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The electron g-2 early history

e Dirac’s relativistic theory of the electron (1928) naturally accounted for quantized
particle spin, and described elementary spin-1/2 particles (and their anti-particles)

* Inthe classical limit, one finds the Pauli equation with a magnetic moment:
U= —g, 2; S with |g.| = 2 is the gyromagnetic factor
e
e Dirac’s prediction confirmed to 0.1% by Kinsler & Houston in 1934 studying the
Zeeman effect in neon. Deviation from g, = 2 established by Nafe, Nels & Rabi in
1947 by comparing the hyperfine structure of hydrogen and deuterium spectra

* First precision measurement of g, = 2.00238 £ 0.00010 by Kusch & Foley in 1947
using Rabi’s atomic beam magnetic resonance technique

New physics? Understood with QED (Schwinger 1948)f

a
al*P = o+ =0001161 ... _ s

magnetic anomaly a=(g-2)/2

N A \.
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Why measure the muon g-2 ?

3 families of fermions (leptons and quarks) with universal coupling strengths to electroweak interactions

The 3 charged leptons | = (e, W, ) differ only by their own leptonic quantum numbers and their masses
m,=0.511MeV  m =105.7MeV ~ m_=1776.9 MeV

e stable, pand t are unstable and decay through the weak interaction with lifetimes 2.2 us and 390 fs

sensitivity of a, to new physics at energy scale A goes like m? / A?

Muon more sensitive by large factor (m#/me)2~ 43000, but measurement limited by short lifetime
Measurement for T lepton not practical at the moment
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Principle of muon g-2 measurement (CERN 1960-80)

+— —> spin orientation
1. Parity violation polarizes muons in pion decay Vu <~ T — Hpolarized

Polarized Momentum

Spmk\

* Very uniform magnetic field

2. Anomalous frequency proportional to a,,

* Focusing with electrostatic
quadrupoles

1 . — e - - - e -
3. Magic y to cancel BxE effect: 5, = [auB —(a, == % Bl ~ a,B P =3.09 GeV/c
myc ye—1 myc K

(92]

. . . . . ‘E

4. Again parity violation in muon decay 3 ®a

.ugolarized — e + Vet Vi E

fast electron emitted in direction opposite to E muon loss from decay

muon spin @

Double miracle by virtue of P violation !
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Muon g-2 measurement (Brookhaven 1990-2006)

E821 (g —2), hep-ex/0202024

Observed positron rate in successive 100 us periods

(/] =

S F A~ N cnt : : . e

g .f 150 polarisation rotations during measurement period W, ~ — a”B

~10 g m,c

[}

o :

§105: obtained from time-dependent fit ~ N (t) = Noe‘t/VT[l — A - sin(wyt — ¢)]

S F In blue: fit parameters

o WNVV\/WW\A/VV\/\N\/\AN B field measured with Hall probes with RMN frequency as reference
?V\/\/\/\/\/\/\/\/\A/\/\/\/\Nv\/\/\/\/\/ = a,obtained as ratio of 2 frequencies (double blind analysis)
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M. Davier g-2 seminar LPNHE 25-03-2024 stat SYSt 5



The muon g-2 Fermilab experiment (2018-2025)

Brookhaven experiment limited by statistics, systematic effects well understood, could be improved
with more intense (x 20) and pure muon beam at Fermilab

e Goal: reduce final uncertainty by a factor of 4 (over several years)

* Enlarged collaboration

* Experiment completely redesigned (beam instrumentation, detectors, electronics),
only superconducting magnet kept and shipped

AL - . LR V- p
Vo pe = " e
gy ° =1 24 Calorimeters + 2 trackers located all around the ring
S 3 ] - e e
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Theoretical prediction for a
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Theoretical prediction for a

Known to 5 loops, good convergence, diagrams with internal electron loops enhanced:

3 4 5
QED _ « a a a
af™ =+ Ay ) +4;(3) + A7) +4(7)
A, A; known analytically, 4, A: obtained with Monte Carlo techniques, partially checked analytically for 4,
Aoyama, Hayakawa, Kinoshita, Nio (2012-2019)

o =137.035999 046 (27) from Cs recoil (Mueller et al., Berkeley, 2018) oo @ @ @
B . , Pc::))q 1) 1(c) 1(d) 1)
o = 137.035 999 206 (8) from Rb recoil (Morel et al., LKB Paris, 2020) [®\‘ /@\ /@\ /@\
al*P = 116140 973.321 (23) o T 0 R
Y+ 413217.626 (7) o p’”“q oG /@\ /®\ [/;ﬂs,s
+ 30141.902(33) ( qgmy & e
+ 381.004 (17) a O‘?;Q
4 5.078 (6) o . ’IOID Q Q m
12672 dlagrams
= 116584 718.931 (104) @@ 51 %@ i
VI(a) VI(b) VI(c VI( VI(E
uncertainty dominated by estimate on afterm ﬁ% @ @ @ 9 ( i
VI(f) VI(g VI(h) VIG) VI Vi)
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Theoretical prediction for a, : EW, hadronic light-by-light

