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Detector challenges:
* X 10 more radiation (~ 10'®neqg/cm?; 10 MGy )
e X 10 more pile-up
- Runl: 10 ( <U>=20 ;<Npy jers pr>306ev> ~ 0-04

x185

- HL-LHC: <U>=200 ;<Npy iets pr>30Gev™ ~ /-4
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Detector challenges:
* X 10 more radiation (~ 10'®neqg/cm?; 10 MGy )
e X 10 more pile-up
- Runl: <U>=20 ;<Npy jers pr>306ev> ~ 0-04
- HL-LHC: X0 ( <u>=200 ;<Npy jets pT>30Gev™> ~ /-4

Detector Upgrades needed to:

x185

- keep performance of the detector (tracking, b-tag, jet/Ftmiss,...)
. Trigger rates acceptable with low P rthresholds

key issues: radiation tolevance and detector occupancy



% Physics motivation at HL@LHCHM| |/__

Electroweak symmetry Breaking

- Higgs precision measurements (coupling and spin ...)
- Higgs rare and invisible decays (H@>up , H@>Zy,...)
- Top Yukawa coupling (t7H)
- Higgs self coupling (HH)
. Discovery of SM di-Higgs (HH) production is one of the main objective

«as HH production will help us to measure the Higgs Boson self coupling, which determines the shape
of the Higgs potential and helps us to understand the vacuum stability of the universe
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. Electroweak symmetry Breaking

- Higgs precision measurements (coupling and spin ...)
- Higgs rare and invisible decays (H@>up , H@>Zy,...)
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% Physics motivation at HL@LHCH |

Electroweak symmetry Breaking
- Higgs precision measurements (coupling and spin ...)
- Higgs rare and invisible decays (H@>up , H@>Zy,...)
- Top Yukawa coupling (t7H)
- Higgs self coupling (HH)
. Discovery of SM di-Higgs (HH) production is one of the main objective

»as HH production will help us to measure the Higgs Boson self coupling, which determines the shape
of the Higgs potential and helps us to understand the vacuum stability of the universe
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- Beyond the Standard Model

. Higgs sector (search for deviations from SM)
. Dark mater

. SUSY

® ZTxotics




Phase II Upgrade V@O/WMM-U/(L

4+ Induced ageing due to Radiation imply

+ Replacement of tracker and part of calorimeters
+ High pile-up in Run-4 imply
+ ‘Upgrade of front-end and back-end electronics, trigger and DAQ

4+ Physics expectations

+ Access opportunities at 3/ab: Higgs; SUSVY; SMP rare decays
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+ Replacement of tracker and part of calorimeters
+ High pile-up in Run-4 imply
+ ‘Upgrade of front-end and back-end electronics, trigger and DAQ

4+ Physics expectations

+ Access opportunities at 3/ab: Higgs; SUSY; SM?P rare decays
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% CcMS upgrade : Phase IT Overviellil| |/

/N
| ¥ Install new beam pipe for
W/ phase I

Pixel detector:

* replace barrel layer 1 (guideline 250
fb-1 max lumi)

* replace all DCDC converters

‘IV

Tracker

« Radiation tolerant, high
granularity, low material
budget

« Coverage up to |n|=3.8

« Track-trigger at L1
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Pixel detector:

* replace barrel layer 1 (guideline 250

fb-1 max lumi)

* replace all DCDC converters

w‘IV

Tracker

« Radiation tolerant, high
granularity, low material
budget

« Coverage up to |n|=3.8

« Track-trigger at L1

Upgrade : Phase IT Overvielil |

Barrel Calorimeter

 New BE/FE electronics

—  ECAL: lower temperature
= 7/.1+ HCAL: partially new scintillator

Install new beam pipe for
/ phase |l




% CMs Upgrade : Phase II Overvieiil |

Barrel Calorimeter

 New BE/FE electronics

—  ECAL: lower temperature
= 7/.1+ HCAL: partially new scintillator

Pixel detector:
* replace barrel layer 1 (guideline 250
fb-1 max lumi)

* replace all DCDC converters

Tracker

« Radiation tolerant, high
granularity, low material
budget

« Coverage up to |n|=3.8

« Track-trigger at L1

\\\

HCAL barrel (last phase |):
install SiPM+QIE11-based 5Gbps
readout

Install new beam pipe for
/ phase |l




% CMs Upgrade : Phase II Overvieiil |

Barrel Calorimeter
« New BE/FE electronics
- — « ECAL: lower temperature
‘ « HCAL: partially new scintillator
| Endcap Calorimeter
« High-granularity calorimeter
« Radiation-tolerant scintillator

mzl © 3D capability and timing

Pixel detector:
* replace barrel layer 1 (guideline 250
fb-1 max lumi)

