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> Brief historical introduction to electron and muon magnetic anomalies
> Precision measurements and SM predictions
> Hadronic contributions to muon magnetic anomaly and running «
> Direct contribution of BEPC(II) / BES(III)
> Lessons learnt

> Summary and prospects

Based whenever possible on materials in my personal publications in close collaboration with
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Magnetic Moment

The magnetic dipole moment of a particle can be observed from its motion in a magnetic field

Intrinsic magnetic moment discovered in Stern-Gerlach experiment, 1922:

Observation

,/ | @-

Beam of neutral silver atoms
(unpaired atomic electron)

Expected result

Inhomogeneous magnetic field

=> Atoms have intrinsic and quantised angular momentum
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(Anomalous) Magnetic Moment of a Charged Lepton

For a lepton with charge g, and mass m,, its magnetic moment is connected to its spin by

a g, factor:
S, de 5
fe = ge (—) Se
2my

Dirac predicted g,= 2 for electron in 1928 [proc. Roy. Soc. Lond. A 118,351 (1928) |
It was confirmed to 0.1% by Kinsler & Houston in 1934 through studying the Zeeman
effect in neon [phys. Rev. 46,533 (1934)]
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(Anomalous) Magnetic Moment of a Charged Lepton

For a lepton with charge g, and mass m,, its magnetic moment is connected to its spin by

a g, factor:
S, de 5
fe = ge (—) Se
2my

Dirac predicted g,= 2 for electron in 1928 [proc. Roy. Soc. Lond. A 118,351 (1928)]
It was confirmed to 0.1% by Kinsler & Houston in 1934 through studying the Zeeman
effect in neon [phys. Rev. 46,533 (1934)]

A deviation from g,= 2 was established by Nafe, Nels & Rabi only in 1947 by comparing
the hyperfine structure of hydrogen and deuterium spectra [Phys. Rev. 71,914 (1947)]

A first precision measurement of g, = 2.00344(12) (wrong: 2.00232...!) was made by

Kusch & Foley in 1947 using Rabi’s atomic beam magnetic resonance technique
[Phys. Rev. 72, 1256 (1947)]

The anomalous magnetic moment a, was introduced to quantify the deviation from 2:

ay ~0.001
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The a, Measurements

exp Harvard08
@
——@——  exp Northwestern22

20 40 60 80 100 120 140 160 180
(ae - 0.001159652180) x 1014

a,= 1159652 180.59(13) x 10712 [Phys. Rev. Lett. 130 (2023) 071801]

112 ppt precision

using a one-electron quantum cyclotron in a cylindrical Penning trap cavity™, a technique
invented by Dehmelt in 70’s who was awarded with a Nobel Prize in Physics in 1989

This is the most precisely measured quantity in particle physics

Do we have a prediction with a comparable precision to compare with?

* In which a single electron suspended in a magnetic field and cooled to its lowest quantum states (more on slide 56)

ppt = one part per trillion (10712)
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The ae Prediction

/4 /4 I4
= + + 2-loop + 3-loop + 4-loop + 5-loop + ...
e e e
B « A (2 2 A (@ 3 4, (“ 4 A (2 5
a (QED) = 0+ oo+ () A (T) A (D) +as (D) o
(Dirac: ge=2) (Schwinger)
(1928) (1947)

A,, A; known analytically

A,-A,: cross-checked by different groups using different methods
As: previous difference between two groups better understood and
now in good agreement

Paul Dirac EBT
Nobel prize 1933 Nobel prize 1965
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a, (QED) = 0 +

The ae Prediction

2m

+ 2-loop + 3-loop + 4-loop + 5-loop + ...

e

bR () () (D)

a.(QED) depends on the a value to use

a, (hadron, LO) = (1.861—1.920) x 1072 data-driven evaluations

a, (hadron, NLO) = —0.2263(35) x 10712

The sum of other hadronic and EW contribution < 0.1 x 10712

Relative fractions:

QED: 99.9999998%

Hadron: 1.7 x 107°

EW:2.6 x 10711

SM theory w/a(Cs)18

exp Harvard08
a,(exp08=SM19) @
@
ag(exp22=SM25) +——@— ——@——  exp Northwestern22
@ Cs(18)
< 5 6 > ——
.00 Rb(20) —@—
. SM theory w/a(Rb)20
More on slide 57 1 l 1 : s : ; : :
0 5 10 15 20 20 40 60 80 100 120

(a'-137.035999) x 108
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Summary on 4, and a

The a, measurement has an extraordinary precision

a®P(NW22) = 1159652 180.59(13) x 10~ [0.11 ppb]

The SM q, prediction is currently limited by the different a values to use
a;M[e(Cs)] = 1159652 181.59(23)(0)(3) x 107" [0.20 ppb] ,
;" [«(Rb)] = 1159652 180.238(82)(4)(30) x 10~ [0.075 ppb] ,

The comparison gives
agP(NW22) — aX¥[a(Cs)] = —1.00(26) x 107"
ag®®(NW22) — a;" [«(Rb)] = +0.35(16) x 10~

corresponding to —3.8¢ and +2.20, respectively

ppb = one part per billion (107°)
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Why Are We Interested in a7

Contrary to the electron, the muon is unstable (2.2us, boosted to 64.4us at 3.09 GeV)
so it is more difficult to measure (and predict), nevertheless

a, receilves sizeable contributions from all three sectors of the SM

and due to its heavier mass, its sensitivity to new physics is ~ (m,, /m,)* ~ 43 000 larger
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Overview of a Muon g - 2 Experiment

LIFE OF A MUON:

THE g-2 EXPERIMENT Muons are fed
Muons are into a uniform,
tiny magnets doughnut-shaped
spinning on magnetic field

axis like tops. and travel in a circle. After .eaCh_CirCI,e’
/ muon's spin axis

changes by 127,
yet it keeps on traveling

Protons Pions, weighing Pions decay
from AGS. 1/6 proton, to muons.
are created.

see an electron, giving After circling the ring

the muon spin direction; many times, muons

9-2 is this angle, divided spontaneous|y decay to

by the magnetic field the electron, (plus neutrinos,)

muon is traveling through in the direction of the muon spin.
in the ring.

