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Liischer’s method is routinely used to determine meson-meson, meson-baryon and baryon-baryon
s-wave scattering amplitudes below inelastic thresholds from Lattice QCD calculations - presently
at unphysical light-quark masses. In this work we review the formalism and develop the requisite
expressions to extract phase-shifts describing meson-meson scattering in partial-waves with angular-
momentum [ < 6 and [ = 9. The implications of the underlying cubic symmetry, and strategies for
extracting the phase-shifts from Lattice QCD calculations, are presented, along with a discussion of

the signal-to-noise problem that afflicts the higher partial-waves.
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I. INTRODUCTION

The s-wave interactions between hadrons are being calculated with Lattice QCD (LQCD) with increasing precision.
Presently, such calculations are being performed at unphysical light-quark masses, and in the case of mesonic in-
teractions, extrapolations to the physical light-quark masses are made possible by chiral perturbation theory (xPT).
Unfortunately, such extrapolations are presently not reliable for baryon-baryon interactions, and it is likely that LQCD
calculations at, or very near, the physical light-quark masses will be required to make precise predictions for these
interactions due to the fine-tunings that are known to exist in nuclear physics. In most LQCD calculations, periodic
boundary-conditions (BC’s) are imposed on the quark and gluons fields in the spatial-directions of the lattice volume
and Liischer’s method [1, 2] can be used to extract scattering phase-shifts from the energy-eigenvalues of two-hadron
states that lie below inelastic thresholds. As it is the irreducible representations (irreps) of the cubic group that
determine the degeneracies of the eigenstates in the (cubic) lattice volume, it is difficult to determine the phase-shifts,
d;, beyond the lowest few partial-waves. Each of the irreps of the cubic group have a non-zero overlap with infinitely
many irreps of SO(3), and as a result, the energy-eigenvalues of two-hadron states transforming as a certain irrep
of the cubic group receive contributions from the phase-shifts in an infinite number of partial-waves. In contrast,
two-particle systems confined in a harmonic oscillator potential have a one-to-one relation between phase shifts and
the energy-eigenvalues since the potential respects SO(3) symmetry [3, 4] 1. The mixing of angular momentum in
cubic irreps consequently limits the precision with which the phase-shift in any given partial-wave can be extracted in
a LQCD calculation. This was made obvious in the work of Mandula, Zweig and Govaerts,[6], and explicitly detailed
in Lischer’s papers [1, 2]. Liischer calculated the energies of states in the AT irrep of the cubic group as a function
of §yp and &4, and gave general expressions for the energies of states transforming in each of the cubic irreps in terms
of the §;. The extension of this formalism to systems with non-zero center-of-mass (CM) momentum was performed
by Rummukainen and Gottlieb [7], and later by Kim, Sharpe and Sachrajda [8]. Recently finite-volume expressions
for three-nucleon systems within cubic volumes have been investigated [9-11].

Fully-dynamical ny = 2 + 1 LQCD calculations of meson-meson interactions in the isospin-stretch-states (i.e. no
disconnected diagrams) are presently enabling predictions of the s-wave interactions with percent-level precision [12—
17] (for a recent review, see Ref. [18]), and very recently a preliminary calculation of the 7 "7 d-wave phase-shift
has been performed [19]. Further, preliminary calculations of I = 0 nw scattering, which contain disconnected
diagrams, have been performed [20]. These calculations were preceded by quenched LQCD calculations [21-39], and
by early ny = 2 LQCD calculations [40]. Meson-baryon systems are starting to be explored in the channels for which
disconnected diagrams are not required in the LQCD calculations [41]. Further, LQCD calculations of baryon-baryon
interactions are beginning to become reliable at unphysical pion masses [42-45], and recently the binding energy
of the H-dibaryon has been calculated [46]. Now that the methodology for extracting s-wave interactions has been
shown to be effective, it is appropriate to explore the higher partial-waves. In the meson sector, a determination of
the p-wave phase-shifts has direct implications for post-dicting the mass and width of the p-meson [47, 48], but this
requires evaluating disconnected diagrams in LQCD - calculations that are computationally expensive. In nucleon-
nuclei scattering, the experimentally determined p-wave phase-shifts are thought to be at the heart of the “A,-puzzle”
in nucleon-deuteron scattering. Further, it is found phenomenologically that only the phase-shifts in partial waves
with [S 4 are required to perform relatively precise calculations of nuclear structure and reactions (at the physical
pion mass).

The formalism required to analyze the J = 1 coupled-channels, in which the deuteron is the ground-state, has been
put in place by Liu, Feng and He [49], and exploratory quenched calculations of the s-d mixing parameter, €, at pion
masses of m, ~ 730,530 and 380 MeV have been performed in a small number of lattice volumes [50]. Further, there
has been recent work in developing the phenomenology that goes beyond Liischers formalism in an attempt to explore
resonances (and couplings to multi-hadron final-states) in the single baryon and meson sectors[51].

It is appropriate to point out that there is a substantial amount of information and technology that is directly
relevant to this subject, in particular space-groups, that has been developed for study of condensed matter systems.
Much of the work in this paper draws directly from various applications found in these fields. Discussions of space-
groups can be found in texts, such as Ref. [52] or Ref. [53], as are discussions of point-groups, and other formalisms
that impact the present calculations.

While the papers by Liischer [1, 2] contain the required formalism, we take this opportunity to present the explicit
relations between the energy-eigenvalues of two spin-zero meson states in a cubic volume and the phase-shifts in
the partial-waves with [ < 6 and | = 9. As the total spin is zero, the total angular momentum of these states is

1 The same is true when a “spherical-wall” is imposed on the separation between hadrons, as has been demonstrated in recent lattice
effective field theory (LEFT) calculations [5].



TABLE I: Decomposition of the orbital angular momentum eigenstates, |l,m), into irreps of the cubic group, r®,
for I <9 (see, for instance, Ref. [52]).
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dictated by the spatial cubic irreps [54, 55]. The experimentally measured phase-shifts describing 77 scattering in
the lowest-lying partial-waves, appropriately parameterized, are used to perform estimates of the energy-eigenvalues
that are expected in LQCD calculations of such systems over a range of lattice volumes. We also discuss the issue of
signal-to-noise degradation while performing lattice calculations in higher partial waves.

II. FORMALISM

In the absence of interactions, the states in the cubic volume can be defined by their behavior under transformations
of the cubic group and by their energy. As the momentum in the volume is quantized in integer multiples of 27/L,
where L is the spatial-extent of the volume, the energy quantum number can be replaced by the magnitude of the
integer triplet defining the momentum, |n|?, where n = (n,,n,,n.). Instead of the energy, it is convenient to refer to
the particular |n|2-shell. For each partial-wave with [ < 6 and [ = 9, an irrep of the cubic group is identified for which
d; provides the dominant contribution to the interaction energy. Sources and sinks used in LQCD calculations that
are constructed to transform under such irreps will allow for a determination of the §; at some level of precision. The
energy of states with |n|? < 6 are required to lie below the inelastic threshold in order to obtain all of the phase-shifts
with [ < 6, thereby requiring relatively large lattice volumes. Further, the energy of a state in the |n|? = 14-shell is
required to obtain the | = 9 phase-shift.

A non-zero phase-shift in a given partial-wave will, in general, contribute to the energy-eigenvalues of two-hadron
states in the volume that transform as one or more irreducible representations of the full cubic group, I'?. 2 Table I
shows the decomposition of the orbital angular momentum eigenstates, |I,m), into the '@ for I <9, from which it
is straightforward to determine the I'¥ that have energy-eigenvalues that depend upon a given phase-shift §; 3. A
cursory study of table I shows that A -states will, in general, receive contributions to their energy from interactions
with [ = 0,4,6,8, ..., as is well known [6], and similarly for the other I'®. As the dimensionality of an SO(3) irrep
(which is 21 + 1 for |I,m)) must be equal to the sum of the dimensionalities of the cubic irreps in its decomposition,
cubic irreps will, in general, appear multiple times (with multiplicities denoted by N(I'®,1)) in the decomposition of
an SO(3) irrep. Multiplicities greater than one occur for [ > 5. The space associated with the j'" occurrence of r@
in the decomposition of |I,/m) is spanned by the orthonormal basis { [, L_;1;4) }, where the number of values of
L. equals the dimensionality of ') e.g. for [ = 5, the 3-dimensional irrep T occurs twice, and the space associated
with the second occurrence is spanned by { |77 ,0;5;2) , [T} ,1;5;2) , |1} ,3;5;2)} *. When calculating observables

2 The irreps of the full cubic group are 'Y = Ait,Ag:, E:‘:,Tfl:7 and TQi, and have dimensionality 1,1,2,3 and 3 respectively. The
superscript denotes the parity of I'(¥).

3 Each I'® appears at least once in the decomposition of the |I,m) with I < 6 except A7 which first appears in the decomposition of the
I =9 irrep [52]. It is important to note that the decompositions of the | = 7 and | = 8 irreps contain only I'(®) that also appear in the
decomposition of the [ < 6 irreps, and consequently there is no I'® for which the dominant contribution to the interaction energy (in
the large volume limit) is from the | = 7 and [ = 8 partial-waves.

4 The L, quantum number indicates that a phase of eL=® results from a (cubic) rotation of ¢ = nw/2 about the z-axis, with n an integer.
L. = 3 is equivalent to a L, = —1 and L, = 2 is equivalent to L, = —2.



in a cubic volume, operators transforming as a component of a spherical tensor of rank-S, Og“ ), are most conveniently
written as

O = 3 o LeS r0 L5 ) (0@, LS5 (1)
4,4, L>
where the values of the ('”:3:L=51) are simply determined by matrix elements of O(S“ ) between |I,m), or
TG L.;S; ), or any states forming a basis in which the projections onto |T?, L_;S; ) are known. In determin-
ing the energy-eigenvalues of the states in the volume, it is the scattering amplitude in a given partial-wave that is
written in the form of eq. (1), with S = 1.

The relations between the energy-eigenvalues of two-hadrons in a cubic volume and their scattering phase-shifts
below the inelastic threshold, originally derived in the context of non-relativistic quantum mechanics, were shown to
be valid in quantum field theory (QFT) without modification by Liischer [1, 2]. The energy-shifts of scattering states
due to the interactions exhibit power-law dependence upon the volume when the range of the interaction is negligible
compared to the spatial-extent of the volume. Corrections arising from the range of the interaction (for the case of
7T+ the range is set by R ~ 1/(2m, ), while for nucleon-nucleon interactions it is set by R ~ 1/m, ) are exponentially
suppressed for L > R, and of the form ~ e /% [56]. In this work, it is assumed that these finite-range corrections
are negligible compared to the power-law energy-shifts due to the interactions. It is straightforward to calculate a
two-hadron Green function resulting from an arbitrary source and sink. The Green-function is generated by the
bubble-diagrams with non-interacting two-hadron states propagating from the source through multiple insertions of
the T-matrix, and then to the sink. In free-space, the Green function exhibits poles at the location of bound-states
and cuts along the positive real axis. In the finite-volume, modifications to the propagation of the two non-interacting
hadrons eliminates the cuts on the positive real axis, replacing them with poles at the location of the energy-eigenstates.
Further, these modifications shift the location of the poles on the negative real axis (if present in infinite volume).
The energy-eigenvalues, corresponding to both bound-states and continuum states in the infinite-volume limit are
determined by solutions to [8],

det cosé—sin(SF(FV)} =0 |, (2)

where cot d, sind and FFV) are (1™ 4 1)2 x (1™ 4-1)2 dimensional matrices when the phase-shifts §; are non-zero
for I < I™a* and vanish for [ > [™#*. Initially, it is convenient to work in the |I,m) basis in which, for uncoupled
channels, cot § and sin§ are diagonal matrices of the form

cosd = cosdy 010, Omymy , SING = sindy 01,05 Omyms (3)

for 115 < I™#*, but in which F(FV) has off-diagonal elements, in general. F(*V) is a matrix that is a function of
the dimensionless quantity ¢ = 7=, where ¢ is related to the energy of the interacting two-hadron state, Fy, g, =

\/q2 +my, + \/q2 + m3, . Its matrix elements are of the form

) () '~
Fiimitm, = i VLD 4D >
I=|l;—1a]
7 _ _
2l+ I 11y L 1 Iy -
Z (1, , 4
72 B (OOO)(—m1—mm2 1 (10 )
i

where the functions Z;,,(1;¢?) are those defined by Liischer [1, 2],

Zlm Z |n| lem 2 ) (5)

[ nf? -

where Y},,,(2) are the spherical harmonics. The function Zg(1;¢?%) is UV-divergent and is defined with the same
renormalization scheme used to define the infinite-volume scattering amplitude.

The non-diagonal nature of 'V with regards to {1 and Iy results in the mixing of partial waves within each cubic
irrep ¥ and makes the derivation of the finite-volume formulas nontrivial. We found the following steps to be useful:

e Separate the problem into positive (I even) and negative (I odd) parity systems.



TABLE II: The degeneracies of, and the number of occurrences of each I'™ in, the lowest-lying |n|?-shells. Note: the
A7 irrep first appears in the |n|? = 14 shell.

