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Giromagnetic factor g: relation to the particle spin S

5.0806946893

Proton g,

Neutron g, = —3.82608545
Electron ¢, = —2.00231930436256
Muon g, = —2.0023313413



Trna meagnetic rmornent

TB Parametrization of the interaction of a Muon with an external magnetic field
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Giromagnetic factor g: relation to the particle spin S

Proton g, = 95.5856946893
Neutron g, = —3.82608545
Electron g, —2.00231930436256

Muon g, = —2.0023313413

Pointlike particles: ¢ — 2 Dirac equation 1928
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... and possibly, any sort of unknown particle



lous magnetic moment
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... and possibly, any sort of unknown particle

Measure precisely @ — probe completeness of the Standard Model






Electron is stable: 1000 times more precise than muon



microwave inlet

Electron is stable: 1000 times more precise than muon @

2 bellows (b)

joint e
cylindrical
trap cavity r

It also need small-size apparatus for measurement



Electron is stable: 1000 times more precise than muon

It also need small-size apparatus for measurement

Why not studying the electron?



Electron is stable: 1000 times more precise than muon

It also need small-size apparatus for measurement

Why not studying the electron?

Simple dimensional analysis: aéVP ~ K,m%/m?vp
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Electron is stable: 100 times more precise than muon
It also need small-size apparatus for measurement
Why not studying the electron?
Simple dimensional analysis: aéVP ~ K,m%/m?vp

Muon wins over electrons by a factor mi/mg ~ 43000



a, = 0.00116592089
a8 155510 e O
Electron is stable: 1000 times more precise than muon

It also need small-size apparatus for measurement

Why not studying the electron?
Simple dimensional analysis: aéVP ~ mm?/m%vp
Muon wins over electrons by a factor mi/mg ~ 43000

Tau would be even better, but decays too fast to measure (but there are ideas)
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Transfer of the ring to Fermilab
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2023: measurement confirmed



10°

10°

N/149.2ns

107

10°
10°

10*

5

\ AN

10°

FITE NS N A N A W
40 50 60 70 80 90
Time after injection modulo 100 ps

T
10 20 30

O

o

BNL E821 exp. up to 2006

R\ <5 7

0u-2 experiment @ Fermilab

Transfer of the ring to Fermilab

g
3
£ 290 1O g 129
= g anomaly 5 |
5% = w I
g7 240 : g \5‘\ 240
g X LB 1" g N
=) i T H 3
¥8 T L i
=B 190 N R 1100
w © o .
-+ e N
3 : : ]
£s ]
g 140 \77/ 140
< ]
Lyt
1979 1997 1998 1999 2000 2001 Average
CERN BNL Running Year
Zr BNL
3 FNAL Run-1

+——+ FNAL Run-2/3

+——+ FNAL Run-1 + Run-2/3

——t Exp. Average
20.0 20.5 21.0 215 220 225

a,x 10° - 1165900

2023: measurement confirmed
What about the theory?!?



- Wluon g-2 Thzory Initiative - from 2017

https://muon-gm2-theory.illinois.edu/

"__f_‘ifl__'a_rget: match the theory precision & accuracy with the upcoming g-2 experiment
Whlte paper: Physics Reports 887 (2020) 1-166 [arXiv:2006.04822]

R,é_gular meetings: latest in Bern, 4-8 September 2023

The anomalous magnetic moment of the muon in the Standard Model
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e ffects hard to compute
Nonperturbatlve contribution

Dispersive approach

(%)
ay "t =92(19) - 10~

[several contributions put together]
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[several contributions put together]

« Tiny, but model-dependent



_ N' . y hadr ni trlbutlon
~Long distance effects hard to compute

« Nonperturbative contribution

al"" = 92(19) - 1071

[several contributions put together]

« Tiny, but model-dependent
? Size comparable to the full HVP error...



al"" = 92(19) - 1071

[several contributions put together]

« Tiny, but model-dependent
? Size comparable to the full HVP error...

