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FRANKFURTER ALLGEMEINE SONNTAGSZEITUNG

Jene Jitrcher Jeitumg

Vor zwei Wochen bekam das Standardmodell der Teilchenphysik
nasse Fiisse. Jetzt steht ihm das Wasser bis zum Hals
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Braut sich da was zusammen? Im Sommer 2013 wurde der Myonen-Speicherring (auf dem Lastwagen) am Fermilab nahe Chicago angeliefert. Jetzt wurden erste Ergebnisse verkiindet. Foto Fermilab/Reidar Hahn

Die Macht der Mvyonen .
Ein Teilchen schickt sich an, eine beispiellos erfolgreiche}iheorie Zu sprengen. granffurter 3 l ' geme‘ne

Viele Physiker freuen sich wie Bolle. Andere warnen, dazu sei es noch zu friih.
Von Ulf von Rauchhaupt

HERAUSGEGEBEN VON GERALD BRAUNBERGER, JURGEN KAUBE, CARSTEN KNOP, BERTHOLD KOHLER

RATSELHAFTE MYONEN

Abschied vom Standardmodell?

VON MANFRED LINDINGER - AKTUALISIERT AM 07.04.2021 - 18:55



Standard Model prediction for muon g — 2 12020 White Paper]

QED: 116584718.9(1) x 107 0.001 ppm
Weak: 153.6(1.0) x 107" 0.01 ppm
Hadronic vacuum polarisation: 6845(40) x 10~ 0.34 ppm [0.6%]
Hadronic light-by-light scattering: 92(18) x 107! 0.15 ppm [20%]
M = a1+ @¥* + q,"" + "™ = 116591810(43) x 107" 0.37 ppm
Y Y Y
s RN
T T iz [ iz
Hadronic vacuum polarisation (HVP) Hadronic light-by-light scattering (HLbL)

[Aoyama et al., Phys. Rep. 887 (2020) 1, arXiv:2006.04822]
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Standard Model prediction for muon g — 2 12020 White Paper]

QED: 116584718.9(1) x 107 0.001 ppm
Weak: 153.6(1.0) x 107" 0.01 ppm
Hadronic vacuum polarisation: 6845(40) x 10~ 0.34 ppm [0.6%]
Hadronic light-by-light scattering: 92(18) x 107! 0.15 ppm [20%]
M = a1+ @¥* + q,"" + "™ = 116591810(43) x 107" 0.37 ppm

Strong QED+EW

e QED and electroweak contributions account
for 99.994% of the SM prediction for a,

e Erroris dominated by strong interaction effects
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Hadronic light-by-light scattering

[Aoyama et al., Phys. Rep. 887 (2020) 1; Colangelo et al., arXiv:2203.15810] A " " RN
Glasgow consensus 09 . .
% N/J+N 17 Hadronic models  Hadronic models, data-driven method and
k= — +pQLD Lattice QCD produce compatible results
o)
A q=§ o RBC 23 White paper recommended value:
<+
O " : : B
- O Mainz/CLS 21/22 Lattice QCD azlbl _ (92 + 18) . 10 11
o = RBC 19 (+QED)
o WP 20: dispersive Data-driven Recent lattice calculations:
o— WP 20: disp. + lattice ~11 :
- - hIbLLO _ (109.6 = 14.77) - 10 Mainz/CLS
50 70 90 110 130 150 K (124.7 £ 15.2) - 1071 RBC

,hIbL,LO | 1011
H [Chao et al., EPJC 81 (2021) 651; EPIC 82 (2022) 664;

Blum et al., arXiv:2304.04423]

ahlbl :

. Uncontroversial — contributes 0.15 ppm to the total SM uncertainty of 0.37 ppm

— Focus on refinements and further reduction of uncertainty
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New Physics on the horizon?

