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Muon Magnetic Moment: (g-2)µ
3

aμ=	(g-2)μ /	2		=		αem /	2π	+	…	=		0.001161….
Muon Anomaly

One	of	the	most	significant	tests	of	the	SM
Δaμ =	aμ

exp– aμ
SM=		(27.05	± 7.28)	·	10-10 (3.7σ)	!!!

Error	or	New	Physics	???

Keshavarzi et	al.	2018



Achim Denig Status	of	hadronic R	Measurements

Muon Magnetic Moment: (g-2)µ
4

aμ=	(g-2)μ /	2		=		αem /	2π	+	…	=		0.001161….
Muon Anomaly

One	of	the	most	significant	tests	of	the	SM
Δaμ =	aμ

exp– aμ
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Error	or	New	Physics	???
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SM	prediction limited	by

:

Hadronicvacuum
Polarization (HVP)

Hadronic Light-by-
Light	scattering (HLbL)
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Hadronic Contribitutions to (g-2)µ and αem(MZ
2)

5

σhad = σ( e+e−→ hadrons )

Most	relevant	channels at	low energies
<	-- >	exclusivemeasurements

à HVP:	HadronicVacuum
Polarization (	692.3	± 4.2 )	·	10-10

σhad
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Hadronic Contribitutions to (g-2)µ and αem(MZ
2)

6

σhad = σ( e+e−→ hadrons )

Most	relevant	channels at	low energies
<	-- >	exclusivemeasurements

à HVP:	HadronicVacuum
Polarization (	692.3	± 4.2 )	·	10-10

σhad

Most	relevant	energy range >	few GeV
<	-- >	inclusiveR	measurements !																													

Δ𝛼123
(4)

𝑀,
- = −

𝛼 6 𝑀,
-

3𝜋 9𝑑𝑠	
𝑅(𝑠)

𝑠(𝑠 − 𝑀,
-)

hadronic	R	ratioà hadronicVP		

									𝛥𝛼 =	(	276.11	± 1.1 )	·	10-4

inclusive
R	measurement
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Initial State Radiation (ISR) vs. Energy Scan
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Initial State Radiation (ISR) vs. Energy Scan
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9The Two-Pion
Channel 

e+e- à π+π-
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Publication Mode Normalization Int. Luminosity*
Phys.Lett.	B606	(2005)	12 untagged Radiator 141	pb-1

Phys.Lett.	B670	(2009)	285 untagged Radiator 240	pb-1

Phys.Lett.	B700	(2011)	102 tagged Radiator 232	pb-1

Phys.Lett.	B720	(2013)	336 untagged µ+µ-γ 240	pb-1

*full KLOE	statistics	2,500	pb-1

ISR@KLOE: e+e− → π+π−γISR

10

KLOE
Drift	Chamber
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Combination of KLOE Results
11

NEW

systematic.	uncertainty	combination
~0.5	%	around	rho	peak*

KLOE-2,	JHEP1803	(2018)Goal:	Combination of three KLOE	analyses
Requires systematic treatmentof statistical and systematicuncertainties in	195x195
covariancematrixà final	result obtained by itirativelyminimizing	a	𝜒2 function
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*	not	used in	arxiv:1908.00921	(Davier et	al.)
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Pion Form Factor: Current Situation
12

 360  365  370  375  380  385  390  395  400

aµ
π+π−

 (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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Pion Form Factor: Current Situation
13
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Pion Form Factor: Current Situation
14
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Future: § New	BABAR	ISR	analysis of full data set
§ New	BESIII	ISR	analyses of newer data sets
§ BELLE-II will	be able to perform ISR analyses
§ Energy Scan:	CMD-3	/	SND	at	VEPP-2000

Goal:
<	0.5%	accuracy
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Fπ @ CMD3: Eagerly waiting for ….
15

Fedor	Ignatov @	Phipsi19
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Higher Multiplicity
States and 𝑲𝑲/

uncertainty to
HVP	integral
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Legacy of                      ISR Data
17

Precision:
2π:	<	1%
3π:	~10%
4π:	~	3%

≥	5π:	10%	and	higher	
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BES III: 𝑒C𝑒D → 3𝜋 Measurement (ISR)
18
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§ Existing precision data from CMD-2,	SND
(<	1.4	GeV),	and	BABAR	(>1.05	GeV)

§ BESIII:	tagged and	untagged ISR	measurement

§ Spectrum dominated by narrow ω,	φ,	J/ψ	resonances
§ World's highest statistics above 1.4	GeV/c2
Systematic error:	~2%		on	ω	and	φ	peaks
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BESIII fit

BABAR
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work in progress
§ BESIII	confirmsω(1420),	ω(1650)	resonances
§ World's best	J/ψ	branching ratio
BR(J/ψ	→ 3π)	=	(	2.179±0.024±0.023±0.045Γee(J/ψ))%

PDG:	(	2.10	± 0.08	)%

PRELIMINARY
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BES III: 𝑒C𝑒D → 3𝜋 Measurement (ISR)
19

PRELIMINARY

𝜔 𝜙
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BABAR/BES III: e+e− → π+π−2π0γISRNEW

Before 16.76 ± 1.31 ± 0.20rad

PRD	96, 092009 (2017)