* EW: one-loop + two-loop involving W, Z bosons (little sensitivity to Higgs boson mass)
a“EW = 153.6 (1.0) x 1011
shows level of sensitivity of a, to physics at large mass scales ~ 0(0.1 TeV)

Precision at low energies <> high energy frontier

* Hadronic light-by-light: o contribution not computable by analytical QCD; so far only
estimated by phenomenological models using intermediate particles; new approach partly
using experimental data (2017); also first results from QCD lattice simulations (2019)

small contribution

“Light-by-light
scattering” aluHLbL = 94 (19) x 1011
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Theoretical prediction for a, : Hadronic Vacuum Polarization

Dominant uncertainty for the theoretical prediction from HVP part which cannot be calculated from
QCD (low mass scale), but one can use experimental data on e* e=— hadrons cross section

Born: 0(0](S)=G(S)(a/a(3”2

hadrons

127 ImII (s) =

o’ [e'e” — hadrons (¥,4)]

o,
* unitarity
Im[N@N ] o< lN‘N"C hadrons |? e analyticity

= R(s)

= dispersion relation

O SR
a*®=—_ | ds| —Z2 ) R(s
s 37:24‘112 S (s)

Arbit

0.01

Bouchiat-Michel (1961)

Brodsky-de Rafael (1968) 0.

K(S) 0.03_::‘.::

L0021 %

— ~K(s)/s for (g—2)LL
-------- ~ 1/(s(s=M")) for OLQED(MZ) |

v = /%

Precise o(e"e"—hadrons) measurements

at low energy are necessary
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Hadronic Vacuum Polarization (DHMZ group)

HVP has been for long and still now the largest contribution to the uncertainty of the a, prediction in the SM
Limited by the accuracy of e+e- experimental data

DHMZ group (MD, Andreas Hoecker, Bogdan Malaescu, Zhiging Zhang) involved since 1997 (t data ALEPH)
Result used as reference for the Brookhaven experiment: comparison revealed a deficit in the prediction

at ~ 2-3 o level, hence our motivation to continue this effort toward a more precise prediction

Main contributions to data treatment
» Compilation of existing data for e+e- annihilation to obtain R as a sum of exclusive processes
» Robust combination techniques taking into account all correlated uncertainties as function of energy,
between exclusive channels, and between experiments
» Correct for unmeasured processes using isospin constraints
» Determine energy regions where perturbative QCD calculations are safe (experience with t physics)

Launched a dedicated program of e+e- cross section measurements using the BABAR detector (SLAC) to get more
precise data (2001-2014) with the new Initial State Radiation (ISR) method. A new phase is still underway.

Same data and techniques used to study the running of a (energy) from a(0) to a(M;) = prediction for M,

Double role as phenomenologists and experimenters
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Measurements of g(e*e” — hadrons)

1. The scan method: e.g. CMD-2/3, SND at Novosibirsk
> Advantages:

> We” deflned \/S 3 Hadrons
> Good energy resolution ~1073Vs Vs
> Disadvantages: e

> Energy gap between two scans
> Low luminosity at low energies
> Limited Vs range of a given experiment

2.The ISR approach: e.g. BaBar, KLOE, BES, CLEOc
> Advantages:
> Continuous cross section measurement over a broad energy
range down to threshold
> |arge acceptance for hadrons if ISR detected at large angle
> g(e*e” — hadrons) may be measured over o(e*e™ = u*u-)
thus reducing some syst uncertainties
> Disadvantages:
> Requires high luminosity to compensate higher order in o

avier g-Z semin

\/ SI Hadrons

s'=(1-x)/s
x=2Ey/Vs
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Different energy regions for R(s)

¢ [0 threshold-1.8GeV]
- sum about 22240 exclusive
channels
- estimate unmeasured channels
using isospin relations (now < 0.1%)

|
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R(s)
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* [1.8-3.7] GeV
- good agreement between
data and pQCD calculation
— use 4-loop pQCD
- J/W, W(2s): Breit-Wigner
integral

w

N

DIIII|IIII|IIII|IIII|IIII|IIII

s c'e — hadrons data
(HVPTools compilation)

