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•  e+e- collider @ !s = M! 
•  2 interaction regions 
•  Separate e+ e- rings 
•  105+105 bunches 
•   2.7 ns bunch spacing 
•  I-/+

peak ~ 2.4/1.5 A  
•  "cross: 2"12.5 mrad 

New scheme 

Old scheme 

2008, new interaction scheme: 

Lnew ~ 3 " Lold 

Machine commissioning for KLOE-2  
completed 

Best performances (1999-2007): 
!    Lpeak = 1.4"1032 cm#2 s#1$

!  ∫Ldt = 8.5 pb-1/day 

DA%NE: the Frascati !-factory  DAϕNE	  &	  KLOE	  
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KLOE	  data	  taking:	  2000-‐2006	  
Best	  performance:	  

Lpeak = 1.4× 1032 cm−2s−1
�

Ldt = 8.5 pb−1/day

KLOE	  DETECTOR	  
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ElectromagneHc	  calorimeter	  

• 	  lead/scinHllaHng	  fibers	  
• 	  98%	  solid	  angle	  coverage	  
• 	  σE/E	  =	  5.7%/√(E(GeV))	  
• 	  σt=57	  ps/√(E(GeV))	  +	  100	  ps	  
• PID	  capabiliHes	  

Drij	  Chamber	  

• 	  Gas	  mixture	  90%	  He	  +	  10%	  C4H10	  
• 	  δpT/pT	  <	  0.4%	  (450<ϑ<1350)	  
• 	  σxy≈150	  μm;	  σz	  ≈	  2	  mm	  

MAGNETIC	  FIELD	  0.52	  T	  

KLOE	  Detector	  



 e+e- → e+e-γ*γ* → e+e-X  

X �

X: JPC = 0±+ �

(	  π0,	  η,	  η’,	  σ(500)	  )	  

} �

γγ	  physics	  @	  KLOE	  
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!! physics @ KLOE: "#(!!) measurement 

20 

KLOE:     no e± tagging                               ! s = 1 GeV 

KLOE-2: tagger  to reduce background from $  
                and to close kinematics                         !s = M$ 

!  !!!# (!0!0) studied (under-way) at KLOE 

!  Data sample: 240 pb%1 @ "s = 1 GeV  
    (reduced bckg contamination from $) 

!  Selected channels: #"&+&%&0/&0&0&0'

!  Main background: $!#! with 
    undetected recoil photon 

Analyses	  on	  L=242.5	  pb-‐1	  off-‐peak	  data	  
(collected	  at	  √s=1	  GeV):	  
• 	  e+e-‐	  →	  e+e-‐η	  	  
• 	  e+e-‐	  →	  e+e-‐π0π0	  

e±	  tagging	  mandatory	  to	  study	  γγ	  processes	  at	  √s=1.02	  GeV	  
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Analyses	  on	  L=242.5	  pb	  -‐1	  off-‐peak	  (√s=1	  GeV)	  
data:	  

• 	  e+e-‐	  →	  e+e-‐	  η,	  η→π0π0π0,	  η→π+π-‐π0	  

	  	  	  [JHEP01(2013)119]	  

• 	  	  e+e-‐	  →	  e+e-‐	  π0π0	  (work	  in	  progress)	  

γγ	  physics	  with	  KLOE	  data	  
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e+e-‐	  →	  e+e-‐	  η	  
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Two	  channels:	  

η	  →	  π0	  π0	  π0	   η	  →	  π+	  π-‐	  π0	  

• 	  6γ	  only	  with	  E>15	  MeV,	  	  	  	  	  	  	  
	  	  	  230<ϑ<1570,	  	  
	  	  |t-‐r/c|<3σt	  
• 	  no	  tracks	  in	  the	  drij	  chamber	  
• 	  γγ	  pairing	  

• 	  kinemaHc	  fit	  requiring	  M6γ=	  mη	  	  

• 	  2γ	  only	  with	  E>15	  MeV,	  	  	  	  	  	  	  
	  	  	  230<ϑ<1570,	  	  
	  	  |t-‐r/c|<3σt	  
• 	  2	  tracks	  with	  opposite	  charge	  	  
	  	  from	  a	  cylinder	  ρPCA	  <	  8	  cm,	  	  
	  	  |zPCA|	  <	  8	  cm,	  ρfirst-‐hit	  <	  50	  cm	  	  
• 	  γγ	  pairing	  to	  renconstruct	  π0	  
• 	  electron-‐pion	  likelihood	  cut	  	  
• 	  kinemaHc	  fit	  requiring	  Mππγ=	  mη	  	  
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e+e-‐	  →	  e+e-‐	  η:	  2D	  fits	  
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η	  →	  π0	  π0	  π0	  