[n|?||degeneracy|| AT AF T T, ET AT Ay T Ty E~
0 1 1 - - ] _ i i R _ _
1 6 1 - - - 1 i - 1 - -
2 12 1 - - 1 1 - - 1 1 -
3 8 1 - ; 1 - - 1 1 i -
4 6 1 - - - 1 - - 1 - ;
5 24 1 1 1 1 2 - - 2 2 ;
6 24 1 - 1 2 1 - 1 2 1 1
14 48 1 1 3 3 2 1 1 3 3 2

V)
1,lma-

e Diagonalize the blocks of FFV) with I, = I, = [, giving Fl(:: This separates FFV) into blocks with
dimensions dictated by the number of occurrences of each I'() for [ < [max,

e Perform further diagonalizations confined within each I'¥), if needed.

e As the sind and cosd matrices are diagonal in /; and Iy, their inclusion into eq. (2) is straightforward. The
determinant in eq. (2) then becomes the product of determinants resulting from each I'(*).

For [™#* = 6 this procedure requires dealing with matrices of size at most 4 x 4. Unfortunately, even with these steps
laid out, calculations can become quite tedious in the absence of automation (as is currently the case). As an aid, we
give explicit derivations of select systems in Appendix A.

Despite the fact that eq. (2) requires forming the determinant of a finite dimensional matrix, it has infinitely many
solutions. It is derived from a Green-function between arbitrary sources and sinks which, in principle, can couple to all
of the eigenstates in the volume, manifested in the infinite-sums over integer-triplets that define the Z; ,,-functions.
Therefore, the zero’s of the determinant in eq. (2) define all of the energy-eigenvalues and hence eigenstates. As
discussed previously, the energy-spectrum of two non-interacting hadrons in the cubic volume with periodic BC’s, and
with vanishing total momentum can be defined by triplets of integers, n,

2 2
2 2T
Jab it g o () weent + ) (2) e o

E =
lai® | Jaef 2m
= — + —/— + ... &> — n|©” + ... . 6
2mq 2meo wL? o] (6)
where one hadron carries momentum q; = %’Tn and the other carries momentum qo = —%’Tn, and the reduced mass

of the system is =1 = mfl +mg 1 This (non-interacting) spectrum is recovered in the above formalism, in particular
eq. (2), in the limit that 6; — 0 in each partial-wave from the poles in the Z; ,,,-functions that exist along the positive
real axis. The degeneracy of any given |n|?-shell is straightforward to determine and is recovered from the number
of states in the T'” that span the |n|?-shell, as shown in table II. As the (single hadron) momentum eigenstates
in a given |n|?%-shell are degenerate, the corresponding I'") are also degenerate. These degeneracies are lifted by
two-particle interactions that induce non-zero §;’s. Table II shows that all but one of the I'¥ are required to describe
the eigenstates for |n|?> < 6, and from table I it can be concluded that for § # 0 for [ < 6 all of the eigenstates
with [n|? < 6 are shifted from the non-interacting two-hadron energy due to interactions. However, the A irrep first
occurs in the |n|? = 14 shell and its energy is dependent upon interactions with [ > 9.

III. ENERGY-EIGENVALUES, SOURCES AND SINKS

Liischers formalism, as detailed in the previous section, is used to construct explicit relations between the energy-
eigenvalues of the '™ and the interaction phase-shifts for [ < ™% = 6, the results of which are presented in this
section. Sources and sinks for LQCD calculations that transform as a given I'(¥) are constructed from the single-hadron



momentum-eigenstates, and Fourier transformed into position-space. One pair of these sources and sinks would couple
only to a single energy-eigenstate in the absence of interactions between the hadrons. As the interactions do not induce
mixing between distinct I')| these sources and sinks couple, in principle, to all states that transform in the same I'().
To keep the presentation of results simple, explicit derivations are deferred to Appendix A, where calculations of the
even- and odd-parity systems with {"%* = 4 are detailed, and which straightforwardly generalize to any {"%*.

As the hadronic interactions considered in this work result from QCD with the strong CP-violating parameter 6
set equal to zero, and without the electroweak interactions, parity is a good quantum number. Consequently, the
contributions to the finite-volume function F*V) do not mix states of opposite parity, and therefore the required
calculations decompose into the parity-even and parity-odd sectors. If weak-interactions are included in the analysis,
as will necessarily be the case when hadronic parity-violating interactions are calculated with LQCD, mixing between
the parity-sectors will occur.

A. Positive Parity Systems

There are five positive parity irreps of the cubic group, AT, A3, E*, TiF, and T, with dimensions 1, 1,2, 3,and
3 respectively. Table I shows how the interactions in a given partial-wave contribute to each I'”. The energy-

eigenvalues, sources and sinks for the even-parity states are presented in the following sections: ITTA 1, ITTA 2, TIT A 3,
IITA 4 and TITA 5.

1. AT Representation

The energy-eigenvalues of AT states depend upon the phase-shifts in the [ = 0,4, 6,8, ... partial-waves, as can be
seen in table I. Diagonalization of the blocks in the finite-volume function of the form Fl(_fv) for I = 0,4,6 gives the
states |AT, L.;1; j), as defined immediately before eq. (1), with

|AT,0;0;1) =|0,0)

\f|4 + \f4o>+;\/§|4,—4> o

7
A7 01) = Y lo.4) — = 16.0) + Y160

|AT,0:4;1)

—(FV
for the A eigenstate of each F¥ l(; . "in the orbital angular momentum (spherical-wave) basis |I, m). With these states

. . —(FV . . . o
and the corresponding eigenvalues from Fl(;l )7 the procedures described in Appendix A allow for the contribution to
eq. (2) from A states to be written as

—(FV,AT) —(FV,AT) —(FV,AT)

cotdg 0 0 Fo., . 04 0:6

det || 0 cots, 0 |—[FEVAD pEVAD BEVAD L <0 8)
—(FVAY) —(FV.AY) —(FV.AT
0 0 COt(sﬁ Féf(;v,Al FéiVaAl ) Féf;v’Al



where the finite-volume contributions are

FEV.AD) _ Zo0 (1;¢%) FEV.AT) _ 2\/§Z470 (1:¢%) FUEV.AD) _ 2V2Z60 (1;G°)
050 =55 _

73/2§ ’ 054 - 7r3/2(j5 ’ 0;6 - 73/2G7
F(FVA ) Zoo(1;G%) 108240 (1;%) 80260 (1;¢%) | 560Zs0 (1;4%)
hh T m3/24 14373/25 11V1373/2¢7  143/1773/2¢°
FEVAL _ 404/ o210 (L) 42v4 226, (1;6°) 224\/ 2 Zs0 (1;4%)
46 1m0 + 1877r3/2 20973/23°
1008 1%210’0 (1, 62)
- 32373/2g11
F(FVA ) Zoo (1;¢%) 12624 (1;%) ~ 160v13Z6,0 (1;¢%)  840Zs, (1;4?)
6:6 T w3/2g 18773/25 3553m3/2§7 209+/1773/2§9
2016v21Z10,0 (1;¢%) 30492212 (1;G%)  1848v1001Z12,4 (1;¢%)
742973/2G11 3714573/2413 3714573/2413 ’
_ @ _ @
and F',. (FVF ) = F givr ). Equation (8) yields an infinite number of energy-eigenvalues and eigenstates, each of

which depend upon the phase-shift in the [ =0, 4, and 6 partial waves.

In the |n|%-shells for which there is just one A state, as shown in table II, its energy-shift due to interactions
receives contributions from the [ = 0,4,6, ... partial—waves. However, in the |n|?-shells in which there are multiple
Af states (first occurring at |n|? = 9), the energy-eigenstates are linear combinations of these states. In the large-
volume limit, the shift in the energy-eigenvalue of one combination is dominated by the interactions in the [ = 0
partial-wave, the shift in a second combination is dominated by the interactions in the | = 4 partial-wave, the shift
in a third combination is dominated by the interactions in the [ = 6 partial-wave, and so on. So while the naive
argument that Af states receive contributions from interactions in the [ = 0,4, 6, ... partial-waves is generally true,
linear combinations of A states are formed such that it is not true in the infinite-volume limit. The energy-shift
of each occurrence of an Al energy-eigenstate in a given |n|?-shell is dominated by the interaction in a different
partial-wave in the infinite-volume limit. To demonstrate this point, consider the situation where the phase-shift in
the [ = 6 partial-wave vanishes, in which case eq. (8) becomes a 2 x 2 matrix with the following two solutions:

cotdy N cotdy  Zoo (1;¢%) 2802, (1;4?) 40260 (1;¢%) 94240 (1;¢%)

2 2 m2G  143/17r%2¢  11V/13p3/2qT 1430328
1 \/(56028,()(1;62) 80250 (1;2) 108240 (1; )

482, (1;¢2)°

2
+ cotdg — cot54> +

143/1773/2¢°  113/1373/2§7 14373/2¢5 T3 §Lo
=0. (9
In the case of tands < tandy °, the { = 0 dominated solution is
2
2 1228877 Z4,0 (15 ¢%)
tdo = ——Z20.0 (1;G : O (tan?§ 10
geotoo = /Rl (1:¢%) + 70 [gOcotoy] + O (tan®0y) (10)

and is valid for all |n|?-shells. If phase shifts in both the | = 4 and [ = 6 partial-waves vanish, eq. (8) and eq. (10)
reduce to the familiar result found by Liischer ©

qcotdy = Zoo (1;4°) (11)

2
il

5 For (non-nuclear) systems in which the [ = 4 partial-wave might be resonant, and therefore tandy < tands, eq. (9) can be expanded to
obtain the [ = 4 dominated solution,

512115/2 20 o (1;¢%)  1769472125/22, ¢ (1;?) N 3145728715 24 o (1;32)°

O (tan%s) .
L9 + 143 L1445 7L18¢%¢cotdy + O (tan"éo)

q’cotdy =

However, as argued later, the Tl+ system is better suited for extracting the phase-shift in this channel.
6 The “S-function”, S(§?), used in, for example, Ref. [58], is related to Zo,0(1;§?) by S(§?) = V47 Z0,0(1;G?).
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FIG. 1: The function Zy,o (1; [jz). The vertical dashed lines denote the position of the poles of the function corresponding to
the non-interacting energy-eigenvalues.

where the function Zy (1;¢?) is shown in fig. 1. Performing a large-volume expansion of the solution (as discussed
in Appendix C) to eq. (11) in the |n|? = 9-shell gives the energy-eigenvalue

9 2 _
i {3671’ _ 20tandy(mnf?=9) O(tan? &) + ] , (12)

EAT(” L2 L2

while the second solution to eq. (9) has a perturbative expansion of the form

1 [ 3672 8960 tandy(|n|? = 9)
S - 1
24 [ L2 243 1.2 + Oftands) + ’ (13)

E AF®
where the contribution from the [ = 0 partial-wave is strongly suppressed in the large-volume limit. While the two
basis states, ||[n|?> = 9; A7 (1)) and ||n|?> = 9; A7 (2)), both have a non-vanishing overlap with |I,m) = |0,0), it is
obvious that a linear combination can be formed that has vanishing overlap. Inserting the interactions once, as is
appropriate for determining the energy-eigenvalues in large volumes (i.e. first order perturbation theory in 1/L),
dictates the form of the expansions in eq. (12) and eq. (13).

Sources and sinks that have an overlap, and in general a range of overlaps, with the finite-volume energy-eigenstates
of hadronic systems are required for LQCD calculations. While the interactions between hadrons gives rise to energy-
eigenstates that are not products of single-hadron eigenstates of the linear-momentum operator, sources and sinks
can be constructed from the single-hadron momentum eigenstates that transform as a given I'¥| that will have
non-zero overlap with the energy-eigenstates in the same irrep. Constructing sources and sinks from single hadrons
that have equal and opposite momenta ensures that the total momentum of the combined system vanishes. The
relative-momentum-eigenstates of definite parity, P, are denoted by

{ |7) +\/7; |17 (7 # 6)
0

i, P) =
S [ (7=

(14)

where P is the parity of the state (P = 1) and @ = (ng, ny,n,) is the triplet of integers that define the relative
momentum of the two-body system. The states in eq. (14) are eigenstates of the relative kinetic energy operator Ty,
with the eigenvalues displayed in eq. (6). By taking appropriate linear combinations of these momentum-eigenstates,
states in the A" representation (or any other irrep) can be constructed in each |n|2-shell if the shell supports it (see
table IT and Ref. [52]). For example, in the |n|? = 0 shell the basis-state is

||n|2 =0; A;r> = |(O7070) ) P:+1> )
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TABLE III: The momentum-space structure of A} sources and sinks for |n\2:0, 3, and 6. These are shown graphically

in fig. 2.
|n|*>=0 [n|?=3 |n|?=6

1 1
|(27171) ’ +1> 2v3 |(2717_1) s +1> 23
(1,11), +1) L[ 121D, +1) 57 12-1-1)  +1) 55
00,0) 1) 1 || 134D - +1) 112, +1) Sz 1121, +1) 5z
Y ' |(17'171) ) +1> % |(17112) ’ +1> 27\1/§ |(1717'2) ) +1> ﬁ
|(1’_1’_1) ’ +1> 2 |(17_172) ’ +1> %ﬁ ‘(17'17'2) ’ +1> ﬁ

1 1
|(17'271) ) +1> 23 ‘(17'2?1) ) +1> 23

while for |n|? = 1, the basis-state is

‘(1»070) ) ,P:+1> + |(07170) s P:+1> + |(0,0,1) ) P:+1>
V3

In general the coefficients of these basis vectors are valid up to an arbitrary phase. The momentum-space basis for
the Al sources and sinks in select |n|?-shells are presented in table III.

The momentum-space representations of the sources and sinks (the left panels in fig. 2) show the n-vectors that
transform as an A in the given |n|%-shells. The widths of the vectors are proportional to the magnitude of their
amplitudes and their color denotes the sign (red=positive, blue=negative). The position-space representations of the
sources and sinks (the right panels in fig. 2) show the surfaces of constant pn p(r), defined by

Inf* =1; Af) =

pn,P(r) = ‘< r ‘ (nwanyvnz) , P >|2 ) (15)

which are obtained by Fourier transform. In the position-space representations, r refers to the relative distance
between the two particles and in the figures T is defined to be ¥ =r/L.