$BES

1KEDR
— pQCD (massless)

| | L | I | | | | | | ] | | l | | | ] | | | | ] | ]
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Vs [GeV]

¢ [3.7-5] GeV
use data
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lllllllllllllllll

* >5GeV
use 4-loop pQCD calculation

o
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The dominant channel : efe~ —» " 1 (y)

73% of HVP contribution to a Ewe oA
" "E 107 /\
E _I 1T 1 | 1T 1T 1 | 1T 1T 1 | 1T 1T 1 | L | L E 10% \&
£, 1400 —  BABAR (PRL 2009, PRD 2012) 13 -
- 0! = "[“{' +_}_-[-++++
S u o . E ™+
S 1200 Bare cross section including FSR i £ | | | | T
E : 0.5 1 1.5 2 25 \J;[Gev::
E 1000 — Ef P N
oy B L] _]
© 00 — :"; "\ —
- 7 " -
600 — j,a' n —
B ™ _
- oy '1-.__'. .
. ;/"’/ ; E
200 : —:
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\s' [GeV]
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Cross section [nb]

BABAR: multi-hadronic channels

-
o
w

-
(=]
N

10

107

Besides our team for the dominant n*n~ and K*K™ cross sections, other BABAR groups have
taken the lead to measure the rest of exclusive cross sections (altogether ~ 40 processes)

—> complete and precise reconstruction of R below 2 GeV

[T T T r [ rrr[rrrJrrryprrryprrrrrro) [ T I — \ T ' ! 110 E ‘ T T ' | ] 3
7 a0 4 " ggngn’ S B %, BABAR K%Kg : * K'Kn'w 3 ; BABAR - Ez:n- " MK'K §
~ R | v qitpeptecate- o 00 = + °
3 ot On0 B E 2 = KKim'n K'Kmnn® 5 ]
— AL = | —
g_ xx‘x,}gr:?:l 2_ Py *ﬁ*****ﬁ**#*ﬁt*t _E ; ? { ‘} -
- . :z:z:%:z? - s i *wﬂr;,g;ﬁqi; & ; “ %% x ok : 1 E f * l % { {‘{F% # ﬁ;ﬁ
- 8 ﬂ?hﬁiﬁ—i | = : B ¢ o A % i
5 ' == t i % AT gé;i I % %
s fiﬁ ; f‘% : t i % ﬁ;ﬁ*ﬁ’f. J@ Qi;g&fixﬁ% I ‘ i % 1
W E R 0 i
B Jl%. l JL . L. .3 EL ll e g 3 T 3 3 4 h I S % ; ‘}Mﬂl }ﬂl L% Fe 1lalals g1y & l l I allly |[ 5 14 ]
i : 1.8 2 1 1.2 14 16 1.8 2 1 1.2 14 1.6 1.8 2
Mass [GeV] Mass [GeV] Mass [GeV]
M. Davier g-2 seminar LPNHE 25-03-2024 15



* Additional systematic error added because of BABAR-KLOE difference
—> degrades uncertainty by 30%

. Cross slection(exp) / Average - 1

Consistency between experimental data

Latest dispersive evaluations rely on a rather complete set of measurements of e*e — hadrons
up to 6n, ndn, KK21 in all charge configurations, and a few more higher-multiplicity processes

A significant discrepancy occurs in the n*n channel between the 2 most precise results (BABAR and KLOE)

Taking into account the BABAR/KLOE disagreement in the combination, all experiments are in agreement
within an enlarged combination uncertainty (0.7%), already a remarkable result given different experimental
conditions: ISR (10.6 GeV BABAR, ~4 GeV BES CLEOc, 1.02 GeV KLOE), direct scan (CMD-2, SND)

Average
° BABAR

03 1

s [GeV]

. Cross section(exp) / Average - 1

- efe—smtw

3
o

|

Average e
+ KLOE 08 10 12 combined 3

05 06

.0-7. L

0.8

0.9 1
s [GeV]
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Figure from DHMZ, E
L T T 7T l T 177

PJC80 (2020) 241
T 17T | T T 177 l L

CLEO .
376.9+6.3
SND
371.7+5.0
BESIII s
368.2+4.2
CMD-2 —_——
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BABAR —0—
376.7+27
KLOE —_
| 366.9+ 2.|1 | | | | |
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All contributions (DHMZ19)

Channel

G’Ha ) [10—10]

