Calorimetry
- state of the art -

Erika Garutti
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Thermodynamics:
A calorimeter is a thermally isolated box containing a
substance to study
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Calorimetry in particle physics

Calorimetry is a widespread technique in particle physics:
e Instrumented targets
* neutrino experiments
e proton decay / cosmics ray detectors
e shower counters
* 47 detectors for collider experiments

Common feature of all calorimeters is that the measurement process is
destructive

* the particles are no longer available for inspection once the calorimeter
Is done with them.

» only exception: muons

In the absorption, almost all particle’s energy is eventually converted to
heat, hence the term calorimeter
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Detectors for collider experiments
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Tracker Calorimeter Coil Muon Detector and iron return yoke

Typical onion like structure for most of modern collider detectors
Main difference: - what fraction of detector is inside the coil
- calorimeter system (most expensive component)
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Why calorimetry?

 Measure charged + neutral particles

At high energy ‘
calorimetry is a must
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» Performance of calorimeters
Improves with energy
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» Obtain information on energy flow: total (missing) transverse energy, jets,
Incoming particle direction (with high segmentation)

* Obtain information fast (<100ns feasible)

-> recognize and select interesting events in real time (trigger)
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Calorimeters: a simple concept
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|deal calorimeter:

Contain all energy of one particle+
Convert all energy into measurable signal
=»Homogeneous (i.e. crystal)

In practice:

Homogeneous calorimeter only possible for electrons (shorter showers)
Sometimes too expensive also for electrons

Lateral segmentation possible but no depth information

Alternative solution = Sampling calorimeter
Contain all energy of one particle+
Sample its energy during shower development ( E iqipe @ Eiota)

Many different designs
- calorimeter imbiss: sandwich, shashlik, spaghetti
- liquid versions: LAr
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Particle detection

The detector sees only “stable” particles:
» Electrons, muons, photons, pions, kaons, protons and neutrons

In order to detect a particle, it has to interact - and deposit energy

Ultimately, the signals are obtained from the interactions of charged
particles

Neutral particles (photons, neutrons) have to transfer their energy to
charged particles to be measured

=» calorimeters
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Physics of particle interaction (one slide)

In absorption process, most of the energy is deposited by very soft
shower particles

Electromagnetic showers:
- 3/4 of the energy deposited by e-, 1/4 by Compton photoelectrons
These are isotropic, have forgotten direction of incoming particle

- The typical shower particle is a 1 MeV electron, range <1 mm
=>» important consequences for sampling calorimetry

Hadron showers:

- Typical shower particles are a 50 - 100 MeV proton and
a 3 MeV evaporation neutron

- Range of 100 MeV protonis 1 -2 cm

Neutrons travel typically several cm

What they do depends crucially on details of the absorber
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1)

2)

3)

How to “look” at the signal

Convert particle energy to light: \

scintillator (org. / in-org.) \

measure light: | itk \ photodetector
PMT /APD / HPD / SiPM ...

Measure ionization E: | depletion o charged

:EE—-H particle
gaS . . & diif }ﬂé&@ﬂl’lﬁﬂﬂ — . * .. : -+
noble liquids I—/‘

semiconductors

I S
1 -

I L
low field region  high field region

measure charge signal — di —+ gas amplification

Measure temperature:

specialized detectors for: DM, solar vs, magnetic monopoles, double f—decay
very precise measurements of small energy deposits
phenomena that play a role in the 1 Kelvin to few milli-Kelvin range

Erika Garutti - Calorimetry | 9/44



A quick round of the most modern calorimeters
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Cannot show them all =» make a selection of one / technology

Homogeneous calorimeter: CMS ECAL (PbWOQO, crystals)
=» Fast, Best resolution relevant for H>yy
=>» Difficult to calibrate, expensive

lonization chamber: ATLAS ECAL (LAr)
=» Stable, Linear, Easy to calibrate (!)
=» Moderate resolution

Sampling calorimeter: CALICE HCAL  (scintillator tiles)
=» Fast, Cheap, high granularity possible relevant for PFLOW
=» Moderate resolution, Difficult to calibrate

A look more into the future: - ultimate granularity: digital HCAL

- silicon micro-pixels r/o: digital ECAL
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Calibration and monitoring

Several steps to calibrate calorimeter response:

- Multi-channels calorimeters need to be equalize before summing energy
=>» use e, u or injected charge as reference

- Energy sum in reference units has to be converted to GeV
=>» use MC or well known physics (i.e. Z,)

Once the calorimeter is calibrated the response stability in time needs to be
monitored:

- Variety of systems to monitor r/o electronics or whole calo cell
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Calibration and monitoring

In calorimeters with optical readout quantities which may vary in time are:

- amount of light generated in the active calorimeter layers

- 1f using wavelength shifters: the light collection and the conversion eff.
- light attenuation in active layers or WLS materials

- quantum efficiency of light detection

- gain of light detector

Depending on the monitoring method used one or more aspects are
monitored but generally not all

- Charge injected in electronics monitors only readout circuit

- Laser light to the PMT monitors photodetector + r/o but not active
material

- Movable B or y sources cannot decouple problems in light generation or
light transport

=>» | will mix calorimeter technologies and their calibration & monitoring
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Cannot show them all = make a selection of one / technology

Homogeneous calorimeter: CMS ECAL (PbWO, crystals)
=» Fast, Best resolution relevant for H>yy
=» Difficult to calibrate, expensive

lonization chamber: ATLAS ECAL (LAr)
=>» Stable, Linear, Easy to calibrate (!)
=>» Moderate resolution

Sampling calorimeter: CALICE HCAL (scintillator tiles)
=>» Fast, Cheap, high granularity possible relevant for PFLOW
=>» Moderate resolution, Difficult to calibrate

A look more into the future: - ultimate granularity: digital HCAL

- silicon micro-pixels r/o: digital ECAL
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Crystal calorimeters in HEP
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Experiment C. Ball L3 CLEO II KTeV BaBar BELLE CMS
Accelerator SPEAR  LEP CESR  Tevatron PEP II KEK LHC
Date 7585 80-00 80-00 90-10 94-10 94-10 95-20
Crystal Type Nal(Tl) BGO CsI(T1) Csl CsI(T1) CsI(T1) | PbWOy4
B-Field (Tesla) - 0.5 1.5 - 1.5 1.0 4.0
Inner Radius (m) 0.254 0.55 1.0 - 1.0 1.25 1.29
Number of Crystals 672 11,400 7,800 3,300 6,530 8,800 76,000
Crystal Depth (Xg) 16 22 16 27 16 to 17.5 16.2 25
Crystal Volume (m®) 1 1.5 7 2 5.9 9.5 11
L. Yield (p.e./MeV) 350 1,400 5,000 40 5,000 5,000 2
Photosensor PMT Si PD Si PD PMT Si PD Si PD APDT
Photosensor Gain Large 1 1 4,000 1 1 50
Noise/Chan. (MeV) 0.05 0.8 0.5 Small 0.15 0.2 30
Dynamic Range 104 10° 104 104 104 104 10°
1 Avalanche photo-diode. -
14/44
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Golden channel for

CMS ECAL is designed for excellent
performance in the golden Higgs decay
channel: H - yy (BR~0.002)

Requirements to the ECAL:

Constant term <1% (0.55% design value)

=>» Higgs o ~ 1%
Linearity better than 0.5% [2-180 GeV]
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The expected background subtracted Higgs
mass peak reconstructed from its two photon
decays measured by the CMS PbWO4 crystal
calorimeter
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CMS EM calorimeter

e

75848 Lead Tungstate crystals
Avalanche Photo Diodes (APDs) in EB
Vacuum Photo Triodes (VPTs) in EE
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ECAL is inside the 7.9m

CMS magnet

APDs glued on
an EB crystal

Fast light emission:

Barrel (EB
|:{Li,.§3 ) 80% of light collected in
the first 25ns
Preshower (ES)
‘ mamaae | e Outstanding energy resolution:
Endcaps (EE) AE/E < 0.5 % for unconverted vy
1.48<|n|<3.0 at high energies (testbeam result)

Module
400 crystals

Fine granularity:
An x Ap=0.0175x0.0175 (EB)

y Crystal length: 23 cm = 25.8X,

= excellent EM containment 16/44




CMS EM calorimeter
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Lead-Tungsten crystals(_
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light yield 6 p.e./MeV
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Energy resolution: [
Barrel :0(E)/E = 200 MeV® 3%/NE @0.55 %
End-cap:0(E)/E = 200 MeV@® 6%/\E @0.55 %

-

P,

Dynamic range : 16 bits[]

50 MeV-3 TeV
RN

glass fiber + epoxy
support structure for
crystals (~100um)

Similar design using LYSO crystals under
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investigation for forward EMC@ SuperB factory
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Radiation hardness of PbWQO,
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uf-su: PWO Crystal Transmission Electron Microscopy pictures of a
; vaonns ] PbWO4 crystal of poor (left) radiation hardness,
= 11 L] 2l _ .
a | R ] showing clearly the black spots of @ 5-10 nm
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The progress of PbWOA4 radiation hardness

for full size (23 cm) CMS PbWO4 samples

Various approaches were tried to compensate oxygen vacancies by annealing
PbWO4 crystals in an oxygen rich atmosphere or by doping.

Significant improvement of radiation hardness was observed in both cases.

A practical solution is to dope PbWO4 crystals with yttrium.
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Avalanche Photo-Diode (APD)

- —— - -—— — —-—

Silicon based photo-detector operated in proportional mode

Avalanche Photodiode

Area:25mm?2 QE =80% .
Gain = 50 Excess noise factor: 2.2 }*5."3.‘:,‘::;\ -
C= 30 pF, Bias~200-300 V e |

Photons Hotes

Vi=region —

APD gain decreases by 2.3%/°C.
Crystal light yield decreases by 2.2%/°C
Need temperature stabilization within 0.1°C in the ECAL!

N-Layer P-Layer  Figure 1

maximum neutron fluence in barrel is |
estimated to be 2x10*® neutrons/cm? 0 50 100 10 200 W W B 40 450
=> irradiation tests ——
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CMS ECAL readout
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The signal path: Upper-Level VME

Energy Ligt Current  Voltage  Bits

Light ~ Current Voltage  Bits  Light 4[[ g
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A HEC TRy s

APD  Preamp Floating-Point Fiber Hpeline . :
ADC Transmilter F:ﬂfm T digitized crystals signal
aee &) enlid BALES ROGTLE ERDZH EALRT RALSH REELS RERES EREY REER
On-detector liaht-to-light readout Intexiace '§2500} /‘ ]
\\( _J s | ]
S2000- i
=> reconstruct <500 !
. | amplitude Aand -
B peaking time T ., S T
E : .- : . 500 ax ¢ =
g with digital fllte_rlng ot ] |
i technique 1 s e T e e o
Time (ADC clocks)
ECAL electronics is dead material for the HCAL
ECAL HCAL =» Crucial for jet energy resolution
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CMS ECAL I\/Ionltorlng

Optical system “mt ‘ | T.,mq

Mimic physics

Optical
Link
driver
=> monitor changes in p———
crystal transparency with i B
an accuracy of better _ ADC (<1 E
than 0.2% to maintain 5
ECAL constant term of APD LTHETTTTT
~0.55%.
Requirement: Rty
Measurements of each
Optical Switch

crystal transparency
every 30 minutes during L
LHC operation.

