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Cross section evaluation and

systematic study on the number of isotopes reconstructed, 

mass and its resolution depending on p, TOF, 𝐄𝐤𝐢𝐧, 𝐄𝐥𝐨𝐬𝐬
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Introduction
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• Stand-alone macros were available for the 
reconstruction of all the needed quantities to 

- identify different fragments 
- elaborate the information to get the different 

cross sections

• They had got bigger and bigger over time and were 
not optimized for current needs

• Need to rearrange the code in a more SHOE friendly 
way (so to be included in the future)

• Previous results were never double checked 

Plots

Generation Reconstruction

Out.root

It deals with all the quantities 
directly generated from Fluka
(taken from the ROOTple) and 

fills the related plots

It manipulates the information 
from Fluka (future: real data) to 
identify the different fragments 

and fills the related plots

Create all the plots that 
will be filled with the 

Generation and 
Reconstruction classes 

Initialization

Set the experimental 
information about 

each detectors 

Set information 
about the beam 
(Z, A, Energy) 

Cross Section

Take the Out.root and does all the 
machinery to get the cross sections 
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Introduction
Simulation:

• !"𝑂 200 MeV/u on 5 mm C2H4 target

• Newgeom_v1.0

• 1𝑥10# primaries (2880551 interactions -> 2.88 %)

• Odd events = MC events & Even events = Real events

Selection:

• Cross all the detectors

• Tracks originated in the target

• 5.5 < Z reco < 6.5

• Fit χ2 < 5 
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Cross section reconstruction with FOOT
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Differential cross sections of each produced fragment

𝒅𝝈𝒇
𝒅𝑬𝒌𝒊𝒏

=
𝒀𝒇− 𝑩𝒌𝒈𝒇 𝑼

𝑵𝑷𝒓𝒊𝒎 0𝑵𝒕 0Ω𝑬𝒌𝒊𝒏 𝝐𝒇

• f -> fragment: all Carbon Isotopes

• Nprim -> number of primary events
• Nt -> number of scattered center per unit area

• εf -> efficiency
• ΩEkin -> phase space 

• Bkg -> Background : events counted with A=12, but generated with A≠ 12 ( ≈ 8% )

• U     -> Unfolding : the reconstructed distribution must be corrected from the experimental effects
(Yf – Bkgf) u      Unfolded (Yield – Bkg) of the fragment 
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5.5 < Zreco < 6.5

Fragments identification on real events

Each charge has a different kinetic energy range

11/06/20 FOOT Collaboration Meeting

Different energetic bins in order to have 
about the same amount of events in each bin
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The total reconstructed Carbon data are fitted with 
𝑓 = 𝑔𝑎𝑢𝑠𝑠!" + 𝑔𝑎𝑢𝑠𝑠!#$ + 𝑔𝑎𝑢𝑠𝑠!## + 𝑔𝑎𝑢𝑠𝑠!#% + 𝑔𝑎𝑢𝑠𝑠!#& + 𝑔𝑎𝑢𝑠𝑠!#'

Entries  149258
 / ndf 2c  203.9 / 154

N_c09     112.4± 881.9 
A_c09     0.051± 9.355 
sigma_c09  0.0288± 0.3301 
N_c10     408.9±  4011 
A_c10     0.03± 10.25 
sigma_c10  0.0256± 0.3065 
N_c11     1.084e+03± 2.947e+04 
A_c11     0.01± 11.19 
sigma_c11  0.0094± 0.3188 
N_c12     1.793e+03± 7.013e+04 
A_c12     0.01± 12.19 
sigma_c12  0.0096± 0.3858 
N_c13     2.159e+03± 2.793e+04 
A_c13     0.01± 13.18 
sigma_c13  0.0134± 0.3459 
N_c14     1.392e+03± 1.664e+04 
A_c14     0.05± 13.96 
sigma_c14  0.0199± 0.5528 
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A_c14     0.05± 13.96 
sigma_c14  0.0199± 0.5528 

 

Present situation:
• 𝜎(TOF) on C ~ 70 ps
• 𝜎(p)/p ~ 3.7 %
• σ(E!"#)/E!"# ~ 1.5 %

• N -> number of events; free parameter
• 𝜇 -> input from MC with 4% range variation
• 𝜎 -> input from MC with 8% range variation

Number of different Carbon 
isotopes (wrt total carbon): 
• $C :  0.6% 
• !%C :  2.7%
• !!C :  19.7 %
• !&C :  47 %
• !'C : 18.71%
• !(C :  11.14 % 

!𝐶

"#𝐶

""𝐶

"$𝐶

"%𝐶

"&𝐶
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Same fit function, but applied to each defined energetic range
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120-164

188-194182-188

176-182164-176

194-200

200-225

dσf
dEkin

=
𝒀𝒇− 𝐁𝐤𝐠𝐟 𝐔

N()*+ , N- , ΩEkin ϵ.



