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Motivation: Belle II needed to reduce uncertainty on 𝑎!
• Muon anomalous magnetic moment 𝑎! =

"!#$
$

• Currently: 𝑎!
%&' − 𝑎!() $= 4.2𝜎 with uncertainty on 𝑎!

%&', 𝑎!() comparable
• Plan to reduce 𝜎*!"#$ by a factor 4: 
àDiscovery potential of experiment limited if 𝜎*!%& is not reduced as well.
• “The dominant sources of theory error are by far the hadronic 

contributions, in particular, the 𝒪 𝛼$ HVP term and the 𝒪 𝛼+ HLbL term” 

2



Motivation: Belle II needed to reduce uncertainty on 𝑎!
• Muon anomalous magnetic moment 𝑎! =

"!#$
$

• Currently: 𝑎!
%&' − 𝑎!() $= 4.2𝜎 with uncertainty on 𝑎!

%&', 𝑎!() comparable
• Plan to reduce 𝜎*!"#$ by a factor 4: 
àDiscovery potential of g-2 experiment limited if 𝜎*!%& is not reduced
as well.

• “The dominant sources of theory error are by far the hadronic contributions, 
in particular, the 𝒪 𝛼$ HVP term and the 𝒪 𝛼+ HLbL term” 
• Gold Standard for HVP determination: Experimental measurement of 𝑒,𝑒#

hadronic cross-section (𝑅 measurement)
• E.g. New lattice calculations (Nature 593, 51–55 (2021)) reduce tension to 2𝜎
• But: Tension between KLOE/BaBar measurement make up ~1/3rd of HVP uncertainty
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Motivation: Belle II needed to reduce uncertainty on 𝑎!
• Muon anomalous magne.c moment 𝑎! =
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$

• Currently: 𝑎!
%&' − 𝑎!() $= 4.2𝜎 with uncertainty on 𝑎!

%&', 𝑎!() comparable
• Plan to reduce 𝜎*!"#$ by a factor 4: 
àDiscovery poten.al of g-2 experiment limited if 𝜎*!%& is not reduced as well.
• “The dominant sources of theory error are by far the hadronic contribu.ons, in 

par.cular, the 𝒪 𝛼$ HVP term and the 𝒪 𝛼+ HLbL term” 
• Gold Standard for HVP determina.on: Experimental measurement of 𝑒,𝑒#

hadronic cross-sec.on (𝑅 measurement)
• E.g. New la*ce calcula-ons (Nature 593, 51–55 (2021)) reduce tension to 2𝜎
• But: Tension between KLOE/BaBar measurement make up ~1/3rd of HVP uncertainty

• Belle II will provide new input to resolve current tensions and work 
on reducing uncertain5es on 𝑅 meausurements è Crucial for 
discovery poten5al of g-2 experiment
• A host of other measurements possible to reduce subdominant uncertain.es and 

provide complementary informa.on on HVP, Hlbl àmore confidence in results
4



How to measure HVP in 𝑒!𝑒"
• Use dispersion relation 

𝑎'
()*,,- =

𝛼.

2𝜋.
'
/!"

0𝐾 𝑠
𝑠 𝑅 𝑠 𝑑𝑠

• 𝑅: hadronic 𝑅 ratio: 𝑅 𝑠 = 12
345"

𝜎6(𝑒7𝑒8 → ℎ𝑎𝑑𝑟𝑜𝑛𝑠)

• 𝑅 is dominated by 
low 𝑠 region

à 𝑒'𝑒( → 𝜋𝜋 (70%)
àresonance region around 𝜌,𝜔

Fixed energy B factories: ISR technique

• E.g. at BaBar effectively the ratio ; <#<$→44
; <#<$→''

is measured
àdominant systematic cancel
àremaining systematics dominated by PID, ISR calculations
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Tension in existing KLOE/BaBar measurements

Need to be resolved !
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 (0.6 ≤ √s’ ≤ 0.9 GeV) x 10−10

KLOE combination: 366.9 ± 2.1

BESIII (15): 368.2 ± 4.2

BaBar (09): 376.7 ± 2.7

SND (04): 371.7 ± 5.0

CMD−2 (03,06): 372.4 ± 3.0
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Figures from JHEP 03, 173
(2018), arXiv:1711.03085 [hep-ex]
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Belle II  outlook for 𝜎 𝑒#𝑒$ → 𝜋#𝜋$ 𝛾 measurement

• Trigger on ISR photonsè≈ 100% 
efficiency for ISR events
• SuperKEKB luminositiesè

Systematics will dominate over 
whole kinematic range
• State of the art experiment, PID 

performance matching that of 
BaBar
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• Trigger on ISR photonsè≈ 100% 
efficiency for ISR events
• SuperKEKB luminositiesè

Systematics will dominate over 
whole kinematic range
• State of the art experiment, PID 

performance matching that of BaBar
àFirst goal: Reproducing BaBar
result’s precision
àWill potentially reduce 
KLOE/BaBar tension
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Belle II  outlook for 𝜎 𝑒#𝑒$ → 𝜋#𝜋$ 𝛾 measurement

• Trigger on ISR photonsè≈ 100% 
efficiency for ISR events
• SuperKEKB luminositiesè Systematics 

will dominate over whole kinematic 
range
• State of the art experiment, PID 

performance matching that of BaBar
àFirst goal: Reproducing BaBar result’s
precision
àWill potentially reduce KLOE/BaBar
tension
• Large luminosity will

• facilitate systematic studies (in particular 
PID)
à Expect significantly improvement of 
previous results