Blue laser peaked at the scintillation light wavelength 440 nm
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CMS ECAL Calibration
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convert individual channel response to particle
energy for electrons, photons and hadrons

e.d. CMS ECAL: to be determined

T f
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// /

Cluster

EQHZGXFXZC?;XA?;,

absolute energy scale 1 ¢ \ digitized signals
mter-calibration constants

cluster-algorithm dependent factor
(containment, position, particle type, momentum...)

ECAL was pre-calibrated prior to LHC collisions
@0.5%-2% (EB), ~5%(EE)

pre-calibrations: mixture of testbeams, cosmics, beam
splashes and lab data
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Cell inter-calibration using
response to electron beam
(120 GeV) as reference

crystals

entries = 1446
ke~ 1.4410*

1200 4-2710°

A= august
S = september

.0.03 -002 -001 0 001 002 003

2(cA-cS)I(cA+CS)

Supermodule22 exposed to e-
beam in Aug. and Sept.

=>» precision of inter-calibration
coefficients, ¢, ~0.3%
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CMS ECAL performance

Response of a PbWO,calo to a

120 GeV e test beam: Energy
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0.6% at 50 GeV.
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» phase 0 (2012):

» phase 1 (2016):

=== ———

» phase 2 (2020):

+ trigger/DAQ system
upgrade

CMS upgrade plans

CMS Detector

Pixels
Tracker
ECAL
HCAL

Solenoid

Total weight
QOverall diameter
Overall length
Magnetic field




Anomalous signals in CMS-ECAL

sAppear mostly in a single crystal
=|n time with collisions but with
wider time-spread (also occur in
cosmics at a much lower rate)

,31400@ CMS 2010 Prelim?nary
e |
> l
12000 MC, 7 TeV
s | Rate:~ 1/10°
g1oo00 ~ Data, 7TeV minimum-bias
" s000lE> 30V events on 900 GeV
[ e collision data
6000 crystal
4000 .
-- Ty
2000/ | y v Y
} 4 [ &
e nasnadiotnetMTINRC -
0 0.2 0.4 0.6 0.8 1 1.2
1-E4/E1

‘=Caused mostly by deposits in

APDs by highly ionising secondary}

partictes:

J

G&. lonelll, CERNANFN/UNIFI

2 APD photodetectors / crystal

Current readout electronics is a
sum of APD1+APD2

Using a logic OR would avoid the
problem of huge APD signals
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A quick round of the most popular calorimeters

Cannot show them all = make a selection of one / technology

Homogeneous calorimeter: CMS ECAL (PbWO, crystals)
=>» Fast, Best resolution relevant for H>yy
=>» Difficult to calibrate, expensive

lonization chamber: ATLAS ECAL (LAr)
=» Stable, Linear, Easy to calibrate (!)
=» Moderate resolution

Sampling calorimeter: CALICE HCAL (scintillator tiles)
=>» Fast, Cheap, high granularity possible relevant for PFLOW
=>» Moderate resolution, Difficult to calibrate

A look more into the future: - ultimate granularity: digital HCAL

- silicon micro-pixels r/o: digital ECAL
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ATLAS LAr EM calorimeter
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Tile barrel Tile extended barrel

LAr hadronic
end-cap (HEC) -

LAr EM end-cap (EMEC)

Thin Solenoid
( 2 Teslas,0.65 X,) . J

In front of calorimeter LAr “Accordion” EM barrel

LAr forward calorimeter (FCAL)

Why LAr? Stability and uniformity of the ionisation signal

Physics requirements:
Excellent energy resolution:  to reconstruct energy of e-, y and jets

Large dynamic range: from 50 MeV to 3 TeV
Charge not totally integrated: fast response (< 50 ns)
Good radiation tolerance: high fluences during 10 years
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ATLAS LAr EM calorimeter
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BackCell ___,
Middle Cell

Strip Cell

3 sections:

» strips for position res. and y/n separation

» middle for energy measurement

* back for leakage control and h/e separation

Sampling calorimeter:

Pb accordion + Liquid Ar
contained in a cryostat (T = 87 K)

pointing “tower” geometry:
o granularity 0.03 x 0.03 An X Ad
* no cracks in azimuth =» Accordion geometry for routing of signals to the back
» presampler to correct for energy losses in the material in front of ECAL
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PrlnC|pIe of operatlon and readout

g T e I L e I N LS -

R : Ionlzatlon signal

amplitude

~500ns long
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: : FRONT END ELECTRONICS
Drift region:

2.1 mm ~ 450 ns

S o
Accordion material: l _—

Pb (1.5 mm in the barrel) Calibration Board (130 )
+ two stainless-steel sheets

(0.2mm thick) l
T SEAAAIE)%?( P 12Bis
LT " . "
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LAr detectors: calibration pulser system

Very stable de5|gn Accuracy / channel unlformlty O(O 5%) K

1 [cail]

¢ EM . M Same lo
= Injecton [~ )M S > | f&— Pnysi
_ >> sics ||
SRR = FEB | | DN\ L b
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T Ca 1{ \l Calibration
I [cal] w
sHEC NIy PN
= Injectat [\ ] —> > b S T
calo pads . Cold FEB tine,ns
m—. Premp
L Cgd
L ¢ To use calibration
M system:
’ FCAL | [phys] R L . "..' . - Understanding
= Inject on W—TTT—> - ADC[phys]/ADCJ[cal]
FEB ¥ FEB for fixed lp is key
backplane —_— C d




Cell reconstruction step

P SV S —

e R A I S S A G i S s S

Convert measured current [uA] to ADC amplitude
use channel-to-channel calibration pulser system

=>» Correct for calibration < physics pulse height differences for same injection |

Intended LAr electronics calibration chain:
Current in pA (calib board)

T S Dhysics
4 — predictec

e ADC[Phys] — ADC[Cal]  —

Deliver uniform, stable

Amplitude

Electrical alibration
and linear signal with a
lllllllllllllllllllllll _MOdel Pulser ar sig
shape similar to that of
the calorimeter

NN
lonization current

Residues
:
H

0 40 80 120
Time(ns)
Note: T dependence on signal generation 2%/K =» not relevant since T stability expected ~0.3K

Still need: yA —MeV (from testbeam, MC, ...)
Alternative, if channel response uniform enough, can convert directly

ADC[Phys] —MeV (from testbeam)
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ATLAS LAr performance

Linearity better than 0.1%

g 1.006r¢ . T
3 - * Data ) ]
1.004— beam energy uncertainty uncorrelated —
% » beam energy uncertainty correlated -
uf  1.002 =
C' [ ] /N -1
"ihff?ffﬁffﬁffﬁfﬁﬁfffﬁffﬁﬁffﬁﬁﬁﬁfﬁﬁffﬁﬁﬁﬁﬁfﬁﬁif ey
0.998 -
0.996 =

0.994 ;
0.992— =
C_ | | | 1 .
0.9% 50 100 150 200

Epeam [GEV]

within 0.1% for 15-180 GeV,
E=10 GeV is 0.4% too low
=» reason unclear

Energy resolution

y 0-057 | | :
~up 045 = Sampl. Const. Term -
ok -4 .
-t [%/\(GeV)] [%] E

0.04 10.1+0.1 0.17+0.04

0.0352 + Data =

0.03-' ° Data noise unfolded -
It ° Noise ]
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ATLAS upgrade plans

consolidation phase (2011-2012): - Pr

- replacement of non-reliable electronics on the detector (low-voltage power supplies, optical
transceivers, slow-control boards)

« improve accessibility of electronics (hadronic endcap)

15t upgrade phase (2016) /
2nd upgrade phase (2020) Muon Detectors Tile Calorimeter Liquid Arg;::n Calorimeter

free-running readout
electronics for LAr and Tile
calorimeters

new digital L1 Calorimeter
trigger electronics

possible replacement of HCAL
cold electronics

possibly new diamond-Cu
sampling forward calorimeter
(MiniFCal) or

new forward LAr-Cu
calorimeter (sFCal1)

Toroid Magnets Solenofd Magnet SCT Tracker Pixel Detector TRT Tracker
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LHC tracker material budget

-

Watch out !
A calorimeter often
does not live alone!

The detector TDR 1996

TEE FST
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Thickness in radiation length (%)

Interactions before the calorimeter
spoil energy resolution !!
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Cannot show them all = make a selection of one / technology

Homogeneous calorimeter: CMS ECAL (PbWOQO, crystals)
=>» Fast, Best resolution relevant for H>yy
=>» Difficult to calibrate, expensive

lonization chamber: ATLAS ECAL (LAr)
=>» Stable, Linear, Easy to calibrate (!)
=>» Moderate resolution

Sampling calorimeter: CALICE HCAL (scintillator tiles)
=» Fast, Cheap, high granularity possible relevant for PFLOW
=» Moderate resolution, Difficult to calibrate

A look more into the future:- ultimate granularity: digital HCAL

- silicon micro-pixels r/o: digital ECAL
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ILC: hadronic calorimeter
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A crucial technology improvement to calorimetry

One calorimeter active layer Scint. tile readout pixel photo-detector

with SiPM operated in Geiger mode
' | i

} e
! il
R mer
¥ L]

Read out 216 tiles/module
38 sampling layers
~8000 channels = ~8000 SiPMs

VFE: control board for 12 ASICs / layer
connect to SiPMs
ASIC: amplification + shaping +
multiplexing (18 ch.)
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38 layers Fe/scint. sampling structure
High longitudinal and lateral |
segmentation

Mounted on a movable stage for
flexible scans in the beam

1 AN
CERNSPS -
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Calibration strategy

e o e P

i’ - ’ ] x
I AEA
ah Ty ) L&

) .
| B

Non trivial equalization of scintillator tiles response based on:
- Detection of mip from u or = stabs

- Redundant monitoring system combining low/high intensity UV LED light on each
tile + temperature readout of each layer
Use EM scale to convert response in MIP to GeV AHCAL MODULE

CAN-BUS

Cassette VEE electronics

/I—IV

CMB

data

ASIC chip

data

N\

@ temperature sensors
. = UV LED
Erika Garutt o PIN diode



Tile response equalization with MIP
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Using muon signal Using pion shower
p track in HCAL select MIP stabs using the hlgh
b s granularity of the HCAL

identified tracks

Single pixel signal from SiPM sGvm - RWER
=
MIP signal ECAL wpstream
1500 from “' \
Luminosity requirement for in-situ calibration with
100 MIP stabs from jets (ILC detector)
Luminosity at 91 GeV | Luminosity at 500 GeV
500 layer-module to 3% to layer 20 1 pb~! 1.8 th="
layer-module to 3% to layer 48 10 ph~? 20 fh~!
HBU to 3% to layer 20 20 ph~1 36 th~!
Y T T more statistics obtained from Z,~>uu events
ADC channel
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Importance of monitoring/calibration system in a SIiPM
based calorimeter

SiPMresponse is non-linear  calibration system should deliver:

"é.m-_ — -Low intensity light for SiPM Gain calibration
oL e -High intensity of light for saturation monitoring
% o { f s -Medium intensity light for monitoring T,V variations
o/ / AHCAL layer = 216 tiles__, Mo
B ;J S/g E 7 e | g P Cassette VEE electronics
o 7 S v
e S e T A e e

#photo-electron

Single Photon Response

2600

pedestal

entri

ASIC chip

500 [

1 pixel

400 |-

2 pixels

300 [

data

200 |-

N

100 (—

i iy g o gy gy g s e e 0
800 1000 13200 1400 1600 1800
ADC channel

Ll Light intensity for 8000 channels within factor 2

gain >949% calibration efficiency on full calorimeter
Conversion ADC ch.—pixels
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CAm{e2 The power of high granularity

Calorimeter for ILC

e e e e e e e e e e e e e gt e A o e A A gl B g Al e e e e e e g e e e e A o i gt gt gl e e e

REAL DATA!

