The Muon (g — 2) — What’s going on?

Hartmut Wittig

Institute for Nuclear Physics, Helmholtz Institute Mainz, and PRISMA* Cluster of Excellence,
Johannes Gutenberg-Universitat Mainz

Pushing the Limits of Theoretical Physics
10th Anniversary of MITP
8 May 2023

@ PRISMA™

/( jonannes GUTENBERG ‘
’ HIM UNIVERSITAT MAINZ JGU

Helmholtz-Institut Mainz




The Muon (g — 2)

Sensitive probe of Physics beyond the Standard Model

_ _QED weak strong BSM BSM 2 2 .
a,=a;  t+a,  +ta, “+a;"7? a,”" o< my /Mgy, (=€, i, T

— confront precision measurements with SM prediction

Hartmut Wittig



The Muon (g — 2)

Sensitive probe of Physics beyond the Standard Model

7 u
_QED k , strong , BSM BSM _ .2 /22
a, = al™® +a) "™ +a; " +a,M 7 a,>" ocm;[Mgoy, (=€, u, T a, = (g, - 2)
— confront precision measurements with SM prediction
Pillar of research programme of PRISMA* Cluster of Excellence () PRiISMAT

Hartmut Wittig



The Muon (g — 2)

Sensitive probe of Physics beyond the Standard Model

7 u
_QED k , strong , BSM BSM _ .2 /22
a, = al™® +a) "™ +a; " +a,M 7 a,>" ocm;[Mgoy, (=€, u, T a, = (g, - 2)
— confront precision measurements with SM prediction
Pillar of research programme of PRISMA* Cluster of Excellence () PRiISMAT

Direct measurement: E989@Fermilab Martin Fertl

Cross section measurements: e¢te~ — hadrons Achim Denig

Lattice QCD calculations: HVP and HLbL Harvey Meyer, H.W.
Data-driven formalism for HLbL Marc Vanderhaeghen
Model building; BSM interpretation Matthias Neubert

Hartmut Wittig



The Muon (g — 2)

Sensitive probe of Physics beyond the Standard Model

H K
_ _QED weak strong BSM BSM 2 2 _
a,=a;  +a,  +a, “t+a;>"? a,”" o< my /Mgy, (=€, i, T 61/1:%(8/1—2)
— confront precision measurements with SM prediction
Pillar of research programme of PRISMA* Cluster of Excellence () PRiISMAT
Direct measurement: E989@Fermilab Martin Fertl
TOPICAL WORKSHOPS
Cross section measurements: ete™ — hadrons  Achim Denig Hadronic contributions to the muon anomalous
magnetic moment: strategies for improvements
. . f th f the theoretical predicti
Lattice QCD calculations: HVP and HLbL Harvey Meyer, H.W. 01 TS AECHlaty Of The THeoretedl preficton

Tom Blum Univ. of Connecticut, Simon Eidelman NP

. _ Novosibisrk, Fred Jegerlehner Hu Berlin, Dominik Stockinger
Data-driven formalism for HLbL Marc Vanderhaeghen TU Dresden, Achim Denig, Marc Vanderhaeghen 1GU Mainz

April 1—5, 2014, JGU Campus Mainz

>
1 t Mainz Institute for
Theoretical Physics

Model building; BSM interpretation Matthias Neubert

Hartmut Wittig



Standard Model prediction

White Paper of “g — 2 Theory Initiative” (2020) 7 !
e QOverall precision of 0.37 ppm [Aoyama et al., Phys. Rep. 887 (2020) 1]
e Error dominated by hadronic vacuum polarisation (HVP) and P 1
light-by-light scattering (HLbL) " HVP TR HLbL "
e HVP evaluated using “data-driven” approach based on
dispersion integrals and hadronic cross sections
= a®-aM=(251+59)-107"" [4.20] —
E821@BNL ! @
E989@Fermilab O
O
Standard Experimental
prgnctl)igﬁzn T
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e Since 2010: Lattice QCD calculations with increasing precision
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Standard Model prediction

White Paper of “g — 2 Theory Initiative” (2020) ! !
e QOverall precision of 0.37 ppm [Aoyama et al., Phys. Rep. 887 (2020) 1]
e Error dominated by hadronic vacuum polarisation (HVP) and P 1
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e HVP evaluated using “data-driven” approach based on
dispersion integrals and hadronic cross sections
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e Single lattice result for HVP with comparable precision
—
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prediction

Requires independent confirmation 175 18 185 19 195 20 205 21 215

[Borsdnyi et al. (BMW Collab.), Nature 593 (2021) 7857] a, x 107 — 1165900
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Hadronic light-by-light scattering

[Aoyama et al., Phys. Rep. 887 (2020) 1, Colangelo et al., arXiv:2203.15810] / > - \
| | | | | | | | | | | | | | | | |
| Hadronic models, data-driven method and
Hadronic models , .
+pQCD Lattice QCD produce consistent results
Mainz21 (+ charm-loop) . White paper recommended value:
'T‘ not used in WP20 - Lattice QCD hibl 11
""""""""""""""""""""""""""""""""""""""""""" a, =(92+18)-10
RBC/UKQCD19 | ° | (+ QED) 7 ( )
(+ charm-loop) R t lath culat
WP20 data-driven SR Data-driven ecent fattce calculiations.
dispersive . |
(109.6 = 14.77) - 107" Mainz
WP20 = bl —
. s s (124.7 + 15.2) - 10~'!" RBC/UKQCD
| 0 | 20 | 40 | 60 | 80 | 100 | 120 | 140 | 160
a % 10" [Chao et al., EPIC 81 (2021) 651; EPIC 82 (2022) 664;
u

Blum et al., arXiv:2304.04423]
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Hadronic light-by-light scattering

