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Muon magnetic moment anomaly 
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Muon anomaly 
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aµ
exp - aµ

theo(SM) 
> 3σ discrepancy 

  Direct measurement: aµ
exp

  Theoretical prediction: aµ
theo(SM)  



  Hadronic contribution to aµ and ISR measurement (“Radiative Return”) 

  Measurements at KLOE

 - w/o detecting the ISR photon: (0.35 - 0.95) GeV2  

 - detecting the ISR photon: (0.1 – 0.85) GeV2 (Off-Peak data) 

  Conclusions 
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 2nd largest contribution 
 dominating error 

aµ
theo(SM) = aµ

QED + aµ
Weak + aµ

had

µ µ
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Hadronic vacuum  
polarisation Optical Theorem 
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} hadrons
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At low energy: 
- αs ~ O(1) 
- resonances 

pQCD not applicable 
needs of experimental input 

€ 

aµ
had =

1
4π 3 σ had s( )K

4m π
2

∞

∫ s( )d s σhad(s) ∝ 1/s
K(s) ∝ 1/s 

1/s2
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The hadronic contribution 



Operating at fixed center of mass energy 
⇒ σ(e+e- → hadrons) measured as a function of Mhad using Initial State Radiation (ISR) events 

“Radiative Return” back to a lower resonance.  
√s = mφ = 1.02 GeV ⇒ ρ(ω)-resonance 

(S. Binner, J.H. Kühn, K. Melnikov, Phys. Lett. B 459, 279 (1999))

e+e- → ρ(ω)+γISR → π+π- +γISR 

ρ
sγ*< s 

Radiator function H(s)

 complementary to standard energy scan approach 
 requires precise theoretical calculation of the radiator function 
 luminosity, beam energy, acceptance and other normalizations  
   enter only once for all energy points 

“Radiative Return” method 

dσππγ 

dMππ 
s = σππ(s) × H(s) 

€ 

Fπ
2 =

3s
πα 2βπ

3 σππ s( )

ISR measurement at DAΦNE φ-factory 
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Small Angle analysis 

(0.35-0.95) GeV2 

  High statistics for ISR events 
  Low relative FSR background contribution 

  Threshold limited to 0.35 GeV2 

Pro & Issues 

Pion tracks at LARGE ANGLE 
 50° < θπ < 130°

No photon DETECTION 
 Photon at SMALL ANGLE 
 θmiss < 15°, θmiss > 165°  

2001 data sample 140 pb-1

    Phys. Lett. B 606, 12 (2005)

2002 data sample 240 pb-1
    Phys. Lett. B 670, 285 (2009)
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 50° < θπ < 130°

No photon DETECTION 
 Photon at SMALL ANGLE 
 θmiss < 15°, θmiss > 165°  

2001 data sample 140 pb-1

    Phys. Lett. B 606, 12 (2005)

2002 data sample 240 pb-1
    Phys. Lett. B 670, 285 (2009)
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Small Angle analysis 

(0.35-0.95) GeV2 

γ
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Background sources: 
   e+e- → e+e-γ, µ+µ-γ, φ → π+π-π0 

π

e

  

€ 

s −  p x +
2 + Mtrk

2 −
 p x−

2 + Mtrk
2( )

2
− ( p x + +

 p x−)2 = qγ
2 = 0

- Kinematic cuts:  
   - "Trackmass": 4-momentum conservation assuming 
      e+e- → x+x-γ

- PID for π-e separation using calorimeter and 
   time of flight information used for each track 

Signal: π+π-γ  two tracks at large polar angle  
                 from the interaction point   

Signal selection 
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Data   
Σ MC 
ππγ µµγ
πππ eeγ µµγ 

µµγ 
ππγ ππγ 

MTrk (MeV) MTrk (MeV)

0.60 < Mππ
2 < 0.62 GeV2  χ2/ndof = 158/180 0.84 < Mππ

2 < 0.86 GeV2  χ2/ndof = 179/258

Tot bkg (µµγ, πππ and eeγ) contribution Excellent agreement of MTrk distributions  
between data and MC  

1% background contamination on the ρ-peak Mππ
2 (GeV2) 

Background subtraction 
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Radiator-Function H(s,sπ) (ISR): 
ISR-Process calculated at NLO-level  

PHOKHARA generator 
  (H.Czyż, A.Grzelińska, J.H.Kühn, G.Rodrigo, EPJC27, 2003) 

Precision: 0.5% 

H(s,sπ)

