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CALORIMETERS
[ELECTROMAGNETIC. - HADRONIC

1906: Geiger Counter, H. Geiger, E.
Rutherford

1910: Cloud Chamber, C.T.R. Wilson
1912: Tip Counter, H. Geiger

1928: Geiger-Miiller Counter, W. Miiller
1929: Coincidence Method, W. Bothe
1930: Emulsion, M. Blau

1940-1950: Scintillator, Photomultiplier
1952: Bubble Chamber, D. Glaser
1962: Spark Chamber

1968: Multi Wire Proportional
Chamber, C. Charpak, .....

1970++ FOCUS OF TALK:

Inner most layers ——— >  Outer most layers () TRACKING
1927: C.T.R. Wilson, Cloud Chamber 2) CALORIMETRY

1939: E. O. Lawrence, Cyclotron & Discoveries

Physics Nobel 1948: P.M.S. Blacket, Cloud Chamber & Discoveries ((3)) READ@UT ELECTR@NECS
Peicad 't 1950: C. Powell, Photographic Method & Discoveries ((4) DATA ACQUHSHTE@N

1954: Walter Bothe, Coincidence method & Discoveries

Ao 1960: Donald Glaser, Bubble Chamber ((SJ) THE FUTURE
1968: L. Alvarez, Hydrogen Bubble Chamber & Discoveries

1992: Georges Charpak, MUItl Wire Proportional Chamber Many detectors covered in other talks
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ES)

(1) TRACKING

A STRANGE PARTICLE TOPOLOGY

A. Goddard, MSc. Thesis, Toronto, 1975

“Strange Particles Produced by nt+ p collisions at 10.3 GeV”
SLAC fixed target (Toronto/BNL)

THE 82-INCH BUBBLE CHAMBER

Originally designed (in 1958) for use with the Berkeley 6

- GeV Bevatron in investigating the properties of the newly dis-

.covered'strange particles, it was enlargéd and moved to SLAC in
1968. | |

The top of the chamber is 5" thick optical .glass, tilted
approximatlely 60 Ifrom tﬁe horizontal. This permits stray bubbles

— —

and other impurities to r.oll out of the viewing area. Each

interaction is photogi’aphed by three cameras situated at the

vertices of a right-angled triangle. To avoid multiple track

~images a ‘retrodirective illumination sy‘stem is used. With this

sYstem only light scattered by the bubbles from behind is imaged .
in the camera and all other light is absorbed. The tracks there-

fore appear white on a black background. (see next page).
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BRIEF HISTORY OF TRACKING 1IN CANA
Blaaies

« ATLAS: BCM, DBM (Toronto), TRT-ROD (UBC, York)

o OPAL: vertex detector, z-chambers (Carleton, Montréal)
« BABAR: main central tracking chamber (UBC, TRIUMF, UVic, McGill)
 ARGUS: vertex detector (Toronto, York)

 /EUS: forward straw tube tracker (York, Toronto)

« HERMES: large transition radiation tracker (6 modules) (TRIUMF, Simon Fraser)
o CDF SVX-II silicon tracker support mechanics, silicon detector project leader (Toronto)
o E531: large flat drift chambers (Toronto)

« E516: cylindrical MWPC tracking chambers as vertex detector (Toronto, Carleton)

o T2K near detector: large TPCs (Victoria, TRIUMF)

« BNL E787 central tracking chambers (TRIUMF)

* + A range of smaller tracking chambers of various types built for TRIUMF experiments

« Software (track finding and fitting and PID) includes the above plus:
BNL Erar See

SRS W

« E691 Si strip forward tracking (Toronto) “ “’

« /EUS vertex and central tracking (Toronto), ..... -
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“ Next a very strong team from the IPP Canada joined. It consisted of

P. Patel and T.S. Yoon, Montreal
J. Pentice and W. Frisken, Toronto
K. Edwards, Ottawa

The Discovery of BB mixing

Walter Schmidt-Parzefall
Universitat Hamburg

Fuidky ReconstrdczeD

K.W. EDWARDS °, W.R. FRISKEN ’, D.J. GILKINSON ® D.M. GINGRICH ¥, H. KAPITZA °,
P.C.H. KIM *, R. KUTSCHKE * D.B. MACFARLANE °, J.A. McKENNA * K.W. McLEAN °,
A.W. NILSSON °, R.S. ORR % P. PADLEY *, J.A. PARSONS ® P.M. PATEL °, J.D. PRENTICE
H.C.J. SEYWERD *, J.D. SWAIN ® G. TSIPOLITIS ®, T.-S. YOON #*, J.C. YUN °

Institute of Particle Physics '°, Canada

+ Argus micro-vertex
drift chamber (IPP)
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1 Muon chambers

2 Shower counters

3 Time of flight counters
4 Drift chamber

5 Vertex chamber

Argus,
DESY,
1987

u,c,t

The unknown CKM elements by 1987 were already constrained within
| Via |= 0.002 t0 0.018, | Vi |= 0.9986 to 0.9993.

Taking the upper limit for | Vi, | one obtains a lower limit for m,. Insertin
these numbers into AM led to the surprise

, B :
6 Iron yok
7 szgo?decoils B — D° ITJL/T * //_+ A r 7 r my; > 50 GeV.
8 Compensation coils — - - -
¥ Mol e aadEmels M- m=a ™" r?7°#® By 1987 it was the general belief, that the top quark mass was much smalle
Figure 9: The [inal version of the ARGUS detector K*r= e than di? GeV, dbultnge gm.'tld’ that it 1'; f;ljfl: i%gif Meanwhile the top quar
: was discovered. Indeed, its mass is 174.3£5.1 GeV.




OPAL @ LEP: 1989-2000

Designed as reliable detector ready at turn-on

Electromagnetic

7 Muon
calorimeters 2

Tdetectors

Hadron calorimeters
and return yoke

Jet
chamber

Vertex

36 x |0 sectors -

2 T Carleton
Outer Radius 235 mm

Stereo Angle €

The OPAL Vertex Detector

f i ‘:
Length 1000mm  /ffyis' & LA : by

J. Michael Roney

A thesis submitted to
the Faculty of Graduate Studies and Research 3
in partial fulfilment of ‘
the requirements for the degree of

Doctor of Philosophy

OPAL.: Vertex Detector

N

chamber

T T— Microvertex
detector
e
Z chambers
Solenoid and A

& X pressure vessel
Presampler
Forward Time of flight
detector detector

Silicon tungsten
luminometer

The Central Z subdetector surrounds the Central Jet (CJ) chamber and makes precise measurements of the z position of a
particle's track as it exits CJ. CZ is made up of 24 chambers each of which is 4 m long, 500 mm wide and 59 mm thick.
Each chamber is divided into 8 cells along the z-direction, each cell contains 6 sense wires lying perpendicular to the z-
direction. Its resolution is 300 ym in z and 1.5 cm inr-¢p.  Nucl.Instrum.Meth.A 265 (1988)

The vertex chamber is a 1 m long, 0.47 m diameter
cylindrical drift chamber which is segmented radially
into an inner layer of 36 cells with axial wires and an
outer layer of 36 small angle (4 degree) stereo cells.

The axial cells provide a precise measurement of the
position (50 microns) in the r-phi plane. A coarse
measurement of the z-coordinate can be made by
measuring the time difference between the signals from
the two ends of the anode wire. The combination of
axial and stereo cell information provides a precise z
measurement for charged particles close to the

interaction region.
Nucl.Instrum.Meth.A 279 (1989)
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ZEUS @ HERA: 19922007
Central Tracking Detector (CTD)
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In 1994, the CTD working gas was a mixture of Ar (85%), CO9 (8%) and
ethane (7%), bubbled through ethanol. The single hit-efficiency was around 95%,
while the single hit resolution was 260p. For isolated tracks, the tracking efficiency
was better than 98%, while for multi-track events it was at least 95%. The momen-
tum resolution for full-length tracks was:

6(pr)
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(1) Sampling calorimeter

2) CALORIMETRY

absorber plates

/ l \ detector planes | ABSORBER
- Hi DENSITY ABSORB T RTTR
ARSORBER SHOWER TR E< i
i ¢ ;‘ < : p, n, Tc, K,. oo
'L‘O(’J ‘DE'NSIT\/ hadron % Ve : = *E ----------------

DETECTOR — CounT a T &\ :

PARI!CLE i 5 . ' 7 E | N |

XI(NES S . A 1

Heavy fragment

E.M.
COMPONENT

, HADRONIC
COMPONENT

HE?ﬂL/ Liow1d ARGEN
]

_CHARGE  SENSITIYE AMPLIFIER

ABSORBER | condexits )
.

