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Lattice QCD for Intensity Frontier

= Intensity experiment <-> [QCD corrections] ® [ Standard Model & Beyond ]

The Standard Model o

Farmions Bosons
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= Rare phenomenon / processes “Smoking Gun” T
energy Fry
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® Proton/Neutron’s Electric Dipole Moments (NEDM) 8

® Proton decay

m  Precision physics

® Quark Flavor Physcs
Cabibbo-Kobayashi-Maskawa (CKM) Theory
[ C. DeTar’s talk]

K—mm decay I=2 & I=0
® Muon anomalous magnetici moment (g-2)u

= All Mode Averaging (AMA) : statistical error reduction



Matter dominant Universe
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Sakharov’s three conditions

m In 1967, Sakharov pointed out three concurrent
no:n__:o:m for a small non-zero 7 S mm:< universe
(T ~O0(10) TeV ) el

1. Baryon number (B) violation
To produce net Baryon from initial B= o

2. ( Violation of C (charge conjugation
symmetry) and CP (parity and C)

<B>!=0 , B:C,CPodd

3. departure from thermal equilibrium §§
<B> = 0in equilibrium from CPT — ;




P & CP violation and Electric Dipole
Moments (EDM)

= Electric Dipole Moment d AH — MNV o

energy shifts in an electric field E

= A nonzero EDM is a signature of P and T (CP
through CPT) violation

exp: AH ~ 10® Hz ~ 10%'eV

- |d| < AH/E~ 10%°e cm

@ M if theo: d ~ 102 x 1 MeV / N\,
- D > A >~ O(1) TeV

unless there are degenerate ground states

:m:mdﬂoq::ommn:oﬁ:m_,_o<vm_,_ﬁ<ndﬂ<<m,8q / a \
molecule O




CP symmetry breaking
from QCD
= QCD
® 0 term in the QCD Lagrangian:

1
6472

renormalizable and CP-violation comes due to topological charge density.

Lo=0—GG, 0=0-+argdet M

® EDM experiment provides very strong constraint on

= 0 and arg det M need to be unnaturally canceled !
strong CP problem, unless massless quark(s)

dSP| <29%x107%e.cm < 1079
® up quark mass less ?
¢ Axion?
¢ contribution from CKM is very small < 1e-30 e cm



Constraint on nEDM

= The present and future experiments " 1957 ORNL-Harvard
are aiming to check/exclude of 0y O T
MSSM i\ nOr i
Harris, 0709.3100 'E-20+ w ORNLILL...
Umog @ wz_l m..m..myw) W ILL-Sussex-RAL...
1 magn ic LMNP1 5t Petersburg
nEDM @ ORNL, PSI, ILL, J-PARC, 2] /w
TRIUMF ,FNAL, FRM2, ... s ] \
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=
o 29 W#m,mmw -/,,,/
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EDM from lattice QCD
[ E. Shintani, T.Blum ]

m Three ingredients

® QCD vacuum samples
® source of CP violation

> Reweighting from
CP symmetric vacuum

» Dynamical simulation

® Polarized Nucleons

= Two methods

[ D. Leinweber ]

® Measure a spin splitting of energy

® Form Factor



CP violation on lattice : Reweighting

m Source of CP violation (© in our case)

% o 14
So = g5 d*z tr]e 0GP G

= 10 @&OU
m Topological charge is measured either by gluonic

observable GG or by counting zero mode of chiral
fermions

(

Q- 2 G;G3 G, =Im

Uy

s O=0 lattice QCD ensemble is generated, then each
sample of QCD vacuum are reweighted using topological

charge y
(O)g = (0e?) o

10



Qtop on lattice (©=0)

® Qtop history in simulation Nf=2+1 DWF, [ RBC/UKQCD]
®* 1/a=1.73, 2.28 GeV
® mps =290 - 420 MeV
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Chiral symmetry & EDM

g(z) — e%(z)

= Chiral symmetry is broken _ _ i~ 0l
by lattice systematic error QA&V —7 QA&vm 5
for Wilson-type quarks, which has “wrong” Pauli term by O(a)

hézmos — NHQOU T Q@@Qtt . ﬁtt@

m CP violation from 6 or other BSM operators introduce extra artificial CP
violation in simulation.

m In fact, chiral rotation of valence quark is unobservable in continuum theory,
and the EDM signal measured in Wilson quark due to valence quark’s 6 is
unphysical, which should be carefully removed by taking continuum limit a —
0 [S. Aoki-Gockschu, Manohar, Sharpe et al. Phys.Rev.Lett. 65 (1990)

1092-1095 (1990) ] TTT
\A PG .,

—  Qur choice : chiral lattice quark
called domain-wall fermions (DWF) q(L) q(R)

[ 97 Blum Soni, 99 CP-PACS,
00- RBC, 05 RBC/UKQCD... ] <

R. Gupta et al. Clover fermion for BSM CPV 12

1 2 Ls/2 Ls



EDM Computations on Lattice

m Measure energies with mxﬁmSmP m_mn,m:n :m_n_

(Nt (DN (t0)) .y i xf D=DS x:
(NN (o)) © ﬂﬂ :
AM =My (E, 1) — My (E, 1)

— 2D, (0)S-E

m Form factors

(N VM ()N (p) =

" qy| N Oz
B + Fala?) 2 @
<mz

L F A MVQE\Q:Q\U | ) o MUQQJFQ
34 dImn dy = ﬁmm: F3(Q°)/2my q .




External Electric field method

m Ratio of spin up and down

Ry =

Linear response, gradient is a signal of EDM. i ....ummm I i
® Reweighting works well for small real 6 o.es|- mmE. i

® Temporal periodicity is broken

0

-0.02

-0.04

-0.06

-0.08

-0.1

(N(t)N(0))s's

(N (t)N(0))gopm

by electric field.
= additional systematic effects

e

1+ dyEOt

_....._...._...._...._...._._.._.....

113 _”iu i
m R
- m + §
” o Full (N=2) |
[ phys. pt. Quench -
% dylefm(N) x CA

0 02 04 06 08 1 1.2

m,s” (GeV?)

[ E.Shintani et al. (06, 07) ]

1.0010 -
r K=0.1374 -
L - — w |
1.0005 = .HHHH.__:- IRES 1
L .w.... === | & F Y
- =5~ K FM i
1.0000 ....n..n _ |+ E=0.004.8=0.02
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Full QCD with clover fermion:

* There seems to be no significant difference
between quench and full QCD for this heavy
quark mass (pion mass >~ 500 MeV) .

e Statistical error is still large.