Aa(m?%)[10~4]

w0y

ny

ntn=

ata— a0

2t 2n—

rtr—2m0

272770 (5 excl.)
nt7=370 (n excl.)
3nt3n—

2nt2n 270 (n excl.)
nt 7470 (n excl., isospin)
177r+7r_

nw

nrt 7~ 7% (non-w, ¢)
n2nt2n—

wnm?

wr® (w — 707)

w(rm)? (w — 707)

w (non'3ﬂ7 ™5 77’Y)
KtK—

KsK]

¢ (_IlOIl—KK, 3777 ™5 777)
KK~

KK2m

KK3r (estimate)

ny

nKK (non-¢)

wKK (w— 7%)

w3m (w — m07)

7n (3737~ 70 + estimate)

4.29 £ 0.06 £+ 0.04 = 0.07
0.65+0.02 £+ 0.01 £0.01

507.80 + 0.83 £ 3.19 £ 0.60

46.20 £0.40 £ 1.10 = 0.86
13.68 £ 0.03 £0.27 £ 0.14
18.03 £ 0.06 + 0.48 £ 0.26
0.69 £ 0.04 £ 0.06 = 0.03
0.49 £ 0.03 £ 0.09 £ 0.00
0.11 £ 0.00 £ 0.01 £ 0.00
0.71£0.06 £ 0.07 = 0.14
0.08 £ 0.01 £0.08 £ 0.00
1.19 +£0.02 £ 0.04 £ 0.02
0.35+0.01 £ 0.02 £ 0.01
0.34£0.03 £ 0.03 £ 0.04
0.02 £ 0.01 £0.00 = 0.00
0.06 £ 0.01 £0.01 £ 0.00
0.94 £ 0.01 £ 0.03 = 0.00
0.07 £ 0.00 £ 0.00 £ 0.00
0.04 £ 0.00 £ 0.00 £ 0.00
23.08 £0.20 £ 0.33 £0.21
12.82+£0.06 = 0.18 £0.15
0.05 £ 0.00 £ 0.00 £ 0.00
2.45+ 0.05 +0.10 £ 0.06
0.85+0.02 £0.05 £ 0.01
—0.02 £ 0.01 £ 0.01 £ 0.00
0.33£0.01 £ 0.01 = 0.00
0.01 £ 0.01 £ 0.01 £ 0.00
0.01 £ 0.00 £ 0.00 £ 0.00
0.06 = 0.01 £ 0.01 £0.01
0.02 £ 0.00 + 0.01 £ 0.00

0.35 £ 0.00 + 0.00 £ 0.01
0.08 £ 0.00 £ 0.00 £ 0.00
34.49 £ 0.06 £ 0.20 £ 0.04
4.60 £ 0.04 £ 0.11 £ 0.08
3.58 £0.01 £ 0.07 £ 0.03
4.45+0.02 £ 0.12 £ 0.07
0.21 £0.01 £ 0.02 £0.01
0.15 £ 0.01 £ 0.03 £ 0.00
0.04 £ 0.00 £+ 0.00 £ 0.00
0.25 £ 0.02 £ 0.02 £ 0.05
0.03 £ 0.00 = 0.03 £ 0.00
0.35+0.01 £ 0.01 £0.01
0.11 £ 0.00 £ 0.01 £ 0.00
0.12+0.01 £0.01 £0.01
0.01 £ 0.00 £ 0.00 £ 0.00
0.02 £ 0.00 £ 0.00 £ 0.00
0.20 £ 0.00 + 0.01 £ 0.00
0.02 £ 0.00 £ 0.00 £ 0.00
0.00 £ 0.00 £ 0.00 £ 0.00
3.35£0.03 £ 0.05 £ 0.03
1.74 £+ 0.01 £ 0.03 £ 0.02
0.01 £ 0.00 £ 0.00 £ 0.00
0.78 £ 0.02 + 0.03 £ 0.02
0.30 £ 0.01 £ 0.02 £ 0.00
—0.01 £ 0.00 = 0.00 £ 0.00
0.11 £ 0.00 £+ 0.00 £ 0.00
0.00 £ 0.00 + 0.01 £ 0.00
0.00 £ 0.00 £ 0.00 £ 0.00
0.02 £ 0.00 £ 0.00 £ 0.00
0.01 £ 0.00 £ 0.00 £ 0.00

J/¢ (BW integral)
¥ (25) (BW integral)

6.28 £ 0.07
1.57+£0.03

7.09 £ 0.08
2.50 £ 0.04

R data[3.7 — 5.0] GeV

7.29 £ 0.05 £ 0.30 £ 0.00

15.79 + 0.12 + 0.66 £ 0.00

RQCD [18 — 3.7 GeV]uds
RQCD [50 — 9.3 Gev]udsc
RQCD [93 — 120 GeV]udscb
RQCD [120 —40.0 Gev]udscb
Rqcp [> 40.0 GeV]yasch
RQCD [> 40.0 GeV]t

