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Trapping motion

@ Circular motion

LR

https:/ /arxiv.org/pdf/2104.03201
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@ Circular motion

@ Cyclotron frequency w,
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o Circular motion
@ Cyclotron frequency w,

@ Spin precession frequency ws
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@ Circular motion
@ Cyclotron frequency w,
@ Spin precession frequency ws
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The muon anomaly can be extracted
from

exp
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The muon anomaly a,, - Experiment G oivanis

A recent update in the measurement gives:

a%® =116 592 071.5(14.5) x 10~ ]

https:/ /arxiv.org/abs/2506.03069
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The muon anomaly a, - Experiment BT‘SXWE”A

A recent update in the measurement gives:

a%® =116 592 071.5(14.5) x 10~ ]

Experimental error

5
23 _ 127 ppb

https:/ /arxiv.org/abs/2506.03069
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In the SM we can write:

_ QED EW had
au= a, + a, + a,
~—~— ~—
>909.99% Non— perturbative
7 7

aJFP = 116584718.8(2) - 101 .

https://arxiv.org/pdf/2505.21476
https://arxiv.org/abs/2006.04822




The muon g — 2 Ha ns_The pion f

UNIVERSITA

The muon anoma|y a, - DI PAVIA

In the SM we can write:

_ QED EW had
au= a;  + a, + a,
~—— ~—
>99.99% Non— perturbative

a" =154.4(4)- 1071

(a)

https: / /arxiv.org/pdf/2505.21476
https: //arxiv.org/abs/2006.04822
https://arxiv.org/abs/hep-ph/0212229
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Standard Model theory

contribution error?

<

HVP

@ QED EW HVP @ HLbL

aHVP—LO

B ~(5-107°) a,

5(aVP1L0) ~ (8- 1071) 6(a,)




The 2 — 2 Hadronic contributions The pion form

NIVERSITA

Hadronlc contributions o

Standard Model theory

contribution error2

A o
ay : strong coupling
pQCD fails

HVP and HLbL are
®QED ® EW © HVP @ HLbL non—perturbative:

7

o Lattice QCD
AP0~ (5.107%) 4, e Data-driven approach
5(aEVP—LO) ~ (8-1071)6(a,) >
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HLbL contribution

WP20 (phenomenology) —e—
HSZ-24 —e—
WP25 (phenomenology) —e—
RBC/UKQCD-19 I & i
Mainz/CLS-21+22 —e—
RBC/UKQCD-23 —————
BMW-24 —e—
WP25 (lattice) —e—
WP20 ——e—
WP25 —e—— "‘ ‘
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https:/ /arxiv.org/pdf/2505.21476
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The partition function is defined through the Path Integral formulation

Z = /DU e

and any observable can be defined as

(0) = %/DUO[U] e >l
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Lattice QCD (in a nutsheII) ) unaversia

The partition function is defined through the Path Integral formulation

Z= / DU e 5V
and any observable can be defined as
1
(0) = E/DUO[U] e S

If we generate
Ui ~ e—S[U,-]

than the Monte Carlo method (MC) allows to write:

0) ~ ZO[U:']

T
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@ Ab initio calculation, no data-driven approach.

https://arxiv.org/abs/1407.2923
https://arxiv.org/abs/2002.12347
https:/ /arxiv.org/abs/2410.20590
https://arxiv.org/abs/2411.07969
https://arxiv.org/pdf/2505.21476
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@ Ab initio calculation, no data-driven approach.

@ MC approach.

https://arxiv.org/abs/1407.2923
https://arxiv.org/abs/2002.12347
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@ Ab initio calculation, no data-driven approach.

@ MC approach.

@ The Path-integral formulation has oo d.o.f. =
Spacetime discretization

https://arxiv.org/abs/1407.2923
https://arxiv.org/abs/2002.12347
https:/ /arxiv.org/abs/2410.20590
https://arxiv.org/abs/2411.07969
https://arxiv.org/pdf/2505.21476




The muon g — 2 Hadronic contributions The pion form factor

Lattice QCD (in a nutshell) )™

@ Ab initio calculation, no data-driven approach.
@ MC approach.

