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Motivation

Motivation

> calculation of several quantities in lattice QCD reaching precision of < 1%

> e.g. flavor physics
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» e.g. Hadronic Vacuum Polarization contribution to a, aiming at 1%
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Motivation

Motivation

v

v

v

v

calculations usually done in isospin symmetric limit (treat u and d as equal)
two sources of isospin breaking effects

> different masses for up- and down quark (of O((ma — my)/Aqcp))
> Quarks have electrical charge (of O(a))

lattice calculation aiming at 1% precision requires to include isospin breaking

Status of calculations including 1B corrections on the lattice

> IB corrections to hadron masses
[e.g. S. Borsanyi et al. Phys. Rev. Lett. 111 (2013) 252001; G. M. de Divitiis et al. Phys. Rev. D87 (2013) 114505; S. Borsanyi et
al.Science 347 (2015) 1452; R. Horsley et al. J. Phys. G43 (2016) 10LTO02; R. Horsley et al. JHEP 04 (2016) 093; S. Basek et al. PoS
LATTICE2015 (2016) 259; Z. Fodor et al. Phys. Rev. Lett. 117 (2016) 082001; D. Giusti et al. Phys.Rev. D95 (2017) 114504; V.G
et al., JHEP 09, 153 (2017)]

> First calculations of IB corrections to hadronic vacuum polarization
[V.G. et al, JHEP 09, 153 (2017); D. Giusti et al., JHEP 10 157 (2017); B. Chakraborty et al. Phys. Rev. Lett. 120 152001 (2018);
C. Lehner, V.G. et al. arXiv:1801.07224], [see also talk by M. Della Morte]
» QED corrections to pion/kaon decay rates
[N. Carrasco et al. Phys. Rev. D91 (2015) 074506; V. Lubicz et al. Phys. Rev. D95 (2017) 034504; D. Guisti et al. Phys.Rev.Lett. 120
(2018) no.7, 072001], [see also talk by F. Sanfilippo]
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Motivation

Outline

» Including Isospin Breaking effects on the lattice
» stochastic method

» perturbative method
» direct comparison of results [V.G. et al., JHEP 09, 153 (2017)]

> meson masses
» HVP

> strong IB

> |IB Corrections to HVP at the physical point [C. Lehner, V.G. et al. arXiv:1801.07224]

» Finite volume corrections for HVP

» Summary

Vera Giilpers (University of Southampton) Frontiers in Lattice QFT May 22, 2018 3 /31



Outline

Including Isospin Breaking effects on the lattice



Including Isospin Breaking effects on the lattice

QED on the lattice
» Euclidean path integral including QED
1 _ _
(0) =3 / D[V, W]D[U]D[A] O e 51V V:U:Al g=SclUl ¢ =5+[A]

» non-compact photon action

4
Sy 1AL = 2303 (9 () — DA, ()

> two approaches for including QED

» stochastic QED using U(1) gauge configurations
[A. Duncan, E. Eichten, H. Thacker, Phys.Rev.Lett. 76, 3894 (1996)]

> perturbative QED by expanding the path integral in «
[RM123 Collaboration, Phys.Rev. D87, 114505 (2013)]

1, 9? 2
(0) = (0)+5¢ - (0)  +0(a?)
e=0

Vera Giilpers (University of Southampton) Frontiers in Lattice QFT May 22, 2018

4/31



Including Isospin Breaking effects on the lattice

stochastic method

» Feynman gauge
2

SFe[A] = S, [A] + % YD 0uALX) | = —% D) ALKIPALK)

> in momentum space

SFen[A] = % YRy ’Au(k)‘z R, = 2sin ("2“)
k, K 0 M

with N number of lattice sites

v

remove photon zero mode
(e.g. spatial zero-modes — QEDL [S. Uno and M. Hayakawa, Prog. Theor. Phys. 120, 413 (2008)])

v

draw A, (k) from Gaussian distribution with variance 2N/i?

v

Fourier Transform to position space
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Including Isospin Breaking effects on the lattice

stochastic method
» multiply SU(3) gauge links with U(1) photon fields
U, (x) — e=Mu,,(x)