LIOHT DETRCTOR

ARSoRLRER
RATE S

SCINTILLATOR

f [ ervssion ol
| wawirngths Ay )

T WAVELENGTM  SHIFTER
[ Duovescen!  emission
ol Ay > 3 )

— — ANALOG  S:0NAL

¢ Different response between electromagnetic interactions
(e) (ionisation) and hadronic (h) (inelastic interactions
energy lost to nuclear binding in e.g. Fe).

¢ Optimum resolution e/h -1. -> ZEUS Depleted Uranium

(2) Also Homogeneous calorimeters
(Not shown, see OPAL Pb-Glass, CMS ECAL PbWO4..)

PL /Scw" Pu /Scuv7
¥ ’ i ‘ ' h'ce :
- a) b) i T+
5mm Pb 1220 - 3.2mm DU =}
120 .
5mm Scint 5.0mm Scint
2 | 5 GeV " L 5 GeV |
& e/h = 1.3 g e/h = 1.07
© - 80 = -
S 80 [~ 0 o
A i |e/lh~1
= Y 2
0 - L0 - =
0 J‘: 1 1 | 1 1 1

0

pulse height A

6-103

0 I
0 pulse height

L 6-103

3.14 Pulse height distributions of 5 GeV electrons, hadrons and muons measured
with a lead scintillator (5Smm Pb, 5mm Scint) calorimeter (a), and a deple-
ted-uranium scintillator (3.2mm DU, 5mm Scint) calorimeter (b) (ZEUS).
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ZQQQQS ATLAS @ Tile barrel Tile extended barrel
LHC CALORIMETRY \

LAr hadronic
end-cap (HEC)

LAr electromagnetic |
end-cap (EMEC)
\ —
\\\\ ) ‘ :%;
\\\ - \ \ 7

LAr electromagnetic

barrel
LAr forward (FCal)

6/E =al\/(E)® b/E® c

E resolution: a = stochastic term, sample fluctuations, b: electronics noise, ¢ constant (dead material etc.)
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ATLAS LIQUI
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Liquid Argon

(LAr) Calorimeter
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photon identification

= Lead absorber initiates shower

Electron /

= Particles ionize liguid Argon (90K)

» High Voltage between plates
cause ions and electrons to drift 04 |

Optimal filter: E, t
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Canada: Hadronic End Cap calorimeter

Hadronic Endeap (HEC) consists -~ Qp the insertion stand, Aug. 2004

of two wheels. The front wheel
has copper plates of thickness
25mm, while this is relaxed to
50mm in the rear wheel due to the
lower energy resolution
requirement; the distance between
the copper plates is 8.5mm. Each
wheel consists of 32 modules. The
HEC is 10\ deep, and has a lateral
modularity of An x Ap =0.1 x0.1
out to pseudorapidity of 2.5, and
An x Ap =0.2 x 0.2 beyond 2.5.

“Indt 3.2
— O a(%) 70.741.5
(%) 5.9+0.1

40
70.5%1.5
57102

1.8
A a(%) 71.241.4
b(%) 6.010.1

0 25 50 75 100 125 150 175 200
Energy (GeV)

Achieved design 50%
resolution VE (GeV)

1
& 3% < — (jets) < _100%__ o409

V E (GeV)




TRANSPORT OF 1 ENDCAP CALORIMETER

TO ATLAS UNDERGROUND PIT, CERN, SEPTEMBER 2005
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ENDCAP I[NST ALLATI[@N N AT LAS
W’ //

Ldlllr‘lmLt( rs

Forward
calorimeters

Elcctromagnctic
end—cap calorimeter
.

Cryostat Feedthroughs
; (U.Victoria, UBC, TRIUMF)
87 “The design is based on gold plated

conductive pins insulated and sealed by
ceramic or glass inserts in a stainless stee
carrier. The carriers are then welded into
the cold and ambient (temperature)
flanges. A total of 1920 signal and
calibration lines per feedthrough assembly
is required.
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ATLAS Forward Calorimeter (FCal)

Carleton University,
r f \ University of Toronto
| I‘

-"""R‘ )

FCal1 FCal2 FCal3 Plug3

4."’

& & Assembly
at CERN

iy )

FCAL Covers the high pseudorapidity regime 3 < Inl < 5.

. 1

Most challenging issues are radiation damage resistance,
reliability, and the resistance to space charge limitations.

FCal1

Annual radiation fluence is 1010 neutrons cm=2 and
2 x 100 Gy; the thermal load is 100 watts.

Support Tube

Physics role: ensure hermeticity & tag very forward jets.

Resolution in transverse energy is most important. Due
to the high energy of the particles in this region, the

_ _ _ stochastic term in the energy resolution is not the most
The particle flux in the very forward region of ATLAS . .
requires extremely narrow LAr gaps, to avoid important, and the lateral modularity has to be chosen

problems due to positive ion buildup. narrow gap size such that the angular resolution does not dominate the
is achieved using a novel electrode structure; copper .
transverse energy resolution.

Signal Cables run to rear

tubes, which form the cathode of the LAr cell are set
into an absorber matrix, copper in the case of the EM
module and tungsten in the case of the two hadronic
modaules. Into each of these tubes is inserted an
anode rod, made of the same material as the
absorber matrix. Each rod, which has a diameter

In order to achieve an ET resolution of 10%, the
requirement on the energy resolution is:

slightly less than the inner diameter of the tube, is o . 70%
positioned concentrically using a helically-wound fp— (JetS) S ) 7%,
radiation-hard plastic fibre (PEEK), which maintains a E E (GeV)

very narrow, annular LAr gap. This gap size is 250um
for the electromagnetic modules, and 375um (500um)
for the first (second) hadronic modules.

and the lateral modularity is An x A =0.2 x 0.2.

271



EM Endcap Calorimeter
and presampler

Hadronic Endcap
Calorimeter

EM Barrel Calorimeter |
and presampler

7 | !
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Insertion into
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ATLAS hadronic tile calorimeter
(TileCal): p
PMT

Measure light produced by
charged particles

In pIGSTiC scintillator. //// ) ////// \
N Verticaltites
/ W

cintillator  simplify

/, construction

y
/

NH
// / /// resolution for
i

hadronic

showers
TN Plastic scintillator
| . .
/A Mean free |||- ' inside STC@I
path between II

inelastic '

absorber structure

collisions

| A A R .+ 2 fibres / scintillator.

\q 0) "'ll i  Bundle fibres to form

Ll cells of 0.1 x 0.1 (n,0)
Particles | » 2 PMT’s per cell

Performance: With em calorimeter, precise measurement of hadrons, jets, taus &
missing transverse energy (ETmiss ) w. jet resolution o/E ~ 50%/,/E [GeV] @ 3%, o
response linearity within ~ 1% up to few TeV energies and good ETmiss. 23




Mechamcs

Lammated steel

Insert tiles in module Insert profiles with fibres Fibre routing
24




ONE TILECAL BARREL MODULE

.

0e/E = 52.05%NE ® 3.02% @ 1.59/E

* Cell weighting

025 03 035
1N\E,,.m (GeV'?)

£ ATLAC e =N
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12TeV jet
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Calorimetry R&D in CALICE at McGill

Group led by Francgois Corriveau (IPP/McGill)

Main activities on very high granularity detectors (few cm?):

Started in 2006 working on the Analog Hadronic Calorimeter
(AHCAL) with simulation, alignment and performance analyses,
in situ track segment calibration, new algorithm techniques..

With NSERC funding, McGill joined Argonne (ANL) to design,
build and test the novel Digital Hadronic Calorimeter (DHCAL)
prototype until completion. Several publications followed.

Now on the improved AHCAL with added accurate timing
information for each hit to discriminate background and further
particle ID. The new CMS forward detector is based on this
technology.