η	  →	  π+	  π-‐	  π0	  



e+e-‐	  →	  e+e-‐	  η:	  results	  

σ(e+e-‐	  →	  e+e-‐	  η,	  √s	  =	  1	  GeV)	  	  =	  (32.0	  ±	  1.5stat	  ±	  0.9syst	  ±	  0.2BR(η	  →	  3π))	  pb	  

σ(e+e-‐	  →	  e+e-‐	  η,	  √s	  =	  1	  GeV)	  	  =	  (34.5	  ±	  2.5stat	  ±	  1.0syst	  ±	  0.7FF	  ±	  0.4BR)	  pb	  

σ(e+e-‐	  →	  e+e-‐	  η,	  √s	  =	  1	  GeV)	  	  =	  (32.7	  ±	  1.3stat	  ±	  0.7syst)	  pb	  

Neutral	  channel,	  ≈	  720	  signal	  events:	  

Charged	  channel,	  ≈	  390	  signal	  events:	  

Combined	  

Γ(η→γγ)	  extracted	  (see	  reference	  for	  details	  on	  luminosity	  funcHon	  and	  FF	  
parametrizaHon):	  

Γ(η → γγ) = (520± 20stat ± 13syst) eV
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Most	  precise	  measurement,	  
In	  agreement	  with	  PDG	  value	  

(510±26)	  eV	  
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e+e-‐	  →	  e+e-‐	  π0π0(work	  in	  progress)	  
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Subtracted	  m4γ	  
spectrum	  

KSKL	  
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ηγ	  

Cut-‐based	  and	  mulHvariate	  analysis	  

Excess	  of	  events	  

(possible	  producHon	  of	  σ(500)	  as	  a	  resonant	  intermediate	  state)	  

Analysis	  cuts	  
• 	  4γ	  only	  with	  E>15	  MeV,	  |t-‐r/c|<5σt,	  in	  
	  	  acceptance	  (230<ϑ<1570)	  
• 	  no	  tracks	  
• 	  no	  late	  clusters	  
• 	  machine	  bkg	  selected	  from	  data	  by	  	  	  
	  	  topological	  criteria	  

MulHvariate	  analysis	  using	  TMVA	  package	  
-‐>	  cut	  on	  the	  MVA	  output	  

e+	  e-‐	  annhiliaHon	  processes	  normalized	  
according	  to	  XsecHons	  	  

machine	  	  background	  esHmaHon	  	  

bkg	  



γγ	  physics	  @	  KLOE-‐2:	  e+e-‐	  taggers	  

Outcoming	  e±	  tagging	  
allow	  to	  close	  kinemaHcs	  
→	  rejecHon	  of	  ϕ	  decays	  
background	  	  
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HET:	  E	  >	  400	  MeV	  
 	  11	  m	  from	  IP	  
 	  	  Scin>llator	  hodoscopes	  
 	  	  σE	  ≈	  2.5	  MeV,	  σT	  ≈	  200	  ps	  	  
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2+2 !! taggers installed for the KLOE-2 run 
Determine lepton momenta in e+e-!e+e-!"!"!e+e-X 

LET : E=160#230 MeV 
!  Inside KLOE detector 
!  LYSO+SiPM calorimeters 
!  $E<10% for E>150 MeV 

HET : E > 400 MeV 
!  11 m from IP 
!  Scintillator hodoscopes 
!  $% ~ 2.5 MeV, $T ~ 200 ps 

From KLOE to KLOE-2: !! taggers 

3 
3 

LET 
HET 

LET:	  160-‐230	  MeV	  
 	  Inside	  KLOE	  
 	  	  LYSO	  +	  SiPM	  calorimeters	  
 	  	  σE	  <	  10%	  for	  E>150	  MeV	  	  
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γγ	  physics	  @	  KLOE-‐2:	  e+e-‐	  taggers	  



PROSPECTS	  

e+e-‐	  →	  e+e-‐	  π0	  with	  KLOE-‐2	  
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e+e-‐	  →	  e+e-‐	  π0	  @	  KLOE-‐2:	  MoHvaHons	  
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KLOE-2 prospects: e+e!!e+e!"0#
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The coincidence between KLOE and HET 
taggers select a very clean sample  
of  ~1900 events per fb-1 ($eff = 3.4 pb)  

The coincidences between KLOE and one 
of  the HET stations are used 

i

�
d4xeq1·x�0|Tjµ(x)jν(0)|π0(q1 + q2)� = �µνρσq

ρ
1q

σ
2Fπ0γ∗γ∗(q21 ,q

2
2)

