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lattice systematics (much simplified)

51

finite lattice spacing

required, regularization
of a renormalizable theory

1
acts as a UV cutoff A ~ —
a

A

appears as a scale 1m = am

discretization errors X (a) = X(0) + ad Xy + ...

extrapolate ¢ — ()

finite lattice volume

1
need [, > ——
™M

impacts multi-hadron systems
in an interesting way

carefully understand QFT
in a finite volume

discretization choice

all should agree in the a—0 limit

impact at finite a depends on observable

choose a discretization
appropriate to your quantities

quark mass choice

hys
many calculations done with 1 g > mz)g

use quark mass as a tool
to understand QCD
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52

what quantities do we want to compute ?

WILLIAM & MARY

scattering amplitudes !
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not obvious how, try something simpler: energy spectrum
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two-point correlation functions and the spectrum 53

: T e.g. in our case:
consider :
<O| Of (t) 01 (O) ‘0> operators with definite JP quantum numbers
as color-singlet combinations of quark and gluon fields

e.g. as last time, yysy
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two-point correlation functions and the spectrum 54

consider <O| Ok (t) OiT (0) ‘O> Euclidean time-evolution  O(t) = e O(0) e "

= (0] 04(0) e~ O} (0) |0)
QCD Hamiltonian has a H‘n> _ En }tl>

complete set of eigenstates
L= [n)(n]

( only discrete eigenstates ?)

presumably (color singlet) hadrons
or systems of hadrons ?

the spectrum

= e B (0[0:(0)[n)(n|O](0)[0)

amplitude for O;f
to ‘interpolate’ state |tl>

from the vacuum
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time dependence of two point correlation functions 55

diagonal correlation function
C(t) C(®») =(0]0() 0(0)|0)

1.0 - 6—0.1t

1.0 - e*O.lt 4+ 0.6 - 670.1575

1.0 - e—O.lt + 0.6 - 6—0.15t + 0.5 - e—O.QOt

1.0 - e—O.lt 4 0.6 - 6—0.15t 4 0.5 - e—O.QOt 4 1.0 - 6—0.5t

notice that as { — 00O C(t) —C-e6

C(t)

useful to define 1o C(t)
the ‘effective mass’ & C(t + 1)
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an actual lattice QCD two point correlation function 56

ePe=t C(t)

"Cooggg gy, - generally statistical noise
AELLLE RN S % % % % % % % % increases with increasing t

5 10 15 20 25 30 35 ensemble distn

WILLIAM & MARY lattice QCD and the hadron spectrum | Jun 2025 | HUGS Jefferson Lab

OThomas Jefferson National Accelerator Facility




time dependence of two point correlation functions 57

diagonal correlation function off-diagonal correlation function

C(t) C(n) =(0]0() 0(0)]0) o) C(0) =(0]0'(1) 0(0)|0)

1.0 - e—O.It

1.0 - e—O.lt — 0.6 - 670.15t

1.0 - 670.11: —06- 6*0.15t 4 0.5 - 670.20t

1.0 - e—O.lt — 06 - 6—0.15t + 0.5 - e—O.QOt —1.0- 6—0.5t

1.0 - 6—0.1t

1.0 - e*O.lt 4+ 0.6 - 670.1575

1.0 - e—O.lt + 0.6 - 6—0.15t + 0.5 - e—O.ZOt

1.0 - e—O.lt 4 0.6 - 6—0.15t 4 0.5 - e—O.QOt 4 1.0 - 6—0.5t

N.B. not positive definite

suggests non-linear fitting to a sum of exponentials ...

? how many exponentials ?

? what if there are (near) degenerate states ?

.. actually getting reliable results this way
for anything more than the ground state proves impractical ...
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extracting the excited spectrum 58

a more powerful approach makes use of a basis of operators {01, 0,03, ... }

there should be a linear combination which optimally produces the ground-state

and another which optimally produces the first-excited-state Ql]; = E . U(n) OJ-r
etc ... ’
how do we find these optimizing weights ?
WILLIAM & MARY
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‘variational’ approach 59

le = ZZ v§n) O,}L Q$|O> — ‘11> + Z em‘m> with the €m as small as possible
m#£n

‘optimal’ correlation function

<O|Qn(t) Q:rl(())|0> — ¢~ Ent + Z |€m‘2 e fmt minimize this

m=Z£n

— ZZ] O‘O ;L(O) ‘O> v; = Zij v;;k ij (t) v by varying the vi

this choice

can avoid the trivial minimum (vi=0) by fixing normalization E y v; ij (tO) Vj = 1 will become

