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Electromagnetic Showers

10 GeV e~ in copper

GEANT4 Simulation
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Electromagnetic Showers YATLAS

EXPERIMENT

GEANT4 Simulation: 10 GeV e~ in copper
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YATLAS

Hadronic Showers

QCD drives fast shower development
Hadron interacts with nucleon in nuclei
Like a fixed target collision
Develops intra-nuclear cascade (fast)
Fast stage — hadron production in intranuclear

cascade
Secondary hadrons escape nucleus
Neutral pions decay ~immediately into two photons
— electromagnetic cascade
Other hadrons can hit other nucleons — inter-
nuclear cascade
Dominating signal contribution

Slow de-excitation of nuclei
Remaining nucleus in excited state

Evaporates energy to reach stable (ground) state

Fission and spallation possible
Small signal contribution in ATLAS Tile
calorimeter

Binding energy and low energetic photons
Little to no signal contribution in ATLAS
calorimeters

Large process fluctuations
~200 different interactions
Highest probability process = 2%

Slide 8

dE/dx
(ionizctions)

Intrinsic Electromagnetic Shower

EM shower signals
Intranuclear Cascade
7. ~10%s

- “n dE/dx
- ® e Gionizations)
| ~->
v Decays

. ~10%-10°s

char

’ 7'[+ > o ’ > 'u
W =g —=p
Spallation & Evaporation dE/dx Gonizations
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Hadronic Showers

GEANT4 Simulation: 10 GeV T[ 1n copper
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Hadronic Showers YATLAS

EXPERIMENT

GEANT4 Simulation: 10 GeV n 1n copper
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Hadronic Showers YATLAS

EXPERIMENT

GEANT4 Simulation: 10 GeV " in copper

—|||||||I||I|||||I|||||||||||||||I||||||||I|—_"|""|""l""l""l"_ =<
L | 1 I 1 14 =200 —
200E : : : : i 1 3
B 1 1 1 1 [ | = X TS =150 =
B 1 1 1 1 | -3 3
—_ B 1 1 1 I | . 1
g 150ps~77=-" NN 7R WA W o QN HE 3100
E B 1 1 1 1 e |5 .
g - : : : : S o
= 100 : i : : e 3
o - 1 1 1 1 | ]
it L 1 1 1 1 4E ]
D B : : : : :: :_ =330
3 i i - al
I - 1 1 - ;
= : : : 3 E
= i 1 1 TF
o, 1 1 B | = —-150
— s e — =~ = — = e N —E
< 2l 1 e 19
: \ ; il | = =-200
% o i r“ I--|||||||||||||||||||||||||
1 1 1 1
b R . ; ] -200 -100 0 100 200
. e I ' I x (mm)
5} 1 1 1 1]
2 : : : M
= : | : — —_— — T
wi | | 1 1 -
— 1 1 1 1 -
g : : : :: - - ’Y I 14
= -150E SRR ] A AL RS — — .
- 1 1 1 1 1
- I I I : | ] i TR
a0/ /) AN SV N
1 111 | L 1411 I 1 111 || 1 111 | | I 1111 | al 111 | 1 1 I H S
0 100 200 300 400 500 600 700 (mm)
| || | | | L1 1 1 | L1 1 1 | L1 1 1 I L1 1 1 I (Only traCkS Wlth Ekin > 2 MeV are Shown)
0 | 2 3 4 5
shower depth (A)

Slide 11 February 6, 2024



Hadronic Cascades in Calorimeters

Direct comparison of
longitudinal profiles

Absolute energy loss per unit depth in
EM and HAD shower in the same
calorimeter
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Moving on to the Experiment (1988-1992)

+ H1 @ HERA (DESY Hamburg; 1992'2010) 30 Gev electrons Shower depth in detector / (A)
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% Deep inelastic electron/positron-proton scattering -

% Remove electron signals (in neutral current scattering) defines
the hadronic final state in the calorimeter...
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Moving on to the Experiment (1992-1993)

% H1 @ HERA (DESY Hamburg, 1992-2010)

< GEM at SSC (defunct)

% A zoo for calorimeters - have an idea, will be implemented
(included tens of unbuildable, environmentally and
operationally dangerous designs...)

% Baby-steps for the forward calorimeter now in ATLAS...

Seminar at the Institute for ,/\
Theoretical Physics, University of Peter Loch January 27, 2023 @

Heidelberg



Moving on to the Experiment (1993-1995)

<+ H1 @ HERA (DESY Hamburg, 1992-2010)

% Deep inelastic electron/positron-proton scattering -

% Remove electron signals (in neutral current scattering) defines
the hadronic final state in the calorimeter...

< GEM at SSC (defunct)

Seminar at the Institute for ,/\
Theoretical Physics, University of Peter Loch January 27, 2023 @

Heidelberg



Moving on to the Experiment (1995-20257?)