Enuies 4540043

K LFH

TRy ar T T“‘,T i Jysh
(R

1N

Hit energy [MeV|
vl dag

20

HQP on detector R&D:

w INSTITUTE OF
we B % PARTICLI 6 graduate students
W/7 o B PHYSICS 17 undergraduate students

Funding since 2010:

NSERC individual Discovery Grant renewed (-2024)
2x contracts with ANL for visiting M.Sc. students

5x DAAD German summer student awards

6x NSERC USRA summer student awards

1x Mitacs Graduate Student Award for Germany

2x DAAD 3-month fellowships at MPP Munich (FC)

CALICE Collaboration on calorimetry R&D:

18 countries, 60 institutes, 350 physicists/engineers
Originally for ILC experiments, now also generic R&D

20



3) READOUT ELECTRONICS

\ \ .
Input / —— Output
with

Sensor
Load _]_ Preamp Differential Shaper Comparator Digital Translation
Amp
¢ Example of hit/no-hit readout for tracker
. Vt%zreshold
Noise Occupancy < exp — ( )

202

A
Q

> Vireshold © SEttINg of comparator

® Example: if expected occupancy - 1% (e.g. ATLAS silicon tracker occupancy)
TR Vthreshold/o- - 4 ; 1 (Slgnal/NOISC)

¢ Typically require S/N > 20:1

27
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Example of Front-End Electronlcs T|IeCaI Y
(More examples in ATLAS upgrade) " Ny

* Process 10000 PMT signals

- Effective 16 bit dynamic range L S
— Upto2TeV in a single cell A o
— Down to 30 MeV per cell » AN

* Readout should not degrade

calorimeter energy resolution

— Electronics noise low when
merging cells into jets

« Radiation-tolerant >10 years
* Provide Level-1 Trigger tower sums

 Electronics located in 256 “drawers”
— Each 3 mlong, 50 kg

: <~ 6 —
PMT drift over LHC Run & | ATLAS Preliminary = oy o
- £ | Tile Calorimeter . ::::c -
2 monitored at % level & “aun: R — 3
E Luminosity E
a o E E p E
. . \ § 2 o w . Y 3
3 Calibration systems R e 3
< L N T imva T e A 2
e I N B e P 5
Integrator -2~ AT n % g %
- Read-out ; Py, ' > £
. o ' (Cs & Particles) -4 Py d P Y, ; a\ﬁi g
Particles Ca101j1meter PhOt(r)I'I:tl:;tslpher _6:_ ' '|\, "‘_, 20 E
----- > 1.5 Digital Read-out TR ome e %7 uro @y
:' :' " (Laser & Particles) Time [dd/mm and year]

" Figure 2. Drift of the PMTs reading out the three longitudinal

Laser light Charge injection (CIS) layers in TileCal as a function of time during the LHC Run

2. The grey area represents the integrated delivered luminosity
during Run 2 [3].
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4) DATA ACQUISITION

g7 LA, 8
=4 RUtherford at McGill,1905:
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10 CERN 1974]  ERASME® :
BC 70 mm film measuring system CERN 19

¢ Bubble/cloud chambers: DAQ was photograph. Spark chambers (1964, Cronin & Fitch CPV) 1 trigger level camera

¢ e+e~: LEP: 5-10 Hz accept almost all collisions, CLEO III few 100’s Hz

¢ Hadron colliders: Tevatron Run 2 2-20 MHz beam collisions 2Hz trigger rate output Run 1, ZEUS eps: 10**7 Hz -> § Hz, ATLAS
400 Hz output rate.
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: ZEUS

The Zeus Third Level Trigger Hardware Architecture and the

Control System

D.Bailey, D.Bandyopadhyay, F.Benard,S.Bhadra,
F.Chlebana, M.Crombie,R.S.Orr,C . Sampson, R. Teuscher
The Zeus TLT Group,

Department of Physics, University of Toronto,
Toronto. Ontario, M5S 1A7, Canada

Third Level Trigger (TLT)

The ZEUS third level trigger system consists of parallel branches of Silicon Graphics
355 RISC servers. Each server has a 36MHz processor, 32MBytes of memory, and
a 200MByte disk. The Third Level Trigger interface with the ZEUS Event Builder
comprises six VME crates, each containing a triple ported memory from which the
trigger nodes read complete events via the Fermilab Branch Bus. The Branch Bus
is connected to each node through the single VME slot in the 35S. The system
is divided into six branches corresponding to the six Event Builder crates. The
processing nodes output accepted events concurrently through the Fermilab crossbar
switch to a VAX cluster and an IBM mainframe. The event I/Q in each branch is
controlled by separate input and output mangement processes. The allocation of
hardware resources and supervision of the overall job is done by a job manager

kT

E NVIRONMENT

Component | F/E

Component n F/E

17 subdatectors
cTo cree
gl 10 GB/sec
‘ [ — 5 usec pipeline
Local Local readout and local FLT}
FLT Tl os
Global Gibal FLT
TsiLevel q’ukn') -)i k".}
equnpm} Trigger digizing
£ ) compressing
acc/reset I J ‘ * ¢ I acc/resat formatting -f#w ’Ls
> 100 MB/sec
i C i [ 33
= \ pipelined local SLT
— = .
comp, D'gilizm' SLT Digitizer| lecal equip. computer
Buffer
E“"‘j ? Global SLT
2nd Level
Taupm Trigger ikl-l; - (00 H!
o :
10 MBisec .cew & m,
LAN / Y .
Event Builder collecling subevents |-
'—— via TP network
ocomp.
CTD s+ |CAL seserseee
nr

computer farm of SGI

D. Bailey, D. Bardyopadhyay, F. Bénard, S. Bhadre, F. Ckiebana, M. Crombie,
G. Harmer, R S. O, C. Sampson, R. Teuscher M. NagyP, BS. e © Sampson. GG Stairs. R Teuscher

TLT was needed on day-1!

process.

The Use of the ZEUS Offline Event Reconstruction Code
in the ZEUS Third Level Trigger System

F\RST Tt Cut @ Seark CUT
. EYen*s +r|'33ered on lamge calorimeter energy
1 PMT . lq‘-qe sfana,l

paired ligybl -
pap, | MRS L i o

* Cut of Hhis nature not Lorseen v origimal
'h-{ﬁser duiah

CELL

*FLT : hardware changes

eSLT @ Could n pr{hc.lpl'c cut  bat
processors designed +o see
calorimeter cells, not  PMT1s

eTLT  : full vaw data available

calorimeter veconstruckion code
easily modified to flag ,then later cut

Tndependent amalysis code run offline

to Vevic\/ g™ aLgo"\“\'“ and defermune sd!d’l

Alber eybensive offline checks, TLT sharted cuttin
30% raw event reduction

A High Speed DMA Extender for the ZEUS Third Level Trigger
Silicon Graphics 4D/35S Processors.

D. Bailey, 1. m»m\vxgnﬁyay_  Bénard, N Bhadra, F Calebana, M. Crombie,

Now cut +mns+'eﬁ to SLT

e Ccmpm‘er Parm 30 RISC commercial proc-
7 10% MIPS
¢ BEvent proce 8sing hime looRe = > ~300ms
30 machwmes average
¢ Memory 32 MB  (upper limit on cede sine)
CHEP 1992 . ..., . s
Forrran ‘K' :
CERN packages She
|2 (] AA;AJI
Onuive  Bacwarouns
Rk‘.bwhml
N THE
LEUS

l'wep LEVEL Triager

LEus Twed lever Tewkee Gaoup

Second TLT Cur

Timing
e
FeAL gCAL
e i P P
Jet
ﬁkﬂl."'o 6&4‘_"' o 6[2‘!-‘0 6“4‘_ ~_ 12
PHYSICS BACKGROUND S

