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Overview

— Introduction to LHC detectors
— Upgrades of the LHC
— Detector upgrades of the experiments: ATLAS and CMS
— Tracking detectors: silicon
— Calorimeters
Overall view of the LHC experiments.
— Muon detectors ;

— Detector upgrades of the LHCb and ALICE
experiments

— Silicon and Time Projection Chamber
Large Hadron Collider

* p-p, p-HI, HI-HI collider
« up to 14 TeV p-p collisions
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Configuration of HEP detectors

Fixed target geometry Collider geometry

“Magnet spectrometer” “47r multi purpose detector”

interaction  tracking muon filter n

point /[ \ e ATLAS
bR \ /- \\Q Eé\ CMS

T | ALICE T3 !

beam maghnet calorimeter (both geometries) T barrel
(dipole) endcap endcap

Muon system
Electromagnetic calorimeter

Hadronic calorimeter

Tracking system
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Configuration of multipurpose detectors

Particle flow reconstruction
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Results with LHC data l@

— Experiments at LHC have produced many interesting
results

— LHC measurements have lead to the exclusion of some
popular models

— Probing of Standard Model Higgs Sector and TeV-scale
BSM requires more data

=== High-Luminosity LHC
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Towards the High-Luminosity LHC

LHC / HL-L

LHC
Run 3
LS1 LS2 14 TeV 14 TeV
energy
injector upgrade 5to7 XI
splice consolidation cryo Point 4 limit o nomina
7 TeV 8 TeV button collimators DS collimation icnrtyef_)r;@tlion ) HL LH? luminosity
R2E project P2-P7(11 T dip.) regions installation

Civil Eng. P1-P5 _\

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

"Run1 el

radiation

2026

G FEilnEL experiment upgrade 2 x nominal 'Uminodsi‘r/n o experiment
ﬁi;ﬁmal beam pipes phase 1 e 1| upgrade phase 2
luminosity |

— Bl 150 o | o Prasty

L~1*10% cm2s -’ L~2*10%* cm2s - L~5-7*103%* cm2s "
25 ns bungh 25 ns bunch Luminosity
spacing, pile spacing, pile levelling, pile up
up <p>~40 up <u>~60 of up to <py>~140

From LHC to HL-LHC

Instantaneous luminosity x5 (for ATLAS, CMS, LHCb) — Particle densities x5-10
Integrated luminosity x10 (for ATLAS, CMS, LHCb) — Radiation damage x10

Increase of overlap of pp events (pile up x3-5)
24./25.5.2018
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Collisions from LHC to HL-LHC
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2011: 2012: 2016:
\s =7 TeV Ve=8TeV Vs = 13 TeV
Lpeak =2.1x10 32 cm-2s-1 Lpeak =4x10 3 cms Lpeak =1.4x10 34 cm2s-1
<p>=10-15 <p> =20 <u> =24
EXPERIMENT
HL-LHC tt event in ATLAS ITK
at <p>=200
2026:
Vs = 14 TeV
Lpeak > 10 3% cm2s”
<p> = 200

Simulated event with
ttbar events and
average pile-up of
200 collisions per
bunch crossing
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HL-LHC for Run 4+ l@

e Shutdown of 30 months

e Aim for maximal luminosity of 4000 fb -’

{(' PR(')I[(T ' UNDERGROUND
F i :

» Cryogenic system upgrade
* New large aperture triplet
magnets (Nb,Sn)

e New 11 T insertion magnets
(NbTI)

e Crab Cavities

 Collimation upgrade

e Machine protection

Major intervention on more
than 1.2 km of the LHC
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HighLumi LHC landmarks

CIVIL ENGINEERING
2 new cavemns and two new 300-metre
service galleries, two new large shafts;
10 new technical buildings on surface in P1 and P!
(ATLAS and CMS)

CRYOGENICS

2 new large 1.9 K helium refrigerators
for HL-LHC near ATLAS and CMS

HiLCLPm

0JECT

B~ Tests in SPS 2018 e
JT &

“CRAB" CAVITIES
8 superconducting “crab”
cavities for each of the ATLAS
and CMS experiments to tilt the
beams before collisions.

BENDING MAGNETS

2 pairs of shorter and more
powerful dipole bending magnets
to free up space for the new

collimators.

FOCUSING MAGNETS
12 more powerful quadrupole magnets
for each of the ATLAS and CMS
experiments, designed to increase the
concentration of the beams before
collisions.

,
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COLLIMATORS
15 to 20 new collimators and 60 replacement
collimators to reinforce machine protection.

SUPERCONDUCTING LINKS
Electrical transmission lines based on a
high-temperature superconductor to carry
current to the magnets from the new service

galleries to the LHC tunnel.
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How to get to HL-LHC

Lower beta* (~15 cm)
New inner triplet magnets - wide aperture Nb;Sn
Large aperture NbTi separator magnets
Novel optics solutions

Dealing with the regime
Collision debris, high radiation

Beam from injectors
High bunch population, low emittance, 25 ns beam

Crossing angle compensation
Crab cavities
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Towards the High-Luminosity LHC: Detectors

LHC .
Run 2 | Run 3
13 TeV EYETS 13.5-14 TeV 14 TeV 14 TeV energy
injector upgrade 5t07x
splice consolidation cryo Point 4 limit N nominal
7Tey 8TeV button collimators DS collimation ?nrt}:ec"rallrgtlion . HL LH(_: luminosity
R2E project P2-P7(11 T dip.) regions installation

Civil Eng. P1-P5

2013 2014 2015 2016 2018 2019 2020 2022 2025

-

radiation

; q 2 x nominal Iuminodsiat;nage experiment
ch):/:inal f,’éﬂfn";,‘::ts nominal luminosity [ experl:)n:ansteurgrade — — | upgrade phase 2
luminosity | |
[ 30 b | B [ imegrates
Phase-1 ) Phase-2
Detector Major Upgrade
Phase “1” Upgrade in in ATLAS and
CMS Pixel ATLAS and CMS
Upgrade CMS
; : : Major Upgrade
All experlment§ will modlfy. iy e i
or upgrade their detectors in _LHCb P
LS2 and LS3.
Too much material to cover.
Focus on selected ones! Lecture 2 Lecture 1
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Physics goals at the HL-LHC

— Higgs Precision Measurements ,
- »

q
w
q
— Vector-Boson-Scattering Precision >DH{ v H{
v
Measurements 9r we 4 w

— Searches for BSM Physics
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Higgs Couplings

=l

\s =14 TeV: ; [Ldt=3000 fb”
|Ldt=300 fo™" extrapolated from 7+8 TeV

ATLAS Simulation

— Higgs couplings highly sensitive to BSM physics

—  With HL-LHC dataset significant improvement in Hopy [ e—
precision ttH, Hpp ,
. VBF,H-1t E
— Study based on following channels o 77 hm
_ H>gg VB Ho W
Ho WW
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Higgs Self Coupling

— Double Higgs Production - direct handle on Higgs g h
self coupling g

— H (= bb) H (= gg) final state considered - clean

final state und sufficiently large branching fraction ! e

3 T T T T T I Tr T T ' T T T T |
C Non-resonant HH prediction ]
C ATL S . e Expected Limit (95% CL)
2 5‘_S|mu ation Preliminary  mmm Expected+ 1o
L Expected + 26