[Aoyama et al., Phys. Rep. 887 (2020) 1, Colangelo et al., arXiv:2203.15810] / > - \
| | | | | | | | | | | | | | | | |
| Hadronic models, data-driven method and
Hadronic models , .
+pQCD Lattice QCD produce consistent results
Mainz21 (+ charm-loop) . White paper recommended value:
'T‘ not used in WP20 - Lattice QCD hibl 11
"""""""""""""""""""""""""""""""""""""""""""""" a, =(92+18)-10
RBC/UKQCD19 | ° | (+ QED) 7 ( )
(+ charm-loop) R t lath culat
WP20 data-driven = Data-driven ecent lattice calcuiations.
dispersive . |
(109.6 = 14.77) - 107" Mainz
WP20 S— Ahbl _
Y e H (124.7 + 15.2) - 107! RBC/UKQCD
0 | 20 | 40 | 60 | 80 | 100 | 120 | 140 | 160
a % 10" [Chao et al., EPIC 81 (2021) 651; EPIC 82 (2022) 664;
u

Blum et al., arXiv:2304.04423]

a;"" : 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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Hadronic vacuum polarisation: Data-driven approach

Express hadronic vacuum polarisation as a dispersion integral:

hvp QM 2 Ruad()K(s) B 3s _ . o
a, = (3—7T) ‘fm ) ds 2 . Rpaa(s) = (@) o(e*e” — hadrons) R-ratio

e Use experimental data for R;_,(s) in the low-energy regime (“data-driven approach”)

— SM prediction affected by experimental uncertainties

ete” > rx
e White Paper recommended value (2020): o 'C'L'E(')' R
th,LO B 1 2 2 1 _10 376.9 £ 6.3 )
a, = 693.1(2.8)exp(2.8)syst(0.7)pv+qep X 10 SND 0
_ BESII| —
= 693.1(4.0) x 107" [0.6%]
CMD-2 0
(accounts for tensions in the data and differences between analyses) :::’; )
376.7 £ 2.7
KLOE ——
366.9 + 2.1
oo v by ey by v s b b oy by

355 360 365 370 375 380 385

HVP, LO [t 10
gt v ] |[o.es, 0.9] GeV [x107]
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Hadronic vacuum polarisation: Data-driven approach

Express hadronic vacuum polarisation as a dispersion integral:

o(e*e” — hadrons) “R-ratio”

Ay

o _ ( %)2 f‘” Riaa()K(s) 3

d . Rpua =
3 m?, : 52 had (5) 41 (a(s))?

e Use experimental data for R;_,(s) in the low-energy regime (“data-driven approach”)

— SM prediction affected by experimental uncertainties

ete” - atn”
* White Paper recommended value (2020): S
hV ,LO _10 376.9+ 6.3
a,u P — 693-1(2-8)exp(2-8)syst(0-7)DV+QCD X 10 3S7I1\!7D1LS.O O
— BESIII —
= 693.1(4.0) x 1071 [0.6%]
CMD-2 ! O : o |
(accounts for tensions in the data and differences between analyses) :::’; BaBar / KLOE tension!
376.7+ 2.7
KLOE
L g%?fzf.. Lol ———— T

355 360 365 370 375 380 385

HVP, LO [t 10
gt v ] |[o.es, 0.9] GeV [x107]
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Hadronic vacuum polarisation: Data-driven approach

Express hadronic vacuum polarisation as a dispersion integral:

hvp QM 2 Ruad()K(s) B 3s _ . o
a, = (3_71) ‘fm ) ds 2 . Rpaa(s) = (@) o(e*e” — hadrons) R-ratio

e Use experimental data for R;_,(s) in the low-energy regime (“data-driven approach”)

— SM prediction affected by experimental uncertainties

e White Paper recommended value (2020): - béfore Clé\"DZ
000 B o S N B

" = 693.1(2.8)exp(2.8)yst(0.7)py10cp X 1071 - = ™
= 693.1(4.0)x 10710 [0.6%] : BABAR

BES

(accounts for tensions in the data and differences between analyses)

e Recent results in the 77z~ channel by CMD-3: e | BT
— further tension among e"e~ data ST P DU B e i
360 365 370 375 380 385 390
[lgnatov et al. (CMD-3 Collab.), arXiv:2302.08834] a™™ (0.6 <Vs < 0.88 GeV ), 10710
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Hadronic vacuum polarisation: Lattice QCD

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

Time-momentum representation (TMR): [Bernecker & Meyer EPIA 47 (2011) 148]
R AN 3 em. = o\ Je.m. N
a, = (;) f(; dt K(1) G(1), G(t) = -a ;<Jk (X, 0)J; (0)> (K(7): known kernel function)
e No reliance on experimental data, except for simple input quantities — scale setting, calibration

e Not sensitive to exclusive hadronic channels 1.2

L

Eé 0.8

§§ 0.6 |

S oal

0.2 F
0
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Hadronic vacuum polarisation: Lattice QCD

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

Time-momentum representation (TMR): [Bernecker & Meyer EPIA 47 (2011) 148]
2 o0
h 04 > - 1m. ~
aﬂvp — (;) f dt K1) G(), G(t)=-a’ Z <J;§'m°(xa ;" (0)> (K(7): known kernel function)
0 >
X

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

* Not sensitive to exclusive hadronic channels = pr—_a
| | |statistical noise
Challenges -/ \ finite-volume effects| '
. . . . . . or 08 b f N L S S i
e Exponentially increasing statistical noise as  — oo = |
e Correct for finite-volume effects s I\ I ‘
S oap o T I — _
/ eeeeeeeeeeeeeeeeeeeee eeeeeeeeeeeeeeeeeeeeeeeeeeeee N |
) L >~
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Hadronic vacuum polarisation: Lattice QCD

Lattice QCD does NOT determine the R-ratio from first principles
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0 >
X
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lattice artefacts
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Hadronic vacuum polarisation: Lattice QCD