* Finite size effect from breaking of temporal
periodicity is also significant

14




F. Berruto et al. (05)

_HO—.E ._“mn._ncﬁ —HwAﬁ_Nv E.Shintani et al. (05, 08)

= Matrix element in 6 vacuum p|S"
* N=2 clover fermion
 Size is 243x48 lattice (~2 fm3)
e Signal appearsin 11 --16
* Q2 —0 limit with linear func.
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e Hmm <] * “ o e
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F(q)2m (e fm)

F;(g°%) vs g

Neutron Proton
: 1 - o m=0.005 .
I - 1 0.08F 0 m=0.01 —
0 h T ~ - i
E I ]
/Mb\ L T i
L 004 | .
m L T i
N I 1
-0.04 = - |
) 0 o)
9 I . m o[
-0.08 I |
i o m=0.01 1 20.041 i
. . . . ) ) 1 | | | | |
0 05 0 , No.m
2 2
q (GeV") q (GeV)

® Mpi=330 MeV (mf=0.005) 600 config x 32 AMA = 19.2 K measurements
® Mpi=420 MeV (mf=0.01) 400 config x 32 AMA = 12.8 K measurements
® (iso-vector) CP violating g(m-N-N) is related to the slope of F,

[11 Vries, Timmermans, Mereghetti, van Kolck]

16




Comparison of results
= Full QCD PRELIMINARY o=1

e Lattice results are consistent Olp————7T 77T ]
within 1o 008k o CP-PACS,N =2 clover, AE(9) ]
. . . F o CP-PACS,N =2 clover, F,(6) 1
(not include systematic error)  oosfF — RBC,N.=2 DW, F,(0) 3
[ — o QCDSF,N =2 clover, F.(i0) ]
* larger than the results of 0.04F * Cutrent alecbra -
QCD Sum Rules or ChPT. = omf v N=3 DWF, F,(6) E
e C ]
(] =% — % .
. Z C ]
*no obvious quark mass = ook % T % E
dependence yet - i :
004 o -
m i m
. 0.06F 3
statistics ? : :
-0.08F -
= fl]l\ PR T TR AN T S ST T NN ST SR ST S N L
0 0.2 04 0.6 0.8 1

m *(GeV’)
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d (e fm)
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0.04

Proton EDM results

PRELIMINARY

1 1 1 1 _ 1 1 1 _ 1 1 1 1 _ 1 _
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— 1 A Zmnw DWEF, F.(8) -
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- o QCDSF, Nz=2 clover, F.(i8) .
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Nucleon calculations
for High Energy Physics

Proton Decay Matrix Elements
[ Y. Aoki, E. Shintani, A. Soni]

Strangeness contents in Nucleons
for Direct Dirk Matter search

<NlssIN>

[ C. Jung]
(N|55|N)

T T

T T
DWF+10.11fm
DWF+I 0.08fm
DWF+ID

fit with ar2

fit without aA2
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K— mmt decay amplitude
[ RBC/ UKQCD |}

: : : n it final state
m 40+years awaited theoretical calculation scattering phase

[1964 Cronin-Fitch, from QCD ol gy
1999 NA48@CERN, KTeV@FNAL] I
= Provide a new constraint on CKM Unitarity _. ﬁ_ v
=i I
f
J
I
I o
) A

Electro-Weak (CKM) phase '
Vus V*ud, Vis V*tq (e %MA




K— mwm decay on lattice

m Relates energy on finite volume E__ (V) to phase shift & to obtain
complex Amp(K—mm) = |A,| €9 (Luscher, Lellouch-Luscher)

Phase shift 6

= Momentum of pions are controlled by boundary condition (anti-periodic or
G-parity b.c.)

m  Mixing and Renormalization of operator is done using non-perturbative
renormalization (NPR)

m  Chiral Symmetry is curtail
m |=2 channel is under control, I=0 is still a challenge due to disconnected

diagrams.

typed




K —=mn1 1t Amplitude, I=2 channel

The 2012Ken Wilson Lattice Award
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Lattice: 323 x 64 x 32, 241 DWF, lwasaki DSDR, a=! = 1.375(9)

GeV, m+ = 142.9(1.1) MeV

ReA, ImA,
Lattice artifacts 15% 15%
Finite-volume corrections 6.2% 6.8%
Partial quenching 3.5% 1.7%
Renormalization 1.7% 4.7%
Unphysical kinematics 3.0% 0.22%
Derivative of the phase-shift 0.32% 0.32%
Wilson coefficients 7.1% 8.1%

Total 18% 19%

Re(As)(10% /GeV)  Im(Ap)(1073/GeV)

Lat. 1.436(62)(258) -6.83(51)(130)
Ex 1.479(4) (K™) (n/a)

©

Re(e’ /e)pwp = —6.52(49)(124) x 10— %

Errors: (stat)(syst)



K.-Kg mass difference
[RBC/ UKQCD, N. Christ, d Yu et al. arXiv:1212.5931]

s Evaluate K%-K°bar amplitude in 2nd order ElectroWeak

Hamiltonian : 4pt Green’s function o
7r W i
Lattice A
d s 6 i
Hyy H w, 5
K'(ty) > X K'(t:) % ........
s d o 4 g B e
~
122 tq = 3 e et e
< -t
by by ol .
o = ! M M (0|T ﬁﬂﬁvm%@wvmiiﬂﬂi |0). perturbative
2 Lo L o -
ta=ta ti=ta mu=1, 1.3, 1.5 GeV
0 L |

04 0.6 08 ms, | 1.2 14 1.6
m. (2Gev)/ Gev

M, (GeV) | AM, (x 102 MeV)

563 5.12(24) m AM P = 3.483(6) 10712 MeV
707 6.92(39) = Omit disconnected diagrams and
918 11.12(94) Unphysical kinematics, m_= 421 MeV

1162 20.10(312) m charm quark for GIM cancellation

m 4pt function is useful for the rare
Kaondecay: K—1m v v



[ Blum, TI, Shintani arXiv:1208.4349, arXiv:1212.5542]
Covariant Approximation Averaging ( CAA)
a new class of Error reduction techniques

Lattice
Original G _ @ A@UUNV _ G Awmmdv Symmetry
$ ]
unbiased G AHEUV Hé _
imporved - 2@

Expensive : infrequently measured Cheap : frequently measured

= O0mP) has smaller error
O(@prpx) need to be cheap & not to be too accurate

N suppresses the bulk part of noise cheaply

1
/\nggm

Valence version of Hasenbushing in HMC

err ~ ( X




Examples of Covariant Approximations
(contd.)

m All Mode Averaging
AMA :
Sloppy CG or
Polynomial

approximations

O (appx) _ O[Sy,

S HMU@\/\CQ@W _

If quark mass is heavy, e.g. ~ strange,
low mode isolation may be unneccesary

accuracy control :
* |ow mode part : # of eig-mode
* mid-high mode : degree of poly.




