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took place near Fermilab, 3-6 June 2017: 

66 registered participants, 40 talks, 15 discussion sessions (525 minutes)

Search

In the coming years, experiments at Fermilab and at J-PARC plan to reduce the uncertainties on 
the already very precisely measured anomalous magnetic moment of the muon by a factor of 
four. The goal is to resolve the current tantalizing tension between theory and experiment of 
three to four standard deviations.  On the theory side the hadronic corrections to the 
anomalous magnetic moment are the dominant sources of uncertainty. They must be 
determined with better precision in order to unambiguously discover whether or not new 
physics effects contribute to this quantity.

There are a number of complementary theoretical efforts underway to better understand and 
quantify the hadronic corrections, including dispersive methods, lattice QCD, effective field 
theories, and QCD models. We have formed a new theory initiative to facilitate interactions 
between the different groups through organizing a series of workshops. The goal of this first 
workshop is to bring together theorists from the different communities to discuss, assess, and 
compare the status of the various efforts, and to map out strategies for obtaining the best 
theoretical predictions for these hadronic corrections in advance of the experimental results.

All sessions in this workshop will be plenary, featuring a mix of talks and discussions.

Dates: from June 3, 2017 08:00 to June 6, 2017 18:00
Timezone: US/Central
Location: Q Center

Room: D L1 69 (The L1 denotes that the meeting room is on the Lower Level 1
floor)

Chairs: Dr. Van de Water, Ruth
Dr. Lehner, Christoph
Prof. Roberts, Bradley Lee
Prof. El-Khadra, Aida
Dr. Izubuchi, Taku

Additional
info:

First Workshop of the Muon g-2 Theory Initiative

3-6 June 2017 Q Center
US/Central timezone

US/Central English LoginiCal export More

Sponsors

Committees

Timetable

Registration

List of registrants

List of confirmed speakers

workshop photos
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Wilson Hall
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70 registered participants, 28 talks, 6 discussion sessions (330 minutes)

http://www-conf.kek.jp/muonHVPws/index.html
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28 talks + 6 discussion sessions 
• joint session with KEK-PH meeting:  

P. Urquijo for Belle II (overview), S. Ganguly for Fermilab E989, T. Yamazaki for J-
PARC E-34, H. Davoudiasl on BSM and g-2.  

• Inputs from e+e- experiments:   
Y. Maeda for Belle II, M. Davier for BaBar, C. Redmer for BESIII, S. Serednyakov for 
SND, I. Logashenko for CMD-3, K. Todyshev for KEDR, S. Müller for KLOE, H. Czyż 
on MC generators  

• dispersive HVP:  
F. Jegerlehner, B. Malaescu for DHMZ, A. Keshavarzi for KNT, M. Benayoun on HLS 
model, M. Hoferichter (disp. constraints on pion vector form factor) 

• Lattice HVP: 
C. Lehner+A. Meyer+M. Bruno for RBC/UKQCD, G. von Hippel for Mainz, L. Lellouch 
+K.Miura for BMW, R. Van de Water for FNAL/MILC/HPQCD, E. Shintani for PACS 

• misc theory and new ideas: 
M. Nio on QED corrections (8th and 10th order), J. Bijnens (analytic results), M. 
Passera on MUonE, M. Marinkovic on Lattice for MUonE. 
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⇧̂(q2) = ⇧(q2)�⇧(0)

⇧µ⌫ =

Z
d4xeiqxhjµ(x)j⌫(0)i = (qµq⌫ � q2gµ⌫)⇧(q

2)

Leading order HVP correction: 

• Use optical theorem and dispersion relation to rewrite the 
integral in terms of the hadronic e+e- cross section:  

aHVP,LO
µ =

m2
µ

12⇡3

Z
ds

K̂(s)

s
�exp(s)

aHVP,LO
µ =

⇣↵
⇡

⌘2
Z

dq2!(q2) ⇧̂(q2)

Hadronic vacuum polarization
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Dominant contributions from low energies 
π+π- channel: 73% of total aHVP,LO

µ

Hadronic vacuum polarization



A. El-Khadra Second muon g-2 workshop, HIM, 18-22 June 2018

Experimental Inputs

!8

08.02.2018 HVP_2018 6 

 e+e-  facilities involved in HVP measurement  

KLOE SND CMD-3 

HVP measurements 

BaBar 

BNL-821 

BELLE-II 

BES-III 

KEDR 

S. Serednyakov (for SND) @ HVP KEK workshop
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Target: ~0.2% total error 
Dispersion relation + experimental data for                           (and τ data) 
• current uncertainty ~0.4-0.5% 

•can be improved with more precise experimental data  
•new experimental measurements expected/ongoing at BaBar, BES-III, 

Belle-II, CMD-3, SND, KEDR, KLOE,…. 
Challenges:  
• below ~2 GeV:  sum ~30 exclusive channels: 2π, 3π, 4π, 5π, 6π, 2K, 

2Kπ, 2K2π, ηπ,…. (use isospin relations for missing channels) 
• above ~1.8 GeV:  

inclusive, pQCD (away from flavor thresholds)  
+ narrow resonances (J/ψ, Υ,..)  

• Combine data from different experiments/measurements:  
understanding correlations, sources of sys. error, tensions… 

• include FS radiative corrections

!9

Hadronic vacuum polarization
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Y. Maeda (for Belle II) @ HVP KEK workshop

HVP workshop for µ g-2 

Belle

summary�

" Precision measurement of ee!ππ cross 
section in Belle II is important for better 
understanding of muon g-2 anomaly 

"  Several simulation studies are performed 
for the ee!ππγ mode, which shows 
" 100% L1 trigger efficiency for events 

with large angle ISR 
" BG level is found to be competitive to BaBar 

analysis with tentative event selection and PID 
"  further studies 

" selection optimization 
" effect of beam background�

16 / 16 

• Belle II plans to analyze 𝜋𝜋 channel using ISR data 
• MC studies of trigger efficiency and  backgrounds
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M. Davier (for BaBar) @ HVP KEK workshop

M. Davier  ISR BABAR g-2 g-2 HVP Workshop, KEK 13/02/2018 4

The BaBar ISR program
• almost complete set of exclusive hadronic e+e- annihilation channels up to 2 GeV

p+p- PRL 2009; PRD 2012
K+ K- PRD 2013
p+p-p0 PRD 2004
2(p+ p-), K+ K- p+ p-, K+ K- 2p0, 2(K+ K-)                         PRD 2007; PRD 2012; PRD 2012
K0