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

Time-momentum representation (TMR): [Bernecker & Meyer EPIA 47 (2011) 148]
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0 >
X
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e Correct for finite-volume effects s 1\ e '
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1 D 6
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Hadronic vacuum polarisation: Lattice QCD

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

Time-momentum representation (TMR): [Bernecker & Meyer EPIA 47 (2011) 148]
2 o0
h 04 > - 1m. ~
a/lvp — (;) f dt K(t)G(t), G(t) = -a’ Z <J;§'m°(xa nJ;" (O)> (K(7): known kernel function)
0 >

X

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

e Not sensitive to exclusive hadronic channels

~ strange
7,3 %
Challenges ’
charm
e Exponentially increasing statistical noise asr — oo 2,0 %
e Correct for finite-volume effects ‘I"ZC;””'
,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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Discretisations of the quark action

computational cost

Rooted staggered quarks: Wilson quarks:
e remnant fermion doublers — “tastes” e no doublers; chiral symmetry broken explicitly
e correct analytically for taste-induced e “exceptional configurations”:

lattice artefacts negative eigenvalues of Wilson-Dirac operator
e used by: e used by: Mainz/CLS, ETM, PACS

BMW, Fermilab-HPQCD-MILC, ABGP....

Domain wall /overlap quarks:

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,...

Hartmut Wittig



HVP in Lattice QCD

Aubin et al. 22
LM 20

BMW 20
Mainz/CLS 19
FHM 19

PACS 19
ETMC 19
RBC/UKQCD 18
BMW 17

<

WP cutoff

@ KNT 19

@ DHMZ 19
HOH BDJ 19
O FJ 19

650 700 750
CL,BVP . 1010

White Paper:
R-ratio:  a,"P"° =(693.1£4.0)- 107" [0.6%]

LacD: a0 = (711.6 £18.4) - 10719 [2.6%]
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HVP in Lattice QCD

ﬁ&b; et al. 22 RBC/UKQCD  [Blum et al., Phys. Rev. Lett. 121 (2018) 022003]
BMW 20 ¢ Domain wall fermions
— MainZ/CLS 19
S i e Two ensembles: a = 0.114, 0.084 fm at mP™*
..5 19
v ° ° ° ° ° °
O PACS 19 e |eading isospin-breaking corrections included
Ny g
= ° pIME e Naive continuum extrapol’n in a includin
RBC/UKQCD 18 P g
BMW 17 estimated a“-term
. hvp, LO __ ~10
) KNT 10 a, =(7154+163+9.2)- 10 [2.6%]
@ DHMYZ 19
HOH BDJ 19
O~ FJ 19
650 700 750
CLEVP . 1010
White Paper:

R-ratio:  a,"P"° =(693.1£4.0)- 107" [0.6%]

LQcD: a0 = (711.6 £18.4) - 10717 [2.6%]
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HVP |n Lath ce QCD |\/|a|nz/C|_S [Gérardin et al., Phys. Rev. D 100 (2019) 014510]

e O(a) improved Wilson fermions

Aubin et al. 22 e Four lattice spacings: a = 0.085 — 0.050 fm
LM 20
BMV 20 * Pion masses m_= 130 — 420 MeV
= Mainz/CL5 19 e [sospin-breaking correction by ETMC added to error
s FHM 19
'3 PACS 19 e Simultaneous chiral and continuum extrapolation
a®
g ® ETMC 19 al}ivp,ud > 1010
RBC/UKQCD 18 800
BMW 17
700
@ KNIT 19 600
@ DHMYZ 19
O BDJ 19
O FJ 19 00
o0 10 1m0 200  B=340 e
a/lrivp . 1010 ﬁ — 346 o
wl AR
Whlte Paper: 0 0.62 0.64 0.(IJ6 0.68 0.11 0.12
R-ratio:  a,"P"” = (693.1 £4.0)- 1071 [0.6%] mil(4nf,)
LQcD: a0 = (711.6 £18.4) - 10717 [2.6%] a0 = (7200 £ 12.6 £9.9) - 10710 [2.2%)
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H V P | N Lath ce QC D BMWc [Borsanyi et al., Nature 593 (2021) 7857]

e Rooted staggered fermions

Aubin et al. 22 e Six lattice spacings: a = 0.132 — 0.064 fm
LM 20 . .
BTV 20 e Physical pion mass throughout
i Mainz/CLS 19 e Correct for taste-breaking before continuum extrapol’n
O
o FHM 19 ] _ . _ . .
Y B PACS 19 * Final result selected from distribution of different fits
% ETMC 19 . - .
RBC,UKQCD 18 Light-quark connected contribution
BMW 17 660
| 640
RN 19 620 | : ‘ -
DHMZ 19 — A ; SRHO(>O 4fm) —O—
BDJ 19 é’:. 600 ISR TR S IS A SRHO(>1.3fm) —H&—
FJ 19 & - SRHO( o @1 3fm)+NNLO(>1.3fm) —6—
S ‘ ; none —~A—
' ' ' ' ' ' 580 T A —
650 700 750 o 3 | |
ahvP . 1010 560 | oo T — :
. 4
White Paper: 40 S A B '
. - 200k 150k 100k 50k () 0.005 0.01 0.015 0.02
R-ratio: a)"™"° =(693.1+£4.0)- 107" [0.6%] oy i
LQCD: a0 = (711.6 £ 18.4) - 10710 [2.6%] a0 = (7075 +2.3£5.0)- 10717 [0.8%]
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[Blum et al., Phys. Rev. Lett. 121 (2018) 022003]

Window observables

. . . “ P/, - 2 00
° . Cy %
Idea: restrict integration to “unproblematic” regions azvp,wm _ (_) f dt K(t) G(t) W(t; to, t1)
T 0

