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Charged lepton magnetic moments
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uons are tiny magnets

A massive elementary particle w/ electric charge and spin behaves like a tiny magnet
Magnetic moment of charged leptons
e -
iy =+gr—S
He 9r 2m,

gr = Landé factor

[« Silver Swan]

@ 1928 : Dirac’s new theory predicts the existence of the positron and

gt-:"D\rac =2 ,l( "C’i:
“That was really an unexpected bonus for me” (PA.M. Dirac) ﬁ

@ 1947 : Schwinger understands that same year observed ge # 2 comes from Dirac’s neglect
ofs quantum fluctuations and computes them to obtain the “anomalous” contribution
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— birth of QED and relativistic quantum field theory
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Why are a, special?

: " Qe ay
: : l — L= —— 2
H § L eff 2 2m,

F”’V[ELO'WJ&Q] +hc

@ ae , are rigorous predictions of the SM that can be measured very precisely = excellent
tests of SM

@ Loop induced = sensitive to new dofs that may be too heavy or too weakly coupled to be
produced directly

@ Flavor and CP conserving, chirality flipping = probes mass generating mechanism and
complementary to: EDMs, FCNCs (e.g. s and b decays), LHC direct searches, ...

@ Chirality flipping = generic contribution of particle w/ M > m,
A mg\ 2
M _ LR\ (e
= C( mg > ( M)
@ In EW theory, M = My, chirality flipping from Yukawa, i.e.

«

Aigp=my and ~N —
47 sin? Oy

@ In BSM, can have enhancements: e.g. SUSY M = Mgysy and C ~ «a/ (4w sin® 0yy) &
Arr = (p/Msysy) X tan 8 x my; or radiative m; model, A;g ~ my, C ~ 1 and M = Myo
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Me = My : My =0.0005: 0.106 : 1.777GeV ~ 7e: 7y, : Tr = “00”: 2.-1076:3..107 %

@ a, is (m,/me)? ~ 4.3 x 10* times more sensitive to new @ than ae

@ a is even more sensitive to new ®, but measurement limited by short lifetime

@ 7, small but manageable

— focus on the muon
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Measurement principle for a,

B-Field

Spin precession: g Precession determined by
Circular motion: 2 ﬁp, _ 2(1 + a“) Qe §
2my,
spin
a‘u = 77# Oe S momentum
2my

ojan:@‘a+u3,,zf%[a,ﬁfau(%)(ﬁ-é)ﬁf(a#f ! )gu—ﬂ“ (é+gxé)]

@ Experiment measures very precisely B with |B|>> |E| &

Aw = wg —we ~ \/wi 4+ w2 ~ wa

since dy, =0.1 (9) X 10_199 + CM [Bennett et al '09]
@ . B~ 0, and consider either magic v = 29.3 (CERN/BNL/Fermilab) or £ = 0 (J-PARC)
]
Aw ~ a,|B|—
- .| B m,
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a,: present experimental status

BNL 2006
FNAL 2021

—
FNAL 2023
—e—

FNAL 2025

—@—
Experimental
average

175 18 185 19 195 20 205 21 215
a, x 10° — 1165900

ayexpt = [11659207.15 + 1.45] x 107 '°  [0.124 ppm]

@ -
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Standard model calculation of g,

[Aoyama et al '20 = WP 20, Aliberti et al '25 = WP '25]

SM QED had EW
a = a, + a, + a,

o(z)+o(() (i)) +o( (omeay) (i)

0(10%) +0(107) +0(10°°)

Laurent Lellouch AG GDR 26, 7-9 October, Subatech, Nantes



hadronic

SM contribution Zom 7070

QED [5 loops] 11658471.88 £ 0.02
EW [2 loops] 15.44 + 0.04
HVP LO [lattice] 713.2 +£ 6.1
HVP HO [lattice+pheno] —8.72+1.3
HLbL Tot. [lattice+data+pheno] 11.3+1.0

SM [0.53 ppm] 11659203.3 £ 6.2

Exp [0.124 ppm] 11659207.15 & 1.45

HVP~a3"/(2 x 10%)~65x HLbL
UaVP/U;‘, ~97%

2 2 0
UHLbL/UaN ~ 3%

Hadronic contributions involve low-energy, nonperturbative QCD:
@ Data-driven: unitarity, analyticity, short-distance pQCD and data

— dominated WP '20 averages
— still very important for HLbL
— making a comeback for HVP