2. A} Representation

The other one-dimensional positive-parity irrep of the cubic group is the A;‘ . Due to its complexity, the lowest-
lying state transforming as a A2+ is in the |n|? = 5 shell, as indicated in table II. Further, the lowest partial-wave
contributing to its energy is [ = 6, and as this analysis is truncated to partial-waves with [ < 6, the contribution to
the determinant in eq. (2) has the solution

2\ 1
13 —
q COt66 — <L> m X
2200 (1) + 6¢°24,0 (1:¢°)  160v13¢°Z60 (1;¢%)  404*Zs0 (15¢°)
T 17 323 19v/17
2592v21¢% 2100 (1;¢%) 19802120 (1;¢%) =~ 264v1001Z124 (1;4%)
7429 7429 7429
o\ 1 &
(FV)

and the associated eigenstate of the Fﬁ;ﬁ block is

1 /11 1 /11 1 /5 1 /5
45,2:6:1) = 11/ 516.2) + 1/ 5162 — 4\f2|6,6> - 4\f2|6,—6> . (17)

The function XXQ is shown in fig. 3 as a function of §2. Its pole at §?=5, denoted by the vertical dashed line, corresponds
to the non-interacting (ds = 0) energy-eigenvalue. This is the only |n|?-shell with |n|?> < 6 which supports the AF
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FIG. 2: The momentum-space representations (left) and position-space representations (right) of two-body relative states in
the A] representation for select |n|? shells. Here # = /L.

irrep, as shown in table II. In fig. 4 we give the graphical representations of the source and sink that generates this
irrep in the |n|? = 5-shell. As this is the lowest-lying state whose energy-eigenvalue is insensitive to [ < 6 interactions,
it is LQCD correlation functions constructed to transform in the A7 irrep that will enable a calculation of §s. However,
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1.5e+06 -

1e+06 -

500000

-500000
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FIG. 3: The function XL, as defined in eq. (16), as a function of 2. The vertical dashed line denotes the position of the pole
of the function corresponding to the non-interacting energy-eigenvalues.

FIG. 4: The momentum-space representation (left) and position-space representation (right) of two-body relative states in the
A representation for the |n|?> = 5 shell.

as the lowest energy contributing to an AJ correlation function occurs in the [n?| = 5-shell, relatively large lattice
volumes will be required in order to have this state lie below the inelastic threshold. The momentum-space structure
of the source and sink that couple to the A7 state in the |n|? = 5-shell is given in table IV.

3. ET Representation

The energy-eigenvalues of states transforming in the ET irrep receive contributions from interactions in the | =
2,4,6, ... partial-waves. As the E7 irrep is two-dimensional, the contribution to the determinant in eq. (2) results from
a 6 x 6 matrix when [ < 6. However, as the two states in the E™ irrep (with L, = 0 and L, = 2) are degenerate, and

orbital-angular momentum is conserved by the interactions (unlike the situation in the baryon-sector), the analysis
. . . =(FV) —=(FV —=(FV
can be reduced to that of a 3 x 3 matrix. The E™ L, = 0 states associated with the Fé;Q ), Fi;4 )7 and Fé;(; ! blocks
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TABLE IV: The momentum-space structure of the A source and sink in the |n|*> = 5-shell. They are shown

graphically in fig. 4.

1000

500

-500

-1000
-4

|

(2,1,0) , +1)
(2,0,-1) , +1)
(1,2,0) , +1)

[(0,2,1) , +1)
[(0,1,2) , +1)

1(1,0,-2) , +1) —

1,-2,0) , +1)

0,1,-2) , +1)

1(1,-2,0) i
23 |(0727'1) ) +1> _27\1/§
1(0,1,-2)

=5
5v5 | 120.1) , +1) 522
2v3 |(27_170) ) +1> 7%\/3
1
75 | 1(1L0.2), +1) —5 7=

~r

2
~2
q

N e TR

o F-=---=-====---4

FIG. 5: The function Xg, as defined in eq. (21), as a function of ¢°. The vertical dashed lines denote the position of the poles
in the function corresponding to the non-interacting energy-eigenvalues.

are

|E*,0;4;1)

|ET,0;2;1) = [2,0)
1 /7 1 /5 1 /7

o ilay — 24 /21 /L4, —a
2\/2 4) 2\/; 0) + 2\/; =4
1 /7 1

=./L ~16, —4
LT+ ooy

1

and the contribution to eq. (2) becomes

det

0 0
cotd, 0 -
0 cotdg

—(FV,E") —(FV,ET)
F2;2 2:4
—=(FV,Et) —=(FV,E")
4;2 4:4
=(FV,EY) —=(FV,E*)

(18)

(19)
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TABLE V: The momentum-space structure of ET, L, = 2 sources and sinks for |n|>=1, 4, and 6. These are shown
graphically in fig. 6.

In|?=1 |n|?=2 |n|?=4
‘(27171) ’ +1> 7%\/5 |(2,1,—1) ) +1> 727\1/5
|(17070) ’ +1> _% ‘(27070) I +1> _% |(27_171) bl +1> _ﬁ ‘(27_17'1) bl +1> _ﬁ
|(0a170) ) +1> % ‘(07270) ’ +1> % ‘(17271) ’ +1> 217\/5 |(132a_1) ’ +1> ﬁ
|(17_271) ) +1> ﬁ ‘(17'27'1) ) +1> ﬁ
where
FEVED) Zoo (L@ 6240 (1;¢%)
2;2 B w3/2G Tw3/2§5
3 G .
FEV-ET) _ 304/ 15260 (1;°) 40vV3Z40 (15 %)
2:4 - 1173/2§7 - TTr3/25
—(FV,EY) 1105280 (1:4°) 4\/7260 1;¢%) 30\/ 20240 (1;¢%)
Fae - 73/249 1173/247 1173/245
F(FVE+) _ 2070 (17 62) 39228,0 (17 (jQ) B 642670 (1, 62) 10824,0 (1, (j2)
44 w3/2§ 143v/17m3/2¢° 11y/1373/2¢7 100173/25
f(FV,E'*’) B 1512,/ ZZ100(1;¢%) 1284/ 2925 (1;¢) 18@260 1;¢°) 8\/ 01210 (1;6%)
46 T 32373/2g11 B 20973/239 18773/2¢7 1173/245
FEVET) _ Zoo (1;¢%) 30492212 (1;¢%)  264v10012124 (154?) N 115221210, (1;¢%)
6:6 T w32 37145m3/2413 37145m3/2413 742973/2411
280250 (1;¢%)  480V13Z60 (1;¢%) 11424 (1;4%)
209+/1773/249 3553m3/2G7 187m3/2¢5

It is obvious that the solutions of eq. (19) depend upon the [ = 2, 4, and 6 partial-waves in a non-trivial manner.
In the limit of vanishing interactions in partial-waves with [ > 4, the contribution from the EV irrep to eq. (19)
results from a 2 x 2 matrix, and has solutions

cotds N cotdy 2o (1;¢?) - 19625 (1;¢%)  32Z6, (1;¢°) - 69240 (1;¢?) _
2 2 3/2¢ 143V17m3/2§9  11/137m3/247 143m3/2¢5

L1 39225 (1;¢%) 64260 (1;¢%) 75024, (1;¢
2 |\ 143V1773/2¢°  11/1373/247 100173/2¢°

2
) + cotdy — cot64>

2o 1/2
5200 (@) 40V3240 (1532
1173/247 g

+4

In the limit that tand; << tandq, the I = 2 dominated solutions to eq. (20) result from

5eotsy — 27 1 iz (1 6Z 182 = 2m\* 1 (52 (21)
g’cotog = A 3/2(] 00((])“1‘?4,0(761) —\r mE(Q)»

where function X }if is shown in fig. 5 as a function ¢ 7. The graphical representations of the sources and sinks that

7 This expression has been derived previously by R. Briceno [57].
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FIG. 6: The momentum-space representations (left) and position-space representations (right) of two-body relative states in
the ET representation with L, = 2 in the |n|?=1, 4, and 6 shells.
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FIG. 7: The function X;fl , as defined in eq. (25), as a function of §°. The vertical dashed lines denote the position of the poles
of the function corresponding to the non-interacting energy-eigenvalues.

generate this irrep for particular |n|?> < 6-shell are shown in fig. 6 in the case of L, = 2, and the momentum-space
structures are given explicitly in table V.

There are two occurrences of the ET irrep in the |n|?> = 5-shell. Linear combinations of the basis states can be
formed: one that is dominated by d2, and one that is dominated by d4 in the infinite-volume limit. As is the case in
the Ai” sector, these states are not energy-eigenstates since they have a non-zero projection, in principle, onto all E*
states. The perturbative expansions of the energy-eigenvalues in the large-volume limit can be found in Appendix C.

4. T1+ Representation

The energy-eigenvalues of states transforming in the 7;" irrep receive contributions from interactions in the | =
4,6, ... partial-waves. The T;" irrep is three-dimensional, with states identified by L., = 0,1,3, and provides a
contribution to the determinant in eq. (2) that results from a 6 x 6 matrix for | < 6. As the three L,-states are

degenerate, the analysis collapses down to that of a 2 x 2 matrix. The Tf L, = 0 states associated with the Fiﬁv)
and Fg;v) blocks are
T, 0:451) = ——|4,4) — ——jd,—d) | |TH,0:6:1) = —=|6,d) — —=16,—4) (22)
1 Y™ - \/Eg ) \/@2 9 ] 1YY - \/22 9 \/@2 ] )
and the contribution to eq. (2) is
=(FV, 1) —=(FV,T})
dot <cot64 0 ) [ Faa 1+ Fug 1+ 0 (23)
=(FV.T}") —=(FV.T}) ’
0 cotdg Feeo 1 Fe 1
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TABLE VI: The momentum-space structure of 7;", L. = 0 sources and sinks. These are shown graphically in fig. 8.

n*=5 n|*=6
|(271,O) R —|—1> % |(27171) ) +1> ﬁ |(2717'1) ’ +1> ﬁ
‘(2,-1,0) 5 +1> —% |(27_1,1) ) +1> _ﬁ |(27'17 1) ) +1> 27\1/5
|(13270) ) +1> % |(1a231) ) +1> _ﬁ |(1727'1) ) +1> _%\/5
(1-20), +1) 5 [ [(1-20), +1) L= |[(1-2-1), +1) L=
where
F(FVT*) Zo,0 (1;4%) | 448250 (1; %) 4260 (1;¢%) 54240 (1;4%)
44 - w3/2§ 143v/17m3/2¢9  114/1373/247 14373/25
(FVT+ 576\/>2100 1;¢%) 1124/ 557250 (1:4%) 42V525 0 (15 ¢%) B 124/ 240 (1;62)
323m3/2g11 20973/2g9 187m3/2q7 1173/25
FEvirt) _ Zoo (1;¢%) 261362120 (1;¢%) | 1584V10012124 (1;¢%) | 624V21Z100 (1;¢°)
66 IRGLT 3714573/2413 3714573/2413 742973/2G11
120250 (1;6%)  80V13Z6, (1;4%) 9624, (154?)
209v/1773/249 35533/2q7 187m3/2¢5

The solutions to eq. (23) are obtained from

Cot54+cot56 312v21 210, (1;4%) 13068212, (1;4%)  792V1001212.4 (1;4°)

2 2 742973/2g11 3714573/213 3714573/2413
Zoo (1;¢%) 15240 (1;¢%) 106260 (1;G%) 31625, (1;¢%)
R 22173/245 323/1373/2§7 247\/ﬁ773/269:
1] (62421210, (1;¢%) 261362120 (1;¢°)  1584v1001Z124 (1;%) 2166240 (1;G°)
2 K 742973/2¢11  3714573/2413 37145m3/2413 24317325

252260 (1;G%) 1007225 (1;4%)
3553\/137w3/2G7 2717/ 17m3/2¢°

2
+ cotdy — cot56>

24 1/2

. 4 [ 576y/2 2100 (1;3%) 124/ F 240 (1;67) 142v/5250 (1; %) 112,/ -Zg0 (1

- 24
e 3231 114 18747 2099 (24)

In the situation where the interaction in the I = 6 (and higher) partial-wave vanishes, the energy-eigenvalues are
sensitive to the [ = 4 interaction alone, and can be found from

o 2\ 1 [ Loy M8Z30 (1,3%) 407260 (1,3%) | 544 240 (1:0°)
g eotds = (L) 7372 <q Zoo (1LT) 14317 vz 143

o\’ 1
— + (52
( L ) w3/2 X'11 (q ) ’ (25)

where the function X;l ((12) is shown in fig. 7.
The graphical representations of the sources and sinks that generate the T1+ irrep for the low-lying |n|?-shells are
shown in fig. 8, and the momentum-space structures for L, = 0 are given explicitly in table VI.