— reduce statistical fluctuations and systematic effects

b2 [t . Intermediate-distance window:
L |statistical noise
1/ |finite-volume effects| ' W=(t; 1y, 1) = O, 15, A) — O(t, 11, A)
2 ot o\ - N S
- | O, ', A) = 5 [1 + tanh(r — 1)/ A]
S ooor|l o\ B R -
S w0 T _ to = 0.4fm, r; = 1.0fm, A = 0.15fm
e INC -
0 ft:, , '; .
0.4 1 2 3 4 5 6
lattice J t [fm]
artefacts
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[Blum et al., Phys. Rev. Lett. 121 (2018) 022003]

Window observables

. ° [ e ° ]) ® 2 0
: m - 0% -
Idea: restrict integration to “unproblematic” regions azvp,W1n ( ) f RO GO W
— reduce statistical fluctuations and systematic effects 4 0

b > Intermediate-distance window:
L | |statistical noise
i e | finite-volume effects| _ W=(t; 1o, 1)) = O, 19, A) — O(t, 11, A)
2 oosp | )\ - R
- | O, ', A) = 5 [1 + tanh(r — 1)/ A]
s\ -
s ..ty | fo = 0.4fm, #, = 1.0fm, A = 0.15fm
0o L ***************** fffffffffffffffffffffffffff ************************** fffffffffffffffffffffffffffff fffffffffffffffffffffffffff | e Finite-volume correction reduced to 0.25%
e Uncertainty dominated by statistics
0 LA | |
0.4 3 4 5 6
lattice J t [fm]
artefacts

Hartmut Wittig



[Blum et al., Phys. Rev. Lett. 121 (2018) 022003]

Window observables

Idea: restrict integration to “unproblematic” regions i a\: [
- v - a, """ = (—) f di K(t) G(1) W(z; 1o, 1)
— reduce statistical fluctuations and systematic effects /T 0
b > Intermediate-distance window:
L |statistical noise |
B finite-volume effects| ' W™ (t; 1y, t1) = O(t, 1y, A) — O(t, 11, A)
=oost |\ - —
- | O, ', A) = 5 [1 + tanh(r — 1)/ A]
soerif VN -
g N T _ to =04fm, 1, = 1.0fm, A =0.15fm
0o L ***************** fffffffffffffffffffffffffff ************************** fffffffffffffffffffffffffffff fffffffffffffffffffffffffff | e Finite-volume correction reduced to 0.25%
o | e Uncertainty dominated by statistics
. 0.4 3 4 5 6
lattice J t [fm] — Benchmark quantity for sub-contribution of HVP
artefacts
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[Blum et al., Phys. Rev. Lett. 121 (2018) 022003]

Window observables

Idea: restrict integration to “unproblematic” regions i a\: [
- v - a, """ = (—) f di K(t) G(1) W(z; 1o, 1)
— reduce statistical fluctuations and systematic effects /T 0
b > Intermediate-distance window:
| |statistical noise |
B finite-volume effects| ' W™ (t; 1y, t1) = O(t, 1y, A) — O(t, 11, A)
=oost |\ - —
- | O, ', A) = 5 [1 + tanh(r — 1)/ A]
soerif VN -
g N T _ to =04fm, 1, = 1.0fm, A =0.15fm
0o L ***************** fffffffffffffffffffffffffff ************************** fffffffffffffffffffffffffffff fffffffffffffffffffffffffff | e Finite-volume correction reduced to 0.25%
o | e Uncertainty dominated by statistics
. 0.4, 3 4 5 6
lattice J t [fm] — Benchmark quantity for sub-contribution of HVP
artefacts

Data-driven approach: a;vm = (229.4 + 1.4) - 10710 [colangelo et al., Phys Lett B833 (2022) 137313

(Excluding the 2023 CMD-3 result foreTe™ — 7zt 7n")
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Intermediate window observable in Lattice QCD

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

214
e Extension to six lattice spacings:

a = 0.099 —0.035 tm
7 - * Pion masses m_ = 130 — 420 MeV

e Two discretisations of the vector current:
local and conserved

212 |

. Aubin et al.20
This work

210 |

208 |

206 [

i Blum et al.’®

light
(a ;I?,win)iso

204

>

202 e Simultaneous chiral and continuum extrapolation

200

—<&— R-ratio/lattice

e [sospin-breaking correction included

198 ' - -
0.000 0.005 0.010 0.015 0.020

a2 (fm?)

ay"™ = (207304 +1.3)-107"

[Borsanyi et al., Nature 593 (2021) 7857] [Ce et al., Phys Rev D106 (2022) 114502]
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Intermediate window observable in Lattice QCD

214

212

210

208

206

light
(a ;I?,win)iso

204

202

200

198

Hartmut Wittig

BMWc: Rooted staggered quarks

1 1 1
],
© X
- "G_s 5 4 -
£ =
_ 32 _
o T —
- o b o SRHO improvement B -
© O =
o £ \ P =
- Q9 5 . _
= =~ = -
§ O @
S~
RS 1 _
s
S A
| O 1 _
1 1 1
0.000 0.005 0.010 0.015 0.020
a’ (fm?)

ay"™ = (207304 +1.3)-107"

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

Mainz/CLS: O(a) improved Wilson quarks

200

190

180

170

160

150

set 1 :
set 1 :

- set 1

set 2 :

a’ SE—— local-local e
local-conserved &

—
—
-

Scaling test at m_= 420 MeV

0

0.004 0.006 0.008 0.01

a’® [fm?]

