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The Muon Anomaly

A charged particle with spin carries a magnetic moment [l
(& —

S

—

M= Gu

2my,

B field

From Dirac equation: |§| =1/, - gu =2

— 2
Ay = |gu | The Anomaly
2
Going beyond tree level, contribution from loop B field
(8%
d,;, — —
Hon
W u

Schwinger term
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Theory and Experiment

Measure spin precession frequency:
Frequency determined by a,
Measured at BNL and FNAL
Precision: 0.19 ppm

(Phys.Rev.D 110 (2024) 3, 032009)

Weighted e/ 149.2 ns

€

B

Wy = a
Mmu

—i -l -t -t - -t
o O o o o o
N w » (&) [] ~

2In.d.f. = 4167/4132 3

20 40 60 80 100
Time after injection modulo 102.5 [us]

a®"P = 116 592059 (22) x 10~

0
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The SM Prediction

QED | 99.993% 0.0002%

@ a@PPHEW — 116584873 x 10~ 1
(Phys.Rept. 1143 (2025) 1-158)

QCD | 0.006%
HLbL HVP

el P =115(10) x 10~

(Phys.Rept. 1143 (2025) 1-158)
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The SM Prediction: HVP

oo ° ° °
dVP = L [ K(s) Oatemaa ds  DISPErsive evaluation

Am2 *

Y

Optical Theorem
e+

aHVPeTem = 6845(40) x 107

(Phys.Rept. 887 (2020) 1-166)

@lTVP QO = 7045(61) x 10~

(Phys.Rept. 1143 (2025) 1-158)

Discretization T E%‘

Lattice QCD
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The HVP Puzzle

a]lclhgn(r}ltb WP20 (PhYS.Rept. 887 (2020) 1'166)
additional L’])il]{l{ylh "
1‘3‘1\(\‘ SNDO6
P S L CMD-2 e
T W T \

BaBar e pe—
KLOE : e

—
BESIII == ———
White Paper 2020 (WP20)

P S 0 e
Tension between data sets /

Underestimation of systematics?

Combination with inflated uncertainty 4 FNAL-25
. . . FNAL-23
No precise Lattice QCD calculation - i %
. | BNL-06

_40 —30 —20 ~10 0 10 20
10 x (ag™ — a®)  (Phys.Rept. 1143 (2025) 1-158)
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The HVP Puzzle

KLO E WP20

SND06 + s
Initial-State-Radiation technique (ISR) o=
e_ f \/7 1400 IKLOE12 —
d ) 2/e o ——
L ) By B 6,) (VR wol e [
" L. \ T 1000 | KLOE combination £ Z
g —
V3 = \[s - 2/3E, oy Y
0 ! b
. 'p 600 f %
Uncertainty: 0.6% (on a,) o 7 :
o 400 - o
. . . 200 - P il b
Result is a combination of 3 measurements: DHEP03(2018) 173] | fmee™ UHEP 03 (2018) 173] \
. 0.4 0.5 0.6 0.7 0.8 0.9
o Untagged analysis of 240 pb! @ mg (KLOEOS8) Jo [GoV]

[Phys.Lett.B 670 (2009)]

o Tagged analysis of 250 pbl! @ 1 GeV (KLOE10)

[Phys.Lett.B 700 (2011)]

o KLOEO8 with normalization to ete- - u*p (KLOE12)

[
o
o

[ [Phys.Lett.B 720 (2013) 336-343] -

— upy Data
— puuy MC (PHOKHARA)

(nb/GeV2)
a

=
o
o

[Phys.Lett.B 720 (2013)] g 50 .fl/"__‘_"jf"'
Good agreement of o(e*e- > p*w) to QED predictions 1.05 # +

-
o
S
T T
T
e
—

o
©
(9]

Event generator: Phokhara CeTos
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The HVP Puzzle

BaBar - Yisr —
- CMD-2 e 'S
Initial-State-Radiation technique (ISR) /% =Ea e —— @