5. Ty Representation

The energy-eigenvalues of states transforming in the T2Jr irrep receive contributions from interactions in the [ =
2,4,6,... partial-waves. The T; irrep is three-dimensional, with states defined by L, = 1,2,3, and provides a
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FIG. 8: The momentum-space representations (left) and position-space representations (right) of two-body relative states in
the T;" representation with L. = 0 in the |n|?=5 and 6 shells.

contribution to the determinant in eq. (2) that results from a 12 x 12 matrix for I < 6 (it is 12 x 12 and not 9 x 9

because there are two T; ’s in the decomposition of [ = 6, see table I). As the three L,-states are degenerate, the

analysis collapses down to that of a 4 x 4 matrix. The T2+ L, = 2 states associated with the Fgl;v), Ff;v), and Fé};V)

blocks are

1 1
+ 1 1 (26)
With these basis states, the contribution to the determinant in eq. (2) becomes
—(FV,Ty) —=(FV,T)) —(FV,T}") —(FV,T;")
cotd, 0 0 0 Fop " ° " Fou """ Fag, " Fag, *
—(FV,T}) —=(FV,Ty) —=(FV,Ty") —=(FV,Ty)
det 0 cotdy O 0 | Fae i Fyy 2+ Fye, 2+ Fye, i _ 0 (27)
—(FV,T) —=(FV,TS) —=(FV,T) —=(FV,T;) )
0 0 cotds O Foo'® " Fopa " Foe " Foe,
0 0 0 cotdg F(FV,T;’) =(FV, T —=(FV,Ty) F(FV,T;')
62;2 62;4 62561 62,62
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FIG. 9: The function X;IQ , as defined in eq. (30), as a function of §°. The vertical dashed lines denote the position of the poles
of the function corresponding to the T, non-interacting energy-eigenvalues.

where

F(FVT ) _ 200 (1;¢%) 4240 (L)

w2g  Trd2gp
(FVT*) 40\/ 15260 (1:4°) B 20v/3Z40 (15 %)
117T3/2~7 77773/2@5
F(FVT+) Zo0(1;%) 94240 (1:¢%) 2026, (1;¢%)
44 T w8/25 TTm3/245 11v/1373/247

F(FV,T;’) B 5 334,0 (1;(52) 5@36)0 (1;(52)

2,61 o 1173/2g5 B 117m3/247
FEVIY) 28/ 351280 (1 @°) 10\/ 1210 (1) \/ 5260 (1:4%)  1008y/5Z10,0 (1;0%)
4,61 T 197r3/2 117T3/2 1877‘(’3/2 -7 + 3237T3/2(j11
FEVT) 45280 (1;6%) | 200 (1:d%) 59240 (1;¢%) | 620v13Z60 (1;¢°)
0161 19y 17w3/2¢° w3/2§ 187mw3/2§5 3553m3/2§7

162v21 2100 (1;G%) 32672120 (1;¢%)  198V1001Z12,4 (1;G°)
742973/2g11 742973/2413 742973/2§13




TABLE VII: The momentum-space structure of T, L, = 2 sources and sinks for |n|2:2, 3, and 5. These are shown

graphically in fig. 10.

[n]?=2 In|>=3 |n|2=5
(1L, +1) 5 || [(210),+1) —3
I(LL0), +1) =5 || |(1,1-1), +1) 1 | ](2-1,0), +1) L
(1,10, +1) & | [(1-1,1), +1) =3 || [(1,2,0), +1) -1
(111, +1) =5 [[1(1-20), +1) 5
F(FVT+) B 154/ 3003 21,0 (15 ¢%) 55260 (1L@°) 644/ 39755250 (1:°)
2,62 - 73/245 73/2G7 N 3m3/249
F(FVT*) 2 1001240 (Ld®) 9/ 55260 (1;¢%) 20 2431280 (1;¢%) 336\/ 2100 (1;¢%)
4,62 T3/245 - 1773/2§7 1973/2§9 32373/2411
F(FVT+) 3v/ 240 (1;6%) 140\/ 82760 (1:6%)  5y/12-2s0 (1;4%) 6664/ 2L 210, (1;¢%)
61,62 - 1773/245 32373/247 + 57m3/249 - 742973/2411 (28)
1287/ X 2150 (1;67) 8581/ Z12,4 (1, %)
B 742973/2§13 742973/2G13
—Fvrd)  Zop (1;¢%) 9240 (1;¢%) - 20v13Z60 (1;¢%)  5Zs,0(1;¢°) ~ 18v21Z400 (1;¢?)
62,62 m3/2§ 1773/25 32373/247 19v/1773/2§° 742973/2 11
23991212,0 (17 62) 594’\/ 100121274 (1, 62)
3714573/2G13 3714573/2G13

The solutions to eq. (27) must be determined numerically and will, in general, depend upon the interactions in the
Il =2, 4, and 6 partial-waves. In the limit where the interactions in the I = 6 and higher partial-waves vanish, leaving
contributions only from interactions in the I = 2,4 partial-waves, the contribution to the determinant in eq. (27)
collapses down to that of a 2 x 2 matrix, which has solutions

cotdy  cotdy  Zoo(1;d%)  TZ40(1;¢%) 10260 (1;¢%)
2 2 /2§ 1173/2¢° 11/1373/247
2
1 10240 (1; ¢ 2020 (1; 2
-4 _ 4,0 ( ~q ) 6,0 ( g ) + cotdy — cotdy
2 TTw3/2¢5 11v/1373/2§7
9 1/2
20\[340 1q 40\/ Z6O lq 2
TTw3/2g5 1173/2G7 (29)
In the limit that tands << tands the energy-eigenvalues are the solutions to
o\’ 1 4 2\’ 1
5 _ ~4 L2 .52 _ + (2
Feotn = (F) o5 (11200 (1) - 200 5 = (F) ¥t @) (30)

where X;!Q is shown as a function of ¢? in fig. 9. The T2+ irrep first appears in the |n|? = 2-shell, as can be seen in
fig. 9. The graphical representations of the sources and sinks that generate the Ty irrep for the low-lying |n|?-shells
are shown in fig. 10, and the momentum-space structures for L, = 2 are given explicitly in table VII.

The | = 2 phase-shift was calculated from the energies of states in both the ET and T2+ irreps in recent work by
Dudek et al [19]. Two states in each irrep were calculated below the 2 — 47 inelastic threshold at the pion mass of
the calculation. The contamination in the extraction of d; from the higher partial-waves was estimated to be small.
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FIG. 10: The momentum-space representations (left) and position-space representations (right) of two-body relative states in
the T5 representation with L, = 2 for |n|?=2, 3, and 5 shells.
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FIG. 11: The function X, as defined in eq. (31), as a function of G*. The vertical dashed lines denote the position of the
poles of the function corresponding to the non-interacting energy-eigenvalues.

B. Negative Parity Systems

The analysis of the odd-parity energy-levels, and their associated sources and sinks, parallels that of the even-
parity states. There are five negative parity irreps of the cubic group, A7, A5, E~, 17 , and T, with dimensions
1,1,2,3, and 3 respectively. The energy-eigenvalues, sources and sinks for the negative-parity states are presented in
the following sections: IIIB1, IIIB2, IIIB 3, IIIB4 and IIIB5. As discussed previously, the A; irrep first appears
relatively high in the spectrum, in the |n|? = 14 shell, and is sensitive to the [ = 9 and higher partial-waves.

1. A5 Representation

The energy-eigenvalues of states transforming in the A5 irrep (L, = 2) receive contributions only from interactions
. . . - . . —(FV -
in the [ = 3 partial-wave for [ < 6, as presented in table I. The A; state associated with the Fé;?) ! block is (in the

|1, m) basis)
1 1

- 737_2 ’
5 \/§| )

and the solutions to eq. (2) from this irrep result from

Teotds = (X Tl i°Z (1-~2)—L2~22 (L¢) + 0z (1;¢%)
q 3 - L 7T3/2 q 0,0 5 q 11(] 4,0 'q 11\/ﬁ 6,0 5 q

o7\" 1
- (L> X (©)

where the function X, (¢?) is shown in fig. 11. The graphical representations of the sources and sinks that generate

(31)

the A, irrep in the low-lying |n|?-shells (|n|> = 3 and |n|?> = 6) are shown in fig. 12, and the momentum-space
structures are given explicitly in table VIII.

The A; irrep first appears in the |n|? = 3-shell and [ = 3 is the lowest contributing partial-wave. LQCD cal-
culations of correlation functions from sources and sinks transforming as A; will provide determinations of d3 with
contamination from partial-waves with [ > 7, i.e. the energy of the A, states receive contributions from [ = 3,7, ....
This is in contrast to states in the T, irrep, which will be considered subsequently, whose energy-eigenvalues receive
contributions from partial-waves with [ = 3,5, .... This suggests that the A irrep is optimal for determining ds.
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FIG. 12: The momentum-space representations (left) and position-space representations (right) of two-body relative states in
the A5 representation for the lowest-lying |n|-shells.

TABLE VIII: The momentum-space structure of A; sources and sinks. These are shown graphically in fig. 12.

In|?=3 In|?=6
(211),-1) 5= | @211),-1) -5k
(111, -1y 1@ ) =5 121D ) 5
I(1,1-1) ,-1) =L |1 [(121),-1) 5z | [(12-1),-1) —5i5
I(1-11),-1) —5 || 10,12),-1) 0= [|(L1-2),-1) —50=
(L1151 5 | 1(1:1,2) 1) =525 [10-12) 1) 5L
[(1-21),-1) == 11(12-1) ,-1) =

2. E~ Representation

The energy-eigenvalues of E~ states receive contributions only from interactions in the [ = 5 partial-wave for [ < 6,
as presented in table I. As the E~ irrep is two-dimensional, the contribution to the determinant in eq. (2) results

from a 2 x 2 matrix for [ < 6, which collapses down to a one-dimensional factor as the L, = 0 and L, = 2 states are

degenerate. The E~ L, = 0 state associated with the Fégv) block is
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FIG. 13: The function X, as defined in eq. (32), as a function of G*. The vertical dashed lines denote the position of the poles
of the function corresponding to the non-interacting energy-eigenvalues.

TABLE IX: The momentum-space structure of £~, L, = 0 sources and sinks. The L, = 0 case is shown graphically

in fig. 14.
n|*=
‘(27171) 7_1> 7%\/5 |(2315_1) 7_1> ﬁ
|(27'171) 7_1> ﬁ ‘(27 17 1) ) _1> _ﬁ
‘(17271) v_1> 2172 |(132a 1) a_1> 7%
|(17'271) 7_1> _2712 ‘(17'27'1) ) _1> ﬁ
E7,0:5:1) = —=[5,4) — ——|5,—d)
) ) Y \/§ ) \/§ )
The solution to eq. (2) from the E~ irrep results from
oar\'' 1
11 _
q cotds = (L> =y X
200 (1507 - 6¢°240 (1;¢%) | 327" 260 (1:4°) 6724250 (1;¢%) | 1152V21Z10 (1;¢°)
05 13 17v/13 24717 4199

= (2;)117;/2;@5 @) - (32)

where the function X (¢?) is shown in fig. 13. The graphical representations of the source and sink that generate the
E~ irrep in the |n|? = 6-shell are shown in fig. 14, and the momentum-space structure is given explicitly in table IX.

The E~ irrep first appears in the |n|? = 6-shell and [ = 5 is the lowest contributing partial-wave. LQCD cal-
culations of correlation functions from sources and sinks transforming as £~ will provide determinations of d5 with
contamination from partial-waves with [ > 7, i.e. the energy of the F~ states receive contributions from [ = 5,7, ....
The LQCD calculations will need to be performed in relatively large volumes, as we discuss later, in order for the
In|? = 6 shell to lie below the inelastic threshold.
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FIG. 14: The momentum-space representations (left) and position-space representations (right) of two-body relative states in
the E~ representation with L, = 0 for the |n|> = 6 shell.
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FIG. 15: The function X7, , as defined in eq. (36), as a function of G*. The vertical dashed lines denote the position of the poles

of the function corresponding to the non-interacting energy-eigenvalues.

3. Ty Representation

The energy-eigenvalues of states transforming in the 7} irrep receive contributions from interactions in the | =
1,3, 5, ... partial-waves, as presented in table I. As the T irrep is three-dimensional, the contribution to eq. (2) is the
determinant of a 12 x 12 matrix for ! < 6 (there are two T7 ’s in the decomposition of I = 5), which collapses down
to the determinant of a 4 x 4 matrix as the L, =0, L, = 1 and L, = 3 states are degenerate. The T] L, = 0 states

=(FV)

Ty, 0;
Ty, 0;

associated with the F'y, 7, Fggv), and F55 ° blocks are

(FV)

;1) = [1,0) , |Ty,0;3;1)

1

52) = —=(15,4) + [5-4))

V2

= [3,0) , |T7,0:5;1)
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With these four basis states, the T} contribution to eq. (2) becomes

=FVTT) wFEVITT) wFEVTT) w(FVIT)
cotdy 0 0 0 Fig ' Fi3 ' Fi5, ! Fis, !
—(FV,I7) —=(FV,Ty) —=(FV,I]) —=(FV,Iy)
det 0 cotds O 0 | Fsa Fs Fjs Fys, _ 0 (33)
—(FV,I]) —=(FVIT) —=(FVIT) —=(FV,I7) ’
o0 o ) | i S k)
co —(FV, T FV,TT) —(FV,Ty) —=(FV,T]
° F52§1 ' F52 ;3 F52,51 ! F52,52 !
where
FEVTT) _ Zo0(1;%) FEVTT) _ 4240 (1;¢%)
1,1 - 73/2§ ’ 1,3 - \/ﬁﬂ:&/zqs
FEVID) _ 5240 (1;¢%) 6 113260 (1:0°)
1,51 - /3 7T3/2 ~5 + 7-‘—3/2(]
105 s
V) \/ Zio (1) 2¢/1BZ60 (1)
1,5 7325 732G
FEVID) _ Zoo (1;¢%) 10026, (1;¢%) = 6240 (1;¢%)
> w3/2§ 3332 | 1%
. 7 o
FEVTT) _ 60210 (1;¢%) 7 i3 260 (1:°) N 561/ 157 Zs.0 (1;°)
Sh T 13T 3m3/247 1373/29
v 2EZ0 ) Tz (5) 0y Zeo (57)
3,52 1373/2¢5 w3/247 3973/2¢9

TV _ Zoo (1:G%) 6240 (1;¢%)  80Zsp (15¢%) 490250 (1;¢%)  756v21Z10, (1;G°)

51,51 - T3/2§ 1373/245 51\/>7r3/2(j7 247\/ﬁ7r3/2(19 419973/2g11

V) _ 6\[340 1;¢%) 8\/ 2260 (1;6°) - 154,/ 2 25,0 (1, ¢%) - 2772\/§310,0 (1) (34)
bib2 T 1303/245 1773/247 T4173/2¢9 419973/2g1

v _ Zoo (L#)  6Zu0 (L) | 32200 (1LF) | 14V1TZ50 (LP)  84V21Z100 (1)
52,50 T T 3/25 1373/265 17v/1373/247 24773/2§° 323m3/2g11

In the limit of vanishing interactions in the [ = 5 partial-wave, eq. (33) collapses down to the determinant of a 2 x 2
matrix, which has solutions

cotdy | cotds  Zoo () 3Z40(1;¢%) 50260 (1;¢°)
2 2 m3/2G 11w3/2¢>  33/13n3/247

_il 6240 (1;¢%) | 100260 (1;G°)
T2 1173/245 33y/13m3/247

In the situation where tands << tandi, eq. (35) can be perturbatively expanded to give the [ = 1 dominant solution

5 2r\* 1 or\® 1, 36
q°cotd; = T 3/2(]300(1(]) I WXTl(q) ) (36)

where the function Xi (52) is shown in fig. 15. The graphical representations of the source and sink that generate
the T, irrep for the three lowest-lying |n|2-shells are shown in fig. 16, and the momentum-space structure is given
explicitly in table X.