The key elements:
1. Parity violation in pion decay: polarised muons
2. Parity violation in muon decay: positron emitted in the direction of muon spin
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The a, Measurement Concept

Measure “anomalous” frequency difference between spin precession and cyclotron

frequencies: 0

- > — € -2 - —
wa:ws—wc:m—uc[auB— aH—72_1>BxE]

One defines a magic y value of 29.3 (i.e. pp=3.09 GeV) to remove the 2nd term

The magnetic filed B is determined from w,, = 2u, B

Thus _ Wa [“p My 96]
au —_ —
Wp | e Me 2

The 1st term is measured in a doubly blinded way

The 2nd term is known from literatures with high precision + 25 ppb — 22 ppb
(2021)  (2025)

IHEP, China, Sept 4, 2026 Zhiqing Zhang (5% [X), IJCLab, Orsay 11/51+



FNAL 2021 Run 1 Result

1.0
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Positron rate measured in the calorimeters is fitted with

—éllO —'20 (IJ 2'0 4I0
X [mm]
N(t) = Noe t/7*[1 — A - cos(wgt + ¢)]
The magnetic field is measured with a
to determine w, with a stat and syst error of 0.43, 0.56 ppm  syst error of 0.56 ppm

a,(FNAL) = 116 592040(54) x 10~''  (0.46 ppm).

The total uncertainty of 0.46 ppm is dominated by statistical one of 0.43 ppm at Run 1

ppm = one part per million (107°)
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Final FNAL Results

> Statistics significantly
increased over time

> Yet the final measurement is
still statistically limited (98 ppb)

> The experiment did a good job
in improving data quality,
systematic uncertainty control
over time

> The final precision of 127 ppb
exceeds the original goal of
140 ppb

> A factor of 4.2 improvement
over BNL E821
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MUON g-2 DATA TIMELINE

RUN-1  RUN-2 RUN-3 RUN-4 RUN-5 RUN-6

nN w
s :

Analyzed data (billions of positrons)
5
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More than 60 years of 2, measurements

Columbia-Nevis (57)
Columbia-Nevis (59)
CERN 1 (61)
CERN 1 (62)
CERN 2 (68)
CERN 3 (75)
CERN 3 (79)
BNL E&21 (00)
BNL E821 (01)
BNL E821 (02)
BNL E821 (04)
FNAL Run-1 (21)
FNAL Run-2/3 (23)
FNAL Run-4-6 (25)
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0=2.000.10

0.001 13(+16)(~12)
0.001 145(22)

0.001 162(5)

0.001 166 16(31)
0.001 165 895(27)
0.001 165 911(11)
0.001 165919 1(59)
0.001 165 920 2(16)
0.001 165 920 3(8)
0.001 165 921 4(8)(3)
0.001 165 920 40(54)
0.001 165 920 57(25)
0.001 165 920 710(162)

12.4%
1.9%
0.43%
265 ppm
23 ppm
7.3 ppm
S ppm
1.3 ppm
0.7 ppm
0.7 ppm
0.46 ppm
0.21 ppm
139 ppb
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Nevis 1957
(at rest)

Bu

Parity
Violation

~ ~ 10 4 recorded

CERN |
1962

In-flight
“g-2" is measured

More than 60 years of 2, measurements

David Hertzog, Moriond 2026

VVWAAAAAN, "\'.V'V’.’-NV oy
3 T W 3 on

CERN II CERN 1II BNL
1976 2003
15t Storage Magic Muon
Ring Momentum Injection

34,000 times improvement in precision

Pure Muon
Beam and
everything else
“gold standard”
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Theoretical a, Contributions
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... or other new

physics ?
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Prediction QED

o = g (7)) + s () 4 aa (3) 4 s
= 116140793.321 (23) x 10~
413217.626 (7) x 107
30141.902 (33) x 10~
381.004 (17) x 10~ **
5.078 (6) x 107!
= 116 584 718.931 (104) x 10~

Based on a(Cs)=137.035 999 046(27) [1]

+ 4+ + +

Note: QED contribution for muon is larger than for electron due to mass-dependent terms:

m,/m,, m,/m; vs m¢/m,, m¢/m,

[ 1] White Paper (WP) 2020: Phys. Rept. 887 (2020) 1

a
™

)5

O(a)
O(a?)
O(a?)
O(a?)
O(a®)
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No of Feynman
diagrams:

1

7

72

891

12 672
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https://inspirehep.net/literature/1800513

Prediction Weak

The weak contributions are defined as all SM
contributions that are not contained in the pure QED, } } w -
the HVP, or the HLbL contributions

GemZ [5 1 2 m m
Weak(1) _ ZF 7' Y 4 7 (1 _ ggin2 o=~ o =~
G V2 82 3+3( singy )" + m2, * m2

x 1

= 194.79(1) -1
Weak(2) __ bos e,u,u,c,d,s T,t,b H no H
a,, = a, +a” —i—au —l—a“ —l—au

= [-19.96 (1) — 6.91 (20)(30) — 8.21 (10) — 1.51 (1) — 4.64 (10)] x 10~

ay k(23 = 0(0.20) x 107

2
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Prediction Hadronic

had had,LO had,HO had,LBL
aﬂa—ﬂa +aza +aa

Based on analyticity and unitarity, the LO HVP

contribution can be calculated using the dispersion
relation [1] over e"e” — hadrons cross sections

0.03 | i

Arbitrary Units

0.01

IHEP, China, Sept 4, 2026

Born: ¢%(s)=o(s)(a/a(s))’

|:e+e— — hadrons (yFSR)] = R(S)

