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| Disclaimer
* Very limited time
— selection to personal taste
 Largely restrict to PHASE 2 upgrades

* A lot of great ongoing work in ATLAS, CMS & LHCDb
— impossible to do proper justice in 25 min

* Apologies for any omissions & a slight ATLAS bias

* Updated version of HEPP talk

https://indico.shef.ac.uk/indico/event/1/contribution/16/material/slides/0.pdf
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LHC Upgrade: HL-LHC

High Luminosity Large Hadron Collider
o Luminosity: i NEW TECHNOLOGIES FOR THE HIGH-LUMINOSITY LHC

»)) CIVIL ENGINEERING “CRAB” CAVITIES
2 new 300-metre service tunnels and 16 superconducting ,,crab“

2 shafts near to ATLAS and CMS. cavities for each of the ATLAS

and CMS experiments to tilt the

beams before collisions.

300 fb'— 3-4000 fb”

* Inst. Luminosity:
L >1.4x10°** cm™® s

l g FOCUSING MAGNETS

12 more powerful quadrupole magnets
for each of the ATLAS and CMS

L = 7x10%* cm? s )
Luminosity leveling f

* Pile-up collisions:

Electrical transmission lines based on a COLLIMATORS 4 pairs of shorter and more
high-temperature superconductor to carry 15 to 20 new collimators and 60 replacement powerful dipole bending magnets

cuentio e magnets rom the New senvico collimators to reinforce machine protection. to free up space for the new
4 O H 1 ‘ I 0/2 O O tunnels near ATLAS and CMS. et
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HL-LHC Schedule

LHC / HL-LHC Pla

Ls2

13 TeV

5t07x

. A injector upgrade K
8 TeV splice consolidation ]Cryo Rggp4 cryolimit HL-LHC nominal
7 TeV button collimators P7 11 T dip. coll. interaction Ilumlnosny
I

R2E project Civil Eng. P1-P5

2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021 2022 2023 2024 2025 2026 IIIIIII»

regions installation

ATLAS - CMS radiation

experiment upgrade phase 1 damage ATLAS - CMS
beam pipes 2.5 x nominal luminosity | upgrade phase 2
1

e nominal luminosity —wiity_l ALICE - LHCb ——

nominal upgrade

B integrated
m m 3000 fb Ium?nosity

Funded/under way:

ATLAS/CMS/LHCDb ATLAS/CMS LHCb
Phase | Phase || Phase I
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e Physics Motivations
. nggs precision measurement3>m;

Preliminary

- Fermion couplings

i
[ Background

[ 1H Signal x 100

- Rare decays gy
* Higgs self coupling ' ;
* Understanding CP Violation
* Dark Matter
* New Physics Searches

— Direct Q .
- Indirect (Loops!)

 Exclude SUSY models
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Current LHC Detectors

TRACKER

sl 10 e« o + VIUON Detectors .Liq[uid Argon
Sverl o 138 ile Calorimete L

Magnetic field : 4 Tesla

PRESHOWER

RETURN YOKE
SUPERCONDUCTING
MAGNET

/. FORWARD
. CALORIMETER

Vertex Locator \ Muon
' System

Tracking stations either side of 4 Tm dipole magnet
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Detector challenges

Accelerator conditions
- High rate
— readout speed/buffers
— fast data selection/trigger

- High occupancy — Granularity

* 40 interactions — 140 !
Simulated Event Displayi.at 140 PU {102 Vertices)
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Detector challenges: radiation

. Radlatlon hardness
- Pixel region

«Up to 2x10"® .. cm™
*Up to 10 MGy

Dose to HGC, 3000fb™

eRsreliminary
ITk Extended
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CMS Upgrade Overview

New Tracker Muons
« Radiation tolerant - high granularity - less material * Replace DT FE electronics

* Tracks in hardware trigger (L1) * Complete RPC coverage in forward
 Coverage upton ~ region (new GEM/RPC technology)

4
i ) * Investigate Muon-taggingupton ~ 3

Barrel ECAL / = -

* Replace FE electronics

 Cool detector/APDs // / ///

\ 1l 4
I |
! \\ \\ %««
* L1 (hardware) with tracks and
rate up ~ 750 kHz

g jiiimiatericyil 28 Sl
* HLT output rate 7.5 kHz

New Endcap

Calorimeters

* Radiation tolerant
| * High granularity

Other R&D
e Fast-timing for in-time pileup suppression
* Pixel trigger

Andreas Korn IOP Instrumentation, 25" September
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ATLAS Upgrade Overview