The T} irrep first appears in the |n|?> = 1-shell and [ = 1 is the lowest contributing partial-wave. LQCD calculations
of correlation functions from sources and sinks transforming as 7] will provide determinations of §; with contamination
from partial-waves with [ > 3. LQCD calculations of the phase-shift in this partial-wave are presently being performed,
and the p-resonance is beginning to be mapped out, e.g. Ref. [47].

64240 (1;32)°
21,”3&10

2
+ cotd; — cot53> + (35)
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FIG. 16: The momentum-space representations (left) and position-space representations (right) of two-body relative states in
the T, representation with L, = 0 for the |n|? = 1,2, 3-shells.
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TABLE X: The momentum-space structure of 7, , L. = 0 sources and sinks for \n|2:1-3. These are shown graphically

in fig. 16.
[n|?=1 In|?=2 [n|?=3
‘(170 1) _1> % |(17171) ) _1> _%
w ’ ‘(07171) v'1> % |(17'171) v'1> 7%
|(0717'1) ) '1> _% |(17'17_1) ’ '1> %

4. T, Representation

The energy-eigenvalues of states transforming in the 7, irrep receive contributions from interactions in the | =
3,5, ... partial-waves, as presented in table I. Asthe 75, irrep is three-dimensional, the contribution to the determinant

in eq. (2) results from a 6 x 6 matrix for I < 6, which collapses down to the determinant of a 2 X 2 matrix as the

L,=1,L,=2and L, = 3 states are degenerate. The T, L, = 2 states associated with the Fégv) and Fégv) blocks

are

1 1 1 1
T5,2:3:1) = ——3,2) + —[3,-2) , [Ty ,2:5:1) = —[5,2) + —|5,-2)
T7 25D = 82 + 5B s = 5B+ )
in terms of which, the T5 contribution to eq. (2) becomes
=(FV,Ty) =(FV.Ty)
det cotds 0 [ Fas Fs; _ 0 (37)
0 cotdy)  \pEVED pEVD

where

FEVT) _ Zoo (L3*) 2240 (15¢%) 60250 (1;6%)
3;3 73/2G 1173/25 11v/1373/2G7
FEVT) _ 20240 (1;?) 1426, (1;¢%)  112Zg0 (1;¢%)
- BYIIS2P  JI3r2q | 13Y187n3/%
—rvryy | Zoo (L@%) 4240 (L4 80Zs0 (1;¢%) 280280 (1;¢%)  432v/21Z100 (1;%)

F — ’ 5 _ ’ _ i _
55 oG 13y 17V/1373/247  247/1773/2§9 419973/2g1

The solutions to this equation result from

cotds N cotds  Zoo (1) 9Z40 (1;G%) 950260 (1;%) 14025, (1542) N 216v21 2100 (1;¢%)

2 2 w2 143m3255 T 187\/13m3/2q7T | 24T\/17m3/2¢ 419973/2411
2
1 432212100 (1;¢%)  T0Z40 (1;62)  140Z60 (1;32)  280Zs0 (1532)
+- | = — e = - - + cotds — cotds
2 419973/2411 143m3/2¢5 187y/137w3/2§7 247/ 1773/2§°
97 1/2
4 2024’0 (1; (12) n 1426,0 (1; 62) 11228,0 (1;(}2) (38)
w3 13V/114° V143§7 13/187¢°
In the limit of vanishing interactions in the [ = 5 partial-wave, eq. (37) collapses down to
2r\" 1 (. oy 20240 (13¢%) 6020 (1; ¢
q'cotds = ( = | =7 @200 () - L) _ ;)
L w3/ 11 11v/13 (39)

o\’ 1 _
GERAE
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FIG. 17: The function X, , as defined in eq. (39), as a function of §°. The vertical dashed lines denote the position of the poles
of the function corresponding to the non-interacting energy-eigenvalues.

TABLE XI: The momentum-space structure of T3, , L, = 2 sources and sinks. These are shown graphically in fig. 18.

[n[*=2 In|*=5¢-3) In|*=5(_s)
12,01 ,-1) —— || [(20,1),-1) #
(2,0-1),-1)  —Z= || 1(20-1),-1) —51=
(1,0,1) ,-1) —1 | [(1,02),-1) =55 | [(1,02) ,-1) =5
1(1,0-1) ,-1) & | 1(1,0-2) ,-1) 3= || [(1,0-2),-1) =
0,11, -1) 5 | 1(021),-1)  Z [ 1021),-1) -5z
0.1-1) . -1) =5 |[1(02-1),-1) —2% ||(02-1),-1) i
0,1,2) ,-1) 5= |[ 1012),-1) &
0,1,-2),-1) =% [[100,1-2),-1) —%

where the function X7, (c’jQ) is shown in fig. 17. The graphical representations of the source and sink that generate
the Ty, irrep for the lowest-lying |n|?-shells are shown in fig. 18, and the momentum-space structure is given explicitly
in tables XI.

The T, irrep first appears in the |n|? = 2-shell and | = 3 is the lowest contributing partial-wave. LQCD calculations
of correlation functions from sources and sinks transforming as T, will provide determinations of d3 with contamination
from partial-waves with [ > 5.

5. Al Representation

The lowest-lying state transforming in the A irrep is in the |n|> = 14-shell. The energy-eigenvalues are sensitive
to interactions in odd partial-waves with [ > 9, and the energy-splitting in the large volume limit is dominated by
the [ = 9 partial-wave. Using the methods of the previous section to isolate the state and determine the appropriate

V) is a 19 x 19 matrix. Using the following spherical basis state,

a7 00001) = 1/ 0.8y — 0,8 — 1T 0.4y~ o,y (40)

. L . F
energy-eigenvalue equation is tedious as Fg(_9
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FIG. 18: The momentum-space representations (left) and position-space representations (right) of two-body relative states in
the T, representation with L, = 2 for select |n|?-shells.
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FIG. 19: The function X7 , as defined in eq. (41), as a function of §°. The vertical dashed line denotes the position of the first
pole of the function corresponding to the non-interacting energy-eigenvalue.

the eigenvalue-equation for the interaction in the [ = 9 partial-wave is

19 ~14 ~2 ~12 ~2
27 1 - - 60 240(1;¢°)  32v13¢°Z6,0(1;¢%)
19 18 2 5 ) 5 ’
tdg = ( — — Z0.0(1;G%) — —
T (L) w32 <q 00(L;¢") 23 115
56vV17G"0Zs0(15¢%) | 1568vT735 Z10,0(15%) | 308G° Z12,0(15 %)
345 33354/3 2139
616v/1001G° 212 4(1;G%) 532484 Z14,0(1;G%) B 1664v/114° Z16,0(1; G%)
20677 10695+/29 3565v/3
832V/46189G% Z16.4(1;¢%) 2206464215 0(1;G%)  28288v/3553Z15.4(1;G?)
1033857 103385+/37 20677+/259
19
2 1 — (2
= (L) =z X (@) (41)

where the function X;l ((12) is shown in fig. 19. The graphical representations of the source and sink that generate
the A7 irrep for the |n|?> = 14-shell are shown in fig. 20, and the momentum-space structure is given explicitly in
table XII. Tt is interesting to note that these odd-parity singlet states require the integers comprising the integer triplet
to differ from each other. The first |n|?-shell for which this is possible has |n|? = 14, and the next has |n|? = 21.
Given the first appearance of this irrep is high in the spectrum, a LQCD calculation of the [ = 9 phase-shift will
require enormous lattice volumes in order for the state to lie below inelastic thresholds. Thus, this calculation cannot
be expected to be performed in the near future.

IV. DISCUSSION
A. Strategy for Extracting Phase-Shifts from Lattice QCD

In Lattice QCD calculations, sources and sinks with the quantum numbers of the hadronic states of interest generate
correlation functions, which in general are sums of exponentials with arguments that depend upon the energy of
the eigenstates in the lattice volume. One path for LQCD calculations to follow is to form sources and/or sinks
that transform as irreps of the cubic group from the eigenstates of linear-momentum (generated by the Fourier-
transform of single-hadron objects). Clearly, such sources are not the energy-eigenstates in the lattice-volume due to
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FIG. 20: The momentum space representations (left) and position-space representations (right) of two-body relative states in
the A representation with L, = 0 for the |n?| = 14-shell.

TABLE XII: The momentum-space structure of A;, L. = 0 sources and sinks. These are shown graphically in fig. 20.
The coefficients of the state vectors are of the form ¢; ~ ezl I"vlIn=lson(n,)sgn(n, )sgn(n.).

In|?=14
1(1,2,3) ,-1) g | 1(1,2-3) ,-1) — 47 | 1(1-23) ,-1) — 4
(1-2:8) , 1) A | 1(13,2),-1) -5 11(1,3-2),-1)
(1-32),-1) o [1(1-3:2),-1) —— | ((213),-1) -5
218),-1) A [[2-13),-1) b |1(2-18) ,-1) — ks
23.1),-1) A [123-1),-1) ——5|12:31),-1) -
2-3-1),-1) A | 1321, -1) -5 11321 ,-1) &
8-21),-1) & 16271 ,-1) = | 1(812),-1) &
‘(3717 2)7 > _i |(37'172)7'1> _\/% ‘(3 1"2) 1> i

the interactions between the particles, and as such these sources and sinks will couple, in principle, to all states in the
lattice-volume with the appropriate quantum numbers. Since cubic irreps are not diagonal in the partial waves, one
could in principle extract information about multiple §;’s within each cubic irrep. For example, correlation functions
in the AT irrep, determined from an A;r source constructed from momentum eigenstates with |n|? > 0, would give
information on the I = 0 and [ = 4 (and higher) phase-shifts. However, at large times such correlation functions
will depend exponentially upon the energy of the lowest Af eigenstate. Of course, the overlap onto the ground-state
may be small, in which case this state dominates only after a large number of time-slices. With this in mind, the
extraction of any particular §; for [ < 6 is most simply performed using the cubic irrep whose lowest energy-eigenvalue
is dominated by that particular 6;. These irreps are shown in table XIII, along with the |n|?-shell of the lowest-lying
energy-eigenstate that contributes to the corresponding partial wave. For example, the cleanest way to determine d 4
is to use sources with 7;" symmetry, as opposed to Af. This procedure was used in Ref.[19] by using different |n|?
states of a given cubic irrep as a variational basis to determine dy and 65 for 777t scattering at different energies
within a single lattice volume.

Table XIII shows that with just the lowest two |n|?-shells, |n|?> = 0, 1, the phase-shifts in the lowest three partial-
waves, 0p,1,2, can be determined. In order to determine the phase-shifts in all partial-waves with [ < 6, correlation
functions must be formed for states that have ground-states in the shells up to |n|?> = 6. Determining the phase-shift
for [ > 7 can be seen to be decidedly more difficult than for [ < 6 as there is only one further irrep of the cubic group,
the A7 which first occurs in the [n|? = 14 and is dominated by the interactions in the [ = 9 partial-wave in the large
volume limit.

For shells in which there are multiple occurrences of a given I'D | the partial-diagonalization of the states in the
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TABLE XIII: The |n|?-shell of the lowest-lying energy-eigenstate transforming as ', and the angular-momentum
of the dominant interaction in the large-volume limit.

T || AF | T7 | EY | T | Ty | Ay | T | AT | E- | Ay
In?|| © 1 1 2 2 3 5 5 6 14
l 0 1 2 2 3 3 4 6 5 9

infinite-volume limit in terms of the angular-momentum of the interactions is possible. However, sources cannot be
constructed to isolate these states due to interactions, and in general, closely spaced-states will be encountered in the
spectrum. In this case a large variational basis of sources in the I'® is needed to resolve these states [60].

