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The magnetic moment and quantum corrections QA

The g-factor in ji =g (ﬁ) S describes the strength of coupling to a magnetic field,
which can be measured and computed from theory very precisely.

Anomalous magnetic moment

Dirac: g = 2 a=(g—-2)/2 g>2§

¢
//\\L quantum effects / \\t

The quantum effects arise from virtual particle contributions from all known and
unknown particles.

By comparing high-precision experiments and theory, we have the potential to learn
about such contributions of new particles.
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» Constrain new physics as

Theory __ _SM BSM __ _Experiment
ap =a, ta, =du
With spectacular new result from Fermilab just seen in previous talk!

» Contributions of the Standard Model (SM):

SM _ _QED EW HVP HLbL
a, =a; +a# +aﬂ +au

Hadronic...

+... ...Vacuum Polarization (HVP)
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What has happened in the last five years since WP207

Contributions to a%M x 10%t

Contribution WP25 WP20
QED 116584718.8(2) 116584718.931(104)
EW 154.4(4) 153.6(1.0)
HVP (LO + NLO + NNLO) -

HLbL (phenomenology + lattice + NLO) 115.5(9.9) 92(18)

» QED and EW contributions already had been determined in WP20 with sufficient precision to match
FNAL E989. Nevertheless important progress:

> Discrepancy in 5-loop QED contribution has been resolved (S. Volkov; Aoyama, Hayakawa,
Hirayama, Nio) = small shift and increased uncertainty due to tensions in fine-structure constant

measurements

> EW contributions more precise due to better knowledge of input parameters and hadronic effects in
two-loop EW contributions (Hoferichter, Stoffer, Zillinger)

» HLbL has improved from both data-driven and lattice QCD side (see next slide)

» HVP ... astory in three acts (see most of the talk)
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Status of HLbL

WP20 (phenomenology) ————
HSZ-24 —e—i
WP25 (phenomenology) e

RBC/UKQCD-19 k !

Mainz/CLS-21+22 i
RBC/UKQCD-23 e
BMW-24 ——e—
WP25 (lattice) ——

WP20 ————

WP25 —e—

40 60 80 100 120 140 160
101 Bt

Agreement between lattice QCD and dispersive method
Uncertainty halved since WP20
WP25 consistent with WP20 result

Uncertainty now already smaller than final Fermilab E989 experimental uncertainty
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Major change from WP20 for HVP contribution. The story in a nutshell:

[ —
CMD-2
BaBar e
KLOE - e
e —
1) ———
CMD-3 et
* h——o—t—H
Lattice HVP Avg, 1
wp2s
B8 (1AL o5
R FNAL-23
FNAL-2 :f
BNL-06 D 2
“io Y 0 o T )
1010 (M — @)

WP20 result based on hadronic ete™
decays

Since CMD-3 experiment no reasonable
average can be provided

7 has been scrutinized again, critical: 1B
corrections

Lattice QCD has substantially matured
and can provide a robust estimate

With lattice QCD the SM is consistent
with Fermilab E989
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Major change from WP20 for HVP contribution. The story in a nutshell:

SNDOG e
[N p———
BaBar + eo—f— . .
R a——— Entire story in three acts:
BESIIT s .
SN2 et 1. HVP from hadronic et e~ decays
Y e p—
- 2 2. HVP from 7 decays
Lattice HVP Avg. 1
W 3. HVP from lattice QCD
B FNAL-25
R FNAL-23
FNAL-21 \7;
BNL-06 )
—40 -30 -20 —10 10 20
10" x (@M — ag)
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Act 1: HVP from hadronic ete™ decays

Where did the g-2 tension go?
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HVP from hadronic ete™ decays - method

D= o F + 1967 - VEPP2
2 N _ : R = F - moscoea
= 10°F / §od D e = t 1 loro ow
o 3 \ £ T 1981 - MEA
s F \ 2 P 10 = tora 0 -Nior
& 102 NS S Ko E T femom
@ E . . - F o toss-One
n F e KeK'mmn - + 2005-GLEO
o F s b KK * 2004-CMD2
& 10k > + ok 1L L
E 0e®, pp E 2004.09 - KLOE(SA)
F i o OO 4P 005 E = 2011-KLOE(LA)
! i s F oto-nEs
0 fid e o r o o oom
F + ig 'e i ,:“ 10—1 3 . Qefs cMD3
107" E I i A il E
E { it i N l
= R i
NP AP U DU D U SO 1 T S T o2l el
02 04 06 08 1 12 14 16 1.8 2 0 0.5 25 3
Vs, GeV s, GeV
2 00
am, (s) 3
HVP,LO _ u s _
a, = (—) ds—5=Rnaa(s), Riaa(s) = ole*e” — hadrons(+y)]
3 Sthe s 4ra?