New faster
Muon readout
Minor chamber
upgrades

Upgraded faster
Calo readout
Timing options

Upgraded
Trigger/DAQ
System

Global TP
L1track
FTK++

New All Silicon
Inner Tracker
Coverageupton~4
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LHCb Upgrade Overview

° _Cb performance
NOT machine limited

Sluminosit leveled)
— 20 — 200x10°’cm™s™

e Detector u 1grades Side View g
8 fb'— 50 fb'— 300 fb™" Moonet Stations gy TORCH  esen

* Show both LHCb |
Phase | & [l .

* New Velo

* Tracker

* Particle ID
RICH/TORCH ok~

* Muon/Calo readout rreseiuse

« Smaller ECAL cells

Andreas Korn IOP Instrumentation, 25" September
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Detector trends

granularity silicon trackers
- ATLAS, CMS & LHCDb

» ATLAS/CMS: Large eta (n~4) tracking coverage
- Improved MET resolution

0 6—!—_| ZlelAlsl |S|.| | T Il |t.| | L | L | T NO TraCk Conr ; 160 _I i I | 5 G | | I IIIIIIIIIIII I L L I | [ L I =r | T |_
Or imulation % . = ]
= - ATLAS Simulation \s=14 TeV,u=130-150

- p,, >30 GeV,u=200,€, = 2% « Reference (5 140 et : B

- N & PowhegPythia tt
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Detector trends: tracker geometry

Ideally: constant track density (pixel occupancy) in all sensors
The track density is constant in eta at LHC
® up to phase space limit, which is above eta 2.5 for many processes of interest

Achieved on a cylindrical surface -> barrel-only layout?

Ideally tracks coming from the I.P. should cross the
sensors perpendicularly (to minimize material and
minimize number of sensors needed)

* This condition implies a spherical surface for point
source, ellipsoid for the LHC beam spot

Transverse momentum accuracy should be constant in eta
* the B field integral along tracks should be constant
* In a solenoidal field this implies cylindrical layers, constatnt

radial lever arm
* Reminder: the momentum accuracy is proportional to the square of the radial
lever arm

T.Todorov, October 2011
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Inclined pixel layout g 1.
Endcap Rings T e

1000

800
600

400

ATLAS: Tracker Upgrade

[ T T T T ‘ T T T T ‘ T T T T ‘ T T T
—ATLAS Simulation Prelimina
_ ITk Inclined

T]=1.0

IR LAR R R NY
200 — AT RNV N L
MLV LA & LERY

b L

ry

Titanium CO2 cooling pipe
embedded in ring.

Electrical services (flex)
embedded in ring.
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ATLAS: Tracker Upgrade

Strlp tracker: pitch 75.5 ym
Short & long strips 24.1/48.2mm
LO/L1 deep buffers

Powered with DC-DC converters

LS
Stave cross-section:

Kapton flex hybrid
Barrel stave Tm s Atsion Fex Iy Readout ICs
——

— Ti coolant tube

High T conductivity foam

Short strip
sensor

converter

Andreas Korn IOP Instrumentation, 25" September

15




CMS: Tracker Upgrade

Tllted inner parts of Outer Tracker

Double sided modules = - \ YAAN
2S (strip-strip) e %

PS (pixel-strip)  MIRL b\

e RN R R R Y Y Y Y

AN
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Pitch:
50 x 50 ym?

supports also
25 x 100 ym?
pixels

RD53A chip
(400x192 pixels)

submitted on
31.08.2017!

Detector trends
ATLAS/CMS Pixel readout chip development: RD53

RD53 ASIC 65 nm

Pixel Columns: < 512 pixels x 50 pm

Pixel Rows: e.g. <512 pixels x 50 pm

Pixel cell
50pm x 50pm

Pixel region:
e.g. 2x2 or 4x4

Pixel column

Pixel chip with <512 x 512 pixels of 50 pm x 50 pm

Table 1. Summary of RD53A main specifications.

