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@ Remarkable success of Standard Model

@ Hybrid approach

@ Long distance contribution from et e~ data

o (t>2.8fm) gives <5% of total result
o Atlow energies et e~ data are
consistent

o >95% of total result from lattice

o Reduced noise, finite volume effects, taste
breaking
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Overview
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See [Davide Giusti at 16:15]

W, scale as intermediate scale

precise value of wy in QCD+QED is needed

Value of wy is now obtained from I'(rt — uv,[y]):
[Wolqedsqea = 0.17264(36)(33)[48] fm

Mq determination is kept as a cross-check

Remeasured w, with Zeuthen-flow

Blinded analysis
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Overview
[e]e] e}
Simulations
@ Tree-level Symanzik gauge action
@ N; =2+ 1+ 1 staggered fermions
Lozl ' ' ' ' " e Ph_vsi(l‘al poinll- @ 4 steps of stout smearing, ¢ =0.125
A 3 =3.7000
ool 2o o s | ® L~6fm, T~9fm
= k 7 S @ M, and M are around physical point
L0981 bt B=39200 |
= 8= 40126 B a[fm] LxT
o 0900 ® p=tum 7 37000 01315 48x64
Coal | 37500 0.1197 56x96
3.7753 0.1116 56 x 84
w 1 1 1 1 1 1
0.94 0.96 0.98 1.00 1.02 1.04 1.06 1.08 38400 00952 64 X 96
Mijwg /[Mijwg] e 3.9200 0.0787 80 x 128

4.0126 0.0640 96x 144
4.1479 0.0483 128 x192
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Overview
ocooe

Fit functions

@ Anomalous dimensions in the Symanzik effective theory
—> a? scaling modified by powers of strong coupling as(a)
a® — a’al(a)

@ y (and prefactors) not yet known for our action and observables

(%)

Fitting several aa’,(a) terms simultaneously: unstable with available lattice spacings

O Strategy: fit a single a%al(a) term at a time, vary y
— estimate uncertainty coming from logarithmic corrections

@ Allow
y€{00,05,10,15,20,25)}

@ Ansatz to parameterize lattice artifacts:

Aa) = Ay + Az - (a/wp)2al(a) + Ay - (a/wo)* + As - (a/wp)®
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Windows
@000

. e st ' ]
@ Compute electromagnetic current-current = 40 A0 dadt BMW20] ——
= N *+
correlator 2 a0 k o
—_ + *
C(t) = (Jy(t)Jv(O» % 200 : tt
-~ + +ﬁ
E oo} s ",
LO-HVP _ & T,
a dt K t) C(t) E:L 0 ++ M
3 ‘ ‘ ‘ ‘ ‘
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t [fm]

@ K(t) describes the leptonic part of the
diagram

[Blum’02], [Bernecker,Meyer '11], [HPQCD’14], ...
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Windows

[e] le]e]

@ Restrict correlator to window between t; = 0.4fm and t, = 1.0fm [RBC/UKQCD'18]

15 window [RBC/UKQCD'18] ——
10 : Pl Skl it it ;

05

0.0 e .

400 st lBMwe 7] o @ Less challenging than full a,

@ signal/noise
o finite size effects
o lattice artefacts (short & long)

00 05 10 15 20 25 30 35 40 45
t[fm]

@ Effectin /s S “oim

a00) ~— [0.,0.4] fm 0t (0,041 fm
— 1042.0fm ~— [0410]fm
— [L0=]fm 100} — [10,=] fm
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Windows
[e]e] e}

Intermediate-distance window [0.4fm, 1.0fm] light-connected

Number of fits 50688 ' ' ' ' ' '

Fits with P > 0.1 80% 206 7 g
Median 206.37 1 B2
Total error 0.50 | 0.24%

Statistical error 0.37 | 0.18% o
Systematic error 0.33 | 0.16% | Ho
Pseudoscalar fits 0.01 | 0.00%

1 1 1 1 1 1
0.0000  0.0025 0.0050 0.0075 0.0100 0.0125 0.0150

Mss value 0.01 | 0.00%

a? / fm?
wo value 0.18 | 0.09%
Lgttice spaqing cut | 0.07 | 0.04% T [ R
Fit polynomial order | 0.18 | 0.09% -—= Median | | moeroracb iz
68.3% ETM 22