Radiative Corrections: 
1.  Bare Cross Section 
   remove Vacuum Polarisation d(s)=(α(s)/α(0))2
   (from F. Jegerlehner) 
2. FSR 
  Cross section σππ is inclusive for FSR 

input in the dispersion integral of aµ

    

 FSR corrections taken into account  
   in the efficiency evaluation and sπ → sγ*
    (H.Czyż, A.Grzelińska, J.H.Kühn, G.Rodrigo, EPJC33, 2004) 

VP 

FSR cont. 

sγ*
sγ* > sπ

Radiative corrections 
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Reconstruction Filter negligible
Background 0.3%
Trackmass/Miss. Mass 0.2%
π/e-ID and TCA negligible
Tracking 0.3%
Trigger 0.1%
Acceptance (θππ) 0.1%
Acceptance (θπ) negligible
Unfolding negligible
Software Trigger 0.1%
√s dep. of H 0.2% 
Luminosity (0.1th ⊕ 0.3exp)% 0.3%   

Systematic uncertainty on aµ
ππ

Experimental fractional error on aµ = 0.6 % 

FSR resummation 0.3%
Radiator H 0.5%
Vacuum polarization 0.1%

Theoretical fractional error on aµ = 0.6 % 

σππ, undressed from VP, inclusive for FSR 

(387.2 ± 0.5stat±2.4sys ±2.3theo) · 10-10

σ
€ 

aµ
ππ =

1
4π 3 σ ππ s( )K

0.35

0.95

∫ s( )d s

KLOE result (PLB670 (2009),  285) 
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statistical errors  
only 

Comparison with SND and CMD2 

aµ
had

C,S- aµ
had

K [10-9] 
2 
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aµ
ππ =

1
4π 3 σ ππ s( )K

x1

x2

∫ s( )d s



KLOE strengthens  
the discrepancy   

Theoretical prediction on (gµ-2)/2 
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New! 
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dNππγ/sπ

Detected ISR photon analysis 

(0.1-0.85) GeV2 

  Threshold region (E = 2mπ) accessible 
  Tagging the ISR photon  closure of the event kinematic 
  Larger FSR contribution 
  Larger background contamination from φ-decays 

 - irreducible background from  
 radiative φ-decays into scalar: φ f0 γ  ππ γ 
for On-peak data sample 

Pro & Issues 

Pion tracks at LARGE ANGLE 
 50° < θπ < 130°

Photon DETECTION 
 Photon at LARGE ANGLE 
 50° <  θγ < 130°
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This talk 
preliminary  
spectrum 

Off-peak (√s=1 GeV) 
data sample 

230 pb-1 in 2006 

Detected ISR photon analysis 

(0.1-0.85) GeV2 

γ
π-

π+



  Selection cuts established 
  All the efficiencies evaluated 
  Still some systematic uncertainties 
    under evaluation 

- Dedicated run data sample obtained in 2006 
-  Different phase space 
-  Different tools and selection 
-  Different systematic errors   

Off-peak data sample  
free from radiative φ-decays 

 threshold region reached with 
systematic uncertainty O(%) 

Detected photon Off-peak analysis 
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Pion form factor 

Very good agreement between  
KLOE 08 published result and  
Large Angle Off-Peak result 

statistical errors  
only 

Off-peak vs. KLOE08 published result 
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  KLOE has been the first experiment measuring σππ using ISR events 

  Latest published results Phys. Lett. B 670, 285 (2009) 
 - pion form factor and aµ

ππ evaluated in the range 0.35 – 0.95 GeV2 

 precision better than 1% 
 - aµ

ππ in agreement with previous KLOE result and with SND and CMD2    
                 discrepancy between aµ

SM and aµ
exp confirmed 

Independent analyses detecting the ISR photon 

  Large angle off-peak analysis result coming soon 
 - aµ

ππ  in the range 0.1 – 0.85 GeV2 (down to the threshold) 
  Large angle on-peak analysis 

  Ratio R(s) = (e+e-  π+π-)/(e+e-  µ+µ-)   

Important new results from KLOE are coming.  
Stay tuned. 

