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SM contributions to a,

e QED: it accounts for more than 99.99% of the total, with negligible uncertainty at the present precision
* ElectroWeak: calculated up to three loops, with negligible uncertainty (~ 153(1) - 10™'1)
® QCD: the largest source of uncertainty, due to non-perturbative effects

a™ = 116592033(62) - 107

R. Aliberti et al., Phys. Rept. 1143 (2025) [arXiv:2505.21476]
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QCD contributions

Hadronic Vacuum Polarization (HVP) Hadronic Light-by-Light (HLxL)
v
I I
F. Jegerlehner, arXiv:0902.3360 F. Jegerlehner, arXiv:0902.3360
* startsat O(a”)  ~7000(60) - 107" e startsat O(a®)  ~100(10) - 10~
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QCD contributions

Hadronic Vacuum Polarization (HVP)

v

F. Jegerlehner, arXiv:0902.3360

e starts at O(a?) ~ 7000(60) - 107!

® two approaches for both contributions:
® first principle calculations with LQCD
® data driven approach

Hadronic Light-by-Light (HLxL)

F. Jegerlehner, arXiv:0902.3360

e starts at O(a?) ~100(10) - 107"

see previous talk by G. Gagliardi

— focus on HVP, since it is the largest source of uncertainty
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The (time-like) dispersive approach for HVP
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The (time-like) dispersive approach for HVP
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® at Leading Order
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¢ at Higher Orders
° KLO(S) — KNLO(S) — alI;INLO
° KLO (8) N KNNLO(S) [ aENNLO
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Data for dispersive integral

L M RS S
501 o NA7, TOF, ACO DMI ! ¢ e'e” -> hadrons [N
o o 51 i Vo i L
40 44 i | gl L
‘ " - =
i . L
ER 371 ' pQCD- | -pQCD -
< & 24 et e  MD-1 L
£ 1] * DHHM L
04 excl data 4 DASPII, CLEO, CUSB,MAC, CELLO,MARK J [
o KLOE 12
10 D, o
g% hn 4% 2% 0.9% . 0.1% . 4.5 7% 0% [
2.’0 4.’0 6.’0 3.’0 |0'.0 |2'.0
300 400 500 E GeV)

0.4 0.6 0.8 1 1.2 1.4 1.6 1.8
Vs [GeV]

Fulvio Piccinini (INFN, Pavia and GGI) stress testing the SM



Contributions to integral and to its error

Contributions to a/f*” Contributions to a/f*? Squared Error

nrn-

ntn-n?

K*K-

KEKE

ntn-2n®

2n*2n-

All other exc. states
ChPT/res./pQCD estimates
Vs =1.937 GeV

Radiative Corrections

talk by A. Wright, FCCP 2025, Capri, 29 Setember - 1 October 2025
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Methods for the hadronic cross section measurement

Energy scan Radiative return

Hadrons

Hadrons

M~
€X (1 + (sRC)LCE

o’ete” = X) =
® tagged analysis

® dependence on the radiative corrections drc ¢ untagged analysis
in generators, photonic and full vac. pol. e possible normalization to u .~ events
e dependence on the absolute luminosity ® independence of the absolute normalization

and of the vacuum polarization

x = theoretical systematics * high stat i u—~ required
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Overview of present experiments

Experiment Published Normalization Separation
Method n-p-e

ISR untagged Luminosity Kinematics Track ISR untagged
KLOE ISR tagged Luminosity Kinematics Track Py
ISR untagged Py Kinematics Track statistics x 7
. ISR tagged, separation
ISR tagged - Particle ID
E R = Ay by polar angle, statistics x 2
. . ISR tagged, p+u-y,
ISR tagged Luminosit Particle ID (ML
szl = v (ML) statistics x 7, 1C kin. fit
ISR tagged, p+p-y,
UL Particle ID
Kinematics Track overall improvements
CMD-3 Energy scan e+e-

Kinematics EMC

SND Energy scan ete- Kinematics EMC overall |mprovemer?ts
ML for it — e separation

A. Denig, talk at FCCP 2025, Capri
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MC tools: radiative corrections and the pion structure

Eur. Phys. J. C (2010) 66: 585-686 THE EUROPEAN
DOI 10.1140/epje/s10052-010-1251-4
PHYSICAL JOURNAL C

Review

Quest for precision in hadronic cross sections at low energy:
Monte Carlo tools vs. experimental data

Working Group on Radiative Corrections and Monte Carlo Generators for Low Energies