<VVA>	  QCD	  Green	  funcHon	  with	  pion	  on-‐shell	  

Pu�ng	  γs	  on-‐shell	  too	  one	  
obtains	  the	  π0→γγ	  width:	  

F2
π0γ∗γ∗(q21 = 0, q22 = 0) =

4

πα2m3
π

Γπ0→γγ

q1	  

q2	  

• 	  Never	  studied	  experimentally	  as	  a	  
funcHon	  of	  both	  photons	  virtualiHes	  in	  
the	  space-‐like	  region	  
• 	  Studied	  with	  limited	  accuracy	  in	  the	  
>me-‐like	  region	  [Phys.Rev.Le\.	  100	  
(2008)	  182001]	  

Fπ0γ∗γ∗(q21 , q
2
2) F (Q2) ≡ Fπ0γ∗γ∗(−Q2

1, q
2
2 = 0), Q2 ≡ −q2

TFF	  with	  one	  on-‐shell	  and	  one	  off-‐shell	  
photon	  measured	  at	  large	  space-‐like	  q2	  	  	  	  
(-‐q2>0.5	  GeV)	  by	  
• 	  CELLO	  [Z.Phys.	  C49	  (1991)	  401]	  
• 	  CLEO	  [Phys.Rev.	  D57	  (1998)	  33]	  
• 	  BaBar	  [Phys.Rev.	  D80	  (2009)	  052002]	  
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e+e-‐	  →	  e+e-‐	  π0	  with	  KLOE-‐2	  

3	  goals:	  

  Measure	  Γ(π0→γγ)	  

  Extract	  F(Q2)	  	  
	  	  	  	  (fill	  in	  the	  low	  Q2	  gap)	  

  Hdronic	  light-‐by-‐light	  contribuHon	  
	  	  	  	  	  to	  the	  muon	  g-‐2	  	  
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KLOE-2 prospects: e+e!!e+e!"0#
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The coincidence between KLOE and HET 
taggers select a very clean sample  
of  ~1900 events per fb-1 ($eff = 3.4 pb)  

The coincidences between KLOE and one 
of  the HET stations are used 
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q2	  

q1	  

q2	  

π0	  
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• 	  Both	  leptons	  tagged	  
(HET-‐HET	  coincidence)	  
• 	  π0	  →	  γγ	  in	  KLOE	  

Γ(π0	  →	  γγ	  )	  
measurement	  	  

• 	  one	  lepton	  in	  the	  
HET,	  the	  other	  in	  
KLOE	  
• 	  π0	  →	  γγ	  in	  KLOE	  

F(Q2)	  measurement	  	  

π0	  
γ	  

γ	  

Events	  simula>on	  performed	  with	  EKHARA	  MC	  generator	  
	  [Comp.Phys.Comm.	  182,	  6	  (2011)	  1338-‐1349]	  
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e+e-‐	  →	  e+e-‐	  π0	  with	  KLOE-‐2	  

q1	  

q2	  



π0→	  γγ	  width	  

2

tion 2), which can reach a similar accuracy, is highly
desirable.

The first aim of this letter is to demonstrate that
a per cent level of precision can be achieved in the
measurement of Γπ0→γγ by the KLOE-2 experiment at
Frascati (Section 3), where the first phase of data taking
(step-0) is expected to have the integrated luminosity
of 5 fb−1 [12].

Putting the pion on-shell in the QCD Green’s func-
tion 〈V V A〉, one can defines the π0γ∗γ∗ form factor
Fπ0γ∗γ∗(q21 , q

2
2)

i

∫

d4xeiq1·x〈0|T {jµ(x)jν(0)}|π0(q1 + q2)〉

= εµνρσq
ρ
1q

σ
2Fπ0γ∗γ∗(q21 , q

2
2), (1)

where jµ is the electromagnetic current of the light
quarks (u, d, s), εµνρσ is the Levi-Civita symbol and q1
and q2 are the 4-momenta of the off-shell photons. The
form factor for real photons is related to the π0 → γγ
decay width:

F2
π0γ∗γ∗(q21 = 0, q22 = 0) =

4

πα2m3
π

Γπ0→γγ . (2)

The form factor Fπ0γ∗γ∗(q21 , q
2
2) as a function of both

photon virtualities has never been studied experimen-
tally in the space-like region, and studied with very
limited accuracy in the time-like region [13]. The pion-
photon transition form factor F (Q2) with one on-shell
and one off-shell photon

F (Q2) ≡ Fπ0γ∗γ∗(−Q2, q22 = 0), Q2 ≡ −q2 (3)

has been measured in the experiments CELLO [14],
CLEO [15] and BaBar [16] at large space-like momenta
(Q2 ≥ 0.5 GeV2).