<+ H1 @ HERA (DESY Hamburg, 1992-2010)
% Deep inelastic electron/positron-proton scattering -

% Remove electron signals (in neutral current scattering) defines
the hadronic final state in the calorimeter...

< GEM at SSC (defunct)

% A zoo for calorimeters - have an idea, will be implemented
(included tens of unbuildable, environmentally and
operationally dangerous designs...)

% Baby-steps for the forward calorimeter now in ATLAS...

< ATLAS at LHC (still alive - don’t listen to Tilman!)
% Complex hadronic final state with underlying event and pile-up

% Precision jet measurements

Seminar at the Institute for
Theoretical Physics, University of Peter Loch
Heidelberg

January 27,2023 @
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ATLAS Calorimeters

Tile barrel Tile extended barrel

=TT,

LAr hadronic
end-cap (HEC)

LAr electromagnetic
end-cap (EMEC)

LAr electromagnetic
barrel (EMB) < =
LAr forward (FCal)

Slide 18 Peter Loch
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Electromagnetic Calorimeters in ATLAS YATLAS
Highly granular EM calorimeters EMB 109568 Iyl < 1.52
. : : PreSamplerB 7808 |yl < 1.52 0.025 x /32
Liquid argon/lead sampling calorimeter R I?;I 14 0.025 /8 /32
No azimuthal discontinuities due to 3 longitudinal segments in || < 1.4 <gl < 1475 0.025 x 7/128
accordion absorber structure in EMB and  |1.52 (EMB1-3)  EMB2 Il < 1.4 0.025 x /128
Spanish-fan-shaped absorber in the EMEC L4 <l < 1475 0.075 x /128
1 : EMB3 Il < 1.35 0.050 x 7/128
Up to th*ree longitudinal samplings + pre- | .- 63744 1375 < ] < 3.2
sampler PreSamplerE 1536 15<y <1.8 0.025 x 7/32
Stable operations even in high luminosity EMEL 1.375 < Iyl < 1.425 0.050 x /32
running - little to no detector degradation |3 longitudinal segments in 1.425 < gl < 1.5 0.025 x /32
due to ionization rates 1375 < |n| < 2.5 (EME1-3),2 15<Igl<1.38 0.025/8 x /32
A longitudinal segmentsin 2.5 < 1.8<Ij <20 0.025/6 X 7/32
Pro?ectlve read.out ce%ls in] < 3.2 (EMEL-2) 20 < | < 24 0.025/4 x /32
Operational considerations 24 < <25 0.025 x 7/32
Slow signal collection in liquid argon - 173,312 25 <yl <32 0.1 x 7/32
(charge collection time t; ~ 450 ns) in the | iNdependent EME2 L375 <lpl < 1425 0.050>x/128
presence of high pile-up (bunch crossings ; eadc‘;‘t ;;12: |7<7| |Z| ; 22'5 8'?2::/7;;;28
every 25 ns) — bipolar signal shaping channeiss e s <as 0050 x 1 125

Absorption power
24 — 27 X, for electrons and photons

upstream material

Slide 1 9 Peter Loch

*readout layer (“massless gap”’) between cryostat wall and front face
of calorimeter - provides signal proportional to energy loss in

February 6, 2024




Electromagnetic Calorimeters in ATLAS YATLAS

EXPERIMENT

EMEC module

EMB material budget construction

>€' l"I"'I"'I"'I"‘I"'["'IE ~1/40?Whee‘
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25
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Cells in Layer 3
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1 1 ] 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 l 1 1 1 ' 1 1 1 I
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Strip cells in Layer 1 E[«AB abSOPber S-tack;ng
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Hadronic Calorimeters in ATLAS

Central hadronic calorimeters

Scintillator/steel tile calorimeter

Signal is carried by photons and collected by
photomultiplier tubes (2 channels per cell)

Three longitudinal samplings with a projective readout

geometry

Fast signal within 50 ns - reduced effect of pile-up on

signal, (near) unipolar signals
End-cap hadronic calorimeter

Liquid argon/copper calorimeter
Four longitudinal samples

High stability in signal generation without observable
detector degradation due to high luminosities

Projective readout geometry

Forward calorimeter
Liquid argon/copper (EM) and liquid
argon/tungsten (HAD)

