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Outline

What is a calorimeter?

- what types of calorimeter are there?
- what physics measurements are calorimeters used for?

Calorimeter 101

- passage of particles through matter

- calorimeter properties and design considerations

- examples of electromagnetic and hadronic calorimeters
Operating calorimeters

-  CMS ECAL example - design and operational aspects

- calorimeter calibration, performance, and lessons learned

Future upgrades
- to meet the challenges of HL-LHC and beyond
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What Is a calorimeter?

calorimeter noun
kelo'rimIto(r)

An experimental apparatus
for measuring the total
amount of heat involved
in a chemical reaction or
other process
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What is a particle physics calorimeter?

calorimeter noun
kelo'rim1to(r)

An experimental apparatus
for measuring the total
energy of a particle
passing through the device
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What is a particle physics calorimeter?
CMS example
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Silicom -
Tracker
Electromagnetic
Calorimeter
Hadron
Calorimeter Superconducting
Solenoid Irom return yolke interspersed
with muen chamlbers
Muon Electron Charged hadron (e.g. pion)
- = =-Neutral hadron (e.g. neutron) ----. Photon

The objective of a particle physics calorimeter is to absorb the
| total energy of the particle that passes through it
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What is a particle physics calorimeter?
CMS example
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Tracker

Electromagnetic
Calorimeter

Hadromn

Calorfmeter Super§oncducting
B lenoid [ron return yoke interspersed

with muen chambers

Electron

Muon

Charged hadron (e.g. pion)

- = =-Neutral hadron (e.g. neutron) ----. Photon

The objective of a particle physics calorimeter is to absorb the
| total energy of the particle that passes through it
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What is a particle physics calorimeter?

Typically divided into dedicated electromagnetic ®
and hadronic calorimeters ‘

Electromagnetic calorimeter

electrons/positrons and photons
electrons and positrons can be matched to tracks

Hadron calorimeter A
charged hadrons: #, K¢, p Silicom
neutral hadrons: neutron, Ko Trackear

charged hadrons can also be matched to tracks

Electromagnetic:
Calorimeter

Hacdromn
Calorimeter Supe!

Muon Electron

Charged hadron (e.g. pion)

- ==-Neutral hadron (e.g. neutron) ----. Photon
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What is a particle physics calorimeter?

Typically divided into dedicated electromagnetic ®
and hadronic calorimeters ‘

Particle energy

particle energy E absorbed in calorimeter
is converted to electrical signal S

E is proportional to S

Particle type »
determined by pattern of energy deposits ilicon 7%
EM and hadronic particles deposit most of their o clkar 4

energies in their respective calorimeters
charged particles can also be matched to tracks

sctromagnetic:

These criteria are heavily used in Particle Calorimeter /

Flow reconstruction techniques Madron
including reconstruction of compound objects, such as S
jets, which contain both EM and hadronic components Calorimeter SU Pel

Muon

Electron

Charged hadron (e.g. pion)
- = =.Neutral hadron (e.g. neutron) ----. Photon
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Homogenous vs sampling calorimeters
Homogenous

Scintillating cryste
(e.g. PbWOy)

Single medium for absorber and
detector
Liquefied noble gases (Kr,Xe,Ar)
Organic liguid scintillators
Dense organic crystals

Most often used for EM calorimetry
(premium on high resolution)

records full EM shower

(smaller stochastic term)
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Sampling

Shashlik type
(e.g. W/LYSO)

Layers of passive absorber and detector
material
Lead, Tungsten, Copper absorbers
Scintillator/Si/Ar active medium

Used for EM and hadron calorimetry
(usually more cost effective)
samples EM and hadron shower
(transverse and longitudinal segmentation)
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Calorimeter event displays

Candidate Higgs particle decaying to two photons, with two forward jets in CMS

—

e

GMS|Experiment at LHC, CERN

'Data recorded: Mon Sep 26 20:18:07 2011 CEST
Run/Event: 177201 / 625786854

Lumisection: 450

| ECAL energy in RED
Technology. 10 HCAL energy in BLUE
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Calorimeter event displays

Pb on Pb particle collision in ALICE

Run:295585

Electromagnetic calorimeter deposits in orange

Energy:5.02 TeV
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Physics with calorimeters

Observation of Higgs decaying to two photons in CMS

CMS 35.9 fb" (13 TeV)
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Physics with calorimeters

Search for beyond the standard model Z' decaying to 2 electrons in ATLAS
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Physics with calorimeters

Jet cross section measurements in CMS and comparison with theory
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Physics with calorimeters

Measurement of components of solar neutrino flux in Borexino

dt
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Passage of particles through matter

Electromagnetic shower

PbWO0, CMS, X,=0.89 cm

I T A
» r L” oA

Energy loss mechanisms:

Above critical energy Ec Below critical energy Ec
electron bremsstrahlung ionization
ex—y photoelectric effect
photon pair production Compton scattering
y—=et+e-
610 MeV
E. =
Z+ 1.24
sience and L
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Passage of particles through matter

Electromagnetic shower
PbW0, CMS, X,=0.89 cm

AR -f"
ot

Energy loss mechanisms:  Both processes controlled
by radiation length Xo of
the detector medium

Above critical energy Ec

electron bremsstrahlung Xo: thickness of material
°=Y that reduces mean energy
photon pair production of electron by a factor e
y—et+e
E — Eoe_X/XO
1
Xy - — compact calorimeters require dense detector media
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Passage of particles through matter

Electromagnetic shower

PbW0, CMS, X,=0.89 cm

F R v 1 :
s "j.'l.. foh
-~ a¥=rs b 4’

Above critical energy Ec

electrons lose energy via bremsstrahlung
with characteristic path length Xo

photons convert to lower energy electrons via pair production
with characteristic path length 9/7*Xo

shower multiplication and development

Science and 19
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Passage of particles through matter

Electromagnetic shower
PbW0, CMS, X,=0.89 cm

B .kf..n,’,_,
L AN ol e

At critical energy Ec

average particle energy ~ Ec
ionisation losses are equal to bremstrahlung and pair production

peak particle multiplicity reached
position of shower maximum: tmax

tmax_depends logarithmically on incident particle energy

approximately 5 Xo for a 10 GeV electron in PobWO4 crystal
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Passage of particles through matter

Electromagnetic shower
PbW0, CMS, X,=0.89 cm

F R v 1 :
s "7,7,-, fhe s
eV ST 4’

Below critical energy Ec

ionisation losses are larger than bremstrahlung and pair production

slow decrease in number of particles in the shower
electrons and positrons range out

Shower containment depends on energy
100 GeV electron in PbWQO4 crystal contained within around 20*Xg

Science and 51
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Passage of particles through matter

Electromagnetic shower
PbW0, CMS, X,=0.89 cm

A s _’fr;. ey
§ LY ~rs ..‘ .‘l

L ateral shower development

defined by Moliere radius R
95% of shower is contained in a cylinder of radius 2*Rwm
mainly caused by electron multiple coulomb scattering within detector medium

21 MeV

C

CMS example (PbWO4 crystals)

longitudinal dimensions of 23cm (25*Xo) minimises leakage from back of crystal
lateral dimensions of 2.2cm (‘] *RI\/I) maximises transverse granularity

lateral leakage minimised by summing energy over 3x3

Xo

matrix of crystals
Science and 50
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Passage of particles through matter

Hadron shower

i ABSORBER

. E.M.
COMPONENT

p,n, m K,...

------------------------

. HADRONIC
COMPONENT

Shower development determined by by interaction length Ay
of the detector medium
A - mean free path between inelastic collisions: 16.7 cm in Lead

multparticle production nuclear breakup
=, 110, K spallation neutrons, protons
electromagnetic component
mmo—
Science and vv
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Passage of particles through matter

Hadron shower

i ABSORBER

. E.M.
COMPONENT

p,n, m K,...

________________________

. HADRONIC
COMPONENT

.J‘/?ﬁ-n C

Longitudihal containment: 95% of hadronic shower from 100
GeV pion contained in ~ 10A; (1.7m of lead)

peak in shower profile at ~1 Aywith exponential fall-off
EM component more pronounced at start of shower

| ateral containment: 95% containment of hadronic shower

from 100 GeV pion contained in ~ 1A (17cm of lead)
Hadron showers are larger and broader than EM showers

— reflected in larger dimensions of hadron calorimeters
Science and 54
Technology
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Calorimeter design checklist

High resolution
- especially for ECAL - Higgs and rare decay measurements

High granularity
- for particle ID and position measurement

Compact and hermetic
- with dimensions informed by Rwm, Xo, Al
- relative dimensions of ECAL/HCAL key to aid particle ID
- hermeticity crucial to measure all visible particle decays

Fast response

- to satisfy high rates (e.g. of LHC collisions) and contribute to trigger
decisions

Radiation tolerant
- to maintain performance over time in harsh radiation environment

Science and o5
Technology
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The CMS Electromagnetic calorimeter

