


Overview

- Physics motivation for ILC Calorimetry

- PFA approach - implications for detector design

- Calorimeter system design(s)

- Digital/semi-digital/analog hadron calorimetry for PFAs

- Calorimeter technologies - R&D summary, Prototypes,
Future Plans.

- Summary and overall schedule



Physics examples driving calorimeter
design

Missing mass peak

Higgs production eg. e'e -» Z®< or bbar jets

separate from WW, ZZ (in all jet modes)
Higgs couplings e.g.

- gy, fromere- ->tth -> WWbbbb -> qqqqbbbb !
= Ohhh fr'om ere- ->Zhh

Higgs branching ratios h ->bb, WW", cc, gg, 1t
Strong WW scattering: separation of
e*e” -> vwWW ->vvqqqq ee” ->wZ/Z -> vvqqqq

and e‘e  -> vwit



Physics driving calorimeter design

-All of these critical physics studies involving the
calorimeter demand:

+ Efficient jet separation and reconstruction
+ Excellent jet energy resolution (Goal 6/E ~3-47%)

+ Excellent jet-jet mass resolution

+ jet flavor tagging

and have excellent performance for electrons, photons
(direct from IP and off-angle), and taus,

Plus... We need very good forward calorimetry for e.g.
SUSY selectron studies (see LEP talk).



Why not use “traditional” calorimeters?
- Equalized EM and HAD responses (“compensation”)

- Optimized sampling fractions
EXAMPLES:
ZEUS - Uranium/Scintillator
Single hadrons 35%/VE @ 1%
Electrons 17%/\E & 1%
Gets 50%AE
DO - Uranium/Liquid Argon LB TR
Single hadrons 50%/VE ® 4%  [INW = oY |
Qets 80%/E I e
Clearly a significant improvement is needed for LC.
0/E ~ 3-4% needed for jets




The PFA Approach - a major issue for ILC
Calorimetry (to show it works!)
PFA approach holds promise of required solution and has been used in

other experiments effectively -and now has been shown to work for
the ILC!
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-> Energy measurement of only the relatively small neutral hadron
contribution de-emphasizes intrinsic energy resolution, but highlights
need for very efficient "pattern recognition” in calorimeter.

-> Measure (or veto) energy leakage from calorimeter through coil
into muon system with "tail-catcher”??



Integrated Detector Design
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Integrated Detector Design

So now we must consider the detector as a whole.

e.g. the tracker not only provides excellent momentum
resolution (certainly good enough for replacing cluster
energies in the calorimeter with track momenta), but
also must:

- efficiently find all the charged tracks:

Any missed charged tracks will result in the
corresponding energy clusters in the calorimeter
being measured with lower energy resolution and
a potentially larger confusion term.

Even though R&D is carried out independently for
each subsystem, ultimately it must all deliver a
viable, coherent detector design for the PFA.




Calorimeter System Design

P Identify and measure each jet energy
component as well as possible

Following charged particles through calorimeter demands
high granularity...

Two options explored in detail:
(1) Analog ECal + Analog (or "semi-digital®) HCal

- for HCal: cost of system for required granularity?
(2) Analog ECal + Digital HCal

- high granularity suggests a digital HCal solution
- resolution (for residual neutral energy) of a purely
digital calorimeter??



Calorimeter System Design

In the U.S. much of the hadron calorimeter development
for the ILC detectors has been within the context of the
PFA approach (but note the following talk).

Technologies studied in the U.S. seek to implement this
approach through the use of digital or analog/semi-digital
techniques.

Most groups working in this area have their main interest in
the SiD detector concept, and are also members of the
CALICE Calorimeter R&D Collaboration. However, the ideas
being developed are applicable to other detector design
concepts.



Digital hadron calorimetry

A new approach:

- use small cells (~1cm x 1lcm -> ~3cm x 3cm), cell is either

ON or OFF (digital) or use analog/semi-digital (multiple
thresholds) approach.

- high granularity allows charged track following

- good correlation between energy and number of cells hit.
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Digital Calorimeter Concept

GEM-BASED DHCAL CONCEPT

NOT TO SCALE
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Technology selection requires prototype tests, simulated
physics performance comparisons, evaluation of risks,
estimation of costs -> framework for a selection plan.

Role of possible TCMT under study (analog/hybrid case?)