127 ImIL (s) =

Im[,\@,\, ] I""""C hadrons |2

hadrons

The QED kernel K(s) [2] has such an s dependence
that low energy data contribute most:

=> The precision is driven by that of e'e” — hadrons

[1] Bouchiat and Michel, 1961
[2] Brodsky, de Rafael, 1968
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R(s) Data

Figures from DHMZ19, EPJC80 (2020) 241

’6 6 [ T T T T T T T I T T T T | : T T T : T |DaViT’-HOIECKe’;MalalescuiZhar:gl20|1_9 ° 0 _
z L % i ] [°y-1.8 GeV] |
na ' ‘ E - Over 30 exclusive channels
- . contributes (= slide 22)
af- - - data combination and correlation with
- ] one channel and between different
°’F E channels handled with HVPTools
21— 3
- == c'e — hadronsdata - o [ 1 . 8‘3 7] GCV
= (HVPTools compilation) =
= 1BES - - good agreement between data and
B KEDR 7 .
- — pQCD (massless) - pQCD calculation
. 1 1 1 | l 1 1 1 L I 1 1 L il I 1 1 L 1 l 1 1 1 1 l 1 l_
% 1 2 3 4 5 > use 4-loop pQCD
Is [GeV] - JAp, Y(2s): Breit-Wigner integral
6 L LI I & I I L L Lz E T I T i ) G | l: T :I ;l| T I T 1 I T I 1 1 71 I T 1 & ¥ i
C iT1s :st:ssiias ]
5 R 3 * [3.7-5] GeV
b ol v 4 [ ] Rich resonance structures, use data
= 4 : I ’ L ‘)’:\Yncm % 1 ]
= HE E « >5GeV
B B — 4 PLUTO sMDT use 4-loop pQCD calculation
- s QD A LENA * JADE .
1 5 ® Crystal Ball o MARKJ
0 :I = == I == B l = B A I el I Ltk l =Lkl I == l =t l =l :
5 6 7 8 9 10 11 12 13 14

s” (GeV)

IHEP, China, Sept 4, 2026 Zhiging Zhang (5K&% [X), IJCLab, Orsay 20/51+


https://inspirehep.net/literature/1747772

Excluswe Channels Below ~1. 8 GeV

100
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0.01
0.001

0.0001 |

0.1

! Full hadronic R ratio

F igures from KNT18 : o
Phys. Rev. D97 (2018) 114025 - wrn

(n*n'n*n'nono)m x
L

(n*fnntn ),,,o,a
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ny
All other states

++++++

0.0_0_0
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1e-05

had,LO VP
auad O
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0.6 0.8 1 1.2 1.4 1.6 1.8
Vs [GeV]

Many exclusive channels contribute

to LO HVP and its error
ete” — ' contributes ~73%

Zhiqing Zhang (5K%4 [X), 1JCLab, Orsay

The weight of the kernel function and cross

section shape are such that the low energy
below ~1.4 GeV has the largest contribution
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https://inspirehep.net/literature/1653992

Overall Results

Channel

a;}iad’ LO [10_ 10]

Aa(m?%)[10~4]

w0y

Yy

mta—

mtar— 70

2ntom—

rtr—2x0

21127~ 70 (5 excl.)
at7—370 (n excl.)
3nt3n—

2nt2r =270 (9 excl.)
mtr—4n0 (n excl., isospin)
7771""77_

nw

nrt 7~ 70 (non-w, ¢)
n2rt2n—

wnm

wr® (w — 797)
w(rm)? (w — w0y)

w (non-3m, 7wy, n7y)
KtK~

KsK,

¢ (non-KK, 3w, m,17)
KKm

KK2rn

KK3n (estimate)

ng

nKK (non-¢)

wKK (w— 7%)

w3 (w — 797)

77 (37137~ 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
0.714+0.06 + 0.07 £ 0.14
0.08 £ 0.01 £0.08 £ 0.00
1.19 4+ 0.02 4+ 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 4+ 0.06 + 0.18 £ 0.15
0.05 £ 0.00 £ 0.00 £ 0.00
2.45 4 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
0.214+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 4+ 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/v (BW integral)
¥(2S5) (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

Rqep [1.8 — 3.7 GeV]yds
Rqcp [6.0 — 9.3 GeV]ydsc
Rqep [9-3 — 12.0 GeV]ydscs
Rqep [12.0 — 40.0 GeV]ydsch
Rqcp [> 40.0 GeV]ydsch
Rqcp [> 40.0 GeV]t

33.45 £ 0.28 £ 0.654ya1
6.86 = 0.04
1.21+0.01
1.64 £ 0.00
0.16 = 0.00
0.00 £0.00

24.27 £ 0.18 £ 0.284ya)
34.89 £0.17
15.56 £ 0.04
77.94£0.12
42.70 +0.06
—0.72£0.01

Sum

|693.9+1.0+3.4+1.6+0.1y £+ 0.7qcD|

275.42 £ 0.15 £ 0.72 4 0.23 & 0.09,, & 0.55qcDp
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More than 30
exclusive
channels
(<1.8 GeV)
evaluated

Estimation for
missing modes
based on isospin
constraints
becomes
negligible
(0.016%)

Table taken from
DHMZ, EPJC80
(2020) 241
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Summary of the SM «, Predictions

SM _ _QED had EW
a, = a; -I—CLM -l-au ~0.001

[ : 2QED

aep ! '

=N

0.2 of 116 584 718.8 aﬁad = aEVP Lo 4 aEVP HO 4 aELbL
S
=1 dahw a had HVPLO HVP HO HLbL

@0 (e*e data@ a,[107] (unc)

had 2 439 6937.0 . WP2020 | 6931 (40) —85.9 (0.7) 92 (18)
WP2025 | 7132 (61) —87.2 (1.3) 115.5 (9.9)

£ 61.8 7160.5
£
5aEW 2w WP2020: Phys. Rept. 887 (2020) 1
ew [l o: " WP2025: arXiv:2505.21476

04 : 1544 WP stands for the white paper of the

muon g-2 Theory Initiative (T1)

0.1 1 10 102 10° 10* 10° 108 10’ 108
-11
aux10

> QED has by far the largest contribution
> QED and EW both calculable with high precision within the SM

> HVP LO, of non-perturbative nature at low energies, has the largest

uncertainty => the focus of studies since decades
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Comparison & Development over Time

> Compare the direct a, measurements (slide 13) with the SM q,
predictions => any discrepancy?

