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LQCD: Finite Euclidean Spacetime
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LQCD: Finite Euclidean Spacetime

-

<
¢ Hadronic spectra: E(a, L, T, mq)

€ Matrix elements: A(a, L, T, mq)
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s Physics: hadron masses, decay constants,

scattering parameters, form factors,...
| Minkowski Spacetime)
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Correlation functions

C(xo — yo, P) = (0|04 (0, P)O} (y0, P)|0)

¢Operators could be different
¢Must have same quantum numbers




Correlation functions

C(xo — yo, P) = (0|04 (20, P)OL (yo, P)|0)
— 5>\,>\’ Z G_Ek’n(mo_y()) <O‘OS\ (07 P) ‘EA,n> <E>\,n‘0)\ (Oa P) ‘O>

The spectrum! )

Evaluate using Monte Carlo techniques:

C(xg —yo, P) = ZE - /D U, q, 7O, (xO,P)OT (yo,P) € ~SBucl.




Correlation functions

C(xo — yo, P) = (0|04 (0, P)O} (y0, P)|0)

=G n y e PanFom50) (0|04 (0, P)|Ex ) (Ex n]|Ox(0,P)|0)

P—

e.g. N-N’ particle in a
infinite volume

JJmy, P, LS, a)

J=angular momentum
P=Parity

L=orbital angular momentum
S=spin

\izﬂavor content,... /




Correlation functions

C(xo — yo, P) = (0|04 (0, P)O} (y0, P)|0)

=G n y e PanFom50) (0|04 (0, P)|Ex ) (Ex n]|Ox(0,P)|0)

n
e.g. N-N’ particle in a
finite volume

JJmy, P, LS, a)

\J’mJ/, P/, L/S/, b>

' J=angular momentum

I |
P=Parity @erythmg can Vary.j
L=orbital angular momentum
S=spin

\izﬂavor content,... /




Correlation functions

C(zo — Yo, P) = (0|04 (0, P)O} (v, P)|0)
=G n y e PanFom50) (0|04 (0, P)|Ex ) (Ex n]|Ox(0,P)|0)

e.g. one-particle in a
finite volume

‘ Subleading corrections

Liischer (1985) | C(leo — yo,O) — Zoe_mL(xO_yO) ~ Zoe_moo(ﬂﬁo—yo)




Correlation functions

C(zo — yo,P) = (0|0} (0, P)O] (0, P)[0)
= Oy e Pn(@0m80(0|04) (0, P)|Ex ) (B |02 (0, P)|0)

T
e.g. three-particle
bound state in a finite
volume
L
< >

¢Typically larger corrections
&Dictated by size of bound
state

&

C(CEO _ yOyO) — ZOe—mB,L(xo_yO) ~ Z()G_mB’OO(xO_yO)




Correlation functions

C(zo — yo, P) = (0|04 (0, P) O (3o, P)|0)
=G n y e PanFom50) (0|04 (0, P)|Ex ) (Ex n]|Ox(0,P)|0)
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In general: not so straightforward




The state of the art

in the meson sector

m. = 392 MeV

243 % 128
{5
isoscalar B

1sovector

Hadron Spectrum Collaboration: [PRD] arXiv:1309.2608 [hep-lat]
J. Dudek, R. Edwards, P. Guo & C. Thomas (2013)



http://arxiv.org/pdf/1309.2608v1.pdf
http://arxiv.org/pdf/1309.2608v1.pdf

The state of the art

in the meson sector

Q: Why can we resolve so much

on the mesonic sector?

m. = 392 MeV

243 % 128
ls
isoscalar IF

1sovector

Hadron Spectrum Collaboration: [PRD] arXiv:1309.2608 [hep-lat]
J. Dudek, R. Edwards, P. Guo & C. Thomas (2013)



http://arxiv.org/pdf/1309.2608v1.pdf
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The state of the art

in the meson sector

Q: How do we interpret this spectrum?

<

A: Finite volume spectrum maps

onto scattering parameters

243 % 128
! s
isoscalar IF

1sovector

Hadron Spectrum Collaboration: [PRD] arXiv:1309.2608 [hep-lat]
J. Dudek, R. Edwards, P. Guo & C. Thomas (2013)
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Reinventing the guantum-mechanical wheel

(in 1+1 dimensions)

_‘— _)
o(x)

Periodicity:

Quantization condition:




Reinventing the guantum-mechanical wheel

Two particles:

infinite volume

scattering phase shift

b(a) ~ P EH0)

Asymptotic
wavefunction

) =0

p*

Quantization condition:




Reinventing the guantum-mechanical wheel

L p; +26(p;) =2mn
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Sketch of 3+1D result

C(aj() — Yo, P) — <O|05\M($07 P)O;f\'u (y07 P)‘O>

P—k
Fourier transform... /.\
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Sketch of 3+1D result

C (w0 — yo, P) = (0|0}, (w0, P)OL, (30, P)[0)

/ Bethe-Salpeter kernel

\/ \/
(ST T T3
>‘< >:<+ Scattering amplitude




Sketch of 3+1D result

C(wo — yo, P) = (0|0}, (x0, P)O} , (40, P)[0)

