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1. Calorimetry background

[d  Radiation-matter interaction ABSORBER ~ °
5

e High energy electrons — Bremsstrahlung A T \ s ’
High energy photons — Pair production e Nl
Radiation length X . i L ‘ -
= electromagnetic showers. — e . -

e High energy hadrons — complex interactions AEROREER ) .
Interaction length & j COMPONENT
= hadronic showers made of two
components: electromagnetic and hadronic -*E---"""'n """""" 1 HADRONIC
components. ) = N Heavy fragment J COMPONENT

1 |
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. e —
d  Response of the calorimeter 4<<\calorimeter

L, defined as the average calorimeter signal divided by the energy of the particle that caused it. 20 GeV

x10° i @

=  Electromagnetic (e.m.) showers:

Signal it

U T LA -

( Signa’loutput ) = :

i 17 s e
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=> Hadronic (h.) showers:

(Signaloutput ) —lefom [+ B (1 — f )
Edepo h ? *

e.m. h.

with e, h calibration constants and fem, the electromagnetic fraction
of the shower ( = fraction of hadron energy deposited via e.m.
processes).

—> Different responses depending on the showers = Worsens
energy resolution.
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=> Hadronic (h.) showers:

h(]- o fem)

Signal
( utput ) | fem +
h

E depo

*

*

c.m.

with e, h calibration constants and fem, the electromagnetic fraction
of the shower ( = fraction of hadron energy deposited via e.m.

processes).

—> Different responses depending on the showers = Worsens

energy resolution.

-> f_fluctuates with the energy = Proportionality lost in
cm

hadronic showers.
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Outlines

2. Dual-readout calorimetry
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e Homogeneous calorimeters based on scintillating crystals

L High-energy particles interact with the crystals that compose the calorimeter by depositing their energy
converted to photons from 2 independent processes:

— Scintillation (isotropic)

— Cherenkov (directional & prompt light, mainly emitted by e.m. particles).

/ [Scheme of photodetector pulse processing with calorimeters based on scintillating crystals ]\

Scintillation

Cherenkov

\ Active medium Photodetector Pulse /
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S Cdiagram
[ ) L 4
2. Dual-readout calorimetry L ot —
. | o EGeVy,et ]
. . . © S)i 08l * EGeV protons ,/l ]
—>  Energy detection technique that improves measurement accuracy g (e . P
. ° O [
by using two types of readings to correct complex hadron ool s F ]
interactions in calorimeters: L_ g [ O ]
o Scintillation (§) signals 04l ¥  J
0 Cherenkov (C) signals : 74 |
> Both signals can be calibrated with electrons of known E energy. - e
000.0 T 01.2 — 0‘.4 - 0.6 ‘ ‘ ()I.8 - 1{0 ‘
< (hle) - S/E
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. S-Cdiagram
2. Dual-readout calorimetry 0 et -
. | ¢ EGeVy,et ¥ ]
: : : © S)i 08| ¢ EGeV protons el ]
—>  Energy detection technique that improves measurement accuracy i e . P
. ° O [
by using two types of readings to correct complex hadron ool s F ]
interactions in calorimeters: L_ g [ < g ]
o Scintillation (§) signals 04l E |  J
0 Cherenkov (C) signals : 74 |
02 ,"/ \/' m=0 ) /;
> Both signals can be calibrated with electrons of known E energy. [ ] e
0.0’.‘%‘.;,‘ ev @ v s ased 5 |
> The dual-readout method works thanks to the fact that (e/h), # N e s
(e/h).. The larger the difference between both values, the better the
e.m. shower fraction f__ can be extrapolated. "
— S =
(Se)
S E [fem + - fem ]
g e
1
C E |:fem Arsm—— T fem :|
g
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S-C diagram
l-readout calori ey
2. Dual-readout calorimetry i A
. | o EGeVy,et ]
: : : © S)i 08| ¢ EGeV protons el ]
—>  Energy detection technique that improves measurement accuracy i *T + EGeV pions f’ 1
. . O [
by using two types of readings to correct complex hadron ool s F ]
interactions in calorimeters: L_ g [ < g ]
o Scintillation (§) signals 04l ¥  J
0 Cherenkov (C) signals : 7o
> Both signals can be calibrated with electrons of known E energy. | e
0'(:)0/‘ T2 0a 06 08 10
> The dual-readout method works thanks to the fact that (e/h) # L e X s "
(e/h).. The larger the difference between both values, the better the

e.m. shower fraction fem can be extrapolated.

(1~ fon) o ___(B/9)o = (C/9)(B/e)s
— |7 CS)E-(Wfe)sl - L= (el

= E[f‘""* /)5

C—E [fem—k (1 —fem)]

1
(e/h)¢
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2. Dual-readout calorimetry s =

-

v

= E[fem+

S=F [fem+

_S-Cdiagram _

e EGeVy,et

. . . D‘Pﬁ 08| ¢ EGeV protons ,/l ]
Energy detection technique that improves measurement accuracy i B . P

. . )
by using two types of readings to correct complex hadron ol s F ]
interactions in calorimeters: S < v ]

o Scintillation (§) signals 04l & .

