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Charged lepton magnetic moments
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Muons are tiny magnets

A massive elementary particle w/ electric charge and spin behaves like a tiny magnet

Magnetic moment of the muon
e =
G, ==+9u—S

Mo 9 2m,

g, = Landé factor

In uniform magnetic field B, S precesses w/ angular
frequency

e -
wg = guﬁlﬁ’\
"

7 x 108 rotations per second for |B| = 1.45 T

— same principle as for MRI

@ g, can be measured & calculated very, very ... precisely
@ measurement = SM prediction ?

— Yes: another victory for the SM

— No: we have uncovered new fundamental physics
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Crucial point:



Experimental measurement of
a, = (g —2)/2
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Fermilab’s Muon g — 2 Collaboration measurement

Beautiful experiment, very successful six-year data-taking campaign, hugely
impressive analyses and results

PHYSICAL REVIEW LETTERS 126, 141501 Q021)
PHYSICAL REVIEW LETTERS 131, 161802 2023)

e arXiv:2506.03069 [hep-ex]

nomalous Magnetic Moment t0 0.46 ppm

(agnetic Moment to 127 ppb

a|expt = (11659207.15 £ 1.45) x 107°  [124 ppb]

— see talks by Estifa’a Zaid, Elia Bottalico and Alberto Lusiani later in
session
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Reference standard model calculation of a,

[Aliberti et al ’25 = WP 25 [Muon g—2 Theory Initiative, member of SCJ]

All three interactions and all SM particles are needed

SM  _ .QED , .had , .EW
a) = a; +ar+a,

o(z)+o (2 (i) ) o (ariean) (i)

= o(107*)+0(1077) +0(10°°)
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QED contributions to &,

Loops with only photons and leptons: can expand in o = €°/(47) < 1
D_ ~@ (& @ (N2 | A6 ()2 A (N A0 (N
=c(3)+e () +a¥ (7)) +a” (7) AV (3) +

CP = AP 1 AP (my /my) + AL (Mg /mys, me ) mynr)
A(2 A(4) A1 ) A2 3 A2 ] A(6 knoWn analyt|ca|ly [Schwinger '48; Sommerfield 57, '568; Petermann '57:
(] O((OC/TI')S): 72 diagrams [Laporta et al ‘91, 93, *95, '96; Kinoshita '95)

o O((Oc/ﬂ')4; (04/71')5)1 891 ;12,672 diagrams Laporta '95; Aguilar et al '08; Aoyama et al '96-'19, Volkov '19-'24]
@ Automated generation of diagrams

@ Numerical evaluation of loop integrals
@ Calculations cross-checked
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5-loop QED diagrams
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LD AR (D mzm LD LB L a0 A AR LD aR [N ) am AEN
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T [N IR w2 LD LD IR an AR LN LD D FD AN LN [
A B [ D LD AR (IR £ AR AR [ fm (e A R L2
o R LR on IS LD L) £ AR AR mS) A [ AN AR AN
LD B I LD L) 4TS LD a5 A L) o) 62 D AN IR I

I L D A Aoy AR L fo) AR [ 28N £ @D AN 4 N
L) B BN LD Ao LB LA £ A [ 2 M Lo [ 7 (72
o [ I L2y DN AR moen A £DN AR /£ A &N M A L2
A B M LD LD O LD A A LA Lo DN Lo AN 7 N
LEn [ZD D N I o7 oI S AR LD 28N N LN [N Lz
L L (TN s IR oD £ AR A AN Lo A LD Ao (AN
A D IR AN TR o2 D A KD LD B MDD [N AN D
LD DD IR sz TR B oD LD AD LD LD AN L) D L)
aOR [N IR s D [ D LD A\ L) ) @ [N aR L)
Lo N R amn 48 LA o £ KD Lo £ A Lo ) Lz
aZmm O (B o Azs [ A £ &2 40 AN AR LR am LEN)
Lo ™ (B > LFD (2R £08 AR KD I Lo o Lo 4 L=
AN LR oy A LR R Lo D [ LN B aN LN IR LD
LN RN o L2 L) I LD AR D) Lo LN A [ Lo )
LD R o Lo LR D LD £ L AR R [ [ 4R L&)

Aoyama et al '15, '19]

QED
a;= x 10'% = 11658471.88(2) [1.7 ppb]
[99.994% of a,,]

Laurent Lellouch EPS-HEP, 7-11 July 2025, Marseille



Electroweak contributions to a,: Z, W, H, etc. loops

(Gnendiger et

2-loop

b) c) a)
C N A o/ Z
zZ H I I

d)
2GFm? '
= 0 <\[6qu ) %Jéﬁfﬂ‘* uﬁiy é‘ﬁ

1672
= 19.479(1) x 10~1°

al’15, Aoyama et al '20 and refs therein

™~ Iz "