T

ECAL Hits: 302 Energy: 1446.42 mips

Shower from a 40 GeV m+  HcAL Hits: 231 Eneray: 803.441 mips 20 GeV 1+

mips
TCMT Hits: 22 Energy: §0.008 mips

Time: 05:39:16:985:771 Thu Oct 19 2006
Hits: 243 Energy: 727.372 mips

HU, ‘

{1 fnis u|||1

i

Clear structure visible in hadronic shower _ Back-scattered particle
lIna Ualuwu - CaIOrlmetry I Lt


http://www.ep.ph.bham.ac.uk/exp/CALICE/�

@B@ The power of high granularity

Calorimeter for ILC

R o R R e

REAL DATA!
40GeV/c pion
with CALICE online
HCAL analysis software
e A drassanes EI
B
- 7
P
\0‘\(0 =
co =
G -
\\} C
. % i .J
\ B
44'4 " ~
= é
Late shower in HCAL

Clear determination of the first interaction

iIina valutiu - vaivi IIIICLIy 1 42/44


http://www.ep.ph.bham.ac.uk/exp/CALICE/�

High granularity allows precise
weighting techniques for E in each ch.

=>» Single hadron energy resolution
using energy density weights
~50%/> E

0.2

0.15

0.1

0.05

II‘\I\I|IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII
13

Energy resolution
e single weight
e energy dependent parametrization

Fit: aNE® b® ¢ GeV/E
—a=61.3+0.1% b = 2.54:0.10% ¢ = 0.000-0.041 [GeV]

—a=49.2:0.4% b =2.34+0.12% c = 0.504+0.042 [GeV]

beam Energy [GeV]

Particle flow =» tomorrow lecture

Key requirement is showers separation and

NOT si

ngle hadron resolution!
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Summary

We have seen a selection of existing / working calorimeters based on
various technologies:

- Homogeneous calorimeter
- lonization sampling chamber
- Scintillator sampling calorimeter

We have compared pro/cons and discussed results from various calo.

Lecture of tomorrow : Particle flow calorimetry
l.e. highly granular calorimeters

- ultimate granularity: digital HCAL
- silicon micro-pixels r/o: digital ECAL

Erika Garutti - Calorimetry | 44/44



Calorimetry
- particle flow -

Erika Garutti
DESY
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Jet phyS|cs

The Higgs scenario: fo) :
main production mechanisms \g : ILC[500 GeV
. . 106 . 3
High energy = WW fusion ;

é:Jetl ]
< wr ___V_ﬁ_?/ W/Z§Jet2 1 1 -ﬂht].ﬂ 3

" W 7 \ Wiz ZJetS 103 i ‘\\-é i 173GV

xJem : h‘a-"::

Low energy = Higgs-Strahlung Jetl
,_/ WiZ Jet2

1o

= Jet phySiCS 0 200 400 600 800 1000
Build a detector with excellent jet energy resolution VS (GeV)

Erika Garutti - calorimetry Il 2144



Jet physics (continue)
No Higgs scenario: LEP-like detector: .

N
—

"WW scattering violates unitarity at ~1.2TeV, or | — B AE ., = 60%/-E

new forces show up
_ é Jetl

I|".FL'
w* (
§ Jet2 )
4

W § (
y, Mj3j4

ILC design goal

saccess EWSB mechanism from WW scattering
sanalyze ee->WWvv and ee>ZZvv channels
*no kinematic fit possible due to the neutrinos

> \Worse jet energy resolution (60%/VE) is
equivalent to a loss of ~40% luminosity

Erika Garutti - calorimetry Il 3/44



Jet energy resolution at LHC

CMS ATLAS
Ring 0 Ring 1 Ring 2 Numbers on rays are 1 values
4 = HCAL 1O - Plug tile calorimeter 'f!-ﬁ 0.8 1.0 1
Iron Iron support girder
MAGNET CRYOSTAT and COIL Epor 4 ‘i
14
3

Gap scintillator 18

SR — —d
N s

HCAL-HB

Radius [m]

! Cryostat scintillator
!

| <

i

Distance [m]
5 cm brass / 3.7 cm scint. 14 mm iron / 3 mm scint.
Embedded fibres, HPD readout sci. fibres, read out by phototubes
Expected jet resolution: Jet resolution with weighting:
o 125% 5.6 GeV o  60%

& 3%

— - Z % 3.3%

E- JE JE

Stochastic term for hadrons only: ~93% and 42% respectively
Erika Garutti - calorimetry Il 4/44




Calorimeter for Particle Flow

part

jet energy resolution is worse than or at most as good as hadron resolution
=>for the precision physics planned for the next machines we need more

Next =» how to improve jet energy resolution to match the requirement of the
new physics expected in the next 30-50 years

=>» Need to “get rid of” fluctuations

Two approaches:

- minimize the influence of the calorimeter
=» use combination of all detectors

- measure the shower components in each event
=» access the source of fluctuations

Erika Garutti - calorimetry Il 5/44
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The first idea: Energy flow

ldea (early 90ies):

 Combine energy measurement from the calorimeter with the momentum
measurement from the tracking

» To not double count the energy: energy deposited in the calorimeter by
the tracks has to be masked

* First algorithms developed by Aleph: clean e+/e- environment
« Algorithms also developed by H1 for inclusive measurements,
successfully adapted by CDF:

- extrapolate track to the inner surface of the calorimeter and apply a
cone or a cylindrical mask to the calorimeter cells behind the track

- maximize between the energy in the mask and the track
momentum

Erika Garutti - calorimetry Il 6/44



[~1980} | First observation of quark Jets
e UAL, UA2 @ SppS, CERN
g JADE @ PETRA collider, DESY

&,2

Traditional Jet measurement:
use the calorimeter alone
jet - example of CDF life event

Discovery of new physics requires higher resolution

First application of Energy Flow Algorithm
ALEPH detector searching for Higgs [ 1990 }

Use tracker information to improve jet energy resolution

Limits on

Higgs coupling D Particle Flow Algorithm5>

Q 20 40 0

g (@eVic?) Erika Garutti - calorimetry Il 7144




Does the method work ?

Test on existing detectors

Photon + Jet Py Balancing in CDF Data

ALEPH, CDF, ZEUS, ...

—
o]

g

-> Significantly improved resolution

Jet Energy Resolution (%)
[R™]

<

YES ! But that is not enough ...

03]

s
(o}
||

| CDF Preliminary

@ Typical CDF Jet Resolution tsing
Calorimetry only

A New CDF Jet Algorithm Using Tracking
Calorimetry and Shower Max Detectors

a/Pr =83 %/VP,

a/Py = 64 % /P,

20

Goal of the Linear Collider

Design a detector optimized for

Particle Flow application

Erika Garutti - calorirnetry Il
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Particle Flow paradigm

=» reconstruct every particle in the event
up to ~100 GeV Tracker is superior to calorimeter -
use tracker to reconstruct e ,u ,h  (<65%> of E;;) L
use for v reconstruction (<25%>)
(ECAL+) HCAL for h9 reconstruction (<10%>) ] Spurdetektored
HCAL E resolution still dominates E;, resolution 10”

Lo sl PR R a3l MR
0" 1 10 10°

But much improved resolution (only 10% of E;, in HCAL) Energle/lmpuls (GeY)

" | i

AE/p (GeV)
=

™ M%
e

7~ g;:._
il | :> = """'"Ez-.f_.

Lo 42 e s
_wi @2« _m F{“ﬁz«.-
Ejer= Egca t Epcal Ejer= Errack tE, + E,
PFLOW calorimetry = Highly granular detectors

+ Sophisticated reconstruction software

/44
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Particle flow calorlmetry

Hardware:
* Need to be able to resolve energy deposits from different particles
== Highly granular detectors (as studied in CALICE)

P . -.'
; EE gi' .
Software:

* Need to be able to identify energy deposits from each individual particle !
== Sophisticated reconstruction software

o R

e = v

u e N "¢i§.~.
R -

*x Particle Flow Calorimetry = HARDWARE + SOFTWARE

—

o

Erika Garutti - calorimetry Il 10/44



Particle Flow @ LHC

o mmL Rl LML L A R Rl R e e Rl R me Re R M M mL el R R R R R R A Ao e R e me e me R e e i me mi LAl e Al e e e e e oA ma me e e

CMS

-100

-150

s

- 0—||I|I|I|I|||I|I|I|I|||I|I|I|I
20{,-250 -200 -150 -100 -50 0

X [em]
1) Leverage High Precision Tracking
2) And High Resolution ECAL EM-Showers
3) Match and Discard Charged Hadron

Showers Replacing with Track Momentum

—

Match track to hlgh
— granularity ECAL

B-2.35F
.:. C
o 24 KoL
-2.45; - Ea
25F
26 m "
2850 E3 g 0
27f $E2
0.65 0.7 075 06 085 0.9 085 1 1.05
~ Match to lower T
®23%L Granularity HCAL
= 24f KoL
2.450
250
2881 i 5 Hi1
265 3{,.
27F
oééllblflb'%%”bla"deé 06 095 1 105
n

(Courtesy of P. Janot)




PFlow improvements at CMS

e e e e e e e b e A e i e g e g S g e g e e L e e e e e e A gt e e A e A A e A gl e e g e e i gl e e gl

[ CMS Preliminary | | GMS Preliminary |
s OSSR Jet Improvements ¢ 12— Rasponse Linearity
g 04 \ —E5— Cortected Cao s §_ S N NSO SO SR S S——
8 05; e Partee ot 8 ?_: _i.-‘pn OO DN |_ o __‘i'
€ 03f T o8 — .
3 ozs 8 r Also, improves Jet Angle
S oot i and Reco Turn-on Eff.
1] E iy - . . .
L 015« ] 0.4 —&— Default Correctien
S F S .= Sy e O T s
of S D D U B B
102 100 200 300 400 500 600
Py [GeV/e] P, [GeV/c]

| GWS Preliminary |

MET Improvements  [cusereiminary|

E T SN S ——— S ————— ] o ot:g
— i W O
= woE
. = .
w3 wo 03E : : :
© S ok O R Li it
25 _05 E_...._._.._..._ S S e S p O n S e I n e a rI y
20 P
15— PETE .
o 075 i a ..
10 EE:‘T Particle Flow
BT -08E O Calorimeter
- o S
500 1000 1500 2000 e g

TrueZ E; [GeV] TrueX Ey [GeV]
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Summary of PFlow concept

Particle flow is a concept to improve the jet energy resolution of a HEP detector
It is based on:

proper detector design (high granular calorimeter!!!)