Conclusion and outlook 
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Backup slides 
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DAΦNE 
e+e--collider at √s = mφ=1.0194 GeV 

Peak Luminosity  
Lpeak= 1.5 · 1032 cm-2s-1

Total KLOE int. Luminosity:  

KLOE detector

FINUDA detector

2001-05:  2500 pb-1 
2006:  Energy scan with 4 points around mΦ-peak 
        230 pb-1 at √s = 1000 MeV (off-peak data) 

 (p
b-1

) 

Integrated  Luminosity  

1. Main focus on kaon physics 

2. Non kaon physics 
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DAΦNE: the Frascati φ-factory 



Drift chamber  

Electro Magnetic  
Calorimeter 

Magnetic Field  
of 0.52 T 

12582 sense wires 
52140 wires in total 

Track momentum resolution 
σp/p ≈ 0.4% (θ > 45°) 

Vertex resolution 
σxy ≈ 150 mm, σz ≈ 2 mm

Pb/Scint fibers 
4880 PM 

Energy resolution 
σE/E = 5.7%/√E(GeV) 

Time resolution 
σT = 57 ps/√E(GeV) ⊕ 100 ps 

The KLOE detector at DAΦNE 
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KLOE measures L with Bhabha scattering 
F. Ambrosino et al. (KLOE Coll.) Eur.Phys.J.C47:589-596 (2006)

55° < θ < 125°
acollinearity < 9°

p ≥ 400 MeV

e-

e+

γ

new version (BABAYAGA@NLO) gives 
0.7% decrease in cross section, 

and better accuracy: 0.1% 

Systematics on Luminosity 
Theory 0.1 % 

Experiment 0.3 % 

TOTAL  0.1 % th ⊕ 0.3% exp = 0.3% 

Luminosity evaluation 
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FSR contribution 
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Small angle cuts: 

MC: FSR /(ISR + FSR) 

Mππ
2 (GeV2) 
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Large angle cuts: 

0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 0.2 0.1 0 

γ* 
γ* 



σππ(s) or |Fπ(s)|2 from τ hadronic decay τ- → π-π0ντ

Evaluating aµ
ππ from τ data  

reduces aµ
exp-aµ

exp discrepancy to ca. 1 σ   

€ 

aµ
ππ =

1
4π 3 d sσππ (s)K(s)

4mπ
2

Ecut

∫

To get |Fπ(s)|2 from τ data requires many corrections and  
not all of them are completely under control 

 To evaluate aµ
ππ preferentially only inputs from e+e- data 
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Comparison with τ data 

π-

ντ
τ-

π0

W-

ρ-
cvc 

+ corrections 
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aµ
ππ: KLOE vs. SND and CMD2 



aµ
ππ: KLOE vs. SND and CMD2 and BaBar 
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(g-2)µ Error or New Physics? 
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All scenarios rather unlikely  
=> Strong suggestion that New Physics is playing role in (g-2)µ  

To get agreement between aµ
exp and aµ

theo,SM (w/o New Physics) 

 Wrong value of aµ
had,LbL => it should be moved of ca. 8-10 σ

 Errors in σ(s) => increasing it also Δαhad(MZ) increases 
   -> decreasing or MHiggs

UB restricting the allowed region into  
   114 GeV < MHiggs < 154 GeV      

 Using τ-data => increases also Δαhad(MZ) 
   -> setting MHiggs

UB < 133 GeV 

 Bridging the discrepancy in aµ => σ(s) increased by 4% from threshold to infinity 
   -> MHiggs < 70 GeV  
   if locally increased 
   -> MHiggs < 130 GeV 

M. Passera, W. J. Marciano, A. Sirlin



Bound on Higgs boson mass 
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New Physics in (g-2)µ 
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χ
∼

χ
∼

ν
∼

µ
∼

µ
∼

χ0
∼

One of the most accredited is SUSY contribution to aµ aµ
theo = aSM

µ + aSUSY
µ 

sneutrino-chargino 
+ 

smuon-neutralino 

MSUSY in the range [100 - 500] GeV2, tanβ above ca. 5, µ>0   
 coverage of the (g-2)µ discrepancy  

€ 

aµ
SUSY ≈123×10−11 100 GeV2

MSUSY

 

 
 

 

 
 tanβFor high tanβ ⇒ 

€ 

MSUSY ≈ 65.5 GeV2( ) tanβ

tanβ ~ 2 − 40

Fit with SUSY particle expectation 

Several scenarios from New Physics 



Future on (g-2)µ 
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- More ISR analyses (from KLOE, BaBar, Belle) still at preliminary phase  
   close to be finalize 

- Better R(s) below 4.3 GeV from CLEO-c 

- Experiments at VEP-2000 up to √s = 2 GeV

- Similar machine at LNF (DAΦNE II) under discussion 

- τ-c factory in commissioning in Beijing 

- By 2012 total error limited by LBL term  

- New (g-2)µ experiment at FLAB.  
   Expected accuracy of 0.1 ppm (stat) and 0.1 ppm (syst) 
-> Corresponds to accuracy on aµ

had,LO 0.2% 
  -> hardly ever achievable using absolute measurement of σ(e+e- → hadrons) 


