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Sakharov’s three conditions
�

In 1967, Sakharov pointed out  three concurrent 
conditions for a sm

all non-zero 
 in early universe 

(T ~ O
(10) TeV ) 

   
1.�

Baryon num
ber (B)  violation 

To produce net Baryon from
 initial B=0 

2.�
   <B> !=  0   ,     B : C, CP odd 

3.�
departure from

 therm
al equilibrium

 
    <B> = 0 in  equilibrium

 from
 CPT
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P violation and Electric D
ipole 

M
om

ents (ED
M

)
�
�Electric D

ipole M
om

ent  d  
  energy shifts in an electric field  E 

�
�A nonzero ED

M
 is a signature of P and T (CP 

through CPT) violation  
      

�H
=
�d•
�E

��
7+)�00��1%�/���/����$�+�/�1��$/,7+��01�1�0�
1/�+0 ,/*

�1,����%�,1%�/��;���/&1;��J J���
�1�/�

*
,)��7)���

�:-I�>	�W�\[
Pa�	<�W�\[

P]\����
�k

���O�O�h�>	N��W�\[
P]`����*

�
�& �1%�,I���W�\[

P]�:�\��
���N�@

]���
k

��@
�� ��iW����

R\S�����



�
�Q

CD
  

•�
� term

 in the Q
CD

 Lagrangian: 
  

 
renorm

alizable and CP-violation com
es due to topological charge density. 

  

•�ED
M

 experim
ent provides very strong constraint on 

� and arg det M
 need to be unnaturally canceled !  

strong CP problem
,  unless  m

assless  quark(s) 
  •�

up quark m
ass less ? 

•�
Axion ? 

•�
contribution from

 CKM
  is very sm

all  < 1e-30 e cm
 

C
P sym

m
etry breaking 

 from
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C
D

  



C
onstraint on nED

M
�
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The present and future experim
ents 

are  aim
ing  to check/exclude of 

M
SSM

 
                          
 pED

M
 @
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     nED
M

 @
 O
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L, PSI,  ILL, J-PARC,    
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M

F ,FN
AL, FRM

2, ... 
     charged hadrons @
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SY 

 
 a sensitivity of 10

-29 e
cm

 ! 
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Current theoretical estim
ations are  

   based on quark m
odel,

sum
 rules, ...  

 non-perturbative com
putations of  

   ED
M

     d
n (�, d
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ED
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 from
  lattice Q
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D

 
[ E. Shintani, T.B

lum
 ]

�
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Q
CD

 vacuum
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source of CP violation 
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 CP sym
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etric vacuum
 

 
�
�D

ynam
ical sim

ulation 
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Polarized N

ucleons 
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Q
top on lattice (

=0)
•�Q

top history in sim
ulation N

f=2+1 D
W

F, [ RBC/U
KQ

CD
] 

•�1/a= 1.73, 2.28 G
eV 

•�m
ps =290 – 420 M

eV
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C
hiral sym

m
etry &

 ED
M

�
�

Chiral sym
m

etry is broken 
by lattice system

atic error 
    for W

ilson-type quarks, w
hich has  “w

rong” Pauli term
 by O

(a)   
   �
�

CP violation from
 

 or other BSM
 operators introduce extra  artificial CP 

violation in sim
ulation.   

 
�
�

In fact, chiral rotation of valence quark is unobservable in continuum
 theory, 

and the ED
M

 signal m
easured in W

ilson quark due to valence quark’s 
 is 

unphysical, w
hich should be carefully rem

oved by taking continuum
 lim

it a 
 

0   [ S. Aoki-G
ockschu, M

anohar, Sharpe et al. Phys.Rev.Lett. 65 (1990) 
1092-1095 (1990) ] 
    O

ur choice :   chiral lattice quark 
  called dom

ain-w
all ferm

ions (D
W

F) 
[ 97 Blum

 Soni, 99 CP-PACS,  
  00- RBC, 05 RBC/U
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 R. G

upta et al.  Clover ferm
ion for BSM
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easure energies w
ith external Electric field 
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�
�

