From CALO calibration
towards cross-sections @
CNAO 2024

B. Spadavecchia on behalf of the
FOOT Turin group




<R

Istituto Nazionale di Fisica Nucleare

SEZIONE DI TORINO

Summary

Studies on clustering and matching efficiency — data vs MC

Resolution degrading at higher energies

Calibration correction for clus size > 1

Beta vs Ex,
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TW-CALO matching efficiency (data vs MC) INFN S et
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The errors here reported are merely statistical (210k events considered in both data and MC).



TW-CALO matching efficiency (data vs MC) INFN o o
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The fraction of successfully matched TW-points decreases when TW-points increase.



TW-CALO matching efficiency (data vs MC) INFN St e
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The fraction of successfully matched clusters decreases when clusters increase.



Cluster — tracks matching (MC analysis)
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A track impinging on CALOQ is called “first-impinging” if it crosses AIR— AIR_CALO — CALQ, in this order.
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What happens in the remaining ~ 98% of cases? — next slides
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In = 2% of cases, a cluster corresponds to a non
“first-impinging” track, originated from:

« inside the CALO (i.e. regions 414-415, 462-463)
« primaries (reg. 2)
« target (reg. 59)

— why are fragments skipping the “first-impinging”
check in the last two cases? To be investigated...

In = 0.05% of cases, a cluster is not matched
successfully to any track.
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Intrinsic Z misidentification (MC analysis) INFN G

CA/ZrecVsZMC normalized (col) CA/ZrecVsZMC normalized (row)
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Out of diagonal, P(Zec # Zuc | Zuc) — statistics loss On diagonal, P(Zvc = Zrec | Ziec) — “true positives”
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Pile-up effect on clustering (MC analysis) INFN G

MC clus = first-impinging tracks on the CALO.

# Clus Rec

The larger the number of MC clusters,
the higher the probability they are
underestimated.

The cases where ClusRec < ClusMC
need further investigation (— multiple tracks in
the same cluster?)

98.8%  69.6%

Let's select only the cases when
ClusMC = ClusRec.
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Intrinsic Z misidentification (MC analysis) INFN

ZRec
zHec

When ClusMC = ClusRec there is a drastical improvement in Z identification.
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Pile-up effect on clustering (MC analysis)
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What happens when ClusRec > ClusMC? For each possible pair of “first-impinging” tracks, | tried to plot their
mutual distance in order to see how likely it is for them to fall in the same hit (|x| or |y| < 2.1 cm).
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Apparently, two tracks fall in the same
hit in with a frequency of ~ 60%.
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Resolution degrading at higher energies
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Integral resolution of the
whole calorimeter vs the 16
central crystals

— small worsening in
resolution for outer crystals at
higher energies.
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Hypothesis on resolution worsening* INFN oo e

The resolution o(E)/E, which is standard for calorimeters,
assumes linearity in the response.

Since the uncertainty propagation involves the derivative,
response no longer linear — derivative is essentially zero in
the saturation region — uncertainty diverges — resolution
loss.

Assuming that

B poE?
1+ pE+pE?

- a(E)

The resolution with respect to energy is

o(E) _ (L+pE+pE*)*?

E  (24+pE) ypo-E

*Credits to G. Traini 13
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The resolution o(E)/E, which is standard for calorimeters,
assumes linearity in the response.

Since the uncertainty propagation involves the derivative,
response no longer linear — derivative is essentially zero in
the saturation region — uncertainty diverges — resolution
loss.

Assuming that
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The resolution with respect to energy is

o(E) _ (L+pE+pE*)*?

E  (24+pE) ypo-E

*Credits to G. Traini
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Resolution function has a minimum for a
given energy (depending on the three
parameters)

(3672.071543204191, 4.3730008462238)

strong assumption! There must be some
kind of correction factor

— resolution values are not reliable
— we can make some considerations on
the optimal energy for resolution
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Carbon — green if Eqx > 330 MeV/u Protons — green if Eqt > 170 MeV
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Crystal selection

Res [%5]
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A crystal is “good” if the
optimal resolution is for
E > 170 MeV (protons) or
E > 330 MeV/u (carbon)

— small improvement in
resolution for “good”
crystals at higher energies

— however, the resolution
trend is still the same
— possible beam sharing
contribution.
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Correlation for Carbon
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The optimal energy (= optimal
resolution) shows a significative
correlation with p; and p2

