Anomalous magnetic moment of
the muon and related low-energy
projects




Standard Model (beyond) study: two frontiers

in search
Energy frontier: highest energies, Precision/intensity frontier: low energies
Ex M, (E 3 5-10 GeV)
Collider experiments (LHC, Tevatron): High statistical experiments (e*e” and T -decay
direct discovery of new particles, Higgs dqta. vee): .
production, Z- and W-boson and Higgs decay high precise data for low-energy observables
modes, coupling contstants ... allows indirect measurements SM parameters/
few signature events searches beyond SM:

(g-2), EDM, running electromagnetic fine structure

constant &__(5s)...




THE MAGNETIC MOMENT OF A LEPTON %

The magnetic moment u of a charged object parameterizes the torque that
a static magnetic field exerts on it

B For a charged particle magnetic moment u and spin s:

-

\ = q b £ (dimensionless) well-known factor
& H =28 Y “gyromagnatic ratio”

\ (“‘geyromagnatic factor”)

In Quantum Field Theory the response of a charged lepton (say,a muon) to a static e.m. field is
encoded in (k=p — p’):

2
s f’; (@) (0) | u(p)) = —ieu(p")T” (p,p")u(p)

N Lorentz invariance and e.m. current conservation constrain I'¥ -structure:

ic"’k,

m

I (p,p') = v Fi(k*) + Fy(k?) + P-violating terms



ic"’k,

Fy(k*) + P-violating terms
2m

PU(P,PF) :’TPF1UJ2) +

Gyromagnetic factor g, related to form-factors F (k°) and F, (k°) :

9u = 2[F1(0) + F2(0)]

* Electric charge conservation = Dirac FF F (0)=1
*Atthe tree levelinSM "¢ Pauli FF  F,(0)=0= g =g "™ =2
//{ \‘\
The muon anomalous magnetic moment gu — 2
(AMM) ay = ——5— =F(0)

non-zero only at loop level, the first theoretically calculated value (g.) by Julian Schwinger in 1948:

F(0) = — » 0.00116




S. Corrodi, on behalf of the Muon g-2 collaboration

B.L. Roberts, The history of the muon (g-2) experiments

THE MAGNETIC MOMENT OF THE MUON: HISTORY
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THE MAGNETIC MOMENT OF THE MUON: HISTORY
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Precision has improved in more than in 10° times
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Study of angular distribution of electrons in consecutive decays
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muons stopped in the presence of magnetic field and then decay
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+

Study of angular distribution of electrons in decays f1y + L —e

. + + —
* The muon from pion decay at rest T — p~ + v, (v,)
is born 100% polarized to conserve angular momentum, since the neutrino (antineutrino) is left (right)

handed é ’
§ g/stopped > muon
%:_qg _qg (1_7) y = fl—’UZ/Cz

* Spin in the presence of magnetic field precesses ;.
2m,, Am,,

muons stopped

- U-spin -
at | = —= * Muons decay
Pon 1 > Current i o
1011 Dealn . o 1 » € Vl\lUVp )V, |V
n > magnetic field / e(Ve)vu(vy)
T : :
* Detects high energy positrons

«—— Detectors
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+

Study of angular distribution of electrons in decays f1y + L —e

° . + + —
The muon from pion decay atrest 7~ — p~ + v, (v,)
is born 100% polarized to conserve angular momentum, since the neutrino (antineutrino) is left (right)

handed é ’
§ g/stopped > muon
Go= -2 B0y g1y

* Spin in the presence of magnetic field precesses ;.
2m,, Am,,

ut (at rest)
* Muons decay

& spin
ot " p — e ve(ve)vu(v,)
' ¢ &—p e
< p E"E * Detects high energy positrons

high enerqy positrons have momentum along the muon spin — detect highest energy positrons and
time dependence give information about muon spin precession — about muon magnetic moment

s(muon)-p(positron) correlation fundamental to all muon anomaly experiments
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Study of angular distribution of electrons in consecutive decays

T > > e

muons stopped in the presence of magnetic field and then decay
o g [T 2

AMM a, = 5

1957: No conclusion on AMM 9, = 2.004+£0.014

1960: AMM not zero! g, = 2.0022 £ 0.00032

a,ﬁf('}* QED _ (.00016

1962: F.J.M Farley proposed to measure the anomalous moment
(directly) using a muon storage ring

cenn 1 TN — (1162 +9) - 10

Stopped Muons

g, = 2.0022 + 0.00032
. . . Nevis a/(27r)
Stop muons in a magnetic field
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JPARC from 2028 data taking
FNAL goal: 4 x improvement FNaL [

Storage Ring
Dilated lifetime
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S. Corrodi, on behalf of the Muon g-2 collaboration

JPARC from 2028 data taking
FNAL goal: 4 x improvement FNaL []
Storage Ring BNL m au = 116 592 089(54)star(33)syst(63)ict X 1011
Dilated lifetime CERN Il H = (1165924 + 8.5) - 107°
measurement of ¢, more precise =
 cennn [EECHNNNNNNNN o — (11661 +3.1) - 1077
“DIRECT” MEASUREMENT @, —

Inject polarized muons into a magnetic storage ring Proton bunch o
. L] . . L] =
with a uniform vertical magnetic field J\—"*l . \ulariz&d Muons

Target

Both the muon spin and momentum precess:
- muons circulate around the ring at the Cyctlotron frequency wc = -
- muon spin precession frequency (g = B(1+vyay) Vi
N
H q =