0.002

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



Intermediate window observable in Lattice QCD

BMWc: Rooted staggered quarks

Mainz/CLS: O(a) improved Wilson quarks

214 o T T T 200 I I I
% « set 1 : a2 — local-local e
212 | @ g T T set 1: a2+ a’ local-conserved 4
fol 190 R RS -
510 L > 2 | ] set 1: a® + a”log(a) i |
o T F set 2 : a® + a? — — s %
208 | 'g I + SRHO improvement [ . e |
~t 206t 8 § %ég;gféf?y/”; = :
53 § O e
= 204f 8 1 _ ]
O A
202 + -
+ 160 :
200 B T (3 - .
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 __ —10
a, = 207.3x04x£1.3)-10

[Borsanyi et al., Nature 593 (2021) 7857] [Ce et al., Phys Rev D106 (2022) 114502]
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Intermediate window observable in Lattice QCD

214

212 |

210

208 |

light
(a ;I?,win)iso

202

200

198

Hartmut Wittig

206 [

204

BMWc: Rooted staggered quarks

T o
2 9
S o
< £ 7
% _ PN T SRHO improvement B E
S :EI . &sgrﬂfég% e
§ o e T
® _
g A
m -
T
0.000 O.OI05 O.OI‘IO O.OI15 0.020
a’ (fm?)
ay"™ = (207304 +1.3)-107"

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

Mainz/CLS: O(a) improved Wilson quarks

200

190

160

150

set 1 : a? — local-local e
set 1: a? + a° local-conserved &
set 1: a® + a? log(a)----- . i
set 2 : a® + a° — s |
Scaling test at m_= 420 MeV
0 0.002 0.004 0.006 0.008 0.01
a’® [fm?]

a,"™" = (207.0£0.8£1.2) - 107"

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



Intermediate window observable in Lattice QCD

Results for individual quark flavours / quark-disconnected contribution in isospin limit

@ —— @ @ 4 28 Mainz/CLS 22

Aubin et al. 22
oo Io— xQCD 22
—CO— —O— @ H—C—+ ® ETMC 21

@ H@H Lehner & Meyer 20

v e ° e @ BMW 20

0. Aubin et al. 19

@ —@— @ @ —@— RBC/UKQCD 18
-1.4 -1.0 -0.6 2.5 3.0 20 27 28 200 206 212 230 236 242
agﬁydwc aﬁﬁgc aﬁ““s aﬁhhud agﬁgﬁo
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Intermediate window observable in Lattice QCD

Results for individual quark flavours / quark-disconnected contribution in isospin limit

o - RBC/UKQCD 23
HEH F-H-M 23
—O—i —O— +O- tof WO ETMC 22
@ —— @+ H@H @ Mainz/CLS 22
Aubin et al. 22
e ,Io— xQCD 22
—CO— —O— o——i H—C—+ O ETMC 21
H@- O Lehner & Meyer 20
v e ° o @ BMW 20
0. Aubin et al. 19
@ —0— H@- @ —@— RBC/UKQCD 18
-1.4 -1.0 -0.6 2.5 3.0 206 27 28 200 206 212 230 236 242

win, disc

ay
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win, c

ay

win, ud

a

win, iso
o

[Blum et al., arXiv:2301.08696]

[Bazavov et al., arXiv:2301.08274]
[Alexandrou et al., PRD 107 (2023) 074506]
[Ce et al., Phys Rev D106 (2022) 114502]




Intermediate window observable in Lattice QCD

Results for individual quark flavours / quark-disconnected contribution in isospin limit

® @ RBC/UKQCD 23 |[Blumetal., arXiv:2301.08696]
m F-H-M 23 [Bazavov et al., arXiv:2301.08274]
—— —— O HO =0 ETMC 22 [Alexandrou et al., PRD 107 (2023) 074506]
HOm —— O O O Mainz/CLS 22 [Ce et al., Phys Rev D106 (2022) 114502]
Aubin et al. 22
e ,Io— xQCD 22
— o — - o—— @ —e— ETMC 21
H@- kOm Lehner & Meyer 20
ot —O—t O O e BMW 20
0. Aubin et al. 19
@ —0— H@- @ —@— RBC/UKQCD 18
-1.4 -1.0 -0.6 2.5 3.0 26 27 28 200 206 212 230 236 242
agﬁgd&c aﬁ““c aﬁ““s axﬁyud aﬁ““$°

?

Result for the dominant, light-quark connected contribution confirmed for
wide range of different discretisations with sub-percent precision
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Intermediate window observable: Comparison with R-ratio

R-ratio estimate: a," =((2294+1.4)- 10719 | " ver  RBC JUKQCD 23
—e—  ETMC 22
Mainz/CLS 22: axm = (237.30 = 1.46) - 10710 @~  Mainz/CLS 22
o ETMC 21
—e—  BMW 20
—o— RBC/UKQCD 18
—@— Colangelo et al. 22 (R-ratio)

230 235 240
azb"in x 1010
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Intermediate window observable: Comparison with R-ratio

R-ratio estimate: a," =((2294+1.4)- 10719 | .o RBC JUKQCD 23
| —e—  ETMC 22
Mainz/CLS 22: ay™ =(237.30 + 1.46) - 107" o Mainz/CLS 22
*— ETMC 21
Lattice average: ay™ =(236.16 + 1.09) - 107" & BMW20
—o— RBC/UKQCD 18
(RBC/UKQCD 23, ETMC 22, Mainz/CLS 22, BMW 20) —@— Colangelo et al. 22 (R-ratio)

230 235 240
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Intermediate window observable: Comparison with R-ratio

R-ratio estimate: a:fin =(229.4+1.4)-107" | v+ RBC/UKQCD 23

: —@— ETMC 22
Mainz/CLS 22: ay™ =(237.30 + 1.46) - 107" o Mainz/CLS 22

o— ETMC 21
Lattice average: axin = (236.16 + 1.09) - 107" o BMW

—— RBC/UKQCD 18

(RBC/UKQCD 23, ETMC 22, Mainz/CLS 22, BMW 20) —— Colangelo et al. 22 (R-ratio)
230 I 2LI’>5 I 2;10
win __win _ . —10 a;lvin % 1010
= a4 |Lat—av. 4 |R—ratio = (6.83+1.8)-10 [3.807]

e Confirmed tension between lattice QCD and e¢™"e~ data (prior to 2023) for sub-contribution to HVP
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Intermediate window observable: Comparison with R-ratio