Mainz/CLS "22
Aubin 22
XQCD '22
Lehner '20
BMW 20

e o+

ete & lattice  —O—]

il I T ol a0 BMW "20 I N S T S T S S |

205 206 207 208 200 205 210

light \ light
@01-10( Lret) @,0i-10

Log corrections y 0.10 | 0.05%

95.4%

@ With FV-corrections included

igh
a5 1o = 206.92(37)(34)[50]
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Windows
[e]ele] ]

Long-distance window [1.5fm, 1.9fm] light-connected

Number of fits 50688

Fits with P > 0.1 100% 1
Median 95.51 - 95 4 -
Total error 210 [ 2.20% ! i R
Statistical error 1.75 | 1.84% . 1 floes
Systematic error 1.16 | 1.22% B SXPT 9 1 U=
Pseudoscalar fits 0.02 | 0.02% A none %X

Mss value 0.02 | 0.02% §600 0.0025 0.0050 0,007 00100 0.0125 0,015

wp value 0.62 | 0.65% a* / fm?*
Taste correction 0.28 | 0.30% e . e
Lattice spacing cut | 0.22 | 0.23% — PDF his work J——
Fit polynomial order | 0.62 | 0.64% N = o5t | | eosmocsmie
Log corrections y 0.20 | 0.21% | 95.4% \"' . e

@ With FV-corrections included ““““““““““ k; ““““““““““

1 Benton 23
a:ﬁl;t_m = 97,57(1 .76)(1 .17)[2.1 1] 0 UTJL,:J;L ' ('znlm) T h;"' R TR T
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Multi-window fit
(1)

@ Try different splittings of
[0.4fm, 2.8 fm] into one, two, or .
threeSUb-WlndOWS -—i—- L i -""""'""'lll:llll:llll:l:llllllllll:lll::::::::::

Error in a:jgnga(Lrev)
18 20 22 24 26
i
18 2.0 22 24 26
Error in al‘:g[?LZB(Lrei)

574
L
574

@ Fit sub-windows together in a
correlated manner

572

5
light
a,04-2(Lrer)

a:m‘t—za('-rev)
570
;

@ Optimize for minimal final variance

568
L
568

@ With new fit functions, optimal
splitting:

10 15 20 25
10 15 20 25

Window splitting / fm

0.4fm — 2.0fm — 24fm - 2.8fm

Window splitting / fm

5
L
5

;
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[0.4fm, 2.8 fm]

Multi-window fit
oce

light-connected

Number of fits 248396544
Fits with P > 0.1 80%
Median 572.99 502.28 46.91 23.90
Total error 275 | 0.48% | 1.72 | 0.34% | 0.79 | 1.68% | 0.88 | 3.67%
Statistical error 1.84 | 0.32% | 1.24 | 0.25% | 0.41 | 0.88% | 0.41 | 1.70%
Systematic error 2.04 | 0.36% | 1.19 | 0.24% | 0.67 | 1.43% | 0.78 | 3.25% 1 1 1 T 1 1 ]
Pseudoscalar fits 0.05 | 0.01% | 0.03 | 0.01% | 0.02 | 0.03% | 0.01 | 0.04% - ® SRHO
Mg value 0.03 | 0.01% | 0.02 | 0.00% | 0.01 | 0.02% | 0.00 | 0.02% " m  SXPT
wp value 1.72 | 0.30% | 1.20 | 0.24% | 0.31 | 0.66% | 0.21 | 0.86% e
Taste correction 0.86 | 0.15% | 0.31 | 0.06% | 0.32 | 0.69% | 0.45 | 1.89% - A none
Lattice spacing cut 0.40 | 0.07% | 0.16 | 0.03% | 0.20 | 0.43% | 0.15 | 0.62% Il Il Il 1 1 s 7
Fit polynomial order | 0.40 | 0.07% | 0.23 | 0.05% | 0.20 | 0.42% | 0.27 | 1.11% T T T T T -
Log corrections y 0.23 | 0.04% | 0.06 | 0.01% | 0.08 | 0.17% | 0.10 | 0.42% r¢
04 -28 04-20 20-24 24-28 e =
A |
L L L L = i 10 4
T T T i — =
e e e T e e T e 1 1072 &
| i i 3
! 1 A 1073
: : : CERTYS * " _
1 1 1 s 1 | 1 1 1 1 IS
E E E 0.000 0.002 0.004 0.006 0.008 0.010 0.012 0.014
2 e 2
. I Clm ey . . a* / fm?
500 505 46 48 22 : 26

light
@04—0(Let)

i
a8 ai(Luer)
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Long distance
@0000

