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HVP like approach on lattice ?

m Calculate 4pt of EM currents @

>
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m One needs to calc. or fit all (g, k1,k2,k3)

combination
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m Need to repeat (Volume)3 times !



Our strategy

m Muon on lattice, photon on lattice, and let
lattice calculate the form factor
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® set spacial momentum for
- external EM vertex q
- in- and out- muon p, p’

q=p-p’

* set time slice of muon
source(t=0), sink(t’) and operator (t,))

* take large time separation for
ground state matrix element




HLDbL from Lattice :
QCD+QED on lattice

m A naive calculation

§‘i
7\

0ED

m First problem:

3 photo makes statistical fluctuation larger
— treat one photon propagator out of three
exact “analytic photon”



HLDbL on Lattice : Analytic photon

m With the analytic photon propagator, which has
zero statistical error
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m There is lower or equal orders (@2, «3) unwanted
diagram, which should be treated as photon wave
function renormalization or EM vertex correction



Unwanted diagrams
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The subtraction works for diagram by
diagram and config-by-config. This is also
important for noise reduction.




Subtraction

First multiply the analytic photo between
- quark loop part

- lepton line part

then take QCD+QED ensemble average

unsubtracted term

QCD+q-QED
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First take QCD+QED average for

- quark loop part

- lepton line part

then multiply the analytic photon

Subtraction term
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[ Blum, TI, Shintani PRD 88 (2013) 094503 ]
Covariant Approximation Averaging ( CAA)
a new class of Error reduction techniques

Original O — (f)(apr) + O(reSt)

v 1

unbiased
imporved

O(imp) — |
Ng

Expensive : infrequently measured

m  00mP) has smaller error
0@prx) need to be cheap & not to be too
accurate
N suppresses the bulk part of noise cheaply
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RBC/UKQCD DWF AMA Results

o277
m Two lattice spacings ; o o005, 266
a=0.11, 0.088fm, o180 " m001 20564
Mpi=0.28-0.33 GeV i
All stat err <0.7% = |
g_min = 2 m(mu) Y .
m Applied [2,1] Pade, %2 .
can’t fit with 0 02 04 '02'.6 R
b1 >= 4 Mpi*2 bound @ (G
Lattice | m, | IL/0) [|a,(GeV™?) a, b, (GeV?) | x?/dof |4m, 2 GeV?
243x64 [0.005 [ 0.1752(2)] 0.0325(2) [0.0407(1)| 0.139(1) | 2.7(4) | 0.44
0.01 | 0.1603(2)| 0.0219(3)[0.0434(4)| 0.408(7) | 0.4(1) | 0.71
323x64 [0.004 | 0.197(2) | 0.026(3) | 0.052(3) | 0.227(37) [0.08(7)|  0.31
0.006| 0.190(3) | 0.027(7) |0.043(11)| 0.253(25) | 0.4(5) | 0.4




@ Z noise & Furry’s theorem

m target: o3

= Analytic photon and the subtraction removes the unwanted diagrams, «,
a2, a3, notin the statistical way, < M_1 > - <M_2> =0, but in an exact
way : M_1-M_2 =0 for each QED+QCD configuration

m There is also remaining unwanted diagram in
a? , which is zero by Furry’s theorem. This
cancellation is stochastic, a?M, <M> — 0. By
averaging “+e” and “-e” of stochastic photon
coupling only to lepton, the unwanted diagram
is exactly removed

m Also done by averaging over
+e and -e

“+p” and “-p” of lepton. /
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Form factor extraction

m Rest is the standard calculation to extract matrix
elements/form factors from 3pt
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m Except it’s noisy 3 photon
(disconnected quark loop) ©p) .



QED only study

[ Saumitra Chowdhury Ph.D. Uconn 2009 ]

m DWF, e=1, m, / m, = 40
m Continuum QED perturbation = 1.63x10“
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QED teSt [chowdhury Ph. D. thesis, UConn, 2009]

F» = (3.964+0.70) x 10~*

0.001 T T T T T T T

1 » my/me =40
0.0008 — 1
0.0007; ; > e — 1
— } 1 » 163 x 32 lattice size
LT-1 0.00055 ]
00004 { } ] » |lowest non-zero
0.0003 — 1
i momentum only
0.0002 |~ 1
0.0001 |- ] (|p|/m'u ~ 1)
0 R I NS NS R R
; : L ' : ’ » stat error only
op