Muon anomaly is related to anomalous precession frequency: Wqa = Ws — W = 'ﬂ;tm_
u

(IE

Measure B and w_ to extract the anomaly

* Spin precession frequency is calculated based on decay time spectra of high energy positron
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Fermilab Muon g-2 Experiment

(E989)

* Uses the same magic-momentum measurement principle developed
initially for the CERN III experiment — strorage ring

* The same storage ring and muon injection principle of E821 at BNL

<+ improved instrumentation for the magnetic field and muon spin
precession frequency measurements

® March 26 — July 7 2018 : Runl, 1.2 -BNL after data quality selection
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Fermilab Muon g-2 Experiment
(E989)

* Uses the same magic-momentum measurement principle developed
initially for the CERN III experiment — strorage ring
* The same storage ring and muon injection principle of E821 at BNL

<+ improved instrumentation for the magnetic field and muon spin

precession frequency measurements

® March 26 — July 7 2018 : Runl, 1.2 -BNL after data quality selection

* The result from the analysis of the Run-1/2/3 data confirmed result w5 6 s
from BNL experiment

https://arxiv.org/pdf/2402.15410

https://muon-g-2.fnal.gov/
MUonE2024, A. Driutti
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a, (FNAL) = 116592040(54) - 1071 (460 ppb) RUN 1 a, (FNAL) = 116592055(24) - 10711 (203 ppb) RUN 2/3
a, (BNL) = 116592089(63) - 101 (540 ppb)
a, (Exp) = 116592061 (41) - 1011 (350 ppb)

350 Last update: 07-31-2023; Total statistics = 334.5 (billions)
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Fermilab Muon g-2 Experiment
(E989)

* Uses the same magic-momentum measurement principle developed
initially for the CERN III experiment — strorage ring
* The same storage ring and muon injection principle of E821 at BNL

BENL +—80—1F

<+ improved instrumentation for the magnetic field and muon spin FNAL Run-1 #——0——+
precession frequency measurements FNAL Run-2/3 b—C—

* March 26 — July 7 2018 : Runl, 1.2 -BNL after data quality selection R e

* The result from the analysis of the Run-1/2/3 data confirmed result 175 160 185 150 185 200 205 210 215
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from BNL experiment

* With Run-2 and Run-3 data measurement achieved a factor 2 uncertainty reduction
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New g—2 Experiment

Physics data taking is expected from 2029
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muon injection
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beyond

Yuta Okazaki on behalf of the J-PARC
muon g-2/EDM collaboration

JPARC experiment

(Japan Proton Accelerator Research
Complex, Tokai)

measuring the muon spin
precession in a uniform B-field

After 2 years of data taking, muon g-2 measurement at 450 ppb statistical uncertainty
(comparable to BNL)

Final goal: 100 ppb



https://indico.cern.ch/event/1216905/contributions/5467898/attachments/2702687/4691239/NuFact2023_Okazaki.pdf
https://indico.cern.ch/event/1216905/contributions/5467898/attachments/2702687/4691239/NuFact2023_Okazaki.pdf

New MUonE Experiment

Letter of intent MuonE project

MUonE 1s a new experiment to measure the hadronic part of the running of the electromagnetic coupling
constant in the spacelike region by the scattering of high-energy muons on atomic electrons on a low-Z
target through the elastic process pe — pe [17].

p-e elastic scattering M2 beam line
E =160 GeV M H
H —»l--’---—-"f___-'T'—'T'-_;--_-_'_:'T R ——
e

Be (C) target

Measures directly the most ‘problematic” SM part of AMM

... will be discussed later after the theoretical part



https://cds.cern.ch/record/2677471

First calculated value OED 1 loop
(1948)

THEORY (SM)

Current calculated value
Standard Model = QED + EW + QCD




THEORY (SM)

7]

7 Q

(1948)

Current calculated value

First calculated value OED 1 loop

Standard Model = QED + EW + QCD

/

QOED: f}bD
5 loops

MONAY

I(a)

I(b)

I(c) I(d) Ie)

o (D 2,

Ao
:,Om%

I(g)

72

1(h) 1(1)

li(a)

II(b)

Il(e)

1 9 72
N\ 2 A3
- 5 +0.765857420(13) (%) + 24.050 509 85(23) (%)
) (@} 4 v 5
+ 130.8782(60) (;) +751.0(9) (;) T
~1000 >10000

Complete numerical results available

T. Kinoshita and M. Nio, Phys. Rev. D 73, 053007 (2006);
T. Aoyama et al., Phys. Rev. D 78, 053005 (2008)... Phys.
Rev. Lett. 109,111808 (2012)

New independent numerical evaluation
S. Volkov, Phys. Rev. D 100, 096004 (2019);
arXiv:2404.00649




First calculated value OED 1 loop
(1948)

THEORY (SM)

Current calculated value
Standard Model = QED + EW + QCD

N\ 2 \3
QED: aQED :% +0.765 857 420(13) (%) +24.050 509 85(23) (3>
/ i
5 loops o\ o
+ Hﬂl8782(60)(;;) +751.0(9) (;_) L
m
~1000 ~10000

ZQPONOQ pro“@ @M@ m [UW@ need to go to high orders: Qai"p s ~14-1074
/@\ f@\ /@\ f@ <5 (a/m)* =291...-107""  (a/7)° =6.76...- 107"

a 3P = 116 584 718.93(0.10) x 107

R " N - alPWA _ gQFD = 7341(22)- 10| | > 99.9% AMM

no uncertainty from theory at the level of precision reached by experiment




First calculated value OED 1 loop
(1948)