Crystal Barrel & Endcaps
(Lead tungstate PbWO4 crystals) + Pb/Si
Preshower

Barrel (EB) Endcap (EE) Preshower (ES)
36 supermodules (1700 crystals) 4 half-disk Dees (3662 xtals) 4 half-disk Dees
Total sz 61200 PbWO 4 cr );tals Total of 14648 PbWO, crystals Two Lead/Si planes
+e coverage: |.48<|n|<3.0 Total of 137216 Si strips (1.8x6 1 mm?2)

coverage: [n|<1.48



The ATLAS Electromagnetic calorimeter

- Trigger Tower
| - | }\ D
_ . N - \ - n =0 &//\\L
"} ISy, ~ = v’-\Q@ 16X,
LAr hadronic — g & 4 P N < .
end-cap (HEC) - T : iy | 7 /f/,\/V gﬁ%
—~— . : \W Nt % 4.3%, [ %2

/N
SHaE )

S
//\ Layer 2
|\ @

- —~]
m/g = A
4, =

4n = 0.00%91'“’“m =002

)
Strip cellsin Layer 1
~=—_ells in PS
AnxAd = 0.025x%0.1

—

LAr electromagnetic
end-cap (EMEC)

——

LAr eleciromagnetic
barrel

Liquid Argon active medium (90°K)
|-2mm lead absorbers in accordion
geometry
Cu/kapton electrodes

Y2 _  Stainless-steel-clad |
Pb absorber plates

Barrel Endcap Presampler

101760 readout channels 62208 readout channels 9344 readout channels
3 longitudinal depths 2 or 3 longitudinal depths one longitudinal depth
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The LHCDb Electromagnetic calorimeter
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PM Housing

Protective
screen

PM+C-W

Light mixer

12.12¢cm

Sampling geometry with 3312 detector modules
consist of lead absorbers and plastic scintillator
active media

read out by PMTs via wavelength shifting fibres

Each module;

66 lead plates (2mm thick)
67 plastic scintillator plates (4mm thick)
|,4 or 9 readout channels based on proximity to beam

Science and
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Sampling geometry with
brass absorber and
plastic scintillator active

media
L LAY - [H Read out by Silicon
e THHHHTH -~ B t ] i .
%ﬂm fiteee il PMTs vis wavelength
_2”’ (=R ° shifting fibres

. Darrel (HE) Endcap (HE) Outer (HO) Forward (HF)

we d;::s scintillator Two brass endcap discs scintillator tiles outside yoke Steel absorber, in 20 deg wedges

17 longitudinal layers |9 longitudinal layers | or 2 longitudinal layers Quartz fibre active element (~1000km)
8cm brass + 3.7mm scint |Omm scint coverage: 3<|n|<5.0

5¢cm brass + 3.7mm scint

coverage: [n|<I.3 coverage: 1.3<|n|<3.0 coverage: [n|<I.3
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The ATLAS Hadron Calorimeter

Tile Calorimeter

Steel/scintillator sampling calorimeter
scintillating tiles read out by PMTs at both ends, via

wavelength-shifting fibres
3 depth segments

9852 readout channels
coverage: [n|<I.7

Science and
Technology
Facilities Council

LAr Hadron endcap

Cu absorbers/LAr active media

24 Cu plates (25mm thick) + 8.5 mm LAr gap (front)
|6 Cu plates (50mm thick) + 8.5 mm LAr gap (rear)
4 depth segments

5632 readout channels

coverage: |.5<|n|<3.2

LAr forward calorimeter
Cu and W absorbers/LAr active media

3 depth segments
3524 readout channels
coverage: 3.1<|n|<4.9
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The LHCb Hadron Calorimeter

Sampling geometry with iron
absorber and scintillator tile active
media oriented parallel to beam
Read out by PMTs vis wavelength
shifting fibres

Science and
Technology
Facilities Council

particles

52 horizontally stacked modules
1488 cells (608 outer, 880 inner)
alternating rows of 4mm iron and 3mm
scintillator plates

WLS fibres running along top/bottom edges of

scintillator plates



Calorimeter readout

APD: Avalan

Custom photodetectors to readout scintillation light from
calorimeters

Key requirements
- fast (consistent with 25ns LHC collision rate)
- radiation tolerant (to survive in harsh LHC irradiation environment)
- magnetic field tolerant (CMS photodetectors must operate in 3.8T field)

CMS ECAL CMS ECAL CMS HCAL LHCb ECAL

Barrel Endcaps

e Rhp >
W 2 b v
" K

]

FRBE

lanche  vpT: Vacuum  SiPM: Silicon PMT: Photo
PhotoDiodes PhotoTriodes PhotoMultipliers  Multiplier Tubes

32



Calorimeter front-end electronics

- Amplify and digitize signal pulses from calorimeter cells

-  Perform fast energy sums (for trigger), data formatting/
buffering and readout to DAQ system

MGPA 4-channel ADC Two 8 ch
_L_” Preamp Gain LVDS (AD41240) LVDS_Rx
\DC 2 ] B
hoto detector :L_[:l\> - T
APD / VPT
shaped and digitized pulse
20} /
0 I
< -
0.8
0.6
0.4
0.2
0
-150 -100 -50 0 50 100 —0.2;.1..._“._..
0 100 200 300 400 500 600
Science and T~ Trna [NS] fime (ns)

Technology
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Calorimeter trigger sums

- Fast energy sums sent every 25ns to first level trigger
 identify interesting events from calorimeter energy deposits

- Computed from sums of calorimeter cells in ECAL and
HCAL

- termed Trigger Towers
- combined to form electron/photon, tau, jet candidates

CMS ECAL trigger tower ATLAS ECAL trigger tower

Trigger Towers i |

’—:I [ Front End - 010
% "'—‘:I E card (FE) .
e . Fibre optic readout at
Very Front End 800MHz to off detector
cards (VFE) electronics
7

5x5 crystal matrix Single depth super-cell

AnxAd=0.087x0.087 AnxAG=0.1x0.

Science and
Technology
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Electron/photon and jet reconstruction

Particle ID

pattern of deposits in tracker,
ECAL, HCAL determines
particle type

-  electrons: ECAL energy
matched to tracks, no HCAL
energy

- jets: multiple tracks associated
with ECAL+HCAL deposits

Charge and momentum
measurement

from bending of tracks in
magnetic field

Energy measurement

from clustered deposits in
ECAL and HCAL

Science and
Technology
Facilities Council
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Particle flow reconstruction

- Takes things one step further:

- attempts to classify individual particles by geometric association of tracks and
calorimeter energy deposits

~ 100F . . .
£ "% cms X,y view of particle jet
O " Simulation
> 50
! tracks, ECAL deposits and
o deposits indicated
501 inferred particle trajectories and
100:_ particle IDs are shown in blue
e
150 & can improve response and
i resolution by having dedicated
2005 btk e energy corrections by particle type
x (cm) (compensate for different e/h
Science and response of HCAL)
e




Designing and Operating

calorimeters

CMS example, from design to
construction to operation
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The CMS Calorimeters

Electromagnetic calorimeter (ECAL)

e

CMS: Forward Hadronic
Length: 21.5m -\ i | Calorimeter (HF)
Diameter: | 5m - .\, | 1 B .l i\ coverage to N=5
Weight 14kT

Barrel and endcap calorimeters are placed inside the

superconducting coil

Science and
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1992: CMS Letter of intent

https://cds.cern.ch/record/290808/files/cern-lhcc-92-003. pdf

Abstract

We propose to build a general purpose detector designed to run at the highest
luminosity at the LHC. The CMS (Compact Muon Solenoid) detector has been
optimized for the search of the SM Higgs boson over a mass range from 90 GeV to
1TeV, but it also allows detection of a wide range of possible signatures from
alternative electro-weak symmetry breaking mechanisms. CMS is also well adapted
for the study of top, beauty and tau physics at lower luminosities and will cover
several important aspects of the heavy ion physics programme. We have chosen to
identify and measure muons, photons and electrons with high precision. The energy
resolution for the above particles will be better than 1% at 100 GeV. At the core of
the CMS detector sits a large superconducting solenoid generating a uniform magnetic
field of 4 T. The choice of a strong magnetic field leads to a compact design for the
muon spectrometer without compromising the momentum resolution up to rapidities
of 2.5. The inner tracking system will measure all high p; charged tracks with a
momentum precision of Ap/p = 0.1 pt (pt in TeV) in the range In | < 2.5. A high
resolution crystal electromagnetic calorimeter, designed to detect the two photon
decay of an intermediate mass Higgs, is located inside the coil. Hermetic hadronic
calorimeters surround the intersection region up to In| =4.7 allowing tagging of
forward jets and measurement of missing transverse energy.

high resolution EM calorimetry for Higgs detection, located inside coil
large rapidity coverage for jets/MET

Science and 39
Technology
Facilities Council



https://cds.cern.ch/record/290808/files/cern-lhcc-92-003.pdf

The goals of calorimetry in CMS

- CMS optimised for discovery of SM Higgs boson
- in mass range 90 GeV - 1 TeV

- CMS ECAL optimised for golden discovery channels
- H-vyy, H~ZZ—4]
- Focus on excellent photon/electron efficiency and resolution
- better than 1% energy resolution at 100 GeV

- CMS HCAL optimised for excellent jet identification
- over a wide pseudorapidity range

- excellent hermeticity a must for MET determination, for SM and BSM
studies

- combined HCAL and ECAL information essential for good electron/
photon ID and tau ID

Science and
Technology
Facilities Council
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1997. ECAL and HCAL TDRs

CERN/LHCC 97-31

CMS TDR 2

CERN/LHCC 97-33

CMS, CMS TDR 4 20 June 1997
15 December 1997

L XN 20 June 1 CMS TDR 2

CMS

CMS

The Electromagnetic Calorimeter

The Hadron Calorimeter

Technical Design Report

Technical Design Report

CMS Electromagnetic Calorimeter

Chairperson Institution Board: Bruno Borgia, INFN Roma, Bruno.Borgia@romal .infn.it