R-ratio estimate: a:fi“ =(229.4+1.4)-107" .  RBC/UKQCD 23

: —@— ETMC 22
Mainz/CLS 22: ay™ =(237.30 + 1.46) - 107" e Mainz/CLS 22

o— ETMC 21
Lattice average: a}’fin = (236.16 + 1.09) - 107" o BMW

—— RBC/UKQCD 18

(RBC/UKQCD 23, ETMC 22, Mainz/CLS 22, BMW 20) —— Colangelo et al. 22 (R-ratio)
230 I 2LI’>5 I 2;10
win __win _ . —10 aLvin % 1010
= a4 |Lat—av. 4 |R—rati0 = (6.83+1.8)-10 [3.807]

e Confirmed tension between lattice QCD and e*e™ data (prior to 2023) for sub-contribution to HVP

e Subtract R-ratio prediction for a;fin from White Paper estimate and replace by lattice average:

& — MM = (183+59)-107° [3.10]

Lat—av.
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Intermediate window observable: Comparison with R-ratio

R-ratio estimate: a:fi“ =(229.4+1.4)-107" .  RBC/UKQCD 23

: —@— ETMC 22
Mainz/CLS 22: ay™ =(237.30 + 1.46) - 107" e Mainz/CLS 22

o— ETMC 21
Lattice average: a}’fin = (236.16 + 1.09) - 107" o BMW

—— RBC/UKQCD 18

(RBC/UKQCD 23, ETMC 22, Mainz/CLS 22, BMW 20) —— Colangelo et al. 22 (R-ratio)
230 I 2LI’>5 I 2;10
win __win _ . —10 aLvin % 1010
= a4 |Lat—av. 4 |R—rati0 = (6.83+1.8)-10 [3.807]

e Confirmed tension between lattice QCD and e*e™ data (prior to 2023) for sub-contribution to HVP

e Two-pion contribution less dominant for intermediate window observable

6 R lats ath lat ( awin)lat
Vs = 600 — 900 MeV: (Sz+e_ =1l4+e = (h“ ) ~ — —
R(s) (aluvp)e+e— ( alxivm)e e

[Mainz/CLS, Ce et al., et al., PRD 106 (2022) 114502]

=1+ 0.6€
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Relation to the hadronic running of electromagnetic coupling

P o0
04 R(s
Dispersion integral: Acygd(qz) = 1 % ds (5)

2
1.0GeV2  3.0GeV?  5.0GeV? 3 Iy S5 = q7)
this work : + |- — |- —— Lattice QCD:
- —_—— - —— - == CL/ 1 = .
S Aorpag(-Q%) = — — f diG(1) |Q* — 4sin” (30°7)]
BMWc20 4 = 0

e Direct lattice calculation of Aa(—Q?) on the same

DHMYZ data 1 = | - | - gauge ensembles used in Mainz/CLS 22

Jegerl. | | | [Ceetal, JHEP 08 (2022) 220, arXiv:2203.08676]

alpha(ED19

KNT18 data 1 = 1 - 1 - e Tension of ~ 30 observed with data-driven
evaluation of Aa;,(— Q%) for 0% > 3 GeV?

360 380 575 600 675 700 725

Ao (—0%) x 10° consistent with tension for window observable
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Comparison with perturbative Adler function

Adler function: — pQCD vs DHMZ Data
D( ) . 37T d A ( ) —— PQCD vs Lattice Mainz
)= 0% > ds @hadl — Lattice Mainz vs DHMZ Data
35 0
e Known in massive QCD perturbation theory 3.0 -
at four loops 25)

2.0

e Data-driven evaluation of D(Q?) via R-ratio: o

Significance (o)

> R(s 10 _ —

D) =0 [ ds—) | |

m? (S T Q2)2 0'5; :

"’ OO: \

e Determine D(Q?) from lattice calculation of Ae;,,,(O?) e s
Q% (GeV?)

Good agreement between perturbative and lattice QCD for Q% > 2 GeV?

Slight tension of 1-20 between data-driven evaluation and QCD

[Davier, Diaz-Calderon, Malaescu, Pich, Rodriguez-Sanchez, Zhang, JHEP 04 (2023) 067, arXiv:2302.01359]
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Evaluation of Aaézzl(Mg) and comparison with EW precision data

Adler function approach, aka. “Euclidean split technique”

Aol (M2) = Aa (~Q3) < lattice QCD
+[Aa(5)( M%) Aa(s)( QO)] «— perturbative Adler function

+HAaD (M2) — Aal) (-M3)]  « pQCD
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Evaluation of Aa™® (M%) and comparison with EW precision data

had
Adler function approach, aka. “Euclidean split technique” lat. + pQCD [Adler] -+
5 2 5 lat. + KNT18[data] H—_—H
Aw( ) (Mz) — ACZ( ) ( Qo) R-ratio
KNT18/19 —0—
5 2 5 DHMZ19 0
+[Aa( ) ( MZ) Aa( ) ( QO)] Jegerlehner 19 —g o
EW global fits
(5) 2 (5) o) Gfitter 18 | S
T [A()f (MZ) Aa’ ( MZ )] Crivellin et al. 20  +——v

Ay 4

Keshavarzi et al. 20

= Aal) (M2) = 0.027 73(9)1at(2)bm(12)pacn s Scionzy et

Ay 4

HEPfit 21 J =

[Ce etal., JHEP 08 (2022) 220, arXiv:2203.08676]
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(5) 2
Aahad(MZ)
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Evaluation of Aa™® (M%) and comparison with EW precision data

had
Adler function approach, aka. “Euclidean split technique” lat. + pQCD [Adler] -+
5 2 5 lat. + KNT18[data] H—_—H
A(I( ) (Mz) — ACV( ) ( Qo) R-ratio
KNT18/19 0
5 o) 5 DHMZ19 o
+ [Aw( ) ( MZ) Aa(( ) ( QO)] Jegerlehner 19 — O
EW global fits
(5) 2 (5) o) Gfitter 18 | S
T [AO“/ (M ) Aa’ ( MZ )] Crivellin eral. 20 %
( 5) ) Keshavarzi et al. 20 l s I
: ACY (Mz) — 027 73 (9)lat (2)btm( 1 2)pQCD Malaescu, Schott 20 | V—— A
HEPfit 21 y N7

