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Hadron Vacuum Polarization from Lattice QCD

@ Time-Momentum representation [D. Bernecker, H. B. Meyer (2011)]
HVP 2 i 1 2
AT sk, [TaKOVED) VO =33 [ de i@, L0)
0 i=1

2_ 1- 1_ 2_
Ju = FUmu = gd'yud 35S + 3me
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Hadron Vacuum Polarization from Lattice QCD

@ Time-Momentum representation [D. Bernecker, H. B. Meyer (2011)]
HVP 2 i 1 2
AT sk, [TaKOVED) VO =33 [ de i@, L0)
0 i=1

2 1
Ju = gﬂ”/uu — d'yud— s*yus—l- 36’}/,,,0

@ [sospin decomposition [Mainz/CLS (2019)]

aﬁvp(iso) = aEVP I=1)+ aHVP (I=0)
° alVP(I=1) = ZallVP (1)

0 alVP(I =0) = allVF (oct) + allVF (¢) + Sagdise
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Hadron Vacuum Polarization from Lattice QCD

@ Time-Momentum representation [D. Bernecker, H. B. Meyer (2011)]
HVP 2 i 1 2
AT sk, [TaKOVED) VO =33 [ de i@, L0)
0 i=1

2 1
Ju = gﬂ”/uu — d’yud— s*yus—l- 36’}/,,,0

@ [sospin decomposition [Mainz/CLS (2019)]

agvp(iso) = aEVP I=1)+ aHVP (I=0) p @
1
o aEVP(I =1)= 10 EVP(Z)

0 alVP(I =0) = allVF (oct) + allVF (¢) + Sagdise

@ Mixed action setup: two regularizations of aEVP(I = 1) with
common continuum limit
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ETMC Ny =2 + 1 + 1 Wilson-clover twisted-mass Gauge ensembles

@ 4 lattice spacings: a ~ 0.049 — 0.080 fm
@ Spatial volumes: L € [5.0,7.7] fm

@ My ~ 135 MeV

@ FLAG and WP25 iso-QCD definitions

ensemble V/a* a'®® [fm] L [fm]
B64 643 x 128 ~ 0.080 ~ 5.10
B96 963 x 192 ~ 0.080 ~ 7.65
C80 803 x 160 ~ 0.068 ~ 5.44
D96 963 x 192 ~ 0.057 ~ 5.46
E112 1123 x 224  ~ 0.049 ~ 5.47
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Scale Setting: FLAG

@ FLAG iso QCD definition: REMAG = |:

@ Solve for (mg, ms, mc, mo)

R’sim + (mO _ mglm)

14.8
14.6

o aFLAG — afw/f}:‘LAG
X144
@ Results in the WP25 scheme w14
are also provided 142
14.0

FLAG FLAG
2 2
ma RFLAG —_ | mK RFLAG — | ™Ds FLAG
f2 ’ K B EE ’ D - fr
dRr E (mf _ msim) dRr _ R’FLAG
f - )
dmo sim f=t,s,c dmf sim
i im\ dMPCAC
sim sim _
mp&ac + (mo —mf )7d =0,
mo sim
[ > 7 e Fy e > 7 % FLAG scheme ‘
<\.'C 15.15 15.15 - _f
1\:‘1 15.10 15.10 E
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Blinding Procedure

@ Additive blinding of the I =1 data

a® at T T
C™8(an) — C™8(an) + —rez—s Are” ™ 2 cosh (mk (7 — an))
(ng)2 k=1 2

o large enough K (we chose K > 12) does not allow for unblinding data
o does not alter the cut-off effects ——  removal of free-theory lattice artifacts possible;

o Finite Volume Effects (FVEs) not altered;
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Low Mode Averaging (LMA)

[H. Neff, et al. (2001)] [L. Giusti, et al. (2004)] [T. A. DeGrand,

S Schaefer, (2004)]
@ Exact treatment of lowest eigenvectors for
L~51-55fm

Ensemble Ny NIR Ny,
B64 1300 400 1024
C80 870 530 1600
D96 670 530 960
E112 680 530 1344

