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Introduction

Outline

Muon g-2 Theory Initiative
- data-driven HVP

¢ "The anomalous magnetic moment of the muon in the SM":
Tst White Paper published in 2020 (132 authors, 82 institutions)

attice HVP [T. Aoyama et al, arXiv:2006.04822, Phys. Repts. 887 (2020) 1-166.]
HLbL ¢ "Prospects for precise predictions of a, in the SM":

| Summary and Outlook 2022 Snowmass Summer Study, arXiv:2203.15810

~ Appendix ¢ Summary statement on the status of Muon g-2 Theory

in the SM: https://muon-gm2-theory.illinois.edu

e | attice 2024 conference
w Muon g-2 Tl workshop @ KEK (9-13 Sep 2024)
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https://arxiv.org/abs/2006.04822
https://arxiv.org/abs/2203.15810
https://muon-gm2-theory.illinois.edu
https://conference.ippp.dur.ac.uk/event/1265/overview
https://conference-indico.kek.jp/event/257/timetable/#20240909

The magnetic moment of charged leptons (e, u, 7): £ =9

—

Dirac (leading order): g=2 = (—ie) u(p" )y u(p)
//\
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i Anomalous magnetic moment
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. g — 2 8 2
Anomalous magnetic moment: |a = = F5(0)| = . O(a®) + ... =0.00116...
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¢ The Fermilab experiment released the measurement result from their run 2&3 data on 10 Aug 2023.
D. Aguillard et al, 2308.06230]

Run 6 completed summer 2023.

©
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Muon g-2 experiment
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Release of final measurement result expected in 2025

adapted from J. Mott @ Scientific Seminar, 10

< 505

——
Fermilab
(2023)
< 8.10 >
L —e—
SM: ete- HVP Fermilab+BNL
T.I. White Paper (2023)
(2020)
!
Selected new results L
since White Paper (2020) SM: Lattice HVP
BMW Collab.
(2020)
@

9o SMrere fiVE
e using only CM[¥-3

data below 1 GeV
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https://arxiv.org/abs/2308.06230
https://indico.fnal.gov/event/60738/

Muon g-2: SM contributions

[au =a,(QED) +a,(EW) + au(hadronic)]
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Muon g-2: SM contributions

[au =a,(QED) +a,(EW) + au(hadronic)]

QED //\\ +... (5 loops) 116584 718.9 (1) x 10~ 0.001 ppm
AN

EW A +... (2loops) 153.6 (1.0) x 10~ 1 0.01 ppm
il /.0“‘-../\;"\.%.,-\/\/\\\”
% M

Hadronic
corrections

6845 (40) x 10~

10.6%]

92 (18) x 10~
[120%]
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Muon g-2: SM contributions

[au =a,(QED) +a,(EW) + au(hadronic)]

Hadronic
corrections

contribution error 116 584 718.9 (1) x 10~ 0.001 ppm
® QED 4@
O EW —11
VP P 153.6 (1.0) x 10 0.01 ppm
@ HLbL

+... (NNLO) 6845 (40) x 107!

10.6%]

92 (18) x 10~
[120%]
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Muon g-2: hadronic corrections

g\' v )
&
/(’.‘ \ &
/,/ \\\ \\j .'-\\ Zz7
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v & \ \ S = 2
g "‘ *\.’“ WAYAY \/“\ ~
'u/ “ N .

w Hadronic contributions are obtained by integrating over all possible virtual photon momenta,

integral is weighted towards low g2

w Cannot use perturbation theory to reliably compute the hadronic bubbles

w Two-point & four-point functions:
HVP: 0| T1{j,7,110) HLbL: (O174),7,J,J6110)

Two independent approaches
1. Dispersive, data-driven

2. Lattice QCD

I A. El-Khadra SILAFAE 2024, 4-8 Nov 2024
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¢ Dispersive, data-driven:
HVP: integrate hadronic cross section over CM energy:

p T S

2 oS
o) 2 A m K(s
Im[ A _woon ]~ ook hadrons |© e (HVP.LO _ (g> / d*w(@®) 1(¢%) = 133 | ( )anp(s)

Many experiments (over 20+ years) have measured the e e cross sections for (almost) all
channels over the needed energy range with increasing precision.
For HLbL: new dispersive approach

O
¢ Direct calculation using Euclidean Lattice QCD i CLEVP’LO = 4a° / dt C(t) w(t)
1 Approximations: )
7 2 discrete space-time (spacing a)
finite spatial volume (L), and time extent (7)

\4

¢ ab-initio method to quantify QCD effects
¢ already used for simple hadronic quantities with high precision Integrals are evaluated
. . numerically using

¢ requires large-scale computational resources

| | Monte Carlo methods.
¢ allows for entirely SM theory based evaluations
T A ElKhadra SILAFAE 2024, 4-8 Nov 2024
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¢ Dispersive, data-driven:
HVP: integrate hadronic cross section over CM energy:

2 PaN
2 2 . m K(s)
il D] s o e (27 [y = g [

Many experiments (over 20+ years) have measured the e e cross sections for (almost) all

channels over the needed energy range with increasing precision.
For HLbL: new dispersive approach

3o
¢ Direct calculation using Euclidean Lattice QCD i aEVP’LO = 4o / dt@?ﬂ(t)
i Approximations: !
. -+ discrete space-time (spacing a)
finite spatial volume (L), and time extent (7)

\4

¢ ab-initio method to quantify QCD effects
¢ already used for simple hadronic quantities with high precision Integrals are evaluated
o . . numerically using

¢ requires large-scale computational resources

| | Monte Carlo methods.
8 allows for entirely SM theory based evaluations
T A ElKhadra SILAFAE 2024, 4-8 Nov 2024
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fﬁ) Muon g-2 Theory Initiative

Steering Committee

¢ Maximize the impact of the Fermilab and J-PARC experiments
w quantify and reduce the theoretical uncertainties on the SM

¢ Gilberto Colangelo (Bern) prediction

¢ Michel Davier (Orsay) co-chair

¢ Aida El-Khadra (UIUC & Fermilab) chair

¢ Martin Hoferichter (Bern)

¢ Christoph Lehner (Regensburg

¢ assess reliability of uncertainty estimates

¢ summarize the theory status: White Papers

¢ organize workshops to bring the different communities together:

University) co-chair - First plenary workshop near Fermilab: 3-6 June 2017

¢ Laurent Lellouch (Marseille)

¢ Tsutomu Mibe (KEK) - Virtual Spring 2024 Tl workshop hosted by UIUC:
J-PARC Muon g-2/EDM experiment 15-17, 23-24 Apr 2024

¢ Lee Roberts (Boston)

Fermilab Muon g-2 experiment
¢ Thomas Teubner (Liverpool)
¢ Hartmut Wittig (Mainz)

- Seventh plenary workshop hosted by KEK/KMI (Japan):
9-13 Sep 2024

- Eight plenary workshop: Orsay (France), 8-12 Sep 2025

- Ninth and tenth plenary workshops: US, UK

https://muon-gm2-theory.illinois.edu

I A. El-Khadra SILAFAE 2024, 4-8 Nov 2024


https://indico.fnal.gov/event/13795/
https://indico.cern.ch/event/1400808/
https://conference-indico.kek.jp/event/257/
https://muon-gm2-theory.illinois.edu

Near-term timeline

FNAL E989
Run 5

Run 6

Run 4

Q Q) " o &

Run 1 resu esult from Final result
announced uns 2&3 from E989

uon g-2 Tl 2nd WP
P published

Theory Initiative:
e g || WP w CMD-3 seminar (virtual): 27 March 2023 at 8:00am US CDT

