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KLOE ECAL performance in KLOE-2 and with neutrons

These preliminary results show that at the lowest trigger
threshold the neutron detection efficiency of the calori-
meter ranges from 40% to 50%, depending on the beam
intensity. It corresponds to a sizeable enhancement with
respect to the expected 8216% based on the amount of
scintillator only. For comparison, the efficiency of the 5 cm
thick NE110 scintillator ranges from 4% to 10%, for
values of the trigger threshold below 5MeV of electron
equivalent energy, in good agreement with available
measurements in literature.

3. Monte Carlo simulation and comparison with data

The Monte Carlo code FLUKA [10,11] has been used
for a detailed simulation of the calorimeter structure. The
TSL experimental beam-line, from the neutron source to
the collimated beam, has been also simulated, in order to
have a reliable characterization of the neutron beam
impinging on the detector (see Fig. 3). FLUKA computes
the energy deposits in the scintillating fibers, taking into
account the signal saturation due to the Birks law. For
each energy deposit, the average number of photoelectrons
is estimated and then attenuated to the calorimeter ends
with the proper attenuation length. The photoelectron
statistics and the generation of the discriminated signal are
also simulated, while the trigger effect has not yet been
included.

The primary reason for the observed efficiency enhance-
ment appears to be the huge inelastic production of
neutrons on the lead planes. For neutrons in the high
energy peak (175MeV), the probability to have an inelastic
interaction is 31.4% on the lead, compared to 7.0% on the
fiber and 2.2% on the glue. The secondary particles
generated in such inelastic interactions are on average 5.4
per event, counting only the secondary neutrons above

19.6MeV. Among the produced secondaries, 62% are
neutrons, 27% photons, 7% protons while the remaining
4% are nuclear fragments. Typical inelastic reactions on
Pb are:

nþ Pb! xnþ ygþ Pb,

nþ Pb! xnþ ygþ pþ residual nucleus,

nþ Pb! xnþ ygþ 2pþ residual nucleus,

and so on. Low-energy neutrons (below 19.6MeV) are
transported in FLUKA with a multi-group algorithm, that
uses a neutron cross-section library derived from the most
recently evaluated data. A sizeable contribution to the
calorimeter response comes also from the secondary
neutrons in this low-energy range: due to the larger
inelastic cross section the neutron shower-like effect
increases and originates on average about 100 secondaries
per event, out of which "5 protons and "1 photon directly
contribute in generating a visible response.
The high sampling frequency of the calorimeter appears

to be a crucial point in the efficiency enhancement. First of
all, the protons and the electromagnetic energy produced
on Pb in the inelastic processes can be detected by the
nearby fibers down to very low energies. Moreover,
secondary neutrons are produced in following Pb planes
with decreasing energies, thus having larger probabilities to
produce ionizing particles, i.e. visible signals, in the nearby
fibers. The isotropic distributions, which characterize the
inelastic processes, also play a role: the backscattered
neutrons contribute to increase the collision density in the
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Fig. 2. Dependence of !calo on the trigger threshold. The horizontal scale
is in MeV set for electron response. Accuracy is the same as in Fig. 1. The
scintillator efficiency measurements are reported, scaled by the ratio
between the two scintillator thicknesses.

Fig. 3. Neutron energy spectra as computed with the FLUKA simulation.
From the top: at the source, at the collimator exit and on the calorimeter
entrance.

M. Anelli et al. / Nuclear Instruments and Methods in Physics Research A 581 (2007) 368–372370

Monte Carlo DBV-40 
•  Production for DBV-40 will start soon 
•  Output in ROOT format 
•  Study of  actual performance of the subsystems, calorimeter and  
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Check e.m. calorimeter performance 
during KLOE-2 data taking (2015-2018): 
compatible with known performance.

sE/E @ 5.6% /ÖE(GeV) 
st @ 58 ps /ÖE(GeV) Å 135 ps

Scint. equiv.

