NREFT, actually introduced in [166, 167] in the context of the
decay K — 3, reproduces the singularity structure in the two-body subsystem directly. In the context
of finite-volume three-body dynamics the modified NREFT framework was not applied before. Thus,
in a first step, the author of this thesis rederived the three-particle quantization condition for three
identical bosons in the covariant NREFT at the leading order in the particle-dimer picture.

In order to keep the derivation of the three-particle analogue of the Lellouch-Liischer formula as
simple as possible, although not describing a physical process, the decay of a spinless particle into
three identical likewise spinless particles was considered. Accordingly the three-particle Lagrangian
was augmented with an operator that describes the initial decay process. As the decay is considered to
be perturbative, the resulting infinite- and finite-volume decay matrix elements should be proportional
to the coupling that describes the initial decay to the first order. Therefore it should be possible to
derive a linear relation between the infinite-volume decay amplitude in terms of the finite-volume
decay matrix element, where the proportionality factor, referred to as Lellouch-Liischer factor, only
depends on the LECs that describes the rescattering of the final-state particles. Furthermore, it should
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contain the non-regular volume dependence that arises due to the dynamics of the final-state particles
in a finite volume.

For the actual derivation of the LL factor the author of this thesis closely followed Ref. [50], where
a derivation of the LL factor in the two-particle sector was derived within the covariant NREFT
formulation. Using the Feynman rules of the effective theory, the author derived an expression
for the infinite-volume decay amplitude in terms of the particle-dimer scattering amplitude first.
The calculation of the corresponding decay matrix element in a finite volume then proceeded by
considering the correlation function of a three-body annihilation operator with a source operator
describing the initial decay. Within the NREFT treatment the author calculated this correlator to first
order perturbation theory in the decay coupling, while the final state interactions were summed up to
all orders. Furthermore, if the overlap of the three-body annihilation operator with a three-particle
state at the energy of the initial particle is known, the finite-volume decay matrix element can be
determined. An expression for this overlap can be obtained by calculating the finite-volume six-point
correlation function from the three-body operator in the NREFT. Comparing the expressions for the
infinite- and finite-volume decay matrix elements the author was finally able to derive the three-particle
LL factor.

Although the leading order result of this chapter will probably be sufficient for actual applications,
considering the present status of lattice calculations in the three-body sector, a complete description
of three-body decays requires the inclusion of higher derivative couplings. This is in contrast to
the two-body sector, where the absolute values of the momenta of the final particles are fixed by
kinematics. Nevertheless this chapter introduces the fundamental techniques that will be similarly
applied in the derivation of the LL equation at higher orders.

4.1 Introduction

Back in 2000, Lellouch and Liischer [45] derived a formula, which related the matrix element of
the weak K — 27 decay in a finite volume to its infinite-volume counterpart. These two quantities
turn out to be proportional with a factor (Lellouch-Liischer (LL) factor), depending on the size L
of a cubic box and on the elastic two-body pion-pion scattering phase shift. The result of Ref. [45]
paved the way to the systematic studies of various two-body decays on the lattice. Later, different
generalizations of the method emerged, e.g., for moving frames [35, 46], or for the case of coupled
two-body channels [41]. A simple and transparent derivation of the LL formula with the use of the
non-relativistic effective Lagrangians has been given in [50]. For the application of the formalism, we
refer here, e.g., to a comprehensive study of the K — 7 decays, which has been carried out recently
by the RBC and UKQCD Collaborations [152]. From the related work, we mention the study of the
matrix elements of currents, corresponding to the 1 — 2 transition [47, 184], and of the timelike pion
form factor [185], which all feature the similar factor in a finite volume. Generally, in the LL type
formulae, this L-dependent factor emerges from the multiple rescattering of two particles in the final
state (pions), and the phase shift, which also enters the expression, should be measured on the same
lattice, simultaneously with the measurement of the decay matrix element. It can be done by using the
Liischer formula that relates the phase shift to the volume-dependent spectrum in the two-particle
sector.

To summarize, the two-body problem is completely understood from the conceptual point of
view — both the scattering, as well as two-body decays. On the contrary, the three-body formalism
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is still in development. Recently, three physically equivalent forms of the quantization condition
have been proposed [55, 58—61], which relate the three-body spectrum in a finite volume with the
infinite-volume parameters in the three-body sector. However, in contrast to the two-body case, where
the Liischer equation enables one to extract the two-body phase shift from the measured spectrum in
one step, the procedure in the three-particle sector is more complicated. To start with, the three-body
quantization condition becomes tractable only if the three-body interactions are expressed in terms
of few parameters. In the approach of Refs. [60, 61], such a parameterization naturally emerges,
when the three-body interactions are evaluated from the effective Lagrangian at tree level that allows
one to impose a consistent power counting. Similarly, the three-body kernels in the approaches of
Refs. [55, 58] and Ref. [59] can be expanded in the external momenta (up to a given order) in the
vicinity of the threshold. Thus, the fit of the quantization condition to the three-particle spectrum,
which is measured on the lattice, enables one to extract few parameters (the effective three-particle
couplings, or the coefficients in the expansion of the three-particle kernel). These can be substituted
into the infinite-volume equations to calculate observables in the three-particle sector. Consequently,
extracting the three-particle observables from data necessarily involves an intermediate step, and
cannot be done directly, as in case of two particles.

It should be mentioned that the above theoretical developments have largely boosted the study of
three (and more particles) on the lattice, be this in QCD or other field-theoretical models [28, 29, 65,
157, 186—190]. In view of these activities, the need for the three-particle analog of the LL formula,
which should be used for the extraction of the matrix elements, becomes obvious. Such a formula,
however, was not available in the literature so far. Moreover, bearing in mind the above discussion,
it is not even clear, whether the relation between the finite- and infinite-volume matrix elements,
which one is after, should contain a single overall factor (a counterpart of the LL factor), or should
be more complicated. On the other hand, recent years have seen a growing interest to the study of
three-particle decays. The most obvious candidates for this study in the beginning are provided by the
three-pion decays of low-mass light-flavored mesons K — 37, 5 — 37 and w — 3x. The decays of
the heavier pseudovector mesons a;(1260) — pr — 37 and a,(1420) — f,(980)7r — 3x are also
very interestingl. Further, the candidates for exotica, X(3872) and X(4260), decay largely into the
three-particle final states as well. Last but not least, the extraction of the parameters of the Roper
resonance on the lattice has proven to be very challenging. That might be, in part, related to the lack
of proper treatment of the three-particle decay channel in a finite volume. Our paper intends to make
the first step towards the creation of a systematic finite-volume framework for the study of three-body
decays on the lattice that will contribute to the solution of the above-mentioned problemsz.

Note that the resonances, which are studied in lattice QCD, fall into two categories. To the first
category belong the ones, which are stable in pure QCD, like kaons that decay through weak interactions.
Further, the n-mesons are not stable in QCD. However, the decay amplitude is proportional to the
u- and d-quark mass difference m, — m, and thus vanishes in the isospin limit. So, if one wants to
know this amplitude only at the first order in m,, — m, (this completely suffices for practical reasons),
one could also formally categorize this decay into the first group and treat the final state interactions
in the isospin-symmetric QCD, where the n-mesons are stable. The second, larger group consists

! As one will see later, in the lattice study of all these decays, a prior knowledge of the three-pion amplitude is necessary.
The total isospin of the decay products in the above processes is different, but neither of them equals the maximal possible
isospin I = 3, available in the system of three pions. It is important to note that the three-body finite-volume formalism,
which enables one to explore the systems with an arbitrary isospin, has become available only very recently [4, 161].

2 After the present paper was submitted to the archive, Ref. [191], which deals with the same issue, has appeared.
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of the genuine QCD resonances. In this paper, like in the original paper by Lellouch and Liischer,
we concentrate our effort on the first group. The treatment of the QCD resonances is a more subtle
issue that includes, in particular, analytic continuation into the complex energy plane to the resonance
pole. In the case of two-body decays, this procedure is discussed, in particular, in Refs. [50, 51,
192-194]. We postpone the discussion of a similar procedure in the three-particle sector to our future
investigations.

The layout of the paper is as follows: In Sect. 4.2, we display the lowest-order non-relativistic
effective Lagrangian and write down the quantization condition in a finite volume. In Sect. 4.3, we
derive the LL equation at leading order. The extension of the approach to higher orders is discussed in
Sect. 4.4. Section 4.5 contains our conclusions.

4.2 Non-Relativistic Framework

The non-relativistic EFT framework, which was tailored to study the singularity structure of the
amplitudes in three-body decays, was proposed in Ref. [166]. It has been successfully used in the
study of the three-body decays of charged and neutral kaons, as well as w,  and " mesons [195-199].
A brief review of the essential points of the approach is given in Ref. [167]. The main difference
of this approach from the conventional ones consists in the treatment of the relativistic corrections
to the internal particle lines. Whereas in the conventional approach, these corrections are treated
perturbatively, in the new one they are summed up to all orders, ensuring the correct relativistic
dispersion law. As a result, the location of singularities in the decay amplitude stays fixed to all orders
and coincides with the singularity structure of the relativistic amplitude. There is a price to pay for
this, however: the resummed propagators feature the hard scale — the particle mass — explicitly. This,
as known, leads to the breakdown of the naive counting rules. In order to rectify the counting rules,
one then has to amend the procedure for the calculation of the Feynman integrals — dimensional
regularization plus minimal subtraction does not suffice. The modification of the procedure, which is
equivalent to the change of the renormalization prescription, is described in detail in [167], and we
refer an interested reader to that article.

To purify the problem from the inessential details as much as possible, we shall consider below
a decay of a spinless particle (“kaon”) into three likewise spinless particles (“pions”). Isospin and
other quantum numbers are discarded. We also assume that there exists some discrete symmetry (like
G-parity), which forbids transitions with an odd number of the external pion legs. The non-relativistic
fields K(x) and ¢(x) describe kaons and pions, respectively, and M, m denote their masses. The
lowest-order Lagrangian, which describes the decay, is given by

L

K"2W(id, - W)K + ¢ 2w(id, — w)¢

+

C0 4w os 1+ 20 4Tt 4t Go (it
057700+ 224706 000 + 2 (KT ggs +he) @)

where W = VM? — V? and w = Vm? — V.

In the above Lagrangian, the constant G describes the elementary act of the kaon decay into three
pions. It is proportional to the weak coupling constant and enters the amplitudes, by definition, only at
the first order. If the weak interactions are switched off, the kaon is stable. Further, the constants C,,
and D,, describe the strong final state interactions in the system of two and three pions respectively.
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S ah

Figure 4.1: Expressing the three-particle scattering amplitude through the particle-dimer scattering amplitude,
see Eq. (4.13). The single and double lines are the particle and the dimer propagators, respectively, and the
filled circle denotes the two-particle-dimer vertex.

Unlike the constant G, these enter the expression of the amplitude at all orders. The matching at the
two-pion threshold relates the constant C, to the pion-pion scattering length a:

Cy=-32mam. 4.2)

In Eq. (4.1), only the leading-order terms are displayed. The power counting at the Lagrangian level
is defined by the (formal) requirement that all three-momenta count at O(p), whereas the kinetic
energies of the individual pions, as well as the quantity M — 3m count at O(pz). The higher-order
Lagrangians would contain an even number of spatial derivatives, acting on all fields. Below, we shall
concentrate on the derivation of the LL formula at the leading order, using the Lagrangian in Eq. (4.1).
The inclusion of the higher-order terms will be considered briefly in Sect. 4.4.

Moreover, in order to write down the equation that determines the three-particle scattering amplitude,
we shall switch to the particle-dimer picture. It is well-known that this formulation, which is equivalent
to the original one, enables one to drastically simplify the bookkeeping of Feynman diagrams and
arrive at the result with a surprising ease [95, 98, 173]. The Lagrangian in the particle-dimer picture
in our case is given by:

L = K2W(3id, - WK + ¢ 2w(id, - w)g + od'd

+ % (d*¢¢ + h.c.) + hyd'dgTd + g, (KTd¢ + h.c.) : 4.3)
Here, d denotes the dimer field, and o = +1, depending on the sign of the constant C,. Integrating
out the field d in the path integral and expanding in the powers of fields, one arrives at the Lagrangian,

given in Eq. (4.1), if the following relations are fulfilled:
ofy=-Cp  9fihy=Dy  30fygo=-Gy. (4.4)

We would like to stress here that the validity of the particle-dimer picture does not imply that a
two-body bound state really exists. As one sees, the dimer field is introduced in the path integral as a
dummy integration variable and, hence, the resulting formulation is mathematically equivalent to the
initial one without a dimer field. If a dimer (or a narrow low-lying resonance) indeed exists, this may
affect only the convergence of the expansion. In this case, the bulk of the two-particle interaction will
be described by the dimer exchange in the s-channel, and the contribution from the higher orders will
be small.

The Lagrangian (4.3) will be used for the calculation of the Feynman diagrams in a finite volume
— as it is well-known, the sole change is the replacement of the infinite-momentum integrals by the
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sums over the discrete three-momenta of particles in a finite cubic box”. The propagator of the
non-relativistic field ¢(x) in a finite volume is given by:

. : B Do 1 —lpo(xo Yo)+ip(x-y) B ) )
iiros i) = [ 2 e e NN RR

The dimer propagator is obtained by summing pion loops to all orders:

. dP, 1 _
l(Ole(x)dT(y)|0) — 27T0 = Z i Py(xg—yp)+1P(x— y)D (P PO) (4.6)
Here D; obeys the following equation:
. Ly
D, (P; Py) = Ry JL(P; Po)D (P; Py), 4.7)

where J; denotes a single pion loop:

1
J, (P; P —
L(P: Po) L3Zk:4w(k)w(P—k)(w(k)+w(P—k)—PO—is)
P* d
= — - 78(1:s), (4.8)
8752 \syn
and
P, s p'L PL
=pP}-P, y==2 p=.--m’ p="=, d=—. 4.9
5=%o Y2y P TNa T Ty 2 4.9)

Further, in Eq. (4.8), Zgo(l; s) is the usual Liischer zeta function, boosted to the moving frame defined
by the vector d. For a general (Im), this function is given by:

z8,(Ls)= > y,m(rz’ P, = {r eR3

reP,

=" (”n - |d|/2) sr =n;,ne 23} ;
(4.10)

where Y, (r) = |r|lYlm(f), and Y}, (7) denotes the usual spherical function that depends on the unit
vector 7. Finally, after using the matching condition, for the dimer propagator one obtains:

o/5/(2am)
—/5/(2am) + p* cot $(s)’

In the non-relativistic limit, v/s/(2m) — 1, ¥ — 1, and we arrive at the expression displayed in
Refs. [60, 61]. At higher orders, the expression —1/a both in the numerator and the denominator gets

Z5(1;5)

Dy (P; Py) = cot ¢(s) = - T
i

@.11)

3 For simplicity, below we display all formulae in the Minkowski space. The final results, obtained with the use of Wick
rotation, are identical.
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L\
7\

Figure 4.2: The Faddeev equation for the particle-dimer scattering amplitude. The red shaded squares denote
the particle-dimer coupling.

replaced by p* cot8(p*) = —1/a +rp**/2 + . . .. Further, the infinite-volume counterpart of Eq. (4.11)
reads:

D(P; Py) = 7 Vs/(2am) 4.12)

~Vs/(2am) —ip" "

The finite-volume energy levels in the three-particle system coincide with the location of the poles
of the three-particle scattering amplitude. In the particle-dimer picture, this quantity can be directly
related to the particle-dimer scattering amplitude [60, 61, 146], see Fig. 4.1. At the lowest order, the
relation is given by:

3

Z [TL(_pa; PO)2W(pa)L36pan
a,B=1

T ({p}. {a}; Py)

+

71 (=Pas Po)Mp(—Pg» —q; Po)Tr.(—qg: Po) | » (4.13)

where {p} stands for the set of all three particle momenta p,, with @ = 1,2, 3. In the center-of-mass
frame, the dimer momenta are equal to —p,,. The sets {q}, {k} are defined similarly. Further,

(3 Py) = fy Dy (p: Py — w(p)). (4.14)

In the infinite volume, the relation between the quantities 7(p; P,) and D(p; P,) takes a similar form.
Further, M; (p, q; Py) denotes the particle-dimer scattering amplitude, which obeys the Faddeev
equation in a finite volume, see Fig. 4.2:

7. (K; Py)

T(k)ML(k’ q; Py), (4.15)

A
1
ML(b.4; Po) = Z(0.4: Po) + 5 D 2K Py)
k

where A denotes an ultraviolet cutoff and

! o
20(p + Q(v(p + @) + () + w(@) — Py —ie) | f2 |

Z(p,q; Py) = (4.16)
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In the infinite volume, the Faddeev equation becomes the integral equation with the same kernel Z
and cutoff A:

A3
d’k 7(k; Py)
M(p,q;P)=Z(p,q;P)+/ Z(p.k; Py) Mk q; Py) . (4.17)
0 0 2n) " 2w(k) 0
The quantization condition in a finite volume takes the form:
det(4) =0, Apy = 2w(P)TL (0 Po)L 6pq — Z(D. 43 Py) (4.18)

The discrete solutions P, = E,, of the quantization condition determine the finite-volume spectrum of
the three-particle system. Further, in the vicinity of a pole P, = E,, the residue of the particle-dimer
amplitude factorizes:

(n) (n)
M; (p.q; Py) = M + regular . (4.19)
Py—E, En - PO

The particle-dimer wave function obeys a homogeneous equation:

(K E,)

()
(k) vy (K). (4.20)

" RS
Ui®) = 5 2K E,)
k

The normalization condition for the finite-volume wave function t,l/(L")(p) can be derived in a standard

manner by using Eqs. (4.17), (4.19) and (4.20). Since both Z and 7; are energy-dependent, y; (p) is
not merely normalized to unity. Instead, the normalization condition takes the form:

LSy (B3 Ey) dZ(B. K E,) 1K E,) )
E;{l‘/’ P B, awa 2 ®
RN 1 di (p:E) (), .
+Ezp:¢ (p)zw(p) i, Ut (p)=1. (4.21)

The three-particle scattering amplitude factorizes as well:

P (1™
T; ({p} {a}; Py) ==+ ({Ep})_ = WD | regutar, (4.22)
P,—E, n 0
where
3
YUPY = D 7(-Pai B (-py,) (4.23)

a=1

Up to the change to the relativistic normalization and the use of the relativistic kinematics in the dimer
propagator, these equations are equivalent to the ones displayed in Refs. [60, 61, 146]. The numerical
solution of similar equations in a finite volume has been considered also, e.g., in Refs. [101-104].
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4.3 Derivation of the Three-Particle Analog of the LL Formula at the
Leading Order

The derivation of the counterpart of the LL formula in the three-particle sector proceeds along the
path already used in the two-particle case [50]. The main idea can be formulated in few words. The
non-relativistic effective Lagrangians, used to describe physics in the infinite and in a finite volume,
are the same. At the leading order, the only unknown, which can be extracted from the measured
K — 3m decay matrix element on the lattice, is the coupling G, (other couplings, C,, and D,,, can be
independently determined by measuring the two- and three-body energy levels). Hence, the only thing
that one has to do is to calculate the decay matrix elements in the effective theory twice: in a finite
and in the infinite volume. Since at the leading order this matrix element is merely proportional to G,
in the ratio of the results of the two calculations, which is the three-particle analog of the LL factor we
are looking for, this constant drops out. Thus, the final answer is expressed solely in terms of known
constants C and D,,.

The crucial point in this derivation is to concentrate on G, which, by definition, is the same in a finite
and in the infinite volume, up to the exponentially suppressed corrections. In these corrections, the
hard scale of the effective theory appears in the argument of the exponent (in our case, this hard scale
is given by the pion mass m). On the contrary, the measured matrix element contains a non-trivial,
power-law L-dependence, which emerges via the final state interactions. Hence, no regular L — oo
limit exists for this matrix element.

After this introductory remark, we proceed with the calculation of the decay matrix element.
Following Ref. [50], first, one has to calculate the wave function renormalization constant for the
composite operator O(x; {k}), which creates three pions with momenta k;, k,, k;, acting on the
vacuum bra-vector (0:

O(xg;{k}) = /d3X1d3X2d3X3 e M g (0 X)X, X)X X3) - 4.24)

Assume now that x, > y,. Inserting a complete set of the intermediate states, for the two-body
correlator one gets:

(010(xp; {kDO" (vo; {kDIOY = > [{OIOO; {K})|m)[* e~ om0 (4.25)

On the other hand, one can evaluate this correlator in the perturbation theory. Summing up all
diagrams, one obtains:

dP, .
(010(xg: (KO (3; {k})[0) = / P it

L (1 01+ Sk, + O, + 25k1k25k2k3)
{SW(kl)W(kz)W(k3)(W(kl) +w(ky) + w(ks) — Py —ig)
LT, ({k} {k}: Py) } |
(Bw(k, )w(ky)w(ks)(w(k,) + w(k,) + w(ks) — Py — i€))’

N (4.26)
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JESS B

Figure 4.3: The amplitude of the K — 37 decay in the particle-dimer picture. The notations are the same as in
Figs. 4.1 and 4.2. The cross denotes the vertex, which correspond to the decay of a kaon into a particle-dimer
pair. This vertex comes with the coupling g.

Using Eq. (4.22) and performing contour integration by means of the Cauchy theorem, one gets:

e tEn(xoy0) 3 (‘Pgl)({k}))z

010(xp; (kO (vo; {k})I0) = '
(010(xo; {kHO"(vo; {k}I0) ; (8w(k1)w(k2)W(k3)(W(k1)+W(k2)+W(k3)_En))2

(4.27)
From this, we finally obtain:

i)

0/0(0; {k =13 .
HOIO: theplm] 8w (k) )w(ky)w(ks)(w(k;) + w(ky) + w(ks) — E,)|

(4.28)

In the above derivation, it was assumed that the free-particle singularities, emerging from the energy
denominators in Eq. (4.26), cancel in the full expression for the correlator. This statement, which is
evident on general grounds, was verified (in threshold kinematics) in Ref. [55]. We refer an interested
reader to that paper for more details.

Next, we calculate the decay matrix element. First, note that the kaon interaction term in the
particle-dimer Lagrangian (4.3) can be rewritten in a form J}'( (x)K(x) + h.c., where

Jh=gud' e (4.29)
Consequently, on the one hand, assuming x, > 0, one gets:

(010(xp; (kIR (0)]0) = > & E*0(0]0(0; {I})lm) (nl T (0)]0) . (4.30)

n

On the other hand, using perturbation theory and summing up pertinent diagrams results in:

et _ [ dPy e P Fy ({k}; Py)
(010Gx; {k}) I (010) = / 2ni 8wk ) w(ky)w(ky)(w(ky) + w(k,) + w(ky) — Py —ig)’

4.31)

where (see Fig. 4.3):

L

3
FL({k): Po) = 2 3 (ki )
a=1

A
1
1+ F Z M (K, —q; P))
q
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Further, using Eq. (4.19) and performing Cauchy integration in Eq. (4.31), one gets:

L*?|(n|J}(0)|0)| =

(4.33)

g n
fo 32;02)( q)2 @ %

Now, carrying out the calculations in the infinite volume, we get:

(n(ky)m(ky)r(ks); out] £ (0)]0)

3

%Z“ Ky Py)

(4.34)

A d3q .
L [ Mk P s i )

where the particle-dimer scattering amplitude M is the solution of Eq. (4.17).
Finally, comparing Eqs. (4.33) and (4.34), one gets:

(n(k))m(Ky)r(ks); out] J £ (0)]0) = Dy({K}) - LY*(n]J}(0)]0), (4.35)

where the leading-order three-particle LL factor is given by:

3

A d'iq
Dr(kyi P |1+ / Sy M Pz o TPy
O5({k}) = = . @30

3Zw‘")< D5y 9 E)

The above equation implies that in the lattice measurement the box size L was adjusted so that
Py = E,, = M is exactly fulfilled in the rest frame of the kaon. Note also that the numerator in
Eq. (4.36) is a complex quantity and the Eq. (4.35) predicts both the real and imaginary parts of
the infinite-volume matrix element, up to an overall sign. The phase of the infinite-volume decay
amplitude is determined by what can be termed the Watson theorem in the three-body case.