Thin gap calorimeter (charge collection time

tq ~ 50 ns) optimized for high ionization rates due to

pile-up

Non-projective readout geometry features electrodes

parallel to beam line

Dense absorber acts as radiation shield for muon

spectrometer

Slide 21

YATLAS

EXPERIMENT

channels in

total*

Hadronic calorimeters | Tile (barrel) 2880 |l <1
TileBar®/1 0.1 xm/32
TileBar2 0.2 xm/32
Tile (extended barrel) 2304 08 <|n < 1.7
TileExt0/1 0.1 xm/32
TileExt2 0.2xm/32
HEC 5632 15<|n <32
HEC®/1/2/3 1.5<|n <25 0.1 xm/32
25<n <32 02xm/16
Forward calorimeters | FCAL 3524 311 <[y <49 Ax x Ay
FCALO® 3.1 <l <3.15 [.5cmx 1.3cm
315<p < 4.3 3.0cm x 2.6cm
43 <yl <4.83 1.5cmx 1.3¢cm
FCAL1 32<n <324 [.7cmx 2.1cm
324 <nl < 4.5 33cm x4.2cm
45 <|n < 4.81 [.7cmx 2.1cm
Ndividuat FCAL2 329 < Iyl < 3.32 2.7cm x 2.4 cm
332<n <4.6 5.4cmx4.7¢cm
4.6 <|nl <4.75 27cm x 2.4cm
Full hadronic coverage .
Cdlorimeter readout

provided by the EM and

HAD calorimeters with a
combined depth > 104
nearly everywhere within
the whole acceptance

In| < 4.9

Peter Loch

187652

177540 reguldr calorimeter cells
10112 pre-sampler/gap scintillator

independent recddout channels

*Tile has dudl redadout (2 electronic channels per
cel) with only one of those used For cell energy

medsurements

February 6, 2024




Hadronic Calorimeters in ATLAS

YATLAS

EXPERIMENT

Hcadronic depth cdlong
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1

1.5

2

25

3

35

4 45 5
Pseudorapidity

cCal 2/3 electrodes
with tungsten Form
pieces

£Cal 1 module
partly
instrumented

Tile segment

Peter Loch
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Signal Formation Example: ATLAS LAr Calorimeter YATLAS

EXPERIMENT

Sampling calorimeter @ |
’ Passage of fast

ionizing particle

(At¥Z§ < tq)

|Q_
ilg

PR O EE S LS A

Ionization electrons collected in electric field
between absorbers

Ceeeeg
Collect charge in electric field E : - generates line
Measure current ! - charge in the

.. active medium
Characteristic features

Collected charge and current are proportional to

; 3 ‘ S N S R Q=NXe
. . . . E 1 f i i g 7, : Jhn=——
energy deposited in active medium SRR I | DN T T O . La
[ | : ] (o'
Q(t =tg) = Nee/ ®© |3
I = to) = Nee/t R
&
Ne(t) = Ne(t = to)/d - (d — x(t))
Drift time t, for electrons in active medium u . o) = Nxe
Determines charge collection time . T > % i‘?.; « E, ’
Can be adjusted to optimize calorimeter performance © /B 88
ty = 450(50) ns for d = 2.25(0.25) mm and E = 0'1 ,%8
1 kV/mm field - values in () are for the FCal S v

Ll i T Pl
0.25 0.5 0.75 1 0.25 0.5 0.75 1

point charge line charge
Slide 23 Peter Loch injection injection
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ATLAS LAr Calorimeter: From Signal to Cell Energy Response 3Al AS

oniine processing

transmission line, pre-
amplifier, shaper

digitization,
gain selection

digital filter, electronic
calibration, corrections

EXPERIMENT

same inFormation content For LAr and
Tile celis!

(-( Cell Data )-\

n energy E,w (MeV)
time t (ns)
D> D> P> | quality Q
selected gain g
| " \ online id idynjine
provenance p
current in shaper . . )
(Run 1)/4 (Run 2 and
gfplj) 0(1;:11\);;’[ beyond) digitized f;f
samples o
(ADC cts) provencdnce: Flags signal processing

E.o = A x [bunchintensity] x[ADC —nA]

.
correction for position of bunch
crossing in train

. J

s
online

x([HV]x[cross-talk | x [purity])x[nA — MeV]

N J A /

SV Y_ R
electronic and efficiency corrections energy calibration

-~
current calibration

Slide 24 Peter Loch

(e.g., Filtered reconstruction) masked
cells (e.g., noise bursts) estimated
signal For dedd celis, etc. ...

Cell signal at electromagnetic

energy scaie

February 6, 2024



ATLAS LAr Calorimeter: From Signal to Cell Energy Response ?AAS

What is r espons e? same fn?ormatiz;gec;%t;nt For LAr and
Reconstructed calorimeter signal W
Based on the direct measurement - the raw signal energy Ep.w (MeV)
May include noise suppression (digital filtering) time t (ns)
All cell level corrections for hardware failures and run ity @ _
conditions are applied Zfl?flteeidd%?;n'_g
Has the concept of signal (or energy) scale provenanceonplme
Basic signal before final calibrations (EM scale) " / ’
Derived from electron signals in test beams and monitored W
in-situ in collision events N

Provencnce: Flags signdl processing
(e.g., Filtered reconstruction) masked

Ew = Abeak X [bunCh intenSity] X [ADC —> nA] Ce“g;‘;er;g'{ &?‘i‘s;ezgr;ﬁ% 2§§:r?fted

Ideal EM scale — does not reconstruct full particle energy!