Ratio of spin up and dow
n 

  
•�Rew

eighting w
orks w

ell for sm
all real �  

•�Tem
poral periodicity is broken 

 by electric field. 
     

additional system
atic effects  
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F
3 (q

2)  vs q
2

•�
M

pi=330 M
eV (m

f=0.005)  600 config x 32 AM
A = 19.2 K m

easurem
ents 

•�
M

pi=420 M
eV (m

f=0.01)    400 config x 32 AM
A = 12.8 K m

easurem
ents 

•�
 (iso-vector)  CP violating  g(�-N

-N
) is related to  the slope of F

3 

                                       [11 Vries, Tim
m

erm
ans, M

ereghetti, van Kolck]
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atter search 
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decay am
plitude 
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40+years aw
aited theoretical calculation 
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 constraint on CKM
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K
 

decay on lattice
�
�

Relates energy on finite volum
e

E
�
�  (V)  to phase shift 

to obtain 
com

plex Am
p(K

�
�) =  |A

I | e
i

I (Luscher, Lellouch-Luscher) 
       

�
�

M
om

entum
 of pions are controlled by boundary condition (anti-periodic or 

G
-parity b.c.) 

�
�

M
ixing and Renorm

alization of operator is done using non-perturbative 
renorm

alization (N
PR) 

�
�

Chiral Sym
m

etry is curtail 
�
�

I=2 channel is under control, I=0 is still a challenge due to disconnected 
diagram

s. 

L
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T
he 2012 K

en W
ilson Lattice A

w
ard 

The 2012  KW
LA panel is proud to award 

�In recognition of their paper titled 

K
 �

 (�
 �

)I=2  D
ecay A

m
plitude from

 Lattice Q
CD

   

The 2012 K
W

LA
 P

anel M
em

bers 
S. A

oki, W
. D

etm
old, G

. F
lem

ing, D
. Lin, H

. M
eyer, J. Zanotti 

T. B
lum

  
P

.A
. B

oyle 
N

.H
. Christ 

N
. G

arron 
E

. G
oode 

T. Izubuchi  

C. Jung 
C. K

elly  
C. Lehner  
M

. Lightm
an 

 Q
. Liu  

A
.T

. Lytle  

R
.D

.M
aw

hinney  
C.T. Sachrajda  
A

. Soni 
C. Sturm
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K
L -K

S  m
ass difference  

[R
B

C
/U

K
Q

C
D

, N
. C

hrist, J. Yu et al. arX
iv:1212.5931]

�
�

Evaluate K
0-K

0bar am
plitude in 2nd order ElectroW

eak 
H

am
iltonian : 4pt G

reen’s function

�
� ���
���

���
� ��x���� �����


���

`a^�
`J\]R]_S�

b[b�
aJd]R^dS�

d\c�
\\J\]Rd_S�

\\a]�
][J\[R^\]S�

�
�

 �
M

K expt = 3.483(6) 10
-12 M

eV 

�
�

O
m

it disconnected diagram
s and 

U
nphysical kinem

atics, m
�  = 421 M

eV 

�
�

charm
 quark for G

IM
 cancellation 

�
�

4pt function is useful for the rare 
Kaon decay : K 

 � 
  

d

d s

s

uu

H
W

H
W

t2
t1

K
0(tf )

K
0(ti )

tb
ta

A
=

12

t
b

∑t
2 =

t
a

t
b

∑t
1 =

t
a 〈0|T

{
K

0(tf )H
W
(t2 )H

W
(t1 )K

0(ti ) }
|0〉.
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�
�O

(im
p) has sm

aller error 
O

(appx) need to be cheap &
  not to be too accurate  

N
G   suppresses the bulk part of noise cheaply 
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C
ovariant A

pproxim
ation A

veraging ( C
A

A
 )  

 a new
 class of Error reduction techniques
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Exam
ples of C

ovariant A
pproxim

ations 
(contd.)