+ sophisticated reconstruction software

PFlow techniques have been shown to improve jet E resolution in existing
detectors, but the full benefit can only be seen on the future generation of
PFlow designed detectors

=>» push to ultimately small single calorimeter cells:
~ 5x5 mm? — 50x50 um? for ECAL
~ 1cm? for HCAL

=>» Develop new techniques

Erika Garutti - calorimetry Il 13/44



Analog .vs. Digital

hadron analysis
E, o Z N,

HCAL.: either Analog or Digital readout

photon analysis
E, =Y N,

ECAL: Analog readout required

&Gamma nhits vs Energy Number of Hits Il KLong HAD nhits vs Energy

30007 I Neutron HAD nhits vs eneray

Number of Hits 2,800 B Pion HAD aHits vs Energy

500 T 200l : —

450 7T 2A00T

a0+ 200 e
2000 Ll

30T w0 S

o S ool A

250+ Wir o0 il

e o 1200+ N SR

200T S 1000+ e

150+ i SR . . 8001

ool e Non-linear behavior o0 A

5o | for dense showers i Slope = 23 hits/GeV
2001

0 0 :’: 1:3 1:5 ZIO 2|5 3:3 ? 6 2|0 4I0 6I0 alo 1&0 1I20 1110
Gamma Energy (GeV) Particle Energy (GeV)
Calorimeter cell size 1x1cm?
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Analog HCAL with high granularity
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A calorimeter for the ILC detector =» ILD one of the two proposed concebts '

Mechanics:

challenging design with no spacers
=> validated

plates flatness below 1mm

=>» solved at low cost with roller
leveling technique

* NoO spacer between layers in the wedge

* minimize dead material between wedges
* minimize gap between barrel and end-cap
=» integrated readout electronics

Erika Garutti - calorimetry Il 15/44



Sandwich structure of steel/scint.
Compact design with minimum dead
material + integrated electronics

* “n0” gap in z in the barrel

« 10cm gap between barrel and endcap

Engineering prototype
Silver paint mirror

Tile size optimized with Particle Flow E—

> 3x3 cm? b = ‘\ 7
S =)
.

Erika Garutti - calorimetry Il 16/44

Tile thickness 3mm for ILD design
Light yield ~ 10 — 11 p.e. / MIP




Fraction, %
S

-y
o

8

Fraction, %
S

SIPM parameters

s e e g —————— e g i s g n S e e e i e e g g

-CPTA = inter pixel = noise above
- MEPHI/Pulsar 2 sstalk < 10% 2 s 0.5 p.e.
g | S ~1.5MHz
L L
5
5 L
I 25 B
_d%m . S B o L™ Ml ot
0.5 1 1-56 2 01 02 03 04 05 2000 4000
Gain ( 10) Cross talk ' Noise frequency, kHz
L . o 10 2_— .
] typical current > /\—Z CPTA SiPM
i ~0.2-0.3UA _S
I O 10
: S
[ LL
i 1
1 2 3 4 1000 2000 3000 4000
Current, JA Noise frequency at ¥2MIP, Hz
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Architecture design (I)

-

- e -——

-——

L) PCB board back side:

~_ e reflector foil layer
>>/ o scintillator tiles fixed

w7 by alignment pins

110 om

» Front End electronics integrated in active layer
* made of interconnected cassettes (36x36 cm)

» power and calibration modules at barrel edge
« 2.2m long communication lines in the layer

Erika Garutti - calorimetry Il
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Architecture design (I1)
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PCB board with 4 SPIROC chips
connected to 144 scintillator tiles
with SiPM readout

wo 9¢

» Front End electronics integrated in active layer
* made of interconnected cassettes (36x36 cm)

» power and calibration modules at barrel edge
« 2.2m long communication lines in the layer

Erika Garutti - calorimetry Il 19/44



The SPIROC chip

R o R R e

SPIROC layout (CALICE chip for Analog HCAL readout)

Specific chip for SiPM:
* input DAC for bias adjustment

Designed to work at ILC:
» power pulsing mode

* 25 uW /ch

e internal ADC / TDC

* auto-trigger mode

* time stamp (~1ns)

Bandgap Dual DAC Output: multiplexed / digitized signals

“ designed by Omega group LAL (Orsay)

Erika Garutti - calorimetry Il 20/44



Layer design

- !
e

Wi LA
Reflector Foils glgﬁ?i on . Electronics height 17mm max h
Cassette cross-section: aos |\ UVLED N\ GO\ meseanine cards
« each calo layer 18 mm including Fe N 76
* 3 mm scintillator tiles oy |
* one SMD-LED mounted on each tile = 7~ 7 _ {;
- flex-lead connection between boards i, . ],
| 100 /
Tile with SiPM HBU. 0.9mm thick Cooling Pipgasseue BOttomC;;tfl Interface Board

(Printed Circuit Board)

(Steel)

Connection to the detector interface electronics at the end of the HCAL barrel

Left Central HBU Right .
HBU | (inner detector) (150, 93.92) I‘L’t {210 93.92) S ng U Itra_th N
(508,885 | gg \ ] = | (354 92, 62. 51
: |] = Flex Flex/s e 13 g[ 3 Low power consumption
1 2 s = > = x = . .
9| 28, Az — s =1 RiEcRAS T EICOE == 2&¢  High concentration/data
. m. |:| |:|f352?55 rj 120,73 (180, 76.4) uses‘? 0] 5@ :
08 LD 88— L i Ea 108 Jo2—2 reduction
:EI:?;\Q - § M3 e i 72 m3[~ Central Inte
i S Board
SP&EXEEE_‘I i G . = 13pd =g % 353, 11
Ve ol [] o CALIB ) POWER o/ 3| 1
0.0 (6. 8) 32,1 / + 4 + 4 us |00

360
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LED monltorlng system(s)

a.;Lu .
.W"{I\'
‘ ‘..iy

System task: SiPM gain calibration via single photoelectron peak spectra (~1 -2p.e)
long term stability via response @ medium light (~20-100 p.e.)
measure SIPM saturation level (~2000 p.e.)

Two technological solutions:

Light distributed by notched fibres Light directly on tile by SMD-LED
- distributed LED

Erika Garutti - calorimetry Il 22144
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LED monitoring system(s)

System task: SiPM gain calibration via single photoelectron peak spectra (~1-2 b.e.)'
long term stability via response @ medium light (~20-100 p.e.)
measure SIPM saturation level (~2000 p.e.)

Two technological solutions:

Light distributed by notched fibres Light directly on tile by SMD-LED
- distributed LED

180

© CH32

ml= 222.93+0.34 -
m2= 249.42+0.23
m3 = 275.57+0.21 _
md = 302.13+0.24 -

mS = 328.52+0.31

160

150
140 +

120 +

100 100
80
60
50
40

20

0

200 300 400 500 600 700 900 00

ADC

Both systems commissioned =» SiPM gain calibration achievable
Next step = reduce spread in light intensity between channels

Erika Garutti - calorimetry Il 23/44
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The Digital HCAL: super-high granularity

7o A TR
A~

-

Basic technique for the active media:
- lonization-gas chambers with charge amplification Gas Electron Multiplier foil
(RPC, GEM, MicroMegas)

- digital readout on pads 1x1cm?

- Integrated electronics inside active layer
- high level of data concentration (~0.5 M channels / m?3)

Y.Giomataris, Ph. Rebourgeard, J.P Robert and G. Charpak

NIM A376 (1996) 29
Drift electrode / ~80ov

5
= E
o -
=
_E_ = Micromesh ~500V
g =
£ 8 Strips or pads T ~40 kV/em
E. —————————————
<
l v Pillars: 400u &, 100u height
o Amplifier Ampl. gap 25-150um — narrow avalanches
Sirip reac-out excellent spatial and time resolution
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Resistive Plate Chamber readout
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Chamber Construction:

Front-End PCB \ \
| |

I }

e

Communication Link

Conductive Epoxy Glue — |

soats e e
T =R

Mylar —

8.6 mm

Resistive paint

0.85 mm glass

1.2mm gas gap

\_‘
@)

Fishing line spacers

1.15 mm glass

Resistive paint
Mylar —

Aluminum foil

(Not to Scale)

Avalanche mode:
Typical induced charge of
0.1—10 pC/mip with rising time ~10 ns

Erika Garutti - calorimetry Il
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Dlgltal HCAL with RPC readout

e e e e e e e e e e i - - e e W e i

Gas Plane Constructlon

* A plane consists of 3
Independent chambers

Chambers — 3 per plane

Gas H
Inlet

Square Meter Plane
(3) 32 cm X 96 cm chambers

Erika Garutti - calorimetry Il 26/44



Digital HCAL with RPC readout

Power
T RS R S SN N CHE M S NSNS TRE CEP NI SHD ittt T PP T L SESEENE S LETE S S S SRR 0 L SRy SEUNIE (S CI TS CR EE SRR et
Serial Communication Link Data
- 1 per Front-End Bd Concentrator AsiC

Front-End PCB \ Communication Link

Conductive Epoxy Glue =_________L _ | | | | |
i S - =+ == == == =~ - -
Mylar H: '—I '_I '_I H L i

Resistive paint

1.2mm gas gap —

Fizhing line spacers —

Resistive paint —

N

Front End Board
with DCAL Chips
& Integrated DCON

Mylar —¥

Aluminum foil —_—

Chambers — 3 per plane

AN

O
O
O
O
O
O
O
O
O
O
O
O

O O O O O OO O O O o O

Front End Board

Square Meter Plane . ) ,
(2) 32 cm X 48 cm Front End Boards per Chamber (24) 64-Ch ChIpS / Bd
« 1536 Channels/Bd
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Digital HCAL with RPC readout

Pad Boards
* Glued to Front End Board using Conductive Epoxy
» Gluing done after Front End Board assembly and check out

Erika Garutti - calorimetry Il 28/44
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Digital HCAL with RPC readout

Square meter plane mounted on cassette
using prototype Front End Boards

Erika Garutti - calorimetry Il



tal HCAL with RPC readout
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Digital HCAL first data: 16/10/10 -

first ever realized 1m3 prototype of Digital HCAL with Resistive Plate Chamber =
readout operational at Fermilab MTBF since this weekend!!