S K+- p-+, K+ K- p0, K+ K- h                                             PRD 2005; PRD 2008
2(p+ p-) p0, 2(p+ p-) h, K+ K- p+ p- p0, K+ K- p+ p- h         PRD 2007
3(p+ p-), 2(p+ p- p0), 2(p+ p-) K+ K- PRD 2006
F f0(980)                                                                                    PRD 2006; PRD 2007
p p PRD 2006, PRD 2012
L L, L S0, S0 S0 PRD 2007
K0

S K0
L ,  K0

S K0
L p+ p-,  K0

S K0
S p+ p- PRD 2014

K+ K- large Q2  PRD 2015
K0

S K+- p-+ p0,  K0
S K+- p-+ h PRD 2017

K0
S K0

L p0, K0
S K0

L p0 p0 PRD 2017
p+ p- 2p0 PRD 2017
hp+ p- PRD 2018
J/\ (m+m-)                                                                                   PRD 2004
p+p-, m+m- LO ISR-FSR interference                                        PRD 2015

• in progress:                      p+ p- new method + full data sample
• not covered:                    p+ p- 3p0, p+ p- 4p0 , p+ p- p0 below 1.05 GeV, t7 hadrons
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by the end of 2018?
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C. Redmer (for BESIII) @ HVP KEK workshop

February 13, 2018 C.F. Redmer - BESIII data for hVP               Workshop on hVP contributions to (g-2)µ 21

Summary

 Hadronic cross section measurements at BESIII

 Scan, tagged and untagged ISR methods

 Competitive accuracy

          result confirms 

 Preliminary results on                                                                 and 

 Measurement of R value ongoing, 3% accuracy targeted

 Pion form factor to be evaluated in additional mass regions from ISR and scan data

 Additional exclusive final states in preparation
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S. Serednyakov (for SND) @ HVP KEK workshop

08.02.2018 HVP_2018 24 

Conclusions 

1. SND detector is taking data at the VEPP-2000 e+e- collider in the 
energy range 0.3-2.0 GeV.  New data on e+e- cross section to 
hadrons are obtained : 

        ------  e+e   0 ,                 ------  e+e-  K+K-,  
        ------  e+e-  0 ,                      ------  e+e-  KSKL 0   , 
        ------  e+e  K+K  ,                      ------  e+e-  ,  
              ------  e+e-   0  
  
2.  The e+e   pp+nn step-like cross section  does not lead to a step in   
the total cross section 
     
3.  The contribution of newly measured to the total hadronic cross 
section   is estimated  
 

Thank you for listening ! 

- - 



A. El-Khadra Second muon g-2 workshop, HIM, 18-22 June 2018

Experimental Inputs

!15

I. Logashenko (for CMD-3) @ HVP KEK workshopExclusive channels 𝑒+𝑒− → ℎ𝑎𝑑𝑟𝑜𝑛𝑠
At VEPP-2000 we do exclusive measurement of 𝜎 𝑒+𝑒− → ℎ𝑎𝑑𝑟𝑜𝑛𝑠 .

• 2 charged
𝑒+𝑒− → 𝜋+𝜋−,𝐾+𝐾−,𝐾𝑆𝐾𝐿, 𝑝𝑝

• 2 charged + γ’s
𝑒+𝑒− → 𝜋+𝜋−𝜋0, 𝜋+𝜋−𝜂, 𝐾+𝐾−𝜋0, 𝐾+𝐾−𝜂, 𝐾𝑆𝐾𝐿𝜋0, 𝜋+𝜋−𝜋0𝜂,

𝜋+𝜋−𝜋0𝜋0, 𝜋+𝜋−𝜋0𝜋0𝜋0, 𝜋+𝜋−𝜋0𝜋0𝜋0𝜋0

• 4 charged
𝑒+𝑒− → 𝜋+𝜋−𝜋+𝜋−,𝐾+𝐾−𝜋+𝜋−,𝐾𝑆𝐾∗

• 4 charged + γ’s
𝑒+𝑒− → 𝜋+𝜋−𝜋+𝜋−𝜋0, 𝜋+𝜋−𝜂, 𝜋+𝜋−𝜔, 𝜋+𝜋−𝜋+𝜋−𝜋0𝜋0, 𝐾+𝐾−𝜂, 𝐾+𝐾−𝜔

• 6 charged
𝑒+𝑒− → 𝜋+𝜋−𝜋+𝜋−𝜋+𝜋−

• γ’s only
𝑒+𝑒− → 𝜋0𝛾, 𝜂𝛾, 𝜋0𝜋0𝛾, 𝜋0𝜂𝛾, 𝜋0𝜋0𝜋0𝛾, 𝜋0𝜋0𝜂𝛾

• other
𝑒+𝑒− → 𝑛𝑛, 𝜋0𝑒+𝑒−, 𝜂𝑒+𝑒−

Logashenko Ivan. Recent results from CMD-3 HVP Workshop KEK 2018 11

published
in progress
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I. Logashenko (for CMD-3) @ HVP KEK workshopExclusive channels 𝑒+𝑒− → ℎ𝑎𝑑𝑟𝑜𝑛𝑠
At VEPP-2000 we do exclusive measurement of 𝜎 𝑒+𝑒− → ℎ𝑎𝑑𝑟𝑜𝑛𝑠 .