Background evaluation & Unfolding process
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12C Example: Ekin [176-182] MeV/n

Reco A

Tr
ue

 A

12C Example

Kinetic energy Reco

Ki
ne

tic
en

er
gy

Ge
n

• How many events generated in a kinetic energy
bin are reconstructed in a different one

AX = Y ->    X = 𝑨)𝟏Y
True

distribution
Reconstructed

distribution
(bkg subtracted)

dσf
dEkin

=
𝒀𝒇− 𝐁𝐤𝐠𝐟 𝐔

N()*+ , N- , ΩEkin ϵ.
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• Bkg: events counted with A=12 but
generated with A≠12

• 944/12048 = 8%                                  
(𝑌𝑓 − 𝐵𝑘𝑔𝑓) = 𝑌𝑓 – 0.08* 𝑌𝑓 = 0.92* 𝑌𝑓

Correction
matrix



Efficiency evaluation
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dσf
dEkin

=
𝑌𝑓 − Bkgf /

N()*+ , N- , ΩEkin 𝝐𝒇

𝜖! =
𝑁"#$,!
𝑁&$$,!

𝐴+,- = 12

𝐴+,- = 12 & 
all selection (slide 3)  

11/06/20

All events
Selected

At present, 𝜖. is evaluated on MC events (odd)

In the future will be real data
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𝑌.

𝑌.-𝐵𝑘𝑔.

(𝑌.−𝐵𝑘𝑔.)/

(𝑌.−𝐵𝑘𝑔.)/

𝜀.

Cross section reconstruction with FOOT
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!𝐶 "#𝐶 ""𝐶

"$𝐶 "%𝐶 "&𝐶
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𝝈𝒇=

𝒀𝒇;𝑩𝒌𝒈𝒇 𝑼

𝑵𝑷𝒓𝒊𝒎 +𝑵𝒕 + 𝝐𝒇
total

Cross Section

𝒅𝝈𝒇
𝒅𝑬𝒌𝒊𝒏

=
𝒀𝒇 − 𝑩𝒌𝒈𝒇 𝑼

𝑵𝑷𝒓𝒊𝒎 &𝑵𝒕 &Ω𝑬𝒌𝒊𝒏 𝝐𝒇



Cross section reconstruction with FOOT
The same procedure can be applied also to the simulation of

• !"𝑂 200 MeV/u on 5 mm C target

• Newgeom_v1.0 

• 1𝑥100 primaries (377877 interactions -> 3.78 %)

Cross section (mbarn) of 
𝟏𝟔𝑶 200 MeV/u on H target 

evaluated by difference

11/06/20

Fluka [mbarn] Our [mbarn] Diff
25.33 ± 0.1% 23.14 ± 14.1% 8.6%

11

dσ
dEkin

H =
1
4

dσ
dEkin

C$H& − 2
dσ
dEkin

C!"𝑂 200 MeV/u 
on H target
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Systematic study depending on ToF, p, Ekin

𝐴" =
𝒑

𝑈𝜷𝜸𝑐 𝐴% =
𝒑𝑐$ − 𝑬𝒌$

2𝑈𝑐$𝑬𝒌
𝐴$ =

𝑬𝒌
𝑈𝑐$(1 − 𝜸)

2 parameters fixed and 1 changed from the ideal to the worse scenario:

Ø 40 ps < TOF resolution < 100 ps
Ø 2.5 %  < momentum resolution < 5.5 %
Ø 1 %     < kinetic energy resolution < 2.8 % 

12

Best determination of A 
throught a standard χ&
minimization
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hAfitchi2_chi2cut_Realdata_kin_per_n_CH_dir_cha6_bin2_0

Entries  149423

Mean     12.3

Std Dev    0.9856
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hAfitchi2_chi2cut_Realdata_kin_per_n_CH_dir_cha6_bin2_0

Entries  149423

Mean     12.3

Std Dev    0.9856

 Changing 𝛔(𝐓𝐎𝐅) on C

- 𝛔(TOF) = 50 ps
- 𝛔(TOF) = 70 ps
- 𝛔(TOF) = 90 ps

σ(Ekin)/Ekin 1.5%
σ(p)/p 3.7%

11/06/20 13

!𝐶

"#𝐶

""𝐶

"$𝐶

"%𝐶

"&𝐶
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hAfitchi2_chi2cut_Realdata_kin_per_n_CH_dir_cha6_bin2_0

Entries  149404

Mean    12.31

Std Dev     1.001
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Mean    12.31
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 Changing 𝝈(𝐩)/p

- 𝛔(p)/p = 2.5
- 𝛔(𝐩)/p = 4
- 𝛔(p)/p = 5.5 

σ(TOF) on C 70 ps
σ(E123)/E123 1.5 %

11/06/20 14

!𝐶
"#𝐶

""𝐶

"$𝐶

"%𝐶

"&𝐶
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hAfitchi2_chi2cut_Realdata_kin_per_n_CH_dir_cha6_bin2_0

Entries  149263

Mean    12.31

Std Dev     1.007
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 Changing 𝛔(𝐄𝐤𝐢𝐧)/𝐄𝐤𝐢𝐧

- 𝛔(𝐄𝐤𝐢𝐧)/𝐄𝐤𝐢𝐧 = 1
- 𝛔(𝐄𝐤𝐢𝐧)/𝐄𝐤𝐢𝐧 = 1.9
- 𝛔(𝐄𝐤𝐢𝐧)/𝐄𝐤𝐢𝐧 = 2.8 

𝜎(TOF) on C 70 ps
𝜎(p)/p 3.7 %

11/06/20 15

!𝐶
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"$𝐶

"%𝐶

"&𝐶
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Mass (wrt real mass)

2 3 4 5
(p)/p  [%]s
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C10 C11

C13 C14

• #%𝐶 : it represents ~50% of the statistics. Constant mass overestimation of ~1.5% with an 
uncertainty of ~1%.