Long-distance window [1.0fm, o] light-connected

@ Fit using 3 sub-windows

light hght light light 16 . . . . . . . .
8, 10-c0 = Qy10-32 T @y 32-36 T & 36-00 .
14 |
. 0
@ Bounding method £ 12} (0 b 5 ]
2 1 ? 4
light light S | % + 1
8, 36-co o 8, 36-40 T gl PN 4 4& |
light < 6l a® o O
light _ hght + 1,39-40 2—pion g m
w30l T ,u36 40 2-pion 11,40—c0 g 4t @
1,39-40 hi —e—
2= lo —8— ]
) 2—pion 2-pion r m t d in 0 = . . . I avg .
839400 8,40 A€ COMPUtEdusing 3 32 34 36 38 4 42 44 46

tlfm]

cosh[Ear(t — T/2)] + 1

() = cosh(Ez; T/2) — 1
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Long distance

[e] lelele}

Long-distance window [1.0fm, o] light-connected

Number of fits 496793088
Fits with P > 0.1 100%
Median 386.06 376.66 5.64 3.28
Total error 3.64 | 0.94% | 2.70 | 0.72% | 0.77 | 183.66% | 1.75 | 53.22%
Statistical error 268 | 0.70% | 1.47 | 0.39% | 0.63 | 11.16% | 0.97 | 29.51% T T T T T T T
Systematic error 2.46 | 0.64% | 2.27 | 0.60% | 0.44 7.89% | 1.45 | 44.29% ® SRHO
Pseudoscalar fits 0.06 | 0.02% | 0.05 | 0.01% | 0.02 | 0.28% | 0.02 | 0.55% -
Taste correction 1.49 | 0.39% | 1.40 | 0.37% | 0.13 | 2.33% | 0.04 1.34% | SXPT
Bounding 1.22 | 0.32% | 0.00 | 0.00% | 0.01 0.20% | 1.21 | 36.93% A none
Lattice spacing cut | 0.54 | 0.14% | 0.53 | 0.14% | 0.07 1.25% | 0.11 3.38% N
Fit polynomial order | 0.98 | 0.25% | 0.57 | 0.15% | 0.31 5.54% | 0.30 9.24%
Log corrections 0.64 | 0.16% | 0.62 | 0.16% | 0.03 0.61% | 0.06 1.70%
10— 10-32 32-36 36 —
10°
=
ke
1071 g
e ——r ——— ——r —— ———r 4
T n||:|||| T T |:| T T ":'I 10—2'{;—:
1 | 1 <
p I | ~
v ! ' 10-3
1 1
| |
i i I 1 1 1 1 1 1 1
! ! ! 0.000 0.002 0.004 0.006 0.008 0.010 0.012 0.014
(NI S . oI T B Y T - 2 e 2
370 375 380 385 4 6 8 0 5 o / fin
@oaa(Leer) 553 30(Luct) 35 oc(Lier)
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Long distance
[e]e] Jele}

Long-distance window [1.0fm, o] light-connected

@ Isospin symmetric point:
At current level of precision, WP25 ~ BMW

T T T
@ FV corrections obtained from pheno + NNLO SXPT This work H—=—
Aa}’;him(Lref, 00— 00,00) = 17.16(51) FNAL/HPQCD/MILC '25
=1 —
AaHJO—W(Lref’ Tret = Lier, ) = 047 RBC/UKQCD '25
Mainz/CLS 25
@ Result to compare: B Ry

light
A 10-00

ligh
2,50 = 404.6(2.7)(2.5)[3.7]
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Long distance
[e]e]e] le}

Precision gain compared to [BMW ’20]

@ Effect of finest ensemble a = 0.0483fm

with: a®™" (L) = 386.1(2.7)(2.5)[3.6]

1,10—c0
without: a8 (L) = 383.2(4.0)(4.1)[5.7]