• 2 charged
𝑒+𝑒− → 𝜋+𝜋−,𝐾+𝐾−,𝐾𝑆𝐾𝐿, 𝑝𝑝

• 2 charged + γ’s
𝑒+𝑒− → 𝜋+𝜋−𝜋0, 𝜋+𝜋−𝜂, 𝐾+𝐾−𝜋0, 𝐾+𝐾−𝜂, 𝐾𝑆𝐾𝐿𝜋0, 𝜋+𝜋−𝜋0𝜂,

𝜋+𝜋−𝜋0𝜋0, 𝜋+𝜋−𝜋0𝜋0𝜋0, 𝜋+𝜋−𝜋0𝜋0𝜋0𝜋0

• 4 charged
𝑒+𝑒− → 𝜋+𝜋−𝜋+𝜋−,𝐾+𝐾−𝜋+𝜋−,𝐾𝑆𝐾∗

• 4 charged + γ’s
𝑒+𝑒− → 𝜋+𝜋−𝜋+𝜋−𝜋0, 𝜋+𝜋−𝜂, 𝜋+𝜋−𝜔, 𝜋+𝜋−𝜋+𝜋−𝜋0𝜋0, 𝐾+𝐾−𝜂, 𝐾+𝐾−𝜔

• 6 charged
𝑒+𝑒− → 𝜋+𝜋−𝜋+𝜋−𝜋+𝜋−

• γ’s only
𝑒+𝑒− → 𝜋0𝛾, 𝜂𝛾, 𝜋0𝜋0𝛾, 𝜋0𝜂𝛾, 𝜋0𝜋0𝜋0𝛾, 𝜋0𝜋0𝜂𝛾

• other
𝑒+𝑒− → 𝑛𝑛, 𝜋0𝑒+𝑒−, 𝜂𝑒+𝑒−

Logashenko Ivan. Recent results from CMD-3 HVP Workshop KEK 2018 11

published
in progress

Conclusion
• The goal of two experiments at VEPP-2000, CMD-3 and 

SND, is to provide exclusive measurement of 𝑒+𝑒− →
ℎ𝑎𝑑𝑟𝑜𝑛𝑠 from 0.32 to 2.0 GeV

• In 2011-2013 CMD-3 has collected 60 1/pb in the whole 
energy range 0.32 ≤ 𝑠 ≤ 2.0 GeV, available at VEPP-
2000. 

• In 2013-2016 the collider and the CMD-3 detector have 
been upgraded and the data taking was resumed in 2017
and about 65 1/pb were collected so far. 

• Data analysis of exclusive modes of 𝑒+𝑒− → ℎ𝑎𝑑𝑟𝑜𝑛𝑠 is in 
progress. Many results have been published.

HVP Workshop KEK 2018Logashenko Ivan. Recent results from CMD-3 28
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Summary

J/ results:

�ee(J/ ) = 5.550 ± 0.056 ± 0.089 keV

�ee(J/ )⇥ Bhadrons(J/ ) = 4.884 ± 0.048 ± 0.078 keV

�ee(J/ )⇥ Bee(J/ ) = 0.3331 ± 0.0066 ± 0.0040 keV

 (2S) results:

�ee = 2.282 ± 0.015 ± 0.042 keV

�ee ⇥ �µµ/ � = 19.3 ± 0.3 ± 0.5 eV

We have determined the values of R at thirteen points of the

center-of-mass energy between 1.84 and 3.05 GeV. The achieved

accuracy is about or better than 3.9% at most of energy points with

a systematic uncertainty less than 2.4%.

We measured the values of R at seven points of the center-of-mass

energy between 3.12 and 3.72 GeV. The total achieved accuracy is

about or better than 3.3% at most of energy points with a

systematic uncertainty of about 2.1%.

R measurement in the energy range 3.077 – 3.72 GeV after detector

repair and upgrade: analysis in progress.

Workshop on HVP contributions to g-2 Recent results from KEDR Korneliy Todyshev 19/20

Experimental Inputs
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K. Todyshev (for KEDR) 
@ HVP KEK workshopPlans

F. Jegerlehner arXiv:1511.0447

We plan to measure R value in the energy range 5-7 GeV

Workshop on HVP contributions to g-2 Recent results from KEDR Korneliy Todyshev 20/20

Recent results:
l ⇡+⇡� from BES-III, CMD-3 and CLEOc
l ⇡+⇡�⇡0 from Belle
l K+K� from CMD-3 and SND
l !⇡0 ! ⇡0⇡0� from SND
l KS K±⇡0⇡⌥, KS K±⇡⌥⌘, ⇡+⇡�⇡0⇡0, KS KL⇡0,

KS KL⌘,KS KL⇡0⇡0 from BaBar

Energy range ahad
µ [%](error) ⇥ 1010 rel. err. abs. err.

⇢,! (E < 1 GeV) 540.98 [78.6](2.80) 0.5 % 50.7 %
1 GeV < E < 2 GeV 96.49 [14.0](2.54) 2.6 % 41.5 %

2 GeV < E < 1 incl pQCD 51.09 [ 7.4](1.10) 2.2 % 7.8 %
total 688.65 [100.0](3.94) 0.6 % 100.0 %

Additional data besides e+e� ones providing improvements:

F. Jegerlehner muonHVPws@KEK, Tsukuba, Japan, February 12-14, 2018 4

F. Jegerlehner @ HVP KEK 2018:
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S. Müller (for KLOE) @ HVP KEK workshop

The KLOE data sets
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S. Müller (for KLOE) @ HVP KEK workshop

The KLOE data sets
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Combination of KLOE data sets

Estimates of �a
⇡⇡
µ in the range 0.35  s

0  0.85 GeV2 for the di↵erent
KLOE analyses and the prel. combination:

 372  374  376  378  380  382  384  386  388  390

aµ

π
+
π

−

 (0.35 < s’ < 0.85 GeV2) x 10−10

KLOE combination: 377.5 ± 2.2

KLOE08: 378.9 ± 3.2

KLOE10: 376.0 ± 3.4

KLOE12: 377.4 ± 2.6

(FNAL Workshop: 377.3 ± 2.1)

S. E. Müller KLOE ISR measurements 15 / 20
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A. Keshavarzi @ HVP KEK 2018

Tension in 𝜋𝜋 channel between different data sets

g-2 HVP Workshop, KEK 13/02/2018 25

• BABAR and KLOE measurements most precise to date, but 
in poor agreement

• Others are in between, but not precise enough to decide

• No progress achieved in understanding the reason(s) of the 
discrepancy

• consequence: accuracy of combined results degraded

• imperative to improve accuracy of prediction (forthcoming 
g-2 results at FNAL, J-PARC)

• Other efforts at VEPP-2000 underway

• Design a new independent BABAR analysis

M. Davier  ISR BABAR g-2

The BABAR/KLOE discrepancy for ppg(g)

Results Results from individual channels

⇡+⇡� channel

) Tension exists between BaBar data and all other data in the dominant ⇢ region.

! Agreement between other radiative return measurements and direct scan data
largely compensates this.

Alex Keshavarzi (UoL) ahad, VP
µ from KNT18 12th February 2018 7 / 22

 360  365  370  375  380  385  390  395

aµ
π+π−

 (0.6 ≤ �√s ≤ 0.9 GeV) x 1010

Fit of all π+π− data: 369.41 ± 1.32

Direct scan only: 370.77 ± 2.61

KLOE combination: 366.88 ± 2.15

BaBar (09): 376.71 ± 2.72

BESIII (15): 368.15 ± 4.22

-0.1

 0

 0.1

 0.2

 0.3

 0.4

 0.6  0.65  0.7  0.75  0.8  0.85  0.9
 0

 200

 400

 600

 800

 1000

 1200

 1400

(σ
0  -

 σ
0 F

it)
/σ

0 F
it

σ
0
(e

+
e

-  →
 π

+
π- ) 

[n
b
]

√s [GeV]

σ0(e+e- → π+π-)

BaBar (09)

Fit of all π+π- data

CMD-2 (03)

SND (04)

CMD-2 (06)

KLOE combination

BESIII (15)

χ2
min/d.o.f. = 1.30

aµ
π+π-

(0.6 ≤ �√s ≤ 0.9 GeV) = (369.41 ± 1.32) x 10-10

BaBar data alone ) a⇡+⇡�
µ (BaBar data only) = 513.2± 3.8.