2

] Event Selection Criteria ‘
> 2 isolated photons, with ptr > 30 GeV, || < 1.37 or 1.52 < || < 2.37

> 2 jets identified as b-jets with leading/subleading pt > 40/30 GeV, ||<2.4
< 6 jets with pp > 30 GeV, |n| < 2.5

No isolated leptons with pt > 25 GeV, |n| < 2.5

04 <AR;<20,04 <AR,, <2.0,04 <AR, T B A B B
122 < my, < 128 GeV, 100 < m,z < 150 GeV -10 -5 0 S 10 15 20

Py Py >80 GeV Msaed M
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1.5

1
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Vector Boson Scattering

— Expected new physics at the TeV-

Scale - VBS cross section - -
S atias & tamas 0 T[T
8 9 simulation 8 9-Simulation E
. . . e F - S F Preliminary E
— Higgs discovery solves this § g Preiminary g o :
:E 7; —3000 fb! £ 7i — 3000 fb! E
: B o ]
problem - experimental 8 & —sow B o —ao ;
. . . . F :E b
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4 3 5 E
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2; = 2 -
1 E 1 -
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E B .t —3001b" 7
I L dt = 3000 o' & 25 SM 2z QCD
\s=14TeV ;7 ] 20
3 3 ATLAS 15
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m, [TeV]
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Searches for BSM Physics
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HL-LHC Physics Summary

— Rich physics programme at the HL-LHC
— Higgs precision measurements: Precision tests of SM

— Vector Boson Scattering: Probing BSM in the electroweak
sector

— Direct BSM searches: mass ranges extended and direct
sensitivity to new processes

But: Measurements of final states extremely challenging
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Requirements at the HL-LHC I@

— VBS/VBF: forward jets - forward tracking to reject pile-up by jet-vertex
association

— SUSY cascades: triggering & reconstruction of low p; leptons and
identifying heavy flavour

— Resonances in top pairs, W, Z, H: reconstruction of leptons & b-quarks
in boosted topologies

— High-mass gauge bosons: good lepton momentum resolution at high p+

— Efficient tracking with small fake rates: radiation tolerance and high
granularity tracking detector

Challenging for detectors
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Multipurpose detector in HEP

Layers of the ATLAS experiment at the LHC

Muon
Spectrometer

« Different types of

detectors to identify
particles and measure Neuting)

their energy and -y 4
momentum

Hadronic
Calorimeter

Neutron| / '." The dashed tracks
: J £ are invisible to
H A5 the detector

Electromagnetic \ . o
Calorimeter +Electron’

Solenoid magnet

Transition
Radiation
Tracking Tracker

Pixel/SCT
detector

http://atlas.ch
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Phase-2 Detector Upgrade: ATLAS + CMS

Trigger/DAQ:
Upgrades, add tracking at L1, partially new electronics

Tracking detector:
New all silicon tracking detectors for ATLAS and CMS
with extended coverage to |n| < 4

Calorimetry:

ATLAS: New FE electronics for Tile and LAr calorimeter
CMS: Replace endcaps and replace electronics in
electromagnetic calorimeter

Muon system:

ATLAS: New FE electronics and possible upgrade of
muon spectrometer

CMS: Extend forward chambers and replace electronics

24./25.5.2018 LHC Upgrade: Detectors

TECHNICAL PROPOSAL
FOR THE

UPGRADE OF
THE CMS DETECTOR
THROUGH 2020

ATLAS: LHCC-I-023, CERN-
LHCC-2012-022

CMS: Technical preparation in
preparation, LHCC-2011-
006, LHCC-P-004



Triggering at the HL-LHC

2

e High luminosity — many interesting events

e High pile up (overlapping multiple interactions) and occupancy lead to decrease in
resolution at trigger level

e Aim to keep low-pr lepton triggers (~20-25 GeV)

— Matching tracking information to muon and calorimeter information
—  Exploiting isolation for electron and tau identification and veto for photons

- L B B B B AL L L LN LN UL o
= ’ osl::' ATLAS Simulation i 10° — Generator
g - .,. B solated Rols < c M s = Level-1
o L e, = ® Single muon
S [ . o 10%E - 7 trigger rate @
g) 105 = A " ..._. A Track Matched Isolated Rols
= - ‘A "l S—_
- * , ey, 103
10 Ty + -
+.+.+ H""Hﬁ f Joal No track trigger
ol ! M . |
: ‘m Tﬁ 20 With track trigger
4 I | | | Lo Muon Trigger
10 !

R S S T P

-
9
—
-
-
3
.

Rol EXV [Ge' . 4' 0
prT thresho

-
©
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W
o

Single electron trigger rate @
1E34 for <p>~ 140
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Single muon trigger rate @
1E34 for <u>~ 140
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Upgrade Trigger Scheme in CMS I@

Key point: include tracking information with fast

readout

Level 1 Rate ~ 1 MHz,
Track trigger: silicon strip modules provide time and muon + calo + tracks
p; discrimination — Rate reduction due to sharp HLT Rate 10 kHz

thresholds (leptons) and isolation (multijet
backround reduction)

pass
high transvers fail

e : momentum
p; discrimination with stacked
modules: exploit bending in magnetic -
field two closely spaced sensors read
out by a single readout chip

low transverse
momentum

Sensor spacing

— Correlation on module level to form stubs is sent optimized

out if within p; cut (down to 2 GeV) Satme geometdric?l
Cut corresponas to

different pt
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Tracking detector challenges at the HL-LHC

ATLAS
— Luminosity of up to 7.5x10 34 cm-2s iz R

— Triggering with high rate and large event
sizes

— On average 200 interactions per bunch
crossing

— High occupancy - keep at 1% level by
high granularity detector

== ATLAS Simulation
100 . ITk Inclined

r[cm]

— High particle fluences

— Radiation hardness of up to 2x10"° n.,/cm? %0
for outer tracking layers,
up to 2x10'® n,,/cm?for inner tracking
layers

60
40

. 20
— Low material budget advantageous
O 50 100 150 200 250 300 350 400 10"

z [cm]

For ATLAS and CMS: new silicon tracking detector for Phase-2
Aim to keep performance of current detector under harsher conditions
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Recap: Principle of a silicon detector: reverse I@:A
biased depleted pn-diode

« Take a pn-diode p-type surface /
« Segment it melant

» Apply a bias voltage

 Wait for an ionising particle to
deposit charge

— lonisation — Electron-
hole (e, h*) pairs

n-type Si-bulk n*-type back side + -
implant

« Charges separate and drift in
the electric field
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Recap: Principle of a silicon detector: Signal I@

— Segmented and depleted

piece of silicon and an ionising 4 4 4 4 4 4

particle.generates electron- = T T T T =
hole pairs

» e'h*-pairs separate in E-field,
and drift to electrodes

* Moving charges — electric
current pulse

« Small current signal is amplified,
shaped and processed in
integrated circuits (“chips”) on + -
read-out electronics

Typical drift velocity 50 um/ns (drift time ~ 6 ns, in 300 um )
With fast read-out electronics: signal collected in few ns
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Recap: Radiation damage in silicon sensors A

Radiation damage: non-ionising energy loss of charged and neutral particles 2>
damage in silicon bulk (defects: recombination/generation centers)