1,10—c0

—> Finest ensemble reduces the errorby 1 -3.6/5.7 = 37%

@ Effect of data-driven tail aLO HVP

1,28-00
a0 as(Ler) = 366.4(1.8)(2.2)[28]
:ﬁlgm(L,ef) = 386.1(2.7)(2.5)[3.6]

— Data-driven tail reduces the errorby 1 -2.8/3.6 =22%
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Result compared to [BMW ’20]

: light light light
@ Add up three windows, @, 04, + @, 0408 + @, 28.00

[BMW/DMZ'24] &% (L) = 640.1(2.8)(2.5)[3.7]
[BMW'20] &, (L) = 633.7(2.1)(4.2)[4.7]

— Shiftin central value: 6.4
@ New lattice spacing: 2.8
o Type-l (Mg) vs Type-ll (wp): 4.0
o Rest: differences in the analysis procedures

@ Significance of difference

o Statistical correlation: r = 0.41

o Taste correction: 3.8 — 1.5, fully correlated

@ Bounding: no error assigned in [BMW’20] vs 1.2 in [BMW/DMZ'24] — uncorrelated
o Rest: 1.8 —» 1.5. Take both extremes: (a) fully uncorrelated, (b) fully correlated

(@):  [BMW/DMZ’24] - [BMW’20] = 6.4(4.5), 1.4o
(b):  [BMW/DMZ’'24] - [BMW'20] = 6.4(3.8), 1.70
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LO-HVP
[ [e]

All contributions to abO'HVP

00 —28 | light and disconnected | 619.6(2.3)(2.1)[3.1] | this work
00 —28 | strange 53.12(14)(11)[18] | this work
00-28 | charm 14.68(24)(29)[38] | this work
00 -28 | light ged -1.86(53)(27) | this work
00 -28 | light sib 7.06(64)(35) | this work
00 — 28 | disconnected ged -1.00(46)(28) | this work
00 — 28 | disconnected sib -4.39(58)(63) | this work
00 — 28 | strange ged -0.0136(85)(77) | this work
00 — oo | disconnected charm 0.0(1) | BMW’17, Section 4 in Supp. Mat.
00 — oo | charm ged 0.0182(36) | ETM'19

00 — co | bottom 0.271(37) | HPQCD’14
28 — oo | tail from data-driven 27.59(26)(45)[52] | this work
00 — o0 \ total \ 715.1(2.5)(2.3)[3.4] \
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LO-HVP
Je

[BMW/DMZ'24] vs [BMW '20]

[BMW/DMZ '24] a;O"" = 715.1(2.5)(2.3)[3.4]

[BMW20] a;>"'" = 707.5(2.3)(5.0)[5.5]

— Shift in central value: 7.6

©

Statistical correlation: r=10.16
Reduced due to new ensemble and a,,00-. VS a,,00-28

Taste correction: 3.8 — 0.9, fully correlated

Finite volume corrections: 1.9, fully correlated

Scale setting: Mo vs w, — uncorrelated

Rest: Take both extremes: (a) fully uncorrelated, (b) fully correlated

© 6 06 ©

(@)  [BMW/DMZ'24] - [BMW'20] = 7.6(5.2), 150
(b):  [BMW/DMZ’24] - [BMW’20] = 7.6(4.5), 1.7¢
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Conclusions
[ ]

Conclusions

@ Lattice results suggest that no new physics is needed at current level of precision

©

Lattice groups agree in different windows

©

Disagreement between lattice and data-driven
— further investigation needed

@ Upcoming experiments

(7]

MUonE at CERN for spacelike HVP

New BaBar et e~ analysis

New KLOE analysis

New BES llI, BELLE-II, CMD-3, SND-2 data and analysis
J-PARC, entirely new method for a, measurement

© ©6 06 0
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More windows
000000

Short-distance window

[0.0fm, 0.4 fm]

light-connected

Number of fits 8192
Fits with P > 0.1 54% 100
Median 47.82 £
Total error 0.14 | 0.29% T I — i
Statistical error 0.05 | 0.10% 22 A, corrected 3
Systematic error 0.13 | 0.28% T \ | Lo
Pseudoscalar fits 0.00 | 0.00% it N N Y
Mss Value 000 000% 0.000 0.002 0.004 “.““()”l'./[):::_» 0.010 0.012 0.014
wo value 0.01 | 0.02% /
Tree correction and/or g | 0.09 | 0.19% = [ AR AR
Lattice spacing cut 0.05 | 0.11% b Nedian | | |
Fit polynomial order 0.06 | 0.12% esan |