*ZEUs calsrimeter provides particle arrival fmes

(few Gev energy) with resolutton ~ | ng

Beam 6AS « [t ~tecar—12] £ 8 and [y,
H+H2[£8
PRYSIES ¢ [dpear= boear | £8 and [toeas [£3

efse wnknawn 'Hmin‘,

2 Alaofh‘l\m 1.ut'ddy inplemented n TLT I day
most +ime spent W physies +eching

~ | me

o FORTRAN => any physieist may eyamine

oFFuNE | 1
A ‘

FLAGS \

=" ANY CHANGES

* CUT approved TLT prescales ‘o as further check

~ 300 ms

500 KB/sec

transfer data to IBM

2GB buffering
VAX 8700 Run Control
WVAX Data Monitoring
Run Contrel
1BM 2090 10% cartridges / year

s storage

Qutline of the ZEUS data acqusition system
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SOME OTHER EXAMPLES OF DATA ACQUISITION
¢ ATLAS Transition Radiation Tracker (TRT) Readout Drivers (G. Gay et al UBC)

* 52,544 straws V e
gy -\ ‘

* 3 layers of modules

* 32 modules (phi sectors) per layer

* Shaped funny so no radial dead spots
* 73 layers of straws per sector

* Axial only, no stereo for z extraction

* 7mm straw spacing (4mm diameter, so
~55% coverage)

? \
Y 4 7\ =

* ™36 hits per track 350k Strs‘ o - |
16
new event » Front End » Patch 100 m
Electronics _ Pl
g @40MHz
> ~1Tb/s data
@40MHz Rate
N (no FE zero
10m
Suppress)

High-speed
optical links with serialized
data —

L2 Buffers
and trigger

RODs
/ .| (Readout

Drivers)

‘IllJJDJUHJlHHJJIHIIIJJHlb‘

R ¢  ATLAS FELIX Front-
=8 ¢ ~]100 VME boards, each with 8x1.6 GHz End Li.nk EXChange
(N.Ilic et al / IPP/

optical inputs receive digitized data from
each straw (27 bits/straw/trigger) Toronto) - see Dune talk

e Check for errors (single-event upset, data
format errors, etc), Buffer data

e Compress, based on the entropy of the
data using specialized chip developed for
internet routers.

NI
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S) THE
FUTURI

L4

+ luminosity
monitor
upgrades

System Now: Phase-I Future: Phase-ll
Muon New Small Wheels (NSW) Muop chambers for inner barrel
Continuous readout.
Tracking All-silicon Inner Tracker (ITk) w. |n| < 4
Sl e Level-1 (L1) trigger LAr: Continuous readout
electronics Liquid Argon (LAY): Tile Calorimeter (TileCal): Continuous readout
Timing High-Granularity Timing Detector (HGTD)

Trigger hardware L1 rate 4 1 MH
. _ High ity e/y tri rate increased: y4
Trigger / DAQ SISTRES S IgTe High Level Trigger increased: 10 kHz

- Lower forward muon fake rate 32



Upgrades to Calorlmeters

Super Cells

Trigger Towers
AnxA® = 0.1x0.1
i‘o
30
ok
i

Run1 &2 >

E,(GeV)

Layer
AnxA® = 0.1x0.1

Run 3

* Phase-1: LAr trigger electronics with
higher granularity “Super Cells”,
longitudinal shower information

* Electrons: high efficiency & reduced
trigger rate

e Jets: Improved resolution

 Phase 2: LAr and TileCal data streaming

at 40 MHz, radiation-tolerant electronics
33

Trigger Efficiency

llllllllllllllllllllll

104;_ electrons

L1 Rates [kHz]

Phase I: Rn, W _cuts
n.2

- 2 Phase R, w_,f cuts

rrr TP T rrrp ey lllll

8 ATLAS
Simulation

- A . Vs = 14 TeV,u = 80
21 + e .-
1 0 = o, Electron efficiency = 95%
- i ®e

lllllllllllllllllll

lIlII | llllllll | Illlllll
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CERN-LHCC-2013-017

| ATLAS Simulation
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Jets
0.6
04
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e Default Sliding Window

e Super Cell Sliding Window
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Spacer — 40 mm

sTGC — 70 mm

Double faced drift —

20 mm

(see also dedlcated talk on ATLAS) Big Wheel EM

Thin-Gap Chambers, primary trigger, | |
< 1 mrad resolution H
|

MicroMegas, primary tracking,
resolution < 100 microns

New Small Wheel I:
N
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Now data taking at CERN




Future Challenge: Radlatlon Damage

'g — ATLAS Simulation Prelim o | g ATEAS Simulation Preliminary
~ 100 FLUKA + PYTHIA8 + A SiT 100 EOKA + PYTHIAS + A2 tune
i 107 Qi — T ITK Inclined Duals 10"7
80 é’ 80
6 9 16
60 10° 8 50 Fluence 10
o i
£
40 2 40
10° 2 10"
20 g 20
af
% 50 100 150 200 250 300 350 400 10" 1 0050 100 150 200 250 300 350 400 10

(0,0) = pp interaction point z [cm] z [cm]

The inner tracker |(I'Tk) must continue to perform at the High-Luminosity LHC (HL-LHC) up to 4000 fb-!
(except Pixel Inner System replaced @ 2000 fb-1.):

> Detector Sensor technologies (Si planar, 3D, diamond) qualified for: (3-19x1015 neq/cm?, 2-10 MGy)
- NIEL (Non-Ionizing Energy Loss)

—> bulk damage (trapping centres), depletion voltage and leakage current increase

> Front-End Readout ASICs (Application Specific Integrated Circuits) qualified for:
- TID (Total Ionising Dose) —> surface effects, transistor damage and ageing effects
- SEE (Single Event Effects) induced by heavy ions and hadrons —> either soft errors (no permanent
damage: Single Event Upsets,... ) or hard errors (permanent damage: Single Event Latchup)

> Material (cable, glue, composite...) must be qualified
- TID can compromise chemical/mechanical integrity 36

Si 1 MeV neutron eq. fluence [cm2/ 4000fo]



ID (today) = R e o B B R N
%, £ 1400 ATLAS Simulation Preliminary —
"‘ \\\ Phase 2 & " 1Tk Layout N
“\ ..". \ = 1 200 _— n - 1-0 —_
TRT _ Tracking - ]
TRT = R N ) 3
(Transition : / n=20 -
Radiation — / ) ]
Tracker) T_'_/_-_ V- -
- / - ~
f / -""—.- — ‘/ ///’ —
\"' [ T /// P ] B
|- ——_/,// |
< A - ~ n=30
1066 563 514 7{:\\\‘?‘:&/{,:/:/ Il Il |l I I L_,LL fr!’f:/r -
LAt T T Ty e =40 7
........ ot e T
......................... - 0 500 1000 1500 2000 2500 3000 3500
ITk Pixels ................ Tk Strlps S )
e 5 parrel layers + 5 EC (EndCap) .
e Inclined sgnsors * 4 barrel layers + 6 EC (Endcap) rings
e Covers |77| < 4 (was 2.5) * Silicon microstrip modules with small
. 1st] gS ¢ b. r stereo angle provide 2D measurements
Stiayer oo mm from beamiine 4 Higher resolution than Run 2 TRT
(

Higher resolution than Inner
Detector (ID) pixels

High-Luiminosity LHC (HL-LHC)
200 interactions/bunch crossing

ATLAS-TDR-025, ATLAS-TDR-030



https://cds.cern.ch/record/2257755/files/ATLAS-TDR-025.pdf
https://cds.cern.ch/record/2285585/files/ATLAS-TDR-030.pdf

SILICON MICROSTRIP
SENSORS

e Advantage: pitch of O(100) um
' vs drift chamber spacing ~mm,
scintillator ~ cm.