THEORY (SM)

Current calculated value

Standard Model = QED + EW + QCD

|

Loop contributions involving
W, Z, Higgs particles + fermions

W.A. Bardeen, R. Gastmans and B.E. Lautrup, Mucl. Phys. B46, 315 (1972
G. Altarelli, N. Cabbibo and L. Maiani, Phys. Lett. 40B, 415 (1972

R. Jackiw and S. Weinberg, Phys. Rev. D 5, 2473 (1972)

|. Bars and M. Yoshimura, Phys. Rev. D 6, 374 (1972

M. Fujikawa, B.W. Lee and A.l. Sanda, Phys. Rev. D 6, 2923 (1972

(a) (b) ()
Z—IOOQ ; f , A A A. Czarnecki, B. Krause, W. J. Marciano, Phys. Rev. Lett. 76, 3267 (1996)
2 ” neoy zZ nsz Z T. Gribouk, A. Czarnecki, Phys. Rev. D 72, 053016 (2005)

C. Gnendiger, D. Stéckinger, H. Stdckinger-Kim, Phys. Rev. D 88, 053005 (2013)

1t vy, I vy, I I




First calculated value OED 1 loop
(1948)

THEORY (SM)

Current calculated value

Standard Model = QED + EW + QCD
|

Loop contributions involving
W , Z, Higgs particles + fermions

(b) (c)
% /K\ a';':’eak = 194.79(1) - 101
7z CH

Updated after higgs discovery

(@ ) © o -
L ? * — 153.6(1.0) x 10~
2=loo e A A o
L 1y Z sz Z

WA QED k_ m1q 11
capWA _ qQBD _ queak — 7187(22) - 10

1-loop

@ | @ (f).
! ‘ ! a

no uncertainty from theory at the level of precision reached by experiment

22




First calculated value OED 1 loop
(1948)

THEORY (SM)

Current calculated value

Standard Model = QED + EW + QCD

|

Hadronic (quark and gluon) loop contributions

Hadronic Vacuum Hadronic Light-by-Light
Polarization (HVP) scattering




First calculated value OED 1 loop
(1948)

THEORY (SM)

Current calculated value

Standard Model = QED + EW + QCD

|

Hadronic (quark and gluon) loop contributions

Hadronic Vacuum Hadronic Light-by-Light
Polarization (HVP) LO scattering

Wi
I 1 1

MAIN PROBLEM: integration over momentum from threshold up to oo
q*>5 (2) GeV? - perturbative QCD, quark loops
below - models based on dispersion relation + experimental data for hadronic form factors
(data driven method)

. a new approach, from 2019: Lattice QCD



First calculated value OED 1 loop
(1948)

THEORY (SM)

Current calculated value

Standard Model = QED + EW + QCD

|

Hadronic (quark and gluon) loop contributions

Hadronic Light-by-Light

scattering

LO _hLbL




First calculated value OED 1 loop
(1948)

THEORY (SM)

Current calculated value

Standard Model = QED + EW + QCD

|

Hadronic (quark and gluon) loop contributions

Hadronic Light-by-Light
scattering

Dispersion relations

s > T
' ool 1] M

I = H‘JT[].‘.!?.?]! poles T H?ri.:’\': loops NI ) Hrcsidual

7

Needs input (transition form factors)




First calculated value OED 1 loop
(1948)

THEORY (SM)

Current calculated value

Standard Model = QED + EW + QCD

|

Hadronic (quark and gluon) loop contributions

Hadronic Light-by-Light
scattering

Dispersion relations

s > T
' ool 1] M

I = H‘JT[].‘.!?.?]! poles T H?ri.:’\': loops NI ) Hrcsidual

7

\\\\ ! *_ %
\\\\\ ff)%n} n}

vyt =7 )

Needs input (transition form factors)

M. Hoferichter, B. Kubis and M. Zanke, JHEP07, 106 (2021); JHEPO08, 209 (2023)
S. Holz, C. Hanhart, M. Hoferichter and B. Kubis, Eur. Phys. J. C 82, 434 (2022); Eur. Phys. J. C 82, 1159 (2022)




First calculated value OED 1 loop
(1948)

THEORY (SM)

Current calculated value
Standard Model = QED + EW + QCD (strong interaction)

|

Hadronic (quark and gluon) loop contributions

”_HI_I:T, % 1(]]I
.”
, r _ Hadronic Light-by-Light
good agreement between - == PARV 09 scattering
lattice QCD and data driven . N-JN 09 models
method at = 20 x 10™1 N JECLT
3 Nhite Paper 2
H . RBC/UKQCD ’19
. Mainz 21 lattice
—— RBC/UKQCD 23
40 80 120 160
aStPWA _ qQFD _ queak _ ghIbL — 7005(29) . 10 1 - Uncertainty from theory starts to become significant

Need another factor of 2 for final Fermilab precision




First calculated value OED 1 loop
(1948)

THEORY (SM)

Current calculated value

Standard Model = QED + EW + QCD

|

Hadronic (quark and _gluon) loop contributions

Hadronic Vacuum
Polarization (HVP) LO

Main problem -
low energy part of
integrand

Hadronic Vacuum
Polarization (HVP) NLO

-,

|

they can include the same loop
+ + of HVP-LO, so not considered

here
H h e h h h




First calculated value OED 1 loop
(1948)

THEORY (SM)