- Increase of leakage current

: : 110°
- Generation of charged centers, which =) ;
change effective doping concentration = i
— Type inversion (n-doped material becomes = 10 g
p-doped, eventual loss of resolution) I 1 -
. o 1 ¢
- Increase of depletion voltage = 1 B
- Centers act as trapping centers affecting e _ % it 8
- " - E " = LH
the charge collection efficiency & O n-type 14 "p-type" : Z‘s
o i - J .
36824 vacancies 4145 vacancies 8870 vacancies - lg T T IR e i _ i o
T it e 1 0 1 2 3
X P i R T _::l -.l.-’,'l."'l(—!'..;l B lﬁ(l E N LY i B ‘l ] ]0 ]_0 ]0 ]O ]_0
r \_&- . __,' 1L / ”(. ] 12 =2 [Data from R, Wunstoef 92]
0.8 e E - - (I)cq [ 10 cm ] [M. Moll DESY-
Fo A SR, I Y g THESIS-1999-040]
_ 08 T R - E
£ - Y A e - 4
2 04 s CoAE N
S Tk i : _
02f - / 1F o - » Radiation damage degrades
o%. sl 0-:.- O.:, L ."-l Eos .\Jr_. e detector performance and limits
x(uIn) X(Ll.l-ll) x(u.lvn) I|fe t|me

Simulated defects in silicon after 10 MeV protons, 24 GeV protons and 1
MeV neutrons at 1*10'* N /cm?

24./25.5.2018 LHC Upgrade: Detectors



Upgrade of ATLAS and CMS trackers

 Inner region: Pixel detector modules
e Quter region: Strip detector modules

CMS ATLAS
W w . N N " » E 1400}'A'T'l.,'4|slslir;u|:llaii¢|:ﬁ Prlel:mmalry S {
_ : _ _ ‘ _ ‘ ; 5 £ - ]
- o I Inclined Duals _
£ 1200 - 1200— n=1.0 -
w— TB2S HH | | I I | ‘H AL 1000k
s S ———— H | H H ‘ 20 -
800 | | H | | 800
&0 i, ||H I | ||TE bD I | I | 2j4 600 =
=20 A N R Iy Iy 2 -
Wl (ovalted o [ 400F
BRSs«v v v v TBPS o " 32 =
200T= t ' t 40 200
(it |Pixgls ) a
0 B E— B B R— T R - O()
o z [mm]
Detector Area [m?] Layers (B+EC) Detector Area [m?] Layers (B+EC)
CMS Pixel 4.9 4+11 ATLAS Pixel ~13 5+6-8
CMS Outer 218 6+5 ATLAS Strip 160 4+6

* Extended coverage to forward region
* Fast data transmission with low power giga-bit data transmission

« CO, cooling (thinner pipes)
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CMS Phase-2 tracking detector

+* Outer Tracker design driven by ability to provide tracks at 40 MHz to L1-trigger
¢ Tilted modules in OT 3 inner layers
** Inner Tracker (pixel) design to extend coverage to n = 3.8

&l

“.\tuh"\ pass fail

2-sensor modules concept for track-trigger

1 *Jmm[

Tl

IPRRRRRRRRRC IR

1

sensors OB

[T
"I Ppp|
z x 57;}011

|
IREEL RE BB/ B
m

IEREEERERF EREERREREL

high p; low p;
0.0 0.2 04 0.6 0.8 1.0 1.2 1.4
—1200_ ! / / / s - / _ 1.6
£ - R 18
= 1000 42M Si-strips in 192 m? o || I| || ‘
800 - C ! | | 20
o1 - b -2
600 | |l |I |l 24
e SANN NN A \2\ |: .: g ! ! ";‘6
ool TOMTRIQRIERN, 0 i D3
| | — ]
- N S S A T T T T I I
- 200 109 pixels in 4.9 m? 40
IT o=ttt & t \ L '] i
— - I I I I [ | | ] | 1 I | 1 1 1 1
0 500 1000 1500 2000 2500 2z |mm]

* OT Si-sensors =~ 200um thick - 90/100um pitch - 2.5/5cm strips - 1.5 mm macro-pixels in inner layers
* |T Si-silicon sensors < 150um thickness - 50x50 to 25x100um? - large pixels in outer layers?
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CMS Phase 2 Inner Tracker

Inner Tracker region TBPX
| TFPX \
CMS central beam-pipe

(mid-section in beryllium) Double Dees

Beam-pipe support
“fishing rods”

atZ=3.3m Beam

interaction
point

CMS \ Inner Tracker

endcap Support Tube (ITST)

beam-pipe

\ Beam-pipe support collar,
vertical (permanent)

and horizontal (pivoting) supports
atZ=1.63m

Beam-pipe
connection
flanges and
bellow

IT installation/support rails

Tracker Bulkhead Disk in the ITST

Outer Tracker not shown
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Performance

Tracking resolution

CMS Simulation Preliminary CMS Simulation Preliminary
= f"'l'"'|""I""I""|"" """" | 5 1 =R L R T T LR T
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CMS Outer Tracker

» 2 types of 200 uym thick n-in-p silicon modules, p,-discriminating

2S modules PS modules

e 2 strip sensor mounted back-to-back » Measures z

» Sensors wire-bonded to hybrid from top * 1 strip sensor (2.5 cm x 100 ym) 1
and bottom pixel sensor (1.5 mm x 100 ym)

e Strip dimensions: 5 cm x 90 um mounted back-to-back with a

separating bridge

common:
on-module DC-DC converter
LpGBT for data transmission & control

Hybrid with binary readout electronics
connecting data from two sides

* Module single entity, uses DC-DC powering
* Modules mounted on support structure
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CMS Phase-2 tracking detector

. A N g ;L / j | | ‘ ==
e 2S modules screwed to “ladders”
— Each module has individual optical connection for communication and
readout
 PS modules on “planks” and “rings”

* End-cap modules loaded on “double disk” structure
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Pixel detector upgrades: Hybrid pixel modules

2

— Sensor and front-end electronics connected to Hybrid Pixel Detector

module with high density bump bonding — bare

module Homeend
Readout

— Flex glued on top of bare module (on sensor side) ohip
— Flex and bare module connected via wire-bonds
(data, LV, HV)
. . Sensor gi:tzlctor
— Quad (4-chip) modules and single, double modules
for inner most layers particie

track N. Wermes Univ. Bonn

Flex Wire-bond

f—

ump-bond
FEIX Sensor Stave surface

~600k channels/module with 4 chips Quad pixel module prototype, 4 FEi4 chips (ATLAS)

Alternative under investigation for ATLAS most outer pixel layer: CMOS modules (more in Lecture 2)
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Pixel sensors

— Sensor options

— Planar or 3D sensors —
— Small pixel sizes of 50 pm x 50 ym. T}
(25 ym x 100 ym) 400 x 384 pixels 3
— Features of 3D sensors:
— lower bias voltage than planar sensors
— Less power consumption FBK Trento CNM Barcelona

— Smaller clusters at high track incident angle

— But difficult processing

oxide [l metal B passivation

pSi [l ppoly-Si M n’poly-Si p'S
A. Zoboli et al., IEEE TNS 55(5) (2008) 2775 G. Pellegrini et al. NIMA 592(2008) 38
G. Giacomini. et al.. IEEE TNS 60(3) (2013) 2357  G. Pellegrini et al. NIMA 699(2013), 27

— Many performance studies in laboratory and test beam before and after irradiation
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Pixel readout electronics

— Fast readout chips required
— RD53 Collaboration is developing front-end chip in 65 nm technology
— Output bandwidth 1.2 Gbit/s