33.45 £ 0.28 £ 0.654yal
6.86 = 0.04
1.21+£0.01
1.64 +0.00
0.16 £ 0.00
0.00 £ 0.00

24.27 £ 0.18 & 0.284ual
34.89 4 0.17
15.56 £ 0.04
77.94 £ 0.12
42.70 £ 0.06
—0.72 +0.01

Sum

693.9+1.0+34+1.6+0.1;, £0.7qcDp

275.42 £0.15+£0.72 £ 0.23 £ 0.094 £ 0.55qcD
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40 exclusive channels
(<1.8 GeV) evaluated

Estimation for missing
modes based on isospin
constraints becomes
negligible (0.016%)
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The g-2 theory initiative (2017-2020)

By 2012, prediction using more precise e+e- data confirmed the discrepancy with the Brookhaven
measurement, reaching~3.5c

In view of forthcoming results from the new g-2 direct experiment at Fermilab, a concerted effort
was organized to try to produce the most reliable prediction ahead of time (blind to the new result)

Organized 6 workshops followed by ~ 130 physicists (many lattice QCD theorists)
Progress in hadronic LbL calculations with phenomenological and lattice methods, uncertainty reduced
For HVP

» lattice groups very active, but could not produce a reliable and competitive result

» the dispersive approach based on data was adopted: results of 2 groups used (DHMZ and KNT)

with the DHMZ conservative approach of estimating uncertainties prevailing

Comprehensive report (166 pages) ready early 2020 and published in Physics Reports, well before
the Fermilab release
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The g-2 theory initiative prediction (WP2020)

HVP HLbL

II-I|YIPI fIr‘IOII.‘]:I I | T TT I ' TP F 3 0 : L+F L T | ' T TT I LI

BMW20 —O—| st-final repart (see later)

ETM18/19 : ' J17 >

Mainz/CLS19

ELM19 N/JNO9

PACS19 & Glasgow consensus O

RBC/UKQCD18

BMW17 )
RBC/UKQCD : Mainz21 (+ charm-loop) ——O—— post-final report
data/lattice O) RBC/UKQCD19 | ® i

BDJ19 = + charm-loop

i g = . . ;

g not used in WP20 WP20 data-driven ' &z '

"""""""""""""""""""""""""""""""""""" dispersive

DHMZ19 :’é P

KNT19 E, WP20 —

WP20 | | | | | | | |

P N SN AN NN T 0 1 N Y MM MO P R SR A A A A A 0 20 40 60 80 100 120 140 160
-60 =50 -40 30 20 -10 0 10 20 30 HLbL %1 011

SM 10 a
(a, -asm ) x 10 K
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The muon g-2 Fermilab run 1 result (2021)

. _ -11
a,(Fermilab) = 116 592 040 (50),; (23) x 10
. Agre_e.ment with Brookhaven value BNLg2 — o — (376
* Precision comparable
* Excess / SM prediction increased to 4.2¢ FNAL g-2 +4 —® + 330
e Caution about significance: 4 &
»  statistics-dominated measurement ( 420 >
> prediction uncertainty limited by ) i’
systematic effects (not Gaussian)
L : s + 4.20
* Nevertheless, large discrepancy (the Standard Model Experiment
Average
largest so far between measurement and
SM anywhere) 1775 180 185 190 195 200 205 210 215

a,x10° =1165900
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New developments since 2020-1 (WP and run 1 FNAL)

First precise HVP result using lattice QCD (BMW collaboration, 2021) in disagreement with dispersive
approach

Confrontation with other lattice groups, still going on (1) no new full result yet (2) comparison in reduced
regions where uncertainties are smallest (intermediate window in Euclidean time)

New (2023) precise measurement of €” e” — " 7w~ at Novosibirsk (CMD-3) in disagreement with all previous
results (KLOE, BABAR, CMD-2....), consistent with no discrepancy with direct g-2 result

Update (2023) from g-2 measurement in Fermilab (runs 2/3): precision increased x2, consistent with run 1
DMZ and BMW collaborating to localize the energy regions where differences data-driven/lattice occur

Dedicated study by BABAR (2023) of additional radiation in ISR processese”e” — u " u y,e"e- > n vy
(LO) with one (NLO) or two (NNLO) photons = consequences for ISR analyses such as KLOE and BESIII