I The first multi
,,“,,,m JARUROANE tracks from muons
CALICE collaboration - recorded

? [ J
== i

3
I
R
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Different readout approach: semi-digital

i ) .
gy L
e 2 -
o |lj.\"i“|'
N

Semidigital RPCs

Biggest challenge: integrate electronics * 1 cm? readout pads
In 6mm PCEB =» special chip design e 3 mm of Ar/iC,H,, : 95/5
ASIC - HARDROC (Q LAL) o « Analog readout prototypes for
» 3 thresholds, masks, optimized characterization (GASSIPLEX

power pulsing

. : chips), 6x16, 12x32 cm?
 controlled in a fully automatic way .
using a robotic system used for CMS » Digital readout prototypes
trackers with embedded electronics

(HARDROC/DIRAC chips),
8x32, 32x48 cm?
2 X 48 ASICs = 3072 channels = 1/3 m?2

Erika Garutti - calorimetry Il 32/44
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Efficiency and hit multiplicity

| Efficiency Vs Hight Voltage (Gas mix: Isobutane/TFE/SF6) \ | Multiplicity Vs Hight Voltage (Gas mix: Isobutane/TFE/SF6 \
100 _ e L _ = 28— i
= = _ = Graphite RPC (IHEP Protvino}
| 26— :
---------------------------- -~  ———— Graphlte RPC (IHEP Protvino)
50 24— !
A =3 1
= 1 1
5 - 3 22— Licron RPC (IPN Lyon) :
> 80— B StatGuard RPC {IPN L
§ - Gralphite RPC (IHEP Protvino) T 2- s ( yoni.
- 1
g Graphite RPC (HEP Protving S = /
E 40 __ ,p ¢ { Fotvino) » = 1
= — Licr:on RPC (IPN Lyon| 16_ __,—/ .
= | =il
20— ——— StalGuard RPC (IPN Lyon) 1'4 S mmm— e T - : ———————————————————
: i 12— .
1 g 1
= = 1

o L L ", I A O M 0 ;O 1 ./T%'I\ L | FURE 1 e B
62 64 66 68 7 72 74)76 78 B 6.8 7 12 (4) 16 7.8 8
Hight Voltage (kV) Hight VolTage (kV)

Using muon signal as MIP + tracking

Plateau: 7.2 — 8 kV — Efficiency between 80 and 98%

RPC Event |

=>» Lower multiplicity is preferred

=>» Best ratio multiplicity/efficiency: around 7.4 kV :
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Different gas amplification method:
GEMs or Micromegas

R o o

Fe55 Source Signal

Advantages:

sLow working voltage (~400V)
*Proportional mode operation
«Standard gas mixtures (Ar+CO,,
80%+20%)

*Robust (up to 102 part/mm? without
performance degradation)

*High rate capability

*modified chip design to accommodate
for smaller signals (> ~20 fC)

-2100 V

3 mm

AV ~400 V

ooopogoooooooeEaa AV ~400 V EI Momnmemh B

3 mm gas

1 mm Front-end ASIC

oV vy, 3 mm gas, 1 cm2 pads, thickness < 8mm
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Analog .vs. Digital

photon analysis
E =Y N, B, oc 2N,
ECAL: Analog readout required
&Gamma nhits vs Energy Number of Hits Il KLong HAD nhits vs Energy
30007 I Neutron HAD nhits vs eneray
Number of Hits 2,800 B Pion HAD aHits vs Energy
500 T o 2600} . —
450+ ' 24001
400 22007
2000
3507 1800t
00T 16001
280 . y 1400
:.'.ZZIZ 1200+
2007 S 1000+
1501 R £ SEEAL . ; 800
ool T Non-linear behavior aor
ot - fordense showers o
. 2007, ok
00 :’: 1:3 1:5 ZIO 2|5 3:3 06 . 2|0 4|0 6I0 alo 160 1|20 1110

Gamma Energy (GeV) Particle Energy (GeV)

Calorimeter cell size 1x1cm?
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Highest granularity ECAL

R MainWindow
Trigoer Display | EmeRawyake Viewhrocessor | AheitawyalusViewdrocessor | Evint Diplay [Hstograms |

CALICE:
Si-W with analog readout e 45GeV ECAL@10deg
30 layers W-Si

1 cm? Si-PADs (next version with
0.5x0.5 cm? Si-PADS)
~10000 channels

=» Imaging calorimeter!!

Courtesy of G. Geyken

[ show snapshons anly [ Auto Change every [s]: | 4.0 2| Siop mt Rus: | 100364 Event: oﬂwl .Dmenil Wi 300164 Event: 19205 |Que

|

14 layers, 2.1 mm thick
70 board=z made in Kerea
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SI-W ECAL

— -—— -———

- —— - -

Structure 2.8 Structure 1.4
(2x1.4mm of W plates) (1.4mm of W plates)

Structure 4.2
(3=1L.4mm of W plates)

Metal inserts
(interface)

ACTIVE ZONE
(18x18 cm?)

Shielding PCB

Front End
a| electronics zone

‘ Silicon wafer ‘

Erika Garutti - calorimetry Il

30 layers of Tungsten:

* 10x1.4mm (0.4 X,)
*10x 2.8 mm (0.8 X,)
*10x4.2 mm (1.2 X,)
» 24 X, total, 1 A

Y integrated in detector housing
= Compact and self-supporting detector

design

6x6 PIN Diode Matrix

Thickness:
525um

62 mm

Total: 9720 Pixels/Channels s

37/44




Experimental Setup

Particle Distance~ 5 cm
Zoom into Ecal = No Confusion !!!

Two electrons

(Start of) Hadronic Showers in the SiW Ecal ) )
Imaging calorimeter

Complex and Impressive Simple but Nice
—~ 18 ~ 18
) 35 @
Qo
CALICE £ 1o " £
. c 30 = Scattered Pion
Si-W ECAL 5 1 < 14
]
o
data =12 25 2 12
c
ie] o]
G 10 120 "S 10
g Initial Pion | o
T 8 T 8
> 15 > [
6 Interaction 6F
10 - Ejected Nucleon
4 . 4
Outgoing [
2 Fragments s 2F

O s 0 25 30 0 I - I )
z direction (layer number) z direction (layer number)

Inelastic Reaction in SiW Ecal Nucleon Ejection in SiW Ecal ~ 38/44
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High granularlty scintillator ECAL

I MPC RO with WLSF

” EIementary Components
=~ ... (Scintillator-Strip & Photo-Sensor)

1 smedsmetmm

MPC F\’/O with WLSF
Msdiddon MPPC~
Scintillator strip
Z-lave
[ position dependence 6-1]
t MPC R/O with WLSF — =k
+ articles = m.m_ "g :: O e e
’ Multi-Pixel | S -
Wavelength Photon Counterl§ 8 <}
fting Fi 2 1
Shifting Fiber (MPPC) <1
(Yiz1mmg) 45x1x0.2.cm q Tt
|| - | position dependences-10 |
‘\' o
Q "F® = . =
"p]
&) 2ol
7
Plastic scintillator strip =
by extrusion technique ¥

Position along
the strip (cm)
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High granularity scintillator ECAL

c*;:*&;\tzf@ eeesenssssss|  * 1he technical prototypé fo establish the
,\’»O’Q\’b et || SCECAL feasibility.
Y e |1l * Sandwich structure with scintillator-strips
: (3 mm) and tungsten layers (3.5 mm).
c | * Extruded scintillator and the MPPC are
o E" fully adopted.
-~ * Strips are orthogonal in alternate layers.
I18 cm e 72 strips x 30 layers = 2160 channels.

UL ARRRRNIATY -
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Digital ECAL

Next R&D steps:

‘ e Swap ~0.5x0.5 cm?analog readout Si pads with
smaller pixels readout digitally

[t « “Small” = at most one particle/pixel
[ e 1-bit ADC/pixel, i.e. Digital !

L
Vo ii 3

NWELL SUB NMOS PMIOS WELL

DIODE CONN TRANSSTOR /  TRANSISTOR CONN

we ® ©9 U W e w

How small should a pixel be? \A/\:F, - oepeWEL
« EM shower core density at 500GeV is ~100/mm? EL K_/\j%:f_/J\ o
« Pixels must be<100x100um? - \Wﬁr:_/;m/\

* Baseline: 50x50um? o) |

« Gives ~10'2pixels for ECAL naoon / e
a “Tera-pixel calorimeter”

« Mandatory to integrate electronics on sensor Monolithic Active Pixel

=>MAPS (Monolithic Active Pixel Sensors) Sensors

- developed for vertex detectors

Erika Garutti - calorimetry Il 41/44



Digital ECAL technology
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The technology: MAPS (Monolithic Active Pixel Sensors)
- A standard CMOS product developed for vertex detectors

» Potentially significant price advantage over high resistivity Si diodes
* Tests of sensor prototypes at CERN in ‘09: 8.4 x 8.4 mm? sensitive area

8.2 million transistors

(1 28224 pixels; 50x50
Erika Garutti - calorirpk—:m;; Il 42/44
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Pixel Occupancy

MAPS concept requires binary readout...
=» need at most 1 hit per pixel or else lose information

Si-W ECAL, 100GeV electrons MAPS ECAL, 100GeV electrons

5iD ECAL barrel pixel occupation SiD ECAL endcap pixel occupation MAPS ECAL barral pixel occupation MAPS ECAL endcap pixel occupation
5 Entries : 728188 Entries: 529 g Entries : 4944882 _ Entries : 409
x10 Mean : 26445 | 30T Mean: 23629 x10 Mean:  1.0846 450 Mean: 1.0929
40T Rims : 2.2285 {‘ Rms: 2.0834 50 Rins : 044300 Rms : 0.56480
' Out 0f Range : 147032 300+ Out OfRange : 11 ' Out 0fRange : 2883 400
45T
35T 350
250 40T
30T ol
35T L
25T 200__ 3.0__ 250__
20T barrel Al 257 2004
€ 150 endcap I barrel
=T Af 150
100 15+
LoT 100
el Lo+
0.0 0 | i 0.0 T 1 0
0 5 10 0 5 10 0 5 10

Select optimal pixel pitch from simulation studies
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Summary on Particle Flow

PFLOW is a proposed technique to improve jet energy resolution at collider
experiments

=> It is based on extremely high granularity calorimeters to allow single shower
separation in a dense jet environment

=> It requires development of new technologies

=>» push to ultimately small single calorimeter cells:
~ 5x5 mm? — 50x50 um? for ECAL
~ 1cm? for HCAL

- Analog and digital readout solution discussed
- all based on sampling calorimeters
=>» not optimized for ultimate energy resolution performance !