BNL g-2 : O :

journal www.elsevier.
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https://indico.fnal.gov/event/59052/
https://indico.ijclab.in2p3.fr/event/9697/
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Experiment vs SM theory

HVP from:

2020 WP
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Experiment vs SM theory

2 2021
2020 WP
BNL g-2 ®
FNAL g-2 + o
< 4.20 >
@ @
Standard Model Experiment
Average
175 180 185 190 195 200 205 210 215
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a,x10° - 1165900

22023
adapted from J. Mott @ Scientitic Seminar, 10 Aug 2023
< 5.00
—o—
Fermilab
(2023)
< 510 >
@ —o—
SM: e+e- HVP Fermilab+BNL
T.l. White Paper (2023)
(2020)
l _____________________________________________________________________________________________________________________________________________________
Selected new results @
since White Paper (2020) SM: Lattice HVP
BMW Collab.
(2020)

S o
SM: e+e- HVP*

using only CMD-3
data below 1 GeV

17.5 18.0 18.5 19.0 19.5 20.0 20.5 21.0

a,% 10" - 1165900
*A. Keshavarzi @ Lattice 2023
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https://indico.fnal.gov/event/60738/

Experiment vs SM theory

22023 <2024 New LQCD results (all using blind analyses):
BMW+DMZ 24 [arXiv:2407.10913]: LQCD+R-ratio (hybrid)

adapted from J. Mott @ Scientific Seminar, 10 Aug |
RBC/UKQCD: Lehner@Lattice 2024

¢ 5.00 > Mainz: Kuberski @ KEK 2024
ERe FNAL/HPQCD/MILC: exp. fall 2024
(2023) |
< S | S. Kuberski @ KEK 2024

5.10 ' T AN I I
o | o : M&IDZ/CLS 241 H_l ]
SM: e+e- HVP Fermilab+BNL BMW+LDMZ 24 L | _

T.l. White Paper (2023)
(2020) Aubin et al. 22+ —ak l -
l """""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""" Lehner, Meyer 20 — Y I -
3?1'53\?\/13?55323'53020) SM: Lat; ce HVP BMW 20 —— —
BMW Collab. Mainz/CLS 191 | —4 | -
(2020)

o FHM 19F & | -
M- p— SM: e+e- HVP* i |

using only CMD-3 PACS 19 F ¢ |
data below 1 GeV ETMC 19 | ® : —
175 180 185 190 195 200 205  21.0 RBC/UKQCD 18 | - | -

9
a, 10 -1165900 R-ratio (pre CMD3)[- < -
*A. Keshavarzi @ Lattice 2023 Experiment- | ¥ | -
—40 —20 0 20

SM X 10
I A. El-Khadra SILAFAE 2024, 4-8 (CLM — CLZ p) - 10


https://indico.fnal.gov/event/60738/
https://conference.ippp.dur.ac.uk/event/1265/contributions/7454/attachments/5725/7497/talk.pdf
https://conference-indico.kek.jp/event/257/contributions/5787/attachments/3718/5102/24kek_kuberski.pdf

Overview of the experiments
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Overview of the experiments

Y : ete collider

Y : muon g — 2 exp
S

™
N

* Y™ S
s

-
%

J[ A ElKhadra SILAFAE 2024, 4-8 Nov 2024 13



Overview of the experiments

Y : ete collider

= Y : muon g — 2 exp

' = —
e R S

%\CMD-B, SND, KEDRI™
(VEPP-2000)
~ 0.3 -2 GeV

(REDR

#4|KLOE (Dadne)| —

P BES ~ & [ PARC

CLEO (CESR) : Bl A
3.5 — 12 GeV (2BEP5CC;|)V =] Belle Il

\ € 10.6 GeV
[ WA
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//\\ HVP: data-driven

2 A
JHVPLO Y, dSK(S) @
Y —
[M. Davier et al, arXiv:1208.00921] 1273 S
6

Davier-Hoecker-Malaescu-Zhang, 2019

[A. Keshavarzi et al, arXiv:1802.02995]

@ B | | | II | | | | | | | | | | : | | | E | | | | | | I_
o B pllo o J/wi \|f(28)i - 100 I T T T T T T T T TFull hadronic R ratic_;
51 E e E 10 . "
N E v K Ve : ' ' e
— E EWSWO Vias — 1 KOS KOL
N . u E
- : 5 ' 1 i 0.1 %
N ' . _ — ) | (CAR L Ono)no
' " — iﬂ/ + 1
3 - E E w _ C (T'mw n_T:y)En:
- /\ 1 D ] 0.01 ord
2 __ "w : 4 :, __ All other statzg
- . 0.001 W),
B BN c'e — hadronsdata - i onm
[ (HVPTools compilation) ] e :]0_)
1 [ ¢ BES ] 0.0001 i ( nf:tofcorjctofcor)cn:c
B { KEDR - .
— —— pQCD (massless) — 1e-05
0 B ] ] ] ] | ] ] ] ] | ] ] ] ] | ] ] ] ] | ] ] ] ] | ] ] 0-4 0-6 0-8 1 1-2 1-4 1-6 1-8
0 1 2 3 4 5 Vs [GeV]
\s [GeV]
| 1.4 0.6
¢ 0.4 (5) defined to include real & virtual photons e
o : : : : ’ 0.9
¢ direct integration method: no modelling of 6;,4 (5), "

summing up contributions from all hadronic channels
¢ total hadronic cross section ;4 (s) from > 100 data sets in

35+ channels summed up to 4/s ~ 2GeV

$ \/E > 2 GeV: inclusive data + pQCD + narrow resonances

¢ two independent compilations (DHMZ, KNT)

I A. El-Khadra
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Tensions (of up to 30) between data sets:
m conservative procedure to include
differences in error estimate

14


http://arxiv.org/abs/arXiv:1802.02995
http://arxiv.org/abs/arXiv:1908.00921
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Since 2020:

HVP: data-driven

¢ 20+ papers with new experimental measurements for ;.4 (s), for example:
nr, nnn, KK, nny4rn, neny, ...
¢ all ~ consistent with previous results

SILAFAE 2024, 4-8 Nov 2024
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Since 2020:

HVP: data-driven

¢ 20+ papers with new experimental measurements for o4 (s), for example:

nr, nnn, KK, nny4rn, neny, ...

¢ all ~ consistent with previous results

Feb 2023: from CMD-3 [F. Ignatov et al, arXiv:2302.08834, PRD 2024]

- before CM D2

- - §  CMD2

 KLOE comb
«—  BABAR:

BES

‘ § § CLEO

. 5 ~ SND2k

< > CMD3

I A. El-Khadra

P B '
360 365 370 375 380 385 390

a”™ (0.6 <\s<0.88GeV), 10"

A new puzzlel!
* discrepancies between experiments now

>B3-5o0

need to be understood/resolved

» (virtual) scientitic seminar + discussion panel on

CMD-3 measurement

March 27 (8:00 -11:00 am US CDT)
e 2nd CMD-3 discussion meeting (20 July 2023)
e Discussions are continuing....