KLOE EmC

Measurement of the neutron response
of the KLOE EmC

s E
/E

Thanks to E. Diociauti - LNF
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Maximum Np.e. in a cell (in KLOE)
At KLOE e/g with max. energy (510 MeV) from Bhabha scattering or gg production
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PMT signal and discriminator threshold in KLOE

Ch1 Ampl
 584mV
Unstable
histogram

Ch1 Rise
 3.02ns
Unstable
histogram

Ch1 Fall
 6.62ns
Unstable
histogram

200mVΩ M 10.0nsCh1

Constant fraction discriminators.
Effective thresholds are in the range 4–5 mV: 
They correspond to signals originated by 3–4 
photoelectrons or a 3–4 MeV photon at 2 m 
from PMT

Constraints:
- minimum discriminator threshold 4-5 mV
- maximum HV for PMs divider is 2300 V
typical HV 1700-1800 => G~1-3 x 106

- preamplifier linear for signals up to 4.7 V 
(gain preamp ~ 2.5) => ~ 1.8V at discriminator

level after 12-15 m cable

Many thanks to 
Alessandro Balla
and P. Ciambrone 
to test preamp 
removal feasibility!!
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Figure 89: Energy spectra of CC interacting neutrinos in the internal LAr target, having a mass of 1.01 ton,
and considering a 120 GeV proton beam in both FHC and RHC modes.

Table 3: Number of CC interactions simulated inside the detector inner tracker and front barrel ECAL for
both FHC and RHC modes. Results with two di↵erent LBNF beam options are shown: (a) default 3 horn
beam optimized for the CP violation search (1.2 MW, 120 GeV, 1.1 ⇥1021 pot/year); (b) high energy option
optimized for the ⌫⌧ appearance (2.4 MW). The number of events refer to the expected rates in the fiducial
mass of the various target material: 4.7 tons of CH2, 677 kg of H from CH2, 528 kg of graphite (C) within STT,
1 ton of LAr (meniscus), and 22.8 tons from the upstream barrel ECAL (mainly Pb). See text for details.

FHC CP optimized beam (1.2MW, 5y) ⌫⌧ optimized beam (2.4MW, 2y)
⌫µ ⌫̄µ ⌫e ⌫̄e ⌫µ ⌫̄µ ⌫e ⌫̄e

CH2 32,525,834 1,560,825 480,295 79,755 62,178,400 1,070,280 628,733 65,144
H 3,056,440 278,935 45,989 13,892 5,921,850 190,183 60,887 11,366
C 3,867,528 168,234 56,998 8,644 7,383,050 115,503 74,524 7,058
Ar 7,785,828 303,766 115,959 16,258 14,337,700 205,101 146,976 13,035
Pb 155,319,000 6,269,850 2,307,530 326,700 286,022,000 4,233,370 2,924,750 261,935

RHC CP optimized beam (1.2MW, 5y) ⌫⌧ optimized beam (2.4MW, 2y)
⌫µ ⌫̄µ ⌫e ⌫̄e ⌫µ ⌫̄µ ⌫e ⌫̄e

CH2 5,089,933 12,176,405 227,511 173,194 3,525,940 22,307,900 170,163 175,973
H 485,539 2,265,326 21,780 31,085 335,936 3,939,300 16,221 30,633
C 604,275 1,300,718 27,000 18,650 424,351 2,404,360 20,203 18,955
Ar 1,202,156 2,341,222 54,831 34,668 824,080 4,269,480 41,028 35,011
Pb 25,938,500 45,555,500 1,093,210 663,260 17,780,900 83,075,500 818,005 669,822
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4 Simulation Setup and Tools

Two independent simulation chains have been setup,one based on GENIE and GEANT4, the other com-
pletely based on FLUKA. The output of both simulations are ROOT trees. In both, the coordinate system
is centered at the centre of the KLOE detector, the x axis is oriented along the solenoid axis and the y axis
is vertical. The neutrino beams are assumend to be parallel and uniform over the detector size, oriented
along the z axis, which means perpendicularly to the solenoid axis. The vertical inclination of the neutrino
beam is taken into account.

4.1 Neutrino Fluxes

The DUNE neutrino beam line has undergone a long optimization process, involving proton beam energy,
target geometry and material, number of magnetic horns and their design. The recommended design is
the 3-horns engineered one, presented at the Oct 2017 beam instrumentation review. It assumes three
magnetic horns, a 2.2 m long cylindrical target, and a proton beam operated at 120 GeV. The default beam
spectrum has been optimized for the CP violation search and has a 120 MW power and 1.1 ⇥1021 pot/year.
Simulations presented in this work are based on the neutrino fluxes calculated for this baseline design, as
available in tabulated form in http://home.fnal.gov/ ljf26/DUNEFluxes/. Their are calculated for a near
detector located 574 m downstream of the start of Horn 1. Neutrino CC spectra, as obtained from these
fluxes convoluted with GENIE cross sections in Argon (see Sec.4.2.1) are shown in Fig.89.