E989 @ Fermilab:

WP 2020: a; =116591810(43) x 107"
® ' BNL 2006
® ' E989 Run1 2021
—@— E989 Runs 2, 3 2023
WP 2020
data-driven
*— o WP 2020
' - LQcCD
o , Laco
(BMW 2021)
o . CDM-3 2023
data-driven
I75 18 185 19 195 20 205 21 21.5

a, x 107 — 1165900

White paper estimate challenged by lattice QCD calculations

a;” =116592049(22) x 107" [0.19 ppm]

[0.37 ppm]

[Aguillard et al., Phys Rev Lett 131 (2023) 16, 161802]

= a," —a™ =(249+48)-107"

[5.107]

5 - - beffore CMDZ
—~—  CmD2
—  sND

——  KLOEcomb
5 z 5 5 5 BABAR

. cwps

L1 I | I | I Ll 1 1 I Ll 1 1 | I | I Ll 1 1 I Ll 1 1 I Ll 1 1
360 365 370 375 380 385 390
a™™ (0.6 <Vs<0.88GeV), 10"

[Borsanyi et al., Nature 593 (2021) 7857]

and tensions among cross section measurements for e*e~ — hadrons [ignatov et al., Phys Rev D109 (2024) 112002]

Hartmut Wittig




HVP contribution: Dispersion Theory vs. Lattice QCD

Integral representations:

aL‘O’ hvp _ (Cvmu )2 f > g Rpaa(8)K(s) JLOhvp _ ( g)z foo RGO
0

2
3 m?, )

Primary observables:

Rpaa(s) = e (Zis))z o(e”e” — hadrons) G(1) = —% Z f d’ x< Ji (X, 1) jkem(O)> - @
k
| ds
: Efn(s—qz) Zfd(b

had

-em _ 2= 1 1 = 2 =
],u (X) — §MYuu — 3 ’}/,ud— gS)/luS + gC”y’uC + ...

1 O
6= 1o |, AV Ruaals) s

2
m
70
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HVP contribution: Dispersion Theory vs. Lattice QCD

Integral representations:

am,\2 (*~ R K 2 >
a0 = (Z) [ s PR a*" =(2) [ @k Go
RYs m, 52 ) Jo
g10 =
S 1.2
E
© 710

~
Q
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HVP contribution: Dispersion Theory vs. Lattice QCD

Integral representations:

2 o0 2 ) 00
LO.h am, Rhaa($)K(s) LO.h 0 8
a, P = ( ) f ds ; a, == dt K(t) G(¢)
3r i, S /] Jo

statistical noise

£ -2 ~ finite-volume effects

< 10 4 | |

g ,

g .

© 10
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Lattice QCD Primer

Non-perturbative treatment of strong interaction via reqularised Euclidean path integrals

Lattice spacing: a, x,=na, a '=Ayy
H K //
1 e (IR ,{;; airetl
Expectation value: () = > fl—[dUu(x) Q e 56 U] ’ = ip=ar > anrog g
i BES 1Y

Procedure: T
e Choose discretisation of QCD action /‘97 —
& : Quark —p—: Gluon

e Evaluate ({2) via Monte Carlo Integration:

generate ensembles of gauge configurations via a Markov chain

e Ensemble average: (£2) ~ € Statistical error: \/§ - 1/Nc1f/g2

e Extrapolate observables to the continuum limit: @ — 0 and tune quark masses to physical values
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HVP from Lattice QCD: The Challenge

Lattice QCD does NOT determine the R-ratio from first principles

Time-momentum representation (TMR): [Bernecker & Meyer EPIA 47 (2011) 148] M@W
hvp A% h % 613 M 2 .\ ;em ~
a, = (;) ) dt K(1)G(1), G(1) = 3 Zk: Zf: <]k (X, ) J; (O)> (K(7): known analytically)

e No reliance on experimental data, except for simple input quantities — scale setting, calibration

e Not sensitive to exclusive hadronic channels

Challenges

e Exponentially increasing statistical noise as — oo E

e Correct for finite-volume effects ]
>3

e Control discretisation effects (“lattice artefacts”)

e Include isospin-breaking corrections

Hartmut Wittig
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HVP from Lattice QCD: The Challenge

Lattice QCD does NOT determine the R-ratio from first principles

Time-momentum representation (TMR): [Bernecker & Meyer EPIA 47 (2011) 148] W@M
hvp QVZ ” > d3 em ;= - ~
a, = (;) ) dt K(1)G(1), G(¢) = 3 Zk: Z);‘ <Jk (X, 1) ], (O)> (K(7): known analytically)

e No reliance on experimental data, except for simple input quantities — scale setting, calibration

e Not sensitive to exclusive hadronic channels

~ strange
7,39
Challenges %
charm
e Exponentially increasing statistical noise asr — oo 2,0%
e Correct for finite-volume effects ‘1";“;”“'
,0 70
e Control discretisation effects (“lattice artefacts”) light isospin
88,9 % T 01%

e Include isospin-breaking corrections

Light-quark connected contribution dominates
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Controlling the long-distance tail of G(¥)

