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From detector to

measurement: the case of
the ATLAS EM calorimeter
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Calorimeter energy reconstruction and calibration

¢ Typical reconstruction + calibration chain

v Pulse amplitude reconstruction

v' Pulse = energy: correct response effects from monitored parameters (detector, electronics)

v Clustering (i.e. grouping cells belonging to same shower)
v Intercalibration

* Correct differences of response in different detector places: mechanics, electronics, ...

v Leakage corrections (energy lost outside of cluster)

v" Absolute energy scale correction

Laser Monitoring Intercalibration Global Scale

Cluster

Corrections

Energy
reconstruction
for photons
and electrons

“y 5 o
Eey=SuSi(t) X ci x A]] X G(n) % Fey

B Pulse Amplitude
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Example from CMS EM calorimeter...
Last thing we saw yesterday...

180

120F

x10°

CMS Preliminary 2012

S o corrections

-1
Vs =8TeV,L=19.6 fb -

s 1C + LM corrections

ECAL barrel

1 1 éO
M., (GeV/c?)



o.1

A measurement example:

Higgs boson mass
with H2>vyy
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A measurement example: Higgs boson mass with H2>yy







A narrow mass peak...
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... on a large
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Simulation
" my = 120 GeV
- Signal Vs = 14 TeV
j;; Irreducible bkg B

Reducible bkg
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H->YY (weighted) mass spectra
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H-2>YY invariant mass resolution
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http://dx.doi.org/10.1140/epjc/s10052-014-3076-z
http://journals.aps.org/prd/abstract/10.1103/PhysRevD.90.112015

From physics to detector and back...

currents in cells

*/in EM shower N lified
- EM shower e m amplifie
SH> v | > ionize LA > shaped
PP YY in calorimeter S
- current in cells - digitized
- recorded

readout electrode

absorber

g(t) (au)
o

800
t(ns)

Y energies cell energies digitized pulse samples
(and positions) cell cluster €< cell current Ise amplitude <
H>yy € cluster energy < cell energy < PHISe amPpItUde

My € Y energy < cell current <
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ATLAS EM calorimeter
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incident
particle

C >

liquid argon

| lead

—
E

Calorimetry Part 2

electrode

readout electrode

absorber

outer copper layer

inner copper layer
kapton

outer copper layer

stainless steel

glue
lead

it
A EM calorimeter outside inner
solenoidal field
v More material in front, energy losses,
photon conversions
¢ Sampling calorimeter (LAr + Pb)
v Worse energy resolution

¢ High granularity and segmentation
V" better PID and rejection
V' position measurement for photons
[ ]

Electrical signals
v" High stability in calibration

v/ Radiation resistant



EM Barrel : (|n|<1.475) [Pb-LAr]

EM End-caps : 1.4<|n|<3.2 [Pb-LAr]

Hadronic End-cap: 1.5<|n|<3.2 [Cu-LAr]
Forward Calorimeter: 3.2<|1|<4.9 [Cu,W-LAr]

ATLAS LAr calorimeters

AN

~|90K of (different) readout channels

LAr hadronic
end-cap (HEC) =,

LAr electromagnetic
end-cap (EMEC)

LAr electromagnetic
barrel

&t B
LAr forward (FCal) s
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LAr EM granularity

AdxAn = 0.0245x0.05

}‘\Trigger Tower
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Square cellsin
Layer 2




How is LAr granularity achieved!?

1) strips

BARREL

n: etching of readout electrode

@: electrode connection via “summing
boards”

Signal from summing boards collected
”mother board”, where also calibration
resistors are located

v Signal path: partly on electrode, then
SB+MB, then cables

T N sy O W e Oy Yy Ty W s Ry W sV O s s Y g W ) b

sy W T
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9.8

Cell energy
reconstruction and
calibration
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LAr (EM) signal generation and readout

eadout electrod
reaaou feC roae ab;orber
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stainless steel ; : = b N ‘
gue — ¢ - 3 :
ad o
< a * T 100 0 100 200 300 400 500 600 700 . (,:)00
>
CATY AAIA AN I
The LAr signal is The triangular < | \ ]
generated by the current signal is ™ 0.8 | frp e i .
ionization electrons pre-amplifiedand b 1 % ]
drifting in the LAr gap shaped (bipolar - ] ]
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the energy released in c ]
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LAr readout electronics in a nutshell

Marco Delmastro | DETMES 2025

. Shaped
Summing ' Signal
Boad _J N
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= i %) Inm
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Front End Board

ADC

Optical
Link
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}/ Layer » Tower Builder (LVL1)
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LAr readout electronics in a nutshell

The LAr cell electrodes
collect the LAr ionization
electrons (that drift in the
LAr gap in the electrical

field generated by the
HV)

. Shaped
Summing ' Signal
Boad ' _J N .
- i | ! SCA
— il Y L
— =4 F:eed_ ! Shaper A
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Front End Board

ADC

Optical
Link

Sum

}/ Layer » Tower Builder (LVL1)
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LAr readout electronics in a nutshell

LAr gap in the electrical

field generated by the
HV)

current signal

The LAr cell electrodes The preamplifier
collect the LAr ionization amplifies (and
electrons (that drift in the integrates) the

. Shaped
Summing Signal
Boad ¢ _J N S
— SCA
=8 % L
8 ] Shaper A
through | i High
! i amplifier W\
........... o oo LTI
: —? S ! Medium t
: . @ | '
..... ! ! N\ { | :|:|I|:|
= g: i Shaper \
Q=)E ! Low
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Front End Board

ADC

Optical
Link

Sum

}/Lay? Tower Builder (LVL1)
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LAr readout electronics in a nutshell

Sum

The LAr cell electrodes The preamplifier The CR-RC2 shaping filter The SCA stores
collect the LAr ionization amplifies (and shapes the amplified signal in analogue
electrons (that drift in the integrates) the in 3 gains (HIGH, format the signal
LAr gap in the electrical current signal MEDIUM, LOW) samples in 3
field generated by the gains, waiting for
HV) the trigger
lonization
i Signal Shaped
Summing 9 Signal
T e
] | 1 1 3 ol SCA : Front End Board
=== S >—IT]!
T =-°  Feed- ;. L= ..|.3 L Shaper: 4 :
through | Pre- | High : :
! i amplifier | = s . DIDID:[D .
o! : : Shapet : Optical |1 4,
ppa— S : Mediurh ; ADC Link ROD
: : D i : : - :
S A L AT
= = | . Shaper: ) .
E' \ Fasasmmmmmn T
o . ! Low
—_ \
: | 4’ i
i }/Layer Tower Builder (LVL1)
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LAr readout electronics in a nutshell

SCA

The SCA stores
in analogue
format the signal
samples in 3
gains, waiting for
the trigger

Once the trigger says “yes!”
the selected samples are
digitized by the 12 bit ADC,
the transmitted to the BE
electronics. If in “Free” gain
(physics), the correct gain is
chosen

T

Front End Board
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Sum

The LAr cell electrodes The preamplifier The CR-RC2 shaping filter
collect the LAr ionization amplifies (and shapes the amplified signal
electrons (that drift in the integrates) the in 3 gains (HIGH,
LAr gap in the electrical current signal MEDIUM, LOW)
field generated by the
HV)
lonization
; Signal Shaped
Summing ' Signal
Boad
SIS NH NE
=Nl vl
----- Feed- ;.10 ...]..5 7 Shager:
through | Pre- : High
! ' amplifier
:----------: Q: i . Shapef
. H N : | . " .
rannatPauus ! ) = \N\ 2
= = | . Shaper:
E' | FPassmnmmnmn  emmmmE
o . ! Low
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LAr readout electronics in a nutshell

The LAr cell electrodes The preamplifier The CR-RC2 shaping filter The SCA stores Once the trigger says “yes!”
collect the LAr ionization amplifies (and shapes the amplified signal in analogue the selected samples are
electrons (that drift in the integrates) the in 3 gains (HIGH, format the signal digitized by the 12 bit ADC,
LAr gap in the electrical current signal MEDIUM, LOW) samples in 3 the transmitted to the BE
field generated by the gains, waiting for electronics. If in “Free” gain
HV) the trigger (physics), the correct gain is
F chosen
lonization
Signal Shaped
Summing 9 Signal
T e :
=rmE I 1 = - SCA - Front End Board !
< L ! Hl [ - - : J
i h 0 S 11 NN N1 R, .
=i Feed- ) L7 )% L7 Shaper: 4 :: : l
i Pre-""1" High : = : :
amplifier |2 [\ > & = [I]]]ID]]] s : ;
EELEE] ERERE . Shapei . E Optical ! >
D ——t : Mediurh b i : ADC : Link | ROD
— - i i
Layer Tower Builder (LVL1) :
The calibration board injects exponential current Sum E

pulses of known amplitude (measured in “DAC”) on
the detector cell, at the MB level, in order to probe
the actual electronic response
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From digits to “raw’ energy in a cell

47 cm

sampled at 40 MHz and

2
CR-RC™H digitised

25ns

outer copper layer
inner copper layer
kapton

outer copper layer

stainless steel

¢ 1 »t

Pulse Samples

1 Nsamples
Ecel = FDACpA - Fua-Mev "y — - CG1- >, ai(si—7)
phy —1
|\/Icali ’

Energy
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From digits to “raw’ energy in a cell

47 cm

sampled at 40 MHz and

2
CR-RC™H digitised

25ns

outer copper layer
inner copper layer
kapton

outer copper layer

stainless steel

glue = |

lead
“ '.iﬁA

~

Pulse Samples
1 Nsamples
Ecel = FDAC—uA " FuA—-MeV " - Gi- >, ai(s—0)
phy —1
|\/Icali

