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Experimental Setup
3 thin targets (1-2 mm) based on C, H, O elements 
PMMA, C, CH 

3 detection angles: 90º, 60º, 32º 

5 Carbon Ion beam energies:  
115, 150, 221, 279, 351 MeV/u

• Fragments production (Z=1, A = 1, 2, 3)  
as a function of the production kinetic energy 

• Time of Flight in thin plastic scintillators  
and energy deposit in the inorganic crystals for PID  
and Ekin measurements 

• Experimental Data - Monte Carlo simulation 
comparison

2

4 STSs 2mm thick for ToF measurement 
(time resolution ~ 400-600 ps) and 
Deposited Energy measurement (dE); 
2 LYSOs 4x4x8 cm3 for Deposited 
Energy measurement (E);
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Cross Section Formula
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The 12 C fragmentation cross section for a AX fragment are obtained as:
Z
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The 12 C fragmentation cross section for a AX fragment are obtained as:
Z

Information on the target 
composition:

NY =
⇢Y · thY ·NA

AY

From CNAO  
Dose Delivery System
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The 12 C fragmentation cross section for a AX fragment are obtained as:
Z

• Particle identification 
(Z,A) from combining the 
information of QDC 
LYSO, QDC STSs, ToF 
STSs

32o

Z=2

Z=1

4

Figure 2. The deposited energy in the LYSO crystal is shown as a function
of the time of flight of the measured particles for data and MC-data. For the
data and the MC, the deposited energy is in arbitrary units. The fragments
identity is shown in order to confirm the described data selection strategy.

by applying a peak-finder analysis on the ToF distribution
for slices of fixed deposited energy in the LYSO. Protons
are therefore selected between the black and red lines, while
deuterons are between the red and the green ones. Protons
and deuterons are reasonably abundant in all the specific
data sets (about 80% and 15%of the fragments respectively
at 60

�). As expected at large angle, triton fragments are
not statistically significant (less than 5% of the fragments at
60

�). Pions appear only in the two most energetic carbon ion
beam configurations at 281 ans 353 MeV/u (the production
threshold of ⇡ in nucleon-nucleon interaction is 290 MeV/u,
while in a nucleus-nucleus interaction it fluctuates around
this value). Since the number of acquired pions is very low
and is dramatically affected by statistical uncertainty, the
cross section evaluation analysis has been performed only for
protons and deuterons.

Figure 3. The deposited energy in the LYSO crystal (in pC) is shown as a
function of the time of flight of the measured particles. The populations of
fragments at 60 degrees are selected applying ±3� deviation from the central
proton and deuteron distributions.

In order to separate the Helium fragments from the Z = 1

fragments, the energy loss in the STSa,b (uncalibrated energy
loss) has been exploited in combination with the ToF measure-
ments and the deposited energy in the LYSO (for redundancy).
In Fig. 4 the distribution of the charge released in the STSb as
a function of ToF is shown for the 60 degrees setup. The red
line separates the Z = 1 (under the line) and Z = 2 (above
the line) populations.

Figure 4. The energy loss in the STSb(in pC) is shown as a function of the
time of flight of the measured particles. The populations of Z = 1 and Z = 2
at 60 degrees are clearly separated by the red line.

The helium fragments, as well as tritons, are not very
abundant at such a large angle, thus do not represent a
statistically significant sample (about 2% of the fragments are
Z=2, at 60

�). No cross section analysis has been performed
for Z > 1 fragments, however, they have been removed from
the analised data sample.

The particle identification (PID) has been performed for
both Arm1 and Arm2 by applying the separation described for
Fig. 3 and Fig. 4, thus combining the different variables infor-
mation. The separation curves have been optimised exploiting
the full statistics acquired for the two arms. The efficiency
of this PID methods has been evaluated as reported in next
section (section II-C2).

B. Kinetic Energy Measurement

After the PID analysis, for protons and deuterons the time
of flight of the particles have been converted in kinetic energy:

Ekin = mi · (� � 1);

with
�i = L/(ToFi · c)

with mi the mass of the fragment, L the distance between the
two STS, i = p, d and c the speed of light (� = (1.��

2
)
�1/2).