SPECIFICATION

VALUE

Pixel cell

50 x 50 um?

leakage current

< 10 nA per Pixel

Pixel hit rate

3 GHz/cm?

Dead Time loss

< 1%

Trigger rate / latency

1 MHz/12.5 us

Low In-time Threshold

< 1200e”

Data to data merging ROC

Total Tonizing Dose (TID)

500 Mrad

A

Data

1-8 E-link coders
and cable drivers

: merging | ¢
:ﬂ%@' d
an )

distribution

Coding

>

Serializer

Hit charge resolution

> 4-bit

Total power per pixel

<9-10 uW

ANAA

1.2 Gbs
Twisted pair

Data from 1-4 neighbour ROCs

| 8 E-link rec. A

i

100G
Ser.

1 Cable
! Equalizer

cables <2m

10 Gb/s
Optical

Rltons
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4 §i&gPhase | Velo Upgrade

95 X 55 IJm Mechanical
Pixel sensors prototype module __

26 X modules
2 retractable halves

4 sensors/module
5.1 mm from beam
Dose:

8x10™ n cm

VeloPix Chlp
20Gbit/s output
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Detector trends: Timing
o R&D Experiments are investigating Timing detectors

- Pile up reduction 7)X( > 7)*\/

- Photon

association “@ﬁ %\r\?\
- Association of
diSS?)CI)aC(I:ae(IjO{:‘aOCkS * * - )y( /\X\/ N. Camgha

o 10
& S = e B L L B B WL B B B =
- [7] :
£ g LHCb a = Vs=14TeV, < u>» =200 ATLAS Simulation Preliminary
5 8[- 7 B Inclmed Barrel
£ = - Approximate VELO upgrade performance £ = 50mm
> 7E o 1071 = PowhegPyth att —
= S = 20<p ‘<40 GeV 3
= 2 E 2.4¢< h1| <3.8
5 - g B
4; % 102 & =
3 = ) SR .
2E- e e <<=+ ITk + HGTD, o(t)=30 ps
b e il 103 - Tracks from hard scattering—
O 1 1 Il 1 1 1 1 Il 1 1 1 I 1 Il 1 1 | 1 1 1 Il | 1 1 1 1 : lllllllllllllllllllllllllllllllllllllllll
0 100 200 300 49 imeresolution [pa] 06 065 07 075 08 085 08 095 i

Efficiency for hard-scatter jets
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Detector trends: Timing

o R&D use Low Gain Avalanche Diodes (LGAP)

timing optimised: UltraFastSiliconDetectors (UFSD)
R

TOTEM 2.2 mm? pixels

Time precision [ps]

Gain layer
s

N -:::_ 140 160
Detector Bias [V
An od N. Cartlgha ias [V] ATLAS High Granularity Timing Det.
Ring i VBE h(125 GevH r 13 TeV, p= =200

IS

Simulated slew rate as measured by a 50 Q Brodband amplifier o B 7 R=650mm. n=2.30 "~ . E e ATLAS Slmulatlon PreI|m|nar%/
[ Cdet =2 pF > HGTD-Si s
g Layer 0

—Gain =20 — R w400
Gain =15

==Gain =10 ] ':3‘54 200 .;.

—Gain=5 s 4

= Gain =1

1.
e
0=t

Slew rate [mV/ns]

w —200

« —400

w  —600
-600 —400 —200 0 200 400 600

Time [ns] X [mm]
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Detector trends

See D. Bortoletto’s/L. Gonella’s Talks

- HVCMOS/HRCMOS
- High voltage/High resistivity S
- nderl\élng technology B SNl e e
Non-HEP specific
—> CO St S aVI n g S B e L o d0i:10.1016/
- Integration possibilities % jﬁ %
« Smaller pixels o
* Monolithic devices B
* Thinner devices [~ A
- 3D sensors = ;
? He
See C. DaVia’s Talk b e

Andreas Korn IOP Instrumentation, 25" September
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ISR Particle ID: Kaon/pion
. Rlng Imaging CHerenkov/RICH PHASE I:

- larger Cherenkov rings — reduced occupancy
- higher granularity faster readout Multianode PMTs