Energy Pedestals
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From digits to “raw’ energy in a cell

47 cm
¢ Iy
@ N R
— ( ) } t) line 2 sampled at 40 MHz and
an? CR=RC™ 1 jigitised
& readout electrode

outer copper layer
inner copper layer
kapton

outer copper layer

25ns

» |
2
2 7 // £
% / "'VV A
/
/ R 7
stainless steel 7

glue — )
lead

Pulse Samples

1 Nsamples

Ecell = FDAC—uA * Fua-Mev " G1- Y. ai(si—n)
ohy e
|\/Icali ’

Energy

Optimal Filtering Coefficients Pedestals
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From digits to “raw’ energy in a cell

47 cm
¢ Iy
@ N R
— ( ) } t) line 2 sampled at 40 MHz and
an? CR=RC™ 1 jigitised
& readout electrode

outer copper layer
inner copper layer
kapton

outer copper layer

25ns

» |
2
2 7 // £
% / "'VV A
/
/ R 7
stainless steel 7

glue — )
lead

ADC to DAC (Ramps) Pulse Samples

Nsamples

Ecell = FDAC—uA * Fua-Mev " G1- Y. ai(si—n)
ohy e
|\/Icali ’

Energy

Optimal Filtering Coefficients Pedestals
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From digits to “raw’ energy in a cell

47 cm

Ical
=N ME + SB

{] line 2 sampled at 40 MHz and
an? CR=RC™ 1 jigitised

outer copper layer
inner copper layer
kapton

outer copper layer

ectrode

25ns

hy
% N

ADC,

stainless steel

glue —
lead

L L L | | |
100 200 300 400 500 600

700
t(ns)

“1

ADC to DAC (Ramps) Pulse Samples

Nsamples

Ecell = FDAC—uA * Fua-Mev " G1- Y. ai(si—n)
ohy e
|\/Icali ’

Energy

Optimal Filtering Coefficients Pedestals
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From digits to “raw’ energy in a cell

47 cm

outer copper Iayer
inner copperlayer

kapton
outer copper layer

stainless steel

o
glue —

lead

Ecel = FDAC—uA - Fua-Mev  — G1- X

Energy

Marco Delmastro | DETMES 2025

Imj \ MB + SB

Calibration
board

“1

Nsamples

=1
|\/Icali

Sampling

Fraction Optimal Filtering Coefficients
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line
Y _ 2 sampled at 40 MHz and
Rpr.é* CR-RC™H digitised
s L —
v § g‘ 25ns
(&)
<
*:c
o
b ¢
| | | 1 i |
100 200 300 400 500 600 Z?rll‘ls)
Pulse Samples

a; (s; — 1)

Pedestals
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Why use OF reconstruction!?

()]
3 ]S = Ag(t)+n,
2
< —_
0.8
0.6 | \/ ) <nlnf> - R’J
0.4 | e g
L 4(8) (ns) _
0.2 A A - Eaisi
i
obd o\ _ | S 3
_ / A=Azaig(ti)+zaini
o N N e —— , ,
o T00 500 300 400 500 600 U " S —

Time (ns) 1 N
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More details on OFC optimization?! Read this!

NUCLEAR
INSTRUMENTS
Nuclear Instruments and Methods in Physics Research A 338 (1994) 467-497 & METHODS
North-Holland IN PHYSICS

RESEARCH
SecthonA

Signal processing considerations for liquid ionization calorimeters
in a high rate environment **

W.E. Cleland *, E.G. Stern !
Department of Physics and Astronomy, University of Pittsburgh, Pittsburgh, PA 15260, USA

(Received 13 July 1993)

We present the results of a study of the effects of thermal and pileup noise in liquid ionization calorimeters operating in a high
luminosity environment. The method of optimal filtering of multiply-sampled signals to obtain timing and amplitude from
calorimeter signals is described. This method has some advantages over the traditional method of sampling the peak of a shaped
signal, which include a reduced sensitivity to channel-to-channel variations in the pre-filter shaping parameters and good
performance over a wide range of operating conditions. Analytic expressions for the variance of amplitude and timing measure-
ments are found through a frequency domain approach. Implications for the choice of pre-filter shaping time, number and position
of the samples, and digitization accuracy are discussed.
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Pileup in system with bipolar shaping

3.2.2. Pileup in systems with bipolar shaping
In the situation where pileup noise is continuously i

. .. ATLAS —
distributed in time, Campbell’s theorem [8-9] may be = 1 ; B Sito A .
tfscd to find lhc.pilcup variance. Howe)/cr, at a col- ° og ' FT=1', ;,ot:m, Channel = 55 (Gain = 0] ]
lider, where the signals are generated at fixed intervals, 06 ®  Normalized calibration pulse

it is necessary to use a discrete sum in calculating the
effect of pileup noise. The expression for this case is 0.4
derived in the appendix.

[ J Predicted ionization pulse

NN vaen,,

. . 0.2
From Eq. (99) we see that the expression for the CE
pileup variance is o
, -0.2- ]
p~= T ZgZ(I) ppp (17) :11111111111111111111111111111111111:
i=—x 0 100 200 300 400 500 600 700 800
in which p? = Var(E)/T, is the variance of the energy t (ns)
deposition in the calorimeter per crossing, 7, is the 0
time between crossings, g(¢) is the signal waveform < pzleup>_
and S, called the “pileup sum” in this paper, is the 2
discrctc form of the so-called “pileup integral”, fg(t) dt = O piteup IZp
. R™ (1) [ g(u)g(t ~u)du
L= [ &) dr. (18)

The quantity p,,, called the pileup noise density, is that

part of ¢, which is independent of the signal process- E g(tl) = O —9 ?
]

ing parameters The dimensions of p, are E/\/_ T while
S, has dimensions of 7', reflecting the time interval
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In-time and out-of-time pileup effect

pt MIDDLE LAYER EM BARREL \ ° ldeally, infinite bunch trains with same luminosity per bunch
] : ns \
| 510000 |\ 2008 ATLAS cosmic M V" Average energy per cell = 0

2] {4 ATLAS Preliminary | v . > ) )
| 3 800 - . prediction “; Pileup fluctuations translate in noise per cell
| 800 s Dae \ *  dominant w.r.t. electronics noise for eta>2.5
| 400 ° Inreal life, bunch train structure and bunch-to-bunch luminosity

200 \ variations
3 v No cancellation of in-time pileup shifts for first bunches
\

00 700 . . . T
300 300 time (1) | v" Residual shifts for bunches with luminosity different from average

v Only the first effect simulated in ATLAS MC

¢ Correction computed from pulse shape, OFC, bunch-per-bunch luminosity (data) or bunch structure (MC), and
average energy per cell for in-time only energy deposit

;‘ 6 T T 'S' T T
(0] B 4 [0 R 1
O 5 o 2011 Data (Zae*e),det:Sfb 5] o 2011 Data (z—>e+e),det=3fb
§ 4 A Simulation (shifted by 800 MeV) § 4 Simulation (shifted by 100 MeV)
[ ; [0}
S i 7 Large gap i 8 BCID gap S i Large gap i 8 BCID gap
IS 3 ° ATLAS Preliminary 5 ATLAS Preliminary
8 s ke
(@] . o
(2] A n
2 s 2

1 [

[ ]
O
0T o
-1
) l R l l l
300 100 200 300
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Noise after PU-optimized OFC reconstruction

¢ All values ‘“at the electron scale”

v i.e. assuming the effective sampling fraction for a 100 GeV electron
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Signal peak reconstruction: alternatives to OFC?

¢ Extremely high pileup conditions (u~200) expected at HL-LHC 2 | e 0B omar ;
® Machine-learning-based algorithms could outperform OFC i E

reconstruction in reducing PU effects, while addressing other
issues (e.g. pulse jitter)
v" Currently being studied: Recurrent Neural Network

e

Normalized to unity

...... it 1072030 40 50 60 70 80 906700 ©
Gap [BC]
- —— Input samples
4 Default Pulse Shape M e i = 15 ~0.0014
true energy @ Z AREUS Simulation
—— predicted energy (Vanilla) S qe- 140 E™ 5240 MV 0.0012
---- predicted energy (LSTM) B oVl RN
S - |0.001
Y
3 ] 0.0008
1 " 0.0006
0.0004
0.0002

ia L . !
146720 302050 60 70 80 90700 °
Gap [BC]

AREUS Simulation
<p> = 140, E;"" > 240 MeV
LSTM (sliding)

=3

e, PR
0 20 40 60 80 ~" 10 20 30 40 50 60 70 80 90 100
Gap [BC)]
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How can we predict the ionization pulse!?