�
�All M

ode Averaging 
A

M
A 

 Sloppy CG
  or 

 Polynom
ial  

   approxim
ations 
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A
M

A
 at w

ork    
�
�Target :  V=32

3 x 64 =(4.6fm
) 3x9.6fm

, Ls=32  Sham
ir-

D
W

F, a
-1=1.37 G

eV, M
pi = 170 M

eV 
�
�U

se Ls=16  M
obius as the approxim

ation 
      [Brow

er, N
eff, O

rginos, arXiv:1206.5214] 
 �
�quark propagator cost on SandyBridge 1024 cores 

(XSED
E gordon@

SD
SC) 

•�
non-deflated  CG

, r(stop)=1e-8 : ~9,800  iteration, 5.7 hours / prop 
•�

Im
plicitly restarting Lanczos of Chebyshev polynom

ials of even-odd prec 
operator for 1000 eigenvectors 
 [N

eff et al. PRD
64, 114509 (2001)] :  12 hours 

•�
deflated CG

 w
ith 1000 eigenvectors : ~700 iteration, 20 m

in /prop 
•�

deflation+sloppy CG
, r(stop)=5e-3 :  ~125 iteration,  3.2 m

in /prop 

�
�M

ultiplicative Cost reduction for G
eneral hadrons 

could com
bine w

ith {EigCG
 | AM

G
} and D

istillation:  
 x1.2 (M

obius) x 14 (deflation) x 7 (sloppy CG
)  ~  x 110  



0
0.1

0.2
0.3

0.4
Q

2 [G
eV

2]

0.4

0.6

0.8 1

F1
p-n(Q2)

Calculations w
ith      A

M
A

,  160 days
Calculations w

ithout A
M

A
,  430 days

A
M

A
 at w

ork   
[ M

. Lin ]  

�
�

F
1 (Q

2) :  tsep = 9 a ~ 1.3 fm
 

  1 forw
ard +  2 (up and dow

n) seq-props,  
contraction cost is ~15% of sloppy 
propagator 
 �
�

Error bar  
  x 2 – 2.7 ~ sqrt(4400/600) 

�
�

Total cost reduction upto 
 ( 430 / 160 ) * (4400/600) 
~ x19.7 
 

�
�

N
ote this is still sub-optim

al, 4 exact 
source and w

ithout deflation. (w
ould 

be x30 for 2 exact sources)

�
�

non-deflated CG
,  150 config x 4 sources = 600 m

easurem
ents :  

   5.7 * 3 * 4 * 150 config = 10K hours, 430 days 
        
�
�

AM
A :  39 config, 4 exact solves / config (perhaps overkill) , N

G =112 sloppy solves  
  => 39 x 112 = 4400 AM

A m
easurem

ents :  
      ( 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%) 
 

t
t’

�



m
uon’s

anom
alous

m
agnetic

m
om

ent

•
O
ne

of
the

m
ost

precisely
determ

ined
num

bers,
starting

from
the

construction
of

Q
ED

.

γ

γ

µ
µ

γ

γ
γ

µ
µ

h
ad

γ

W
W

ν

µ
µ

�

l1
l2

a
µ
=

g
−

2

2
=

(1
1
6
5
9
2
0
8
9
±

5
4
±

3
3
)
×

1
0
−
1
1

BN
L-E821

[Andreas
H
oecker,

Tau
2010,

arXiv:1012.0055
[hep-ph]]

Contribution
Result

(×
1
0 −

1
1
).

Q
ED

(leptons)
116

584
718.09

±
0.15

H
VP

(lo)
6
923.±

42
H
VP

(ho)
-97.9

±
0.9

H
LBL

105.±
26

EW
154.±

2
TotalSM

116
591

802
±

42
H
VP(lo) ±

26
H
LBL ±

02
(49

tot ).

•
2
8
7
±

8
0
or

3
.6
σ

difference
betw

een
experim

ent
and

SM
prediction.

E989
at

FN
AL

is
to

reduce
the

totalexperim
entalerror

by,
at

least,
a
factor

of
four

over
E821,

or
0.14

ppm
!