* TORCH concept for PHASE I
Timing of internally Reflected CHerenkov Light

focussing btock A \\

MCP sensors T
photon ‘\
time-of-
propagation | |

radiator plate

Kaon ID

particle

: * Current RICH
time-of-flight | “=

* Current RICH @ Upgrade lumi .. ,
* Upgrade RICH @ Upgrade luthi

N\ At ToF+ToP combined
I photon ToP
particle ToF

Pion MisID Efficiency / %

I;Li,g’ﬁer

‘:ﬂ"efﬁciency

19C 1= 822mrad
a=9.5m H
d=2.0m {

"’H'igher

time differences t(K)—t(m) [ps]

3 | ) Lo I | 11| I [ L ‘ I
90 95 100
0 v e Koo D Efforency / %
particle momentum p [GeV/c] aon lclency /%
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Detector trends: CMS HGCAL

High granularity Calorimeter using silicon sensors
— perfect particle flow!

1T A Tracks and clusters clearly
’ y / identifiable by eye throughout

most of detector.

high pr jet ool AR
O(500 GeV) ~—~— | @88

L.Gray

Andreas Korn IOP Instrumentation, 25" September
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Detector trends: CMS HGCAL

High granularity Calorimeter using silicon sensors
— measure shower depth/development

Full module with
double-layer PCB readout

L1:51Xs L2 : 8.5Xo L3:11.9%0 L4:14.7Xe L5:17.2Xp L6:18.7Xe L7 :21.1%e L8 :27.07X
CuW baseplate

Wirebond protector

Readout Chip Shielding Airgap ¢y

Readout chips
Printed circuit board Silicon sensor wire-bonded to sensor
= SRR T

L
LA P

Adhesive layer

Sensor

. O
Adhesive layer 1 £ )
Kapton w/ Au layer for bias 2
Adhesive layer sis )
ensors e - . . . = -
2-sensor baseplate Printed e SR O e .
Cu Baseplate gt g : . .
Circuit Board Coclingnipe( W) P ARG s et €
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Detector trends

Im rove readout speed and trigger sophlstlcatlon
to keep more physics of interest s

ATLAS Simulation, 14 Te\i
— WH _
—— SUSY-direct-gluino ]

* ATLAS & CMS track trigger

— it

Acceptance fraction

e LHCb 40 MHz readout

design 2012
: . /| Leptonic

22071y B~ J,Ifqn:.
' B— mx

18F- | A By= 0y

.of| R LR

1
o
i=)
g
h-]
@
-
g
=

OI 10 20 80 40 50 60 70 8090100
true muon p_ [GeV/c]

Signatures: W,Z
Need low thresholds!

Hadronic
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. Hadronlc triggers saturate
— bandwidth limited

* Increase in lumi
— Increase In threshold

design 2012 _
; B Leptonic

[ |
il v B—= Jrye |

g i3
L~ &=

M. -

W B an

-‘ 31_’ q'?

®B—-DK
|

=]
R

Trigger yield [rel. to 10 *)

=
£
e SEEE S St

Hadronic

PHASE II:

............

Luminosity [x10 “em?s)

KGR Readout upgrade

LHCb Upgrade Trigger Diagram

30 MHz inelastic event rate
(full rate event building)

Software High Level Trigger

xclusive kinematic/geometric selections

L

Buffer events to disk, perform online
detector calibration and alignment

L

Add offline precision particle identification
and track quality information to selections

-
[ Full event reconstruction, inclusive and ]
e

r ~

Output full event information for inclusive
triggers, trigger candidates and related

e 200x10%cm?s”

primary vertices for exclusive triggers

<> ) I

F
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ATLAS: Trigger/DAQ upgrade

® Single level hardware trigger, Event Filter and DAQ system

| ITli || C'illolI | | MAlllon |
* 1 MHz readout B e P
at lowest level [FELX ] [FELIX] [FELIX] | LOCalo | [LOMuon

Q“Up raqed :LITI :L'TI
Global” EventProcessor | e

» Regions of Interests ooz || Lover
_ Calo Processing 1 MHz/ 10 s

- Muons

,L Trigger
output rate/latency

¢—{ ’ i Data }‘I'andler — FEL‘I")V(
* Regional Tracking s l |

—_ T—){ vStorage Handler
EFTrack } t ) -

Event Filter Event

. F U I I Eve nt T ra C ki n g Regional Processor Full Event Aggffgator

Tracking Farm Tracking

— F T K+ + (EFTrack) <_$ L; ) Permanent

Storage
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ATLAS: Trigger/DAQ upgrade