L

Ra
, .... mother I
cali cali
calibration a board a'

bboard 'nj Rdum

calibration Ilne readout line
E CR-RC2 - =0

Feali Hline (S) Rterm - Vout
Rca é \/
li J

Lcali Y

Hreadout(s)
Iphys

v

@ Exponential pulse shape phys
depends on CB elements

ftep = <rca.:-agca"> Q@ Rierm is such that 1/Rierm+ N/(Rinj+Raump) = 1/Rcaii

2
_ Leay 9@ The injected calibration current is Iy = V'cai/ (Rinj+Raump)

Tcali = :
rcalit Cza“

@ The ionization pulse is (currently) predicted as:

(1 + s7can)(sTy — 1 ‘|‘€_3Td)>x< 1 )
STd(fstep + s7cali) 14 srC + s2LC

Iphys(S) = Ica1i(s) X (
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A quick view to the ionization pulses: EM Barrel

® e T L o SR @ 1800
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1200 T ®» B B e e B L B S B e o )
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S F i 2008 ATLAS cosmic muons ] 38 C '} 2008 ATLAS cosmic muons ’
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< "t i ] 2 L i ]
L . i a - N H .
600~ ‘x Prediction — 600 Prediction ]
Fo . Data ] S . Data ]
400: x . (Data-Prediction)/Max(Data) - 400:* « (Data-Prediction)/Max(Data) 7:
200 . R b 200~ Jo.04
0:4./:. . . 7’0. Coci ‘ -0.02
- ’ J-0.02 oy, Jo
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A quick view to the ionization pulses: EM EndCap

000~
5 - N MIDDLE LAYER EM ENDCAP, HV=1.5 kV |
3 i ]
8 800: : 2008 ATLAS cosmic muons i
(a] L [ ] i
<600 ..:.ATLAS Preliminary -
Co - Prediction ]
400~ e Data ]
oo o (Data-Prediction)/Max(Data)
200— ’ ]
of ; .\‘ celL . =
-200[— —
c b b by by b by b

0 100 200 300 400 500 600 700
Time (ns)
@000 T
5 - MIDDLE LAYER EM ENDCAP, HV=2.1 kV -
8800 A -
IS C i 1 2008 ATLAS cosmic muons .
(@] - HE imi a
< 600 E.ATLAS Preliminary =
o - Prediction ]
400~ e Data .
o o (Data-Prediction)/Max(Data)
200~ ]
-200[— =
e b b b b b by by

0 100 200 300 400 500 600 700
Time (ns)
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310007"H\H‘w"H\HH\HH\HH\HH\HL
S - N MIDDLE LAYER EM ENDCAP, HV=1.7 kV -
Q ; HAY ]
8 800: { i 2008 ATLAS cosmic muons i
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400 e Data 7
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200 ]
0, O .« ® . u
-200(— —
v b b e b b b e b by
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Time (ns)
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200— ]
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Pulse shape details depend on electrode position

gap gap gap

gap

2008 COSMIC MUONS  EM BARREL LAYER 2

~ 7 40— BBRE

S 350 Z “l[oRM vFPM —Predcon | ATLAS

= A, 475} : , 5 |

300 5 _f ; g | E

VR : ]

250 465%’%, $ g ; 3

200 - S ; @E V

a60f N o K ®

150 4555 0 o : (e . Gy ; ) X , : E

1o é W

450 : =

=0 c i ]

' 4451 . | b

850300350400450500550600650 440:---l-i--l....i....|..i,|...:
Time [ns] -1 -0.5 0 0.5 1

=
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Electronic calibration °

pedestals and noise ADC - MeV conversion response to current pulse

FEB are read with no input

signal to obtain:
@ Pedestal
@ Noise
@ Noise autocorrelation
(OFC computation)

[ Typical RMS values |

w10
N
3 o

)

TR TTTT

% pza7
gg38
R

P AN W b o N
T

P R
20 40 60 80 100 120
FEB channel

= PEDESTAL

‘runs’’

F =ADC2DAC
x DAC2pA
x uA2MeV
@ Scan input current (DAC)
@ Fit DAC vs ADC curve with a first
(second) order polynomial, outside
of saturation region

( ’ 3500 v
E l I O I |
D 3000(— | L
2500(— i
2000 i
E i
15001
£ i
1000
= I
5001
E L 1 1 L L 1 L
200 400 600 800 1000 1200 1400 _ 1600
| RAMP

All cells are pulsed with a

known current signal:
@ A delay between calibration
pulses and DAQ is introduced
@ The full calibration curve is
reconstructed (At=1ns)

50—

100 200 300 400 500 600 700

Time (ns)

= DELAY

® Executed routinely (pedestal/ramp: daily; delay: ~weekly)
v Monitor stability over time (temperature changes, ...)
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Electronic calibration

0.2

0.1

A PEDESTAL (ADC count)

-0.1

-0.21—

Nsamples

ATLAS Prellmlnary

IL'A]ElMll T IHH'IhIG"II RRRRRREREE
_137:5F'EBs 9 : :al.n . T S
’ c : h . v E o RMS=0,030 ADC
: ' ':.'.: oo 100
— H [ I P
L ;=| f i| \ i N d
PR il 1
EE it ||:| 50
il Il
X Lk S
T YEHE X }
LR
- "'"!:ff" ! K
b B N P 40
SRS
) 20

A GAIN/GAIN (per mil)

0
2004 2005 19.06 1907 1808 1709 1710 1611 0

PEDESTAL
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Date in 2012
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constants vs time

a; (s; — 1)

T T T
LAr EM
I— 1376 FEBs

ATLAS Prellmmary

——
High Gain .

400

350

300

250

Overflow=4

[ Underflow=2

RMS=0.343 per mil

i
ah
i

20.04 2005 19.06 19.07 18.08 17.09 1710 16.11

Date in 2012

RAMP

Gq

0 5000
Nb FEBs
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Electronic gain might be less linear than expected

¢ Standard reconstruction assumes linear response of readout electronics

o 20 K ]

Nsamples % 1ot &TrLAaWOT néproGé _E

Ecen= -~ G1- ), ai(si—n) i |1 .

0 ! —

. . -5 =

® Things can be more complicated... N RIS E

v" Residual (non-linear) effect can (should) be corrected for SLEE = “
g “E - o =016, phI=028 205506 7000 1300 2000 2500 3000

Fu

- = oL ATLAS Work in progress ' T

1 g - LAr EMB, layer 2, MG - 5 ]

3 4:7 ool i _:

- Standard ramp, MG S obrrhdddn ]

i o i Al

H}%_ _2;‘ .‘:.‘. i "‘* : —f

o 72 = _62,:_ . . : _f
" L Aoc 0500 1000 1500 2000 2500 3000

ADC
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Cross-talk on LAr readout electrode

=]

0.45%)

0.1%

8 &

o

Marco Delmastro

| DETMES 2025

Pulse Pattern

Response Pattern

@ The EMC cells share part of their collected
current because of cross-talk

v" In general the effect is negligible, and anyway
compensated by the clustering algorithm

@ The effect is non negligible for the first
sampling (front compartment a.k.a. Strips)
v" The actual electronic gain is overestimated (~9%)
v" The pulse shapes obtained injecting the calibration
current are “wrong”’ w.r.t. the one generated by a
particle shower (cluster)

If these shapes are directly used to compute OFC, the use of these
“wrong” OFC lead to a underestimation of the ADC peak (~1-3%)

v" The combined effects lead to a global overestimation
of the first sampling cluster energy of ~7%

v We have an effective recipe to treat the effect (gain
correction + proper OFC)
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A recipe for cross-talk correction

2500

2000

1500

amplitude (ADC)

1000

500

-500

200

150

100

amplitude (ADC)

(4]
o
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Standard pulse

X-talk corrected pulse

IR RS B | L P I USRI I BRI RS

0 20 40 60 80 100 120 140 160 180 200
t{ns)

E X-talk pulse neighbour -1

:_ f\ X-talk pulse neighbour +1

E f\:: X-talk pulse neighbour -2

— o’

C ". .'-:'_ X-talk pulse neighbour +2

- J 3

3 %

- _/ -

= - 7

:..I Ll L P I R T I I RS RS R

1] 20 40 60 80 100 120 140 160 180 200
t{ns)

Calorimetry Part 2

@ Prescription

~

_ 1 2
EW/O X-Talk — Epubed + ElstNghhA + ElszNghh.
1 2
E +FE
+ 2nd Nghb. 2nd Nghb.

2

® @Gain correction

v Ration between delay
pulse peaks without an
with X-talk prescription

® OFC correction

v" Use X-talk corrected
pulses to computed MW,
predict physics pulses,
compute OFC
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Cross-talk effect on energy reconstruction

B3 1
T e
g o : . .
£ %.5% L SRR e YTy @ The correction is (weakly) n-dependent...
8 o088 @ ... but the variation along | may affect the clusterin
S 0.86
£ o084 algorithm results!
o 082
0_8 L 1 I R | L1 1 1 L
(4] 50 100 150 200 250 300 350 400
n__ Strips
cell
(LN Ry
S 0.98E-
g % .3 H
= 0.94F .. . s83sevese, ., s2eese
: 2025 RICRRRM IO IR I L D XVACL
g 086 '
E 084
= 082 . L . N .
o 50 100 150 200 250 300 350 400
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140
B, e - e without XT corr
8 9% ® e vateainsen et MLodss 120 :
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S 988 100
£ 9 C
& 95 C CTB2004 run
08—~ 106 180 200 250 300 360 400 80— 1000942
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60— —
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g o . . q
I - XL VO
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2 0.86
E 0384
z 052 , | L , N | ol b b by 1Y ol
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0.5

From cells to cluster
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Sliding-window clustering

The historical approach to EM clustering in ATLAS used a “sliding
window” fixed-size rectangular clusters:
v An X Ap(Middle) =3 X 5,3 X 7,5 X 5
v Size is trade-off between energy leakage and noise pickup
(electronics and pileup)

A D AQ

° Pros
v “Fixed” noise contribution

v Easier to calibrate with “traditional” approaches

¢ Cons
v Difficult to recover energy loss by low energy photons radiated due to bremsstrahlung in ID
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Topological clustering

r ® Oiriginally developed for jet reconstruction, now adapted
0j0j0j0jo0jo0jo also for EM objects (electrons and photons)
o(o|0ojO0|O]|O|O ® Topo-clusters formed by growing-volume algorithm starting

from calorimeter cell with a highly significant seed signal
0(0]0|2|0]|0,e
L~ v Seeding, growth, and boundary controlled b)’ parameters {S , N,
212 |2

O 0 0 0 EM |Ecell| > So—nmse cell = |ch;ll\ld| > S

0 0 2 2 2 2 0 gclizl pr— :Eh(/:I—eH. |Ece11| > No-nmse cell = |gce11 | >N

0 2 2 2 2 nOiSe,Cell |Ecell| > Po-nmse cell = |§cell | > P

Epyy = 1357 GeV, E =17.50 GeV, 7 _ =-0.50 Epyy = 16.98 GeV, EG:= 17.59'G:V‘ N, =050

A 0 gl . - 0 0 §"F s 3" s
%8;- ATLAS Simulation Preliminary , T: 8— ATLAS Simulation Preliminary X
0|0]2|2 2|o0|0 o .1 _ :
2F m 5 2f— O 5
AD||o|o]o 2 |o]o|o0 o 0 4
Ia [ Ia 3
0(0(0|0|0|0]|O £ b .| ,
’ T Slldmgwmdow TR 2 Supercluster TR 1

—1086—42024 10 108642024 8 10
nc |I index r|ce|| index
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Topological clusters and superclusters

PR A P . ° .. .
" satellite*, Include radiative losses from bremsstrahlung into cluster to
.