» calculate hadronic observable as without QED

» remove O(e) noise by averaging over +e and —e
[T. Blum et al., Phys. Rev. D76 (2007) 114508]

> electro quenched approximation
— sea quarks electrically neutral
— QED configurations generated independently of QCD configurations

» unquenched calculation
— generate combined QED+QCD configurations

» QED correction to all orders in «

Vera Giilpers (University of Southampton) Frontiers in Lattice QFT May 22, 2018 6 /31



Including Isospin Breaking effects on the lattice

perturbative method

» expand path integral in @ [RM123 Collaboration, Phys.Rev. D87, 114505 (2013)]

+ 0(a?)
e=0

1, 82
(0) = (O)g + 3¢ = (0)

> at O(a) for mesonic two-point functions

X X y
y
m conserved vector current, a tadpole operator

» electro-quenched: no disconnected diagrams like

> e.g. photon exchange for a charged Kaon

Clz) => > > T [S(Z, x)T,S(x, 0)75S(0, y)TES(y, z)ﬂ A (x—y)

Ky oz Xy
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Including Isospin Breaking effects on the lattice

perturbative method

» photon propagator Feynman gauge

1 eik'(x_Y)
Au(x—y) =0 N Z TR
k, k 0

» remove all spatial zero modes — QED_
[ S. Uno and M. Hayakawa, Prog. Theor. Phys. 120, 413-441 (2008)]

X X y
y
» calculate diagrams using sequential propagators

> factorize photon propagator A, (x —y) = f(x)g(y)

Vera Giilpers (University of Southampton) Frontiers in Lattice QFT May 22, 2018 8 /31



Including Isospin Breaking effects on the lattice

perturbative method
> method 1: <n(u)nT(y)>n = Ouy
Brlx =) = (X Bulx = wn(n'(y) = (BuGIn'(y))

— sequential sources for every combination of {u, v}, e.g.

e N

— 17 inversions in Feynman gauge

Vera Giilpers (University of Southampton) Frontiers in Lattice QFT May 22, 2018 9 /31



Including Isospin Breaking effects on the lattice

perturbative method
> method 1: <n(u)nT(y)>n = Ouy
Brlx =) = (X Bulx = wn(n'(y) = (BuGIn'(y))

— sequential sources for every combination of {u, v}, e.g.

e N

— 17 inversions in Feynman gauge

» method 2: <£”(U)EZ(Y)>E = 8uy0op [RM123, PhysRev. D87, 114505 (2013)]

Bu(x=y) = (23 Buolx — we el (), = (But)el)),

— sequential sources summed over p or v, e.g.
ST Au(x)
®

PGSR ;rza%

— 5 inversions
Vera Giilpers (University of Southampton) Frontiers in Lattice QFT May 22, 2018 9 /31



Including Isospin Breaking effects on the lattice

Stochastic vs Perturbative method

» stochastic method

> perturbative method

Vera Giilpers (University of Southampton) Frontiers in Lattice QFT May 22, 2018 10 / 31



Including Isospin Breaking effects on the lattice

Stochastic vs Perturbative method

» stochastic method
» QED corrections to all orders in o

» perturbative method
» QED corrections at fixed order in O(cx)

Vera Giilpers (University of Southampton) Frontiers in Lattice QFT May 22, 2018
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Including Isospin Breaking effects on the lattice

Stochastic vs Perturbative method

» stochastic method

> QED corrections to all orders in o
> once the stochastic U(1) fields are generated, calculation proceeds without
QED — computationally cheaper than perturbative method

» perturbative method

» QED corrections at fixed order in O(cx)
> calculation more involved, requires three- and four-point functions, convolution
with photon propagator — more expensive than stochastic method

Vera Giilpers (University of Southampton) Frontiers in Lattice QFT May 22, 2018 10 / 31



Including Isospin Breaking effects on the lattice

Stochastic vs Perturbative method

» stochastic method
» QED corrections to all orders in o
> once the stochastic U(1) fields are generated, calculation proceeds without
QED — computationally cheaper than perturbative method
» contributions from different diagrams cannot be distinguished