Tomorrow lecture: the ultimate hadronic energy resolution
the fight against fluctuations
& calorimeters without colliders
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- emerdging technologies -
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Jet energy resolution at LHC

CMS ATLAS
Ring 0 Ring 1 Ring 2 Numbers on rays are v values
4 = HCAL O - Plug tile calorimeter g.e 0.8 1.0 1
Iron Iron support Ird:r
MAGNET CRYOSTAT and COIL BPONE OB M Ve
>

HCAL-HB

Radius [m]

Gap scintillator 18

SR — i
N s

Z
| Cryostat scintillator
!

| -

i

Distance [m]
5 cm brass / 3.7 cm scint. 14 mm iron / 3 mm scint.
Embedded fibres, HPD readout sci. fibres, read out by phototubes
Expected jet resolution: Jet resolution with weighting:
o  125% 5.6 GeV o 60%

— - Z F 3.3%

E-Jp

& 3%

JE

Stochastic term for hadrons was ~93% and 42% respectively

Erika Garutti - Calorimetry Ill

2142




High granularity allows precise

weighting techniques for E in each ch. W 5o

=>» Single hadron energy resolution
using energy density weights
<50%/>E

v

0.1

0.08

0.06

Tllll\

©
-k
o
T

[II|I\I[I

II‘III|II\

L

ryrrrrrryrrrryrrrryrrrryrrrryrrrryorrTrTrTrT T
[ I [ I 1 I [ [ 1

e
]

iN

—a—

Data(start 5 HCAL): 51.9%/\NE @& 3.2% @ 0.30/E
Data(+corr): 44.4%/\NE & 2.2% & 0.30/E