The equations (4.35) and (4.36) describe our final result. As seen, all quantities in Eq. (4.36) can be
expressed through the couplings C,, and D, which, in their turn, can be extracted from the independent
measurement of the two- and three-particle spectra. The analogy with the two-body LL formula is
now complete.

4.4 Higher Orders

For a two-particle system, the LL formula contains a single factor to all orders. This is not the case for
three particles anymore. The situation is completely similar to the three-particle quantization condition.
In this section, we would like to briefly discuss the generalization of the approach, described above, in
the case when the higher-order (derivative) couplings are included in the effective Lagrangian.

We start our discussion from the two-body decays. Suppose, the particle with a mass M decays
in the CM frame into two identical particles with the mass m. In the infinite volume, the physical

back-to-back momenta are then fixed by energy conservation M = 2 m® + k*. On the lattice, let us
fix the momenta, say, along the third axis, assuming k; = (0,0, n) and k, = (0, 0, —n) in the units of
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2n/L. Here, n is an integer number (the choice of the direction does not matter, due to the rotational
invariance). For a fixed n, one may adjust L so that the energy of the two-particle state equals to the
mass of the decaying particle. One then measures the finite-volume decay matrix element exactly at
this value of L, applies the LL formula and finally extracts the infinite-volume matrix element one is
looking for. What remains veiled in this discussion is that one could choose different values of n and
L, so that the total energy stays the same. In practice, this corresponds to considering the different
(ground and excited) states. The matrix elements, measured in these states, are different, and so are
the pertinent LL factors. The crucial point is that these two quantities are always correlated, so that
one always extracts the same physical infinite-volume amplitude out of the different measurements.
The mathematical reason for this correlation is that there exists only one independent two-body decay
coupling at all orders, and the finite-volume decay amplitudes in different states should be expressed
in terms of this single coupling.

It becomes now crystal clear, what changes in case of three-particle decays. The distribution of
energies between three decay products is not fixed by the energy conservation anymore. This results
in a non-trivial momentum dependence of the decay amplitude, which is conveniently described
by a tower of the effective couplings G, G|, G,, ... in the Lagrangian, multiplying the operators
containing more and more spatial derivatives. Truncating the expansion at a given order, one gets
N independent couplings, which should be fixed by the measurement of N linearly independent
finite-volume amplitudes. Consequently, in general, the LL factor is not a single function. It is
rather a N X N matrix, depending of the pion interaction parameters in the two-body (C,, . . .) and
three-body (D, .. .) sectors. Using this matrix enables one to map the results of the measurements
of the matrix elements in different states onto the couplings Gy, G, G,, . .. (note that the states n
implicitly depend on the momenta k|, k,, ks, which enter the source/sink operator). At the next step,
using the infinite-volume scattering equations, it is possible to calculate pion rescattering in the final
state and express the physical decay matrix element in arbitrary kinematics. The above discussion also
shows that the extraction of the effective couplings represents a convenient strategy in the analysis of
the lattice data.

The second question, which emerges during the generalization of the approach to higher orders, is
predominantly of a technical nature. Namely, in the present formulation, the final-state rescattering
corrections in the three-particle states at higher orders are not given in an explicitly Lorentz-invariant
form. Albeit there is nothing wrong with this in principle, an explicitly Lorentz-invariant setting in
the three-particle sector would provide a far nicer and more compact framework at higher orders,
containing less effective couplings from the beginning (nothing will change at the leading order we are
working in). Note that such a technical modification has already been considered within an alternative
formulation of the three-body quantization condition. The modification, which boils down to the
replacement of the energy denominators by the explicitly Lorentz-invariant expressions that coincide
with the former on the energy shell, has been discussed in detail in Refs. [159, 174, 200, 201]. It
remains to be seen, how (and whether) the similar idea can be implemented within our approach.

4.5 Conclusions
i) In the present paper, using the non-relativistic effective Lagrangian approach, we have derived

the leading-order counterpart of the LL formula for three-particle decays. As in the two-particle
case, the LL factor depends on the parameters of the pion interactions only (both in the two- and
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iif)

iv)

three-particle sectors), which can be measured independently from the decay matrix element in
the same lattice setup.

At higher orders, the LL factor becomes a N X N matrix, where N denotes the number of
independent couplings that describe the elementary act of the three-particle decay at this order.
These couplings provide a convenient parameterization of the decay amplitude for the extraction
on the lattice. The infinite-volume amplitudes (in an arbitrary continuum kinematics) can be
calculated a posteriori, solving the scattering equations in the infinite volume.

Some technical issues remain to be solved in higher orders. For example, an explicitly Lorentz-
invariant framework would be more convenient (albeit not obligatory) to carry out the extraction,
because the invariance puts stringent constraints on the possible form of the amplitude, reducing
the number of the effective couplings needed at a given order. At the leading order, where the
pertinent operator in the Lagrangian does not contain derivatives at all, this issue is not relevant.
Other technical modifications concern the decays of particles with spin, partial wave mixing,
moving frames, etc. The work in this direction is already in progress, and the results will be
reported elsewhere.

As noted already, the above-mentioned modifications do not affect our result, obtained at the
leading order in the non-relativistic EFT. Taking into account the present state of lattice studies
in the three-particle sector, one expects that in the beginning, all these higher-order effects will
be of mainly academic interest, and the leading-order formula will completely suffice in the
applications.
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CHAPTER 5

Relativistic-Invariant Formulation of the NREFT
Three-Particle Quantization Condition

The content of this chapter following this prologue, including Appendix A.2 is based on the publication

* F. Miiller, J.-Y. Pang, A. Rusetsky and J.-J. Wu, Relativistic-invariant formulation of the NREFT
three-particle quantization condition, JHEP 02 (2022) 158, arXiv: 2110.09351 [hep-1lat]

Deriving a three-particle quantization condition that can be used in order to analyze data from
different moving frames collectively remained an unsolved problem in the context of the NREFT
treatment. This necessarily raised questions about the Lorentz-covariance of the approach, which is
rather obscure in the three-body sector. The benefits of working in a manifestly Lorentz-invariant
framework are obvious. A similar issue was discussed in the last chapter, regarding the generalization
of the three-particle analogue of the Lellouche-Liischer equation to higher orders.

This problem is addressed in this chapter. In a modified framework, the NREFT is reformulated in
an arbitrary frame, characterized by a timelike unit vector v¥'. Introducing an external frame explicitly
breaks Lorentz-invariance. However amplitudes are rendered invariant, if v*' is expressed in terms of
the incoming- and outgoing momenta of the particles, such that these quantities transform in the same
way. The method presented here is inspired by formulating scattering for an arbitrary quantization
axis [202] where a covariant form of time-order perturbation theory is utilized [203]. In the context
of effective field theories, the quantization with respect to an arbitrary moving frame is used in the
description of heavy quarks and heavy baryons.

Within the modified framework a three-particle quantization condition is written down in a
manifestly relativistic-invariant form by using this generalization of the non-relativistic effective
field theory approach. The inclusion of the higher partial waves is explicitly addressed. A partial
diagonalization of the quantization condition into the various irreducible representations of the (little
groups of the) octahedral group has been carried out both in the center-of-mass frame and in moving
frames. Furthermore, producing synthetic data in a toy model, the relativistic invariance is explicitly
demonstrated for the three-body bound state spectrum.

The project started by revisiting the pure two-body sector in the infinite volume under the
modifications. Using dimensional regularization and the threshold expansion it was possible to show
that the two-body scattering amplitude is independent of the quantization axis v*'. Indeed upon a
change in the renormalization prescription, the modified framework is equivalent to the covariant
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NREFT approach. Based on these observations the author of this thesis derived a three-particle
quantization condition at the leading order, contributing a calculation for the two-body amplitude in a
finite volume. This leading order result was later used in order to explore the relativistic invariance of
the new approach numerically.

The author of this article subsequently was involved with the numerical studies of the three-particle
system that were independently performed by Jin-Yi Pang. A first check of the modified framework
was conducted by calculating the bound-state spectrum of the infinite-volume particle-dimer scattering
amplitude. In the unitary limit @ — oo, the spectrum of non-relativistic particles consists out of an
infinite number of Efimov states [173, 176, 204, 205] that exhibit a universal scaling property. This
behavior should be reproduced also in the relativistic setup in the vicinity of the threshold, since
the particles momenta are small in this region such that non-relativistic kinematics can be assumed.
On the other hand, unlike in the non-relativistic case, the Efimov states are not expected to reach
arbitrarily deep energies. Indeed, close to threshold, an Efimov spectrum could be observed.

The author of this thesis further implemented a routine to determine the three-body finite-volume
energy spectra in different moving frames above and below threshold. The relativistic invariance of
the quantization condition was then tested by considering the bound state spectrum in a finite volume
in the following procedure: For a given value of the scattering length and cutoff, the leading order
three-body coupling was chosen such that there exists a deep bound state of an input binding energy.
Another shallow bound state close to threshold was observed. The cutoff here was chosen such that
no significant dependence on this parameter was observed. Namely, the cutoff was raised at least
until the resulting spectrum did not show any significant changes when further increasing the cutoff.
Since bound states correspond to one-particle states, their finite-volume energy levels should obey the
relativistic energy-momentum dispersion law up to exponentially suppressed corrections. This was
confirmed in various moving frames.

5.1 Introduction

Recent years have witnessed a rapid growth of interest to the three-body problem on the lattice. This
interest dates back to 2012, when it was shown, for the first time, that the three-body spectrum in a
finite volume is determined solely by the three-body S-matrix elements [55]. In the next years, three
different but conceptually equivalent settings emerged that allow to study the three-body problem in a
finite volume: the so-called Relativistic Field Theory (RFT) [57, 58], Non-Relativistic Effective Field
Theory (NREFT) [60, 61] and Finite Volume Unitarity (FVU) [59, 206] approaches. Besides this,
much work has been done, see, e.g., [56, 63, 64, 66, 101-104, 146, 158-163, 174, 200, 201, 207-226].
The finite-volume spectrum has been also studied in perturbation theory. In fact, these investigations
go back to the 1950’s and have been re-activated recently with the use of the modern technique of the
non-relativistic effective Lagrangians [4, 143, 144, 154, 155, 157, 210, 222, 227-229]. Furthermore,
in quite a few recent papers, the theoretical approaches mentioned above have been successfully used
to analyze data from lattice calculations [28, 29, 65, 66, 157, 186—190, 230-232]. Last but not least, a
three-body analog of the Lellouch-Liischer formula for the finite-volume matrix elements [45] has
been recently derived in two different settings [1, 191]. These developments are extensively covered
in the latest reviews on the subject, to which the reader is referred for further details [30, 62].

In this paper, we put the issue of the relativistic invariance of the quantization condition under a
detailed scrutiny. The reason for this is obvious. Typical momenta of light particles (most notably,
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5.1 Introduction

pions), which are studied on the lattice, are not small as compared to their masses. Albeit the four-
and more particle channels might be closed, or contribute very little, a purely kinematic effect of the
relativistic invariant treatment could be still sizable, especially, if data from the moving frames are
considered. For this reason, providing a manifestly relativistic invariant framework for three particles
is extremely irnportantl.

On the other hand, in the derivation of the quantization condition in a field theory one faces a dilemma
(this problem concerns all formulations, albeit it is treated differently in different formulations). The
amplitudes that enter the quantization condition should be on mass shell — otherwise, these will not
be observables and there will be little use of such a quantization condition. Hence, the quantization
condition is inherently three-dimensional (i.e., it involves integrations/sums over three-momenta, with
the fourth component fixed on mass shell), and further effort is needed to rewrite it in the manifestly
invariant form.

It is natural to ask the question why the manifest invariance of the setting is important. The
(three-dimensional) Faddeev equation, which is obeyed by the infinite-volume amplitude, contains
what can be termed as a short-range three-body force (this quantity enters the finite-volume quantization
condition as well, and its name is different in different approaches). In principle, choosing this
three-body force properly, it should be always possible to achieve the invariance of the amplitude
(because the true amplitude is invariant and obeys the same equation). However, implementing this
program in practice represents a very difficult task. Namely, finding an explicit parameterization
of the three-body force that renders the solution of the Faddeev equations invariant most probably
will prove impossible. Furthermore, making the tree-level kernel of the Faddeev equation relativistic
invariant order by order in the effective field theory expansion will not suffice — without further ado —
to ensure the invariance of the amplitude at the same order, because the cutoff regularization, which is
used in Faddeev equation, breaks counting rules. All this results in a very cumbersome and obscure
treatment of the problem that one should better avoid. On the contrary, in case of a manifestly invariant
formulation, the three-body force can be readily parameterized in terms of Lorentz-invariant structures
only, see, e.g., a nice discussion in Ref. [174]. The couplings appearing in front of these structures are
mutually independent and the expansion of the short-range part can be organized in accordance with
the well-defined counting rules. Hence, the advantages of having a manifestly invariant formulation
are evident.

As mentioned above, additional effort is needed to rewrite the three-dimensional Faddeev equations
(infinite volume) and the quantization condition (finite volume) in the manifestly invariant form. As
we shall see later, the problem arises because the three-particle propagator, which originally appears in
these equations, is non-invariant. As a cure to the problem, within the RFT approach, it was proposed
to modify the three-body propagator, bringing it to a manifestly invariant form (the pertinent formulae
are given, e.g., in Ref. [65], see also Ref. [177]) 2. We shall briefly consider this prescription below, in
Sect. 5.3. It can be however shown that the modified propagator breaks unitarity at low energies (in
the infinite volume) and leads to the spurious energy levels below three-particle threshold (in a finite
volume), if the cutoff on the spectator momentum exceeds some critical value of order of the particle
mass itself. As a result, if one uses the modified propagator, one cannot choose an arbitrarily high
cutoff. This is a limitation of the RFT method.

! This statement, obviously, refers to the three-particle system in the infinite volume. In a finite volume, the relativistic
invariance is anyway broken by the presence of a box.
2 Note that the same technique could be used, without any modification, in the NREFT approach as well.
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Chapter 5 Relativistic-Invariant Formulation of the NREFT Three-Particle Quantization Condition

The aim of the present paper is to close the above gap. Our method is based on the “covariant”
version of the NREFT, considered in Refs. [166, 167, 195—-197]. We modify that framework, choosing
the quantization axis along arbitrary timelike unit vector v and demonstrate an explicit relativistic
invariance of the obtained Faddeev equations with respect to the Lorentz boosts (the original framework
corresponded to the choice v = vg = (1,0)). The explicit relativistic invariance of the framework
emerges if the vector v* is fixed in terms of the initial and final momenta in the three-particle system
(an obvious choice is to take v proportional to the total four-momentum). It is further shown that
there is no restriction on the cutoff within our approach, no breaking of unitarity and no spurious poles
for high values of the cutoff.

Last but not least, we carry out a full group-theoretical analysis of the quantization condition both
in the center-of-mass (CM) frame and in moving frames. Namely, the quantization condition is
diagonalized into the various irreducible representations (irreps) of the pertinent point groups. The
theoretical constructions are verified numerically, solving the quantization condition for a toy model.

To simplify the argument as much as possible, we consider the case of three identical bosons with
a mass m and assume that all Green functions with odd number of external legs identically vanish.
These simplifications are of purely technical nature and can be straightforwardly relaxed. The layout
of the paper is the following. In Sect. 5.2 we consider the two-body sector of the theory and the
introduction of auxiliary dimer fields. The three-body sector is considered in Sect. 5.3, where it is
shown that the obtained Faddeev equation for the particle-dimer scattering is explicitly relativistic
invariant. In this section, we also derive the relativistic invariant quantization condition and carry out
a partial diagonalization of this condition into different irreps. In Sect. 5.4 we investigate the synthetic
three-particle spectrum, obtained in a toy model with the use of the novel quantization condition.
Sect. 5.5 contains our conclusions.

5.2 Two-Body Sector

5.2.1 Threshold Expansion

The non-relativistic approach treats time and space directions differently that leads to an inherent
non-covariance. A trick which allows one to rewrite all expressions in an explicitly covariant manner
is to introduce an arbitrary unit timelike vector v*' and to consider the time evolution along the axis
defined by this vector. The choice of the “rest frame” v/ = vg = (1, 0) corresponds to the “standard”
NREFT. According to the Lorentz invariance, all choices of v are physically equivalent and describe
the time evolution as seen by different moving observers. Note also that a similar trick (albeit in a
slightly different physical context) is also used in the Heavy Quark Effective Theory and the Heavy
Baryon Chiral Perturbation Theory.

Of course, indroducing the vector v alone does not solve the problem of the non-covariance — it
just allows to recast it fancier. The presence of an external vector v signals non-covariance. The
situation however changes, if it is possible to express v/ through the momenta that characterize a
given process. Then, if the latter are boosted, v** is boosted as well, rendering the amplitudes explicitly
Lorentz-covariant. This provides exactly the solution we are looking for. In the discussion below, we
keep v! arbitrary in the beginning, and fix it in terms of the physical momenta at a later stage.

We start with the construction of the non-relativistic Lagrangians. In the “rest frame,” these are
written down, e.g., in Refs. [166, 167] on the basis of the following considerations:
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Figure 5.1: Two-body amplitude in the non-relativistic theory. The filled dots denote the full four-particle vertex
that can be read off from the interaction Lagrangian. This vertex is a low-energy polynomial.

* The nonrelativistic theories do not include the creation and annihilation of particles and
antiparticles explicitly (the latter can be barred from the theory altogether, if one considers the
processes with only particles in the initial/final states). The effects of creation and annihilation
are not neglected but consistently included in the effective couplings. Hence, the non-relativistic
Lagrangian is linear in the time derivative, and the propagators feature only particle or only
antiparticle pole.

* No approximation is made in the energy of the free particle w(k) = Vm? + K*. This ensures
that the low-energy singularities of the Feynman diagrams are located exactly at the right place
at all orders of the non-relativistic expansion.

e The normalization of the non-relativistic field is chosen so that the normalization of the
one-particle states in the relativistic and non-relativistic theories is the same.

Below, the Lagrangians derived in Refs. [166, 167] are rewritten in an arbitrary frame defined by the
vector v¥. The kinetic part then takes the form

Lign = 2w, (i(v0) — )¢ 5.1)
Here, ¢(x) is the non-relativistic field, describing the particle and w,, denotes the differential operator

w, = ym® +8% - (vd). (5.2)

The free non-relativistic propagator is given by

4
HOITTH(x)6"()]]0) / R ik pgy,

2n)*
1

D(k) 2w, (k)(w, (k) — vk —ig)’

(5.3)

where w,, (k) = \/mz — K+ (vk)z. In case of V' = vS’ , the above formulae coincide with the ones
from Refs. [166, 167].

Next, let us consider the interactions in the two-particle sector. The full Lagrangian consists of an
infinite tower of terms with zero, two.,. . . derivatives in the interaction part

L=Ly+Ly+Ly+---. (5.4)
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Chapter 5 Relativistic-Invariant Formulation of the NREFT Three-Particle Quantization Condition

The lowest-order term is given by
Ly=Cop'¢"06. (5.5)

The coupling C, can be easily related to the two-body S-wave scattering lengths g, through the
matching condition.

As usual, calculating the two-particle scattering amplitude for the process p; + p, — ¢; + g, with
this Lagrangian amounts to summing up all bubble diagrams, see Fig. 5.1. In the S-wave amplitude,
this gives:

1

(4Cy)  -31

1 1
T, = (4C,) + (4C°)2§ I+ (4c0)3£—1 P+

Here, I denotes a loop integral

dPk 1 1
I= / 221 2w (s (k) — vk —i2) 2my(P— R raP— 0 (P ) o) O

and P = p; + p, = q; + g, is the total CM momentum of a particle pair.

Before the evaluation of the above integral the following remarks are in order. First of all, the
integrals are ultraviolet-divergent and should be regularized. We use dimensional regularization
throughout this paper. This is however not sufficient for ensuring the preservation of counting rules in
the loops. To this end, the so-called threshold expansion (see, e.g., [172]) should be applied to the
loops. One namely first uses the identity

1 3 w, (k) + vk
2w, (k)(w, (k) = vk —ig) 2wv(k)(m2 k- ie)
1 1

T e B ki Y
and a similar identity for the second propagator. Substituting these expression in Eq. (5.7), one gets four
terms. Furthermore, the threshold expansion is applied in the vicinity of the particle poles, vk = w, (k)
and v(P — k) = w, (P — k), respectively. Moreover, it is assumed that the “three-momenta” with respect
to the quantization axis v/, defined as k| = k* — v¥'vk and (P — k)| = (P — k)" = v'v(P - k) are
small as compared to the particle mass m.” This means that the second term in the above expression

3 In the standard formulation of the threshold expansion (in the “rest frame”), it is assumed that the components of

the three-momentum are small, k2 < m2.

More precisely, one introduces a generic small parameter € and counts
k = O(e), K0 = O(1). Now, assumming (formally) that v = O(e), one immediately sees that the components of the
vector kﬁ‘_ = k" —vHvk are of order € as well. This counting holds, even if k* is an integration momentum. In this
case, it is understood merely as a prescription that generates threshold expansion in the Feynman integrals. It should be
further stressed that € is just a parameter that is used in bookkeeping of various contributions. In actual calculations,
this parameter may turn out not to be too small. A nice example is provided by the three-particle decays of kaons and
n-mesons, where the decay products move with the momenta that are not so small as compared to their masses. Despite
this fact, the approach works very well [166, 167]. Note also that the results of the present paper (a derivation of the
relativistically invariant quantization condition, see below) are exact (to all orders in €) and do not use a particular
numerical value of €. They simply rely on the fact that one can expand the integrand in powers of €, carry out the
integration in dimensional regularization and resum the final result again.
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5.2 Two-Body Sector

can be expanded as

1 ~ 1 w, (k) — vk
2w, (k)(w, (k) + vk —ig) 4w (k) 8w (k)
1 k> — vk
SR T Lo m § IR (5.9)
4m 4m 8m

where the relation wi(k) =m* - ki has been used. A similar expansion can be written down for the
second propagator. It is now immediately seen that only one term contributes to I after the threshold
expansion since, in the other terms, the integrand becomes a low-energy polynomial that leads to a
vanishing integral in dimensional regularization. Hence, after performing the threshold expansion, we
get:

dPk 1 o o-1
I=1I(s)= 5 55 5= = const + 5 In , (5.10)
2m)°i (m” - k°)m™ - (P - k)°) 167 o+1
where
1/2
Am?
s =P a':(l— " ) . (5.11)
S +1&

The renormalization prescription is chosen so that /(s) vanishes at the two-particle threshold s = 4m®.

The expression of the loop function, given in Eq. (5.10), is explicitly Lorentz-invariant (depends on
the variable s only). It also differs from the expression used in Refs. [166, 167, 195-197]. Namely,
the imaginary parts of these two expressions coincide above elastic threshold that ensures two-body
unitarity. Moreover, their difference is a low-energy polynomial with real coefficients and, hence, the
choice of the loop function in a form given by Eq. (5.10) is as legitimate as the choice made earlier in
Refs. [166, 167, 195-197] — these two correspond to a different renormalization prescription in the
effective theory. Below, we shall stick to the definition given in Eq. (5.10). It has the advantage that
the loop function is real and non-singular below threshold, whereas the original definition leads to a
spurious singularity at s = 0 and to an imaginary part below this value (we remind the reader that the
point s = 0 lays already outside the region of the applicability of the NREFT, so the question about
the consistency of the approach does not arise here).