> perturbative method
» QED corrections at fixed order in O(cx)
> calculation more involved, requires three- and four-point functions, convolution
with photon propagator — more expensive than stochastic method
» contributions from different diagrams, e.g. photon exchange, self energy, can
be distinguished

Vera Giilpers (University of Southampton) Frontiers in Lattice QFT May 22, 2018 10 / 31



Including Isospin Breaking effects on the lattice

Stochastic vs Perturbative method

» stochastic method

» QED corrections to all orders in o

> once the stochastic U(1) fields are generated, calculation proceeds without
QED — computationally cheaper than perturbative method

» contributions from different diagrams cannot be distinguished

» ungenching requires new gauge configurations, combined QED + QCD

» perturbative method

» QED corrections at fixed order in O(cx)

> calculation more involved, requires three- and four-point functions, convolution
with photon propagator — more expensive than stochastic method

» contributions from different diagrams, e.g. photon exchange, self energy, can
be distinguished

> ungenching requires additional quark-disconnected diagrams
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Including Isospin Breaking effects on the lattice

Stochastic vs Perturbative method

» stochastic method
» QED corrections to all orders in o
> once the stochastic U(1) fields are generated, calculation proceeds without
QED — computationally cheaper than perturbative method
» contributions from different diagrams cannot be distinguished
» ungenching requires new gauge configurations, combined QED + QCD

> perturbative method
» QED corrections at fixed order in O(cx)
> calculation more involved, requires three- and four-point functions, convolution
with photon propagator — more expensive than stochastic method
» contributions from different diagrams, e.g. photon exchange, self energy, can
be distinguished
> ungenching requires additional quark-disconnected diagrams

» direct comparison of results and statistical errors for QED corrections to
meson masses and hadronic vacuum polarization (v e, JHep 1700 (2017) 153
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Including Isospin Breaking effects on the lattice

Direct Comparison of Results - Meson Masses

> Nf = 2 4+ 1 Domain Wall Fermions, 243 x 64 lattice, a— ! = 1.78 GeV
> isospin symmetric pion mass m, = 340 MeV
» QED correction to effective mass:

» stochastic:
stochastic Z?fh(t) = meff(t) — mefF(t)

> perturbative:
6C(t) oC(t+1)

ratlo . .
mer (t) = - (X corr for periodic boundary)
Co (t) Co (t + 1)
0.0022 0.0003
perturbative —e— correlated difference —e—
i stochastic —e—s 0O(a?) effects from stochastic data
0.002 | 0.0002
= 00001 |
0.0018 + <
s = PPTPPTTTTITIIL Figgig HHH il
g L L [l s bbb o
0.0016 | L K
Moanhipgadniipl] 3ooooog
3
0.0014 | 00002 -
0.0012 . . . . . . ~0.0003 . :
0 5 10 15 20 25 30 0 5 10 15 20 25 30
t t
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Including Isospin Breaking effects on the lattice

Comparison of statistical errors

» computational cost
e perturbative: 17 inversions per quark flavor for single-p insertion
5 inversions per quark flavor for summed- gt insertion
e stochastic: 3 inversions per quark flavor

» statistical error A of QED contribution to effective Kaon mass

> scaled by v/# inversions (equal cost comparison)

single-p o
. summed-p v
35 !
3 equal cost comparison
251 .
< L . . T
I R A L
g TerTv W Lretlt 2°
S 15| . N - M .
% - .
| E—
N )
g ;
3 cost perturbative single-y: 17 inversios
0.5 | cost perturbative summed-g: 5 inversions
cost stochastic: 3 inversions
0

stochastic method gives 1.5 — 2 times smaller statistical errors for same cost

Vera Giilpers (University of Southampton) Frontiers in Lattice QFT May 22, 2018 12 /31



Including Isospin Breaking effects on the lattice

Perturbative Expansion HVP
» Vector-Vector correlation function
Cv(x) = (V(x)V.,(0))
HVP tensor

v

M. (Q) = 3 e 97C,u ()

v

conserved vector current depends on link variables
U.(x) — eiEAM(X)UH(X) and thus VZ(X) — V;:L,e(x)