SILAFAE 2024, 4-8 Nov 2024
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Updates presented at the 7th Muon g-2 Tl workshop @ KEK

Ongoing work on experimental inputs:

e BaBar: ongoing analysis of large data set (not included betore) in zzr channel, also zzx, other channels
* CMD3: ongoing analyses, comparisons with CMD-2 procedures, new data expected

o KLOE: ongoing analysis of large data set in 7z channel (not included before), other channels
* SND: new results for zz channel, other channels in progress
e BESIII: new results in 2021 tor zzr channel, continued analysis also for 7wz, other channels

* Belle ll: first results for zzz in 2024, ramping up zz analysis
Better ultimate statistics than BaBar or KLOE; similar or better systematics for low-energy cross sections

Ongoing work on theoretical aspects:

* better treatment of structure dependent radiative corrections (NLO) in zw and zzzr channels
* new dispersive treatment [Colangelo at al, arXiv:2207.03495]
* Developing NNLO Monte Carlo generators (STRONG 2020 workshop https://agenda.infn.it/event/28089/)

* including 7 decay data: requires nonperturbative evaluation of IB correction [M. Bruno et al, arXiv:1811.00508]

I A. El-Khadra SILAFAE 2024, 4-8 Nov 2024


https://agenda.infn.it/event/28089/
https://conference-indico.kek.jp/event/257/timetable/#20240909

;\
// \\‘ " o ° O
e, Lattice HVP: Introduction :

HVP,LO

Calculate a'¥* in Lattice QCD: HVP,LO __ HVP,LO
a o w,disc

L y a, r +— a
f

* Separate into connected for each quark tlavor + disconnected contributions

Isospin Breaking

disconnected

charm
strange

(gluon and sea-quark background not shown in diagrams)

Note: almost always m, = m,
) ¢ light-quark connected contribution:

J=ud, s, ¢ b Z @ aVPOud) ~90% of total
f

¢ s,c,b-quark contributions
aTVPLO ¢ by ~8%, 2%, 0.05% of total

U

N /\@ @\/ ¢ disconnected contribution:

atvPhLoO L 29% of total
u,disc

* need to add QED and strong isospin breaking ¢ Isospinbreaking (QED + my # ma) corrections:

(~m,—m,) corrections: @ N 5afVPLO ~1% of total
+

GEVP,LO — CZIEIVP’LO(M d) + CZ;{VP’LO(S) + a/?VP,LO( C) + CZMHSS(;LO + 5a/IjVP,LO

I A. El-Khadra SILAFAE 2024, 4-8 Nov 2024



Calculate a//IfVP in Lattice QCD: HVP,LO __ HVP,LO
a — a
p w, f
f

a;{VP,LO — albll{VP,LO(u d) + GEVP’LO(S) + a/fIVP,LO( C) + aMHC}g(;LO + 5aPI;IVP,LO

o CZBVP’LO

¢ subpercent statistical precision:

needed with < 0.5 % precision

exponentially growing noise-to-signal in C(¢) as t = o
aftects light-quark contributions

¢ sizable finite volume eftects

¢ sensitivity to scale setting uncertainty

¢ control discretization effects

¢ quark-disconnected diagrams: control noise

¢ include isospin-breaking effects

Separation of a/?VP’LO into afVP’LO(ud) and 5a§IVP’LO IS

scheme dependent.

<o, Lattice HVP: challenges :

HVP,LO

T a,u,disc

Isospin Breaking

disconnected

charm
strange

¢ light-quark connected contribution:
aEVP’LO(ud) ~90% of total

¢ s,c,b-quark contributions
aTVPLO ¢ by ~8%, 2%, 0.05% of total

U

¢ disconnected contribution:

aVPLO - .29 of total
u,disc

¢ Isospinbreaking (QED + my # mq) corrections:

5a/IfVP’LO ~1% of total

I A. El-Khadra SILAFAE 2024, 4-8 Nov 2024
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AN Windows in Euclidean time :

aHVPLO _ (9)2 / T dta) o

T

¢ Use windows in Euclidean time to consider the different time regions separately

[T. Blum et al, arXiv:1801.07224, 2018 PRL] - S Kuberski @ Lattice 2023
[y =0.4tm,#;, = 1.0fm
. S 20_ X xx |
Short Distance (SD) ¢:0 — ¢, = x e
: ‘_‘ x x
Intermediate (W) tity— 1 Sk x — WPP(t) |
. . — X
Long Distance (LD) t:t; > o0 T S — W)

X

* i

O I I

05 1.0 15 2.0 25 30 55 40 45
t [fm]

¢ disentangle systematics/statistics from long distance/FV and discretization eftects

¢ intermediate window: easy to compute in lattice QCD; compare to disperse approach
¢ Internal cross check: compute each window separately (in continuum, infinite volume limits,...) and

combine: — oD W LD
a, a, —I—au —I—au

I A. El-Khadra SILAFAE 2024, 4-8 Nov 2024



cross section inputs to windows observables

C. Davies @ Lattice 2024

Colangelo et al

Comparing data-driven and lattice HVP results 2205.12963
1 ! ! ! | ! ! ! | ! ! ! | ! ! ! 1—' 0ttt ]
08 Mapping 0al )
of _
0.6 window 0.6 -
effects -
0.4 0.4 _
—>
02 02_ —
’ L R S B
Vs [GeV]
intermediate-distance | dict
short- ong-distance
2n<1 GeV
distance \‘ (LD)
(SD) ; Data-driven
+— . .
o /( contributions
0-0.4 fm o= 1.8
GeV 0.4-1.0 fm >1.0fm  1g

I A. El-Khadra

SILAFAE 2024, 4-8 Nov 2024
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Zas | attice HVP: results for W :

¢ new results in 2022-2024 for intermediate and short-distance windows.

¢ blind analyses by all lattice groups tfor results from 2023+

¢ tfocus on light-quark connected contribution to intermediate window:

- BMW 20
-— LM 20
-— YQCD 23
= = ABGP 22
— Mainz/CLS 22
0— ETMC 22
—a— Fermilab/HPQCD /MILC 23
- RBC/UKQCD 23
| .I_.._II S (plre—2|023) Data-based BBGKMP 23
195 200 205 210
azvin,lqc % 1010

¢ dispersive evaluation of light-quark connected contribution
[G. Benton, et al, arXiv:2306.16808]*

I A. El-Khadra SILAFAE 2024, 4-8 Nov 2024

~ 50 tension between LQCD and
(pre-2023) data-driven evaluations for
Intermediate window

*based on disp. results for IB
[Hoterichter et al, arXiv:2208.08993]
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L | attice HVP: windows !

‘Lt /,"J'\f (VAVAY . /*\."v"\.." h’\/"'\\ ‘L[
- - )

update: Fermilab/HPQCD/MILC 2024

¢ light-quark connected

Fermilab/HPQCD /MILC 24 @ D —@
BMW 24 @ a/’t —®— a/’l
RBC/UKQCD 23 : = : —zGG—
Fermilab/HPQCD /MILC 23 : ©
Mainz/CLS 22/24 | F—#— : =
ETMC 22 —— : @
47.5 481.0 48l.5 49;.0 2(56 268
10" all5P (conn.) 10" al> W (conn.)
> W.

m Consistent w/ all previous determinations
m Leading uncertainty: scale setting (wg fm).

» SD: Good agreement with other groups.

S. Lahert talk @ KEK workshop:
Unblinded results for (all) contributions to

a/‘fD and ay (including correlations).

¢ total (u,d,s,c) + disc + 1B

Fermilab/HPQCD/MILC 24
BMW 24

Mainz/CLS 22/24
RBC/UKQCD 23

ETMC 22

R-ratio (Colangelo et al. 22)

67

w appendix for updates from BMW 2024 for W, SD windows

I A. El-Khadra SILAFAE 2024, 4-8 Nov 2024
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| attice HVP: long-distance window

update: BMW+DMZ 2024

short-distance: 0-0.4 fm

iIntermediate-distance:

0.4-1.0 fm

Vv g, corrected -
A, corrected :

® ¢, uncorrected
|

q, uncorrected

¢ BMW+DM/Z 24 [A. Boccaletti et al, arXiv:2407.10913]

long-distance: 1.0 -co fm or 1.0-2.8 fm

— 206 N _ ......................... .................

light
©,04—10

____________ N D R N N ) ISR W X A

a? / fm?