‘ improve energy measurement

Supercluster -

N A ® “Superclusters” built from
I 1
'L 1 V" Primary (“seed”) electron cluster
i, ]
4 ' v" Nearby, secondary (“satellite”) clusters
1 L}
N ® Cluster reconstruction uses 420 topo-clusters
24
’ ® Example:
Enaw=10.07 GeV, E, _ =15.71GeV,n__=-0.82
8 1l ’
St
15
: 1] :
0(0]|0 0 o
0j010 0 3x7 slidjng window cluster “F | | | | °
olofo|2|0 Y 5 ‘
olol2l2/2 - Seed cluster 4
ololzl2l2 M Topocluster 420 of | n
o|2|2]2]2 _sf- Satellite cluster| m °
o[ 2| i | 1] :
Sols o1 I
A®|[o|ofo 20 - 1
-15—
0(o0j|o0 0 r
_20-....|....|....|..l||.||.|....|....|.... o
An -20 -15 -10 -5 0 5 10 15ncell§0
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Superclusters for electrons
Electrons only:

2. For clusters with An, Ap outside 3 x 5 window,
but within 5§ x 12 window, add to seed cluster if:

}_ An <0.05,
A <0.1

1. Add all clusters within 3 x 5 window
around seed cluster.

12 x 0 .025

5x0.025

An < 0.05, Ap < 0.1 between extrapolation from
perigee and secondary cluster.

OR 12 x 0.025

5 % 0.025

3 x 0.025

+ 5x0.025
(e_r a" Y) Seed, secondary cluster match the same track.
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Superclusters for converted photons

1. Add all clusters within 3 x 5 window
around seed cluster.

Marco Delmastro | DETMES 2025

3 x 0.025

(

+

e,

all y)

5 % 0.025

Conversions only:

2. Add topoclusters that have the same conversion
vertex matched as the seed cluster.

[Can use only best R
(default) or all vertex matches] .¢° .-~

. -
. Z
-

Q)

3. Add topoclusters that have a track match that is a
part of the conversion vertex matched in
the seed cluster.

[Can use only best
(default) or all track matches]

Calorimetry Part 2
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0.05

SWV vs su perc luster 4 ool TLAS Simulaln | o Sweriin (0

»LE 0.04;7 7;

g 0,035 =

= oosE =

® After calibration supercluster algorithm shows significant o E

improvement for electrons and converted photons oosE S 3

0.01— =3 =

v" In absence of pile-up 20-30% in EMEC and at low ET 000sE- s s d

® Negligible improvement for unconverted photons due to P | 3

the generally narrower shower width. g 0874%‘_\‘;

& oef =

v" Some improvement is observed at high ET bins in EMEC i S T

67810 20 30 40 10 2x10° 10

EY® [GeV]
g 0l T T s 0A——— ——r ——————
Y = ATLAS Simulation Supercluster (SC) = u E ATLAS Simulation —e— Supercluster (SC) E
2 = Electron, 0.8<Ii<1.37 --e - Fixed-size cluster (SW) 3 = 999 Converted v, 0.8<i<1.37 - -e- Fixed-size cluster (SW) 3
W 008 - = o oosE =
g 0.07 : = W 007E- =
° oo E R E
005~ 3 005 3
004E- = 0.04F- 3
003F- = 0.03F- 3
002F- E 002)- =
o.o1§— _i 0.01%— _f
Saa 1 1 = : 3
5 12— = = 1.2 =
& E S = f
o = . 0 o — o O 5 < = . E
W 08F = 8 08— e T
g o6 = <IN =
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5.4

From cluster energy
to calibrated energy
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From cluster energy to electron and Y energy

material before
the calorimeter
(ID, LAr
cryostat)

energy lost

before the
PS

Marco Delmastro | DETMES 2025

material between the

PS and the Strips

(cables, electronics,

LAr)

energy lost between
the PS and the Strips

PS energy

Calorimetry Part 2

accordion
energy

out-of-cluster

ener
& leakage

energy
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How much material do we have in front of EMC?

up to ID boundaries before EMC
;‘O 3 _I TTT I rTTT I rrTT I T I rTTT I TrTT I T I rTTT I rTTT I T I_ '_'O _I T 1T I LI I LI I LI I T T 1T I T T 1T I T T 1T I T T 1T I LI I T I_
2 [ ATLAS _. B services 1 2 14F [ Before EM calorimeter ATLAS Simulation
‘gu 2.5 Simulation ; E TR; =4 5 " [ Before presampler ]
o] - SC - S 120 e Extra material =
= C I Pixel ] = - .
s 2F :  [JBeampipe - S 10F -
© - PR A i — ol : :
._g . 15 Extra material ] g o E
o 1.5 -4 & - .
U= LA 8, - : ]
05_ 1 . s _:
1111 I I - I I - I 11| 1 I 11 1 | I L1 1 | I L1 1 | I L1 1 | I L1 1 | I 1l I_

25 3 35 4 45 05 1 15 2 25 3 35 4 45

nl nl
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How do we calibrate electron and y energies!?

calibrated

energy Ee/fy

visible energy in cluster layers Information bout photon
calibrated for 100 GeV electrons conversion, ...

— f(E’l(;IUSterD 777 ¢7 RCOHV? "')

some complicated function

obtained from simulation,

different for electrons and photons

¢ ¢«Calibration hits”

V" Parameterize energy deposits as
accounted by G4 vs. visible energy
information

® “MVA”

v" Train BDT with visible energy
information to return best energy
response
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Ecal — a(Eacc |T]|)+b(Eacc |Tl|)E;s| LAr+C(Eacc |T||)(E§; LAr)2

reco reco’ reco’ reco’

Xl x @+ XD x (TR ) (1 + feaXohl) ) x Fln, o)

4

LA Xo (N=0) ~ 1.1 Xo
EEilLA X, X1 (n=0) ~ 3.7 Xo
— _i=1
X = 4

X, (N=0) ~ 13.8 X,
—ZLA X3 (N=0) ~23.3 X,
C r
Se
i=1

MVA —O

Y74
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Calibration regressions from MC

+l: [0.00, 0.60] . .
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© - ATLAS Simulation [i] - Initial calibration E © ’ :_ ATLAS Simulation .. — Initial calibration _:
- MPV = 124.48 GeV - - MPV = 3.055 GeV
0.05[~ H-yy 6= 1.55GeV 0.025[— Jy—ee Gy = 0.146 GeV —
T Vs=8TeV — MVA ] T ys=8TeV — MVA i
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What if MC description is imperfect?

® In-situ correction of global energy scale using Z->ee events

Edata — EMC (1 + a’i)

E

OE data OE MC
(F) =(F) e

data _ ., MC
mi;‘a = mij (1 + a/ij) ajj = (a; + cxj)/2

3 1-2?06 ATLAS "+ Data 1
© 1= Vs=13TeV, 36.1 b _un%ertainty =
?2 0.8 Z —>ee
S>j 0.61

0.4

0.2F

(o] = "~
o 1iIF 3
£ o95F e
O 09F E
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ATLAS
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ATLAS ely “full” calibration scheme

training of
MC-based
ely calibration

simulation
é
EM
cluster
energy
data

LAr longitudinal
layer inter-
calibration

MC-based
ely energy
calibration

LAr gain
inter-
calibration
and ramp
residual
correction

Other
uniformity
corrections

Z>ee
resolution
smearing

—1

Z>ee
scale
calibration

-
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calibrated
ely
energy

¥

data-driven scale validation

Jpee Z3lly
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LAr longitudinal layer intercalibration

¢ Relative calibration of LAr longitudinal layers (Front, Middle, Back) might not be perfect
v e.g. imperfect electronics calibration (gain from Ramp, Mp,/Mc,i, cross-talk)

® It can be corrected in-situ using data (muons, electrons)

® It should be corrected since E; energies in longitudinal layers are inputs to the calibration regression (sensitive to
longitudinal shower development)!