® Evolved to a low-latency level-0 — level-1
| ITk | | Calo | | Muon |
% T Al

A”OW f(_)r_' 4 M HZ | I;VELIX L | ‘I;ELIX | l:"'EELIX | | LOéalo | |LlOMuo‘rL1 gﬂ?pgﬁrrate/latency
capabillities : : : '

Two stages LO/L1 e
R3, o T e B

Global Event Level-0

regional readoutreq. | || roscmae || 104

LO/‘Ll Level-1

AM based | | CTP 1 800 kHz/ 35 ps

, A L\ AAAZ

T ra C k T ri g g e r ¢_‘ Data Handler \4— FELIX

Event
Builder
v v
Storage Handler |

t 0 {
Event Filter Event

> > ey aLl / N
FTK-% s NS Processor| |Full Event Aggregator
povess N e Farm Tracking

(FTK++)
L) Permanent
Storage

LTI
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CMS Track Trigger

Use double layers —_—

high transvers
momentum

== .
Stub seeding J Z bt
Several approaches la iaaxarss
— Time multiplexing S um ey

- CMS Phasell Simulati n
- FPGA based S A

- Associative Memory based . Lt e
frord fortig HTCA CiaRs W1th MP7 (TMT) . - L1M (Run 1c ‘ onfigu ra'gfion+ME;1a ungan;ed) :

. —e—0<<11(Qz24)
P B 1< £24(Q24)
i L1TrkMu (Phasell: muon hits in > 2 stations)
+ —e—0 <|[p|<1a
e 1<y <24
1 i 11 | 11 | 11 | 111 | 111
25 30 40 45 50

Efficiency

Slmulated muon p_ [GeV]

Sharp muon threshold,
keeps trigger rate accetable
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CMS Track Trigger

. Use double layers —
high transvers

* Stub seeding mﬂnﬂm

Same electronics

Several approaches : z : Rl
_ T|me mUIt|p|eX|ng low transverse

momentum

- FPGA based _.CMSPhase.I,I.SJm lation

— Associative Memory based

L1 ptrlg > 20 GeV

Eig e

T Mu (Run 1 conﬁguration + ME1a unganged) )
—— 0 < [n|<1.1(Q24)
—H- 1.1<|n £24(Q=4)
L1TrkMu (Phasell: muon hits in > 2 stations)

o = 8 —— 0 <|n|<1.1

Xilin Virlex-7 FPGA | s | &) B A 1 i B 11sn <24

- Up 1o 80+80 13G - bt it Y ewtl o iR | igiare {0 | g oo I .

15 20 25 30 40 45

IMPERIAL
__MNP#

Slmulate muon
o T i e« | Sharp muon thres oIcVI]
e keeps trigger rate
acceptable
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CMS Track Trigger

e 2S: strip-strip * PS: pixel-strip

* 5cm x 90um double strips e 2.5cm x 100pm short strips
e 1.5mm x 100um pixels

» Separated by 1.6/4mm

* Separated by 1.6-4mm

2S-strip
Sensor

FE hybrid CBC ShortStripASIC x 8

Readout Chip ~
Pass 4 A

high transverse - 7 2 %
| £k e | momentum / A4

EI
=
1 oy
low transverse

g momentum

CiCc

Concentrator Chin
=l P e
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Documentation

* A number of new documents of interest
» LHCb Upgrade || CERN-LHCC-2017-003
—http://cds.cern.ch/record/2244311

* Phase-2 CMS Upgrade Technical Proposal
—http://cds.cern.ch/record/2020886/files/LHCC-P-008.pdf

* Phase-2 CMS Upgrade Scope Document
—http://cds.cern.ch/record/2055167 /files/[LHCC-G-165.pdf

* Phase-2 CMS Upgrade of the CMS Tracker in prep
* Phase-2 ATLAS Strip TDR CERN-LHCC-2017-005
— https://cds.cern.ch/record/2257755

* Phase-2 ATLAS Scoping Document
— https://cds.cern.ch/record/20552438

* Phase-2 ATLAS Pixel TDR in preparation

Andreas Korn IOP Instrumentation, 25" September
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http://cds.cern.ch/record/2244311
http://cds.cern.ch/record/2020886/files/LHCC-P-008.pdf
http://cds.cern.ch/record/2055167/files/LHCC-G-165.pdf
https://cds.cern.ch/record/2257755
https://cds.cern.ch/record/2055248