0 Cherenkov (C) signals : %

Both signals can be calibrated with electrons of known E energy. | s

The dual-readout method works thanks to the fact that (e/h)g # ;‘ 62 ‘(,,/e;\' | | | s/é '
(e/h).. The larger the difference between both values, the better the

e.m. shower fraction fem can be extrapolated.

(1~ fon) o ___(B/9)o = (C/9)(B/e)s
— |7 CS)E-(Wfe)sl - L= (el

(e/h)s

gt )

= Use of 2 photodetectors to extract signals and obtain the (C/S) ratio.
= Objective : extract the f__from the pulse shape using 1 photodetector

Oral Defence - M2PSA -19/06/2024 Dual-readout calorimetry 11



Outlines

3. Simulation
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PbWO . crystals

3. Simulation AT

> Homogeneous calorimeter made of 3x3 PbWO A
crystals of dimensions: €

2.2x2.2x25cm’® (~CMS ECAL). mt

Calorimeter’s geometry in GEANT4

> " and e are shot in the center crystal of the calorimeter.

E
> f implementation: o em
em p fem,szm Etot

> Data extracted from the simulation:
o0 Numbers of C and S photons detected at the PMT

0 Pulse shape at the PMT

o .
em,sim
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Outlines

4. DPulse shape discrimination
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4. Pulse shape discrimination | 777 ©
5 u T s
_ - iy V722 Sae

» Simulated 10 GeV 7" pulse shapes 08— i
Fé f 0.15 C
s 4F =0, s I 7
=, 1 52 em.sim o 0.6—--:i Z
g E = fem sim — 0.44 :;3_ I~ 22; 7/} 2\
2 0.9F fomsn =093 || & [ 17 “
3 F oaf- b
T ol - W 7777577
Q0.7 02— V7 T //7777
ey > //
£ 0sf i . | W NS
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< 0.5F Tlme [ns]

0.4 Features :

0.3 L O Slate areas

0.2F | - rise time (= time to go from 10% to 60% of the pulse

o1 = amplitude)

F e, 9 /\\ - time over threshold (ToT) at different percentages
‘111|l|111||11111||11111|||111f1|rl“T‘*t—r“ri o1 o1 o« . . . .
45 50 55 60 65 70 75 80 — Possibility of combining features with machine learning (ML)
Time [ns]

using a boost decision tree.
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(A Some features extracted from the pulse

Ratio of C and § areas of the pulse (a.p.)
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Outlines

5. Energy reconstruction
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4. Energy reconstruction o 10 GV

Signal it

e line —0.8
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4, Energy reconstruction

( Signa’loutput
E depo

— Underestimate the real energy deposited by ©*
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4, Energy reconstruction

x10°
g 140
E -
o= -
D 120
%) B
_ 100}
1gna output :
( ) =efem+h(1— fem)| <= i
E depo h. 80 B
60}
40|
— Look at events that deposited energy in a window : i
20}
4.37 GeV < Ejepo < 4.81 GeV i

Oral Defence - M2PSA -19/06/2024

10 GeV "

lIIIIIIIlllllIlllllilllilllIIIIIIIIIIIIIIIIIIII

1

Energy reconstruction

2

3

4 5

W_J
window

6

7 8 9
Esero [GEV]

—0.7

—0.6

0.5

0.4

0.3

0.2

0.1

0

f em,sim

20



A Before calibration (b. calib.)
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Energy resolution for e:

Energy resolution for 7

Energy reconstruction
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A Calibration method
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A Calibration method
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A Calibration method
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Ereco [GeV]
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A Calibration method

s BEFORE 55 AFTER
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D h r 1nm h a. cali cali
Ca b atio ct Od EZ 1b'(.fem) = Eb' IE' + <Ereco,e‘> - [a’fem,sim + b]
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o .55
. . ~— = (6.38 +0.09)% % |
[ After calibration (Ext) o |
= o T
B e :
0.9 45
0.8 4
0,75_ T reco al-
E | B
0.6F— n i
= 3.5
055— B _<Erecoe )
0.4;—
0.3F— 306170270304 05706 0.7 0808 1
= fem5|m
0.2
0.15— Oreco.mt
=T " T Y. - OO = (2.79 £ 0.04)%
3 35 4 45 5 (Ereca,7r+ ) Foarsion
Ereco [GeV]

Tables with the results obtained from the different features used to do the calibration:

Features (C/S)detected photons (C/S)area pulse ToT@5% fem,]\/[L
Oivop
<E—”+> (3.38 £0.05)% (3.62 £ 0.05)% | (3.69 4 0.05)% | (3.55 % 0.05)%
reco,mt
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Tables with the results obtained from the different features used to do the calibration:
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Outlines

6. Conclusion & Ongoing work
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5. Conclusion & Ongoing work

Proportionality shown between the features extracted from the pulse shape with the f_.
Maximizing the information from the ECAL by extracting proportional features of the f__
information from the pulse shape at the photodetector event by event.