Absorber

40 Steel plates of 20mm (~1 X,)
Corresponds to ~4 A,

Active medium

Resistive Plate Chambers with 1 single gap
Glass as resistive plates
Operated in avalanche mode

Readout

1 x 1 cm? pads — 5-107 channels for the entire HCAL
1-bit resolution per pad (digital readout) < preserves single particle resolutions



Signal pads
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Measurement

RPC Russia

RPC US

Signal characterization

yes

yes

HV dependence

yes

yes

Single pad efficiencies

yes

yes

Geometrical efficiency

yes

yes

Tests with different gases

yes

yes

Mechanical properties

?

yes

Multi-pad efficiencies

yes

yes

Hit multiplicities

yes

yes

Noise rates

yes

yes

Rate capability

yes

yes

Tests in 5T field

yes

no

Tests in particle beams

yes

yes

Long term tests

ongoing

ongoing
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Abstract

Resistive Plate Chambers (RPCs) are being developed for use in a hadron calorimeter with very fine segmentation of the readout. The
of the chambers and various tests with cosmic rays are described. This paper reports on the measurements with multi-bit (or
d

analog) readout of either o single larger or multiple sn
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1. Introduction PFAs. In particular, this optimization imposes the follow
ing constraints on the design of the HCAL:

Particle Flow Algorithms (PFAs) have been applied to
existing detectors, such as ZEUS and CDF, to improve the
energy resolution of hadronic jets. The algorithms attempt
to measure all particles in a jet (originating from the
mteraction pomt) mdividually, using the detector compo-
nent providing the best momentum/energy resolution
ged particles are measured with the tracking system
(except for high momenta, where the calorimeter provides
a better measurement), photons are measured with the
electromagnetic calorimeter (ECAL), and neutral hadrons, .
i.e. neutrons and K¥s, are measured with both the ECAL HCAL alone. In order to reduce the complexity and cost
and the hadronic calorimeter (HCAL). The cneray of @ jet of the readout system, the front-end system needs to be
is reconstructed by adding up the energy of the individual located on the detector and be highly multiplexing.
particles identified as belonging fo the jet. Additional The favored design for the ILC detectors features & large
details on PFAs can be found in Ref. [1] magnetic field, of the order of 3-5T, wuhrm direction

The application of PFAs at HERA and the Tevatron is parallel to the beam axis. The magnetic field is to be
limited by the relatively coarse segmentation of the existing provided by a superconducting coil with 4 considerable
detectors. By contrast, detectors for the International thickness, corresponding to one to two nuc
Linear Collider (ILC) are being designed [2] explicitly with tion lengths 1, To preserve the single particle re
adequate segmentation to optimize the performance of of the calorimeter, both the ECAL and the HCAL need

therefore to be located inside the solenoid. As a
consequence, only technologies which operate in high
magnetic fields can be utilized

® Toeffectively identify energy deposits in the calorimeter
belonging to charged or neutral particles, the readout
needs to be very finely segmented, of the order of
1% lem® laterally and layer-by-layer longitudinally,
thus eliminating the traditional “calorimeter towers™
of past calorimeters

The high segmentation of the readout leads to a large
number of channels, of the order of 505 10° for the

“Carrespending author.
E-muail address: repond hep.anl.gov (1. Repond).

0168-9002/$- see frant matier [ 2007 Published by Elsevier
doiz10.1016/jnima. 2007 04.1 60

Design of larger chamber

ongoing

ongoing

Plaase cite this artick as: G. Drake, ct al, Nucl. Instr. and Meth. A (2007), doi10.1016/j.nima. 2007.04.160




Vertical Slice Test

Uses the 40 front-end ASICs from the 2"d prototype run

Equip ~12 chambers with 4 chips each

256 channels/chamber
~3000 channels total

Chambers interleaved with 20 mm steel-copper absorber plates

Electronic readout system (almost) identical to the one of the prototype
section

_ Design accommodates 20 x 20 cm?
Tests in FNAL test beam RPCs as well as 30 x 30 cm? GEMs

Planned for July 19 — August 6 2007
MoU being signed now

— Measure efficiency, pad multiplicity, rate capability of individual
chambers
— Measure hadronic showers and compare to simulation

Validate RPC/GEM approach to finely segmented calorimetry

Validate concept of electronic readout




Pad- and Front-end Boards

Timing and trigger
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Working in self-triggered mode
with 1-5 RPCs
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New CR telescope: Fake triggers???
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40 layers of RPCs interleaved with Fe/Cu
plates

Each layer ~ 1 m?2

With 1 x 1 cm?2 — 400,000 readout channels

Reuses stack and movable stage of CALICE
AHCAL

Provided the VST is successful

— will need a small amount of R&D and prototyping for PS

e Larger chamber with new design

e Larger pad board (no active components) Planned for 2008-9
e Gluing techniques (automatic)

e Data concentrator board with 12 inputs

e Super-concentrator boards (similar to concentrator)

e HV system for 120 chambers

e Gas system for 120 chambers (?7?)