Edata/Edata
5 1 2_] T 1T I L I LI T T LI I LI LI T | 1T I LI I T I_ al/z = ]. 2
E — Electron E EMC/EMC
115 B ! 2
C —— Muon .
C  —— Combinati 1 = 10
1.1__ ombination __ _g 9; é
- ——— Combination scaled unc 4 £ = E
C . g 8? ———— Electron E
105__ T ] g 72_ _— :::u:ination _§
: i e ? : 65_ ——— Combination scaled unc. _E
- ¢ i . 5 —
L 3 —
0.95- : £ ﬁ
- B g ——= =
C . 1E i E
Og_l v e by b v b by v b by by by by Ly |_ O*u:||||||‘||||||J||||||‘\|||||‘xl|||||‘|||||| e
0 02 04 06 08 1 12 1.4 16 18 2 22 24 0 0204 06 08 1 12 14 16 18 2 22 24
nl

|
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LAr electronic gain intercalibration

> F T T LA B A 3
‘S 0.045F =
. . . o g |||H| 0.00<n <080 3
Global data/MC energy scale adjusted with Z—ee 2 0.04F| — special run data ’ a!I 0.00 <nl —os0 3
. . . [0} = . : . 3
¢  Clusters from Z—ee mostly reconstructed in High gain N 0.035F ‘, E
g 0.03 = e standard run data I* *H 3
¢ Clusters from photon from H—yy have cell(s) reconstructed in 5 F * 3
. . Z 0.025F s ! =
Medium gain g i i 3
N . . 0.02F , . E
V" Possible bias if HG and MG not properly inter-calibrated! 0015 H* ’ 3
. . . . VIOET i E
® Effect measured with special Z—ee with lowered gain- g M 4 3
itching threshold o ) k! E
- t i E
switching resho 0.005F- i.,.ia"“' h 0.1;“* 3
v After correction for ramp non-linear effects! S i A EE ERRR R POV oo
0/5 80 85 90 95 100 105
spec stand m... MeV1
EP°=(1+a)E
s 0008 T T =
= 2018.data, stat.only 5 — 3
spec __ . stand ) ) 0.007[F , y i Nomnal 3
mZe = i1+ @)1+ ) i
= —— nearity
0.005 E_ ................................................ seosss ..;
0.004F e =
A E 1 0.003 i : =
— a(n) & —_— 6p(n, ET) 0_002;_ ................. LSOO OO e oo wereererereerrrer e o o SO SO _;
E 5 Z (77) 0.001E =
of =
- { —
¢ 57(n) is how much the electron energy changes between the medium gain special run and standard _:':: E =
runs for a given change in layer 2 medium gain energy. This is estimated injecting a 1% change in 5 ;;;;E vvvvvvvvv
medium gain layer 2 energy in both the special and standard runs. ;‘ o, OOE ,,,,,,,,,
-
* 8p(n, ET) is how much for a given particle p the total energy changes for a given change of medium (: E—t— — + | —
gain layer 2 energy, as a function of 77 and Er. This is estimated using single particle simulated j‘g:z S T
samples. 0003 P 3
0.5 1 15 ‘ﬁ‘ﬁ
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Photon leakage correction

2005'— "+“0Iﬁ!
2
2 004 - MC
2
® Global data/MC energy scale adjusted with Z—ee F
® Need to take into account different lateral shower _
development m,, in Z — ee Events
¢ Studied using electron from Z — ee and photons from Z — g
93 75 80 85 20 95 100 105 110

I |v m{GeV)

F— MC Z-ppy

A((e . ’7)data . (e . ’Y)MC) — (Iel . I'y)data . (Ie/ . I’Y)MC 0.0255_

° Double data/MC difference of out of cluster B 4 oaazhen
B UM ey
enerov bhetween electrons and nhotons goussg_*m.az_,m

2

0.015—
| = Es, (7 x 11) — Es, (nominal) °~°‘§‘ my, in Z o lly Events
Es, (nominal) S ocos-
‘ﬁ(; 85 920 95 100 105
m, (GeV)
Wm p — Converted Photon Ur Photon

g F T clobsitom [ ctobaisyst. L epll S~ e T ciommiow [ crobar syst. F T 1 e B ceeiore
3 [ 1 ewmom [ sametsyst g i I gm: {4 L1 semiow [ marrstsyst. HE S Jre—— [ sametsyst.
B L T endcopronm [ endesp syst. K ol S - d b T enscaprom [] endeap syst. 3T T eseoprom [ endeapayst

o == | = TS

1 | | L L L L L 2 L
20 % 0 0 o 7

8|
8|
8|
8|
3|

Ca—
b (GoV]

EIN Ak -
Pi(GeV] p,iGeV,
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Other uniformity corrections

® Mechanical effects can alter calorimeter structure, thus local response
v Sagging (gravity) locally change sampling fraction

® Instrumental failure can have similar effects
v" Local High Voltage failures
* Short on one LAr gap > disable HV = halve response
* Intermittent HV sparks = reduce HV = reduce response
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(Current) ely calibration performance...

2 D008 —
c B Total uncertainty ... MG/HG gain -
g B F i %(::i:a"h' —— ID material ]
8 0.004 “TZ“ T e MaterfaIIDtoPs _|
g ........... oy u—oe e Material PS to Calo 7
o i
g 00028
®  Eww T
>
2
@ 0
c
Ll
—-0.002 —
_0.004F Electrons, nl=0.3 ]
A N RN R N RN AR BT S

40 60 80 100 120 140 160 180

E; [GeV]
30.0087\\|\\\\\\\.\\\\ \\\\\\\'\\\\\\\\\\\\|\\\7 30_0087\\|\\\‘\\\-‘\\\ L I L L L L B BN
% C [ ;oﬁleueng:;i':mty _- :V;G"/:iz::n - --- Lateral leakage B % C E ;o;alelgn:;?::lnty ----- MGHG g'ain - - -- Lateral leakage ]
% 0.006— ---- apgcalib. Material ID o PS — £ 0.006 — tpg calib. — D ma'terlal ]
o L —— % o Conversion eff. ] 3 C L Material IDtoPS Conversion eff. ]
c T e Ay n—>e e Material PS to Calo B c O e LT Material PS to Calo 7
> 0.004— ] 3
o - . o
] ] ©
3 0.002 3
) )

()
0 [
15 . LT f
-0.002 = ~0.002 g
0004  ATLAS - ~0.004F " ATLAS .
- Unconverted photons, |=0.3 B ~  Converted photons, Inl=0.3 B
_00067\\I\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\I\\f 700067”|H‘\‘H\‘H\H‘\H‘\\\\\\\\\\\\I\\f
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9.0

Results:

Higgs boson mass
with H=2>vyy
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H-2yy Run | Higgs mass

S L B B L LN BRI IR
9 b JLot=4510" (=7 Tev ATLAS = | Channel | Mass measurement [GeV]
2 - [Ldt=20.31b" Vs=8 TeV 4 Data .
S Wl sbwegniessum o pae 3 | H—y | 125.98+0.42 (stat) £ 0.28 (syst) = 125.98 % 0.50
: Mass measurement categories — Signal+background
~ = EEED Be?ckgroundg =
120 :_ — Signal _: _ _
C - Systematic Uncertainty on my [MeV]
100 - = LAr syst on material before presampler (barrel) 70
- ] LAr syst on material after presampler (barrel) 20
80— — LAr cell nonlinearity (layer 2) 60
- . LAr cell nonlinearity (layer 1) 30
eor— —_ LAr layer calibration (barrel) 50
wl = Lateral shower shape (conv) 50
C = Lateral shower shape (unconv) 40
20— Presampler energy scale (barrel) 20
- ID material model (|n| < 1.1) 50
o OE" H — ~v background model (unconv rest low pry) 40
2 ef Z — ee calibration o0
£ ‘2‘% Primary vertex effect on mass scale 20
@ OF = Muon momentum scale 10
%’ j%: + :% Remaining systematic uncertainties 70
o CE 5 [ Total 180
EEET) 120 130 140 150 160
m, [GeV]

vy
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H-2yy Run 2 Higgs mass

ATLAS ~Total |Jstat. [Jsyst.

Total Stat. Syst.

Run1H-yy — & 126.02+0.51 (+ 0.43 £ 0.27) GeV

ATLAS +CMSRun1 —&— 125.09 + 0.24 (+ 0.21% 0.11) GeV
Hoyy, H>ZZ*—>4l

125.17 £ 0.14 (+ 0.11+ 0.09) GeV

Run2 H-yy
|
1
1
1
1
I
'

Run1+Run2H-yy & 125.22 + 0.14 (+ 0.11+ 0.09) GeV

123 124 125 126 127 128 129
m,, [GeV]

> R T T T -

1800 —

5 oo ATLAS —+— Data E

> - Vs=13TeV, 140" = Background ]

21400 —_— -

5 E Hoyy ignal + Background 3

g 1200# All categories E

5 1000 ;* In(1+ S3/B2®) weighted sum *;

E 800 -

2 - e 7

(D 600;7 ! 7:

4001 3

200 —

o T A E I R B R

110 120 130 140 150 160

m,, [GeV]
Source Impact [MeV]
Photon energy scale 83
Z — ete” calibration 59
Er-dependent electron energy scale 44
et ~ extrapolation 30
Conversion modelling 24
Signal-background interference 26
Resolution 15
Background model 14
Selection of the diphoton production vertex 5
Signal model 1
Total 90
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Future calorimeter
technologies
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Particle flow

¢ Typical jet energy composition

V' ~62% carried by charged particles (mainly hadrons)
V" ~27 % carried by photons

v ~10% by long-lived neutral hadrons

v" ~1.5 % by neutrinos.

¢ Traditional approach to calorimetry: measure jet energy via
energies deposited in the electromagnetic and hadronic
calorimeters (ECAL and HCAL)

v 72 % energy measured by HCAL > ~50%/VE/GeV

T

J’t+

e

.

: '-s'-'-_?;......

A

—

— N

Ejer = Eccar T Epcal
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Particle flow calorimetry: trace paths of individual particles through
detector, collecting energy deposits left in each subdetector system

v

<

—

Energy and momentum for each particle extracted from
subdetector system most accurate in measuring that kind of
particle

Charged particles > Tracker

Photons > ECAL (~10%/VE/GeV)

Long-lived hadrons (only 10% of jet energy) > HCAL

Significant improvement to jet energy measurements!