— non-linearity terms
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Correlation for Protons
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Differently from Carbon, the
optimal energy (= optimal
resolution) shows a significative
correlation with po and p; and
no visible correlation with p..
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Clus size distribution for 400k events: data vs MC INFN  Socotmo
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Energy (Crystal129 and 126) Ratio
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Observation in calibration runs: Ratio plot for the 4 crystals in the central spot
when hits in neighbour crystals occur, C points @ 115, 200, 260, 330 MeV/u
E1+2nhits=2 > E1nhits=1 + Eznhits=1

— define ratio = E1+2nhits=2 / [(E1nhits=1 + Eznhits=1)/2] — fit with f(X) =1+ Po e-x/p1.
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Corrections for clus size > 1 INFN G

Crystal 129 vs 126 Ratio
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Observation in calibration runs: Ratio plot for the 4 crystals in the central spot
when hits in neighbour crystals occur, C points @ 115, 200, 260, 330 MeV/u
E1+2nhits=2 > E1nhits=1 + E2nhits=1
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First attempt for clus size > 1
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Carbon function for the 4 central crystals (in MeV/Z) was used on all ion species — definitely not working.
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First attempt for clus size > 1 IN FN sitz:l)r:[mam;inri%e e

Carbon function for the 4 central crystals (in MeV/Z) was used on all ion species — definitely not working.
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Corrections for clus size > 1

Ratio
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Ratio plot for all the pairs of neighbor crystals
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First correction for clus size > 1
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1) linear interpolation between the two function parameters p, and p,. Clusters with size > 2 excluded.
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First correction for clus size > 1 - mass peaks INFN Sootmo o

1) linear interpolation between the two function parameters po, and p;. Clusters with size > 2 excluded.
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Second correction for clus size > 1
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2) proton function for Z < 4, Carbon function for Z > 3. Clusters with size > 2 excluded.
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Second correction for clus size > 1 - mass peaks INFN Sootmo o

2) proton function for Z < 4, Carbon function for Z > 3. Clusters with size > 2 excluded.
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Third correction for clus size > 1

Ratio

Ratio
12 2 I ndf 0.1238 / 241
- p0 0.7353 + 0.15
B p1 453 + 128.6
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I
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p points @ 100, 125, 150, 170 MeV.

Ratio
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Ratio
_ x2/ ndf 0.2142/ 265
12— § p0 0.8786 +0.3588
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C points @ 115, 200, 260, 330 MeV/u.

| tried a 3-parameters function, in order not to fix the asymptotic function value at 1.
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Third correction for clus size > 1
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3) 3-parameters proton function for Z < 4, Carbon function for Z > 3. Clusters with size = 2 excluded.
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Third correction for clus size > 1 — mass peaks INFN Sootmo o

3) 3-parameters proton function for Z < 4, Carbon function for Z > 3. Clusters with size > 2 excluded.
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Fourth correction for clus size > 1 — mass peaks INFN Sootmo o

The number of clusters with size > 2 is much larger in data than in MC — assuming that in those cases
(about 3%) it's clus size = 2 + some kind of noise, | apply the last correction to all clusters with size > 1.
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Inner (|x| and |y| < 5 cm) vs all clusters

(NN

Is the resolution in the inner part of the calorimeter better? All runs + last correction function on clus size > 1.
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Inner (x| and |y| < 5 cm) vs all clusters |N N Stitlo Natoraledifisica Nuclare

Is the resolution in the inner part of the calorimeter better? For He, Li, Be yes, for H major statistics losses.
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B Vs Ekin IN FN SE;I;N[DIT:E:RNO e

B as a function of Eyy, is given by the following
formula, where u = 931.494 MeV/c? and Ex,[MeV]:

Ekin =
5 \/ ( T Anom * ‘IL)
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B VS Ekin

1
2}

(v - 1)/ - 1)
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—ry

0.9
08
- & MCRec (1) vs True (2)
07 = ® 7072 (1) vs McRec (2)
T & 7072 (1) vs True (2)
D.E :I 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1
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Z

— the parameter A.,m was corrected for each ion species.
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(NN

B as a function of Exn is given by the following
formula, where u = 931.494 MeV/c? and Ex,[MeV]:

Ekin =
5 \/ ( T Anom * TL)

The nominal mass must be corrected according to
the known B overestimation from MC simulations

— (y-1)"in MC reconstruction is underestimated
with respect to MC truth

— from MC simulations, the blue curve was
obtained as a function of Z
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B vs Eqn distributions with A, correction

INFN
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B vs Eqn distributions with A, correction - MC
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Main difference between exp and MC clusters

Z required for calibration |
— initial cluster centroid
computation with raw signals

Two TW hits (bars on)
( — TW-point
- trw, Z, (X,Y)Tw

Yw |

Clusters and TW-points are
matched according to
minimum distance criterion
— Eun calibration.