104 g T

Tagged analysis (ISR photon at large angle) ©

Cross section [nb]
— — p—
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=
S
(e} (=)
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H 2

232 fbl @ Y(4S)

—_
<
=
L3

. . .t &‘*’I*»P‘P*'Ff‘»}.
Normalization to ete - pHu- ok o T T*JFT
H 10_30|IIIOTSIIHi”l|1|.5“”2|””215H”3
Uncertainty: 0.7% (on au) [Phys. Rev. Lett. 103 (2009 \ rgev]
o 2 105 ;
Analysis built to accept puy(y), tny(y) events g 1%%%
s 0'950 . 0.5 1 15 2 25 3
.. m,, [GeV/c?]
Good agreement of o(e*e > p*p’) to QED predictions o
Event generator: AfkQED + corrections from Phokhara
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The HVP Puzzle

WP20 (Phys.Rept. 887 (2020) 1-166)

SNDO06
L SR CMD-2 = ————
h BaBar s
KLOE & o
BESIII ==
White Paper 2020 (WP20) e s
* Tension between data sets j
* Underestimation of systematics?
* Combination with inflated uncertainty 4= FNAL-25
. . . —8— FNAL-23
* No precise Lattice QCD calculation e FNAL2I i
}———e——— BNL-06 =
/ -0 -30 -20 ~10 0 10 20
10" x (¢} —a;®)  (Phys.Rept. 1143 (2025) 1-158)

CMD-3 Pion FF (2023)

* New result published after WP2020

* Result in strong disagreement to previous
measurements

* Good agreement with experimental
result
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CMD-3 Analysis Strategy

[Phys. Rev. D 109, 112002 (2024)]

Data collected at VEPP-2000 collider - R BGO
ri .
- CM:0.3<Vs<1.2GeV Chamber Calorimeter
* Three data sets (2013,18,20) # > 3.
- Different data taking conditions Ce== DAt =—
L
. . ey LX
Simple selection conditions Calorimater ToF

* Back-to-back topology
* Timing
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CMD-3 Analysis Strategy

[Phys. Rev. D 109, 112002 (2024)]

Data collected at VEPP-2000 collider

Momentum Ener,
* CM:0.3<Vs<1.2GeV - | D LS
* Three data sets (2013,18,20) . 5
* Different data taking conditions Eu RN e
r gsoo i
Simple selection conditions “ 0 Gm
* Back-to-back topology ol S
@ Timing M:GOI | I13°l | Iéoor r'lzz Momemum,z:ﬂmewc,z-301 00“ 100 - 2;;:Xe égg;gy :33:ti32?nnev?9 01
Three methods for signal extraction: Angle
x1 o® %2/ ndf 129.43 /157
@ Momentum 800; /A\ :::b 3.o4oge+o7i1.ae(:zzzzj
* Energy deposit in LXe calorimeter N o osomm
* Angular distribution 500 /j 'f__\\
L . <
300F; - B \l
o AP S N
1005 \\¥
%.%8_—{'/?1 o .1.2. . I1.4I I I1.6I I I1.8I . .2. I I2.é;¥ ]
Baverage’ rad

30/06/2026 PION FORM FACTOR: STATUS AND PERSPECTIVES




CMD-3 Analysis Strategy

Data collected at VEPP-2000 collider
*° CM:0.3<Vs<1.2GeV
* Three data sets (2013,18,20)

 Different data taking conditions

Simple selection conditions
* Back-to-back topology

* Timing

Three methods for signal extraction:
* Momentum
* Energy deposit in LXe calorimeter
* Angular distribution

Careful check of systematic effects

* Acceptance, radiative corrections, ...
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[Phys. Rev. D 109, 112002 (2024)]

- lﬂz éepbyp,RHo2o13. .................... ....................
o | RHO2018 : ?
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CMD-3: Result and Comparisons

[Phys. Rev. D 109, 112002 (2024)]