It relies on accurate pattern recognition techniques to collect
energy deposits from individual particles

Segmentation + resolution

“%
..*O

i
ﬂ:*:

Ejer = Evrack T E, + E,
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https://arxiv.org/abs/1308.4537v1

Example: CMS particle flow

(x.y)

100
E [ CMS
o [ Simulation
~ -
us
-50
-100:_ //Tz// T
i Ty
-150
_200:|||||||||||||||||||||||||||||
-250 -200 -150 -100 -50 0

x (cm)

* True particles in blue; Reconstructed tracks
and tracker hits (+extrapolation) in green;
* Cluster seeds in dark grey;
Cluster position in red;
* Symbols indicate the positions of the true
particles
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CMS

ECAL

Simulation KO,

‘ Il
0.65 0.7 0.75

T
S-2.35
S

CMS

‘; 24 Simulation

-2.45
-2.5
-2.55
-2.6
-2.65

-2.7

0.65 0.7 0.75 0.8 0.85 0.9 0.95
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1.05
n

Energy resolution

0.6

0.2

_ cMms

I\ Simulation

Anti-k; R 04 —= Calo
|nRef| <13

—— PF

100 200

1000
pie' (GeV)

72


https://arxiv.org/abs/1706.04965v2

Main criteria for a particle-flow friendly detector

® Simplicity: as many sub-detectors as needed, but not more
v The more sub-detectors, the more tedious the linking procedure
® 4mw hermeticity (including the separation between sub-detector modules)
v" Every missing particle (or information) affects the physics interpretation reliability
®* Fine 3D granularity/segmentation of all sub-detectors (+shower compactness in calos)
v To minimise overlapping tracks and showers from different particles in jets
v Calorimeter energy resolution is a valuable bonus, but granularity comes first
* Too fine granularity may resolve secondary particles inside showers and defeat the purpose
* Too many readout channels also increase the electronics noise accordingly (higher thresholds)
* Sufficiently large magnetic field (and/or tracking volume)
v To separate showers from charged particles in jets
v Too large B field would bend many particles towards the end-caps and defeat the purpose
¢ Little material in front of the calorimeters (e.g., light tracker, solenoid coil behind the calos)
V" To avoid several tracks and showers for one particle due to secondary interactions
® Measurement redundancy (e.g., with pads and wires) in each sub-detector
v’ Very instrumental for noise/fake identification, but not compulsory
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Compensation and its drawbacks

: . ® In general, e/h differs from |
n* + A interaction
v" Nuclear binding energy losses
o v Invisible energy fluctuations
. ® Compensation in HAD calorimeter = e/h=> |
.| FAsT
- v Achieved with high Z absorber (Pb, U)
(visible)
ok * Reduce EM response
\ * Generate large number of neutrons
V" Drawback: e/mip gets smaller (~0.6)!
¢ Large response non-linearities for low energy hadrons
* Worse response for jets that for single hadrons!
T T T T I
- 1.1 ; - T ————
| ‘;/h : 1.808 0 ZEUS /1
Z e/mip = 0. ’ 10} Gl aresie 58 —uil
§ 4 n° component NIM A290,95 '8 L o Z—=ul
< N » il 10 2
§. g e elmip Cu 8 ! g AEEN
w OF 1 5 asl P - e % o ms 13-35%
S Z ’ 0 ° (3+/ + =10 =
3 Non-n® component 8. L] I =
o = o elx 3
kS \ g 07 . S
3 5F 1 & ‘ v §|0-2 .
E ' 06 :-{ ........ e e/mip o 3
S “pw mip s |
0 : . i ] i * 0.5 : : s ! 5 10 A
0 0.2 0.4 0.6 0.8 1.0 0.1 05 10 50 10.

Signal / GeV (arb. units)
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Kinetic energy (GeV)

Calorimetry Part 2

Jet energy fraction carried by charged particles

with p <5 GeVie

-


https://arxiv.org/abs/1712.05494

An alternative to compensation: dual readout calorimeter

® ldea: measure fzy directly exploiting Cerenkov vs e : : : ; s
Scintillation light | VEGeVA et
v" Electrons in hadronic shower are relativistic down to 200 keV S
o8k * E GeV protons
—> Cerenkov :
[ +E GeV pions
v" Most non-EM energy in hadronic shower from protons from [
nuclear reaction > Scintillation 06 k-
¢ Advantages S b o
v No need for high Z absorber (e.g. Cu has e/mip ~0.86) 04
v" Can select any sampling fraction : B
v" Method does not rely on measuring neutrons (smaller 02k j
volume, faster integration time) v
S E[f TR )] S e
1
C (e/h)s and

(h/e)c — (C/S)(h/e)s (eh)e |
need to be B —

)
(C/S)[1 = (h/e)s] = [L = (h/e)c]  1momn
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How is a dual readout calorlmeter realized? An example

Energy (GeV)
160}- Entrics 13507 . A 10 300 1000 oo
‘ Mecan  133.1 R x"“‘
- o -~ Scintill
120} RMS 186 20 4% | o . Cclr':‘ll:k:‘\“
3 - \ﬁ‘ -~ C/S corrected
> 80} @ "‘_'
&l 5 15}
=~ | a) =
Booihads =
'2' 100— Entrics 13507 B 10}
S | [mar 202158 )
200}~ |Mean 190.1 o
- Sigma 9.69 LI:l
3 5l
. b) ¢)
0 - - i a 0 I 1 1 3
0 50 100 ‘l 50 200 250 0.20 0.15 0.10 0.05 0
Cerenkov signal (GeV) ~— I/VE
>|o._f_~:___‘__;_____:____. __________ -l
©
&)
~
Té 0-9 1 p
7K 8 “
E E v 0.8} a 5 e
E e
E .‘__-—‘ a e o 'j“"(ll“co"“‘cd)
v = = “jets” (corrected)
(\i < £ 0.7 s a ’n“(uncmcclcd)
‘2 d) a x (corrected)
4 B — calibration (¢*)
0.6
0 50 100 150 200 250 300

Energy (GeV)
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Requirements on detectors for HET* factories
* HET: e*e” = Higgs/Electroweak/Top

Performance indicator

Requirement

Physics motivation

Vertex hit resolution
and material budget

~ 3um;
~ 0.1% X, per layer

B-meson, Higgs-boson
and 7 lepton physics

Momentum resolution
ECAL

6 (pr)/pr~2x 10" - pp(GeV) ®0.2%

0(E)/E ~ few%/+/E(GeV)
and high granularity

B-meson, T and EW physics,
7" and ¥ reconstruction

Jet energy resolution

~ 30%//E(GeV)

Higgs and multi-jet events

Magnetic field better than 10° Point-to-point energy
stability/mapping uncertainty in 61",

Timing resolution tens to 100 ps per track Particle identification; O My
Particle identification =~ > 3 standard deviation 7—K separation H — s5; b— svv;

1 GeV to 30 GeV; standalone muon ID

long-lived particle searches

Luminosity detector
alignment

Position along beam line: 6z = 110 um;
Inner radius: 0R;, = 1um

8% = 10" from Bhabha
events at the Z pole energy

Data acquisition and
trigger

50 MHz trigger rate and
up to 25 Gbit s~ module readout

Processing of beam-induced
backgrounds at the Z pole
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Specific requirements on calorimeters for HET™ factories

® Energy coverage (dynamic range): 200 MeV - 180 GeV * HET: e*e = Higgs/Electroweak/Top
v vs LHC: up to 6 TeV jets !
v moderate depth: 22 Xg, 6-8 A,

([ ]

Energy resolution: 3-4 % di-jet mass resolution
v Differentiate W vs Z origin of di-jet systems Jet energy resolution

v" Implication for jet energy resolution: §E;e¢/E;e¢ =~ 30% / VE [GeV] i 0t4— -
. . ~u [ e'e 527y > —e— wlo DRO, w/o pPFA
v Particle flow for jets! © .. T ——
 Resolution “only” for photons and neutral hadrons (but ideally i —e— w/DRO, w/ pPFA
. =1 GEAWE - 0.36/ VE © 0.042
® Granularity . o2E - 034/ {E 00,027
i ofFAE = 0.29/YE ©0.015
v PID 00| 5 L SOOI . 5. b AR
v" Disentangle showers for particle flow 0063
® Hermeticity, uniformity, stability !
v" Low systematics for precision measurements 0.04]-
J _ . . . :
Complex system-level engineering questions N TR T T TN TV N
0% ~"20 a0 60 80 100 120 140

® No need to be particularly fast (E_)[GeV]
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Some unique challenges at HET factories!

O(10'") B and t at 45 GeV at FCC-ee!