1.5-1.9 fm

100 | .......................... .......... - = ............... =
95 ;Il .......... u B . H- 47.0

00 Lo B S S— . .

wn,15—19
L

~0
4—

e I N J— e 22460

80 b .......................... g ............... _ 45.5

75 e | .......................... | | ............. — 45.0
0.000 0.005 0.010 0.015 (

150 0.0175

200 e .......................... ............... .

I I
0.000 0.005 0.010

a? / fm®

a? | fm? 0.000

A. El-Khadra

I I I
0.005 0.010 0.015 (

a? / fm?

> 50% of qHVPLO

?

No error budgets,

No plots of continuum extrapolations

No fit functions

SILAFAE 2024, 4-8 Nov 2024
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.. Lattice HVP: long-distance window 1
update: BMW+DM/Z 2024 ¢ BMW+DMZ 24 [A. Boccaletti et al, arXiv:2407.10913]

® statistical/systematic errors at long distances, ¢t 2 2.5 fm still large:

Lattice

L]

I A. El-Khadra

a,.28—35 ) Average

BaBar —0—]
CMD-3 o]
KLOE | O :
Tau ——
Avg. (no Tau) =]
Avg. (with Tau) o
IO.295I — I1.IOOI e I1.I05I — I1.I10I

Laurent Lellouch @ Lattice @ CERN:

@ Partial tail a;,”54 55 for comparison with lattice
dominated by cross section below p peak:
~ 70% for /s < 0.63 GeV

® cross section measurements compatible for

Vs <0.5 GeV

* not all measurements included in BMW/DMZ analysis

® constraints from analyticity, unitarity not included

SILAFAE 2024, 4-8 Nov 2024
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update: BMW+DMZ 2024

| attice HVP: long-distance window :

¢ BMW+DM/Z 24 [A. Boccaletti et al, arXiv:2407.10913]

® statistical/systematic errors at long distances, ¢t 2 2.5 fm still large:

[Laurent Lellouch Lattice @ CERN]

a,.28—35 ) Average

— T T T T T [ T T 1 | |
Lattice | | 1 I
BaBar —0—]
CMD-3 o]
KLOE | O :
Tau ——
Avg. (no Tau) =]
Avg. (with Tau) o
| 0.135 - 1.IOO B 1.I05 1.I10

@ All data-driven result agree very well

yv2dof = 1.1 for both

@ Final number: average w/ r, PDG factor,
and systematic = full difference 7/no-r
added linearly

a5 as = 18.12(11)(5)[16]

@ Excellent agreement w/ lattice, but
uncertainty reduced by factor ~ 15

@ Weighted average taken w/ and w/out :

@ Final number: average w/ 7, and
systematic = full difference r/no-r added
linearly

a-Oave = 27.59(17)(9)[26]

@ Only < 5% of final result for a,,

@ Contributes ~ 65% to total squared
uncertainty uncertainty improvement:
9.9 — 3.3

his is a hybrid evaluation: combine lattice QCD calculation of one-sided window [Davies at at,

arXiv:2207.04765] a,(t; = 2.8 tm) with data-driven evaluation of long tail, > 2.8 fm.

I A. El-Khadra

SILAFAE 2024, 4-8 Nov 2024
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<~ Lattice HVP: long-distance window :

update: RBC/UKQCD 2024 ¢ long-distance window a/fD and full aplf(conn.)

Unblinded results in BMW20 isospin-symmetric world

: | | | | |
C. Lehner @ Lattice 2024 RBC/UKQCD 2018 | o )
805 | | | | | h | ETMC 2018 B ! | | h
Tr[5=mngh§§ —t— SK 2019 + ——t— -
M=1.0M ——K—
800 |- r +  m=2mPphys 1 RBC/UKQCD 2024 | — - FHM 2019 - .
i Mainz 2019 - — -
2 i ‘ ETMC 2019 |- — ]
Z T i
- | i < > BMW 2020 |- —_ -
790 F | - i ]
D>< 7 Benton et al. 2024 — LM 2020 — | — ~
T8 o | : : ] Aubin et al. 2022 |- —_ :
RBC/UKQCD 2024 + = 2
i Boito et al. 22/KNT [ HH -
780 B | | | | | | |
: 380 385 390 395 400 405 410 415 420  Boito etal. 22/DHMZ | | H<l :l | ]
775 | | | | | | | . . 10
0 0.0020.004 0.006 0.008 0.01 0.0120.014 0.016 %, ud, conn, isospin, W-LD-1.0-0.15 X 10 600 620 640 660 680 700
a” /fm? Ay, ud, conn, isospin X 1010
e "BMW20 world”: tixed wy =0.1716 fm Result for a*® '9° with 7.5/1000 precision.
scale uncertainty not included
® paper in progress a;” %019 = 411.4(4.3)gpat.(2.3)syst. X 10777,
1so lqc —10
au q — 666.2(4.3)Stat(2.5)syst >< ].O .

J[ A ElKhadra SILAFAE 2024, 4-8 Nov 2024 26



//\\ | attice HVP: long-distance window :

update: Mainz 2024

S. Kuberski @ KEK 2024

(a™P)LD IN THE ISOVECTOR CHANNEL: CUTOFF DEPENDENCE

7
i — set 2, LL
— set 2, LC
420F — set 1, LL

set 1, LC

340E | | |
0.000 0.002 0.004 0.006
a® [fm?]

(a;?)"P: STATUS AND OUTLOOK

0.008

m Dependence of (a,”)"P
on a? at physical quark
masses.

m Four sets of data (colors)
differ by O(a?).

m Each line represents a fit
in the model average.

m Include terms a la
[&S(l/a)]0.395 CL2
[Husung, 2401.04303].

Comparison LD window (light):

- Wilson HBH domain wall

Mainz/CLS 24 | ¢ | -

RBC/UKQCD 24} = | .
T R R S S S S S AN T SO NN N EN T O S
410 415 420 425
(CL‘EVP>LD’1 . 1010

Comparison for tull light-quark connected:

i staggered M twisted mass
-+ Wilson HH domain wall

m Compute contributions to a;,"® in

isoQCD (Mainz world) by combinations

Mainz/CLS 24_I - |I_‘I_I| | _I . th D th 1D
RBC/UKQED 21p - I () and (e
Aubin et al. 221 | & : .
m High statistical precision at m2™® and excellent control of the m, dependence. Lehner, Meyer 20 : N - m \We (Wlll) pUblISh the derivatives w.r.t.
m Large span of lattice spacings to control the continuum extrapolation. BMW 20} —— . the Input that defines our scheme. See
m Compute full isoQCD (a,;"®)-P to 1.3% precision (statistics dominated). Mainz/CLS 197 41 [Portelli] for a comparison of schemes.
FHM 19 —_— -
Outlook PAGS 191 — 1 m o, determined to 0.8% precision
ETMC 19f ® : -
m More data at fine lattice spacing and m2™* is being computed. ] . . 1 o :
" RBC/UKQCD 18 I m Excellent compatibility of Mainz/CLS 19
' -di ime: Boito et al. 22/KNT|- 4 - : :
m Strong scale dependence in the long-distance regime: ) oo ¢ 1a22 D/HMZ_ - | with Mainz/CLS 24.
» We observe a strong scheme dependence: due to differences in the scale setting? oito et al. 22/ e
» The global status of gradient flow scales is unsatisfactory [FLAG23]. a0
J[ A ElKhadra SILAFAE 2024, 4-8 Nov 2024 27
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| attice HVP: outlook

For total HVP and long-distance window:

¢ expect unblinded lattice results from FNAL/HPQCD/MILC (fall 2024) and ETM (~2025)

w consolidated (?) lattice HVP for White Paper 2

I A. El-Khadra

SILAFAE 2024, 4-8 Nov 2024
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| attice HVP: outlook :

update: Fermilab/HPQC

D/MILC 2024

a,, (conn.) - LD window

Fermilab/HPQCD /MILC 24

RBC/UKQCD 24

0.5

1 15 2

aif (conn.) - Full A o
Fermilab/HPQCD /MILC 24 l
RBC/UKQCD 24 |
Aubin et al. 22|
BMW 20 }
ETMC 19 }
Mainz 19 |

05 1 15 2

%O-aﬂ (conn.)