Note also that the original derivation given in the above papers was much shorter — there, one first
integrated over the variable k° and then manipulated the integrand, depending on the three-momenta
only. In case of arbitrary v, the dependence of the integrand on k° is more complicated. In principle,
in the infinite volume, one could first perform a Lorentz boost that brings the vector v/ to vg‘ and then
repeat the steps outlined in these papers. The result will of course be the same. We however stick to
this derivation that can be applied in a finite volume without much ado.

In the following, it will be useful to rewrite the loop function as
io

I(s) = J(s) + Ton "

(5.12)

Here, as mentioned before, the function J(s) is a low-energy polynomial with real coefficients.
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Chapter 5 Relativistic-Invariant Formulation of the NREFT Three-Particle Quantization Condition

5.2.2 Terms with Higher Derivatives

The terms with higher derivatives, present in the Lagrangian, are of two types. The terms of the first
type correspond to the effective-range expansion in a given partial wave (S-wave, in our case), and the
terms of a second type describe higher partial waves.

Let us start with the former. The Lagrangian

L= Cz{(<w,,¢)*(w"¢)*¢¢ ~m’¢'¢'¢9) + h.c.} (5.13)

encodes the term related to the S-wave effective range r,. Here,
wh = viw, +idl, ' =0" -vva. (5.14)
Furthermore, the tree amplitude in a theory consists of the contributions from £, £,,..., see

Egs. (5.4), (5.2.1) and (5.13):

0 2
Tiee :Tt(reze"'n(rei-"”' : (5.15)
As we already know, at lowest order,
©) _
Tree = 4Co - (5.16)

Using now Eq. (5.13), it is straightforward to derive that, on mass shell,

7@

tree

= 4C2(s—4m2), (5.17)

where s = (5, + p,)* = (G, + §,)*, and 7 =v"'w,(p;) + P}, (similarly for ' and any other vector).
On the mass shell, where w, (p;) = vp;, w,(g;) = vq; and, consequently, p; = p;, §; = g;, it also
follows that s = (p; + p2)2 =(q; + qz)z.

It is now crystal clear, how things proceed at higher orders. The tree-level amplitude in the S-wave
represents a Taylor series in s — 4m*:

Tooa'™® = 4Cy + 4Cy (s — 4m®) + 4Cy(s — 4m*)* + - -+, (5.18)

All this is fine at tree level, on the mass shell. In the bubble sum, however, the intermediate particles are
off the mass shell. Consider, for example the process p; + p, — k; + k,, where p? = m” and kiz #m’.
Then, s, = (p; + 5,) isnotequal to s, = (k, +k,)?, even if the relation p, + p, = k, + k, always holds.
Furthermore, the difference between s,, and s; is proportional to w,(p;) + w,(py) — w, (k) — w,, (k).
Carrying out now the contour integration, one can straightforwardly ensure that such a term in the
numerator cancels exactly with the denominator. One is left with a low-energy polynomial, and the
integral over this polynomial vanishes in dimensional regularization. Therefore, replacing s; by
s, = s everywhere in the numerator is justified. One may finally conclude that one could consistently
pull out the numerator from the integral and evaluate it on shell. This results in the following S-wave
amplitude:

1
(TS—Wave)—l _ %I(S) :

tree

Ty(s) = (5.19)
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5.2 Two-Body Sector

Just above threshold, s > 4m?, one may rewrite this expression as

167r\/§
167y5(Trea™®) ™" = 3 J(5)) = ip(s)

Thus, just above threshold, the tree amplitude can be related to the S-wave scattering phase shift

To(s) = p(s) = 2 -m*. (5.20)

167Vs((To ey - % J(s)) = p(s) cot 5y(s) . (5.21)

Expanding both sides in powers of (s — 4m2), one may carry out the matching of the constants
Cp, C,, . .. and the effective-range parameters in the S-wave ay, ry, . ... The lowest-order relation
Cy = —8mmay is the same as in Refs. [166, 167] — the modifications emerge, starting from the second
order only.

Considering higher partial waves is a bit more subtle because the pertinent amplitudes depend
on the directions of momenta as well. In the simple model considered, there is no P-wave. The
lowest-order contribution of the D-wave is captured by the Lagrangian

S D

Iy
Il

Ly = 404((< ¢) (W) —m* e d") (w,p)(W” ¢) - m¢¢))

&~
+0
[

§D4(3<wﬂ¢> (10, ) (4% 800" 8) — (w,s8) (W) (w1, D) (0" 9)

2
5 (0,0 (W'9) 9 + hc) - m4¢*¢*¢¢) : (522)

The contribution from Lf in the S-wave amplitude is already shown in Eq. (5.18). The contribution
of the second term contributes to the on-shell tree amplitude in the D-wave:

—wave 5 ~ o~ ~ o~
TtEee = —D4 ((P1Q1)(P2Q2)+(P1¢]2)(P2511)) 4(p1P2)(414>)

2m2((ﬁ1ﬁ2) +(4142)) — 4t + -

4D, p*(s)(2- 2+ 1)Py(cos 0) + - - -, (5.23)

where P,(cos 6) stand for the Legendre polynomials, and

t—u

cosf = (5.24)

s — 4m?

Here s, ¢, u denote usual Mandelstam variables. Note that we have already used Lorentz invariance —
the above expression does not depend on the vector v¥.

Next, let us consider summing up all bubble diagrams in the D-wave amplitude. The second
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iteration, for example, can be written as

dPk, d"k,
enPi en)Pi

second iteration = / (27T)D5D(P1 +py =k —ky)

X Tyoo (s Po: k1, ko) Dk )D(ky)Tiwe ™ (k. K3 Gy G0) . (5.25)

Here, D(k) denotes the free propagator, see Eq. (5.3).

Furthermore, since p;,q; are on the mass shell, ﬁ’t‘ = pf' and c]’f‘ = q';‘ . On the contrary,

k= k' +v¥ (w, (k;) — vk;) # ki'. The additional term cancels with the denominator in D(k;), leaving
us, after performing the contour integral, with an integral over the low-energy polynomial that vanishes
in the dimensional regularization. Hence, a replacement lEf — kf‘ in the numerator is justified. Next,
using Eq. (5.8), we may rewrite the above equation as:

/ d"k, d"k,
(27() i (271)

second iteration = - (2 ) sP (P +p2— ki —ky)

D D
o Tuee™ (1 P2 iy ko) Trgee™ (K1, Ky 01, 42) (5.26)

(m —k2 le)(m - k2 —ig)

It is seen that this integral is written down in a completely Lorentz-invariant form. In order to evaluate
it, we perform the boost to the center-of-mass frame of two particles. In this system, the angular
integral can be readily done, yielding the Legendre polynomial. Pulling again the numerator out from
the integral, we finally get:

1
second iteration = (4D4p4(s))2§ I(s)(2 -2+ 1)P,(cos0). (5.27)

Now, it is easy to write down the result for the D-wave amplitude, summing up the bubbles at all
orders:
4
Ty(s) = L (ls) . . (5.28)
(4Dy) " — 3 p (9)I(s)

Furthermore, it is already clear that, if higher-order terms are taken into account, the D-wave amplitude
takes the form

4
To(5) = p(s) TR — 4D, + 4Dy(s — 4m®) + - - . (5.29)

avavey=t _ L pt(s)I(s)

The matching condition in the D-wave is given by:

167V ((Tee™™) ™! %p“(s)J(s)) = p’(s) cot 5y (s) . (5.30)
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5.2 Two-Body Sector

We are now in a position to write down the expression of the complete amplitude:

P (s)
(Tiee) ™ = L™ (9)1(s)”

T(s,1) = 2(25 + )P (cosOT,(s),  Tuls) = (5.31)
4

where thee represents a low-energy polynomial in the variable (s — 4m2). The matching condition

167Vs (Tiee) ™' - % P (5)J(s)) = p**(s) cot 8,(s) (5.32)

allows one to perform the matching of the couplings in the low-energy effective Lagrangian to the
parameters of the effective-range expansion in all partial waves.

In conclusion, we would like to note that, albeit we have started with an explicitly non-covariant
Lagrangian, the physical amplitudes are relativistic invariant, i.e., do not depend on the vector v*.
This statement is by no means trivial’. The relativistic invariance could be achieved, because a) the
interaction Lagrangian of four pions has a particularly simple form — it is a bunch of local vertices,
and b) the threshold expansion has been applied in the calculation of Feynman integrals. In the
three-particle sector, neither of these conditions hold. The result depends on v* and the relativistic
invariance is achieved, when v* is fixed in terms of the external momenta. Below, in Sect. 5.3, we

shall consider this issue in detail.

5.2.3 Introducing Dimers

As in Refs. [60, 61], we shall introduce dimer fields in the Lagrangian in order to trade four-particle
interactions in favor of particle-dimer vertices. This will lead to a significant simplification in the
description of the three-particle systems, since the bookkeeping of different diagrams is made much
easier in the particle-dimer picture. Note also that, according to our philosophy, introducing a dimer
does not necessarily mean that a physical dimer (two-particle bound state) should exist, albeit this may
still be the case. Thus, the particle-dimer formalism is not an approximation — rather, it is a different
choice of variables in the path integral, equivalent to the original formulation. Note also that, instead
of a single dimer field, we in fact have to introduce an infinite bunch of dimer fields with different
spin, corresponding to different angular momenta ¢ in the two-particle system.
Let us again start with the S-wave, and consider the Lagrangian

Ls = ¢2w (i(vd)—w)p+0oT'T
1
+ (E T (fop0 + H((w, @)W ¢) — m2¢¢) +-)+he ]+ (5.33)

Here, T denotes a (scalar) dimer field which does not possess a kinetic term, and o = +1, depending
on the sign of the coupling C,. It is easily seen that, integrating out the dimer field in the path integral,
we arrive at the four-particle local coupling one has started with. It is then a simple algebraic exercise
to express the new couplings f;, f, . .. through the Cy, C,, ... and 0.

The inclusion of the dimers with higher spins proceeds similarly — one has to merely reformulate
the construction of Ref. [61] in the present relativistic setting. To this end, we introduce the tensor

M

4 In Refs. [166, 167], the invariance was demonstrated for a particular choice v = Vo -
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dimer fields Ty corresponding to the angular momentum ¢. These fields are symmetric under

the permutation of each pair of indices, traceless in each pair of indices and obey the constraints’:

VAT, =0, =1L (5.34)

These constraints leave the correct number of independent degrees of freedom, equal to 2¢ + 1.. The
Lagrangian in the two-particle sector can be written as:

ST 0" v he), (5.39)
£=0

NI'—‘

L= ¢"2w,((v0) = w,)g + D o T L TR+
=0

where o, = +1 and O*""""#¢ are the relativistic two-particle operators, corresponding to the orbital
momentum £. These operators can be easily constructed, based on the explicit expression of the
spherical functions. For example, the lowest-order operator in the D-wave is given by:

o = go(g ($(W1] ) — (W 9)(7 9)

S R R ) - <v‘vi¢><v‘m¢))) : (5.36)

where w/| = w! — v¥(vW) and w" denotes the operator w* which is boosted in the CM system of two

particles with respect to the vector v*'. Under this, we mean that the boosted total momentum of two

particles on mass shell is parallel to the vector v*'. Needless to say that, in a particular case v/ = Vo ,
we get the usual definition of the two-particle CM frame.
The transformation of w* to w* is given through the matrix
wh = ADw” . (5.37)

It is easier to work in the momentum space. Let p, , be the on-mass shell momenta of individual
particles. Then, P = p, + p, is the total on-mass shell momentum of the pair. The boost makes the
vector P* parallel to v¥, that is°

= _1H
P = AP = NP, AT = — P (5.38)
VP
This leads to
2p _ D p0 _  Op
v'P = v(vP), |v|P” =v"|P|. (5.39)
3 1t should be noted out that T ..., does not correspond do the standard definition of a massive tensor field. For example,

My
a massive vector field obeys a constralnt o T,=0 instead of v T,, = 0. However, on the mass shell, these two definitions

are related by the Lorentz boost that makes the four-momentum of the dimer parallel to v/

O1tis important to mention here that one can always find such a boost, because both particles are on mass shell, i.e.,
P? > 4m2. This is different, e.g., in the RFT formalism [57, 58], where the square of the total momentum can have any
sign. However, as mentioned in Refs. [233-235], there exists an ambiguity in the definition of Lorentz-transformed
quantities for the off-shell amplitudes, and the possibility that was described above represents one of the options. In the
context of the RFT formalism, this option was explored in detail in Ref. [201].
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5.2 Two-Body Sector

The above identities suffice to express the matrix elements of AL in terms of the vectors v/, P¥.

Substituting back into the Lagrangian, one should replace the components of P* by the operators w*,

acting on the ¢ fields. The resulting explicit expression is rather voluminous and non-local. It is
always implicitly assumed that, in actual calculations, the pertinent expressions are expanded in the
inverse powers of the mass m, the result is integrated in dimensional regularization and summed up
back to all orders. Also, we do not display here the explicit expression of the matrix A%/, because it
will never be needed.

In the momentum space, the lowest-order D-wave two-particle-dimer vertex is given by

v 3 — =V ] % \ 4 —
' (p) = —4go(§ Pp - 5 (g =ty )(pl)z), (5.40)

where p* = 3 (7 — p}). Now, integrating out the dimer field 7", we arrive at

T (p)T,,(q) = 16g§(?1 (?.4.7 - <ﬁl>2@>2) : (5.41)

Furthermore,
1

2vpP?

Using Lorentz invariance, one can transform back to the laboratory frame:

= = v vp) = P = (AT )" = - V((By + PPy — ) = P (5.42)

3 1 3 ,(3 1
ny 22 2 L2y _ 2 2f2 . 2 Lo 20
™ (p)r,,(q) 24go(2(pq) 21961) zgo(z(’ u) 2(s 4m”)

243 p*(5)Py(cos b) . (5.43)

This result is similar to Eq. (5.23) and gives a matching condition for the variable g,. Inclusions of
higher orders in the effective-range expansion, as well as higher partial waves is now straightforward
and will not be written down in detail. The only difference to the “conventional” case with v/ = vg is
that all momenta are boosted to the CM frame with respect to v, i.e., the total momentum is parallel to
V¥ after the boost. Further, instead of three-momenta in the boosted frame, the transverse components
p, are considered, and the covariant expression v'v" — g"” replaces the three-dimensional Kronecker
delta in the boosted frame. Last but not least, we wish to reiterate that, unlike the original formulation
of the RFT formalism, the boost is always well defined in the NREFT framework. This happens
because we work with the on-shell particles.

Finally note that the two-body on-shell amplitude, given in Eq. (5.31) can be rewritten in the
following form

T(5.0) = 47 %0 (B) 1

Yo (@), (5.44)
m (Tho(s) ™ = L pX()i(s) ¢
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where

pv qv q o _
p=p-V>5+Vv, q=q-VvV—S5 +tVv—, qu—PMCI#, (5.45)
v v v v

and

k

(k) = K| Y, (), k= W

(5.46)
Note that, in case of v = vg , the above definition of the boosted amplitude coincides with the boost
introduced in [233-235]. Within this prescription the boosted three-momenta are always well-defined,
even for s < 0.

5.3 Three-Body Sector

5.3.1 Particle-Dimer Lagrangian

The construction of the particle-dimer Lagrangian that describes short-range three-particle interactions,
proceeds analogously to the case of the two-particle Lagrangian, except three differences. First,
a dimer and ¢ are not identical particles and hence all (not only even) partial waves are allowed.
Second, in difference with ¢, dimers have spin. And third, in the particle-dimer system one cannot use
equations of motion in order to reduce the number of the independent terms in the Lagrangian. The
dimers, in general, are unphysical “particles” and do not have a fixed mass.

Let us again start with a scalar dimer. The tree-level particle-dimer scattering amplitude depends
on the following kinematic variables:

s=(p+PY’=(q+0’., t=(p-q’=P-0), o,=P, o,=0", (5.47)

where p, g and P, Q are the momenta of incoming/outgoing particles and incoming/outgoing dimers,
respectively. Consistent counting rules can be imposed, for example, assuming:

A = s—9m’= 0(62), t= 0(62),

_ 2 2 _ 2 _ 2 2 _ 2
A, = o,—4m" =0(€), A, =04 —4m” = 0(€), (5.48)

where € is a generic small parameter, and all transverse momenta count as p, = O(e).
Expanding the tree amplitude in Taylor series, we get:

T:;ee(s, t, 0';, o‘j) = xp + x(s — 9m2) + Xt + x3(0'; + 0'3 - 8m2) + 0(64) . (5.49)

Here, we have additionally used the invariance under time reversal that implies the interchange of the
initial and final momenta. In the tree-level amplitude all coefficients x, x;, . . . are real due to unitarity.

Furthermore, the couplings xg, Xy, . . ., determined from the tree-level matching, are not all indepen-
dent. Indeed, the particle-dimer Lagrangian is used to calculate the three-particle amplitude, and the
matching is performed for the latter. The couplings (or the linear combinations thereof), which do not
contribute to the on-shell three-particle amplitude, are redundant and can be dropped. In order to
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5.3 Three-Body Sector

obtain the three-particle scattering amplitude from the particle-dimer scattering amplitude, one has to
equip the external dimer legs with two-particle-dimer vertices and sum up over all permutations in the
initial as well as final state. At order €, it suffices to consider the vertex f=fH+ % f2(0'2 - 4m2), see
Eq. (5.33). Here, 0% stands for the four-momentum square of a dimer. Since any of the initial or final
particles can be a spectator, one has to equip the quantities A, , and 7 by indices i, j = 1,2, 3 that label
spectator particles, and sum over these indices. Thus, one has to define:

A=Pl—dm’, A =07 —4m’, T =(p;—q). (5.50)

These obey the following kinematic identities on mass shell, see also Ref. [174]:

3

iA;:iAzzA, D= AL - A, it"szfq'—A. (5.51)
i=1 i=1

i1 =1

The three-particle amplitude is given by

3
1% = 3 fo (5,17, 08 ) () + O (5.52)
i,j=1

Taking into account the above identities, it is straightforward to ensure that only two independent
terms survive in the tree-level three-particle amplitude at this order:

T = 7+ 2)A + O(€%). (5.53)

This agrees with the result of Ref. [174]. Moreover, as shown in [236], in the particle-dimer formalism
itis possible to trade the terms of the type A, + A, and A for each other’. Thus our result confirms
the findings of Ref. [236] as well. To summarize, only one coupling out of xy, x,, x5 is independent
and, without the loss of generality, one may assume, say, x, = x3 = 0 (Note also that in Refs. [60, 61]
we have written down an energy-independent next-to-leading order driving term containing p2 + qz.
In the present context, it corresponds to the choice x; = x, = 0 and x; # 0.). Finally, note that a
similar analysis can be carried out at higher orders. We do not consider here this rather straightforward
exercise which, at order €*, again reproduces the result of Ref. [174].

Here one should however note that all the above analysis was limited to the case when a physical
dimer does not exist. In case this is not true, the following line of reasoning can be applied. Let us go
back to Eq. (5.49). In this case, oﬁ and 0'; are not independent kinematic variables anymore, being
fixed to the dimer mass squared. On the contrary, the derivative couplings x,, x, can be independently
matched to the S-wave effective range and the P-wave scattering length of the particle-dimer scattering.

Furthermore, note that all discussions up to now were restricted to the tree level. Owing to the
fact that the use of the cutoff regularization in the Faddeev equation leads to the breakdown of naive
counting rules that can be rectified only by adjusting the renormalization prescription, studying the
independence of x|, x,, x5 in general is a more subtle issue. In this case, we find it safe to include all
couplings — after all, using (possibly) an overcomplete set of operators in the Lagrangian is certainly

7 Ref. [236] considers the non-relativistic limit and the CM frame only. Hence, strictly speaking, this paper discusses the
elimination of the next-to-leading contact interaction, proportional to p2 + q2, in favor of the linear function of the total
CM energy E.
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Chapter 5 Relativistic-Invariant Formulation of the NREFT Three-Particle Quantization Condition

not a mistake.

A final remark here concerns the situation, where the low-lying three-particle resonances exist. In
this case, the assumption that the short-range part of the particle-dimer interaction is a low-energy
polynomial in s — 9m? might prove to be too restrictive, since the pertinent expansion has a very
small radius of convergence, caused by a nearby resonance. A Laurent expansion of the short-range
interaction, featuring a simple pole ~ (s — so)_1 with an unknown parameter s, describes the system
in a more adequate fashion in this case.

Next, let us briefly dwell on the partial-wave expansion of the particle-dimer short-range tree
amplitude. As seen, the 0(62) amplitude contains only an S-wave contribution. At higher orders, one
can define the scattering angle 6, according to

2 2 2 2 1/2 2 2\,1/2 2 2
s+m°-—o-)(s+m” -0 A (s, m",0)A " (s,m", o
t—2m2=( ”j( g A1 pj ( 2 cos . (5.54)
S s

Then, the expansion of the tree particle-dimer amplitude in the series of Legendre polynomials can be
written down straightforwardly. Note that, at a given order in €, this expansion always contains a finite
number of Legendre polynomials.

Having considered the scattering of a particle and a scalar dimer in a great detail, we now sketch
the construction in case of a dimer with arbitrary integer spin. To this end, it is convenient to use a

different basis for the dimer fields 7, ..., 4, > Temoving the redundant components. In order to achieve

this, consider first the Lorentz transformation®

ARV = E =A" - AT . (5.55)

T
it 0 —Hp e —Hy —He VY

The transformed field T is zero, if one of the indices yy, .. ., y, is equal to zero, see Eq. (5.34). The

space components can be directly related to the dimer field components 7,,, withm = —¢, ..., ¢:
Ty, = Z T, (5.56)
The coeflicients c .u, are pure numbers and can be read off from the explicit expressions of the

spherical functlons They are zero, if one of the y; is equal to zero.
A generic matrix element can be also boosted to the rest frame:

’ ’ -1\ I\ A -1
Py (Pt TGN Qs+ o) = (AT (AT, F (AT - (A7

x Z Z i e (€T g, (Cm), (5.57)

m' =—¢ m=—C

where p", ¢* are the Lorentz-transformed momenta:

PN, g =AY (5.58)

8 Note that this transformation is different from AL, considered in the previous section.
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5.3 Three-Body Sector

and we anticipated that the total momentum of the system K* is proportional to v*, so that the same
Lorentz boost brings the considered matrix element to the CM frame.
The matrix element in the right-hand side can be expanded in partial waves:

(P (CmT g, (Em)) = 4 " N DL (0.m Ty (A A, ) [Z i @m)] . (5.59)
JM 'L

Here,
Y5k m) = (LM = m), em|IMYD; sy (K) (5.60)

is the spherical function with spin ¢, which is given by an ordinary spherical function multiplied
with the pertinent Clebsch-Gordan coefficient. Note that, for a generic v*, the above expansion has a
more complicated form, since an additional boost is needed to bring the matrix element to the CM
frame first’. Also, the above expressions show that in the partial-wave expansion of the three-particle
amplitude one encounters two orbital momenta: 1) the orbital momentum of pairs which in the
particle-dimer approach are represented by the dimer spin ¢, and 2) the orbital momentum between
a pair and a spectator, which corresponds to the quantum number L. The introduction of dimers
allows one to neatly separate the partial-wave expansion in these two orbital momenta. The quantity J
corresponds to a sum of these orbital momenta and is conserved.

Furthermore, the quantities 7;;+; (A, A p A q) are the low-energy polynomialslo, expanded up to a
given order in €. Like in the case of a scalar dimer, some on-shell constraints will emerge between
various low-energy couplings at a given order in €. We shall make no attempt here to write down these
constraints in a general form. When needed, this can be most easily done on the case-by-case basis.