> perturbative expansion

<Vf;e(X)Vﬁ(0)>=<v° (x)vf(0)> % 2 ;; <V2e(x)vﬁ(0)>

e=0

v

two additional types of diagrams

> KO

Vera Giilpers (University of Southampton) Frontlers in Lattice QFT May 22, 2018 13 /31



Including Isospin Breaking effects on the lattice

Direct Comparison of Results - HVP

>

QED correction to hadronic vacuum polarisation
0.0005 9e — 05
perturbative —a— perturbative —a—
stochastic w—e— _ stochastic »—e—
8.5¢ — 05
0.0004
8e — 05
0.0003 » .
= » » - 7.5e — 05 »
< s S . hd
E: 0.0002 . » Iv: Te — 05 »
= = 65e-05
0.0001 ii e .
6e — 05 .
0
550 g w .
—0.0001 H5e — 05
0 0.5 1 R 1.5 2 2.5 3 0 0.5 1 R 1.5 2 2.5 3
02/Gev? Q*/Gev?
[V
da, < 1% for u quarks
comparision of statistical errors
B up singlei «
4.5 strange single-p B
5 up summed-p ©
s 4 strange summed-p -
= 35
£ equal cost comparison
o,
o
=
< - L] - - -
H s 8 b b 5 o5 oo g
<4 A 4 & A A A & a4
Poud
g 1
B
0.5
0
8

Q?/Gev?
Frontiers in Lattice QF T
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Including Isospin Breaking effects on the lattice

“Combining” stochastic and perturbative method
» write photon propagator as
A[LV(X - Y) = <Au(X)AV(Y)>

> use stochastic photon fields A, (x) to estimate A, (x —y) [D. Giusti et al.
Phys.Rev. D95 (2017) 114504]

» quark - photon vertex insertions of
rZAM(X)
> path integral

1 _ -
)= / D[W, GID[U]D[A] O e SV T:UAl g=Scl] o=5- 1Al

» using the same stochastic photon fields as for stochastic method gives exact
O(a)-truncation of results from stochastic method

> 4 inversions

Vera Giilpers (University of Southampton) Frontiers in Lattice QFT May 22, 2018 15 / 31



Including Isospin Breaking effects on the lattice

strong Isospin Breaking

» different bare quark masses for up- and down quark

> expansion in Am = (mu — md) [G.M. de Divitiis et al, JHEP 1204 (2012) 124]

9 2
(O)mu#md = (O)mu:md + Am B (0) - + O (Am )
with 0
0) =(0S8
3m < ) my=mq < >mu=mc|

» scalar current S = > (x) (x)

» quark mass tuning at the physical point, e.g. by fixing masses of charged
pion, charged and neutral kaon

Vera Giilpers (University of Southampton) Frontiers in Lattice QFT May 22, 2018 16 / 31



Outline

IB Corrections to HVP at the physical point



IB Corrections to HVP at the physical point

Muon a,, and the hadronic vacuum polarisation (HVP)
> experiment: polarized muons in a magnetic field [Bennet et al., Phys Rev. D73, 072003 (2006)]
a, = 11659208.9(5.4)(3.3) x 10~

Standard Model pog
a, = 11659180.3(0.1)(4.2)(2.6) x 10~1°

v

v

Comparison of theory and experiment: 3.60 deviation

v

largest error on SM estimate from HVP

v

current best estimate from etTe™ — hadrons [pavier et al. EurPhys.t. €71, 1515 (2011)]

(692.3+4.24+0.3) x 10710

Vera Giilpers (University of Southampton) Frontiers in Lattice QFT May 22, 2018 17 / 31



IB Corrections to HVP at the physical point

HVP from the R-ratio <+ Lattice

> see also talks on g-2 yesterday

- et e” — hadrons
— RBC/UKQCD 2018
e BMW 2017
— CLS Mainz 2017
o HPQCD 2016
—— ETMC 2013
500 600 700

huy 10
alr 10

> result using R-ratio a':LVp = (692.3 4.2 +0.3) x 10710

> lattice result to be competitive with R-ratio requires precision of < 1%
— lIsospin Breaking Corrections

Vera Giilpers (University of Southampton) Frontiers in Lattice QFT May 22, 2018
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IB Corrections to HVP at the physical point