AMA at work

m Target : V=323 x 64 =(4.6fm)3x9.6fm, Ls=32 Shamir-

DWF, a''=1.37 GeV, Mpi = 170 MeV

Use Ls=16 Mobius as the approximation
[Brower, Neff, Orginos, arXiv:1206.5214]

quark propagator cost on SandyBridge 1024 cores
AXmmom gordon@SDSC)

non-deflated CG, r(stop)=1e-8 : ~9,800 iteration, 5.7 hours / prop

Implicitly restarting Lanczos of Chebyshev polynomials of even-odd prec
%mﬂmﬁoﬂ for 1000 eigenvectors

eff et al. PRDé64, 114509 (2001)] : 12 hours
® deflated CG with 1000 eigenvectors : ~700 iteration, 20 min /prop
® deflation+sloppy CG, r(stop)=5e-3 : ~125 iteration, 3.2 min /prop
Multiplicative Cost reduction for General hadrons
could combine with {EigCG | AMG} and Distillation:
x1.2 (Mobius) x 14 (deflation) x 7 (sloppy CG) ~ x 110

26



F"@Q)

0.8

0.6

0.4

AMA at work

— | @ Calculations with ~ AMA, 160 days —

[ M. Lin ]

$ |

O Calculations without AMA, 430 days

0 0.1 02 03 04
Q’ [GeV]

F(Q?): tsep=9a~1.3fm

1 forward + 2 (up and down) seq-props,

contraction cost is ~15% of sloppy
propagator

Error bar
X 2-2.7 ~sqrt(4400/600)

Total cost reduction upto
( Aw%w\ 160 ) * (4400/600)
~ x19.

Note this is still sub-optimal, 4 exact
source and without deflation. (would
be x30 for 2 exact sources)

non-deflated CG, 150 no:j.wx 4 sources = 600 measurements :

5.7 *3*4* 150 config = 1

K hours, 430 days

AMA : 39 config, 4 exact solves / config (perhaps overkill) , N;=112 sloppy solves

=> 39 x 112 = 4400 AMA measurements :

(5.7*3*4+12+0.06*3 *112) * 39 config = 3.9 K hours, 160 days

4-exact (68%) + Lanczos (12%) + sloppy CG (20%)

27



muon’s anomalous magnetic moment

One of the most precisely determined numbers, starting from the construction of QED.

Y Q\FQQ\
ol t%

Hadronic Vacuum Polarization
(HVP)

ay ==—5— = (116 592 089 + 54 + 33) x 10 '~ BNL-E821 | (HLbL)

[Andreas Hoecker, Tau 2010, arXiv:1012.0055 [hep-ph]]

Contribution Result (x 10— H ).
QED (leptons) 116 584 718
HVP (lo)
HVP (ho)
HLBL

EW 154

Total SM 116 591 802 = 42nvp(10) = 26118 = 02 1089 BNL E821

FNAL new g-2
287 + 80 or 3.60 difference between experiment and SM prediction.  j_paRC

E989 at FNAL is to reduce the total experimental error by,
at least, a factor of four over E821, or 0.14 ppm !
28



m Currently estimated by o (e+e-)

0.2

0.18

0.16

Hadronic Vacuum Polarization

—> >—

0.6 % accuracy |q - M%E%%@

ahad LOVP — 694.91 +4.27 ) x 10710 __ _. .

@mﬁmo% = —9.84  £0.07 ) x 107" @ - TéQm

4 ° 2 o0
m Lattice calculation tsum o037 | ™" = Amv \o dQ” f(Q*)I(Q?)
—————11,,(Q%) = [ dz(V,(x)V,(0))e”4==Y) 5
Fam—— @) JE2Z0) miavn@s@% VEQV
PRI 1
-8 - B - N
-3 0t6f - 1 | = Use new error reduction technique All Mode Averaging
- ﬁ_wbom 7 (AMA) x 4- 20 improvements

0.08

0.06

[ T.Blum, TI, E. Shintani (2012)]

accurate m(Q?) at Q2—0 is needed :
twisted boundary condition and/or Analytic
continuation to Minkowski momentum

to be competitive : 0(5-10%) — < O(1%)




Hadronic Light-by-Light
[ T. Blum, Hayakawa ]

m  Compute whole diagram using lattice QCD+QED

m LbLis a part of O(« 3) : need subtraction
[M. Hayakawa, T.Blum, TI, N. Yamada (2005) ]

I -/ a uncertainty

A v m.._wT M M abs(a | contribution
[ & — |
— — el & &

Weak Ind
The First signal (preliminary) using AMA e
QED Sth [ —
F>(Q?) stable with additional measurements (20 — 40 — 80 configs) MMWMH
T T T T T T T T T ﬂ.ﬂﬁmn_nmﬂ
i o i SRR S T NS AR T SE SE |1 s  ((JNR S
“ a inunits of 10" 1
m — —O0— — D. Hertzog, LPNHE Workshop, Paris Feb. 2010
< 243 lattice size
e e 1 Q2=0.11 and 0.18 GeV?2
m\ —0— = ~ 329 MeV 1 7
2 My ~ e Very encouraging first results
O Q'=0.11 (GeV)t m, ~ 190 MeV
M o gomeny| T 1 ™ order of mag ~ model
P S T T N T SN IR AN .
05 04 03 -02 .Sm Aoowvo._ 02 03 04 05 CSﬂv_J«\M_ﬁm_ mass \ BOBQDHCB

Disconnected diagrams




Ongoing and Near future plan

m Form factor in DWF configurations
® RBC/UKQCD collaboration, Chiral symmetry on the lattice

Reduction of systematic error coming from finite a
Generate the ensembles including dynamical up-down, strange quarks

® Large size and small mass

Control the finite size and chiral extrapolation (m_— m_P"s)
using Mobius fermion [Brower, Neff, Orginos, arXiv:1206.5214]

® LHPC/RBC/UKQCD collaboration
An accompanying project to the Nuclear Structure calculation
[Blum, Syritsyn et al. USQCD proposal 13]

Lattice size | Physical Lattice L Gauge action | Pion mass

size spacing
243%64 2.7 fm3 0.114 fm 16 lwasaki 315 -- 615 MeV
323x64 2.7 fm3 0.087 fm 16 lwasaki 295 -- 397 MeV
323x64 4.6 fm3 0.135fm 32 DSDR 171 -- 241 MeV
483x96 5.5 fm3 0.115 fm 24 IW - Mobius | 135 MeV
643x128 5.6 fm3 0.087 fm 12 IW-Mbobius | 135 MeV N




Summary

New Generation of QCD simulations

On physics point (M =135 MeV) large volume~ (5 fm)3
QCD ensembles are being generated to avoid
systematic errors

Unprecedented precisions < O(1%)
EM corrections, EM Polarizabilities,
quark masses, decay constants, B,, B & D,
K—(mm),_,, (g-2) HVP, Proton decay, ....