" Related to two-photons scattering
Nasty hadronic contribution
Long distance effects hard to compute
Nonperturbative contribution

Lattice calculations

Ibl,had __ 11
a, = 78(35) - 10
[RBC/UKQCD coll, PRL 124, 2020]
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" Related to two-photons scattering
Nasty hadronic contribution
Long distance effects hard to compute
Nonperturbative contribution
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Lattice calculations

0
Ibl,had __ —11 Ibl,had __ —11
a, = 92(19) - 10 a, = 78(35) - 10
[several contributions put together] [RBC/UKQCD coll, PRL 124, 2020]
« Tiny, but model-dependent « First principle calculation

? Size comparable to the full HVP error...
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" Related to two-photons scattering
Nasty hadronic contribution
Long distance effects hard to compute
Nonperturbative contribution

Lattice calculations

L z
0
Ibl,had __ —11 Ibl,had __ —11
a, = 92(19) - 10 a, = 78(35) - 10
[several contributions put together] [RBC/UKQCD coll, PRL 124, 2020]
« Tiny, but model-dependent « First principle calculation

? Size comparable to the full HVP error... Larger error, but validates model






Vector Correlation function

Cuv(@) = (Ju(2)j,(0))



Vector Correlation function

Cuv(@) = (Ju(2)j,(0))

Polarization Tensor

M, (Q°) = /d4xeiQxCW(x)
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analytic kernel vectorial polarization

Vector Correlation function
Cuv(@) = (Ju(2)jv(0))
Polarization Tensor
M, (Q°) = /d4$eiQxCW($)

Vectorial Polarization

M (@) = (0w @°Q° — QuQ)T(Q7)



T

analytic kernel vectorial polarization

Vector Correlation function
Co() = (ju(0)jul0)) e
Polarization Tensor
M, (Q°) = /d4xeiQxCW($)

Vectorial Polarization

M (@) = (0w @°Q° — QuQ)T(Q7)
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Vector Correlation function
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analytic kerne

IL,, (QQ) — /d4xeiQxCW(:v) . Long distance contributions

Vectorial Polarization

M (@) = (0w @°Q° — QuQ)T(Q7)
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a;ﬁjalytic kernel vectorial polarization

Vector Correlation function
Cn(a) = Gu()is(0) =t m‘w
Polarization Tensor

IL,, (QQ) — /d4xeiQxCW(a:) . Long distance contributions

. . . « Nonperturbative QCD effects
Vectorial Polarization P

M (@) = (0w @°Q° — QuQ)T(Q7)



analytic kernel wvectorial polarization
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Vector Correlation function
CM,/(J}) — <]u(x)]u(0)> —
Polarization Tensor

IL,, (QQ) — /d4xeiQxCW(a:) . Long distance contributions

. . . « Nonperturbative QCD effects
Vectorial Polarization P

M, (Q%) = (0,,Q*Q? — Q.Q.)IT (Q?) . How to evaluate?!!?
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Total et e cross section

— hadrons

0 0
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Total et e cross section

— hadrons

V- [Tk @)n@) - [ rEeKE

Can we call this “theoretical prediction”...?



Total et e cross section

et v
= hadrons
o
allVF = dQ*K (Q*)11(Q?) = R(E)K(E)dE
0 0

NO! We are plugging a

H 173 H H H LE] ]
Can we call this “theoretical prediction”..." substantial experimental input
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normalizing each energy E with the annihilation into muons




5 tloc ErOIJ;)J Itron cross section ¢

Probability of electron-positrons to annihilate into hadrons
o(eTe” — hadrons)
CHERIE s 7 (1 )

R(E) =

normalizing each energy E with the annihilation into muons

KLOE @ DACDNE BABAR @ SLAC CMD3 VEPP—20
FRASCATI STANFORD NOVOSIBIRSK
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', 2d g2 puzzle