- v - . e - -
correction for position of bunch  current calibration
crossing in train

. J

nli | e g U
oniine Cell signal at electromagnetic
x([HV]x|cross-talk ] x [purity])x[nA — MeV] e ,
\ electronic and efficiency corrections j \energycaibrationj ener‘ﬁy QCCﬁe

Slide 25 Peter Loch February 6, 2024



Pile-up in the ATLAS LAr Calorimeter

Pile-up at the LHC

Slide 26

Origin

High collision luminosity = proton
beam intensities @ bunch crossing
frequency ® high inclusive pp cross
section

Comparably slow signal collection in
LAr

In-time pile-up

Signals generated by particles from
additional pp collisions in the same
bunch crossing

Out-of-time pile-up

%nal fragments from previous and
following bunch crossing added to the
in-time signal

Online mitigation strategy

Fast bipolar signal shaping measures
current I, = I(t = 0)

Shape has integral zero - in-time pile-
up is on average canceled by out-of-

time pile-up due to negative weight of
signal remnants

transverse energy E [GeV]

without pr ~ 81 GeV
pileup

-
o

-
=}

pr ~ 58 GeV

Peter Loch

transverse energy E [GeV]

Vs =14 TeV u =25

[
=3

-
o

-
=}

Lo

M NI "

YATLAS

EXPERIMENT

Prog.Part.Nucl. Phys 60:484-551,2008

with pile-up

February 6, 2024



Pile-up in the ATLAS LAr Calorimeter

Pile-up at the LHC

Slide 27

Origin
High collision luminosity = proton
beam intensities @ bunch crossing

frequency ® high inclusive pp cross
section

Comparably slow signal collection in
LAr

In-time pile-up
Signals generated by particles from

additional pp collisions in the same
bunch crossing

Out-of-time pile-up

%nal fragments from previous and
following bunch crossing added to the
in-time signal

Online mitigation strategy

Fast bipolar signal shaping measures
current I, = I(t = 0)

Shape has integral zero - in-time pile-
up is on average canceled by out-of-
time pile-up due to negative weight of
signal remnants

Peter Loch

following past

-0.2

bunch

bunch

crossings | crossings
<€ >

YATLAS

EXPERIMENT

0.8

0.6

0.4

0.2

—3—

EI - IIIIIITIIIZ:ZI.

same C!PQC!‘E

T, =25ns (40 MHz)

-100

o

Ll I Lk 1
100

200 300 400

5()Ol 11

N
600
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Digital Signal Filter YATLAS

EXPERIMENT

Concept W.E. Cleland and E.G. Stern, Nucl. Inst. Meth. A338 (1994) 467.

Unfold physics pulse shape from a measured pulse shape
Pulse shape measured in 4 digital samples s; taken at ¢ty + 25 ns, tg, ty — 25 ns, t; — 50 ns

Measured (digitized) shape is affected by transmission line characteristics and signal transfer functions
introduces by e.g., impedance mismatches in the readout electronics

Linear filter with coefficients a; constraint by pulse shape -
Yis agi =1
gi is normalized pulse shape in sample i at time ¢;, with
Y0, a;0g;/0t =0
Digital filtering
Amplitude/peak « [y « E
Apeak = Zlivil a;(s; — pi)
with the sample reading s; and the pedestal reading p; (ADC counts for I = 0 on input to electronics)
Peak time:
Apeaktpeak = Zi\[:sl bi(s; — pi)
Calibration system

Coefficients — constraint by injecting known current pulses in the electronic chain and transfer observed
calibrated pulse shape to known physics pulse shapes

Pedestals - read samples without injecting current into the system and measure average and fluctuations
(electronic noise)

Auto-correlation - signal history couples fluctuations (noise) in time sampled reading
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Formal Extraction of Filter Coefficients YATLAS

EXPERIMENT

Filter Coefficients

Qe dig_ital filter coeffic_ient Determined by:

Rijeoeeeeennniniin, noise al-JtO-COI‘I’e|-<':l'[I0n Known pulse shape

Qieeeeermeeneenneennnennns normalized physics puiseshap/M. C :