A further remark is due at this place, concerning the expression of the most general Lorentz-invariant
short-range amplitude. Namely, in the construction of the invariant kinematic structures we have never
used the vector v/ which should be also included on general grounds. The excuse is provided by the
fact that, at the end, we shall relate v/ to the external momenta (in particular, we shall take it parallel
to the total momentum of the three-particle system). In this case, all invariants that can be constructed
with the use of v/ can be expressed in terms of the already considered ones. Anticipating this fact, we
did not write down such invariants at all.

This concludes the construction of a short-range tree-level particle-dimer scattering amplitude
with initial and final dimers having any spins ¢, £’. Construction of such an amplitude is equivalent
to the construction of the particle-dimer Lagrangian. We do not make an attempt to display such a
Lagrangian explicitly, because it is far more convenient to work directly with the momentum space
amplitudes.

5.3.2 Faddeev Equation for the Particle-Dimer Amplitude

Now, we are ready to write down the Faddeev equation, describing the particle-dimer scattering, in an
explicitly Lorentz-invariant form. In order to avoid cumbersome expressions that will only render the
basic idea obscure, we shall first restrict ourselves to the S-wave interactions in both orbital momenta.

- 4 - - -
% The pertinent boost is given by U(A)|P{m) = 3, Diﬁ,)m(W(A, P))|(AP)tm’), where W(A, P) denotes the corresponding
m'=—¢

Wigner rotation and A is the transformation that brings the particle-dimer system to the rest frame.

10°As already mentioned, the low-lying three-body resonances may lead to the poles in the variable A.
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K—p q P q

P K —q K—-p K-—q

Figure 5.2: The kernel of the Faddeev equation. Double and single lines denote the dimers and particles,
respectively. The dark blob describes a dimer-two-particle vertex, and a shaded box corresponds to the
short-range part of the particle-dimer scattering.

As follows from the discussion above, including higher partial waves merely amounts to adding indices
to some of the quantities in the expressions. This procedure can be readily carried out.

Let us start from the scalar dimer propagator:

. F _ d4_P —iP(x—y) 2
HOITIT (T (1)][0) /Qﬂﬁ s, (5.61)
where
2 1 1 2 2 1
S(P?) = (——) + (——) PP+ = ———, (5.62)
o o o +X(PY)
and
o [ dPk 1 AP
P = / 2n)Pi 2w, (k)(w, (k) = vk —ig) 2w, (P — k)(w,(P — k) = v(P — k) + ig)’
(5.63)
with
P = (w, (k) + w,(P - k))* + P2, fu) = fy + %fz(u —AmP) 4. (5.64)

Performing the threshold expansion and evaluating the expression in dimensional regularization, one
gets:

1
L= 5 FAPHIPY), (5.65)
where I(P2) is given in Eq. (5.10).
Next, let us consider the tree-level particle-dimer scattering amplitude, which consists of two
diagrams shown in Fig. 5.2. These are diagrams describing one-particle exchange and the local

particle-dimer interaction. Furthermore, vertices in each diagram consist of an infinite number of
terms, corresponding to the derivative operators in the Lagrangian. Thus, the tree-level amplitude is
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5.3 Three-Body Sector

given byl !

e _ f(sp)f(sq)

= Thee 5.66
2w (K = p—q)w,(p) + w,(q) + w,(K —p—¢q) —vK —ig) Tl (5:66)

Here, p, g are the four-momenta of the external particles, and K is a total momentum of a particle-dimer
pair. Hence, the four momenta of dimers are P = K —p and Q = K —¢q. The short-range particle-dimer
amplitude is given by Eq. (5.49). Furthermore, the kinematic variables s,,, s, are given by

sp = @) +w(K=p-@) +(K-q)i,

e = w(@+w,(K-p-q)+(K-p), (5.67)

s

and, for any vector @", we have /] = d" —v*(va).

Furthermore, let us consider the difference:

Sy =00 =5, = (K= =w,(p) +w,(K—p-q)° = (w,(p) —v(K - p - q))*
= w,@) +w,(K=p-q)+w,(q)—vK)w,(p) +w,(K-p—-q)—w,(q) +vK). (5.68)

A similar relation holds for the s, — 0'; =S54~ (K - p)z. Taking into account the fact that the function

f(u) is a low-energy polynomial in the variable u — 4m?, it is seen that the arguments s, s, in these

functions can be replaced by (73, 0'12,. In the difference, the denominator cancels and hence, it only
modifies the regular part Tgee. The fact that the modified short-range part now depends on the vector
v, does not lead to any problem. One could merely ignore such v-dependent terms since, at the end,

v will be chosen proportional to K*. Thus, one could write

Firee _ f(O';)f(O';) Firee

- 2w, (K = p = q)w,(p) +w,(q) + w,(K = p —q) —vK —ig) +T; . (5.69)

Note that the separate terms in Egs. (5.66) and (5.69) are manifestly invariant, if the vector vV is also
boosted along with all other vectors. This is different from the standard formulation, where v* is
chosen along vg and does not transform under Lorentz transformations.

Graphically, the Faddeev equation for the particle-dimer scattering amplitude is depicted in Fig. 5.3.
Denoting this amplitude by 7', we have:

d’k,

— L Frehk — )Tk, q), 5.70
2, (k)T (p. k)S(K = k)T (k, q) (5.70)

AV
T(p.q) =T"(p,q) + /

" In the “rest system” v = vg , this expression can be obtained with the use of the time-ordered perturbation theory. For
arbitrary v*, one considers instead the evolution in direction of the vector v'. The role of the Hamiltonian in this case is
played by H = V#P”, where P* denotes the operator of the full four-momentum. The four-momentum of a free particle
obeys the mass-shell condition vk = w, (k). It is then clear that, in the frame defined by the vector v¥, the one-particle
exchange diagram takes the form given in Eq. (5.66). An alternative derivation of the same expression starts from the
Bethe-Salpeter equation and performs the “equal-time projection” of this equation by integrating over the component of
the relative momentum, parallel to the vector v¥.
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M- N
N

Figure 5.3: Faddeev equation for the particle-dimer scattering amplitude.

where

Mo dky d'k o a9 2
—— = F(k)= o(k” — OAN +k”—Wk))F(k). 5.71
/ PR / s KT =B K= kR (5.71)

Defining now

T(p.q) = fl@)MPp.9)f(og).
T"(p.q) = [@)Z(P.9)f (o), (5.72)
we may finally rewrite the Faddeev equation as
M(p,q) = Z(p,q) + /AV LZ( KT((K = k) )M(k, ) (5.73)
pO=<rd 2w 4 '

Here, 7(z) is the physical two-body scattering matrix

1
~of(2) - $ 1(2)

7(2) = f(2)S(z) = = Ty(2), (5.74)

with 7j(z) defined in Eq. (5.19).
The three-particle amplitude can be expressed through the particle-dimer amplitude

p
T3(p1, P2 P33 915 42o q3) = T3  +T5°,

3
T = Z Q2r)’s (p;, - q;.1)2w,(p)T((K - %),
i,j=1
3
7™ = (K - pPIMPr g)T(K ~ 4. (5.75)
i.j=1

Symbolically, this relation is depicted in Fig. 5.4.
Up to this point, all expressions are manifestly Lorentz invariant, if the vector v* is also Lorentz-
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B o 4 M

Figure 5.4: Expressing three-particle amplitude in terms of a particle-dimer amplitude. Summing up over all
possible choices of spectator particles is implicit.

boosted along with other vectors. This means that, for instance, the particle-dimer amplitude M,
which implicitly depends on the choice of the quantization axis v*, is invariant under arbitrary Lorentz
boosts

M(Ap; Ag; Av) = M(p; q;v). (5.76)

In other words, after fixing v/ in terms of the external momenta p;, g; (the most natural choice is,
as already mentioned above, to choose v/ along the total four-momentum K* of the three-particle
system), the particle-dimer amplitude becomes manifestly Lorentz-invariant. Thus, the goal stated
in the beginning has been achieved. We would like to stress here that this happens because the
two-particle scattering amplitude after using the threshold expansion depends only on the pertinent
Mandelstam variable s for a given subsystem and does not depend on v*. If it were not the case, one
would be forced to fix the direction of the quantization axis for each subsystem separately, as well
as for the whole system, and this cannot be done simultaneously. It is also clear that this approach
will face difficulties in the study of the four-particle system, which contains different three-particle
subsystems.

In conclusion, note that if the dimers with higher spin are taken into account, both the dimer
propagator S in Eq. (5.61) and the tree-level amplitude T"®° become matrices in the space of Lorentz

. . . tree tree . tree
indices, e.g., § — Sﬂl'nﬂg’v"[-n"( = Snf,n[ and 77 = T, e T Tn ., All further steps can
be performed in a direct analogy to the case of the scalar dlmer. Namely, replacing s,, by O'q and s, by

0'; is straightforward. This leads to a system of equations (cf. with Eq. (5.70)):

Ty, @) = T,5,(.0)
“tree
+ ZW‘/ (271-) 2W (k) nwnt,//(P k)Sn am m((K k) ) n mn[(k’ Q) (577)
Ngritg

Note that the matrix S is diagonal in ¢ ’ € in the infinite, but not in a finite volume. Furthermore,

fmax
Z(...): Z Z (). (5.78)
ne =0 pp,-espp

95



Chapter 5 Relativistic-Invariant Formulation of the NREFT Three-Particle Quantization Condition

Next, one may define:
Tngl n‘. (p’ q)
=t
Ty, (P )

Ty n, (K = K)°)

fe @My, (P D) f(0),
F TN Zn, (0, D) ().
Fe TS, (K = k) fy(07),

o} (K — k)* — 4m?. (5.79)

In the infinite volume, the matrix 7 is also diagonal and contains the on-shell two-body partial-wave
amplitudes.

The three-body amplitude is given by (cf. with Eq. (5.75)

g
T3(p1, P2 P33 41420 43) = T30 + T3,

3
7 =Y 0 - 402w ()
Q=1
8 Z Ynf' (ﬁ(i))(Tnf’"{f((K - pi)z)Yn,(q_U)),

nrng

conn
73

3
(i 2
Z Z Ynfm (p([))Tn[,w I’l[;// ((K - pl) )Mn[,, n[)/ (pi’ q])

i’jzl Nem NNty

X Ty, (K= g, (37). (5.80)

The vectors ﬁ(i), cjm are defined through the Lorentz boost similar to one in Eq. (5.38). Namely, say, p’3‘
is a four-momentum of a spectator in the final state. Define now the boost A%, which brings the total

on-shell momentum of a pair P4, = j, + ) parallel to the vector v*. Then, P = TALPY - py). Tt
can be also shown that p* = ﬁ@“ = p¥ — y#(vp\). The quantity gV’ is defined similarly. Finally,

-¢/2
(i) - (i s 2 (i
Y, =y, . G")= (Z —m ) Yo ), (5.81)
where the tensor %1 1 describes a particle with a spin ¢:
v =1,
2 = v
3 1 9
D = 5Puly =5 8uy = V)P

(5.82)

and s = (p; +ﬁ2)2.
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5.3.3 Quantization Condition
In order to avoid the clutter of indices, we shall write down the quantization condition in case of the

S-wave interactions only. We start by rewriting the Faddeev equation for the particle-dimer amplitude
in a finite cubic box of size L with periodic boundary conditions, where it takes the form: 12

1 1
Aum@=zmm+E%Lﬁ@ﬁm%wﬁwwﬁzmem—MMamn (5.83)

Here, K = (w(k), k) and w(k) = Vm? + k2, and the summation is carried out over the discrete values
k=2 n ne 73, Furthermore,

L
167v/s
7 (P) = \/2_ . (5.84)
s)cot 0y (s) — —— Zpo(1;
p(s) 0( ) \/EL)/ 00( CIo)
-1/2
P’ PL L’
wheressz,yz l-— ,d=—,q3=—2(£—m2),and
P T 4r* \4
1 1
Z(liqy) = — ,
4r r;d 1’2 - C](%
3 -1 1 3
Pd = {r:R|r”:'y (n|—§|d|),rJ_=nL,ll€Z}. (585)

A crucial point in the above expressions is that the two-body amplitude 7; does not depend on v/ even

in a finite volume. In order to see this, note first that the expression p(s) cot §,(s) is the same in the
infinite and in finite volume and is v/'-independent. Furthermore, in the infinite volume, the loop is
given by Eq. (5.10) and is explicitly Lorenz-invariant. In a finite volume, the three-momentum integral
in this expression has to be replaced by a sum. The discretization is performed in the rest frame of a
box. The result is given by the Liischer zeta-function, which explicitly depends on the components of
the vector P* (i.e., is not explicitly Lorentz-invariant) but not on v/, which does not appear at any
stage. A detailed derivation of Eq. (5.84) along these lines can be found in appendix A.2.

Next, the above expression is written down in the assumption that s > 0. In case of s < 0, the 7; (P)
is replaced by T(Pz) — as one knows, these two quantities below the two-particle threshold differ only
by the exponentially suppressed terms. The latter is a perfectly well-defined Lorentz-invariant quantity
and can be written down in terms of invariant kinematic variables, without performing any boost.

The quantization condition has the form det A = 0, where

Apq = L 2w(D)dpy7L (K = p) = Z(p.9). (5.86)

12 Note that w(k) appears in the denominator in Eq. (5.83). This happens because we carry out the discretization of the

three-momenta in the rest frame of the box. To this end, first the Lorentz-invariant integration measure (in the infinite
3 3

1. .
s rewritten as
2w (k) 2w(k)

volume) and the discretization is performed in the latter expression.
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Chapter 5 Relativistic-Invariant Formulation of the NREFT Three-Particle Quantization Condition

and the momenta p, g obey the condition A +m? - (vp)2 >0, A% +m” - (vq)2 > (. The zeros of the
determinant determine the finite-volume spectrum in an arbitrary reference frame.

As it is well known, the symmetries of a cubic box allow one to partially diagonalize the quantization
condition. Below, we mainly follow the procedure described in [146] and generalize it to the case
of the moving frame. In the CM frame, the rotational symmetry is reduced to the octahedral group
O,,, containing 48 elements. In case of the moving frame, K # 0, the symmetry is further reduced to

LK
different subgroups (little groups) of O}, each element g of which leaves the vector d = o invariant:

/s
gd = d. These symmetry groups and their irreps are described in Refs. [36, 148], where the matrices
of the different irreps are explicitly given.

In order to carry out the diagonalization of the quantization condition into various irreps, one has

Vs
first to introduce the notion of shells in the space of the discretized momentap = —n, n € AR

the CM frame, a shell is defined as a set of momenta that can be transformed into each other by the
elements of the group O, [146]. All the elements of a given shell have the same length n’ but not
all vectors with the same length belong to the same shell. In case of a moving frame, the shells are
defined by two invariants n’, nd instead of one.

Following Ref. [146], we may project the driving term in the quantization condition onto various
irreps I, I"":

rr
'Z/l(J',pé(r’ S)

D (T Z(gpo(r), 8'ao() T, (8")

2.8'€G

G .
= Z60,5 2 (Th(8)) Z(gPo(r). qo())
Sr
8€G
G
= = O 055 Zip(rss). (5.87)
r
Here, r, s label various shells, p,(r) and q,(s) denote the pertinent reference momenta, and Tg 1(8)
are the matrices of a given irrep of a group G (which coincides with the group O,, or one of its little
groups). Furthermore, G is the number of the elements in this group, and s is the dimension of the
irrep I’

The quantization condition can be diagonalized into various irreps. It has the form det Al =o,
where

VY(r)v(s)

AL (7 8) = 8,2, 8,57, ()7 = R Z5l,(rs), (5.88)

where v(s) denotes the multiplicity of the shell s, i.e., the number of the independent vectors in it,
and w,. = w(p) with vector p belonging to the shell . We have further used the fact that the quantity
7, (K — k) is invariant under the group G and, hence, its projection onto an irrep I” produces Kronecker
symbols only.
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5.3 Three-Body Sector

5.3.4 Comparison with the RFT Approach

Below, we shall briefly compare the relativistic quantization condition, written down in the present
paper, to the one known in the literature, see, for instance, Ref. [174]. Following the original derivation
given in Refs. [57, 58], one ends up with an equation that closely resembles Eq. (5.83) with the
quantization axis chosen at v = vg . It is easy to see that a sole manifestly non-invariant ingredient of
this equation is the one-particle exchange part contained in Z (in Refs. [57, 58, 174], this corresponds
to the three-particle propagator G). In order to render the formalism Lorentz-invariant, the following
approach was used. The three-particle propagator was replaced by

1 1
2w(D) w(p) + w(q) + w(l) — K°
1 1 e 1
2w(M) w(p) + w(q) + wd) — K°  2wD) yw(p) + w(q) - w(1) — K°
- 5 1_ S (5.89)

where b = p + g — K* and1 = K — p — q. It can be easily seen that the added piece is a low-energy
polynomial and it can be removed by adjusting the renormalization prescription in the short-range
three-particle interaction.

This approach is, however, problematic if applied to any formalism in which the cutoff on loop
momenta can be raised arbitrarily high. The problem arises because the additional term did not emerge
from a Feynman integral and thus does not have correct analytic properties. In particular, it can be
seen that the contribution, coming from the integration region where both momenta p and q are large
(of order of m), violates the unitarity in the infinite volume even in the low-energy region. This can be
easily verified looking for the zeros of the expression w(p) + w(q) — w(l) — K for K -3m=E < m.
In other words, the decoupling of the low- and high-momentum regimes, which is intimately related to
the analytic properties of the amplitudes does not occur. In a finite volume, by the same token, it can
be straightforwardly verified that the above modification of the three-particle propagator will result in
a bunch of spurious subthreshold energy levels which have nothing to do with the real spectrum of a
system in question.

All the above effects emerge, if the integration momentum exceeds some critical value, of order of
the particle mass itself. In all analysis carried out within the RFT approach so far, the cutoff is kept
lower than this value and, hence, the above-mentioned deficiency did not surface. However, this also
means that the cutoff cannot be made arbitrary large in a framework with the modified three-particle
propagator. On physical grounds, one may consider such a purely kinematic restriction on the cutoff
rather counter-intuitive, since a cutoff is usually associated with the massive degrees of freedom that
one intends to shield away. Moreover, one might be concerned of the fact that the maximal allowed
value of the cutoff turns out to be of order of the particle mass. It is however likely that, by adapting
the methodology introduced here, the cutoff in the RFT approach could be raised arbitrarily high
while maintaining relativistic invariance, and in particular the Lorentz invariance of the three-particle
amplitude Ky 5.

In addition, we would like to mention that in the RFT approach13, imposing a low cutoff can be also

13 1t should be noted that the similar arguments apply, with minor modifications, to the FVU approach as well.
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Chapter 5 Relativistic-Invariant Formulation of the NREFT Three-Particle Quantization Condition

justified by the necessity of staying above the cross-channel cut in the two-body amplitude, as well
as avoiding the pseudothreshold singularity in the Kéllen function (in the equal-mass case which is
considered here, both, this singularity, as well as the beginning of the left-hand cut, are located at s = 0,
where s is the pertinent Mandelstam variable in the two-body system). Analogous singularities could
lead to K 3 becoming complex-valued if the definition were modified by allowing for a higher cutoff
function. In short, both the additional pole in the relativistic analog of the three-particle propagator G
and the cross-channel cut must be carefully considered in order to modify the cutoff function in the
RFT method. This might be a formidable task in practice which the lower cutoff helps to avoid. The
NREFT approach, in its turn, allows one to circumvent all these problems in a systematic fashion,
since the two-body amplitudes constructed here possess the right-hand cut only, the three-body force,
encoded in the effective couplings, is real by construction for all values of the cutoff function, and
the three-particle propagator has only one pole. A simple physical explanation for this is that the
antiparticle degrees of freedom, which are responsible for the additional (unwanted) singularities,
are hidden in the couplings of the non-relativistic Lagrangian, both in the two- and three-particle
sector. As one knows, this is justified only for momenta which are much smaller than the particle
mass — for momenta of order of the mass both the two-body amplitude and the three-body potential
are modified as compared to the relativistic theory. However, according to the decoupling theorem, the
modification of the high-energy behavior of the amplitudes can be fully compensated at low energies
by adjusting the renormalization prescription and thus does not lead to observable consequences.
Loosely speaking, extending NREFT to describe amplitudes for momenta of order of the particle
mass and beyond can be considered as a kind of a regularization, which consistently removes all
singularities that emerge due to the presence of the antiparticles, and the cutoff is present solely to
tame the ultraviolet behavior. Since all low-energy singularities are associated with particles only, the
modified NREFT correctly reproduces the singularity structure of the amplitudes, and unitarity in the
two- and three-particle sectors is obeyed at low energies. Furthermore, a finite-volume counterpart of
this statement is that the quantization condition, based on the improved NREFT approach, neglects only
exponentially suppressed volume effects at mL > 1, but makes no other approximations associated
with the non-relativistic system. The choice to drop exponentially suppressed volume effects is
common to all methods.

Last but not least, we would like to stress once more that the discussion of the distant singularities
of different diagrams, which is given above, does not address the main question — namely, at which
energies these singularities become physically important and cannot be brushed under the carpet
anymore. This problem is common for all approaches since, as already mentioned, in order to derive
the quantization condition, one is forced to restrict amplitudes on the mass shell and suppress explicit
antiparticle degrees of freedom. At this moment, we do not have an answer to this very difficult
question, which will also depend on a particular physical system considered. The perturbative studies
might provide a clue on this issue. This, however forms a separate subject of investigations.

5.4 Exploring the Relativistic Invariant Quantization Condition in a Toy
Model

We have used the relativistic invariant quantization condition, derived within the NREFT approach in
the previous section, for producing synthetic data within a toy model. The aim of this investigation is
to verify that the spectrum, obtained in this manner, indeed obeys the requirements, imposed by the
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Table 5.1: Binding energies of the five deepest states for A = 10* and Hy(A) = 0 in the unitary limit.

Bn VBn/Bn+l
3.32333x 107! 21.93
6.90973 x 10~ 22.70
1.34132 x 107° 22.69
2.60432 x 10~° 22.69
5.05640 x 10712

O N N S e

Lorentz invariance. In this section, we shall always used the choice for the vector v/ parallel to the
total four-momentum of the three-particle system K*.

In the toy model, we consider the lowest-order S-wave interactions only, both in the two-particle as
well as in the particle-dimer channels. This means that we have only two LECs: the non-derivative
4-particle coupling that is parameterized by the two-body scattering length a and the dimensionless
non-derivative particle-dimer coupling H, = H,(A). The driving term in the Faddeev equation is
written down as

1 Hy(A)
Z(p.q) = — + . (590
P 2w (K —p—q@)w,(p) +wy(q) +w,(K—p—q)—vK —ig) A2
and the two-body propagator is given by
16
7(s) = ald (5.91)

— L Bry5(s) - ip(s)

In the non-relativistic limit, the first equation reduces to its non-relativistic counterpart displayed in
Refs. [60, 61]. Furthermore, the finite-volume modification of the second equation, which enters
the quantization condition, is defined according to Eq. (5.84). In addition to a, H,, there are two
more parameters in the model: the mass of the particle m and the cutoff A. In total, this yields
three dimensionless parameters that describe the model completely — we measure all dimensionful
parameters in the units of m and assume m = 1 in the following.

As the first quick check of our approach, we have calculated the spectrum of the so-called Efimov
states in the infinite volume. An (infinite) tower of such shallow states, condensing towards the
three-particle threshold, emerges in the non-relativistic theory in the unitary limit a — oco. Since in the
vicinity of the threshold the particles should carry very low three-momenta, this non-relativistic result
should be readily reproduced in the relativistic framework. Moreover, it is known that the binding
energies of the neighboring Efimov states, B, = 3m — E,, fulfill the relation:

VB, /B, = exp (7/sy) = 22.69, 5o = 1.00624 . (5.92)

This scaling has to be reproduced by the relativistic approach, providing a check for the latter.