Wafer 2 cm, 400 pixel columns
=

Threshold distribution

8
cupancy
s =

800 - - -
RDS3 Intemal
T TETETETETE TR TR AT T T LALLM RARRRE R R R RAR LR RRAL 1 | TN 7 1 1 = 600e-
o~ 100e-
— : s

PR PIPRLL FiveL PR PR PR ] PR REEL [0 e | " L A R )

- Chip doc. on CDS: cds.cern.ch/record/2287593
- Paper getting started

10 other chips sharing the run,
including CMS MPA/SSA

a
8

g

SEEE

600e- tuned threshold
~ Same #pix as full FE-14
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ATLAS Inner Tracker Upgrade for Phase-2

Strip Barrel

Strip Endcap

Pixel Barrel
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Layout of new ATLAS Inner Tracker

[ T T T T | T T T T \ T T T T | T T T T ‘ T T T T
1400—ATLAS Simulation Preliminary
 Inclined Duals

1200[

R [mm]

- 1’]:1.0
1000 =
800 e ]

600

=
n
g
=}

400

II\||II‘I\I‘I\['\I\'III|IJI|\

200(=

Strips z [mm]
Silicon area 13 m? 160 m?2
Nb channels 580 millions 50 millions

Deploy

* Fast data transmission with
low power giga-bit transmitter

« CO, cooling (thinner pipes)

* Triggering at LO with 1 MHz and
at L1 300/400 kHz

* Large area: aim for cheaper
components

Pixel Detector:

>5G pixels

5 barrel layers + endcap structures
50x50 mm? or 25x100 mm?

>13 m? active silicon

coverage up to |n| < 4.0

Strip Detector:

50M readout channels

4 barrel layers, 12 endcap discs
barrel: 24mm/48mm strip-pairs
endcaps: 19-60mm strip-pairs
75.5 mm pitch

160 m? active silicon

CERN-LHCC-2017-005
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Expected Material and Performance of new [Tk

N

— 2 m Xx F . . -
a u i 3 o 25 ATLAS Simulation ITK Inclined
o — I Dry Nitrogen — © - i i
2 18 . Patch Panel 1 é’TLAI‘St' B = L single p, p. =10 GeV,u=0 : g;¥$+smp
S | g === Electiical Cabling =allmenadd = S - —+_ Pixel
@ E === Titanium Cooling Pipes reliiminary ] o 20
€ 1.4 === Support Structure | ITk Inclined Duals -| £ R o’e e
= C Pixel Chips . C PN A A d %,
5 1.2 Active Sensors NN = 15 —.'“i s r M,’.
¢ - R 3 ™S A 000006000600 " o
o 1= N N . L
- \ R ] - . " il
0.8~ 3 C = =
- \ NN ] 10 . aEnEEEEEEEE oo
0.6~ N N - B ot A'-A-:' '-.A-"" ok
: N N KKK : | . A-_A_ --------- ) A.. -A-
0.4 Z o \ §§§§§ - 51 - A~A-A-ArA-A-A-A -
- s = KRR RAKAKXKX, : —
0.2Lg;-a.avf'"= R - R — B - -
0 h’ﬁ §><>< : O B 11 1 1 | | - | I - I L1 11 | | I I 11 1 1 | 1111 I | I
0 6 —4 -3 -2 -1 0 1 2 3 4
n

n

. > 13 clusters per track

. < 0.1 holes per track
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Expected Performance new ITk: Tracking

2_ 10? g e

= ) . —o— ITk p_=1GeV 3

S £ ATLAS Simulation —a— ITk p’ =10 GeV ]

5} [ Single muons, =0 —— ITk p] =100 GeV 4

x

[ 10 -.e-- Run2p_=1GeV 3

[ E on- Run2p1=10GeV =

r -.0-- Run2pT=100 GeVaym

1:_ —A— —

E —hA— —a—

C —_— -

L T --+ -]

10—1__ -.--'—2'-' —

E o T Ao 3

| - - . == o —

+ - -

1025 E

S I S B I I B B

0 0.5 1 15 2 2.5 3 3.5 4

True particle |

T 10° g g

E . : —o—ITk p_=1GeV 3

E - ATLAS Simulation —a— [Tk pT = 10 GeV ]
—~ o[ Single muons, u =0 —— [Tk p] =100 GeV

N 10E ! =

© E --e-- Run2p_=1GeV 3

C --e-- Run2p =10 GeV ]

10k --e-- Run2p =100GeV |

1 e =

E - =

E ) _’._-u.u . +_._—I—-I—-‘;

e e P

2ET TP D T A= 3

= t'—:-.- _'_"-z-\-o- s =

r T o e ]

1072 B 4

S ENEY Vi I I PR I B B

0 0.5 1 1.5 2 25 3 3.5 4

. . True particle |
Conservative estimate for

performance of ITk: algorithms not
fully optimized
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Layout of the ATLAS pixel detector A

~ 450 [ T T T T | T T T T | T T T T ‘ T T T T T T T T I T T T T ]
E — ATLAS Simulation Preliminary Inclined Duals
— 400— —]
o = n=1.0 n=2.0 -
350" Outer Barrel Endcap o0 o
300~ =TT = .
-| Active area: 12.7 m?
250 X I = Pixel size: 50x50 (or 25x100) um?2
200 = —- # of modules: 10276
150 == I I = #of FE chips: 33184
# . n=40 Z # of channels: ~5 10°
100 | 1 =
50k~ Inner System =
Z | | 1 1 1 1 | 1 | | | 1 1 L | 1 1 1 | | | | 1 | L L 1 L ]
00 500 1000 1500 2000 2500 3000 3500
z [mm]

— Different sensors types and technologies
depending on distance from interaction point

— Fast readout with max. 4 MHz trigger rate

— Upto|n|of 4

Quad module with 4 FEs
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ATLAS Pixel Design

— Structure from carbon-fibre composites

— Example for outer central region: longerons

= ‘ D

B NS N\
.\“‘ :

o'

Electrical prototype with FE-i4 based modules

7 quad modules on carbon local support structure
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Powering of Pixel Detector

— Powering serially with chains of up to 14 modules

— Constant current to all modules in one chain

Readout = 3 l l JJ

IIETIIEm

EoS Board /

C—) PPO
3./ DCS

Controller

Power (V)

To DCS

computer

| PSPP chip
power (V)

Cooling
pipe
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Concept of the upgrade strip tracker in ATLAS

2

* Modularity for easier final assembly, multlple site productlon early system tests
Hybrid (+ASICs) o —

Module (6"):
Sensor

~10 cm

Carbon core with double-sided
modules (sketch: petal)

EndOfStructure card strip

(EoS) \ .. sensors i v
\ d power
o oard
» ‘}
0.6m

4 module Not to scale
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Layout of structures for the central region

7y - Double-sided
ta@E?/*‘ " - Low material
* ' - Rigidity

@ - Stereo-angle between

front- and backside

bus

Sensor

Ti tub
| fupe - Simplify assembly for

large-scale production

13 modules per side Hybrid control

1.3m Q ' chip (HCC130%)
module 7 E

FE-chip (ABC130%) EndOfStructure card

(EoS)
board"
Kapton flex hybrid Reidost ICa g /Cu bus tape
Stave cross section: e e e e e/ Carbon fiber facing

| e @ g g e e e e e e g e |

NIM A 699(2013)93-96
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Sensor design and readout electronics @ATLAS &)