Z clearer later

implement constraint via a Lagrange multiplier

minimize A =" v} Cij(tyu; = A D vf Cijlto); — 1
= generalized eigenvalue problem C(t)V — )\(t)C(tO)V
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generalized eigenvalue problem a.k.a “GEVP” 60

C(t)v = M#)C(to)v

eigenvalues, a.k.a principal correlators )\n(t) ~ B_E“(t_to)

eigenvectors, a.k.a optimized operator weights Q:fl — E | v,gn) O;r
(]

eigenvector orthogonality V(n) . C( ) (m) — Unym

things to think about:
? how do you select the value of to?
? is there some limit in which this gives the exact answer ?

WILLIAM & MARY lattice QCD and the hadron spectrum | Jun 2025 | HUGS Je ff/ﬁ?sor)tLqA orator Facilly



principal correlators
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ar By = 0.1896(6)

o
CEoDIoEgppoOpgppEnlfZEfoooOoo

o

-3

10 15 20 25 30

)\ X% /Ngot = 0.78
ar Eiae = 0.2264(6)

oznuﬂﬂunnﬂnnnzanIﬂIEE}: E

10 15 20 25 30

)\ x?/Naot = 0.75

ag Biar = 0.2726(8)
oooszliilniiiﬁngﬁg%ig%}{
5 10 15 20 25 30
)\ X%/Naot = 1.04
10 4, B = 0.2004(10)
annnngnnnniiz{ g EN:) ‘lr
5 10 15 20 25 30

14

12¢

10}

0.8}

14¢

12¢

10}

0.8}

141

12¢

10t

0.8+

14}

12}

s

| > 1

a Fat

)\ X?/Naot = 1.08
a; Ejae = 0.1998(5)

o

=3

mopoocOpproocogoo o EodToodd

5 10 15 20 25 30

A\ X?/Ngot = 1.05
ar Eiar = 0.2326(8)

-3

S “nnnuﬂuzﬂhq

o

5 10 15 20 25 30

)\ X?/Ngot = 0.77
ay B = 0.2747(5)

) %“”“swuﬂnz&%HE}H

o

5 10 15 20 25 30

X2/Nd0f =1.53
ay Eray = 0.2927(7)

fitted with
)\n(t) — (1 - An) G_En(t_to) + An e_E;(t_tO)

with A, <1 and E] > E,
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optimized operator construction

| vgn) O,}L 62

effective mass

WILLIAM & MARY

diagonal correlators

: === basis operators
= optimized operator

= I [ 3 3
(1
* x x x5 3 3 EE 5 3 gfififijr%éﬂﬁgﬁéﬁ?%jg

5 10 15 20 25 30

optimized operator saturated
by the pion by timeslice 7

lattice QCD and the hadron spectrum | Jun 2025 | HUGS

Jefa?son Lab

OTfiomas Jefferson National Accelerator Facility



63

ok, so it looks like we should be able to compute spectra, but we wanted scattering amplitudes
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scattering in a finite volume ? 64

lattice defines a (periodic) spatial volume — usually a cube, side length a few fermi

spectra are discrete in a finite volume — no scattering continuum ?

let’s get a conceptual picture by returning to our one-dim quantum mechanics problem
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scattering

65
solve the Schrodinger equation
d%p
) + V(2)¥(2) = EY(2)
V(z) E E
A A A
scattering > resonance
continuum
’Z ...........................................
bound
states
(|z| > R) ~ cos (plz| +I5§p§)
phase-shift
A
i E
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‘scattering’ in a finite-volume 66

now put the system in a ‘box’ — periodic boundary condition at z = +L/2

W(L/2) = (—L/2) momentum quantization condition
Wizl > R) ~cos (plel +3)) gy di) L PO
2, (L2 = 02) I" "I
Viz) .
t 4 discrete
: spectrum
>z e
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3+1 dim quantum field theory result 67

for elastic scattering in a cube the corresponding relationship is cotd;(F) = Mg(E(L), L) in the simplest case of

a single partial wave
being non-zero

Luscher 1986

will present some

see the RMP for a complete list
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3+1 dim quantum field theory result 67

for elastic scattering in a cube the corresponding relationship is cotd;(F) = Mg(E(L), L) in the simplest case of

cot 0y(F) =

WILLIAM & MARY

a single partial wave

Lischer 1986 being non-zero

will present some

many subsequent works complications later ...
see the RMP for a complete list

Mﬁ (E(L)aL)‘

v

known function expressing the
‘kinematics’ of the finite-volume

e.g. My

201
15F
10}

5L

0

45 27

Sk
10k

15k

20k
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3+1 dim quantum field theory result