In the relativistic theory, we have fixed the remaining parameters in the unitary limit as A = 10* and
Hy(A) = 0. The results, listed in Table 5.1, are completely in line with our expectations and confirm
that our approach possesses a correct non-relativistic limit in the infinite volume.
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Next, the calculations in a finite volume are carried out where we go beyond the unitary limit. The
scattering length and the cutoff in the toy model are chosen as a = 5 and A = 3, respectively (in the
units of particle mass)'*. For this value of the scattering length, a shallow dimer with the energy
E; = 1.94725 emerges in the infinite volume and the particle-dimer threshold lies at E; ; = 2.94725,
close to the three-particle threshold. Furthermore, requiring the existence of a three-particle bound
state at £, = 2.6 in the infinite volume fixes the value of the coupling H, = —0.1182689. Another
shallow three-particle bound state is found in the infinite volume at E, = 2.94671, very close to the
particle-dimer-threshold. All energies are given in the rest frame.

Figure 5.5 shows the volume dependence of the energy spectrum in the rest frame and moving
frames, d = (0,0,1),d = (0,1,1) and d = (1, 1, 1), obtained for the above choice of the parameters,
above and below the three-particle threshold. The energy spectra are given in terms of M 4= ML) =

\/Kg -2/ L)Zdz, where K, = K,(L) are the energies in a finite volume that fulfill the quantization
condition. The lowest two levels in these figures, shown in blue and red, correspond to the deep and
shallow bound states, respectively. As seen from these figures, the shallow bound state converges to
its infinite-volume limit very slowly, as expected. Namely, for smaller L, the finite-volume energy
is larger than the exact infinite-volume value. With the increase of L it crosses the exact result and
then approaches it from below very slowly, as L — oco. A similar behavior was observed in the
non-relativistic case, see Ref. [146], so the present result does not come as a surprise. As we shall see,
such an irregular behavior complicates the numerical study of the large-L limit of the shallow binding
energy considerably, especially in the moving frames where the crossing emerges at larger values of L.

In order to check the relativistic invariance, we concentrate on the three-particle bound states.
Indeed, it suffices to show that the quantity Ml-d — E,, i = 1,2, where the quantity M 4 was defined
above, decreases exponentially for large values of L. In this case, it can be seen that the one-particle
states, obtained by solving the quantization condition, obey the relativistic dispersion law up to the
exponentially suppressed corrections. This is exactly the result one is looking for.

The result of the calculations is shown in Fig. 5.6. In case of the deep state, everything works fine.
The logarithmic plot for the difference is almost a perfect straight line that is compatible with an
exponential decrease ~ eXp(—KgeepL) aNd Kgee, = 0.7 for all frames'”. The situation with the shallow
state is different. As mentioned above, the finite- and infinite-volume energies coincide at some L.
This is manifested by the dips in the curves presented on the right panel. After the dip, it takes very
large values of L for the curves to stabilize and show a linear behavior. In case of the rest frame, the
curve becomes almost linear after L ~ 12 — 15, see Fig. 5.7 (here, large values of L are shown). This
behavior is consistent with the exponential decrease ~ exp(—Kgpgiowl) and Kgpayow = 0.11,0.03 for
the frames d = (0, 0, 0), (0,0, 1). Note that the arguments of the exponent can be different in different
frames, because the Lorentz symmetry is broken in a finite volume. Furthermore, the dips in the
d=(0,1,1),(1, 1, 1) frames occur at much larger values of L. Since carrying out calculations on such
large grids is very time-consuming, we display here the results for two reference frames only. Note

14 It can be seen that this cutoff is high enough. At a lower cutoff, one may observe some small numerical irregularities
(cusps) in the energy spectrum which represent cutoff artifacts. These irregularities are completely absent in the figures
presented in this section. Also, we have checked that the low-energy spectrum is independent of A to a very good
accuracy, if Hy(A) is re-adjusted in the infinite volume to keep, e.g., the particle-dimer scattering length or the energy of
the (shallow) bound state constant.

15 The irregularities in the case d = (1, 1, 1) for large L are caused by the fact that the cutoff is not high enough. However,
since increasing the cutoff becomes quite challenging, we have refrained from doing this. The exponential falloff of the
corrections is anyway clearly observed for moderate values of L.

102



5.5 Conclusions

also that here we did not make an attempt to predict the values of « in different frames. Albeit such a
theoretical prediction is possible in principle, it is not relevant in the context of the problem considered
in the present paper.

To summarize, in this section it was explicitly checked that the three-particle bound states,
obtained from the solution of the quantization condition, obey the relativistic dispersion law up
to the exponentially suppressed corrections. Recall now that the analysis of the lattice data in the
three-particle sector proceeds in two steps. At the first step, the quantities having a short-range nature
(like the coupling H,)) are extracted from data. These quantities, like the bound-state energies, can
receive only exponentially suppressed corrections and, hence, up to such corrections, one may use the
same values of these quantities in the fit of data coming from different moving frames. This is exactly
the manifestation of the Lorentz-invariance in a finite box. At the end, as usual, one uses an explicitly
Lorentz-invariant infinite-volume formalism to express physical observables through the couplings
H,, . . ., extracted from data.

5.5 Conclusions

i) In this paper, we have proposed a manifestly relativistically invariant formulation of the three-
particle quantization condition within the NREFT approach. It is shown that the higher partial
waves can be consistently included in the formulation. The suggested framework can be readily
used for the global analysis of lattice spectra, measured in different moving frames. This was
already done in case of RFT and FVU approaches.

ii) The method, described in this paper, is very well known for decades in the literature and is
based on the formulation of the three-particle problem with an arbitrary chosen quantization
axis defined by a unit timelike vector v/ (see, e.g., Ref. [202]). At the end, the vector v* is fixed
in terms of the external momenta that renders the framework manifestly invariant. The most
obvious choice is to take that vector parallel to the total three-momentum of the system, and we
stick to this choice. It should be also mentioned that this construction relies on the fact that the
scattering amplitudes in the various two-particle subsystems, which are calculated by using the
dimensional regularization and threshold expansion, are explicitly invariant (i.e., do not depend
in v/) even before fixing it in terms of the external momenta. For instance, this property is lost
if the cutoff regularization is used for the two-particle subsystems as well. By the same token, a
similar approach will encounter difficulties when applied to the four-particle problem, which
features three-particle subsystems. This issue, however, lies beyond the scope of the present

paper.

iii) The choice of the quantization axis along an arbitrary timelike vector v does not affect the
analytic properties of the non-relativistic amplitudes. Hence, there is no violation of unitarity in
this approach, and spurious poles do not emerge from the quantization condition.

iv) The proposed framework has been tested within a toy model. It has been shown that the
three-particle bound spectrum is explicitly Lorentz-invariant, i.e., the finite-volume corrections
to the three-particle binding energies, obtained in different moving frames, are exponentially
suppressed in L.
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2.6
2.24

Figure 5.5: Dependence of the energy levels on the box size L in the rest frame and moving frames. Blue and
red dotted curves correspond to the energy of the deep and shallow bound states, respectively, and the green
dotted curves denote the so-called scattering states. The solid black lines and the gray dashed lines represent the
energies of three free particles and a free particle-dimer system in a finite volume, respectively. Horizontal blue
and red dashed lines indicate the energies of the infinite-volume deep and shallow bound states. One observes
an avoided level crossing (related, presumably, to the crossing of the free particle-dimer levels) in the frame
d = (1, 1, 1) but not in the other frames. Thus, this is a purely kinematic effect.
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Figure 5.6: The difference between the finite- and infinite-volume binding energies for the deep (left panel) and
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Figure 5.7: The differences between the finite- and infinite-volume binding energies for the shallow bound state
at larger values of L. The straight lines show the results of the exponential fit.
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v) Inour opinion, it will be rather straightforward to adapt the proposed method for other approaches
used in the literature (RFT and FVU). An alternative method, proposed within the RFT approach,
can also be used. Within this method, a cutoff on the three-momenta cannot be moved beyond
some maximal value of order of a particle mass, albeit all results obtained by using the cutoffs
less than this value are still valid.
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CHAPTER O

Three-Particle Lellouch-Liischer Formalism in
Moving Frames

The content of this chapter following this prologue, including Appendices A.3 to A.6 is based on the
publication

* F. Miiller, J.-Y. Pang, A. Rusetsky and J.-J. Wu, Three-particle Lellouch-Liischer formalism in
moving frames, JHEP 02 (2023) 214, arXiv: 2211.10126 [hep-lat]

This chapter presents the generalization of the Lellouch-Liischer equation for three-body decays
which was derived in Chapter 4 at the leading order only. As stressed in the discussion of that chapter,
including higher order decay couplings, the three-particle analogue of the Lellouch-Liischer formula
will turn into a matrix-like equation. Conceptually the infinite-volume decay amplitude is given by a
linear combination of finite-volume decay matrix elements, where the pertinent LL factors account
for an undetermined decay coupling each. The benefits of using an manifestly Lorentz-invariant
formalism are obvious when working at higher orders since due to the invariance the number of these
effective couplings can be reduced as compared to a non-covariant framework.

Another drawback of the formalism derived in Chapter 4 is its restriction to the rest frame. However,
from a practical point of view, the use of a relativistic invariant setup might become inevitable. The
reason is that, for a given frame, the box length L at which the finite-volume matrix elements are
extracted, are fixed due to the condition that the three-particle states must have the energy of the
decaying particle. Although there are higher exited states that satisfy this constraint in the same frame,
the corresponding values of L might turn out to be impracticable for an actual calculation of the matrix
element. Therefore a generalization valid to arbitrary frames is needed.

This chapter attempts to close this gap by proposing a manifestly relativistic-invariant Lellouch-
Liischer formalism for the decays into three spinless identical particles with no two-to-three transitions.
Similarly to Chapter 4, the formalism is based on the use of the non-relativistic effective Lagrangians.
Manifest Lorentz invariance is guaranteed, as in Chapter 5, by choosing the quantization axis along
the total four-momentum of the three-particle system. A systematic inclusion of the higher-order
derivative couplings, as well as higher partial waves is addressed.

In the first half of this chapter, the relativistic invariant formulation of the NREFT framework
is revisited. For sake of notational simplicity, the quantization condition derived in Chapter 5 is
restricted to S-wave interactions in the three- as well as in the two-body sector. In order to derive a
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Chapter 6 Three-Particle Lellouch-Liischer Formalism in Moving Frames

general quantization condition, incorporating the partial-wave mixing present in a finite volume, the
dimer fields are preferably expressed in a basis of definite angular momentum rather then the tensor-
representation used in Chapter 5. The author contributed a relation between these two bases. After
including interactions of arbitrary angular momentum, the relativistic covariance of the particle-dimer
Faddeev equations is shown explicitly. Finally the quantization condition is derived for dimer fields
with arbitrary angular momentum and the partial diagonalization into the irreducible representations
of the little groups in the moving frames is carried out.

In the second half, three-particle decays are described including higher derivative couplings. As
discussed, the formalism developed in Chapter 5 provides a convenient framework to generalize
the Lellouch-Liischer equation to higher orders. The derivation conceptually follows the procedure
outlined in Chapter 4. Here, the author of this thesis calculated the infinite-volume decay amplitude,
as well as the finite-volume decay matrix elements within the NREFT perturbation theory. Again, the
initial decay process and therefore the pertinent couplings are considered perturbatively while the final
state rescattering is summed up to all orders. The dependence of the infinite-volume decay amplitude
on the unknown decay couplings can be eliminated in favor of finite-volume decay matrix elements
multiplied by LL factors if the number of these measured matrix elements matches the number of
unknown decay coefficients. Applying the NREFT counting rules the author of this thesis derived a
formula for these LL factors. These merely depend on the final state short-range interactions which
can be determined by a fit to the two- and three-particle spectra.

6.1 Introduction

The study of the three-particle systems on the lattice has attracted much attention in the recent
decade [2, 4, 28, 29, 55-61, 63-66, 68, 69, 101-104, 146, 157-163, 174, 178, 186-190, 200, 201, 206,
208-211, 213226, 230-232, 237]. These studies imply, first and foremost, the measurement of the
three-body spectrum which is further analyzed by using the quantization condition (an equation that
connects the finite-volume energy spectrum with the infinite-volume observables in the three-particle
system). The parameters, characterizing the three-body interactions in the infinite volume, could
be extracted in a result of this analysis. In the literature, one finds three conceptually equivalent
formulations of the three-body quantization condition: the so-called RFT [57, 58], NREFT [60, 61]
and FVU [59, 206] approaches. Note that a Lorentz-invariant formulation of the NREFT approach
was suggested recently [2]. We shall be using this approach in what follows. For more information on
the subject, we refer the reader to the two recent reviews on the subject [30, 62].

Furthermore, a three-body analog of the Lellouch-Liischer (LL) formula, which relates the three-
body decay amplitudes, measured in a finite and in the infinite volume, has been derived [1, 191] in the
NREFT and RFT settings, respectively. The Ref. [1] was more a proof of principle where the relation
between the three-body decay amplitudes in a finite and in the infinite volume has been worked out
only at the leading order in the EFT expansion. The technical details have been left for future work.
The aim of the present paper is to complete the derivation, given in Ref. [1], in order to obtain a
general three-body LL formula, and to carry out the comparison with the findings of Ref. [191]. A
number of non-trivial issues have to be addressed to fill this gap. Namely,

i) Only S-wave contributions were allowed in the formula given in Ref. [1]. In some cases, the
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contributions from higher partial waves may be essential.' A systematic inclusion of the higher
partial waves has to be performed.

ii) The role of the derivative couplings could be substantial, especially if one considers decays
into light particles (for example, pions). As already mentioned in [1], if the derivative vertices
describing the three-particle decays are included, one does not end up with a single LL factor
(in difference to the two-body case). Albeit a relatively straightforward task, an explicit form of
the LL relation in this case should be still worked out.

iii) Even if the formula given in Ref. [1] has the relativistic appearance (for example, the single-

particle energies are given by the relativistic expression w(p) = \/m2 + pz), it is valid only
in the center-of-mass (CM) frame and at the leading order in the EFT expansion. Including
higher-dimensional operators in the Lagrangian leads to the proliferation of the number of the
effective couplings that have to be determined from the fit to the lattice data. To this end, it
would be useful to use data from the sectors with different total momenta. This is however
possible, if and only if the approach is manifestly Lorentz-invariant.”

In order to achieve the goal stated above, we merge the NREFT derivation of the LL framework,
given in Ref. [1], with the manifestly invariant three-particle setting of Ref. [2]. The layout of the
paper is as follows. In Sect. 6.2 we list the main relations that define a Lorentz-invariant three-particle
quantization condition. Here, we also display the effective Lagrangian that describes the three-particle
decays at tree level in a relativistic-invariant fashion. We remind the reader that the decays are assumed
to proceed via a different mechanism (e.g., through the weak or electromagnetic interactions) than the
formation of the colorless bound states from quarks and gluons. For this reason, the masses of all
particles (hadrons) are real, and the effective Lagrangian can be written down in terms of the fields of
all hadrons, participating the reaction.” Furthermore, in Sect. 6.3 we give a detailed derivation of the
LL framework in a manifestly Lorentz-invariant setting. Finally, Sect. 6.4 contains our main result
and conclusions.

6.2 Relativistic Invariant Framework in the Three-Particle Sector

6.2.1 The Lagrangian

In the non-relativistic effective theory time and space coordinates are treated differently. For this
reason, this theory is not manifestly Lorentz-invariant. In Ref. [2] the invariance was achieved by
using the following trick. At the first stage, the quantization axis was chosen along the arbitrary unit
four-vector v*'. Using this vector, all expressions can be rewritten in a manifestly invariant form. This
however does not suffice, since the presence of an “external” vector v/ signals the breakdown of the

! An obvious example here is the decay w — 3x. The decay width of this resonance is rather small, and the pole lies very
close to the real axis. Hence, the formalism considered in this paper can be directly applied to this case.

2 Here, we would like to mention that the manifest relativistic invariance of the RFT approach comes at the cost of imposing
a cutoff on the spectator momentum in the three-body equation, which is of order of the particle mass. Increasing the
cutoff beyond some critical value is not allowed as it would lead to the spurious singularities in the amplitude. For a more
detailed discussion of the issue, we refer the reader to [2].

3 Note that this differs from the case of the QCD resonances, like a; (1260) or the Roper resonance, which correspond to a
pole in the complex energy plane.
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Lorentz invariance. Only at the next stage, when v* is fixed in terms of the external momenta in a
given process, the relativistic invariance is restored.

Below, we shall briefly sketch the formalism of Ref. [2]. It is convenient to work in the particle-
dimer picture, which has proven to be very useful for the derivation of the Faddeev equation in the
infinite as well as in a finite volume. A dimer corresponds to an auxiliary field (an integration variable)
introduced in this Lagrangian and, thus, not necessarily to a physical bound state of two particles,
which may or may not exist in a channel with given quantum numbers. The Lagrangian that describes
the three-particle system in question is written down in a following compact form (more details and
derivation can be found in Ref. [2]):

¥ = ¢T2wv(i(v6) -w,)¢ + Z a'fT;ngm + Z(TngKm +h.c.)
tm ‘m

+oan Y N SN (2w T (A, Ar Ap) (5o m)"0) Ty

tm 'm’ LL IM
(6.1)

The notations in the above (rather compact) formula should be explained in detail. This is done in
what follows. First, ¢ denotes a non-relativistic field operator for the scalar field with the mass m,
and " = (9, V) (we remind the reader that in this paper we consider a system that consists of three
identical spinless particles only and assume that the transitions between the sectors with a different

number of particles are forbidden). The quantity w,, = 4/ R (v@)2 corresponds to the on-shell
energy of this particle in the quantization scheme defined by the vector v and reduces to a familiar

expression w = Vm® = V? in the rest frame. For simplicity, we shall assume from the beginning that
the unit vector v¥* is directed along the total four-vector K* of the three-particle system.

Furthermore, T,,, is a dimer field with a spin ¢ and projection m = —¢{,---,{. This field is
constructed as follows. One starts from the tensor fields with ¢ indices 7}, ..., . These fields are
symmetric under a permutation of each two indices, traceless in each pair of 1ndlces and obey the
constraint

VHiTﬂl"'/JK =0, i=1---,C. (6.2)

Next, let A be a matrix of Lorentz transformation that transforms v into vg :

i

A(V)OO — VO, A(V)Oi — _A(v)io — Vi, A(v)l] — —6ij _ ‘8 1% ) (63)
v+ 1
or,
MV and vy 4+ vEYY
AW =g - T 00 00 (vvp) = (v = VYY) (6.4)

1+ (vyy) 1+ (vvp) * 1+ (vvg)

# With the choice of an arbitrary quantization axis v¥, one has to define, what does one now mean under time and space

coordinates. Let A be the Lorentz transformation Av = v, where vg = (1,0). Further, let Ax = x’. Then, x'O and x” are
set to play the role of time and space coordinates.
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6.2 Relativistic Invariant Framework in the Three-Particle Sector

Then,

Tom = Y (€T AL AT (6.5)

My He

see Egs. (3.9) and (3.10) of Ref. [2].5 The matrix elements of ¢, which can be trivially derived, are
purely of group-theoretical origin (see Appendix A.3). A general expression for an arbitrary ¢ is
rather clumsy and will not be displayed in the main text. Note also that in Ref. [2] the Lagrangian was
written down in terms of the tensor fields T,,...n,- Owing to the orthogonality of the matrices ¢ and
A, the sum over the indices uy, - - - , 1, in the Lagrangian can be readily rewritten as a sum over the
indices ¢, m.

The second term in the Lagrangian describes the “free dimer.” The value of the parameter o, = +1
is fixed by the sign of the two-body scattering length. The third term describes the interaction of a
dimer with a spin £ coupled to a pair of particles in the state with an angular momentum ¢ (the sum
over all ¢ is carried out at the end). The two-particle operators O,,, take the form, similar to Eq. (6.5):

Opm= D (T ALt ALCOM ™ (6.6)
HyHe

Here, the fully symmetric operators O!" "¢ are traceless in each of two indices and obey the relation

vio 0, i=1---,¢. (6.7)

HyHe

These operators are constructed of two fields ¢ and the vector w| = w" — v¥(vw), where w! = Alw”

and the differential operator w" is given by w = vfw,, +id/, where 8} = 8" —v*(vd). Note also that
the Af differs from AZ, which was introduced above. Namely, A% is the Lorentz boost that renders
the total four-momentum of the pair parallel to the vector v*'. Thus, once one has chosen v* along the
total four-momentum of the system, in the coordinate space A%, becomes a differential operator. For
¢ =0,2,... the explicit form of the operator O*1"*¢ (up to an inessential overall normalization) is
given by

>

[«=]
-
o

O = = H((W W] ¢)— (W g)(W) ¢))

>

N = DWW N =

58" = VY@L y9) — (WL )W, 19)), (6.8)

and so on. Here, fg is a differential operator which can be formally expanded in the Taylor series. For
example, for £ = 0,

N 1
foqﬁz = fé)(o)(l)z + E fb@)((b(wﬁwlud)) - (Wﬁl_(ﬁ)(wlpd))) +--- (69)

3 Note that, despite manifestly covariant notations used in Eq. (6.4), the quantity A is not a second-rank Lorentz tensor,
since under the Lorentz transformations, the vector v, stays put.
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The coeflicients f; <0), [(2)’ ... are related to the effective-range expansion parameters in the two-body
system (the scattering length, effective range and so on).

The construction for higher values of £ proceeds straightforwardly (for identical particles, only even
values of ¢ are allowed). Namely, in the free field theory, the matrix element of the operator O™ ¢
between the vacuum and the two-particle state is given by

20+ 1f(=p2) =y
Ol[o" " He|py, py)y = %0”1 HepL),
¢
V20 + Lfy(-p3) - FO R N 2012p) 6.10)
Ny AM 1 Ago

where the quantities A, ,, are defined in Appendix A.3. For £ =0,2,..., we have

op,) = 1,
AUV (= 3 —y 1 nv Ho vy =2
O(pL) = FPPL— 5 =Py, (6.11)

and so on. Here, p = p —v¥(vp) and p* = ALp” = L AL(p, — p,)” (we remind the reader that
p% = p% = m?). Note also once more that A% depends on the total momentum of the two-particle
system p; + p,. In order to write down the expression for a generic O (p,), one may define the
tensors in the three-space (the Latin indices i, run from 1 to 3):

Ar
20 + 1

P .., (Kk) = (%m(k)) (6.12)
Here, %,,,(k) = kt)ng(H, ®), ¥;,,(0, ¢) denotes the spherical function, and the coefficients ¢ can be
found in Appendix A.3. For ¢ = 0,2 one has

PK) =1 P(k)—§ k—la K (6.13)

- & 2 2 ‘

The general pattern is clear. The operators O(p, ), O"'(j5,) are constructed in analogy with P(k),
P;;(k), and so on. Namely, one replaces k; by p//, k* by — ' p., and §;; by —g"” +v*v". This
prescription is valid for all values of £. Finally, the operator O*!""#¢ in the coordinate space can
be immediately read off from the momentum-space expression. The prescription for the off-shell
momenta is set by the replacement of a generic p* by the differential operator w*.

