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Introduction

We study new physics by colliding high energy particles

New particles can be produced in these collisions if the energy is sufficiently high.
If we collide protons the probability (cross section) for this is small.

You need many collisions to increase the chance — high luminosity

The protons contains three quarks

Not only must the protons collide head on bTJt?lso their constituent quarks.
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We have done this for some time, so now We Iook for unusual events.

And if we find it, we want many such events to believe the results

Thus,

« We must collide a large number of protons each time — use high luminosity proton
beams

« We must repeat collisions many times — use high collision rates



Why we need to record many events

To determine if our N new observed events constitute a discovery
we must determine if the same data could be produced by
combinations of well-known events. The probability for is the
background B.

For N to be a discovery N must be significantly larger than B

For example if N is 80 and B is 64 then o(B) is 8 (assume Poisson |

distribution ?=N)
N is 2c above i.e. 2% probability that N is just random noise

If we measure twice as long N will be 320, B is 256 and o(B) is 16
l.e. about 46 above (0.004% that it is random noise). Much smaller
probability that N is due to random noise but not enough.

56 (0.00002% it is random noise) is required for discovery.

The significance of N can grow after more measurements, but
the significance could also decrease or even disappear.

There are many 3o that have disappeared, but a 56 must have
been a 3o at some point.

Normal distribution
Almost the same
as Poisson if N>50

64.3

9.5

99.7
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The standard model

We have a theory, the Standard Model, to explain much of the particle physics we
have observed, but not all.

The task is to explore Beyond Standard Model (BSM) physics

One way is to find new observational results that cannot be explained by the
Standard Model

Another way is to propose theories that agrees with existing experimental results
but also predicts new results that can be tested with experiments

Some potential BSM theories predict super symmetric partner to all normal
particles — none of which have been seen so far

To progress we need to know where the Standard Model fails

By improving measuring statistics and thus the precision, we may find deviations

We need more data and/or higher energies



Jets

In the standard model there are 6 types of quarks and 6 types of leptons and
their antiparticles. The quarks combine into hadrons, i.e. baryons or mesons.

Baryons, i.e. protons, neutrons etc., consist of 3 quarks while mesons consists
of a quark - antiquark pair

There are no free quarks — quark are confined — if a quark tries to escape it is

turned into a hadron shower.
/ Jet

e e ———————————————————

1 meson 2 mesons 4 mesons

Jet fragmentation



Short lived particles

If the new particles are too short lived (< 10-1° sec) you cannot catch them
before they disintegrate. Distance between production and detection is too small

You have to infer their existence by recording the disintegration products

\/ \éndary vertex

Primary vertex Prlmary vertex
But this opens for mistakes:

If A=>B,C and you record B and C it is not certain they came from the same A.
They might have been originated from different processes

Need to know the direction with high precision

Then you can identify if it is a secondary vertex



One solution to get high luminosity and high repetition rate is to circulate the particles
(e.g. protons) in two ring accelerators that cross in regions where the particles can collide

—=

« Most protons will pass through and continue to recirculate, but some would
collide (along with collisions with rest gas)

. Eventually all protons will be lost, but before that they will pass each other
many times

A better solutions is to group the protons in bunches and let the bunches collide

V4
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ldentifying the coII|S|on event

All short-lived particles decay
before entering the detector
itself

« Remaining particles: e-, e+, v,
hadrons (p, n..., jets), u+, u-, v

?
Muon i . . . .
O\ « Onion-like construction with
‘ h Newtnna multiple subdetector and
o, ‘ R
\ﬂ B magnet shells:
- Inner detector (tracker) to
. find charged particle tracks
Proton ." .'.'
Nevron NN The dshed racks - Magnets to deduce charge
/ and momentum
PRTAT - Electromagnetic

calorimeter to measure ely
tracks and energy

—  Hadron calorimeter to
measure hadron tracks and
energy

Transverse plane

—  Muon detector to detect
muon tracks and 8
momentum



Missing transverse momenta
(Energy)

The center of gravity of all particles created in an explosion stay at the collision
center

The vectorial sum of all momenta in the COG system is O
Same thing applies to the transverse projection

If one particle is not detected there will be a missing transverse momenta

—‘~>: T — & ></'
I L.

L.