The second aim of this letter is to show that the
KLOE-2 experiment can perform the first measurement
of F (Q2) in the space-like region in the vicinity of the
origin, namely for 0.01 < Q2 < 0.1 GeV2 (Sections 2, 4).

The third aim of this letter is to estimate the impact
of the proposed KLOE-2 measurements on the evalua-
tion of the Standard Model prediction for the anoma-
lous magnetic moment of the muon, aµ (Section 5).
The theoretical value of aµ is currently limited by un-
certainties from the hadronic vacuum polarization and
the hadronic light-by-light (LbyL) scattering contribu-
tion. The value of the latter is currently obtained us-
ing hadronic models (e.g., [17,18,19,20]) and leads to
an uncertainty in aµ of (26 − 40)× 10−11 (the Dyson-
Schwinger approach [21] is still far from this value),
which is almost as large as the one from hadronic vac-
uum polarization ∼ (40− 50)× 10−11 [22,23]. For com-
parison, the precision of the Brookhaven g − 2 exper-
iment is 63 × 10−11 [24]. In view of the proposed new

g−2 experiments at Fermilab [25] and JPARC [26] with
a precision of 15× 10−11, the hadronic LbyL contribu-
tion needs to be controlled much better, in order to fully
profit from these new experiments to test the Standard
Model and constrain New Physics. According to model
calculations, the exchange of neutral pions yields the
numerically dominant contribution, aLbyL;π

0

µ , to the fi-
nal result for hadronic LbyL scattering.

The conclusions are given in Section 6.

2 The basics of width and form factor

measurement

Since the original proposal of Low [27] to measure the
width of a neutral pion decay into two photons us-
ing the e+e− → e+e−π0 process, only at DESY this
measurement has been done using this method, with
the result Γπ0→γγ = 7.7 ± 0.5 ± 0.5 eV [28]. It was
stressed in [29] and [30] that for a precision measure-
ment of π0 width via the “γγ fusion” (γγ → π0) pro-
cess, one needs to improve the original Low’s proposal.
Namely, instead of a no-tag experiment (like [28]), one
should perform a lepton double-tagging at small an-
gles. For the φ–factory DAΦNE a detailed study was
performed in [31], where a lepton tagging system was
proposed, which, however, was not installed. This pro-
posal was reconsidered for the KLOE-2 [12] experiment
at DAΦNE. The two Low Energy Taggers (LET) [32]
and two High Energy Taggers (HET) [33] were specially
designed for this experiment and will allow detection of
electrons and positrons, scattered at very small polar
angles (θ < θmax ≈ 1o) in two domains of lepton en-
ergy. For the present letter only information coming
from HET is considered. The effect of the LET detec-
tors and of those to be installed in the near future (see
Ref. [12]) will be the subject of a forthcoming investi-
gation.

One can extract the value of the partial decay width
from data, using the formula

Γπ0→γγ =
Nπ0

ε L
Γ̃π0→γγ

σ̃e+e−→e+e−π0

, (4)

where Nπ0 is the number of detected pions, ε accounts
for the detection acceptance and efficiency, L is the
integrated luminosity, Γ̃π0→γγ is the model π0 width
and σ̃e+e−→e+e−π0 is the cross section obtained with a
Monte Carlo simulation using the same model as for
the Γ̃π0→γγ calculation.

The form factor F (Q2) can be evaluated through
the relation

F 2(Q2)

F 2(Q2)MC
=

( dσ
dQ2 )data

( dσ
dQ2 )MC

, (5)

Feasible	  at	  1%	  with	  5-‐6	  �-‐1	  
(lepton	  double-‐tagging)	  

Clean	  sample	  selected	  requiring	  
both	  photons	  in	  the	  barrel	  of	  the	  
EMC	  and	  HET-‐HET	  coincidence	  
(small	  virtuality	  of	  the	  photons)	  
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Theory	  (1.4%	  accuracy):	  

Γtheor
π0→γγ = 8.09± 0.11 eV

Most	  precise	  measurement:	  PrimEx	  Coll	  
[PRL	  106,	  162303	  (2011)]	  @	  2.8%	  

Γπ0→γγ = 7.82± 0.14± 0.17 eV
(using	  Primakoff	  effect-‐>	  huge	  model	  
dependence	  in	  modelling	  the	  nuclear	  int.)	  

