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aµ =
(gµ " 2)
2

•  Long established discrepancy (>3σ) between 
SM prediction and BNL E821 exp. 

• Theoretical error δaµ
SM (~6x10-10)  dominated by 

HLO VP (4÷5x10-10) and HLbL ([2.5÷4]x10-10). 
A twofold improvement on δaµ

SM from 2001 
(thanks to new e+e- measurements)! 

• Experimental error  δaµ
EXP ~6 x10-10(E821).  

Plan to reduce it to 1.5 10-10 by the new g-2 
experiments at FNAL and J-PARC. 

 HLO VP H LbL 

T.Teubner, PHIPSI08	



aµ
HLO = (690.9±4.4)10-10  

 [Eidelman, TAU08] 
aµ

HLbL =(10.5±2.6)10-10  
[Prades, dR&V. 08] 
(11 ±4)10-10  (Jegerlehner, Nyffler) 
 δaµ

HLO ~0.7% 

 Muon anomaly 

In 2001 aµ
EXP-aµ

TH=(23±16)•10-10	

δaµ
HLbL ~25-40% 

See Nyffeler’s 
talk 



aµ
HLO: 

L.O. Hadronic contribution to aµ can be estimated by means of a dispersion integral: 
    

- K(s) = analytic kernel-function 
- above sufficiently high energy value, typically 2…5 GeV, use  pQCD  

    Input: 
    a)  hadronic electron-positron cross section data  
    b)  hadronic τ- decays, which can be used with the help of the CVC-theorem  
         and an isospin rotation (plus isospin breaking corrections) 

! 

aµ
had =

" mµ
3#

$ 

% 
& 

' 

( 
) 

2

ds R(s) ˆ K (s)
s2

4 m#
2

*

+

! 

R(s) =
" tot (e

+e# $ %*$ q q $ hadrons)
" tot (e

+e# $ %*$ µ+µ#)

H 

1 / s2 makes low 
energy contributions 
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e+e" #$ +$"

in the range < 1 GeV	


contributes to 70% ! 

(A., D., H. ’97) 

(G.dR 69, E.J.95, A.D.H.’97,….) 



 Dispersion Integral: 
Contribution of different energy regions to the dispersion 

integral and the error to aµ
HLO 

δaµ
exp→ 1.5 10-10 = 0.2%  on aµ

HLO 

~40%	



~75%	


(mostly 2π)	



~55%	



contributions error2 

Very important also 
the region 1-2 GeV 

New g-2 exp.	
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aµ
HLO = " had (s)K(s)ds4m#

2

.$
% K(s)~1/s	





αem(MZ) and  EW fit of the SM (MHiggs) 
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Requirement from ILC (6x improvement) !

δ2	
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"#had
(5) (MZ

2 ) = 0.027607 ± 0.000225
#$1(MZ

2 ) =128.947 ± 0.035
#$1(0) =137.0359895 ± 0.0000061

FJ08	


δα(MZ)/α(MZ)~2x10-4  → 5x10-5  



Comparison of error profiles  for αem(MZ) 

Use of Adler function (It allows to use safely pQCD down to 2.5 GeV)	


 	



2mπ<√s < 2 GeV 
Extremely important:	


§  80% of δΔα(5)

had (using 
Adler function)	


§  95% of δaµ	



δσ at 1% in the region √s < 10 GeV 
⇒ improvement of ~3 in δα(MZ) 

1% in the region 1<√s < 2.5 GeV 
⇒ improvement of ~5 on δα(MZ) 

Direct integration of energy points F. Jegerlehner, Nucl. Phys. B 
181-182 (2008) 135 



Cross section data: 
Two approaches: 

 Energy scan (CMD2, SND, BES,CLEO): 

 Radiative return (KLOE, BABAR, BELLE,BESIII?): 

•   energy of colliding beams is changed to the desired value   
•  “direct” measurement of cross sections 
•  needs dedicated accelerator/physics program 
•  needs to measure luminosity and beam energy for every data point 

•  runs at fixed-energy machines (meson factories)    
•  use initial state radiation process to access lower lying energies or  
resonances 
•  data come as by-product of standard physics program 
•  requires precise theoretical calculation of the radiator function 
•  luminosity and beam energy enter only once for all energy points 
•  needs larger integrated luminosity 
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Data at ‘95 



Data at ‘05 



Data at 2012 (F.J.) 
Many improvements (mostly  
due to BaBar ISR). 
However the region below 
2.5 GeV is still poorly known 
(δR~5-15%) 



Exclusive vs inclusive measurements? 