- 0 LﬁG’:mi @
1672 7

= —4.038(30) x 10710

(Gnendiger et al "15 and refs therein)

gV = 15.44(4) x 1071°
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Hadronic contributions to a,

v

+ + £ oAl =0 ((2)°)

i‘% ' 1‘% ) ﬁ‘} b rat=0(())

Nl Sh

Involve g and g in low-energy regime of QCD = nonperturbative tools (# aSED, a“"[eak)

Big challenge: needed to < 0.2% to fully leverage Fermilab a,, measurement !
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Data-driven determination of HVP contribution

@ M,(q) = vv = (quaqv — 9w d?) N(G?)
@ a.OHVP — weighted integral of f(g?) = N(qg?) — N(0) for > = —Q?, @® =0 — ¢

(] ﬁ(qz) is real and analytic except for cut along real, positive g2 axis

Gev]|

11(-%) Imq

Gev?

@ Analyticity: can get f1(g?) for g2 < 0 from ImM(q?) w/ g2 > 0 via contour integral (QCD
asymptotics = [once subtracted] dispersion relation)

o Im[,\,@,\, ] e | hadrons |?
] Unltarlty [Bouchiat et al '61]: ,VVV\C

R(s)

-
B . R(s)= o(ete” — had)
127

() = = olere Spta)
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HVP results

— for lattice HVP see talks by Alessandro Lupo and Pierre Vanhove

SNDOG = e
CMD-2 ——
BaBar - se—je—
KLOE - ef—
BESIII e
SND20 ———

CMD-3 fe——
7 H——O—t+—H

Lattice HVP Avg. 1}
WP25 |

= 'NAL-25
=4 FNAL-23

FNAL-21 S
BNL-06 >

—40 =30 —20 —10 0 10 20
1010 x (@M — ag)

Situation of data-driven results is currently very confusing
BMW °20 [Nature 2021] gave first indication that there was a problem w/ data-driven results
o(eTe~ — hadrons) from CMD3 23 put nail in (temporary) coffin

WP20: HVP from o(eTe~ — hadrons) — WP25: HVP from lattice [smw. eTw, Fermilabpaco

Mainz, RBC/UKQCD, |

a0V wpas = 713.2(6.1) x 107" [0.85%]

1L
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Data-driven determination of HLbL contribution

Master formula [G. Colangelo et al, '17]

2 1 12 _
g 20 / 01/ doz/ drv/A =723 TiQr, Qo 7)(Q:, O, 7)
—1 i=1

T 4872

Use: analyticity, unitarity, QCD asymptotics & experimental data [and models]

I_I/,Ll/po' = rITr pole+

nvpo

.ie
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Data-driven determination of HLbL contribution

Master formula [G. Colangelo et al, '17]

2 1 12 _
g 20 / 01/ doz/ drv/A =723 TiQr, Qo 7)(Q:, O, 7)
—1 i=1

T 4872

Use: analyticity, unitarity, QCD asymptotics & experimental data [and models]

nuwm — |—|7r -pole 4+ nr bo><Jr

pnvpo v po
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Data-driven determination of HLbL contribution

Master formula [G. Colangelo et al, '17]

2 1 12 _
g 20 / 01/ doz/ drv/A =723 TiQr, Qo 7)(Q:, O, 7)

T 4872 1 P \

Use: analyticity, unitarity, QCD asymptotics & experimental data [and models]

- -pole -box 27
rll“’PU' - np.ugd + n;u/pfr + I_I/IU/7(7 +

ap
1T
L
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Data-driven determination of HLbL contribution

Master formula (c. colangelo et al, 117) j
N
2(¥3 [SS] S 1 12 _ L )
gL — / o0} / dQZ/ drmz Ti(Qr, Qz, T)Ni(Q1, Qo 7) S5
" 4872 Jo Jo —1 P s 3¢

Use: analyticity, unitarity, QCD asymptotics & experimental data [and models]

0
__ [ -pole -box 27
rl,ul/po' = np,y/’?{f + np,upa‘ + I_I/ll//)(7 + o

|
ap
LT
i
@ Much more complex analytic and QCD asymptotic behavior (e.o. J. Binens et ai 21]
@ Much less data and of lesser precision

@ Modeling needed for - - -

@ However, "only" 10% precision needed to fully leverage Fermilab measurement
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HLbL results

— for lattice HLbL see talk by Antoine Gérardin
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@ Lattice and pheno determinations of a/™"" have agreed for years

@ Central value has barely changed since model-based 2009 Glasgow consensus
@ Now error reduced and fully under control

@ WP20 & WP25 use combination of lattice & pheno results

a™ |\weas = 11.26(96) x 107'° [8.5%)]
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SM vs experiment
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SM vs experiment

a,|wees = (11659203.3 + 6.2) x 107 '°
a,|euwaaswros = (11659204.2 + 3.4) x 107 '°

[BMW 24 a hybrld, lattice calculation of alﬁo-va [2407.10913 [hep-lat], see A luoosta\k]]
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Conclusions and outlook
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Conclusions and outlook

@ On June 3rd Fermilab announced measurement of a,, with incredible 127 ppb
precision [WA has 124 ppb]

@ ...BMW '24 + WP ’25 indicates that SM confirmed to within 0.3 ppb ( 0.4 ppb w/
WP '25 alone)

@ Decades of perturbative QED & EW calculations combined w/ fully
nonperturbative QCD (+QED) ones predict g,, to a 0.3 ppb precision!