KLOE-‐2	  PROSPECTS:	  

e+e-‐	  →	  e+e-‐	  π0	  with	  KLOE-‐2	  
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γ*γ	  π0	  transiHon	  form	  factor	  
One	  can	  measure	  (dσ/dQ2)data	  	  

Extract	  F(Q2)	  from	  
e-‐→	  KLOE	  →	  0.01	  <	  |q2|	  <	  0.1	  GeV2	  
e+→	  HET	  →	  |q2|	  <	  10-‐3	  GeV2	  

Lowest	  meson	  dominance	  with	  
two	  vector	  mulHplets	  assumed	  
(LMD+V)	  for	  the	  FF	  

e+e-‐	  →	  e+e-‐	  π0	  with	  KLOE-‐2	  
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γ*γ	  π0	  transiHon	  form	  factor	  

a ≡ m2
π

1

Fπ0γ∗γ∗(0, 0)

�
dFπ0γ∗γ∗(q2, 0)

dq2

�

q2=0

Filling	  the	  gap	  at	  Q2<0.5	  GeV2	   One	  can	  then	  evaluate	  the	  slope	  par.	  
of	  the	  FF:	  

PDG	  average	  dominated	  by	  CELLO	  result:	  

Citation: J. Beringer et al. (Particle Data Group), PR D86, 010001 (2012) (URL: http://pdg.lbl.gov)

Γ
(

µ
− e+

)

/Γtotal Γ14/ΓΓ
(

µ
− e+

)

/Γtotal Γ14/ΓΓ
(

µ
− e+

)

/Γtotal Γ14/ΓΓ
(

µ
− e+

)

/Γtotal Γ14/Γ
Forbidden by lepton family number conservation.

VALUE (units 10−9) CL% EVTS DOCUMENT ID TECN COMMENT

<3.4<3.4<3.4<3.4 90 0 APPEL 00B B865 K+ → π+ e+µ−

[

Γ
(

µ
+ e−

)

+ Γ
(

µ
− e+

)
]

/Γtotal Γ15/Γ
[

Γ
(

µ
+ e−

)

+ Γ
(

µ
− e+

)
]

/Γtotal Γ15/Γ
[

Γ
(

µ
+ e−

)

+ Γ
(

µ
− e+

)
]

/Γtotal Γ15/Γ
[

Γ
(

µ
+ e−

)

+ Γ
(

µ
− e+

)
]

/Γtotal Γ15/Γ
Forbidden by lepton family number conservation.

VALUE (units 10−9) CL% DOCUMENT ID TECN COMMENT

< 0.36< 0.36< 0.36< 0.36 90 ABOUZAID 08C KTEV K0
L

→ 2π0µ± e∓

• • • We do not use the following data for averages, fits, limits, etc. • • •

< 17.2 90 KROLAK 94 E799 In K0
L
→ 3π0

<140 HERCZEG 84 RVUE K+ → π+µe

< 2 × 10−6 HERCZEG 84 THEO µ− → e− conversion

< 70 90 BRYMAN 82 RVUE K+ → π+µe

π
0 ELECTROMAGNETIC FORM FACTORπ
0 ELECTROMAGNETIC FORM FACTORπ
0 ELECTROMAGNETIC FORM FACTORπ
0 ELECTROMAGNETIC FORM FACTOR

The amplitude for the process π0 → e+ e−γ contains a form factor F(x)

at the π0γγ vertex, where x = [m
e+ e−

/m
π0 ]2. The parameter a in the

linear expansion F(x) = 1 + ax is listed below.

All the measurements except that of BEHREND 91 are in the time-like
region of momentum transfer.

LINEAR COEFFICIENT OF π
0 ELECTROMAGNETIC FORM FACTORLINEAR COEFFICIENT OF π
0 ELECTROMAGNETIC FORM FACTORLINEAR COEFFICIENT OF π
0 ELECTROMAGNETIC FORM FACTORLINEAR COEFFICIENT OF π
0 ELECTROMAGNETIC FORM FACTOR

VALUE EVTS DOCUMENT ID TECN COMMENT

0.032 ±0.004 OUR AVERAGE0.032 ±0.004 OUR AVERAGE0.032 ±0.004 OUR AVERAGE0.032 ±0.004 OUR AVERAGE

+0.026 ±0.024 ±0.048 7548 FARZANPAY 92 SPEC π− p → π0n at
rest

+0.025 ±0.014 ±0.026 54k MEIJERDREES92B SPEC π− p → π0n at
rest

+0.0326±0.0026±0.0026 127 20 BEHREND 91 CELL e+ e− →
e+ e−π0

−0.11 ±0.03 ±0.08 32k FONVIEILLE 89 SPEC Radiation corr.
• • • We do not use the following data for averages, fits, limits, etc. • • •

0.12 +0.05
−0.04

21 TUPPER 83 THEO FISCHER 78 data

+0.10 ±0.03 31k 22 FISCHER 78 SPEC Radiation corr.
+0.01 ±0.11 2200 DEVONS 69 OSPK No radiation corr.
−0.15 ±0.10 7676 KOBRAK 61 HBC No radiation corr.
−0.24 ±0.16 3071 SAMIOS 61 HBC No radiation corr.