√s (GeV) 

1)  Most recent inclusive 

measurements:  MEA and B antiB, 

with total integrated luminosity of 

200 nb-1 (one hour of data taking at 

1032 cm-2 sec-1).10% stat.+ 15% 

syst. Errors 

 

2) New BaBar data is improving a lot 

this region. However still the 

question on the completeness of 

exclusive data vs systematics of old 

inclusive measurements  

√s (GeV) 

T. Teubner 08 

E. Solodov, unpublished 



Main contributions to aµ
HLO and Δα(MZ) 

new meas 

new meas 

M. Davier et al. Eur.Phys.J. C71 (2011) 1515 



e+e-èπ+π- 



 Measured cross section for e+e- →π+ π-  (2010) 

( data: different experiments 

B. Lee Roberts for the New Muon (g-2) Collaboration – DPF 10 August  2011 

- p. 14/57 

Measured Cross section for e+e- 
→π+ π-	
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Most data points dominated by 
systematic uncertainties that are 
correlated between data points 
 

Davier et al., EPJ C 71, 1515 (2011) 

 Situation of  Two-pion channel 

A. Hoecker LP11 



New (2013): KLOE  σππ from ππγ/µµγ	



An alternative way to obtain |Fπ|2 is the bin-by-bin ratio of pion 
over muon yields (instead of using absolute normalization with Bhabhas). 	
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d% µµ& /d ' s 

 meas. 
quantities 

kinematical factor 
(smm

Born / spp
Born) 

Many radiative corrections drop out: 
•  radiator function 
•  int. luminosity from Bhabhas 
•  Vacuum polarization  

Separation btw ππγ and µµγ  using MTRK 
•  muons: MTrk < 115 MeV 
•  pions : MTrk > 130 MeV 
Very important control of  π/µ separation in 
the ρ region!  (σππ>>σµµ) 

‘ 



µµγ cross section: data/MC comparison 

• Consistency check of Radiator function, Luminosity, etc… 

• The systematic error has 
been averaged  on M2

µµ 

• Good agreement with 
 PHOKHARA MC (NLO Calculation)   

• green band: systematic error 

0.998 ± 0.001stat ± 0.011sys 

G. Venanzoni - EPS Conference 20/07/13 



Comparison of  results: KLOE12 vs KLOE10  

KLOE12 result compared to KLOE10:  

Fractional difference: 

band: KLOE10 error 
(stat. + syst. err.) 

Excellent agreement between the 
two independent measurements! 

G. Venanzoni - EPS Conference 20/07/13 

•  PLB 720 (2013) 336–343 



New measurements at the horizon 









CMD3: By scan measurement 









e+e-èπ+π-π0 

Before 2012 







e+e-èπ+π-π0 







e+e-èΚ+Κ- 





Other important channels 







BABAR measured (almost) all the 
exclusive e+e– → hadrons modes 

Many inconsistencies resolved 

Huge impact on hadronic 
vacuum polarisation calculation 
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Multihadron channels between 1 and 2.5 GeV 

A.Hoecker LP 11 







E. Solodov, 
Phipsi13, Rome, 
9-12 September 2013 



New cross section results 	



e+e- →Κ+Κ-π+π- 

e+e- →Κ+Κ-π0π0 

e+e- →π+π-π+π-(γ)  e+e- →pp - 

Systematic 
uncertainties 
btw 2-15% 



CMD3 

Similar for SND 



CMD3 



CMD3 







 BES dominates the precision between 2 and 5 GeV 

• BESII  @ BEPC, Beijing (inclusive measurement) 2 <Ecm<5 GeV 
– 1998/99 new result of R in 2 <Ecm<5 GeV from BESII, 91 points with σR/R~7%  
 (improvement of a factor 2) 
2008: 3 points (2.6, 3.07 and 3.65 GeV) 
with 3.5% precision 
 
 



R measurement at CLEO 

• CLEO@ CESR, Ithaca (inclusive measurement) 3.9 <Ecm<4.3 GeV 
– New result on R (inclusive measurement)  in 3.97<Ecm<4.26 GeV  (above 
the open charm threshold) with a δsys  between 5.2 and 6.1%. In agreement 
with the sum of exclusive measurement and previous experiments  



R measurement at CLEO 

• CLEO@ CESR, Ithaca (inclusive measurement) 6.9 <Ecm<10..5 GeV 

– New result on R (inclusive 
measurement)  in 
6.964<Ecm<10.538 GeV  (7 points) 
with a δsys  of ~ 2%. In 
agreement with previous 
experiments (but MARKI) and 
pQCD (Λ=0.31 GeV) 