@ Multigrid LMA for L ~ 7.6 fm
Ensemble Ny NME N,
B96 490 11200 768
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Bounding Method

[C. Lehner (2016)] [S. Borsanyi et al (2017)]
@ Fort>te.and X ={I =1,8}

VX (te) e ()0t < VX (1) < VX (1) e B (0t

@ m2,(t*) effective mass of the correlator VX (¢) at time ¢* < t.
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Bounding Method

[C. Lehner (2016)] [S. Borsanyi et al (2017)]
@ Fort>tc.and X ={I =1,8} ¥

600 |

580 [

VX(tc)efmg(ff(t*)(t—tc) <vX(@) < Vx(tc)eng((tftc)7 Ty YH

}}ﬁHHHﬂﬂﬂﬂlgﬂﬁ‘ﬁﬁﬂ}

@ m2,(t*) effective mass of the correlator VX (¢) at time ¢* < t.

@
S
8

(I=1)(t;) x 101°

HVP

@ For I = 1: we used EI=! = 0.98 EIT!

0,free <0 B64 TM
b4 bound from EJ~"
o OS regularization 530 | B tower bound from (e
1.5 2.0 25 3.0 3.5
2 i
o2 te [fm]
2
EOfree_2 mw+(L .

e tm regularization (twisted mass neutral pion 70)

27\ 2 2
E — 2 -
ko=t o (30) o+ (2
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Bounding Method

[C. Lehner (2016)] [S. Borsanyi et al (2017)]

[
@ Fort > t. and XZ{IZ].,S} 600 iy
g 4
* 2 ¥
VX(tc) efmg(ff(t Y(t—te) < VX(t) < VX(tc) e*Eg((tftc)7 X sk ii {{i
= b H
: . = oaiit
@ m2,(t*) effective mass of the correlator VX (¢) at time ¢* < t. Jsop Fizzzzpaasitt HHH
_ =1 _ =1 £
® For I =1: we used By~ = 0.98 .. ESEU B61TM
e OS regularization ol E o o
1‘5 'Ztl) 265 350 355
o\ 2 t. [fm]
E{ Tree = 2{/m2 + (f) .
e tm regularization (twisted mass neutral pion 70) 120f =
E s,
2 2 2 ’>é 110 | ¥g -
miae= s () ymz e (2) T sl
g 100 |
@ For I = 0 octet: E,;
0 B64
o 2 ¥ uDIVJT:r bound from Ej .
8 2 <7 "1 lm\:r ml‘fnml ym:,(«,) ) ) ) )
EO =2 max + ( L) +m7"0 ’ 801.25 150 175 200 225 250 275 300

. [fm]
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Finite-Volume Effects

610 £ Data
[
600
@ Continuum extrapolation done at Lo = 5.46fm Eé
@ Fit the B64 L = 5.1 and B96 L = 7.65 2™
L
afVP(I =1jap,L) = co+c1Le b, £
@ The other ensembles have L = 5.44,5.46,5.47 570
560
.0 5.5 6.0 6.5 7.0 75
L [fm]

In the continuum we extrapolate to infinite volume with the MLLGS model:
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Validation of MLLGS

[Mainz/CLS (2025), BMW (2020)]

TM correlator has 770 states

We assign 10% uncertainties

M. Garofalo (Uni Bonn)

Validated by other collaboration, for instance

Validation with our data at L = 5.1,7.65 fm

Agreement with our data for ¢ > 1.1 fm

X100 tv-'u.‘f, =11fm ‘ ‘

— assigned MLLGS uncertainty (10%)

g 7 " MLLGS, ms # mo -
= © MLLGS, mg+ = mgo

NS 6 lattice B96-B64 L
=
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- 4

