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Motivation

- Lattice can ultimately provide input to NP

- Two-nucleon (NN) matrix elements largely require NN scattering

+ Can study dependence of NP on parameters of Standard Model

* |Inaccessible to experiment

* Nice for EFTs



Outline

* Brief review of Luscher formalism

+ HPC

« Considerations for cubic volume

« Sinks and Sources

« Cubic Irreps

* Results



L uscher Formalism
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Two-Nucleon Spectrum

« Spectrum given by effective mass of (schematic) NN correlator:

<Q|Ojlmffslm/5( )OJmJSms )|Q>

Im[
« Sink

OJm, im;yse (L, |k]) = Z Clebsh-Gordans Z Yom, (}/?jc) le1 (t, Rk) NmIQ (t, —Rk)

O
. Source REOn

O Jm, Im;:se (t, @, Ax) Z Clebsch-Gordans Z Yim, (RA:B) Nmfl1 (t,x) NmIQ (t,x + RAx)
ReOy,



Two-Nucleon Spectrum

« Spectrum given by effective mass of (schematic) NN correlator:

<Q|O[J’€ S'] (t)OE\inm |Q>

Imy
» Sink
Oimyimrse (4, k) = 3 Clebsh-Gordans > Yo, (Rk) N (t, Rk) N2 (t, — Rk)
+ Source HeOn
O Jm, Im;:se (t, @, Ax) ZClebSCh—Gordans Z Yim, (RA:B) lell (t,x) NmIQ (t,x + RAx)
ReOy,

- Box breaks rotational symmetry — spectrum falls into irreps of On, not SO(3).

« Subduction
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HPC

Doi & Endres 1205.0585, Detmold & Orginos 1207.14562 BH |
Use baryon blocks T
Use sparse tensor contraction to P, L
take advantage of sparsity of L

For each source displacement RAX,

store (sink-side) full-volume — | B B
correlator for each S’m’s Sms Imz
momentum space position space
full volume single displacements
all point X
ComSS™S (1t — t, RAx) = all point x+RAX
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HPC

Doi & Endres 1205.0585, Detmold & Orginos 1207.14562 BH |
Use baryon blocks T
Use sparse tensor contraction to P, L
take advantage of sparsity of L

For each source displacement RAX,

. . L V
store (sink-side) full-volume B B
correlator for each S’m’s Sms Imz
momentum space position space
full volume single displacements
all point X

Cymssms ) — all point x+RAX
@Q) (N;," (' k)P ST N (t’,—k’)) (N,;L(t, ) PSTSTH  NY(L 2 + RACU)) ‘Q>

Sample with optimal

Sobol sequence Projectors



Sinks

Luu & Savage 1101.3347

 Project to eigenstates of a noninteracting theory in a box.

 Full volume information — exactly project to any desired irrep

Nn<=0

n°=1




Sinks

Luu & Savage 1101.3347

 Project to eigenstates of a noninteracting theory in a box.

* Full volume information — exactly project to any desired irrep
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Sources

« Exact projection source-side requires spatial-volume-to-all propagators.

* Pick displacements

description Ax o«  count

local (0,0,0

)

(0,0,1)

edge (0,1,1)
(1,1,1)

corner




sSources

Octahedron Cube Cuboctahedron TruncatedOctahedron SmallRhombicuboctahedron GreatRhombicuboctahedron
Vertices: 6 Vertices: 8 Vertices: 12 Vertices: 24 Vertices: 24 Vertices: 48

N

(1.1,1) 0.1,1) 0.1,2)

Solids generated by On <= Irreps of O

face octahedron 6
edge cuboctahedron 12
corner cube 8
knight’s move trucated octahedron 24

more complicated small rhombicutobctahedron |24
more complicated great rhombicuboctahedron 48

Too expensive.