3D Transverse projection
Missing transverse momenta can be due to:
Particles that cannot be detected (e.g. neutrinos) or failing detector elements

The detector should be hermetic



ldentifying the collision event

Missing momentum

Group particles from the same interaction
point — could be outside beam pipe
Deduce source particle:

et+e ->7
N\ -
. purp ->Z
Transverse vectorial momentum sum should be 0O 27->H
If not, something is missing — a neutrino, or
something more exiting Key: ‘Muon
Electron
Charged Hadron (e.g.Pion)
Broken pal‘tS mUSt be " )))”ll :-—-::Neutral Hadron (e.g. Neutron)

corrected for

Transverse slice
through CMS

e

\x\\}\\\&\\\'

<l

7

Silicon//] 7/—/ ,

Tracker

Electromagnetic
Calorimeter

Hadron
Calorimeter

Superconducting
Solenoid

Iron return yoke interspersed
with Muon chambers

Om m 2m 3m 4m 5m 6m 7m




The Large Hadron Collider

« 27km circumference double ring collider

o« 13 TeV (6.5+6.5) — 0.999999991 times c, i.e. 3m/s less than ¢

« 4 interaction points with detectors — ATLAS, CMS, LHC-B and ALICE

. 1.5-103%4 protons/cm?/sec focused into 16 u beams that collide

. 1600 superconducting magnets (up to 9T) to bend and focus the beams
« Bunches with about 10! protons collide every 25 ns

« The total beam energy is 562 MJ — melts 2 ton cupper

i CROSS SECTION OF LHC DIPOLE
« Start of operations 2010 (2008)
BEAM PIPE
VACUUM VESSEL HEAT EXCHANGER PIPE
SGROSRARS o SUPERCONDUCTING COILS
Al O O
THERMAL SHIELD 0 IRON YOKE
(5510 75K ) . | (COLD MASS 1. 9K )
. (o
el
&
o)
SHRINKING CYLINDER 39 O O o - BEAM SCREEN
HE Il - VESSEL
O O
RADIATIVE ~—
INSULATION NON-MAGNETIC
COLLARS
COOLING TUBE
HE 4.5K 3 bar
He 50K
SUPPORT POST 20 bar

107A \7‘: 7,1‘!8



Separate data from different Bunch
Crossings

End cap
region

calormketers

25 ns
between
bunch crossings
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A hierarchical system of accelerators
Lineac 2 — PS Boster - PS — SPS — LHC
25GeV 450GeV 6.5TeV

50 MeV .4 GeV

One or two injections into LHC per day

450 GeV injected protons accelerate to 6.5
TeV in 20 minutes

Aim for 7 TeV 2021

CERN Accelerators

(not to scale)

0.999999c by here

nasinnes i Gran Sasss ()

0.87c by here

LHC: Large Hadron Collider

SPS: Super Proton Synchrotron

AD: Antiproton Decelerator

ISOLDE: Isotope Separator OnLine DEvice
PSB: Proton Synchrotron Booster

PS: Proton Synchrotron

LINAC: LINear ACcelerator

LEIR: Low Energy lon Ring

CNGS: Cern Neutrinos o Gran Sasso

Gran Sasso (1)
730 kmy

0.3c by here

Hudolil LEY, FS Dewesen, CLEN, OF 0% 56
Revised md sdugriond by Sasesreclla Dl Baress, ETT Do,
i pollaborsson wish B Deafonges. 30 15y, asd

T, Mangiondol, P8 Div, CFlRM, 21,0600

Start the protons out here
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Desirable detector properties

High precision inner detector position information to identify secondary vertices,
but amplitude information is not needed — many layers and many channels

It should be a light construction that does not compromise calorimeter
resolution

Good energy information in calorimeters and muon detector to determine
missing momentum accurately

All detectable particles should be detected — hermeticity

Detector signals are often long, many bunch crossings, but must be associated
with correct bunch crossing, if not, false missing momentum — pile-up problem

at high count rates /\/\
Pile-up

E/M calorimeter should be deep enough to contain electrons and vy
Hadron calorimeter should be deep enough to contain hadrons