Status IB corrections to HVP

» |sospin Breaking corrections to HVP

e Dmnn

» QED corrections to HVP:
> unphysical quark masses [V.G. et al.,JHEP 09, 153 (2017)]
> strange, charm; extrapolated to physical quark masses [D. Giusti et al., JHEP 10,
157 (2017)]
> directly at physical quark masses [C. Lehner, V.G. et al. arXiv:1801.07224]

» strong IB corrections to HVP:
> unphysical quark masses [V.G. et al., JHEP 09, 153 (2017)]
» directly at physical quark masses, N¢ = 1 4+ 1 4+ 1 4 1 [B. Chakraborty et al. Phys.
Rev. Lett. 120 152001 (2018)]
> directly at physical quark masses [C. Lehner, V.G. et al. arXiv:1801.07224]

Vera Giilpers (University of Southampton) Frontiers in Lattice QFT May 22, 2018 19 /31



IB Corrections to HVP at the physical point

IB corrections to HVP at physical point
> see [C. Lehner, V.G. et al. arXiv:1801.07224]

» Nf = 2 + 1 Mobius DWF, 483 x 96 lattice, a—! = 1.730(4) GeV
[T. Blum et al. Phys.Rev. D93 (2016) no.7, 074505]

» |IB corrections from expansion around isospin symmetric calculation
C(t) = C°(t) + aC%¥*P(t) + Y AmCA™(t)
f
> QED corrections using perturbative method with stochastic photon fields

> isospin symmetric calculation using quark masses determined without QED
[T. Blum et al. Phys.Rev. D93 (2016) no.7, 074505]

» physical quark masses including QED:

> tune (u, d, s) quark masses to physical values including QED
— in addition: fix lattice spacing with QED
» use these tuned masses and perturbative expansion in mass

Vera Giilpers (University of Southampton) Frontiers in Lattice QFT May 22, 2018 20 /31



IB Corrections to HVP at the physical point

Tuning the quark masses

> tune (u,d,s) masses to reproduce experimental w+, K* and Ky mass (and
check 70 mass)

amlf = [fq + 0Pm_s + (Amg + Am,) 6 54m ]
ami? = [+ + 6% Pmy+ + Am, 5% mps + Amg 55 my+ |
amyy = [ + 6%Pm + Amy 65 myo + Am 6% myo]

> fiy: isospin symmetric mass of H,  d9¥Pmy: QED correction to mass of H
> §BFmy from

f f

> lattice spacing: fix another mass including QED
— here: Omega-Baryon

a — a(Am;) = (g + 5%Pmg + 3 Am, 6%%*m mq) /mg?®

Vera Giilpers (University of Southampton) Frontiers in Lattice QFT May 22, 2018 21 /31



IB Corrections to HVP at the physical point

QED corrections to the HVP

®-@<Q>
~ O~O
OO QO <> >
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IB Corrections to HVP at the physical point

QED corrections to the HVP

>

<> OO
OO OO > >

» connected

Vera Giilpers (University of Southampton) Frontiers in Lattice QFT May 22, 2018 22 /31



IB Corrections to HVP at the physical point

QED corrections to the HVP

> vector two-point function

C..(t) = Z (Ju(t, X)J.(0))

» HVP contribution to a,, [Bernecker and Meyer, Eur.Phys.J. A47, 148 (2011); Feng et al.
Phys.Rev. D88, 034505 (2013)]

a, = Z wtCi;(t)

QED correction up —s—s

4
sl
2 2
E
X
< g
)
E]
0
1t
0

Vera Giilpers

(University of Southampton)

w;Cy(t) x 1010

i=0,1,2

0.002
QED correction strange ~—s—
0.001 .
.
0 L =
. . L]
s L]
—0.001 | L]
N L]
]
H §
—0.002 F igt
—0.003 > L n L L
0 5 10 15 20 25
t
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IB Corrections to HVP at the physical point

QED corrections to the HVP
» Ansatz for O(a)-correction to correlator
dC(t) = (c1 + cot)e &

> lowest lying state w/o QED nrmr

> lowest lying state with QED 7~y
— QEDy.: photon has one unit of momentum

» fit data to ansatz with ¢y and c¢; as paramters
» vary E between v and mm  — systematic error

> result light quarks
a%P* = 5.9(5.7)(1.7) x 1071°
> results strange quark
a2 = —0.0149(9)(31) x 10~
(ID. Giusti et al, JHEP 10, 157 (2017)] a3°2® = —0.018(11) x 10~1?)