• "𝐶, #'𝐶 : a general worsening increasing the resolutions is evident, but TOF is the most effective. 
Uncertainty in these cases can vary from 1% (for small resolutions on TOF, p, Ekin) up to 10%. 

• "𝐶, ##𝐶, #&𝐶 : mass reconstructed within a precision of +2-3% with an uncertainty of ~2%
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Mass resolution

• As expected the mass resolution increases with the increase of the resolutions on p, TOF, Ekin. 
TOF has the major impact. 

• At present (σ(TOF) ~70 ps) a resolution between 2.2% and 2.8% is guaranteed for all the isotopes of 
carbon.
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Fitted events (wrt MC events)

11/06/20

• !&𝐶 : the number of events reconstructed with the fit overestimates the MC events of ~1%. 

• Strange behaviour of !'𝐶 and !(𝐶 when changing σ(TOF): more events are identified as !(𝐶 than !'𝐶 . 

• !'𝐶 has the worst behaviour: 10-20% of the events are always lost due to the fit.
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Cross section (wrt MC cross section)

• 45𝐶 : even if the events are almost the same of the MC, a constant underestimation of ~5% is always 
evident.

• 6𝐶 : the statistics is not enough to precisely estimate the CS.
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Conclusions
• The presented machinery for the cross section evaluation has been studied by referring at 

the current available information from MC simulations. In the future, something could 
change in order to work with real data. 

• Even with a good statistics (1E+08) with respect to the real one, 9C has a statistics too poor 
to precisely estimate its cross section.  

• σ(TOF) is the most sensible parameter in terms of isotope identification.

• When the statistics is good, changing σ(p), σ(TOF), σ(Ekin) doesn’t affect the fragments  
mass estimation, but the major impact is on the mass resolution.

• Even if the number of 12C fragments reconstructed is almost the same as MC, cross section 
measurement always underestimates of ~5 %.

20Thank you!
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BACKUP SLIDESBACKUP SLIDES
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Real events:  
reco quantities with cuts

𝑌𝑓

𝑌𝑓 - Bkgf

(𝑌𝑓 – Bkgf)U

Unfolding

«true quantities» 
with cuts

(𝑌𝑓 – Bkgf)U

𝜖$
Reco quantities

with cuts

Bkg subtraction

𝑵𝒇

true quantities
without cuts

Efficiency

If all correct:

Statistically equal

Real events: 
true quantities
without cuts

Closure test

𝒀𝒇 𝑼

𝝐𝒇

𝑵𝒇

12C
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Systematic shift in the Ekin recostruction

""𝐶 "$𝐶 "%𝐶
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§ Standard χ2 Fit
• Taking into account the correlation between A1, A2 and A3 (reconstructed quantities)
• Minimization method based on a function f defined by:

𝑓 =
𝑡𝑜𝑓#$%& − 𝑡
𝜎𝑡𝑜𝑓#$%&

'

+
𝑝#$%& − 𝑝
𝜎𝑝#$%&

'

+
𝐸()*,#$%& − 𝐸()*
𝜎𝐸()*,#$%&

'

+ 𝐴! − 𝐴 𝐴' − 𝐴 𝐴, − 𝐴
𝐶-- 𝐶-! 𝐶-'
𝐶!- 𝐶!! 𝐶!'
𝐶'- 𝐶'! 𝐶''

𝐴! − 𝐴
𝐴' − 𝐴
𝐴, − 𝐴

𝐴 =

𝜕𝐴4
𝜕𝑡

𝑑𝑡
𝜕𝐴4
𝜕𝑝

𝑑𝑝 0

𝜕𝐴5
𝜕𝑡 𝑑𝑡 0

𝜕𝐴5
𝜕𝐸789

𝑑𝐸789

0
𝜕𝐴:
𝜕𝑝

𝑑𝑝
𝜕𝐴:
𝜕𝐸789

𝑑𝐸789

𝐶 = 𝐴 8 𝐴; <4

𝐴" =
𝑚
𝑈 =

𝑝
𝑈 𝛽 𝛾

TOF (b) – TRACKER (p) TOF (b)– CALO (Ekin) TRACKER (p) – CALO (Ekin)
𝐴$ =

𝑚
𝑈 =

𝐸234
𝑈 𝛾 − 1 𝐴% =

𝑚
𝑈 =

𝑝$ − 𝐸234$

2𝐸234

Mass reconstruction and fit

24

Correlation matrix
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𝛘𝟐 < 𝟓 𝐜𝐮𝐭

25

A

χ2

𝜒' < 5

A

A
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