CERN-LHCC-2017-005

—_— 25 N LA | T T R T LA |
— Silicon sensors: ) ATLAS
> 20F - Collected charge
— n-in-p float zone 320 um thick < | after proton,
o neutron and
. ki 13 T A7 26 e Protons (500 V) 7 gamma irradiation,
— Strip length 8 — 58 mm G | A A7Neutons s00V) | B-source tests
- —&— A7 70 MeV Protons (500 V) fter 80 min
@ 10 |2 A7 Pions (500 V) | are |
g - E- A12A Neutrons (500 V) annea”ng at 60°C
1 H 1 Q@ - - A12A 70 MeV Protons (500 V)
— Covering in central region 97 x 97 mm £ |72 X ann s wer pons 500w
O - W- A12A Pions (500 V)
S I..m- A12A KIT 26 MeV Protons (500 V) 7
@ - A12A 800 MeV Protons (500 V) -
--@ - A12M 70 MeV Protons (500 V)
0 fA. A.7 Plair.s .N.e?tlrons (500. V) iy

1 10 100
Fluence (1014 N cm'z)

— Readout electronics ;
- A AV Short strip
</ sensor

e

— Binary chip in 130nm CMOS production
— Plus controller chip and HV multiplexing on module

— DC-DC powering for increased power efficiency
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Prototyping of larger strip structures

* Development of industrial production of petal cores for
endcap region ongoing

« Stave with 13 modules tested for central region

* 1.3 m long with titanium cooling pipes

» Successful test of construction, shielding,
grounding, powering, readout, ..

Temperature on sensors [°C]

Camera pixel in X

hybrid .
End-of-stave card for readout tandem DC-DC converter  Silicon sensor

« Test of global mechanics: services routing

Service tray mockup@Valencia
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CMS Phase-2 Upgrade

NEW
READOUT

« ECAL crystal granularity readout at 40

MHz with precise timing for e/y at 30 GeV
CAL and HCAL new Back-End boards

L1-Trigger/HLT/DAQ Barrel Calorimeters

* Tracks in L1-Trigger at 40 MHz for 750 kHz
PFlow-like selection rate

* HLT output 7.5 kHz e

Muon systems

H | I, * DT & CSC new FE/BE readout
' *NewGEM/RPC1.6<n<24
DETECTOR '~ * Extended coverage ton =3

Calorimeter Endca

P

« Si, Scint+SiPM in Pb-W-8
» 3D shower topology with \,
precise timing

Beam Radiation Instr.
and Luminosity, and
Common Systems

- and Infrastructure

/

~

Tracker MIP Timing Detector
+ Si-Strip and Pixels increased granularity _
« Design for tracking in L1-Trigger * = 30 ps resolution
« Extended coverageton =~ 3.8  Barrel layer: Crystals + SiPMs
* Endcap layer: Low Gain Avalanche Diodes
24./25.5.2018
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Recap: Electromagnetic Calorimeters

1 Dominant processes at high energies (E > few MeV) :

1 Photons: Pair production 1 Electrons: Bremsstrahlung

2
dE _ 4aNAZ—r62E1n@ _E

dx A z"” X,
E=Ee ™"

After traversing x=X, the electron
has only 1/e=37% of its initial energy

u= attenuation coefficient
X, = radiation length in [cm] or [g/cm?]

1 Sampling fraction
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Recap: EM Calorimeters — Shower development
Lateral development of EM shower

1 Opening angle:
— bremsstrahlung and pair production

1 Main contribution from low energy e- as <8> ~ 1/E,, i.e. for e- with E < E_

1 Moliére Radius

E 21.2MeV
Ry =X ==X,

c c

1 Assuming the approximate range of
electrons to be X, yields <6>= 21.2
MeV/E.~>lateral extension: R =<8>X,

energy deposit -1 l
[arbitrary unites] l l

50

o

123645678
lateral shower width [Xo]

Linear scale

24./25.5.2018

Longitudinal shower containment

EM calorimeter can be quite compact. Since t,,,= In(E) — calorimeter thickness
must increase as In(E)

After shower max e*/e” will stop in = 1X,

To absorb 95% of photons after shower max = 9X, of material are needed
The energy leakage is mainly due to photons

A useful expression to indicate 95% shower containment is:

L(95%) = tpa + 0.08 Z + 9.6 [X,]

E.~10MeV E,=1GeV =t =In100/In2=66 N, =100
E,=100GeV =1, =1n10,000/In2~9.9 N, =10,000

Scint. LAr Fe Pb w

W ] ] |
WM o

Xo(cm) |34 14 1.76 0.56 0.35
A 100 GeV e is contained in 17.5 cm Fe or 5.6 cm Pb

Longitudinal and transfer EM
shower profile of 6 GeV e in Lead

froiray cntes] | Logarithmic
L scale
S )
. ‘deo“\vo
o«e

lateral shower width [Xo]
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Recap: Hadronic Calorimeters

Nuclear
evaporation

Hadronic shower

Hadronic interaction:

Some numerical values for material:
typical used in hadron calorimeters

Hadronic vs. electromagnetic
interaction length:

Elastic:
p + Nucleus — p + Nucleus A
Inelastic: X i At [cm] | Xo [cm]
0~ /\ int
p + Nucleus — Fission YA l_m :14/3
+ - 0 * A0

T T T ...+ Nucleus 1

tmoAmA . Aing ~ A Sznt. | 794 | 422
Nucleus* — Nucleus A +n, p, a, ... W,

— Nucleus B + 5p,n,, ... 4 ~

— Nuclear fission Aint > X LAr 83.7 14.0
[Ain/Xo > 30 possible; see below]
Fe 16.8 1.76
Incomin Typicall . .
hackon Longitudinal size: 6 ... 9 At [EM: 15-20 Xo] - 71 | ose
[95% containment] . :
e 8 .
— , 7 Typical
lonization loss - lonization loss Transverse size: one Aint [EM: 2 Ru; compact] U 105 0.32
_ [95% containment] . .
~
Intranuclear cascade /
(Spallation 1022 5) Intranuclear ?g%%a‘)’e c 38.1 18.8
ation << §, . o
Inter- and S Hadronic calorimeter need more depth ' '

intranuclear cascade . .
Internuclear cascade than electromagnetic calorimeter ...

