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�  Introduction 
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Momentum measurement 
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Momentum measurement 
Assume a uniform magnetic field B in a region of 

dimension L and a particle of trasverse momentum 
pT entering the region 

 
We define the “sagitta” s and suppose to measure it through 

3 points x1, x2 and x3: s = x2-(x1+x3)/2 
 
 
From s we get the transverse momentum, given the field B 

and the distance L between detectors 1 and 3 
The resolution on pT is:  
 
 
In case of N points rather than 3, the resolution is: 
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particle measurement : spectrometers 
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The Lorentz force bends a charged particle 
in a magnetic field ⇒ the particle 
momentum is computed from the 
measurement of a trajectory ℓ. Simple case: 

• track ⊥ B (or ℓ = projected trajectory); 

• B = constant; 
• ℓ ≪ R (i.e. α small, s ≪ R, arc ≈ chord); 
• then (p in GeV, B in T, ℓ R s in m) : 

 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 

• e.g. B = 1 T, ℓ = 1.7 m, ∆s = 200 μm →  
 ∆p/p =1.6 × 10-3 p (GeV); 
• in general, from N points at equal 

distance along ℓ, each with error ε : 
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Resolution of energy measurements 
through e.m. calorimetry 
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�  In general the energy resolution of an e.m. calorimeter is 
given in terms of σ(E)/E. 

�  Main contributions: 
�  a/√E ! due to statistics: sampling fluctuations and/or number 

of photoelectrons fluctuations; 
�  b/E ! tipically due to the fluctuations of a constant 

contribution to the energy (e.g. pedestal, electronic noise,…) 
�  c ! constant term: due to systematics, calibration, 

containment. 
�  All three terms contribute. Normally c dominates at high 

energies, and a at low/intermediate energies. b is present 
only in specific cases. 



Electromagnetic calorimetry 
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Designing an experiment 
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�  examples 



KLOE - I 

07/06/19 Methods in Experimental Particle Physics 8 

�  e+e- collisions at √s = 1.02 GeV = Mφ

�  Low multiplicity events well suited for “exclusive” analyses. 
�  Particles to detect (momentum range 50 ÷ 500 MeV): 

�  Pions  
�  Photons  
�  Electrons 
�  Muons 
�  Charged kaons from φ " K+K- (momentum = 130 MeV) 
�  Neutral Kaons (see later) 

�  At these low momenta, there are not “hadronic showers”, a pion is similar to a 
muon. On the other hand, electrons and photons are “e.m. showers”. 

�  Strategy: 
�  A tracking chamber in magnetic field to measure charged particles momenta 

(with some charged kaon discrimination through dE/dx measurement); 
�  A calorimeter on its back to measure photons, and to help in the discrimination 

between pions, muons and electrons through time-of-flight; 



KLOE - II 
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Specific KLOE case determines  
the detector overall dimensions: 

€ 

φ →K0K 0 →KSKL

p(K0) = 110.6 MeV/c 
τ(KS) =  0.8954 × 10-10 s  ! l(KS) = τ(KS) βγ c = 6 mm  
τ(KL) =  5.116 × 10-8 s   ! l(KL) = τ(KL) βγ c = 3.4 m  

A>50% (acceptance on KL) if 
R>2.3 m  
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SuperConducting Coil + Return Yoke 
 B ≈ 0.5 T 
 typical curvature radii 
 R = pT/0.3B = 33 ÷ 330 cm 

Drift chamber 
 ≈104 wires in stereo configuration 
 momentum measurement down to  
  50 MeV 
 typical track: ≈ 30 hits with 200 µm 
 space resolution each. 

Calorimeter 
 Lead-Scintillating fibers calorimeter 
 Read-out through 4880 PMTs 
 Energy resolution (record for 
 a sampling calorimeter) 
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E
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The KLOE drift chamber 
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Stereo wires 
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Y 

X 

η

Measurement of two coordinates in 
the two views: 

 Y=Y0

η=η0 
Each measurements is a line in the X-Y plane: 

 Y=Y0 
 Y=η0/cosθ + tgθ X 

Risolvo il sistema e ottengo (sinθ ≈ θ, cosθ ≈ 1) 
 X= (Y0cosθ - η0)/sinθ ≈ (Y0 - η0)/θ

NB: given σ(Y0) ~ σ(η0) 
! σ(X) = σ(Y0) √2/θ 

Y0 

η0 



The KLOE calorimeter 
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The KLOE calorimeter 
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lowered of !5% with a widening in the distribu-
tion of more than 30%. By adjusting the PMs high
voltages, we equalized the whole calorimeter at a
!5% level.

On April 1999, the first collisions were observed
in DAFNE; at the end of the first physics run, in
December 1999, an integrated luminosity of
!2.4 pb"1 has been collected. Bhabha and eþe"

! gg events have been used to set the energy and
time scales. The setting of the energy scale relies on
gg events that, in average, do not suffer energy
losses passing through the beam pipe or the drift
chamber walls. A scale factor of !38 (33)MeV/
MIP is obtained in the barrel (endcap) calorimeter;
considering the average number of photoelectrons
(pe) per MIP (35 pe/MIP) measured at the Cosmic
Rays Stand [2], a light yield of 2000 pe/GeV is
estimated, at calorimeter center, when summing
both sides. Using the KLOE tracking system, the
eþ; e" momenta of radiative Bhabha’s were
measured determining with good accuracy the g’s
energy (Eg). In the energy range between 20 and
400MeV, the fractional difference between the
calorimeter response and Eg as well as the
corresponding energy resolution are reported in
Fig. 1. In order to avoid the showers affected by
lateral energy leakage, only the g’s impinging

farther than 50 cm from the light guides are
considered. The energy resolution obtained scales
as s=E ’ 5:7%=

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

E=GeV
p

; the constant term is
practically negligible. The linearity in response is
better than 1% for energy above 50MeV while a
linearity drop up to 4% is observed between 20
and 50MeV. The resolution is in good agreement
with test beam results considering that showers
located in the regions between modules are also
used. In these ‘‘small’’ cracks an average drop in
response of !10% is observed. Work is in
progress to understand the response in these areas
and to correct the residual non-linearity. As a
check of the energy scale calibration, the invariant
mass of p0,Z and Ks decaying in n g’s final state
are reconstructed. These masses result in agree-
ment within 1% with the corresponding PDG
values.