Another interesting option is provided by the LBNF beam optimized to detect the ⌫⌧ appearance in
the Far Detector. The corresponding energy spectrum is substantially higher than the one with the default
beam configuration (Fig. 87), resulting in an increase of the expected event rates by a factor 2.4 with
respect to the default beam (Tab. 3). A realistic scenario could be that after completing a data taking of
5 years with the standard FHC beam and 5 years with the standard RHC beam, we can have dedicated
runs with the ⌫⌧ optimized beam. Even a modest exposure of 2 years with FHC and 2 years with RHC in
this configuration would substantially enhance the discovery potential of the precision tests of fundamental
interactions described in Sec. 2.2. To this end, by the time we can realistically have dedicated runs with
the ⌫⌧ optimized beam (after 10 years of data taking with the standard beam) the LBNF beam intensity is
expected to be upgraded from 1.2 MW to 2.4 MW.
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Figure 87: Comparison of LBNF ⌫µ fluxes: (a) default 3 horn beam optimized for CP violation (dash-dotted);
(b) ⌫⌧ appearance optimized beam (solid).

4.2 Event Generators

4.2.1 GENIE

The GENIE code [18] is a neutrino event generator for the experimental neutrino physics community. It
has a focus on low-energies (1 TeV) and it is currently used by a large number of experiments working in
the neutrino oscillation field. The final project goal is the development of a “canonical” neutrino interaction
physics Monte Carlo whose validity extends to all nuclear targets and neutrino flavours from MeV to PeV
scales.

A GENIE based application to generate neutrino-induced events in the ND has been developed. The
first step at the run time is defining the detector geometry from a standard gdml file. The user has the

66

Neutrino energy spectrum in DUNE
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Figure 89: Energy spectra of CC interacting neutrinos in the internal LAr target, having a mass of 1.01 ton,
and considering a 120 GeV proton beam in both FHC and RHC modes.

Table 3: Number of CC interactions simulated inside the detector inner tracker and front barrel ECAL for
both FHC and RHC modes. Results with two di↵erent LBNF beam options are shown: (a) default 3 horn
beam optimized for the CP violation search (1.2 MW, 120 GeV, 1.1 ⇥1021 pot/year); (b) high energy option
optimized for the ⌫⌧ appearance (2.4 MW). The number of events refer to the expected rates in the fiducial
mass of the various target material: 4.7 tons of CH2, 677 kg of H from CH2, 528 kg of graphite (C) within STT,
1 ton of LAr (meniscus), and 22.8 tons from the upstream barrel ECAL (mainly Pb). See text for details.
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Figure 87: Comparison of LBNF ⌫µ fluxes: (a) default 3 horn beam optimized for CP violation (dash-dotted);
(b) ⌫⌧ appearance optimized beam (solid).
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From DUNE docDB note 13262
A proposal to enhance the DUNE near detector complex
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Neutrons in SAND

Neutron detection efficiency

19th May 2021 L. Di Noto | STT performances in SAND10

thresholds 250 eV in STT and 1.1 p.e. in ECAL

C

H
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Neutrons in SAND

Neutron energy reconstruction

19th May 2021 L. Di Noto | STT performances in SAND11

By time of flight in ECAL or in STT

EN : sum of neutron kinetic
energy vs neutrino energy

It is influenced by the distance between vertex and interaction point

Time resolution:

-- STT: 1ns

- ECAL:

Ecal
STT
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Neutrons in SAND

Neutron energy reconstruction

19th May 2021 L. Di Noto | STT performances in SAND11

By time of flight in ECAL or in STT

EN : sum of neutron kinetic
energy vs neutrino energy

It is influenced by the distance between vertex and interaction point

Time resolution:

-- STT: 1ns

- ECAL:

Ecal
STT

In SAND ECAL is assumed to mantain the same performance as in KLOE 
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Spill simulation
• 9.6 Ps per spill

• 6 batches, 84 bunches/batch

• 2 empty bunches

• 1 bunch: Gaus(V = 1.5 ns)

• 't bunches = 19 ns

18

Neutrino interaction in a spill with
𝑁𝐶𝑎𝑙𝑜𝐶𝑒𝑙𝑙 𝑝𝑒 > 2.5 > 0

time (ns)