S. Actis®®, A. Arbuzov’®, G. Balossini’>?, P. Beltrame >, C. Bignamini32'33, R. Bonciani'®, C.M. Carloni Calame™?,
V. Cherepanovzs'zo, M. Czakon', H. Czyi](’""f'i, A. Denigzz, S. Eidelman®-20¢, G.V. Fedotovich?20¢, A, Ferrogliazj,
J. Gluza'?, A. Grzelifiska®, M. Gunia'®, A. Hafner?2, F. Ignatov25 ,S. Jadach®, F. Ji egerlehnerl]("41 , A. KalinowskiZ’,
W. Kluge”, A. Korchin?, J.H. Kiihn'®, E.A. Kuraev’, P. Lukin?®, P. Mastrolia'4, G. Montagnan}}’b'd,

S.E. Miiller>>!, F. Nguyen**¢, O. Nicrosini*®, D. Nomura®*", G. Pakhlova®*, G. Pancheri', M. Passera®, A. Penin'’,
F. Piccinini*’, W. Placzek’, T. Przedzinski®, E. Remiddi*®, T. Riemann*', G. Rodrigo’’, P. Roig?’,

0. Shekhovtsova'!, C.P. Shen'®, A.L. Sibidanov>>, T. Teubner?!", L. Trentadue’’!, G. Venanzoni'! <, J.J. van

der Bij'2, P. Wang?, B.F.L. Ward*’, Z. Was®¢, M. Worek**'?, C.Z. Yuan®
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Recently used generators: general features

e for luminosity (Bhabha, ;1™ , v production): NLO with multiphoton resummation (Parton Shower in
BabaYaga, YFS in KKMC, BHWIDE)

e for 77~ production: NLO with IS multiphoton resummation with structure functions (MCGPJ)

for radiative processes: NLO (Phokhara). LO 2 — 3 with collinear LL Structure functions (AfkQED)

Pion form factor in FxQED approximation: diagrams calculated in sQED with F; (¢?) factorized with a
scale ¢* able to guarantee the IR cancellation
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From R-ratio to a,

® The evaluation of the dispersion relation for a,, is performed by different groups

° DHMZ M. Davier, A. Hoecker, B. Malaescu, Z. Zhang
° KNTW A. Keshavarzi, D. Nomura, T. Teubner, A. Wright
® CHKLS G. Colangelo, M. Hoferichter, B. Kubis, T.P. Leplumery, P. Stoffer

® interpolation between different energy points

e combination of all exclusive channels, considering the correlations between channels and between
experiments

® using general constraints, from analyticity, unitarity and crossing symmetry

having different approaches crucial to have more reliable results
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Situation at the time of WP20

T T T T T T T
ETM-18/19 ——
Mainz/CLS-19 H——
FHM-19 —e—
PACS-19 —t——t—1
RBC/UKQCD-18 ——
BMW-17 °
Mainz/CLS-17 +——————+
HPQCD-16 G
ETM-13 ———
KNT-19 -
DHMZ-19 -
BDJ-19 HH
Jegerlehner-18 HH
RBC/UKQCD-18 ™ ]
Pheno. : No New Physics|
Pheno+LQCD = | . N
600 650 700 750 T. Aoyama et al., Phys. Rept. 887 (2020) 1

a; VPO = 6931(40) - 10~ !
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Results on the experimental side after WP20: CMD-3

e new measurement of o(e*e~ — ) ® At present no explanation found for the
difference of results of CMD-3 w.r.t. other
experiments

@VEPP-2000 in strong tension with previous
experiments (even CMD-2!)

® tensions also in other channels
F.V. Ignatov et al., Phys. Rev. Lett. 132 (2024) 23; Phys. Rev. D109 (2024) 11
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Recent news on the experimental side: BaBaR

e New blind analysis of 460 fb~! integrated luminosity confirms the results of 2009
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Davier, Lutz, Malaescu, Zhang, Polat, Pinto, talk at Muon g — 2 Theory Initiative meeting, IJCLab, Orsay, 8-12 September 2025
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Very recent SND analysis of 2018 data — tension with BaBaR and KLOE

A. Kupich, talk at Muon g — 2 Theory Initiative, IJCLab, Orsay, 8-12 September 2025

e SND data vs fit e BaBaR data vs SND

[csim1),%
[os1], %
T

1

R R T a B )

e CMD-3 vs SND e KLOE vs SND
P ;.
Ll | 2 )

ssomﬂ&sa7m7snmaaso9mssa

10%0 = 431.11 £ 3.52 vs o™ “MP—3 . 10'0 = 433.62 + 3.76, o™ P*P* . 10'° = 423.87 + 2.06
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progress on the theory side (A. Gurgone, FCCP 2025, Anacapri, 8-12 September 2025)

® RadioMonteCarLow 2 is a community effort focused on Monte Carlo tools
Radio %

and radiative corrections for e™ e~ collisions at low energies (/5 < few GeV)
MonteCarLow2

® The goal is to assess the current state of MC codes, make them accessible,
and further improve them where needed
— A living repository of MC generators and benchmark results

® Close collaboration between theorists and experimental collaborations
— BESIIIl, CMD-3, KLOE ...