95.4% FNAL/HPQCD/MILC 24

Mainz/CLS "24

@ With FV-corrections included

RBC/UKQCD 23

ETM 22
1 L Ll P B B E
17.6 18.0 18.4 47 18 19

light \
001 (Lrer)

ligh
ay%oﬂm = 47.85(5)(13)[14]

light
@y, 00-04
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More windows
[o] lelelele)

Short-distance window [0.0fm, 0.4fm] disconnected

Number of fits 2560 ! ! ! ' ' '

Fits with P > 0.1 100% 000 AT
Median 0.0010 3 oo 05
Total error 0.0027 | 284% 3 - ek
Statistical error 0.0022 | 226% %+ 5
Systematic error 0.0016 | 172% ~0.002 1073
Pseudoscalar fits 0.0000 1% | | | . . .

Mss Value 00000 1 % 0.0000 0.0025 0.0050 (]';{JIJ/Tt?IIJK).lIIlili 0.0125 0.0150

w, value 0.0002 16% '

Tree correction and/or § | 0.0001 6% BAMAN amsvran . . .
Lattice spacing cut 0.0005 47% —== Median | | This work ]
Fit polynomial order 0.0018 | 192% o8| | earwaco e

Mainz/CLS "24

@ With FV-corrections included

ETM 22

a7s6 o, = —0.0014(22)(101)[104]

L1 A A T A A |
—0.005 0.000 0.005 0.010 —0.01 0.00 0.01
i \

disc disc
@},00—04(Ler) @000-04
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More windows
[e]e] lelele)

Intermediate-distance window

Number of fits 30720

Fits with P > 0.1 48%
Median -0.994
Total error 0.032 | -3.2%
Statistical error 0.021 | -2.1%
Systematic error 0.024 | -2.4%
Pseudoscalar fits 0.000 | -0.0%
Mss value 0.000 | -0.0%
wp value 0.008 | -0.8%
Lattice spacingcut | 0.013 | -1.3%
Fit polynomial order | 0.012 | -1.2%
Log corrections y 0.015 | -1.5%

@ With FV-corrections included

disc
atss 1o = —1.049

(21)(24)[32]

[0.4fm, 1.0fm] disconnected
—04 T T T T T T
100
T —0.6 B =
~ 10" g
2508 4 0=
1073
-1.0 -
1 1 1 1 1 1
0.0000 0.0025 0.0050 0.0075 0.0100 0.0125 0.0150
a? / fm?
T e o o U,
i\ —— PDF This work =
I -—— Median ) )
: 68.3% FNAL/HPQCD/MILC "24
i 95.4% ETM '22
i
i Mainz/CLS '22
i
: BMW 20
i
: RBC "18
I T T ' IR T T T T T T
—11 ~1.0 ~0.9 S10 08 06

i 10(Leer)
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More windows
[e]e]e] lele)

[0.4fm,2.8fm] [=0

Number of fits 7680

Fits with P > 0.1 100%
Median 46.89
Total error 1.22 | 2.61%
Statistical error 1.19 | 2.54%
Systematic error 0.28 | 0.59%
Pseudoscalar fits 0.01 | 0.02%
M;s value 0.01 | 0.01%
wo value 0.17 | 0.36%
Lattice spacing cut | 0.04 | 0.08%
Fit polynomial order | 0.25 | 0.54%
Log corrections y 0.01 | 0.02%
::f)l:)tjz?c %3,1;%1:28 + afli004—28 +a
s = 619.6(2.3)(2.1)[3.1]

Balint C. Téth  (University of Wuppertal)

10°

10!