Vera Giilpers (University of Southampton) Frontiers in Lattice QFT May 22, 2018
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IB Corrections to HVP at the physical point

QED corrections to the HVP

®-@<Q>
~ O~O
OO QO <> >
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IB Corrections to HVP at the physical point

QED corrections to the HVP

>

<> OO
OO OO > >

» connected aSED' conn — 5.9(5.7)(1.7) x 10~10

Vera Giilpers (University of Southampton) Frontiers in Lattice QFT May 22, 2018 25 /31



IB Corrections to HVP at the physical point

QED corrections to the HVP

>

<> OO
OO OO > <>

» connected aSED' conn — 5.9(5.7)(1.7) x 10~10

> disconnected a3FP 4 = —6.9(2.1)(2.7) x 1071

using data generated for [T. Blum et al. Phys. Rev. Lett. 118, 022005 (2017)]
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IB Corrections to HVP at the physical point

QED corrections to the HVP

>

<> OO
O-OIHoC <> <>

N aQEd: com = 5.9(5.7)(1.7) x 1010

» disconnected aSED' disc = —6.9(2.1)(2.7) x 10~10
using data generated for [T. Blum et al. Phys. Rev. Lett. 118, 022005 (2017)]

> at least 1/N. suppressed

Vera Giilpers (University of Southampton) Frontiers in Lattice QFT May 22, 2018 25 /31



IB Corrections to HVP at the physical point

strong Isospin Breaking Corrections to the HVP

mass correction —a—

0.01 -

o EEIIIII;iﬁiiiii
E T e 2

—0.01

> Ansatz
dC(t) = (c1 + cot)e Ft
> lowest lying state 77

> result

a®® =10.6(4.3)(6.8) x 101°

([B. Chakraborty et al. Phys. Rev. Lett. 120 152001 (2018)] aﬂB =9.0(2.3) x 10719)

Vera Giilpers (University of Southampton) Frontiers in Lattice QFT
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Outline

Finite Volume Corrections for HVP



Finite Volume Corrections for HVP

QED Finite Volume Corrections

>

>

QED (massless photons) in a finite box with length L
— finite volume (FV) corrections

QCD: finite volume corrections ~ e~ ™~L

QED: finite volume corrections ~ 1/L"

can be studied using effective theory, i.e. scalar QED for mesons

e.g. meson masses with QEDy [S. Borsanyi et al. Science 347 (2015) 1452

- 1[5 ) e )

with k = 2.837297

universal up to @ (é)
[Z. Fodor et al. Phys. Rev. Lett. 117 (2016) 082001] (@ (é) negligible within errors

QED corrections to decay amplitudes [V. Lubicz et al. Phys. Rev. D95 (2017) 034504]
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Finite Volume Corrections for HVP

QED Finite Volume Corrections for HVP

» analytical calculation for HVP — 2-loop

> lattice scalar QED
— quicker way/cross check for analytical result

> Leading contribution to HVP in effective theory is given by two-pion
contribution

e

» QED correction — expansion in «
> insertion of stochastic photon fields

> calculate scalar propagators using Fast Fourier Transform (FFT)
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Finite Volume Corrections for HVP

Check: FV for hadron masses

» QED correction to meson masses as check

> scalar propagator at O(«x)

+M+

> results [J. Harrison et al., Proceedings Lattice 2017]

Scalar mass FV effect, L3 x 128, mg=0.2

0.000 — at(mo+)
t Lattice
~0.002
~0.004
s
£ -0.006
1
£ _0.008
~0.010
-0.012
~0.014
0.0 01 02 03 0.4 05 06

1/(moL)

> analytical result from [S. Borsanyi et al. Science 347 (2015) 1452], not a fit

Frontiers in Lattice QF T
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Finite Volume Corrections for HVP

Results QED Finite Volume Corrections for HVP

[Plots by T. Janowski]

Total finite volume effect

Diagram E
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3
3
8
]
Il -1.40e-05
£
T
£
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+

]

— analytic

lattice
vegas

-1.89%e-04
9e —— analytic

 lattice

-1.90e-04
4+ vegas
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-1.92e-04
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» numerical results

> lattice scalar QED calculation [J. Harrison, . . .]
> lattice PT (vegas) [T. Janowski, . ..]