20BEHREND 91 estimates that their systematic error is of the same order of magnitude as
their statistical error, and so we have included a systematic error of this magnitude. The
value of a is obtained by extrapolation from the region of large space-like momentum
transfer assuming vector dominance.

21TUPPER 83 is a theoretical analysis of FISCHER 78 including 2-photon exchange in the
corrections.

22The FISCHER 78 error is statistical only. The result without radiation corrections is
+0.05 ± 0.03.

HTTP://PDG.LBL.GOV Page 7 Created: 6/18/2012 15:09

Data	  at	  low	  Q2	  can	  provide	  a	  validaHon	  
for	  the	  FF	  parametrizaHon	  (according	  to	  
VMD)	  used	  by	  CELLO	  for	  fi�ng	  their	  
data	  

e+e-‐	  →	  e+e-‐	  π0	  with	  KLOE-‐2	  



π0	  exchange	  contribuHon	  dominant	  
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Hadronic	  LbL	  term	  to	  the	  muon	  g-‐2	  

Full	  off-‐shell	  TFF	  needed	  

aμLbyL;	  π	  evaluated	  using	  hadronics	  models	  	  any	  experimental	  informaHon	  on	  TFF	  
important	  to	  constrain	  models	  

Fπ0∗,γ∗γ(m
2
π0 , q21 , q

2
2)

Fπ0,γ∗γ(m
2
π0 , q21 , 0)A	  measurement	  with	  KLOE-‐2	  of	   can	  be	  only	  sensiHve	  

to	  a	  subset	  of	  the	  
model	  parameters	  

e+e-‐	  →	  e+e-‐	  π0	  with	  KLOE-‐2	  
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Hadronic	  LbL	  term	  to	  the	  muon	  g-‐2:	  
KLOE-‐2	  impact	  on	  accuracy	  	  

Some	  models	  are	  very	  sensiHve	  
to	  the	  variaHon	  of	  the	  
parameters	  related	  to	  the	  off-‐
shellness	  of	  the	  pion:	  	  
e.g.	  off-‐shell	  LMD+V	  model	  

Other	  models	  do	  not	  have	  these	  
sources	  of	  uncertainty:	  	  
e.g.	  VMD	  model	  	  	  

EsHmate	  of	  KLOE-‐2	  impact	  on	  the	  
accuracy	  of	  aμLbyL;	  π:	  one	  uses	  EKHARA	  
e+e-‐	  →	  e+e-‐	  π0	  simulaHon	  as	  new	  
“data”	  and	  consider	  the	  sets:	  
• 	  A1:	  CELLO,	  CLEO,	  PrimEx(PDG)	  
• 	  A2:	  CELLO,	  CLEO,	  PrimEx,	  KLOE-‐2	  
• 	  B1:	  CELLO,	  CLEO,	  BaBar,	  PrimEx(PDG)	  
• 	  B2:	  CELLO,	  CLEO,	  BaBar,	  PrimEx,	  KLOE-‐2	  

	  aμLbyL;	  π	  evaluated	  fi�ng	  LMD+V	  and	  VMD	  
models	  to	  these	  sets	  following	  2	  
approaches:	  Jegerlehner-‐Nyffler	  (JN)	  and	  
Melnikov-‐Vainshtein	  (MV)	  	  	  	  	  

e+e-‐	  →	  e+e-‐	  π0	  with	  KLOE-‐2	  

Phys.	  Rev.	  D79	  (2009)	  073012	  
Phys.	  Rev.	  D70	  (2004)	  113006	  
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Hadronic	  LbL	  term	  to	  the	  muon	  g-‐2	  
6

Table 1 Estimate of KLOE-2 impact on the accuracy of aLbyL;π0

µ in case of one year of data taking (5 fb−1). For calculation
we used the Jegerlehner-Nyffeler (JN) [19,20] and Melnikov-Vainshtein (MV) [17] approaches. The values marked with asterisk
(*) do not contain additional uncertainties coming from the “off-shellness” of the pion (see the text). Data sets used for fits
(A0, A1, A2, B0, B1, B2) — see the text, eq. (9).