* replace all DCDC converters

Tracker

« Radiation tolerant, high
granularity, low material
budget

« Coverage up to |n|=3.8

« Track-trigger at L1

\\\

HCAL barrel (last phase |):
install SiPM+QIE11-based 5Gbps
readout

Install new beam pipe for
/ phase |l




% CMS Upgrade : Phase II Overvieiil |

Muon System

 New DT/CSC BE/FE electronics
« GEM/RPC coverage in 1.5<|n|<2.4 | _Sgemm=m=u—
« Muon-tagging in 2.4<|n|<3.0 _—

ﬁ7_/ L
f | Endcap Calorimeter
« High-granularity calorimeter
S~ - Radiation-tolerant scintillator
el * 3D capability and timing

Barrel Calorimeter

 New BE/FE electronics
 ECAL: lower temperature

« HCAL.: partially new scintillator

Pixel detector:

* replace barrel layer 1 (guideline 250
fb-1 max lumi)

* replace all DCDC converters

Install new beam pipe for
/ phase |l

Tracker

« Radiation tolerant, high
granularity, low material
budget

« Coverage up to |n|=3.8

« Track-trigger at L1

\\\

HCAL barrel (last phase |):
install SiPM+QIE11-based 5Gbps
readout




CMS Upgrade : Phase 11 Ove/rv-[/l/(L

Muon System
« New DT/CSC BE/FE electronics

« GEM/RPC coverage in 1.5<|n|<2.4
* Muon-tagging in 2.4<|n|<3.0

Barrel Calorimeter

 New BE/FE electronics

« ECAL: lower temperature

« HCAL: partially new scintillator

~ 1«?_‘;{,'.', = =

] Endcap Calorimeter

| - High-granularity calorimeter

& - Radiation-tolerant scintillator
] - 3D capability and timing
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Pixel detector:

* replace barrel layer 1 (guideline 250
fb-1 max lumi)

* replace all DCDC converters

‘l"

— ———

/ Install new beam pipe for
phase Il

Tracker

- Radiation tolerant, high
granularity, low material
budget

« Coverage up to |n|=3.8

« Track-trigger at L1

HCAL barrel (last phase |):
install SiPM+QIE11-based 5Gbps
readout

Trigger and DAQ
» Track-trigger at L1
L1 rate ~ 750kHz
HLT output ~ 7.5kHz
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The upgraded ATLAS phase II detector

Electronics Upgrade

Upgraded Trigger and - LAr calorimeter High Granularity Timing
Data AqUiSiﬁon SYStem - Tile Calorimeter Detector (HGTD) 2.4 < II’] | <4
- L0 @ TMHz

- Muon system

- Access to full calorimeter granularity
- Hardware tracking trigger

- Improved HLT -

Replacement of the Inner Detector
by a new Inner Tracker (ITk)
(All silicon trackerup to |n| =4)
New Muons chambers
in the inner Barrel region






% Objects reconstruction Challengem |/

+ As particles from pileup are merged together with those from
primary vertex, determining the precise particle content of
events is necessary
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for the physics objectives at HL-LHC
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+ As particles from pileup are merged together with those from
primary vertex, determining the precise particle content of
events is necessary

4+ Consequently identification of single objects energy
deposits is mandatory

+ 70 maintaining good physics object performance in the
presence of pileup

+ Not only dedicated to electron/photon reconstruction

4+ but also to Jets / MET performance which are very important
for the physics objectives at HL-LHC

+ TJo [imit the computing time to associate 300,000
calorimeter hits to event objects



% Objects recovustruction Challengem| |/

+ As particles from pileup are merged together with those from
primary vertex, determining the precise particle content of
events is necessary

4+ Consequently identification of single objects energy
deposits is mandatory

+ 70 maintaining good physics object performance in the
presence of pileup

+ Not only dedicated to electron/photon reconstruction

4+ but also to Jets / MET performance which are very important
for the physics objectives at HL-LHC

+ TJo [imit the computing time to associate 300,000
calorimeter hits to event objects

4+ One needs to develop efficient reconstruction algorithms



CMS Tracker Upgrade for the HL-LHC -I_/I/(L
Expected performances

. T he phase-2 tracker upgrade is necessary in order to maintain the detector performance

e The new design will allow to keep tracking performance under a high pile-up and
radiation environment

o Tracks will be sent to the CMS level-1 trigger at 40 MHZ

* Design is well advanced
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Expected performances

. T he phase-2 tracker upgrade is necessary in order to maintain the detector performance

e The new design will allow to keep tracking performance under a high pile-up and
radiation environment

o Tracks will be sent to the CMS level-1 trigger at 40 MHZ

* Design is well advanced
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New Tracker requirements _I_/I/(L

Material Budget

- Radiation tolerance , 7 pra
o«  Reduced material '8

o Increased granularit o vef Phase 1
g Y *  Robust pattern recognition ol

Phase 2*

fres Y,

|

ﬁﬂ
0.6 rﬁfgﬁase 1 Pixel

« Extended tracking acceptance - o+ M

= Improve&[ 2-track s ep&nf&ltion Support for L1 trigger upgrag[gg 0l
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New Tracker requirements -L/I/(L

