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• 	  LNF φ-factory :  
e+e- collider @ √s ≈1020 MeV ≈ Mφ ;  
 
•  Best performances in 2005:  

•    Lpeak = 1.4 × 1032 cm-2s-1 

•    ∫ Ldt = 8.5 pb-1/day 

•   KLOE: 2.5 fb-1 @ √s=Mφ  and
   + 250 pb-1 off-peak @	  √s=1 GeV 

Drift chamber: 
 
•  gas: 90% He-10% C4H10 
•   δpT/pT = 0.4% 
•  σxy≈150 µm ; σz≈2 mm
•  σvertex≈1 mm

Calorimeter  (Pb-Sci.Fi.): 
 
•  σE/E = 5.7% / √(E(GeV)) 
•  σt = 55 ps/√(E(GeV))⊕100 ps  
•  98% of 4π

Data from off-peak 
data set are used 
essentially to study 
the channels : γγàη
and γγàπoπo



γγ - physics 
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Lint = 1 
fb-1

e+e- → e+e- γ*γ* → e+e-X 

σ (γγ → X) =	  	  Lint 

dNX 
dWγγ 

dL 
dWγγ 

(Wγγ = MX) 

X ≡ ππ σ	  meson 
ChPT tests 

X ≡ π0, η 2-photon  
widths  
transition  
FFs @ low q2 



Off-peak or tagger 
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	  TRUE, BUT... 
γγ events acquired at the φ peak would suffer from φ decays  
as background 

γγ channel (L = 10 fb-1) 

e+ e- → e+ e- π0 4 × 106 

e+ e- → e+ e- η 1 × 106 
e+ e- → e+ e- π+π- 2 × 106 
e+ e- → e+ e- π0π0 2 × 104 

φ	  decays	   Missing 
particle 

Events  
(L = 10 fb-1) 

Background 
for : 

KS(π0π0) KL KL ~ 109 π0π0

KS(π+π-) KL KL ~2×109         
π+π-π+ π- π0 π0 ~ 109 

η(γγ) γ γ ~ 108 η

π0(γγ) γ γ ~5×108 π0

Tagging γγ events by detecting  e+e- in the final state is mandatory to 
reduce backgrounds, otherwise we have to run off-peak from the φ 
events  

γγ physics can be done at a φ–factory, on the φ peak: 
gives access to many interesting final states through photon 
emission from both colliding electron and positron 



KLOE-1 off-peak : γγàη
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Figure 7. Projections of the 2-dimensional fit. Left: distribution of the 6γ longitudinal momentum.
Right: distribution of the squared missing mass. The contribution of the signal is blue, e+e− → ηγ
is red.
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Figure 8. Distribution of the 6γ transverse momentum. The contribution of the signal is blue,
e+e− → ηγ is red

to a 0.7% fractional error. We obtain σ(e+e− → e+e−η → e+e−3π0) = (10.43± 0.48stat ±
0.29syst ± 0.07FF) pb. The analysis of the systematic uncertainties of the e+e− → ηγ

measurement leads to a relative error of 0.6%: we obtain σ(e+e− → ηγ → 3π0γ) =

(278.0±8.1stat±1.7syst) pb. Using for the branching fraction the value BR(η → π0π0π0) =

– 13 –

ηàποποπο 
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Variable Range δσ/σ(%)

χ2
γγ 12 - 16 -0.51 +0.83

χ2
η 17 - 23 -0.26 -0.68

M6γ 610MeV - 650MeV -1.33 +2.38

Table 5. Systematic errors determined varying the cuts for each variable for the σ(e+e− →
e+e−η → e+e−3π0) measurement. Varying the cut on Eγ1 gives a negligible contribution.

0.3257± 0.0023 [34], we obtain

σ(e+e− → e+e−η) = (32.0± 1.5stat ± 0.9syst ± 0.2FF ± 0.2BR) pb (6.1)

and

σ(e+e− → ηγ) = (853± 25stat ± 5syst ± 6BR) pb . (6.2)

7 Determination of Γ(η → γγ)

The two values of the cross section in equations (5.3) and (6.1) are combined accounting

for the following sources of correlation:

• systematic uncertainties are correlated due to the requirements on the neutral prompt

clusters, the photon energy, time and position resolutions common to both selections

and fit procedures;

• the determination of the signal efficiencies for the two measurements that share the

same transition form factor;

• the systematic error in the measurement of the luminosity [31];

• the correlation between the η → π+π−π0 and η → 3π0 branching ratios [34].