Unprecedented physics computations

K— (), , AM(K, -K¢) , Kaon rare decays,
(g-2) LbL, EDM, Hadronic Parity Violation,....
Enabling technologies

New resources : QCDCQ, K computer, GPU, .... x 20
New algorithms : AMA, A2A, Mobius, EigCG, ... x 20



The issue of chiral breaking

lzubuchi(07), Horsley et al. (08)

m Full QCD with Wilson fermion O(a) chiral breaking

Fermionic insertion of imaginary theta should be changed by Wilson term:

Lo =m0 Gysq/2 — L) =m(1+ kp)0 Gysq, kp ~ O(a) : renom. const.

mb' s mb' kpys

U O(amgseaa®6”)

— small

IS,
5>
D

D
D

Qg
AN T )

i Q @ . Q U O(amya6")
N\ | . |
w — significant

Cf. discussion in Aoki, Gocksh, Manohar,Sharpe (1990)
33
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Cost comparison for test cases

m X 16 for DWF Nucleon mass (Mps=330MeV, 3fm)
m X 2- 20 for AsqTad HVP (MPS=470 MeV, 5 fm)
m should be better for lighter mass & larger volume !

Neont Nueas | LM O G%g& Tot. scaled cost

mn m = 0.005, 400 LM gauss pt
AMA | 110 1 [213 18 91423 350 0.063 0.065
LMA | 110 1 [213 18 23 254 0.279 0.265 v x20
Ref. [2]| 932 4 | - 3728 -  3728* 1 1 e

v DIPLOMATIC
ALGORITHM

m = 0.01, 180 LM

AMA | 158 1 1297 74 300422 693 0.203 0.214 v Other type

LMA | 158 1 1297 74 22 393 0.699 0.937 “approximations”
Ref. [2]| 356 4 - 1424 - 1424 1 1 Mobius fermion
HVP m = 0.0036, 1400 LM max min

AMA | 20 1 96 11 504+420 1031 0.387 0.050

LMA | 20 1 96 11 420 527 10.3 3.56
Ref. [1]| 292 2 - o84 - 584 1 1




QCD+QED simulation

[ T. Blum et al. ]
m EM effects on PS decay

Statistically well resolved by +e/-e

o averaging.
- T = c.f. [Bijnens Danielsson 2006]
2 Very preliminary —
W T Mpi = 420 MeV 7 Nﬁ.ﬁZbO\ﬁo = 0.0039
=% L |
<, W%NE A\@A._JZHLO\NUO = OOOW@
b Pi+ K+
2 33 @513 | = EMturned on, but mu = md
o 05 -
T (1/3,1/3) //_ .\ (2/3,2/3) ,
o = ) = - . (attractive)
| * = |wasaki-DWF Nf=2+1,
E Pl m (2.7 fm)3, a'~ 2.3 GeV
m, —mg EM
m  Proton / Neutron
mass difference EM effect NPLQCD 2.26(72)
(m,-my) effect  ooer oo T 2 e WMWMMW 0.54(24)
6o | [ | * Nf=2 (1.9 fm)’ i :
40 | 15 ® Nf=2+1 (1.8 fm)’ i QCDSF-UKQCD  3.13(77)
20 = b | ® NE=241 27 maw |
| 2| Lo comipsr| § 2.68(35)  0.54(24)
| = doa
ol DSDR DWF Nf=2+1 & : i
s N aefmp, & : ) — My — M,| = 2.14(42) MeV
T emgznen @t~ 1.4 GeV > (experiment: 1.2933321(4) MeV)
0 0.1 0.2 0.3 0.4 0.5



' , 5 Muon anomalous magnetic moment
@ [ T.Blum, T. Ishikawa, E. Shintani et al. ]

rmm :o_

| ey : QED
______________________________________,____m___ o
HMNT (06) 1/o =137.035999 166 (34) [Aoyama et al. (12) ]
JN (09) o W x /_._\m%o:_n
Davier et al, T (10) _|l|_ +¢ﬂT * W m T _um_ncp.hgﬂ
” ” ” ” : olarization
Davier et al, e*e” (10) —— a (HVP)
= . < Hadronic
HLNT (10 e @ el by lght
HLMNT (11) T-I_ (HLbL)
T EXperiment aM= (11 659 1828  £4.9 ) x 1071
BNL L
. a®P = (11 658 471.808 £0.015 ) x 1070
BNL (new from shiftin &) | . . 10
_________________________‘_________‘____‘____m____ :Qbﬁw&/\”—.u A Hmh” H—How VXH_VO
170 180 190 200 210 @, ( )
a, x 10'° - 11659000 K. Hagiwara et al (2011) %mo_ HOVE: A v
v ( )

FNAL E989, J-PARC

aim for ay " — oM =(261+8.0)x 107" ~3 g discrepancy




T. Blum et al. Phys.Rev. D82 (2010) 094508

u ﬁ Q u m r —A m mmm T. Ishikawa et al. Phys.Rev.Lett. 109 (2012) 072002

m input : experimental masses on m*, K=, KY
m Lattice QCD+QED simulation to solve for

masses of up, down, strange quarks
taking into account quark’s electric charges

WEIGHTED AVERAGE
2.27+0.14 (Error scaled by 2.1)

/

Values above of weighted average, error,
and scale factor are based upon the data in
this ideogram only. They are not neces-
sarily the same as our ‘best’ values,

obtained from a least-squares constrained fit

utilizing measurements of other (related) P Um 2 O 12 avera mm

quantities as additional information.