I A. El-Khadra

M. Lynch @ Lattice 2024

S. Lahert @ KEK 2024
LD

¢ long-distance window a,~ and tull a/il(conn.)

u

® Inner error w/o scale setting (wp fm)
uncertainty

® Scale setting is now dominant error
contributor.

We expect further improvements in stat., sys. uncertainties from...
® Generation of correlator data at a lattice spacing of 0.04 fm is in progress.
® |Improved scale setting via Mq.
e Joint fit analysis with multiple vector current discretizations

® Direct finite volume study: L ~ 5.5 fm — L ~ 11 fm (at a = 0.09 fm) to replace
EF T-based FV error estimates.

® (Calculation of two-pion contributions to vector-current correlation functions at
finer lattice spacings.

SILAFAE 2024, 4-8 Nov 2024 29



update: ETMC 2024

725x10710-

700x 1010~

N

<[
~<675x10710;

3

650x 1010+

625x10101

I A. El-Khadra

blinded

| attice HVP: full window :

M. Garofalo @ Lattice 2024

- U. Wenger @ KEK 2024
(-quark connected [Preliminary]

e Data interpolated to L = 5.46 fm:
= using GS/MLLGS approach

* Correction to isoQCD point:

= calculation in progress
' «} % » Significant reduction in uncertainty

3 possible:
s %%4 = additional final lattice spacing
38 — fi . e
LA b = higher statistics in progress
0.000 0.002 a%ﬁgr;ll | 0.006 0.008 = EFT model for TM lattice artefacts

( prry-model )

also prelim. results for strange & charm

SILAFAE 2024, 4-8 Nov 2024
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| attice HVP: outlook :

For total HVP and long-distance window:
¢ expect unblinded lattice results from FNAL/HPQCD/MILC (tall 2024) and ETM (~2025)

w consolidated (?) lattice HVP for White Paper 2

¢ Including 7z states tor refined long-distance computation
(Mainz, RBC/UKQCD, FNAL/MILC)
¢ smaller lattice spacings to test continuum extrapolations crucial

m Slides from Lattice 2024 conterence
w Slides from Muon g-2 Tl workshop @ KEK

More windows:

< Use linear combinations of finer windows to locate the tension (if it persists) in \/E
Colangelo et al, arXiv:12963]

¢ One-sided windows (excluding the long-distance region t 2 2.5fm ) to test data-driven

evaluations [Davies at at, arXiv:2207.04765]

I A. El-Khadra SILAFAE 2024, 4-8 Nov 2024
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Hadronic Light-by-Light: Summary

Mainz21 (+ charm-loop)

e
X

1‘ not used in WP20

RBC/UKQCD19 |
(+ charm-loop)

WP20 data-driven |

RBC/UKQCD 23

dispersive
WP20 | -

A TR IR IR SRR | |
0 20 40 60 80 100 120 140
HLbL 11
a, x 10

I A. El-Khadra

160

Dispersive approach:

Colangelo at al, 2014; Pauk & Vanderhaegen 2014; ...]

+ model independent

4+ significantly more complicated than for HVP

+ provides a framework for data-driven evaluations

4+ can also use lattice results as inputs
4+ current 20% uncertainty — ~10% feasible

Lattice QCD+QED:
4+ Independent calculations by four groups (Mainz, RBC/UKQCD, ETM,

BMW)
consistent with each other and with previous calculations

+ +

Lattice groups are continuing to improve their calculations, adding
more statistics, lattice spacings, physical mass ensembles
+ ongoing LQCD calculations of «, 5, ' transition form factors to

determine pseudo scalar pole contributions
[Mainz, ETMC, BMW, RBC/UKQCD]

SILAFAE 2024, 4-8 Nov 2024
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Summary

w consistent results from independent, precise LOCD calculations for light-quark connected contribution

to intermediate window a" (~ 1/3 of a/fIVP’LO) mw ~ 5 ¢ tension with (pre-2023) data-driven results

u

w 2 new LQCD results for long-distance contribution with ~ 0.8 % precision, more coming soon!

w check consolidation, develop lattice HVP average tfor White Paper 2

w Programs and plans in place for:
¢ data-driven HVP:
new analyses from BaBar, KLOE, CMD3, SND, Belle I,.... will shed

ight on current discrepancies

improved treatment of structure dependent radiative corrections (NLO) in zzr and zzzr channels

¢ lattice HVP: if no tensions between independent lattice results, ~ 0.5 % possible

¢ dispersive HLbL and lattice HLbL: no puzzles, steady progress, ~ 10 %

w Need to understand tensions between data-driven and lattice HVP if they persist

w including 7 decay data in data-driven approach:

requires nonperturbative evaluation of IB correction [M. Bruno et al, arXiv:1811.00508]

m continued coordination by Theory Initiative: 2nd WP in progress

33



Beyond the SM possibilities

¢ a,is loop-induced, conserves CP & flavor, flips chirality.

2
e M
. : . ,NP _ _EW 4 :

Generically expect: a, a,” X e X couplings

w the difference between exp-WP20 is large: Aaﬂ =249 (48) x 10711 > aﬂ(EW)

¢  Will likely be different it using (consolidated) lattice HVP average.

¢ Tensions between data-driven and lattice HVP results:

¢ Can new physics hide in the low-energy o(e*e™ — 7xr) cross section?
m N o [Luzio, et al, arXiv:2112.08312]

¢ New boson at ~ 1GeV decays into u"u~,ee™, affects o(eTe™ — nn)
indirectly [L. Darmé et al, arXiv:2112.09139]

¢ Neutral, long-lived hadrons, heretofore undetected?
[Farrar, arXiv:2206.13460]

¢ /" at <1 GeV, coupling to 1st gen matter particles
[Coyle, Wagner, arXiv:2305.02354]

I A. El-Khadra SILAFAE 2024, 4-8 Nov 2024



200

100

-100

-200

-300

Lepton moments summary

Ex

13 % 10° Sensitivity to heavy new physics:  ap’ ~ —=
i NW 2022 FNAL+BNL ) y y Pny A2
i CS average ] (mu/m€)2 ~ 4 X 104
3. 80 I ]
2.1o0 g ]

Rb
B — [X. Fan et al (NW group), arXiv:2209.13084]
i 70 ] 1 05 Qth. o5 1
B _ g/2 2022 -
g/2 2008 = o .

i - SM with (Rb) —O¢*_
i WP SM l B SM with «(Cs) o4

—32x10° 1795 180 1805 181 1815

1014 % q 1011 « ¢ 107 < (-w/p_ - 1.001 159 652 000) x10
€ M T

Cs: a from Berkeley group [Parker et al, Science 360, 6385 (2018)]
Rb: a from Paris group [Morel et al, Nature 588, 61-65(2020)]

I A. El-Khadra
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w Experimental program beyond 2025:
& J-PARC: Muon g-2/EDM

¢ CERN: MUonE

¢ Fermilab: future muon campus experiments?
& Belle Il, BESIII, Novosibirsk, ...