Simple weighted average of all data ) a⇡+⇡�
µ (Weighted average) = 509.1± 2.9.

(i.e. - no correlations in determination of mean value)

BaBar data dominate when no correlations are taken into account for the mean value
Highlights importance of fully incorporating all available correlated uncertainties

M. Davier @ HVP KEK 2018

Experimental Inputs
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H. Czyż @ HVP KEK 2018 workshopOutline

H. Czyż PHOKHARA and EKHARA MC generators, 2

⇒ PHOKHARA and EKHARA in brief

⇒ Recent developments in PHOKHARA and EKHARA

⇒ χci production: PHOKHARA and EKHARA

⇒ Models: LγγP , LγV ,LV γP , LV V P

⇒ PHOKHARA: e+e− → Pγ(γ)

⇒ EKHARA: e+e− → e+e−P

⇒ aµ(P )

⇒ Radiative corrections in EKHARA

⇒ Radiative corrections in PHOKHARA

➠update on NLO corrections by Szymon Tracz
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Hadronic vacuum polarization

!21

Recent results:
l ⇡+⇡� from BES-III, CMD-3 and CLEOc
l ⇡+⇡�⇡0 from Belle
l K+K� from CMD-3 and SND
l !⇡0 ! ⇡0⇡0� from SND
l KS K±⇡0⇡⌥, KS K±⇡⌥⌘, ⇡+⇡�⇡0⇡0, KS KL⇡0,

KS KL⌘,KS KL⇡0⇡0 from BaBar

Energy range ahad
µ [%](error) ⇥ 1010 rel. err. abs. err.

⇢,! (E < 1 GeV) 540.98 [78.6](2.80) 0.5 % 50.7 %
1 GeV < E < 2 GeV 96.49 [14.0](2.54) 2.6 % 41.5 %

2 GeV < E < 1 incl pQCD 51.09 [ 7.4](1.10) 2.2 % 7.8 %
total 688.65 [100.0](3.94) 0.6 % 100.0 %

Additional data besides e+e� ones providing improvements:

F. Jegerlehner muonHVPws@KEK, Tsukuba, Japan, February 12-14, 2018 4

F. Jegerlehner @ HVP KEK 2018:

Hadronic Vacuum Polarization (HVP) – Data & Status

Leading non-perturbative hadronic contributions ahad
µ can be obtained in terms of

R�(s) ⌘ �(0)(e+e� ! �⇤ ! hadrons)/4⇡↵2

3s data via Dispersion Relation (DR):

ahad
µ =

✓↵mµ
3⇡

◆2 ✓
E2

cutZ

4m2
⇡

ds
Rdata
� (s) K̂(s)

s2 +

1Z

E2
cut

ds
RpQCD
� (s) K̂(s)

s2

◆

Data: NSK, KLOE, BaBar, BES3, CLEOc

0.0 GeV, 1

⇢,!

1.0 GeV

�, . . . 2.0 GeV
3.1 GeV

 9.5 GeV⌥
0.0 GeV, 1

⇢,!

1.0 GeV

�, . . .
2.0 GeV

3.1 GeV

�aµ (��aµ)
2

contribution error2

l Experimental error implies theoretical uncertainty!
l Low energy contributions enhanced: ⇠ 75% come from region 4m2

⇡ < m2
⇡⇡ < M2

�

ahad(1)
µ = (686.99 ± 4.21)[687.19 ± 3.48] 10�10

e+e�–data based [incl. ⌧]

F. Jegerlehner muonHVPws@KEK, Tsukuba, Japan, February 12-14, 2018 2
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A. Keshawarzi @ HVP KEK 2018 (arXiv:1802.02995):

M. Benayoun @ HVP KEK 2018: BHLS218: 4.5 σ
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Hadronic vacuum polarization

!23

M. Hoferichter @ HVP KEK 2018:Conclusions

Overview of constraints from analyticity and unitarity

Role of radiative corrections

define F V
π (s) in QCD (without VP)

with ππ channel described dispersively, no issues with ρ–γ mixing

radiative corrections to ω pole parameters at the level of PDG uncertainties

Some preliminary fit results

Outlook

Error analysis: both experimental uncertainties and systematics of dispersive fit

Combination of data sets in global fit

Space-like data, ω parameters

Goal: independent way to assess HVP uncertainty in ππ channel, accounting for

global constraints from analyticity and unitarity

M. Hoferichter (Institute for Nuclear Theory) Dispersive constraints on the pion vector form factor Tsukuba, February 12, 2018 17

Dispersive constraints on the pion vector form factor

Martin Hoferichter

Institute for Nuclear Theory

University of Washington

Workshop on

Hadronic Vacuum Polarization Contributions to Muon g − 2

Tsukuba, February 12, 2018

G. Colangelo, MH, M. Procura, P. Stoffer, work in progress

C. Hanhart, MH, B. Kubis, work in progress

M. Hoferichter (Institute for Nuclear Theory) Dispersive constraints on the pion vector form factor Tsukuba, February 12, 2018 1
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adjustable parameters 
  

lattice spacing:  
  

finite volume, time:  
   

quark masses (mf): 
  tune using hadron masses 
  extrapolations/interpolations

!25

Lattice QCD Introduction

L 

a 

x 

discrete Euclidean space-time (spacing a) 
derivatives ➙ difference operators, etc…  
  

finite spatial volume (L) 
  

finite time extent (T) 

LQCD =
X

f

 ̄f (D/+mf ) f +
1

4
trFµ⌫F

µ⌫

a ➙ 0

L ➙ ∞, T > L

MH,lat = MH,exp

mf ➙ mf,phys mud ms mc mb
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adjustable parameters 
  

lattice spacing:  
  

finite volume, time:  
   

quark masses (mf): 
  tune using hadron masses 
  extrapolations/interpolations

!25

Lattice QCD Introduction

L 

a 

x 

discrete Euclidean space-time (spacing a) 
derivatives ➙ difference operators, etc…  
  

finite spatial volume (L) 
  

finite time extent (T) 