Material Budget

- Radiation tolerance / <2 e
«  Reduced material 18

1.6 Phase 1

» Increased granularity

*  Robust pattern recognition i N
, 1 ase
. Imﬁrove&f 2-track s e'pél”l’dthTL *  Support for L1 trigger upgrow[e 0 e My,
. Extended tracking acceptance o4« Thee 1 i
+  Outer Tracker o]
GO 0.L5 ‘11 1.15 .;_
+ Double-layer modules for "

trigger purpose
+ 6 barrel layers; 5 forward disks
+ Higher granularity
+ 4 times current detector

Pixel Tracker

+ 10 forward disks, coverage up to
4+ [etal~3.8
+ Inner layer at 3cm from beam

[ine
e Mechanics and Electronics

requirements
+ Low material budget

+ Operations at -30C
*+ Readout at 750kRHz



Radiation tolerance
» Increased granularity

« Improved 2-track separation

Quter Tracker

+ Double-layer modules for
trigger purpose

+ 6 barrel layers; 5 forward disks
+ Higher granularity
4+ 4 times current detector

Pixel Tracker

+ 10 forward disks, coverage up to
4+ [etal~3.8
+ Inner layer at 3cm from beam

[ine
Mechanics and Electronics

requirements
+ Low material budget

+ Operations at -30C
*+ Readout at 750kRHz
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New Tracker requirements -L/I/(L

Material Budget
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CMS

Barrel Calorimeters

Electromagnetic Calorimeter

Homogeneous, PbWO

New front-end and back-end
electronics to satisfy HL-LHC
trigger requirements

Cooling to 8C and optimization of
VFE (very-front-end) electronics to

reduce noise
Interesting side-effect: cooling PbWO

increases its light output

. Hadronic Calorimeter

Plastic/brass sampling calorvimeter

Replacement of inner layers with
radiation-tolevant scintillator

New back-end electronics

10

Lea

4-Tungstate crystal®

APDs

Multi-Gain Pre-Amplifier chip (MGPA)
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CMS HCAL Read-Out Upgradel |/
Installation during LS1(HO)/LS2(HB/HE) ‘Installation during LS1 i

HB/HE/HO HF
From HPD to SiPM’s From single to multi-anode PMT'’s

15 7 6 A e Use SiPM’s to increase HB/HE Depth Segmentation

IILAL HO

* |Improved PF Hadronic shower localization
\N’>€$>“;L\\\\\ \ * Provides effective tool for pile-up mitigation
RN . o

. .3 at high luminosity
TE § * Mitigate radiation damage to scintillator & WLS fibers
! | = —eeme=aEE =
) : | | e S ;g‘n; e‘n‘t;\t‘ll)‘n "f;)‘r‘T[L)R Particle Flow With Depth Segmentation
< | studies: —_— \®/  ——
. R » HB 3 depths AN % /
z =« HE 5 depths Depth 2 CD/ — CD//
16 0 Subject to further optimization ST \‘\q:,'/ . ,D/
ECAL 0 ﬂ’ F [0/
‘ Depth segmentation: mitigate high pileup i ache |




CMs CMS CALORIMETER ENDCAP FOR THE H L-LHC.LI/L

CMS p-p collisions at 7 TeV per beam
Absorbed Dose at 3000 fb™
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CMS p-p collisions at 7 TeV per beam
200 Absorbed Dose at 3000 fb™
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@ CMS CALORIMETER ENDCAP FOR THE HL-LHC [ |11

® HL-LHC demanding environment of high
radiation levels and large pileup <200> PU
impose CMS Phase-2 Upgrades

® Current endcap calorimeters will need to be
replaced

The Upgrade preserve or even improve
sensitivity in the interesting and busy

forward region for VBS/VBF

® A High Granularity Calorimeter (HGCAL)
will become the new Endcap (CE) Calorimeter:

Radiation hard technology based on a
mix of silicon and scintillator detectors

High transverse and longitudinal
granularity + timing (5D!) for enhanced
particle flow reconstruction and ID/
pileup mitigation



CMS

HL-LHC Endcap Calorimeler UPg/m_ | e
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Current Endcap Calorimeter

w Challenging conditions push toward
new exploratory model

High-granularity silicon- readout, ||

based on ILC/CALICE detector
Si/W EE (26X, 1.50); “28 layers”

Si/brass FH (3.5()
Plastic scintillator/brass BH (5()
A total of 52 layers
w It imposes a high R&D activity on :
Radiation-tolerant “on-detector”
electronics
Cold plastic scintillator
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w Challenging conditions push toward
new exploratory model

High-granularity silicon- readout, ||

based on ILC/CALICE detector
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Back thermal screen

Such fine granularity enables precise particle flow techniques applied to calorimetry
+  Now one can follow particles through the calorimeter layers
+ _ Fine sampling brings robustness against pileup