- s owm 2 | mM(up) =2.27+10.14 MeV

........... DURR 11 LATT 1.2
| # 0o 121 MSbar at 2 GeV

......... WCNEILE 10 LATT 3.3

/ N.ﬁ -+ DOMINGUEZ 09 THEO 10.1

. DEANDREA 08 THEO

- JAMIN 06 THEO 1.2

-+ - MASON 06 LATT 3.3

-+ - NARISON 06 THEO 7.2

26.3

(Confidence Level = 0.0002)
] J

1 1.5 2 2.5 3 3.5 4 4.5 37




Nucleon calclations
[ RBC + LHP ] o

14l 124, a'=2.3 GeV —ES— |
’ Experiment

Nucleon axial charge g,
®  Finite Volume Effect ?
® Excited contamination ? 12 % % P ®
?

Nucleon form factors
Nucleon (generalized) structure
functions 08 |

Ozm_: odﬁz:o_mo:mc_: _,m_‘:uﬁo‘ Nmo_<_m<
[ Electron lon Colliders, BNL, JLAB ] or | L7 51m

9a/9v

| A A A AL A

14 m.. @ N2 12Tim)
experiment A W N/2+41(1.8fm)
1.6 : ; ; ; ; ; ; ; S 1.3 & N=2019fm)
15 F 1 12
14} . 1 1.1 \m .
7~
o * A N2+1 Mix(2.56m)
w 13 1 1 / P W o N2+ Mix(3.5fm)
= o / . A 4 Zﬂ.zu 4fm)
s 12t ) 1 0.9 \ .\ P N0 6fm)
.—..— B A* w - A .~ A A -V\I ' ' ' - A A A A - A A e e - e A A A - e A
0 0.1 0.2 0.3 04 05
—e— 247 | ki, a_=1.75 GeV 2 2
r o 323 Iwasaki ' =231 @m< | m_[GeV7]
—=— 32”7 lwasaki+DSDR, a’'=1.37 GeV N
09 ] * m%m:BmE
0 005 N1 015 02 025 03 035 04 045 05
2 <m . .
Mo (GeV] ® Advantages of chiral lattice quark

Mmn=170, 250 MeV ® More demanding calculations
L~ 5 fm ® limited by statistical error




AMA results for hadron 2pt functions

[ E. Shintani ]

=6
| 1 I
. 83% 1
S 6e-10F 13% -
& —
co\ahv P
) 5 .
2 3e-10 - T -
p  o—o p’=0 85% 14% -
(e _uuu_ L [
1 1 1
. )
= 4e-05 25% 169
20 T 1
3
e,
e
%.. 3¢-05 - .
1 1 |
1.8e-06 T T |
e
S 71%
[+
2 )
8 14%
O 1.5e-06 |- -
a.
>
1 1 1
Orig. LMA AMA

9e-11

be-11

1.8e-05

1 1.5¢-05

4e-07

3e-07

2e-07

=9

I

I I

I
75%

—5

-

|

73%

|

13% |

I

I

T

T

T

* 18% 17%

%
52% 15%

LMA AMA

1.2e-11
8e-12

de-12

0
le-05

8e-06

8e-08
6e-08

4e-08

LA L

\V -

= o

55%

| |

16%

|

I

1 1

T

W 21%  18%

I

40%
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Comparison of isovector F, ,
[ E. Shintani ]

m=0.01 m=0.01
T T T L S o s e ] 4 3 MG TN T T
x : 35k B
oo o 3 F T * o LMA ]
oA AMA . “t \.r?_.‘y ]
5 T < Full stat. E ! & full stat 3
ﬁ_J..w E 2.5 k_ .ﬁ 1“
3 _ 0 3 ﬁ_(nM. N : 7 ﬂ .U
: ] B 3 M .
= ..,.r J 1.5 Q. “, m
B I 1 _,,. ! . U
A 0.5 “
001 02 03 , 04 ,3 06 07 08 S B E—Y i drﬂ 05 06 07 08
q GeV” q GeV’
* Results are well consistent with full statistics.
e Statistical error is much reduced in AMA rather than LMA.

* Compared to full statistics, AMA results (m=0.01) have still 1.2 -- 1.5
times larger statistical error (except for F,(0)).
* This may be due to correlation between different source points.
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Lattice Gauge Theory

e Analysis of Quantum Field Theory such as Quantum Chromo Dynamics, needs non-
perturbative calculation.
U(z), A, (x), = € R*: continuous infinity
quantum divergences: needs regularization and renormalization

L H v e Discretized Euclidean space-time
e lattice spacing a ~ 0.1 fm
0 (UV cut-off |p| < 7/a)
- P(n) (n+ 1)
—e ® *—

Uu(n)

(n) : Fermion field (Grassmann number)
U,(n) : Gauge field

RS

e Feynman’s path integral for Huge dimensional variables 32° x 64 ~ 150M
4
Number of states (for simplest 4* Ising) 2* ~ 107" needs more than 10% years !



Lattice Gauge Theory Receipt

e QCD vacuum ensemble generation ~ Accelerator

e choice of gauge / sea quark actions

e Algorithms / Machines BeEVCENeH TAVAT TS a5

e for each parameters (o', V, m*®)

e Physical observable measurements ~ Detector

e valence quark propagators (low eigenvectors), m

e Hadron n-point green’s functions, matrix elements

(O) = \@Qx@@@@@mlm_bq\ (1)

e Renormalize and Chiral/Volume/continuum extrapolations §

e Algorithms / Machines BETEa AR 0ol a[13[=15

— The final answers




Hybrid Monte Carlo (LGT’s ‘““Accelerator”’)

e Monte Carlo to Sample Important configurations of QCD action e QD

e Accumulate samples of QCD vacuum, typically O(100) ~ O(1,000) files of gauge
configuration U, (n) on disk (1 ~ 10 GB/conf).

e By solving a classical QCD, with an occasional stochastic ‘‘hit’’: exactly oc e “QcD

o Must generate sequentially {U\” — U{" — ...}, which needs capable machines.

Prob(U,,) o det D,, 4 s[U]e "

A Y :P, Phi refresh

Trajectory 0
4 v Trajectory 2

s
&
/)
&

[D. Leinweber]
e RHMC for odd flavor [Clark Kennedy]

v

Lo lrini el o sewve short (long) modes more (less)
frequently [Hasenbush’s trick]



Physics measurements ‘“‘Detectors™

Measurements physical observables on the vacuum ensemble.