Project Manager Deputy Project Manager Technical Coordinator Resource Manager

Hans Hofer Jean-Louis Faure Paul Lecoq Hans Rykaczewski

ETH Ziirich DSM-DAPNIA Saclay CERN ETH Ziirich

Hans Hofer@cern.ch | Jean-Louis.Faure@cern.ch Paul.Lecog@cern.ch Hans Rykaczewski@cern.ch

Editor-in-Chief: Felicitas Pauss, ETH Ziirich, Felicitas.Pauss@cern.ch

CMS Spokesperson CMS Technical Coordinator
Michel Della Negra Ernst Radermacher

CERN CERN

Michel .Della.Negra@cern.ch Ernst.Radermacher@cern.ch

https://cms-docdb.cern.ch/cgi-bin/ _
PublicDocDB/ShowDocument?docid=2713 https://cds.cern.ch/record/357153/
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https://cms-docdb.cern.ch/cgi-bin/PublicDocDB/ShowDocument?docid=2713
https://cms-docdb.cern.ch/cgi-bin/PublicDocDB/ShowDocument?docid=2713

ECAL TDR accompllshments

- Lead tungstate (PbWOu) e ___col
crystals chosen \ S
- after extensive R&D: | = BN e
demonstrated to meet radiation .-z 31 -
and performance requirements \ e 0,
 Avalanche PhotoDiodes i,
(APD) chosen in EB

Fig. 1.2: Schematic view of one quadrant of the calorimetry and tracking system.

- demonstrated to provide
required gain in 3.8T field

-  Vacuum Phototriodes (VPT)
chosen in EE

- sustain higher radiation doses
than APDs

-  Two-layer lead/Si
Preshower detector in
front of EE

- Improved spatial precision
and two photon
discrimination

Science and 49
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| ead tungstate crystals

PbWOy4 is used for CMS:
Sampllng Homogeneous scintillators faSt, dense and radiation-hard

Property Pb/plastic | Liquid | CeF,
Shashlik | Xenon | crystals | crystals

Low relative light-yield mitigated by use of

3 . .
Density (g cm™) 2G| @R | b high-QE/large area photodetectors with
Radiation length X, (cm) 1.7 2.77 1.68 0.85 internal gain
Moliere radius R, (cm) 3.4 4.1 3.39 2.19
Wavelength peak (nm) 500 175 300 440 |_Ight vield: -2%/deg C
« = o g

Fast decay constant (ns) <10 2.2 5 <10 . bl ) .

. . requires stable temperature operation,
Light yield (y per MeV) 13 ~5x 10* 4000 100

within 0.05 deg C, to maintain resolution

target

PbWO:

1

1.5 Xo cubes of different xtal materials
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Lead tungstate R&D

PbWO, crystal samples PbWO, optical transmission
vs wavelength

904 Theoretical transmission from Fresnel losses

Transmission (%)
a1
P

404

204

1995 1998 NI

XXX , , , , , ,
300 350 400 450 500 550 600 650 700
Wavelength (nm)

Vigorous R&D programme to improve crystal properties
high light transmission, fast light emission and radiation-hardness

Science and
Technology
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HCAL TDR accomplishments

M =1.479 n =0 COIL
- HB+HE to use copper alloy \ .
absorber + scintillator tiles Tl e
- Active media chosen: Kuraray | HE i L
: .y £ =26 EE Thll N e _
SCSN81 plastic scintillator + e T Tracker
Y11 plastic WLS fibre S
- Hybrid PhotoDiodes (HPD) ) o

chosen in HB/HE
- good linearity and dynamic

Fig. 1.2: Schematic view of one quadrant of the calorimetry and tracking system.

- Copper absorber + Quariz

range | fibre HF
* QIE front-end electronics - fibres coupled to PMTs. Quartz
- based on Fermilab intrinsically rad-hard
developments

- Scintillator HO (outside coil)
- hadron shower “tail catcher”

Science and 45
Technology
Facilities Council




46

ECAL performance targets

« The CMS ECAL must be fast and
radiation tolerant to survive in the b

LHC environment, and must possess J(E) P — @ C
\/ E)

excellent energy resolution
EM energy resolution

- Benchmark physics process: H—yy

- Energy resolution target:
- 0.5% for unconverted photons a: Stochastic term: b: Noise term: ¢: Constant term:

dominates at high energy

Performance measured for ECAL Barrel in CERN H4
test beam (20-250 GeV electrons):

a=2.8% b=4|.5 MeV ¢=0.3%

AH — yyeventin CMS with P.Adzic et.al. “Energy resolution of the barrel of the CMS
M,;=120GeV Electromagnetic Calorimeter”, JINST 2 P0400 (2007)




Performance In test beam

ECAL ECAL+HCAL

H2 BEAMLINE, 1996 CMS HCAL TEST BEAM

LlJ 0,5 71 T { T T T 1T T T I T 1 T ‘ T 1 T | T T T T | T T 1 1T
E =280 GeV } Relative Energy resolution of ECAL+HCAL |
[ 6/E = 0.45% g 045 ECAL in normal config., B=0 Tesla )
5 s | Pions interacting in ECAL or HCAL 1
% 0 HCAL using all 27 available samplings ]
— m .
100 E 3 | k
> o - ]
o i ]
2 S 03 [* .
o . 0 - i
= So25 [ % e data (H2, 1996) .

i I | o/E=(119+/-0.8)%/VE ® (3.9 +/- 0.1)%
- - i K ]
3 02 = MC (GCALOR) B
I 50 : o/E=(114+/-1.2)%/VE & (7.0 +/— 0.2)% |
0.5 | R
0.1 b e .
005 | a
| [ 1 1 1 1 [ 1 | 0 :I ‘ | | | | | | | | | ‘ | | | | | | | | | | | | | \:
265 575 085 595 0 50 100 150 200 250 300 350 400

pion beam momentum (GeV)

E (GeV)

Fig. 1.15: Energy reconstructed in 3 x 3 crystals with 280 GeV electrons.
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CMS Calorimeters as built

e

model credit: University of Maryland HEP group



ECAL PbWO; crystals

Two crystal producers: BTCP (Russia), SIC (China)

Crystal “growing” Raw crystal “boule” and cut crystals
i K“"

Crystal characterisation APD gluing
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HB/HE active elements
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ECAL Barrel construction

£ R 1‘
& Yo 4
X &4 :

Supermodule integration/test stands @ Prevessin

5 =i v

Bl - Ve - i

4
b ]
N

Supermodule in the process of electronics integration



ECAL Barrel installation

e Il Enfourneur
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. HB construction and mstallatlon

— (= 1 -
™

!

.

13
: il I &
completed HB section ready to enter yoke HB sectlon inside yoke
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B LHC environment is challenging

LHC HL-LHC
YOU
Run 1 | | Run 2 ’ I-IAERREE Run 3
EYETS LS2 136 Tev  [2UAN 13.6 - 14 TeV
13 TeV energy
Diodes Consolidation
splice consolidation limit LIV Installation -
7 TeV 8 TeV putton collimators ?nrt){aor::lrglon , inner triplet . il LH(.:
— R2E project reg|ons Civil Eng. P1-P5 pilot beam radiation limit installation
IMIIM!IM!IMIIMIlﬂilﬁllﬂllﬂllﬁl | 2022 | 20 | 2024 | 2025 | 20z6 | 207 | 2028 | 20 [}
510 7.5 x nominal Lumi_,
ATLAS - CMS 1
experiment upgrade phase 1 ATLAS - CMS /
beam pipes nominal Lumi 2 x nominal LumgiI ALICE - LHCb | 2 x nominal Lumi , alol e
75% nominal Lumi / upgrade
luminosity JEOITET R

HL-LHC TECHNICAL EQUIPMENT:

DESIGN STUDY 3 PROTOTYPES / CONSTRUCTION INSTALLATION & COMM. |||| PHYSICS

LHC: delivers high luminosity proton-proton collisions (up to 14 TeV c.m. energy) to
experiments
collides two bunches of 1e11 protons every 25ns
design luminosity: 1x1034cm-=2s-1 already exceeded by a factor of 2 in 2017,2018
integrated luminosity (size of physics dataset) increased by a factor of 6 in Run 2 (2015+)

Consequences:

large instantaneous luminosities: busy events with multiple overlapping collisions products
(pileup) -> pattern recognition and reconstruction challenge

large integrated luminosities: increased detector ageing -> calibration and performance
optimisation challenge
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A high pileup event in CMS

78 simultaneous interactions from one LHC collisions event

a significant challenge to pattern recognition and event reconstruction algorithms
Run 1 average pileup: 10-20, Run 2 average pileup: 40

Calorimeters must cope large radiation doses and high
| event pileup and maintain performance

Science and
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Energy Reconstruction

For electron/photon object:

Pulse Amplitude . intercalibration cluster corrections
Ee, = D |Ai x Si(t) x ¢i] x G(n) x Fe,,
time-dependent response corrections: Global scale
laser monitoring system

intercalibration takes into account differing response of crystals and photodetectors