From the combination of the two measurements we derive

σ(e+e− → e+e−η) = (32.7± 1.3stat ± 0.7syst) pb . (7.1)

The partial width of the η meson, Γ(η → γγ), can be determined from equations (2.1)

and (2.2). The γγ differential luminosity is calculated following reference [25], the program

computes also the transition form factor as parametrized in equation (2.3), for the same

values of the bη parameter used in evaluating the e+e− → e+e−η cross section. Since the

values of the 4-momenta q1 and q2 sampled in the two decay modes analyzed in sections 5

and 6 can be slightly different, the partial width is determined separately for the two

decays. The theoretical error in evaluating σ(γγ → η) has been added to the systematic

error due to the form factor. From the two values of the e+e− → e+e−η cross section, (5.3)

and (6.1), we derive

η → π+π−π0 Γ(η → γγ) = (548± 40stat ± 16syst ± 14FF ± 7BR) eV ,

η → π0π0π0 Γ(η → γγ) = (509± 23stat ± 14syst ± 8FF ± 4BR) eV .
(7.2)

The two measurements are combined accounting for their correlations to derive

Γ(η → γγ) = (520± 20stat ± 13syst) eV . (7.3)
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Figure 4. Projections of the 2-dimensional fit. Left: distribution of the transverse momentum
of the π+π−γγ system. Right: distribution of the squared missing mass. The contribution of the
signal is blue, e+e− → ηγ is red, e+e− → ωπ0 is black, e+e− → e+e−γ is green, e+e− → K+K−

is light blue and e+e− → KSKL is purple.
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Figure 5. Distribution of the longitudinal π+π−γγ momentum. The contribution of the signal is
blue, e+e− → ηγ is red, e+e− → ωπ0 is black, e+e− → e+e−γ is green, e+e− → K+K− is light
blue and e+e− → KSKL is purple.

are compared for data and MC simulation, weighted by the fractions fi returned by the

fit, and good agreement is observed. The fit finds 394± 29 signal events.

– 9 –
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KLOE-1 off-peak : γγàποπο	  
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KLOE-2 : new γγ taggers 

HET e+  

HET e-  

LET e+  

LET e-  

e+e− → e+e−γ *γ * → e+e− 

γγ taggers 

KLOE 

   X



LET characteristics 

LET: Low Energy 
Tagger(160-230 MeV) 
lepton energy 

Calorimeters, LYSO + SiPM   

7.5 cm 

6 cm 

12 cm 



LET system and performance 
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•  3rd  term is fixed, since we have about 5 MeV noise 
•  Statistical term higher than expected  (20 p.e./MeV → less than 1%/E1/2(GeV)) 
•  Contribution to constant term due to lateral leakage (matrix not fully readout) 
•  There is an unknown contribution from the beam 
•  Resolution is better than 10% for E > 150 MeV 



LET acceptance 
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L*H
L*L

In this study we 
consider only the  
reaction γγàπ0π0 

•  Single arm acceptance: HET = 14%, 
LET = 17%  

•  Single Total acceptance (only 1 
tagger fired) = 54% 

•  Double arm acceptance (H*H + 
2*L*(H) + L*L) = 2+5+3 = 10% 

8 G. Colangelo et al. / Physics Letters B 738 (2014) 6–12

Fig. 3. e+e− → e+e−π0 and e+e− → e+e−ππ in time-like kinematics.