(0) = \ DU, Prob[U,] x O[U,]
Could do Analysis on many configurations independently (trivial parallel jobs) —
could also use PC Clusters

We made hadron operator (EW operators) from quark, and let the quark propagates on
each of the generated QCD configuration (by solving the Dirac Eq)

Obtain hadron mass or QCD matrix elements of operators

A:E\J\EA:V_?V%Ai [0) x GpViam (1 —~s)p



Multiple timestep in HMC

s Multiple time steps in MD integrators

= Sexton & Weingarten trick  Liiiiliiiiiliiill
m Hasenbusch trick : introduce intermediate mass

cheap mode expensive mode
N\ /N

det[D(m)] = det[D(m;)] x det [D(m)D(m;) ]
m Clark & Kennedy RHMC (quotient force term)

A. Kennedy 06

Berlin Wall was torn down e
by Smart Work Sharings
Similar tricks for valence ? h‘-_

HNmHoH -85 -7.1 -5.8 -4.4 wH Hw ow Hm
Shift [In(B)]



Unbiasness proof

m Consider a element g of lattice symmetry Ge.g. T, — T + Dﬁm&
m transformation of fields

g g
Uu(z) = Ud(z) = Uy(x — Az'9))
OlU,] =O?|U]|(z1, T2, -+ ,Tn)

= OlU]](z1 — Az 9Dz o — Az Dy, -z, — Az'9Dz),
m Observable (and its approximation) is called to have covariance under g iff

Gmﬁq\m_?ﬁf&wu. o v.&.\;v — G?\«\LAHT.&.MQ. o “H\;v

or, more explicitly,

OU|(z1 — Az xy — A9z, — Az9) = O[U, (21,22, -+, 2n)

= When g isasymmetry of lattice, and O@Pis covariant (DY) = (O)
G?@mﬁv — 0O — GA@UUKV

O(imp) _ m(rest) + = MU (O (appx),g AGWBUV — AGV

me



AMA : a smart work sharing

m Ideal approximation

02rrx js strongly correlated
with original one.

R(corr) b/w O and Of@PrX) needs to

ensemble
Oimp be larger than 0.5 [C. Lehner]
ﬁumﬂmﬁﬁ@x @HH_E@ ~ me.H.\ xzro.
Y rest
g |f S O
ensemble

e ¢, accuracy of approximation should be smaller than Qave apex

e AOr®st which is statistical error of O™st depends on the strength of
correlation.

 The computational cost of O2PP* should be much smaller than
original.
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AMA : not working

m Nightmare case

® Anti-correlated or bad approximation
A A
Qm_u - - SR ~ R Qm_utx
=
N ensemble ensemble
Q:.:H >\ llllllllllllllllllllllll , Qm&ﬂm m..._._—:,uun
osHy.. N [_-_\ __[.__. \/\/\/\/\/\/\ Q.::ﬁ_
ave >
O* } > > ensemble
’\ /\/\/\/\/\/\/ Q_,zﬂ.

msmmB_o_m

err''P > err

48



Examples of covariant approximations

m Low mode approximation used in the Low Mode
Averaging ( LMA)
L. Giusti et al (2004), see also T. DeGrand et al. (2004)

accuracy control : # of eigen mode
0P = O[], =
= uafef, I ‘

A

I'
l'
—
—
—
—
"'
,','

1 |
A) = —O0( Aoyt — | A
ey ;) (Acut — |A]) Y




Deflation using low eigenmodes from
Lanczos [ Neff et al, JLOQCD ]

4D even/odd preconditioning

|
[ R. Arthur ]
Doy
D..
= Polynomial accelerated
P.( H_DWF)
s With shift
H-> H-c

= eigen Compression
/ decompression

U o= v+ v,
H(Y)= A, vi+ A, v,

pov = ki, o)

1 0 D} 0 1 —K(My)eoMzt
— KM (My),e Mt 0 1 0 1 )

»\&m - NwAi%vmoimlHAigvom

L IR I | _ LN N B | | ! ¥ L] | LI L _ L] LI L _ L LI I _ | DR I R | _ L]

Cr=iriFis gr=£31 =01 (¥ cr=it (W
[ R R il
' ' bbb b e bt & s
OF PO o 12 2 .—.E..___.... —
o -
hi
= -
<2
| N =500 N =50 B
= i P
T
o o=0033, N __H_Ht..._m.,:_
o=0.04, ?._E_.__,Hmu 100
=003, ZEc_FHh_f:_
0=0.06,N__ =41400
|_.P.__.____.__.__.___“__..____.__..___..____._
L} .01 0.02 .03 0.04 (.05 0.06 0.07 (.08

A



Low-mode decomposition

* 4D even-odd decomposition

UU% N / .Ng& oe imco

Dee = Ms — K2 My o M- My oc

o 0o

_ (1 KMyoM;L \ [ Dee 0 1
/D 1 0 1 Naﬁom

M, : with 4D differential, 5D diagonal

0
b\sam 00

[ Ms.. KM,., v Ms; : with 5D differential, 4D diagonal

1 1 0 D' 0 1 —KMy.oM;: )
bW mw‘im My oe m..\»ﬁmlp 0 ! 0 1

00 (o]0

 Low mode decomposition
D'=D; ! + D

_Céa >e

r_m,r ee

= H 2

_OE £

1 B H O b_caw ee O
low DW .mm‘hi_‘c 00 My pe L_.fma QHQ 0 1

1
low ee Mm - MU mgwmbmm@?vﬁ mmn@# — y.&@#“_ .m.mm = H,mbmm
. N

—~ KMy oM} v

500

1



Accuracy (residualz)

0.01

0.0001

le-06

le-08

le-10

le-12

le-14

le-16

le-18

le-20

|

w/o projection

#50 eigen

#100 eigen

#180 eigen

#220 eigen

#420 eigen

#508 eigen

#816 eigen(not same configs)

l LLLu | TN l LI I LLii l L I Ll l LU I L

L




Examples of Covariant Approximations

(contd.)
m All Mode Averaging g
AMA :
Sloppy CG or \Ayv _
Polynomial ;
approximations i

(O (appx) _ O[S],

S = MS\CV@W

accuracy control :
* |ow mode part : # of eig-mode
* mid-high mode : degree of poly.