> [f yes, hint for new physics? where to improve?
> On the a, measurements, BNL — FNAL

> On the g, prediction side, the focus is more on the LO HVP

> When e"e” data precision was still limited, use tau data as an alternative data
sample [1] => Isospin corrections?

> More precise cross-section data, in particular the two-pion channel
> Sophisticated data combination tools (HVPTools [2])

> Alternative predictions: lattice QCD

[1] ADH 1998, Eur.Phys.J.C 2 (1998) 123
[2] DHMYZ+ 2010, Eur.Phys.J.C 66 (2010) 1
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https://inspirehep.net/literature/440843
https://inspirehep.net/literature/829787

Comparison Measurement and Prediction: 2003

Figure from DEHZ 2003, EPJC27 (2003) 497

Based on e'e” data to hadrons with

dominant two-pion samples from
CMD, CMD-2, DM1, DM2, OLYA

and TOF

T ] L I 1T T 7T

EJ 95 (e'e")
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lllllll[llllllllllllllll T 1

@)
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166.9+7.4 ——A— i

DEHZ 03 (e*e -based) 5

169.3+7.9 —e ;

DEHZ 03 (t-based) |

/— 193.646.9 —i

Based on tau data with dominant two- BNL-E821 02 |

pion samples from ALEPH, CLEO, A "
OPAL ||||||||||||I|||n||||||||||l||||||5||||||||

140 150 160 170 180 190 200 210

a,— 11659000 (107"

This early discrepancy of ~30 has motivated further improvements in precision from both the

experimental and theoretical sides.
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Comparison Measurement and Prediction: 2010

Figures from Ref. [2]

T I T T T T I T T T T I T T T T I T T T T I T T T T T T T T
Belle tau two-pion data included HMNT 07 (6%6) -
. . 07 (e'e” )
Isospin corrections reevaluated [1] g5 451 —e— 5
N 09 (e*¢)
—299+65 —— :
=+ Davier et al. 09 (7)
-157£52 —A— ;
KLEO 2008 data included [1] |+ » Davier et al. 09 (e"e") |
-312+51 —e— :
— This work (e*e” w/ BABAR)
/_ —255+49 —e— :
Including BABAR 2009 data BNL-E821 (WA) i
Ist application of HVPTools 0+63 L
[ 1 ] 1 | 1 1 l 1 I 1 | Il Il [ | | | 1 l 1 1 Il 1 l Il 1 1 1 I 1 i 1 I} 1
-600 -500 -400 -300 -200 -100 0 100
: : exp x107"
Discrepancy increased to 3.8a (KLOE 2008) au - 8.u

or 3.20 (BABAR 2009)

IHEP, China, Sept 4, 2026

[1] DHMYZ+ 2010, Eur.Phys.J. C 66 (2010) 127
[2] DHMYZ 2010, Eur. Phys. J. C 66 (2010) 1

Zhiqing Zhang (5K%4 [X), 1JCLab, Orsay

Measurement uncertainty
improved from 80 to 63
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Data Combination Using HVPTools [1]

[ Combine experimental spectra with arbitrary spacing/binning
[ Properly propagate uncertainties and correlations
» Between measurements (data points/bins) of a given experiment
» Between experiments
» Between different channels
[ Linear/quadratic splines to interpolate between points/bins of each experiment
» For binned measurements: preserve integral inside each bin
(J Fluctuate data points taking into account correlations and redo the splines for each
(pseudo)experiment
» Each uncertainty fluctuated coherently for all points/bins that it impacts
» Eigenvector decomposition for (stat & syst) covariance matrices

[ Resulting combination shown in fine binning
» Local error inflation following PDG prescription (\/xz/dof) to take better into account data tension

A
© ® Exp. 1
e Exp. 2
—
. [1] DHMYZ+ 2010, Eur.Phys.J.C 66 (2010) 127
Vs
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Combination Results of HVPTools

Figures from DHMYZ 2010, EPJC66 (2010) 1
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Relative Weights and Tension

Figures from DHMYZ 2010, EPJC66 (2010) 1
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Comparison Measurement and Prediction: 2017

Figures from Ref. [2]

T T T T T T T T T 1771 I 1T T 7 l L I T T 177 l T

KLOE 2010 data included,
plus several BABAR high JN 2009 —e—i
multiplicity channels [1] —301=65
HLMNT 2011 —e—
—263 +49
=» DHMZ 2011 —e—
—289 +49
DHMZ 2017 (this work) —e—i
—268 + 43

KLOE 2012, BESIII 2015 two-pion

O [T T T

data,.m‘or.e BABAR }}igh BNL-E821 (world average)
multiplicity channel included. In 0+63
tOtal39eXCluSlVCChannelS(Waszz P T T TN A T T [ S T [T T T U NN TN M (N SN Y T NNV [ B T
in [1]) considered below 1.8 GeV -700 -600 -500 -400 -300 -200 -100
107"
— aeXp X
a, — 8,

The discrepancy is around 3.5

[1] DHMZ 2011, Eur. Phys. J. C 71 (2011) 1515
[2] DHMYZ 2017, Eur. Phys. J. C77 (2017) 827
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Comparison Measurement and Prediction: 2019