B
N

L E
821 

FN
A
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 g-2 
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R
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H
adronic V

acuum
 Polarization  

�
�Currently estim

ated by  
(e+e-)    

0.6 % accuracy  
  

�
�Lattice calculation

 [ T.Blum
 (2003) ] 

 

�

µ

a
h
ad

,L
O

V
P

µ
=

(
694.91

±
4.27

)×
10

−
10

a
h
ad

,H
O

V
P

µ
=

(
−

9.84
±

0.07
)×

10
−

10

h
d

lb
l

(
)

10

a
H

V
P

µ
=

14π
2

∫
∞4m

2π dsK
(s)σ

total (s)

a
H

V
P

µ
=

(
απ

)
2 ∫

∞0

dQ
2f

(Q
2)Π

(Q
2)

Π
µ
ν (Q

)
=

(
g

µ
ν −

Q
µ Q

ν

Q
2

)
Π

(Q
2)

 
�
�

U
se new

 error reduction technique All M
ode Averaging 

(AM
A)   x 4- 20  im

provem
ents  

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

 
�
�

accurate �(Q
2) at Q

2
0 is needed :   

    tw
isted boundary condition and/or Analytic 

continuation to M
inkow

ski m
om

entum
  

       to be com
petitive :  O

(5-10%)  
   < O

(1%)   
0

2
4

6
8

10
Q

2 (G
eV

2)

0.06

0.08

0.1

0.12

0.14

0.16

0.18

0.2

-�(Q2)

0
0.2

0.4
0.14

0.16

0.18

0.2



H
adronic Light-by-Light 

[ T. B
lum

, H
ayakaw

a ]
�
�

Com
pute w

hole diagram
 using lattice Q

CD
+Q

ED
 

�
�

LbL is a part of O
(

3) : need subtraction 
    [M

. H
ayakaw

a, T.Blum
, TI, N

. Yam
ada (2005) ] 

       The First signal  (prelim
inary)  using AM

A 
F
2 (Q

2)
stable

w
ith

additional
m
easurem

ents
(20

→
40

→
80

confi
gs)

-0.5
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-0.3
-0.2
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F
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2)

Number of Measurements

Q
2 = 0.11 (G

eV
2)t

Q
2 = 0.18 (G

eV
2)

24
3
lattice

size

Q
2
=

0.11
and

0.18
G
eV

2

m
π
≈

329
M
eV

m
µ
≈

190
M
eV
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�
�Form

 factor in D
W

F configurations 
•�RBC/U

KQ
CD

 collaboration, Chiral sym
m

etry on the lattice  
Reduction of system

atic error com
ing from

 finite a 
G

enerate the ensem
bles including dynam

ical up-dow
n, strange quarks 

•�Large size and sm
all m

ass 
Control the finite size and chiral extrapolation (m

�  
m

� phys) 
using M

obius ferm
ion  [Brow

er, N
eff, O

rginos, arXiv:1206.5214] 

•�LH
PC/RBC/U

KQ
CD

 collaboration 
  An accom

panying project to the N
uclear Structure calculation         

[Blum
, Syritsyn et al. U

SQ
CD

 proposal 13] 

O
ngoing and N

ear future plan
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Sum
m
ary

�
�N

ew
 G

eneration of Q
CD

 sim
ulations 

�
�O

n physics point (M
� =135 M

eV) large volum
e~ (5 fm

) 3 
Q

CD
 ensem

bles are being generated to avoid 
system

atic errors 
�
�U

nprecedented precisions   < O
(1%) 

  EM
 corrections, EM

 Polarizabilities,  
  quark m

asses, decay constants,   B
K ,  B &

 D
, 

  K
(�
�)I=2 , (g-2) H

VP, Proton decay, …
. 

�
�U

nprecedented physics com
putations 

      K
(�
�)I=0  , �M

(K
L -K

S ) , Kaon rare decays,  
     (g-2) LbL, ED

M
, H

adronic Parity Violation,…
. 