Bonus Slides
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Simulated. Event Displayi.ati140 PU (102 Vertices)

T ST P e W e r e w sk 2w
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ATLAS: Track Trigger

PRM

Hits to other
AMTPs via AMchips
backplane J

= J
Super FStrips \Roads

N FPGA \
FPGA Full @juce

ranulari
ITk Inputs Unpacking ’ ahlijts(:jl Y T Fitter
|t RAM

Clustering

Route to PRMs

<Tracks Out | Track Collection Pattern Bank
RAM

Andreas Korn IOP Instrumentation, 25" September
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Tracker

[ Tracker Stubs ] ECAL EB
single xtal

'--'

/

Tracker
Track-Finding

Regional Calo Trigger Layer

Global Calo Trigger Layer

Calorimeters
—

Muons

: RPC ][

GEM +
iRPC

)

LB

fan-out

Splitters fan-out

Muon Track-Finder

Sorting/Merging Layer

L—

Tracks available for L1
object reconstruction and
global L1 decision

Global Correlations
(Matching, PT, Isolation, vertexing, etc)

B

Andreas Korn IOP Instrumentation, 25" September

37



[ % ] Fast/Slow
Control
Front-End
Hectronles " " " l' " " " 'l

Read-out
link

PCle Cards/ L:,.:,—‘E \—m:.—‘E

Building Units |-:| Mu |-:| WL‘ =TI =l

Event-Building 40 Thbit/s full duplex
Network -

Fan-out
Network

ST ST SR =)
-] (W) [ ) [
mencrieer VD  TE VB WD

e (D ] [ ) [ ) [ .

— ‘-j |u||u||‘ |-:] !g!||_n\| |-:| :|u|||u‘

Optical fiber (4.8 Gb/s)
— Intel OmniPath switching fabric (100 Gb/s)

~—» 100 Gb/s technology
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CMS
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CMS
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Trig
Tre

Muon MWPC

update RO & | Tracker Upstream Tracker (UT)
control electronics scintillating fibres silicon strips

|
M5 e Y,
e e SPD/PS

= M2 M1 RICH2% Magnet VELO
~_ pixel detector

[ L
Calo reduce PMT gains
replace RO electronics
& innermost ECAL cells

Andreas Korn IOP Instrumentation, 25" September
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~.-e. UTHit 2017
| []300 fb ' LHCb |

Br(By—utu)

Probability density

1 | 1 1 1 | 1
4.%107° 6.x107°
Br( By u)

-

B -
-
| ° J
-
-
edoebanant®” i

—4 -2
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ISR Particle ID: Kaon/pion
. Rlng Imaging CHerenkov/RICH PHASE I:

- larger Cherenkov rings — reduced occupancy
- higher granularity faster readout Multianode PMTs

* TORCH concept for PHASE I
Timing of internally Reflected Cherenkov Light
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. Rlng Imaging CHerenkov/RICH PHASE I:

- larger Cherenkov rings — reduced occupancy
- higher granularity faster readout Multianode PMTs
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ISR Particle ID: Kaon/pion

. Rlng Imaging CHerenkov/RICH PHASE I: ==
- larger Cherenkov rings — reduced occupancy LI '
- higher granularity faster readout Multianode PMTs <
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Physics Motivations: Higgs

* |s the observed particle really THE Higgs?
— Couplings to Fermions/Bosons

- Rare decays
— Couplings to all 3 families .....
— first hints into mass/family hierarchy ??7?

* Does the Higgs break EW symmetry?
- Higgs self couplings — Higgs potential

- WW-scattering
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Physics Motivation: Higgs couplings

ATLAS Simulation Preliminary
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Physics Motivation: HH
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Physics Motivations: Dark Matter

Dn’t know what makes up most of the Universe
LHC searches can provide complimentary information
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Physics Motivations: Dark Matter

Direct searches
- X+ missing E_

* Mediator constraints
- Resonance
searches

Dark matter mass m

mediator mass m

mediator
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HL-LHC Schedule 2016

LHC / HL-LHC Plan @[‘Jﬁi‘m
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Detector trends: Timing

R&D use Low Gain Avalanche Diodes (LGAP)

timing optimised: UltraFastSiliconDetectors (UFSD)
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