@ Lattice: massively-parallel numerical simulations of QCD

— on a par w/ data-driven for HLbL
— currently determines HVP — WP '25

@ AdS QCD : — see talk by A. Rebhan for HLbL
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To match experimental precision — all three interactions and all SM particles

aﬁ’\" = +--- 4+ -+ +o
- .
QED weak
hadronic
SM contribution amm % 10™ o .
QED [5 loops] 11658471.88 £ 0.02 HVP~a;" /(2 x 10%)~65xHLbL
EW [2 loops] 15.44 + 0.04 ) 5
HVP LO [This work] 715.1 + 3.4 oiivp/ 05, ~89%
HVP HO [lattice+pheno] —8.72+1.3
HLbL Tot. [lattice+data+pheno] 11.34+1.0 oBp /02 ~ 8%
"
SM [0.37 ppm] 11659205.2 + 3.6
Exp [0.124 ppm] 11659207.15 + 1.45

Hadronic contributions involve low-energy, nonperturbative QCD:
@ Data-driven: unitarity, analyticity, short-distance pQCD and data
— dominated WP '20 averages
— still very important for HLbL
— making a comeback for HVP
@ Lattice: massively-parallel numerical simulations of QCD
— on a par w/ data-driven for HLbL
— currently determines HVP — WP '25
@ AdS QCD : — see talk by A. Rebhan for HLbL
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Hybrid calculation of a;°VF: taking the best

from both approaches

H H
All quantities related to a, will be given in units
of 10-1°
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from LQCD: introduction

Compute on T x L% Euclidean-time lattice w/
Spacing a [Bernecker et al '11]

3 3
A @ . Gut) = 3 3232 00

a’y“,d — %57“,5 + %57}104- v

=

w/ Jy, = Uy,u—

Decompose
Cu(t) = CP(t)+ C(t) + CE(t) + Cf*°(1) 12 F window [RBC/UKQCD'18] —— ]
+CLEP (1) + CPB(1) 05 | — .
O T dadt BMWeT7] o
400 da, b /dt BMWC'17] —o— |
Then get ¢ H
300
. o 2 a T/2 .
O-HVP .
a = | — — K(tm,) ReC, (t
o, f aEO(W) mi g (tm,.) ReCy (1) 200
L, T — o 100

Define “windows” [rec/ukaco 18] . ; ; ; ; ;
A 00 05 10 15 20 25 30 35 4.0 45

K(r) = W(rs 73,71, B)K(7) i
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rategy for improvement over BMW 20

T o ] A\ 0,01 fm
wes (i T T LT [0,0.4] fm
N - . — N — [0.4,0.6] fm
N P ) ) " " — — [0.6,1.2] fm
Vo 3=3800 (1) [ - i [1.2,2.8] fm
el F e — — [2.8,00] fm
®  3=41479 (2) I —— 7
t [fm]
New finer (“Monster”) lattices: Significantly improve tuning of QCD Break up calculation into set of 5
a=0.064 fm [96° x 144] — parameters windows
a=0.048fm [128% x 192] —s (scale uncertainty)? +2.1 — optimize calculation in small
— distance to continuum limit 1.8 distance scale intervals

x10°

=e0, A=0.15 fm) / ds [GeV?]

=281,

day

 (Gev]
Use e’e” — hadrons (and T) data Dedicated s_imulations on huge [ericwilliambarnum.wordpress.com]
for long-distance 2.8 fm — oo L = 11 fm lattice to correct finite-V/ ) )
contribution [1fm — oo proposed in effects Calculation fully blinded

RBC/UKQCD '18]
Re-evaluated all QED and SIB corrections
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Five windows: lattice w/ a touch of ete~

LO-HVP

2 [ dt
a2 = (2)" [ e Kmowt oW

R(s) = o(ete” — had) N () = 1 /°° dsy/s R(s) e I1V3
EY

olete= — putp~) 24n2 Jo

10 | e || ol "0, fm

i [0,0.4] fm
° o l? P [0.4,0.6] fm |
o I ] — [0.6,1.2] fm
/I\}\/p" = - s ~ [.2,2.8]fm]
! :-;"/.F 1001 o [28,00] fm 1

b 1 10 102 0
V3 [GeV] i 3 3 4

[PDG "18 compilation]

@ Compute 4 windows from 0 — 2.8 fm on lattice
@ Obtain small contribution from 2.8 fm — oo using et e~ — hadrons data
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Data-driven tail: 2.8 fm — oo