ENDCAP Calorimeter FOR THE HL-LHC [l 1L

® The high luminosity and high granularity are a .
big challenge for the detector design: /A S

Silicon/scintillator detectors in the high/low
radiation regions

Triggering and reading data of >6M channels .
issued from 28 layers in the ECAL (CE-E) + 24 N
layers in the HCAL (CE-H) compartments

N
\

MEQ

Imaging Showers withvthe HGCal

- A Tracks and clusters clearly
R et ¥ / identifiable by eye throughout CE-E

most of detector.
(Si)

i

NN

B0
i

..

the longitudinal shower footprint

Endcap coverage: 1.5 <In| < 3.0
Total Silicon sensors Scintillator

e,
- “‘_ ' te,.s
L Area 600 m? 500 m?
i N\umberof 27 000 4 000
ighpriet .. ’ modules
O(300 GeV) —— }uglis | Cell size 0.5 —1cm2 4 — 30 cmz2
Event display for technical proposal, in140 PU

N of channels 6 000 000 400 000

Total at end of HL-LHC:
14 ~180 kW @ -30°C

Power



*ﬂlgﬁ occupancy and pileup induce
big challenges for the particle
reconstruction

e But HGCAL is an 5D imaging
calorimeter: 3D position, energy
and time
e ideal to perform Particle Flow

-100F

-150F

4 The very first step is the clustering
of the hits. Currently, the clustering
is done in two steps:

HGCAL objecty reconstruction -U/(L

~
nergy

hit e

[\
rec

—

0.8
All hits in layer 1

0.6
for a 200 PU event

0.4

0.2

rechit_x
o
o

e 2D clustering in every layer using
an energy density-based imaging
algoritfim e
e 3D clustering in an IP-pointing With pt > 1 Ge'V
cylinder
4 Great opportunity for novel

[$)]
o o
L1 11 | L 111 | [ | I | | ]

|
w
o

L
o
T

tracking, clustering and imaging et 10
techniques!
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4 Electrons are a ‘standard candle’ for Particle Flow:

16
From (CHEP2018 : Artur Lobanov LLR — Ecole polytechnique)
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| UL

4 Electrons are a ‘standard candle’ for Particle Flow:

4 EM showers are compact (R ~ 3 cm), of known shape and associated with a
track

o 3D information allows reconstruction of the shower axis (e.g. using Principal Component
Analysis) and the measurement of shower shapes with an unprecedented precision

« Axis pointing and association to a charge track will improves rejection of PU photons with
respect to bremsstrahlung

16
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4 Electrons are a ‘standard candle’ for Particle Flow:

4 EM showers are compact (R ~ 3 cm), of known shape and associated with a
track

o 3D information allows reconstruction of the shower axis (e.g. using Principal Component
Analysis) and the measurement of shower shapes with an unprecedented precision

« Axis pointing and association to a charge track will improves rejection of PU photons with
respect to bremsstrahlung

CMS Phase 2 S/mulat/on | | | | 171 TeV CMS Phase-2 Simulation 14 TeV c y 14 TeV 200 PU

UL L UL L L L UL L UL B ] C —T [ T T T T T T T T T T T T T T T T ! ' i ] T
i p,>10GeV, 1.6 <Ml <2.8 ] B b > 10 GeV, 16 < <28 ] _% C CMS Phase St . : :
B QCD mulitiets, PU=200 | 1 QCD mulitiets, PU=200 | 2, C : f f . . . ]
1k J = = D 0,95 g e T ]
= B 7 - ce,PU=200 E = B 7 - e, PU=200 = _; C 7
C B 7 e, PU=0 7] - E=z-eePu=0 ] g C ]
= — = 1 e 0_8__ ............................................................................................................................................ __
107 107" = 2 B ]
2 ] S - .
r n m 07 __ .............. -
10° 10 e E o.6F- 0<pT<2OGev16<InI<28 ...................

£ . [ —TTracker
B - T — Tracker+Elp

10_3 10_3 _ . 05 __ ........ —Tracker+E/p+H/E+$howershape+PCA ................ 4

E 3 C — Tracker+E/p+ H/E + shower shape + PCA + long. |nfo
— ] _I 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 I 1 1 I 1 1 :
-0.05 -0.04 -003 -002 -001 O 001 002 003 004 0.05 5 10 5 20 25 30 0'6,3 0.4 0.5 0.6 07 08 09 1
A, Lrone Signal efficiency

L] L] 0 L] L]
Track-cluster deltaEta First layer with 10% energy fraction Electron ID for prin 10-20 GeV
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% HGCAL JET IDENTIFICATION [

4 Using shape variables, the high granularity allows the separation of
pileup jets as :

« Pileup jets start to develop earlier in the calorimeter and are
wider

« Promising to resolve boosted jet topologies as VBF jets, top
tagging, etc.