Inimizing noise
N Ns Ns ]
to 1%t order 228 =1 Zzaiajo-iaj Ry — min
independent of N oy Ny i=1 j=1
time jitter! ;aiazgaigi =0
rﬂ/ _ 1 Ny Ny R—l I~
— —XZMZH i 9i9; Lagrange Multipliers

a =2 Ry (A9, - 1)y = %Zi;ZTilRi}lgig}
2
A=(TET LR ) (X R 0, - (TR 9 )
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ATLAS Coll., Topological cell
clustering in the ATLAS calorimeters

and its performance in LHC Run 1

Eur.Phys.].C.77 (2017) 490
arXiv:1603.02934 [hep-ex]

INSPIRE #xeep



https://link.springer.com/article/10.1140/epjc/s10052-017-5004-5
https://arxiv.org/abs/1603.02934
https://inspirehep.net/literature/1426830

Topo-cluster Formation/Growth Rules

Calorimeter cell signals are collected into topological clusters

Collects signals from individual or close-by particle showers into 3-dim energy blobs

Connect cell signals following spatial signal significance patterns in three dimensions

Uses seed and growth control conditions, plus envelope
Default 4-2-0 configuration (S =4, N =2, P = 0)

Collects cells across subsystem boundaries
OccupancyRZ

Entries

||I

2
!IIIIIIII'IIIIIIIII .48 10

10

III[':IIIIl"-IV\III|IIII|IIII|IIII|"I-III|IIII‘

N
o
o
o
TTT T[T I T T[T T T T[T T[T I T[T T T [ TTTTI[TTT
I I I 4 ERR] I I

0= I 663 2000 3000 “4000 5000 6000

. clus
Viet| < 2,05 > 20 GeV
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YATLAS

EXPERIMENT

IECE”I > Sg EM

noise.cell

‘ cell‘ >NO-

nmse .cell

‘ cell‘ > PO-EM

noise,cell

electronic I
O-noise <2011

O noise =
Ho1se \/(O.electronic)z n (O’
noise

pile-up)2
noise
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Topo-clusters from Single Particles YATLAS

EXPERIMENT

More on formation

Growing algorithm requires splitting between local signal maxima
Guided by spatial signal structures observed in the high granularity EM calorimeter
Splitting efficiency depends on calorimeter readout granularity

20 _| 1T | UL I T 11T TTTT L L I 1T T T TT T T 1T I T T TT 1T |_ _l T | T T T I T T T T l T T T T I T T T T I_
» E 3 - e =
5 185 ATLAS = :‘E 0.4 = ATLAS E
2 gL Smulation 34§ oxsf Simulation = . . .
% i’ = Single pionswithout pile-up = E 03 F Single pions without pile-up E Sing‘e PIONS, NO P 3Q“UP,-
7 - — - », .
I} 0 E_ \s =8 TeV At = 50 ns noise assumed _E g g \s =8 TeV, u =30, At= 50 ns noise assumed é Noise ffﬂr"eghaldg Qef +Or
2 " 3 u=30 o mE=100GV S g 0.25 = m,E=100GeV, |n| =03 3 30 intercations/bunch
8 o o T —wEswevh=s o cPrOSSING, bunch distance
g i 00000.',\90 — Empty Events j 0.15 |- o Empty Bvents = 50 ns (ear‘fy Run I)
o C . E -
g - 3 0.1 =
pd IO, = .
56008 0.05 E
..................................... -~ 0: | S asbene o : — 1
. 5 0 5 10 15 20 25
| Number of reconstructed Clusters
mlrmh

Shower dependent topo-cluster yield

Compact EM showers split into fewer clusters than hadronic showers

Collision environment: topo-clusters do not represent individual particles,
they are a proxy for energy flow generated by particles!
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Topo-cluster Formation in the FCal1 Module YATLAS

. A:ﬁ‘“fj;"?”'?‘"’..’f.?@_" E [MeV] @ Initial seed collection
g dlile-t ovent o l105 All cells above seed threshold
§ ool b it All these cells will be
I 40 clustered
13 No need for neighbors with
0 9 large signal significance
4 ~10°
005 :
- 102
|tan 6] x cos ¢
Seed cells No pile-up!
EM
|Ecell|/ Onoise,cell > 4
Peter Loch February 6, 2024
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Topo-cluster Formation in the FCal1 Module Y ATLAS

ATLAS S|mulat|on 201 0
c [ Pyhiasazs™ | E [MeV]
g L dijet ev?nt ‘o I105
10
of =
1 =10°
0.05]—:
L 102
|tan 6] x cos ¢
Seeding No pile-up!

| cell|/ noise,cell > 4
Growth control cells

| cell|/ noise,cell > 2

Slide 34

<
c
@
X
3
§ 0.05
0
-0.05

ATLAS 3|mulat|on 201 0

| Pythia 6.425
- dijetevent

.......................

......................

"""" E [MeV]
e I_1o5

Peter Loch

|tah 6] x cos ¢

EXPERIMENT

@ Initial seed collection

All cells above seed threshold

All these cells will be
clustered

No need for neighbors with
large signal significance
€ Cells above growth
control threshold
Cells potentially contributing
to cluster growth
Not all of them end up in one!