[Ce et al., JHEP 08 (2022) 220, arXiv:2203.08676]

0.0255 0.0260 0.0265 0.0270 0.0275 0.0280 0.0285 0.0290
(5) 2
Aahad(MZ)

e Agreement between lattice QCD and R-ratio estimate

e Contradiction with tension observed at low energies?
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Evaluation of Aa™® (M%) and comparison with EW precision data

had

Adler function approach, aka.

Aot (M3) = A (- Q})
+HAaD) (-M3) — Al (-0D)

+HAaD (M2) — A (—M3)]

— Aa(s ) (M%) = 0.027 731t (2)btm (12)pocp

[Ce etal., JHEP 08 (2022) 220, arXiv:2203.08676]

e Agreement between lattice QCD and R-ratio estimate

e Contradiction with tension observed at low energies?
Not in the correlated difference!

“Euclidean split technique”

lat. + pQCD’[Adler] H—4—H
lat. + KNT18[data] H-—H
R-ratio
KNT18/19 o
DHMZ19 O
Jegerlehner 19 —g o
EW global fits

Gfitter 18 : v

Crivellin et al. 20 : SZ

Ay 4

Keshavarzi et al. 20

X Z

Malaescu, Schott 20 | V—— o~

Ay 4

HEPfit 21 J Y

0.0255 0.0260 0.0265 0.0270 0.0275 0.0280 0.0285 0.0290

A (M2)
value Pl lerrori?
7 0,2%
Lattice
pQCD' Lattice
' 25,8 %
;’fg?/ ° 56,4 % 43,6 %
. (s
2 2
Oy = 5GeV
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Evaluation of Aa™® (M%) and comparison with EW precision data

had
Adler function approach, aka. “Euclidean split technique” lat. + pQCD [Adler] -+
5 2 5 lat. + KNT18[data] H-—H
Aol (M3) = A (—05)
KNT18/19 o
5 ) 5 DHMZ19 o
+ [Aw( ) ( MZ) AC}’/( ) ( QO)] Jegerlehner 19 —g o
EW global fits
(5) 2 (5) o) Gfitter 18 | 37
T [ACL’ (M ) Aa’ ( MZ )] Crivellin etal. 20 ~ +——
( 5) ) Keshavarzi et al. 20 l ' I
: ACY (Mz) — 027 73 (9)lat(2)btm( 1 2)pQCD Malaescu, Schott 20 | V—— A
HEPfit 21 [ e

[Ce etal., JHEP 08 (2022) 220, arXiv:2203.08676]

0.0255 0.0260 0.0265 0.0270 0.0275 0.0280 0.0285 0.0290

: : : Aoy (M)
e Agreement between lattice QCD and R-ratio estimate
PT.
. . . . . 2
e Contradiction with tension observed at low energies? value "~ 0.2% Srrort
' ' I Lattice ,
Not in the correlated difference! oo arece 5QCD \atticn
. . . : ’ 56,4 % 43,6 %
No inconsistency with global electroweak fit 74,0 % i
O; = 5GeV?

Hartmut Wittig



Summary — Conclusions — Outlook

Observed tensions:

e HVP: tension of 2.1 o between e"e~ data* and single lattice calculation

e |Intermediate window observable:
tension of 3—4 o between e*e™ data* and several lattice calculations

e Hadronic running of a: tension of 2-3 ¢ between e ¢~ data* and two lattice calculations
e Adler function: slight tension of 1-2 ¢ between e*e™ data*® and QCD (lattice & perturbative)

e R-ratio: tension in 777~ channel between BaBar vs. KLOE and CMD-3 vs. all other results
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Summary — Conclusions — Outlook

Observed tensions:

e HVP: tension of 2.1 o between e"e~ data* and single lattice calculation

e |Intermediate window observable:
tension of 3—4 o between e*e™ data* and several lattice calculations

e Hadronic running of a: tension of 2-3 ¢ between e ¢~ data* and two lattice calculations
e Adler function: slight tension of 1-2 ¢ between e"e¢ ™ data* and QCD (lattice & perturbative)

e R-ratio: tension in 777~ channel between BaBar vs. KLOE and CMD-3 vs. all other results

Badly needed next steps:
e |[ndependent check of the HVP result by BMWc with comparable precision (in prep.)

e Sort out the tension among e*e™ data: (re-)analyses in progress

Larger value of HVP is not excluded by EW precision data

*pre-2023
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Summary — Conclusions — Outlook

Deviation of order 10 - 10~ between SM and experiment is a large one!

Precision must be increased further

Update of Fermilab E989 expected 2 June 2023

Hartmut Wittig
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Evaluation of the dispersion integral

Many different groups and analyses (DHMZ, KNT, FJ, CHHKS, BHLS,...)