0.02

e Long-distance tail of the light quark contribution to G(7):

limiting factor for overall statistical precision 3 R Sy '
e Correlator dominated by isovector two-pion contribution § ool e ,. fffffffffffffffffffffffffffff eeeeeeeeeeeeeeeeeeeeeeeeeeeeee eeeeeeeeeeeeeeeeeeeeeeeeeee :
Strategies:

e Dedicated calculations of the spectrum in isovector channel
and/or pion form factor F_(w)

0.016 | |
Light —e—
0808 g
) ‘ i N:3 —e—
0.012 | . . N
[ ] i B
s . N=1+ e
] [ ]
0.008 | ' |
' 2 [Mainz 2019]
i)
...... ',
0004 o .0 e, i,
., i;;
...... _;5;2
...:Ixﬁ
0 . . . . ML FITTTTTT
0 0.5 1 1.5 2 2.5 3 3.5
t [fm]
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Controlling the long-distance tail of G(¥)

0.016{- **,.L% ¥ A -

e Long-distance tail of the light quark contribution to G(7): panal . T s
limiting factor for overall statistical precision ooz = i

£ 0.010F * x .

e Correlator dominated by isovector two-pion contribution Sooef % :
gio.()%— * i%;%ll .

. 0.004—** i _ |

St I'd teg |eS. 0.002|- %gll :“ IE:‘E_

e Dedicated calculations of the spectrum in isovector channel R
and/or pion form factor F_(w) s GO R /m
. 0.016 | 9 S .
e “Bounding method”: o0 | random source —e— LLP Lt e
660 ff low modes+solver truncation —e— ,;i ii Ezg e
G™ (1) 0 T R | oo 3 $ No
Ny ", : NS .
O S G(t) S G(tC) GT[T[(Z- ) o 620 tISd LA T T ‘ ”””””””””” .. j! 1
¢ £ e0b ‘3;3;‘”};.‘\,-- A oos| : :
K3 e AT o 3 [Mainz 2019]
: : R S =S b S - i
e Noise-reduction methods: o | A | RIS ',
, . S e Ry
AMA, LMA, truncated solver sa0 f & IBMWe 2020] O o
520 * * * | | | | LI T
e Machine Learning [H.w. @ Lattice 2024]  ? 25 : 3.5 4 05 1 1 2 25 3 85
t[fm] t [fm]
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Controlling finite-volume corrections
Sizeable correction to light-quark connected contribution: ~ 3 % for m};hySL ~ 4
G, L) =" ) IAF e G, e0) = f dw & p(w?) e
" 0

Both |A | and p(w?) can be related to the pion form factor F(w) = G(t,0)—G(t, L)

[Meyer, PRL 107 (2011) 072002, Francis et al., PRD 88 (2013) 054502]

Other analytic methods: Direct lattice calculation by BMWc:
e Chiral Perturbation Theory [Aubinetal., 2015] 200
e Expansion in pion winding number [Hansen & Patella, 2019/20] 500 | T
680
.:SI?_Ii 670 PFY ¥ 1 1 L L L L LEFE W 7
660 [ & e — S :

e | | - 96x96,hi —H—

650 k& e - 96x96,l0 —o— -
3 | - 56x84,hi —7—

~ 56x84,lo e

3 3.5 2 4.5 5 5.5

640
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Controlling finite-volume corrections
Sizeable correction to light-quark connected contribution: ~ 3 % for m};hySL ~ 4
Gt,L)"=" ) AL e Glt,o0) = f dw wp(w”) e
" 0

Both |A | and p(w?) can be related to the pion form factor F(w) = G(t,0)—G(t, L)
[Meyer, PRL 107 (2011) 072002, Francis et al., PRD 88 (2013) 054502]