Figures from DHMYZ, EPJC80 (2020) 241
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” b
BESIII A é é g
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a, (v'n", 0.6 - 0.9 GeV) [x107°] oxo by
a,-a, [x10 ]

This (DHMZ 2020) was our input to WP2020 (in addition to the tau-data-based evaluation)

We performed a phenomenological fit to supplement less precise data at low energy up to 0.6 GeV
(improved the precision by a factor 2, slide 32)

We introduced a scheme to add an uncertainty reflecting the inconsistency BABAR-KLOE input data
(slide 33)
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Fit Performed to 1 GeV, Results Used to 0.6 GeV

Figures from DHMZ, EPJC80 (2020) 241
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Combined Results Fit [<0.6 GeV] + Data [0.6-1.8 GeV]

Take into account the correlation of 62% (based on pseudo-data samples) of the two regions

\/S range auhad [10-10] auhad [10-10] had [ 0- 10]
[GeV]

threshold - 1.8  506.9 ﬂ-‘ w 2 2total

= The difference “All but BABAR” and “All but KLOE” =
to be compared with 1.9 uncertainty with “All data”

» The local error inflation is not sufficient to amplify the uncertainty

» Global tension (normalisation/shape) not previously accounted for

» Potential underestimated uncertainty in at least one of the measurements?

» Other measurements not precise enough and are in agreement with BABAR or KLOE
= Given the fact we do not know which dataset is problematic, we decide to

» Add half of the discrepancy (2.8) as an additional uncertainty (correcting the local

PDG inflation to avoid double counting)
» Take the mean value “All but BABAR” and “All but KLOE” as our central value
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Tension in the 3 (2nd dominant) channel

Most precise 2’ measurements:

SND 2002: [980—1380] MeV
SND 2003: [660-970] MeV
CMD-2 2004: [760-810] MeV

CMD-2 2006: [984—1060] MeV
BABAR 2021: [620-3500] MeV
Belle 11 2024: [620-3500] MeV

SND 2026: [560—-1100] MeV

The latter two are not yet included in WP2020 10

e
—_

Cross section (nb)

SND 2026

700 800,

900

SND-266G6 (yéllow error band - VMD fit) vs other measurements

(o-fit)/fit

o =3
| T |
-0.05 _+_

++++ + ++ +

1000 1010

IHEP, China, Sept 4, 2026

1020

1030

E (MeV)

(o-fit)/fit

1000 110(
E (MeV)

|
)
(o - fit)/fit

I e ) B | R
T -

—

03

| ® CMD-2

ﬁ 5 T’M}

wl |

1000 1010 1020 1030
E (MeV)

Zhiqing Zhang (5% [X), IJCLab, Orsay

-0.1 —

1020 1030
E (MeV)

34/51+


https://arxiv.org/abs/2603.01635

Tension in the 3 (2nd dominant) channel

10* g

Figures from Belle 11 , | Bellel § Belle Il
igures from Belle II, 102 | fLdt =191 i B [Ldt =191 b
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Tension in the KK (3rd dominant) channel

Figures from DHMZ 2020, EPJC80 (2020) 241
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The Situation in 2020 (WP20)

EXDP.

HVP from:
BMW20 Post wp20

average

WP20(lattice)

not used in WP20

DHMZ19 +—e—

Projected final Fermilab uncertainty —

KNT19 —o—

BNL
WP20 R '
1 I 1 1 1 1 I 1 1 1 1 1 1 1 1 1 1 FINIAIL
-40 -30 -20 10 0 10
SM exp
(@"-as®)x 10"
A discrepancy of 4.20!

An outcome after several dedicated muon g-2 Theory Initiative workshops since 2017
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The Situation in 2025 (WP2025)

SNDO6 -
CMD-2 1

BaBar 1
KLOE 1
BESIII -
SND20 1
CMD-3 -

T

BMW /DMZ-24 A
RBC/UKQCD-24+18 1
Mainz/CLS-24 1
BMW-20 1

Avg. 11

Avg. 2A 1

Avg. 2B 1

Avg. 31

Avg. 41

WP25 -

— WP2020

A

A
i

(\
)

T T

The new CMD3 two-pion data
makes a data-driven prediction
impossible

The most precise lattice-data
hybrid result (published later in
nature) was not included!

LO HVP prediction WP25 based
on these three pure lattice results
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Lattice vs Data-Driven Predictions

a\2 [ x

o= (£)" [ detr@ime?)
T 0

Space-like lattice calculation

In practice, lattice calculation based on time-

momentum representation (TMR) with zero-

momentum time correlation C(x0):

aﬂvp' Lo — (g>2 /OO dxo C(xO)f(xo)
0

T
breaking time integral into Short-Distance
(SD), intermediate Window (W) and Long-
distance (LD) components:

K 372 S

2 o0 K
ohad,LO _ o / ds (s) R(s)
4

2
m2

Time-like data-driven evaluation with
inputs from e*e” or T data

No one-to-one correspondance between
lattice-time integrals and data-driven time-
like regions. Still, LD corresponds to a
region where the low energy data have the

largest impact
gHvP. 10 _ aiD £ a)/Lv i a/LLD g p

72
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WP2025 Lattice Prediction vs BMW/DMZ.-24

HVP, LO __ SD W LD
a# = aﬂ +(1M —I-Cl‘u

The numerical values of WP2025 [1] for the three items are:
SD [0—0.04] fm: 69.10(26)
W [0.04—1.0] fm: 236.58(43)
LD [1.0—o0] fm: 407.5(6.1)
Total [0—oc] fm: 713.2(6.1)

=> The LD term has the largest contribution and uncertainty

BMW/DMZ-24 [2] found an optimal splitting of the LD range into two parts:
Lattice-based [1.0—2.8] fm
Data-based [2.8—o0] fm: 27.59(52)

Total [0—cc] fm: 715.1(3.4)