B. Expectations for the 77 Energy-Eigenvalues

In order to estimate the computational resources required to extract the w7 phase-shifts in higher partial-waves, the
experimentally determined (and parameterized) phase-shifts can be used to determine the energy-eigenvalues for a
range of lattice volumes. The nm phase-shifts for [ = 0,1,2, and 3 partial-waves extracted from experimental data

60
40
20
0
—-20

0 (degrees)

300 350 400 450 500 550 300 350 400 450 500 550
Vs (MeV) Vs (MeV)
FIG. 21: The 77 phase-shifts, 67, as a function of \/s < 4m, for [ = 0,1,2, 3, as parameterized in Ref. [59].

and parameterized with functions that satisfy unitarity and analyticity, and specifically incorporate any lowest-lying
resonances in the channel [59] 8 are shown in fig. 21. The central values of the parameters describing each partial-wave
provided in Ref. [59] are used in the analysis, but, as only estimates of the energy-eigenvalues are being explored, a
systematic propagation of the uncertainties has not been performed. Further, we assume isospin symmetry in our
analysis. As Liischer’s formalism is valid below inelastic thresholds, only the phase-shifts in the kinematic regime
Vs < 4m, (at the physical pion mass) are considered.

Figure 22 shows the energy-eigenvalues associated with two non-interacting pions with vanishing total momentum
in the lattice volume (also shown in fig. 1 of Ref. [1]). At the physical pion mass, LQCD calculations in volumes with
L2 6 fm are highly desirable in order to suppress the exponential corrections that are not included in the formalism
of Liischer [56]. The energy-shift between the non-interacting state and the interacting I = 0 A and I = 2 Af
states in the |n|? = 0 shell are shown in fig. 23. The energy-shifts for the eigenstates in the |n|?> = 1,2,3,4 shells
are shown in figs. 24-27, respectively.  The energy-shifts for the [n|?> = 0 A states and the |n|?> = 1 T} state can
also be found in fig. 7 of Ref. [1]. The energy-shifts of the states due to the s-wave and p-wave interactions are of
comparable size. As the s-wave interactions are currently being calculated in volumes with L ~ 3.5 fm, we do not

8 The real-part of the inverse scattering amplitude, cot d/, is expanded as a power-series in the function w(s) = {;7\/7 Vz’:z, where s; is

the energy above which inelastic processes cannot be neglected.
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FIG. 22: The energy-eigenvalues associated with two non-interacting pions as a function of the spatial-extent of the lattice
volume, L. The spectrum results from the momentum of each pion being restricted to q = %"n for all possible triplets of
integers, n, due to the periodic boundary conditions imposed on the quark and gluon fields. The maximum value shown on
the vertical-axis corresponds to the inelastic threshold /s = 4m.. The corresponding n? of each curve is labeled on the right
vertical axis. For reference, a spatial-extent of L = 6 fm corresponds to m L ~ 4.2.
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FIG. 23: The expected 77 energy-shifts in the |n|? = 0 shell due to strong interactions. The left panel shows the shift in the
I =0 Af irrep (dominated by 83), while the right panel shows the shift in the I = 2 A} irrep (dominated by 63). Both the
L-axis and the AFE-axis are scaled logarithmically (log,,).

anticipate significant difficulty in performing these calculations at the physical pion mass in lattices with L2 6 fm.
In contrast, the energy-shifts of states due to the d-wave (I = 2) and f-wave (I = 3) interactions are more than an
order of magnitude smaller than those of the A] irrep. Significantly more computational resources will be required
to extract the phase-shifts beyond the s-wave and p-wave. It is difficult to make estimates for the energy-shifts due
to interactions beyond the f-wave as the experimental measurements of these phase-shifts have large uncertainties or
are absent. Given the results obtained for | < 3, it is not difficult to speculate as to the size of the energy-shifts of
partial-waves beyond | = 3, and the associated difficulty in their extraction from LQCD calculations.

In order to estimate the amount of mixing of higher partial waves to a given phase-shift from the energy-eigenvalues,
it is important to understand the expected contributions from (all of) the partial-waves. The energy-splitting of the
Ty irrep in the |n|? = 1-shell from the [ = 1 phase-shift, 61, and the [ = 3 phase-shift, 63, are shown in fig. 28.
As expected, the contribution from &3 is approximately two-orders of magnitude smaller than that from §1 over the
range of lattice volumes for which the analysis is applicable. Therefore, to high precision it is sufficient to use the
perturbative expansion of the energy-splitting in terms of tan d1.
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FIG. 24: The expected nm energy-shifts in the \n|2 = 1 shell due to strong interactions. The left panel shows the shift in the
I=0 A}, ET irreps (dominated by §) and 89, respectively), the center panel shows the shift in the I = 1 T} irrep (dominated
by 61) and the right panel shows the shift in the I = 2 AT, ET irreps (dominated by 62 and 63, respectively). Both the L-axis

and the AE-axis are scaled logarithmically (log;,).
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FIG. 25: The expected 77 energy-shifts in the |n|?> = 2 shell due to strong interactions. The left panel shows the shift in the
I =0 A, E*, T} irreps (dominated by 85, 65 and 89, respectively), the center panel shows the shift in the I = 1 T}, T,
irrep (dominated by 61 and 63) and the right panel shows the shift in the I = 2 AT, ET, T; irreps (dominated by 3, 63 and
63, respectively). Both the L-axis and the AE-axis are scaled logarithmically (log;,)-

= 5
~ — 1=0 A A~ — =1 Ty o~
% -0.01 —— =0 T; ””,, % - =1 AE ”,a,a’ % 1 \
= T 2 001 P 2 01 T
-1 - — =2 A7 T
W W w 0.01 1 ~~
4 20 / a -1 / < ™
6 10 15 20 6 10 15 20 6 10 15 20
L (fm) L (fm) L (fm)

FIG. 26: The expected mn energy-shifts in the |n|?> = 3 shell due to strong interactions. The left panel shows the shift in the
I =0 A}, Ty irreps (dominated by 6 and 89, respectively), the center panel shows the shift in the I = 1 Ty, A5 irreps
(dominated by 61 and 63, respectively) and the right panel shows the shift in the I = 2 A}, T, irreps (dominated by 63 and
63, respectively). Both the L-axis and the AFE-axis are scaled logarithmically (log;,).

C. Signal-to-Noise Issues

There is also a signal-to-noise “problem” in the extraction of the §; for [ > 1 as the signal-to-noise ratio degrades
exponentially at large times. To demonstrate this behavior we return to the argument given by Lepage [61]. Consider
the correlation function resulting from a source that creates a 7+ 7T -state that transforms in the E¥ irrep of the cubic

g up?
( )t

T(t) = (Op+(t)) = (0] Sp+(H)S5(0) [0) — Zp+ e omt (42)

where Sp+(t) annihilates a 777" in the ET irrep at the time t. At large times this correlation function depends

+ ot
exponentially upon the ground-state energy which, in the absence of interactions, is E(()WEI e (2%)2 +m2. The
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FIG. 27: The expected nm energy-shifts in the \n|2 = 4 shell due to strong interactions. The left panel shows the shift in the
I=0 A}, ET irreps (dominated by §) and 89, respectively), the center panel shows the shift in the I = 1 T} irrep (dominated
by 61) and the right panel shows the shift in the I = 2 AT, ET irreps (dominated by 62 and 63, respectively). Both the L-axis

and the AE-axis are scaled logarithmically (log;,).
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FIG. 28: The contributions to the energy-splitting of the 7} irrep in the |n|?
the AFE-axis are scaled logarithmically (log,,).

variance of this correlation function is given by

Y e (1) = (0] Spr(B)Sh, (1)SL. (0)SE+(0) 0) — (B (1))?

Z Cr (0] Sr(H)Sr(0) [0) — (Op+(t))?

TeE+QEt

o*(t) = ((6-(1))

ot
("),

ot
0.4t —2E(" ¢

2
— ZE+ e 0,E+ ,

— Z (43)

+ e
Af

where Cr are the Clebsch-Gordan coefficients in the expansion ET @ ET = A @A @ ET [52, 54, 62]. The energy, Axs,
that dictates the long-time behavior of the variance correlation function is that of the lowest-lying irrep composed of

ot
four pions, which is the lowest-lying A -irrep that has an energy of QEéTr Af ) = 4m in the absence of interactions.
[l |

Therefore, at large times, the noise-to-signal ratio behaves as

(44)

which grows exponentially at large times.
This argument generalizes to all of the cubic irreps, and the extraction of the J; for each I > 1 suffers from a

signal-to-noise problem, with an energy-scale that is approximately

™ = 2 J(

21

L

2
) In|2 4+ m2 — mg (45)



37

Obviously, in large volumes, the degradation of the signal obtained for low-lying states will not dramatically impact

the determination of the energy-eigenvalues as the energy-scale behaves as Aﬂg‘rz) — |n|?/(m.L?). However, for
present-day calculations in modest lattice volumes, the degradation of the signal may impact the extraction of the
phase-shifts in higher partial-waves, and numerical exploration is required to determine its impact. We note that this
signal-to-noise degradation is not apparent in the calculations of d; in Ref. [19], which we attribute to the large values
of the pion masses. A closer study of the signal-to-noise ratio in those calculations would be enlightening.

V. CONCLUSION

We have explored the phenomenology of Liischer’s method in the extraction of the phase-shifts in higher partial-waves
describing meson-meson scattering below inelastic thresholds using Lattice QCD, the formalism for which is contained
in the works of Liischer. The lowest-lying s-wave and p-wave interactions were explored in those works, and at the
time, Lattice QCD calculations of scattering beyond the s-wave and p-wave were in the distant future. However, the
rapidly increasing computational resources that are being directed towards Lattice QCD calculations will allow for
the calculation of the phase-shifts in higher partial-waves in both mesonic and baryonic processes in the near future.
We have considered the low-lying spectrum of two-meson states in a finite cubic lattice-volume, and determined
contributions from the partial-waves with [ < 6 and [ = 9. There are a sufficient number of irreps of the cubic group
that will allow for the calculation of the phase-shifts, §; for I < 6, and possibly I = 9. There are no irreps of the cubic
group with ground-state energy-splittings that are dominated by interactions in the [ = 7 and [ = 8 partial-waves.
As such, there appears to be no clean way to calculate these phase-shifts from Lattice QCD calculations performed
in cubic volumes. High precision calculations of the energy of states in other irreps may allow for their extraction by
forming differences of energies, but this will require significantly more computational resources than the extraction
of the phase-shifts in lower partial-waves. We have provided the structure of sources that will produce the irreps of
the cubic group, in both momentum and position space, that will generate the relevant states in LQCD calculations.
Further, we have given the explicit formula, and their perturbative solutions, that are required to analyze the results
of such LQCD calculations. We recapitulate the leading contributions to the energy-eigenvalue equations and their
solutions in the large-volume limit in table XIV and table XV, respectively.

Experimental measurements of the wm phase-shifts are difficult, with precision currently at the few-percent level in
the s-wave and p-wave, but much larger uncertainties are associated with the phase-shifts in the higher partial-waves.
It would appear that Lattice QCD calculations will be able to provide low-energy meson-meson phase-shifts in the
low partial-waves with significantly more precision than the corresponding experimental measurements. While the
contributions to energy-splittings rapidly become smaller with higher partial-waves, we conclude that it is presently
possible to extract phase-shifts for partial-waves with [ < 3. The implications of the recent preliminary calculations [19]
of the [ = 2 phase-shift, 67, at unphysical pion masses are very encouraging for future calculations.

Appendix A: Block-Diagonalization of FEY)

As the number of partial-waves with non-zero phase-shifts increases, so does the complexity of the calculation of
the energy-eigenvalues in a finite cubic volume. To illustrate the method for determining the energy-eigenvalues,
we provide the details of the calculation when §; # 0 for [ < 4. As is true in all cases involving parity-conserving
interactions, the analysis in the even-parity sector (I = 0,2,4) decouples from that in the odd-parity sector (I = 1,3).
The calculations that are required for §; # 0 for [ > 4 become more complicated due to the dimensionality of the

matrices involved, the contributions from the Z; ,, for higher values of [, and to multiple occurrences of the same

)

cubic irreps. This last feature means that the diagonalization of the finite-volume functions, Fl(fv , are not dictated

entirely by geometry due to mixing between the multiple occurrences of a given I'¥). However, such calculations are
a straightforward extension of what follows.



TABLE XIV: A summary of the energy-eigenvalue equations for the lowest-lying state in each T arising from the

interaction in the dominant partial-wave.