B H
> 14

— ‘ M, =0.77(1) GeV, gprr = 5.75(25), mzo = 110(9) MeV
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Validation of MLLGS

@ Validated by other collaboration, for instance

tewt = 1.1 f
[Mainz/CLS (2025), BMW (2020)] x10° o

@ Validation with our data at L = 5.1,7.65 fm F B N e oty (i) — ,
@ TM correlator has 7+ 70 states o i b v I
@ Agreement with our data for ¢t > 1.1 fm ﬁﬂ/
@ We assign 10% uncertainties = I
@ Data driven correction in the region ¢t < 1.1 fm based /‘E\ -
on B96-B64 3
e For t < 1.1 we expect small FVE ;/
o In the continuum we recover 7° = 7+ 1 3
o Difference data driven - MLLGS model taken %
as uncertainty L 7
= M, =0.77(1) GeV. gmr = 5.75(25), mzo = 110(9) MeV
00j7 10 13 16 19 22 25
t [fm]
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Validation of MLLGS

@ Validated by other collaboration, for instance

tewt = 1.1 f
[Mainz/CLS (2025), BMW (2020)] x10° o

@ Validation with our data at L = 5.1,7.65 fm T 7 | et MULQD Sreartainty U00) — ,
@ TM correlator has 7+ 70 states :;‘; . i b v I
@ Agreement with our data for ¢t > 1.1 fm ﬁﬂ/
@ We assign 10% uncertainties x5 I
@ Data driven correction in the region ¢t < 1.1 fm based /‘E\ 4 -
on B96-B64 3 .
e For t < 1.1 we expect small FVE ;/
o In the continuum we recover 7° = 7+ I o 3
o Difference data driven - MLLGS model taken %
as uncertainty %: ! [
o Total: = . ‘ {\Jp;: 077‘(1) GeV, ?W :5.7‘5(25), mru = 110(9? MeV
HVP 1o 0.7 1.0 13 16 1.9 2.2 25
ApvalVP (I = 15 Lyer) = 27.1(2.5)(1.0)[2.7] x 10 .
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I = 1 Contribution: Results

@ Reference volume: L. = 5.46 fm
@ fit function

ap VP (I = 150, Lyeg) = aj, VP (I = 1; Lyer) + cia” + ¢f

@ Several variants from removing
terms from the fit function

@ BAIC average
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I = 1 Contribution: Results

@ Reference volume: L. = 5.46 fm

@ fit function
a2
|,Y+cga4, r=TM,OS.

HVP,r HVP r_2 T
a (I =1;a,L =a I=1;L +ca®+cip s
m ( ref) m ( ref) 1 1l/|1 ( 2’%)

620

600

H
S 580
- %
@ Several variants from removing 500
terms from the fit function -
A 510
@ BAIC average =
== 520
< i
¥ os
500
X BAIC average
5 10 15 20 0.000 0.001 0.002 0.003 0.004 0.005 0.006
% a? [fm?]

alfVEFLAG(T = 1) = 597.9(4.9)stat (2.9)syst (2.7) £[6.3] x 10710
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I = 0 Octet Contribution

@ Decomposition:
a/_IfVP(I =0) = aEVP (oct.) + aEVP (e) + 6af;dis°
(8 . . .
i @) = (1/6)4k + df — 23]

@ Disconnected diagrams frequency splitting: [L. Giusti et
al. (2019)]

(G (2))y = Byu(me) — Bu(ms)
= [Byu(m¢) — Bu(m1)] + [Byu(m1) — Byu(ms))]
+ oot [Bu(my) — Bu(my)]

@ WTI

Bu(me) = Bu(ms) = 5 (ue + 1) [ dla (P (@042 ().
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I = 0 Octet Contribution

@ Decomposition:

a/_lfvp(l =0) = aEVP (oct.) + aEVP (e) + 6af;disc 115

(8 . . y

i (@) = (1/6) 5% + 3 — 24} y

; ./ 7

@ Disconnected diagrams frequency splitting: [L. Giusti et T m@%ﬁ 1777 e
al. (2019)] £ ' ”%%%