=> The data-based contribution [2.8—c0] fm represents a few % of the total LO HVP, has however
significantly improved the overall uncertainty

[1] WP2025, Phys.Rept. 1143 (2025) 1
[2] BMW/DMZ-24, Nature 653 (2026) 373
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HVP Contribution to Running QED a(s)

In parallel to the LO HVP evaluations, we

regularly evaluate Aanhad at Mz 003 | —— ~K(s)/s for (g-2),
: ~ 1/(s(s-M?)) for 0t (M°)

a(0)
a(s) = 1 Adtep(5) — Aanad (s)

Aahad(s) — ( )Re[l: 2 dS/SI(S/R(S/)

~ 3r — § — i€)

Arbitrary Units

0.01

R(s): the same input as for a. LO HVP . "M:;;.—.;—.;-.—.:;
except that the higher energy part receives 0 0.5 1
relatively larger weights

The current precision for Aay,,q(s) 1s a
limiting factor for stringent SM consistency
tests.

Aajep(M3) = 314.979(2) x 1074 Ao, (M2
Aol® (M3) = 275.7(1.0) x 10
AP (M%) = —0.72(1) x 104 »
Figures from KNT18 Phys. Rev. D97 (2018) 114025
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Impact of the new anad(s) on Higgs Mass

Figure from DHMZ 2011, EPJC71 (2011) 1515

o~ 10 T — T T

§ ey B i/ 2,
Using our 2011 evaluation increases " E
the most probable Higgs boson =
mass by +7 GeV from 84 to 91 GeV a E
with un uncertainty of %-23 GeV 6 =
; :

This was in excellent agreement ROV, . ....... M. ... .. ... ... . . . . ... EPS
with the discovery of the Higgs .
boson in 2012 at ~125 GeV : [ Theory Uncertainty E
2 ¢ — Ad (M?)=(275.7+1.0)10°
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Long History of Data-Driven HVP Evaluation

DHMZ 2015
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Fig. 3 prepared by Davier, Hoecker, Malaescu, Zhang for
“Standard theory essays in the 60th anniversary of CERN”

Our efforts started by Davier with a first publication with
Hoecker and Alemany in 1998 (ADH 1998)

Since then ZZ(02), Bogdan(09) and others joined the efforts
In total we have published >10 highly cited articles (link)

Our prediction has been one main reference used for
comparing with the direct measurement

The precision of the HVP prediction is data-
driven

It depends on

- the precision of e'e” annihilation (& tau) data

- state of the art techniques (HVPTools) for data
interpolation, combination and error correlation
treatment
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Direct Contributions by BEPC(1I) / BES(111)

CMD?3, ths Rev. D 109 (2024) 112002

> Contributions to LO HVP: . beforecmD2
> In the dominant 2 channel [0.6-0.9]GeV = g:l"gz
> Inclusive measurement [2.0—3.7]GeV allowing E .8 = KLOE comb
to validate the pQCD calculation = BABAR
> Inclusive measurement [3.7—5]GeV, dominant = BESI
in the combination in this energy region : ' T ::EDZK
> BES(II) has also measurements used in the = . _cmp3
evaluation of the HLbL contribution =360 365 370375 80 365390

a"™ (0.6 </s<0.88GeV),10™°
Figures from DHMZ 2017
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https://inspirehep.net/literature/1996394
https://inspirehep.net/literature/2634277
http://www.apple.com/uk

L.essons Learnt

> (Early) rmr cross-section measurements performed without blinding
> Human bias could not be avoided
=> Any precision measurement should be rigorously performed in
blinded ways

> [t is possible that the quoted systematic uncertainties were under-
estimated

> Some of the T cross-section measurements rely solely/heavily on
corrections from the MC simulation
> A dedicated study by BABAR in 2023 showed some

shortcomings of the NLO Phokhara used by most of the ISR
measurements
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BABAR’s Dedicated Higher Order Radiation Study

BABAR 2023

Using the full data samples of
BABAR, we performed a
unique study of higher order
radiation in Tty & uuy
channels

> Two NLO fits
> Small Angle (SA) fit
> Large Angle (LA) fit

> Three NNLO fits
> 2SA fit results
> SA+LA fit results
> 2L A fit results

Key results:

- NNLO radiation observed with a fraction ~3.5%
- Phokhara prediction for small angle ISR photons @NLO

order is too high by ~25%

IHEP, China, Sept 4, 2026

NLO

NNLO

e+

Yisk 2¥sa Yisr Ysa YA Yisk 2Y1a

Collinear approximation for all
SA-related fits
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https://inspirehep.net/literature/2686999

Consequence of BABAR’s HO Radiation Study

> BABAR analysis performed
with loose selections, efficiencies
obtained with data
=> The effect of missing NNLO
and NLO excess in Phokhara on
acceptance (0.03+0.01)% well
below the quoted syst.
uncertainty
> Using fast simulations, studied
possible NNLO effects e.g. for
the KLOE analyses
=> Efficiency correction relying
purely on MC would give larger
effects beyond the quoted
uncertainty of 0.5%
-> Real effects can only be
accessed by KLOE

IHEP, China, Sept 4, 2026

Figure from DHMLZ, EPJC84 (2024) 721
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https://inspirehep.net/literature/2729859

Prospects

> On the a, measurement side, the precision 1s already good, still
> An independent a, measurement @J-PARC with different systematic uncertainty
is being prepared [time-line: begin commissioning 2029] (slide 54)
> MUonE@CERN, based on measurement of 4y,4(t) in space-like region [time-
line: 3 years of data taking after LHC LS3 2030] (slide 55)
> Coherent Anomalous magNetic momenT ObservatioN with muon (CANTON)-u
proposal in China [Ce Zhang et al. 2512.11486]

> SM a, predictions and precision 77T cross-section measurements

> Lattice: more calculations & uncertainty reduction expected
> Input cross-section data for LO HVP data-driven evaluations:
> BABAR ISR 2m [0.3—1.4] GeV new method (slide 49) and results imminent