300 1m pitch
Pisa -

Readout electronics
(S/N typically > 20)

CERN SPS
experiments

25-200 um
<>
A
D" implant 300-400 m
at ground
n* implant v

A

/'

Al at ~100V




ATLAS ITk Strip Overview

€
L,
o 100 - -
80 Layer 2
rip Barrel
Layer 1 St P arre
60
T T O
Layer O a
40 (&
S— 4 7T 1T ¥ ¥ ¥V Yy Al h Al . #
20 ; AL S A L & 3 oa A i i i
1 % % Al l l I —
‘—11111111‘11‘11F| |'I T I | ) i |
00 50 10 1 50 200 250 300 350 400
Z [cm]

Barrel: 4 barrel layers instrumented with modules on the two sides of the stave local support
Endcap: 6 disks instrumented with modules on the two sides of the petal local support

- Readout ASICs

Polyimide Hybrid —————> ¢ ) -

o . ) - Silicon Sensor
Polyimide Bus Tape —> _ Carbon Fibre # of modules 10976 6912
Carbon fibre Facesheet
closeouts >! g g ! # of Local Support 392 384
C-channels
( ) = ; = Surface [m2] 104.8 60.4
High Thermal Conductivity Foam Carbon Fibre Honeycomb Titanium Cooling Tube

Endcap: Petal is loaded with 18
modules = Length ~ 6ocm

Barrel: Stave is loaded with 28
modules 2> Length ~ 140 cm

39



Strip Sensors

* n-in-p float-zone sensors with p-stop
isolation, ~320 pm thickness
« 8 different sensor types (2 barrel, 6 EC)

V' Sensor produced by Hamamatsu.
* Mini sensors and other test

structures on each wafer.

v Sensors during production probed
in Canada (Carleton, SFU), mini-
sensors tested in Toronto after
Irradiation

v' Pre-production completed.

v Productlon underway

25 ——r—rrrry
|
;i | Punch-through protection
—~ 20 F . Vb=500V Poly-silicon bias resistors
£ .~ ITkTDR T
= DC-coupled pads
= 15 - -
6 A— A7 Neutrons ‘
- _—:—_ A7 70 MeV Protons ik
[0} A7 26 MeV Prot ) ol
8 10F Tl =ik - Guard rlng
= - @ - A12A Neutrons |
8 - & - A12A 70 MeV Protons |
| --m--A12A 26 MeV Protons I A
S | : 3‘3‘.s (8 HIRTi T
B A12A 800 MeV Protons |
@ AT2M 70 MeV/ Protons ! 1 Since the radiation induced impurity in
0 1 10 100 silicon contributes dominantly acceptor like
Fluence (10" n_ cm™) states, n—in—p devices are non-inverting.

Charge collection efficiency vs fluence 40



DC-DC
converter

k Strips Module

Power
board

veay |T
e,

HCC Front-End (FE) ASICs:

ABC130° ABC + HCC
Hybrid

Wire-bonds

Glue Hybrid: PCB containing
ASICs reading out silicon
| < microstrip sensor
Sensor ocsrons § - § Trcma

3-row wire bonds from [ PP1 [seesssccccccccsssscsccccssscnsccccccnsccccccccces,
sensor to ASIC EDCS@M‘"I 1““[’“'3 TTC/Data
| = N
i xu“ : :%J; - g ::*
\m\ “\\wx\\\\t\x\x«m-\‘b E - =
: IPGET ABCstar ABCstar
Sensors: Silicon microstrip | [coma tj:j; =
sensors, 10x10cm, ~300 pm N ==
thick, 75 pm pitch : * = ]| o
Module = hybrid + sensor , pacsa | “1ree] | haca
groups of modules -> barrel ; ]
stave or EC “petal il o DCS/Power



ITk Strips Front-End ASICs

Technology: GF (ex IBM) 130nm

ABCStar CMOSB8RF technology

AMACv2a

HCCStar

Star
architecture

ABCStar

ABCStar

Wafer with pre-production ASICs

ABCStar

ABCStar

ABCStar

ABCStar

ABCStar (ATLAS Binary Chip)
die showing 1/O -
and 4 rows of front-end pads —#

ABCStar

ABCStar

ABCStar

ABCStar—¥Hccstar
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Constant Increasing

FLECTRONICS ety Koo e
LR TTM

'0
. Wear Out

Failures

[
ke
o

)

L
=
o
(5

“Bathtub curve”

Electronics burn-in systems (ATLAS ITk - U. Montreal / Toronto )
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N\ SN
CLECTRONICS AN
A A
E Dose Rate Temperature
0.45— 0.6 k
= 23->12kRadhr  -10C
04— B 2.3 kRad/hr 30C
2 0.35 M 2.25 MRad/hr +20C
~ F 2.25 MRad/hr -15C
e — BN 62 kRad/hr -15C
03[
< —
e 0.25 —
S —
8 0.2
0.15 — :
= Ll
0.1 / -
=/ -
0.05 — / e - — -
: 1 L 1 l L 1 1 1 I 1 1 1 l 1 L 1 1 l 1 L L I | 1 1 1
% 1 2 — 3 3 6
TID (MRad)

R. Hunter, MSc thesis, Carleton, 2017

+ Canadian IPP CERN summer student + Canadian grad student + RT

POLYSILICON

RS

OXIDE

For o+ o+ 4 o+ 4+ o+ 4+ 4+

N+ SOURCE

N WELL

—
LEAKAGE

SUBSTRATE
Faccio, Int.J. High-Speed Electronics (2004)

) RADIATION

& ¢
v

TID bump” ASIC digital current increase vs
Total Ionising Dose (here with prototype

13onm ATLAS ITk CMOS vs ASICs)

* Formation of parasitic pathways in transistor
logic - well known phenomenon “rediscovered"

¢ Fixed with enclosed transistors in final ASIC

Gate Contact Field Oxide

Source Contact

.

Drain Contact

\
\
\

Figure 12: NMOS Transistor with Enclosed Geometry

The field oxide has been cut away except under the

source & drain contacts and the gate & gate oxide cut

away In the front segment to allow a view of the

enclosed structure with the drain enclosed by the gate

which is in turn enclosed by the source. .
Grillo
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Module (endcap RO)
With FE chips, sensor
and hybrid (DC-DC
converter, power
board, HCC chip)

v Modular concept of components:

designed for mass production from -
the beginning (industry standard
design rules, simplified
construction,...)
» Assembly & testing @ multiple sites
« Simplifies final assembly '
» Earlier test of full system Canada is building about 2% / 6

endcap disks (1500 ITk modules)

SOrs Hybrids Modules Petal Loading EC Assembly F i /,,/w;,
DESY |  DESY " ¢ i TN
) 4 Endcap loaded local
DFSY | " support with carbon
DESY/Berlin s I core and modu!es
E ! Berlin gl@uble- sided
Dortmund | 2 DESY
, o] Dortmund
Freiburg ; ' —Fr—oi_b:“.é_—l Freiburg - - . -
E | : R1,R3 R4 : . I ' Endcap
! | /\uusitra‘l.ia ' \\ /.‘ .ﬂ global
' L sRLRe | | 0”. o support
I N
: .| ECanada - N
1 W, K3
@ E N V\/Canada NIKHEF
: 11,KZ2,R4,KD
I
: J Czechia
" > R2 R4
Canada ' Spain
| ; ‘ Example for EndCap
16 Scandinavia »| Scandinavia Construction Flow




Collaboration with Canadian Indust

ITk has also been working with a Canadian
industrial partner to automate the process of
hybrid production. In industry, mass
production involving IC/PCB mounting
universally done by robotic machines know
as “die bonders” or “pick 'n’ place”
machines.

Here you see the example of ASIC
attachment to the PCB hybrid using UV-
cured adhesive.
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ASIC Wafer Probing and Dicing in Canadian
g Carleton Industry

UNIVERSITY

Canada’s Capital University

3018 }J]jVM 5 @@ é‘,“’ °.