The last term of the Lagrangian describes the particle-dimer scattering at tree level. For any vector
a, we have " = Al'a”. Next,

M (kom) = (LM = m), em|TMYD] 3y iy (K), (6.14)

and (L(M — m), tm|JM) denotes the pertinent Clebsh-Gordan coefficient. Furthermore, the quantity

ij, ; 1s a low-energy polynomial of its arguments, and the coefficients of the expansion are the

low-energy couplings. The operator A is a differential operator acting on the dimer field (the arrow
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shows, on which one it does act). In the momentum space,
ArTy(P) = (P* = 4m®)T,,,(P), (6.15)

where P denotes the four-momentum of the dimer. It can be expressed as P = K — p, where K is the
total momentum of the particle-dimer system and p denotes the momentum of the spectator, which is
assumed to be on shell, i.e., p2 =m?. Finally, in the momentum space, the operator A can be replaced
by K % — 9m? and, thus, does not depend on the spectator momenta.

6.2.2 Matching of the Couplings Describing Particle-Dimer Scattering

Matching in the dimer framework is a very delicate issue. We have briefly touched on the issue in our
previous paper [2], and here we would like to extend this discussion. This will hopefully help to avoid
misunderstandings related to the above problem.

To start with, the dimer field in this framework is introduced as a dummy integration variable in the
path integral. At the first glance, a one-to-one mapping of the effective couplings in the particle-dimer
picture and the three-particle picture is guaranteed. Furthermore, carrying out a perturbative matching
of the three-particle S-matrix elements imposes certain constraints on the independent effective
couplings, as discussed in Ref. [2]: for example, at the next-to-leading order, as a consequence of the
Bose-symmetry, only one independent coupling out of three survives in the local vertex that describes
particle-dimer scattering. The number of independent couplings agrees with the findings of Refs. [174,
237], see also [163].

Does this result change, if a shallow physical bound state (a dimer) exists in some channel? On the
one hand, it should not, because introducing a dummy field does not change the number of relevant
parameters. On the other hand, one has more data to fit now: the S-matrix elements both in the
three-particle sector and in the particle-dimer sector. If these two data sets are independent, there will
be less constraints and more independent couplings in the Lagrangian, see again Ref. [2].

As can be seen from the above discussion, the difference boils down to a question, whether the
data from three-particle scattering and particle-dimer scattering are independent from each other.
This is a dynamical question, and one knows examples of either sort in Nature. For instance, the
properties of a deuteron are very well determined by the low-energy NN scattering amplitude in the
pertinent channel. In other words, the deuteron is a beautiful example of a hadronic molecule (One
arrives at the same result, considering Weinberg’s quantization condition [238].). In such a case, the
particle-dimer scattering data are determined by the input from the three-particle sector and there is
no need to consider them separately.

On the other hand, there are resonances, whose existence can be hardly attributed to the rescattering.
Take the extreme case: if the weak interactions are turned on, the kaon will be seen as a (very narrow)
resonance in the i scattering (for a full analogy with the deuteron, by adjusting quark masses one
can even tune the kaon mass to be slightly below the two-pion threshold). However, the formation of
the kaon has nothing to do with the rescattering of pions. The nr scattering K-matrix will contain a
pre-existing pole on the real axis, which will be eventually dressed by the pion loops. In such a case,
the data from the three-particle sector and the particle-dimer sector are independent, and one needs
more parameters in the Lagrangian to describe the S-matrix elements in all sectors. Expanding the
pole term in the two-body K matrix will lead to the formulae that are formally the same as in the case
of a molecule. The price to pay for this will be however a very small convergence radius. This case

113



Chapter 6 Three-Particle Lellouch-Liischer Formalism in Moving Frames

Figure 6.1: Full dimer propagator, obtained by summing up self-energy insertions to all orders. The double,
dashed and single lines denote the full dimer propagator, the free dimer propagator given by —o, ! and the
particle propagator.

resembles Chiral Perturbation Theory with/without the A-resonance — integrating out the A leads to
the unnaturally large effective couplings that are almost saturated by the A-exchange.

To summarize, the particle-dimer picture provides a very flexible framework that can be used
both in the presence or absence of physical dimers. Furthermore, when the (shallow) dimers are
present, the case of molecular states should be distinguished from the one of tightly bound compounds
(pre-existing resonances). In the particle-dimer picture, these two cases are merely described by a
different number of the independent effective couplings, because additional parameters are needed
to fix the position and the residue of the pre-existing pole in the two-body K-matrix. One could of
course use the same (overcomplete) set of couplings in all cases, bearing in mind that if there are no
dimers, or the dimers are predominantly molecules, flat directions emerge in the parameter space,
when the fit to the finite-volume levels is performed.

Last but not least, the above discussion directly applies to the bound states in the three-particle
channel (the trimers). These can also have either molecular nature, or represent tight compounds
defined by a different dynamics. In the latter case, it could be again advantageous to introduce an
elementary trimer field that will allow one to circumvent the problem with unnaturally large low-energy
couplings.

6.2.3 Faddeev Equation

Now, we are in a position to write down the Faddeev equation for the particle-dimer scattering and
derive the relativistic invariant quantization condition. We start from the infinite-volume case. After
summation of the self-energy insertions (see Fig. 6.1), the dimer propagator can be written down as
follows [2]:

da*p

iOIT [Ty, (T, ()1I0) = 870Gy / o e PO g (p?), (6.16)
T
where
1 2 2 2
S,(s) = - , s=P =4(p (s)+m"). (6.17)
T o L P I(s)
Furthermore,
167Vs oy f72(s) - % p)s)] = P (s)cots,(s), (6.18)
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and
o(s) , o(s)—1 3 am? \'?
16s) 1672 In o(s)+1° ()= (l s+ is) ’
fis) = 0+ f(@(i - mz) T 6.19)

and J,(s) denotes the phase shift in a given partial wave. Finally, if s > 4m?,

io(s)
167

I(s) = J(s) + (6.20)

The scattering amplitude in a given partial wave .7, is obtained by equipping the dimer propagator with
the endcaps corresponding to the decay of a dimer into a particle pair. For the process p; +p, — p3+p4
with the on-shell particles, the scattering amplitude is written as follows:

YD) Z (@

T (P1> P2 P> Pg) = 41 - ) (6.21)
; (Tyee) ™' (8) = 5 P> (9)1(s)
where [2]
_ _0 — ~0
. v — . \
p=p-vE_L . gog-vIL, (6.22)
\ \
and
— 1 M \ 4 — 1 )% vV
P = 5 A, (vou)(ps —ps), 7 =3 A, (v, u)(py = pa) - (6.23)
Here, A(v, u) takes the form:
nov n.v n.v n.ov
A, u)?” = g - el vy Wy Tvu (wv) — v —v'u”). (6.24)

1+(uv)_1+(uv)+ 1+ (uv)

We remind the reader that u* = P¥/ \/? is the unit vector in the direction of the CM momentum
of the pair. Also, the quantity A(v,u)"”, in difference to A(v}"”, is a second-rank Lorentz-tensor,
because both v* and u* transform like Lorentz-vectors. Note also that A(v}*” = A(v, v)!".

The expression (6.22) for the vectors P, ¢ looks very complicated but, in fact, have a very transparent
physical meaning. In order to show this, note that (vp) = (vg) = 0. Taking this into account, it is easy
to rewrite Eq. (6.22) in the following form:

L pv _ . qv _
p=prvr T __av. (6.25)
1+v 1+v

This gives p,, = A#V(v)ﬁv and g, = Aﬂv(v)qv. Furthermore, it can be straightforwardly checked that
Po = do = 0.

The full scattering amplitude is obtained by summing .7, over all £. This summation renders the
amplitude relativistic invariant — the result depends on the Mandelstam variables s, ¢ only.
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Next, let Ty, (P> @) be the particle-dimer scattering amplitude. The indices tm/t’'m’ denote
the dimer spin and magnetic quantum number in the initial/final states, respectively. The Faddeev

equation takes the matrix form:

'm’, fm(p CI) = Zl”m',fm(p’ Q)

A @k
+ - = Z ’ " //(p k)S //((K k) )T //m// m(k, q) .
gzml / @y 2w, k) " ‘ o

Here, the “covariant” cutoff is defined as

N @k, 'k oo 2
/ (277) F(k )_/(2”)3 Ok —mHO(A° + k* — (vk))F(k),

and

AT (D ®)) S (5) Te(5) Y (@)
2wv(K 2 (/I)(Wv(p) + Wv(q) + WV(K —-P- Q) -vK - 18)

an 3 3w (pom TffL(A,Ap,Aq)(%ﬁ;(g’m))*

LL JM

t'm', Em(p C])

+

In the above expression, P, q are defined as follows:

A#V(V)Ava(v7 uq)(ﬁ - ]2)(1 5

| =

. 1 a R -
Po= NN )G By 3=
Hoo_ M M —_ (A1 )2 — (Ao b\
Kt = KM -p'-g", » = (G +k), sq = (P+k),
W= PRV, =@ R,
and, for any four-vector a", one has
a' =d" = v (av) + v'w,(a).

Furthermore,

A = (K*-9m), A,=(K-pl—dm’, A,=(K-§)-4m’,

and the function f,(s) is related to the scattering phase, according to Eq. (6.18).

6.2.4 Relativistic Invariance

(6.26)

(6.27)

(6.28)

(6.29)

(6.30)

(6.31)

In order to establish the relativistic invariance of the above infinite-volume frarnework,6 one has
to perform an arbitrary Lorentz-boost on all external momenta: p = po — Qp, g = gq — Qgq,

© tis clear that the notion of relativistic invariance applies to the infinite-volume case only. In a finite volume, the invariance
is broken by a box. Hence, in a finite volume, the statement boils down to a frame-independence of the couplings extracted

from the fit to the energy levels, up to exponential corrections.
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K =Ko — QK and v = v — Qv. The integration variable undergoes the same boost k = kg +— Qk.
All functions depending on Lorentz-scalars are, of course, manifestly Lorentz-invariant. Hence, the
question boils down to the transformation of the three-vectors p, q and P, .

Let us first consider the four-vector p = A(v)p, where A(v) is defined from the condition A(v)v = .
In the boosted frame, one has A(vg)vg = vy. This gives

A(vg) = RAWQ™, (6.32)

where R is a pure rotation that does not depend on the choice of the four-vector p. If Q is a pure
rotation itself, then R = Q. Hence,

P, = Ag)po = RAMQ'Qp = Rp. (6.33)

The same line of reasoning holds for the four-vector p = A(v)A(v, u)p, since the vector A(v, u)p —
QA(v, u)p transforms exactly as the vector p (we remind the reader that A(v, u), in difference of A(v),
is the Lorentz-tensor). The transformation matrix R = R(€, v, u), which depends on the parameters of
the Q, as well as on the vectors v and u in a non-linear manner, is the same in both cases.’

To summarize, it is seen that the Lorentz transformations, acting on the three-vectors p, p, . . ., result
in the SO(3) transformations whose parameters can be expressed through the parameters of the initial
Lorentz transformations as well as the vectors v and u. The transformation of the various quantities
that enter the kernel of the Faddeev equation can be defined through the transformation properties of
spherical functions, entering this expression:

Yom(RD) = 3 (79 (R) #0s0), (6.34)

ml
where 9’(12”,(R) denote Wigner D-functions. Furthermore, The kernel of the equation Z = Z, + 7,
consists of two parts, corresponding to the exchange diagram and the local particle-dimer interaction,
see the first and the second terms in Eq. (6.28), respectively. The transformation of the first term is
straightforwardly defined by Eq. (6.34):

(ZeX)[,m’,[m (Qp, Qq) = Z @'(:;,,)nm(R) (Zex)[/m///’fmu (p, q) (glgfl)n”(R)) . (635)

" n
m m

Establishing the transformation properties of the local term is a bit trickier and will be considered
in Appendix A.5. Here, we simply state that Z,, transforms exactly in the same way as Z,. Hence,
their sum has the same property. Furthermore, the propagator S, is invariant under the Lorentz
transformations. From this, one finally concludes that the particle-dimer scattering amplitude, which
is a solution of the Faddeev equation (6.26), has the same transformation property as the kernel Z:

Tyt m@.00) = Y D) R0 (0.0 (7),R)) (6.36)

7
m

This is nothing but the statement about the manifest Lorentz invariance of the framework.

7 The rotation R is related to the Thomas-Wigner rotation [239, 240].
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6.2.5 Faddeev Equation in a Finite Volume and the Quantization Condition

In a finite volume, the integration over three-momenta is replaced by the sums. In this course, the
Faddeev equations, displayed above, undergo some modifications. As in the infinite volume, we start
from the propagator of a dimer

P’ 1 _
O T}, 000 = [ 40 5 2 Sh P, ©37)

2w
Here, the dimer three-momentum runs over the discrete values P = A n, ne 7?. Note that, owing

to the lack of the rotational invariance in a finite volume, the propagator is no more diagonal in the
indices £m and £’m’. It obeys the Dyson-Schwinger equation

1
L
,fm(P) = _0'_6,/ 6['f(sm'm - [NZ”E .l N(P)S "o (P) (638)
where
(@) D (@)
P P 6.39
S onP) = PP [ L DI _me s 69)
where
1 "na 7 o ’
F = SN A0 -y = TR g, (6.40)
(G+3)
Carrying out the integration over qo in Eq. (6.39), one obtains
(@) Zn(@)
P) = fp(P 6.41
et ) = e PP )2L3 Z 2w<q)2w(P @ )P o

Note that the propagator still implicitly depends on v*, since v*' enters the definition of any on-mass-

shell vector @". This dependence comes however only from the numerator and can be worked out
explicitly. We relegate this task to Appendix A.4 where, in particular, it will be shown how does
one systematically factor out this dependence. Moreover, already at this stage it is seen that the
v-dependence disappears in the S-wave, as claimed in Ref. [2].

The Faddeev equation in a finite volume can be written as

f m [m(pv Q) = m [m(p’ Q) + Z F Z T(l() Zf ', fmmw(p’ k)
1" ” k

7 a
"m0 m

X Spn (K = KT 0 (), (6.42)
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where

AV
DUFU) = 0N + K = (k) f (k). (6.43)
k k

The three-body quantization condition takes the form det .o = 0, where <7 is a matrix both in the
spectator momenta p, g, as well as the partial-wave indices {m, £'m’:

-1
v em (P> @) = 2w(P)Spq ( ot em K —p)) - Ll o em(D> Q) - (6.44)

Here,
L -1 L
(SEwrem® =) = =808utme = Zb e (K = ). (6.45)

6.2.6 Reduction of the Quantization Condition

Using symmetry under the octahedral group (or the little groups thereof), one may achieve a partial
diagonalization of the quantization condition. Namely, let G be a subgroup of the octahedral group
0, that leaves the vector K invariant. Since v* is chosen to be parallel to K*, the vector v is invariant
under G as well. Hence, under the transformations from the group G, the matrix ./ from Eq. (6.44)
transforms as

Ay em (8P 89) = Z 7Y m(g)%'mm e (Ps 61)( 72\ u(g)) 8€G. (6.46)

/// //

It is well known that the linear space, in which the irreducible representation (irrep) of the SO(3) group
with the angular momentum ¢ is realized, falls into different orthogonal subspaces, corresponding to
the irreducible representations of the octahedral group or the little groups thereof. The basis vectors
of the irreps of two groups are related by a linear transformation

/l(tA) Z C/l(zA)g/fm (6.47)

Here, A denotes an irrep of the group G, ¢ labels different copies of the same irrep A, and A is an index,
corresponding to different basis vectors of a given irrep. The coefficients cﬁ',"A are well known an, for
small values of ¢, are tabulated, e.g., in Ref. [36]. These coefficients obey the orthogonality conditions

¢ e
Z(%ZZ’A’)) C/I?;A) = 0/0nA0 0>

m

e’ \* e
Z(CA?:A)) Any = Ommt - (6.43)
A1

Besides this, we shall need to define the Clebsch-Gordan coefficients for the group G. Note that the
octahedral group O,, as well as the little groups C,,,, C,,,, C3,,, corresponding to a different choice
of the center-of-mass momentum, are simply reducible. Since all the representations are unitary,
these Clebsch-Gordan coefficients can be chosen to be real. The orthogonality condition for the
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Clebsch-Gordan coefficients takes the form

Z(Zp, ATa)(Zp AV Ta) = 8,78,y
T'a

2 (Ep. AdTa)(Ep, AII'a)
pAa

6FF/6Q’Q/ N (649)

where capital and small Greek letters label the irreps and the basis vectors in a given irrep, respectively.

Defining now

e ¢
Do P-4 = Z ( Xi's )) Lt em P> Da(in) > (6.50)
m'm
it is easy to show that this quantity transforms as

e _ (&)
M/l’(t’A’)’/l(tA)(gp’gQ) = Z T/l /l,,,(g)g/ (1N, /l”(tA)(p’ CI)T (g ) (6.51)
A,/,/l,,

Here, TW (g) denotes the matrix of an irreducible representation A.

At the next step, we define a projection

'T'd Ta _ SL o% / ’ N
G sy ounsProds) = GG Z Z AV Ma >T (g )
".geG Ap',Ap

X 108 P800, AT (T2(0)) . (6.52)

Here, p, and g, denote reference momenta in the shells r and s, respectively, sy, s5 are the dimensions
of the pertinent irreps, and G is the total number of the elements in the group G (for a detailed
discussion, see, e.g., Ref. [146]). It can be seen (see Appendix A.6) that this matrix is diagonal in the
irreps I, T"':

T (Ta Sy/8y rer
J2{0' (IA)Z (T(tA)Z(pr’qs) - Gs St 6F F6 ‘Q{ o' (' AT, U_(ZA)Z(pr, qs)7 (653)

where

£eT
A o' (' N)Y, a'(tA)Z(pr’ qy)

> e A Ty)(Ea, AATy)

8€G XA o’y

z
TG (&), 2o (8P 1) - (6.54)

X

This means that the quantization condition det </ = 0 diagonalizes in different irreps T, taking the
form det &/" = 0, where the matrix <" is defined by Eq. (6.54).
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6.2 Relativistic Invariant Framework in the Three-Particle Sector

6.2.7 Three-Particle Decays

>

In the following, for brevity, we shall refer to the heavy and light particles to as “kaons” and “pions,
respectively, bearing in mind the weak decays of kaons into three pions (of course, this analogy is not
full since it does not take into account the isospin.). The Lagrangian that describes the decay of the
“kaon” into a “pion”-dimer pair can be written as

-1 .
2= Vi Y, ;ﬁi - (K'Getp) (%, -n())'0) Ty ) (6.55)

Here, G, is a low-energy polynomial
GoAr) = G+ GVA + - (6.56)

Here, Ay is defined in Eq. (6.15). The coefficients of the Taylor expansion G(g), G(lf), ... play the role
of the effective couplings, and A is of order p2 in the NREFT power counting. It is assumed that
fo), G(l[), ... are proportional to an intrinsically small coupling (an analog of the Fermi coupling
in weak kaon decays). All terms in the decay amplitude at the second and higher orders in these
couplings are neglected. Furthermore, integrating out the dimer field, one arrives at the Lagrangian
that describes decays of “kaons” into three “pions” at tree level, analogous to the one displayed
in Refs. [166, 167]. The Bose-symmetry in the final state imposes constraints on the couplings
fo), G(f), .. .. An exact number of these constraints however depends on the details of the final-state

interactions, see the discussion in Sect. 6.2.2.°
This Lagrangian should be supplemented by the Lagrangian describing the free “kaon”

L = K"2wK (ivd - wHK . (6.57)

Here, w{f = \/ M?*+ 0% - (vd)* and M denotes the mass of the “kaon”. The full Lagrangian of the
system is given by .Z + Z; + £k, where the individual terms are given by Eqgs. (6.1), (6.55) and
(6.56), respectively.

6.2.8 Convergence of the NREFT Approach

The convergence of the NREFT approach is a subtle issue which comprises several distinct aspects
of the problem in question. Below, we wish to put this issue under scrutiny. To start with, a rule of
thumb requiring p/m < 1, where p denotes the magnitude of a characteristic three-momentum in
the process seems too restrictive, say, in kaon decays. From the point of view of kinematics, this
restriction is not relevant: all low energy singularities in the amplitudes appear exactly at the right
place [166, 167]. So, everything finally boils down to a question, whether the real part of the decay
amplitude can be well approximated by a low-energy polynomial. Were this not the case, one would
conclude that the contributions which are not explicitly taken into account in NREFT (say, all kinds
of the ¢- and u-channel diagrams, multi-particle intermediate states and so on), play an important
role and NREFT is not applicable. Fortunately, one can check this assumption experimentally in the

8 The expansion Eq. (6.56) is an analog of the expansion of the quantity Al,?gﬂ from Ref. [191] in the particle-dimer
formalism. The constraints imposed by the Bose-symmetry are already taken into account in that paper.
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Chapter 6 Three-Particle Lellouch-Liischer Formalism in Moving Frames

real kaon decays, since the decay amplitudes are measured very accurately. The experiment neatly
confirms the conjecture: the real part of the amplitude can be indeed fitted by a polynomial in the
Mandelstam variables s; of a rather low order in the whole region of the Dalitz plot (see, e.g. [241]).
This justifies the use of the NREFT approach for the description of the kaon decays into three pions,
despite the fact that characteristic momenta of pions are of order of the pion mass itself.

Two remarks are in order. The first one concerns the choice of the expansion point. The “standard”
version of the NREFT implies the expansion of the amplitudes in the external three-momenta. For
example, in case of the two-particle scattering, this corresponds to the effective-range expansion
which is performed around threshold. The convergence of such an expansion in some cases might
be affected by the presence of the subthreshold singularities in the initial relativistic theory (for
instance, effective-range expansion in the vicinity of the p-meson fails due to the left-hand cut in the
i amplitude). In such cases, choosing the expansion point somewhere above threshold allows one to
circumvent the problem, if the effect of the inelastic channels is still small. The NREFT framework is
flexible enough and can be adapted to the change of the expansion point with a minor modification
only. We do not display a modified Lagrangian here, because this issue is not directly related to the
main problem considered in the present paper.

The second remark is general. One may ask, whether NREFT is applicable to study of the generic
three-particle decays beyond K — 3. There exists no unique answer to this (very difficult) question. It
should be therefore should be addressed on the case-to-case basis: for example, it would be conceivable
that NREFT is still valid, if it is a priori known that the inelastic channels are not important for a
process in question.

6.3 Derivation of the Three-Particle LL Formula in the
Relativistic-Invariant Framework

6.3.1 The Wick Rotation

In the derivation of the 3-particle LL formula we closely follow the path outlined in Ref. [1]. There
are, however, some differences caused by an explicit Lorentz invariance. These differences will be
highlighted in the following.

We start with discussing the Wick rotation in case of a quantization axis chosen parallel to an
arbitrary timelike unit vector v. To be specific, we consider the simplest possible choice of the
three-particle source/sink operator & (x) = ¢3 (x). As the first step in the derivation, we would like to
extract the finite-volume matrix element (0|&|n), where |n) denotes a (discrete) eigenstate of the total
Hamiltonian in a finite volume. To this end, we consider the two-point function

G(x =) = QT OO (»)|0) . (6.58)
Using the translational invariance and the closure relation, in the Minkowski space we get

Glx=y) = > e P [0l6 O . (6.59)

n

2n
The three-momentum of the intermediate state is quantized, P, = A n, n € Z>. The time component
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6.3 Derivation of the Three-Particle LL Formula in the Relativistic-Invariant Framework

of the four vector is given by P,?, where it is assumed that PB > |P|. In order to define the Wick rotation
in the frame moving with the four-velocity v, one defines the parallel and transverse components:

(x=y) = vlx-y),  (-yf=G=-) = -y,
Py = VP, P, =Pi-V'P,, (6.60)
so that
PH(x = y), = Pyy(x = y)y+ Ph (X =3), - (6.61)
The Wick rotation in the moving frame is defined through the analytic continuation
=y = =il =y)y, =y > @=L (6.62)
Furthermore, since P) > |P, |, then
P, =v'P)—vP, > v'P) —|v||P,| > 0. (6.63)

Thus, in the limit (x — y); — oo, all exponentials are damping in the Euclidean space and one gets

Glx—y) = Y e Pm NP 1001 0(0) ) (6.64)

n

where the same matrix elements as in Eq. (6.59) appear in the right-hand side. It should be noted
however that, on the lattice, one does not need calculate the Green functions, in which the continuation
to the Euclidean space is performed in moving frames. This is a purely theoretical construction that
will merely help us to derive 3-particle LL formula in all frames.