LQCD =
X

f

 ̄f (D/+mf ) f +
1

4
trFµ⌫F

µ⌫

a ➙ 0

L ➙ ∞, T > L

MH,lat = MH,exp

mf ➙ mf,phys mud ms mc mb

Integrals are evaluated 
numerically using monte 
carlo methods. 
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Lattice QCD calculations of simple quantities (with at most one stable 
meson in initial/final state) that quantitatively account for all systematic  
effects (discretization, finite volume, renormalization,…) , in some cases 
with  

• sub percent precision.   
•  total errors that are commensurate (or smaller) than corresponding 

experimental uncertainties. 
Scope of LQCD calculations is increasing due to continual development 
of new methods:  

• nucleons and other baryons    
• nonleptonic decays (                , …) 
• resonances, scattering, long-distance effects, …  
• QED effects  
• radiative decay rates …

!26

The State of the Art

L 

a 

x Lattice QCD Introduction

K ! ⇡⇡
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Leading order HVP correction: 

• Calculate            in Lattice QCD: 
✦ Calculate           and evaluate the integral  

   

✦ Time-momentum representation:  
reorder the integrations and compute 
  

  

✦ Time-moments:  
     Taylor expand  
  

and compute Taylor coefficients from time moments:  

C(t) =
1

3

X

i,x

hji(x, t)ji(0, 0)i

C2n = a
X

t

t2nC(t)

⇧̂(q2) =
X

k

q2k⇧k

⇧̂(q2)

(Bernecker & Meyer, EPJ 12)

(Blum,PRL 03, Lautrup et al, 
71)

(Chakraborty et al, PRD 14)

aHVP,LO
µ =

⇣↵
⇡

⌘2
Z

dq2!(q2) ⇧̂(q2)

aHVP

µ

aHVP

µ =
⇣↵
⇡

⌘2
Z

dt !̃(t)C(t)

Hadronic vacuum polarization
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C(t) =
1

3

X

i,x

hji(x, t)ji(0, 0)i

(Bernecker & Meyer, EPJ 12)

Hadronic vacuum polarization

Regions of precision (R-ratio data here is from Fred Jegerlehner 2017)

3
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FIG. 4. Comparison of wtC(t) obtained using R-ratio data
[1] and lattice data on our 64I ensemble.

lation presented here, we only include diagram M. For
the meson masses this corresponds to neglecting the sea
quark mass correction, which we have previously [17] de-
termined to be an O(2%) and O(14%) e�ect for the pi-
ons and kaons, respectively. This estimate is based on
the analytic fits of (H7) and (H9) of Ref. [17] with ratios
C

m�, K

2 /C
m�, K

1 given in Tab. XVII of the same reference.
For the hadronic vacuum polarization the contribution of
diagram R is negligible since �mup � ��mdown and di-
agram O is SU(3) and 1/Nc suppressed. We therefore
assign a corresponding 10% uncertainty to the SIB cor-
rection.

We also compute the O(↵) correction to the vector
current renormalization factor ZV used in C(0) [17, 18]
and find a small correction of approximately 0.05% for
the light quarks.

We perform the calculation of C(0) on the 48I and 64I
ensembles described in Ref. [17] for the up, down, and
strange quark-connected contributions. For the charm
contribution we also perform a global fit using additional
ensembles described in Ref. [22]. The quark-disconnected
contribution as well as QED and SIB corrections are com-
puted only on ensemble 48I.

For the noisy light quark connected contribution, we
employ a multi-step approximation scheme with low-
mode averaging [23] over the entire volume and two levels
of approximations in a truncated deflated solver (AMA)
[24–27] of randomly positioned point sources. The low-
mode space is generated using a new Lanczos method
working on multiple grids [28]. Our improved statisti-
cal estimator for the quark disconnected diagrams is de-
scribed in Ref. [29] and our strategy for the strange quark
is published in Ref. [30]. For diagram F, we re-use point-
source propagators generated in Ref. [31].

The correlator C(t) is related to the R-ratio data
[11] by C(t) = 1

12⇡2

R 1
0 d(

p
s)R(s)se�

p
st with R(s) =

3s
4⇡↵2 �(s, e+e�

! had). In Fig. 4 we compare a lattice
and R-ratio evaluation of wtC(t) and note that the R-
ratio data is most precise at very short and long dis-
tances, while the lattice data is most precise at interme-
diate distances. We are therefore led to also investigate
a position-space “window method” [11, 32] and write

aµ = aSD
µ + aW

µ + aLD
µ (6)

with aSD
µ =

�
t C(t)wt[1 � �(t, t0, �)], aW

µ =�
t C(t)wt[�(t, t0, �) � �(t, t1, �)], and aLD

µ =�
t C(t)wt�(t, t1, �), where each contribution is

accessible from both lattice and R-ratio data. We define
�(t, t0, �) = [1 + tanh [(t � t0)/�]] /2 which we find to
be helpful to control the e�ect of discretization errors
by the smearing parameter �. We then take aSD

µ and
aLD

µ from the R-ratio data and aW
µ from the lattice.

In this work we use � = 0.15 fm, which we find to
provide a su�ciently sharp transition without increasing
discretization errors noticeably. This method takes the
most precise regions of both datasets and therefore may
be a promising alternative to the proposal of Ref. [33].

ANALYSIS AND RESULTS

In Tab. I we show our results for the individual as well
as summed contributions to aµ for the window method
as well as a pure lattice determination. We quote sta-
tistical uncertainties for the lattice data (S) and the R-
ratio data (RST) separately. For the quark-connected
up, down, and strange contributions, the computation is
performed on two ensembles with inverse lattice spacing
a�1 = 1.730(4) GeV (48I) as well as a�1 = 2.359(7) GeV
(64I) and a continuum limit is taken. The discretization
error (C) is estimated by taking the maximum of the
squared measured O(a2) correction as well as a simple
(a�)4 estimate, where we take � = 400 MeV. We find
the results on the 48I ensemble to di�er only a few per-
cent from the continuum limit. This holds for the full
lattice contribution as well as the window contributions
considered in this work. For the quark-connected charm
contribution additional ensembles described in Ref. [22]
are used and the maximum of the above and a (amc)4

estimate is taken as discretization error. The remain-
ing contributions are small and only computed on the
48I ensemble for which we take (a�)2 as estimate of dis-
cretization errors.