XTW

Mass identification performance in MC is still
way better (almost optimal) wrt exp data
— are clusters created differently?

Counts normalized wrt integral

Clusters are created from true E., values in MC,

0.06

0.05

0.04

0.03

0.02

0.01

from (not equalized) ADC values in exp data

— | tried a second iteration of cluster shaping,

position computing and matching after a “first
guess” TW-CALO matching.

Mass Z =4
0.08 :_ .................. ........................ ..................... ........................ ............... Z=4 | |
E : : —Data
0.07F— ........................ ......

(=]
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Before and after 2nd iteration for 400k events (clus size > 1, run 7072)

220 -

200 Z-1 250/ z-2

180 i

160 200/

140~ i

120 150/

100 i

80" 100[

60 i

40 50(-

20; Z

= P R BN RN S ol | . A
0 > 4 6 8 10 12 14 0 6 8 10

A A



ADC equalization

Perhaps, the problem lies in the first clustering algorithm iteration, based on amplitude values (in mV).
Let's see how crystals respond to C @ 200 MeV/u (calibration runs).

ADC
29 ADC for C @ 200 Meiu
C _ Entries 313

20 féﬂlzag :ggg Responses go from 200 to 600 mV, and the
18F- I = : central crystals are not the ones with the highest
oF response; in fact, crystal 17 is the one.

142—

10— - ch134 — 459.23 mV,

o~ -ch181 — 345.17 mV,

S -ch182 — 211.01 mV.

4

2;_ PT H Let's implement a gain factor for all crystals wrt
% BT . T 7 U= m— to ch17 and re-run energy calibration.

ADC [mV]
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MBF coefficients after gain correction

Only request is range limited within (0.,1.) - in principle only p, should change wrt previous calibration.
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Mass plot after ADC equalization (230k events) — no cut on crystal 181
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Cluster size after ADC equalization (230k events)

10° =
E No improvement in mass distributions
10% coming from the ADC equalization,
- however the overall number of clusters
- has increased.
3
10 = According to PADME, it is possible that
- different clusters share the same hit(s)?
L — in principle yes, but never observed
107 in 400k events (run 7072).
10 =
EI L 11 [ | [ | [ | L1 | [ ‘ [ [ | [ | L1 11

o

1 2 3 4 5 6 7 8 9 10



. . . ' Istituto Nazionale di Fisica Nuclear
Conclusion and possible future analysis INFN oo o

1) There is evidence (MC simulations) that multiple fragments might be overlapping in the same cluster
— this undermines the energy calibration.
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. . . ' Istituto Nazionale di Fisica Nuclear
Conclusion and possible future analysis INFN oo o

1) There is evidence (MC simulations) that multiple fragments might be overlapping in the same cluster
— this undermines the energy calibration.

2) A possible explanation for the resolution worsening at
higher energies was found, as well as possible correlations
with the calibration parameters — however, we weren't able
to reduce such worsening with additional cuts.
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. . . ' Istituto Nazionale di Fisica Nuclear
Conclusion and possible future analysis INFN oo o

1) There is evidence (MC simulations) that multiple fragments might be overlapping in the same cluster
— this undermines the energy calibration.

ST S N S —

2) A possible explanation for the resolution worsening at S — Seor | — -
higher energies was found, as well as possible correlations s 2 corr

with the calibration parameters — however, we weren't able T R S @ ....................... . igg:; ......................... ........................... ...............

to reduce such worsening with additional cuts. RCER. R S . . — T
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Conclusion and possible future analysis

I N F N Istituto Nazionale di Fisica Nucleare
SEZIONE DI TORINO

1) There is evidence (MC simulations) that multiple fragments might be overlapping in the same cluster

— this undermines the energy calibration.

2) A possible explanation for the resolution worsening at
higher energies was found, as well as possible correlations
with the calibration parameters — however, we weren't able
to reduce such worsening with additional cuts.

3) Three correction methods for clusters with nhits = 2
were tested on mass spectra

— second background peak in 12-C corrected,
(limited) worsening in resolution.

4) Isotope identification is possible via B vs E plots, by

*

*

incorporating the systematic B overestimation.