> Expected size of enhancement (compared to m,,/me = 1)
» Continuum PT result: ~ 10(a/7)3 =1.63 x 107 (e = 1)
» roughly consistent with PT result, large finite volume effect

Tom Blum (UConn / RIKEN BNL Research Center)Masashi H  Hadronic Light-by-Light contribution to the muon g-2 from lat

tsep=0,12, Feynman & Columb gauge



QCD+QED studies

m Nf=2+1 (u,d,s) chiral quark,
DWF QCD [ RBC/UKQCD ]
m a=0.114 fm, 243x64 (2.7 fm)3, m_= 329 MeV,
~300 QCD configuration (1 QED per 1 QCD)
= m,=~ 190 MeV, e=1
m 0.11 GeV? <= Q2 <= 0.31 GeV?
m Use All Mode Averaging (AMA)

® 63 =216 source locations per one configration
® AMA approximation : “sloppy CG” with r(stop) = 104
® ~ 700 configuration, ~150 K measurements

s F,(Q2) =[-2.2(8) ] x 105 on (1.8 fm)}, m_ = 420 MeV

also checked «3 scaling by changing e=0.84, 1.19
— subtraction works



Domain Wall Quarks (for up, down, and strange)
[Kaplan, Shamir, Blum & Soni]

e 4D lattice quark utilizing an ‘‘extra dimension’’, L. (expensive)

e Almost perfect chiral symmetry

Small unphysical mixing for the Weak Matrix Elements
Error from discretization is small O (a”Agcp) ~ a few %.
Chiral extrapolation is simpler, continuum like.

e Unitary theory (at long distance).
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HLBL from Nf=2+1 DWF

a, (Model) = 0.084 (20) x (a/m)?
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A Ly
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Q’ (GeV?)

m,; ~ 329 MeV
m,, ~ 190 MeV

1574190+375=722 configs,
lowest 2 momenta

375 configs, highest 3
momenta

Two points zero within large

errors for momenta in 1
direction

Statistics? 6, 24, 24, 6, 48
mom. combinations for Q2
=1,2,3,4,5

» Different directions

correlated, cancelations



HLBL from Nf=2+1 DWF
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HLBL from Nf=2+1 DWF | ¢=011and018Gev?
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(PRELIMINARY) m,, ~ 190 MeV
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Summary of HLBL

m Statistically significant signal may be starting to show up.
Very encouraging !

0 Stlll various source of systematic error
Excited state contamination (ROM123 method)
Finite volume effect (mass less photon)

heavier mass : m;=330 MeV, m =190 MeV

(2.7 fm)3, 1/a= 1.7 GeV

Q% — 0 extrapolation

Lack of disconnected diagrams

— three ways
» Add another valence loops T
» Re-weight in a(sea) [ T. Ishikawa ]
» Dynamical QCD+QED

m Current plans (2014-15) :

More scrutinizing current data, especially the excited state
®  Mpi=170 MeV, L=5fm connected LbL
® and dynamical QED or reweighting



Disconnected diagrams
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Similar strategy

< >QCD+£—QED
Mo = < < QCD-+f-QED < . . .
«
< >QCD+fQED
Mo = < >QCD—|—f QED
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Backup slides



Complementarity is crucial

m | experiment <-> [QCD correctigys] [ Standard Model & Beyond ]

The Standard Model [ 4 |

m LHC / ILC, composite Higgs

m Flavor physics K—nml=2 & 1=0, &’/
€, MM(K-K.)
B physics (Super-B)

m Nucleon Electric Dipole Moments

m Dark Matter Search , strangeness of
Nucleons




Examples of Covariant Approximations
(contd.)

m All Mode Averaging ™

AMA
Sloppy CG or
Polynomial
approximations
O (@ppx) _ O[Sy,

Sl — kaf()\>vi\7

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

100 £

10 £

=)
W
k.
—
n
N_

2.5A —

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




AMA at work

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
(XSEDE gordon@5SDSC)

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

® Implicitly restarting Lanczos of Chebyshev polynomials of even-odd prec
operator for 1000 eigenvectors
Neff et al. PRD64, 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