For the up and down quark-connected and discon-
nected contributions, we correct finite-volume e�ects to
leading order in finite-volume position-space chiral per-
turbation theory [34]. Note that in our previous pub-
lication of the quark-disconnected contribution [29], we
added this finite-volume correction as an uncertainty but
did not shift the central value. We take the largest ratio
of p6 to p4 corrections of Tab. 1 of Ref. [35] as systematic
error estimate of neglected finite-volume errors (V). For
the SIB correction we also include the sizeable di�erence
of the corresponding finite and infinite-volume chiral per-
turbation theory calculation as finite-volume uncertainty.
For the QED correction, we repeat the computation us-
ing an infinite-volume photon (QED1 [36]) and include
the di�erence to the QEDL result as a finite-volume er-
ror. Further details of the QED1 procedure are provided
as supplementary material.

The precision of lattice data deteriorates exponentially as we go to large t, however, is precise at intermediate
distances. The R-ratio is very precise at long distances.

Note: in this plot a direct comparison of R-ratio and lattice data is not appropriate. Continuum limit,
infinite-volume corrections, charm contributions, and IB corrections are missing from lattice data shown here.
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aHVP

µ =
⇣↵
⇡

⌘2
Z

dt !̃(t)C(t)

aHVP

µ =
⇣↵
⇡

⌘2
Z

dt !̃(t)C(t)

Errors on the lattice data increase rapidly with Euclidean time: 
• sensitive to long-distance and finite volume corrections  

use EFT methods 
• control statistical noise at long distances through  

fits, including 𝜋𝜋 correlation functions, …

C. Lehner @ HVP KEK 2018 (for RBC/UKQCD):
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Hadronic vacuum polarization

The time-momentum representation – large-time correlator

Large-time modelling of the vector correlator:

Extract naive ground-state mass from fit to a smeared
correlator, model G (t) as single exponential at large t;
Use the large-time approximation

G ⇢⇢
1 (t) =

1

48⇡2

Z 1

0

d! !2

✓
1� 4m2

⇡

!2

◆ 3

2

|F⇡(!)|2e�!t

by either
modelling F⇡ using the Gounaris-Sakurai parameterization with
a mass and width extracted semi-naively from smeared and
local correlators [Mainz/CLS, 2017] , or

extracting F⇡ using the Lüscher method ! B. Hörz, F. Erben (PhD)

In both cases finite-volume e↵ects can be studied by comparing
infinite-volume G⇢⇢

1 with finite-volume G⇢⇢
L reconstructed by

summing finite-volume matrix elements using Lüscher method in
reverse.

G.M. von Hippel Mainz/CLS lattice results
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G. von Hippel @ HVP KEK  (for Mainz):
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Target: ~0.2% total error 

Complete lattice QCD results by several groups.  
A complete LQCD result … 

• is based on physical mass ensembles  

• includes disconnected contributions 

• includes QED and strong isospin breaking corrections (mu ≠ md) 

• includes finite volume corrections, continuum extrapolation 
current uncertainties at ~2% level  

• Statistical errors grow at large Euclidean times  

• noise reduction methods 

• include two-pion channels into analysis 
 Compare intermediate quantities (Taylor coefficients,…) with R-ratio data.

!30

Hadronic vacuum polarization
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Compare Taylor coefficients to R-ratio data

!31

Lowest moments make the largest contributions to aμ. 
R. Van de Water HVP contribution to muon g-2 with (2+1+1) HISQ quarks
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Finite-volume, discretization, & chiral corrections
to Taylor coefficients on physical-mass ensembles

Compare Taylor coefficients on physical-mass ensembles with R-ratio values

Test with R-ratio data
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Compare Taylor coefficients before and after (finite volume, discretization,..) 
corrections with R-ratio data:

R. Van de Water @ HVP KEK 2018 (for FNAL/MILC/HPQCD): 

PRELIMINARY

• Corrections are calculated in 
EFT.  

• First comparison performed 
by RVdW on HPQCD initial’s 
data set after HPQCD paper 
was posted.
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Hybrid method: combine LQCD with R-ratio data  

• Convert R-ratio data to Euclidean correlation function (via the dispersive 
integral).  

• Compare lattice/R-ratio data (after adding all the corrections and extrapolating 
to continuum, infinite volume).  

• Use R-ratio data where LQCD errors are large and vice versa.    

Direct LQCD calculations of HVP are still less precise than dispersive methods. 
But comparisons between R-ratio and lattice data are already useful.

How does this translate to the time-like region?

Supplementary Information – S1

SUPPLEMENTARY MATERIAL

In this section we expand on a selection of technical de-
tails and add results to facilitate cross-checks of di�erent
calculations of aHVP LO

µ .

Continuum limit: The continuum limit of a selec-
tion of light-quark window contributions aW

µ is shown in
Fig. 8. We note that the results on the coarse lattice di�er
from the continuum limit only at the level of a few per-
cent. We attribute this mild continuum limit to the fa-
vorable properties of the domain-wall discretization used
in this work. This is in contrast to a rather steep contin-
uum extrapolation that occurs using staggered quarks as
seen, e.g., in Ref. [42].

The mild continuum limit for light quark contribu-
tions is consistent with a naive power-counting estimate
of (a�)2 = 0.05 with � = 400 MeV and suggests that
remaining discretization errors may be small. Since we
find such a mild behavior not just for a single quantity
but for all studied values of aW

µ with t0 ranging from 0.3
fm to 0.5 fm and t1 ranging from 0.3 fm to 2.6 fm, we
suggest that it is rather unlikely that the mild behav-
ior is result of an accidental cancellation of higher-order
terms in an expansion in a2. This lends support to our
quoted discretization error based on an O(a4) estimate.
In future work, this will be subject to further scrutiny by
adding a data-point at an additional lattice spacing.

Energy re-weighting: The top panel of Fig. 9 shows
the weighted correlator wtC(t) for the full aµ as well as
short-distance and long-distance projections aSD

µ and aLD
µ

for t0 = 0.4 fm and t1 = 1.5 fm. The bottom panel of
Fig. 9 shows the corresponding contributions to aµ sep-
arated by energy scale

p
s. We notice that, as expected,

aSD
µ has reduced contributions from low-energy scales and

aLD
µ has reduced contributions from high-energy scales.

In the limit of projection to su�ciently long distances, we
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FIG. 8. Continuum limit of light-quark aW
µ with t0 = 0.4 fm

and � = 0.15 fm.
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FIG. 9. Window of R-ratio data in Euclidean position space
(top) and the e�ect of the window in terms of re-weighting
energy regions (bottom).

may attempt to contrast the R-ratio data directly with
an exclusive study of the low-lying ⇡⇡ states in the lattice
calculation. This is left to future work.