ε(1+δ)	

 1% 

L 1% 
Bckg/Hadr Modeling 0.7% 

Dataset variation 0.3% 

TOTAL 1.8% 



aµ=(gµ-2)/2: 
Theoretical predictions compared to the BNL result  

§ The latest inclusion of all e+e- data 
gives  a discrepancy btw aµ

SM and 
aµ

EXP  of 3 to 4σ 
	


§ Some differences  on σππ btw 
different experiments (mainly 
KLOE/BaBar) to be clarified  
[Δaµ

EXP-SM =2.4÷3.7σ] 
  
§ (Reduced) discrepancy btw ee and 
τ data ( new I. corr.,ee,τ data). JS11 
claims to have solved it 

§ Very important the new g-2 
experiments (at FNAL and JPARC)!  

* Our extrapolation based on DHMYZ10 

* 

G. Venanzoni - EPS Conference 20/07/13 
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Missing isospin corrections and/or problems with data? Additional 
data are needed. Meanwhile… 

Two-pion e+e- vs τ spectral functions  



Jegerlehner and Szafron claim that the e+e- vs τ is solved if 
an additional correction (ρ-γ loop mix.) is included 

F. Jegerlehner and R. Szafron, Eur. Phys. J. C71 (2011) 1632 

JS 11 
DHMZ 11 



Jegerlehner and Szafron claim that the e+e- vs τ is solved if 
an additional correction (ρ-γ loop mix.) is included 

F. Jegerlehner and R. Szafron, Eur. Phys. J. C71 (2011) 1632 

JS 11 
DHMZ 11 



An interesting papers: 

Pion form factor prediction based 
on τ data and PDG information 
in excellent agreement with 
KLOE but not with BaBar 

EPJ C73 (2013) 2453 



BHLS : A Global VMD Model 

•   The  (Broken)  Hidden Local Symmetry (BHLS) 
model  : 

Ø  is a unified VMD framework  encompassing  
            

  e+e- → π π /KKbar /π γ /η γ /π π π   & τ→ππ ντ&   
PVγ, Pγγ decays  &  (η/η’ à γπ π/γγ)  & ……  

Ø BHLS ::  (almost) an empty shell : 
          [αem, GF , fπ , Vud , Vus , mπ’s, mK’s, mη, , mη’] 
Ø Present Limits : 
ü Up to the  ≈ φ mass region (      1.05 GeV) 
ü  No  scalars mesons, no ρ’, no ρ’’ …… 
 
 
 

56 

≈
M. Benayoun, PHIPSI13, Rome, 9-12 September 2013 



g-2 HLS Estimates & Others 

57 
M. Benayoun, PHIPSI13, Rome, 9-12 September 2013 

Discrepancy with BNL g-2 value range   [4.6 to 5.2] σ 



 T. Teubner, 
PHIPSI13, Rome, 
9-12 September 2013 



 T. Teubner, RMCWG meeting, 
Frascati, 13 September 2013 



aµ
exp - aµ

theo,SM = (27.7± 8.4)10-10      (3.3σ) 

8.4 = ~5HLO⊕~3HLbL⊕6BNL 

δaµ
HLO=5.3=3.3(√s<1GeV) ⊕3.9(1< √s<2GeV) ⊕1.2(√s>2GeV) 

A rough estimate for g-2: now 

E821 

3.3 σ	





aµ
exp - aµ

theo,SM = (27.7± 8.4)10-10      (3.3σ) 

8.4 = ~5HLO⊕~3HLbL⊕6BNL 

1.6 
NEW G-2 3  4 3 

δaµ
HLO →2.6=1.9 (√s<1GeV) ⊕ 1.3 (1<√s<2GeV) ⊕1.2(√s>2GeV)  

A rough estimate for g-2: …and (possible) future 

E989 

3.3 σ	



7-8 σ	



aµ
exp - aµ

theo,SM = (XXX± 3.8)10-10 

If central value is the same à 7-8σ	



This is possible if: 

(if no progress on theory à 5 σ) 



•  δσHAD ~ 0.4% √s<1GeV (instead of 0.7% as now) 
 	


	


•  δσHAD ~ 2% 1<√s<2GeV (instead of 6% as now) 
 

δaµ
HLO = 2.6 10-10 (instead of ~5 as now)   