Scan
- 0.2p: 5 0.2 5
L; i) g - E —-CMD-2 : :
&50.15 ;' | &50.15 :_ ......... ............. ............... . ............... . —— SND _ . ..............
£ g T F || 5 : |~ sND2x 5 :
0.05[ 0.05
0 0
-0.05 -0.05
_0.1F+ 0.1
0.5} -0.15

033 o3

Measurement accuracy of about 0.8%, close to KLOE and BaBar (0.6-0.7%)
Common (and flat) disagreement around p(770)

Consistency at larger and smaller energies

Source of CMD 2 vs 3 disagreement still unclear
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The HVP Puzzle

wp20 (Phys.Rept. 887 (2020) 1-166)

PN SNDO6
L SR CMD-2 = ————
BaBar i meese—
KLOE - eoe—
BESIII e
White Paper 2020 (WP20) e s
Tension between data sets [
Underestimation of systematics? S
Combination with inflated uncertainty FNAL-25
. . . FNAL-23
No precise Lattice QCD calculation L FNAL21 Q‘)
BNL-06
—40 ~30 —20 ~10 10 20

10" x (a3M — ;XZP)S (OPhys.Rept. 1143 (2025) 1-158)
CMD-3 Pion FF (2023)
New result published after WP2020
Result in strong disagreement to previous
measurements
Good agreement with lattice and

experimental result

White Paper 2025 (WP25)

* Pion FF data sets are incompatible

e A combination is not possible

* Only combination of Lattice QCD results
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The HVP Puzzle

all channels WP20 (PhVS.Rept. 887 (2020) 1'166)

> 1.8 GeV

additional channels
< 1.8 GeV,
SNDO06
CMD-2 = e
BaBar e =
BESIII —f

White Paper 2020 (WP20) O .
Tension between data sets [
Underestimation of systematics? .

Combination with inflated uncertainty | AL 25

Resolving the pion FF “puzzle” is crucial for the

evaluation of a dispersive value of a, ; (2025) 1-158)
CMD-3 Pior J
New result published after WP2020
Result in strong disagreement to previous

measurements
Good agreement with lattice and

experimental result

White Paper 2025 (WP25)
Pion FF data sets are incompatible
A combination is not possible
Only combination of Lattice QCD results
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How to clarify the picture?

Several activities worldwide on-going to understand:

* Improvement of event generators (RadioMonteCarLow 2)

* New scan measurement: SND

* New ISR measurements: BaBar, BESIIl, KLOE and Belle I

Joint effort to investigate the discrepancies from both experiment

and theory perspective
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Radiative Corrections

Investigation of events with 2 radiated photons by BaBar e e pAOR LR 072

— tasp . Data/PHOKHARA
S WIY0) T ARQeD
* Phokhara is found to overestimate the contribution! 2
* Impact on various ISR analyses? c , , ;
e
* Need dedicated studies, but which generators to use? §09;—0—¢ mw;—- ';]1;;4{; @-%
g 0082 gt P “*H‘**F# 4 "i#
The RadioMonteCarLow 2 Working Group T
E*,_ (GeV)

* Review of available generators and radiative corrections

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 Budassi3*,
© Carlo M. Carloni Calame?, © Gilberto Colangelo, © Lorenzo Cotrozzi2,
© Achim Denig!, ©® Anna Driutti®’, © Tim Engel8, © Lois Flower>?,
© Andrea Gurgone®67, © Martin Hoferichter®, © Fedor Ignatov2, adio I 2
© Sophie Kollatzsch!%11, © Bastian Kubis!2, ® Andrzej Kupsé!3:14*, MonteCarLow
© Fabian Langel%11, © Alberto Lusiani’-15, © Stefan E. Miiller6, © Jérémy Paltrinieri2,
Pau Petit Rosas2, @ Fulvio Piccinini#, © Alan Pricel”, ® Lorenzo Punzi’-15,
»Marco Roccol®18, © Olga Shekhovtsoval®20, © Andrzej Siédmok!7,
© Adrian Signer!®11* © Giovanni Stagnitto?!, © Peter Stoffer'%11,
© Thomas Teubner?, © William J. Torres Bobadilla?,
© Francesco B Ucci®#, © Yannick Ulrich®>>* and © Graziano Venanzoni®7*
(RadioMonteCarLow 2 working group)
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Radiative Corrections