NPP	Proc.	294	(2018)	158 ~3pb-1,	~3%	syst.	
~450	pb-1	,	~3%	syst.	
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BABAR: e+e− → π+π−3π0 / π+π−2π0η

BABAR

𝑠I (GeV)

2𝜋2𝜋J𝜂
BABAR

𝑠I (GeV)

2𝜋3𝜋J

(provided
also	for	
intermediate	
resonances)

Invariant-mass	𝑚MM	of	3rd photon	
pair	shows	clear	𝜋J and 𝜂 peaks

𝜋J

𝜂

NEW

§ Combined	analysis	of	both	channels		
§ Kinematic	fit:	

– Constrain	2	of	the	𝜋J candidates	to	𝜋J mass
– 𝑚MM of	3rd used	for		𝜂 or	𝜋J signal	extraction
– Constrain	entire	event	to	𝑒C𝑒D 4-momentum

§ First	precision	measurements	of	both	channels
§ Detailed	studies	of	internal	structures	and	

of 	𝐽/𝜓 branching	ratios

2𝜋2𝜋J𝜂

16

Phys.	Rev.	D98	(2018)	112015
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Results from VEPP-2000
19

Energy range is 0.32-2.0	GeV
uniqueoptics –“round beams”

Design	luminosity	is	𝐿=1032/𝑐𝑚2𝑠@𝑠=2GeV
Experiments	with	detectors	CMD-3	and	SND
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Phys.Lett.	B760	(2016)	 314
§ Measurement	1.004	– 1.070	GeV
§ 1.8%	systematicuncertainty

(BABAR	2.9%)
§ Reconstruction of𝐾T → 𝜋C𝜋D
§ Fit	to cross section:

§ Overall	good agreement

CMD-3:		𝑒C𝑒D → 𝐾𝑆𝐾𝐿	
	NEW

20
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NEW CMD-3:		𝑒C𝑒D → 𝐾C𝐾D
§ Measurement	1.010	– 1.060	GeV
§ 2.0%	systematicuncertainty

(BABAR	0.72	– 1.41	%	in	that range)
§ Similar	fit	to cross section as for𝐾T𝐾V

Parameters:
§ New	CMD-3	data aboveCMD-2	/	BABAR	

???

Phys.Lett. B779 (2018) 64

21
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BES III: Energy Scan 2.0 – 4.6 GeV
26

𝑒C𝑒D → 𝐾C𝐾D 𝑒C𝑒D → 𝐾C𝐾D𝐾C𝐾D

NEW

R	Scan	2.0	– 4.6	GeV
§ >	10	000	events per	scan point
§ below 𝐽/𝜓 highest	statistics
§ very	fine	binning	in	XYZ	region
§ improved	statistics	wrt BABAR

Phys.	Rev.	D99	
(2019)	032001

accepted	for	
publication	 in	PRD
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Inclusive Rhad

Measurements

Δ𝛼123
(4)

𝑀,
- = −

𝛼 6 𝑀,
-

3𝜋 9𝑑𝑠	
𝑅(𝑠)

𝑠(𝑠 − 𝑀,
-)

inclusive
R	measurement
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Rincl at BES III: Work in Progress
28

Improve upon	BES/BESII	measurement with 6%	systetic error

Rincl =	σhad/σµµ ratio with
targeted 3%	systematic
accuracy
(statistical error <<1%)
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Rincl at BES III: Work in Progress
30

Status	of R	measurement (below open	charm threshold):
§ Event	selection
§ Measurement	of integrated luminositywith <1%	accuracy
§ Radiative correctionswith <1.5%	accuracy
§ Subtraction ofQED	background
§ Tuning	of hadronic MC	generator (Lund	model)	for efficiency determination

✔

✔

✔

✔

Improve upon	BES/BESII	measurement with 6%	systetic error

Rincl =	σhad/σµµ ratio with
targeted 3%	systematic
accuracy
(statistical error <<1%)
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Rincl at KEDR / Novosibirsk
31

S.	Eidelman
@	g-2	workshop
Mainz,	06/2018

NEW
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Advantage:
Much	higher signal efficiency compared to scan
à Less dependent on	MC	event generator

Challenges:
§ Subtraction ofQED	background
§ Unfolding	of	ISR	photon	spectrum
§ Reliability	of	gamma	gamma	vetos
§ ....

traditional
energy scan

ISR	method
(ISR	photon +	≥1	track)

Efficiency
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Conclusions
and

Outlook
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Conclusions
35

§ Steady	progress in	Rhad measurements
à ISR	and energy scan methods !

§ In	2013	whitepaper arxiv:1311.2198	
(Blum	et	al.)	reduction	of	HVP	
uncertainty	down	to	±2.6 6 10D`J formulated as a	goalàmission accomplished?

§ However,	accuracy of HVP	contribution to (g-2)µ limited	by 2pi	channel
à overcomingKLOE-BABAR-BESIII	puzzle	is a	major challenge
Once this issuewill	be solvedà full interpretationof FNAL	g-2	measurement

§ Improved value of 𝛼)* 𝑀,
- 	highly desirable in	viewof precision EW	

measurements at	LHC,	Mainz,	JLAB,	...	à needs improved value of Rhad
à Do	we have all	systematics under control for hadronicevent generators?

§ MUonE at	CERN
§ Rhad measurements via	ISR
§ ....