LO-HVP — ALO-HVP|, .
a, 8y,28—00 = @, ltail
9
B L R T . - B — e
2 o01gf ° TOF e SN E 2z 18F TOF  + SND —
@ T°F 4 oLYA ¢ SND20 E o £ 4 OLYA o SND20 E
% 016 = CMD = CMD3 E W 14 ‘ o CMD = CMD3 —
= £ o CMD2 DM1 E| ° E * CMD2 DM1 7
o 014 , KLOE08 « CLEO E £ 12 + KLOEO8 + CLEO =
E.0.12F * KLOELO o BABAR E = ! + KLOE10 o BABAR 7
£.0121 3 n  10=% —
E o KLOE12 E a = o KLOE12 E
° 01 « BES 3 e 8 « BES =
0.08 E < E
E 3 8 6 4
0.06 = T F 7
0.04F E E
E E < = E
0.02}3 E 8§ 2F E
B 1 — 5 N PRIV PRI R RPN IR . =
%.3 0.4 0.5 0.6 0.7 0.8 0.9 1 g %,3 0.4 0.5 0.6 0.7 0.8 0.9 1
Vs [GeV] K (s [GeV]
=

@ Over 70% of tail comes from below p peak
@ All datasets agree well in that range

@ Good agreement with lattice for a,, 2535

@ Contributes only 4% to a:°"""
@ 96% comes lattice computation
0

Helps reduce many of our uncertainties
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Summary of contributions to a; : BMW 2020

Isospin symmetric

O O O OO

connected light connected strange connected charm disconnected
633.7(2.1)(4.2) 53.393(89)(68) 14.6(0)(1) -13.36(1.18)(1.36)
@ QED OMO Strong isospin-breaking

isospin-breaking: @ O O O O

@ valence connected disconnected

connected-1.23(40)(31) disconnected-0.55(15)(10)| 6.60(63)(53) -4.67(54)(69)

OO0 e OOOQ) Ee

bottom; higher order;

isospin-breaking: rturbati
O &) o O O O™,

connected 0.37(21)(24) disconnected -0.040(33)(21)
QED Finite-size effects
isospin—breaking' OMO O isospin-symmetric
mixed ' 18.7(2.5)
isospin-breaking
connected -0.0093(86)(95) disconnected 0.011(24)(14) 0.0(0.1)

10'%xa, 0P = 707.5(2.3)sat(5.0)sys[5.5]ror

aotvP 10 0.77%

— 2024 Frontiers of Science Award in Theoretical Physics
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HVP contribution result

Re-computed all lattice HVP contributions [This work]

a0l — [0,00] fm
lat:[0,2.8] fm
300} ]
E
= 2000 1
3=
100} ]
of ¥
0 1 2 3 4 5
t [fm]
aLo = au,on 8 fm|lat
= 687.51(3.36)

= 96%
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HVP contribution result

Re-computed all lattice HVP contributions [This work]

T T

400l — [0,00] fm
lat:[0,2.8] fm
_ 300p — e*e™:[2.8,00] fM ]
1
£
= 2000 :
kS
= =1
100} :
0
0 1 2 3 4 5
t [fm]
LO-HVP HVP
a, = &% Y b mliat + 85000 mlete— r

= 687.51(3.36) + 27.59(52)
= 96% + 4%
=715.1(3.4) [0.48%]
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Experiment vs SM: October 2026

ayexpt = (11659207.15 + 1.45) x 10 '°
a,|wees = (11659203.3 + 6.2) x 10~ '°
.| This workswp2s = (11659205.1 4+ 3.4) x 107'°

T T T T T T
BNL & FNAL 25 =]

0.50

This work

White paper '25

RBC/UKQCD 24

Mainz/CLS '24
BMW 20 ainz/CLS
White paper '20

A N

24 5.80 >

\ 14

BaBar
CMD-3
KLOE H+H
Tau

| | | | | |
180 190 200 210 220 230

a, x 10'° — 11659000
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Conclusions

@ New “hybrid” calculation (lattice + e*e~ — hadrons) of a-0H"P t0 0.48%

Decades of perturbative QED & EW calculations, combined w/ fully nonperturbative QCD
(+QED) and data-driven ones, predict g,, to 0.36 ppb !

Decades of measurement give g, to 0.14 ppb | — 2026 Breakthrough Prize
With our result for ak0-HVP, SM confirmed to 0.38 ppb

Stringent, single test of the complete SM (all particles & interactions)

Lattice calculation of 0 — 2.8 fm window > 96% of total

et e~ — hadrons evaluation of 2.8 — co fm window < 4% of total

Fully blinded analysis

~ 10 years of lattice work and billions of supercomputer core-hours

Error reduction vs BMW '20:
@ ~ 37% from finer ensembles
@ additional ~ 22% from et e~ — hadrons data for tail

Lattice calculation agrees w/ others in windows: 0 — 0.4fm, 0.4 — 1.0fm & 1.5 — 1.9fm,
1.0fm — oo
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Conclusions

@ Still need x2 improvement to match experiment !