Custom ITk probe Card

PI\/IU = Parametric Measurement Uhits

Close to Carleton - group members embedded in industry - accessible

- rare In industry used to customarily large volumes 1000’s wafers
49



Petal loading
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Luminosity and Beam Protection

BCM TOF concept ﬁ»—-u _y&!
e Collisions: in-time T

= d’

v 1. Beam Conditions Monitor Upgrade (BCM’)
v' Provides Fast (bunch-by-bunch) safety system for

ATLAS, Luminosity measurement and Background » Background: out-of-time _ischuketal

mor"to r| ng T - Collision event "
v Inner Pixel system: Separate ring; 4 stations per "'}g—-ﬁ e | =

side with abort, lumi BCM’ and BLM. —

BCM’
stations

(o R

(9a)
N
-
—

D~

-5
e
= = -

2000000000

dedeooces

BB L

-
-

RO% () 625 At[ns

pCVD dlamond chosen as
sensor material

—

P

* robustness (no cooling), low C,
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negligible /, fast signal,
radiation hard

6000000, e )

“ne
vOrMRL ot el e ' ( <
. :!ﬁ'u.‘.. .'.. .,,_ . 'f‘ & &0
A P

2. LUCID (LUminosity Cherenkov Integrating Detector) Upgrade Aluminum
Pinfold et al RO
* Replace all PMTs with MOD-PMTs
(modified: Aluminum ring deposited
on inside of windows)
e Reduce PMT acceptance

-> avoid saturation @ high u
* Move detectors to region w. lower flux

Photocathode

Beampipe support cone (Carbon fibers)



Canada &
Medical
Applications

Université de Montréal
collab. with Czech Tech. U

Ubiquitin

Wt
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L
5
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Medipix2 USB Interface

-
ik MEDIPIX PROBE CARD O
EP 680- 1131 650-A

Semiconductor
sensor

Bump-bond
connections &1

- .
L

Medipix / Timepix
Pixels: 256 x 256
Pixel size: 55 x 55 Mmz http://teuscher.web.térn.ch/teuscher/Medipix.ppsx

CMOS pixel

. Single pixel
read-out chip

Read-out cell

Area: 1.5 x 1.5 cm?2 Detector system Single detector
R 52
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SUMMARY: PHYSICS ADVANCES WITH INSTRUMENTATION

® P P L . ® . °
1911 1932 1947 1960ies 1975 First visual detectors
Atomic Nucleus Neutron Pion El.-weak Th. | Tau
E. Rutherford J. Chadwick C. Powell S.L. Glashow | M. Perl ( l d h b h b
Positron Kaon A.Salam cloud cnamper, CNamber,
C. D.Anderson G. Rochester S. Weinberg
® - - ® ® ®
1920 1936 1950 19%3 1982/83 streamer, photogr aphs).
Isotopes Muon QED Nelutral W/Z Bosons 5 -
E.W. Aston C. D. Anderson| R. Fehynman Cugrents C. Rubbia Then mteractlons Of
J. Schwinger
S.T ] ; :
e particles with material to
1920ies _ 1956 T:I 974 Eo
o et hecnics peutrino r create electronic signal:
e (gas detectors, spark
)
1910 1 1
1950 l Lo83 chambers, multi-wire
ch Silicon Strip Det. ;
Spark arppk J. Kemmer proportional chambers,
Chambers R- Klanner cift chamb :
1911 1929 1952 1974 rift chambers, time
loud Chamb incid bble Chamb . .
S G nc e [Bremssemeer T Syeren projection chambers,
° 928 1971 straw tube).
Geiger-Muller 1937 Drift Chamber
i Cuigar Nuclear Emulsion PR ey Now semiconductors.
o W- Miller .M' Blau & B- Scharlein

¢ Could only cover a small sample, many others (SNO, T2K, SuperCDMS, Belle, BaBar, DUNE,
fixed target, ... see dedicated talks for more). !

¢ Surprises happen (e.g. failures in optical links - VCSELS (vertical-cavity surface emitting lasers) b
on-detector, likely due to humidity. Unexpected wire bond corrosion (humidity)...

¢ Accelerators often exceed design luminosity (ATLAS SCT still running past design lifetime).

¢ Plan B is necessary and very likely will be used! (e.g ZEUS TLT used much earlier than expected).

¢ Design for radiation hardness crucial for LHC detectors (ASIC triplication, SEE/SEU tests).

A

¢ Collaboration between universities, laboratories & industry part of Canadian success story: ,Canadian ITk petal

551



REFERENCES

¢ A. Goddard, MSc. Thesis, Toronto, 1975 “Strange Particles Produced by m+ p collisions at 10.3 GeV”
SLAC fixed target (Toronto/BNL)

¢ D.Gingrich, Construction, assembly and testing of the ATLAS hadronic end-cap calorimeter, JINST May 2007
¢ D.Axen et al, Signal feedthroughs for the ATLAS barrel and endcap calorimeters, Review of Scientific Instruments 76, 063306 (2005)

¢ PKrieger, The ATLAS Liquid Argon Calorimeter Construction, Integration, Commissioning and Performance from Selected Particle Beam Test Results

¢ ATLAS Canada: https://www.atlas-canada.ca/cryr.html

¢ F.Faccio et al, TID effects in 65nm transistors: summary of a long irradiagon study at the CERN X-rays facility, TWEPP 2015

¢ O.Gildemeister et al, “ An economic concept for a barrel hadron calorimeter with iron scintillator sampling and WLS-Fiber readout ”, Calorimetry in HEP, Capri, 1991.
¢ A.Grillo, Primer on Detectors and Electronics, Jan 1999

¢ R.Slime, Marietta Blau in the history of cosmic rays, Physics Today, October, 2012

¢ R.Orr, Overview of the ATLAS liquid argon calorimeter system, November 2002.

¢ R.Orr, J. Martin, lecture notes, Toronto.

¢ A.Henriques, The ATLAS Tile Calorimeter

¢ G. Di Gregorio, Long term aging test of the new PMTs for the HL-LHC ATLAS hadron calorimeter upgrade.

¢ Giulia Di Gregorio, HL-LHC ATLAS hadron calorimeter upgrade

¢ J. Martin, From quarks to neutrinos, CAP, 2015.

¢ https://atlas-fcaltb.web.cern.ch/FCal_Info/index.htm

* A.Bellerive, Carleton, private communication

>4


https://www.atlas-canada.ca/cry1.html
https://atlas-fcaltb.web.cern.ch/FCal_Info/index.htm




Si Strips: Radiation Hard n-in-p Silicon Sensors

e n*-strip in p-type substrate (n-in-p) Guard Ring
— Collects electrons v/;—Bias Ring

» like current n-in-n pixels SiO, n*
« Faster signal, reduced charge trapping
— Depletes from the segmented side p-spfay or p-stop ((H\T

« Good signal even under-depleted
— Single-sided process p- bulk

« 30-40% cheaper than n-in-n

« More foundries and available capacity world-wide

— Easier handling/testing

» due to lack of patterned back-side implant
e Collaboration of ATLAS with Hamamatsu
Photonics (HPK) |
— ATLASO7

— 9.75x9.75 cmz2 sensors (6 inch wafers)

— 4 segments (2 axial, 2 stereo), 1280 strip each,
74.5 mm pitch

— FZ <100>, 320 um thick material

— Miniature sensors (1x1 cm?) for irradiation
studies

¥ NGZL

< Axial

P2

P3

97.54

P4

P5

s Iereo

P11[P10
Inlatures

Y. Unno, et. al., Nucl. Inst. Meth. A, Vol. 636 (2011) S24-S30
ATLASO7 sensor to study axial and

(ATLAS12 qualitication done summer '14)  stereo layouts s6



Table 5.1: Number of components for the ITk Strip Detector in barrel (top half) and end-cap (bottom
half). The numbers for the barrel are for the full barrel with 2.8 m length. The numbers for the
end-caps (EC) are given both for one and both end-caps.

Barrel Radius # of # of # of # of # of Area
Layer: [mm] staves modules hybrids of ABCStar channels [m?]
LO 405 28 784 1568 15680 4.01M 7.49
L1 562 40 1120 2240 22400 5.73M 10.7
L2 762 56 1568 1568 15680 4.01M 14.98
L3 1000 72 2016 2016 20160 5.16M 19.26
Total half barrel 196 5488 7392 73920 18.92M 5243
Total barrel 392 10976 14784 147840 37.85M  104.86
End-cap Z-pos. # of # of # of # of # of Area
Disk: [mm] petals modules hybrids of ABCStar channels [m?]
DO 1512 32 576 832 6336 1.62M 5.03
D1 1702 32 576 832 6336 1.62M 5.03
D2 1952 32 576 832 6336 1.62M 5.03
D3 2252 32 576 832 6336 1.62M 5.03
D4 2602 32 576 832 6336 1.62M 5.03
D5 3000 32 576 832 6336 1.62M 5.03
Total one EC 192 3456 4992 43008 11.01M 30.2
Total ECs 384 6912 9984 86016 22.02M 60.4

Total 776 17888 24768 233856 59.87M  165.25




ITk Tracking Performance

v' ITk layout designed to guarantee
hermetic coverage within |n| <4

* Provides at least 9 hits for all particles with
pr> 1 GeV within |zyerne] < 150 mm

+ Allows for tighter track selection without
compromising reconstruction efficiency

 Maintain efficiency over 85% up to |n| <4, —— |

comparable to Run2 ID at <u> =20

« Improves the fake rate over Run2 ID,
even with a 10x increase in pile-up.