P—-k
C(P k)= Q +

On-shell state can
sample boundaries of
your volume

OO

Kim, Sachm]da and Sharpe (2005)
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Sketch of 3+1D result

C(x0 — %o, P) = (0|0}, (z0, P)O, (30, P)|0)

x1JmMm
[K lis.i's:

V

QOO o




Sketch of 3+1D result

C(QU() — Yo, P) — <O|O§\M($O’ P)O;r\,u(y07 P)‘O>
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Sketch of 3+1D result

C(x0 — %o, P) = (0|0}, (z0, P)O, (30, P)|0)

On-shell, infinite volume
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3+1D result
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RB (PhD Thesis) : arXiv:1311.6032 [hep-lat]
RB, Zohreh Davoudi* [PRD] : arXiv:1204.1110 [hep-lat]
RB, Zohreh Davoudi* [PRD] : arXiv:1212.3398 [hep-lat]
RB, Zohreh Davoudi*, Tom Luu** [PRD] : arXiv:1305.4903 [hep-lat]
RB, Zohreh Davoudi*, Tom Luu**, Martin Savage* [PRD] : arXiv:1309.3556 [hep-lat]
RB, Zohreh Davoudi*, Tom Luu**, Martin Savage* : arXiv:1311.7686 [hep-lat]

RB [Accepted at PRD] : arXiv:1401.3312 [hep-lat]
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3+1D result

determinant over (J, my)
and open channels




3+1D result

Scattering amplitude

(Can couple any number of channels )

e.g. positive parity, 1sos1nglet two-

nucleon channel (deuteron...) .
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3+1D result

L (Y Gy, 0GY, 6GE,
S [ , 0Giy 0G{; 090Gy
L S sGY. 6GY. §GY,

I s 5 .
Liv = b A o
: F ----- 3 "" Typically a sparse matrix)
| JE TR -

Ce. g. S-wave at rest \\

) 1 1
veotos = 7 zn: n2 — (k*L/2m)?




3+1D result
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In goes finite

out goes...

volume spectra
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3+1D result
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! "just a consequence of quantum mechanics”

Model independent & non-perturbative

Universal: nuclear physics, atomic physics, etc

@ Arbit[mw quamum HIUH(Hb@IPSE relativity, spin, masses, momenta,

angular momentum, inelasticities, etc

General volumes with any boundary conditions: periodic,
anti-periodic, or any linear combination on any rectangular prism

RB [Accepted at PRD] : arXiv:1401.3312 [hep-lat]
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! "just a consequence of quantum mechanics”

Model independent & non-perturbative &

Universal: nuclear physics, atomic physics, etc

@ Arbitmw quamum HIUH(Hb@IPSE relativity, spin, masses, momenta,

angular momentum, inelasticities, etc

General volumes with any boundary conditions: periodic,
anti-periodic, or any linear combination on any rectangular prism
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Independent derivation for multichannel baryon-
baryon using Dirac fermions (two weeks later)




Predlcted T1 Spectrum

Eip — E* — 2 mNJ [ mo-140Mev |

160

“J=1, S-Wave state”

“1=1+3 , D-Wave state”

=

Mixes J=1+3 channels J

t-channel cut 7 8 9 ]_O ]_]_ 12 1
L [ fm} Deuteron

_' Input physical phase shifts [http://nn-online.org]

RB, Z. Davoudi, T. C. Luu and M. J. Savage (2013)
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Deuteron at rest

Infinite volume deuteron
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RB, Z. Davoudi, T. C. Luu and M. J. Savage (2013)



Boosted deuteron

Bour, Konig, Lee, Hammer & Meifsner (2011)
Davoudi & Savage (2011)

If §CPV = §CDP2) = 5CDs) — ¢ =

8 9 10 11 12 13 14 15
L |[fm]

RB, Z. Davoudi, T. C. Luu and M. J. Savage (2013)



Az-irrep

mixes J=1+3

mixes J=1+2+3
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L

[fm]

RB, Z. Davoudi, T. C. Luu and M. J. Savage (2013)



Boosted deuteron
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Boosted deuteron (d=0.01))

€1 |degrees|

Energy gap, strongly depends on
—1.5 ‘ magnitude & sign of epsilon! [
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RB, Z. Davoudi, T. C. Luu and M. J. Savage (2013)



Take home message:

“Approximations suitable for infinite
— 1 5 ! volume physics may lead to O(1) errors
. in a finite volume”

— — — — — — — e— e— — — —

8 O 10 11 12 13 14 15
L |[fm]

RB, Z. Davoudi, T. C. Luu and M. J. Savage (2013)



2Body system in a box

Repulsive e —————————————— A 110 C 1V €



3Body system in a box

Energy

1/a

Repulsive Spinless, identical particles! Attractive




3Body system in a box

L4

Energy
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Hansen & Sharpe

_ Polejaeva & Rusetsky

RB & Davoudi

“almost two body”
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Repulsive Attractive

Spinless, identical particles!




Formalism, systematics, . | . progress made

Statu S O Code development, / Under control ? : open problem

(a very bias estimate) LQCD calculations ¢

¢ Spectroscopy/
scattering:

& Form factors:

¢ Fundamental
symmetries:




5 year outlook: 21—/
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