Model Data χ2/d.o.f. Parameters aLbyL;π0

µ × 1011

VMD A0 6.6/19 MV = 0.778(18) GeV Fπ = 0.0924(28) GeV (57.2 ± 4.0)JN

VMD A1 6.6/19 MV = 0.776(13) GeV Fπ = 0.0919(13) GeV (57.7 ± 2.1)JN

VMD A2 7.5/27 MV = 0.778(11) GeV Fπ = 0.0923(4) GeV (57.3 ± 1.1)JN

VMD B0 77/36 MV = 0.829(16) GeV Fπ = 0.0958(29) GeV —
VMD B1 78/36 MV = 0.813(8) GeV Fπ = 0.0925(13) GeV —
VMD B2 79/44 MV = 0.813(5) GeV Fπ = 0.0925(4) GeV —

LMD+V, h1 = 0 A0 6.5/19 h̄5 = 6.99(32) GeV4 h̄7 = −14.81(45) GeV6 (72.3 ± 3.5)∗JN

(79.8 ± 4.2)MV

LMD+V, h1 = 0 A1 6.6/19 h̄5 = 6.96(29) GeV4 h̄7 = −14.90(21) GeV6 (73.0 ± 1.7)∗JN

(80.5 ± 2.0)MV

LMD+V, h1 = 0 A2 7.5/27 h̄5 = 6.99(28) GeV4 h̄7 = −14.83(7) GeV6 (72.5 ± 0.8)∗JN

(80.0 ± 0.8)MV

LMD+V, h1 = 0 B0 65/36 h̄5 = 7.94(13) GeV4 h̄7 = −13.95(42) GeV6 —
LMD+V, h1 = 0 B1 69/36 h̄5 = 7.81(11) GeV4 h̄7 = −14.70(20) GeV6 —
LMD+V, h1 = 0 B2 70/44 h̄5 = 7.79(10) GeV4 h̄7 = −14.81(7) GeV6 —

LMD+V, h1 #= 0 A0 6.5/18 h̄5 = 6.90(71) GeV4 h̄7 = −14.83(46) GeV6 h1 = −0.03(18) GeV2 (72.4 ± 3.8)∗JN

LMD+V, h1 #= 0 A1 6.5/18 h̄5 = 6.85(67) GeV4 h̄7 = −14.91(21) GeV6 h1 = −0.03(17) GeV2 (72.9 ± 2.1)∗JN

LMD+V, h1 #= 0 A2 7.5/26 h̄5 = 6.90(64) GeV4 h̄7 = −14.84(7) GeV6 h1 = −0.02(17) GeV2 (72.4 ± 1.5)∗JN

LMD+V, h1 #= 0 B0 18/35 h̄5 = 6.46(24) GeV4 h̄7 = −14.86(44) GeV6 h1 = −0.17(2) GeV2 (71.9 ± 3.4)∗JN

LMD+V, h1 #= 0 B1 18/35 h̄5 = 6.44(22) GeV4 h̄7 = −14.92(21) GeV6 h1 = −0.17(2) GeV2 (72.4 ± 1.6)∗JN

LMD+V, h1 #= 0 B2 19/43 h̄5 = 6.47(21) GeV4 h̄7 = −14.84(7) GeV6 h1 = −0.17(2) GeV2 (71.8 ± 0.7)∗JN

Some comments about the BaBar data [16] are in
order here. This measurement of the pion transition
form factor does not show the 1/Q2 behavior as ex-
pected from earlier theoretical considerations [42,43,
44] and as seen in the CELLO and CLEO data (al-
though in the latter experiments the Q2 was maybe
not yet large enough). The situation is puzzling, since
BaBar observes for the η that Q2F (Q2) rises about
three times slower than for the pion, whereas the tran-
sition form factor of the η′ shows a 1/Q2 fall-off, see
Ref. [53]. Though several approaches exist, which claim
to be able to reconcile the data of Refs. [16] and [53]
(see, e.g., the results of Ref. [54]), the strong obstacles
for the theory to confront the data [16] are being widely
discussed lately (see [55,56]).

The VMD model always shows a 1/Q2 fall-off and
therefore is not compatible with the BaBar data. The
LMD+V model has another parameter, h1, which de-
termines the behavior of the transition form factor for
largeQ2. To get the 1/Q2 behavior according to Brodsky-
Lepage [42,43,44], one needs to set h1 = 0. However,
one can simply leave h1 as a free parameter and fit it
to the BaBar data, yielding h1 != 0 [48]. In this case the
form factor does not vanish at Q2 → ∞. Since VMD
and LMD+V with h1 = 0 are not compatible with the
BaBar data (as can be seen from the large χ2 per de-
gree of freedom of the fits of the data sets B0, B1 and
B2 below), we will not evaluate aLbyL;π

0

µ for these cases.