The times measured at the two ends of a cell,
TA;B, allow us to reconstruct the arrival time of
particles and the coordinate along fibers. The
difference between the time offsets at the two ends,
DT0, and the speed of the light in the fibers, Vf , are
determined fitting the raw TA " TB spectra ob-
tained with around 106 cosmics. The precision on
the DT0 determination is of !40 ps, while the
relative error on Vf is !0.3%. The average value
of Vf found (16.7 cm/ns) is in agreement with
expectation and with independent measurements
done using the tracking chamber. Assuming ‘‘c’’–
speed and fitting the measured time pattern of the
fired cells in straight cosmic ray (Pt > 5 GeV)
events, the time offset of each single channel is
determined with a precision of !30 ps. A check of
this calibration is given by the velocity measure-
ment of cosmic rays as a function of their
momentum. A fit to the measured distribution
with the relativistic velocity cb ¼ cp=

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

p2 þm2
p

,
provides a value in good agreement with the muon
mass. Similar methods are used also in Ke3, Km3
events to get the pion and muon masses. The
absolute time scale in eþe" collisions is set, event
by event, imposing the fastest cluster timing to be
consistent with the expected g’s time of flight.
Using eþe" ! gg the period of the accelerator
radio frequency, RF, is obtained. A difference of
!1% between the measured and nominal RF
period is found. Work is in progress to correct the

Fig. 1. eþe" ! eþe"g: (a) Differential linearity vs. Eg,
(b) Energy resolution vs. Eg.

M. Adinolfi et al. / Nuclear Instruments and Methods in Physics Research A 461 (2001) 344–347346
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13. Photon detection efficiency

The photon detection efficiency can be evaluated
using various type of events, we have used the ones
listed below.

1. Radiative Bhabha events. Electron and posi-
tron momenta and angles from tracking deter-
mine the photon direction and energy.

2. f-pþp"p0: The energy and direction of one of
the two photons are evaluated using the
tracking information of the charged pions and
the direction of the other photon.

3. KL-pþp"p0: One photon direction and energy
are obtained as above. The p0 spectrum is
similar to the one of interest in CP measure-
ments.

The efficiency is the number of detected cluster
divided by the number of produced photons.
Clusters are searched in a cone within 3s’s of
the expected direction of the photon. The results,
in the energy range between 20 and 200 MeV
are shown in Fig. 38, and are in reasonable
agreement among each other. For energies
larger than 100 MeV a constant value of more
than 98% is observed. Below 100 MeV we observe
a loss in efficiency. This loss is mainly due to
the ADC and TDC thresholds. Another effect is
due to the clustering algorithm, where a compro-
mise is found between efficiency and background
rejection.

Fig. 36. Changes of the measured light velocity and of the
average Dt0 during 1999.

Fig. 37. Top. Tres for 100 nb"1 of collected data after correc-
tions as a function of the sample number. Bottom. Residual
distribution. The rms spread is 18 ps:

Fig. 38. Photons efficiency vs. energy for eþe"-eþe"g events
(circles), f-pþp"p0 (squares) and KL-pþp"p0 (triangles).

M. Adinolfi et al. / Nuclear Instruments and Methods in Physics Research A 482 (2002) 364–386384



KLOE calorimeter: Time-of-flight 
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Time resolution for scintillators: 
τ is the scintillator decay time; 

 Npe is the number of photoelectrons/MeV 
 N is the total number of photoelectrons 
  = Npe × E(MeV) 
 tts = Transite Time Spread (PMT, guides,..) 

 
σ(t) =  (τ+tts)/√N ≈ const/√E 
 
In KLOE:  

 τ ≈ 2 ns 
 Npe ≈ 2/MeV 
 tts ≈ 0.3 ns 

Spread in the “start” time 
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IT KLOE-2 at DAΦNE 
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LYSO Crystal w SiPM  
Low polar angle 

Tungsten / Scintillating Tiles w SiPM  
Quadrupole Instrumentation 

calorimeters LYSO+SiPMs at 
~ 1 m from IP 

Scintillator hodoscope +PMTs 

Inner Tracker – 4 layers of  
Cylindrical  GEM detectors  
Improve track and vtx reconstr.   
      First CGEM in HEP expt. 
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KLOE event: 
φ "KSKL"π+π-π+π-
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KLOE event: 
φ "KSKL"π+π-π+l-ν

KLOE event: 
φ "KSKL"π0π0”crash” 



KS tagged by KL interaction in EmC 
Efficiency ~ 30% (largely geometrical) 
KS angular resolution: ~ 1° (0.3° in φ) 
KS momentum resolution: ~ 2 MeV 

KL “crash” 
β= 0.22 (TOF)

KS → π-e+ν

KL tagged by KS → π+π- vertex at IP 
Efficiency ~ 70%  (mainly geometrical) 
KL angular resolution: ~ 1° 
KL momentum resolution: ~ 2 MeV 

KS → π+π-

KL → 2π0

KS and KL Tagging at KLOE 