67

for elastic scattering in a cube the corresponding relationship is  cot d,(F) = M,(E(L), L)

cot 0y(F) =

WILLIAM & MARY

M, (E(L), L)‘

v

known function expressing the
‘kinematics’ of the finite-volume

e.g. My

20

15

10

5

0

-5

-10

-15

-20

Luscher 1986

many subsequent works
see the RMP for a complete list

in the simplest case of
a single partial wave
being non-zero

will present some
complications later ...

=== - - —of——— — - - - - =

0.5
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no interaction 68

scattering particles m = 300 MeV

1000] A+ P+—0OO—p
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no interaction 68

scattering particles m = 300 MeV
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divergences correspond to non-interacting energies
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no interaction — in a moving frame

cot §¢(E) = M} (E(L), L) 7
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weak attraction 70

find the finite-volume spectrum for a fixed phase-shift

5o L

1600
1400
1200
1000
800
600
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weak repulsion 71

find the finite-volume spectrum for a fixed phase-shift

oo [

1600
1400
1200
1000
800
600
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an elastic resonance 72

find the finite-volume spectrum for a fixed phase-shift 180 r-—— ET(E)
135 tan o = — 2
50 90 - My~ B
2 2
45 - _ 9 MRy
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note the avoided level crossings
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elastic resonance 73
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an elastic resonance — finite-volume mapping 74

what about the reverse process — obtain the phase-shift from the finite-volume spectrum ?

000] A}
1600 |- S M S T : 1600
1400 | AL R e ] 1400
1200 oo e B T 1200
=ou ST o
1000 e 1000
0} = 800
600 _! ------ :q: ------ | -------T ------- | -------T- L1 1 1 600
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an elastic resonance — finite-volume mapping 75

what about the reverse process — obtain the phase-shift from the finite-volume spectrum ?

000] AT
1600 -+ S 6 1600
1400 | N e o 1400
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an elastic resonance — finite-volume mapping 76

what about the reverse process — obtain the phase-shift from the finite-volume spectrum ?

(000] AF
1600 -+ M AL S & 1600
\s ~~‘~ ~~*~ ~~~“~ - -
1400 |- ”'1 e 3 1400
1200 FormessagreShag g e s o, 1200
1000 }- S 11000
300 |- 800
600 — T L T L 1 I 1 1 1 600
15 20 25 30 35 40 B ARG

more volumes give more information,
but each new volume is a completely new lattice calculation
and hence very computationally costly

WILLIAM & MARY lattice QCD and the hadron spectrum | Jun 2025 | HUGS /? QtLE,lA orator Faciy



an elastic resonance — finite-volume mapping 77
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determining the moving-frame spectrum
provides much more information

it looks like given enough finite volume energies,
we can reconstruct the elastic scattering phase-shift ...
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some annoying technical stuff — breaking of rotational symmetry 78

a finite cubic lattice has a smaller rotational symmetry group than an infinite continuum

simpler example of the problem: a rotationally symmetric two-dim system (r,8) = R,,(r) ™"

now considered on a square grid — minimum rotation is by /2
m and m+4n transform the same !

back in 3D — irreducible representations of the reduced symmetry group contain multiple spins

cubic A(dim) | Ay(1) T1(3) T5(3) E(2)  Ax(1)
symmetry J|10,4... 1,3,4... 2,34... 24... 3...

)

subduction |A, p) = Zm G

for non-zero momentum it’s even worse

— in continuum have little group, those rotations which don’t change p = label by helicity

can subduce helicity states into irreps of the reduced cubic symmetry

PRD85 014507 (2012)
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some annoying technical stuff — breaking of rotational symmetry 79

reduction of rotational symmetry is an important feature of the quantization condition too

for elastic scattering, what we previously presented as cot d;(E) = My (E(L), L)

should actually be 0 = det [cot 00 0007 O — MEm;E’m’i|

which when subduced becomes 0 = det [cot 8¢ 60,00 Oppmr — M. o }

features all € subduced into irrep A

e.g. [000] A

[ [cot 8o(E) 0 /\/1%01( L) M§1141(E L)
0 = det 0 cot04(E) ... | Mt (B, L) Myt (E, L)

what allows us to make progress is that §,(E) ~ k**™! at energies not too far from threshold

so higher angular momenta are naturally suppressed

in practice, truncate at some €max...
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where are we ... ? 81

matrix of correlation functions — finite volume spectra — elastic scattering amplitudes
.‘.
(0]0;(t) 0L(0)|0)

but what operator basis {O;}._,  should we use ?