All mode approximation via sloppy CG

poly(lam) * lam vs lam y VA «\w Ayv T .;‘_r

16x32x16, ml=0.01, raj 2200, nev=0

16x32x16, ml=0.01, traj 2200, nev=100

T T T T

T T T TTTTTT _ T T T ITTTIT T T TT T T T TT7T
1.05 1 I ]
rsd = le-2
| [ [ i
\
rsd=1e3| N A [\
L > >>>> >><>N;:>>>><>>> = ,, | A Dopald]
LAY IRRNIYRAL N VA
|
I \ ]
L a \\
0.95 - —— inv_poly.nev0_rs ﬁ_mo_ - Hmlb. \ —— inv_poly.nev_rsdle-2_k14
—— inv_poly.nev0_rsdIe-3_k73 _ _ ,‘ —— inv_poly.nev_rsdle-3_k46
—— inv_poly.nev0_rsdle-d k206 \ —— inv_poly.nev_rsdle-4_k84
L —— inv_poly.nev0_rs —— inv_poly.nev_rsdle-6_k158
— inv_polynevoryy FSA = 1e-6 | ~ inv_poly.nev_rsdle-8_k234
— inv HVO—%.SO/\O ISOTC"TU—KZUUT , - m5<|_wo_v~.:®<l-.mn:0|_0|_ﬂm_O
- - = I o9} |
O.o I ] ,\ I | ‘ | L1 11 ,‘ | L1111 ‘ 1,_
L | Lol | L 0.001 0.01 0.1 1

0.0001

0.01 1

no eigenvector assists

100 eigenvector assists

— Better approximation with smaller polynomial degrees

low A region has larger relative errors

Conjugate residual with sloppy convergence criteria, which is equivalent to

construct a polynomial approximating 1/A
The starting vector needs to be translation invariant to be a covariant approx.

low eigenvectors reduces the size of the dynamic range of 1/A

One could employ other construction of polynomial approximation for 1/A,

such as min-max, conjugate rasidual




Correlation

= NN propagator at short time-slice

m=0.01, Point sink, t=6, nmuo

5e-07

4e-07

3e-07

2e-07

1e-07

TS v e

Tt IO

i
L
i
"L
Rl
IR
!
A A
2 I
4 ’
1] R |
‘ ] .
. T
| . '

org °
appx (LMA) +
appx (AMA) ---»---

ensemble
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Correlation

= NN propagator (LMA) at short time-slice

m=0.01, Point sink, t=6, g°=0

m®|OV | | AR TR ESEAE, NN FRER AN, L S R A RN I
I org % i
LMA ——
ave appx(LMA) =
4e-07 F rest (LMA) ---e--- _
5 @ i
5
@
3e-07 w al
2e-07 | ° -
1e-07 . . xo wA s -
L4y w w , , % Ax
LA § N A ALV
o | BEE0EE HECEgEaR=BYE H SRR st =
! PR | PEES N S N YA PR ST T P AL\ | 1 1 P 1
0 10 20 30 40 50 60 70 80 90
ensemble
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Correlation

= NN propagator (AMA) at short time-slice

m=0.01, Point sink, t=6, nmuo

S R EEE AR P S T (RN A i T TR e Gl S B (. F S s | f S RRA R
| org *
AMA ——
ave appx(AMA) =
e 9 rest (AMA) ---o--—- _
Q@
3e-07 : f
2e-07 ?

1e-07

0 | 00000600%0°600990060006000006060000606008096000000000000066006000EE0000C08 600030 -
A A A - i i A A - L ' A A - A A i A — i A A A — A A A A — A A A s — i A A A — i A A i —l
0 10 20 30 40 50 60 70 80 90

ensemble




= NN propagator at long time-slice

6e-09

Correlation

m=0.01, Point sink, t=12, g°=0

g org ~° |
- appx (LMA) -+ 1
50-09 L 3 appx (AMA) ---»--—-
L ' 0 N
4e-09 ¥ 3 i ? s
I " ¥ N X ]
. 3 t i X .
: I I i i y
3e-09 o i H i " 7
i & |1 it i x H o .
; S i A n £ X ]
3 1 i L 4 )i $ |
2e-09 [ il HES 1 & e : ,
: g TS I fogs !
B gl 1A ey i g i %R ]
109 | *) M1 MlE 1 eqfu  A5eRt 1 koo m
L | s Sy S AR A T 14 Vil 0t m.. ) S TR R 2 k
i \ g2, ...:.m#: \,...w* f .,:. ) ..» $] _..WM_ R _._,K kY -
I w»& ’ *“ _r.“ W& ,,__ by (Y1 w ,w. | O % 2 .W.. AR H .%f. Y A
X . Mer B ¥ 1N . X oy Xy SO Qg RN o W Wl 1
5 LAY RS | Ko ¥ Wil b LYY E
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= NN propagator (LMA)

6e-09

5e-09

4e-09

3e-09

2e-09

1e-09

-1e-09

Correlation

at long time

m=0.01, Point sink, t=12, g°=0

-slice

| i [ e ) ML e EE Sl B Ee BE L O] (e e L

T
B

LT T T

org

&>

LMA ——

ave appx (LMA)

rest (LMA) ---o---

o

ensemble
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Correlation

= NN propagator (AMA) at long time-slice

m=0.01, Point sink, t=12, g°=0

mmuow | L I DL S LT (R AR liET] P S SR S Gl (NS R L AR (Sl S SR G AR Sk ] I

B org ° ]

g AMA —x— 1

5e-09 |- 3 ave appx (AMA) &

i : ? rest (AMA) ---o--- 1

4e-09 | ! ! 7

3e-09 [ . 7

2e-09 0 foo > 0 P ¢ : .

% o ¢ |

I : x\wf/& . y

1e-09 Fx*° g/ : B

f OAV ; & : . A

¢ [ oab © " ; Q & L00 & i

0 boOooooooo oooa,?w@eeoooooooooanuuooe_oooa\0 o wooooagooooooawoo op o

-1e-09 NP [P O | A L P A i i R ol A i A W i W ol ol ol o Al Il

0 10 20 30 40 50 60 70 80 90
ensemble
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N, m=0.01, point sink N, m=0.005, point sink
! ! ! ! I ! ! ! ! | ! ! | 0.9 ! ! ! ! | ! ! ' ! | ! ! ! |
[ x Org. | ” x Org.
0.8+ % o LMA R - o LMA
i - o AMA | osf o AMA
w m._r T 7] ” T
g | M o g |
2| 3 Lort o
fmcg = S - M =
T | -/ Tt
: L. ! 0.6 .&r L T
Full statistics B L %
OS5 ﬁ_ T T I S S ﬂp 0 s
LMA AMA statistics Full statistics (Gaussian sink)
[7,15] [7,15]
m=0.01 |0.712(16) | 0.710(5) | N80, N’ .=32 [0.703(4), N =356, N, =4
m =0.005 | 0.673(22) | 0.666(13) | N,+~=26, N’ ..=32 | 0.663(4), Ns=932, N, =4
\_/

Yamazaki et al., PRD79, 114505 (2009)
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Cost (in the case of 24cube m=0.01)