Radiation levels determine choice of detectors and electronics

Design compromises necessary for economical reasons

14



LHC Detectors

CMS
ATLAS A Compact Solenoidal Detector for LHC

mmmmm

ht 12,5001,
Il ef 13.00m

P
“Heavy ion experiments about 2

Oy
Overall leny : 2150m
Magneticflekd : 4Tesla CMS-PARADDI-11/07/87  uere
Farticle ngth-?ﬂum!nlum
cle articli
Time }f:lﬁ'{:fr‘“"" Identification
Frojection Detector
Chamber

Absorber
Dipeole Magnet Shielding Yoke Trackerl

plate | Coil j

L3
Magnet

! B Muon
; Mumthambcnﬁ " éfmwwu‘mm
Inner :;‘-:;:?r:‘:mctw [icg
Trs.:"..lg:g - - - -
Heavy ion experiments, B physics at lower luminosities

Pb — Pb or Au — Au

ATLAS -CMS
Similar but different — magnet system, detector solutions, TDAQ system
Competition — Collaboration



L HC results and cost

RESULTS so far

Higgs particle discovered 2012 July 4th (Nobel prize 2013)

No strong indications for BSM physics (Beyond Standard Model) yet
No SUSY (SuperSymmetry) yet

COSTS
LHC material costs ~3.1 G€
ATLAS material costs ~.3 G€

16



A Toroidal ApparatuS - ATLAS

46 meters
~ 1800 miles of cables
O Gectromagnetic Catorimeter ~10 MW of electric power

Forwara Caonmetes 2 10 4 Tesla mag. field

Ind Cap Torokd

25 meters
Person
USA = Underground Storage Area
100m below surface _
. . — m.

Inner detector 1 bit? - ~86 Mch Weight 7000 tons Access shafts 12 —22 m dia

E/M calorimeter 16 bit - ~300 kch 3000 physicists + x engineers

Hadron calorimeter 16 bit ~10kch 174 institutes from

Muon detector x bit ~100 kch 38 countries

17



25 meters

A Toroidal ApparatuS - ATLAS

46 meters

Muon Detecton Dhectromagnetic Calormetess

Person

Inner detector 1 bit? - ~86 Mch
E/M calorimeter 16 bit - ~300 kch
Hadron calorimeter 16 bit ~10kch

Muon detector x bit ~100 kch

~ 1800 miles of cables
~10 MW of electric power
Forwara Caonmetes 2 10 4 Tesla mag. field

Ind Cap Torokd

Existing
shaft

Main shaft

:—I— Ground anchor

Detector hall

structures Existing structure

control cavern

USA = Underground Storage Area
100m below surface

s shafts 12 — 22 m diam.
Weight 7000 tons Acces

3000 physicists + many engineers
174 institutes from

38 countries
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CMS — Compact Muon Solenoid
CMS Collaboration = =S

36 Nations, 159 Institutions, 1940 Scientists (February 2003)

TRACKER
;Eg;_ﬁgﬁj%ﬁﬂrﬂ Austria, Belgium, Finland, France, Germany,
Austria Finland, France, Greece, Italy, Japan®, New Zealand, Switzerland, UK, USA

CRYSTAL ECAL
Belarus, China, Croaba, Cyprus, France, Raly, Japan®,
Portugal, Russia, Serbia, Switzerand, UK, USA

Hungary, Kaly, Korea, Foland,
Portugal, Switzerland, UK, USA

PRESHOWER

Armenia, Belarus, Greece, India,
Russia, Taipei, Uzbekistan

RETURN YOKE

Barrel; Czech Rep., Estonia, Germany, Greece, Russia
Endcap: Japan®, USA, Brazil

SUPERCONDUCTING
MAGNET

Al eountries in CMS contribute
tir Magnet financing in particular:
Finland, France, Ialy, Jopan®,
Korea, Switzerland, 54

FORWARD
CALORIMETER

Hungary, lran, Russia, Turkey, USA

HCAL

) Barrel: Bulgaria, India, Spain®, USA MUON CHAMBERS
Total weight 12500 T Endcap: Bgmms, Bmgfn-';, Russia, Ukraine Barrel: Awstria, Bulgaria, China, Germany,
Cwverall diameter 150 m HO: India Hungary, ltaly, Spain,
Cwverall length 215 m Endeap: Belarus, Bulgaria, China, # Oy thraugh
Magnetic field 14 Tesla Korea, Pakistan, Russia, USA industrial contracts