Star: vertex, 
blue: muon track, 
green: non-muon 

tracks

Event rates expected in SAND
~84 interactions/spill
≲1 interaction/spill in the SAND fiducial volume
Þ Event rates
O(10 MHz) in the spill
O(100 Hz) global

Beam power 1.2 MW
7.5 x 1013 protons extracted every 1.2 s at 120 GeV
1.1 x 1021 pot/year

Spill time structure (used in MC simulation – see M. Tenti talk) 

Beam, spill structure, and event rates in SAND
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Choice of FEE for SAND/ECAL
Constraints on signal dynamic range
Minimum Np.e. detected: 2
Maximum Np.e. :  ~2000 or more (see P. Gauzzi presentation)

=> not compatible with the preamp in the signal path (saturation at 800-1000 p.e.)
=> 4880 preamps most likely removed from PM bases

Two possible read-out schemes:

Meeting with CAEN:
they are studying a possible ready-to-go solution maintaining KLOE energy and time performance

Detector

ENERGYWaveform
Digitizer TIME

Detector

PA Fast
Discr picoTDC

ENERGY

TIME

PA

ToT

High Flexibility
Fsampl ~ 1 GS/s =>High Cost
or
Fsampl ~ 125-250 MS/s
+ signal shaper
=>medium Cost

No Flexibility
=>medium cost 
energy by ToT
with 1 or 2 thresholds
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Reproduction, transfer, distribution of part or all of the contents in this document in any form without prior written permission of CAEN is prohibited 

FERS: a scalable readout system

4

1/10 Gb/s Eth, USB 3.0

100 Mb/s Eth, USB 2.0

4.25 Gb/s TDlink

Analog Signals• FERS: Front End ASIC + ADC/TDC + Scalable Readout 
Infrastructure

• Easy integration of new ASICs
• Scalability: from single stand alone version for 

evaluation, to 10k/100k channels with same electronics
• TDL: daisy chainable optical link protocol with data+sync
• Readout Tree: 

1 link = 16 FERS units
1 Concentrator = 8 links = 128 FERS = 8k/16k channels
Multiple Concentrators for unlimited readout…

DETECTOR SPECIFIC COMMON INFRASTRUCTURE

Choice of FEE for SAND/ECAL

picoTDC (FERS A5203) + ToT solution
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Choice of FEE for SAND/ECAL

Reproduction, transfer, distribution of part or all of the contents in this document in any form without prior written permission of CAEN is prohibited 

Digital CFD with interpolation

1
0

INPUT

CFD

A

B

CLK

TRIGGER

ZC FINE TSTAMP

COARSE TSTAMP

digital CFD: same principle as analog
CFDN+1 = f * SN - SN-D

f = Fraction, D = delay

COARSE TSTAMP = TCLK * Clock Counter 
FINE TSTAMP = Interpolation between A and B

Linear Interpol.: ZC = TCLK * B/(B-A)
Need 3/5 points on the rising edge to keep the 
interpolation error low => 5 GS/s for pulses 
with rising edge = 1ns

Curve fit (e.g. cubic): too complex for on-line 
FPGA calculation => need waveform readout

ZC correction LUT: increase timing resolution 
of the linear interpolation. Need algorithm 
training with real data.

Digitizer solution

Needs shaper to 
stretch the signal
to use a
125-250 MS/s
digitizer
Þ Lower cost than
1 GS/s digitizer

Reproduction, transfer, distribution of part or all of the contents in this document in any form without prior written permission of CAEN is prohibited 
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MC simulation

• Analyzed sample: sand-events.*.digi.root and sand-events.*.edep.root

• 100 files
• Total evts = 118592
• Total p.o.t = 1.011×1017

• p.o.t./spill = 7.5×1013

13

PDG code of first particle
from vertex

P.Gauzzi DUNE-IT meeting



Ecal digitization
Digitization of ECAL similar to KLOE MC:

• Deposited energy propagated to PMT’s with 
double exp. attenuation curve

• Converted into p.e. number ⇒ 18.5 p.e./MeV
(MIP at the module center ~ 40 p.e.)

• Light yield ~ 1 p.e./MeV of total energy
• Threshold = 2.5 p.e.