must be constructed
out of quark/gluon fields
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meson operators 82

well motivated by

easiest constructions with meson quantum numbers — fermion bilinears Ty success of quark model

‘looks’ like a gg system

I' = Dirac gamma
+ gauge-covariant derivatives
D, =0, +1gA,
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meson operators 83

well motivated by

easiest constructions with meson quantum numbers — fermion bilinears Ty success of quark model

‘looks’ like a gg system

Wick
contractions
‘annihilation’
required for isospin=0
quark propagation from t to t
= matrix inversions on many t
WILLIAM & MARY lattice QCD and the hadron spectrum | Jun 2025 | HUGS J f;?son Lab
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meson operators 84

well motivated by

easiest constructions with meson quantum numbers — fermion bilinears Ty success of quark model

‘looks’ like a gg system

Wick
contractions

‘annihilation’
required for isospin=0

quark propagation from t to t
= matrix inversions on many t

an isospin=0 correlation function

o
o
n o
o
o
o
n o
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©00000000000000000 _Cﬁﬁ
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°o,
- %o
0000000
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888800
il g 983—866-0-55'@ """ 888829299299 537 DSS
Q§§§°o°§goooooooonn Dﬁs
COooopog D
R ofe) 00
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turns out this is not enough ...
0 5 10 15 20 25 30 35 ¢
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meson operators 85

easiest constructions with meson quantum numbers — fermion bilinears Ty

but can also construct operators with more quark fields

e.g. ‘local’ tetraquark operators iy

e.g. ‘meson-meson’-like operators » X Tty ¥ €'Y hy T'ehy
b y

schematic ‘annihilation’
Wick - generally
contractions required

and can clearly include still more quark fields ad infinitum ...

... i1s there some organizing principle
which suggests what operator basis we should use ?
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the non-interacting spectrum as an operator basis guide 86

e.g. narrow resonance (in rest frame)

1600
1400
1200

1000
800 |- 001], [00-1]

002], [00-2]
111], [1-1-1]

011], [0-1-1]

600 fmmammc oo = [000], (000
1.5 20 25 30 35 40

suppose we want to determine all states up to 1500 MeV on a 3 fm lattice

we might try an operator basis featuring ‘meson-meson’-like operators
with back-to-back momentum up to [111]

plus a set of wlry operators
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isospin=1 T4~ irrep spectrum 87

variational analysis of 30x30 correlation matrix: 3xmm, 26xuly, 1xKK

o \ J
A1) T[1-1-1] ( )
0.20 - --- E
K 0011 K [00-1]
o ) ¢
[011] [_0-1_-1] F
0.15 - ( )
7T[001]7T[_00-_1]
0.10 l J
[ PRD92 094502 (2015)
mr=0.039
L~3.8fm
mx=0.083
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isospin=1 T4~ irrep spectrum 88

variational analysis of 30x30 correlation matrix: 3xmm, 26xwl w, 1xKK

avoided level crossing ?

i )
[
T001] 7[00 -1]
o +
T001] 7[00 -1] qq
. y,
S r N
0.15 -
T[001] T[00-1] T[001] 7[00 -1]
- +
qq
0.10 \ ) -
. J
PRD92 094502 (2015)
mr=0.039
L ~3.8fm
mx=0.083
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isospin=1 T4~ irrep spectrum 89

variational analysis of 30x30 correlation matrix: 3xmm, 26xuly, 1xKK

(@ ) - ]
e ( ) T011]7[0-1-1]
Lo T011]7[0-1-1]
T011]7[0-1-1]
y,
Ii PRD92 094502 (2015)
mr=0.039
L~3.8fm
mx=0.083
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isospin=1 T4~ irrep spectrum

90

variational analysis of 30x30 correlation matrix: 3xmm, 26xuly, 1xKK

A1) T[-1-1-1]
0.20 - --—-
K 0011 K [00-1]
Ii PRD92 094502 (2015)
Me=0.039 ,
my=0.083 [ 38T
WILLIAM & MARY

7T[111]- [_1 1-1]

K001 K [00-1]

lattice QCD and the hadron spectrum | Jun 2025 | HUGS

” |

T111)7[-1-1-1]