Current calculated value

Standard Model = QED + EW + QCD

|

Hadronic (quark and _gluon) loop contributions

Hadronic Vacuum
Polarization (HVP) LO

data driven method
Lattice QCD

H h e h h h




Hadronic Vacuum Polarization

(HVP) LO

Data Driven Method

» | HVP

U

372 > s

2 0o .
il f K(S) sy ds
M

Dispersive Approach

had
~ i (q?)

ete” — hadrons

ete~ —hadrons

R(s) =

ete~ —hadrons

O-e*‘e‘—),u*‘,u_

R(s) = = - rdma?/(3s)
O-e*‘e‘—),u*‘,u,_
HES (ISR) .~ BES |
B L
s F Babar/Belle2 (ISR)
| ™ - i
Ik | VEPP-2000 |
[ - : :
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v\~ T
I o BES | = CRBAL
w1 iYW BESII § - GG2
1 EOE }lSR)“ —— paco i ¢ KEDR § © MARK2
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Exclusuve approach

5
\Incluswe approach s Gev




Hadronic Vacuum Polarization

(HVP) LO
Data Driven Method
2 co et e~ —hadrons
»| Hvp _ @ K(s) , N
HP: = FL? . R(S)d? R(b)— O-e*‘e‘—),u*‘,u_

+ —
o€ e —hadrons dra/(3s
R(s) — 06+e__)#+ﬁ_/v /( )

Dispersive Approach
» a0 =6931(40) - 107

) @ ~ & @ oTVENLO — _9g8 3(7) - 1071

had HVP;, NNLO —11
T had (g2) ~ ohad(42) n a ' = 124(1) - 10

iy = ; P LG
e"e” — hadrons Lattice QCD aVELO — 7043(150) - 101!

y




The uncertainty in the SM prediction

a,

SM : SM -
portion da, portion

1-loop 2-loop

QED Perturb::lltive ~ 99.99%
" w - (Known to five-loop)
EW H}J—iim //\ . Perturbatwtle ~ 1 ppm
g 4;(::;5 o (Known to two-loop)
~ 59 ppm
HVP ) (Data-driven & lattice)
~ 1 ppm
hLbL (Data-driven & lattice)

~0.001%

~0.2%

a?¥P = 116584 718.93(0.10) x 10~ "

ap ™V =153.6(1.0) x 107"

al VPO = 6931(40) - 107"

alVP O — 7043(150) - 107!

HLbL

a, =92(19) x 107"

» Hadronic contributions responsible for most of the theory

@® Hadronic @ QED+EW uncertainty

‘ » Hadronic vacuum polarization (HVP) is O(?), dominates

the total uncertainty, despite being known to < 1%

» Hadronic light-by-light (HLbL) is O(a?), known to ~ 20%,
second largest uncertainty (now subdominant)







EXPERIMENT vs THEORY : precision

aEM — affED + aEW + aHVP + aLlLbL

HLbL EW  HVP

‘ay = 116 592 089(54)stat(33)syst(63)iot X 1011

BNL

CERN Il

CERN Il 1968

CERNI

Experiment

Nevis 1960

Cassels [ 957

g, = 2.004 + 0.014

10 102 107

2

105 108 107
Ta, ¥ 10711

Precision has improved in more than in 10° times - sensible to all SM contributions




EXPERIMENT vs THEORY, history: precision

aEM — affED + aEW + aHVP + aLlLbL

HLbL EW  HVP

aFP = 116584 718.93(0.10) x 10~ > 99.99% SM
)

BNL mau =‘ 116 5692 08§9[54)sta|(33)syst{63)|ot X 1011
— 5 HVP;LO _ 1071 allVPi L0 = 7043(150) - 10!
CERN |||m : a, = 6931(40) 10 ) . L ( )
< . g Lattice
E o N : a; " =153.6(1.0) x 107!
Q
a CEHN'_ VIO —
o P 5 a, = —98.3(7) - 10
HLbL _
P ? . =92(19) x 107"

g, = 2.004 + 0.014

10 102 107

«'é

1o 106 107
Ta, X 10711

Precision has improved in more than in 10° times - sensible to all SM contributions




EXPERIMENT vs THEORY, history: precision

SM __ . QED EW HVP hLbL
a, =aj " t+a, t+a, +a,

HLbL EW  HVP

a; P = 116584 718.93(0.10) x 10~ > 99.994 SM
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EXPERIMENT vs THEORY : 2024

Mew resulis in fension
with White Paper (2020)

175 18.0 18.5
G. Venanzoni, EPS 2023

<7 500 o
e
Significance will likely decrease Fermilab 1+2+3
with an updated SM prediction (2023)
< 510 .
— +—e—
SM: ete- HVP World Average
T.I. White Paper (2023)
(2020)
1.70
l ST

—.—
SM: e+e- HVP
using only CMD-3
data below 1 GeV

19.0 19.5 20.0 20.5 210

a,x10° - 1165900

.