Overall significant improvement thanks to
* Reduced material budget > minimize material interactions

* Increase in overall hit counts - tighter track selection
* Improved hermeticity = more hits, fewer holes
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RADIATION HARDNESS

Table 1: Examples of Required Radiation Hardness
of Two Typical Collider Detectors (From [9,10,11])
For definitions of the units in this table, see the Appendix.

Total Ionizing Dose

Non-ionizing Fluence
(1 MeV neutron equivalent)

BaBar

Inner Silicon Strip Detector 20 kGy Negligible
Outer Calorimeter 100 Gy Negligible
ATLAS

Inner Pixel Detector 500 kGy 10” neg/cm’
Outer Muon Spectrometer 20 Gy 10'% neo/cm’

A. Grillo
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Table 2.9: The maximal 1 MeV neutron equivalent fluences and total ionising dose for different parts
of the Pixel Detector, for the baseline replacement scenario for the inner section. All values have
been multiplied by a safety factor of 1.5.

Luminosity | Layer Location R z Fluence Dose
(cm) | (cm) | (10 Neq/ cm?) | (MGy)
2000 fb ™" 0 flat barrel 39* 0.0 131 -
40 | 24.3 - 7.2
inclined barrel | 3.7 | 259 123 -
3.7 | 110.0 - 9.9
end-cap 5.1 | 123.8 68 6.3
2000 fb~* 1 flat barrel 99 | 243 27 1.5
inclined barrel | 8.1 | 110.0 35 2.9
end-cap 79 1299.2 38 3.2
4000 fb~" | 2-4 flat barrel | 16.0 | 44.6 28 1.6
inclined barrel | 15.6 | 110.0 30 2.0
end-cap 15.3 | 299.2 38 3.5

* Updated in 2020: 3.9 -> 3.4 cm, Fluence -> 188 E+14 neq/cm**2
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Pixel 3D sensors

3D sensor technology has matured in the last 20 years and is now becoming a standard choice where extreme
radiation hardness is critical. In ATLAS, part of the Insertable B-Layer (IBL) relies on 3D pixel sensors.

Figure 4.7: Schematic view of electrode arrangement and charge collection in planar and 3D pixel
Sensors.

@@ Ohmic column v~ S99
1E: 1 electrode / pixel - oF % . /—*\ 3E
2E: 2 electrodes / pixel :E,_ E . oump pad g_
3E: 3 electrodes / pixel o i (e~ g OFTETE
electrodes / pixe ,E’_Di : \.Junctlon column ,C_’i :



Pixel Planar Si sensors

* Thin n-in-p planar sensors: IBL (Insertible B-Layer) in ID today uses
200 um n-in-n planar sensors with 50x250 pm2 pixel cells.

« ITk will use n-in-p technology (single side process) with 50x50 pmz2 pixel
cells: 150 um for the outer layers; 100 um for the inner Layer-1

v' Required performance
* First results show clear operating
hit efficiency >97%

Bias voltage at end of lifetime up to:
600 V for 150 um adive thickness

400 V for 100 pm adtive thickness

RD53A modules irradiated to 3e15 n,/cm?

~ 100
X F ;
V' Market Survey almost finalized 5 99— o = a :
« Tender issued by the end of the year S 98~ = . ’
v' Vendors are optimizing the final design 975 © ‘\ O th1500
- Different biasing solutions allowed 9% = —
il il - T WhER i
Bias Rail (BR) and bias resistor 95 B o Bias(Large Ne)
Temporary Metal (TM) = No Bias(STD N+)
o | ME S~ Large n+ W/ BR o
*  Dimension of the n+ implant g3F " BiasSTONS)
- Small n+ w/ BR | ¢ fameer
920, o
91—
go:l 1 | J | - I | I T — I ) I - I | l | I I L
62 200 300 400 500 600 700 800

Bias [V]




Flex Hybrid, with SMDs ~—__ , Encapsulated wire bonds

Pixel Modules

L Sensor
Solder/Indium Bumps —*

track Local Support —* FE chips
65 nm CMOS
sensor RD53A
v Several module prototype stages have helped to reach Quad Dummy

maturity in several aspects:
bump-bond *  General module design explored with FEI4 prototypes

* Extensive studies with ~ 250 RD53A module prototypes: thermal cyding,
readout serial powering, new demonstrator to explore system aspects, ...

electronics - ITkPixV1 modules coming.

. _ RD53A Triplet Flex
pixel with A, .~0, N__ =500 for Layer 0 .

- ¥ v Hybridization
: * Demonstration of fine-pitch bump-bonding on RD53A successfull.
* Market survey of vendors running for different process steps: bump deposition, UBM, flip-chip.

100% *  (Concem: Thermal cycling causes bump stress, in case of large CTE mismatch
; between flex (Cu) and Si. Observed in inter-chip regions of FEI4 quads.

« Improves with parylene coating of the assembled modules and mitigations in
interfaces and flex design.

Row

200§

100

: Disconnected v FlEX-HYbI‘Id
200 § bumps in FEI4 | _ i : . .
5 modules  Designs for common flex hybrids finished (RD53A)/ongoing (ITkPixV1).

300 i * Reduced Cu content to mitigate CTE mismatch with Si

lll'LlJllJ,[ll Jlllllllllllll

0 20 40 60 80 100 120 140 63
Column




ITk Material Budget

v With the increased surface and granularity wrt ID, X, mitigation thanks
to:

« Strip: DC-DC powering and data transmission with optical links and IpGBT

* Pixel: Thinned sensors and FE, Serial powering, inclined region in the Outer Barrel,
increased readout speed

 Common (ITK and Strip): Light structures, cooling designs optimized as well as material
choice wrt the requirements (precision, stability, contain the thermal run away, ...)

* NB: Material budget is regularly updated as the engineering design evolves

% 3 PP1andencosure ATLAS Preliminary
. =3 - 4 Dry Nitrogen S lati .
<" F li'D:y N,,,ogen e IATLAS U 5 a5k %% Strip services and cooling ITIiTal;oﬁ Ion REd Uced matel‘la|
2 [ %% PatchPanels 0 + 1 g | W - § [ = Stipsupports
5 S ;/-9/-: Elae:tric;r::asbling Simulation : = % .. Strip modules ATLAS-P2-ITK-22-00-00 bUdget versus Cu I’I‘ent
o - === Titanium Cooling Pipes 2l § — Sy vl FrerEooTTT—— = /,'."‘ .
o = W
o . ——— Active Sensors 15 — 7, . . .
E: - A p—— - Minimize effects of
- multiple-scattering and
ook energy losses before
e G i I NN AR B9 OUter deteCtorS'
00 0'51 Ll 1 1 Ll 11 .5I ded 2 ! 2-5 rar & 3 L.-.L-I3.5! l-LJ-4-.J 10 L4.‘.51-l- :
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/ https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/ "
UPGRADE/CERN-LHCC-2017-021/ PLOTS/ITK-2019-001

E L AS ) ITk
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ITk Pixel Overview

Local supports:

— 40— —
= ~ ATLAS Simulation Prelimin|ary ITk Layout - ATLAS-P2-ITK-23-00-00
= 400 — —]
“ = n=1.0 n=2.0 =
350 — | / E
— =3.0 —
300 mekbtl 1111114 11| | R
250 —
200" M“ﬂ \ I I I E Outer Barrel (OB)
o=t A L E
= n=40 - ner System (IS)™
100 sl — —
S0 Inner System (IS) E
O 500 1000 1500 2000 2500 3000 3500
Z [mm]
Pixels: transition from R&D to pre-production L1 Ring LO-L1 Ring

Layer Sensor Thickn. | Sensor Module Modules Replacement | Fluence w/ SF A' N
Type [pm] Size [pm?2] Type installed (2000 fb-1) [1e15 ng,/cm?] o Se e
) 4 ‘
LO barrel 3D n-in-p 25x100 1E  Triplet e /
LO rings 3D n-in-p 150 50x50 1E Triplet 900 Yes 18
L1 Planar n-in-p 100 50x50 Quad 1160 Yes 4

