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Using the Darwin (9600 core) Sandybridge/infiniband
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facility



Muon anomalous magnetic moment
e = — 2
- S a L p— g
2m 2
Measure using polarised muons circulating in E and B

fields. At a momentum where 3 X F terms cancel,
difference between spin and cyclotron frequencies:

e
Wq = ——a,B
m

BNL result:

at™" = 11659208.9(6.3) x 10108
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H=9g

E989 (FNAL) will

reduce exptl uncty to
1.6, starting 2017
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Standard Model theory expectations

Contributions Qw @
from QED, 5% M
EW and QCD

interactions. @ gQME
denIl)inates. % f@% s < 3 % f@%

LO Hadronlc vacuum polarisation (HVP)

Blum et al,
1301.2607

aff'pt — aSED — afW = 721.7(6.3) x 107

afvp —I—CLHOHVP _|_aHLBL _I_anewphyszcs

aleVP,nonewphysics _ 7210(68) > 10—10



Best method to date for HVP uses exptl e+e- cross-section

1 @)
a/IjVP = 43 . dsop,q(s) K (s)
_|_

€

“bare” cross-section
but inc. final-state
radiation

/

some ‘“‘tension’
between results.
Difference 1s
use of BaBar radiative
return data

e~ — ~v* — hadrons -
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HVP, no new physics
4

Benayoun et al
' 1210.7184, "¢ +t

Jegerlehner+Szafron
111101.2872,¢"e +t

Hagiwara et al
[ 1105.3149, "¢ only

‘| Davier et al

H%—T)aseid \

1010.4180

N

Hagiwara et al:

al '’ =694.9(4.3) x 107"

q HVP X 1010

u
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SM 30
below nnp



Lattice calculation of HVP

Analytically continue to Euclidean g°.

. o o0 A
VP =2 [ e () e
0

connected contribution for
flavour 1

f(g?) is divergent function
with scale set by M,
[1(¢*) = T(¢*) — T1(0)
1S vacuum polarisation function.
Test with mesons:
1 1

[1(¢%) o —5 —

rnu2 f(q*)

0

Blum, hep-lat/
0212018

™. integrand p

05 1 15 2 25 3 35 4 45 5

2 2
my, q- + my, integrand J /v q’/m,’



Calculation with quarks HPQCD 1403.1778

For spatial vector currents at zero spatial momentum

7 (¢%) = ¢°I(¢*) = a* Y €' Z<J’j(f, t)57(0))

Time-moments of lattice current-current correlators

Gan = 332 2,00
2n R J J
- (-1 g‘q% P1I(?) @

> . . G
=Y g¥my  with I = (1) |




Allows us to reconstruct I1(¢?) and integrate

Use Pade approximants (ratio of m/n polynomials) rather
than Taylor expansion for better large g behaviour.

Test Pade approximants 1n similar scenarios (1-loop quark
vacuum polarisation, with noise added)
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Improved precision allows higher order Pade - we use [2,2]



CHARM contribution

Part of the set of calculations that gave

HPQCD 1004.4285,

1208.2855

Me, M(J/Y) — M(n.), T'(J/V — eTe” ), I(J/¢ — ney)

Used HISQ valence
quarks on MILC 2+1
asqtad configs. Zy from
contnm QCD pert. th.

Extrapolation to physical
point allows us to compare
directly to moments from
et+e- expt. in charm region

al V' =14.4(4) x 1071

HPQCD 1403.1778

(™ moment)!/(*=2) (Gev~1)
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, , HPQCD 1110.6887,
BOTTOM contribution 1309.5797,

1408.5768
Part of the set of calculations that gave

my, M(YT) — M(ny), M(Y") — M(n,),T(T — ete ), I'(Y — ete)

Used NRQCD i
valence .| T m physical _
quarks on >

MILC 2+1+1 271 € S K
HISQ configs. : [ © © = S K
7 from e = = B =0
contnm QCD  0lf © ® =5 - 1
pert. th. 0 0005 001 0015 002 0.025

: a?(fm?)
Again, moments can be compared to

those extracted from expt. alijP,b = 0.27(4) x 1010



Keep an eye on the ‘big’picture whilst doing this .....
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STRANGE contribution

HISQ valence quarks on
MILC 2+1+1 HISQ
configs. Local Jv -
nonpert. Zy.