- Successful completion of vertical slice test

- Completion of construction of the 1m3 stack

- First physics results from 1m3 stack

- Redesign of the RPC's and the readout system

- Completion of the assembly of the scalable prototype
- Completion of beam tests of the scalable prototype

Jul/Aug 2007

Oct 2008
Mar 2009
Dec 2009
Dec 2010
Dec 2011




Digital Calorimetry using

Gas Electron Multipliers

We have chosen a new approach:

Gas electron multiplier/lcm x 1cm pads:

- easy to implement small cells
- fast

Fig. l4¢a) Chamical siching Proces of o GEWM (b) 4 TEM &il

A hew eohcept of g amplificatioh wos intLodaced in 1996 by Saali: the Gox Election toaltiphet -
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whown in Fig. Ldia). Compuiving a thin {-50 um) Kapton £il, dooble mided clod with Coppet, hole aie

pefouted thiough (fg. (56, The lwo maifices aue mointined ala potential giodient thos poviding
the hecamaty fiekl o slection awplification, o shown in Fig. L5(a), and an avalanche of slections o

inFig L% b

- high rate

- low HV operation

- SlI e gas (Ar/CO
Fig L5ta) Electiic Field ahd { by ah avabhche acioes 2 GEM chahhal 2

Conpled with o diift slsctiode abowe and 2 leadoot electinde below, # acts o a highly peifoLiing
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armplifiction device, this opes op the poexibility of ming 3 GEM in tandem with an MSGC =1 a
wecond GEW.

- stable operation



3M 30cm x 30cm GEM foils

12 HV sectors on one side of each foll.

Magnified section of a 3M GEM fol.

| HV Sector Boundary |




GEM Foil Design and Development

- We are working with 3M to develop larger foils for the 1m3
prototype stack (the 30x30cm? foil development did not require 3M

process modification). Proposed Initial 3V 30cmx100cm Foil Design

| Repeat of three 30cmx30cm ‘ol units I

|

- In-house development at UTA of "Thick-GEMs"
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Development of 30cm x 30cm
GEM chamber(s)
- Foils HV tested.
- Jigs made to mount foils, stack chamber.

- Initial multilayer anode board made to work with
Fermilab QPAO2-based preamp cards.

- Verify aspects of chamber operation:
- stability

- characteristics (cf. 10cm x 10cm chamber
using CERN foils, Ar/CO, 80:20, efficiency 95%,
average hit multiplicity, 1.27)

- Used for Korea/KAERT beam tests in May - Estimate
~2 x 102 e-/pad in 2000 sec. (~ 1.6 x 10> mC/mm2) and
GEM chamber continued normal operation.



Development of 30cm x 30cm GEM
chamber(s)
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120GeV Proton — Triggered pad &
Neighbor, X-Talk measurement
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Readout for GEM: (1) DCal + KPiX Chips
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GEM DHCAL - Future Plans

- Tests of KPiX Readout with GEM chamber June 2007
- Successful use of 2-3 GEM/KPiX chambers in slice test  July 2007
- Construction of 1m x 30cm chambers for Im3 stack Dec 2007

- Completion of Im3 GEM stack with DCAL/KPiX readout Dec 2008
- Beam tests of GEM 1m3 and comparison with simulations  Late 2009
- Completion of construction of the scalable prototype Dec 2010
- Completion of beam tests of scalable prototype Dec 2011



Analog/Semi-Digital Calorimetry
using Scintillator/SiPM

- Scintillator - a well-used/proven technology...but sma//
cells?

- Impractical to use in "old" approach with photomultiplier
tubes, with/without fibers (space, routing etc.)

- New technology - Silicon Photomultipliers (SiPM)!

- Now have the possibility of high granularity scintillator
calorimeters at a reasonable cost.