Although such detailed information about doubly-virtual pion–
photon interactions is currently not available, there are existing 
and planned measurements involving real or singly-virtual pro-
cesses, not only in space-like but also in time-like kinematics, see 
Fig. 3 for the doubly-virtual time-like case. All this information can 
be used to reconstruct, in turn, both the pion transition form factor 
as well as γ ∗γ ∗ → ππ partial waves using dispersion relations. 
The benefits from such a program are manifold: first, it makes sure 
that the resulting input for (2) and (3) is consistent with analyticity 
and unitarity. Second, it would allow for a global analysis of all in-
formation of pion–photon interactions from all kinematic regions. 
Third, it should allow for the identification of processes and kine-
matic regions that are responsible for the largest uncertainty in the 
final HLbL prediction and should therefore be subject to further 
experimental scrutiny. In this paper we do not yet make quantita-
tive statements, but rather identify processes potentially relevant, 
as well as overlap in the calculation of the one- and two-pion in-
put.

For the pion transition form factor some work along these 
lines has already been presented in [23–27]. Similarly, analyses 
of the on-shell process γ γ → ππ [28,29], the singly-virtual re-
action γ ∗γ → ππ [30], and, some first steps, for the doubly-
virtual case γ ∗γ ∗ → ππ [31] have been performed. In particular, 
in [31] it was shown how to properly account for so-called anoma-
lous thresholds [32,33], which emerge in time-like kinematics for 
γ ∗γ ∗ → ππ as a new feature concerning the analytic properties 
of the scattering amplitude.

A collection of processes relevant for the execution of this pro-
gram for one- and two-pion intermediate states is shown in Fig. 4. 
The line coding is such that gray boxes refer to the final ingre-
dients for aµ , black ones to quantities considered as input, and 
dashed boxes to quantities that can both be measured and cal-
culated theoretically. The last class of processes serves as a check 
of agreement between experiment and theory at various stages: 
the theoretical representations are often confined to elastic uni-
tarity and include at most ππ intermediate states, while some 
quantities, such as the pion vector form factor F π

V , are known 

experimentally to much higher precision, and at higher energies 
than accessible to the elastic approximation. In this way, the dif-
ference between the full experimental result and the dispersive 
reconstruction can be taken as indicative of the impact of higher 
intermediate states.

The crucial role of elastic unitarity is also a manifestation of 
the fact that by definition the dispersive formalism works best at 
low energies, where only a limited number of intermediate states 
contribute. Due to the energy denominators (and phase-space sup-
pression) this is precisely the energy region most relevant in the 
HLbL integrals, see (2), (3), and (4). Therefore, while high-energy 
data will be highly welcome when it comes to addressing the 
asymptotic behavior, to fix the parameters of the approach data 
in the low-energy region say for center-of-mass energies below 
1–1.5 GeV will be most beneficial and are expected to have the 
largest potential impact on the HLbL contribution.

3.1. Pion transition form factor

One of the central building blocks in Fig. 4 is ππ scatter-
ing, whose phase shifts, by virtue of Watson’s final-state theo-
rem [34], are required for the resummation of ππ rescattering 
corrections. The corresponding analyses of ω, φ → 3π [24] and 
γπ → ππ [25] give then access to the pion transition form fac-
tor with the isoscalar virtuality either fixed to the mass of ω, φ
or to a real isoscalar photon, respectively. In particular, the for-
malism provides a parametrization of γπ → ππ that can be used 
to extract the chiral γ 3π anomaly from data and thereby check 
the underlying low-energy theorem. For general isoscalar virtuali-
ties the normalization of the amplitude cannot be predicted within 
dispersion theory, but has to be fitted to data for the e+e− → 3π
spectrum. Combining the isoscalar and isovector channels allows 
for the confrontation with e+e− → π0γ data [35].

In order to illustrate the predictive power of the dispersive rep-
resentation of the various amplitudes, we discuss the number of 
subtractions in the program outlined above in some more detail. 
Both ω, φ → 3π and γπ → ππ are dominated by a single partial 
wave (the P -wave), and standard arguments on a realistic high-
energy behavior suggest a single subtraction constant should in 
principle be sufficient. This is given by the chiral anomaly F3π

for γπ → ππ (and can be used as theoretical input in the ab-
sence of a precise experimental extraction [25]), and can be de-
termined from the partial decay widths Γ3π of ω, φ → 3π for 
the decays [24]. Such singly-subtracted three-pion partial waves 
subsequently allow for an unsubtracted dispersion relation for the 