19



ATLAS Installation




Installation

TAS

i o
Calorimetry =



ATLAS Iinner detector

o e B —— Tl —

Barrel SCT

Forward SCT

peii ] I B i FAL N

|-I—'1_'||5 e = [ F T EE—

pos T

- Ll ] e ]

Magnetic field 2T
3 different detector types

Pixel detector 80 Mch
Silicon pad detector 2D resolution 12
ux110p

Semiconducor Tracker (SCT) 6 Mch
Silicon strip detector (1D)
Double layers Resolution 23 p x800u

Transition Radiation Tracker (TRT) 300kch
Gas detector — straw tubes
Electron identification

EEEEEEEr e Ry
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ATLAS Inner detector

Magnetic field 2T
3 different detector types

Pixel detector 80 Mch
Silicon pad detector 2D resolution 12
ux110p

Semiconducor Tracker (SCT) 6 Mch
Silicon strip detector (1D)
Double layers Resolution 23 p x800u

Transition Radiation Tracker (TRT) 300kch
Gas detector — straw tubes
Electron identification

Pixel detector 3 sample points
Strip detector 4 sample points
TRT 36 sample points

o . y
R E -
"\"'?'-‘1.-'.' ) ¥

‘x

£y
!

rﬂ'

vr gl
e ey

¥- 23
About 1000 particles



ATLAS Inner detector

A Magnetic field 2T
\ 3 different detector types
ang =S e, ===
o\l S T T TN T T — Pixel detector 80 Mch
o2 :'%%% =0R=—=—N—2_B—8—8— Silicon pad detector 2D resolution
44% = = = - \ T 12 ux110pu
= N C ¢ ¢ . == ¢ N & )
= - \ T Semiconducor Tracker (SCT) 6 Mch
Pixel detector Silicon strip detector (1D)

Double layers Resolution 23 p x800u
= X = Transition Radiation Tracker (TRT) 300kch
m Gas detector — straw tubes
g\ Electron identification

TRT

24

Straw tube



HV guard ring ATLAS Pixel Module

llllllllllllllllllllllllllllllllllllllllll

Radiation tolerance, power and
cooling problematic

Silicom sensony

Datum washer

BeO facngs (cooling side)

25



Liquid Argon e-m calorimeter

LAr hadronic
end-cap (HEC) =

LAr electromagnetic
end-cap (EMEC)

LAr electromagnetic
barrel

Liquid Argon-Lead/stainless steel
calorimeter (87°K)

16-bit dynamic range
Cooled preamplifiers

4 layers + presampler

outer copper layer
inner copper layer
kapi)é:n

outer copper layer

stainless steel

glue -~
lead

N

B

;~ A\ \ A/A

:v/ 7 i \ \V f/n-

ANV
N Z AN

P

' readout electrode
v [

L LA

av

*



TileCal hadron calorimeter

Interleaved steel and scintillator tiles

256 modules, each weighing 10 tons

4 depth layers

Coarse spatial but good amplitude

resolution

Clear fiber — bad

light trqsfer
/

| X

E

N

Wave Length Shifting fiber
— good light transfer

Photomultiplier

.....

Wavelength-shifting fibre

Scintillator Steel

Source

27



The Muon Detector

—

-—
—

End cap chambers

Large barrel chambers

Feet Small barrel chambers

Geometrical alignment precision 30 um :

L i ‘ % =
Alignment can change due to temperature change or //’ iR > 71 \
deformations when the magnet field is changed BOL =
Cost — Use gas detectors, different types for ot - 4By | i1
precision and trigger and different types for normal | 7 - MR
and high intensity regions, close to beam pipe A 1|
MDT (Monitored Drift Tubes) and CSC (Cathod Strip /‘:;‘;f"/ g
Chambers) for high precision. CSC for high intensity - n\} s '
forward regions L " — '

° 2 d ¢ 6 1-0 12 1.4 1 |;f,\ 2‘) "‘,.z

RPC (Resistive Plate Chambers) and TGC (Thin Small Big Outer
Gap Chambers) for trigger. TGC for high intensity Wheel Wheel Wheel28

regions.