[lJ{H-d nko, B. Dolgoshein, V. Golgua

AT, annér
E. Po p . Nuel. Phys. B (Proc. '\ uppl.) -' an erence

ther



SiPM

- From Moscow Engineering Physics Institute (MEPhI, Russia)

i) il

* Multipixel Geiger Mode Photodiodes
— Developed and produced by MPEPHI/PUSAR
— Gain 108, bias ~ 50V, size 1 mm?2
— Insensitive to magnetic fields

o2 8888383

) . Resisto
Auto-calibrating R,
but non-linear kQ
Depleti
1156 pixels with Region
individual guenching 2 um substrat
resistor on common
substrate

(B.Dolgoshein)



Scintillator/SiPM R&D

Minical

DESY, Hamburg U,

ITEP LPI (Moscow)
orthern Illinoi.

LAL, Orsay
Prague
UK groups

1 cubic metre
38 layers, 2cm steel plates
8000 tiles with SiPMs

Electronics based on CALICE
ECAL design, common back-end
and DAQ




Scintillator tiles/SiPM - Issues

Shower spread Scint. vs. Gas

| Shower transversal width |

Events
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CAu

Calorimeter for ILC

Si-W ECAL Scint./SiPM HCAL CERN H6B Area



The CALICE TCMT prototype CALieo

Designed and built at NICADD/NIU,
in partnership with DESY. and with
engineering help from Fermilab.

Design: 16 Scint-steel layers with
alternate x.y orientations. with
SiPM-readout scintillator strips.
Each strip is 100 x 5 x 0.5 cm’
Layers 1-8: ~2cm absorber
Layers 9-16: ~10cm absorber  =se===cecacs=-
16 layers x 20 strips = 320 channels

Oct/2006 run: All 16 lavers fully
instrumented, according to design.

HCAL TCMT



Example pion event display

HCAL

40GeV/c pion
with CALICE online analysis software

TCMT

Late shower in HCAL TCMT clearly needed to contain shower




Adding TCMT to ECal & HCal : analog approach
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Reconstruction at different energies 19 15 20 GeV
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The next step: integrated active layer/direct
coupling

Board being
tested

B While this design
— ; 2| canwork

with a fibar-in-cell
alamants a furthar
simplification in

assembly and large-.
scale production

may be possible if
direct coupling can
be shown to work !

Direct coupling status: Summer 07
Integrated readout layer: End 07
Testing and modifications: 2008




Direct SiPM/Tile Coupling - Uniformity

Non-uniformity much worse
than with WLS fibre
ITEP  Increases for thinner tilees

TILE 30X30X3 CUB MM 2X2SQ MM APD AT TILE TOP

Source Position, mm

SiPM directly \_J\ o f\ — —
coupled to scintillator ' =1 E=S(T E
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LDA
(Module

concentrator, | -
Optical link)

‘@

@UrS SPIRoc
S > gen ASIC
< |

2.2m
Concentrator,

Clock, control, == With 40 yW / ch
Configuration) v Temp gradient 0.3 K / 2m

Layer units (assembly) subdivided into smaller PCBs

HBUs: Typically 12*12 tiles, 4 ASICs



Scintillator-SiPM - Future Plans

- Tests of 40-layer AHCAL stack

- Development of integrated Scint/SiPM/trace layer
- Cosmic Ray tests of integrated layer

- Beam tests of multiple fully integrated layers

- Start construction of scalable prototype

- Beam Tests of scalable prototype

2006-2008
Early 2007
Summer 2007
Oct 2008
Jan 2009
Dec 2010



Im3 test beam stacks - motivations

The 1m3 test beam stacks are a critical step in the development
of PFA based calorimetry. There are several areas testing and
development depending on these stacks:

1) Technology tests
The technologies proposed as implementations of PFA-based calorimetry
are new and untested. It is critical that these technologies be evaluated
in systems with adequately large numbers of channels, and that are
operated over extended periods.. The natural size scale is a stack that
will contain a hadronic shower (see 2)). Test beam runs are expected to
last for integrated periods of several months.

The main challenge (and cost driver) for the new HCals is the readout
electronics for a very large number of channels ( O(107 - 108)). While the
readout technologies proposed represent various steps towards "final"
systems, it is critical to demonstrate that a subset with a large number
channels can be built and successfully operated.

continued...