@ The Path-integral formulation has oo d.o.f. =
Spacetime discretization

o Computationally demanding

https://arxiv.org/abs/1407.2923
https://arxiv.org/abs/2002.12347
https:/ /arxiv.org/abs/2410.20590
https:/ /arxiv.org/abs/2411.07969
https://arxiv.org/pdf/2505.21476
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Lattice QCD (in a nutshell) )™

@ Ab initio calculation, no data-driven approach.
@ MC approach.

@ The Path-integral formulation has oo d.o.f. =
Spacetime discretization

o Computationally demanding

https://arxiv.org/abs/1407.2923
https://arxiv.org/abs/2002.12347
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H=natn",¢,J/V... H=ntx",¢,J/V...

The precise relation reads:

a oo(ete™ — v — hadrons)
3 oolete™ — ptu™)

T

Im [1Md(s) =

Rou(s) = 5 RE(s)



2
g am > 1 _pa .
alvhto = (“) / ds?RB 4(s)K(s)

https://arxiv.org/pdf/2505.21476
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The quantity R§*(s) is the hadronic ratio of Leading Order cross
sections. Namely this means that we must be able to compute the
Lowest-Order (in «) Feynman diagram:
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ow to evaluate . ‘SF‘SX5F§”A

2 Hadronic contributions The pion f tor

The quantity R§*(s) is the hadronic ratio of Leading Order cross
sections. Namely this means that we must be able to compute the
Lowest-Order (in «) Feynman diagram:

NOT EASY!!!
T
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We can think of extracting this quantity from data, but ...
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We can think of extracting this quantity from data, but ...

@ The pion has an intrinsic non-perturbative nature.
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We can think of extracting this quantity from data, but ...
@ The pion has an intrinsic non-perturbative nature.

@ The measured cross section o (e + e~ — atw~) IS NOT
oo(e+e” —mfn).

S
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We can think of extracting this quantity from data, but ...

@ The pion has an intrinsic non-perturbative nature.
@ The measured cross section o (e + e~ — atw~) IS NOT
oo(e+e” = wtn™).

WHY?

S
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We can think of extracting this quantity from data, but ...
@ The pion has an intrinsic non-perturbative nature.

@ The measured cross section o (e + e~ — w77 ~) IS NOT
oo(e+e” —atn™).

Nature knows nothing of the perturbative order

T



The muon g — 2 Hadronic contributions The pion form factor

UNIVERSITA

HOW to treat the pIOn? 20 DI PAVIA

Parametrize the pion interaction to the photon field in a suitable way.

e Model

G Qe (7)

pert non-pert
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ow to treat the pion? @
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Parametrize the pion interaction to the photon field in a suitable way.

e Model

G Qe (7)

pert non-pert

q1 )
/4/

7

(7" (q2)7™ (q)|J£(0)|0) = e(ar — a2)" Fx (¢°)

q N

w»
qz\‘

T
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The best we can:

@ Perform the perturbative calculation at the highest possible order
(Next-To-Leading-Order at the state of the art)
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The best we can:

@ Perform the perturbative calculation at the highest possible order
(Next-To-Leading-Order at the state of the art)

onLo = oo(a?) + o1(a?)

Virtual corrections Real corrections
////
L 4 L7
> L P
AL L
\4/ : N N N N
‘\ \\

N

o Consider (approximately) the emission of any number of additional
photons through resummation technique (e.g. PS).
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What seen above is not enough to solve all the ambiguities. What about
loops diagram?

s
’
s
s
N
N
~

https:/ /arxiv.org/abs/2409.03469

https://arxiv.org/abs/2207.03495
https:/ /arxiv.org/abs/2204.12235
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What seen above is not enough to solve all the ambiguities. What about
loops diagram?

s
’
s
s
N
N
~

e Multiply the point-like amplitude to F, (Q?)

https:/ /arxiv.org/abs/2409.03469

https://arxiv.org/abs/2207.03495
https:/ /arxiv.org/abs/2204.12235
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What seen above is not enough to solve all the ambiguities. What about
loops diagram?

s
’
s
s
N
N
~

e Multiply the point-like amplitude to F, (Q?)