Clustering: Vs éram
Superclusters: dynamic sized clusters to gather energy 105,

radiated in phi (field bending direction) and mimimise pileup

contamination Strips

Multivariate cluster corrections: improve energy determination
by optimally employing event information (i.e. showering/ -
non-showering, proximity to dead regions/cracks)



Pulse reconstruction methods )

template fits to suppress out-of-time (OOT) pileup
ECAL pulse - no pileup ECAL pulse - with pileup

CMS simulation, Vs=13 TeV PU=20/BX, 25 ns

—_ e Observed signal
- — Total pulse

- — In-time pulse

— — Out-of-time pulses

8

7

6

jE x L \
= e T

- T\ L
2

1

0

AlA

Energy (GeV)

— goal: extract this component

]

— | ———

0 1 2 3 4

6 7 8 9

25ns time samples

New algorithm developed for Run 2 to mitigate OOT PU
template fit(*) -> subtracts out-of-time pulses that overlap with in-time signal
Large improvements in low energy e/y and jet response are obtained for Run 2
conditions

A similar algorithm has also been developed and deployed for CMS HCAL during Run 2

(*) allows up to 9 out-of-time pulses
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Impact of clustering refinements

/->ee Invariant mass distribution
, can be affected 3

C g x10 CMS Preliminary (s=13TeV,L=22fb"
by S|gn.|flcant energy leakage, > GO T T T I T T T
worsening resolution 8 - ECAL F _Eg:jgjster :
. ~ 50 . =
Supercluster step significantly € - Esxs crystals
Improves resolution qc) i Z
clustering parameters need to be 11 40r -
carefully tuned to avoid i -
overclustering noise or pileup 30~ 7
Multivariate cluster corrections: N -
can provide substantial 200 B
improvements by accounting for - .
event-by-event fluctuations in shower 10~ ]
profile + containment and pileup i -
effects o o I
%O 60 70 80 90 100 110 120 130

m(e*e) [GeV]

Science and
Technology
Facilities Council




Science and
Technology
Facilities Council

Lessons learned from 10+ years
of CMS ECAL operation




ECAL Calibration challenges ’

Significant response changes (crystal + photodetector) due to LHC irradiation
- on both short (few h) and longer timescales (EM and hadron damage to ECAL crystals)

Need for both short term and long term corrections - both online and offline
: via dedicated laser monitoring system (corrections within 48h)
: and physics-based calibration using 1/n, minimum bias, W, Z events
-  special attention must be devoted to high eta region to prevent biases in jets and MET

CMS Preliminary
i T T Run 1 7 T T T T Run 2 T T T T :/ Barrel
PRI St =w ]

N VA N w RO

i N W
X ATy - WYy e
%\"W\w . \“%/ Vt‘\‘wf\.:'v( —j\”mv \E“’W’”I

o
(0]
T

endcap region covered

(v AT
A ! Wd v
D | by CMS tracker

o
(@)
T
=
-
=
-
‘g'
_
N

V(\‘ ey \'YWW/:

I\‘w/ \’\’
21<|n| <24 o
/1

Relative response
to laser light

Mo - | I endcap region relevant
' for forward jets

LHC luminosity
(1033 cm2 s1)

0.0 0\ A ® ®

N0 . ’1/ 5 D99 © A RS
20O N NNy NIy N Y YOy Y NIy
A FNDH SR SR SR S

Date (month/year)

These corrections are crucial to maintain stable ECAL energy scale and
resolution over time. Requires a dedicated team during LHC operations

Lesson learned - do not underestimate this challenge!
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ECAL Calibration methods

ECAL intercalibration sources ECAL intercalibration precision

physics data are used to equalise the 0,005 CMS Preliminary 2018 58.8 fb~! (13 TeV)
. C-_""I""I""l' 'I""I""_
response of each channel in EB and EE S ECAL |
.8 -~ o m |
method time needed 5 0020 oic Elp | -
_5 —~ Ojc Zee :_,_ |
_ © [ - binati _‘
d) symmetry few days 5 0.015 0/c combination I ]
I i |
? I | -
@ 0.010F U .
- I —
£ . o
electron E/ 20 fb! —_ — i ]
Y 0.005_: —— I
[ |
Z—ee mass 20 fb! T
0-00 5 0.5 1.0 15 2.0 2.5 3.0
Crystal |n|
Dedicated calibration streams (with limited event Can achieve precision of better than 0.5% in EB and
content) are used to collect enough stats. 1% in EE with a combination of calibration methods

Lessons learned:

Maintain multiple calibration methods
CMS ECAL experience:
1) calibration methods involving low energy signals (r%/n, phi-symmetry) are affected by noise
and pileup (these methods were not usable for |etal>2.0 in 2018)
2) some methods (phi-symmetry, E/p from W—ev) suffer from systematics due to uncertainties
In tracker material distribution in phi
3) Z—ee proved to be the most effective all-purpose calibration method in Run 2
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Importance of recalibration

4 CMS 41.5fb" (13 TeV) 2017
Loy | T T | ] T 1] | T ] T T | ] 1 1] 1 Ll ] T T ]
b " Low bremsstrahlung

E$ | —— Data
~

Data (Legacy)

-  Refined physics-based 2
calibrations using full dataset
are derived at the end of each < .
running year "

- these are required to obtain
optimal energy resolution in all :
regions of the detector I

- they correct for time-dependent

drifts in calibrations Ty E By
Inl
Di-electron Z mass resolution before
and after end-year recalibration

Lessons learned:

Do not assume that calibrations remain constant!
many relevant observables (pedestals, signal pulse shapes, channel response) can be
affected by irradiation and require frequent calibration updates to maintain optimal
pulse reconstruction, energy and timing resolution

Note that resolution vs eta largely follows distribution of upstream tracker material:
need to minimise this in future detector designs to preserve intrinsic ECAL resolution




ECAL spikes
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* Anomalous signals (“spikes”) unexpectedly observed in ECAL Barrel: large
apparent energy deposits with non-physical topological and timing signatures

 Caused by direct ionisation of APD

hadrons/pions)
ECAL APD “spike”

active volume by collisions products (chiefly

ECAL APD capsule

0000000000000000000000000000000000000

single ECAL channel with 600 GeV equivalent

omEEe
>, ?S.. s T

& S
:,""ﬁ BN

i =,

2 Y
/ 3
/ ¥
e > P
i &

{t{ &5

ECALene rgy |
deposits

energy

* Mitigation was challenging, especially for L1 trigger:

- no possibility to cure at source - APDs inaccessible

- spikes will typically hit one of 2 APDs serving one ECAL crystal. However, decision was made to
sum these signals rather than read them out individually to reduce cost

- eventually found a way to remove spikes using extra unused feature of ECAL front-end ASIC

Lessons learned: Must rigorously check system in test beam campaigns. Self-triggering
would have revealed this problem. Build sufficient flexibility in on-detector and off-detector
electronics to deal with unexpected signals. Add redundancy to readout signals?



ECAL mechanics

* Significant differences in mechanical design of ECAL Barrel and Endcaps

barrel design incorporated 17 different module types and 17 different crystal shapes
endcap design involves a single module type and one crystal shape

Barrel mechanics: 17 crystal types Endcap mechanics: 1 crystal type
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* This has implications for crystal production and detector construction

much simpler if you only have to deal with a single module/crystal type

 Should also consider possibility for partial dismounting/replacement of modules

ECAL was not designed with this possibility in mind - partial dismounting difficult/impossible

might be a desirable feature for future detectors if certain regions need to be removed/replaced
due to large radiation-induced response losses or other performance issues
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ECAL ASICs

UK involvement in ECAL very-front-end ASICs came about due to noise/
performance problems with the original TDR designs
* Original preamp and ADC designs had to be dropped and new ASICs developed

from scratch
TDR very-front-end design Final very-front-end design

MGPA ADC
Preamp FPU ‘ — J_—| Gain LVDS
g Ny Raii—al
. T - — o | [12Dits
| — | ADC g
@—11 = [ . g W, ﬁ Preamp 1 . 2 bits
Sii\/ - [\_E’ = | ADC
i L_I> =2 g Photo
Q i > l /_\ L‘f _:N_ S detector / \
| {s/ : b= g
s [ L _:
&vzav Null > = ol g ' | 40 MHz
= @ : _ 2 40ns | ‘ sampling
& — shaping . %
E < T 1
F 'E . _
Logic ]

Lessons learned:

Issues with ASICs are not uncommon in HEP - but problems can be minimised by careful
and conservative design methodologies. Early full-system tests with detector prototypes
are a must to check system performance and identify any noise issues in a realistic data-

taking environment
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Despite the challenges:

H—ovyy H—-ZZ—4l

CMS SImUIatlon Prellmlnary 1 3 TeV >< CMS 137 fb-1 (1 3 TeV) > 9M|S| ||||||||||||||||||||||||||| I T |1 |3|7|f|b| |(|13|-Il-e|\|/—)
I LI | LI | L | |||||||| | LI | LI I_ > 60 T | T T | T 171 I T 171 ] T 17T l LB J—_ | ]

E H-yy Untagged 0 8 H - yy m, 125 38 GeV All categories 8 2501 ¢+ Data =
7 > 50 S/(S+B) weighted 7 ol B [ ]H(125)

- N =B ¢ Data ~ - ] a9—-ZZ, Zy*
6 ﬁlf; Simulation - : — S+B it 1 2 200 + I 9922, Zy*