�
�Enabling technologies 
  N

ew
 resources :  Q

CD
CQ

, K com
puter, G

PU
, …

. x 20 
  N

ew
 algorithm

s : AM
A, A2A, M

obius, EigCG
, …

  x 20 
 



�
�Full Q

CD
 w

ith W
ilson ferm

ion  O
(a) chiral breaking 

The issue of chiral breaking
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C
ost com

parison for test cases
�
�

x 16 for D
W

F N
ucleon m

ass (M
PS =330M

eV, 3fm
) 

�
�

x 2- 20 for AsqTad H
VP  (M

PS=470 M
eV, 5 fm

) 
�
�

should be better for lighter m
ass &

 larger volum
e !

N
c
o
n
f
N

m
e
a
s
L
M

O
O

(a
p
p
x
)

G
T
ot.

scaled
cost

m
N

m
=

0.005,
400

L
M

gau
ss

p
t

A
M
A

110
1

213
18

91+
23

350
0.063

0.065

L
M
A

110
1

213
18

23
254

0.279
0.265

R
ef.

[2]
932

4
-

3728
-

3728
a

1
1

m
=

0.01,
180

L
M

A
M
A

158
1

297
74

300+
22

693
0.203

0.214

L
M
A

158
1

297
74

22
393

0.699
0.937

R
ef.

[2]
356

4
-

1424
-

1424
1

1

H
V
P

m
=

0.0036,
1400

L
M

m
ax

m
in

A
M
A

20
1

96
11

504+
420

1031
0.387

0.050

L
M
A

20
1

96
11

420
527

10.3
3.56

R
ef.
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2
-
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-
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1

1
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Q
C

D
+Q

ED
 sim

ulation 
[ T. B

lum
 et al. ]

�
�

EM
 effects on PS decay 
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ucleon calclations 
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functions 
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ucleon S
pin  
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lectron Ion C
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 results for hadron 2pt functions 

[ E. Shintani ]
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Algorithm

s
/
M
achines

[C.Jung’s
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U
nbiasness proof

�
�

Consider a elem
ent g of lattice sym

m
etry G

 e.g. 
�
�

transform
ation of fields  

      
�
�

O
bservable (and its approxim

ation) is called to have  covariance under g iff 
  or, m

ore explicitly,  

�
�

W
hen  g is a sym

m
etry of lattice, and  O

(appx) is covariant
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Exam
ples of covariant approxim

ations
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Exam
ples of C

ovariant A
pproxim

ations 
(contd.)
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e-slice 
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orrelation
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 propagator (LM
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e-slice 
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C
ost (in the case of 24cube m

=0.01)
U

se of unit of quark propagator “prop” in full CG
 w

/o 
deflation 

�
�Case of full statistics  

In N
conf  = 356, N

m
es =4, 

              Total :  356×4 = 1424 prop 
�
�Case of AM

A w
/o deflation 

Since calculation of O
appx need 1/50 prop, then in N

conf =81, 
N

’m
es =32 

              Total :  80 + 80×32/50 = 131 prop 
10 tim

es fast 
�
�Case of AM

A w
/ deflation 

W
hen using 180 eigenm

ode, calculation of O
appx need 1/80 prop,  

but in this case the calculation of low
m

ode is ~1 prop/configs. 
D

eflated CG
 m

akes reduction of full CG
 to 1/3 prop, then 

              Total :  80/3 + 80×32/80 + 80 = 138 prop 
10 tim

es fast 
N

ote that stored eigehm
ode is useful for other w

orks. 
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A
M

A
 in U

SQ
C

D
 Static-light  

[ PI Tom
om

i Ishikaw
a ] 
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3pt function  [ E. Shintani ]
�
�Application to the form

 factor m
easurem

ent 
•�CP-even and CP-odd nucleon EM

 form
 factor 

•�Com
plicated structure in the ratio m

ethod 

 Ratio has com
plicated com

bination of both low
 and high 

m
ode, 

so A
M

A has m
ore advantage than LM

A even if A
M

A need larger 
cost.
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C
P-odd part

�
�N

ucleon 2pt function w
ith � rew

eighting 

•�Q
 is topological charge. 

•�
�

 w
hich is CP-odd phase is necessary to extract ED

M
 form

 
factor. 
•�It is good check of applicability of LM

A/AM
A to CP-odd sector. 