& Chiral Belle (?)

w Data-driven/dispersive program beyond 2025:

¢ development of NNLO MC generators
¢ tor HLbL, improved experimental/lattice inputs together with further development of
dispersive approach
v« MUonE will provide a space-like determination ot HVP

w Lattice QCD beyond 2025:
¢ access to future computational resources (coming Exascale) will enable improvements ot

all errors (statistical and systematic)

¢ concurrent development of better methods and algorithms (gauge-field sampling, noise
reduction) will accelerate progress

¢ beyond g-2: a rich program relevant for all areas of HEP
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Outlook

Muds M/ Md, M an(a HVP LO aELbL d,, MEs for light nuclel
e, T 20(NAB= PDFs, GPDs, TMDs,..
- (BglO7P=? BS> ’ (NN|O:| NN)
aM—S m - B B
(D|OSC=2D%) Ay — (p, Ae, A) by Dy — Lvy B — ity ...
B ... nucleon form factors, .. KT = (Tv(y) B — X £v, other inclusive
ga, 9r, 9s decay rates,
fB(s) yuu T — P
T =00, K — vy
o B—D _
Fom@?) for (@), (n7(1=0) [T K?) K+ —s ntote
fret PR, .. (n7(1=2) | HZ"7HKD) AMk, ek Kt = atww Complexity

LQCD flagship
results

I A. El-Khadra

First complete
LQCD results,
large(ish) errors

A

First results,

physical params,

incomplete

systematics

new methods, pilot
projects, unphysical
kinematics

SILAFAE 2024, 4-8 Nov 2024

new ideas,

first studies
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Appendix




Experimental Inputs to HVP

W two exp. approaches S. Serednyakov (for SND) @ HVP KEK workshop
. “Direct scan”: change CM energy of ete~ e*e" facilities involved in HVP measurement
beams .
- “Radiative Return”: G
T f o ot CM | N FNAL E989
with Tixea e ' e energy, select events J-PARC g-2/EDM
with initial state radiation (ISR) E-34
D> - e /
Belle I @EDR
BELLE-II KEDR

HVP measurements

w complemented by:
- MC generators for g;,.,4 (5) (e.g. PHOKARA)

- detailed studies of radiative corrections
(now known through NLO)

BESIT

BES-III

SND CMD-3

J[ A ElKhadra SILAFAE 2024, 4-8 Nov 2024 40
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2020 White Paper [T. Aoyama et al, arXiv:2006.04822, Phys. Repts. 887 (2020) 1-166.]

Conservative merging procedure to obtain a realistic assessment of the underlying uncertainties:
* account for tensions between data sets
* account for differences in methodologies for compilation ot experimental inputs and treatment
of correlations between systematic errors

e include results using constraints from unitarity & analyticity in 7z and zzzx channels
[Colangelo et al, 2018; Anantharayan et al, 2018; Davier et al, 2019; Hoferichter et al, 2019]

e Full NLO radiative corrections [Campanario et al, 2019]

a0 = 693.1(2.8).y, (0.7)py4pocd (2-8)Bapar—krog X 1071

H [M. Ablikim et al (BES III), arXiv:20092.05011]
. . = o : SND 04 371.7£5.0
® : BaBar 09 376.7 £ 2.7
BESIII 16
____________ Qs superseded by this work 368.2£2.5+3.3
o + CLEO 18 376.9 £ 6.3
KLOE 18
. avg. of KLOE 08/10/12 366.9 £ 2.1
® : BESIII (This work)  368.2+ 1.5+ 3.3

360 365 370 375 380 385 390 395 400 405
aT™O (600 — 900 MeV) [10~19)
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Cross section comparisons

[CMD-3, F. Ignatov et al, arXiv:2302.08834, PRD2024]
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e For \/E < 0.6 GeV: good consistency between cross section measurements
e For 0.6 GeV < \/E < I GeV: significant differences between measurements
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analyticity and unitarity constraints for o(ete™ — nx)

M. Hoferichter

The pion form factor from dispersion relations SNDOG "
CMD-2 x
FY(s)=  Q(s) X Go () X Gin(S) BaBar -
N—— S—— N——
elastic wm scattering  isospin-breaking 37 cut  inelastic effects: 4, . .. KLOE/ .
s [ §1(s") S€w
Ql(s) = expl = ds’ — } Go(S) ~ 1+ _ BESIIIT .
1(8) p{w amz S'(8' —s) < (S) M2 — s — iM,T,
y . .
combination H—e—H
® ete” — m'w cross section subject to strong constraints from analyticity, =~ | sND20 . .

unitarity, crossing symmetry, leading to dispersive representation with few CMD.3 )
parameters Colangelo, MH, Stoffer, 2018, 2021, 2022, work in progress | | | | | | | | |

o Elastic = scattering: two values of phase shifts 475 480 48 490 495 500 505 510  5ld 520

- . 10 T
® p—w Mixing: w pole parameters and residue 1077 X aj™ <1 Gev

o Inelastic states: conformal polynomial

— correlations with == phase shifts, pion charge radius, . ..
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Lo Lattice HVP: Introduction :

\\\ —

2 N B. Lautrup, A. Pet E. de Rafael, Phys. Rep 1972
. . . HVP.L QY [B. Lautrup, A. Peterman, E. de Ratael, Phys. Rep :
Leading order HVP contribution: |a vELO (—) /dqu(QQ) I1(g%)| E. de Rafael, Phys. Let. B 1994; T. Blum, PRL 2002

e Calculate aBVP-LO in Lattice QCD

w
. . . 1 . .
Start with correlation function of EM currents: C(t) = 3 Z(j?M(x,t)j?M(O, 0)) 4 =D arbs(w ) vus(a,t)
0T d f=u,d, s, c,...
I: . .I: . |d ﬂ 2\ 4 2 > d C _ 2 4 . 2 Qt _ [D. Bernecker and H. Meyer,
ourier transtform yields TII(Q*) = 4nx : tC(t) |t 02 sin” | —- arXivi1107 4388, EPJA 2011
so that aEVP’LO can be obtained as an integral over Euclidean time, aka time momentum

representation (TMR):

AIVPLO _ (2)2 /OO Q% w(Q?) T1(Q?) = 442 /OO dt C(t) /OO 4Q*0(Q?) |2 — = sin? (%)
0 0 -