® 7 codes: AFKQED, BABAYAGAQNLO, KKMC, MCGPJ, MCMULE,
PHOKHARA, SHERPA

® 3+3 processes (both for energy scan and radiative return):

® etem s ete (v)

°ete” = utu(v)
® ete” s ata(v) radiomontecarlow?.gitlab.io
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progress on he theory side (A. Gurgone, FCCP 2025, Anacapri, 8-12 September 2025)

Sci| SciPost Phys. Comm. Rep. 9 (2025)

Radiative corrections and Monte Carlo tools for low-energy
hadronic cross sections in e*e™ collisions

Riccardo Aliberti!, © Paolo Beltrame?, © Ettore Budassi®*,
Carlo M. Carloni Calame*, © Gilberto Colangelo®, © Lorenzo CotrozziZ,
Achim Denig!, © Anna Driutti®’, © Tim Engel®, © Lois Flower>?,
Andrea Gurgone3-%7, © Martin Hoferichter®, © Fedor Ignatov2,
Sophie Kollatzsch!%11, © Bastian Kubis'?, ©® Andrzej Kup$¢!3:14*,
Fabian Lange!%11, © Alberto Lusiani’-15, © Stefan E. Miiller'6, © Jérémy Paltrinieri2,
Pau Petit Rosas?2, © Fulvio Piccinini*, ® Alan Price!”, © Lorenzo Punzi’-15,
Marco Roccol®18, © Olga Shekhovtsoval®20, © Andrzej Si6édmok!7,
Adrian Signer!%11*| © Giovanni Stagnitto?!, © Peter Stoffer'®11,
Thomas Teubner?, © William J. Torres Bobadilla?,
Francesco P Ucci®*, © Yannick Ulrich?°* and © Graziano Venanzoni
(RadioMonteCarLow 2 working group)

2,7+
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progress on the theory side (A. Gurgone, FCCP 2025, Anacapri, 8-12 September 2025)

WP1 & WP2: fixed-order QED

WP3: hadronic final states (mainly pions)

WP3: all-order QED (resummation)

WP5: experimental inputs
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progress on the theory side (A. Gurgone, FCCP 2025, Anacapri, 8-12 September 2025)

»
® FxsQED: Diagrams are computed in scalar QED and multiplied by a global form
factor F,r(q2), where g2 is chosen to ensure the cancellation of IR divergences M
— q*> = m?2, for ISC, g* = s for FSC and mixed
2
® GVMD: The form factor is written as a sum of Breit-Wigner functions. The ,
propagator-like form allows one to solve the loop integral with standard techniques e
2 o /\2 2 2 \{
Fe(a®) =) cvl\27:2 with A2 =m2 —im,T,
v=0 v q
\\
® FsQED: Under the general assumptions unitarity and analyticity, the form factor ,
is decomposed using the dispersion relation »
Fe(¢°) 1 1 [ ds’ ImF.(s")
q2 - G —X 7 [, s s'(q2—5) \\‘
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di-pion final state: charge asymmetry

@

< 0.0150
0.0125
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0.0075
0.0050 Factorised NLO [
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FsQED NLO
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+  CMD3 data
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V5 [GeV]

E. Budassi et al., JHEPO5 (2025) 196 [arXiv:2409.03469]

® FsQED and GVMD approaches give very similar predictions

® Relevant differences with the FxsQED approach (for exclusive angular observables)
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Another possible way: = decay data

® In the limit of isospin invariance, the normalized invariant mass spectrum of the = decay for I = 1 channel
¥ — X*u, is proportional to the corresponding isovector final state production cross section

— 0
ete” > X
T T T T T T T
1decays e Bl 0012030
——e—— GEQ sk 02
- A 10000
0 — B 0014
® measured differential B(t — 7~ 7" v;) = B 0220382050
—e—— OPAL
+ 2546+0.17+0.29
dU(e e — 71' i )/dmw+ﬁ o4 ;:X;;aogleo
geove e | QB205,0850%9)
- ZCAl\glzDizoﬂzaz(iD 3720 52, 0.6-1.38)
® [sospin Breaking effects source of large W | SND06(039007)
- e KLE(05007
uncertainties BARAR 93 03m)
e KOE19032092
j = gAeQAa\éeera 9% 22
L L L L L L L