• Constant fraction discriminator at 15% ot fhe signal
• Multihit TDC simulation (30 ns integration

time + 50 ns dead time)

14

(from wiki/sand)

f(x) = Ae�
x
�1 + (1�A)e�

x
�2

Shape of the PMT
signal (MC)
FWHM ~ 4 ns

ns

P.Gauzzi DUNE-IT meeting
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Event distributions: hit cells

15

• Select only Barrel cells
(ECAL center coord.  = 0., 0., 0.)

x from time difference

z [cm]

y [cm]

x [cm]

r [cm]

x [cm]

P.Gauzzi



DUNE-IT meetingP.Gauzzi

Hit cells – Npe/cell

16

~ 39000 evts with no signal in 
ECAL

average ⇒ 24 cells/evt
(without zeros)
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Event with ~ 25000 pe/cell
• Npe max = 24674, cell: 10 2 01
• νμ on H: DIS

17

Primary vertex in the Ecal (r = 223 cm):

Total > 11000 particles

Contributions
to cell 10 2 01

⌫µp(quark d) ! µ�⇡+⇡0⇡0n⇡+

0) µ� 2.1 GeV

1) ⇡+ 40.9 GeV

2) ⇡0 10.9 GeV

3) ⇡0 204 MeV

4) n 1.2 GeV

5) ⇡+ 431 MeV

1) ⇡+

5) ⇡+

101) � 198 MeV parent = 3) ⇡0

180) � 6.1 GeV parent = 2) ⇡0

181) � 4.8 MeV parent = 2) ⇡0

3514) ⇡� 3.0 GeV parent = 1) ⇡+

3515) ⇡+ 467 MeV parent = 1) ⇡+

3516) � 162 MeV parent = 1) ⇡+

4179) � 1.8 GeV parent = 1) ⇡+

4180) � 4.0 GeV parent = 1) ⇡+

6344) ⇡+ 241 MeV parent = 1) ⇡+

6345) ⇡� 395 MeV parent = 1) ⇡+

6347) � 770 MeV parent = 6346) ⌘ 929 MeV

parent = 1)⇡+

6744) � 10.2 GeV parent = 1) ⇡+

6745) � 66 MeV parent = 1) ⇡+

10334) ⇡+ 704 MeV parent = 1) ⇡+

10335) ⇡� 1.1 GeV parent = 1) ⇡+

10337) � 116 MeV parent = 10336) ⇡0 1.6 GeV

10338) � 1.5 GeV parent = 10336) ⇡0 1.6 GeV

parent = 1) ⇡+
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Events with high Npe/cell

18

Tot. events 118592
Evts with signal in Ecal 79112
Npe/cell > 2000 1674 (2.1%)
Npe/cell > 5000 317 (0.4%)

Primary vertex (Npe > 2000)  

y [mm]
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Vertices in the fiducial volume
• Select events with the primary vertex in a fiducial volume 20 cm inside the 

inner surface of the Ecal
• 1129 events / 79112 total (1.4%)

19

y [mm] average 38.6
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Evts with high Npe/cell

20

Evts. in fid. vol. 1129
Npe/cell > 1000 79 (7.0%)
Npe/cell > 2000 31 (2.7%)
Npe/cell > 3000 17 (1.5%)
Npe/cell > 5000 9 (0.8%)

Npe

Frac (%)
• In fid. vol.
§ Out of fid. vol.

• Neutrino energy [GeV]:

Vtx inside fid. vol. Whole sample
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Evts with high Npe/cell

21

- All evts.
- Npe > 1000
- Npe > 2000
- Npe > 3000
- Npe > 5000

Vtx inside fid. vol. Whole sample

• Total number of cells

• Number of cells above cut

- All evts.
- Npe > 1000
- Npe > 2000
- Npe > 3000
- Npe > 5000

Vtx inside fid. vol. Whole sample
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Conclusions

Studies with MC simulation of ECAL digitized response and signal dynamic range 
for the FEE choice are at an advanced stage.

Most likely 4880 preamps will be removed from PMT bases

Meeting with CAEN in October:
two possible read-out scheme are being studied by CAEN in realistic KLOE/SAND 
conditions (scintillating light + PMT base w/wo preamp) with the aim of proposing a 
ready-to-go solution to mantain KLOE energy and time resolution performance at an 
“affordable cost”.



Spare
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Time simulation
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• TDC Multihit simulation: 
integration time 30 ns 
(starting from first p.e. time)

50 ns dead time
• Constant fraction simulation: 15% 

of the total p.e. number