Re-evaluation (DHLMZ, 2023) of input data in view of strong inconsistencies between experiments,
reconsideration of data from hadronic t decays (DHLMZ = DHMZ + Anne-Marie Lutz)
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Purely theoretical approach: QCD on lattice

Cannot use perturbative QCD calculations because of too-low an energy scale for a,, (Landau pole)

QCD on space-time lattice: simulations to compute electromagnetic-current two-point function

* ds\/sR(s)e Vs

C(t) = 3622[43 (%, 0)7:(0))

J, 2

1._
— = —u'y”u —d'ypd — —s'yus + —evy,ec— —byb+

€ 3 3 3 3

Beyond QCD: extrapolation to real world
lattice spacing — 0 lattice volume — o 7 physical mass

3

Difficult to compare directly dispersive (timelike) and
lattice (spacelike) approaches

Possibility to consider windows 1n lattice space
CPU time-consuming to get statistical accuracy and study

variation of lattice parameters, needs large computer resources
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First precise lattice calculation: BMW 2021

\l_‘{vlplflriom:l\ \IIIIIIIII
LM20
BMW20
ETM18/19
Mainz/CLS19
FHM19
PACS19

RBC/UKQCD18
BMWA17

RBC/UKQCD
data/lattice

£ :
BDJ19 HH
JA17 H Sl

DHMZ19 i
KNT19
WP20 i

el by ey

-60 -50 -40 -30

SaBNLIENAL

=

e Lattice calculations in progress during g-2 Theory Initiative

:. * Precision not competitive with data-driven dispersive method, not
| included in WP2020

cerfaintygoal | @ — L — T

* Highly publicized release of BMW result (post-final WP report)
synchronized with run 1 Fermilab announcement

not used in WP20

Fermilab un

B * Confrontation with independent lattice determinations strongly
desired, but no result yet for the complete calculation (3 years...)

FHM'23 |
RBC/UKQCD23
ETMC22 |

Mainz’'22

ABGP'22 |

xQCD’22 (Ov/HISQ) |
xQCD'22 (Ov/DW)
LM'20 |

BMW'20 |

| . Important partial comparisons performed in intermediate window
0.4-1.5fm, but it keeps only about 1/3 of HVP contribution
= 4 groups in agreement with BMW

gl

WA lattice |

200 203 206 209 212 ) )
10 LO-HVP.ud M. Davier g-2 seminar LPNHE 25-03-2024 23
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CMD-3 2023 2r result

e CMD-3 at VEPP-2000 paper arXiv:2302.08834 letter arXiv:2309.12910 both unpublished yet

* Large statistics accumulated mainly in 2017-2018 (34 M 7w, 3.7 M uu, 4.4 M ee) allowing for detailed
systematic studies 4

* Two independent methods for channel separation: momentum-based (better at low energy) and energy
deposition in calorimeter (better at high energy): overlap of the two methods in the p peak region

* 7m cross section disagrees with all previous experiments

whether from ISR or scan techniques — ~ before CMD2
* Discrepancy with CMD-2 at VEPP-2M also using calorimetry - Fa— ~ cmDp2
is not understood and needs to be clarified @ ~ SND
—— ~ KELOE comb
« Thorough review organized by the g-2 Theory Initiative .  BABAR
* No major issue identified significantly impacting the results F — =  BES
* Some questions about estimate of systematic uncertainties g . ~ CLEO
 Analysis not blinded (even worse...) N =  SND2k
i : i i i CMD3 :

isplpsesloopplonss Peopsalsspolones faes
360 365 370 375 380 385 390
a"™ (0.6 <\s<0.88GeV), 10"
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The muon g-2 Fermilab runs 2-3 result (2023)

. _ -11

Run1 a,(Fermilab) = 116 592 040 (50),; (23) x 10
i — -11

Runs 2-3  a (Fermilab) =116 592 057 (24),, (8),,s x 10

* Agreement with Brookhaven and run 1 Fermilab values

* Precision x 2 oL .

e Systematic uncertainty below final goal

* Excess / WP2020 prediction increases to > 5¢ FNAL Run-1 4 0

* Would be wonderful news if not for the confusing

FNAL Run-2/3 I—I::'J—I
situation for the SM prediction |

e Still more in store with results from runs 4-6 to come in
2025, another factor of 2 expected

e Clearly the burden of proof is to straighten out the
discrepancies between e+e- experiments on the one
hand and with lattice on the other hand