The time resolution is reflected in the energy resolution
that depends on the kinetic energy of the particle. The time
resolution has been measured in a dedicated run with the
STS detectors placed at a distance of 20 ± 5 mm. The time
difference distribution of the STSa and STSb is a Gaussian
centred in zero (after the correction for the different cables
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The 12 C fragmentation cross section for a AX fragment are obtained as:
Z

• Unfolding technique (RooBayesUnfold) to obtain 
the fragments Ekin gen from Ekin meas

p - PMMA target - 60º

Unfolding Matrix from FLAT simulation
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abundant at such a large angle, thus do not represent a
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for Z > 1 fragments, however, they have been removed from
the analised data sample.

The particle identification (PID) has been performed for
both Arm1 and Arm2 by applying the separation described for
Fig. 3 and Fig. 4, thus combining the different variables infor-
mation. The separation curves have been optimised exploiting
the full statistics acquired for the two arms. The efficiency
of this PID methods has been evaluated as reported in next
section (section II-C2).

B. Kinetic Energy Measurement

After the PID analysis, for protons and deuterons the time
of flight of the particles have been converted in kinetic energy:

Ekin = mi · (� � 1);

with
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with mi the mass of the fragment, L the distance between the
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The time resolution is reflected in the energy resolution
that depends on the kinetic energy of the particle. The time
resolution has been measured in a dedicated run with the
STS detectors placed at a distance of 20 ± 5 mm. The time
difference distribution of the STSa and STSb is a Gaussian
centred in zero (after the correction for the different cables
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�). No cross section analysis has been performed
for Z > 1 fragments, however, they have been removed from
the analised data sample.

The particle identification (PID) has been performed for
both Arm1 and Arm2 by applying the separation described for
Fig. 3 and Fig. 4, thus combining the different variables infor-
mation. The separation curves have been optimised exploiting
the full statistics acquired for the two arms. The efficiency
of this PID methods has been evaluated as reported in next
section (section II-C2).

B. Kinetic Energy Measurement

After the PID analysis, for protons and deuterons the time
of flight of the particles have been converted in kinetic energy:

Ekin = mi · (� � 1);

with
�i = L/(ToFi · c)

with mi the mass of the fragment, L the distance between the
two STS, i = p, d and c the speed of light (� = (1.��

2
)
�1/2).

The time resolution is reflected in the energy resolution
that depends on the kinetic energy of the particle. The time
resolution has been measured in a dedicated run with the
STS detectors placed at a distance of 20 ± 5 mm. The time
difference distribution of the STSa and STSb is a Gaussian
centred in zero (after the correction for the different cables

Purity =
number of particles selected as p (d,t)

number of true p (d,t) in p (d,t) selection
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abundant at such a large angle, thus do not represent a
statistically significant sample (about 2% of the fragments are
Z=2, at 60

�). No cross section analysis has been performed
for Z > 1 fragments, however, they have been removed from
the analised data sample.

The particle identification (PID) has been performed for
both Arm1 and Arm2 by applying the separation described for
Fig. 3 and Fig. 4, thus combining the different variables infor-
mation. The separation curves have been optimised exploiting
the full statistics acquired for the two arms. The efficiency
of this PID methods has been evaluated as reported in next
section (section II-C2).

B. Kinetic Energy Measurement

After the PID analysis, for protons and deuterons the time
of flight of the particles have been converted in kinetic energy:

Ekin = mi · (� � 1);

with
�i = L/(ToFi · c)

with mi the mass of the fragment, L the distance between the
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The time resolution is reflected in the energy resolution
that depends on the kinetic energy of the particle. The time
resolution has been measured in a dedicated run with the
STS detectors placed at a distance of 20 ± 5 mm. The time
difference distribution of the STSa and STSb is a Gaussian
centred in zero (after the correction for the different cables
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Figure 2. The deposited energy in the LYSO crystal is shown as a function
of the time of flight of the measured particles for data and MC-data. For the
data and the MC, the deposited energy is in arbitrary units. The fragments
identity is shown in order to confirm the described data selection strategy.