= 100

(G (2))y = Byu(me) — Bu(ms)

= [Bu(m¢) — Bu(ma)] + [Bu(mi) — Bpu(m2)] "
5 10 15 0.000 0.001 0.002 0.003 0.004 0.005 0.006
+ .. + [Bu(mn) — Bu(ms)) % a? [m?)
o WTI aff VP FEAG (oct) = 107.2 (1.7)stat (1.3)syst [2.1] x 10710

Bu(me) = Bu(ms) = 5 (ue + 1) [ dla (P (@042 ().
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5 - own scheme

ETM-26
ETM-26

FNAL/HPQCD/MILC-24
FNAL/HPQCD/MILC-24
FNAL/HPQCD/MILC-24
Mainz/CLS-24
Mainz/CLS-24
RBC/UKQCD-24
RBC/UKQCD-24

H—o—H
H—o—H
BMW /DMZ-24 Ha
H=H
HeH
HeH

ABGP-22 H—a—+
LM-20 b

BMW-20 (R
ETM-18/19 ]

Mainz/CLS-19

ABGP-19 —

FNAL/HPQCD/MILC-19  |— =]

PACS-19 bt
RBC/UKQCD-18 -y
BMW-17 —

ETM-26 H—o—H
ETM-26 H——0—
Mainz/CLS-24 ——
Mainz/CLS-24 H—I—Q—'
BMW-20 .

RBC/UKQCD-24/18 —

S0 600 620 640
al¥P () x 101
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Conclusion

~ 1% precision for I =1

~ 2% precision for I =0

Finalizing up the results
o a, " "(c) and ap, ¥ (s)
e Window observables

Outlook
e Strong IB and electromagnetic correction
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Conclusion

~ 1% precision for I =1

~ 2% precision for I =0

Finalizing up the results
o a, " "(c) and ap, ¥ (s)
e Window observables

Outlook
e Strong IB and electromagnetic correction

Thank you for your attention

M. Garofalo (Uni Bonn) ETMC calculation of aHVP in isospin-symmetric QCD Lattice 2026 13/18



ETMC calculation of aHVP in isospin-symmetric QCD Lattice 2026 14 /18




WP25 scheme

@ WP25 iso QCD definition PYVF25 = [m2w3]W"?°

P}\()\/pgs _ [m%(wg]WPQS

WP25
0 J

WP25 _
, Pp7% =[mp wo

k)
o - . . ’

@ O(a?) modification to reduce charm mistuning PBVSP% = [mp,wo]VF? + Ca?

@ Solve

iy . dP . dP " /
psim (mO _ malm) + (m _ mslm) — PWP25 ,
dmo sim f:l;s,c ! 4 dmf sim

@ Compute fr from conserved current and local current tm and OS

138
136 ¥
’_‘134
=
g
=3
132
«5 ‘—\_\—“
130f 3
128
10 20 30 0.000 0.001 0002 0.003 0.001 0005 0006 0.007 0.008

% a? [fm?]
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WP25 scheme

@ Define few iso QCD schemes for some fr

@ Interpolate to fXVP%

620
600

El

S 580

X

3 560

=

l 540

=

=

o

S 520
500

20" 0.000
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@ /. schemes results
B wp25 result
575
S
(=]
S
X
~ 570
s
3
=
Il
=~ 565
o
&
m@i
I ™
¥ os 560
% BAIC average
0.002 0.004 0.006 1304 1306 1308 1310 B2
a? [fmz] £ [MeV]
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Pion mass splitting

12500

i 1: rx=0.245
10000 _ """ 2: rx =0.045

[MeV?]

0 L
0000 0001 0002 0003 _ 0004 _ 0005 _ 0.006
a® [fm?]
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0.1 1 connected +e—
’ connected + disconnected e
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tcut [fm]

24 2.8
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