Courtesy of Daniela Bortoletto
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New Endcap calorimeter for CMS for Phase-2

« Complement tracker upgrade with extended coverage of calorimeter to |n| < 4 and
high granularity (high energy resolution): HighGranularityCalorimeter

2

« Sampling calorimeter with silicon sensors and scintillators, share depending on
radiation damage

) N
0C 0 badl |enenonesn |
T N
= 111
NEh opopoeguaeaoacEoE |
SRA IR SRS SIE e S SN
N [
(S SeRLELRESREEEEEE S8 S s s
[N [* 55
| = )
T S ICICICRCECRCRCEININTE Y
i — i
|55l BH ==l b b 2lE 3] -
N [

' .i",,‘w o g o
Back thermal screen Front thermal

EE Cu-W/Si 26X,(1.51)
FH Brass/Si 3.5\
BH Brass/ scint. tiles 5 )
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New Endcap calorimeter design

» 3D shower topology and time resolution of ~30 ps (p; > few GeV)

» Electromagnetic: 28 layers of silicon sensors and W/Cu absorber (26 radiation
lenghts, 1.5 interaction lengths)

« Hadronic: 24 layers of 8 silicon and 16 silicon PM/scintillator tiles in stainless steel
absorber (8.5 interaction lengths)

] HB RBX R ! L -
= 253 tonnes, total power at end Z P-in-n sensors with
Z of life 169-180 kW at -30° C < 200 pm thickness
= - Good energy resolution for EM showers
o - Moliere Radius: 90% contained in ~2cm
‘ < (éeanm simulation - --2mm air gap 4mm air gap 10
= ’/\‘f £ = electron particles / .
= 7 = 5 HGC-TP s
” 4 a0l 2/,
— : ' - [ v
! F Moliére radius ,"l 6
| )| : S sof— U 2SS SE i
: : I 90% containment
20| . 4
i 5
— e . C e e
C:r L 10 e e - 16;/% containment 2
= : __ ,
11.% - c=-'-r|' | 1 1 1 1 o
;— - 159 15.8 k& >vi 0 5 10 15 2I:) 25 bSO
# T 335.8 ] 5 14.0 ".ﬂm field - ayer number
| Jb S = FH 560.8 “ofr o T
T - |
e H - | !
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Thin and highly segmented parts

nnnnnn

An assembled hexagonal
module with hexagonal
cells (I or 0.5 cm? size,
making a total 6 million
channels)

Section view

Readout Chip

W absorber

Printed Si Sensors

Circuit Board
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Imaging Calorimeter: Simulation

- - MIP tracks and clusters

N / clearly 1dentifiable by eye
> throughout most of detector.

3
s R the longitudinal sh
i 000 b S e - ower fOOth‘int
NS T gl
e - ok O] Qe . .
P e b2k ’ ) . . }
L o /‘
S L e S0 ALV AR
\ o : e '; T > L‘.‘: ] 7 j‘-— N
; %o e 20 & : . 2 l: o o
a 2N o, * v X
& 7 ) v/

high pr jet
0(500 GeV) A
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Imaging Calorimeter: Test beam measurement I@

Allows measurement of the 4D (space+time) topology of energy deposits in particle shower,
to enhance particle ID, energy resolution and pile-up rejection

A 32 GeV electron event at Fermilab Test Beam Facility

Shower development clearly seen

Silicon in use for Calorimetry
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Recap: Scintillators
o | I A electron
band _........ l .............. O ..........................
. . . g . v
1 Inorganic (Sodium iodide (Nal), Cesium —o— V. SV
. . ~ impurities ) 2 Vtraps
IOdIde (CSI ), e ) [activation centers] "5 %
De-excitation and T 3
Excited dissociation L BN 4 @
itati molecues @ J\,\I’J—/ intilation T i’
Excitation ﬁgigegme e
/ LAr : 130 nm " | e lence band
LKr : 150 nm S—
Collision LXe - 175 nm

[with other gas atoms]

1 Noble gasses (Liquid Argon, Liquig

Ion|zat|on. ———> “ _——) . Xenon.. )

lonized
molecules

@ Hecombination Molecule structure generates

Organic crystals 2 o . energy levels with transition
A=360-500 nm

Aromatic hydrocarbon
compounds with benzene
rings such as Anthracene (C14H10), etc T

Plastic scintillators [ 11 interna N S

f, degradation
» Organic scintillators suspended in the =
v [
aromatic polymer (easy to mold and X | 3 ==
4 absorption | uoresecence :
machine) 1|

— triplet states
Liquid scintillators .

o o e
S &

"

singlet states
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Recap: Scintillators

2

Scintillator . .
Light Guide Photon Detector

! v
Al 77 —

dE/dx converted into light and then it is
detected via photo-sensor
(photomultipliers, SiPM,....)

Main features
— Sensitivity to energy
— Fast time response
— Pulse shape discrimination

Requirements:

— High efficiency for conversion of
exciting energy to fluorescent
radiation

— Transparency to its fluorescent
radiation to allow transmission of light

— Emission of light in a spectral range
detectable for photo-sensors

— Short decay time to allow fast
response
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Further Calorimeter Upgrades

Barrel Electromagneti

. Calorimeter (ECAL)

PbWO, crystals

Tile Calorimeter ATLAS

. T EXPERIMENT
steel + plastic scintillator
~10k channels

' B
Forward Hadron

Calorimeter
steel + quartz fibers
+ ~2k channels

D

»« LAr Calorimeters

v LAr + Pb/Cu/W
<. ~183k channels Barrel Hadron
S , Calorimeter (HCAL)
brass + plastic scintillator
~9k channels
Wma

» Motivation for calorimeter electronics upgrade:
 Higher trigger rate of 0.75 - 1 MHz and larger event buffers (> 10 ps)
— improved trigger system for high pile-up
» Improved radiation tolerance (2-10 kGy) and system longevity - where necessary
» Improved timing measurement - where possible

» General concept: move buffers and pipelines off detector and read out at 40 MHz

New readout electronics
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Further Calorimeter upgrades I@

4 ) 4 )

Calorimeter | Front-End ‘ D,Egik}Erigcgl;er
- | 4

- / V l

 Radiation tolerant ASICs and Commercial-Off- * High-bandwidth, low-latency

The-Shelf (COTS) components: signal processing with FPGAs
« signal amplification and shaping
« ADCs, TDCs  Data buffering in FPGAs or on-
- optical links with 5-10 Gbps board memory

« Trigger, Timing and Control (TTC) distribution * High-bandwidth interfaces to
hardware trigger and to network

« Power distribution for HV and LV based trigger/DAQ systems
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New electronics for CMS Barrel Calorimeters A

New VFE card New FE card ‘ 1o, CMS Preliminary ECAL Barrel
- =——T=18°C t=43ns n=1.45
- we T=18°C t=20ns
Master IpGBT ASIC 101 72g9C ww43ns

Control (2.5Gbps)
Readout (10Gbps)

3 x Readout IpGBT
Readout (10Gbps)

T T=8°C t=20ns

Noise (ADC counts)
(00}

Versatile link plus
®) Control link

Readout links

APDs Pre-Amplifier ADC ol L. . N B N B
0 1000 2000 3000

Current lead tungstate crystals and avalanche Integrated Luminosity (fb”)

photodiodes (APD) will be kept
Lower operating temperature and
optimisation of electronics shaping

Electronics will be replaced to accommodate LI
time to mitigate APD noise

trigger requirement

Allows single-crystal readout (instead of 5x5 towers)
at 40 MHz, providing maximum flexibility at trigger
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Upgrade of Hadronic Tile Calorimeter in ATLAS A

» Major upgrade of on-detector mechanics and electronics

Inner Detector

LAr EM Barrel Tile Barrel
Tile Extended Barrel

Photomultiplier

* On-detector electronics
hosted inside girders at rear
of TileCal.

» Today, includes LV/HV PS.
Consider local vs remote HV.

» All data will be digitized on-
detector at 40 MHz. Shielded
location allows use of
qualified COTS components.