Disagreement for some exclusive channels

DHMZ19 KNT19 Difference

A 507.85(0.83)(3.23)(0.55) 504.23(1.90) 3.62
v A A 46.21(0.40)(1.10)(0.86) 46.63(94) —0.42
ttr ntn~ 13.68(0.03)(0.27)(0.14) 13.99(19) —0.31
v A A A 18.03(0.06)(0.48)(0.26) 18.15(74) —0.12
KTK~ 23.08(0.20)(0.33)(0.21) 23.00(22) 0.08
KsK; 12.82(0.06)(0.18)(0.15) 13.04(19) —0.22
Y 4.41(0.06)(0.04)(0.07) 4.58(10) —0.17
Sum of the above 626.08(0.95)(3.48)(1.47) 623.62(2.27) 2.46
[1.8, 3.7] GeV (without c¢) 33.45(71) 34.45(56) —1.00
I/, ¥(2S) 7.76(12) 7.84(19) —0.08
[3.7, 00) GeV 17.15(31) 16.95(19) 0.20
Total a}"™ '© 694.0(1.0)(3.5)(1.6)(0.1) (0.7 )pv+qcp 692.8(2.4) 1.2

Merging procedure: average of individual results + theoretical constraints + conservative
error estimate (reflecting tensions in the data, differences in procedures)

" = 693.1(2.8)exp(2.8)syst(0.7pvroep X 10719= 693.1(4.0) x 10710 [0.6%)
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Window observables: Comparison with R-ratio

0.0

. . 1 5
Starting point: G(t) = 2 f d(Vs)R(s) se vt [RBC/UKQCD 2018]

2
m
70

Insert G(7) into expression for time-momentum representation:

, 2 o0 1 o0 N
aEVp’D = (%) f d(V's)R(s) 2 Sf dt K(t) WP(z; 1, 1) e V™
m? 0

70

is - - Intermediate window from R-ratio following
i — Oui ] procedure for WP estimate:
' — Op
- ' hvp,ID _  win _ ~10
0.6- - a, =a, =(2294+14)-10
0.4 — . _p .
_ _ Finer decomposition allows for more detailed
0.2 - studies of energy dependence
O ! | | | I B
0 1 2 3 4 S
Vs |GeV] [Colangelo et al., Phys Lett B833 (2022) 137313]
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Mainz/CLS: Results at the physical point [Cé et al., Phys Rev D106 (2022) 114502]

awin,Il % 1010 awin,c % 1010 awin,disc % 1010
‘ " \ \ \ 3.2 T \ \ H\ \ \ \ \ \ 0 | "
205 B=1334 e ' : ]
| B=340 o —0.2 A 1
200 I f =346 + = - ]
| =355 e
5 §::a7o —— —04
195 | f=385 e —0.6
190 [ | _
L =334 e —3.46
185 | : gi gig H_. | 1L 8 =355 +r—e—
180 | B35 . B=370 r—e—i
1 - B=370 e —L2F
175 | . B=38 e
T 0.02 0.04 (lb6~ 0.08 0.1 0.12 27701 02 03 04 05 06 07 08 09 4 0.005 0.01 0.015 0.02
Yy ) (mi —mz)?/ (87 fix)’
Isovector contribution
194 :
™! = (186.30 & 0.75gtat &= 1.084yst) x 10717,
192 - No rescaling f» rescaling 2 : : :
u win,I0 __ _win,IO, win,c __ L L —10
| __ _ a0 = gNmI0L 4 g¥ine = (50.30 £ 0.23ta0 £ 0.324y5) x 10710,
= [ : 1 a0 — Wit o Wind0 — (936,60 + 0.79¢at + 1.134yst + 0.05q) x 1070
™ 188 sl L 4 i = T -
:( t } | + } + I " °
= 186 L | | ] . _ . . .
i ; . Include shift of +(0.70 £ 0.47) - 10~1° due to isospin-breaking:
184 | - -
8235 ¥ 5 F.35 F 5 3 i au — (237.30 _ : — 0.471]3) X 10
N N N LA N ~ o
180 o~ A ~ A ~ A ~ A
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Mainz/CLS: Noise reduction and the HVP contribution

Deflation techniques: Low-mode averaging Low-mode averaging vs. spectral reconstruction
_ % ot I '
0.0150 R t total ~0.0020 “tochastic
++ *:‘: ¥ eigen-eigen Ei
10.0125— . . T rest-cigen | ~ 00015 LMA _
Soo0F  * *4; f o restrest zg reconstructed
= o s < 0.0010F -
< 0.0075} ;** &*** fo; - 5
= - < A z_
0 00501 * S : O 0.0005F §
* X% . % e -
* ** oA _“_ ** o
0.0025 wf o, i 0.0000— | | | |
#* ‘--'_’—2 . e il llT KR F P ér o = O 1 2 3 4
0 1 2 3 4 t/fm)]

m, ~ 130MeV at a = 0.066fm; 96°-192
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Euclidean split techniqgue and the Adler function

Adler function: D(—5) = 3—7T ) i Aapag(s)
a ds

D(0O?) known in massive QCD perturbation theory at three loops

d 2
A3 M3) = A3 0D) g = 3 | gt PO
] o) . 2 2 - 1?(?9)
Relation of D(Q“) and R-ratio: D(Q") = QO f2 ds (s + 02)

~a(M7 - Qp) f‘” » R(s)
T m2

, . (5) 2 (5)
Direct DR: Aapy (=M7) = Ao (0P| = — T 061D

70

Perturbation theory: [AQ’( ) (M%) ACV(S) ( M%)] 0.000 045(2) [Jegerlehner, CERN Yellow Report, 2020]
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Euclidean split technique: relative contributions to Aa™ (M2)

had
PT.
L 0,2 % - P.T. PT,
Contribution - 0,2% 0,2% l 0,2 %
e attlce Lattice Lattice L .
13,9 % - - . attice
. 21,8 % 25 8 % 28,6 %
, ' QCD'
oy 78,0 % 74,0 % T3
2 Lattice
‘ Error l 2.0 % ~ Lattice
23,8% Lattice  ,cpy .
pQCD' 43,6 % Lattice
56,4 % 47.9% 52,1%
, pQCD' '
pQCD 76,2 %
98,0 %
oAa/Aa| =038l %o 0.53 % 0.51% 0.48 %
1.0 3.0 5.0 7.0

Hartmut Wittig

05 [GeV7]