175 180 185 190 195 200 205 210 215
a,x10° - 1165900

M. Davier g-2 seminar LPNHE 25-03-2024 25



Systematic approach to compare data-driven/lattice (2023)

e Collaboration DMZ-BMW arXiv: 2308.04221

* Try to find origin of tensions between dispersive and lattice approaches

 Comparison not trivial: weighted integrals of C(t) for lattice, weighted integrals of R(s) for dispersive
* R to lattice straightforward, lattice to R inverse Laplace transform (ill-posed)

* For the moment few observables available for HVP: a, a,, ,ingow A(Q?), important to combine them
to get more information, more moments can be considered (correlations)

e Current analysis uses full set of e+e- data as of WP2020

* Detailed work on lattice uncertainties/correlations and uncertainties on them

* Tensions expressed in t (lattice): excess mostly in 0.4-1.5 fm range, small below and above

* Tensions expressed in s (data): deficit mostly in the p region

* No significant impact on precision EW fits at the Z scale

* Once differences understood, same framework can be used to combine dispersive and lattice results
to improve precision on HVP prediction
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Impact of higher order radiation: unique ‘(N)NLO’ BaBar study

» Studied in-situ in BaBar data, using kinematic fits: test the most frequently used Monte Carlo generators
ProkHaRrA: limited to NLO, but full matrix element for ISR and FSR
ArkQEeDp: NLO and NNLO, with collinear approximation for additional ISR
- Large cancellations between hard emission and soft/virtual contributions
ceneric SR dlagrams arXiv:2308.05233

PHOKHARA

2 LO Topology ‘NLO’
Interference (N, add)
s et

GLO’

)

“NLO’ Yisk 2¥sa Yisr YsaYia Yisr 2Y1ia
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BaBar results on higher order radiation NLO and NNLO

—
Q

115 o ' Data/PHOKHARA

R T - T T . T ) T T ] . N T . T 3 ] T . i T T T Datla ]
T | Wy (y) Data-background S T WYMo ARKQeD ] 1200 TTV5e?sa . Data- background
S # - PHOKHARA E 1.05f " ++ % JF #Jr E —1000f — nin PHOKHARA
S -~ True | P P T S Background
Z 19 o9 T *i ﬁ Ht 5
c = 44 e +t <
S & 085} LT + g )
510 0.8t . Ahs . -
[ T T
I S 1 wtry(y)

2 1.05 + =

1.2} | S S — e B T g

S *m“wl[ M ﬁ# Wﬁﬁ +*}*+*#H*m*+#+ ---------------- < 055 e ++++++ Tyt Jr'{’ﬁ ,i& %

o 9 IF + -—
oc 0_8‘." . Data/PHOKH AR A F | g 0.851 L e FRasRes it i+++ : 5

n L L I L -»

0 0.5 1 61 %rad) 2 2.5 3 082 0 0.2 0.4 0.6 0.8 1

Yoc E*, (GeV)

YOC

¢ NLO small-angle ISR in PHokHARA higher than in data; S N _E*:j‘n*(‘fJ ) S
large-angle ratios consistent with unity 210“ J ; EI::(‘;Y 3’ e o
* AFrkQED: reasonable description of rate and energy distributions 510 g T E
for ‘(N)NLO’ data T 10°5 o “Hm :
005 T '1‘1.'5LE* %L(;ev)zfs 55
»  NNLO contributions clearly
observed in data (3.5% E.>200 MeV)
* BaBar measurements with loose selection incorporate NLO and HO radiation minimizing MC-dependence
e Other ISR measurements select ‘LO’ topology and rely on PHokHARA for hard NLO (but not NNLO)

Impact for KLOE and BESIII needs to be investigated (arXiv:2312.02053)
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The new landscape of data dispersive (DHLMZ,2023)

(exp) / Average - 1

Crosls section
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1%
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o
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ete- data used in the dispersive approach

(1) Tensions
The new CMD-3/all and old BABAR/KLOE discrepancies necessitate a re-evaluation of the situation of

Performed new combination of all experiments (+CMD-3, SND2020, updated BESIII) to identify the

differences among the most precise experiments
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KLOE and BABAR 3.0 “
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The new landscape of data dispersive (DHLMZ,2023)

(2) Impact of NLO/NNLO BABAR study

« BABAR only experiment measuring simultaneously LO/NLO/NNLO ISR processese*e” — u"u y/a" ny
= questioned validity of NLO Phokhara + absence of NNLO
— BABAR measurement essentially independent of description of radiation the MC generator

* KLOE and BESIII select LO topology and rely heavily on NLO Phokhara generator to correct for
—> doubts expressed about validity of their approach

* Performed fast simulations of KLOE and BESIII experimental conditions to check impact of Phokhara

shortcomings

—> potential biases found at a level larger than quoted systematic uncertainties which could explain
the BABAR/KLOE discrepancy