Use of unit of quark propagator “prop” in full CG w/o

deflation Yamazaki et al., PRD79, 114505 (2009)

m Case of full statistics
In N = 356, N__=4,

conf —

Total : 356x4 = 1424 prop

m Case of AMA w/o deflation

Since calculation of O2Px need 1/50 prop, then in N_,=81,
N’ e=32
Total : 80 + 80x32/50 = 131 prop = 10 times fast

m Case of AMA w/ deflation

When using 180 eigenmode, calculation of O2rPP* need 1/80 prop,
but in this case the calculation of lowmode is ~1 prop/configs.
Deflated CG makes reduction of full CG to 1/3 prop, then

Total : 80/3 + 80x32/80 + 80 = 138 prop = 10 times fast
Note that stored eigehmode is useful for other works.

mes
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portion of 2pt function

AMA in USQCD Static-light
[ Pl Tomomi Ishikawa ]

1673x64x16, 20 conf, 100 eigenvectors

LMA

error normalized by <O> [%)]

30

20

10

O O OO

-0

approx

approx

approx

src summed

portion of 2pt function

o
o1

AMA

error normalized by O [%]

40

30

- 0
-— 0
— O

-0

approx

approx

approx

src summed




3pt function [ E. Shintani ]

m Application to the form factor measurement
® CP-even and CP-odd nucleon EM form factor

B@) . 2 ;
oy 150w Qu+ Ptk 50 Qu ko Juf

?,Hw_.‘.i.m_ FH..E_..E,_
® Complicated structure in the ratio method

A_:QUL_%_L:: 5))e = :}%

" N,

Cf. Yamazaki et al., PRD79, 114505 (2009)

MmN (M Juiin ) (t, @)
.m M”.. = 4 - nw ﬂ..a. ]
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Ratio has complicated 839:253 of both 85\ and high
mode,

so AMA has more advantage than LMA even if AMA need larger
cost.
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o_N GeV? G, (LMA) G, (AMA)
0.0 0.96(11) 0.98(3) Statistical mﬁ.ﬁoﬁ of AMA is
about 3--5 times smaller
0.198 0.72(12) 0.73(3) than LMA
0.382 0.58(10) 0.56(3)
0.574 0.48(10) 0.45(2)
0.733 0.52(12) 0.44(3)

LMA

G, at m=0.01 for P

AMA

G, at m=0.01 for P

65




CP-odd part

= Nucleon 2pt function with 6 reweighting

ip - v + mpye®9)s
Mm?.

= o 2MN  _m.
11 & _H)w\m Aﬁw.:.:d NN V P@.L ~ .N_..w F e Ent
N

(nniIn)e(P) = Zx

Q is topological charge.

o which is CP-odd phase is necessary to extract EDM form
factor.

It is good check of applicability of LMA/AMA to CP-odd sector.
Effective mass plot shows the consistency of the above formula
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CP-odd part [ E. Shintani ]
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* There is good plateau in AMA, and this figure actually shows CP-odd part
has consistent exponent with CP-even(nucleon mass) part as expected.
* CP-odd part has both contribution from high and low lying mode.

 AMA works well even in CP-odd sector !
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Variants of CAA

m CAA (Covariant Approximation Averaging)

® Name
approximation,
approximation accuracy control

®* LMA (Low Mode Averaging)
low mode approx of propagator,
# of eigen vectors

®* AMA (All Mode Averaging),
low mode (optional)+Polynomial approx,
(# of eigenV) Polynomial degree
(also other type of minimization)

® Heavy quark averaging [T. Kawanai]
heavier mass quark prop as an approx of light prop
quark mass

° 7?77




effective mass

Larger mass as CAA
[ Taichi Kawanai ]

24"3x64x16, 20 config ,
mf=0.01 (target) mf=0.04 “approximation”

3.14 . . . . . . . 3.12 . T T
original —— improvement —+—
3o [ AMPIOVEMERE —tm-t o .4 100 31l original —x
' approxmation ~——— P '
¢ E 3
3.1 % + % % 75 308 |
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S
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i ¥ % % {25 3.04 |
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time slice [lattice unit]



Other Examples of Covariant
Approximations

m Less expensive (parameters of) fermions :

Larger mf
Smaller Ls DWF

Mobius
even staggered or Wilson .....

m Different boundary conditions

= More than one kinds of approximation
(c.f. multi mass Hasenbushing)

Strongly depends on Observables / Physics (YMMV)

Would work better for EXPENSIVE observables and/or
fermion, potentially a game changer ?




Other related/ similar techniques

m LMA

L. Giusti, P. Hernandez, M. Laine, P. Weisz and H. Wittig, JHEP 0404, 013 (2004)
see also H. Neff, N. Eicker, T. Lippert, J. W. Negele and K. Schilling, Phys. Rev. D 64 (2001)
114509 and T. DeGrand and S. Schaefer, Comput. Phys. Commun. 159 (2004) 185

works for low mode dominant quantities

m Truncated Solver Method (TSM)

G. Bali, S. Collins, A. Schaefer, Comput. Phys. Commun. 181 (2010) 1570
uses stochastic noise to avoid m<mﬂm3mﬂn error

m All-to-all propagator
J.Foley, K.Juge, A. O’Cais, M. Peardon, S. Ryan, J-I. Skullerud, Comput.Phys.Commun.

172 (2005) 145 . .
uses stochastic noise

could use CAA as a part of A2A



Summary

m CAA, LMA, AMA, .... . Class of Statistical error reduction technique

® AMA s a valence version of the Hasenbush trick
® AMA could improve existing data easily

1. Do Full CG for selected config / source
(existing data : This expensive part is already done )

. Find a good approximation (accuracy of sloppiness / humber of eigenvalue) that reproduce
your exact CG result by, say, 95%
(mathematically find a strongly correlated approximation, R(corr) > 0.5)

Subtract the approx obs with same source location as full CG

G?@mﬁv — 0O — Gﬁmﬁwxv

. Perform many source location using approx obs, average, add back

: 1
O(imp) _ m(rest) 4~ (O (appx),g
t NG 2

You could use other config. geG

e YWMMVY, find a good / cheap / funny approximations



Other technical details

Implicitly Restarted Lanczos with Polynomial
acceleration and spectrum shifts for DWF and
staggered in CPS++ [ E. Shintani, T. Blum, Tl ].

Eigen Vector compression / decompression

Sea Electric Charge is now controlled by QED
reweighting
[ T. Ishikawa et. al. arXiv:1202.6018 |

Aslash-SeqSrc method