102

Relative weight

1073

0.0000

1 | 1 1 1 1
0.0025 0.0050 0.0075 0.0100 0.0125 0.0150

2 /2
a® /fm

light disc
,00-04 T @,,00-04

—— PDF

=== Median
68.3%
95.4%

n g — 2 HVP contribution from BMW/DMZ

1
16 18 50

10
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More windows
[e]e]e]e] o)

Long-distance window [1.0fm, 2.8fm] light-connected

Number of fits 50688 % 11" =
Fits with P > 0.1 99% 2 I
Median 366.38 S e smio 105
Total error 2.84 [ 0.78% [ I . 1 0,.=
Statistical error 1.76 | 0.48% soop A mome . . o
systemanc error 223 061 O/O 0.0000 0.0025 0.0050 “.(:“,7:-) ) 0.0100 0.0125 0.0150
Pseudoscalar fits 0.04 | 0.01% o

Mss value 0.03 | 0.01% T e e . R
wo value 1.64 | 0.45% : o
Taste correction 0.90 | 0.25% ! 68.3%
Lattice spacingcut | 0.40 | 0.11% i 95.4%
Fit polynomial order | 0.33 | 0.09% i

Log corrections y 0.36 | 0.10% i
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360 365 370 375

light
Aty so(Luet)
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[1.0fm, 2.8 fm]

| =

0

More windows
00000e

Long-distance window

Number of fits 7680
Fits with P > 0.1 100% 25 1
Median 27.13 _ a0 11°
Total error 1.21 | 4.45% S, 1w
Statistical error 1.18 | 4.36% s 102"
Systematic error 0.24 | 0.88% ¥ 200 11,
Pseudoscalar fits 0.01 | 0.03% 55 1
Mss value 0.01 | 0.02% 0.0000 0.0025 0.0050 0.0075 00100 0.0125 00150
wp value 0.14 | 0.53% o/ fmf
Lattice spacing cut | 0.03 | 0.12% : . . i . —
Fit polynomial order | 0.22 | 0.83% ! — PDF
Log corrections y 0.00 | 0.01% : o
{ 95.4%
1~0 — 1 light disc i
d,10-28 = 7091028 T 3y 10-28 i
a::ﬁlzﬁz‘élsc = %aﬁﬁ}g-zs + aﬁoofzs i
light+disc o 2|(3 — 2I3 — 30
as 365.6(2.4)(2.0)[3.1] i
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Balint C. Téth

t>2.8fm

Tail aﬁggy contributes < 5% to final result for a,
Tail dominated by cross section below p peak: ~ 75 %
for v/s < 0.63 GeV

— Tension between experiments significantly
reduced

For small +/s radiative-correction issues are less
pronounced

Independently integrate each experiment that has over
95 % coverage

Weighted average taken w/ and w/out 7:
x?/dof =1.0and 0.8

alQH\P = 27.59(26)(45)[52]

(University of Wuppertal)

10°

10'F

10"

100k

107'E

0.0

BaBar

CMD-3

KLOE

Tau

Final Result

n g — 2 HVP contribution from BMW/DMZ

L1
27.0

a,
4

28.5

g -2 Tl Workshop | Storrs, CT | 5 Aug 2026

Tail
0

Tail contribution:
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Tail
oe

Tail contribution: t > 2.8fm

abO-HVP 850800 = abO_HVP tail

— 02K0 T . . = \ \ —

3 0.18; TOF + SND | 3 165 TOF + SND E

[0} [ & OLYA o SND20 | [G] E 4 OLYA o SND20 |

go_m; CMD = CMD3 3 E 14;J . CMD = CMD3 |

N AT=N ﬁl'.woDEzos . (DJLME‘O = = 12r d@d | : gy&zoe v (D:hLAE‘o |

§,0.12: » KLOE10 o BABAR E| £ 10F hkt » KLOE10 o BABAR 7

< E = KLOE12 E 2 E e o KLOE12 El

° 01 - BES 3 S s = BES A

0.08[- E T ek 3

0.06 5 E i, °F :

004 = el E

0.025F . 8 2F E

%Ei 0!4 0!5 0.6 0.7 0.8 0.‘9 1 ;;2 %Ei . 11

Vs [GeV] K3 Vs [GeV]

Include additional systematic variations

@ Averaging before integrating vs. integrating before averaging: 0.12
@ Effect of experiments with less coverage: 0.16
@ Removing/including CMD3: 0.31
@ Removing/including BaBar/KLOE: 0.26

Still negligible effect on final ;%"
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