¢ Some physics channels especially
require extreme EM resolution

® 1 physics needs to reconstruct t

decays = granularity

v" 10 reconstruction and ID

v" Count close-by

¢ BSM with vy in final state (e.g ALP

searches)
v" Photon resolution

v Photon direction

Marco Delmastro | DETMES 2025

200

175 4

150

125 A

100 A

3915 850046000021

entries wicicss =020 e es 4370 20477600000
Signal 25145 =D K—ppK—KKnn°K 11:09

Tonst 3 D K—$pK—KKnn°K a2

=== fit DX

=== fit B9D.K
500 { wmem DK

. D.nl=K)
400 4 BY-D K
mm BY-D(=K)
| + dataerror
mu on I
- -rvr A
o= 2.0e05. = 12ep3\
3 /

-r = -_0c1
100 1 30e02 sdo

=== fit DK

—=- fit %D,

== DK

- DO:n(=K)
BY-DK

mm B%-D(=K)

= data error

number of events
N
g &

3

1
\
L

Gen | Tty a0y 7¥27% 7+ 3% T 4a0
= v 0.9560 0.0425 0.0010 0.0003 0.0002
7%y | 0.0374 0.9020 0.0586 0.0016 0.0002
7+ 27% | 0.0090 0.1277 0.7802 0.0808 0.0022
ni 37% | 0.0036 0.0372 0.2679 0.5972 0.0910

Table: Each row shows the fraction of e.g. 7 — 7*v decays classified
as each of the considered channels
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Calorimetry options being pursued

¢ All options aim at particle flow reconstruction!
v In general, all have good jet energy resolution
v" Varying ECAL resolution (highest EM resolution required for B physics)
v" Varying segmentation (impact on PF, shower shapes for y/T’ cluster pointing and y position)
v Varying operational stability and cost

Detector technology E.m. energy res. E.m. energy res. ECAL & HCAL had. ECAL & HCAL had. Ultimate hadronic
(ECAL & HCAL) stochastic term constant term energy resolution energy resolution energy res. incl. PFlow
(stoch. term for single had.) (for 50 GeV jets) (for 50 GeV jets)

Highly granular
Noble liquid based ECAL & | 8 — 10% [24,27,46] < 1% [24,27,47] ~ 40 % [27,28]

Scintillator based HCAL

Table 1. Summary table of the expected energy resolution for the different technologies. The values are measurements where
available, otherwise obtained from simulation. Those values marked with ”?” are estimates since neither measurement nor
simulation exists.
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Calorimetry options being pursued o |

cryostat——

Highly granular
Noble liquid based ECAL &
Scintillator based HCAL

i

|

1

i

|

1

i

| ,.
. *  ECAL: Pb+LAr (or W+LKr); warm or cold electronics
: v" Fine longitudinal sampling (w.r.t. ATLAS, 4 — 12 layers)
i

|

1

i

|

1

i

|

1

i

|

¢ ECAL: Tungsten-silicon
V" Extremely fine segmentation: (0.5 cm)? ‘
¢ HCAL: Steel-scintillator; SiPM-on-Tile e VG
v Fine segmentation: (2.5 cm)?

¢ HCAL: Scintillating tile (e.g. CALICE or ATLAS)

EM: 6(E)/E = | 6%/NE EM: 6(E)/E = 8-10%/NE
Jet: 6(E)/E = 3-4% @ 50 GeV Jet: 6(E)/E =~ 4% @ 50 GeV

¢ ECAL + HCAL: Copper or steel
matrix; Cherenkov and scintillating
fibres, SiPMs

v Very fine transverse granularity

|

|

|

1

|

|

1

. *  ECAL: Segmented crystal; SiPMs
: v" Fine transverse segmentation; 2 long layers::
|

1

|

|

1

|

|

1

|

V" Very good EM energy resolution of ~ 3‘7/\/E

® HCAL: fiber-based Dual Readout calorimeter

v Longitudinal information via timing
EM: 6(E)/E = | |%/NE EM: o(E)/E = 3%/NE
Jet: o(E)/E = 3-4% @ 50 GeV Jet: 6o(E)/E = 3-4% @ 50 GeV
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1000 f=r——— . .
SW ECAL “ Highly granular Si/W based ECAL
|
00 ¥ Endcap2
¢ An “imaging” calorimeter
v" Tungsten as absorber material g 0
* Xp=35mm,Ry =9 mm, A =96 mm
* Narrow showers = compact design a5
v Silicon (sensors) as active material i
* Support compact design
— Sensor + RO < 2mm 1008 1000 1500 2000
* Allows for ~any pixelisation X
* Excellent signal/noise ratio > 10 e‘
v" Tungsten—Carbon alveolar structure Endcap1 ga"r ECAL
* Minimal structural dead-spaces
* Scalability Alveolar
- . . . structure
¢ Optimized for Particle Flow: super high granularity! " Fastening
v 30 layers, 2.8 mm tungsten absorber, 24 X, Q S

(rails)
v 0.5 mm thick silicon sensors with 5 X 5 mm?2 granularity

v O(108) cells
v Tight integration: compact and hermetic
¢ EM resolution ~16%/sqrt(E)

SLAB
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SiW ECAL ;

® Oiriginally developed for ILC... s
¢ Adaptation to FCC-ee brings challenges )
v" Granularity re-optimization (e.g. reduce the
number of layers + thicker sensors) i3
* Going from 30 to 26 layers increase resolution (but ,
reduces cost)
* Increasing the Si thickness to 725um S

v" Addition of timing
* From CMS HGCAL

Calorimetry Part 2

Highly granular Si/W based ECAL

—8— 45GeV

——100 GeV

—— 180 GeV
250 GeV

2.5

20. 4

15.

10.

1 1 | L 1 1 ‘ 1
28 30
Number of Layers

o(1GeV) in %

Linearity
Si thickness /100um
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ALLEG RO ECAL Highly granular Noble liquid based ECAL

* Noble liquid (LAr/LKr) sampling (Pb/W) s e
sampling calorimeter N

v" Absorber planes inclined in r-phi
(barrel) / arranged in turbine-like £ o
structure (endcap)

v" Readout by straight segmented PCB , 7777 247
planes alternated to Pb (W) absorbers, Endcap . o 7
gaps in between filled with LAr (LKr) [ o ]« 7

v High granularity via electrode 200 /f A ] »
segmentation 2z I

* O(10°) cells
® Good compromise

z (mm)
o

v" Granularity, resolution, stability, i "
uniformity

2160 2170 2180 2190 2210 2220
Radius (mm)

Readout
electrode

® EM resolution 5-8%/sqrt(E)
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ALLEG RO ECAL Highly granular Noble liquid based ECAL

[GeV]
ﬁ I 0.45

® Granularity achieved by etching readout
electrodes

¢ Colleting signal from inner pads requires
long readout lines: cross-talk!

v" Cross-talk < 0.1% achievable
v" Negligible impact on y/m? classification

« Fully welded.

¢ Calorimeter in cryostat: where readout electronics?

v~ Warm electronics: 2M signal cables to route

v" Cold electronics: need room for boards + HV,
powering and signal cables in cryostat

* Cold FEB along radial direction? RO on PCB?

Mechanical structure for holding and positioning of
absorbers acnld electrodes

alorimetry Part 2
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IDEA calorimeter

¢ ECAL: homogeneous dual-readout hybrid crystal
¢ HCAL: dual-readout fiber hadronic calorimeter

Rear EM

Front EM crystalsﬁ

crystals

Front S
SiPMs
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4 \ :\ SN
f\\\\\\\\ S

R

- o
Iy

- ECAL + HCAL target resolutions
Q\NSWINEEM 7
e 28%NEjets |||/

|

Scintillating fibers
@ =1.05mm

Cherenkov fibers
g =1.05mm

Brass capillary
ID=1.10 mm,
OD =2.00 mm

e/

¥
%
7
7

s i d
7

Solenoid volume

777 777
)
; /,///’/ Gz

PWO crystals

EM segments

LYSO crystals
Timing segment
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Dual-readout crystal EM calorimeter

¢ High density crystals (short X,, small Ry)

A6 Yo v PbWO4, BGO, BSO Rear crystal ECAL segment
(] . i o=
. s Two layers (e.g. 6+16 X) two SiPMs optimized for S and
— ° Fine granularity: O(cm?) cross section C detection respectively
\s .
il cys®o ® SiPM readout
v Front: S
b v Rear: S+ C
Front crystal ECAL segment:
i, one SiPMs optimized for S
e detection
“CE Solenoid Dual readout HCAL
Scintillating fibers
BGO crystals @ =1.05mm
1.0x1.0xL cm?® Cherenkov fibers
@ =1.05mm
| 5 Brass capillary
= Z =
g 2 o
0.7X,
~1A, I 0.16)\: 8A, l 3
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Dual-readout strategy in crystals

¢ Cherenkov and Scintillation light detection and separation

challenging in homogeneous materials
¢ C vs S distinctive features

v" C emission faster than S

M

Rear crystal ECAL segment

two SiPMs optimized for S and
C detection respectively

C

v" C emission spectrum broader than S Front crystal ECAL segment: S
v C/S separation with filters and pulse shape analysis ~ §7® SPVs opimizedforS
C - optical filtter + 6x6 mm?2 SiPM with
— 14 ;
= [ omtitation 50 um cell size {Iarge area and good pde)
S, B ——— S=> 3x3 mm2 SiPM with [0 pm cell size
1.2 10 1 : .
= - Transmittance (high dynamic range)
8 1L Hamamatsu SiPM PDE
g T 5 _08; Simulation SiPM
.:]2: o[- BGO emission, E 0.6 - ;fé‘age from C and Sin
o - ghort transmittance, SiPM 8
o 06 fass de 2 o )
S fiter P g 04 - Scintillation
0.4 <t
72 02 ~  (Cherenkov
0.2 /
. ol —
H / L L N L . \
%00 400 500 500 700 800 900 ’ ' ' ' ' ' '
Wavelength [nm] =250 250 500 750 1000 1250 1500
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G RA' N ITA Shashlyk-type calorimeter

¢ Better than a sampling calorimeter,
cheaper than a homogeneous one!

og 10%—-15% or 1%—-2%

~

E VE E VE

® ldea: mixture of inorganic scintillator
grains and heavy liquid

v" Extremely fine sampling

v Scintillation light locally contained by

f ion/refl . Effective Z 61
refraction/retlections Density (g/cm?) 787
* BGO or ZnWO4 crystals Refractive index 2.0-23
epL . . Light yield (photons/MeV) ~ 9000
v gty
Readout by wavelength shifting fibers = " . .~ waelength (nm) | 480
® Excellent expected EM resolution: 2-  Decay time (us) 20
Radiation length (cm) 1.20

o
3 /)/ SCI I't(E) Moliére radius (cm) 1.98
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.
GRAINITA - T