Other analytic methods: Direct lattice calculation by RBC/UKQCD:
e Chiral Perturbation Theory [Aubinetal, 2015] 3.5 —
i C- 48l —+—
. . . . . 3 R HP ——<— _
e Expansion in pion winding number [Hansen & Patella, 2019/20] T T
25 | T -
Correction/10-10 Comment % 2 | T LT -
m 14T
17.8 Gounaris-Sakurai model for F (w) x 15 r
= | %
15.7 ChPT at NNLO > T A
X
L . 0.5 1 [LL
16.3 Expansion in pion winding number i
OM% )
18.1(2.4) Direct lattice calculation oe | ._ S

0 5 10 15 20 25 30 35 40 45
t/a
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Common discretisations of the quark action

Computational cost depends significantly

on the chosen discretisation ,
Domain wall /overlap quarks:

“Fermion doubling problem” e no doublers; chiral symmetry breaking exponentially small
e |ive in five dimensions (dwf)

e evaluate sign function of “conventional” action (ovlp)
e used by: RBC/UKQCD, yQCD,...

Rooted staggered quarks:

. ., ; Wilson quarks:
e remnant fermion doublers — “tastes 9

e correct analytically for taste-induced e no doublers; chiral symmetry broken explicitly

lattice artefacts e “exceptional configurations”:

e used by: negative eigenvalues of Wilson-Dirac operator

BMW, Fermilab-HPQCD-MILC, ABGP.... e used by: Mainz/CLS, ETM, PACS

computational cost

Hartmut Wittig 11



HVP in Lattice QCD

A | | | B — T T T 1
E - RBC/UKQCD 24
s ® BMW-DMZ 24
K D H—O— (O Aubin et al. 22
z ——— wt—e—n LM 20
= . - BMW 20
—— — Mainz/CLS 19
. ——— FHM 19
@+ ——@—— PACS 19
—o— —e— ETMC 19
—— ® RBC/UKQCD 18
—— BMW 17
@ WP 20
% Boito et al. 22
600 640 680 660 680 700 720 740
a/lid,conn . 1010 agvp . 1010
R-ratio:
WP 20: a0 = (693.1+4.0)- 107"
ud, conn: a;}d’ conn — (632 — 642) - 10710

[0.6%]

Mainz/CLS

[Gérardin et al., Phys. Rev. D 100 (2019) 014510]

O(a) improved Wilson fermions

Four lattice spacings: a = 0.085 — 0.050 fm

Pion masses m_ = 130 — 420 MeV
Isospin-breaking correction by ETMC added to error

Simultaneous chiral and continuum extrapolation

alﬁvp,ud X 1010

800

700 |

600

000

400 + B=340 +r—e— i
B = 3.46

300 .
B =370 r—e—

0 0.02 0.04 0.06 0.08 0.1 0.12
2 2
m2/(4zn f.)

a0 = (7200 £ 12.6 £9.9) - 10710 [2.2%)
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HVP in Lattice QCD

BM\W [Borsanyi et al., Nature 593 (2021) 7857]
E — — S — e Rooted staggered fermions
RBC/UKQCD 24 . . .
= * JUKQ e Six lattice spacings: a = 0.132 — 0.064 fm
- @ BMW-DMZ 24
3 — - @—+ Aubin et al. 2 e Physical pion mass throughout
-
—)—— = o = LM 20 . .
B e Correct for taste-breaking before continuum extrapol’n
= vy @~ BMW 20
— - Mainz/CLS 19 e Final result selected from distribution of different fits
i e —— FHM 19
@it ——e—— PACS 19 nght-quark connected contrlbutlon
—C— —— ETMC 19 660 [ ‘ ‘ ‘ ‘
———— BMW 17
620 RS j | | _
> WP 20 - - ; SRHO(>0.4m) —&—
- S.enl L SRHO(>1.3fm) —B—
) 3 Boito et al. 22 < 600 SRHO( 0@1 3fm +NNLO(z1 3% —— |
| | | | [ L1111 | 3 none —A—
600 640 680 660 680 700 720 740 80 A -
g conn . 1010 alvp . 1010 0 | | AL _
ol | S N R s
R-ratio: - i i i
hvp. LO 10 200k 150k 100k 50k QO 0.005 0.01 0.015 0.02
WP 20: CZMVP’ = (693.1 £4.0)- 10~ [0.6%] #its a2[fm?]
ud, conn: @M = (632 — 642) - 1071 a,"" 0 = (707.5£2.3+5.0)- 1077 [0.8%