No requirement of proximity
to other significant signal here
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Topo-cluster Formation in the FCal1 Module YATLAS

ATLAS S|mulat|on 2010 ATLAS S|mulat|on 2010 o o .
. @ Initial seed collection

| Pythiagazs™ | E [MeV] | Pythiacazs 00 1 . E [MeV]
- dijetevent o b 0 10° P L @ 10° All cells above seed threshold
0.05 _,} ....... .g ....... y .,,. E : i : E

[tan 6] x sin ¢

All these cells will be
clustered

No need for neighbors with
large signal significance
€ Cells above growth
control threshold
Cells potentially contributing
to cluster growth
Not all of them end up in one!

[tan 0] x sin ¢

0.05 -+ @

-0.05 _; ....... ) .- - . .".i:. ...... -0.05-";

005 0 0.05
[tan 8] x cos ¢

. . g [ Pyiasazs H By l E [MeV] No requirement of proximity
Seedlng P }e"UP! [ d”etevem CO 9 :105 to other significant signal here
EEM| /gE >4 5005 N €) Applying neighbor
ce °lse ce {31 requirement & splitting
Growth control : All cells collected into topo-
10° clusters
| cell |/ noise,cell =~ 2 By According to the growth
-0.05—-~
Envelope & splitting ' 1o _ control rules
Splitting applied
>0 B i . Distinguish energy flows
| cell |/ Onoise,cell [tan 8] x cos ¢ induced by particles in the jet
Peter Loch February 6, 2024
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Topo-cluster Formation in the FCal1 Module YATLAS

. ATLASsiTl_.llation 2010 ATLAS simulation 2010 Rt inaad -ollection
Poleee Actual implemetation in oniine seed threshold
#" 0 and ofFline sofFtware deviates N
e % From the simpilified sequence shown S e
s herel It IS highly eFFicient, without rowth
= gequential cell collections (repecated ;‘lmibuﬁng
e fOOPS over cells) with only one th
| iteration on all MEE000 cells needed i
Seeding oy~ Formation, Followed by one L s here
[Beeil /n iteration on initial st of (Proto-? litting
GrovGa clusters For spiitting! ino topo-
|Ecanl/ L o he growth
| A Splittci(ljlng applied

Distinguish energy flows

Envelope & splitting
|Ecell|/ n01se cell >0 '
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Relative number of cells per 0.1

Relative number of cells per 0.1

Signal Significance for Clustered Cells in ZeroBias Data »A[ AS

T
ATLAS
Data 2012
ZeroBias

\s=8TeV
<p>=28

107"

1072

1
/[ all cells

1 1
'[] clustered cells '[] clustered cells
1 1

Relative number of cells per 0.1

10 8 6 4 =2 0 2 4

2012 data with pile-upl!

L o e LA I e e
ATLAS

Data 2012
ZeroBias
\s=8TeV
<p>=28

107

1073

-
<

1

/[ all cells
1

'[] clustered cells
1

1
'[] clustered cells
1

ool ool 1ol ||\:

EE\Il II\IILLL‘ I\IIILLL‘ I\Il\ull 111

Relative number of cells per 0.1

Peter Loch

EXPERIMENT

Tails in cell signiFicance
introduced by physics -
with contributions From
in-time minimum bias
collisions and correlations
in out-of-time pile~-up
signal remnants

I1(t)/ I, == A(t)/ A, FCal

k

1)/, — A1)/ 4, LAr

ccell t:m] =60 ns
variations in tails partly due to differences in drift time
(LAr gap sizes) leading to different pulse shapes
February 6, 2024



Topo-cluster Moments/Features YATLAS
Principal geometry N
¢ centre of gravity of cluster, measured from the
nominal vertex (x =0,y =0,z = 0) in ATLAS
X; geometrical centre of a calorimeter cell in the
cluster, measured from the nominal detector
centre of ATLAS
s particle direction of flight (shower axis)
Aa angular distance Aa = £(C, 5) between cluster
centre of gravity and shower axis s
A;  distance of cell at X; from the cluster centre of
gravity measured along shower axis 5 (1; < 0
is possible)
r; radial (shortest) distance of cell at X; from
shower axis §(r; > 0)
Cluster moments (features) Location & environment
Energy-weighted first and second Position and direction
moments Depth of topo-cluster in calorimeter
Lateral and longitudinal extensions Distance from vertex
(pormahzec;l and absolute) Angular deflection from vertex direction
. Signal density measure Environment
Signal relevance and compactness Isolation
measures
Signal significance
EM/HAD energy sharing
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Local Hadronic Calibration (LCW)