1 0] Leading Eigenvalue Equation Section
0[A]] | geotdo = —2- Zoo (1;¢°) A1
L[T7] | gPeotdr = (2)° 253200 (1,F) B3
2 [B7] | ¢’cotdy = (2)° L7 (20,0 (1;6%) + 240 (1:¢%)) A3
2 [T | ¢Pcotds = (2)° b5 (¢"Z0.0 (1:6%) — 2240 (1;6%)) A5

_ T - " 232 24,0(1;62 60Z¢,0(1;3>
3[Ty] | q'cotds = (22)" —2 <q630,0 (1) — 22ae(s) f&% )> 11B4
_ N o~ . . . .
3[A7] | qcotds = (%) =73 (QGZO,O (1,6°) = B8 210 (@) + 2% Zo.0 (1;q2)> IMB1
2\ 9 - " 448Zg o (1;> 43%Z6,0(1;32 54G* 24 0(1;52
4 [T] | ¢°cotds = (27) 7r31/2 (qSZo,o (1;(]2) - 1483(\J/(ﬁq ) _ 1 13\0/%3(1 ) : 114(;( . )) I1ITA4
q1100t55 = (%")11 WS%X
5 [E_] 510 2 1. 62 65624,0(1;52) 32@436,0(1;52) 672@228,0(1;52) 1152\/5310,0(1;62) IrB2
7200 (1;¢*) - 13 17v13 - DYL VAR 4199
q'cotds = (2%)13 Trs‘l/i><
12 e 63°24,0(1;6%)  160vV133°Z6,0(1:¢°)  403* Zs,0(1:%)
6 [A7] (q Zoo (L&) + =17 - 528 T v A2
_2592@5221010(1;52) 1980212,0(1;(12) n 264@212,4(1;52))
7429 7429 7429
q19c0t69 = (%")19 ﬁx
. . 63 24,0(1;4> 32v13¢'2 26,0 (1;4° 561730 Z8,0(1;3>
B q18ZO’0(1;q2) _ 69 z;,;)( ) _ q 1156,0( @‘) _ 5 q 3458,0( )
9 [A7] +1568ﬁ§82m‘0(1;§2) I 3083% 212 0(1;3°) n 6161100145 212 4(1;6°) n 53248¢* Z14,0(1;6%) HIB5
33353 2139 20677 10695+/29
_ 1664V113%Z16,0(1;4%) | 832V46189¢° Z16,4(1;¢7) | 2206464215 0(1;47) | 28288v/3553Z15 4(1;°)
35653 1033857 103385+/37 20677259
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TABLE XV: The perturbative expansions of the energy-eigenvalues of the lowest-lying state in each T'®).

matrix. It has block form

> 0] lal®
e B e [1 —2.8373(%0)+6_3752(%o)2] 4o
1[17] r? [1— 3 tand; (1 - 0.3653tand;) + ...]
L[ET] | % [1- 25 tandz (1 — 1.5672tands) + ...]
2
2 (T3] 12— 2f 25 _tands (1 — 0.4830tand2) + ]
— 71_2
2 [T5] % 2 - 8\1/%; tands + ]
— ,”2
3 [A7] e [3—9\1}02tan53 + ]
71_2
I |t [5- 2es tands + ]
7‘_2
5[4f] | 4 |5 2 tands + ..
_ 2
6 [E7] % [67123:/8752tan5r + ]
42 4208972625
14 [AT] Tr [ 14 — mtandg + ]
1. Odd-Parity Sector with d:,3 #0

FV
Fl(;S )

(FV)
F3;3

In the odd-parity sector with only d; 3 # 0, the finite-volume corrections are encapsulated in F' EFV

) which is a 10 x 10
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where the component matrices in the |I,m)-basis are °
Fvy 11 BTN
Fl;l = mg 070(17q) dlag(l,l,l)
: ) 0 0—/30 0 0-/§
(FV) _ (n(FV)Y e
Fig —(F3;1) —mquzx,o(LQ) el 0O 0 0 2 0 0 O
5 3
~J30 0 0—/0 o
—=(FV) 1 1 9 .
F3;3 = 73/2 520,0(17(1) dla’g(171717171a151)
3 0 0 0+15 0 0
0 -7 0 0 0 5 0
11 1 0 0 1 0 0 0 V15
+ — Zo(i@®) = | o 0o 0 6 0 0 o0 (A2)
73/2 q5 11
VI5 0 0 0 1 0 0
0 5 0 0 0 =7 0
0 0 vV150 0 0 3
-1 0 0 0 7V15 0 0
0 6 0 0 0 —-42 0
1 1 5 0 0 —-15 0 0 0 7V15
+ — Z60(1;¢°) 0O 0 0 20 0 0 0 ,
3/2 A7 ) 1
e BBl o5 0 0 0 —15 0 0
0 —-42 0 0 0 6 0
0 0 7V/15 0 0 0 -1

where the relevant relations between the Z; ,,, that can be found in eq. (B7), have been used, and where diag(a, b, ...)
denotes a diagonal matrix. It is convenient to first diagonalize the Fl(_fv) blocks (Fl(iv) is already diagonal in this

basis). The block-diagonal matrix, S_, is defined to have the form

. 511 0

produces a matrix, FEFV) = S_.F EFV).SI, which can be re-arranged into block-diagonal

form where each block is associated with a I'¥. The matrices cosd and sind in eq. (3) are invariant under this
transformation,

and when acting on F EFV)

cosé = diag(c1,c¢r,c1,¢3,03,¢3,¢3,C3,C3,C3) (A4)

where ¢; and c3 denote cos §; and cos d3, respectively, and similarly for sind. The components of S_ in eq. (A3) are

—./2
8

S33 =

o = O
—_ o O

|
o o ogo o
oojut
ool
o o OE‘H o gl o

ooﬁ‘oo o
ool

— o © o o o o
o o o%oo

o o oﬁ‘wo&‘wo

o oﬁ‘o o o
|t ol

o EXpliCitlyv the basis is {Ilv 1>7 |170>7 |17 _1>7 |37 3>7 |37 2>7 |37 1>7 |37 0>7 ‘37 _1>7 |37 _2>7 ‘37 _3>}
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and the matrix F(_FV) is of the form

—(FV) | =(FV)
Fiq | Fis
F(,FV) = |—) , (A6)
(FV) | =(FV)
Fs, F3;3
where
=Fv)y 1 1 BTN
Fl;l - 71_3/2 520,0(11(] ) dlag (1a171)
0000-1 00
—(FV —FvI\T 1 1 - 4
7 = (Fg;l )) _ mq?z470(1;q2) 77 (00000 01
0000 O —-10
— 1 1
Py = =5 ¢ Zoo(lid) ding(L111111)
1 1 9y 2 .
+ m 675 24,0(1aq ) ﬁ dla’g (_17_1a_17_6a35373)
+ L 1Z(1~2) 20 diag (-9,-9,-9,12,5,5,5) (A7)
a9 =~ ; e o 1 Iy T dy T y Iy Yy .
T2 G 6,015 4 3313 g

) )

From the structure of Fo " is T, , A5 and
17, respectively, and the equations that dictate the energy-eigenvalues of each of the '), given in egs. (31), (35),
and (39), follow directly from eq. (A7). The matrix S_ that diagonalizes FYY) is independent of the Z1.m functions
because, with each relevant I occurring only once, the decomposition depends upon geometry only.

it is clear that the ordering of the I'” along the diagonal of F:(ng

2. Even-Parity Sector with do2.4 # 0

In the even-parity sector with only dp.24 # 0, the finite-volume corrections are encapsulated in FJ(FFV) which is a
15 x 15 matrix. It has block form

FV FV FV
FO(;O ) Fé;2 ) F(g;él )

(FV) FV FV FV
P = | RO R LY

2;0

FV FV FV
F4(;O ) Fi;2 ) FZE;ZL )




where

FV
F2(;4 ) =

1 1 .
Félg‘/) = 7_1_3/2 520,0(1;q2) 5 FO(EV) = (O 000 0)
FV 1 1 N
Fé;4):mq—szz;,o(l;qQ)(,/%OOOlOOO 15—4)
1 1
FEV) - =2z 0(1:42) diag(1,1,1,1,1
2;2 71'3/2@ 0,0(1q) lag(a777)
100 0 5
0-40 0 0
1 1 o 1
+mq—524,o(1;q)? 006 00
00 0—-40
5 00 0 1
0 0 -3/20 0 0 —vV2 0 0
. 10v3 0 0 0 1 0 0 0 V70
52470(1;62)m —2\@ 0 0 02,/1—300 0 0 —2%
0 =7 0 0 0 1 0 0 0
0 0 —vV2 0 0 0-3V2 0 0
0 0 1 0 0 0 -7 0 0
. 53 0 0 0 —2v2 0 0 0 2v/14 0
= Zo0(1;3) ~JZ 0o 0 0 VB oo 0 0 -/
q 1113
0 214 0 0 0 -2v2 0 0 0
0 0 -7 0 0 0 1 0 0
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Zo0(1;¢%) diag(1,1,1,1,1,1,1,1,1)

Fvy 11
4;4 T p3/2 q

F

0

V70
5VT

0

14

0

—21

5V7

0 0 o0 18
57 0 0 0

70
0

—21

0

5V7
V70

14

0

0

27
1001

Z10(1;@%)

1

1
w3/2 qs

0

0

7

-3

0

17

0 -3V7 0

0

6v70

0

0
-3

0

7

0
64/70
0

17

-3J/7 0 0

0

11

Z6,0(1;G°)

1

1
w3/2 67

65

0

0

70

0 =8

0

—8V7 0
V70

0
0

—56 0
0

0
0

0
V70

0 =56 0 0

0

70

-8

0

0

0

0 =8/7 0

0

65

7
14317

Z50(1;6%)

1

L
3/2 q‘9

which can be made partially block-diagonalized by

=)
—
=
Y
000%
R
OSO
(=)
0%,00
N———
Il
A__v
wn
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with
1 1
~55 000 5
0 001 0
Soo = 1, So = 0 100 0
1 1
7 000 5
0 010 0
T _ 5 T
2F 0 0 0 2% 0 0 0 %
0 0 % 0 0 0 % 0 0
1 1
-7 0 0 0 0 0 0 0
o 0 o0 Y 0 0 0 35 0
Si = 0 55 0 0 0 5 0 0 0 (A11)
V5 N V5
2% 0 0 0 E 0 0 0 %
0 0 0 —3% 0 0 0 % 0
0 0 —% 0 0 0 % 0 0
VT 1
0 —3% 0 0 0 55 0 0 0
. . . .. . . =FEV) (FV) ot
After this partial-diagonalization, finite-volume function becomes F' = S,.F7 .S where
=rFv) 1 1 2 =(FV)
Foo ' = =5 qu,o(l,q) , Foo ' = (0 000 0)
—Fvy 1 1 5 2V3
Foa ' = 55 (7524’0(1’61 ) aa (0 0000100 0)
=Fvy 1 1 2 .
F2;2 - m520,0(17q) dlag(171a17171)
1 1 o 2
+ m 67524’0(1” ) ?dlag(—Q,—Z,—Q,Z’),S)
0 00000 0 —10
v L1 203 0 00000 O 0 1
Fo, = —% = 2400¢7)——— [ 0 00000 -1 0 0
; 73/2 q° 77
0 20000 0 0 0
-2 0 0000 0 00
0 0000001 O
1 L 40V3 0 0 000000 —1
+ﬁ3/2€1'726’°(’q)11\/ﬁ 0 0000010 0 (A12)
0 -2000000 0
-3 0000000 0
—(FV) 1 1 N .
Fpy = méz&o(l;q% diag (1,1,1,1,1,1,1,1,1)
1 1 54
—— — Z40(1;¢%) — diag (2,2 14,-13,—-13, -1
+ 7T3/2 q~5 4,0( yq ) 1001 dlag( ) a77 7777 ) 37 3a 3)
+ ! 1Z(1~2) A diag (—16,—-16,—1,—1,-1,20,5,5,5)
a9 =~ ; 1 - s s T 4y T 4y T sy Jy Jy
2 6,0(1; ¢ 11\/@ g
1 1 392
+ —= = Z30(1;§?) ————= diag(7,7,—8,—8,—8,10,0,0,0) . Al13
13/2 qg 8,0( q ) 1001\/ﬁ g( ) ( )

) that the ordering of the I'¥) in the Fiﬂv)—block is BT, T1+, Af and T;‘,

respectively, and the equations that dictate the energy-eigenvalues of each of the '™ given in egs. (9), (20), (25),
and (29), follow directly from these expressions.

It is clear from the form of the matrix FS_FV
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Appendix B: Z;,,(1;§*) Functions

The two-hadron Green functions in the finite lattice volume depend upon summations over plane-wave states subject
to periodic boundary conditions and with amplitudes that depend upon the strength of the interactions in each of
the partial-waves that generate the two-hadron T-matrix. The summations that define the energy-eigenvalues in the
volume are [1, 2]

L2 ‘n‘l Yim (2n)
Zl,m(17q ) ; [ ‘n‘g _ q~2 ] ) (Bl)
a special case of the sums defined in eq. (5). The [ = 0 summation is special as it requires UV regulation in order to
be defined, while sums with [ > 1 are finite due to contribution from the solitary Y},,. However, brute-force evaluation
of the sums is quite inefficient and Liischer presented a method to evaluate the sums that exponentially accelerates
their evaluation [1, 2], making use of the Poisson resummation formula. In this appendix, we reproduce Liischer’s
results, and then present each of the Z;,,(1;¢?) that contribute to the energy-eigenvalues considered in the body of
this paper.
Numerical evaluation of the Zg o(1;¢?) can be evaluated by brute force through the definition

A7

~ = 1
2070(1;(]2) Ahgloo [Z W — 4mA, R (BQ)
n

or through the exponentially-accelerated relation [1, 2, 63] 1°

\n|2
- ~2 " €
Z00(1;¢°) = me” (24° — Z In? —
1 tlf 21012
_z 200 N mi
5 /0 dt 75 | 4% rgoe i . (B4)

For [ # 0, the exponentially accelerated evaluation can be accomplished with !