A 008 —————————

A L e T T T 1
.‘QLHH :anti—kT jets,R = 0.4 —e— Pile-up jet (PU = 140): Pé‘ . HGCAL EE —e— Pile-up jet (PU = 140) | 06 —— 1\3/']131: jet. B
s\ - =50 Gev —e— Quark jet (PU=0) | ;H - e QuakjetPU=0) ] —e-Pile-up jet |
E =~ 006 — T 1 = i 7
L?, [ 20<hi<25 1 e 0.1 [3 ]
I ] H antik_ jets,R =04 | 04 F 140PU
% i L |
0.04 - — _ | anti-k. jets, R=0.2
L 4 Pr 20 GeV N pTT> 25 GeV
0.05 20<i<25 20<ml<25
0.02 - I
O 1 1 1 ] ! ) ) ] ! J O — — — ]
20 40 0 20 40 60 80 . 1
HGCAL layer # R (cm) Iso(1.4)
Longitudinal energy profile Radial jet profiles in the CE-E VBF vs PU jet isolation
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HGCAL FRONT-END ELECT?ONICS;-U/(L

Hexaboard design for HGCROC Hexaboard PCB for Test Beam

&Detector modules have 2 PCBs < 6mm thick:

1. PCB: “hexaboard” Wire-bonds to Si-sensor ana — o P 55
very-JE ASICs s S e B T e
2. PCB: Motherboard for powering, data N Ceee. QLY [ Pore? )

concentration, trigger generation and
bi-directional communication

4 Trigger/data transfer: low-power GBT links (l(pGBT)

18
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HGCAL FRONT-END ELECT?ONICS’-U/(L

Hexaboard design for HGCROC Hexaboard PCB for Test Beam

&Detector modules have 2 PCBs < 6mm thick:

1. PCB: “hexaboard” Wire-bonds to Si-sensor anda
very-JE ASICs

2. PCB: Motherboard for powering, data
concentration, trigger generation and
bi-directional communication

4 Trigger/data transfer: low-power GBT links (l(pGBT)

o The design and environment of the

Sensor PCBs Front-end (FE)

o, B Back-end (BE)

On

HGCAL impose several requirements seloctr 1 dtect
« System on chip: charge, time, 3 5
digitization, data and trigger ; »
processing, ... 022000 5
« Low power: < 15 W/channel o ; Aoout ok pas at 0ot |
/ ) oneeaaer te—s! Optical link | ' Trigger
* Low noise: < 2000 e s |
« High radiation resistant : 10 Neg e e
,v p Sensor PGB - It It | : Z >
(1Me'V eq.)/cm?) S TP
« High speed readout: > 1 Gb/s s e S

« Same ROC (ASIC) for Si&SiPM

From (CHEP2018 : Artur Lobanov LLR — Ecole polytechnique)



Event display for an 8o Ge'V electron

§
\

i \, x‘} *\‘\ R “.‘ :\'t

t
)
.v\

'

&

Preliminary results: Longitudinal energy profiles

Muon MIP spectrum

for a single channel » Clean MIP spectra for

Board=10 Chip=2 Channel36 C&l[lﬁ?”&ltlon “
'E450:_"'l"'I'"l"'l"'l"'l"'l"'I"'_: 600 1
o I MIP =434 :0.2ADCcounts 1 o e[leCctryons / 10M.S 500 {
§ 4001 E P -
0 350- 5 longitudinal shower L
@ 300: 3 shapes are distinguishable
& 2501 = .
> - ] .

L 200} 4 o Tnergy reconstruction .
150F I works well even with
100 E ., 2 ;
: | preliminary calibration
S0 E

[N B RN T RN B SRR BN SR B e I ) 1 y ~
%O 40 60 80 100 120 140 160 180 200 e B&lSlC agreement Wltﬁ,
Signal amplitude (ADC counts) ) )

Geantq simulation for

energy and multiplicity
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- .

+ Current chambery bredicted to m-- l L
survive untid end of HL-LHC | ez
+ Complete coverage of RPC up to-jnl~2.4 H rar
with fine-pitchy chambers el
+ New GEM chambers
+ Improve trigger and recovnstructiovw % 10 57
+ Extend muon tagging to-n|~3 o S ; e 12(,,,,
+ Installation schedule N s 1|4Tev5
o Pt GEM detector schedidedfor & | OOsPoeismision L
installation during LS2 5107 S ;i,j;iis;“gti‘,ﬂ‘”““
(2019-2020) 5 ! - Gféﬁ“ﬁéﬁﬂfﬁ;ﬁihﬁ ]
+ Fine-pitchRPC, Muon-Tagger i 10
chambers ond second GEM station O NN O O . O S SO O W W
will be installed during LS3
(2024-2025) 10" g ""1"'5;4";;"'|'“ﬁ'|'";51 2 E
- L1Mu (standalone) ]

20 107 = 8'§1|o 2030 40 5060 . 100

L1 muon P, threshold [GeV]