\J

Comparison
with WP20

New results
after WP20

a®P WA — 116 592 059 (22)-10~ "

T T T T T T T T T
BNL 2006 | 7
FNAL 2023 —A—y
Experimental avg. |—&—]
“ . New Lattice results
This work
[ i
BMW 20
< LOa >
f—e—
‘White paper
< 5.20 >
H——oOo0—-
BaBar
CMD-3
KLOE
Tan
! 1 1 L 1 1 L 1 1
175 180 185 190 195 200 205 210 215

a, % 10" — 11659000

https://arxiv.org/pdf/2407.10913

Lattice results 2024: remarkable validation of SM
(as well CMD-3)

Until differences are understood no conclusions can be drawn about the SM validity

REANALYZE EXPERIMENTAL DATA FOR HVP =>

for low energy e+e- data !!!



https://arxiv.org/pdf/2407.10913

n\s)

R(s)

Data Driven method for HVP calculation Lxp

H 3n2 Jppz S R(s) =

& K(s) QED kernel function K (s) ~ 1/s
HVP = —= f ‘ R(S) ds et e~ —hadrons

g
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n'nmntn,n’, E>1.8GeV:7%

KK, K*K::.. 02( HVP)
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Add necessary precision
Kashevarzi talk
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T \IIH\I

ete - mrm
bl | gives main contribution to R(s)
‘“golden channel”




Measured Data

Dedicated measurements of e*e™ — hadrons. S -
- < 2 GeV = exclusive final states (7y, 2m, 3w, 4w, 57, 6m, 7, KK, KKm, KK 2, 2K K, pp, n ...).
« = 2 GeV =inclusive hadronic R-ratio (all hadrons).

“Golden channel” TT* TT —
2020 CMD-3, 2023 CMD-3 Collaboration

04 KNT re-analysis 2019: n* n~ channel

BaBar (09) 3l " (0.6 S = 0.9 GeV) =(369.84 £ 1.30) x 10 10

KNT re-analysis 2019: m* m~ channel -0.15
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not at the level of the g-2 discrepancy!



https://arxiv.org/pdf/2302.08834v3

Measured Data

Dedicated measurements of e*e™ — hadrons. S -
- < 2 GeV = exclusive final states (7y, 2m, 3w, 4w, 57, 6m, 7, KK, KKm, KK 2, 2K K, pp, n ...).
« = 2 GeV =inclusive hadronic R-ratio (all hadrons).

“Golden channel” TT* TT —
2020 -3. 2023 CMD-3 Collaboration

KNT re-analysis 2019: n* n~ channel
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not at the level of the g-2 discrepancy!



https://arxiv.org/pdf/2302.08834v3

Measured Data

Dedicated measurements of e*e~ — hadrons.
« < 2 GeV = exclusive final states (n°y, 2w, 3m, 4w, 5m, 6m, 7m, KK, KKm, KK 2m, 2K K, pp, ni ...).
« = 2 GeV = inclusive hadronic R-ratio (all hadrons).
Two methods from cross section measurement:
« Direct energy scan - fixed CM energy measurement of production cross section.
Radiative return — measure differential cross section with tagged ISR photon to reconstruct production cross section.

Energy scan experiments Radiative return method
(Direct scanning) (Initial State Radiation, ISR)

- fixed beam enerqgy run

- events with a photon

- to collect data at other Q° does not require
any change of accelerator settings:

- setting the beam energies of a collider to a
given c.m. energy

- to collect data at other Q? requires changes
and adjustments of accelerator settings:

Q2 — g Qz = 8§ — 2Eq\/g




Measured Data

Dedicated measurements of e*e~ — hadrons.

« < 2 GeV = exclusive final states (n°y, 2w, 3m, 4w, 5m, 6m, 7m, KK, KKm, KK 2m, 2K K, pp, ni ...).

« = 2 GeV = inclusive hadronic R-ratio (all hadrons).

Two methods from cross section measurement:

« Direct energy scan - fixed CM energy measurement of production cross section.

- Radiative return — measure differential cross section with tagged ISR photon to reconstruct production cross section.

Energy scan experiments Radiative return method
(Direct scanning) (Initial State Radiation, ISR)

.
o s M }QZ
/

measured cross section

- setting the beam energies of a collider to a ‘ e

given c.m. energy | W:é X y H(O?)
- to collect data at other Q? requires changes -

and adjustments of accelerator settings: it e etion e

Q=

do(ete™ — mrnv;8,Q%)

dQ?

Q* =olete” = w71 ;Q%) x H(s,Q%)




Measured Data

Dedicated measurements of e*e~ — hadrons.
« < 2 GeV = exclusive final states (n°y, 2w, 3m, 4w, 5m, 6m, 7m, KK, KKm, KK 2m, 2K K, pp, ni ...).
« = 2 GeV = inclusive hadronic R-ratio (all hadrons).
Two methods from cross section measurement:
« Direct energy scan - fixed CM energy measurement of production cross section.
Radiative return — measure differential cross section with tagged ISR photon to reconstruct production cross section.

Energy scan experiments Radiative return method
(Direct scanning) (Initial State Radiation, ISR)

- fixed beam enerqgy run
- events with a photon

-— 2 1
- to collect data at other Q? requires changes fo C(I)qlleCt data at (l)ther Q dqes not require
and adjustments of accelerator settings: any change Of‘ )acce erator settings:
do(ete — mrnv;8,Q%)

dQ?

- setting the beam energies of a collider to a
given c.m. energy

=olete” = 11 ;Q%) x H(s,Q%

Q2

H(Q?) -radiator function, QED RC => <0.1%




G Radiative Return TSR

‘ Babar (Eq y = Y(4s

Measured Data

Dedicated measurements of ete~™ — hadrons.
+ < 2 GeV = exclusive final states (n°y, 2m, 3w, 4w, 57, 6w, 7, KK, KK, KK2m, 2KK, pp, nit ...).
« = 2 GeV =inclusive hadronic R-ratio (all hadrons).
Two methods from cross section measurement:

+ Direct energy scan - fixed CM energy measurement of production cross section.