Hartmut Wittig



HVP in Lattice QCD

— — SE— e Rooted staggered fermions

BMW-DM/Z [Boccaletti et al., arXiv:2407.10913]

a®
= BC/UKQCD 2 . .
= * RBC/UKQC e Seven lattice spacings: a = 0.132 — 0.048 fm
= ~ BMW-DMZ 24
2 O O Aubin et al. 22 * Increased statistics
)
; — = H LM 20 . . - .
8 ¢ ¢ e Hybrid calculation: use data-driven method to estimate
= hd s L long-di I of G(1) f 2.8 fm and red
Mainz/CLS 19 ong-distance tail of G(¢) for r > 2.8 fm and reduce
i i . FHM 19 uncertainty due to finite-volume effects
@+ ——e—— PACS 19 - . — —
—O— —O—— ETMC 19 Lattice — = —
— —— RBC/UKQCD 18 BaBar —e—|
@ BMW 17 D3 N,
re WP 20
KLOE : o ]
% Boito et al. 22
] ] ] ] ] ] ] ] ] ] ] ] Tau I_H
600 640 680 660 680 700 720 740 Ave. (no Tan) e
ud, conn | 10 hvp | 10
a, 10 @y v 10 Avg. (with Tau) HH
IO.I95I — Il.lOOI — I1.I05I — Il.ll()I
R-ra'no a,.028—35 ) Average
WP 20: a0 = (693.1 £4.0)- 1071 [0.6%] a0 = (7141 £2.2£25)- 1070 [0.5%]
ud, conn: a;}d’ conn — (632 — 642) - 10710
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HVP 18 Lamce QCD RBC/UKQCD [Ch. Lehner @ Lattice 2024]

— — — / e Domain wall fermions

a®
=
- > RBC/UKQCD 24 e Ten ensembles: a =0.114, 0.084, 0.073 fm
- @ BMW-DMZ 24
Q H—@— - @—+ Aubin et al. 22  Pion masses: m_= 135, 210, 280 MeV
1 — —)—— H o H LM 20 . . .
B e Spectral reconstruction of long-distance tail
= - - BMW 20
—o— H—@—+ Mainz/CLS 19 e Verify analytic calculation of finite-volume corrections
@ —-@—— FHM 19 by comparing different volumes
@+ ——@—— PACS 19 505
—— —_—— ETMC 19 my=m, PYS
 me=1.5mPhys e
— H @ H RBC/UKQCD 18 800 . 1 ]I‘Tn_]-[=2 m]]:[[phys e
———— BMW 17
* WP 20 > L% I
. -
% Boito et al. 22 D 790 | % -
| | | | I I R R M) T ‘
600 640 680 660 680 700 720 740 & 785 |- 1 -
aud,conn . 1010 ahvp . 1010 | T
: H 780 | :
:E
R-ratio: 775 R
O 0.0020.004 0.006 0.008 0.01 0.0120.0140.016
WP 20: a0 = (693.1 £4.0)- 1071 [0.6%] a? /fm?
ud, conn: ay ™ = (632 — 642) - 1071 ay® ™ = (666.2 4.3 £2.5)- 107" [0.8%)
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Window observables

Restrict integration over Euclidean time to sub-intervals ' a\: [ ~
5 aEVp’Wm = (—) f dt K(1) G(t) W(t; 1o, 11)
0

— reduce/enhance sensitivity to systematic effects T
Short distance: W3P(t: 1) = 1 — O(t, 1y, A) O(t, ¥',A) = L [1 + tanh(z — ¢')/A]
Intermediate distance: W'°(t; fo, 1) = O(t, tg, A) — O(t, t1, A)
. [RBC/UKQCD 2018]
Long distance: W=2(t 1) = O, 11, A)
“Standard” choice: lo = 0.4 fm, 1 = 1.0 fIIl, A =0.15fm ||statistical noise 3
fgg 04 N0 L finite-volume effects| -
Intermediate window: T | /\
> 03k Y\ o — — .
e Finite-volume correction reduced to 0.25% = o\
e Uncertainty dominated by statistics =
e Data-driven approach (excluding CMD-3): -
""" = a)" = (229.4 = 1.4)- 107"
[Colangelo et al., Phys Lett B833 (2022) 137313] lattice artefacts " t [fm]
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Intermediate window observable in Lattice QCD