> analytical results [A. Portelli, J. Bijnens, N. Hermansson Truedsson, T. Janowski, . . .

Vera Giilpers (University of Southampton)

iers in Lattice QFT
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Summary

Summary

> Lattice calculations with precision of < 1% require inclusion of isospin
breaking and QED effects
> challenges for including QED on the lattice

> photon zero mode [Talk by A. Patella]
> large finite volume corrections

> IR divergences for some quantities like kaon/pion decay rate
[Talk by F. Sanfilippo]

» comparison stochastic vs perturbative method
» First calculation for IB corrections to HVP at the physical point
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Summary

Summary

> Lattice calculations with precision of < 1% require inclusion of isospin
breaking and QED effects

> challenges for including QED on the lattice

> photon zero mode [Talk by A. Patella]
> large finite volume corrections

> IR divergences for some quantities like kaon/pion decay rate
[Talk by F. Sanfilippo]

» comparison stochastic vs perturbative method
» First calculation for IB corrections to HVP at the physical point

Thank you!
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Backup

Backup
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Backup

Results HVP window method - total

see [C. Lehner, V.G. et al. arXiv:1801.07224]

U, conn, Tsospin
au

s, conn, isospin
a,

m
c, conn, isospin

a, P
Fuds,

(l
QED conn
QED disc
SIB

dise, isospin

202.9(1.4)s(0.2)6(0.1)v(0.2)4(0.2)7
27.0(0.2)s(0.0)c(0.1)4 (0.0)z
3.0(0.0)s(0.1)(0.0)2(0.0)u
—1.0(0.1)5(0.0)(0.0)v(0.0) 4 (0.0)
0.2(0.2)5(0.0)c(0.0)v(0.0) (0.0)2(0.0)r

0.1(0.2)5(0.0)(0.2)(0.0) 4 (0.0)7(0.0) gas

649.7(14.2)5(2.8)0(3.7)v (1.5) (0.4) (0. 1)mas (0. ) mos
53.2(0.4)5(0.0)c(0.3) (0.0)z
14.3(0.0)5(0.7)(0.1)2(0.0)n
—11.2(3.3)s(0.4)v (2.3)1.
5.9(5.7)5(0.3)c(1.2)v (0.0) 4 (0.0)7(1.1)g
—6.9(2.1)5(0.4)c(1.4)v(0.0) 4 (0.0)2(1.3)s
10.6(4.3)5(0.6) (6.6)v(0.1) 4 (0.0)7(1.3) mas

a, .
aﬂu SC, isospin

QED, SIB
R—ratio

(

(0.
—0.2(0.1)5(0.0)c(0.0)v (0.0)(0.0)2(0.0)5

(
231.9(1.4)5(0.2)c(0.1)v(0.3)4(0-2)(0.0)m

0.1(0.3)s(0.0)c(0.2)v(0.0) 4 (0.0)z(0.0)£(0.0) pas
460.4(0.7)rst(2.1)RsY

705.9(14.6)5(2.9)c(3.7)v(1.8)a(0.4)2(2.3)1(0.1) p4s
(0.1)g64(0.0) a1
9.5(7.4)5(0.7)c(6.9)v (0.1) (0.0)2(1.7)5(1.3)ras

ay
ay

692.5(1.4)5(0.2)c(0.2)v(0.3)4(0.2)z(0.0)£(0.0)ras
(0.0)1,(0-1)¢(0.0)5(0.0)5(0.0)m (0.7)rsr (2. 1) rsy