Source Overlap

Project Luu & Savage momentum sources to faces as a function of Ax/L
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Source Overlap @

Project Luu & Savage momentum sources to edges as a function of mAx/L
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Source Overlap @

Project Luu & Savage momentum sources to corner as a function of mAx/L
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Source Overlap

Project Luu & Savage momentum sources to corner as a function of mAx/L

S NN YT - Could get away with just 2

inversions - origin and (L,L,L)/2
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VLV LYV higher partial waves.
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Source Overlap

Project Luu & Savage momentum sources to corner as a function of mAx/L

—— Could get away with just 2
S WAV inversions - origin and (L,L,L)/2

- but would sacrifice

At Ngher partial waves.
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Future Sources: Take advantage of periodicity

- Take advantage of periodicity.

- Add 1 more inversion, get a cubic irrep source with different Ax

\ a /|

\ [\
/ \ / \\ / \ // \

N /’\ [\ /'\ /'\\ /\ [\ /’\ N\ N /\\ /\




Subduction

HadSpec 1004.4930

Isospin 0 Isospin 1
Partial wave Irreps Partial wave Irreps
ip, 'S, AT
51,3 Dy 3 Py AT

3 Do S Py T,

3Ds SPy, 3 F, E- T,

LF5 1D, ET® T;r
Sy A Ty © T,
SFy AT O E-T] Ty

Some states only couple to particular sources.

unphysical mixing




Building Cubic lrrep Correlators

Gauge Configuration

HPC

CSmsSms (1 ' ¢ Ax)  Full-volume correlator for single Ax sources

Im]

Combine different Ax with different weights, phases

[

Full-volume correlator for £my sources

More Clebsch-Gordans, projection to momentum shells

[ >

time correlator of operators labeled by J

Subduction

[

time correlator of operator of cubic irrep 5g
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L attices

- W&M / JLab isotropic clover with a=0.145 fm
« Same lattices as NPLQCD S-wave calculation 1301.5790

« SU3) limit: mk=mnr=807 MeV

* \/olumes:
« 243 x 48 = (3.5fm)*x(7fm). mnL = 14
« 323 x 48 = (4.7fm)3x(7fm). mnL = 18.5

« Measurements:

« 20 x (4000 configurations) = 80K measurements

* 75 x (1000 configurations) = 75K measurements

- Sources:
+ x (8 corners)
« x (12 edges)




Different sources give same plateau A+, Ax=3
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Different displacements give same plateau A1
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Different sources can separate different states

T17 n°=1
_ “3S4” local
0.081 * “354” Ax=3 corner
* “SDqy” Ax=3 corner
* “3D3” Ax=3 corner
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| Uscher det _(Mw)_l 5G| =0

Briceno, Davoudi & Luu 1305.4903

1

- Errors can get blown up ) [jl<A
= — — 77) = lim - — — 4
pcot d(p) 7rLS ((%) ) A—oo ; j|2 — 72
T —
Drut and Nicholson 1208.6556
40p : ~ -
 Partial waves mix 30

S()

* Physical effect  « tensor force

- UNphysical effect « SO(3) is brokento On  _3

+ Solving the coupled matrix equation is tough
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 Partial waves mix

« Solving the co



b AE,(t/b)

Clean separation of momentum shells
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geotd sg /m,

S wave

NPLQCD 1301.5790
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geotd sg /m,

S wave
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T1=0 P-wave
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1 P-wave
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P-\wave
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I=1

P-\wave
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small mixing”?
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I=

0

D-wave

® No °D+

without
disentangling -.

partial waves
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1 D-wave
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F Waves
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Summary

Subduction to cubic irreps
* Inform the choice of sources and sinks

* Different sources give same plateau after subduction ©

Momentum projection separates different n?, gives multiple points per irrep

Displaced sources essential for parity-odd and D-waves

One pole (and a near-threshold state) in 'S, two poles in 3S+ (?)

Different irreps give nice signal for 3Pa.

Achieved signals up to F!



The Future

 Disentangle unphysical partial wave mixing.

- Get more physics/cycle with better sources.

- Lower the pion mass / head towards continuum.

* Improve NN correlators via better operators.

« Add boosts, more volumes?

- Match to nuclear physics (nEFT, #EFT, HOBET, ...)