« Shaper followed by dual 12-

Wave-length shifting fiber

Scintillator Steel

bit ADCs.
» Careful analysis of failures
S T over last 10 years, improved
) redundancy and
serviceability.
« Additionally:
New front-end and back-end
boards for Liquid Argon

Calorimeter (see spare slides)

24./25.5.2018
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Upgrade of Muon Detectors

— Additional stations will be included in ATLAS and CMS
—> increased coverage and timing

— Replacement of electronics with improved radiation hardness,
higher bandwidth and better trigger capability

ATLAS Muon Chambers

Resistive plate chambers
MDT chambers

{ ~
Barrel toroid R : 7565 : =353
Z coils

2N

End-cap

2820)
torold\

New RPC BIL triplet

Small sector
»

saxoq, 4abbiyj

sipddns 7 ﬁ

Large sector

= S
o~ I~
5
% 5 o
2 g
i @
A &
23 4
~ 22 -
- n'M X O
©.3 &
Calorimeters S = Q
o b ¢

-3
\3
_ N §
5 MR
< | e, 2
/ " A8, 2
= B = 2
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Recap: GEMs and RPCs

GEM - gas electron multiplier

« Thin kapton foil coated with metal film

» Chemically produced holes (diameter ~100 um)

» Electrons guided by high drift field of GEM
which generates avalanche

» Electric field strength of some 10 kV/cm

« Avalanche gain of 100 — 1000

induction gap

electrons

RPC- resistive plate chambers

» Two parallel plates, a positively-charged anode
and a negatively-charged cathode

» Plates of very high resistivity plastic material
and separated by a gas volume

« Electrons created by ionization and multiplied
picked up by external metallic strips

» (Good spatial resolution

« Time resolution of one ns
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New Muon Detectors in CMS

« Complete muon stations to 1.6 < |n| < 2.4

* GEMs in 2 first stations (improved p; resolution)
e RPCs in 2 last (timing resolution to reduce background)

* Replacement of readout electronics in Drift tube minicrates and
Cathod Strip Chambers: improved timing precision
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(Short) Summary of Lecture 1

HL-LHC will provide exciting physics from 2027 onwards
« Enormous detector challenges, especially for inner layers

« New domain of particle rates and radiation levels

ATLAS and CMS will replace inner detectors with all-silicon tracking detector

CMS will get new endcap calorimeter: silicon + W/Cu and scintillators + steel

Upgrade of calorimeter readout electronics for ATLAS and CMS

24./25.5.2018 LHC Upgrade: Detectors

Upgrade of Muon detectors to increase coverage and timing
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More Calorimeter Upgrades in ATLAS

LAR CALORIMETER:

+ NEW FRONT-END (TRIGGER DIGITISER BOARD LTDB)
AND BACK-END (DIGITAL PROCESSING SYSTEM LDPB)
BOARDS

Trigger Towers

Anxa0 = 01x0.1

INCREASED TRIGGER TOWER GRANULARITY (AnXA(p =
0.025x0.1) 25 oo

GOOD TRIGGER PERFORMANCES WITH THE INCREASING
LUMINOSITY AND PILE-UP:

LOW TRIGGER RATE THANKS TO THE BACKGROUND
REJECTION ATLAS-TDR-023-2013

L1Calo
LOW THRESHOLDS AND BETTER TURN-ON CURVES ECAL — Electron

(digital) 5

Feature
THANKS TO THE HIGHER GEOMETRICAL RESOLUTION Extractor EE.
ibre- M, Jet Feature

L1CALO: . ﬁ

NEW FEATURE EXTRACTOR BOARDS: EFEX, GFEX, JFEX
Feature
Extractor

MORE REFINED PROCESSING OF ELECTROMAGNETIC
CALORIMETER INFORMATION AT HIGHER GRANULARITY [ L c He

\ Processor
(analogue)

BETTER DISCRIMINATION BETWEEN PHOTONS, —
ELECTRONS, TAUS AND JETS (analogue)
To RODs Processor

0.1x 0.1
(n,0)

EFFICIENT SINGLE OBJECT TRIGGERS FOR
ELECTROWEAK-SCALE PHYSICS
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Experiments

\
\ CMS DETECTOR STEEL RETURN YOKE
Total weight : 14,000 tonnes 12,500 tonnes SILICON TRACKERS
. Forward Calorimeters Overall diameter : 15.0m Pixel (1005150 ym) ~16m* ~66M channels
Solenoid Overalllength ~ :28.7m Microstrips (80x180 um) ~200m? ~9.6M channels
\ Magnetic field  :3.8T

End Cap Toroid

SUPERCONDUCTING SOLENOID
Niobium titanium coil carrying ~18,000A

MUON CHAMBERS
Barrel: 250 Drift Tube, 480 Resistive Plate Chambers
Endcaps: 468 Cathode Strip, 432 Resistive Plate Chambers

PRESHOWER
Silicon strips ~16m? ~137,000 channels

FORWARD CALORIMETER
Steel + Quartz ibres ~2,000 Channels

CRYSTAL
ELECTROMAGNETIC
CALORIMETER (ECAL)
~76,000 scintillating PBWO, crystals

HADRON CALORIMETER (HCAL)
Brass + Plastic scintillator ~7,000 channels

Poacaal Taeaia Inner Neatertar IS [T
) ERSRSN\
ZDC = s T | Q
\116m from L7, ~— /p ] .
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» U — . -
LA/ (X N g
’ B\ '
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\:‘Homfrvmly
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Pile up at the HL-LHC

Capabilities to mitigate pile-up assessed in ATLAS and CMS

At L~ 5*10%4 cms ! average pile-up of 140, in-time and out-of-
time pile-up occuring

» Drives several detector developments (high eta tracking,

CMS-PHO-GEN-2012-002

muon tagging, timing) and algorithm optimization 78 reconstructed vertices in event
 Impact of different beam configurations evaluated in ATLAS from high pile-up
tt at 14 TeV = i
w014 2] "I""I""I""I""I"":0'1_ o time cut (no
“‘f’ _CMS Phase Il Simulation Preliminary %‘:‘) 00125_ ATLAS Preliminary T 4 cusensamspor 3 - :mt:cut(l:o[ »ufw
%012:—<i:fa(:'|; 2\6 — 5 0,16;— Simulation e . g Fist Boam Spot - 0_08} :‘1:2'::::42;?1:”)
& 140 PU i 1 B o14f
© 01— -1 < = -
g r improved PV: 1 0.12;— 0.06
= 08 e {l.li . 01F LT
[ " : 0.08F- 0.04|-
0,06~ i 8 0.06F- = = i
- 1 0.04F - - I
0.04/- _* *+ . 0.02F == - . oo Iy
- o 4 ] St e gl M oo :
02 T % ; Thtackz,mn O 200 400 600 800 1000 1200 1400 1600 1800 2000
N e ] Photon-SumEt (GeV)
-0.004 -0.002 0 0.002 0.004
zy 'Zg%n' [em] Longer beam SpOt ~ﬂat +- Precise t|m|ng
Vertex finding in CMS Phase 2 15em °_°?paret‘fbga”33'a? Sum ET of photons in VBF
tracker: new alg. 90% — 96% eff. sigma = o cm, tibar events H— vy

with 140 pile-up
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HL-LHC baseline and ultimate goals E@u

Baseline goal: 250 fb~! /year to reach 3000 fb™!

e Luminosity leveled with 5* at 5x103*cm™2s7!

@ Pile-up =~ 140
e Machine efficiency = 50%

Ultimate goal: 320 fb~!/year to reach 4000 fb™!

e Luminosity leveled with 8* at 7.5x103*cm 257!