T 0

Il 2 (JJEVP’LO =4 ()42 / dt C(t) ?I}(t)
0
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- ice HVP: summ f ibuti |
/'/ \\ ® X
< attice HVP: summary ot contributions
:"J.\.’q IVAVAY; \L Y, \."\/f\..ph'\\l & H
4 - R L il
H. Wittig @ Lattice HVP workshop @ V. Giilpers @ Lattice HVP workshop
f
AL L AL - - Overview of published results - contributions to a, x 1019
e Charm, strange | L R BMW 20 .
contributions already well | Aubin of ol 19 @ @ S=83 @ O
determined. 1. . Maing/CLS 19 BMW —1.27(40)(33) —0.55(15)(11) BMW
—@ alnz
e Mild tensions for |ight RBC/UKQCD  5.9(5.7)(1.7) —6.9(2.1)(2.0) RBC/UKQCD
. . —@ - @ FHM 19 ETM 1.1(1.0)
contribution
® -0 e PACS 19 . -
% RS O~ g RS O~
—— o — ETMC 19 | :
—@— =@ —O—t RBC/UKQCD 18 : i : i : O : O O O O
—0.0095(86)(99 0.42(20)(19 BMW 0.011(24)(14 —0.047(33)(23 BMW
5 . BMW 17 (86)(99) (20)(19) (24)(14) (33)(23)
10 11 12 13 14 15 50 52 54 56 600 650 700 E ® ®
I > L O 00
6.59(63)(53) BMW
10.6(4.3)(6.8) RBC/UKQCD
/\/@ @\/ 6.0(2.3) ETM BMW [arXiv:2002.12347]
7.7(3.7) 9.0(2.3) FHM RBC/UKQCD [Phys.Rev.Lett. 121 (2018) 2, 022003]
| | | T T T T T | ETM [Phys. Rev. D 99, 114502 (2019)]
. . FHM 20 o . (preliminary) 9-0(0-8)(1.2) LM FHM [Phis.Rev.Lett. 120 (2018) 15, 152001]
Consistent resu |tS Wlth LM [Phys.Rev.D 101 (2020) 074515
: : . Mainz/CLS 20 o (preliminary)
increasing precision
BMW 20  w@= . ) . .
e Some tensions between lattice results for individual contributions.
o . : Mainz/CLS 19 X X .. i :
/ e Large cancellations between individual contributions:
RBC/UKQCD 18 — @
JURQ 5a® 5 1%
BMW 17 ———
230 -27.5 -25 -22.5 -20 -17.5 -15 -12.5 -10 -7.5 -5 -25 0
(agvl))disc ’ 1010
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1 . .
Ct) =5 ) ™ (x,1)3i(0,0))
, e N 2
e Start with spectral decomposition: C(r) = 2 A, |"e
n=0

+ bounding method:

Borsanyi et al, PRL 2018, Blum et al, PRL 2018]
fort>1:0 < C(t)e Bl < C(r) < C(t.) ettt

E. : effective mass of C(¢) at .

C

Ey: ground state energy

replace G(t > t.) with upper and lower

bound, vary t.

I A. El-Khadra

Lt

n

9UU'III|...
800¢

700f

au(T/a) x 1010

100}

SILAFAE 2024, 4-8 Nov 2024

J/\:;jffi;}\ Lattice HVP: long-distance tail

600}

I O |
S O
S O

W
)
o

200}

X X

[C. Aubin et al,
arXiv:1905.09307/]
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.I_':E

*

15 20

T/a
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https://doi.org/10.1103/PhysRevLett.121.022002
https://doi.org/10.1103/PhysRevLett.121.022003
http://arxiv.org/abs/arXiv:1905.09307
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1

s L

e Start with spectral decomposition: C(7) = 2 A, |"e™

+ obtain low-lying finite-volume spectrum (E , A,) in dedicated study using additional o

to two-pion states

+ use to reconstruct C(¢ > t.)

+ can be used to improve
bounding method:

N
C(t) — C(H) = ) Ale ™™
n=0

use Ey. | in upper bouna

+ yields big reduction in
stat. errors (compared with
bounding method)

I A. El-Khadra

a, integrand X 10*°

n=0

EM

C) =5 30!

(,) ji(0,0))

Lt

< Lattice HVP: long-distance tail (again)

perators that couple

150 F

100 F

full

1 state

2 state
3 state

4 state

0 State

J. Mckeon @ Lattice 2024
(RBC/UKQCD)

See also:

[Bruno et al, RBC/UKQCD,
arXiv:1910.11745]
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/\ Lattice HVP: long-distance tail .

1 . .
C(t) =5 p (™ (1) ji(0,0))
, e C 2 —Et
e Start with spectral decomposition: C(7) = 2 |A, |“e™ "
n=0

+ obtain low-lying finite-volume spectrum (E , A,) in dedicated study using additional operators that couple
to two-pion states

+ use to reconstruct C(¢ > t.) 0.015L y’l”% f LMA _
+ can be used to improve - f ¢ ‘
bounding methjc\?d: § .010f $
C(t) » C(t) — ZA,fe_Ent % N iiii
=0 O 0.005 ¢ J
use Ey. 1 in upper bound ¢ :!..."
+ yields ~ X 2 reduction in 0.000 prssbuseree®

stat. errors

S. Kuberski & N. Miller @ Lattice 2024 (Mainz)
See also: A. Gerardin et al, PRD 2019
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/ Lattice HVP: long-distance tail i

1

EM EM
C(t) — § Z<]z (xv t) Ji (Ov O)>
1,X
o0
e Start with spectral decomposition: C(7) = 2 A, |*e B
n=0
+ obtain low-lying finite-volume spectrum (E , A,) in dedicated study using additional operators that couple
to two-pion states t (fm)
0.0 0.757 1.515 2.272 3.029
+ use to reconstruct C(¢ > t.) 60 ' | | !
, $ CM(t)(conn.) [Lahert, et al, arXiv:2409.00756]
+ can be used to improve X 501 ) % + % nmax = 0 e also:
bounding method: = . nmax = 1 [Lahert et al, arXiv:2112.11647]
N zi A0+ . . ¢ nmax=3
Ct —>Ct _ZAZe—Ent — . X nmax =4 . .
) ) : " S 300 : ® nmax = 6 First LQCD calculation
n= — e B : .
use Ey,  in upper bound = o0l + . with staggered multi-pion
= X
. . . X
+yields ~ X 2.5 reduction in gb 5 ¢ ¢33 i " | |operators
. S0 & ¥ $y,0 }
stat. errors (compared with o T ¥ N x X X s ¥ a8 ¢ ¢
boundi thod) b XX X XE ii N
ounding metno 0 = 10 15 50 see also:
t/a [Frech for BMW @ Lattice 2024]
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5
<\

o, Long-distance tail (ud) :

N od

. —

[Shaun Lahert et al, arXiv: 2409.00756] C(t) = %Z<jiEM($’t) FEM(0,0))
o0 - ’

® Spectral reconstruction: C(n) = Z A, |"e Et
n=0

+ obtain low-lying finite-volume spectrum (E,, A,) in dedicated study using additional operators that couple to two-pion states

+ First LQCD calculation with staggered multi-pion operators Ct), 7.7 CWH) s
+ Construct matrix of correlators (2,3,4-point functions) Clt) = (C(t)m_uj of () —— )
+ Use GEVP to obtain energies and amplitudes for zz states g5 laste singlet p & 7 (naive) free spectrum
+ Reconstruct vector-current correlator .
0.80 = -
[
% ¢
540 .75
. & Fit 8  to=4 I Full Basis ‘
® Bound Oty =5 0 w/o p op. ;U.T() 6 m [l 1 1]
520 - Y Direct integration A to=6 3 ¢ ¢ ¢ (110
= 0.65 % (0.0 1]
;-\ 510 - % m, pdg
g (.60 Hl ;21
L 200" % ;1
= 3 _— b Y5 & Y
S 490 N U ™ v 1 Y5 & VYo
% ® .
3 : Y5 X Y5
470 - 0.06 0.09 0.12 0.15
(546)  (5.62)  (5.83)  (4.85)
| | | | | | | | | ~ a [fm]
(=~ L) [fm]
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o | attice HVP: results !