Trigger and DAQ -U/(L
I

CMS - 200 PU
Detectors
40 MHz P
L1 =
Muons :
Calorimeters ) | 5|12 HS
Q.
Tracks =
750 kHz A
Sep
4.5 MBevtsize |B &
v 3
[+
r Switchi
witching
S ['network ]
<
S
HLT g E|11
o &|MHS06
Q.
4
7.5 kHz




Trigger and DAQ -U/(L
I

CMS - 200 PU
+ L1 Trigger Detectors
+ Increase outputto 750kHz, | 40MHz =
latency tcr/ 12.5us, fromv = §
lOOkag/ with 3.4Uy W@VI@/ Calorimeters W = 125 us
+ New track-tr gger Tracks %

750 kHz

4.5 MB evt size

Readout
buffers

network

»
30 Tbps ['Sw't':hmg ]
<

11
MHSO06

HLT

Processor
farms

4
7.5 kHz

) 40 GB/s | J




Trigger and DAQ -U/(L
|

CMS - 200 PU
+ L1 Trigger Detectors
+ Increase outputto 750kHz, | 40MHz «
latency to-12.5us; from Mbc:ns 2
lOOkag/ with 3.4Uy W@VI@/ Calorimeters L % 125 us
+ New track-tr gger Tracks %

750 kHz

+ High-level Trigger
+  Processing power scales withv 4.5 MB evt size
pile-up and L1 rate: expect

Readout
buffers

factor ~ 50 w.r.t. Run-1 > Swe
) witching
+  Owtput rate increase by ~1 to- 30 Tbps ['network ]
7.5kt z «
B
g < MHS06

4
7.5 kHz

» 40 GB/s | ;




Trigger and DAQ -U/(L
|

CMS - 200 PU
+ L1 Trigger Detectors
+ Increase output to-750kHz, | 40 MH2

L1
latency to-12.5us; from = 2
100kH z with 3.4us latency Calorimeters ) [& =|12.5 ps
+ New track-trigger Tracks a

750 kHz

+ High-level Trigger
+  Processing power scales withv 4.5 MB evt size
pile-up and L1 rate: expect

Readout
buffers

factor ~ 50 w.r.t. Run-1 > Sk
s ~ 30 Tbps ['w mg]
+  Output rate increase by ~1 to- e
7.5kt z «
8 v
+ DAQ g 2 £[11
, S &|MHS06
+  Increase bandwidth (800 a
links @ 100Gbps) to-reach e >

30Tbps thwroughput j
40 GB/s
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Swmmawy : CMS trigger and Phase-2

.IIIIIIIIIIIIIIIIIIIIIIIII. EEEEEEEEEEEEEEEEEEEEEEEEEE) Data.
o L1 trigger = - FEull reado High Level Triggers= storage
m ] s S e B S | B ]
= Simplified ~ 100 kHzf - / i
. readout —— o o |

= (trigger C M % \Y iy

= DPrimitives) =2 750 kHz (8

: AL 212.5 |s™ SR\
EEEEEEEEEEEEEEEEEEEEEEEEED EEEEEEEEEEEEEEEEEEEEEEEEESRN

Highlights of CMS Phase-2 trigger upgrade:
- larger L1 trigger rvate / detector readout rate (100 RHz — 750 RHz);

- larger L1 trigger latency (3.8 us— 12.5 us) —morve sophisticated algo;

From ICHEP2018 (Silvio Donato (University of Zurich) )



cMs, CMS L1 trigger at Phase-2 | | |(1_

e Detector (Slm_pﬁfled readout). TRK EC eB || HB || HF || DT | |RPC||CSC ||GEM
o Trigger Primitive Generator (TPG), s |[ 1B |[ HF *BM rc |[csc][cem
PG || TPG || TPG [ M<TPG || TPG || TPG || TPG
il
eg. track doublets. Track [ | Endoap e Barrel
Finder Calo Calo Muon
TPG TPG Trigger FTir:lccj::r

« Combination of TPG, *r

A 4

eg. calorimetric tower.

R Correlator Trigger
CT-
y PPS

ﬁpossible direct links from TF —/

Global
*possib/e direct links to GT Trigger BPTX

L1 Trigger Project BRIL
¢ 750 kHz

High Level Trigger

+ 7 kHz

23
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CMS L1 trigger tracker -LI/(L

“stuh’\ /\ pass fail

BEERED ERERRRRRER

OB

IEERRRRRER

4 CMS outer tracker trigger will be made ' *4'"'"]

IFRERRRRERRR

of strip-strip and pixel-strip modules. <700 um
Fach vair looks for hit doublets compatible with a high pT track.
4 Fachp p ghp
About 15k doublets are expvected to be reconstructed ver event
+ p P

. inducing 200 tracks on average with pT > 2 Ge'V @ 40MHz.