* More realistic tests should be performed by KLOE and BESIII collaborations themselves
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The new landscape of data dispersive (DHLMZ,2023)

(3) re-consideration of T hadronic spectral functions

Precise measurements of t branching fractions and hadronic spectral functions with ALEPH prompted
their use for computing HVP in a, and Aa(M,) (Alemany-Davier-Hoecker, 1997)

[ e ALEPH

’ — Perturbative QCD (massless)
~ +’ === Parton model prediction
[ ¢ '’
~ ¢ mm 13r° 3nn’ 61(MC)

mm on 0l kk’(MC)

I kk-bar(MC)

0 0.5 1 1.5 2 2.5 3 3.5

s (GeV?)

W:l=18& V, A v 1=018& V

Vv, o
CVC:1=1& V \ y
g hadrons

.

Complementarity LEP (BR) and b/c factories (mass spectra)

Isospin-breaking corrections identified: electroweak radiative effects,
charged/neutral mass/width differences, p-o interference

Good agreement between BABAR and t in mt channel (2009)

Use of t data discontinued for WP2020 (more e+e- data, avoid IB corrections)

T

hadrons

charged (mn%) neutral (m*m-)

* In view of discrepancies between KLOE/BABAR/CMD-3 for 7w, it is advantageous to reconsider the Tt approach
e Re-evaluated t nwt contribution agrees with BABAR and CMD-3, not with KLOE
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The new landscape of data dispersive (DHLMZ,2023)

(4) Comparison of the most precise results

* So far BMW result compared with the combination of all et+e- data. Since there 1s no agreement between them
and some doubts expressed for some, it is interesting to perform the comparison experiment by experiment

* Use nr contribution from different experiments, all other contributions from WP2020 = full a, values

« BABAR, CMD-3, 1 in fair agreement, average 2.5 below Fermilab, contradiction with most precise KLOE value

« BABAR/CMD-3/1 in good agreement with BMW, average of all 4 results 2.8c below Fermilab

« Still a deviation with lattice average for the intermediate window, to be understood

L R N s S RS RN LR . BB S S B S S S B S A B
e B i H—e—r
?5?242 (:32.:%) Sahizoi 2:1.0 S S
omseninz | Mt e T
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'_r1a 3:20302{, l 29 s c}: I:?zl; £0921.0 =
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x10°] M. Davier g-2 seminar LPNHE 25-03-2024 x10 7] 32



e Short-term efforts on 3 fronts: Fermilab, lattice, new e+e- measurements

* Fermilab: runs 4-5-6 being analyzed, systematics under control, precision statistically limited
precision x2 /runs 1-2-3, final results expected in early 2025

* Lattice: expected results for long- and short-distance windows, full HVP, improvements for HLbL
long-distance is the most problematic part to obtain with precision (but 57% of total contribution)

* Data-driven dispersive: several efforts in progress

» Feedback from past KLOE analyses?
» Feedback from CMD-2/3 problem
» SND update with full data
» BES Ill with more statistics, attention to additional radiation
» BABAR with full data and independent method separating up/nm/KK without PID,
well advanced (DLMZ + Léonard Polat post-doc ANR au LPNHE/IJCLab)
> Belle Il for both e+e-and t
» New KLOE analysis of full data, additional radiation?, development of an NNLO generator
» In the longer run: MuonE at CERN, very challenging
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* The understanding of the muon g-2 has been a bit chaotic, but remains an exciting and challenging task

 Significant progress on the direct measurement at Fermilab: precision x 2 /previous BNL, goal is x 4

* Alarge effort was devoted to produce a reliable and conservative theoretical prediction within the
Standard Model, culminating in the 2020 WP of the muon g-2 Theory Initiative

 The HVP contribution plays a very important role in the value and accuracy of the prediction

* Our DHMZ group has more than 20 years of experience using the mature dispersive approach based on
data from 1 decays and e+e- cross sections for which we contributed with innovative methods

e Unfortunately discrepancies among different experiments prevent us from using the full data potential

* The alternative approach using QCD on a lattice is very promising with so far only one result which
disagrees with the WP2020 prediction, needing confirmation by other groups

* In the past year many developments occurred: measurement by BABAR of additional radiation up to
NNLO with impact on KLOE and BES Il analyses

e As a result some clarification seems to be emerging with BABAR, CMD-3, and t driven estimates being in
agreement and also with the lattice calculation, still departing from the Fermilab measurement by
about 35, however much smaller than using the 2020 prediction.

* The coming year will continue to be exciting...
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