> From BESIII
> ISR 2m [0.3—1.0] GeV (tagged); > 1 GeV (untagged)
> [SR KK [1.0—-3.3] GeV (tagged and untagged)
> ISR 2nt7® [0.7-2.0] GeV
> ISR R measurement [0.3—2.0] GeV

> R measurement [1.8-5.0] GeV Measurements aiming for

a syst precision <0.5%

> CMD-3 very challenging. The
> KLOE . new BABAR analysis
> SND 2026 (slide 50) took us over 6 years!
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https://inspirehep.net/literature/3092472

New Method used by BABAR

New analysis

Full data sample (460 b 1)
Exploit different angular distributions to

separate mrrr/uu final states

Track pr > 0.1 GeV/c
Signal MC: Phokhara

__0.30-0.35 GeV/c

m__0.70-0.75 GeV/c

—_
o
‘I |

2009 analysis

Partial data sample (232 b 1)
Use particle 1dentification to separate mwrm/uu

final states = dominant error source
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Track p>1 GeV/c
Signal MC: AfkQED

=> New analysis improved
with x2 larger data sample
lower p(t) selection, and a
different mr/uu separation
method

=> Different systematic
uncertainties

-> Articles for PRL and PRD
submission imminent

Back
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New SND Results Reported at ICHEP2026

SND, JHEP 2021 (2021) 113
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T measureme .t @IC 3 2 | . ompz SND 2026 - .
2026, corresponding to the E f SND
green error band E  KLOE comb
E  —— BABAR BESIII 2 ;
They also reanalysed the data E ——— ~ BEsm -
used in SND 2020 publication = ————— CLEO BABAR(9 | —®— 2
. . = —— , . SND2k
and found reconstruction issues 2 ; | BABAR 26 ? °
: = ] | | __. CcMD3
of pion track loss. E
360 365 370 375 380 385 390
a™™ (0.6 <Vs < 0.88 GeV ), 10™"°
. . . . . CMD-3 —
=> New SND agrees perfectly with CMD-3, in the direction of resolving
Back the data/SM discrepancy; looking forward to confirmation from others [0.548-0.990]GeV
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https://link.springer.com/article/10.1007/JHEP01(2021)113

Summary

> Two LO HVP SM a,, predictions currently in disagreement

> The data-driven prediction used to be the only a, prediction (WP2020) having

comparable precision as the direct a, measurement but disagrees > 40
> Input cross-section data have however large discrepancies, in particular between
CMD-3 and KLOE

> Such discrepancies have prevented us for providing a meaningful prediction for
WP2025

> The lattice QCD-based a, calculation has much improved its precision over the
last years

> It becomes the only a, prediction (WP2025) in better agreement with the direct au
measurement

> Understanding the disagreement between the two a, predictions is the most
urgent task in the community

> [t seems that (some of) previous e'e” — m'm measurements are problematic and
the uncertainties are underestimated
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Additional Slides
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BNL/FNAL vs J-PARC

Experimental Approaches =
~ \}
Spin precession vector with respect to cyclotron motion in EM field b i
., e - 1 ﬁ X E n ( 5 - E)
w——aaﬂB—(aH—yz_J - +§ ,BXB+? w "%

BNL/FNALlapproach J-PARC approach Spin precession in

cyclotron motion

—

N e - n - - E e N ]7 N —
a)=——aB+—( ><B+—>] _’=__l — ]
m[“ > B c w maﬂB+2(,8><B)
Magic momentum of 3.094 GeV/c is used. Reaccelerated thermal muon beam is a key of
this method.

Back
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MUonkE
MUonE: Muons ON Electron elastic scattering = \/ n

Use intense muon beam of 160 GeV at CERN scattering off
atomic electrons of a light target to measure the shape of
differential cross section in order to obtain a measurement

of the effective electromagnetic coupling in the space-like /\
e e

region at low momentum transfer

1 2,2 -
Q ) r°m Figures from MUonE 2017
qLOHVE _ @ / do(1 ) Aanaali(a)] with 1z)= " <0 :
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https://link.springer.com/article/10.1140/epjc/s10052-017-4633-z

Measurement of ¢, ou g,

ws: spin frequency
w.: cyclotron frequency,
measured in-situ

Back
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Measurement of @

The measurement from atom-interferometer experiments via the recoil velocity of cesium
(133Cs) and rubidium (3’Rb) atoms X when absorbing photon:

2Roo Ar(X) h V2

c A.(e) mx

a0 = |

with R,=10973731.568157(12)m™! [1.1ppt]: the Rydberg constant

h/me, = 3.002 369 4721(12) x 10m2s~!  [040ppb] Science 360 (2018) 191
h/mg; = 4.591 359 258 90(65) x 10m2s~! [0.14ppb] Nature 588 (2020) 61

A,(133Cs) = 132.9054519585(86) [0.065ppb]
A, (3 Rb) = 86.9091805291(65) [0.075ppb]
A (e) =5.485799090441(97)x107# [0.018ppb]

o~ 1(Cs) = 137.035 999 045(27) [0.20 ppb],
oz_1(Rb) = 137.035999 2052(97) [0.071 ppb] .
-> 5.60

Back
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https://arxiv.org/abs/1812.04130
http://dx.doi.org/10.1038/s41586-020-2964-7

Two Types of o(e"e” = hadrons) Measurements

1. The scan method: e.g. CMD-2/3, SND at Novosibirsk
> Advantages:
> Well defined Vs
> Good energy resolution ~1073Vs
> Disadvantages:
> Energy gap between two scans
> Low luminosity at low energies
> Limited Vs range of a given experiment