@ Include F; Q2 into loop integration.

b

https:/ /arxiv.org/abs/2409.03469

https://arxiv.org/abs/2207.03495
https:/ /arxiv.org/abs/2204.12235
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Finally what we see is that:

oo(ete” » tn™, Q%) — F. (Q?)
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The pion form faCtOr ) DI PAVIA

Finally what we see is that:
oolete” w1t n™, Q%) <— F, (Q2)

But from which process do we extract it?

T o
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The pion form faCtOr ) DI PAVIA

Finally what we see is that:
— — 2 2
oo(ete” » tn™, Q%) — F. (Q?)
But from which process do we extract it?

ete” > ntn—

T o
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The pion form faCtOr ) DI PAVIA

Finally what we see is that:
— — 2 2
oo(ete” » tn™, Q%) — F. (Q?)
But from which process do we extract it?

ete” — ™ ete” — 7r+7r_’y

S o
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The radlatlve return ) bl PAVIA

ete” —>mtn vy

How to link

olete” w7t ,Q?) <= o(ete” = nfn )
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The radlatlve return ) s

ete” —>mtn vy

How to link

olete” = ntn7, Q%) < o(eTe” = ntn7y)




The muon g — 2 Hadronic contributions  The pion form factor

The radiative return ‘ST‘QX5F§”A

Since QED is well know, we can describe Initial-State-Radiation effects at
the best we can through a function, called radiator

H(s")
and finally we can link the two processes through

do .-
T
5177

ds’

:Uﬂﬁrf(s/) X H(Sl)

https://arxiv.org/abs/2006.04822
https://arxiv.org/abs/1507.08188
https: //arxiv.org/abs/1205.2228

https: //arxiv.org/abs/2110.00520
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d
dMU,,,, [nb/MeV]

500 1000 1500 2000 2500 3000 3500

Budassi et al. (WIP) M [MeV]
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@ The official theory prediction (LQCD) is now consistent with
experimental results.
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@ The official theory prediction (LQCD) is now consistent with
experimental results.
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Conclusions @

@ The official theory prediction (LQCD) is now consistent with
experimental results.
BUT

@ Inconsistency between different radiative return experiments
(KLOE-BaBar-BESIII)
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Conclusions el

@ The official theory prediction (LQCD) is now consistent with
experimental results.

BUT

@ Inconsistency between different radiative return experiments
(KLOE-BaBar-BESIII)

@ New CMD-3 measurement (Scan experiment) consistent with
experimental value, but not with other time-like experiments.

T
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Conclusions ) Ur R

@ The official theory prediction (LQCD) is now consistent with
experimental results.

BUT

@ Inconsistency between different radiative return experiments
(KLOE-BaBar-BESIII)

@ New CMD-3 measurement (Scan experiment) consistent with
experimental value, but not with other time-like experiments.

Careful review of all data analysis through new MC
generators (WIP)

T
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Pion Form Factor inconsistency e
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where

https:/ /arxiv.org/abs/1504.02228

https:/ /arxiv.org/abs/1609.08987 —
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where

Switching the integration order

S X

we can rewrite the master formula as:

HvP-LO _ &

piverlo - 2 /O de (x—1) AP ()] t(x) <0

https:/ /arxiv.org/abs/1504.02228

https:/ /arxiv.org/abs/1609.08987 —
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Space-like approach

H=xtn",¢,J/V...

https:/ /arxiv.org/abs/1504.02228

https:/ /arxiv.org/abs/1609.08987 —
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Space-like approach

H=xtn",¢,J/V...

https:/ /arxiv.org/abs/1504.02228

https:/ /arxiv.org/abs/1609.08987 —
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H=ntn",¢,J/V...

https:/ /arxiv.org/abs/1504.02228
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