(Possible with direct scan  or ISR at Flavour 
factories, or new machines like IRIDE) 

A similar improvement on δαem(Mz) using Adler function method 

See M. Ferrario’s talk 



63 

 e+e-→3π	



 e+e-→4π	



 e+e-→2π2Κ	


DAFNE-2 

DAFNE-2  is statistically equivalent to  5÷10 ab-1 (Super)B-factory 

•  Published BaBar results:89 fb-1(ISR) 
▲  “BaBar” × 10 (890 fb-1) 
o  DAFNE-2 energy scan: 20 pb-1/point 
    @ L= 1032 cm-2 s-1, 25 MeV bin 
     ⇒ 1 year data-taking 

Impact of DAFNE-2 on exclusive channels in  
the range [1-2.5] GeV  with a scan (Statistics only) 

arXiv:1007.521 



Conclusion 
•  Significant improvement aµ

HLO in the last 15 years due to more 
precise data. Interplay with theorists for the control of RC and 
development of MC 

•  ISR opened a new way to precisely measure the hadronic cross 
sections 

•  Still some (local) differences between data which current limit 
precision on aµ

HLO 

•  New data are expected from DAFNE, VEPP2000, BESIII and 
(Super)B factories which will continue to improve the region below 
5 GeV with ISR.  Hopefully new machines (IRIDE, Super τ/c 
factory) 

•  These data would allow to reduce of a factor ~2 the uncertainty on  
aµ

HLO to match the request from the next g-2 experiments (at FNAL 
and  J-PARC). A similar improvement is expected on αem(Mz). 



BNL ring arrived at FNAL for the new g-2 experiment 

July 26 2013 



R. Feynman, 1973 Hawaii Summer Institute 

Thanks! 



SPARE 



Conclusions 

 1/ HLS model succeeds → (other  global approaches) 

 2/    NO  signal for (e+e- vs τ)  puzzle 

3/ Consistent π + π- data sets : CMD2, SND, KLOE 10 & 12 
4/ 

5/ Discrepancy with BNL g-2 value range   [4.6 to 5.2] σ 

6/  Additional Breaking schemes  may reduce systematics 
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M. Benayoun, PHIPSI13, Rome, 9-12 September 2013 







g-2 & Global Models/Fits 
•  NP Hadronic VP contributions to g-2 
  
 
•   Effective Lagrangians imply  physics 

correlations   among the  
•   -> HLS cross-sections derived through a global 

fit     (param. values & error covariance 
matrix) : 

71 
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(2012) 1848 M.Benayoun et al .  EPJ C73 
(2013) 2453 
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τ + PDG Predictions 

KLOE’s  almost perfect! 
CMD2&SND ≈ OK 

BaBar too large below  ω 
 

0.85 GeV >mππ> 
0.70GeV 

PION  Form Factor  



Radiative corrections are important! 

! 

" bare =" dressed 1#$(s)
2(1+ CFSR )•  Unclear treatment of R.C. in old 

data.  

•  Reevaluation of RC leads to 

significant changes in recent data 

•  New data (CMD-2,SND, KLOE, 

Babar) paid more attention to : 

•  ISR 

•  Vacuum Polarization (VP) 

•  FSR 

•  A lot of work for theorists to 

provide accurate MC generators 

       (and for experimentalists to test  

it!) 



A common effort for RC and Monte Carlo tools 

~60 participants, 13 countries  

See www.lnf.infn.it/wg/sighad  for more information 
(next meeting 11-12 April 2013, ECT*) 



“Old” Results on R from energy scan at √s<10 GeV 

Place Ring Detector Ecm(GeV) pts Year 
Novosibirsk VEPP-2M 

VEPP-2 
CMD2,SND 
Olya,ND,CMD 

<1.4 
<1.4 

128 01-03 
79-85 97-99 

Beijing BEPC BESII 2-5 85 98-99 

Orsay DCI M3N,DMI,DM2 1.35-2.13 33 ’78 

Frascati Adone γγ2,MEA, 
Boson,BCF 

1.42-3.09 31 ’78 

SLAC Spear MarkI 2.8-7.8 78 ’82 

Cornell CESR CLEO 3-5 ’05 

Hamburg Doris DASP 
PLUTO 
C.Ball 
LENA 

3.1-5.2 
3.6-4.8,9.46 
5.0-7.4 
7.4-9.4 

64 
27 
11 
95 

’79  
‘77 
‘90 
’82 

Novosibirsk VEPP-4 MD-1 7.23-10.34 30 ‘91 