BMWc: Rooted staggered quarks Mainz/CLS: O(a) improved Wilson quarks

Hartmut Wittig

[Borsanyi et al., Nature 593 (2021) 7857]

(207.3+£04+1.3)- 10719

214 o T T T 200 I I I
f__,'; x set 1 a2 — local-local e
212 1 2 g set 1: a? + a° local-conserved &
210 S e 190 - set 1: a? 4 a? log(a)----- . — %
i = J—
o T F set 2: a? + a’ — — 8 /"M
208 | f_f [ N\ SRHO improvement [ " |
o ) [ \ o
2 206f 8 5 s ST
53 T O e
© S |
= 204 8
A
202+ T
{ 160 + .
200 @ .
Scaling test at m_= 420 MeV
198 ] ] ] 150 | I I I I
0.000 0.005 0.010 0.015 0.020 0 0.002 0.004 0.006 0.008 0.01
a® (fm?) a’® [fm?]
win,ud __

a,"™" = (207.0£0.8£1.2) - 107"

[Ce et al., Phys Rev D106 (2022) 114502]




Intermediate window observable in Lattice QCD

BMWc: 2024 update Mainz/CLS: O(a) improved Wilson quarks
l l l 200 I I I
: : : set 1 a2 —_— local-local ®
: : : set 1: a? + a° local-conserved &
206 = I ........... R - 190 - ot 1+ a2+ a?log(a)- - - - - I i
‘ set 2 : a? + a? — — 8 —f
S DO | ¥ VRS A NS — =
%ogIﬁ : : :
;:CSIZN)Q e, E ................... ]I:%""_""“_uuuuué ............... —
DO fveeeeemememeeeeen .......................... .......... t I ............... — 160 -
f f R Scalmg test at m, = 420 MeV |
| | | |
0.000 0.005 0.010 0.015 ( B0 0.002 0.004 0.006 0.008 0.01
2 2 a’ [fm?]
a® / fm
a,"™" = (206.57 £ 0.25 £ 0.65) - 10717 a,"™" = (207.0£0.8£1.2) - 107"
[Boccaletti et al., arXiv:2407.10913] [Ce et al., Phys Rev D106 (2022) 114502]
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Window observable: Lattice QCD vs. R-ratio

e e  BMW.DMZ 2 Left: dominant light-quark contribution to a/yi“
RBC/UKQCD 23 . . . . . .
; i FH& QSQ Right: including sub-leading contributions
= —@— ETMC 22
o o ifalioﬂz/@? 2222 e Dominant light-quark contribution confirmed for wide
—@—i ubin et al. . . . . .« -
= YQCD 22 range of discretisation with sub-percent precision
O —C— ETMC 21 ] o ] ] Lo
. Lehner & Meyer 20 e Significant tension with results based on the R-ratio™
O~ —O— BMW 20 . 10
~O%o. Aubin et al. 19 R-ratio estimate: a," =(2294+14)-10
—O —O— RBC/UKQCD 18
= Benton et al. 23 (R-ratio) . win ~10
—O— Colangelo et al. 22 (R-ratio) Lattice dverdge. Cllu — (2360 =+ 09) - 10
200 200 212 230 235 240 .
in s 1010 i 101 (RBC/UKQCD 23, ETMC 22, Mainz/CLS 22, BMW 20)

e Tension of 4.00 in the window observable evaluated from ete™ data® and four lattice calculations

@ gy = Gl e = (6.60 £1.66) - 1077 [4.00]

*Fexcluding the CMD-3 result
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What can we learn from g™ ? ik i P p—

H RBC/UKQCD 23
F-H-M 23
. . . . — ETMC 22
Primary observable in lattice calculations: vector correlator G(7) Lo~  Mainz/CLS 22
Aubin et al. 22
3 1 00 YQCD 22
a , , _ —O— ETMC 21
G(t) = Z Z <]kem(.f, l-)]kem(())> — > f d( \/E) R(S)lat S C \/Et Lehner & Meyer 20
3 = 127 m> =0~  BMW 20
k A 7V Aubin et al. 19
—O— RBC/UKQCD 18
win win lat e+e_ . . Benton et al. 23 (R-ratio)
a, |lat >a, |- = R()T > R(s) in some interval of \/E | Colangelo et l. 22 (Reati
230 235 240
a;’jin x 1010
Interval 600 < /s < 900 MeV contributes the same fraction to a/ftwp and a,™"
/s interval a,"® (ayP)SP (a)"P)P (PP (1 GeV?)
Below 0.6 GeV 15.5 1.5 5.5 23.5 8.2
0.6 to 0.9 GeV 58.3 23.1 54.9 65.4 52.6
Above 0.9 GeV 26.2 754 39.6 11.1 39.2
Total 100.0 100.0 100.0 100.0 100.0