@ Pile-up =~ 200
@ Machine efficiency = 50%

Ultimate energy: 7.5 TeV, under study
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Squeezing

2017 HL-LHC
B* 40 cm 15 cm
Beam size at IP 12 um / um
(sigma)
B at triplet ~4.5 km ~20 km
Beam size at triplet ~1.5 mm ~2.6 mm
Crossing angle 370 urad 590 urad

e Bigger beams in inner triplets
e Larger crossing angle
e Larger aperture in inner triplets
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Development of Crab Cavities

Crab Cavities for compensation of
geometrical reduction
Reduce effect of crossing angle

Major R&D program
Now concentrate on two designs in
order for test installation in SPS
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Development of Crab Cavities

Figure 4. Electric (left) and magnetic (right) field
distributions inside the DQWCC.
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Inner detector of the ATLAS experiment

* Current inner tracker of ATLAS performing very well ( r\

* Transition radiation detector and silicon detectors T <
for tracking

— Planar strip sensors \ st
R =514mm
— Hybrid pixel with planar and 3D sensors SCT{ R
R =299mm
* However, cannot cope with radiation damage and :
high occupancy at HL-LHC operation R = 1225mm f———————4
i =88.5mm / =
o 40— ™ T Sénsbr Temperature T ! IR R=R33"f)5mm /
e e | T T | SR SR L = -
-20 =t AT — ',‘,_:; =
Emz | ATLAS sc L 11| IS - o2
RS L T R
& ol - | ;;jﬁj,“.‘:”%?"‘_f , B Detector |Area[m? |Channels |Maximum dose
® | _ i"-‘ 1z [1MeV n_ /em?]
1 ; int. lum)dellv = —g 10" P'Xel 18 92 M up to 3*1015
107 ' La;/er Data Model prediction| 3 102 Strlp 60 6 M Up to 2*1014
- Barrel 3  * 1o [ —
C Barrel4 = 1o [ n
Barrel 5 o L
102 — {1 Barrel6 ¥ — zl6| | = 10°
' 'If?'l i |HI| é'%:pl | [ H|; é"PO?P i T

-3 L -4
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Expected Performance of new ITk

—
N
T

- i, truth p,>1GeV, <u> =200 ]
— Vs=14TeV 7

Efficiency

—_
"y

0.8 -

0_7'...‘|....|....|.‘.‘|‘.‘.|....|....|....'

Estimated using a tt sample with <u>=200
— primary, stable, charged particles with
pT>1GeV, |n| <4

24./25.5.2018

Light-jet rejection

LHC Upgrade:

10*

103

102

10

T IIIIII|

MV1

ATLAS Simulation .
Vs = 14 TeV, <u>=200, tf !

A
n
L

—— 2.7<m|<4

* Run 2 |n|<$.5

Ilillllilllillll
0.55 0.70.65 0

* b-tagging

111 1 ‘ 11 1 | 111 1 | 1 1 1 | I 11 1 1 i 1 1
.7 0.75 0.8 0.85 0.9 095 1
b-jet efficiency

— evaluated using tt sample with parton-

jet matching
— Run-2 algori
tuning used

Detectors

thms without dedicated



Upgrade Trigger Scheme in ATLAS

2

e Precision calorimeter, muon and inner tracker information in L1 (with new electronics)

* New design foresees Phase1 Level 1 — in Phase2 Level 0

Triggering sequence: LO trigger
(calo/muon) reduces rate within ~ 6 us to 1

[TTK|  [Tie |[TAr]
[)

""" ] Ll B P MHz and defines ROl — L1 track trigger
[ FELIX [ PELIX. fo ' extracts info in ROIs from readout
electronics

vyt
\ =
lzGlObal

T et |11 - S LO Calorimster

— Leve 300/400 k

S i Seed
Level 0 Rate ~ 1 MHZ |atenCy < 6 “S locokd Mognets  Sciercid Magnet ST Trocker  Paml Datector  1R1 Trocker

) - )

muon + calo

Level 1 Rate 300-400 kHz, latency =< 30 ps, e Event building ROI driven
muon + calo + tracks

HLT Rate 5-10 kHz
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Planar sensor study in CMS

* Charge COIIeCtion StUdied for irradiated * signal normalised to 73e/um from CCE on pad sensors, -20°C,
1 _' - H after 23 GeV proton irradiation, 1063 nm laser
200 pm thick n-in-p pad diodes I Sad sensors e
— 5k electrons after1x10'® neq/cm? 5] “oMCz200P |
(900 V bias) I B e -z
% 10 | £1-FZ-200P
5 23 GeV protons
0 b
. . 10 100
Thin sensors: ’ fluence [10' neg/cm?]
 Similar signal in 100 um epi strip sensors
as in 200 ym (MCz: 5 k electrons at 4000
~800 V) = 7000E- S
= - —e-Epi um
« However: Strong increase of currentand  £*°F 4 MCz200 um
. . . B L s e B YO S 2
nOISe Wlth VOItage’ Slgns Of SOft 40005_ ........................ & —(1):25 cm?
breakdown/ charge multiplication 300018 10%Gme
- : . —310%cm?
Charge colecion messusmers 2 1000 ks |5
: . 0200 40 600 800 1000
field Bias [V]



ITk Pixel Outer Barrel Demonstrator programme

— Programme to evaluate and validate the SLIM
concept for outer barrel layers of ITk Pixel Detector:
longeron with 2 cooling lines with flat and inclined
modules based on FE-i4

— Several prototypes for thermo-fluidic, thermal and full
electrical system test including serial powering, DCS
and CO, cooling

Electrical prototype with FE-i4 based modules

Quad module
with 4 FEs

7 quad modules on carbon local support structure

SmallElectrical Analog Scan Tuned

200 400 600 800
All modules functional in one serial powering chain

24./25.5.2018

<

services not shown

Longeron

Barrel cell

TRUSS longeron for layer 2 (1.6 m) with two cooling
lines and 2x14 flat and 2x16 inclined modules

module (flex
not shown)

Inclined module
on cell

TPG
plate

cooling block
(with locator)

~— Ti pipe

phase-change TIM

base block (soldered to
Ti, with locator)
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High Granularity Timing Detector for ATLAS Phase-2 A

» Disks covering 2.4 < n < 4.0 with 2(3) hits per track for R > 30 cm and R < 30 cm.

— 600—mm™ —rm——————F7"—"———7 71—
\ 7)) B I I I R I R R I . ]
o ~ Recoz=73.03mm ATLAS Simulation Preliminary
shicld e e = — Truth z=73.02 mm, t = -104.86 ps -

be used for HGTD boltin; ’

e s i S 400 sump? = 1200.72 GeV? Brstacks
peripheral electronics ‘ 1S - -
= C . PU tracks .
200— —
of- o =
- .- - .
- . Lo ]
~200(— " —
—400— —]
3

Front S 1 | 1 1 1
— —600_3""_2""_1""0""1""2""

the HGTD Vessel

Track z0 -z, [mm]

- MOTIVATION: PILE-UP MITIGATION, IMPROVE E/Y AND JET/

'll)},}/\. 3 i
% == E. = PERFORMANCE

LOWER TRIGGER THRESHOLDS AND INCREASED PHYSICS
ACCEPTANCE; VALIDATE ISOLATION FOR E/Y

SORT CHARGED TRACKS BY TIME TO REDUCE CONFUSION IN
TRACKING AND PARTICLE FLOW
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