@ Significant work to understand tensions among et e~ measurements (gasar 23, Colangelo et al, ...
and w/ lattice [etv 22, Buw-Dvz 23,

@ BMW also has complete calculation of af™"" muw 24

@ Eagerly await

Lattice results for complete a:>H¥" by Fermilab/HPQCD/MILC expected soon
Next generation of 100% lattice calculations w/ precision ~BMW 24

New BABAR ete~ — hadrons analysis

New KLOE analysis

New BES IIl, BELLE-Il, CMD-3, SND-2 data and analysis

J-PARC entirely new method for a,, measurement

MUonE @ CERN for spacelike HVP

®© 6 6 6 6 o o

a(M2) for EWPO tests of SM @ FCC-ee
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BACKUP
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Data agreement in low-+/s region

@ All datasets agree in low-+/s region that is relevant for a,, 25—

@ Contribution and uncertainties from low-+/s region overwhelms discrepancies on
p peak

x10° x10°
8 [ T T T T T T ] 8 . T T T T T T ]
g 20 day"(t, =281, == A=0.15fm)/ds [GeV 7 A @ 2k daf(t, =281 == A=0.15fm)/ds [Gev?] |
2 [ Common reference e'e—a'n | & n Common reference e’e— x'x ]
= r J 2 KLOE-08-10-12 1 = C o BABAR bl

c c

s 1K 4 § 1 -
£ r 1 E 3 1
3 [ J % % Bl % {‘ ]
o r 1 © " d
S of N%%MMW’ ¢ o HH{’H&‘ .
g [ 1 5 ]
E 0 34 E b 3
g I , 1 5 I ]
g E Y 1 g F M ]
3 [ " 1 £ [ ]
w F - w F 4
2 - -2 -
C I Il I L I I | C I Il I Il I Il |
03 04 05 06 07 08 09 1 03 04 05 06 07 08 09 1
Vs [GeV] Vs [GeV]

x10° x10°
8 [ T T T T T T ] 8 . T T T T T T ]
s I day" (=281, == A=0.15 fm) / ds [GeV?] J 8 oF day" (i, =281, == A=0.15fm)/ds [GeV?] I
2 [ Common reference e'e—=a'w | 2 n + Common reference e'e'— x'x ]
2 r = CMD3 4 2 r + CMD206  + SND q
é - 4 é 1 o CMD203 o SND20 4
g r q g r ‘ * BESII 1
S ol ptftdeeree = © of FRIRieo: Mertrssamiscomes |
g f i F [ ]
53 F 1 s F ]
E a1 E - } 3
g I 1 5 I i ]
g E \ 1 g E M ]
£ r 1 8 r H ]
w F - w F 4
2 - -2 4
C Il Il Il Il Il Il | C Il Il Il Il Il Il )
03 04 05 06 07 08 09 1 03 04 05 06 07 08 09 1
Vs [GeV] s [GeV]
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Lattice vs data-driven agreement for tail head

@ a, 535 represents ~ 70% of tail
@ Good agreement among experiments ...

@ ... and lattice determination w/in ~ 10% lattice uncertainty

LI B L L L B L L LB B
Lattice I } 1 } i
BaBar e
CMD-3 o
KLOE e
Tau ——

I R TR BT AN B A B AT BT

17.5 18.0 18.5 19.0 19.5 20.0
Qy,28—35
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All contributions to a;

00 — 28 light and disconnected ~ 619.6(2.3)(2.1)[3.1]  this work
00 — 28 | strange 53.12(14)(11)[18] | this work
00 — 28 | charm 14.68(24)(29)[38] | this work
00 — 28 | light ged —1.86(53)(27) | this work
00 — 28 | light sib 7.06(64)(35) | this work
00 — 28 | disconnected ged —1.00(46)(28) | this work
00 — 28 | disconnected sib —4.39(58)(63) | this work
00 — 28 | strange ged —0.0136(85)(77) | this work
00 — co | disconnected charm 0.0(1) | Borsanyi2017zdw
00 — oo charm qed 00182(36) Giusti:2019xct
00 — oo bottom 0.271 (37) Colquhoun:2014ica
28 — co | tail from data-driven 27.59(26)(45)[52] | this work
00 —co | total 715.1(2.5)(2.3)[3.4]
Table: List of all contributions to a,,.
a P x 10"° = 715.1(2.5)(2.3)[3.4] [0.48%]
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