Statistics of light-quark contribution: We use an
improved statistical estimator including a full low-mode
average for the light-quark connected contribution in the
isospin symmetric limit as discussed in the main text.
For this estimator, we find that we are able to saturate
the statistical fluctuations to the gauge noise for 50 point
sources per configuration. For the 48I ensemble we mea-
sure on 127 gauge configurations and for the 64I ensem-
ble we measure on 160 gauge configurations. Our result
is therefore obtained from a total of approximately 14k
domain-wall fermion propagator calculations.

Results for other values of t0 and t1: In Tabs. S I-
S VII we provide results for di�erent choices of window
parameters t0 and t1. We believe that this additional
data may facilitate cross-checks between di�erent lattice
collaborations in particular also with regard to the up
and down quark connected contribution in the isospin
limit.
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Statistics of light-quark contribution: We use an
improved statistical estimator including a full low-mode
average for the light-quark connected contribution in the
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For this estimator, we find that we are able to saturate
the statistical fluctuations to the gauge noise for 50 point
sources per configuration. For the 48I ensemble we mea-
sure on 127 gauge configurations and for the 64I ensem-
ble we measure on 160 gauge configurations. Our result
is therefore obtained from a total of approximately 14k
domain-wall fermion propagator calculations.

Results for other values of t0 and t1: In Tabs. S I-
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parameters t0 and t1. We believe that this additional
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and down quark connected contribution in the isospin
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Hadronic vacuum polarization

C. Lehner @ HVP KEK 2018 (from T. Blum et al, arXiv:1801.07224)
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Summary of recent HVP results

!33

L. Lellouch @ HVP KEK 2018 (for BMW collaboration)

Comparison

 640  660  680  700  720  740

BMWc + FV + IB
BMWc + FV
BMWc (L=6fm)
RBC/UKQCD 18
HPQCD 16
ETM 14

Jegerlehner 17
DHMZ 17
KNT 18

RBC/UKQCD 18

No new physics

aµ
LO-HVP . 1010

LQCD (Nf≥2+1)
Pheno.

Pheno+LQCD

“No New Physics” scenario: = (720 ± 7)⇥ 10�10

BMWc ’17 consistent w/ “No new physics” scenario & pheno.

Total uncertainty of 2.7% is ⇠ 6⇥ pheno. error

BMWc ’17 is larger than other Nf = 2 + 1 + 1 results
! difference w/ HPQCD ’16 is ⇠ 1.9�

Laurent Lellouch KEK, 12-14 February 2018
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Detailed comparison of lattice HVP results

!34

L. Lellouch @ HVP KEK 2018 (for BMW collaboration)

More detailed comparison
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FIG. 10. A comparison of our results with previously published results. The references in order of appearance are HPQCD
2016 [42], Mainz 2017 [43], BMW 2017 [39], ETMC 2017 [45], RBC/UKQCD 2015 [29], and FNAL/HPQCD/MILC 2017 [46].
The innermost error-bar corresponds to the statistical uncertainty.

Comparison of individual contributions: In
Fig. 10, we compare our results for individual con-
tributions to aHVP LO

µ obtained from a pure lattice
QCD+QED calculation to previously published results.
We find good agreement between the di↵erent lattice
computations for all results apart from the up and down
quark connected contribution in the isospin limit. Fur-
ther scrutiny of the tension between the HPQCD 2016
and the BMW 2017 and our RBC/UKQCD 2018 results
is desired and will be part of future work. As an addi-
tional check we have computed the small QED correction
to the strange quark-connected contribution. We find
as, QED, conn
µ = �0.0149(9)S(8)C(30)V⇥10�10 with error

estimates described in the main text. Our result agrees
well with as, QED, conn

µ = �0.018(11)⇥10�10 of Ref. [45].

Bounding method: As discussed in the main text,
we use a bounding method [37] for the light-quark con-
nected contribution in the isospin symmetric limit. In the
following we give more details for our method and con-
trast it with the similar method used in Ref. [38]. Both
our method and the method of Ref. [38] build on ideas
of Ref. [47].

The correlator C(t) can be written as

C(t) =
NX

n=0

cne
�Ent (S 1)

with real positive energy levels En and the constraint
that all cn � 0. The correlator

C̃(t;T, Ẽ) =

(
C(t) t < T ,

C(T )e�(t�T )Ẽ t � T
(S 2)

then defines a strict upper or lower bound of C(t) for
each t for an appropriate choice of Ẽ. For the upper
bound, we proceed as Ref. [38] and use the finite-volume
ground-state energy E0 to define

Cupper(t) = C̃(t;T,E0) . (S 3)

For the lower bound, we use the logarithmic e↵ective
mass

E⇤
T = log(C(T )/C(T + 1)) (S 4)

and define

Clower(t) = C̃(t;T,E⇤
T ) (S 5)

in contrast to the choice Ẽ ! 1 of Ref. [38]. It is
straightforward to show that

Clower(t)  C(t)  Cupper(t) (S 6)

for all t. This bound is more restrictive compared to
the choice of Ẽ ! 1. Since the e↵ective mass E⇤

T may

disconnected

C. Lehner @ HVP KEK 2018 (for RBC/UKQCD)
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Detailed comparison of lattice HVP results
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C. Lehner @ HVP KEK 2018 
(for RBC/UKQCD)
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FIG. 10. A comparison of our results with previously published results. The references in order of appearance are HPQCD
2016 [42], Mainz 2017 [43], BMW 2017 [39], ETMC 2017 [45], RBC/UKQCD 2015 [29], and FNAL/HPQCD/MILC 2017 [46].
The innermost error-bar corresponds to the statistical uncertainty.

Comparison of individual contributions: In
Fig. 10, we compare our results for individual con-
tributions to aHVP LO

µ obtained from a pure lattice
QCD+QED calculation to previously published results.
We find good agreement between the di↵erent lattice
computations for all results apart from the up and down
quark connected contribution in the isospin limit. Fur-
ther scrutiny of the tension between the HPQCD 2016
and the BMW 2017 and our RBC/UKQCD 2018 results
is desired and will be part of future work. As an addi-
tional check we have computed the small QED correction
to the strange quark-connected contribution. We find
as, QED, conn
µ = �0.0149(9)S(8)C(30)V⇥10�10 with error

estimates described in the main text. Our result agrees
well with as, QED, conn

µ = �0.018(11)⇥10�10 of Ref. [45].

Bounding method: As discussed in the main text,
we use a bounding method [37] for the light-quark con-
nected contribution in the isospin symmetric limit. In the
following we give more details for our method and con-
trast it with the similar method used in Ref. [38]. Both
our method and the method of Ref. [38] build on ideas
of Ref. [47].