Im3 test beam stacks - motivations

The technologies proposed use either one or more thresholds (digital or semi-
digital), or record data for offline treatment (analog). Each of these
approaches has its own calibration, and stability requirements. Operation of
the stacks over extended periods of time will provide essential input on
these issues.

2) PFA related

It is essential that we demonstrate that we can successfully
associate charged tracks and energy clusters (both directly track-connected,
and disconnected neutral shower components) in single particle hadron
showers. Some work in this direction has already started.

We also need to check the simulated descriptions of hadron showers
against high statistics data samples. This will allow us to identify the best
description of hadron, and indicate its reliability for use in physics analyses.
Feedback will be provided to GEANT4 developers, but may not result in timely
upadtes for ILC calorimeter studies. Facilities are in place to provide hadron
beams over a wide range of energies.

continued...



Im3 test beam stacks - motivations

3) Assembly techniques
The process of constructing the active layers, and readout electronics
for the stacks will provide important input for the
optimization of the design and development of the technical
prototypes that will represent a scalable section of an actual ILC
calorimeter system.

The successful construction, operation of, and data reconstruction
from these 1m3 prototype stacks will provide the required
validation of this new approach to calorimetry, and will allow the
proposal of viable calorimetry and building of scalable prototypes
for the future ILC detectors.



U.S. Hadron Calorimeter R&D -
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Institutions

- Argonne National Lab: RPC-DHCAL, DCAL digital readout for RPC's, HCal module
design, PFA framework and simulations.

- Northern Illinois University: Scintillator HCal, TCMT, SiPM testing, PFA framework
and simulations.

- University of Colorado: SiPM testing, ECal alternative design, simulations

- University of Texas at Arlington: GEM-DHCAL design, prototyping and testing,
simulations.

- University of Washington: GEM-DHCAL prototype testing
- University of Iowa: PFA framework and simulations

- University of Chicago: Electronics

- MIT: GEM development, gas studies



Summary of U.S. Hadron ILC
Calorimetry

All three technologies:
- completed/completing needed initial R&D

- constructing/constructed large scale prototypes for
beam tests

- working on development and design for technical
prototypes -> actual ILC detector module design.

- following the overall ILC plan (machine and detectors)






ILC Calorimetry R&D - motivation
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Benchmarking the IL.C Detectors
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What Jet Energy Resolution do
we Need?

Need clean identification of W’s, Z's, H's, tops,...
This requires dijet mass resolution < few GeV.

M2 =2EE,(I-cosé,)
dM l{dEl@dEz@m}

M . 2| E, E

Daqlurlnn o ~ FZ , sets dM/M =2 .5/92 = 2.7 0/

\SA VAN o s \J | \J o

This requires
dE;o/Eje; = V2 (2.7%) ndependent of Ejq

This is roughly comparable to the goal often cited,
dE/E;e; = 30%/VE(GeV), for E,; < 100 GeV.

jet
Bill Morse, Rich Partridge, John Jaros



Calorimeter system/overall detector design

Initially Two general approaches:

(1) Large inner calorimeter radius -> achieve good separation of e, v,
charged hadrons, jets,...

Matches well with having a large tracking volume with many
measurements, good momentum resolution (BR?) with moderate
magnetic field, B ~2-3T

But... calorimeter and muon systems become large and potentially very

expensive...

However..may allow a "traditional” approach to calorimeter

technology(s).
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Calorimeter system/overall detector design

(2) Compact detector - reduced inner calorimeter radius.

Use Si/W for the ECal -> excellent resolution/separation. Constrain the cost by
limiting the size of the calorimeter (and muon) system.

This then requires a compact ftracking system -> Silicon only with very precise
(~10um) point measurement.

Also demands a calorimeter technology offering fine granularity -> restriction of
technology choice ??

To restore BR?, boost B -> 5T (stored energy, forces?)
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Jet Energy Resolution vs Jet Energy

Perfect Pattern Recognition
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Ron Cassell/SLAC
Energy Resolution for Neutrals in Jets
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Vertical slice

Responsible
institutes
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GEM Foils from 3M

- 30cm x 30cm foils made with three types of coating:

a) bare copper

b) "organic polymer” coating

c) gold plating \
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- HV tests made on all three types -> conclusion is that we

prefer to use the uncoated foils.

- We are using the uncoated foils in our current 30cm x

30cm chambers.




Semi-digital approach (D)
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'-”E Technically Driven Timeline

Detector Construction
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