by applying a peak-finder analysis on the ToF distribution
for slices of fixed deposited energy in the LYSO. Protons
are therefore selected between the black and red lines, while
deuterons are between the red and the green ones. Protons
and deuterons are reasonably abundant in all the specific
data sets (about 80% and 15%of the fragments respectively
at 60

�). As expected at large angle, triton fragments are
not statistically significant (less than 5% of the fragments at
60

�). Pions appear only in the two most energetic carbon ion
beam configurations at 281 ans 353 MeV/u (the production
threshold of ⇡ in nucleon-nucleon interaction is 290 MeV/u,
while in a nucleus-nucleus interaction it fluctuates around
this value). Since the number of acquired pions is very low
and is dramatically affected by statistical uncertainty, the
cross section evaluation analysis has been performed only for
protons and deuterons.

Figure 3. The deposited energy in the LYSO crystal (in pC) is shown as a
function of the time of flight of the measured particles. The populations of
fragments at 60 degrees are selected applying ±3� deviation from the central
proton and deuteron distributions.

In order to separate the Helium fragments from the Z = 1

fragments, the energy loss in the STSa,b (uncalibrated energy
loss) has been exploited in combination with the ToF measure-
ments and the deposited energy in the LYSO (for redundancy).
In Fig. 4 the distribution of the charge released in the STSb as
a function of ToF is shown for the 60 degrees setup. The red
line separates the Z = 1 (under the line) and Z = 2 (above
the line) populations.

Figure 4. The energy loss in the STSb(in pC) is shown as a function of the
time of flight of the measured particles. The populations of Z = 1 and Z = 2
at 60 degrees are clearly separated by the red line.

The helium fragments, as well as tritons, are not very
abundant at such a large angle, thus do not represent a
statistically significant sample (about 2% of the fragments are
Z=2, at 60

�). No cross section analysis has been performed
for Z > 1 fragments, however, they have been removed from
the analised data sample.

The particle identification (PID) has been performed for
both Arm1 and Arm2 by applying the separation described for
Fig. 3 and Fig. 4, thus combining the different variables infor-
mation. The separation curves have been optimised exploiting
the full statistics acquired for the two arms. The efficiency
of this PID methods has been evaluated as reported in next
section (section II-C2).

B. Kinetic Energy Measurement

After the PID analysis, for protons and deuterons the time
of flight of the particles have been converted in kinetic energy:

Ekin = mi · (� � 1);

with
�i = L/(ToFi · c)

with mi the mass of the fragment, L the distance between the
two STS, i = p, d and c the speed of light (� = (1.��

2
)
�1/2).

The time resolution is reflected in the energy resolution
that depends on the kinetic energy of the particle. The time
resolution has been measured in a dedicated run with the
STS detectors placed at a distance of 20 ± 5 mm. The time
difference distribution of the STSa and STSb is a Gaussian
centred in zero (after the correction for the different cables
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of the time of flight of the measured particles for data and MC-data. For the
data and the MC, the deposited energy is in arbitrary units. The fragments
identity is shown in order to confirm the described data selection strategy.

by applying a peak-finder analysis on the ToF distribution
for slices of fixed deposited energy in the LYSO. Protons
are therefore selected between the black and red lines, while
deuterons are between the red and the green ones. Protons
and deuterons are reasonably abundant in all the specific
data sets (about 80% and 15%of the fragments respectively
at 60

�). As expected at large angle, triton fragments are
not statistically significant (less than 5% of the fragments at
60

�). Pions appear only in the two most energetic carbon ion
beam configurations at 281 ans 353 MeV/u (the production
threshold of ⇡ in nucleon-nucleon interaction is 290 MeV/u,
while in a nucleus-nucleus interaction it fluctuates around
this value). Since the number of acquired pions is very low
and is dramatically affected by statistical uncertainty, the
cross section evaluation analysis has been performed only for
protons and deuterons.