The correlator C(t) can be written as

C(t) =
NX

n=0

cne
�Ent (S 1)

with real positive energy levels En and the constraint
that all cn � 0. The correlator

C̃(t;T, Ẽ) =

(
C(t) t < T ,

C(T )e�(t�T )Ẽ t � T
(S 2)

then defines a strict upper or lower bound of C(t) for
each t for an appropriate choice of Ẽ. For the upper
bound, we proceed as Ref. [38] and use the finite-volume
ground-state energy E0 to define

Cupper(t) = C̃(t;T,E0) . (S 3)

For the lower bound, we use the logarithmic e↵ective
mass

E⇤
T = log(C(T )/C(T + 1)) (S 4)

and define

Clower(t) = C̃(t;T,E⇤
T ) (S 5)

in contrast to the choice Ẽ ! 1 of Ref. [38]. It is
straightforward to show that

Clower(t)  C(t)  Cupper(t) (S 6)

for all t. This bound is more restrictive compared to
the choice of Ẽ ! 1. Since the e↵ective mass E⇤

T may
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aHVP

µ

M. Passera    KEK   Feb 12 2018 4

New space-like proposal for HLO

Δαhad(t) is the hadronic contribution to the running of  α in the 
space-like region. It can be extracted from scattering data! 

  At present, the leading hadronic contribution aμHLO is computed  
    via the time-like formula:

aHLO
µ =

1

4⇡3

Z 1

4m2
⇡

dsK(s)�0
had(s)

K(s) =

Z 1

0
dx

x2 (1� x)

x2 + (1� x)
�
s/m2

µ

�

  Alternatively, exchanging the x and s integrations in aμHLO

aHLO
µ =

↵

⇡

Z 1

0
dx (1� x)�↵had[t(x)]

t(x) =
x2m2

µ

x� 1
< 0

Hadronst

M. Passera    KEK   Feb 12 2018 7

Muon-electron scattering

Abbiendi, Carloni Calame, Marconi, Matteuzzi, Montagna,  

Nicrosini, MP, Piccinini, Tenchini, Trentadue, Venanzoni 

EPJC 2017 - arXiv:1609.08987 

e e

Hadronst

M. Passera    KEK   Feb 12 2018 19

μe

• use CERN M2 muon beam (150 GeV) 
• test detector prototype in August 2018 
• LOI planned for 2018-2019 
• Physics beyond colliders program @ CERN

μ-e  elastic scattering to measure  
M. Passera @ HVP KEK 2018 (A. Abbiendi et al, arXiv:1609.08987, EPJC 2017)
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M. Passera    KEK   Feb 12 2018 5

Carloni Calame, MP, Trentadue, Venanzoni, PLB 2015

 smooth integrand

New space-like proposal for HLO (2)

Time-like Space-like

F. Jegerlehner, arXiv:1511.04473

μ-e  elastic scattering to measure  
M. Passera @ HVP KEK 2018 (A. Abbiendi et al, arXiv:1609.08987, EPJC 2017)

aHVP

µ

• requires NNLO QED calculation, …  
• complement region not accessible to experiment with LQCD calculation  

(M. Marinkovic @ HVP KEK 2018)

Hadronic vacuum polarization
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μ-e  elastic scattering to measure aHVP

µ

Hadronic vacuum polarization

Hybrid method Phys. Rev. D 90, 074508 (2014),
[Golterman,Maltman,Peris]

• Low momentum region

➡ Experiment (NLO, 

NNLO, radiative 

corrections … )

• Vary low and high Q2 cut

strategy proposed for the hybrid determination 
of the total HVP (u+d+s+c+b)

➡ continuum limit:   a—> 0
➡ infinite volume limit: V—> ∞
➡ physical quark masses
➡ isospin breaking corrections (mu≠md and αem≠0)

M. Marinkovic @ HVP KEK 2018:

• complement region 
not accessible to 
experiment with LQCD 
calculation



Amala Willenbrock

Summary and Outlook

 Experimental inputs:  
new recent results by BaBar, KLOE, BESIII, SND, CMD-3, 
KEDR, and more expected soon 
 dispersive HVP determinations  
improved precision, but suffer from tension between 
experimental inputs for ππ  channel 
 LQCD calculations  
many groups, new methods, a lot of activity  
need to understand tensions between LQCD results: 
compare intermediate quantities (Taylor coefficients) 
 room for new ideas   
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• Inputs from e+e- experiments:   
S. Eidelman (review+outlook), E. Solodov (Novosibirsk), M. Davier (tensions), 
S. Tracz + H. Czyż on radiative corrections and MC generators  

• dispersive HVP:  
B. Malaescu for DHMZ, A. Keshavarzi for KNT, M. Benayoun on HLS model, 
M. Hoferichter (disp. constraints on pion vector form factor), Malaescu + 
Teubner on error propagation 

• Lattice HVP: 
C. Lehner (RBC/UKQCD), H. Meyer (Mainz), R. Van de Water (FNAL/MILC/
HPQCD), K. Miura (BMW), S. Simula (ETM)  
+ discussions on:  
long distance effects (von Hippel), FV effects (Giusti), QED+SIB (Gülpers), 
comparisons and cross checks (Lellouch) 

• misc theory and new ideas: 
analytical FV (A. Portelli), Hybrid approach (K. Schilcher), Mellin-Barnes (E. 

de Rafael), tau decays (M. Bruno), MUonE (C. Carloni, M. Marinkovic) 

HVP sessions @ Mainz workshop
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Thank you!
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Appendix
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SM contribution 
QED (5 loops) 
EW (2 loops) 
HVP (LO) 
HVP (NLO) 
HVP (NNLO) 
HLbL 
HLbL (NLO) 
Total 
Experiment 
Diff (Exp. - SM):

1011 × (value ± error) 
116584718.951 ±   0.080 
            153.6     ±   1.0 
          6923        ± 42 
             -98.4     ±   1.0 
              12.4     ±   0.1 
            105        ± 26 
                3        ±   2 
116591803        ± 49 
116592089        ± 63 
            286        ± 80

Refs and notes 
[Ayoma et al, 2012, Laporta’17] 

[Gnendiger et al, 2013]  

[DHMZ’11,  see also HLMNT’11,JS’11,…] 

[Hagiwara et al, 2011] 

[Kurz et al, 2014] 

[Prades et al, 2014]  

[Colangelo et al, 2014] 

[Davier et al, 2011] 

[Bennet at al, 2006] 

``Glasgow consensus”

Introduction
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The difference is large: ~ 2 × (EW contribution)
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➟ ± (25-34) [KNT18, DHMZ’17]           

The difference is large: ~ 2 × (EW contribution)