•�Effective m
ass plot show

s the consistency of the above form
ula 



C
P-odd part [ E. Shintani ]
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N
ucleon M

agnetic form
factor 
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V
ariants of C

A
A

�
�CAA  (Covariant Approxim

ation Averaging) 
•�N

am
e 

   approxim
ation,   

   approxim
ation accuracy control 

 
•�LM

A (Low
 M

ode Averaging)    
   low

 m
ode approx of propagator,   

   # of eigen vectors  
•�AM

A (All M
ode Averaging),   

   low
 m

ode (optional)+Polynom
ial approx,  

    (# of eigenV) Polynom
ial degree 

      (also other type of m
inim

ization) 
•�H

eavy quark averaging  [T. Kaw
anai] 

    heavier m
ass quark prop as an approx of light prop 

     quark m
ass 

•�?????



Larger m
ass as C

A
A

 
  [ Taichi K

aw
anai ]
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O
ther Exam

ples of C
ovariant 

A
pproxim

ations
�
�Less expensive (param

eters of) ferm
ions : 

 •�
   Larger m

f 
•�

   Sm
aller Ls D

W
F 

•�
   M

obius    
•�

 even staggered or W
ilson …

.. 
 

�
�D

ifferent boundary conditions 
�
�M

ore than one kinds of approxim
ation  

  (c.f. m
ulti m

ass H
asenbushing) 

 Strongly depends on O
bservables / Physics  (YM

M
V) 

W
ould w

ork better for EXPEN
SIVE observables and/or 

ferm
ion,  potentially a gam

e changer ?



O
ther related/sim

ilar techniques 
�
�LM

A   
  L. G

iusti, P. H
ernandez, M

. Laine, P. W
eisz and H

. W
ittig, JH

EP 0404, 013 (2004) 
   see also H

. N
eff, N

. Eicker, T. Lippert, J. W
. N

egele and K. Schilling, Phys. Rev. D
 64 (2001) 

114509 and T. D
eG

rand and S. Schaefer, Com
put. Phys. Com

m
un. 159 (2004) 185 

    w
orks for low

 m
ode dom

inant quantities 
 �
�Truncated Solver M

ethod  (TSM
)  

   G
. Bali, S. Collins, A. Schaefer, Com

put. Phys. Com
m

un. 181 (2010) 1570 

   uses stochastic noise to avoid system
atic error 

 �
�All-to-all propagator   

 J.Foley, K.Juge, A. O
’Cais, M

. Peardon, S. Ryan, J-I. Skullerud, Com
put.Phys.Com

m
un. 

172 (2005) 145 
   uses stochastic noise 
   could use CAA as a part of A2A



Sum
m
ary

�
�

CAA , LM
A, AM

A, …
.  :  Class of Statistical error reduction technique 

 •�
AM

A is a  valence version of the H
asenbush trick 

•�
AM

A could im
prove existing data easily 

 
1.�

 D
o Full CG

 for selected config / source 
     (existing data :   This expensive part is already done ) 
 

2.�
 Find a good approxim

ation (accuracy of sloppiness / num
ber of eigenvalue) that reproduce 

your exact CG
 result by, say, 95% 

  (m
athem

atically find a strongly correlated approxim
ation,  R(corr) > 0.5 ) 

3.�
Subtract the approx obs w

ith sam
e source location as full CG

   
         

4.�
Perform

 m
any source location using approx obs, average, add back 

       
  

         You could use other config. 
 

,  find a good / cheap / funny  approxim
ations 

        

 



O
ther technical details

�
�Im

plicitly Restarted Lanczos w
ith Polynom

ial 
acceleration and spectrum

 shifts for D
W

F and 
staggered in CPS++  [ E. Shintani, T. Blum

, TI ]. 
�
�Eigen Vector com

pression / decom
pression 

�
�Sea Electric Charge is now

 controlled by Q
ED

 
rew

eighting 
     [ T. Ishikaw

a et. al. arXiv:1202.6018 ] 
�
�Aslash-SeqSrc m

ethod 