August 2023: release of Run Il
results by Fermilab g-2 experiment

White Paper '20 Scientists may be on brink of
® World average '21 discovering fifth force of nature

Experts closing in on potentially identifying new force after
surprise wobble of subatomic particle

World average '23
e fened

© The muon g-2 ring sits in its detector hall at the Fermilab in Illinois. Photograph: Ryan
Postel/Fermi national accelerator laboratory/Reuters

6 9'00 EgTS 0 70 b 0 70 ‘fl 0 ?lbﬂ ?lTS'D ?2b 0 The tantalising theory that a fifth force of nature could exist has been given a

boost thanks to unexpected wobbling by a subatomic particle, physicists

LO-HVP x 1 01 1 have revealed.
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A vith. pell 1 of other experiments
RN : i AR

" Let us look back at the R-ratio...



Let us look back at the R-ratio...

Hints of tension in the two-pions final state Disagreement of 2023 CMD3 measurement

BaBar (09) = béfore CMD2
5 i | ~ cMmD2
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« “Computing” HVP via dispersive method is
the weakest part of the story
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« “Computing” HVP via dispersive method is
the weakest part of the story

« Can we compute for real HVP
from the first principle of the theory?




he questions back on track

« “Computing” HVP via dispersive method is
the weakest part of the story

« Can we compute for real HVP
from the first principle of the theory?

— Lattice QCD comes to the rescue!
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Lowest-Order Hadronic Contribution to the

netic Moment’

[T. Blum, PRL 91 (2003)]

Fourier transform of lattice-computed correlation function

I, (Q%) = [ d*ze'“*C,, () 0.1y

TG

“simple” two points correlation function

0.05!
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onof the Lowest-Order Hadronic Contribution to the
us Magnetic Moment”

[T. Blum, PRL 91 (2003)]

Fourier transform of lattice-computed correlation function

IL,, (Q2) = /d4:ceiQxC’W(a:) 0.1y

“simple” two points correlation function

TG

0.05}
Issue: Convolution kernel enhances Q* ~ m;, ~ 0.01GeV?

« Momenta on the lattice are quantized T S S e —
« Lowest momenta are very noisy q> (GeV?)






Hybrid Monte Carlo + Molecular Dynamics simulations | ,a

Numerical solution of the discrete Dirac Equation
(partial derivative equation — large sparse matrix)



n '. C with O(10'°) degrees of freedom

Hybrid Monte Carlo + Molecular Dynamics simulations

Numerical solution of the discrete Dirac Equation .

(partial derivative equation — large sparse matrix)

A long list of scientific achievements:
« %o reconstruction of the hadron spectrum,
« thermodynamics of strong interactions,

— Experiment
& Lattice prediction

Kaon
(calibration)

D —

D meson

u-dquark |
(MS, 2GeV)

¢




' collaboration worldwide



BOTrelation ranction in lattice QCD
Task #1: Producing O(100-1000) “configurations” of gluonic fields. A
_« 1 configuration: O(1-50 GB data) ~ 1 day of simulation on O(5000) cores.

 1 00s MCoreHours in national, European & worldwide supercomputers

' ..-"'Similar In spirit to storing collision events at particle accelerators
- — a handful of collaboration worldwide

Task #2: Propagate O(100) quark on the gluon backgrounds & take algebraic combinations

» 100 propagator ~ 1 hour of simulation on O(5000) x
cores/few GPUS.

* Similar in spirit to data analysis of collision events.
« “Smaller” national, European calls.




Correlaitlon functlion in lattice OCD
Task #1: Producing O(100-1000) “configurations” of gluonic fields. e
| configuration: O(1-50 GB data) ~ 1 day of simulation on O(5000) cores.

= 100s MCoreHours in national, European & worldwide supercomputers

« Similar in spirit to storing collision events at particle accelerators
- — a handful of collaboration worldwide

Task #2: Propagate O(100) quark on the gluon backgrounds & take algebraic combinations

» 100 propagator ~ 1 hour of simulation on O(5000) x
cores/few GPUS.