6.3.2 The Matrix Element

Next, let us evaluate the two-point function G(x — y) in NREFT, starting from the infinite volume. It
will be useful to use the components (@, a') instead of (aO, a) for all four vectors a*. For simplicity,
we shall work in the Minkowski space and perform the Wick rotation only at the very end. The
Feynman diagrams, contributing to the above two-point function, can be summed up, resulting in a
compact expression

K, 'K,

o —iK”(x—y)“—iKL(x—)’)LG K 6.65
27i (27)° ‘ " o

Gx-y)= 3?
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—
Figure 6.2: Two-point function, calculated in the effective field theory. The solid and double lines stand for the

one-particle propagator and the full dimer propagator, respectively. The quantity T denotes the particle-dimer
scattering amplitude.

where G(k) = Gy(K) + G, (k) and

2 d3Q] 1 dSQZ 1 1
Go(K) = = ’ ’
oK) / @) 2w (q,) 7)Y 2w, (q,) 2W(K — a1 — q2)
1
X b
(w0 (a0) + (@) + w, (K = q, — a) - K — i)
dq, | d’q, | k| ks |
Gy = an Y, [ e dh_h
em,0'm’ (27() Zwv(ql) (27T) 2Wv(q2) (271') 2Wv(k1) (27[) 2Wv(k2)
" w' @) (K = kp)*)
2w, (K — g, — ky) (Wv(éh) +w, (k) +w, (K —qy — k) — K, - iS)
X 8o em(kys ko3 K)
— 2 Q *
% fe(K = ky) )(%m(‘h)) ' (6.66)
2w, (K = gy = Ky) (w,(g) + w, (k) + wy (K = g, — k) = Ky e
Furthermore,

O’ em (K15 ka3 K) 2wv(kl)63(kl,l = ko, 10000y Se(K — ky)

+

Here, q, and q, are relative momenta of particle pairs, boosted to the CM frames of pertinent dimers.

Graphically, the sum of all diagrams is displayed in Fig. 6.2.

The spectral representation of the particle-dimer scattering amplitude 7y, 4, (k|, k) (again, in the
infinite volume), can be written as follows

€'m) ALl
et - 3 ) 669

- Ky -
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6.3 Derivation of the Three-Particle LL Formula in the Relativistic-Invariant Framework

Here, the index n labels the eigenvalues of the Hamiltonian in a given channel, and l//f,m,)(kl),
&,(fm) (k,) stand for the wave function and its conjugate, respectively.

In order to write down a finite-volume counterpart of the above equations, one has first to boost the
integration momenta to the rest frame (because the discretization is done always in the rest frame).
This can be achieved by using

dSQi 1 d3q~
T = 3 L and similarly for k; , (6.69)
2m) 2w, (q;)  (2m)2w(k)
while ; 5
a’K 4K
= = (6.70)

Qry’24P2-K>  (2n)24P}+K>

Note also that one has adjusted the volume of the box so that P,Ol = \/M,% + Pfl. Consequently, the
four-momentum of the state |n) transforms similarly to the four-momentum of a single particle that is,
generally, not the case for the multi-particle states in a finite volume.

Writing down Eq. (6.66) in a finite volume, using Eqs. (6.67) and (6.68), and carrying out the
contour integration over K\, one arrives at

4
G(x - y) = 32 T
[m’ €/ml, €//m/l, €///ml/l L
e_iPn,H(X_y)“_iKJ_(x_y)J_ M12< _ KJZ_
X
04Kk 2w(q,)2w(q,)2w(k,)2w(k, )| Mz + K*
. Yt @) S (K = k))S g g (K = kW™ ()

2w, (K — g, — ky) (Wv(%) +w, (k) +w, (K —qy — k) — Pn,||)

T Sh K K k) Ben@))

2w, (K = q, — ky) (WV(CD) +w,(ky) +w, (K =g, — k) — Pn,||)

where

2
K=-Yp +5 K =K-vp,. (6.72)
v v
In the equation above, we have explicitly singled out the contribution from a pole that emerges at
K = P, with P,Zl = MIZ< for a given total three-momentum K (or, equivalently, for a fixed K, as
seen from Eq. (6.72)). The ellipsis stands for other single-pole contributions, K| = P, |, emerging in
the spectral decomposition of particle-dimer amplitude. The individual amplitudes feature many more
singularities in this variable. However, we also take into account the fact that, in the rest frame, all
these singularities cancel. This property should persist in moving frames as well, since the position of
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Chapter 6 Three-Particle Lellouch-Liischer Formalism in Moving Frames

the poles in our framework is Lorentz-invariant.

Now, continuing to the Euclidean space and comparing Eq. (6.64) with Eq. (6.71), one may finally
read off the matrix element one is looking for:

12

3Van My
fo (K = D)SG g (K = RO ™ (k) '
20, (K =g = ) (w, (@) + w,(K) + wy (K =g = k)= P, )

1016O)m)| =

& o (@)
Z Z 2W(q)2W(k)

tm,l'm’

X (6.73)

Here a cutoff on the momenta, which has been implicit in all previous expressions, is displayed. We
also remind the reader that |n) denotes an eigenstate with the momentum K (no summation over K).
The components of the four-vector K are:

Kt = (i() (Pn’” + VK), K) . (674)
v

Furthermore, since there is no more summation in K, we may fix the vector v/ along K* that leads to
= 0. Finally, in a finite volume, |n) is a basis vector of some irreducible representation I" of some

little group, or of an octahedral group (in case of K = 0). Particular values of ¢, ¢’ contribute to this

sum, if and only if I" is contained in the pertinent irreducible representation of the rotation group.

6.3.3 Faddeev Equation for the Wave Function

The wave function, which was introduced in Eq. (6.68), obeys the homogeneous Faddeev equation
both in the infinite and in a finite volume, which can be straightforwardly obtained by substituting the
ansatz defined by Eq. (6.68) into the equation for the particle-dimer scattering amplitude (6.42) and
identifying pole terms on the both sides of this equation. In a finite volume, this equation takes the
form

N IS
U ") = Zrzm

X

1 (P K)S o (K = IOWS™ (K (6.75)

O'm', 0" m

The infinite-volume analog of the above equation can be written as

@), k ™ (k) . 6.76
" Z/ (Zﬂ)z Pkl RS U (676
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6.3 Derivation of the Three-Particle LL Formula in the Relativistic-Invariant Framework

oion T

Figure 6.3: Contributions to the two-point function G (x). The single and double lines denote the particle
propagator and the full dimer propagator, respectively. The quantity 7 stands for the particle-dimer scattering
amplitude. The difference between G (x) and the two-point function G(x — y), shown in Fig. 6.2, boils down
to the different sink operators used (these correspond to the utmost right vertices in the pertinent diagrams).

Since these are inhomogeneous equations, the normalization of the wave function should be fixed
independently. Using the standard technique (see, e.g., [242, 243]), in a finite volume one obtains

A
I & 1
L= D =5 e W) (—S (K —p>) ()
3 O'm',tm
emiem LD 2w(p) Kj=Py)
1 _
(f m')
+ -, <~ S < (_p)S ’ / /// ///(K p)
{/7 ’ ’ 1’ ” g /// L6 Z 2W(p)2w(q)
m,Cm " m", ¢
X Zprr (0 D) St K~ U™ 0) (677)
aK. 2o e m P g it oK = 0" (g :
I K=P, |
The infinite-volume counterpart of the above equation is
I = / (""”(p)( S(K ~ p>) v, " (p)
Z (27T) 2W »(P) Ky=Pp
A 3 3
v dp dq
+ / . L g " (p)Sp (K - p)
oy (271) 2w, (p) (271) 2w, (q)
d (em)
x dK me fm(p ('I) SZ(K 61)’# (Q) (678)
I Ky=Py,
6.3.4 The Decay Matrix Element
. . . + + 5$G .
Let us now consider the two-point function G (x) = (0|7 0(x)J(0)[0), where J(y) = 5K0) isa
y

source operator for the field K(y).

Applying the Feynman rules of the NREFT, in the infinite volume, the two-point function, shown in
Fig. 6.3, can be expressed as
dK &I’K

—L TR G (K), (6.79)

GK(X) =3 % (27r)3
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where
—1f d? &’k &’k
G(K) = 4n Z (=1) d q1,1 a L1 g 2,1
emem V2O +1 2n) 2w, (q,) 2n) 2w, (k;) 2r) 2w, (k,)

S UK = k)2 ROt oK Ko KV P (K )Gl(K = k)
20, (K = a1 = ki) (wy(an) + wy (k) + wy(K = g, = k) = K = iz)

, (6.80)

with G, defined by Eq. (6.56). Again, the corresponding expression in the finite-volume is obtained
by boosting the integration momenta into the rest frame of the box, according to Eq. (6.69). Using the
spectral decomposition of the particle-dimer amplitude and carrying out the K| integration:

4 _1 4 _iPn,”xHM
Gylx) =3 ) c ¥k

12 /
fm,f'm’,f"m”,fmmm L 2€ + 1 q|k]k2 2W(q1)2W(k1)2W(k2) MIZ< + K2

Fo (K =0 ) D (RS (K = Il ™ Uy )

2w, (K —q; — ky) (Wv(‘h) +w, (k) +w,(K—-q) —ky) - Pn,||)

<G k) S oK = K)o (k)G (K = Kp)) + .. . (6.81)

n

Similar to Eq. (6.71), we only display the contribution of the pole that emerges at K| = P,, | with
PZ = MIZ< for a given three-momentum K.

On the other hand, by inserting a full set of states, we obtain

Gr(x) = Y & Frii= P (0] 6(0)ln) (nl T (0)]0) . (6.82)

n

Comparing this expression for Gg with Eq. (6.81) and using the form of the matrix element in
Eq. (6.73), we can read off

12

4
L (|73 (0)]0) = +Vir | —2K ED

JMe + K| emm V2L + 1
X L i 1 ‘(f,m,)(k)Sl; , (K _ k)@ (k)G ((K _ k)Z) (6 83)
L3 - 2W(k) n O'm',tm C,—m\2J¢ . .

Note that, due to the fact that the finite volume decay matrix element is real-valued, its phase is merely
given by an undetermined sign. The choice of this sign is a delicate issue and is discussed in detail, say,
in Ref. [191]. In brief, as argued in that paper, the phase of the eigenvector |n) is arbitrary, and one
can always choose it in a way that the sign of the (real-valued) matrix element (0| (0)|n) is positive.
In the following we shall stick to this convention, which amounts to choosing “+” sign in the above
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(r(k)r(ky)(k3); out] S (0)[0) = °

Figure 6.4: Contributions to the infinite volume decay matrix element. The single and double lines denote the
particle propagator and the full dimer propagator, respectively.

equation.9

In the infinite volume the decay matrix element is given by, see Fig. 6.4:

(m (k) (ky ) (ks ); out T (0)]0)

B -Df < &k,
=4n ), x/2€+1;/ @) 2w, (k)

em,l'm’

X [ (K = ko))t K8 mt em ks K)o (K)G (K = k). (6.84)

Indeed this quantity is Lorentz invariant. The transformation property of g,
those of the spherical functions entering the expression.

w'.em €Xactly cancels

6.3.5 The Three-Particle LL Formula

At a given order 0(62" ) in the NREFT power counting, where € is a generic small parameter and
p, = O(e), only a finite number of effective decay couplings GEZ) have to be taken into account.

Noting that %} _,, (k) = O(ef) and Ay = 0(62), for a given angular momentum ¢ (even only):

Gi(Ar) =Gy + G A+ + G AT (6.85)

Therefore, at order 0(62"), thereare N = (n + 1)(n + 2)/2 undetermined'’ couplings GE.E) .

Let x, denote the finite volume decay matrix element extracted in some lattice setup «, with total
momentum K = K, and box length L = L,. Expanding the low-energy polynomial G,((K — k)z), X,

% In case of three weakly interacting particles in the final state, such a choice is a natural one, since the matrix element
(0]0(0)|n), calculated in perturbation theory, starts with 3!(0|¢(0)|k)3, where |k) denotes a state containing one free
particle which is moving with a momentum k. Furthermore, the sign of the one-particle matrix element does not depend
on L and k. Thus, if the perturbative corrections are small and do not exceed the leading term, the set of matrix elements
(0]0(0)|n), corresponding to the different L, n and the total three-momentum K, will have a positive relative sign. Note
also that in the case of strong final-state interactions (i.e., when the two-particle resonances are present), the above
argument is not a priori applicable and the question requires further scrutiny. We choose, however, not to elaborate
further on this issue.

10 Symmetry arguments could lower the number of independent couplings
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can be written as a linear combination of the effective couplings:

2n n—{]2 N
X, = LY (n|J5.(0)|0),, = Z Z a(K,, L,)G\" = Z a,; Gy, (6.86)
=0 i=0 I=1

where the amplitudes agf)(Ka, L, ) can be read off from Eq. (6.83). A similar expression can be found

for the infinite volume decay matrix element:

2n n—€/2 N
(n(k)r(ky)m(ks); outl 5 (0)]0) = " > APKIG = ) A(K) Gy, (6.87)
=0 i=0 I1=1

where AE.[)(K ) can be read off from Eq. (6.84) and K is the total momentum of the three-particle system.
Measuring N finite volume decay matrix elements in different lattice setups and using Eq. (6.86),
interpreted as a matrix equation, we can eliminate the dependence on the coupling constants Gf of the
infinite volume matrix element:

N
(n(k ) (kp)m(Ks); outl S (0)[0) = > (@3),, - L3l JL(0)[0)],, (6.88)
a=1
where the LL-factor (®5), is given by
N
(@), = D A(K) (@ )y, (6.89)
I1=1
and ™! is the inverse of the matrix
a'(k\, L)) aOk, L) ... aQK, L) .. (KL L)
a= ; : , (6.90)
aP(Ky, Ly) aOKy, Ly) .. aQKy,Ly) .. al"” (K, Ly)
while
AK) = (aPk) AVK) . ACK) L. APK)) 6.91)

In the equations above it is assumed that the box sizes L,, were adjusted, such that K = \| M + K2,
for each a.

The Egs. (6.88)-(6.91) display our finial result, resembling the LL equation for the three-particle
sector. As in the two-particle sector, the LL factors merely depend on the short-range pion interactions.
Fixing the parameters of the two- and three-particle scattering sector by a fit to the corresponding
energy-spectra by using the quantization conditions fully determines the amplitudes Agf)(K ) and
al(.f)(K, L). One then extracts the finite volume decay matrix element in various different moving
frames. Here one has to ensure that the energy of the three-particle eigenstate coincides with an
energy level of the moving kaon. This is done by choosing the box length L appropriately. One can
finally use Egs. (6.88)-(6.91) to obtain the infinite volume decay amplitude. Note also that the above
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expressions are very similar in form to the three-particle LL equation derived in the RFT formalism
(see, e.g., Eq. (2.43) in Ref. [191]). For example, the eigenvector v in that paper can be related to the

particle-dimer wave function

(&m)

, from our paper and so on. We did not attempt, however, to carry

out a detailed comparison with Ref. [191].
Note that Eq. (6.88) is manifestly relativistic-invariant. The infinite volume decay amplitude is a
. o . . . ()
linear combination of invariant amplitudes A; (K).

6.4 Conclusions

i)

ii)

iif)

V)

In the present paper we have derived a manifestly relativistic-invariant counterpart of the LL
formula in the three-particle sector, describing the decay of a spinless particle into three likewise
spinless, identical particles. Our result represents a generalization of the formula derived in
Ref. [1], which is reproduced at the leading order and at a vanishing total three-momentum. The
importance of having an explicitly invariant framework lies, first and foremost, in the possibility
to use the data from different moving frames for performing a global fit. This possibility is
extremely valuable, especially beyond the leading order.

A major technical modification in this paper consisted in the inclusion of all partial waves in
the pair interactions as well as in the particle-dimer interactions. This renders the proof of
the Lorentz-invariance a highly non-trivial issue, due to the necessity to take into account the
Thomas-Wigner rotation. A solution of this problem has been found in the present paper.

Another technical complication was related to the necessity of the diagonalization of the
quantization condition in various irreps of the octahedral group and various subgroups thereof.
In this paper we explicitly write down the quantization condition, projected onto different irreps,
in the presence of an arbitrary number of partial waves.

The LL factors, relating the infinite volume decay matrix elements to its counterparts in various
different moving frames, depend on the local two- and three-particle interactions that emerge
due to the rescattering in the final state. The corresponding parameters in the three-particle
sector can be fixed by a fit to the energy spectrum. Furthermore, as the quantization condition,
derived in the present paper, is valid in an arbitrary moving frame, the energy spectra of the
same lattice setups can be used, in which the finite volume decay amplitudes were determined.

The framework can be further generalized in a number of ways. Namely, in order to describe
decays of particles with an arbitrary spin, the LL formula can be straightforwardly modified
by an appropriate choice of source operators for the decaying particle and the three-particle
final states, replacing J IT( and O respectively. Furthermore, one may consider the case of the
non-identical particles in the final state and include fermions (note that three pions carrying
isospin have been already considered in Ref. [191]). It can be expected that all these actions are
pretty straightforward and can be performed by using the same methods as in the present article.
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CHAPTER 7

Conclusion and Outlook

Unraveling the complex nature of the strong force requires examining the spectrum of hadrons and their
interactions. However, the non-perturbative aspects of quantum chromodynamics at the hadronic scale
prevent the application of standard, i.e. perturbative, quantum field theoretic techniques. Nevertheless,
lattice qunatum chromodynamics provides a method to study multi-hadron dynamics in the low-energy
regime. Information about hadron interactions can be inferred from the finite-volume energy spectra,
extracted from lattice simulations. One of the most remarkable features of the strong interactions is
the intriguing abundance of resonances and bound states. However, especially in the presence of
such hadronic resonances and bound states, the extraction of scattering and resonance properties
is impeded, as simple perturbative calculations of the finite-volume energy spectra exhibit a poor
convergence. In the two-body sector, the Liischer formalism provides a framework that allows to
map the finite-volume energy spectra to S-matrix elements, even in the case of resonant scattering.
Applications of this framework and its various generalizations is a well-established praxis for hadron
spectroscopy in the two-body sector nowadays.

In recent years the focus of lattice studies on multi-hadron systems has gradually shifted form two
to three particles. This development is accompanied by a rapid progression in the generalization of
the Liischer formalism to the three-particle sector, which is essential in order to determine three-body
observables from the finite-volume energy spectra. Utilizing the framework of non-relativistic effective
field theories, the purpose of this thesis is to push the boundaries of the three-body finite-volume
formalism further.

In that context, the formulation of a relativistic-invariant three-particle quantization condition, in the
sense that it is valid in different moving frames at the same time, is of particular importance. Primarily,
when determining scattering properties from finite-volume spectra, such a relativistic-invariant form
of the quantization condition allows to avoid computational expensive simulations in big volumes.
The number of data points used in the fitting procedure can be kept constant by including data
of different total three-body momentum instead. Furthermore, the stringent constraints that are
imposed by relativistic invariance effectively lower the number of couplings that are needed to
describe the process under consideration. Within the non-relativistic effective field theory approach a
generalization to a relativistic-invariant form of the three-particle quantization condition represents a
highly non-trivial task due to the inherent explicit non-covariance of the framework. Thus, an important
objective of the research project, that has been summarized in this thesis, is the implementation of a
relativistic-covariant version of the non-relativistic effective field theory framework, enabling practical
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applications of the non-relativistic effective field theory approach for the analysis of lattice QCD data
in the three-body sector.

Furthermore, despite the considerable progress in the general treatment of the three-particle systems
in a finite-volume, a framework that establishes a relation between finite-volume decay matrix elements
and infinite-volume decay amplitudes was not available, such that studies of three-body decays from
lattice QCD remained inaccessible. Another aspect of the research project was to derive such an
analog of the Lellouch-Liischer equation in the three-particle sector.

A first step towards the general description of three-particle decays in a finite-volume was presented
in Chapter 4, where a three-body analog of the Lellouch-Liischer formalism was derived in the rest
frame at the leading order in the covariant form of non-relativistic effective field theory. At this
order, the infinite-volume decay amplitude only depends on a single coupling that describes the decay
of the initial particle, which can be eliminated by substituting the expression for the finite-volume
decay matrix element, exhibiting the same dependence on that coupling. The resulting linear relation
between these two quantities only depends on the rescattering of the particles in the final state, which is
purely described by parameters that can be fixed by measurements of the two- and three-body spectra.
While an explicitly Lorentz-invariant framework is favorable for the extraction of three-body decay
amplitudes from lattice QCD in general, working at the leading order where the effective Lagrangian
does not contain any derivative interactions, all issues related to the explicit non-covariance of the
framework are irrelevant. The derivation in this chapter thus serves as a proof of concept.

The relativistic covariance of the non-relativistic effective field theory approach is addressed in
Chapter 5. The explicit relativistic non-covariance of the infinite-volume particle-dimer scattering
amplitude in the original framework can be primarily traced back to the three-particle propagators
lack of invariance. Thus, a modified formalism has been developed in which the quantization axis
in the non-relativistic effective Lagrangian is chosen according to the velocity of three-body system.
This modification renders the three-particle propagator Lorentz-invariant and was used in order to
derive a manifestly relativistic invariant three-particle quantization condition.

In contrast to the RFT approach, where invariance was achieved by explicitly altering the form of
the three-particle propagator, the approach developed here is arguably advantageous: Due to the pole
structure of the low-energy polynomial, representing the antiparticle contribution, that is added to
the three-particle propagator in the RFT approach, the cutoff on the spectator-momenta can not be
taken arbitrarily high, as this would lead to a violation of unitarity in the infinite- and emergence of
spurious poles in the finite volume. In contrast, the antipartical degrees of freedom are integrated out
systematically in the non-relativistic effective field theory approach, such that all singularities related
to these are removed explicitly and only affect the actual values of the couplings entering the effective
Lagrangian. Therefore, the cutoff function in the non-relativistic effective field theory approach only
acts as an ultraviolet regulator.

The relativistic invariance of the quantization condition has been tested numerically in a toy model
at the leading order, restricted to S-wave interactions, by elaborating the finite-volume energy spectra
in various moving frames. As the implementation of a fitting routine possibly requires only little
effort, the framework developed here can be applied for the global analysis of three-particle lattice
simulations at different total three-body momenta in the foreseeable future.

The advances presented in Chapter 6 are twofold. First of all, the restriction to S-wave interactions in
the derivation of the relativistic invariant quantization condition outlined in Chapter 5 was lifted by the
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inclusion of dimer fields with arbitrary angular momentum. Despite the complicated transformation
behavior of the interactions that arise due to the generalization to higher partial waves, explicit
Lorentz-covariance of the particle-dimer scattering amplitude could be proven. Taking into account
all partial waves, the framework fully describes a system of three identical spinless scalar bosons in a
finite volume. Moreover, the quantization condition can be trivially adapted for the description of
pseudoscalar mesons by taking into account their internal parity when projecting onto the several
irreducible representations of the cubic group and its stabilizers in case of non-vanishing total
three-body momentum. Therefore, the formalism established here, serves as a tool for the analysis of
lattice QCD data of, e.g., the three-pion and three-kaon systems at maximal isospin.