55.0

multiple a (ﬁW L oF
my (inc. physs; volumes.

52.5

Tune s from 7); up to (5.8fim)?

S

a

"
Uncertainty in lattice spacing (wo, 71): 1.0%
Uncertainty in Zy: 0.4%

Monte Carlo statistics: 0.1%

a® — 0 extrapolation: 0.1%

QED corrections: 0.1%

Quark mass tuning: 0.0%

Finite lattice volume: < 0.1%

Padé approximants: < 0.1%

Total: 1.1%

HPQCD 1403.1778

L\

S
au,lat

0.005 0.010 0.015 0.020 0.025

a? (fm?)

_ 8
—CLMX

(1 + ca2(aAqep/™)? + CseadTsea + Cval0Tval )

al V' "* = 53.41(59) x 101



Check mass and decay constant of ¢ from these
correlators against expt
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Results from ETMC, RBC/UKQCD

10
a5 X 10

continuum limit for strange contribution to a,
55 § 54.0
T $ $ d 53.5 e
o 53.0 ¢ 48l, Unitary
:'C 52 .5 T ——— : o p(ri ar
50 | ; 52 .0 —“-_\__“‘“L\‘\ 64l, Unitary
»= 951.5 l "
% < 51.0 :
50.5 o
T {> . T 50,0
ETMC final —@&— .00\0.05 0.10 0.15 0.20 0.25 0.30 0.35
]%—I’Il;l\(%glge%unls '_e_|'—.—' (12 / GeV —2 T
10 L . . HPIQCD resultsI —o— HPQCD v ! 2
0 0.005 0.01 0.015 0.02 0.025 \ 0014fm
< (fm) 54.0
HVP,s,ETMC —10 23 i
a,; = 53(3) x 107", 530
M & 52.5/
< 52.0} i\
. . == D1.5}
Continuum estimate/ <20l :
1. t 50.5¢ 4*;
upper 1mit. >0-8°510.00 0.01 0.02 0.03 0.04 0.05 0.06
(ms _ms,phys)/ms,phys

aHVP,S,CO’n,t _ 553(8) > 10—10

M 1403.1778



LIGHT contribution m, = my

HISQ valence quarks on MILC 2+1+1 HISQ configs. Use
Zy from s calc.

Multiple a (use wo), m; (inc. phys.), volumes (at ml/ms=0.1).

New 1ngredient since correlators much noisier. Use:
Gdata(t) fort<t* <«—— from Monte Carlo

G(t) = {

Gﬁt(t) fort >t* <«—— from multi-exponential fit

t* = 1.5fm = 6/m,  so 70% of result from Gdata

* 80% of result comes from p meson pole, so need to
understand p on lattice, inc. finite-volume from 77 .

* 10% from 77, sensitive to finite-volume and m.. (so
taste-1ssues for staggered quarks).



One approach 1s to correct Taylor coefficients

N I A I ~ / —m2]+2 1 f2
tt tt tt 0 .
™ — (AL - 1" () 2 2542
L e Jiaee LT
Remove lattice 7T7T |
using one-loop, Rescale using exptl fp
staggered quark and 177

chiral pert. theory

claborating on

ETMC : 1308.4327.
Reduces lattice

systematics, but
intro. uncties from J 0

expt

rcont
+ 1T (7r7r)

Restore 7T7T
from continuum
chiral pert. th.