Fig. 4. Processes relevant for the dispersive reconstruction of the pion transition form factor and the helicity partial waves for γ ∗γ ∗ → ππ . Gray boxes refer to the final 
ingredients for aµ , black ones to quantities considered as input, and dashed boxes to quantities that can both be measured and calculated theoretically.
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Table 1
Processes and unitarity relations relevant for the pion transition form factor. The three panels rep-
resent q2

s = 0, q2
s = M2

ω, M2
φ , and general q2

s . The last two columns refer to observables necessary to 
fix indispensable (SC 1) and optional (SC 2) subtractions, respectively. γv/s denotes isovector/isoscalar 
photons, capital letters the partial wave relevant for the ππ rescattering. The last line is not formally 
a unitarity relation, but describes the parametrization of σ (e+e− → 3π).

corresponding transition form factors (with the charged-pion vec-
tor form factor as its sole additional input); in particular, sum rules 
exist for the decay widths Γπ0γ of ω, φ → π0γ [26] as well as for 
the chiral anomaly Fπ0γ γ for π0 → γ γ [25]. A representation of 
the corresponding unitarity relations, together with the list of nec-
essary and optional subtractions, is given in Table 1. The first panel 
refers to the process with vanishing isoscalar virtuality q2

s = 0, the 
second to q2

s = M2
ω, M2

φ , and the third to the general case.
As all these dispersion relations are constrained to elastic uni-

tarity, i.e. only take two-pion intermediate states (in the isovector 
P -wave channel) into account, the accuracy of these is expected
not to be perfect, and indeed can be checked experimentally. 
A high-statistics Dalitz plot for φ → 3π [36] was shown to be 
described perfectly only as soon as a second subtraction was in-
troduced to improve the convergence of the dispersive integrals, 
and to suppress inelastic effects [24]. Similarly, the theoretical am-
plitude to accurately extract the γ 3π anomaly from data was 

also formulated as a two-parameter, twice-subtracted representa-
tion for the cross section σ (γπ → ππ) [25]. The above-mentioned 
sum rules for transition form factor normalizations are found to be 
saturated by two-pion intermediate states at the 90% level; very 
similar results were also found for the (singly-virtual) η transition 
form factor [37]. In the general case, a second subtraction could be 
implemented by interpolating between q2

s = 0 and q2
s = M2

ω, M2
φ

with a representation analogous to the one used for the e+e− →
3π spectrum [35].

While improving on the accuracy of dispersive representations 
at low energies, additional subtractions in general lead to less con-
vergent amplitudes in the high-energy limit. In this sense, the 
number of subtractions chosen for the γ ∗ → 3π partial waves can-
not be considered independently of the dispersive representation 
for the transition form factors constructed therewith: in princi-
ple, oversubtracted partial waves for e+e− → 3π also necessitate 
a further subtraction for the transition form factors. For example, 



HET characteristics 
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The HET detector will be  
located at 11 m from  
the IP behind a bending 
Magnet : Plastics + PMTs  



HET acceptance 

Distance (mm)
20 40 60 80 100 120 140

En
er

gy
 (M

eV
)

430

440

450

460

470

480

490

500

p0        0.2411± 505.3 

p1        0.0027± -0.5872 

p0        0.2411± 505.3 

p1        0.0027± -0.5872 

HET Electron Energy Calibration HET detect leptons in 
energy range (20, 85) 
MeV. 
2 HET (e+e-) coincidence 
cover the energy range 
(40, 170) MeV : γγàπo 

could be measured from 
threshold up 30 MeV. 