Investigation of events with 2 radiated photons by BaBar e e pos LR (075

— 18f o . Data/PHOKHARA
> M 1) o Data/AFKQED 1
* Phokhara is found to overestimate the contribution! E;;’i—'— ------ e J%«H
)
S oo o] ™
| o, T
* Impact on various ISR analyses? e N P
s 1:).;: () e :
* Need dedicated studies, but which generators to use? s ﬂ«?}"%';g{;ﬁ;#{?%{""f
% 0%2: + +++++i*++++++ﬂi++ # J#
o . o v e E
The RadioMonteCarLow 2 Working Group S ofz/é T
", (GeV)
* Review of available generators and radiative corrections
—— 2y Tree-Level (TL)
—— NLOPS

* Improve codes with new theoretical inputs &

* First beyond NLO generator for ISR: BaBayaga@NLO v2.0 "~

) [JHEP 05 (2026) 221] .
* Pion structure beyond scalar QED |

[ arXivi2603.28621, arXiv:2603.13171] o™ —M %
01.0
[ q

* ete > Uy @ NNLO (work on going)

[ Phokhara-Liverpool, McMule] Ey, [GeV]
[F. Piccinini @ muon (g-2) T.I. Meeting (2025)]
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https://arxiv.org/abs/2603.28621
https://arxiv.org/abs/2603.13171

News from SND

ST T TAT T T
Preliminary result presented at PhiPsi 2026 // \\
Experiment on VEPP-2000 collider (as CMD-3) - \\
Selection based on: T

* back-to-back topology
* PID with BDT

5o

o/cy-1

Uncertainty: ~0.7%

In agreement with CMD-3
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https://indico.sns.it/event/140/contributions/1450/attachments/390/1168/PHIPSI2026.pdf

News from SND

Preliminary result presented at PhiPsi 2026

6....-..! .................... LI s e

‘ Relanallys;s'of old data’

o/cy-1, %

l

{11 - ; ; SN%D»(—-Z-()-Z—O—)—

1

M T A A

0
! 3 T ;
F + - | =S N Y A SN S S | .
-6 - C J
ol N I — e 4 :
0 S T N S —— SR W N SO N T E

550 600 650 700 750 800 850 900 -10 550 600 650 700 750 800 850 900

In agreement with CMD-3

Hints of unaccounted tracking inefficiency in old analysis
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https://indico.sns.it/event/140/contributions/1450/attachments/390/1168/PHIPSI2026.pdf

News from SND

Preliminary result presented at PhiPsi 2026

6....-..! .................... LI s e

'Relanallys;s'of old data
.

o/cy-1, %

{1 - o SND(Z()ZO)

P T A T A O A T

|
(2]
TTT[TTT[TTT[TT T[T

550 600 650 700 750 800 850 900 -10 550 600 650 700 750 800 850 900

In agreement with CMD-3
Hints of unaccounted tracking inefficiency in old analysis

If confirmed, first validation of CMD-3 result with explanation!
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https://indico.sns.it/event/140/contributions/1450/attachments/390/1168/PHIPSI2026.pdf

New BaBar Measurement

Preliminary results presented at Lepton Photon 2025 [arxiv:2601.16587]

Full BaBar data set: 460 fb 1@ Y(4S)

n
. a/J'::i
Normalization to e*e” = p*p
New technique for muon - pion separaton -~
* Fit to helicity angle distribution o[ oty Seoread enrtomss o
o : PO pata o Goaz10% |
* Exploit different spins (1= 1/2, = 0) ot hoazomm

* Simultaneous measurement of ppy(y) and mty(y)

Events / (0.01)

Data / Fit

o r

o
o
o
[N]
1
IS
o
o
o
©
=
o
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New BaBar Measurement

Preliminary results presented at Lepton Photon 2025 [arxiv:2601.16587]

1.20 ——————————————————

.....