N - FN e B component o - B EW
5 ___ Parametric — g IRE3R _‘ L B I Z+X

- model % [ ]+26 . 150
4 - 3 = i

- Gy = 1.32 GeV ) -
3 — 2} 7 100

n h ] -
ol FWHM = 2.92 GeV =

n 50
- = _
IIIE'." (A 11 “s-. D-—LI P Sr—— :
105 110 115 120 125 130 135 140 0

L, (GeV) F
' . =500 £ |
100020 e im0 Teo o Teo
Mass resolution in best e

category ~1%

... it was all worth it
The excellent resolution and electron/photon ID of the CMS
calorimeters was crucial in the discovery and subsequent
characterisation of the 125 GeV Higgs Boson
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B High Luminosity LHC

LHC
Run 1 Run 2 Run 3
HERE
EYETS LS2 13.6 Tev AL 13.6 - 14 TeV
13 TeV energ
Diodes Consolidation
splice consolidation cryolimit LIU Installation -
7 TeV ﬂ button collimators m%ractlon . inner triplet . HL LH(.:
R2E project reg|ons Civil Eng. P1-P5 pilot beam radiation limi installation
lﬂlIMI!ﬂllﬂﬂlﬂ!lﬂilﬂllﬂ!lﬂﬂl@! | 2022 | 2023 | 2024 | 2025 2026 | 2027 | 208 | 2020 [I[f]
5 to 7.5 x nominal Lumi
ATLAS - CMS —

upgrade phase 1

ATLAS-CMS  ——

HL upgrade

experiment
beam pipes

nominal Lumi 2 x nominal Lumi, ALICE - LHCb . 2 x nominal Lumi
75% nominal Lumi | / upgrade '
m m integrated 3000 fb™'
luminosity IR {%
HL-LHC TECHNICAL EQUIPMENT:
DESIGN STUDY €e | PROTOTYPES / CONSTRUCTION INSTALLATION & COMM. |||| PHYSICS

HL-LHC: major upgrade to accelerator complex during Long Shutdown 3 (2026-8)
will provide 10x larger dataset for physics compared to LHC run (4000fb-1)
4x higher instantaneous luminosity compared to peak LHC value

Consequences:

Run 2 challenges, pileup and detector ageing, are amplified

New and upgraded detectors needed after 2025:
Focus on increased detector granularity and precise timing capability (for pileup
mitigation), and increased radiation tolerance.
Improved triggering capabilities made possible by improved detector granularity and
advanced algorithms off-detector processors




ECAL and HCAL longevity

- ECAL and HCAL barrel (Inl<1.48) will retain significant light output and will
be retained for HL-LHC operation

- ECAL and HCAL endcaps (Inl>1.48) will suffer significant radiation
damage after 500fb-' and will need to be replaced during LS3

—
N

% | CMS ECAL — a0 o CMS ECAL
g 1000/fb @1k L
SRS — 3000/fb ]
2 I — 4500/fb ]
x|
» 08| 1
S ‘ 107F E
o - 1 i . .
& ol i - Simulation
' :\ | - 50 GeV e-
0-4:_ \ _ 10‘2? — 12)3:;:: 35133 ﬁﬂ:ﬁl ]
| Simulation _- Rltiot trotuns
} _ - — b, 5E+34 cm?s™! .
| 50 GeVe ; | mmwmEsens | 300060
ul "
Predicted ECAL Barrel signal response Predicted ECAL Endcap signal response

versus integrated luminosity and n versus integrated luminosity and n
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Challenges for forward calorimetry at HL-LHC

- Expect LHC to deliver very high luminosity beams:
<pileup> ~ 200

- Disentangling event properties at such high particle densities
requires good transverse and longitudinal segmentation, and
advanced reconstruction methods

- Endcap calorimeter is a
highly granular radiation-
hard detector designed to
meet the challenges of high
beam intensity and event

pileup

Event display of VBF jets (H->gqg)

Science and
Technology
Facilities Council
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Endcap Calorimeter layout

‘Hexagonal modules based on Si sensors
in CE-E and high-radiation regions of CE-H
-Scintillating tiles with SiPM readout in
low-radiation regions of CE-H

‘Full system maintained at -30°C
~620m2 of silicon sensors
~370m?2 of scintillators

6 Million Si channels, 0.5 or 1.2 cm?2 cell size
~26000 Si modules

~2.3m

& ~ YV
T~ -

~2.2 [m]

Electromagnetic calorimeter (CE-E): Si, Cu/CuW/Pb absorbers, 26 layers, 27.7 Xo
Hadronic calorimeter (CE-H): + scintillator, steel absorbers, 21 layers, 10.0 A

Complete replacement for EE and HE in LS3

Sampling calorimeter with fine transverse granularity
silicon sensors in CE-E and inner CE-H region: intrinsically rad-hard
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Impact of precise timing

Reconstruction at 200 PU is a significant challenge

pattern recognition techniques and vertex identification struggle in dense
environment

VBF H-vyy with forward jet

cut on_hits with S
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Improved vertex localisation and pileup suppression
possible with precise timing (o0+~30ps) in EB and HGCAL

precise timing a critical feature of CMS and ATLAS HL-LHC upgrades
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Physics capabilities of ATLAS+CMS at HL-LHC

*  Precision measurements of Higgs properties

Vs = 14 TeV, 3000 fb™” per experiment

.| Total ATLAS and CMS

— Statistical HL-LHC Projection
—— Experimental

Theory Uncertainty [%]
Tot Stat Exp Th
K, = 1.8 08 1.0 1.3
Ky = 1.7 08 0.7 1.3
K, i 1.5 0.7 06 1.2
Kq :‘77 25 09 08 2.1
K, lgl 3.4 09 1.1 3.1
K, = 3.7 13 1.3 32
K, = ‘ 1.9 09 08 15
K, | 43 38 1.0 17
KZY 9.8 72 1.7 64

0 002 004 006 008 01 012 014
Expected uncertainty
Precise (%-level) measurements of
Higgs couplings
search for hints of BSM physics
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ATLAS and CMS HL-LHC prospects

_12
= [ SM HH significance: 40
c L
g 10k= 0.1 < k1< 2.3[95% CL]
v I 0.5 < k1< 1.5[68% CL]
994%cL 8 il /0N
6k
95% CL 4:—"; ____________________________
o .
68%CL [ s S a\__Je
—|||||||||~r1~u
L —

3 ab1 (14 TeV)

—— Combination
bbyy
bbtt
"" bbbb
bbzz*(4l)

bbVV(lviv)

40 measurement of Higgs

self-coupling

provide constraints on the shape of the Higgs potential
close to the minimum and would allow to verify the
electroweak symmetry breaking mechanism of the SM
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Coming full circle

- HL-LHC TDRs: released 20 years after the original versions

CERN European Organization for Nuclear Research CERN-LHCC-2017-011

CMS-TDR-015
Org tion européenne pour | herch léaire 12 September 2017

CERN European Organization for Nuclear Research  Ceamuscc- 20174
CMS TON. 17007
Organisation europdenne pour la recherche nuckéaire 17 Now W17

The Phase-2 Upgrade of the The Phase-2 Upgrade of the

CMS Barrel Calorimeters CMS Endcap Calorimeter
Technical Design Report Technical Design Report

https://cds.cern.ch/record/2283187/ https://cds.cern.ch/record/2293646/
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The show must go on

- Particle Physics community currently developing roadmap
of future colliders/experiments

- includes both precision Higgs physics facilities (linear/circular e+e- colliders) and
higher energy (100 TeV) pp discovery machines

B Proton collider

Possible scenarios of future colliders M Electron collider
L] Electron-Proton collider

wssss Construction/Transformation

5 vears —L LU |LC: 250 GeV 1TeV Preparation
§ 20km tunnel 2 ab1 = 4-5.4 ab1
- m tunnel 40 km tunnel
8 "
E { 1ﬁ f:,gg;ﬁ’:?{m Gev SppC aim similar to FCC-hh
c m tunne
(&) 11 years

FCC hh: 150 TeV =20-30 ab-1

FCC-ee:
90/160/250 GeV

150/10/5 ab 11 vears
FCC hh: 100 TeV 20-30 ab1
8 years 15 years
100 FCC hh: 100 TeV 20-30 ab
m tunne

8 years

HL-LHC: 13 TeV 3-4 abt HE-LHC: 27 TeV 10 ab-

8 years 10 years

100km tunnel

CERN

LHeC: 1.2TeV

0361 1ot FCC-eh: 3.5 TeV 2 abt | N d ICatIVe tl mescales

5 years 7 §
A CLIC: 380 Gev [ 1.5 TeV . 3 Tev
11 km tunnel 1.5 ab1 2.5 abt 5 ab?
29 km tunnel 0 km tunnel
040

2050 2060 2070 2080 2090

2 years 6 years
I

2020 2030 2
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Calorimeters will be a key element of future
collider experiments

Strong interaction

Detector requirements from future experiments  experiments

From the Detector R&D requirements ECFA February session - ®  Measure low energy photons
- : (down to 10 MeV)

o : a Photon pointing resolution |
. . . o Target energy resolution ~2%VE
‘No-collider’ experiments : getenergy :
@ High-intensity and radiation conditions
o Energy resolution, segmentation and timing
c Low energy particles
o Crystal purity