For illustration, we use the following two approaches
to calculate aLbyL;π

0

µ :

– Jegerlehner-Nyffeler (JN) approach [19,20] with the
off-shell pion form factor;

– Melnikov-Vainshtein (MV) approach [17], where one
uses the on-shell pion form factor in one vertex and
the other vertex is constant (WZW).

Table 1 shows the impact of the (existing) PrimEx
and the (future) KLOE-2 measurements on the model
parameters (e.g., the normalization of the form factor)
and, consequently, on the aLbyL;π

0

µ uncertainty. The er-
rors of the fitted parameters are the MINOS (MINUIT
from CERNLIB) parabolic errors. The other parameters
of the (on-shell and off-shell) LMD+V model have been
chosen as in the papers [19,20,17]. We would like to
stress again that our estimate of the aLbyL;π

0

µ uncer-
tainty is given only by the propagation of the errors of
the newly fitted parameters listed in Table 1 and there-
fore we may not reproduce the total uncertainties of
aLbyL;π

0

µ given in the original papers.
We can clearly see from Table 1 that for each given

model and each approach (JN or MV), there is a trend
of reduction in the error for aLbyL;π

0

µ (related only to
the given model parameters) by about half when go-
ing from A0 (PDG) to A1 (including PrimEx) and by
about another half when going from A1 to A2 (includ-
ing KLOE-2). This is mainly due to the improvement
in the normalization of the form factor (decay width

PrimEx	  (PDG)	  -‐>	  KLOE:	  ≈	  2	  reducHon	  factor	  in	  the	  error	  	  

e+e-‐	  →	  e+e-‐	  π0	  with	  KLOE-‐2	  

Eur.	  Phys.	  J.	  C72	  (2012)	  1917	  



SUMMARY	  

23	  Ivan	  Prado	  Longhi@Photon2013	  

 	  KLOE@DAϕNE:	  good	  place	  to	  study	  γγ	  physics	  
Completed	  and	  ongoing	  analyses:	  γγ→η	  (published),	  γγ→π0π0	  	  	  

  e± taggers (both LET nd HET) installed; 
  Inner Tracker, QCALT and CCAL installation near to be                               
jjjjcompleted 
  Expect to collect O(10 fb-1) in the next 3 years 

 	  KLOE	  Upgrades:	  	  

 	  Promising	  e+e-‐	  →	  e+e-‐	  π0	  analysis	  with	  5-‐6	  �-‐1	  collected	  at	  KLOE-‐2:	  	  	  

  π0γγ	  width	  with	  staHsHcal	  error	  of	  	  ≈1% 
  Transition Form Factor in the space-like region at low Q2 
    with statistical error of < 6% in each bin -> test 
     consistency of the models fitted to CELLO, CLEO, BaBar 
     data    
  Pion-exchange contribution to the µ g-2: improvement of 
uncertainty, within several theoretical frames, thanks to KLOE-2 
data  
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e+e-‐	  →	  e+e-‐	  π0π0	  
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Subtracted	  m4γ	  
spectrum	  

KSKL	  

ωπ0	  

f0γ	  

ηγ	  

γγ	  →	  	  π0π0	  
MC*	  	  

KSKL	  

ωπ0	  

ηγ	  

Cut-‐based	  and	  mulHvariate	  analysis	  

Excess	  of	  events	  

(possible	  producHon	  of	  σ(500)	  as	  a	  resonant	  intermediate	  state)	  

*Eur.Phys.J	  C47(65)	  2006	  
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σ(e+e-‐	  →	  ηγ	  )	  

η→	  π+	  π-‐	  π0,	  SND	  

η→	  π0	  π0	  π0,	  SND	  

KLOE	  result	  
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21/12/2008 SIDDHARTA
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12/04/2007 Finuda best
16/09/2005 Kloe best
06/08/2002 Kloe best
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•  e+e- collider @ !s = M! 
•  2 interaction regions 
•  Separate e+ e- rings 
•  105+105 bunches 
•   2.7 ns bunch spacing 
•  I-/+

peak ~ 2.4/1.5 A  
•  "cross: 2"12.5 mrad 

New scheme 

Old scheme 

2008, new interaction scheme: 

Lnew ~ 3 " Lold 

Machine commissioning for KLOE-2  
completed 

Best performances (1999-2007): 
!    Lpeak = 1.4"1032 cm#2 s#1$

!  ∫Ldt = 8.5 pb-1/day 

DA%NE: the Frascati !-factory  DAϕNE:	  the	  FrascaH	  ϕ-‐factory	  
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KLOE	  data	  taking:	  2000-‐2006	  
Best	  performance:	  

Lpeak = 1.4× 1032 cm−2s−1
�

Ldt = 8.5 pb−1/day
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Electromagnetic 
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