with known function K(s)
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HVP from hadronic ete™ decays - tensions between the data sets

O BABAR vs KLOE e BABAR vs CMD-3 4 CMD-3 vs KLOE O BABAR vs KLOE e BABAR vs CMD-3 4 CMD-3 vs KLOE
VB‘ 6 TTT ‘ TTTT ‘ TTTT ‘ TTTT ‘ TTTT ‘ TTTT ‘ TTTT ‘ TTTT ‘ TTTT] '6‘ 6 TTT ‘ TTTT ‘ TTTT ‘ TTTT ‘ TTTT ‘ TTTT ‘ TTTT ‘ TTTT ‘ TTTT]
= F —A— H = F H
g C - 3 Q C . 3
e 5 —A= - e 5 -
s [ 3] ] L 3]
£ A= 1 2 r 1
€ 4 = . = € 4 .
2 E -+ ] 2 E J
(%] C o ] (%] C ]
3 aa = i 3 o i
C - 3 C 3
C o 3] C — e ]
2 —.—_._=G=-D-'.'_._ - 2 —
C = o] = = 3]
1 e - = 1E =
C - T E -
C . 3] C 3]
0 O ﬁ ! ASAJ T Q&ﬁ:‘ Q‘:} | Ol ‘ L1l ‘ LIl ‘ I ‘ I ‘ L1 ‘ I ‘ LM
03 04 05 06 07 08 09 1 1.1 1.2 03 04 05 06 07 08 09 1 1.1 1.2
Vs (GeV) Vs (GeV)
» Tensions are highly statistically significant
» Tl organized dedicated workshops to scrutinize these tensions
» Intensified studies of event generators
» Origin of tensions is not understood at this point
» No averaging of results attempted for WP25!
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Act 2: HVP from hadronic 7 decays

Didn't the 7 data say there is no new physics all along?
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HVP from hadronic 7 decays - methodology

(d)

» Relate 7 — v 707~ decays to v* — wT7~ amplitudes
» This requires consistent experimental data sets for the 7 decays and
» precise control of isospin-breaking corrections including

> a consistent renormalization scheme from the EW scale to the effective theory (or lattice QCD)
within which one computes the IB corrections
> Control of long-distance QED effects
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HVP from hadronic 7 decays - data situation

T T T T T
' o Belle
25.24+0.01+0.39
CLEO
k ®: 1 25442012:042
ALEPH
. 25.49+0.10+0.09
DELPHI
—e 2531:020+0.14
OPAL
T 54650172029
' . . L3
24.62:035:05
T average
B 25.420+0.10
Average (w/o ALEPH)
- 253:0.16
I 1 I I I

B(tT— an_no) (%)

» Available data sets are consistent

» Precision suffices for a competitive result

. . L 1 .
24 245 25 255 26 265 27 27.5

12/ 25



HVP from hadronic 7 decays - isospin breaking corrections

Refs. [168, 196] Ref. [211]  Refs. [239, 249]  Our estimate

Phase space —7.88 -7.52 - -7.7(2)
Sew _122115)  —12.16(15) - S12203)
Gen ~19200)  —1.67°9% S 2004
FSR 4.67(47) 4.62(46) 442(4) 45(3)
o mixing 4.0(4) 2.87(8) 3.79(19) 3.903)
AM, 0.20021)9) 1.05713% -
AT,(AM,) 4.09(0)(7) 337 -
B (Wop-w) Almry)  -591(S9)48)  -666(73) _
AT (gprn) - - -
Total  ~1.6265)63)  (~1.34)17 - C1s@4)
Sum C149(19) (1520022 — C1506.0)

IB corrections still make the 7-based evaluation of the HVP model dependent
» In future lattice QCD and dispersive approaches could provide first-principle results

» Difficult to quantify how well we know the IB breaking corrections at this point! Quoted uncertainty was
a compromise reached during the WP25 process. Larger than previous uncertainties.
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HVP from hadronic 7 decays - summary