Figure 3. The deposited energy in the LYSO crystal (in pC) is shown as a
function of the time of flight of the measured particles. The populations of
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abundant at such a large angle, thus do not represent a
statistically significant sample (about 2% of the fragments are
Z=2, at 60

�). No cross section analysis has been performed
for Z > 1 fragments, however, they have been removed from
the analised data sample.

The particle identification (PID) has been performed for
both Arm1 and Arm2 by applying the separation described for
Fig. 3 and Fig. 4, thus combining the different variables infor-
mation. The separation curves have been optimised exploiting
the full statistics acquired for the two arms. The efficiency
of this PID methods has been evaluated as reported in next
section (section II-C2).

B. Kinetic Energy Measurement

After the PID analysis, for protons and deuterons the time
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The time resolution is reflected in the energy resolution
that depends on the kinetic energy of the particle. The time
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STS detectors placed at a distance of 20 ± 5 mm. The time
difference distribution of the STSa and STSb is a Gaussian
centred in zero (after the correction for the different cables
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Figure 2. The deposited energy in the LYSO crystal is shown as a function
of the time of flight of the measured particles for data and MC-data. For the
data and the MC, the deposited energy is in arbitrary units. The fragments
identity is shown in order to confirm the described data selection strategy.

by applying a peak-finder analysis on the ToF distribution
for slices of fixed deposited energy in the LYSO. Protons
are therefore selected between the black and red lines, while
deuterons are between the red and the green ones. Protons
and deuterons are reasonably abundant in all the specific
data sets (about 80% and 15%of the fragments respectively
at 60

�). As expected at large angle, triton fragments are
not statistically significant (less than 5% of the fragments at
60

�). Pions appear only in the two most energetic carbon ion
beam configurations at 281 ans 353 MeV/u (the production
threshold of ⇡ in nucleon-nucleon interaction is 290 MeV/u,
while in a nucleus-nucleus interaction it fluctuates around
this value). Since the number of acquired pions is very low
and is dramatically affected by statistical uncertainty, the
cross section evaluation analysis has been performed only for
protons and deuterons.

Figure 3. The deposited energy in the LYSO crystal (in pC) is shown as a
function of the time of flight of the measured particles. The populations of
fragments at 60 degrees are selected applying ±3� deviation from the central
proton and deuteron distributions.

In order to separate the Helium fragments from the Z = 1

fragments, the energy loss in the STSa,b (uncalibrated energy
loss) has been exploited in combination with the ToF measure-
ments and the deposited energy in the LYSO (for redundancy).
In Fig. 4 the distribution of the charge released in the STSb as
a function of ToF is shown for the 60 degrees setup. The red
line separates the Z = 1 (under the line) and Z = 2 (above
the line) populations.

Figure 4. The energy loss in the STSb(in pC) is shown as a function of the
time of flight of the measured particles. The populations of Z = 1 and Z = 2
at 60 degrees are clearly separated by the red line.

The helium fragments, as well as tritons, are not very
abundant at such a large angle, thus do not represent a
statistically significant sample (about 2% of the fragments are
Z=2, at 60

�). No cross section analysis has been performed
for Z > 1 fragments, however, they have been removed from
the analised data sample.

The particle identification (PID) has been performed for
both Arm1 and Arm2 by applying the separation described for
Fig. 3 and Fig. 4, thus combining the different variables infor-
mation. The separation curves have been optimised exploiting
the full statistics acquired for the two arms. The efficiency
of this PID methods has been evaluated as reported in next
section (section II-C2).

B. Kinetic Energy Measurement

After the PID analysis, for protons and deuterons the time
of flight of the particles have been converted in kinetic energy:

Ekin = mi · (� � 1);

with
�i = L/(ToFi · c)

with mi the mass of the fragment, L the distance between the
two STS, i = p, d and c the speed of light (� = (1.��
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�1/2).