The πo width could be measured  
The low Q2 of TFF for the reaction 
γ*γàπo could be measured 



π0 à γγ case 
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Where Fπcome 
from π->µν(γ) 
decay : 
Fπ=92.2±0.14 MeV 

WZW	  term	  

KLOE-2 data will fix 
the slope at Q2=0 

Q2	  

|F
(Q

2 )
|	  1

4π 2Fπ

PRIMEX data 

2.3	  %	  
2.9	  %	  

Phys.Rev.LeJ
.106:162303,2011	  

(1.4	  %)	  



 
 

πo TFFs 
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e+e- → e+e- πo 

γ* γ → πo → Amplitude ∝ F(M2
π,Q2, 0) 

Slope near Q2 = 0 crucial for hadronic LbL contribution to aµ 



Simulation in KLOE-2 case 
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D. Babusci et al., EPJC 72 (2012) 1917 : We aspect to 
collect ~ 10000 ev for Lint = 5fb-1 



Results on aµ
HLBL 
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•  There is also an additional error coming 
    from the “off-shellness” of the pion 



Experimental considerations 

We have developed a custon TDC module 
based on a Xilinx Virtex 5 FPGA 
It work in “Common Start”, the “Fiducial” is 
the “start” while HET plastics provide the 
“stop”. Conversion are made during the 
empty bunches “interval”.  
The LSB width is 625 ps in order to 
distinguish two consecutive bunches. 
Three DAΦNE revolution is acquired for 
each KLOE trigger  
  

Fiducial 

LET are located inside KLOE : we can use the KLOE DAQ without any 
problem of trigger synchronization. 
HET if located 11 m far from KLOE : we have to take care about the 
trigger and the events synchronization. 
The DAΦNE bunch structure could help us to manage this : 
  
B0 Bi Bn 

Empty bunches 2.7 ns 



HET TDC_V5 

NIM A 739  (2014) 75 



KLOE-2 : data taking campaign 

21.07.15 GGI 5 D. Domenici - Status of KLOE-2 

DAFNE delivered: 1030 pb-1 
KLOE recorded: 790 pb-1 (77% efficiency)   

Very good performance achieved in 
April-May is no more been reached 

after 5 days stop in week 26 

21.07.15 GGI 5 D. Domenici - Status of KLOE-2 

DAFNE delivered: 1030 pb-1 
KLOE recorded: 790 pb-1 (77% efficiency)   

Very good performance achieved in 
April-May is no more been reached 

after 5 days stop in week 26 

DAΦNE delivered 1030 pb-1, and KLOE record 790 pb-1. 
Which correspond 77 % average efficiency  



25/4	  →	  2/5	  	  (2015)	  

Low Energy Tagger 
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(bckg rate evaluated from out of time hits)   
•  Rough estimate of the radiative Bhabha 

expected  
     rate with e+ or e− on LET (from Babayaga MC)  
      ≈ 30 kHz on the whole LET (overestimated) 
      

•  LET calibration:  equalization with MIPs,  
      time alignment w.r.t. the EMC 
•  LET operation with circulating beams 
      ⇒    high background environment 

[ns]	  

TDC	  window	  	  
	  (	  	  250	  ns	  )	  

•  Example of time distribution from data  
      ⇒ peak over a large background 
     Work in progress to understand   
     these events with LET “in time” with the EMC 
    



High Energy Tagger 

DAΦNE no collision test : bck ≈ 11 %  
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HET Events 
•  Bhabhayaga : σ=11 mb εH=4.4 % εHH=1.9x10-5 

(but radiative photons are not detected in 
KLOE). Visible σH=484µb and σHH=209nb 

•  Ekhara : e+e- à e+e-π0 : σ=280 pb εH=7.7 % 
εHH=1.4 %. Visible σH=21.6nb and σHH=3.9nb 

•  S/BH=44.6x10-6    S/BHH=10.3 % 

 
 
 



HET time structure 
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Entries  100001
Mean   0.3371
Std Dev     7.292
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hist232A
Entries  336492
Mean x   165.9
Mean y     167
Std Dev x   85.74
Std Dev y   86.03

hist232A
Entries  336492
Mean x   165.9
Mean y     167
Std Dev x   85.74
Std Dev y   86.03

TDC TriggerKloe vs Trigger HETA

HET – KLOE Synchronization  TDC(HETe-) – TDC(HETe+) 



Conclusion 
•  KLOE-1 γγàπoπo should published soon. 
•  KLOE-2 is running. Our goal is to collect 

~ 5 fb-1 in the next two years. 
 