\ J
4 )
K001 K [00-1]

k )
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it [=1 JP=1- scattering  mx - 236 Mev PRD 92 094502 (2015)| 91

022}
020 \ =
0.18|
0.16}
0.14} AR
— T
0.12}
0.10} @t Erem
008k ............ )
24 32 40 L/a,
180 (- = = =~ & & & f o
t(E) = LBM(E) sind(F)
- p(E) 150 » <
120+
L
S 90 -
60 |
» =
30+
mr=0.039 006 0.10 0.12 0.12 0.16
L ~3.8fm : : : : :
mg= 0.083
WILLIAM & MARY lattice QCD and the hadron spectrum | Jun 2025 | HUGS Jefa?son Lab

OTfiomas Jefferson National Accelerator Facility



... and in moving frames ...

PRD92 094502 (2015)

92

(000] T 1100] A4
0221\ \ 022}
020 \ = 0200\
0.18f 0.18 \
0.16} 0.16
0.14 0.14
0.12 0.12}
0.10} 0.10\\
008k ... oo 008k ey,
24 32 40 24 32 40
e 0.083 L™ 38
WILLIAM & MARY

0.22

0.20

0.18

0.16

0.14

0.12

0.10

0.08

T

T

0.22

0.20 k
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0.16
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0.08

111] A,
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.. giving a phase-shift PRD92 094502 (2015) | 93

180 F - - m - m oo oo oo
P = [000] @% "
L H
I5S0F B = 100 +@
P = [110] o3
120F P =111 .
- I I EEl
o P = 1200 -
~~
UQ‘—‘ 90 |
60 | E
Ca
30
&
i
O I ] | I & I I I
0.08 0.10 0.12 0.14 0.16 ¢, F__
mn=0.039 , _ ... looks like a classic resonance signal ...
mk=0.083 = 381m
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what happens if we vary the operator basis ? PRD92 094502 (2015)] 95

0,200 F — = — E
0.15 |- F
0.10 |- } )
exclude the exclude all exclude
— KK operator meson-meson all wry
mn=0.039 , _
my=0.083 -~ 3-81m
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‘single-meson’-like versus ‘meson-meson’-like ? 9%

volume dependence !

‘meson-meson’-like Z eP X 4 Tty Z 'Y 4 T 4hy, samples the whole volume of the lattice
x y

‘single-meson’-like Z e’F X ) Thy samples a single point (translated)

so. ‘looks-like’ = ‘has the same volume sampling as’

interesting side note:
tetraquark operators won’t work well for interpolating
meson-meson components — wrong volume sampling

fferSon La

OFfom al Accelerator Facility
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how bad is it really to get the wrong energies ? 97

o
exclude all
B \ J meson-meson
180 - | energy dependence of the
| phase-shift makes no sense
150 -
120}
90}
Lo
60
: but each energy within
0r s the width of the resonance ... ?
s
O ] ] ] : ] ]
0.08 0.10 0.12 0.14 0.16 a;Ecm
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some technical stuff — ‘meson-meson’-like operators 98

what actually goes into a ‘iirr’-like operator ?

one option for construction is to use

products of single-meson operators in lattice irreps

then each single-meson operator
can be the variationally optimized
one for that p, A

effective mass

Cr,0r,—A (P1,P2) [7(P1; A1) T(p2; A2)
f)laf)Q v
p1+p2=P

‘lattice’
Clebsch-Gordan
coefficients

[000] A1+ diagonal correlators

: ==nn three basis operators
) = optimized operator

R 3
o= X ¥ x 3 3y x X E 3 z ;Ifififijl%fiﬂﬂgﬁﬂﬂigﬁiﬁ
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contents 100

elastic scattering “solving the simplest problem”

lattice QCD phase-shift results

WILLIAM & MARY lattice QCD and the hadron spectrum | Jun 2025 | HUGS Je ff/ﬁ?sor,)tLqA orator Facilly



({ P b} : .
the “simplest” case: it elastic scattering 101
isospin=0 isospin=1 isospin=2
— . , — o° 1
“ boey ? W] ‘ '(ol) l
360 0: <'vyﬂ' ' -10°- 7
v . . o~ N\
P This experiment (w?yv “ " |
s A D (different analyses) ¢¢V¢° ‘l -20+ D\ —
| o E ‘YV¢Y ¢
ml.___”__ __Protopopescu . . _W"#‘?Vf_f_f _____ | J -30° -
: o o M ————+—
i +¢'+ﬁ?‘$ ’ o
225 vid i 0 (b)
a B i ”
& | bl -5° —
g e T S
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WILLIAM & MARY

a first target: can a first-principles QCD calculation lead to these kinds of behaviour ?