DHLMZ-23 ] H—o—H
LMR-24 ] ——e——
WP25 | : ° : \ ;
510 515 520 525
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Act 3: HVP from lattice QCD + QED

Why should one trust lattice QCD?
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HVP from lattice QCD 4+ QED - method

» First-principles calculation with QCD 4+ QED Lagrangian

» Discretized Euclidean 4d space-time (finite volume, nonzero lattice spacing)

» Continuum limit of different discretizations give universal result

» Peturbative expansion in aggrp but non-perturbative in as, organized in Feynman diagrams without
gluons

» Uses leadership-class supercomputers (exascale machines) to perform gluonic path-integral calculations as
statistical samples from a Markov chain, therefore has statistical uncertainties as well
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Diagrams

Isospin
limit

P4
O O OO

(f) D14

©®0 &

(a) V (b) S ©T (d) Ta (e) D

O OO0
-0 OO0 OO ®

(h) D24 (i) F

QED
corrections

O

D:

we &
S % _rg“ v\%‘/?; 5\, .
jrar) 8 9]

n .2 = (@ o
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HVP from lattice QCD 4 QED - isospin and flavor decomposition

» Typically organized as an expansion around isospin symmetric world

aHVP, LO _

: HVP, LO(iSO) + 5GZIVP’ LO

a,
» Definition of isospin symmetric point adopted for WP25:

My =135.0MeV, Mgo = Mg+ =494.6 MeV, Mp: =1967MeV, and wy=0.17236 fm

» Choice of point irrelevant as long as isospin breaking corrections remain small. Consistency is important
for comparison!

» It is possible to also separately provide different quark flavor contributions:

aIIJ{VP, LO(iSO) — a}I;IVP, LO(ud) + a'LI;IVP, LO(S) + alI;IVP, LO(C) + a}I;IVP, LO(b) + a}I;IVP, LO(diSC)
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HVP from lattice QCD + QED - time-momentum representation

Symmetries allow for the reduction of the HVP leading-order diagram to an integral
a\? ™
HVP,LO _ 7z
aveo = (%) f dx0 C(x0) f(x0)
0

over zero-momentum projected Euclidean correlators

1 3
cow=-33, [ @xcutnx
k=1

of two vector currents
Cu(x) = (ju(2)1(0))

with all quark flavor fields included
Ny
) = Y 0 ay(xyuar(
7=
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HVP from lattice QCD + QED - Euclidean time windows

» RBC/UKQCD-18 PRL 121, 022003 (2018) introduced Euclidean time windows

HVPLO _ ,SD , W , LD
a, =a, +a, +a;,

Q
2]
»]

Il

2 oo ~
fo dxo C(x0)f(x0)[1 — O(xo, t0, A)],

=

2 oo -
j(; dxo C(x0) f (x0)[O(x0, t0, A) — O(x0, 11, A)]

=
)

'EQE

1l
—_—
NR NIR 3NIR
~_— —— ~—

t&
1l

2 e 5 1 1 t—t
f dxo Cx0) (30O, 11, A) Ol A) =+ + L tanh
0 2 2 A

» Allow for taylored approach since each Euclidean time window has specific challenges (short-distance «+»
discretization errors, long-distance < statistics, finite-volume errors)

» Each window well-defined irrespective of regulator, can take some windows from, e.g., hadronic ete™
decays. This was proposed already in RBC/UKQCD-18 and recently picked up by BMW/DHMZ-24 for
distances beyond t; = 2.8 fm. Tensions of eTe~ data need to be negligible in this window.
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HVP from lattice QCD + QED - Euclidean time windows - results

Data-based (KNT1S) | .

BBGK
DA(AhNd(C\IDS) = . . . . . .
BEGK ~1 , o » Windows allowed for high-precision consolidation
FNAL/HPQCD/MILC-24 ] FNAL/HPQCD/MILC-24 u over last years
L2 BMW/DMZ-24 H

RBC/UKQCD-23 ]
BMW/DMZ-24 o o

ETM-22 . . .
Maiuz/CLS24 fu oo L » Different lattice groups use different

X . . . .
RBC/UKQCD-23 o Maine/CLS.22 - d Iscretizations
ETM-22 ABGP-22 *
YQCD-22 LM-20 o4 A

|

T R e U » Challenging long-distance window results just
41 42 43 44 45 46 47 48 49 50 51 182 186 190 194 198 202 206 210 214 . .
10" aS(ud) 10 0 (ud) arrived in 2024