In 2020 WP:

¢ Lattice HVP average at 2.6 % total uncertainty: a//IfVP’LO =711.6(18.4) X 1019

< BMW 20 (Sz. Borsanyi et al, arXiv:2002.12347, 2021 Nature] first LQCD calculation with sub-percent (0.8 % )

error in tension with data-driven HVP (2.10) 214 _ ,
¢ Further tensions for intermediate window: A2r e B e
0 2L |
. . . . 208l g [+ Lo improvement g
-3.70 tension with data-driven evaluation 22 a6 gg} ffffffffffff E,SRE ffffff =
. . 23 :o o ~
-2.20 tension with RBC/UKQCD18 = 204 ~§+ ffffffffffffffffffffffffffff T e R
202 |+ ’70/})70/@ ffffffffffffffff e
, % O, Oy
T r I S e -
198 : : :

0.000 0.005 0.010 0.015  0.020
a°[fm?]

Staggered fermions:
* taste-breaking eftects (which yield taste splittings) are signiticant (sometimes dominant) source of

discretization errors
* possible to use EFT schemes (ChPT, Chiral Model, MLLGS) to correct for taste-splitting eftects

before taking continuum extrapolation: continuum limit should not be aftected
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update: BMW+DMZ 2024

¢ BMW 20 [Sz. Borsanyi et al, arXiv:2002.12347, 2021 Nature]
214

¢ intermediate window, a

/o Lattice HVP: intermediate window (W) ;

%4
U

S | | | |
© : : -
212 | 5 5 + 2021 é 5 é
c 3 206 i 2024 . _
2 o [ ) : 5 :
2101 < ET E 5 5
2. A : :
208 | g [] T SRHO improvement [=] =N (V) SR e S RS —
I ® £ & T
_£ 206F S 5 4 LT B =3 : : :
o s o ® 23 é é é
= 204} g ® i -] 202 e ................... [ ) ............... —_
© 5 ; 5
202_ D: @ . . l .
No improvement @ o DO feeeemeeeeens A S S —
200 ® - 5 5 { ]
108 : ' ' | | '
0.000 0.005 0.010 0.015 0.020 0.000 0.005 0.010 0.015 (
a? (fm?)

* [Improvement:

correct lattice data for discretization
effects due to taste-splittings before
taking continuum limit.

a? / fm’

< BMW-DMZ 24 [A. Boccaletti et al, arXiv:2407.10913]

"his work

Aubin ’22
YQCD 22
Lehner 20
BMW 20

Benton 23 —0—
ete” & lattice =y

BMW 20 ' S I D N R S I R A

iii?i}iii

200 205

light
a,04—10

Continuum extrapo

ations obtained only from

data not corrected 1

or taste-splittings.
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update: BMW+DMZ 2024

¢ BMW 24 [A. Boccaletti et al, arXiv:2407.10913]

/. attice HVP: short-distance window (SD) £

¢ short-distance window, a

| l l l l l l
V: -
5 B = 5 = 5 5
45 - . i- ....................... ............ i ...... -.. ................... i i. ................ i ..... —_—
g | ¢ — o
2 5 ; 5 5 5 ®
Eé 40 _'.' ...................... ...... —
=3 Vv g, corrected - é é
A g, corrected
35 - . q, uncorrected ........................................................ ' ........... . ....................... ...... —_
B (¢, uncorrected ﬁ
i

| | i i i
0.0000 0.0025 0.0050 0.0075 0.0100 0.0125 0.0150 0.0175
a? / fm?

e corrected: remove log-enhanced discretization
effects at tree-level

SD
u

C. Davies @ Lattice 2024
| BMW/DMZ 24

° Mainz/CLS 24

. RBC/UKQCD 23

o ETM 22

......... 160 (2% .. e
N BBGKMP

preliminary,

46.0  46.5 470 475 48.0 485 490 495

aiD,lqc % 1010

small tension in SD with pre-2023 data-driven

evaluation
AT 4 sOt\1 | 1 aOt
* g | . sin? <£> B 2 ___ sin? (£>
o (aQ) 271 1 (aQ)? 2
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| attice HVP: 2nd window (W2) 1

[A. Boccaletti et al, arXiv:2407.10913]

! ! ! !
100 foeeeee ................... t .......... x® : ......... I_ .............................................. t: .................... t_
05 g:' .......... = = == -
N I T N ® SRHO
2 & B NNLO SXPT
:@i 015 SRR S, S ............... S o A none —
& x ; ;
Q) v ..... N ............... O .............. e ............................ ...... —
TE s R | | ............ = o | ........................ Ix =
0.000 0.005 0.010 0.015 0.00 0.01 0.02 0.03
a? / fm? WiA ks

Continuum extrapolations of data with "No

improvement” (green) excluded from model average.
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| attice HVP: windows :

update: Fermilab/HPQC

D/MILC 2024

Shaun Lahert (Utah) & Michael Lynch (UIUC)

Shaun Lahert (Utah)

David Clarke (Utah)

Z&LiUd

[

Jake Sitison (U Colorado)

Aaﬁd(SIB disc.) T

Craig McNeile (Plymouth)

I A. El-Khadra

a, ' (conn.)

FNAL/HPQCD/MILC @ Lattice 2024:

aj(conn.) [ B

ss/cc

aff(disc.) -

(SIB conn.)

Ads(QED) |

L4

ooooooooo
oooooooooo
ooooooooooo
oooooooooo
ooooooooooo
oooooooooo
ooooooooooo
oooooooooo
ooooooooooo
oooooooooo

oooooooooo
ooooooooooo
oooooooooo
ooooooooooo
oooooooooo
ooooooooooo
oooooooooo
ooooooooooo
oooooooooo
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0.04 0.06  0.09* 0.09 0.12 0.15 0.15"

~ a |fm]

» Solid color (local current) hatched (one-link)
» Squares: low-mode improved.

» Size ~ statistics
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update: Fermilab/HPQCD/MILC 2024

¢ long-distance window a

a, (conn.) - LD window

| attice HVP: long-distance window :

LD
H

Michael Lynch @ Lattice 2024

and full a/ff(conn.)

a,, (conn.) - Full

H0F *aﬂ(};;MA) @ Apv, Ax (€M) @ Apv, A (NNLO) [ Apv, Aas (MLLGS) a,(BMA) L Apv, A, (CM) [ Apvy, Aar, (NNLO) (I Apy, Ay, (MLLGS)
980 L ™= Fits: 96 1 0 Apv, Arg, Ay, I Apv, Arg, Anr. [ Apy, ATg, Ay, e Fits: 216 D Apv, A1, Ay, © Apv, Are, Ay, D Apv, A, Ay,
M4 oz 950 | o
— 360 | s Blinded & Preliminary o
g &-:--.-i:onrf-‘--..‘f ...... @'”- /T . ,15"/, -@-
- ) —_— ”,’"4”’/
S " s “‘_‘.“.'....§===~~"""“_’: """ % = 900 .4§:}:——:‘
— —_ﬁggg‘;‘—! ‘:::::u-—- ====::::”=:: ----- O -o’::: ffff :
5/ 320 E——i{:' ""'g- ) et
= ) = X 850 o
Nﬁi \\\ d -E:-
3 300 - - N SO TN
- \\\
> 280 F - @“\\ — 800 R
— ‘s‘s m\\‘s
260 - - ﬁ' ~~~~~ S @~
"--“@t-u 750 ----------- @--
240 |- | L - ! ! | | 1 1 A A
0 0 0.005 0.01 0.015 0.02 0.005 0.01 0.015 0.02
2 2[ L 2
a’[fm”] a”[fm~]
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