G Information extracted from only 1 photodetector instead of using 2 as done normally.
> Possibility of combining features to estimate the f__ using a machine learning algorithm :
L Reconstruction of the energy with a better resolution.

>
>

Next steps:

%  Improvement on the ML algorithm.

% Applying the techniques developed to a realistic configuration, as in a testbeam or a full detectors.

% Including a HCAL in simulation to allow full containment of the shower and evaluate the influence
of the ECAL with dual readout capability on the performance, the results will be evaluated with

experimental measurements in testbeam.

Oral Defence - M2PSA -19/06/2024 Conclusion & Ongoing work
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(1 Radiation-matter interaction

I I\lllllll I
\\

n \\
\' Positrons

- o Lead ( Z =82)

Bremsstrahlung

—0.20

0.10

0.05

1

E (MeV)
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Figure 2 : Photon total cross sections as a function

of energy in carbon and lead, showing the

contributions of different processes

From: Particle Data Group, PTEP 083C01, 2022 [5]
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A HCAL dual-readout capabilities

§-C diagram
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From: S. Lee, et al., Rev. Mod. Phys.90, 2018 [3]

50 x S0 x 200 cm® (~ HCAL) to test the
dual-readout capabilities of the simulated
calorimeter.

35



H

ECAL dual-readout capabilities

S-C diagram
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l EreCO of S GeV ¢

4.37 GeV < Egepo < 4.81 GeV
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d  Linearity for e.m. showers 2
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A Features- (C/ S)a.p.
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A Features - (C/S, )
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(A Features - ToT@5%
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(A Features - ToT@10%
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(A Features - ToT@40%
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4 Features

- Rise time
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[d  Gradient Boost Decision Tree

— an ensemble technique that combines the predictions
of multiple decision trees to produce a more accurate
and robust model.

Data Weighted Data Weighted Data Weighted Data

1. An initial model: often a simple one like the mean of : ,° o® "
the target values for regression. y, J
2. Building Trees Iteratively: new decision trees added / l ‘f“ l wue El
one at a time, each new tree trained to correct the errors or /

residuals of the combined ensemble of all previous trees. “ ; 2 '} “ ; : '} “ ; ; '3 “ : ; '}
3. Gradient Descent to minimize a loss function. ki ks ks ke
4. Updating the model: predictions from each new tree T \\@7/ prd o
added to the ensemble model, weighted by a learning rate. % &b _____

5. Repeat ;;::
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(A Preliminary results with ML
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(A Preliminary results with ML
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A Influence of the incident and deposited energies in the linear
fit to reconstruct the deposited energy inside an ECAL

’ Incident energy 10 20 20 40
Deposited energy

1.99 | 1.66 | 1.71 | 1.58
290 | 3.26 | 3.17 | 3.26
3.72 | 3.13 | 2.94
5.71 | 6.23 | 6.42

10

Table 1: Values of the linear fit to reconstruct the deposited energy for different incident energies
and sections of deposited energy. The incident and deposited energy are expressed in GeV. In
the cell, the first value corresponds to the slope of the fit and the second below to the constant
coeflicient. They are also expressed in GeV.
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A Hadronic shower

Hadronic shower scheme

Interaction length

Are longer than or o
EM showers ~————» A ~ _—
(X, smaller than ) ! — W
EM showers*
- P d S ® . gy
A -

e T y EMshowers:

[ s /

p
6" ."i\ /. P s Y
- =Y = ~—y
Hadron (p, n, ", ..) @__—-. = g M shoverst - 5 AR
n nﬁ»l-
N
\.""‘ (4] - e
\ . “0;7‘ EM showers

y e

+Evaporation, gamma-deexcitation, fission

Non-negligible fraction of initial energy
can go into binding energy + recoils

*EM showers \
concentrated along the shower core (shorter/less wide)

do not give r rs (photo-nuclear cross section small)
not only n° but also other particles like n

roughly continues until particle energy
falls below pion production threshold

Hadronic shower

Charged Hadronic particle are slowed down by dEdx

v Small effect

In addition collision with nuclei (strong interaction)
¥ Inelastic scattering: intial state # final state

¥ At high energy: 6; ~ 40 mb x A%"!

Interaction length A;:

v e.g. Carbon: p.A ~86 g/cm?
v e.g. Lead: p.A ~194 g/cm?
A >> X,

v Hadronic showers longer than e.m. showers

~1/3 of the shower produces m° = quickly stopped by e.m.
shower
Energy threshold to produce a pion (lightest hadrons)

v Play a similar role of E_ for electrons

v Hadronic shower stops below this energy
Large variety of process

v A fraction of the energy loss can not be converted in signal
®* (nuclear binding energy, target recoil, etc.

v Large fluctuations in hadronic showers

v/ Energy measurement less precise

A which yiekds:

A N(x) = No exp(—2/Aint)

- Navp oy

2022-23 A.Besson, Université de Strasbourg
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