• Help with subdominant channels like 
𝐾7𝐾8, 𝜋7𝜋8𝜋>, 𝜋7𝜋8𝜋>𝜋>



Additional Measurements related to g-2
• Conserved vector current (CVC): 
𝜏 → 𝜋%𝜋𝜈& ↔ 𝑒#𝑒$ → 𝜋𝜋

• However: isospin breaking effects not fully understood
àtension between 𝜏 decay and CVC 𝑒,𝑒#
àFuture theory developments could bring this channel
into play again
• Belle II will provide further input

• Hadronic Light-by-Light (HLbL)
• HLbL is 𝒪 𝛼+ àneeds to be known to within ≈ 10%
• 4-point function àsignificantly more complex than HVP

àexperimental input is needed to validate theory models
àSee whitepaper for measurements validating different aspects

of the calculations
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FIG. 5: Compilation of recently published results for aSM
µ

(in units of 10−11), subtracted by the central value of the
experimental average [46, 47]. The shaded band indicates
the experimental error. The SM predictions are taken from:
DEHZ 03 [11], HMNT 07 [48], J 07 [49], and the present τ - and
e+e−-based predictions using τ and e+e− spectral functions.

TABLE IV: Contributions to BCVC
π−π0 (×10−2) from the isospin-

breaking corrections discussed in Sec. III. For those cor-
rections shown in two separated columns, they correspond
to the Gounaris-Sakurai and Kühn-Santamaria parametrisa-
tions, respectively.

∆BCVC
π−π0 (10−2)

Source
GS model KS model

SEW +0.57± 0.01

GEM −0.07± 0.17

FSR −0.19± 0.02

ρ–ω interference −0.01 ± 0.01 −0.02± 0.01

mπ± −mπ0 effect on σ +0.19

mπ± −mπ0 effect on Γρ −0.22

mρ± −mρ0
bare

+0.08 ± 0.08 +0.09± 0.08

ππγ, electrom. decays +0.34 ± 0.03 +0.37± 0.04

+0.69 ± 0.19 +0.72± 0.19
Total

+0.69± 0.22

with smin being the threshold of the invariant mass-
squared of the final state X0 in e+e− annihilation. This
relation was tested ever since the discovery of the τ lep-
ton. In the best known vector channel, the π−π0 final
state, it has attained a precision of better than 1% [13],
and a discrepancy between BCVC

π−π0 and Bπ−π0 at a level

of 4.5σ was observed.5 CVC comparisons of τ branch-
ing fractions are of special interest because they are es-
sentially insensitive to the shape of the τ spectral func-
tion, hence avoiding experimental difficulties, such as the
mass dependence of the π0 detection efficiency and feed-
through, and biases from the unfolding of the raw mass
distribution from acceptance and resolution effects.

23.5 24 24.5 25 25.5 26 26.5 27

B(τ– → ντπ
–π0)     (%)

Belle

CLEO
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DELPHI
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OPAL

τ average

e+e− average

CMD2 03

CMD2 06

SND 06

KLOE 08

τ decays

e+e– CVC

25.24 ± 0.01 ± 0.39

25.44 ± 0.12 ± 0.42

25.49 ± 0.10 ± 0.09

25.31 ± 0.20 ± 0.14

24.62 ± 0.35 ± 0.50

25.46 ± 0.17 ± 0.29

25.42 ± 0.10

24.78 ± 0.28

25.03 ± 0.29

24.94 ± 0.31

24.90 ± 0.36

24.64 ± 0.29

FIG. 6: The measured branching fractions for τ− →
π−π0ντ [7–9, 14, 17, 18] compared to the predictions from
the e+e− → π+π− spectral functions, applying the isospin-
breaking corrections discussed in Sec. III. For the e+e− re-
sults, we have used only the data from the indicated exper-
iments in 0.63 − 0.958GeV and the combined e+e− data in
the remaining energy domains below mτ . The long and short
vertical error bands correspond to the τ and e+e− averages
of (25.42 ± 0.10)% and (24.78 ± 0.28)%, respectively.

Similar to ∆ahad,LOµ [ππ, τ ], we have evaluated the IB
corrections to

∆BCVC
π−π0 =

3

2

Be|Vud|2

πα2m2
τ

∫ m2
τ

smin

ds sσ0
π+π−(s) (9)

×
(

1−
s

m2
τ

)2 (

1 +
2s

m2
τ

)[

SEW

RIB
− 1

]

,

where smin = (mπ− + mπ0)2. The results are sum-
marised in Table IV. The corresponding BCVC

π−π0 (Table V)
is (24.78 ± 0.17exp ± 0.22IB)% and (24.92 ± 0.21exp ±
0.22IB)%, based on the combined e+e− data, includ-
ing and excluding the KLOE data, respectively. The

5 The use of the term standard deviation (σ) in this context re-
quires caution because the results discussed in this paper are
mostly dominated by systematic uncertainties with questionable
statistical properties.
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Summary and Take away message
• 𝑎' measurements among the most sensitive to New Physics
BUT:

Discovery potential needs experimental input from 𝑒#𝑒$ to 
reduce theory uncertainty to same level as expected experimental 
uncertainties
Need:

àHVP from 𝑒!𝑒" → 𝜋𝜋
àHLbL from form factors and 𝛾𝛾 →hadrons

Belle II is a second generation 𝐵-factory
• State of the art detector optimized for precision physics with identified hadrons
• Will reduce systematics by resolving current experimental tension in HVP
• Excellent opportunity to reduce systematics to expected precision of 𝑎#

$%&

• Must do experiment to validate theory calculations for HVP and HLbL
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Details in “Opportunities for precision QCD physics in hadronization at 

Belle II -- a snowmass whitepaper” (2204.02280 [hep-ex])
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