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

@ HVP
@ WP '20: SM prediction given by data-driven methods

@ WP '25: SM prediction given by lattice calculations, w/ consolidated averages from
many independent calculations

@ Responsible for 92% of total error-squared (of a,, |gmw24+wp25)

@ BMW '24 uncertainty must be reduced by factor ~ 2 to match experiment ( ~ 4 for
WP '25)
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Conclusions and outlook

@ HLbL
@ WP 20 & WP '25: SM prediction given by lattice and pheno that agree well
@ Responsible for 8% of total error-squared (of a,.|smwa4+we2s)
@ Uncertainty small enough already

+

@ r* — 75 7%, decays are making a comeback

@ Future

@ J-PARC entirely new method for a,, measurement
@ More lattice results for complete a-O"'P expected soon

@ New BABAR, KLOE, BES III, BELLE-Il, SND-2 ete~ — hadrons analyses (and
data) for et e~ — hadrons & 7+ — 7700,

@ MUonE @ CERN for spacelike HVP
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BACKUP
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Early history: the electron

@ 1928 : Dirac’s new theory predicts the existence of the positron and
ge‘D'\rac =2

', ojm
“That was really an unexpected bonus for me” (PA.M. Dirac) N

@ 1934 : Kinsler & Houston confirm ge = 2, w/ permil precision by studying spectrum of neon
atom

@ 1947 : Nafe, Nelson & Rabi, then Kusch & Foley measure hyperfine structure of hydrogen
and deuterium, showing that ge > 2 by 0.1%
— there is a problem w/ Dirac!

@ 1947 : Schwinger understands very quickly that Dirac’s theory neglects quantum
fluctuations and manages to compute them to obtain the “anomalous” contribution

5

ge — 2 o
_% -2 _ 2500116,
=" 2n

1:9:2011

(4 14

—  birth of QED and relativistic quantum field theory
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y are ay interesting?

; Y Qe ap -
: H Z — Lo = —— ——F""[010,,,¢R] + hc
R § L off 2 2my [€Lo i R]

ae,,, are parameter-free 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 = sensitive to muon mass generation mechanism &
complementary to: EDMs, s and b decays, LHC direct searches, ...

Contribution of particle w/ M > m; is generically
A my\2
- o(22) (m)
' my M
In EW theory M ~ My, and only source of chirality flipping is Yukawa
«
47 sin? Oy

In BSM, can have enhancements: e.g. SUSY M = Mgysy and C ~ «/ (47 sin® 0y) &
Arp = (p/Msysy) X tan 8 x my; or radiative m; model, Az ~ my, C ~ 1 and M = Myoe

Agp =Yyi(H)=m, and

m,,/me ~ 207 = a,, ~ 43,000x more sensitive to possible new heavy particles than a,
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White Paper '25 result compilation

Contribution Section Equation Value x10'"  References
Experiment (E989, E821) Eq. (9.5) 116592071.5(14.5)  Refs. [5-8, 10-13]
HVP LO (lattice) Sec.3.6.1 Eq. (3.37) 7132(61)  Refs. [14-30]
HVPLO (e*e”, 1) Sec. 2 Table 5 Estimates not provided at this point

HVP NLO (e*e™) Sec.2.9 Eq. (2.47) -99.6(1.3) Refs. [31, 32]
HVP NNLO (e*e™) Sec. 2.9 Eq. (2.48) 12.4(1) Ref.[33]

HLbL (phenomenology) Sec.5.10  Eq. (5.69) 103.3(8.8)  Refs. [34-57]
HLbL NLO (phenomenology) Sec.5.10  Egq. (5.70) 2.6(6) Ref. [58]

HLbL (lattice) Sec. 6.2.8  Eq. (6.34) 122.5(9.0)  Refs. [59-63]
HLbL (phenomenology + lattice) Sec. 9 Eq. (9.2) 112.6(9.6)  Refs. [34-57, 59-63]
QED Sec. 7.5 Eq. (7.27) 116584718.8(2) Refs. [64-70]

EW Sec. 8 Eq. (8.12) 154.4(4) Refs. [51,71-73]
HVP LO (lattice) + HVP N(N)LO (e*e™)  Sec.9 Eq. 9.1) 7045(61) Refs. [14-33]
HLbL (phenomenology + lattice + NLO)  Sec. 9 Eq. 9.3) 115.5(9.9) Refs. [34-63]
Total SM Value Sec. 9 Eq. (94) 116592033(62)  Refs. [14-73]
Difference: Aa, = a;* — as™ Sec. 9 Eq. (9.6) 38(63)
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