2 ~2
o ‘n|l Ylm(Qn) e—A(In["=q%)
il = 2 [Inf2—¢]

n

+3/2

=2|p|2

AT pl Vi (Qp) e (B6)

10 The Poisson resummation formula

Z _ Il) Z 67,27rm y , (B3)

n

has been used in obtaining eq. (B4).
11 We have used a relation that is similar to that used by Liischer [2],

. —1 . 3/2 3 s
/d3x g(x) ef)\|x\2 e27TPx Q(T;Vp) / d3x (_37)\|x|2 2P X _ <§> / g(ﬂp) s (B5)



46

There are exact relations that exist between the Z; ,,,(1;?) for fixed I:

Zi0a(13¢°) = \/?34,0(1;42) » Zoxa(1) ;ze,o
Zz+a(1;3°) = \/g Z50(1;8°)  Zsxs(1;4°) = 0 Zs50(1;%)
Zi044(1;¢%) = — % Z100(1:G°) » Zr0xs(1;¢°) = — % Z10,0(1;G°)
Z1948(1;G%) = % Z120(1;4%) — 4 34223 Z19.44(1; %)
Zia112(1;4%) = 4 % Z120(1;¢%) + 9 729 Z19,44(1; %)
Ziyxa(1;4%) = g ;4§ Zi40(1:G) , Zuaxs(1;§°) = 1714910 Z140(1;G°)
Zia412(1;¢%) = % ﬁ; Z140(1;¢%)
Zi645(1;3°) = —6 8(6)53164 + %ZIG,O(LEIQ)
Zis+12(1,¢%) = % 4833164 (1;¢%) ? %216,0(1@2)

) (751 193 )
Zi5+16(1;%) = Mzwzx + 7 135470216,0(1§q2)

3 /646
Z L) = -8 /22 5 ;G — =4/ =—=Z180(1;§
18,:I:8( 54 ) 5 161 18 4( ) 5 23 18,0( 5 4 )
501 16 /323
Z L) = 2L ) + DB s
18,+12(1;G%) 5 1669 18,4(1:¢7) + =\ 667 18,0(1;47)
3162 19437
P N L2y L2
Zis,16(1;07) = —44/ 723345218,4(1& ) G670 Zig0(1;47) - (B7)

Unlike the cases of [ = 0,4,6,8,10,14 which have only one occurrence of the Af irrep in their decomposition,
[ = 12,16, 18 have two, and as such the Z12 141 (K is an integer) are not simply proportional to Z;2 o, as demonstrated
in eq. (B7), and a similar statement can be made about Z16 145 and Z1s tay.

In an effort to better understand the origins of the structure of the functions determining the energy-eigenvalues
of each of the '™ it is useful to explicitly display the functions Z1.m(1;4?). The function 2 o(1;¢?) is shown in the
body of this paper in fig. 1. As discussed by Liischer, the functions 2 ,,(1;¢?) vanish for all odd-l, and also vanishes
for I = 2. The function 24 o(1; G?) is shown in fig. 29, and exhibits some structure that is not present in Zo,0(1; ).
There are branches of Z4¢(1;¢*) that are non-monotonic, for instance, between ¢* = 1 and ¢* = 2. This behavior is
found in all of the Z;,,’s with [ > 0. The functions Zg(1;¢*) and Z19,(1;G*) are shown in fig. 30, Z12,0(1;¢*) and
Z124(1;G%) in fig. 31, Z16,0(1;G%) and Z16.4(1;¢%) in fig. 33, and finally Z150(1;¢%) and Z154(1;¢?) in fig. 34.

In constructing the perturbative expressions for the energy-eigenvalues in terms of the §;, the leading contributions
result from the residue of the pole of the leading function. We present a few of these residues of the Z;,,(1;¢%)
functions in table XVI and table XVII.

Appendix C: Perturbative Expressions

In many instances the energy-shifts due to the interactions are small because the phase-shift is small and/or the
lattice volume is large. In such instances, a perturbative expression can be used to extract the phase-shift from an
energy-eigenvalue instead of solving the full expression, as discussed by Liischer [1, 2]. The energy-eigenvalues for
a given I'D in a given |n|2-shell, and more specifically G2, can be expanded in terms of the dimensionless quantity
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FIG. 31: The functions Zi2,0(1;§?) (left-panel) and Zi2,4(1;G*) (right-panel).

(L(Ql“qQ“rl cot (5{)_1 12 In the case of a single partial-wave, the general form for the energy of an irrep, I'”, in the

12 The corresponding expansion that is appropriate for systems near unitarity, an expansion in terms of (Lgq cot §) for s-wave interactions

that is small for large scattering lengths, can be found in Ref. [58].
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ax10° 1 4x10°f 1
2x10° 1 2x10°f 1
G : G
% 0 ;-'r 0
3 ]
W ! N
—2><lO97 1 -2x10°F 1
—4><109: E —4%10°F ]
0 5 10 15 0 5 10 15
q g
FIG. 34: The functions Z15,0(1;G*) (left-panel) and Z15,4(1;¢*) (right-panel).
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TABLE XVT: Residues of the functions v4m Z;,,(1;§?) for I < 12, i.e. the coefficient of ,é where ¢ = |n|? + Q2.

(0P [ [ 2o [ R [Vin Za0] [ [ViT Zoo [ [An Zs.0] [ R [Var Zro0] [ [VAn Zizol [ F [V Zisa

0 1 0 0 0 0 0 0
1 6 21 3/13 9917 6521 3715 75+/1001
2 4 32 64 256 512
2 12 21 _ 3913 89117 _ 6521 43885 _ 80851001
2 16 32 128 256
3 8 -84 48v13 99v/17 —520v/21 2225 — 5851001
4 6 168 48+/13 79217 104021 59440 6001001
1336517 204425121 21172895 1262535+/1001
5 24 210 —255+v/13 — S\ﬁ — 1% 61 128\/7
51381+/17 40891521 58441035 3247651001
6 24 -378 333v/13 — 2 = 6 - 1 — 158
45530117 1971833521 2472346835 309589035+/1001
14 48 —4116 —1806v13 | — 7 5 =

TABLE XVII: Residues of the functions v/4r Zl,m(1;§2) for 14 < I < 18, i.e. the coefficient of _é where 52 _
I + Q.
’|n|2H R [\/EZIAL,O} ‘ R [\/47rZ1670}

‘ R[\/HZISA} ‘ R[\/Hzm,o} ‘ R[\/EZISA] ‘

1 595v29 22819v33 33v323323 20613v37 __39v920227
512 8192 4096 16384 8192
2 __ 5295529 2627491v/33 5937323323 _234021v37 9063v920227
256 4096 2048 8192 4096
3| 3570v29 — 1852033 ST0/323325 —12453v/37 18v/920227
4 || 19040v/29 182552+/33 5281/323323 329808v/37 | —1248v/920227
5 __ 9356375129 310517579533 1267665323323 __2195267925v/37 | _ 129332251/920227
128 2048 1024 4096 2048
6 _144911655v29 1849263939+ 33 15619473v/323323 | _ 4078786097737 | _ 26504469+920227
128 2048 1024 4096 2048
14 6869655205v29 | _ 12080581399901v/33 | 4554268593v/323323 | 44894607368667+/ 37 | 51258039399+920227
64

where the solutions to eq. (C1) can be written as

2
~2 _ ‘n‘Q _’_5~2 _ %
Qn2,r = T =\ 9
nl2.7® a2 r® a2 r®
= |n* + gé‘ %0 tan 67 (1 + ggl T )tanélI + gél r )tan26ll + )
d 2041 I
L+ p(nlPr®) AL ((Lq)**! cot o) (2)
° (L0 cotof]° |
where the phase-shift is evaluated at the unperturbed energy of the state, and the coefficients are
2,0 n[2, 0
(Inf?,0) agll ) (In|?,0) aé‘ o
Y90 - 27T2|1’1|2l+1 y 91 - 27r2|n\21+1
n Z,F(i) n 2,1“(” n 2,F(i)
gy _ (T 5T ) o
92 27T2‘n‘2l+1
For the terms in eq. (C2), the contributions scale as
72 ~ 0(1)+0 . +0 L +0 1 +0 L + (C4)
Un|2,r L2l+1 LA+2 L61+3 LAl+4 T

from which it can be determined when the contributions from higher partial-waves become important. For instance,
the energy-shifts in the 7] irrep are dominated by 41, and the expansion is of the form

1 1 1
~2
Gy ~ O F O<L3) * O<L6> * O<L9

) ol

1
)t
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TABLE XVIII: The coefficients, g, that contribute to the perturbative expansion of the energy-eigenvalues of

states in the A] irrep of the cubic group, as given in eq. (C2), in terms of s-wave phase-shift &o.

In|? g(<)|n\2,A1+> 9n|2,A1+> ém\"‘,Ab
1| =% ]-0.06137 | -0.3542
2 | =242 | .0.1826 | -0.3618
3 T4 | -0.1981 | -0.1996
4 | —3% | 02415 | -0.1328
5| —A= | 0.1590 | -0.5155
6 | —28 | -04798 | -0.2025
TABLE XIX: The coefficients, giln‘z’Tl_(l)) that contribute to the perturbative expansion of the energy-eigenvalues of
states in the (first occurrence of the) T, irrep of the cubic group, as given in eq. (C2), in terms of I = 1 phase-shift
61.
In|? gé‘nlz’Tfm) gi'"‘z’Tfm gé‘n'Z’Tfm)
1 -3 -0.3653 | -0.2058
2 | =322 | 03975 | -0.1979
3| —7A= -0.2761 -0.1471
4 52> 0.2035 -0.1589
5 1 0.05024 -0.5555
6 | -2 | 05625 | -0.07659

respectively, and the [ = 3 partial-wave first contributes at O (%) In the case of the T;" irrep, which is dominated
by d4, the expansion is of the form

- 1 1 1 1
and dg contributions are of the form O (Lilg). Therefore, the order at which the higher partial-waves contribute in
the large-volume limit depends upon the T'().
The perturbative expansions of the lowest few A energy-eigenvalues in terms of the | = 0 phase-shift & were
given by Liischer [1], and here we simply extend those results to levels with |n|?> < 6 with the coefficients given in

table XVIII. The energy of the A;r state in the |n|?> = 0 level can be expressed in terms of the s-wave scattering
parameters defining the low-energy behavior of the phase-shift, and it is well-known that

q'|20|27A1+ = —:—2 (1 + (%) + ¢ (%)2 + ) + o (C7)

where the particle-physics convention for defining the scattering length has been used, and the coefficients are ¢; =
—2.8373 and ¢y = 6.3752.

An important point to note is that the perturbative energy-shifts that are presented in table X VIII-table XXI are
for one of the occurrences of the T'¥) that form a given |n|?-shell. Other occurrences are unperturbed at leading order.
When multiple occurrences of a given irrep appear in a given |n|?-shell, the leading interactions will perturb the
energy of one combination, while leaving the other states unperturbed, but the interactions in higher partial-waves
will perturb these remaining states. The expansion coefficients for the lowest-lying 7} (dominated by 4} ), the E*
and T, (both dominated by 61) are shown in table XIX, table XX, and table XXI, respectively. We note that the
coeflicients in the perturbative expansion of the energy-eigenstates in the 77 irrep given in table XIX differ from
those given by Liischer [2]. This can be attributed to the fact that ¢ Deotd; can be expanded in a power-series in
energy about threshold '3, as performed in this work, while gcotd; does not have such an expansion for [ > 0. For

13 This is the effective range expansion which is valid below the threshold of the t-channel cut, |q| = my for 77 — 7.
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2 (1)
TABLE XX: The coefficients, gg‘n‘ E7) that contribute to the perturbative expansion of the energy-eigenvalues of
states in the (first occurrence of the) ET irrep of the cubic group, as given in eq. (C2), in terms of | = 2 phase-shift
02.

nf? g7 |g{e E T | gfie P
1 T -1.5672 2.5842

2 | —i2= | -0.8065 0.54

4| -2 0.3272 -0.421

5| —s/em -0.447 -0.4331

6 | —5221/5 | -0.7884 0.3746

2.t
TABLE XXI: The coefficients, gil T2 that contribute to the perturbative expansion of the energy-eigenvalues of
states in the (first occurrence of the) T, irrep of the cubic group, as given in eq. (C2), in terms of I = 2 phase-shift

d2.

e gé\nF,T;“)) ggmzﬁ(”) ggn\z,T;“))
2 | —3= -0.4830 -0.1828
3| —3m -0.6737 0.2128
5 —5;% 0.2004 -0.4515
6 | —°V2 | 05107 | -0.0002

TABLE XXII: The coefficients, géln‘Q’F) that contribute to the perturbative expansion of the energy-eigenvalues of
states in the Ay, Ty, T;F, E~ and AJ, as given in eq. (C2), in terms of dominant phase-shifts 83, &3, 64, ds, and Je,
respectively. Also given are the coefficients in the perturbative expansion of the second occurrence of EV, T3, T,
and 7, , in terms of dominant phase-shifts d4, d4, 03, and ds, respectively.

— — — (2) 2 n—(2) 2 p—(2)
of (m247) | (n21) | (n2TH) | (n2E7)| (n2,43) | (n2Et@)| (0215 (021 )| (0?1, @)
n|” g0 0 Y0 9o Y0 9o 90 9o Yo
2 0 55 0 0 0 0 0 0 0
3| —5vhes 0 0 0 0 0 0 0 0
5 0 84 2268 0 162162 23814 0 252 _ 74844
51572 125+/572 3125572 1625+/572 251572 3125572
6 | _3V3 | __35 _35v2 | 385 0 0 2453 _175v3 0
372 4/672 4/372 12/672 36+/372 36+/372

the remaining irreps, the T, , A5, T;", A7 and E~, the expansion converges rapidly with just one non-trivial term,
@ (tan 6l ) The leading coefficients for these expansion of the energy-eigenvalues for each of these irreps are given in

table XXII, along with the coefficients in the expansions for the second occurrences of the E+, T;r , T and T, . The
perturbative expansion of the lowest-lying A state is given in table XV.
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