Radiative return — measure differential cross section with tagged ISR photon to reconstruct production cross section.

Comprehensive (almost all)
exclusive final states measured
below 2 GeV.

High statistics, from-threshold
measurements of T .

BES-IIl (Eqy = 2-5 GeV)

High-precision measurement of
ntm~ on p-resonance.
Measurements of other modes,
e.g. ttn~n?, inclusive.

KLOE (Ecy = ¢) L
3 high-precision measurements of
m T~ on p-resonance, using
different methods.
Combination results in most
precise measurement of ttm .

Others
CLEO-c (m*n™).
Belle-Il (hopefully in the near

Direct scan

SND and CMD-3 (Novosibirsk)
Both located at VEPP-2000
machine.

Comprehensive (almost all)
exclusive final states measured
below 2 GeV.

KEDR (Novosibirsk)
Inclusive measurement.

future). Plus, many older measurements from now
inactive experiments...




DATA analysis

MC generator
(theoretical) :
Background, RC

PURFE DATA
(events)

RAW DATA




Monte Carlo (MC) Event Generators

Monte Carlo Event Generator:

* realistic experimental cuts on the angles and energy of (incoming and outgoing) particles cannot be

taken into account in an analytical calculation

* one has to use a MC event generator as a bridge between the theoretical results and experimental

data

* a Monte Carlo generator allows to calculate various energy and angular distributions of final

particles taking into account conservation laws.

i=1 i=1

1 2 n 3. n
o= 5 /\M\ d®, 4, - [H (25)ng‘](2#)454 (Zpg-—(h-&-kz)
A ?
|

theory

y

) fm;: TN

:_éjé‘-::ted

pted

m
/ °
/6 Lmin T  Tmax

Monte Carlo method: estimated as a ratio under integrand and under max value

L

* For both direct and radiative return the main process (e* e — X) has to be implemented with
radiative corrections into a MC generator
* Main “irreducible background” are radiative corrections due to photon emission, either soft photon
or collinear




Radiative Corrections: MC

Direct scanning measured cross-section J(e e (’}'}%ﬂ%sabge ) — hadrons (7?&%‘15}36 ) )

o st E * 2pions, radiative corrections account for ISR and FSR effects

* other channels: radiative correcﬁtion accounts for ISR effects only

adjust for radiative corrections G‘(E e — had'rons)

MCGPJ e*te” = e'e,uty, 0.2% photon jets along all
_ 3 - particles (collinear Structure
WEPPQ%E{;};IEPP STa function) with exact NLO
matrix elements
BabaYaga@NLO e‘e = e*e ,p*y, 0.1% QED Parton Shower
(KLOE, BaBar approach with exact NLO

BESIII) w matrix elements




Radiative Corrections: Theory

Direct scanning measured cross-section o(e’ e ('}'}E%mbse) — hﬂdrﬂnfs(’ﬁ%%abge))

e e * Zpions, radiative corrections account for ISR and FSR effects
"‘””“”“”“‘4\: * other channels: radiative correction accounts for ISR effects only

- @

adjust for radiative corrections G‘(E e — had?‘ons)

* ISR radiative corrections: final-state independent, QED
* FSR radiative corrections: depend on final state, model dependent
. * two-pion mode: standard approach sQED*VMD: /

/

calculations without form-factor, then final amplitude m‘{f w"
is scaled by FF N S/ 92 q \
| (q ) X \

/!
g2 ’, q2 ,/z
b
q1 N\ \




Radiative Corrections: Theory

Direct scanning measured cross-section O (E_E_('}'}E%MME) — hﬂdrﬂ”fs(??é%abge))

b e * Zpions, radiative corrections account for ISR and FSR effects
"‘””””“”“‘4\: * other channels: radiative correction accounts for ISR effects only

a‘ﬂ/
o~ {/‘—

adjust for radiative corrections G‘(E e — had?‘ons)

* ISR radiative corrections: final-state independent, QED
* FSR radiative corrections: depend on final state, model dependent
* two-pion mode: standard approach sQED*VMD - can be tested in asymmetry measurements

either ISR‘KRSR or one-photon*two-photon process \
only for hard \ s
photon RC

SQED*VMD X @




Radiative Corrections: Theory

Direct scanning measured cross-section o(e’ e (’}'}E%SHME) — hadran&(q}%?abge))

b e * Zpions, radiative corrections account for ISR and FSR effects
"‘””“”“”“‘4\: * other channels: radiative correction accounts for ISR effects only

a}/ g_
- .
// —

adjust for radiative corrections G‘(E e — had?‘ons)

* ISR radiative corrections: final-state independent, QED
* FSR radiative corrections: depend on final state, model dependent
* two-pion mode: standard approach sQED*VMD - CMD-3 tested in asymmetry measurements
caused by one-photon*two-photon process

= 0.018 A :_ (Ne‘m’z B n/z)/N
- Zomi— |
* box diagram was added to MC : oot | ||
* two models for pion form-factor ol L St T N N |

U LR ARl AR LR LN LN AR RRRN

conventional sQED*VMD approach ooost R T
DlspersweFT‘j' S UOORS Wt I M

gives ~1% inconsistency, the predicted s 7
shape is in tension with data 00k ] s L N