Topo-cluster Cluster Out-of-cluster Dead Material
Calibration
Formation Classification Corrections Corrections

geo EM em cal €m-00cC em—dm
chll 7)(311.18 Cell ( 1) cell chll
had-cal had-ooc had-dm
cell chll cell

Local cluster calibration
Uses cluster shape and location to apply appropriate calibrations
Observables are proxies for shower shapes - sensitive to electromagnetic or hadronic shower development
Calibration reference is deposited energy at cluster location
Additional corrections for nearby dead material losses and out-of-cluster losses (includes isolation measure)
All calibration functions are derived from full single particle simulations
Direction and energy scans with 7°, 7* - no pile-up included
Deposited energies collected in clusters formed with (1) dependent ar'f(l,\fse’cen
Calibration factors stored in multi-dimensional lookup tables
Final cluster representation
Massless four-momentum (E, 7, @, m = 0) on EM and LCW scale
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LCW: Classification YATLAS

EXPERIMENT

E 104§ T ‘ T T T ‘ T T T T |§ 2

3 E ATLAS 15

TOPO ClllSt Cluster :B i Electromagnetic clusters in jets 15
5 10°E anti-k, R=0.6 LCW+JES ER

Formation Classification 3 1<25, LM 20 Gov " g
© i —4— Data 2010 7 §

‘5 10%E [ pYTHIAMC10 4=

& 18

g | 13

eo EM 5 105 49

wg P 2 10 T =
cell clus - e

(@)

Jet fragmentation modeling likely ¥ induced

& shower starting point & longitudinal profile

\

_1 1 Il ‘ 1 1 1 I Il 1 1 ‘ 1 1 1 ‘ Il 1 1
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arXiv:1603.02934 (tO appearin EPJC) E 1055 L L L BN LAY N LN 2
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2 C . 08 o 7 107 LCW+IES i
({f-’ 3F — o i . ly |<2.8, P > 20 GeV ] &
S - . 1 0.7 = it 3 —4— Data 2010 12
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C . o E 1T
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Data/MC

LCW: Hadronic Calibration

Topo-cluster Cluster Calibration
Formation Classification
geo EM em cal
Weell 73(:lus Weell ( 1)
HECo  arXiv:1603.02934 (to appear in EPJC) had-cal
F rTTT | rTTT ‘ T TT ‘ T TT 1 T TT I rTTT | 1_'
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LCW: Out-of-cluster Correction

ATLAS

EXPERIMENT

Topo-cluster Cluster
Formation Classification

geo EM

Weell Poius

Search Border

h B
Search Border Cluster 2

Cluster 1 >< \‘
/] N
( ) Cluster|2
A A
/ Cluster1 Out-Of-Cluster
Out-Of-Cluster / Cluster 2
Cluster1 > 7V
’/——- a / (\ /)
(\ ) /ﬁ\\‘\h—"f} —]
Dead Material SN A _gf::sdiglr\llgterlal
Cluster 1 T[] 11 1] I Ill/
\ i Ay I
~ ’, ~ s

arXiv:1603.02934 (to appear in EPJC)
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Calibration

Out-of-cluster
Corrections

em cal ( 1) €m-00cC
cell cell
had-cal Whad-ooc
cell cell
arXiv:1603.02934 (to appear in EPJC) arXiv:1603.02934 (to appear in EPJC)
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LCW: Dead Material Correction YATLAS

EXPERIMENT

Topo-cluster Cluster . . Out-of-cluster Dead Material
. . . Calibration . .
Formation Classification Corrections Corrections
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Conclusions & Outlook

ATLAS Calorimeters

Successfully operating since 2010
Highly efficient and stable system
Highly optimized for total absorption

Precise energy flow reconstructions for jets, event shapes, hadronic recoil
etc. in both pp (with increasing levels of pile-up) and heavy ion collision
environments

Effective signal definition - topo-clusters and topo-towers

Drop a large amount of “noise only” cells at early stage of reconstruction

Pile-up suppression due to detector readout and adaptive signal
significance thresholds

Present day local hadronic calibration needs improvements — machine-
learning-based approaches under study (see recent JetEtMiss PubNote)
Future challenges
Hi-lumi LHC pile-up
Cluster formation/splitting sufficient to maintain precision in energy flow
reconstruction?
More use of/combination with topo-towers?
Machine learning for cluster formation and calibration
Several approaches under study
Biases and gains not yet obvious for formation,
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Additional Material

Click herel

https://indico.cern.ch/event/1366444/attachments/2781618/4879898/Atlas.02.06.2024%20-%20Additional%20material.pdf
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https://indico.cern.ch/event/1366444/attachments/2781618/4879898/Atlas.02.06.2024%20-%20Additional%20material.pdf
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LCW Cell Weights