¢ Small (2 x 2 x 5.5 cm3) prototype

v ZnWOH4 grains + water or Heavy Liquid (e.g. ethylene +glycol)
v" 16 WLS fibers read out by SiPM and a Wave-Catcher

* Depolished fiber in the center to allow for green light injection
¢ Signal yield larger when medium refractive index is better matched with
grains
¢ Light confinement confirmed
¢ Possibility of ~1%/sqrt(E) due to photon statistics confirmed
¢ Currently: uniformity studies (impact on resolution constant term)

- ZnWO,+H,0
0.14— —— ZnWO, +ethylen-
L X ylen-glycol|
N —— ZnWO,+air
0.12 —
01—
0.08—
0.06—
0.04f—
0.02f—
0
800 1000 1200

Sum of 16 channels
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WORK PACKAGE 1

Sandwich calorimeters with Liquified Noble Gas
fully embedded Electronics calorimeters
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WORK PACKAGE 2 WORK PACKAGE 3

Optical calorimeters

WORK PACKAGE 4

Electronics and DAQ

Sandwich calorimeters with Liquified Noble Gas . . .
fully embedded Electronics calorimeters Optical calorimeters Electronics and DAQ

| e
e
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More material
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ATLAS liquid argon electromagnetic calorimeters

sampling calorimeter
Pb-LAr

Cells in Layer 3
ApxAn = 0.0245%0.05

10 % 250 MeV  0.7%
2 = L P % P c e
: NiR
L e
N y
N —~ = °'?°2“5

* SO (Presampler) Energy loss correction
+ S| (Strips) Y/T10 separation 4.3 X, @ 7.5m
“Mm/g < An = 0.025

=469
» S2 (Middle) Main energy deposit 16 X, An'=0,093;™Mmm
Strip cellsin Layer 1
* S3 (Back) High energy showers 2 X, ~— Cells in PS
ANxAd = 0.025%0.1

n

N
S
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LAr EM EndCap granularity

ENDCAP

356 o

869

n=3.2

n=2.5

Inner Wheel

Outer Wheel

n=1.4

Figure 0-1 High-wollagelayer of anelecrods of the cuter wheel. The sigral routing strips and the con
reciors which are located on both ¥ord and bads Ji.e. lett and right) extersions are ot drawn here.
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The ATLAS Forward and Hadronic Calorimeters

@ Forward Calorimeter (FCal)

. v 3 wheels per endcap (101)
FCAL End View « Cu matrix for the first wheel (2.61, 28X0)

* W matrix for the other two wheels (2x 3.71)

42 1140
@ Hadronic Endcap Calorimeter (HEC)
Ml ey v' 2 wheels per endcap (102), 32 modules each
as {1 & * Cu absorbers (25mm/50mm thick)
o ‘: * Each gap consists of 4 sub gaps of 1.85mm
-y @ Since the geometry is different from the EMC, the
I ionization signals are slightly different...
40
20
p R P | : o TRANSMISSION LINE
$°ll? ;y// F ' : /é TO AMPLIFIERS
o erie i Z7hE 27
LAr gap FCAI 1/2/3:250/375/500 pm GUF &7
Copper Tube % ; _ ; é
525 mm ID ?“ "‘/l
| 7B |
{ 71
... PEEK Fibe ~
\;0.25mmr0D /_ -
Copper Ro | ;:

HIGH VOLTAGE

S S
|
‘ L, ARGON GAPS
AJ KAPTON /HRL

l=— KAPTON/COPPER /HRL

475 tm OD P
(\

FCALI Anode Structure

operating HV: 1800V

cold preamplifiers
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A quick view to the ionization pulses: HEC

@ 700 e g
S 600:* ATLAS FIRST LAYER HEC =
8 - -. 2008 ATLAS cosmic muons E
O 500 : —
9( E . Prediction E
400 M =
c o easured samples E
300? v (Data-Prediction)/Max(Prediction) E
200 @ . =
100F 3
E v ‘.V ]
0:>—oyv M .'vv" Y YVvy ee oo {
-100F- 3 =
E 111 l 1111 l N - N - 1111 1111 N - l N - l 1 It
200400200 300 400 ‘500 600 700 800
time (ns)
@ T T
§1200c 2 ATLAS THIRD LAYER HEC .
§1 000F * 2008 ATLAS cosmic muons -
<OE 800; . Prediction é
- ¢ Measured samples b
600 . v (Data-Prediction)/Max(Prediction)
400 - % =
C N % ]
200 . =
0:>—ko "t_\v;‘;;",',v',ﬁ.... {
-200:711 1 l 1111 l 11 1'1 1 1.1 1-1 1 1-1 1111 N - l N - l 1{
0 100 200 300 400 500 600 700 800
time (ns)
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@ 600 R R L S A IR ISR B
= o ATLAS SECOND LAYER HEC .
g 500E +4 2008 ATLAS cosmic muons E
O r .. 7
2 400; $ Prediction E
300 . « Measured samples 3
200; S v (Data-Prediction)/Max(Prediction) E
1008 G H0.04
g gg C Vo . . J0.02
0 Of—e o= v', v v"v' v 'v R —0
. : v 3-0.02
e -100- S-0.04
: 111 l 1111 l N - N - 1111 1111 N - l N - 1 :
2005500200 300 400 500 600 700 800
time (ns)
@ A I I R I L ILE N B
c 800C &  ATLAS FOURTH LAYER HEC )
3 _ - 2008 ATLAS cosmic muons ]
Q600 - - -
< C . Prediction ]
o ¢ Measured samples E
400 . v (Data-Prediction)/Max(Prediction)
I ]
200~ - .
J0.04 C . H0.04
40.02 L v h v , v v 30.02
0 0t ¢ vy Ty v'v' . M Cee* —0
1-0.02 I k f 3-0.02
1004 i S 4-0.04
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100 200 300 400 500 600 700 800
time (ns)
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A quick view to the ionization pulses: FCAL

ADC counts

Marco Delmastro | DETMES 2025

800
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400

200

-200

-400

FCal Module 3
2008 ATLAS cosmic muons
ATLAS Preliminary
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° Data
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@

1. -0 =
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0.04
0.00
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Calibration of the electronic response

at the MB level...

A known exponential current pulse is injected

... and reconstructed through the full readout chain. The actual gain
of each readout channel is computed.

N

MB + SB

—@

phy

j

lectrode

{) line )

\/

é CR-RC*——V,,.

The shaper output of the ionisation and
calibration signal corresponding to the same
injected current is different!

@ Injected signal shape

Amplitude | V]

@ Different Injection point

Shaper-out

gphys (t)

at the LAr gap level!

But the triangular ionisation signal is generated

—————— gcali (t)

0 100 200 300 400 500 600
‘Time |ns]

@ Why can’t we directly use the measured ionization signal?
I. It’s not easy to measure it (needs asynchronous beam, sensitive to cross-talk, ...)

2.  How do we normalize? We do not know the input current...
3. Well, if your performance requirements are not too tight (e.g. FCAL) you can use the pulses measured at the

test beams
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From digits to “raw’” energy, minimizing noise

47 cm

outer copper layer
inner copper layer
kapton

outer copper layer

stainless steel ;
gue
lead X

Amplitude

v
5
&
£
3!
o
oy}

ADC to GeV (Ramps)
5

i=1
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Optimal Filtering Coefficients

Pedestals

= iFj > a,(ADC, -P)
j=1

Raw Samples

0.4

0.2

-0.2

p— 0.6

mpled at 40 MH
B CR-RC'H and digitised
——e 5
Tmed A4 = S a(si—p)
/; i=1
> 5
| AT = > bi(si—p)
i i=1
3 5
8| x* = Ylaisi—p)
2 i=1
a
€
<

~Eg; - Erg))?

PR IS I S S S SR
(¢} 100 200

300

ra— rereruti U R S
400 500 600
Time (ns)

The ionization signal is sampled every 25 ns by a 12 bits ADC in 3
gains. 6 samples are recorded at the CTB for redundancy (5 at

ATLAS). Energy is reconstructed offline (online in ROD at ATLAS).
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What's common, what’s different

The HEC cells are pretty large, they are readout by several
preamplifier, and pulsed by 4 different calibration lines:
For this reason, we get 4 separated calibration objects
(Ramps, Delay) from each cell that needs to be averaged later on

Ecel = FpAC—uA * Fua—MeV

“"-".'..
0
e

'y *
Taganr®

The FCAL does not predict its ionization pulse shapes from the
calibration ones. Since the performance requirements are more
relaxed, it just uses the measured pulses from the beam tests.As a
consequence, Mphys/Mcali = |
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Pulse shape and normalization are needed!

® One can derive (correction to) the pulse shape from data, but not the normalization!

Marco Delmastro | DETMES 2025
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Quality factor analysis and optimization of digital filtering signal
reconstruction for liquid ionization calorimeters
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The Optimal Filtering (OF) reconstruction of the sampled signals from a particle detector such as a liquid
ionization calorimeter relies on the knowledge of the normalized pulse shapes. This knowledge is
always imprecise, since there are residual differences between the true ionization pulse shapes and the
predicted ones, whatever the method used to model or fit the particle-induced signals. The systematic
error introduced by the residuals on the signal amplitude estimate is analyzed as well as the effect on
the quality factor provided by the OF reconstruction. An analysis method to evaluate the residuals from
a sample of signals is developed and tested with a simulation tool. The correction obtained is showed to
preserve the original amplitude normalization, while restoring the expected y2-like behavior of the

quality factor.
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