QGSP BERT (start 5 HCAL): 49.4%/\E @ 3.8% ® 0.30/E

QGSP_BERT (+corr): 42.9%/\E® 0.0% @ 0.30/E

=>44.4% stochastic
e 2\ with best weighting
% A\ technique

Seal

.....

~~~~~~

0.04
0

Particle flow =» tomorrow lecture

10

20

30

40

50

60

70 80 90
Ecam [GEV]

Key requirement is showers separation and
NOT single hadron resolution!
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Models Comparlson

Comparlson of MC models predlctlons PRELIMINARY CALICE

of mean shower radius <R> measurement of <R>

%\ 2 : I I I ‘ | I I I I I I — ';' D_I LI I LI I LI I LI I LI I I LB LI B I LB I LI L
S 18| HCAL (with ECAL in front) v scint] © |  CALICE Preliminary i
T [ m10GeV e B [ pa . Mean 73.40 ]
2 b \J ] 2 008 P ' s 21577
- - — e L Enfries 11040 4, * .
0 N \J \/ Y \/ ] | Mean 8115 QGSP_BERT
£ 1 0 0 0 v—_ | RMS 2428 4 tﬁs ?F Entries 36308 _
I X O 0.06 s 1T +*—*+ Mean 79.25_]
% 121 4 ] ] L 'J- \ L . RMS 2407 _
: 8 \ | O 0 i ;P Al f‘l‘ * QGSF_BERT
- 1_v_' ' 0 H i & ‘¢ ok | woTC woBL
o 0.04— f' ’ «© L Entries 36905 |
g 0.8 B ¥ . " Mean 9270
< F ] - n# v of . Rms 2538
0s |- i i K et T, i
- - 0.02— —
| | | | — | I 'i' .7 L - TR ]
GB‘F‘ GA'\'“ ?QE \{\E? P E?G “e?'f\ D'GSG o_Gs Gs 22 S::;;@-\'i\' \(\p.;'g SLP‘ G;\\,Oi'l_ i .5" "’ll C'E '1-' i
o G 6¥ model | o s Bag Ty, ]

111 TI I 111 I 111 I 1 11 I 111 | II“; M

':b 0 40 o0 80 100 120 140 160 1&]
<R= “event [ITII'T"I]

The HCAL high granularity offers the possibility to investigate longitudinal and lateral
shower shapes with unprecedented precision
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Dual readout calorimetry
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£l ok
)

Alternative approach to the problem of improving hadronic / jet energy resolution:

- measure the shower components in each event

=» access the source of fluctuations:
- measuring f_, in each event
removes the EM fluctuations

- ideally one wants to measure
also f, which is proportional to the
binding energy to remove
fluctuations in the invisible energy

-Example: The DREAM calorimeter as a test of this approach

Erika Garutti - Calorimetry Il
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Quartz fibers (cherenkov emitter) are only sensitive to em shower component !
 ~80% of non-em energy deposited by non-relativistic particles
= e/h=5 (CMS-HF)

= radial profile of hadronic showers

« Hadronic component mainly spallation protons
E, ~ few hundred MeV = non-relativistic
= no Cherenkov light

« Electron and positrons emit Cherenkov light
up to a portion of MeV

Radial shower profile in
: SPACAL (scintillatior fibers)
*.  QCAL (quartz fiber)

Fraction of signal outside cylinder

0 50 100 150 200 250
Distance from shower axis (mm)

Use dual-readout system:
- Regular readout (scintillator) measures visible energy
- Quartz fibers measure em shower component E,,

=» Combining both results makes it possible to determine f_,, and the energy E of
the showering hadron

= Eliminates dominant source of fluctuations

Erika Garutti - Calorimetry Ill 6/42
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The DREAM prototype

e e e e e e g e e o e e e i gl g e gl

Basic structure:
4x4 mm? Cu rods
2.5 mm radius hole
7 fhibers

3 scintillating

4 Cerenkov

DREAM prototype:

55680 rods, 35910 fibers, 2 m long (10 Aint)
16.2 cm effective radius (0.81 Ajng, 8.0 pm)
1030 Kg

Xo =20.10 mm, pm =20.35 mm

19 towers, 270 rods each

hexagonal shape, 80 mm apex to apex

Tower radius 37.10 mm (1.82 pm)

Each tower read-out by 2 PMs (1 for Q and 1
for S fibers)

I central tower + two rings

Erika Garutti - Calorimetry Ill 7142



The DREAM prototype
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DREAM prototype:

tested at the CERN H4 beam line

Data samples:

TT from 20 to 300 GeV

“Jets” from 50 to 330 GeV

“Jets” mimicked by TT interaction on 10 cm
polyethylene target in front of the detector

Erika Garutti - Calorimetry Il 8/42



Making “jets” at test beams

IT
HOD
_ beam _ |.‘ ‘ DREAM
TC
PSD
] ] ey A = = . "
10 =) high-multiphcity jets
E10E %
O h
= n
= 1"
o Ny downstream of target
.-ﬂ ![.I.I | Lt“'?"‘;]—” o
| | T s P
5 : | i "'F'!'._-f",._.-..-.|'|.:-,..:,-.|__,-|‘i'_\_!_--.._r'H N
- £ kit L T TP
T
]
W E | 1 of tar
--------------------- R B “ B B = B -
0 5 [0 15 20 25 30
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Calibration with 40 GeV electrons
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L —
' Scintillator
8000 Mean 40.66
[ | Sigma 2.02
6000 12mdf S0/35
« Tilt 2° respect to the beam |
direction to avoid channelling > s
effects (D 2000}
St |
. D) () | ISP B AT TN TS W
« Modest energy resolution for E—* F oo
. . - C o - ; c c I .- 4
electrons (scintillator signal): = 000E [Mean 4052
Q £ | Sigma 2.66
- E o |3mdf  211/49]
o/E = 20.5%/NE + 1.5% (L 4000

2000 ¢

() 10 20 30 40 50 60 70 80

Calorimeter signal (GeV)
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100 GeV single pions (raw signal)

| -‘,.H'f,‘ P

e 2
“‘ \"iﬁ"l
ph

b

600

||]tl

' Scintillator |
500 - a.} ﬁl Entries 25121
- “l |M|::1n 81.06
. ; . ; 400 RMS 10.03
Signal distribution: IJ h
> 300F _
& sk | Hﬂ e
« Asymmetric, broad, smaller = 200 ]
signal than for e- T 100f ’)j
e .
d n_ J it T T " -"'---._ 1
» Typical tails feature of a 2 0 : " e
non-compensating 4 a0k ) j'w I Eaies 25121
. o 1 Mean il ()
calorimeter S Y et
3y 300[ ﬂ \ ' '
:—'.fm:— r{ ]] e-
100} JJ w\\hl
n:;.._l._.-_._.vf...l. .|..I A s o | T i
0 20 40 o0 il 100 120 140

Signal (em GeV)
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Hadronic response non-linearity
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e
=
L
O
— 09
3 X o A -
ﬂ a
.20 "
2 0.8 19% a 2 L2
= a
(a5 ki -
g 0.7¢ . o jets (uncorrected)
.a a T (uncorrected)
A —— calibration (e”)
0.6 1 - : 1 l 1
0 50 100 150 200 250 300

Energy (GeV)

Hadron response is < 1 and ~20% non-linear
Similar non-linearity for jets
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How to determine f_,, and E

_ ; 1 e
140} i & — .em — (1 — em
- | Leakage QS =1 =B -‘f' i) (e/h)s( f )
120(- | corrected Ozl £ 1 (1§ )
g ][‘]ﬂi / — E em (P/h)Q em |
20 |
;_: 80|~ _
3 : /i eg.If e/h=1.3(S),4.7(Q)
P |
o | / X . .
5 4{}_ /// oty S Q _ Jem+ 021 (1 — ferm)
20} ////f/ S Jem +0.77 (1 _.flcm)
nn 20 4u .m 80 lun 120 140 _ S - %Q
Scintillator signal L= TF—%
Q/S<1 = ~25% of the scintillator signal 1 — (h/e)
: ) ; _ 1—=/€)s
from pion showers is caused by non- with X = = 0.3

relativistic particles, typically protons from

spallation or elastic neutron scattering
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Reconstructed hadron energy
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Scintillator signal before correction =» asymmetry due to non-compensation

Events per em GeV

E 3 signal
2005  [Entries 13507 . B |
= |Mean  159.5 e 10— + 3%
- [RMS 126 & Iy
= c | )
100t 209 '
E =
- (a) E
N g 03 (=)
300; Q.I'IIS corrected +E | - o Jets (raw data)
~ [Eowies 13507 = 0.7} " : e -
200= imdf  323/153 @] « Pions (after Q/S)
 |Mean 188.8+0.1 I Calibration (g7) | ]
= |Sigma 9.54+0.07 0.6 \ . : . .
100= 0 50 100 150 200 250 300
z Energy (GeV)
{}E (b)

0 50 100 150 200 250

Scintillator signal (em GeV) Recovered linearity of response to

After Q/S method correction pions and “jets

=>» good Gaussian signal
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Energy resolution

Energy (G eV) Energy (GeV)
30 50 100 300 1000
3(]“ 2:] T T .].[l}ﬂ I D-_Q 25 i T T LN T T[T DﬂO
- -a- Scintillator | - I —=- Scintillator | |
L -*- Quartz : i -:—%l'lg]:érrected ]
~ " | Q/S corrected| - j . j
S : S BT )
S L " 4 — s VE
= - 49% " R6Y% : ® | -
20+ + 7% . EaRE - — 9
-g I VE *e VE o ] 2 15l ]
i £l J
o [ ] i = i
@ c | ]
L F
(= r =
%ﬂ 10f a E j
= [ ] m |
Hor d i i
) single pions } - jets
0 1 1 ] I ol o ey 1y e T
020 0.15 0.10 005 0 0.20 0.15 0.10 0.05 0

~— 1/VE
Significant improvement in energy resolution especially for jets
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DREAM conclusions and beyond

DREAM technique powerful to improve hadronic resolution:

 Correct hadronic energy reco. in an instrument calibrated with electrons
e Linearity for hadrons and jets

e (Gaussian response functions

 Energy resolution scales with sqrt(E)

 o/E < 5% for high-energy “jets”, in a detector with a mass of only 1 ton !
(dominated by fluctuations in shower leakage)

How to further improve:
* Increase Cherenkov light yield
* DREAM: 8 p.e./GeV =» fluctuations contribute 35%/X>E
 No reason why DREAM principle is limited to fiber calorimeters
« Homogeneous detector ?!
= Need to separate the light into its C, S components
« Sampling structure with alternating tiles of C, S materials
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Dual Readout with homogeneous material

e e i e e g S g e e e e A e g g e A e i e g e gl A g et

W e e e e e e s

e e e e e

Separation of Scintillation & Cherenkov light can be based on:

« Time structure of the signal

. Spectral difference

« Directionality of Cherenkov
component

e e e e e o e i

Cherenkov Scintillation
Time response Prompt Exponential decay
Light Spectrum oc 1/A2 Peak
Directionality Cone: cos 6.=1/fn Isotropic

Tests performed at the SPS (CERN) by the DREAM collaboration with 2 kinds of

crystals: PbWO4, BGO

Crystal LightYield | Decay Peak Cutoff Refr. Density
_@_&_NaI{TIl 'I_'i_n_1e (ns) | wavel.(nm) | wavel.(nm) | Index [lgigmﬂ]

BGO ( 20 6:-0{} 480 32 2.15 7.13

PWO 1\93 ,&D €420 35 2.30 8.28

Disadvantages: BGO much brighter > C/S factor 100 smaller

Advantages: Scintillation spectrum peak at 480 nm -> use filters Yellow for S, UV for C
Scint Decay time 300 ns (very different from prompt Cherenkov signal)

New crystals PbWO4 doped with different concentrations of
- Praesodymium (peak 630 nm, t~us)
- Molybdenum (500 nm, t~30 ns) =»seems to me more promising

Cee

Erika Garutti - Calorimefr_y 1]
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« Lightyield typically 10 p.e./MeV (dependent on T, readout)
« Leadglass 0.5-1 p.e./MeV from Cherenkov effect (3 - 5%/X>E)
= Expect substantial C component in PbWO4 signals

 How to detect/isolate Cherenkov component ?
* Directionality of Cherenkov component
e Time structure of signals
o Spectral differences
 Test doped Pb-glass with red / green scintillator

Erika Garutti - Calorimetry Ill 18/42



Dual readout with BGO crystals

B T e i i g g g

100 crystal BGO matrix was placed upstream of DREAM'
as the electromagnetic section T e

=>need longitudinal
segmentation to resolve
v from m in jet

| Particle beam

2 1 0

BGO crystal
matrix

Use UV filters upstream of
4 PMTs to suppress the
scintillation component

=> PMTs with UV filter have
an enhanced prompt peak

om0 e e e dJye to the Cherenkov light
Erika Garutti - Calorimetry Ill 19/42
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Cherenkov light measurements

Average Time structure for 50 GeV electrons

o]
- o/—————— T
_100; SCINT a) ; b
= E . =501 ) \
E 2001 = :
B ook =00l . (_Residual S tail)
3 : f C
] E @ N
E -4005_ e ————— E‘c:";j -1501— UV filler, +30 degrees
-500 :— Yellow filter, =30 degrees R m— et
E 1 1 1 1 1 -200:_
®0% """Ho0 200 300 400 500 T R T T e e e v
Time (ns) o] 50 100 T;'n:eso(m 200 250 300
C/S ratio event by event: integrate charge Q1 D ol L Gwe2

collected in the Gatel, and Q2 collected in Gate2

% =20 +
E i i S -1::

. BGO } z’”' i
% 09 _ * & -5 (_:':-;}'pf.i.fu'_
& K 23 ] T Somiitiosion guiel)
o-E. [ +$§- =) i L i i i i
E 0.8F J3s ' ] i 0 20 40 60 80 100 120
g - i Time (ns)
20 N st .
L oo < :::l : :
= biaf || - The variable C/S on BGO is able to measure the

: em component of the shower on the Calorimeter

0 1 2 3 4 L 6 w
CerenkoviScintillator signal ratio BGO (a.u.) Erika Garutti - Calorimetry Il 20/42



meta-materials, crystal fibers

-

j
- ; GEAT - =

Meta-material consisting of undoped and Ce doped heavy crystal bars of ident’icél'
material. The undoped crystals behave as Cherenkov radiators while the doped

crystals behave as scintillators

=>» a candidate material is the Lutetium Aluminium Garnet (LUAG) crystal

Micro-pulling down method

© @ RF heater
@ ®
® 5 Ceramic holder First drop of melt
| &
—Crucible

D Pulled fiber

o

@

(iR
—QOriented seed

Orientation control

Pulling direction

(courtesy of Fibercryst-Lyon, Cyberstar-Grenoble)

Ce doped LUAG

@ 2mm

//// LN

undoped LUAG

(20 fibers of diameter=2 mm, length=30 cm)

» fiber diameter between 0.3-3 mm, length up to 2 m

* pulling rate ranging from 0.1 to 0.5 mm/min
« capillary die can be non-cylindrical (e.g. square, hexagonal etc)

Erika Garutti - Calorimetry Il
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* a unit consists of a structured distribution
of different types of fibers

* typical dimensions of a unit :
d=1-1.5Ry; L=20-25 X,

* light from different types of fibers is
directed to different SiPMTs by using
diffractive optics light concentrators