a next target: can we understand these behaviours in terms of resonances ?

an ultimate target: can we understand the quark-gluon make-up of these resonances ?

lattice QCD and the hadron spectrum | Jun 2025 | HUGS
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Tt isospin=2 — Mr~391 MeV PRD86 034031 (2012) | 102

[ basis of rtrt-like operators only ]

[ computed in three volumes ]

a; B, [000] AT 100] A4 [110] 44

A\ \Y
AN \ U
\

AU W VAU U
AW W W W\ \
AW WA WA WA\ \
LY W R
AN WA VA
AN WY
AN WA

0.40

0.35

0.30

0.25

0.20

& spectra in irreps
- with lowest €=2
""""""" (not shown here)

0155

16 20 24 16 20 24 16 20 24 16 20 24
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i isospin=2 — mp~391 MeV

PRD86 034031 (2012)

103

ag Ecm

040+

035rF

030

025t

[000] A

[100] A;

[110] 4,

AV WA AN\ N
AYA WA NN\ Y
AV WA\
AN ALY
\ AN

[111] A

ARNY A\
ARNY A\
ARNY A

020}
05Ta e T T
16 20 24 16 20 24 16 20 24 16 20 24
0.18 0.21 0.24 0.26
0.1 0.2 0.3 0.4
T T T T |
0 = — T T
¥ — N T
f ] % i
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_1() n
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S -15¢
_20 N
_25_ Lo_llllll—
NS (d)
08 —
-30 L1 L
04 08 .2
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i isospin=1 — mp~236 MeV, mz~391 MeV 104

you saw this earlier ...

0
B — 000 PRD92 094502 (2015) . H} 5
IS0F B = oo %@
P = [110] &
120 P =[111] m”
5 P = [200] o
~—
S 90 + =)
60| o
e
30}
<3|
EHi
0 1 n] FH 1 e 1 1 1
0.0 0.10 0.12 0.14 0.16 a;Eem
and a similar calculation 180y
. . . O -
at a heavier pion mass oo s
150} BT
i
120 P
o '_%é_' L/as [07070]
E 90 |- o 16 [0,0,1]
okl o 20 [0,1,1]
60 | @* A 94 1,1,1]
. [0,0,2]
301 -
- PRD90 099902 (2014)
O I'_(w_| T T T T T
0.14 0.15 0.16 0.17 0.18 0.19
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i isospin=1 — mp~236 MeV, mz~391 MeV 105

you saw this earlier ...

180 - = = = = = = = m o m e e
P = [000] .
IS0 B — (100 B
P = [110]
120
O
~—
s 90 =i
60 |- -
&t
30 s
0 6 . ; B I‘O l |.2 ‘ llL l I.G Glo ll8
O ] n] ] ] ] ]
0.0 0.10 0.12 0.14 0.16 o, F._ Hyams 1973
and a similar calculation 180; o
at a heavier pion mass o
150 T
120 | P
) L/as [0,0,0]
= 90t o 16 0,0,1]
Lo
o 20 0,1,1]
60 + A 24
30+
ol o T . . . .
0.14 0.15 0.16 0.17 0.18 0.19
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it isospin=0 106

this is the hardest one by far ...

operator basis Wick diagrams
— (a) (b) (c) (d)
I ¢F¢ ua+dJ O:O

L
<5
O
)
O
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it isospin=0 107

a single entry of the correlation matrix — nrt-like operator : my ~ 236 MeV

Sl=n]X
b

O:O O:) C:O 0.002 |
55318
§§§§§§§§§§§§§§Engf§§ww
P =[110] lssssssisiiiaciaanaacscnas
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: 0002 | ggg§§§§§§§§§§§
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. nnnnuﬁﬁunng
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0.008 -
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rrt isospin=0

108

[000] A+ 243

atE
024
o
022 E
P e——
0.20 | £
0.18 |- T
& ,
Gl J
0.16 | —
t =
-_f"HH
0.14 Z J
=
0.12 |- EI
.
ar mr=0.069
ar mg=0.097
0.10 |- ar mp=0.104
WILLIAM & MARY

my ~ 391 MeV

operator basis

N
N

lEI‘w ‘ wi+dd

KK
m
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it isospin=0 109
Mr~391 MeV
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it isospin=0 110
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