300 400 500 500 700 800 900 10001100 1200
Vs, MeV




Radiative return method

Radiative Corrections: MC

more complicated for analysis

NN o .
AVY v . + - invisable invisable
NIV o measured cross-section o(e e visr(vrsg ) — hadrons(ypgr" °))
S MAAAGE—Z Hadrons R
/ i adjust for FSR radiative corrections do(e’e > n'my) . _— :
e g J ) Q - =o(e'e >7'mr )H(Q")
/ = box diagrams dQ
o(e"e” — hadrons)
EVA ete Dty 0(%) Tagged photon
(KLOE) ISR at LO + Structure Function
FSR: point-like pions
AFKQED e*e" >ntny, depends onthe ISR at LO +Structure Function
(BaBar) (even; selectioré :> RC and F SR are
can be as goo y
26 Phokhara) handled differently
PHOKHARA e*e 2n*n, 0.5% ISR and FSR(sQED+Form Factor)
(KLOE, BaBar  p*u-y, 4ny, ... atNLO

BESIII)




Radiative Corrections: Theory

Radiative return method

more complicated for analysis

. + _— invisable invisable
measured cross-section o(e e yrsr(visg ) — hadrons(ypgp ™))

" ' box diagrams dQ
1 B
o(e"e” — hadrons)

adjust for FSR radiative corrections, o do(e'e >mny)_ olee -7 )H ;Qz)

Radiator function H(Q?) = ISR RC:
crucial ingredient for ISR analyses,
quite complex analytic form

NNLO precise +
HO correction to
be estimated




Radiative Corrections: Theory

Radiative return method

more complicated for analysis

. + _— invisable invisable
measured cross-section o(e e yrsr(visg ) — hadrons(ypgp ™))

| adjust for FSR radiative corrections, O’ do(e’e »>x'xy) _ ole'e — 7 )H(Q)
s box diagrams dQ’

B f

o(e"e  — hadrons)

FSR problem: FSR irreducible background

FSR-only
destroys ISR method

- to be excluded from analysis on
base of MC

- to be included in MC, currently only
in Phokhara/EVA

- model-dependent

- Phokhara: sQED*VMD - add
other models




Radiative Corrections: Theory

Radiative return method

more complicated for analysis

. + _— invisable invisable
measured cross-section o(e e yrsr(visg ) — hadrons(ypgp ™))

| adjust for FSR radiative corrections, O’ do(e’e »>x'xy) _ ole'e — 7 )H(Q)
s box diagrams dQ’

. B

o(e"e” — hadrons)

FSR problem: FSR irreducible background

FSR-mixed - OK for analysis, to be subtracted in calculation of o(ee >z 'n)

- to be included in MC, currently only in Phokhara
- model-dependent
- Phokhara: sQED*VMD - add other models




Radiative Corrections: Theory

Radiative return method

more complicated for analysis

. + _— invisable invisable
measured cross-section o(e e yrsr(visg ) — hadrons(ypgp ™))

| adjust for FSR radiative corrections, O’ do(e’e »>x'xy) _ ole'e — 7 )H(Q)
s box diagrams dQ’

n R

o(e"e” — hadrons)

/
/

RC due to BOX diagrams

destroys ISR method

Phokharal0 Py
(October 2020)

- to be excluded from analysis on base of MC
- to be included in MC, currently only in Phokhara
v, - model-dependent
B - Phokhara: sQED*VMD, complex analytic form
- other models????



https://looptreeduality.csic.es/phokhara/

MC Generators: summary

MC generators for ISR (from

MC generators for exclusive channels (exact ——l— approximate to exact NLO)
NLO + Higher Order terms in some approx) '
EVA B8 Fatry O(%)
MCGPJ gte = ete, 1, 0.2% pn|:|-1_nnje15 along all KLUE)
(VEPP-2M, VEPP- i pamr.:le\-. (collinear Structure
e el AFKQED  e'e Fn'my,  depends onthe
(BaBar) evenl salaction
(can be as good
BabaYaga@NLO e‘e - e'e,pfyw, 0.1% QED Parton Shower as F'hcukhagra;n
(KLOE, BaBar, vy stk PHOKHARA e Jn'n, 05%
BESIIN) (KLOE, BaBar -y, 4y, ...

BESII)

Tagged phaton
ISR at LO + Structure Function
FSR: point-like pions

ISR at LO +Struciure Function

ISR and FSR(sQED+Fom Factor)
at MLO

For scan experiment: only MCGPJ available with declared 0.2% precision
For ISR: only Phokhara with 0.5% precision

We need high-precision MC generators for radiative corrections at the experiment level:

- different experiments use different MC
- high-order radiative corrections are handled differently
- the first comparison done — to be continued

- new MC generator MCMule, effort to understand KKMC’ physics for two pion mode
- aim at 0.1% uncertainty — theory (NNLO + higher order RC estimation + model FSR + box
diagrms) + MC implementation




-
CONCLUSION

v’ Fermilab Muon g—2 Experiment (FNAL-E989) completed all runs:
> the Run-1/2/3 data analyzed and confirmed result from BNL experiment
> with Run-2 and Run-3 data measurement achieved a factor 2 uncertainty reduction

v Unfortunately, the theory situation is not quite in such a good shape:
> QED, EW contributions under control at the required level of precision

> the dominant sources of theory error are the hadronic contributions: HVP dominates the total uncertainty

v New Lattice as well as CMD-3 results challenging old e+e- data

BNLg-2 —e——
FNAL g-2 (Run-1) +—m———+

v Important tensions at the level of HVP:

> between KLOE and BABAR o %
@ @
> between CMD-3 and earlier experiments (incl. CMD-2!) Y oo e
> between Lattice and data-based evaluations (except CMD-3) — 2o Xt )
SM

Rough data-driven
hybrid using CMD-3
data only below 1 GeV

175 180 185 190 195 200 205 210 215
9
au><10 -1165900

Until differences are understood, and intense scrutiny of new/old results is complete, no conclusions
can be drawn about the validity of SM estimates. A lot of work still be done...