(micro-lenses) diffractive optics plate

Erika Garutti -
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(20 fibers of diameter=2 mm, length=80 mm}

al (au)
nal (au)

sligni

- Ty =

- Yy

&
T

L I e = gl = L L
100 200 300 00 0 T00 200
time (nsec) time (nsec)

(scintillator) (Cherenkov radiator)

Ce doped LUAG undoped LUAG

expected difference in signal shape

Calorimetry Il 22/42



e SR

Time resolution

- 200 ms .
ILC N
| | I/,J' |
trains \+
bunch crossing
‘ ‘ | ‘ 2820 | at 337 ns
punches
0.950 ms
CLIC 83 20ms _
/0
| 1) |
trains "
p bunch crossing
- at0.67 ns
bunches ||||| 2311
<2 207ns =

Time res. also relevant to
study neutron component
of hadronic showers

Erika Garutti - Calorimetry |
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Beyond ILC = CLIC
Higher gradient:
Higher cms energy:

it 3 ~
L

H..’ ]
b "le,“.‘. ks o
. i

100 MV/m vs 35MV/m
3TeV vs5h00 GeV

=>» Price to pay: 0.5 ns bunch crossing

Time stamp O(10ns) mandatory

TDC integrated in the “ROC” family of chips

for future calorimeters
~ 1ns time resolution
-- EFsm - ARDROC
1 HlDigital HCAL
— I (RPC or umegas)
| l64 ch. 16mm?

T SPIROC
‘HAnalog HCAL
L H(SiPM)

36 ch. 32mm?

June 07



Time resolution
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}

'E‘ 500 = ";‘-'_-r' = L - T 1 | — T T 1 T T T T T T T T j 10? ﬂ
= w energy neutrons and photons - 5
2450 e e = 3
— Iy '.:_!-‘-5'- = 1 6 4
~ 400[f S0
[ — —
350 o i
: , €, p : high energy photons and neutrons 4 =
300 [f o =
2508 E
200 [ e 350
150 E +* from-decay of stopped TT* =
g s T - - 5
. % 0= 10
100 i . ]
physics list issue? - 10

_ charged particles (hadrons, e*, e)

Time res. also relevant to
study neutron component
of hadronic showers

Next generation of calorimeters will be
“4D imaging” calorimeters !!
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SLHC & CLIC R&D

Calorimetry at sSLHC =» radiation hard material
Exchange scintillator with quartz
Test of different quartz + WLS fiber geometries

Advantages of WLS fiber:

collect light to photo-detector
Improves homogeneity of tile
Disadvantages of WLS fiber:

0
Degradation of fast Cherenkov signal (<1ns) .
due to WLS fiber emission 3
©
Outlook on future R&D:
- Exploit fast Cherenkov signal + time resolution
- High granularity helps to reduce multiplicity/cell

CLIC: move to Tungsten absorber

Lucaci-Timoce

s

28]

2.

W W W W

2
4
8
6
.4
2
3
8
6

.4

— @~ — 20mm Fe, 48 layers, 6}, B=3.5 Tesla
—a—— 20mmFe, 63 layers, 8%, B=5.0 Tesla

—&—— 20 mm Fe, 70 layers, 8.9 2, B=3.5 Tesla

= * 10mmW, 77 layers, 8.4 1, B=3.5 Tesla
e | ;

= Mhab = i i i

- N i L ' i

E N | < |

i N | | A

0 100 200 300 400 500

Jet energy [GeV]
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Behond DREAM

For ultimate hadron calorimetry (15%/>>E)
=» Measure E,;, (neutrons)

» correlated to nuclear binding energy loss (invisible energy)

e can be measured with third type of active material TREAM
= hydrogen enriched materials (not yet tested)
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Measure Neutron Fraction

The neutron fraction is correlated to nuclear binding energy
(invisible energy) =» next large source of fluctuations to attack

Neutron signal (f,)= integral of scint

signal over 20-40 ns

200 GeV “jets” 2
v
-
400 Behak.
=
g
3 "
= i
F— ¥
= :
S \
e

. i
v
¥ ' ¥
H e i
100 - S 5 \
H ¥
v H v
H - ¥
; . N
i y
v | .

Cerenkov |
Scintillator |

200 -10 0 10 20
Time (ns)

19

4iin= i
AL
t=20n= i—0

fn =

—i

g

50
Jo XS
=0 1

=

Tail absent
Jor electron.
showers

The total C distribution can be decomposed
into its constituent parts as a function of f,

Cerenkov

Total Cerenkov signal

Number of entries per bin
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f, anticorrelated with C as aspected

4000 -

3000
2000

1000
=200 GeV “jets”

ob.

P IR T R | I

0

0.02 0.04 006 0w 010 012
Neutron frection, in

30060

25000

2000

1500

100K

« All data 1
v 06<f <065 | ]
s 07 “"r. < 75 1
a (R <, < 083 | 4

2000 2500 3000 3500 4000
Total Cerenkov signal { arbitrary units)
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Calorimeters behind HEP

Erika Garutti - Calorimetry Ill
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Positron Emission Tomography

How can a calorimeter save your Ilfe’> -) PET

a commercial PET system

_ the same system without cover
for hospital treatment R o 5

basic unit of a PET:
crystal (LSO, BGO) + PMT

=» Functional (metabolich) pictures of living organs
in addition to Computer Tomography improves high
resolution visualization of anatomic parts

Task: reconstruct 2 y (511 keV) from annihilation of
positron from a -emitting tracer
=>» calorimeter

Erika Garutti - Calorimetry Ill 29/42



New trends in PET calorimeters

High granularity and small calorimeter cells improve space resolution

=>» Silicon Photomultiplier replace PMT MPPC from Hamamatsu
ecompact system ik Ll
low HV & cost |

LFS crystal 22p4

3x3 mm? active area

3x3x15 cm3 ¥ )

E 150
S N *Good E res. = reduce Compton bg.
100 1L Yo FWHM | *Good t res. = reduce combinatorial bg.
5004 | time resolution for coincidence of two channels
' ~250ps using SIPM readout and dedicated
w0 mw " glectronics possible

ADC channels
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Technology frontier

__hewproducts

Extreme granularity

Fiber crystals: # 350um — 3mm

LYSO:Ce LYSO:Ce

HAGICe—VAGICe T YyAlk0pCelt

BGO-HHHHH T BGO

LUAG:Ce Array

fibercryst

INNOVATION N OPTICS

Improve space resolution using
smallest crystals individually read out

Extreme integration

new generation of Geiger-mode avalanche
photo-detector: integrates SPAD on CMOS

5 VLQC |
\ o e L
A : ANCILLARY
! ELECTRONICS *
10um { SPAD .
t B e oo R !

E 100urm
100um .E
1
LFSR COUNTER i
T o T e w8 (R o e ol S e g ]
i 1
1. REGISTERS i
[T S g R C e BRCR ogl k a UERR o gt
E COLUMN DRIVERS |
- o o R A e RIS TR TN QR L ]

~50 um pixel SPADs arranged in arrays
with individual pixel readout
- O(100ps) time resolution on single photon

E. Charbon et al., IEEE (ESSCIRC), Sep. 2009

http://www.everyphotoncounts.com/arrays-linarray.php
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Gamma Ray induces electromagnetic cascade
=>» Relativistic particle shower in atmosphere
=>» Cherenkov light
fast light flash (~ns)
100 vy / m? (1 TeV Gamma Ray)

Next generation: Cherenkov Array Telescope (CTA)

70
< a0 AN CAMERA
g 50 \\ Expensive
zzé 40 i Camera composed of 1000
g2 30 // \x\ . pixels =» use PMT for baseline (40% PDE)
= 20 AT 1600 pixel type S _
5 // \%& Fast timing response (~1ns) to cope
£ 101 R Sy, Ny with EAS Cherenkov flashes
200 300 200 500 600 700 8;;0 1000 Electronics inside the camera

SiPM offer 60% PDE at 400nm
+ improvements with lower fill factor

Keep low weight
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E 405
: 2 iy
5 oo/ .- e Iy
= \ 100 pixel type [§ 135— }[{
-eT?E 40 \ 4| 20E
= / & 400 pixel t ; =F
ge vl SN 15t
g 0 ///F\\ \S(\{}O pixel type ll.'l';— Uyer = 1.3V
% 10 y \\\\ __‘-\E— T=25C
0200 300 400 500 600 700 SEJO 1000 3]5[" = ::Ilil]d - _I_-t-qil]d - E[IH:II I

=>» Cherenkov light
fast light flash (~ns)

Gamma Ray induces electromagnetic cascade
=>» Relativistic particle shower in atmosphere

100 y / m? (1 TeV Gamma Ray)
Next generation: Cherenkov Array Telescope (CTA)

HAMAMATSU
S10362-11-100C

SiPM offer 60% PDE at 400nm

+ improvements with lower fill factor

Erika Garutti - Calorimetry Ill
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Wavelength [nm]

P. Eckert et al, Nucl.Instrum.Meth.A620:217,2010
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Positron Electron Balloon Spectrometer

- e e e e e

L i
llllllllll

——

———— e

Goal: Measure the cosmic ray positron fraction
with a balloon borne spectrometer
Motivation: Indirect search for dark matter

| Electromagnetic calorimeter:

BE

80 x ( 1mm Pb + 8x1 mm?

scintillating fibre + SiPM ) =
14.3 X0, weight: 550kg

/

Requirements

(calorimeter):

*Excellent proton

suppression of

— i

Transition Radiation
Detector (TRD):

2x 8 x (2cm fleece
radiator + 6mm straw
tube Xe/CO, 80:20 )

rasnik system

TOF 2 layers
90° crossbred

TRD modules
_ 2x8layers

solar panels

e

. magnet
[

—

support structure

0O(10°)

*Total payload ‘ ‘

weight < 2t

Total power Time-of-Flight .»"
consumption < 77T /M ——

1000W

scintillator, SiPM
readout; trigger
system!

Hq‘“n
TOF 2 layers
E&N -~ 90° crossbred
Radiator
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Proton rejection

~ elp separation based on different longitudinal shower shape at a given -

particle energy (spectrometer) =» extremely high granularity
t

| max

tBovo v Simulated 40k positrons and 1700k protons
140-00:— N Zgoo 51 ?
. 50 GeV e+\, e L —0.92
i - F H |+' I 1 &
12000 [ e . zo’hoo*ﬂ_ﬂ%{r%g#*#m 4 +++++ | —;0.8%
I . ~65% [ +Tﬂ++*+++*+++++++++ iy 1, o7
10000— 38 GeV e+ %, MH +H' mﬁ
B (. A 15000 | fo.s
8000 / Tl ; % —— —0.5
suuo:— /é e B | i | 10000:_ _20'4
S (g | E H #“-3
4000~ ,.'f y h ) ' | 5000 ] L 10.2
zuua:— - | E proton rejection ~5000 at high energies _;0'1
g, 50 GeV protons 040 20 30 40 50 60 70 80 90 °
. ol e e b p/GeV
- intrinsic resolution limited by high energy n°
€ _p b7 e oxx, production (p — pn®X) in front of or in first
dt “T(atl) layers of ECAL

longitudinal shower profiles ika Garutti - Calorimetry IlI 35/42



Calorimeter for B30v search: The Bolometer
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.N*L allowed BB.»L Bolometer operatlng prmuples

AT =E/Cxw 0.1 mK

"““‘ .g. ..”’ ! = #
.: ™ A ““ LOW
; Temperature

s j
* -
nedirinoless i ©
*
*

Absorber material TeO, low heat
capacity large crystals available
radiopure

Heat sink

Thermal coupling —
Thermometer —,
Crystal absorber-
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Cryogenic bolometer

| temperature sensor | Heat Sjllk: 8-10 mK
heat sink \
/ \ Weak thermal coupling (teflon holders):
' G =4 pW/mK
il . A Thermister: NTD Ge-thermistor
JI' \ \ R =100 MQ, dR/dT = 100 kQ/uK
I|I \\ absorber ‘
il GaLpNig \ Crystal absorber: TeO, crystal
enargy C=2nl/K=1MeV/0.1 mK
Temperature signal for E=1 MeV: —» AT=E/C=0.1 mK
Signal size: AV =1 x dR/dT x AT —> 1 mV/l MeV
Signal recovery time: T = C/G —p (.55
Noise over signal bandwidth (few Hz): —n0wn0u0 V_ =024V

Energy resolution (FWHM): = 1 keV (in theory)
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Cuoricino experiment @ Gran Sasso

11 modules. 4 detector each.

crystal dimension: 5x5x5 cm?®

crystal mass: 730 g
44 x 0.79 = 34.76 kg of TeO,

2 modules x 9 crystals each
crystal dimension: 3x3x6 cm?
crystal mass: 330 g

18 x0.33 =594 kg of TeO2

Total detector mass: 40.7 kg TeO, = 11.64 kg 130Te
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Cuoricino limit on B0v
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. S E C. Arnaboldi et al. hep-ex/0501034 208
Resolution: £ 100 accepted to PRL g N pd
FWHM at 2615 keV % i
=9.2+0.5keV € o0l

3] _
0 —
Background: .
In the BROV region 1 B
= 0.18 £ 0.01 counts/(keV kg y) o \
b 0co | " Te pp(OV)
20 \
0_|||||\|\\\|||\\\|||||\\\\ . LB e e
2420 2500 2580 2660
Energy (keV)

Results: no peak found
> 10, > 3.0 x 10%4 (at 90% C.L.)
m, <0.2-0.98 eV

CUORE will follow with: 988 TeO, bolometers cubes

5 cm?3 with a mass of 750 g each.
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Next step: Cuore

R o R R e

Cryogenic Underground Observatory for Rare Events:
* Array of 988 TeO, crystals

19 Cuoricino-like towers suspended in a
cylindrical structure

13 levels of 4 5x5x5 cm3 crystals (750g each)
«130Te: 33.8% isotope abundance

*Time of construction: 4 years

» expected by 2010

750 kg TeO, => 200 kg 13Te

With bolometry we are back to the original meaning of calorimetry !
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New sensor materials: CdZnTe

New trends in Ovf33 decay detectors
= The COBRA experiment

* detector based on CdZnTe
semiconductor
 operated at room temperature
* high density of the crystal
provides excellent stopping power
* detector array under design:
~6400 crystals
of 1 cm? size (~6.59)
for a total of 400 kg

nylon holder

CdZnTe detector

holder structure

Erika Garutti - Calorimetry Il 41/42



e e e e e e e e e e e e e g e g e A o e A A gl e g A e e i e e e gl e i e e A o i e A e gl e A e A A e e e e e A e oAl e e g

Conclusions

Calorimetry is a field developed over
more than a century,
still vital and in continuous evolution

Calorimetry at the technology frontier drives the development of

new materials, new photo-detectors, new electronics, ..., new analysis
techniques, new ideas

Present key issues for calorimetry: . S
- Extreme segmentation (Imaging calorimeters) o AL
- Extreme integration (maximum hermeticity) 7 2

- Compensation in limited volume (Pflow/ dual-readout)
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Thank you all for your attention and
participation during these lectures!
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