2. The ISR approach: e.g. BABAR, BES, CLEO-c, KLOE
> Advantages:
> (Continuous cross section measurement over a
broad energy range down to threshold
> Large 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 s'=(1-x)/s
> Disadvantages: x=2Ey/\s
> Require high luminosity to compensate
higher order in & (that’s why the Vs is chosen
at a resonance)
IHEP, China, Sept 4, 2026 Zhiging Zhang (5K X), JCLab, Orsay 58/51+
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Measurements of 2t Channel: CMD-2/3, SND
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https://arxiv.org/abs/hep-ex/0610016
https://arxiv.org/abs/hep-ex/0610021
https://www.annualreviews.org/doi/10.1146/annurev-nucl-102212-170554
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https://arxiv.org/abs/2004.00263

Measurements of 2t Channel: KLOE 08,10,12
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Vs=1.02 GeV = Soft ISR photons

Figure 3 from WP20
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- KLOEI12: photon at small angle and
undetected, radiator function from
measured uu(y ) events

- KLOEI10: photon at large angle and
detected, radiator function from NLO
QED

- KLOEOS: photon at small angle and
undetected, radiator function from NLO
QED
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Measurements of 2t Channel: BABAR 09

Vs=10.58 GeV = Hard ISR photons

Figure 3 from WP20
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Measurements of 2t Channel: BESIII, CLEO-c

Original publication: Phys. Lett. B 753, 629 (2016)
Erratum: Phys. Lett. B 812, 135982 (2021) for updating

the stat covariance matrix Phys. Rev. D 97, 032012 (2018)
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Combined 2 vs Individual Measurements
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Combined 2 vs Individual Measurements

Figures from DHMZ, EPJC80 (2020) 241
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Fit at Low Energy Based on Analyticity and Unitarity

Pion form factor F? extracted from 77~ bare cross sections as in [1810.00007]

2 I* =G (s) x I ()|

KS
G(s)=1+ays+ 5 :
ms — s —imgy,ly,
61(s0) | s
1-21L0) | 20 ~1 5
61 (s0) S [ & s S s 50 g4 91(t)
J(s)=e'" " 1 — — 1— — e” 7 Jama =
S0 S0

2%k3

L \/s —4m?2
B 2

cot 01 (s) = Vs (m?2 — s) [ 2y + By —I—Blw(s)]

G(s) from [1611.09359]

J(s) from [hep-ph/0106025, 0402285]
W(s) = V8 — /50 — 8 cotd1(s) from [1102.2183]
\/E TV =S Six fi ters to fit
ix free parameters to fit:
vso = 1.05 GeV av, K, maI)), mp, Bo, B1
(I'w fixed to PDG value)
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Other Channels e.g. Those Measured by BABAR

There are many exclusive channels (~ 40 processes) contributing to HVP

Here are some example measurements from BABAR
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KKb ar+ﬂ: ? S C hannels [ DHMZ, Eur. Phys. J. C77, 827 (2017) |
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An Alternative Way Used to Evaluate HVP

Proposed by Alemany-Davier-Hoecker, EPJC 2 (1998) 123

W:i=1 & VA

r

V

CVC:I=1&V

T

e+\
7
v - /NWW\C hadrons
o

hadrons

7. 1=0,1 &V

Hadronic physics factorises in Spectral Functions:

Isospin symmetry connects I=1 e*e” cross section to vector T spectral functions

o= [e*e‘ - 7Z'+ﬂ'_:| =

47ar’
S

u[r‘ — ﬂ'_ﬂ'OVT]

u[z" — ﬂ'_ﬂ'ovr] oc

IHEP, China, Sept 4, 2026

BR[T_—)ﬂ'_ﬂ'OVT:I 1 dN ,
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Fundamental
ingredient relating
long distance
(resonances) to short
distance description

(QCD)

Branching fractions

Zhiqing Zhang (5K%4 [X), 1JCLab, Orsay

BR[r ey, | N, ds (1_s/mf)2(1+s/mf)

Mass spectrum  Kinematic factors (PS)
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Known Isospin Breaking Corrections

Davier et al., EPJC66 (2010) 127
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Isospin Breaking corrections
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Isospin Breaking corrections
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Isospin Breaking corrections

Figure 19 from WP20

Studies initiated in Davier et al., %8 [T — pointererence (Daver ot al) ] [ 7, [ coneions Davieretal)
- . s ® Total corrections (FJ)
EPJC66 (2010) 127 L *  prointerference (FJ) 4 06 -_ O Total corrections + p-y mixing (FJ)
sl b b b b e L B I I B I I I I B
02 03 04 05 06 07 08 09 02 03 04 05 06 07 08 09 1
s (GeV?) s (GeV?)

IHEP, China, Sept 4, 2026 Zhiging Zhang (5% X), IICLab, Orsay 69/51+



Open Issue in 27 Channel

Take into account all known i1sospin breaking corrections except for the p—y mixing correction

DHMYZ, EPJC66 (2010) 1 Modified version from Davier et al,, EPJC66 (2010) 127
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Additional EFT Based p—y Mixing Correction

Jegerlehner and Szafron proposed to
use the missing p—y mixing in T data
to explain the remaining e'e” and
difference

Figure 22 from WP20
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JS, EPJC71 (2011) 1632
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Applying the p—y mixing correction makes
the e"e” and 7 difference worse in some of
the mass range
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High Order HVP + HLbL Predictions

a'" N0 = —9.83(7) x 1071
a0 = 1.24(1) x 1071

Status of hadronic light-by-light contribution

Hadronic model + pQCD

Mainz21 (+ charm-loop) F—0O—— post WP20 | Ab-initio lattice QCD+QED

RBC/UKQCD19 | > |

+ charm-loop

WP20 data-driven l L J Data-driven

dispersive

WP20 —.—
Col e

0 20 40 60 80 100 120 140 160

HLbL
X 10

a!""(phenomenology + lattice QCD) + a;"" N9 = 92(18) x 107"
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Values, graphs from WP20
Left figure from C. Lehner’s
CERN seminar talk
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