The time resolution is reflected in the energy resolution
that depends on the kinetic energy of the particle. The time
resolution has been measured in a dedicated run with the
STS detectors placed at a distance of 20 ± 5 mm. The time
difference distribution of the STSa and STSb is a Gaussian
centred in zero (after the correction for the different cables
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<latexit sha1_base64="Zo4nvEBCQsNYJY/9KR9NrE4loJo=">AAACNXicbZDLSgNBEEV7fMb4GnXppjEIrsKM+NoIUbNwGTEvSELo6VRik56eobtGCMN8j5/gV7hVXGQnbv0FJzFCTKzV5dwqqup6oRQGHefdWlhcWl5Zzaxl1zc2t7btnd2qCSLNocIDGei6xwxIoaCCAiXUQw3M9yTUvP7NyK89gjYiUGUchNDyWU+JruAMU9S2r5oQGiEDRS/pr2zHRcCENnknwCl4DzKZZcVy0rZzTt4ZF50X7kTkyKRKbXvY7AQ88kEhl8yYhuuE2IqZRsElJNlmZCBkvM960EilYj6YVjx+NaGHkWEY0BA0FZKOIUxPxMw3ZuB7aafP8MHMeiP4n9eIsHvRioUKIwTFR4tQSBgvMlyLNEOgHaEBkY0uByoU5UwzRNCCMs5TGKWhZtM83Nnv50X1OO+e5U/vTnKF60kyGbJPDsgRcck5KZBbUiIVwskTeSGv5M16tobWh/X507pgTWb2yJ+yvr4B2+Gs4w==</latexit>✏ = ✏Det · ✏Sel · ✏DT

Measurements of the  
DAQ dead time for each run 

(rate dependent)

Eps_DT          

PMMA target - 90º - 12C 115 MeV/u

Eps_DT          

PMMA target - 32º - 12C 351 MeV/u
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Systematics to the measurement

12IlaMi from Milano and Roma

1) Monte Carlo Closure Test:  
study of the Monte Carlo reliability in assessing the efficiencies to be applied to experimental data: 
- define the MCtruth (EpsDet_DENO) = p (d, t), born in tgt, son of a primary particle, exiting the 
target, produced in (𝚹 ± ∆𝚹(4º); 𝜑± ∆𝜑(4º/6º@32deg)) [angular bin due to Multiple Scattering*] 
- reconstruction of the MC with efficiencies applied (MCreco) 

- comparison of MCreco with MC truth

| MCreco - MCtruth |

MCtruth
sysMC =

[*the LYSO theoretical solid angle is 𝚹,𝜑 ± 0.8º]
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Systematics to the measurement

13IlaMi from Milano and Roma

1) Monte Carlo Closure Test: 
- mctrue = mc @ generation 
- mcreco_meas = mc reco (no IDmatch) (Ekin MEAS)
- mcreco_true = mc reco IDmatch (Ekin GEN)
- mcreco_meas_cr = mc reco IDmatch (Ekin MEAS) 
- mcTunf = mcreco_meas UNFOLDED with TUnfold (Ekin@gen) 
- mcRoounf = mcreco_meas UNFOLDED with RooUnfold (Ekin@gen)
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Systematics to the measurement

14IlaMi from Milano and Roma

2) PID systematic: moving the p, d, t selection bands (hard and soft selection) and computing 
the average difference of XSec wrt the nominal selection (sysPID) 

3) EpsDet from a different simulation: instead of the FULL simulation use of the FLAT 
simulation, i.e. p,d,t produced within the target with a FLAT Ekin spectrum in the range  
[5 MeV/u - 1 GeV/u] (sysEpsDet)

4) Unfolding procedure: changing unfolding technique (RooUnfoldIDS) wrt the nominal one 
(RooUnfoldBayes) and compute the XSec difference (sysunf)

5) N12C from CNAO DDS: 4% relative error from dose-current conversion uncertainty (sysN12C)
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Final Results and MC comparison