CMS Phase-2 Simulation ys=14TeV, Muons, 0 PU
0.0 0.2 04 Q.6 0.8 1.0 21.2 A_.~1'4 16 >
E 1200 _l 15 ’ - T 'é ; At eegug ing
S0 o, 1] of 18mm g E L
— 1000 — “11 “10 1.8 2
— - 1 llo ll8 II7 208 o
= ——— L gl || 7| 6| 2.0 - oM
l 9 L L e 2 h
) 6 6 9| g| 6| 22 Y —
19 19 I
600 g1 8, 7 65 4 4 8l TI,; 7!1::3 6"::57; 6"::2 2.4 i +
N.6mm s 4 3 2""6 2""5 6llys M4 Iy 26 ) o TopS 2
400 7:7::= : ‘\\ \\‘ =“ |\ \\: ""4 “"4 4""3 "" 4.0 mm "" 2.8 B ;. ¢ TBPS layer 3
F S A9 4 3 —2 3""2 2""2 - 3.0 i % + TB2S layer 1
200 2SS T Y v © v 21 0 F ; F ; ool e s T
ol——— 40 - |:| TBZS Iayer?
=il ! - i
- | | | | I | I | | | 0 ||||||| ||l||||[||||||||||||l||||||||||||||
0 500 1000 1500 2000 2500  z [mm] BT e e o
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CMS%

L1 ECAL bowrel calovimeter - e

4 Large improvement of single e/g resolution in position and pr.

25
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] L1 ECAL bawrel calovimeter SN |l

4 Large improvement of single e/g resolution in position and pr.

4 Electromagnetic barrel calorimeter will provide

» Higher granularity: 5x5 crystal — single crystal.

» Trigger Primitive Generator:

¢ baseline: one for each 61200 crystals (Ex, time, spike flag);

¢ possible clustering: 1000 clusters + unclusteved energy info.

25
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CMS L1 ECAL bowrel calorimeter -LL(L

4 Large improvement of single e/g resolution in position and pr.

4 Electromagnetic barrel calorimeter will provide

> Higher granularity: 5x5 crystal — single crystal.

> Trigger Primitive Generator:

¢ baseline: one for each 61200 crystals (Ex, time, spike flag);

¢ possible clustering: 1000 clusters + unclusteved energy info.

CMS Simulation, <PU>=140 bx=25, Single Electron

iy CMS Simulation, <PU>=140 bx=25, Single Electron R e BT R CMS Simulation, <PU>=140 bx=25, MinBias o 1.2 e 2 OITUETION, ST 1022 20 X229, SINQe TIeehron
§2) = N [5) IS
. e —— L1EGamma Crystal e ~—4— L1EGamma_Crystal 20 —t— L1EGamma_Crystal
e —+¢— Phase 1TDR o —+4— Phase 1 TDR = —+— Phase 1 TDR
w5 0.351 T 10% I— i i 200
E c10°E _ PR ogpgeos
s = E -
e o E i§ 0.8—
0.25— i
= 10° = i
0.2 E 0.6—
0.15 i C
B 5 04—
0.1F 10°E i
e A|_L’—‘—0—-_._\_'1_"_'v : : : :
O:Illlllllllllllllll o+ e | ot el ot gl w1 g | : «‘;O
0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.1 0 Olostosovesdoclonwosonte | o o o | o o 1 o4 |
AR (Gen-Reco) ET Threshold (GeV) 0 10 20 30 40 50

Gen. pT (GeV)
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@ L1 trigger with HGCAL

4 HGCAL in end-cap region has :

~ silicon and scintillator as active material,

~ 52 sensitive layers — 62M channels!

4 Trigger cell granularity: 4 cm? silicon,

~ 28 electromagnetic + 24 hadronic layers @ L1;

~ trigger ready to read 9ook channels.

26
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@ L1 trigger with HGCAL

4 HGCAL in end-cap region has :
~ silicon and scintillator as active material,

~ 52 sensitive layers — 62M channels!

4 Trigger cell granularity: 4 cm? silicon,

~ 28 electromagnetic + 24 hadronic layers @ L1;

~ trigger ready to read 9ook channels.

4 Huge amount of data — zero suppression 2 MIP.
~ Suppressed channels summed over large area
— full coverage for ET miss, small bandwidth.
4 Trigger Primitive Generator:
~ 2D hits in each layer — combined in 3D clusters;

~ ET, ETmiss fraction, shower position, quality, ...

26
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> L1 muow detectory and triggel| |

* Current: CMS Phase-2 Simulation Vs =14 TeV, <PU> =
T D L B I e Y e T R

DT + RPC, DT stub for triggering in barrel;

o
N
a

~ [__] Phase 2 - 1.5ns time resolution

__D Phase 1 - 25ns time resolution [

Entries [a.u.]

S
N

& CSC + RPC, CSC stub for triggering in endcap.