C R
Data-based H(\T])) - BBGKMP-24 (KNT19) [ ) )
e BBGKMP-24 (DHMZ) I » Blinding procedures are now standard for all

Databased (CMD-3) BBGKMP-24 (CMD-3) H recent lattice results!
BBGKMP-24 h M FNAL/HPQCD/MILC-24 H
Mainz/CLS-24 |
FNAL/HPQCD/MILC-24 }—0—( RBC/UKQCD-24 M . . . . . .
NS, » Strong tensions in particular in intermediate and
/LS 24 LM20 long-distance windows (projecting to lower
BMW-20 fof energies) with data-driven hadronic ete™ results

IR T T R N R O A R
350300 570 350 30 100 410 525 5a0 575 600 625 650 G675 700 727
101 alP(ud) 1010 VP LO(ud)

RBC/UKQCD-24 ] < ETM-18/19 * (pre CcM D—3)
PACS-19 Het §9°
0 0
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HVP from lattice QCD + QED - Long-distance window

60 T T T T
wiP Cl(t) —<—
" w0 C3(t)
50 - 8 wi-D C4(t) 1
i ® LD 05(t ——
[a] 0, & th'D c1o(t) —a—i
Z 4r S oa WS clt) —— 1
T T ] A
x
FNAL/HPQCD/MILC-24| F—+—e—+ = 30 - °
o
8. 20f %
Mainz/CLS-24 —_— 2 o
10 - g
/UK -2 N ) ISV
RBC/UKQCD-24 | H—'—H‘ # 0 Mag/*@*%x%x\\«?wﬁx\\ 4
400 410 420 0 10 20 30 40 50
101“0}7[’(ud)

t/a

» Uncertainty of HVP dominated by long-distance window uncertainty
» New technology: exclusive state reconstruction, right figure from RBC/UKQCD-24 (PRL 134, 201901
(2025))

» Other challenge: long-distance of QED corrections is currently not well constrained, added entire
phenomenological estimate as added uncertainty for WP25
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HVP from lattice QCD 4+ QED - Averaging the lattice results

vyvyyy

v

2A| f——o—
2B| | I

| . | 1 |
716 720 724 728
101() aHVP.L()
i

! !
708 712

Consolidation of individual components has led to stability, independent of how averages are performed
Average 1: For each flavor, average windows first; takes most modern information into account
Average 2A: Average results for the total flavor contributions

Average 2B: Average results for total flavor contributions constructed from each collaboration’s window
results

Average 3: Average isospin-symmetric total and isospin-breaking corrections separately (BMW, Mainz,
RBC/UKQCD enter)

Average 4: Average total results of each collaboration (BWM, Mainz, RBC/UKQCD enter)
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Summary and Outlook

24 /25



Summary

SNDI e
CMD2 s
BaBir - et
Jovs e m——
BESIII —r—
N p—
CMD-3 s
H——o——H
Lattice HVP Avg. 1
WpP25
B FNAL-25
e FNAL-23
FNAL-21 N
BNL-06 )
-0 30 20 10 0 10 )
M exp’
1010 5¢ (a5 — @)
Outlook

Contribution WP25 WP20
HVP LO (lattice) 7132(61) 7116(184)
HVPLO (¢*¢,7) Table 5 6931(40)°
HVP NLO (¢*¢”) -99.6(13) ~983(7)
HVP NNLO (e*e”) 12.4(1) 12.4(1)
HLbL (phenomenology) 103.3(8.8) 92(19)
HLbL NLO (phenomenology) 26(6) 21
HLbL (lattice) 122.509.0) 82(35)
HLbL (phenomenology + lattice) 112.69.6) 90(17)
QED 116584718.8(2) 116584718.931(104)
EW 154.4(4) 153.6(1.0)
HVP (LO + NLO + NNLO) 7045(61) 6845(40)
HLbL (phenomenology + lattice + NLO) 115.5(9.9) 92(18)
Total SM Value 116592033(62) 116591 810(43)

» Lattice QCD will continue until exp. precision is matched; no blockers identified so far

» Further scrutiny of hadronic ete™ tensions is needed and on-going

» Including hadronic T decays after IB corrections available without modelling (LQCD, dispersive approach)

» Other approaches to extract the HVP (such as MUonE) are followed as well
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