0
* Similar in spirit to data analysis of collision events.
« “Smaller” national, European calls.

Key point: Lattice is a real (Euclidean) space method
4 So let’s stay in real space!






Integration kernel enhances long euclidean times:  J’ (t) tﬁf



C(t) =3 ¢

Integration kernel enhances long euclidean times: (t

LR Sy
1 0 sz Integral converges
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[G.Parisi, 1984]
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MODERN
ALGORITHMS
&
NEW METHODS

Adaptative solvers

|
[ INFINIBAND NETWORK (or better) |

"

.|
e

.|
A

Multigri

Eigendeflation
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MODERN
ALGORITHMS
&
NEW METHODS

Adaptative solvers Multigrid

... and a lot of attention from the community/CPU hours funding

Eigendeflation
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DHMZ 19
KNT 18
Jegerlehner 17
DHMZ 17
DHMZ 11
HLMNT 11




DHMZ 19
KNT 18
Jegerlehner 17
DHMZ 17
DHMZ 11
HLMNT 11

Until 2020:
Lattice results
were compatible B
with...
. @
everything

Mainz/CLS 19
FNAL-HPQCD-MILC 19
PACS 19

ETMC 19
RBC/UKQCD 18

BMW 17




From 2020:
Lattice results

are compatible
with the

experiments!!!

DHMZ 19
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A number of important features are qualitatively understood

R(E)~3 at large Energies: color gauge theory

\

J/W narrow peak: charm quark (GIM)
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A number of important features are qualitatively understood

R(E)~3 at large Energies: color gauge theory

\

J/W narrow peak: charm quark (GIM)

A structure surprisingly reach of details




Trizoratical uncderstancding of R(Z)
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y | A number of important features are qualitatively understood
/ NI e == R(E)~3 at large Energies: color gauge theory

. . J/W narrow peak: charm quark (GIM)

A structure surprisingly reach of details

I

R(E) Semi-quantitatively described only by models/effective theories

Hadrons are confined states of quarks interacting nonperturbatively g
g9
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Diract clatarrmination of £(£) frorm V(i)

g (" JF° - HVP T
I L) R =0 | dOTR (mut) V()

J/ NG J/
AN N

disperisve, experimental lattice, SM

R(E) is the inverse Laplace transform of V(1)

« To be computed in presence of noise & finite sampling
« Notoriously, an ill-posed problem (needs regularization)



Diract clatarrmination of £(£) frorm V(i)

- g
0 0

N _ NS 7

N 4
disperisve, experimental lattice, SM

R(E) is the inverse Laplace transform of V(1)

« To be computed in presence of noise & finite sampling
« Notoriously, an ill-posed problem (needs regularization)

...and we are working hard on this!!!

“Probing the Energy-Smeared R-Ratio Using Lattice QCD” [PRL 130 (2023)]
see A.De Santis firetalk, today @10:45 am
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ETMC-224
ete™ (Colangelo et al.-22) —
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Lattice compatlble with Dispersive
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ETMC-224%
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BMWe-2048
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. RBC/UKQCD-23%
450 Informal average
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Lattice incompatible with Dispersive!



1 te Qiiéiances ~1-2 GeV
(two pions final state)

ETMC-224
T
BMWe-204F
- ™ CLS/MAINZ 224
- RBC/UKQCD-234
140
4505 Informal average
——
ete™ (Colangelo et al-22) —
ETMC-224
eTe” (Colangelo et al.-22) —
67.5 68 68.5 69 69.5 70 70.5 230 235 240 245
apD x 1010 all’ x 1010
Lattice compatible with Dispersive Lattice incompatible with Dispersive!