OATLAS

EXPERIMENT

= Full topo-cluster calibration IS projected back on cell weights
- EM likelihood PE™ defines EM/HAD mixture of factors

- PEM = 1 for pure EM clusters, PEM = 0 for pure HAD

= Hadronic calibration & dead material correction produce individual cell weights

Procedure

Parameters

(1) Cluster formation

l‘leo

Effective cell signal weight after each step

(2) Classification

wgeo
cell

(3) Calibration

2eo
cell

(4) Out-of-cluster

had-cal
)

E’f“ce]]

g m-00c

€0 EM ., em-
E""(:el] [Pdus E’Lcel]

-cal (

pEM

clus

) whad- 011]

cell

(5) Dead material

cell

had-ooc
Weell

wem- dm

g0 :
Weeln l—l Pn,lus

k €{cal,ooc}

em—x
Lell

+ (1 —

?)

clus ) w

had-«
cell

cell
EL,had -dm

cell

_ . geo —I
E""(:e]]

k €{cal,ooc,dm}

[Pa,]us

,em—x

cel]

+ (1 -

cell

had-«
Pn,lus) - ]
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Calorimeter Topo-tower Revival YATLAS

EEEEEEEEEE

= Provide different view on energy flow (from P.A. Delsart)

. _ " / » / / I' / / i/!lclusive towers
E 30_— AELQD.]? 1Slmulauon Prellmlnary F I d/ / / Reco as towers ’ / / /
S mEL Memdniend [TIATITIT C [TRETT] T
Jeer - ;/ F’{ C(o p— 7(' i If! | /7‘// (hlgh noise 31gnal)
l ’ N 3 Calo towers
e " / / / / / / //topo—towers
Qé"w-4_-3-21o1234%5 “[/ //// "///////
| [
— Nlonstituent = 1 T // / // .I , / / /// / / N onstituent = 3

|
1 "topo cluster” 7\ (low noise signal)

3 "topo towers
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Calorimeter Topo-tower Revival

= New for Run3

= Drop of calorimeter granularity at [n| > 2.5

= Few topo-clusters formed from large cells

= Energy flow highly discrete — large voids in (y, ¢) plane, sparse four-momentum occupancy

= Median transverse momentum density measurement deteriorates
= Re-introduce calorimeter towers

= Imposes different view on non-projective FCal readout

= Well-defined catchment area for area-based pile-up suppression algorithms Ay X Ag = 0.1 X 0.1
= Uses only cells from topo-clusters (noise suppression identical)
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Calorimeter Topo-towers

= Considerations

= Topo-towers are represented by the
same data object as topo-clusters

= Possible to add moments (not all are
meaningful for towers)

= Large amount of data to be stored

= Inclusive towers (all cells) completely
impractical

= Too many topo-towers (from cells after
noise suppression)

= Topo-towers in the AOD
= Only for |n| > 2.5 - ForwardTopoTowers

= No (cell) signal overlap with topo-clusters
with || < 2.5 — can be combined for
unambiguous energy flow reconstruction

= Ghost-associated with jets

= Support pile-up jet suppression outside of
tracking aceptance
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XK topo-cluster barycenter ¥ topo-tower barycenter

YATLAS

EXPERIMENT

topo-cluster
boundary

cell* in topo-
cluster

topo-tower

boundary

% cell* in topo-

tower (signal)

cell in topo-

tower (no
signal)

Peter Loch

*possibly weighted cell signal
contribution (EM - geometrical weight
in topo-cluster after cell signal sharing;
LCW - full calibration weight)
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Calorimeter Topo-towers YATLAS

EXPERIMENT

= Calorimeter signal multiplicities

—— 0.1x 0.1 topo-towers —— topo-clusters = mixed

[}

3 % FWD | EC Central EC | FWD

° coarse I - - I coarse

g X 1 granularity high granularity " granularity
)=

X
2
L [k} 1D—1

Nsignal objects
Ntopo tower

{
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Examples of MC Modeling
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MC Modeling Problems

Clusters / Event
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(no jet environment required)

Peter Loch
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inclusive (all topo-clusters)

Fe atu re C h O i C e S < 10% electromagnetic energy deposit

> 90% electromagnetic energy deposit
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Feature Choices
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Machine Learning: Network Architecture

< Deep Neural Network (DNN)
% Tool
« Keras with TensorFlow
% Architecture

« Four hidden layers with 64/64/128/256 nodes using a
tanh(x) + 1 or swish activation

 One linear layer with one node
% Loss metric
« Mean Absolute Error (MAE) initially, now using Leaky

Gaussian Kernel \

% Hyperparameters (explorations mostly ongoing).

« Optimization algorithm ADAM

« 100 epochs for training
« Learning rates 0.001

Seminar at the Institute for Theoretical
Physics, University of Heidelberg

Peter Loch
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