25



AMA at work

[ M. Lin | : ¢
I ' I ' I '
g 1 = F(Q%): tsep=9a-~1.3fm
1 forward + 2 (up and down) seq-props,
% ] contraction cost is ~15% of sloppy
% propagator
"o 081 1 = Error bar
iﬂ X 2-2.7 ~sqrt(4400/600)
m Total cost reduction upto
0.6~ | ® Calculations with  AMA, 160 days — ( 430 / 160 ) * (4400/600)
O Calculations without AMA, 430 days ~ X1 9.7
m  Note this is still sub-optimal, 4 exact
ogL— 1 111 source and without deflation. (would
0 0.1 (3.2 20.3 04 be x30 for 2 exact sources)
Q [GeV']

m  non-deflated CG, 150 confi%x 4 sources = 600 measurements :
5.7 * 3 *4* 150 config = 10K hours, 430 days

m  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%) o



HVP with time-like momentum

= _preliminary

m=0.01, 24°x64 |
m=0.005, 24 x64 |
m=0.006, 32°x64 |
m=0.004, 32°x64 |

0.1

> 4 O 0O

0.08

0.06

t.. =9 (243), 10 (323)
Fitting range at large t
[8,13] (243), [10,15] (323)

e Similar behavior with
results obtained in Euclid
momentum

* Slight discrepancy from
HVP in space-like
momentum, especially
for light mass.

0 0.2 0.4 0.6 0.8 More ca refu”y

systematic study is

necessary !
27



Improving HVP statistics using AMA

m Staggered Fermion (MILC Asqtad, Mpi=300 MeV)
2.6 -- 20 times smaller error with same cost

0.2 I R E—
—% 02— —
0.18 :% -
- & 0.18 - . .
0.16- 2 2 ] -
- % 0.16 2 7 | Now getting to
] = ] Il stat < 2%
~0.141 - e ] | all stat error 6
o I oqall 1 1 7o 1

- gmin?2 = 1.5 m(mu)




Tau decay puzzle is resolved ?

m Use isospin to relate tau decay data
~ 10% discrepancy between tau vs e+e-.

et u,d
gl gl /
atr=, [ =1]
e u, d

I —i (™) (g) = M: ’NW» +
isospin rotation B

4

— W W / u
7('07'('77 000
Uy

d

m tau decay needs to fix 0 -7 mixing
Jegerlehner Szafron

\ ’




rdecays A7 EPH 1997 fl 390.75 + 2.65 & 1.94
ALEPH 2005 Teaml] 388.74 £ 4.00 £+ 2.07
OPAL 1999 I 380.25 £ 7.27 % 5.06
CLEO 2000 bl 301.59 £ 4.11 £ 6.27
Belle 2008 =l 394.67 & 0.53 & 3.66
7 combined J 391.06 = 1.42 + 2.06
e'e+CVC  CcMD-2 2006 I 386.58 = 2.76 & 2.59
SND 2006 (R 383.99 & 1.40 & 4.99
KLOE 2008 - 380.21 & 0.34 & 3.27
KLOE 2010 - 377.35 £ 0.71 & 3.50
BABAR 2009 389.35 + 0.37 + 2.00
eTe~ combined n:r 385.12 4+ 0.87 £ 2.18
a,7w), I =1, (0.592 — 0.975) GeV : 3;30T350 : 45 x 1010

I=1 part of a}*[n]

F. Jegerlehner

SFB/TR 09 Meeting, Aachen, November 14, 2011




7_decays

ALEPH 1997 385.63 £ 2.65 £ 1.94
ALEPH 2005 I 383.54 & 4.00 & 2.07
OPAL 1999 e 375.39 £ 7.27 + 5.06
CLEO 2000 i I 386.61 = 4.11 & 6.27
Belle 2008 1 389.62 £ 0.53 % 3.66
7 combined 385.96 £ 1.40 £ 2.10
¢'e +CVC  CcMD-2 2006 1 386.58 £ 2.76 & 2.59
SND 2006 -] 383.99 & 1.40 4 4.99
KLOE 2008 - 380.21 4 0.34 & 3.27
KLOE 2010 - 377.35 £ 0.71 + 3.50
BABAR 2009 389.35 £ 0.37 & 2.00
eTe” combined Nr 385.12 £ 0.87 £ 2.18
a,[7w), I =1, (0.592 — 0.975) GeV ! 3é0+3s=)0 ! 450 x10~10

|=1 part of azad[mr]

F. Jegerlehner

SFB/TR 09 Meeting, Aachen, November 14, 2011
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