The Muon Detector

Grownded

RPC — Resistive Plate Chamber

MDT — Monitored Drift Tubes

T

A
\
\
\
\

100-700 V/mm

\
\
\

\
==l v —_—

amplification gap
10 kV/mm

Micromegas for muon detector upgrade
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Trigger and Data Acquistion (TDAQ)

Reading out all data, every bunch crossing, completely impossible - data transfer limitations
Solution -> use multilevel trigger — data storage limitations, radiation tolerance

| i 0
nteraction’a® | CALO MUON TRACKING \ AT L A 5
Bunch crossing i
rate 40 MHz —_— N EXPERIMENT
LEVEL-1 memories IR 1
TRIGGER 3 \
<75 (100) kHZ __E;I.‘!::-"“ "
Derandomizers '
Readout dri
Regions of Interest | | | || 1 (negog;' drivers
LEVEL-2 Readout buffers
TRIGGER (ROBs)
~3.5 kHz
| Event builder |
EVENT FILTER Full-eventd buffers
an
~200 Hz processor sub-farms
Data recording
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Trigger and Data Acquistion (TDAQ)

First level trigger — pipe-lined processing (in FPGAS) of merged calorimeter and muon data with reduced spatial and
amplitude information - delivers Regions Of Interest

Second level trigger — PC based software processing full resolution data from all subdetectors but only from RIOs
Third level trigger — Event Builder — PC farm to on-line analyze all data at highest precision

A first selection criteriais to require large transverse energy components to guarantee a head-on collision

: .
BT n el CALO MUON TRACKING
Bunch crossing T |
rate 40 MHz .
LEVEL-1 L i B
TRIGGER

<75 (100) kHz
Derandomizers
| I ] Readout drivers

Regions of Interest | | ||

(RODs)
LEVEL-2 Readout buffers
TRIGGER (ROBs)
~3.5 kHz
| Event builder |

EVENT FILTER Full-eventd buffers ' 3 N
an
~200 Hz processor sub-farms

Data recording
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Trigger and Data Acquistion (TDAQ)

rate ev/year

bm'n

mb

nb

pb

fb

Vs=14TeV L=10*cm?s™
g
o inelastic Gl E
o
bb E
MHz K|
\ jets ]
"\\ E:
!‘WZ kHz L
e Wiy .
E
e Z2/ ]
e it E
e e Hz i
~—~—_99—Hgy SUSY qq+qg+gg
"\“H\______ tﬂl"llj=2, u=m5=ma.*2

C o T— tanp=2, i=m-=m:

qq—t'qu;;“"--x a1
Hop—7y ]
S Z, o —21 |mHz =
4
su—}EZD—}dp E

Hz
...—>3“':' scalar LQ\ Z,—2I\" ?
50 1000 2000 5000

jEt E.I. or partlcle mass (GeV)

17

-y
o

108

10'®

1014

10"

1012

10"

1u1ﬂ

10°

10°
107

108

10%

10"
10°
102
10

1
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First level trigger

Calo TP Eme
CIP g

Muon TP ke

The Calorimeter trigger processor and the Muon trigger processor reports to the
Central Trigger Processor (CTP)

CTP looks for characteristic signatures in the data that indicates that the data
contains an interesting event e.g.

« 4 isolated electrons or

* 4 muons or

» 2 high energy electrons over a certain threshold and 2 jets
« etc.

The search criteria are defined in the Trigger Menu data base

The current Trigger Menu selection is defined at the start of a run
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First level trigger

Calo TP Eme
CIP g

Muon TP ke

All data can be stored on the detector for maximum 2.5 us — the latency of the first
level trigger

Before this, a decision must made on saving or not saving that data

The specified data latency allows for sending the data from the detector to the
trigger processor in USA-15 (Underground Storage Area), process it and send the
result back to the detector for possible transmission of the entire data set.
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First level trigger

Each bunch crossing, i.e. each 25ns

Look for isolated electrons, T etc.

over different thresholds

4096 trigger data values arrive from LAr 4096 parallel processes
and Tile
64 cell rows around the calorimeter cylinder LAs mﬁ““ & “”“ﬂ ICLUETEHET:?':EESDFJ
and 64 cells in each row along the detector i s
L £
[} e
EEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEREEEEEEEEEEEEEEEEEEREEREEEEE E -S
: me (S & Haq |JETISUM PROCESSOR
X

ROl+ne

v types

Look for local max with 4x4 sliding windows
using different thres holds,

calculating total and vectorial Sums

1024 parallel processes

MEGE DATA

RO daka
tol2

For each corresponding trigger cell one must study if it contained an interesting event
4096 parallel processes start every 25ns and should be completed within 1 us

FPGAs widely used together with pipelined processing
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PIPELINED PROCESSING

Trig DATA >

Clock

CNCN O

Task 1

A

Task 2

A

40 MHz

All DATA >»

Clock

Task n

After 25n ns

P Event OK?