L2-4 Planar n-in-p 150 50x50 Quad 6816 No 4-1




Benefits of Very Forward Tracking: CMS Examples

CMS Simulation, s = 14 TeV, L = 3000 fb™ CMS Simulation 2013 /s = 14 TeV L = 3000 b
[)) T 1 rrrJ]rrrJrrrjrrrJrrrr1rrrrr1ra > ~ ! ' | ' T T T | T T T T T T T T T | r T ! T B
- ' - ()
QL f ® 500 .
-.6 B o ~ Phase |l Detector - PU140 -
0] I Z Lo | [ Conf3:H —»22* -4y =
.g 10°F — o a ] Conf-d:H —2Z"— 4y -
- - T — -
2 - 300 — B Conf-3:Z1ZZ > 4p -
i : B Conf-4:ZiZZ - 4p 7
200 [— =
10°F W) + jets E - .
- — Phase |, <PU>=0 u 100 — ]
— Phase |, <PU>=140 E .
—— Phase |l Conf3, <PU>=140 0
107 — Phase Il Conf4, <PU>=140 - 100 150 200 250 300
é 1 I 1 l I 1 1 l 1 1 1 l 1 1 I l 1 1 I 1 1 ; M4 l,l [GeV]

] |
-6 -4 -2 0 2 4 6
Nets

* Forward jet tagging is very important for VBF analyses

— Dramatic increase in the number of pile-up jets in the region without tracker
coverage

— Tracking in the very forward region helps to suppress the background by as
much as x3-10

 Extended tracking and muon reconstruction up to n~4 increase
acceptance for H—=Z7Z*—=4uu by ~40%
— Golden mode to study many of the Higgs properties



The Phase-Il TDAQ upgrade enables

PhaS€-2 Tl‘igger Upgrade lowering the single lepton Level-0

threshold to 20 GeV from 50 GeV,
(projected threshold w/o upgrade).

Inner Tracker Calorimeters Muon System 1 ATLTDR- 029
® VLR R
O — I P S S o.of  ATLAS Simulation -
1|, , : S = ‘s =14 TeV .
vy [T 2 - rgp—— o 0.8f | W E
O T - U & s Wy £
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e (" Global Trigger %20 20 60 80 100 120
1 : . .
NERE R Event PR Lepton p_ Threshold [GeV]
! ! Processo
: : ! d d Trigger in 3 systems:
Vil : : : 1) Level-0 Trigger
—~ ¥, v 2) Readout & Dataflow
Readout - TP | 5 i
eadou ] CTP < 3) Event Filter
FELX = Front-End Li"",leChange _ 1) LOTrigger Data from the detectors @ 40 MHz
§ ‘ <€+ Trigger data (40 MHz) Latency: within 10 us (2.5 us today)
Dataflow < - L0 accept signal
—— T & FGRCoLE ata (1 [Wiz) 2) Complete event-data then transmitted through

o - rHTTdata(10% dataat1MHz) | poadout & Dataflow into Event-Filter @ 1 MHz (100 kHz
€— gHTT data (100 kHz)

Event Filter today)

<~ - EF accept signal
P <> : : .
r?:‘::‘:or e P77 [Pe"“ane'“] Q:l Output data (10 kHz) 3) Event Filter performs event reconstruction & selection

Storage + info from HW-based tracking (HTT).
Final selected events (5 vs 2 MB today) then transferred
to permanent storage @ 10 kHz
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Environmental Monitoring

Interlock System
Grounding & Shielding

Luminosity and Beam Protection

A ol o

Phase | FELIX Readout for I'Tk
Online Software

stations
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Granulated polysterene

Mixing components

- 465 000 tiles : 80 tons

* Done by injection molding (2min/tile)

* 3 mm thick tiles in 11 sizes

 Polystyrene + PTP (1.5 %) + POPOP (0.4 %).
* Peak of light emission at 420 nm.

* 40 cm attenuation length. f
* 64 photoelectrons/GeV Tiles finished
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Phase-2: High Granularity
Timing Detector (HGTD)

ITk+HGTD
Timing scenario "Initial"

C T

L2 160 —ATLAS Slmulatlon —— T

g — VBFH— In\{ISIble (u)=200 - - ITk+HGTD (self-tagging only)
& 14030 Gev < P, <50GeV ITk+HGTD (t_only)

bt 0

-

o

120_ 24<h‘] |<40

100
80=:
60

e LGADS (Low-Gain Avalanche 40
Detectors) located on cryostat =
wall between barrel and endcap

calorimeters 2.4 < |n| < 4.0 e
HS efficiency
ATLAS-TDR-031

Time resolution vs radius

* Timing information enhances pileup  ...:o00 20 22 s " 26 2

| lIIIlllllllllllllllllllllllllllll

1.5

ratio

jet rejection combined with ITk 601 ATLAS Simulation DAt
Mé(%_rg, p 1+ =45GeV -A&=- 1001fo~1  —@— 4000 fo~"
 Req. resolution: 30-50 ps/track/f% |
e (Constraints: thickness < 12.5 cm, o)
Fluence 2.5+15n/cm2, TID 2 MGy 20|
See talk by C. Ohm 100 200 300 é[r'n4nc'3&) 500 600
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https://arxiv.org/abs/1804.00622

A LARGE HADRON COLLIDER I

LHC /HL-LHC Plan

LS1 EYETS LS2 14 TeV
13 TeV 13-14 TeV energy
Diodes Consolidation
splice consolidation cryolimit LIU Installation
7Tey  8TeV button colllmators o ion HL-LHC 5 to 7.5 x nominal Lum|
R2E project reglons 11 T dipole coll. installation

Civil Eng. P1-P5

2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021 2022 2023 2024 2025

ATLAS - CMS radlatlon
experiment upgrade phase 1 damage ATLAS - CMS
beam pipes HL upgrade

IIIIIIE»
nominal Lumi

75% nominal Lumi |/_ T ATECE I
_— ATLAS Phase-| ATLAS Phase-ll tograte ETTRYTE
EXd 190 fb" Upgrades EXd Upgrades SRR 4000 (ultimate)

2 x nominal Lur’r_1iJI ALICE - LHCb | 2 x nominal Lumi

HL-LHC TECHNICAL EQUIPMENT:

DESIGN STUDY E¢ PROTOTYPES CONSTRUCTION ‘ INSTALLATION & COMM. HH PHYSICS
LHC/ HL-LHC Plan (last update January 2021)

4000 fb-1 ultimate

High-Luminosity LHC formally approved by CERN Council in
June 2016

High priority of worldwide subatomic physics community

« ->Significant detector challenges in this environment with
up to 200 separate proton-proton collisions per 25 ns
bunch-crossing (pileup) ... see slides ahead...

« First: physics prospects —>

/2


https://hilumilhc.web.cern.ch/content/hl-lhc-project
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ATLAS Online, 13 TeV jl_dt=146.9 fip !

2015: <u> = 13.4 ]
2016: <u> =251 |
2017: <u> =378 _
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Total: <u> = 33.7|

Run 2

300

200

Recorded Luminosity [pb "/0.1]

100

uoneIqIed 61/2

IlllllllllllllllllllIIIIIIIIL

O 10 20 30 40 50 60 70 80

Mean Number of Interactions per Crossing

pileup jets
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collision lgseeee LHC | HL-LHC Pl PT>30GeV

vertices ° i;.,’;..,"!-‘;;; e m A R Fee s weaed | Run-1 20 0.04 @ 7 TeV
: A a7 T R S S AN i TR

1event [ C-—5C S AN AN AT s Seea HL-LHC 200 7-4 @14 TeV

-> 10x the luminosity reach of first 10 years of LHC operation
Energy Instantaneous L Integrated £ | Pileup
Run 2 LHC 13 TeV 2 x 10** em s~} 300 fb~* 37
HL-LHC (Nominal) | 14 TeV | 5 x 10* cm %s! 3000 fb~* 140
HL-LHC (Ultimate) | 14 TeV | 7.5 x 10°** cm%s™! 4000 fb~* 200

Integrated £ per year: 250 fb-1 (baseline), > 300 fb-1 (ultimate) ‘
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