[Ce et al., Phys Rev D106 (2022) 114502]
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What can we learn from a//‘t“n ?

e Phenomenological model for R-ratio predicts [Mainz/CLS, Cé et al., Phys Rev D 106 (2022) 114502]

R lat ahvp lat ( awin)lat
Vs = 600 — 900 MeV: (Sz+e_ =l+e = (hu ) ~ an —— = 1+0.6e
R(s) @"Pyere (@i

e Lattice average vs. R-ratio: (axin)lat/(axin)e+€_ = 1.029(7)

= R(s5)"%is enhanced by 5% relative to R(s) ¢ for /s = 600 — 900 MeV

e |f confirmed, it would imply that BMW-2020 might be too low....

Similar conclusions

e Dispersive treatment of pion form factor [Colangelo, Hoferichter, Stoffer, PLB 814 (2021) 136073]

e “Energy-smeared” R-ratio from lattice data [ETMC, Alexandrou et al., PRL 130 (2023) 241901]
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More windows....

Short-distance window

- de~  BMW-DMZ 24

e Finite-volume correction negligible |
—@— — (O Mainz/CLS 23
* Uncertainty dominated by discretisation effects e e RBC/UKQCD 23
e 5% enhancement of R(s)" for \/E = 0.6 — 0.9GeV O —o— ETMC 22
Increases (a/jvm)SD by +1 X 10710 —@— Colangelo et al. 22 (R-ratio)
e Expectation confirmed by lattice calculations 47.54848.549 49.5 68 69 70
(aﬁd)SD < 1010 (GEVP)SD < 1010

Long-distance window

e New result by RBC/UKQCD for light-quark contribution:  (a)% """ = (411.4 £4.3 +£2.3)- 107"
[Ch. Lehner @ Lattice 2024]

One-sided long-distance window
e BMW-DMZ compute window from ¢ = 0 — 2.8 fm: (a/f;VP)OO*ZS = (686.4+1.9+23)-10719

e Combine with data-driven method for r =2.8fm — o [Boccaletti et al., arXiv:2407.10913]

Hartmut Wittig



Ongoing calculations

Several collaborations prepare for publication of results with < 1% by end of 2024

e Deadline for inclusion in White Paper Mark Il: 15 Nov 2024

e Blinding now routinely applied
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700x10710-
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%675>< 10—10-
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650x 10710+

625x1010-

& OS
< TM

W 33— fit

0.000

ETMC

e twisted-mass Wilson fermions

e four lattice spacings

[Garofalo @ Lattice 2024]
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Fermilab-HPQCD-MILC

e staggered fermions

e five lattice spacings

[Lynch @ Lattice 2024]
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B =3.40 -
B = 3.46
B =3.55

Mainz/CLS

e O(a) improved Wilson fermions

e six |attice spacings

[Kuberski @ Lattice 2024]



Ongoing calculations

Several collaborations prepare for publication of results with < 1% by end of 2024

e Deadline for inclusion in White Paper Mark Il: 15 Nov 2024

e Blinding now routinely applied

“Landscape” of lattice calculations of the HVP contribution:

SDwin

Aubin & al
BMW
ETMC

w0
Mainz
1

RBC/UKQCD

IDwin LDwin ud conn total HVP
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Summary and outlook

“Agreement is not a useful scientific concept”

Guido Martinelli, ca. 1994
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Summary and outlook

No straightforward interpretation of the Fermilab E989 experiment

Discrepant determinations of the HVP contribution:

e Tensions between lattice QCD and the spectral function determined from e"e¢ ™ data*

e Tension in 777 channel between BaBar vs. KLOE and CMD-3 vs. all other results

Lattice results for ID window are remarkably consistent
More lattice results to come for total HVP contribution with < 1 % precision
Experimental measurement of the HVP contribution by MUonE experiment

Second White Paper out by the time E989 release their final result (early 2025)

Fnre-2023
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