CNCN O

Mem.

Mem.

40 MHz

Mem.

3 Transferto L2
if event OK
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First level trigger

Look for isolated electrons, t elc.
over different thresholds

4096 parallel processes

LAr G4x64 & _?_l:LIJSTEH PROC EESDF-IJ RO daka
] 9,1 Efyft " s o2
i o ek | B
& ) E s w
-4 e i
g | 3 22 |
GdxGd W Im3e =
b
Look for local max with 4x4 sliding windows
using different thres holds,
calculating total and vectorial sums
1024 parallel processes
CLUSTER FINDING e/y ALGORITHM JET MAX ALGORITHM
For each cell anf each set of thresh. /
Vert. SUM or Hor. SUM > thresh.
'S N\
Em isolation SUM< thresh.
& *
f i . .
U Y. e Had isolation SUM < thresh. S 4
== 4 c.:alorimeter
[ - £
Trigger towers (A x Ag =01 x . ()
? Vertical Sums ;_,_rl_. E'Iglc:{i?,: < B.m
[T isolation threshold
= Horizontalﬁurns. Hadronic isolation
: E.z';l::aiirnﬁlﬁlmreglcn: . radi:ir::lei::r?i?'ltléirholds ENW ESW ESE

e/

Condition for jet maximum: Ey Eqw Esg Ene < Eg



Synchronization

‘i . 40.08 MHz clock
The Timing, Trigger and Control (TTC)_ from accelerator
system is responsible for synchronization

The accelerator clock 40.08 MHz ][-rg‘r’ﬁ'cléccept
distributed to all Front-End units with local
phase control

L1A distributed to all FE-boards with
programmable delay to maintain sync.

Addressed commands to configure local

FE-boards

Maintains Bunch Crossing ldentifier BCID 40.08 MHz clock

to label events from accelerator
Level 1 accept
from CTP

—>

—

FORMAT data frames

Laser driver and LASER

O

Fiber splitters

b

<«

TTC receivers
opto/elect conv+ ASIC

Global broadcast
commands

Addressed
commands

Global broadcast
commands

Addressed
commands
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Detector Control - DCS

The Detector Control System or Slow Control, as it was called before, is

responsible for initializing and monitoring of all system components including
configuring programmable logic (FPGAS).

It will monitor parameters like temperatures, fan operation, pressures, voltages,
currents, humilities, error conditions etc..

It is also responsible for safety functions and alarms

It records error conditions and archives monitored parameters

3 ATL_TIL: fwliAtlasFrame
EmEEn T

Click

When supervising DCS it is important to have efficient and intuitive GUIs
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Front-End example - TileCal

1

Module

Wave length shifting fiber

0
) i Clear fiber
00 for calibration
Scintillating tile HV-board % PMT
Cross section

7 fWLSd-fibers f é E::do
1 Interface
—— ——— HV-board for calirat 7 '
/\‘?—é — 1
\\ ||!I/¢ '—' = | :
§?’%ﬁg§g — o Low Voltage : Bulk
Eﬁ‘g"/‘/ l Power Supply T Lowzz)/g\l;age
-,""gN/ " 3-in-1 mother board _ LVPS 1
T N \ / ‘ ‘ v !
e N — a .
e e — i B
\\\/ \ Board : I 9‘;upplyg
\\ Extended barrel

4x64 modules (with electronics in "drawers”) with 46 or 32 PMTs each read out by 2 10 bit
ADCs (high and low gain)

Each module 8 contains Digitizer boards with 2 ASICs each containing digital pipeline and de-
randomizer

Analog trigger signals — digitized in USA-15 40




Calibration - problem for TileCal

Scintillators and fibers age due to radiation
PMTs age when exposed to light
Tree calibration methods:

 Cesium calibration — with
circulating sources

SOURCE PATH

« Laser calibration — with clear fibers

« Charge injection — in FEB

i Integrator Readout
. {Ca & Particles)
L]
- Calorimeter Phtomultiplier
Particles Tiles Tubes {
L]
" Diigital Readout
----- Fie ' * ¥ (Laser & Particles)

m Charge injection (CIS)



ATLAS upgrades

LHC have regular stops for longer maintenance and upgrade

Run 1 Phase 0 Run 2 Phase 1 Run 3 Phase 2 HE-LHC
[ 2008 | 2009 | 2010 | 2011 | 2012 | 2013 | 2014 | 2015 | 2016 | 2017 | 2018 | 2019 | 2020 | 2021 | 2022 | 2023 | 2024 | 2025 | 2026 |

End of operation 20377

Upgrade phase O
Prepared for almost full energy 13 TeV
Insertable B-layer — replaced the inner pixel layer
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ATLAS upgrades

LHC have regular stops for longer maintenance and upgrade

Run 1 Phase 0 Run 2 Phase 1 Run 3 Phase 2 HE-LHC
[ 2008 | 2009 | 2010 | 2011 | 2012 | 2013 | 2014 | 2015 | 2016 | 2017 | 2018 | 2019 | 2020 | 2021 | 2022 | 2023 | 2024 | 2025 | 2026 |

Upgrade phase 1 —2019-2020

3 times higher luminosity, need better algorithms

Full energy 14 TeV

New Small Wheel? (at least one)

Topological trigger — not only count event but also consider their geometrical
relationship

LAr fully digital trigger

New trigger architecture

43



ATLAS upgrades

LHC have regular stops for longer maintenance and upgrade

Run 1 Phase 0 Run 2 Phase 1 Run 3 Phase 2 HE-LHC
[ 2008 | 2009 | 2010 | 2011 | 2012 | 2013 | 2014 | 2015 | 2016 | 2017 | 2018 | 2019 | 2020 | 2021 | 2022 | 2023 | 2024 | 2025 | 2026 |

Upgrade phase 2 — 2024-26 (2025-277?)

Prepare for HE-LHC (High Energy LHC)

5 times higher instantaneous luminosity, need still better algorithms

10 times total luminosity — luminosity leveling

New Trigger system — level O (LOa: 1MHz, Latency: 6us)/level
1(L1a:<400kHz,Latency: <30us)?

New inner detector — no TRT, track trigger (introducing track data into Level 1)?
New TileCal electronics — read out all data to USA-15 — fully digital trigger

New trigger architecture LO/L1?, higher rates, longer latencies

Track trigger?
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Phase 2 upgraded TileCal electronics

More luminosity = upto 200 event/bunch crossing
—>more complex trigger processes - require more data
—> read out all data directly to off detector trigger

- Many (4000) 9.6 Gbs links and large FPGAs

New TileCal electronics
Better redundancy, smaller units (failure less costly)

New Low Voltage Power Supplies (partly from South
Africa)
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Different electronic design strategies

When designing the first (present) version of the ATLAS electronics then:
Special rad hard (tolerant) electronics was available (close to end of cold war)
High speed data transmission (optical or electrical) expensive—>

Send trigger data to external trigger processor. Keep data on detector until accepted
by L1 trigger — reduced data flow

Now:
standard electronics reasonably radiation tolerant — SEE problem
High speed transmission available -

Remove all data from detector as soon as possible

Then:
FPGASs unsafe
Now:

SEE mitigation techniques exist making on-detector FPGAs feasible
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Mistakes

We learn from mistakes but some times we forget what we learned’
Connector problems

Power supply problems
Radiation sensitivity problems
Problems with new untested techniques
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Future

General trends

Higher energies

Higher luminosity

Higher granularity in all detector sub-systems

More complicated events to process early in the triggers

More on-detector FPGAs — new FPGAs more radiation tolerant to hard but not soft
errors — develop correction strategies for soft errors

More high speed data transmission — 40 Gb/s or more

Early digitization — less analog, more digital

After 2037? ILC? CLIC? FCC?

- ey Future Circular Collider
L ) FCC
50+30TeVp—-p
, . 100 km circumference
o G Assumes new magnet
, l technologies

(20 TeV magnets)

BUT THIS IS FOR YOU!
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