15IlaMi from Milano and Roma

Protons detected at 90º 
Production XSection from

12C on PMMA target

115 MeV/u 150 MeV/u 221 MeV/u

279 MeV/u 351 MeV/u
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Final Results and MC comparison

16IlaMi from Milano and Roma

Protons detected at 60º 
Production XSection from

12C on PMMA target

115 MeV/u 150 MeV/u 221 MeV/u

279 MeV/u 351 MeV/u
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Final Results and MC comparison

17IlaMi from Milano and Roma

Protons detected at 32º 
Production XSection from

12C on PMMA target

115 MeV/u 150 MeV/u

221 MeV/u

279 MeV/u 351 MeV/u
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Final Results and MC comparison

18IlaMi from Milano and Roma

Protons detected at 32º 
Production XSection from

12C on PMMA target

115 MeV/u 150 MeV/u

221 MeV/u

279 MeV/u 351 MeV/u

Checks on DATA  
normalization (N12C, effDT) 

are ongoing.
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Final Results and MC comparison

19IlaMi from Milano and Roma

Deuterons detected at 90º 
Production XSection from

12C on PMMA target
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Final Results and MC comparison

20IlaMi from Milano and Roma

Deuterons detected at 60º 
Production XSection from

12C on PMMA target
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Final Results and MC comparison

21IlaMi from Milano and Roma

Deuterons detected at 32º 
Production XSection from

12C on PMMA target
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Final Results and MC comparison

22IlaMi from Milano and Roma

Tritons detected at 60º 
Production XSection from

12C on PMMA target
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Final Results and MC comparison

23IlaMi from Milano and Roma

Tritons detected at 32º 
Production XSection from

12C on PMMA target
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Comparison with 2020 published results

24IlaMi from Milano and Roma
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To compare with old data published in 2020, the XSections have to be normalized to the 
LYSO ∆Ω (𝚹±4º, 𝜑±4º(6º@32º))*: 

[*the LYSO theoretical solid angle is 𝚹,𝜑 ± 0.8º]
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Comparison with 2020 published results

25IlaMi from Milano and Roma

90º RATIO NEW/OLD
40-60 1.04
60-80 1.33
80-100 1.32
100-120 1.15
120-140 1.05
140-180 1.00
180-250 -

60º RATIO NEW/OLD
40-60 0.77
60-80 1.09
80-100 1.29
100-120 1.52
120-140 2.04
140-160 2.91
160-180 3.60
180-200 5.83
200-230 9.00
230-260 9.70
260-290 2.70
290-350 -
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Comparison with 2020 published results

26IlaMi from Milano and Roma

90º RATIO NEW/OLD bin sum RATIO NEW/OLD 1 bin
115 0.62 0.67
153 0.77 0.78
221 0.83 0.83
281 0.84 0.79
353 0.85 0.83

60º RATIO NEW/OLD bin sum RATIO NEW/OLD 1 bin

115 0.89 0.86

153 0.86 0.82

221 0.98 0.90

281 0.99 0.90

353 1.08 0.95
1 bin - eff ave

Bin sum
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Comparison with 2020 published results

27IlaMi from Milano and Roma

Not to scale

z

x

p, d, t

The remaining difference between the old 
published analysis and the new analysis is 
due to the Multiple Scattering that has 
been taken into account in the detection 
efficiency of new analysis and has NOT in 
the old analysis

[*the LYSO theoretical solid angle is 𝚹,𝜑 ± 0.8º]

No tracking system in the 
experimental setup =>  

LYSO solid angle* is 𝚹,𝜑 ± 4/6º 

Sketch of MS effect
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Conclusions

28IlaMi from Milano and Roma

• Small effort more to assess the 32deg analysis 
normalization 

• The systematic errors from detection 
efficiency and PID selection have to be 
added to the total systematic error 
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• Small effort more to assess the 32deg analysis 
normalization 

• The systematic errors from detection 
efficiency and PID selection have to be 
added to the total systematic error 

• Comparison with FLUKA model and other 
published data can be shown…

GSI DATABASE 
https://bioapp.gsi.de/cross-section-db/

FLUKA DATABASE
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• Small effort more to assess the 32deg analysis 
normalization 

• The systematic errors from detection 
efficiency and PID selection have to be 
added to the total systematic error 

• Comparison with FLUKA model and other 
published data can be shown…

…But the analysis is done : )
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Thank you for the Attention

IlaMi from Milano and Roma

(…and the patience…)