Hadron colliders

) L —
B Pileup mitigation through
precision timing and granularity I
o Radiation tolerance (up 30 MGy =TT T T~ + . .
for FCC-hh — ~30x HL-LHC) - e"e” colliders
o Target energy resolution ~10%VE - - Improve Z—see recoll mass resolution
,7 p"‘p' colliders Clustering of 1° photons
/’ Heavy flavor program (low energy photons)
y L , Target energy resolution ~3%VE
p / e  Mitigation of beam induced
7 background (BIB) through
/ precision timing and granularity
// @ Target energy resolution ~10%VE
/
/
/

high granularity, excellent energy resolution, precise timing in focus
Science and
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Example designs - hadron colliders

Radiation tolerant sampling crystal calorimeters

Spaghetti calorimeter (candidate for the LHCDb phase |l upgrade) Shashlik calorimeter (was candidale for CMS phase |l upgrade

e Crystal slabs interleaved with tungsten slabs

e Crystal fibers inside an
and read out with wavelength shifting fibers

absorber ‘groove’

(more detalls here) "y Al
e UV-emitting crystals (LYSO, CeF

o Co doped garnet crystals e Si02:Ce or LUAG:Ce fibers as WLS

-~
sA (s YA(S |—v~|
{3/ 7 ) ,‘\I \J 1 M\ ‘ll

e Targets: 10%/NE, 6, ~O(10)ps

e Possibility to mix different
type of fibers (e.g. Cerenkov
neutron sensitive)

e Ongoing R&D targeting FCC-hh applications with
the RADICAL detector concept (CPAD 2021)

e Targets: 0_/E~10%/E,

0,~0(10)ps t
it
T ' . PMT -
Heoam
T . ‘ T I
PuT t ‘ Pt '\3! %
1015 ] ]

21

Combining tungsten with radiation tolerant crystals for compact calorimeters at hadron colliders

radiation tolerance is key for pp collider calorimeters
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Example designs - electron colliders

High granularity crystal calorimeter for CEPC " oo coneen

with crystal calorimeter
@IAS Conference 2021

Design 1 Design 2
rystal bars SiPM  FE+PCB Coc [ e vt dsmw@ . \ 2
‘H;n..“...c.;f’;ft"f,;,, — Evaluating optimal crystal
——— configuration for granular
— 4 3D imaging
. i Incident

particles

PFA performance not too
affected if longitudinal layers
are decreased from 20 to 6!

— —
CEPC 2019

! : 240GeV, S.6ab" |
4 4.6 t “IH 2oy W Hes g
o 4'4 . % - Fu l.simulation with —
o4 AN COA | (CDR)
VY CCALHLG LIRS, By
! v/ < ISt |
= [ukun DOhi !L|"-' &

38

Developing precision
particle flow optimized
for crystal calorimetry

BMR(

PR P " | I P . A i )] "
0 10 20 30 e Colors: vy =*
ECAL Layer

Merging high granularity and high energy resolution for precision physics at e’e” colliders 28

Focus on energy resolution and segmentation for

| Particle Flow Reconstruction
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Example designs - electron colliders

Ll:ﬂk Fo 8 F W W llA-:‘I' F N ) lA‘Al AAIA-:MA‘A- ‘A- h:nn

Lots of nhew ideas on calorimeters for future hadron and
lepton colliders

See recent Calorimeter Detector R&D (DRD6) workshop at
CERN:

Very interesting time to get involved in Calorimeter R&D,
bench tests, test beams and simulations for the future
“generation of calorimeter detectors

Merging high granularity and high energy resolution for precision physics at e"e” colliders 2

Focus on energy resolution and segmentation for

| Particle Flow Reconstruction
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https://indico.cern.ch/event/1246381/




Summary

- Calorimeters are a crucial element of HEP detectors
- provide total energy measurements of electrons/photons and jets

- optimised for high spatial and energy resolution, often in challenging radiation
environments

- Calibration and monitoring are crucial to maintain optimal
performance

- to minimise variations in energy response between channels and over time due to
detector irradiation

- Several different design choices have been implemented at LHC
- this complementary is essential - no “right” or “wrong” choices
- physics output of LHC experiments is testament to the success of the designs

- increased spatial and timing granularity in focus for HL-LHC upgrades to
maintain performance in more challenging detector environment

- Thanks for listening and enjoy the remainder of the lectures!
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ECFA

ECFA DRD6 Calorimetry

Future Facilities and DRDT for Calorimetry

[ \
European Strategy;
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<2030 2030-2035 2035-2040 2040-2045 > 2045
2030- 2035- 2040-
<2030

DRDT 6.1 Develop radiation-hard calorimeters with enhanced electromagnetic
energy and timing resolution

DRDT 6.2 Develop high-granular calorimeters with multi-dimensional readout
for optimised use of particle flow methods

DRDT 6.3 Develop calorimeters for extreme radiation, rate and pile-up
environments
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ECFA DRD6 Calorimetry

ECFA Keyword: 5D calorimeters Eumn!m@

e Calorimeters in no longer a detector to measure only Energy (1D)
e High granularity is recurrent topic in all the proposals (+ 3D)
e 2D-segmentation

e 39 dimensions achieved either by physical segmentation or by timing
information

e Timing is also additional “dimension” of the calorimeter (+1D)
e pile-up rejection (p-collider, FCC-hh, ...)
e better track/particle matching

e tens of ps is the current paradigm for timing application

2nd Calorimetry Community Meeting — 20.4.2023 16
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RE ECFA DRD6 Calorimetry

ECFA Identified Key Technologies and R&D Tasks ’,a@

. . . . g . ~ > > & 5 ~ 2
Key technologies and requirements are identified in Roadmap s 5 P ;{ FIES 8
. . y o Qf 4 ~) &
- Sibased Calorimeters f&:?jf o 8 f offfi ;“; R4 5 & é
. . . Q > £
* Noble Liquid Calorimeters FTELET SEESFSSEEEEE
. DROT < . 2%- . >
« Calorimeters based on gas detectors o TR me  BORS "
- Scintillating tiles and strips Hih recklon machesice s €263 ceosoe -4
g ) P - $i based High granularty 05X0.5 P or smaler 616265 (@) o000 z L X J : X J
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« Precision timing oty cres S S 90 388 o
- Radiation hardness S 6263 e 8 ¢ °8s o
- High granularity 616263 D i [®] i
thes oe strips g::l-hard pnt::etectors 2;6 . @
R&D Tasks are grouped into bty p TR T IR S
resolution ECAL ming for 2 position 2,
« Must happen S O aten e 263 o ® 00 s 0
» Important Lo g g " .
) P Rrebuagut % O > 4
d rea y met Timing 10-100 ps 616263 @ O 0 o0
< 616263
Radiation u;ox:o'ﬁn_/an? 6162 @ @ O @ o] Q . @ o0
hardmess >10"6 n_jem? 63 ‘ o
Excellent EM < 3%/JE 6162 o
energy resolution
.Hmhma-ﬁpﬁﬂamhwum ) Important to meet several physics goals Desirable to enhance physics reach 0 RBD needs being met

2nd Calorimetry Community Meeting — 20.4.2023
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ECAL Barrel to be refurbished

- Extraction and refurbishment of 36
EB Supermodules during LS3

-  Replace Front-End (FE) and Very-Front-End
(VFE) readout

- to be compatible with increased HL-LHC
trigger requirements

- to cope with challenging HL-LHC conditions
(noise, PU, anomalous APD signals). " Motherboard

- Make precise timing measurements for high I‘) “
energy photons. !

- Run colder to mitigate increase in radiation —
Induced APD dark current Wcrystals
- New off-detector readout to cope with higher

output bandwidth from FE ECAL barrel trigger tower
(25 crystals)

- Crystals + APDs will be retained
89
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Endcap Calorimeter detector elements

(i

Full hexagon

\
Calibration Cells

Prototype silicon sensor

Hexagonal silicon detector cells 4cm2to 32cmz cells with direct SiPM
special high gain MIP calibration cells readout
must operate at -30 degC to limit Si adapted from CALICE HCAL prototype

leakage current



ECAL crystals are capable of precise timing

CMS ECAL crystals and APDs are
capable of providing precise timing

information

intrinsic timing resolution: ~20 ps

ECAL timing distribution system was
not designed for sub-ns timing

measurements

achieved timing resolution is ~150ps, limited
by timing distribution to front-end boards

Phase-2 upgrade prioritises precise

timing resolution

Crystals and APDs will remain in Barrel

ECAL will use a redesigned front-end preamp
and ADC to minimise pulse shaping and over-

sample signal pulse

dedicated timing distribution system to
achieve 30ps resolution

ageing (APD noise increase) gradually
degrades performance

91

)
=S

—_—

=N 10F s

o(t,-

107 |
F x°/ndf=173/169

T T
llll 1

10
Ein EB [GeV{
F I N N | =

o(tyty) = ﬁ @® \E C
e

N=35.1+£0.2 ns
C =0.020 + 0.004 ns

10° -
Ein EE [GeV]

CMS 2008 |

10

102

10°
Ag/0q

ECAL time resolution measured from test beam
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ECAL energy resolution improves with
recalibration