Res [%]

& No corr
& lcorr | . e o]
2 corr
# 3 corr
O e —
° MC
________________________________________________ PN R S B S
: - : : :
v
P
OO s OO NPT SO o S I
* ¢ e
* . »
S e S S S e R P : ..............
| i i L
6 8 10 12
Ao [U]

Closure test via MC simulations: efficiency (on acceptancy + Z identification), out-of-target fragmentation
(background modeling improvements) and angular distribution studies are ongoing.
Look at the B distributions per bin of Ex, and for each Z — evaluation of the peak separation and the

background impact.
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Normalized mass distributions - data vs MC INFN oo o
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Normalized E,;, distributions - data vs MC
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. . . . ' Istituto Nazionale di Fisica Nuclear
Normalized B distributions - data vs MC INFN oo o
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ADC/E distribution for clus size = 2 INFN  Soctmo
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E. vs E, (MeV) for clus size =2

ul’ 600

il |
200 300

2500

2000

1500

1000

500

. | T T
1500 2000 2500

o
ol
ol
o

INFN

Istituto Nazionale di Fisica Nucleare
SEZIONE DI TORINO

-
1500

L
2000

Ll
2500

w [ m w L
1400? ] =
N - 2500—
L | —_— L
1200 —m = Z_2 =
L l = C
1000[— 20001~
" = = [
- "
|
= |
|
]
N I
B0 1000 1200 1400
£ F 8 g 3000
L 7 C
2500/ Z=5 2500
C 6 C
- 2000
L 5 L
- 4 1500
L 3 L
- 1000[
[ 2 L
500 500l
C 1 -
oP‘ T BRI N i Srrni I RS RET I AR 0 oL
0 500 1000 1500 2000 2500 0

L
1500

i
1000

Ll
2000

4
2

: 0

EI

3000

E



E: vs E, (MeV) for clus size = 2 (MC truth)
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Cluster distribution (run 7072) Z = 1, 2 INFN S o et

More effects of energy calibration can be investigated by looking at clusters distribution.

— — 20
E. E. Il B
3 3 -
: ] 4 il
> % 10 By my m
-L-I--
58 m m - '- |
- : --
o— N | l:-- -
|| --
| -
- ~10 ———
= m.rd
-15 r
h - - '
20 0 2% 45 -0 -5 0 10 15 20 O
%0 -15 -10 -5 0 5 10 15 20 #X-CALO [cm]

#X-CALO [cm]

61



Cluster distribution (run 7072) Z =3, 4

#Y-CALO [cm]
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With increasing Z, the fraction of outer clusters (out of the orange box) decreases.
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Cluster distribution (run 7072) Z = 5, 6 IN FIN sttt azonle diisica Nuckare

With increasing Z, the fraction of outer clusters (out of the orange box) decreases.
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Res [%]

Resolution vs optimal energy
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The case of crystal 181

From crystal 181 calibration curve, one

<R

Amp_Tcorr_ch181

histoclone_115_181
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The case of crystal 181 INFN oo o

A For fragmentation runs 7029, 7030, 7031, 7032 (I night) and 7072,

e 7076, 7077 (1l night) | have:

. ot - computed the average 12C energy;

2 o - evaluated the expected signal amplitude from crystals 133, 134,

JE e « s 1 o o s 181, 182.

) 5_ Deviation from expected signals is within 2% (or even 1%) in all
ob cases, except for crystal 181 and only starting from run 7072.
_15; | MassDistr_mult1_Z6

E [| Entries - 9553
-0 1000~ Mean  10.72
physics runs || StdDev  1.206
Z 600~ 800; ! X X
g s Ch181 —run 7032 i C distributions for run
00 500 7032 compared with run
0= r 7072, with cluster size = 1.
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The case of crystal 181 INFN oo '

% o Ch ID: 133 Let's include also crystals 180 and 184, which,

“g—* 15 o ChID: 180 together with crystal 133 and 182, are neighbors of
= E &hiB: 182 crystal 181.

g With the exception of 133, these channels share:

O

< 5

- same module (21 in HW numeration);

g g 8 8 A : $ $ - same WD board (106) - but different channels;

- same channel for LV and HV supply;

In spite of this, a deviation from the expected ADC
response only appears in crystal 181
— possible mechanical trauma.

=
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_ v b by e b by b b
20 1 2 3 4 5 6 7

physics runs
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Intrinsic Z misidentification (MC analysis) INFN St e

ZRec
ZRec

| also tried selecting events in which TW points = CALO clusters, but there is no meaningful improvement.
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