235 24 245 25 25.5 26 26 5 27 275

BT - v, i) (%)
R. Aliberti et al., Phys. Rept. 1143 (2025) [arXiv:2505.21476]
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Results on a, of different groups

. A , WP20
SNDOG{ (93.8%) g :: Eﬁﬁ;ﬁ
CMD-21 (88.6%) E . KNTW
BaBar { (09.9%)
KLOE{ (97.2%) }EEEEE:::::j
BESIH~(728%0F___;:::EEEE£___4
SND20 4 (80.3%) A
CMD-31 (98.9%) ey i

490

510 520 530 540
1010 x gVP: LO[rr et ]

R. Aliberti et al., Phys. Rept. 1143 (2025) [arXiv:2505.21476]
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Situation of WP25

WP20* A —e—
SNDO6 1 (93.8%) _——
CMD-21 (88.6%) ——
BaBar { (99.9%)
KLOE { (97.2%) e
e |
e

BESIII{ (72.8%)

SND201 (80.3%)
CMD-31(98.9%) ——
71 (100%) e

—40 30 50 10 0 10
1010 x (aﬁM —ag®)

R. Aliberti et al., Phys. Rept. 1143 (2025) [arXiv:2505.21476]
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Looking ahead, the space-like approach (MUonE)

IonNe

* G. Abbiendi, C.M. Carloni Calame, U. Marconi, C. Matteuzzi, G. Montagna, O. Nicrosini, M. Passera, F. Piccinini,
R. Tenchini, L. Trentadue, G. Venanzoni,
Measuring the leading hadronic contribution to the muon g-2 via ue scattering
Eur. Phys. J. C 77 (2017) no.3, 139 - arXiv:1609.08987 [hep-ph]

% C. M. Carloni Calame, M. Passera, L. Trentadue and G. Venanzoni,
A new approach to evaluate the leading hadronic corrections to the muon g-2

Phys. Lett. B 746 (2015) 325 - arXiv:1504.02228 [hep-ph]
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Master formula

aELO _ % i dz (1 — z) Aanad[t(z)]
g t Hadrons
t(:C) = P ‘{ <0

e.g. Lautrup, Peterman, De Rafael, Phys. Rept. 3 (1972) 193

* Aanad(t) can be directly measured in a (single) experiment involving

HLO

a space-like scattering process and a,,

obtained through numerical integration
Carloni Calame, Passera, Trentadue, Venanzoni PLB 746 (2015) 325

* A data-driven, inclusive evaluation of a}/"°, but with space-like data
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From time-like to space-like evaluation of o}, -© o @ Gl

Time-like — Space-like
pot s s
[t] (1073 GeV?) [t (107% GeV?)
0.55 2.98 10.5 35.7 oo 0 0.55 2.98 10.5 35.7 00
s 100 /
“ 10 b 1
E]
X
R 3 mean ﬁ_ 1
O Crystal Ball il
Laozso arum sl
) +MEA *BESI B 0.1 F
o < i = had
o
} OBES Il VOMZ, BABAR  « DHHY 0.01 F
! « DASPII,CLED,CUSB, MAC, CELLO, MARK i=lep
"""""""""" 0.001 L L L L
ors 0.2 0.4 0.6 0.8 1
T FEAT I
T

Smooth function
— Time-like: combination of many experimental data sets, control of RCs better than O(1%) on hadronic

channels required
— Space-like: in principle, one single experiment, it's a one-loop effect, very high accuracy needed
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Kernel functions for a,

e LO: 2(1—a)

e NLO
E. Balzani, S. Laporta, M. Passera, Phys. Lett. B834 (2022) 137462
A.V. Nesterenko, J. Phys. G49 (2022) 5, 055001;
J. Phys. G50 (2022) 2, 029401

- o o oo o

E. Balzani, S. Laporta, M. Passera, Phys. Lett. B834 (2022) 137462
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Summary

SNDOG = e——
CMD-2 ——
BaBar - ees—
KLOE e
BESIII L

SND20 e fe—
CMD-3 e—f—m—
T H—+—O0—+—H
Lattice HVP Avg. 1t L 1
WP25 } ° {
=& FNAL-25
| | FNAL-23
| | FNAL-21
; { BNL-06 >
—40 —30 —20 —10 0 10 20

1010 (aihl — )

¢ the puzzle(s) of the data driven approaches
® new data, new analysis and new simulation tools will be crucial to clarify the situatio
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