. BABAR Y2/ndf = 82.22/128 = 0.64% |

115 _ Preliminary po=0.9955 +0.0035 (stat) £0.0030 (syst) 1
3T 110 na/ y o
S S/
o
s 105 ) \ } *
2t b |
~ 1.00 goitog-itroisetlofh byt e S e gl
PRl = o s o 5 208 AT R A A 2 3 Y R L TR PR
2 {
a at \ } e e -
g ) b Total fit |:'eev (Dtata) 0.3 <My; <0.31 GeV/c
2 10° FCmny (MO — ey (o) X/ndf =106/96 = 1.1
3 090 Ty MO pagg fry = (2,92 1.1)%

fuy =(86.4+£1.0)%
foey =(32£0.2)%
frky = (7.4 £ 0.3)%

o
©
[
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=)
W
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QED test accuracy: 0.5%

Events / (0.01)
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Data / Fit
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New BaBar Measurement

Preliminary results presented at Lepton Photon 2025 [arxiv:2601.16587]

Cross section [nb]

BaBar Preliminary -

¢
''''

BaBar Preliminary

atio (2025/2009)

' WMWM«WW‘W WHIW |

ctions r

0.8
Vs [GeV]

Q
v 0751
"
wn
o
o)
“ 0.50
©
o
©
o
0.25+
0.00 L
0.4

0.8 1.0
Vs [GeV]

Pion FF in agreement with published result!

30/06/2026

a,"(0.5 -1.4 GeV) =

4562(28) vs 4556(33) (x 101%)
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What comes next?

* BESIII: [Phys.Rept. 1143 (2025) 1-158]

* New measurements on-going
* Aiming to achieve a final accuracy of O(0.5%)

* First results, with O(0.7%) accuracy, expected soon

e Bellell: [Q.Liu@Muon g-2 Tl meeting 2025]

* Analysis of 427 fb! on-going
e BaBar 2009 approach
* Aim to O(0.5%) accuracy

* KLOE(-nxt): [L. Punzi@PhiPsi 2026]
* Analysis of full KLOE data set (2 fb1 vs 0.25 fb1)
* Aimed accuracy 0.4%, of which 0.2% from theory
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https://indico.sns.it/event/140/contributions/1269/attachments/407/1186/Punzi_PHIPSI.pdf
https://indico.sns.it/event/140/contributions/1269/attachments/407/1186/Punzi_PHIPSI.pdf
https://indico.ijclab.in2p3.fr/event/11652/contributions/39053/attachments/26140/38662/20250908_BelleII_ee2pipi_qyliu.pdf
https://indico.ijclab.in2p3.fr/event/11652/contributions/39053/attachments/26140/38662/20250908_BelleII_ee2pipi_qyliu.pdf
https://indico.ijclab.in2p3.fr/event/11652/contributions/39053/attachments/26140/38662/20250908_BelleII_ee2pipi_qyliu.pdf
https://indico.ijclab.in2p3.fr/event/11652/contributions/39053/attachments/26140/38662/20250908_BelleII_ee2pipi_qyliu.pdf

Conclusion

* Muon g-2 is (still) one of the most promising channels to
test the SM

* Extremely successful experimental measurement at 0.19
ppm

* Now waiting for SM prediction to match the accuracy!
* Main limitation from hadronic contribution (HVP): Pion FF

* Huge effort on-going to understand the origin of the
tensions

* Theory: RadioMonteCarLow 2 initiative
*  New measurements: SND, BaBar, BESIII, Belle Il, KLOE

Preparing for the next step in accuracy!
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