New MUonE Experiment

Letter of intent MuonE project

MUonE 1s a new experiment to measure the hadronic part of the running of the electromagnetic coupling
constant in the spacelike region by the scattering of high-energy muons on atomic electrons on a low-Z
target through the elastic process pe — pe [17].

u-e elastic scattering M2 beam line

E =160 GeV K
u—l-’-—-‘f__fz_-_'-_;?- R ——

Be (C) target

Measures directly the most ‘problematic” SM part of AMM



https://cds.cern.ch/record/2677471

New MUonE Experiment

Letter of intent MuonE project

MUonE 1s a new experiment to measure the hadronic part of the running of the electromagnetic coupling
constant in the spacelike region by the scattering of high-energy muons on atomic electrons on a low-Z
target through the elastic process pe — pe [17].

u-e elastic scattering

1
’ p .rzm")r
L= / dx (1l — ) Aapeqt(x)] t(e) = —7 <0
Riccardo Pilato Status Of T 0 Phys. Rep. C 3 (1972), 193 !

the MUonE experiment

Measured differential cross section and extracted Aay.(t) from its shape



https://indico.mitp.uni-mainz.de/event/352/contributions/4918/attachments/3528/4543/Pilato_1.pdf
https://indico.mitp.uni-mainz.de/event/352/contributions/4918/attachments/3528/4543/Pilato_1.pdf
https://cds.cern.ch/record/2677471

New MUonE Experiment

Letter of intent MuonE project

MUonE 1s a new experiment to measure the hadronic part of the running of the electromagnetic coupling
constant in the spacelike region by the scattering of high-energy muons on atomic electrons on a low-Z
target through the elastic process pe — pe [17].

u-e elastic scattering

p == / dx (1l — ) Aapeqt(x)] t(r) = —= <0
T r—1

Riccardo Pilato Status of 0 Phys. Rep. C 3 (1972), 193

the MUonE experiment

MUonE Test Run at CERN North Area (M2 beam) Aug/Sep 2023
Requested 4 weeks of data taking in 2025



https://indico.mitp.uni-mainz.de/event/352/contributions/4918/attachments/3528/4543/Pilato_1.pdf
https://indico.mitp.uni-mainz.de/event/352/contributions/4918/attachments/3528/4543/Pilato_1.pdf
https://cds.cern.ch/record/2677471

-
OUTLOOK

v' The Fermilab experiment aims to reduce the BNL uncertainty by a factor four = final result in 2025

v' New JPARC experiment, data taking from 2029, after 2 year run expected statistics comparable to BNL

v" New MuonE experiment to provide an alternative way to measure HVP, expected 4 week run in 2025

v Improvements on SM theory/data side:
- reanalyses of “old” data from BaBar, Belle II, KLOE, SND - mainly, the two pion mode
- more sophisticated models than standard sQED — the two pion mode
- high order QED radiative corrections — the two pion mode
- revision of Monte Carlo generators and their cross-check — mainly, the two pion mode
- reexamination of T-data-based evaluation of HVP




-
OUTLOOK

v' The Fermilab experiment aims to reduce the BNL uncertainty by a factor four = final result in 2025

v' New JPARC experiment, data taking from 2029, after 2 year run expected statistics comparable to BNL
v" New MuonE experiment to provide an alternative way to measure HVP, expected 4 week run in 2025

v Improvements on SM theory/data side:

The RadioMonteCarlow 2 Effort * Project page (theory, exp data, MC codes...):
https://radiomontecarlow?2.gitlab.io/
Riccardo Aliberti @/ 1 Paolo Beltrame ) 2 Ettore Budassi (' 3. 4 * The state Of the art document
e s Sen L hitps:/farxiv.org/pd/2410.22852

Andrea Gurgone 3,46 Martin Hoferichter @ 3 Fedor lgnatov 2

Sophie Kollatzsch © 10. 11 Bastian Kubis @ 12 Andrzej Kupéé¢ (2 13, 14
Fabian Lange @ 11. 10 Alperto Lusiani @ 13. 7 Stefan E. Miiller (& 16 CMD-like scenario for e+ e— - T+ MI—
Jérémy Paltrinieri © 2 Pau Petit Rosas "' 2 Fulvio Piccinini & 4 Alan Price & 17
Lorenzo Punzi @@ 7. 15 Marco Rocco ( 10. 18,19 Qjga Shekhovtsova = 20. 21 00 |
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OUTLOOK

v' The Fermilab experiment aims to reduce the BNL uncertainty by a factor four = final result in 2025
v' New JPARC experiment, data taking from 2029, after 2 year run expected statistics comparable to BNL
v" New MuonE experiment to provide an alternative way to measure HVP, expected 4 week run in 2025

v Improvements on SM theory/data side:

. * Project page (theory, exp data, MC codes...):
The RadioMonteCarlow 2 Effort ject page (theory, exp data, M )
https://radiomontecarlow?2.gitlab.io/
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https://www.jobs.ac.uk/job/DLO363/postdoctoral-research-
associate-in-particle-physics-grade-7-8

If you are interested in joining the RadioMonteCarLow?2 effort

please contact Adrian Signer, Yannick Ulrich, and Graziano Venanzoni
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