Secondly, the leading order expression for the analog of the Lellouch-Liischer formula derived in
Chapter 4 was generalized to higher orders. No restrictions on the possible form of the Lagrangian,
describing the initial decay of a scalar spinless boson into three identical likewise spinless bosons,
was assumed. Most importantly, the derivation utilizes the relativistic-invariant formulation of the
non-relativistic field theory approach. This does not only reduce the number of effective couplings
needed to describe the initial decay, such that less finite-volume decay matrix elements have to
be measured in the lattice simulation, it also enables to combine matrix elements that have been
determined for different total three-body momentum.

With rising computational power and improved algorithms, simulations of three-body decays in
lattice QCD are in prospect. Although a systematic strategy for the extraction of three-body decay
amplitudes from lattice QCD has been established in this work, due to the restriction to identical
particles, the framework is not yet applicable to real physical decays. Additional steps are required.
Serving as test for CP-violation in the standard model, an obvious candidate for a lattice study of
decays in the three-body sector is provided by the electroweak process of the positively charged kaon
into three pions. In order to describe this decay that appears in the two channels, K* — 77" 7~ and
K* — n°2°", the different isospin contributions for the system of three pions have to be included in
the rescattering process. Due to the multi-channeled nature of the decay, even at the leading order
where derivative couplings are absent, the Lellouch-Liischer factor is not a solely described by a single
number. This problem is covered in a current project [7].

Besides the progress in the non-relativistic effective field theory treatment of the three-particle
sector that has been reported in this thesis, the research project has also contributed perturbative
calculations of the energy shifts for the three-pion ground in the isopsin / = 1 channel [4], as
well as the three-nucleon ground state [6], up-to-and-including effects of the order O(L_6). The
resulting expressions enable a convenient way to extract the three-body threshold amplitude, by
performing a fit to the measured ground state energy levels. However, the applicability of perturbation
theory for three-nucleon scattering is problematic. As expected, the perturbative expansion exhibits
a poor convergence for physical values of the S-wave nucleon-nucleon scattering lengths, due to
their unnatural large size. As discussed in the literature [244-247], it is possible that, in nature,
the quark masses are close to a critical values where the scattering lengths diverge, corresponding
to an infrared limit cycle of QCD in the three-nucleon sector [248, 249]. On the other hand, the
perturbative calculation of the three-nucleon energy shift might be still valuable for the analysis of
lattice simulations performed away from the physical quark masses.

Furthermore, the influence of unphysical singularities in the two-body amplitude that can emerge
when using the effective range expansion to the three-particle energy spectrum has been investigated
in [5]. Including effective-range effects, the two-particle scattering amplitude may develop a spurious
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pole with negative residue, as described in 3.3.4. This unphysical singularity usually lies at large
negative energies, well below the range of applicability of the effective field theory, so that such
an inconsistent parametrization can be accepted when describing the low-energy two-body sector.
However, in the Faddeev equation for the three-body amplitude, the center-of-mass energy of the
two-body amplitude can take large negative values, such that an unphysical two-body singularity
affects three-body unitarity even in the low-energy regime. Using a toy model, in [5] it was observed
that, in the presence of such a spurious pole, the three-body energy spectrum exhibits an unphysical
behavior with merging and disappearing energy levels. Furthermore, it was shown that a procedure to
remove these spurious poles without imposing any restrictions on the spectator momentum cutoff,
proposed in [183], can be adapted to the finite-volume calculations.

The research project has contributed to the further development of the three-body finite-volume
formalism. These advances are not only restricted to the non-relativistic effective field theory approach.
Problems that arise due to the modifications in order to render the RFT formulation relativistic invariant
may be evaded by adapting the formalism established here, e.g. by making use of a covariant form
of time-ordered perturbation theory. Furthermore, an three-body analogue of the Lellouch-Liischer
formula has been derived for the first time.
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APPENDIX A

Appendix

A.1 Pinched Energy Levels in the Non-Relativistic Limit

This appendix discusses the role of “pinched” energy levels in the non-relativistic limit. As can be
read off from Eq. (3.41), the Liischer Zeta-function has poles at those energies, that correspond to the
energy levels in the non-interacting case. Thus, in the vicinity of a “pinched” energy-level that lies in
the narrow region in between two consecutive non-interacting energy levels, that are non-degenerate
due to relativistic effects, the quantization condition for ¢ = 0, Eq. (2.62), can be approximated by:

r )

1
A(s;P) = cot 5(s) — ngo(l, 5)=c— =0, (A.1)
T

2m E[-E E-E

where c is a constant and E; denote the free energy levels with r; > 0 the corresponding residue of the
Liischer Zeta-function (multiplied by the prefactor). The non-interacting energies obey

2 2
E/ = \/M2 + (2—”ni) + \/M2 + (2—"m,.) , (A2)
L L

% = n% + m%, such that

with n; €Z3,mi:d—niandn%+m

Ei’ = Enr - 6E[/’ (A.3)
where
271' 2 1 2 2
E, =2M - (f) o (n? + m,.) , (Ad)

corresponds to the (degenerate) non-interacting level in the non-relativistic case. The solutions to
Eq. (A.1) are given by

1 ’ ’ 1 1 ’ ’
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Taking the non-relativistic limit for which 6E; — 0:
1
El —>Enr’ E2 _)Enr_Z(rl +r2)- (A.6)

Obviously the solution at E; = E,. does not correspond to a physical result.
In order to show that this is indeed the case, the two-body amplitude in the finite volume can be
considered. For pure S-wave interactions it can be written as, see Eq. (3.40):

167+/s

*

q

t(s;P) = A(s;P)7L. (A7)

The residues’ at the energies E| /, that solve the quantization condition A(s; P) are given by:

1674/5 1 )+ —r)SE{ — 6E;
1/2_2 (r +1)) ¥ (ri + )"+ clr —n)(0E, 2) ’ (A8)

G2 2 4ryry + (ry = ry + c(OE{ — 5E2/))2

reSl/z =

where s; = El2 — P and q; =+/s;/4-M 2. It can be seen that in the non relativistic limit

L6m+fsy ry + 1,

* 2
q1 c

res; — 0, res, — (A9)

Thus, while the energy level at E, has a well behaved non-relativistic limit, the energy level that is
pinched between the two consecutive non-interacting levels will disappear from the spectrum.

A.2 Two-Body Amplitude in a Finite Volume

This appendix proves the v*'-independence of the finite volume two-body amplitude by providing an
explicit derivation of Eq. (5.84). Calculating the two-particle scattering amplitude in a finite volume
amounts to replacing the loop integral / defined in Eq. (5.7) by its finite volume counterpart /; .

1 dk, 1 1
I = 3 Zk: / 27i 2w, (k)(w, (k) — vk —ig) 2w, (P — k)(w,(P — k) — v(P — k) —ig) °
(A.10)

At this stage, one uses Eq. (5.8). Adding and subtracting the real part of the same quantity, calculated

in the infinite volume, one gets:
1 Z P / d’k
L4 (2n)’

/d_ko_{ ! +A}. (A1)
27i \(m? — k? - ie)(m* = (P - k)* — ie)

! Here the convention of the residue follows from t(s;P) = res; /(E; — E) + regular.

I, = Re(I(s))+
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Here, the quantity /(s) and the real part thereof are given by Egs. (5.10)-(5.12). Furthermore, the
quantity A is equal to

1 1
A =
2 K2 iz 2w (P R)on, (P ) + (P — k) — 7o)
N 1 1
m?> — (P — k)? —ie 2w, (k)(w, (k) + vk —ig)
1 1

. A.12
2w, (k)(w, (k) + vk —ig) 2w, (P — k)(w,(P — k) + v(P — k) — ig) ( )

The energy denominators in the above expression can be expanded, according to Eq. (5.9). The last

term turns then into a low-energy polynomial. The first two terms contain a single low-energy pole in

k° each, at k® = Vm? + k*> and k° = P’ - \ m* + (P- k)z, respectively. Integrating over K leads to a

low-energy polynomial againz. In the infinite volume, such low-energy polynomials do not contribute
to the integrals over spatial components of momenta in dimensional regularization. In a finite volume,
the sum minus integral over spatial components of momenta gives a contribution that is exponentially
suppressed in the box size L. Neglecting these exponential terms, it is seen that the contribution from
A vanishes completely, and one can finally write:

1 ’k
E ; - ./ (277)3

The explicit v*-dependence disappears already at this stage. The subsequent steps are pretty standard.
Evaluating the integral over K° gives:

dk, 1

Ip = J(s)+ 21 (m? — k2 —ig)(m — (P — k)* —ie)

(A.13)

Iy

] 1 w(k) + w(P — k)
H+173 Z / 2r)* | 2v@W(P =) (k) + w(P - k)’ - P}

B 1
J(s) + L_ Z / (271.) dw(K)w(P - K)(w(k) + w(P - k) — Py)

1 d 2
J(s) + ———— 78 (1:g) . (A.14)
432 Ly+s 00h 0

The integrands in the first and second line differ by [4w(K)w(P — k)(w(k) + w(P — k) + Py)| ! Since
this is a low-energy polynomial in the three-momenta, it gives rise only to the exponentially suppressed
corrections. Finally, following Ref. [148], the sum minus integral in the fourth line can be expressed
through the Liischer zeta-function, as defined in Eq. (5.85).

Noting that the tree-level amplitude is the same in the infinite and finite volume, the resulting

2 Certain care should be taken carrying out integrations in k° over the low-energy polynomials. Strictly speaking, these
integrals do not exist because of the divergence arising at |k0| — oo. In the present papers, we consistently put all such
integrals to zero that can be justified, for instance, by using split dimensional regularization [250].
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two-body S-wave scattering amplitude in a finite volume reads as

"(P) = 1 - o (A1)
L S—wave)—l _ 1y (P) 2 d . 2 ’ ‘
tree 2L p(s) coty(s) — \/_—L Zoo(1; qp)
Ly

where p(s) cotdy(s) is given by Eq. (5.21).

A.3 A Dimer Field with the Spin ¢

We define a dimer field with the spin ¢ and projection m = —¢,-- -, ¢ from the tensor field 7},

17 Mgt
There are three constraints on T# R
17""He
e Permutation symmetry in all indices
Ty oty oy = Loy ooty oy fOrallis jo (A.16)
¢ The tensor T# ..., 18 traceless in each pair of indices
17"He
ghitiT =0, foralli, . (A.17)

Myt
* For all i, the field obeys the constraint (6.2).

By considering the Lorentz transformation A that boosts v/ to vg = (1,0), one can define the
“rest-frame” tensor T#1""#¢ as

TH R = A/‘fll e AHeT Ve (A.18)

—v,

Due to the constraint (6.2), the field 7%*"*¢ vanishes, when any of the indices is equal to 0. For
simplicity of the notations, we will use spatial indices, i, - ,i,, instead of the Lorentz indices

#1’ sy, /’t[
We begin with the case £ = 1, and write down a transformation that relates the matrix 7 in the
Cartesian and spherical bases

' =ci,Tim> =123 m=-1,0+1. (A.19)

Here, c},, is given by

—i|, clo=]0]. (A.20)

Sl
]
-

The above result is obtained by postulating

OIT'1j) =65, (OITy,l1n) = 6, (A21)
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and using the known relation between the basis vectors |j) and |1n) (the Condon-Shortley phase
convention is adopted throughout this paper).

Inversely, one can find that

i
T, = (C_l)m T. (A.22)
where
i R *
(c‘l)lm = (cl) - (A.23)

The spin-¢ field is build up by the direct product of ¢ spin-1 fields, i.e.,

tm tm i * i *
Tfm = Cgmlmm[Tlml R -® Tlm[ = Cgml'“me(cilml) cee (clé;n[) Zil Q- - ® Zi[
o 1\
= (c )’Em (I (A.24)
Here we are using the following notations:
-1 ip-ip V4 i % i «
(c )[m = GL () () (A.25)
L, ;,=1;® oL,. (A.26)
The coeflicient %,i’l'f__mf form; = --- =m, = 1 can be read off directly, since the highest-weight state
takes the form ’
160 =lm=1)® ---®|l,m,=1)=|1,---,1). (A.27)
———
¢ ¢

From the above equation it follows that ‘Kff),] = 1. For the lower-weight states, we can use the ladder
operator

T liym+1) = A7 ljsm),  Af = NG —m)( +m+1). (A.28)

Acting on the state with maximum weight, one gets

J7|L,6) :Aag_llf,f— 1). (A.29)
At the same time, we have,
JILL- 1) =A 010, L, 1)+ A 5| LO, -+, 1) +--- Aol LLL---,0) . (A.30)
——— ’ S——— ’ S——— ’ S———
14 14 ¢ 14
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This means that

A
-1 _ oot _ o pte-1 _ 210
(50,1,-.-,1 - Cgl,o,m,l -7 C61,1,---,0 AL, (A31)
£,6-1
Continuing to act with the ladder operator, one gets
U160 = Ay Apealt.l = 2). (A.32)
On the other hand,
21,0, 1)
=J" (Af,o|0»1v"‘ 1) +Af,0|1’0=“‘ 1) +"'+AI,0|1’ 1,--- 7()))
2! _\2
= 11010t (A10)° (10,0, L 1) + -+ +[L 1,---,0,0))
~—_— ————
¢
2! _
* 30r o1 Aol (L L =D 4 L L =) (A.33)
|
¢

The first bracket in the above equation contains ¢ terms, in which —1 stands in the first position, in the
second position, and so on. The second bracket contains % £(¢ — 1) terms, in which two zeros stand in
arbitrary positions. Hence,

2! _ 2
60-2) = A [0,0,1,---,1,1 +---+|[1,1,1,---,0,0
~—_— ——
¢
2! _
+5oe (AToAT ) 1= L1 et L L =D ] (A34)
14
From this, we can read off that
A )2
Qb2 _plt=2 L _plt2 2! (A10)
0,0,1,---,1,1 — ~1,0,0,---,1,1 — - “L1,---,0,0 — 11110!---0! Af f—lAf ‘o ’
, \
¢
21 AT AT _
6E-2  _ pll-2  _ _ plt-2 1,0441,-1
%—1,1,---,1 - Cgl,—l,-n,l - - %l,l,m,—l - 2101 ...0! A[’5_1A£’€_2 : (A'35)
———
14

This procedure can be continued in a straightforward manner. Recalling that A; _; = A = V2,
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generic expression for the coefficients % is given by

w2 (£ —m)! (A36)
T T Ay e Ay (L=mp)!e (1= mg)! :
To summarize, T,,, and T#!'""#¢ are related by
T = ()" 1 A37
tm — (C )fm =y pg? ( . )
and, inversely,
e = A Rer, (€ not summed) (A.38)
Here the matrix ¢ matrix is given by
‘m i i . .
e _ | G, € ) (€0 0 (i = 0o g = ), A
Cem = . (A.39)
0, if at least one of u; = 0.
The matrix ¢ is complex conjugate of c:
_1\M1He o pm *
(c )gm - (cf;n f) . (A.40)
Moreover, it obeys the constraints that are imposed by Eqgs. (A.16)-(A.17), namely
Byl el ol
chln T = chln ! ‘ (A41)
Hpept e
i, Cem =0 (A42)

The constraint from Eq. (6.2) is obeyed automatically, owing to Eq. (A.39).

A.4 The Dimer Propagator in a Finite Volume

In this appendix, we briefly sketch the calculation of the finite-volume self energy, displayed in
Eq. (6.39). The on-shell momenta in Eq. (6.40) are defined as

4y =4y —vuva-wy(@), 4, =P -q), —v,((P=q)-w,(P-q). (A.43)

Furthermore, for any four-momentum,
B = Ao A, 0 = (Ao AW, A (1)) A )5 (A.44)
The product of three matrices in the brackets is a pure rotation:

(A(VO, VAW, A~ (v, u))'w = R (v,u), (A.45)
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where
RO _ 1 ROi:RiOZO’

(1= vOulu’ (1 = uOpiv/ uv(v'e + u'v')

RV = -6 -
A+ @)1 +u®) A+ +v°) 1+ @) +u®)1 +v°)

1+ w00+ uv)(viuj - uivj)

(1 + (@)1 +u”)(1 +v%)

(A.46)

Below the elastic threshold P? < 4m?, one can merely replace the sum by an integral in Eq. (A.48) —the
corrections to the infinite-volume limit are exponentially suppressed. Therefore, we concentrate on the
case P> > 4m” here. In this case, the expression for the self-energy can be further simplified. Namely,
the quantities g, ¢’ in the numerator in Eq. (6.39) can be expanded in Taylor series in (vg — w,(q)) and
(v(P = q) —w, (P — q)). All terms, except the first one, obviously vanish in this expansion, since after
the integration over qo one gets a low-energy polynomial and the sum vanishes, if the dimensional
regularization is used (we remind the reader that, by implicit convention, the infinite-volume limit is
already subtracted in this sum). This expansion, in particular, leads to the replacement u* — P* /s,

where P* = (Vs + P2, P). Hence, u*' becomes independent of the summation momentum and, after
integration over qO, the expression of the self-energy simplifies to

e P) = ) D RSP () (R v)))*. (A.47)

where
(@ (K)” Z,,,(K)
o emP) = o (P?)f,(P )— (A.48)
X o Zzw(qnwa) Q)(w(q) + wP -q) - P°)’

where

k=l-u—" l=q—Lp (A.49)

- uo(u0+1)’ -4 27 '

At this point it is seen that the dependence of v** is trivially factored out and is contained in the Wigner
D-functions only.

Next, we shall use the well-known addition property of the spherical functions

D )Yy () (=1

mf\/(%’ + 120+ 1)
4r

X

m m -

Z( 1YV +1 |k|“"f( ¢ j)(g 5 é)@js(k). (A.50)

-5 0 00
an even integer — otherwise, the second of the 3 symbols would vanish.

Here, (—fn' ’i J ) and (f ¢ ) denote the Wigner 3 symbols. Note that ¢’ + £ — j should be
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Furthermore, we shall use the following identity (see, e.g., [50]):

1 _tr_r ... (A51)
2w(@2w(P - Q(w(q) + w(P —q) - P°) 2P’ I’ - Py’ 9 | |
P

where q% =, /f_l — m” and the ellipses stand for the terms that are low-energy polynomials and thus do

not contribute.
It is immediately seen that the denominator in the r.h.s of the above relation is equal to K> - q% .
Taking into account that £’ + £ — j is even, Eq. (A.48) can be rewritten as follows

2 ’
- T i [+ 1D(2C+ 1)
ontenP) = 5 Jr PP f\/ "
em i f, ’ . 5/ Vs .
x (-1 (_m, . _JS) (0 0 é) Z8(1is),  (AS52)
Js
where
% (r)
Z5(l:s) = = ,
J r;d 2 772
1
P, = {r € R3|r” = y_l(n” ) |d), r, =n,, ne 23} , (A.53)
and
L L P°
d= —P, n= (A.54)

2 27rq0’ y=$.

Final remark is in order. As mentioned already, our calculations concern the finite-volume corrections
only. The infinite-volume part has to be added by hand at the end of the day. In our case, the real part
of the loop function J(s) should be added, see Eq. (6.20). Once this is done, the finite-volume loop
function below threshold smoothly converges to the infinite-volume result, when L — co.

A.5 Lorentz Transformations for Z .

In order to establish the properties of Z,, under Lorentz transformations, we shall use the following
well-known properties of the Wigner functions:

4
() " _ . .o ’ Y] ’ )
GDRZDR) = > Gmjmlm+m G 0+ NZY L (R),
Ryl
IV (R) = (-1 (.@X;)(_m,)(R)) . (A.55)
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Now, taking into account the fact that 7;;+; are invariant under Lorentz transformations, one may
write

(Zloc)f’m’,fm Qp,Qq) = 4n Z Z T 0m m (L'(M" = m"), g,m/UM/)@L’(M’—m')(RI_))
JLL' MM’

X (L(M = m), m|JM) (@L(M_m)(Rg))* . (A.56)

In the above equation, one may use the transformation law, given in Eq. (6.34). In addition, one may
replace the Kronecker-delta 6,,,, by

Svyag = Z@‘” (R)( A (R))* . (A.57)

Using now the second equation in (A.55), the local contribution can be rewritten as follows

(Zloc)[’m/,,gm (Qp, QQ) = 4r Z Z TJLL ZZ Q(A;I]?N(R) (Q(A‘Z\J(R))*

JLL MM’
’ ’ N opr 7 ’ M’ —m'—n’ (L")
X(L'(M" =m"), 'm’ |IM" )%,y (p)(—1) Dt sty B
X(L(M = m), em|IM) (Z,(@) (DM (98, R) (A

Next, one uses addition theorem, given in Eq. (A.55) and performs the sum over M’, M afterwards.
The addition theorem gives

(L ) )

=n

:Z(L’(m’—M’),JM’|j’m’><L’(—n’),JN|j’(N n))@z()N SR), (A59)
5

and the same for the “unprimed” indices. Furthermore, the summation with M’, M is carried out by
using the symmetry properties for the Clebsch-Gordan coefficients. For example,

Z(_I)M'—m'—n'<L/(ml _ M,), JM/|j1m1><Lr(M/ _ m/)’ 5m’|]M')

—n'-t 2J+l ’ ’ 4 Y4 ’ ’ ’ 7’ 4 ’
DD TN S L = MM (L O = M), M)

(_I)J_n’_g’ 2J +1 S

, A.60
200 +17° (A.60)
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A.6 Projection Onto the Various Irreps

and, similarly, for the “unprimed” indices. Substituting this expression into the original formula gives

(Zloc)["m',[’m (Qp,Qq) = 4n Z Z Z Z Ty

JLL n'n j'j
X (1) L NI N = D, 0TS (R
X (1) (L) N - ) (Za@) (20, ®) a6

Using the symmetries of the Clebsch-Gordan coefficients again, we get:

RN

(Zloc)f'm',fm (.Qp, Q‘])

JLL n'n
X AL LN =N @70 (R)
X (Ln, €(N = n)|JN) (@Ln(q)) ( s n)(R)) A6
Finally, one arrives at
(Zio) it o @0, QD) = Y D) (R (Zi) g g ) (Z0,R) . (A63)

A.6 Projection Onto the Various Irreps

In this appendix, we give a detailed derivation of Egs. (6.53) and (6.54). To this end, we shall transform
Eq. (6.52) by using the transformation property of .7, manifested in Eq. (6.51):

T Ta Sa' Sz r 0 (A)
D iy ounsProds) = Z Z Z ' AN >T (8 )Ty (8)
g geg/lp /l/) /lm/l”

't -1 7 A - -
X iy any (88 P a )Ty (8 T o (@™ )(Ep, AdIT@)
N——

//

-Z2z 2 Z D TP AT @TE) (TE(8)

gg Gg/l/) /lp/lm/l” ”

g ’” A — —
X s ramy (& P 4T (7T (™ (Ep, A|T ) . (A.64)
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Appendix A Appendix

In what follows, we shall use the relation

NNt o 3z A')
DU NN )T (T (8)

— Z<Z,pl,A,/l’|F,C¥’> Z <2/p/’ A,/ll|5,ﬁ,><2’0'”,A,/l,N — />T( (g)
Y Eﬁ”y’

_Z@ o Ay ')T( \(g). (A.65)

A similar relation holds also for the product T(E)(g_l) xT (A)(g_1 ). With the use of these relations, the
original expression simplifies to

T’ o tTa _ ES_E s o 111 ()
S o (AT, cr(m)z(pr’qs) =G G Z Z ,,,Z; /,< LAy T, (g)

2.8"€G vy Ao
z ’7” 17 17 —
XTI (& VT s a8 P 4, A ITNT)(7) (A.66)

Carrying out the summation over g with the use of the orthogonality condition of the matrices of the
irreps, we finally arrive at Egs. (6.53) and (6.54).
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