CMS 41.5fb' (13 TeV) 2017
\T 4”:1' 1 | 1] ] | L 1 | ] | ] 1 | 1 ] 1 1 1 | ] | ] 1 | 1] ]
o - Low bremsstrahlung i
E$ " _ < Data ] o - CMS smustonpreiminary
- ‘ n 5 " [ |support Tube -TOB B Pixel Phase 1
\E8 .+ Data (Legacy) - oS 2'5: [lTec TeandTio [l Beam Pipe
31 - B
O - - i
21 v ' — ;
1 o —_— 0: |
R . 4 -3 -2 -1 0 1 2 3 4
' ' Tracker material
ol v 100ty N 1 budget (in Xo)
0 0.5 1 1.5 2 2.5
Inl

Z—ee invariant mass resolution vs eta from 2017 CMS data
recalibrated data (green) shows significantly better performance, particularly in EE
resolution vs eta trend follows material budget of CMS tracker -> best performance at letal=0
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MET performance

Missing energy distribution is an excellent test of calorimeter understanding
any unexpected noise source or detector miscalibration can generate fake MET
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CMS Preiiminary 12.9b" (13 TeV, 2016)
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from Z->mumu events
showing impact of advanced PU mitigation
treatment, using calorimeters and tracks



Jet reconstruction

- Various algorithms used
to reconstruct jets

- Iterative cone algorithms

- cluster energy deposits
based on eta/phi regions

- not IR or collinear safe

- sequential clustering
algorithms are favoured

- cluster energy deposits
based on particle pr and
eta/phi proximity

- Preferred approach
depends on application

- anti-kt good for resolving
jets

- Cam/Aachen good for
studying jet substructure

Science and
Technology
Facilities Council

p, [GeV]

[ k, R=1 ' b [GeV] | Cam/Aachen, R=1 |
t -
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[ anti-k,, R=1 |

p, [GeV] B —

Comparison of several jet reconstruction
algorithms on the same input data




Impact of ageing on ECAL response

“™MS Preliminary

. ;\:M;ﬂ R!Ln 1 .# 1/ l___L - ——— Run 2- I Barrel
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Date (month/year)
Significant response changes (crystal + photodetector) due to LHC irradiation

Corrections are provided within 48h via dedicated laser monitoring system
These are crucial to maintain stable ECAL energy scale and resolution over time



Effectiveness of light monitoring corrections

Light monitoring corrections are applied to reconstructed CMS data
validated corrections are needed in <48h

1.04 Eg-eMS~~20!15~~PreIirhinar¥~~~~~! ..................... ﬁ.gw...with.u\/;g.cgrrection.g ................. _: _ N
102 ~ Yys=13TeV,L=25f" —— without LM correction = :

ITT]

1
0.98
0.96 - -
0.94 ................... ..... b e __ ..... g - -
0.92 __ ........................... ............................ .......................... ............................ ....... ....... ] H Vean 1 _

beforegi corregtlons 3 HRMs 0001432

09 I R ............................ ............................. ............................. ................. — _ Moan 0.9401 -
088 e R ............................. ............................. .................

| RMS  0.006944 |

"RRRRARAN)

Relative E/p scale
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Stability of EB energy scale, from E/p ratio of W->enu decays
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Homogenous vs sampling calorimeters

Technology (Experiment) Depth Energy resolution Date
Nal(Tl) (Crystal Ball) 20X,  2.7%/El/4 1083
BisGe3O12 (BGO) (L3) 22Xy  2%/VE @ 0.7% 1993
Csl (KTeV) 27Xo  2%/VE & 0.45% 1996
CsI(T1) (BaBar) 16-18Xgy 2.3%/EY* & 1.4% 1999
CsI(T1) (BELLE) 16Xg  1.7% for E., > 3.5 GeV 1998
PbWO4 (PWO) (CMS) 25Xg  3%/VE®05%®02/E 1997
Lead glass (OPAL) 20.5Xg 5%/VE 1990
Liquid Kr (NA48) 27Xo  3.2%/VE® 0.42% & 0.09/E 1998
Scintillator /depleted U 20-30X( 18%/VE 1088
(ZEUS)
Scintillator/Pb (CDF) 18X 13.5%/VE 1088
Scintillator fiber/Pb 15Xg  5.7%/VE & 0.6% 1995
spaghetti (KLOE)
Liquid Ar/Pb (NA31) 27Xy  7.5%/VE ®0.5% & 0.1/E 1988
Liquid Ar/Pb (SLD) 21Xg 8%/VE 1993
Liquid Ar/Pb (H1) 20-30Xo 12%/VE & 1% 1998
Liquid Ar/depl. U (D®) 20.5X¢ 16%/VE ©0.3% @ 0.3/E 1993
Liquid Ar/Pb accordion 25X 10%/VE ©04% ®0.3/E 1996

(ATLAS)

Science and
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bundwes

Homogenous

calorimeters

have smaller
stochastic term

Similar constant
terms
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ECAL Challenges during Run 2

Higher Integrated luminosity

CMS Integrated Luminosity, pp

100

Data included from 2010-03-30 11:22 to 2018-10-24 04:00 UTC

- = 2010, 7 TeV, 45.0 pb '
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Larger Average pileup

CMS Average Pileup

1500+

1000}

500

. . T 3000
1 2018 (13 TeV): <u> = 37
2017 (13 TeV): <u> = 38 12500
2016 (13 TeV): <u> = 27
2015 (13 TeV): <u> =13
2012 (8 TeV): <u> =21 |2000
2011 (7 TeV): <u> =10
11500
o’ (13 TeV) =80.0 mb
o (8 TeV)=73.0 mb  |3000
ol (7 TeV) =71.5 mb
1
1500
h
L
= : 0
& o A0°

Mean number of interactions per crossing

Run 2 challenges:

1) Larger radiation dose:

photodetectors, on-detector readout

2) Large increases in pileup (PU):

iIncreased radiation induced ageing to crystals,

from higher bunch intensities, and from 25ns

bunch spacing (larger out-of-time PU) — impact on ECAL pulse reconstruction



CMS radiation environment at HL-LHC

- ECAL and HCAL endcaps (Inl>1.48) will experience significant radiation
dose after 3000fb-1

- ECAL: up to 50 Mrad (EE, eta=2.6); below 1 Mrad (EB)

- HCAL: up to 10 Mrad (HE); below 0.1 Mrad (HB); up to 500 Mrad (HF)

le+08
Dose, 3000 fb-1 CCCCCCC iminary S imulat ion CMS protons 7TeV per beam
22222222222222 i Dose at 3000.0 [fb™ ]
300 heds 1e+07
1e+07
250
1e+06 1e+06
200 100000 =
lg 150 10000 & T le+05 E
[ ] q, A Py
o 1000 § “ le+04 &
100 100
i ) 10 le+03
50 | | ;
0 g : 0.1 e le+02
0 100 200 300 400 500 600 LUK nominl geometry 1000 Z [cm]
CMS FLUKA geometry v.3.7.0.0 Z[cm] le+01
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Why regular recalibration is needed

ECAL response changes Drift in intercalibration constants over time
sighificantly over time

) - ) - CMS Preliminary (2016
light monitoring corrections are used o B i A R
to compensate for this = 0.015 _ ............................................... A _
intercalibration constants are then o - ECAL Barrel ]
applied to equalise energy response S e+ ICYIC, i

E - ICn/ICn_1 - _efe

] S 001_. .......... " ..... ¥ adi .’ ................. _
This does not fully hold over ks 2 -
- 4 _

long periods 5 BRI oo 1
imperfections in light monitoring 7 e, S, . -

. . . 0.005 _.s .......... oo - O.. ......................... o .- g\‘...._
corrections grow with time % . TN 2T

this causes a spread in the channel-to- - 5 5 5 .
channel response, degrading resolution i |

00/05 — 28/06 28007 27/08
Regular rederivation of IC Date (day/month)
needed
to maintain optimal performance
usually performed at the end of each year of
data taking, requiring full re-
reconstruction of CMS data
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HCAL performance targets

* Measure jets and missing Et

- Electron/photon ID via HCAL/ECAL energy
ratio (H/E)

« Muon ID via ECAL/HCAL isolation

- Tau ID: narrow jets (for tau->h decays)

Simulated SUSY multijet event

Science and
Technology
Facilities Council
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CMS calorimeter trigger algorithms

- Phase 1 upgrade in 2015-16

- more powerful off-detector processing boards

- allows more complex algorithms to be used, including dynamic clustering
of ECAL/HCAL towers and pileup subtraction

Electron/photon dynamic clustering algorithm Electron/photon trigger efficiency

35.9 fb™ (2016) + 41.3 fo™' (2017) + 58.8 fo™' (2018) (13 TeV)
'1 7] HCAL T T T
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ATLAS calorimeter trigger upgrade

- Preparation for Run 3 (2021+)
* higher granularity trigger data (with depth information
* more powerful off-detector processing boards

- allows more complex algorithms to be used, including dynamic clustering
of ECAL/HCAL towers and pileup subtraction

Trigger super cells (finer granularity + depth) Reduced Electron/photon fake rate
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Particle flow reconstruction

- Particle trajectories mapped on to ECAL and HCAL energy deposits

- physics-based particle ID based on combined track/calo information

ECAL view HCAL view
:a - %‘ -
@23 cMs @233 CcMS
= - Simulation 0 S - Simulation 0
S 24 oKL o 2.4 N
-2.45F “E4 2.451
25- 2.5(
B + N + -
2.55[ " £ 2.55[ & "
B E ? L 1 B i a. 1
2.6 : o 2.6 ; '
B t, ” ,:,
265  E %\i 2.65F {@) , 12
2.7f 1 Bz 2.7F
:lllllllllllllllllIIIIII[IllIlIIIIIIIIIIlI :IlllllllllllIllllllllllllll[IIIlIIllIIIII
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Particle flow reconstruction