Intermediate window accounts for most of the difference in HVP




in 2024 (Run IV at Fermilab g-2)

FNAL Run-1

+——t FNAL Run-2/3
+——+ FNAL Run-1 + Run-2/3
ot Exp. Average
20.0 20.5 21.0 215 22.0 225

a,x10° - 1165900




Sottorn line

- Experimental status
- » Muon anomalous magnetic is measured since 40 years | =~ . AL R
.« Striking agreement within recent measurements -
~ « Precision will improve in 2024 (Run IV at Fermilab g-2) = = @, 22 = =

Theoretical status
o All contributions but HVP are well understood
« Old g-2 puzzle: disagreement with experiments using R-ratio to “compute” HVP
« New g-2 puzzle: ~agreement when using HVP from recent lattice calculation

DHMZ 19 - BMW 20
KNT 18 Mainz/CLS 19
—t o FNAL-HPQCD-MILC 19

e PACS 19

Jegerlehner 17
DHMZ 17
DHMZ 11

— ETMC 19
— e RBC/UKQCD 18
HLMNT 11 I BMW 17

;§+'§§§§







Mistake in lattice
prediction of HVP

o

NO

called “everybody go home” scenario)

YES

Mistake in g-2
experiments

YES

NO

Mistake in inclusive
e*e” cross section

YES

YES
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New physics behind the new muon g-2 puzzle?

Luca Di Luzio.? Antonio Masiero,'? Paride Paradisi.,’? and Massimo Passera®

! Dipartimento di Fisica e Astronomia ‘G. Galilei’, Universita di Padova, Italy
* Istituto Nazionale di Fisica Nucleare, Sezione di Padova, Padova, Italy

The recent measurement of the munon g-2 at Fermilab confirms the previous Brookhaven result.
The leading hadronic vacuum polarization (HVP) contribution to the muon ¢-2 represents a crucial
ingredient to establish if the Standard Model prediction differs from the experimental value. A recent
lattice QYCD result by the BMW collaboration shows a tension with the low-energy eTe™ — hadrons
data which are currently used to determine the HVP contribution. We refer to this tension as the
new muon g-2 puzzle. In this Letter we consider the possibility that new physics contributes to the
eTe~ — hadrons cross-section. This scenario could, in principle, solve the new muon g-2 puzzle.
However, we show that this solution is excluded by a number of experimental constraints.
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New physics behind the new muon g-2 puzzle?

Luca Di Luzio.? Antonio Masiero,'? Paride Paradisi.,’? and Massimo Passera®

! Dipartimento di Fisica e Astronomia ‘G. Galilei’, Universita di Padova, Italy
* Istituto Nazionale di Fisica Nucleare, Sezione di Padova, Padova, Italy

The recent measurement of the munon g-2 at Fermilab confirms the previous Brookhaven result.
The leading hadronic vacuum polarization (HVP) contribution to the muon ¢-2 represents a crucial
ingredient to establish if the Standard Model prediction differs from the experimental value. A recent
lattice QYCD result by the BMW collaboration shows a tension with the low-energy eTe™ — hadrons
data which are currently used to determine the HVP contribution. We refer to this tension as the
new muon g-2 puzzle. In this Letter we consider the possibility that new physics contributes to the
eTe~ — hadrons cross-section. This scenario could, in principle, solve the new muon g-2 puzzle.
However, we show that this solution is excluded by a number of experimental constraints.

...but more complicated scenarios are not ruled out
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| e*e experiment KLEQ in progress
na urements from ongoing e*e experiments
eriments MuONE in the near future

Theoretical side

« More lattice collaborations will compute g-2

« Greater accuracy (better infinite volume & continuum limits)
« Increased precision

« Direct comparison of more localized portions of R-ratio



in the futur

(L’

Experimental side

« More precise data from g-2 experiment

« Reanalysis of old e*e” experiment KLEQO in progress

~ « Additional measurements from ongoing e*e” experiments
» New experiments MuOnNE in the near future

Theoretical side

- More lattice collaborations will compute g-2

« Greater accuracy (better infinite volume & continuum limits)
 Increased precision

« Direct comparison of more localized portions of R-ratio

STAY TUNED!
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