715.4(16.3)5(3.0)0 (7.8)v (1.9) (0.4)7(1.7)6 (2.3)r,

(1.5)E48(0.1)864(0.3)1,(0.2)c (1.1)5(0. 3) (0.0)m

TABLE I. Individual and summed contributions to a, multiplied by 10'°. The left column lists results for the window method
with to = 0.4 fm and ¢; = 1 fm. The right column shows results for the pure first-principles lattice calculation. The respective

uncertainties are defined in the main text.
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Backup

Tuning the quark masses
> isospin symmetric calculation [T. Blum et al. Phys.Rev. D93 (2016) no.7, 074505]

m, = 0.0006979(81)
ms = 0.03580(16)

> tune (u,d,s) masses to reproduce experimental w+, K+ and Ky mass (and
check 70 mass), fix lattice spacing using Q~

Am, = 0.00050(1)
Amy = —0.00050(1)
Am, = —0.0002(2)

> ratio of quark masses

M _ 0.449(22)

u
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Backup

Coulomb gauge

> prOjeCtOr fOr phOtOn fle|d5 [Borsanyi et al., Science 347 (2015) 1452-1455]

212 . - . .
(P, = 8y = [k "R (0.K)  with AL0) = (Pe),, AD(

“ k
k = 2sin (”)
2

» Coulomb gauge photon propagator

with

N &[0 — k] et EaZ iy
k
Aﬁ‘l’,‘"(x = %Z % eik: (x—y) gik(2—12) /2 f= 0,0 =0
k

0 otherwise
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Backup

a,: Experiment vs. Theory

> a, = (gu —2)/2

» measured and calculated very precisely —> test of the Standard Model

> experiment: polarized muons in a magnetic field (Bemet et al., Phys.Rev. D73, 072003 (2006)]
a, = 11659208.9(5.4)(3.3) x 10~

» Standard Model
em (11658471.895 £ 0.008) X 10710 (Kinosia et ot Phys RevLect. 108, 111808 (2012)

Weak (15.36 :I: 0.10) X 10_10 [Gnendinger et al., Phys.Rev. D88, 053005 (2013)]

HVP (6923 +4.2 + 03) X 1010 [Davier et al., Eur.Phys.J. C71, 1515 (2011)]

HVP(a3) (—9.84 :I: 0.06) X 10_10 [Hagiwara et al., J.Phys. G38, 085003 (2011)]

LbL (10.5 :I: 2.6) X 10_10 [Prades et al.,Adv.Ser.Direct.High Energy Phys. 20, 303 (2009)]

» Comparison of theory and experiment: 3.60 deviation
Aa, = a% —a>" = 28.8(6.3)5°(4.9)°" x 1071
> new physics?
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>

Backup

e zero-mode of the photon field

shift symmetry of the of the photon action A, (x) — A, (x) + ¢,
— remove by fixing the zero-mode of the photon field

different prescriptions of QED:
QED1y: remove the zero-mode of the photon field, i.e. A, (k =0) =0

[A. Duncan, E. Eichten, H. Thacker, Phys.Rev.Lett. 76, 3894 (1996)]

QED.: remove all the spatial zero-modes, i.e. A”(ko, Kk = 0)=0

['S. Uno and M. Hayakawa, Prog. Theor. Phys. 120, 413 (2008)]

QEDy,: use a massive photon and take my, — 0
[ M. Endres et al.,Phys. Rev. Lett. 117 (2016) 072002]

QEDc: C* boundary conditions in spatial direction, i.e. fields are periodic up
to charge conjugation [ vuchini et ol JHEP 02 (2016) 076]

for detailed discussion on different prescriptions of QED see e.g. [ pateiia 1702.03857]
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Backup

K — £v, with QED

» formulated in [N. Carrasco et al. Phys.Rev. D91 (2015) no.7, 074506]
> first results in [D. Guisti et al. Phys.Rev.Lett. 120 (2018) no.7, 072001]

» contributions from photon emitted from hadron and absorbed by charged
lepton — hadronic and leptonic part can no longer be factorised

> infrared (IR) divergences

— canceled when combining contributions from virtual and real photons
[F. Bloch and A. Nordsieck, Phys.Rev. 52 (1937) 54]

— perturbative method for QED

G e
=
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