Particle trajectories mapped on to ECAL and HCAL energy deposits

physics-based particle ID based on combined track/calo information

ECAL view /00m

- CMS

_2 4| Simulation

two closely-spaced EM deposits

:lllll
065 0

lllllllll
.7 0.75 0.
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Detector health

« ECAL and HCAL detectors performing well, with high active detector
fractions

Detector Active Fraction

Pixel B End of 2015
B+ E . "] I Beginning
. ——————————————————————— 2016 pp (Apr)
e —— 2 End of 2016

HCAL

HE
HE
HO
DT |
RPC
CSsC

_—e  ’-°-- - F]- { -°=--[--°---[-1-°
HB [ ——————

-_— e -

_—

90 925 95 97.5 100
Fraction (%)

 Thanks to dedicated efforts of detector experts and operations
teams



Triggering

Single electron

CMS Preliminary 2016, {s=13 TeV, 8.2 fb™
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Improved L1 trigger algorithms in 2016 following Phase | upgrade

full trigger tower granularity available at Level 1
significant improvements in spatial and energy resolution, PU resilience and selection
efficiency (especially for tau triggers)
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HCAL Calibration methods

e (Channels inter-calibration at the same eta/depth: Phi Simmetry

— equalizes the channels response wrt each other
— works for HB, HE, HF

e Absolute scale in HB, HE: Iso Track method

— uses 50 GeV pions momentum as a reference Co60 sourcing (during winter

shutdowns) allows absolute

, normalisation of scintillator +
e Absolute scale in HF: Z—> ee mass ohotodetector response

— one electron in ECAL, the other in HF
— check calibration of the response of the deposit in HF

Data 2016G, merged subdetectors by depths, soft charge isolation |

q, 1.2_ I T L) l T L} L l L} L ' T l L] ]
g : ' . . . . :
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s 11 | —w—80_terations | L e
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o C ]
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Elements of the ECAL Barrel
36 Supermodules 2448 Trigger towers

readout of 5x5 channels

61200 Lead Tungstate crystals 12240 Very Front End cards

pulse amplification, shaping, digitization

61200 APD pairs 2448 Front End cards

data pipeline and transmission, TP formation, clock/control

PbWO;, crystal



ECAL Barrel construction
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Supermodule in the process of electronics integration



ECAL Barrel installation




ECAL Endcaps construction
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Elements of a EE supercrystal Supercrystals on endcap backplane
(5x5 channels)
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Installing supercrystals




ECAL Endcaps installation

irst endcap installed (Aug 2008



AL Preshower construction

completed half-disk (Dee)



ECAL Preshower installation

Preshower Dees lowered in place Preshower Dees positioned around beam pipe



HB c

completed HB section ready to enter yoke

onstruction and installation
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HB construction
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HB section inside yoke



HE construction and installation
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Completed HE installed on YEI Completed HE with ES services on top




Forward HCAL
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Insertng HF uértz fibres
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Other Forward HCAL detectors
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CASTOR ZDC

(Centauro and Strange Object Research) (Zero Degree Calorimeter - HIl + diffractive physics)
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Light guides
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5.2 < |eta] < 6.6
tungsten layers/silica quartz plates
PMT readout

|leta] > 8.3
tungsten plates + quartz fibres
PMT readout



Reasons for the EB upgrade

New L1 requirements APD noise mitigation Spike mitigation

Current FE and OD readout APD noise increase will Performance of current L1
inconsistent with L1 phase ll  significantly degrade EM spike killer will degrade
requirements: resolution at HL-LHC significantly.
750 kHZ L1 accept rate — 12 CMS Preliminary ___ECAL Barrel 1.02 CMS Preliminary
12.5ps L1 latency 27 —wewne e | 8T
S - T=18°C t=20ns | Q0 n
8 1 O ___T=8°c‘u=43ns ....................................................................... é S W
@) [ T=8°C1:§=20ns o L e
% f 3 0.981- FE card upgrade #
O -
D 0.96-
o -
Z i g - Current L1 algorithm
0.94 ] aeeeee SFGVB, 1000fb™",<PU>=140
i sFGVB, 3000fb",<PU>=140
0.92 | ——— Swiss-cross, 1000fb™,<PU>=140
Mand | : - Swiss-cross, 3000fb",<PU>=140 _
: L 1, | | | | | | | | | | | | 0-9 —_— 1 P IS S T S NNNTN YN, B
andatory 1o replace: % 1000 2000 3000 0.7 08 09 1
Integrated Luminosity (fb™) Spike rejection

Front end card
(remove on-detector latency buffer " :
and rate limitation) Mand:(t)c())?n’g traglc};-\a;g;hls by Requires much better spike
OD electronics optimising pulse shaping (new killing algorithms from new FE

(remove rate limitation) VFE) and VFE (>>99% efficient)
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Physics reasons for the Upgrade

- Maintain electron/photon w01 —CMS Simylation Preliminary
- ’LIT _energy (5x5) riesolution |
resolution for Phase I Tt mmon
_ . D . e PU140, ....... tl ............ 1000fb_1 .................................... |
- increase in APD leakage current N +ZPUZ:14¢, o .32::3000f,§,-1 _
otherwise dominates resolution for 2 0.06 <PU>: 140, 1000fb™, EB upgrade
] ST S 0.06prompt ahconsiiiod mhatons BT ’
HL-LHC luminosities % g ;
- Mitigation strategy: c;n 004 T b
- Cool APDs from 18° to ~8°C I - .
. . : rad
- Implement shorter ulse shaplng In IJJ 002__ ................... 9 ........................ ....................... A e 6upg_|a e
a new front-end ASIC i
l . |
OO 0.5 1
M

Upgrade is mandatory to maintain good electron/photon
resolution in Phase Il




Events / GeV

ECAL energy reconstruction
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N gz _SuperCluster |
| ECAL Ecorrected ]
- Barrel-Barrel SuperCluster —
i — Eraw _
B E5x5 crystals |
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Events / GeV

I\)OO-PU‘IO)\ICDCO
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endcap

%1 0 CMS Preliminary (s=13TeV,L=221b"
_I T T T | T T | T T | T T TT | T T TT | T T 1T | T T 1T | T 1T 717
C e SuperCluster ]
- ECAL J[ ff33"53‘35?57Ecorrected ]
- Endcap_Endcap L ESuperCIuster -
L raw+ES

— SuperCIuster—
C _Eraw ]
:_ E5x5 crystals —
- o ]
— e —
= ’IIIIIIIIIIII' --------- ]

0O 60 70 80 90 1OO 110 120 130

m(e‘e’) [GeV]

Z->ee invariant mass distributions for barrel and endcap
The improvements from advanced clustering and cluster corrections are evident
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5. Detector Readout =
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EB/EE readout

On-detector readout: 55 xeal unic
Trigger tower: 25 xtals (5x5):

Front End

5 Very Front End cards card (FE)

Pulse amplification and shaped, 3 parallel gain stages Fibre optic readout at
. . [ | ><
|2 bit ADC records ten 25ns time samples, and selects 800MHz to off detector

. . . . Very Front End :
input with highest non-saturated gain cards (VFE)  electronics

1RIA

| Front End card Performs trigger sums from VFE _ | [ &ehammei ADC T
output. Sends crystal and trigger data on receipt of i Preamp Gain _LyDs | (AP1240 RS

L | | tri N\ — u: 12bits | i V
o il Photo dete:t:r AD_EEU _ZML"'_L‘Z
Off-detector readout:

—
LI

)aping time

o
(o4
——

TCC - Trigger Concentrator card - receives
trigger primitive data from FE cards, Sends trigger
tower energy sums to Calorimeter Trigger (40MHZz)

Pulse amplitude
o o
S~ A

DCC - Data Concentrator card - receives
crystal and trigger data on receipt of a Level | trigger.
Applies data reduction algorithms and transfers data

to DAQ. T R R R
+ clock & control board Time (25 ns sampling)

o
N
———

o
—




HCAL readout

On-detector readout:

Readout box (RBX): | per 20 degree sector,
contains 4 readout modules (RM)

Optical decoder unit (ODU): maps fibres from
one projective tower to Hybrid PhotoDiode (HPD)

FE card: analogue signal from APDs digitized using
charge-integrating preamplifier (QIE)

Off-detector readout;

HTR - HCAL Trigger and readout board -
trigger primitive formation, data and trigger pipeline

Sends trigger tower energy sums to Calorimeter
Trigger (40MHz)

upgraded in 2015/16 to uTCA version - for
upgrade Level | calorimeter trigger.

HB Wedge Logical View

HB Wedge || niapim ||

¢=1

FE Card (6 oms)}——* "ADC->GeV”
vers FE Card (6 QIES)}
“~—~{FE Card (6 QIEs)}

HPD

¥E Card (6QUEL)
~~{FE Gurd (6QIEs)—

| tepimn | [SS2| | J8Tomer
‘ z=
=2 (W
e 'oDU
| < |1 : AT
17 layers e ;% [ 8 Tomers
X ‘o,:}
161
X
40
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HCAL
Trigger

Level |
Trigger

Priautives

DAQ

CencdtionsDB

with fibre bundle
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