7r7r contribution distorted at physical point using staggered quarks on
these coarse lattices. Important to inc. other masses. But note: need

7tm lattice to get this piece below 1% for contnm 7T 7T



1.1

105 - 6 - Analysis of P
. Jf ‘}7! parameters
= 095 -
S 09 - % HPQCD ve —+— | Direct comparison
. : HPQCD ¢ —&— , )
S 0.85 S HPQCDf —=— + with ETMC possible
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PRELIMINARY analysis ,
ensemble size 10,000

Connected Light-Quark Contribution multlple VOlumy

700F // ——< correcting
% ét}/‘ and rescaling with
650 " 1 f, = 0.217MeV
= 600l Corrected | naive, zero width
— % determn from
Qx ==l . Uncorrected - leptonic decay rate
S 500F |
450 SQ < fit raw results
D——~/ . .
0.00 0.05 0.10 0.15
5ml/ms

Improve by estimating systematics with an effective theory that includes
107 ’77 TT7C e.g. Jegerlehner +Szafron, 1101.2872

Future: improve statistics, finer lattices



A

DISCONNECTED contribution to HVP

> § >
Vanishes if 7y = Mg = Mg g E
. . — Blum, hep-lat/
SINCC 2 :62 0 0212018

1
For real masses, result 1s disconn. correlator for (1-s)
current with charge 1/3 (so e? factor is 1/5 of connected)

Focus has been on stochastic methods. Using same source

for 1 and S helps Guelpers, Mainz,LAT14
3e-05 T T | hght:—|—-
05 | Pettand srnge =X | Chakraborty, HPOCD,LAT15
1
ﬁ r no signal from 50+50 sources
(all-to-all) per config. One-

e 0 5 1|0 1I5 2|0 llnk J
t/a



HadSpec results

e.g. Hadspec,1309.2608

Use instead many (~150) source vectors (eigenvectors of
gauge-covariant Laplacian) for both conn. and disc.

correlators to obtain good signal.

5 0
Q
© -0.01 -
S -0.02 -
£-003 -
£ -0.04 1
S
< -0.05 1
2 | HVPcombn —o—
S 006 lbar only
S -0.07 - ssbar only —+—
= slbar only —&—
-0.08 ' ' ' :
0 10 20 30 40 50

aniso. time,t a; = 0.035fm

m, = 390 MeV

PRELIMINARY
Fitting and
normalising to
connected light,
gives HVP disc.

contribn of
~-1%

- Hadspec+HPQCD, in prep.

anisotropic
clover action



Simple (but conservative) argument on size of disc. pieces

I-1 disc.pieces provide key difference between w and p

2 2
fsm m
p J _
2Dll P e m,t | W we Mt
2 2

- 2742 2

Hj,disc 1 Tn,d7 fw

: =9 | 2re,
mo fp

Hj,conn

We do not have accurate information on decay constants
because of width of p , mixing of w etc

Taking f, = 0.21(1) GeV, f, = 0.20(1) GeV

HVP : disc-ll/conn-11 =-1.5(1.5) %



Adding contributions to (g-2)/2 Larges.t value we can
get? (since uses

ETMC . X 10-10 rescaling with lar estf p
1308.4327 H PQC D . .
567(11)stat | light, connected |  662(1 1) preliminary

strange 53.4(6) |1403.1778
connected

charm 1403.1778,
connected 4.4(4) 1208.2855

bottom 0.27(4) 1408.5768
connected

disconn add -7 from 77T

. ' -25(15) to maximum
(estimate) simple estimate
674(28) TOTAL 705(20)




Lattice - continuum comparison

—e—I|a

| HPQCD

'| PRELIMINARY
‘| ETMC
| 13084327

HVP, no new physics
u

[attice calcs
inc. u,d.s,c

i | Benayoun et al

| 1210.7184

. | Jegerlehner+Szafron
1 1101.2872

| Hagiwara et al

i | 1105.3149

640 650 660 670 680 690 700 710 720 730

HVP
a X

10
u 10

Good agreement but lattice uncty (all from u/d) still too big.
Need to add in QED, my/mg effects (~1% and positive?)