0.15

4 Improved RPC (iRPC) time res. 25 ns — 1.5 1s.

0.1

4 Improved spatial resolution in DT.

0.05

llllllIII|IIII|II1|IIIII|IIIIO

Jilti i R

2 -1 0 1

4 Combination DT + iRPC — better efficiency. 0

g

3

2
(BGEN- BRPC ) BGEN
4 New GEM detectors in endcaps:

CMS Phase-2 Simulation Vs = 14 TeV, <PU> = 200
1__ .......... .............. . .............. ‘‘‘‘‘‘‘‘‘‘‘‘‘ .............. .......... _:
1 S — “gaa e 5555
0.8 _ : : : | | ‘
el ______________ —— : ............................. an i .............. L
@ C[ustef}/s Send'to £1 CO”/"’/'e[a/tO”/' t”/'igge”/" 065_ .......... 4:. ..... ............. .............. §iti e
Q5 R .............. .............. ..........

Df FRTECNE RN R

¢ combination with CSC to recover efficiency

(GEM-CSC stub);

Trigger efficiency

<4 L1 muons can be matched with L1 tracks in L1 e
O3 = f -------------- "] —=— Phase-2 (CSC+GE11+GE21+MEO)
. , 0.2E ~~~~~~~~~~~~ ﬂ -------------- ------- —+&— Phase-1 (CSC+GE11)
trlgge/’/ corre [a’to/’/ — ﬁe tteTﬁTreSO[uthn. 01§_ '''''''''' _____ .é ______________ _______ —ﬁ\— Phase-1 (CSC): Run-2 trigger : |
= g g 5 z 5 : ; ; =
Oﬁ |||||||||||||||||||||| T I N W 1 T =

i
0 10 15 20 25 30 35 40 45 50
True muon p_ [GeV]
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CMS% |

CMS L1 trigger potential | L

4 Large improvement on muon pr

4 Better electron and photon identification.
4 Rate reduction from track isolation.

4 Possibility to reject pile-up jet,

$pile-up effect mitigation in MET triggers.

28
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= CMS L1 trigger potential ]LML

PU = 140, 14TeV

4 Large improvement on muon pr

—

Efficiency

4 Better electron and photon w[entlﬁcatwn

*Ra,te rve d'uc tionf/’/'om t,’/a/ck iSO[ation‘ 0.6 __ ................. ................. .........

. CMS Phasell,.SjmuIatlon ....... ................. A .

trlg

p >ZOGeV ............. .................

LTMu (Run 1 conﬁguratlon + ME1a unganged)
—— 0 < |n|<1.1(Q=24)

—=— 1.1<|n €24(Q>4)

L1TrkMu (Phasell: muon hits in > 2 stations)
—— 0 < |n|<11

-8 1.1<|n <24
{ i | ]  isad [ a5 | I | Baa [s2a] Saa | I | Kiad B Jaad | | | il [Si] Baal | | el iaad iead |

4 Possibility to reject pile-up jet, R
0.2 _“D“ ............ * AAAAAA

i T e
pile-up effect mitigation in MET triggers. ety SR iy
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CMS;

CMS L1 trigger pofe/mfwd/-LLfL

PU— 140, 14TeV

4 Large improvement on muon pr! 9 1_.cms Phasell Smulation
A :
4 Better electron and photon identification 5 os
; P P 0.6 __ ................. ................. "D" .......... _ t'rlg 1 .................
4 Rate reduction from track isolation. S e LML 0Gev

LTMu (Run 1 conﬁguratlon + ME]a unganged)

’ el /’ ’ / = e §|ﬂ|<” Qz4)
Possibility to reject vile-up jet E L e e
* y J 'p 'p'] ? 0.2 __"E"'—’; ...... L1Trkl\1/l:l (Plfgseli:\ﬁf)n :i)ts in > 2 stations)
- -—E}—-,_._,r:] —— 0 < |n|<11

-8 1.1<|n <24

Cpile-up effect mitigation in MET triggers. ity o TN ST T

050 150 20 25 0 15 40 45 5
Simulated muon P [GeV]

CMS Phase-2 Simulation, <PU> = 200, Single e/y —

U _l l T | FL| T I T T T T l T | R I T T T l T | L T l T T T T I E
9 g [l J SR SR I e i
@© W |

p - 15 A e
() B ;

QC) | RS R TR R R e -
Q) - E
il ]
9 O 8 R s - e S el
< - i
: = . —+—Phase-1 L1EG (Tower)

g Joee = —+—Phase-2 L1EG Crystal) &
8 i . —+—Phase 2 L1EG (Crystal + Trk) Electron .
D 04 - Phase-2 L1EG (Crystal) Photon —
o : ]
=0

W o2 IR R e S ______________________________________________________________________ EEf)

0 | | | | | | |

15 1 05 0 05 1 15
Gen 1
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CMS

CMS L1 trigger pofe/mﬂodx-LLL

PU =140, 14 Tev
. CMS Phaselll.S.l.mulatlon ....... ................. o .

4 Large improvement on muon pi!

—

Efficiency

4 Better electron and photon wfenttflcatwn

. b b 0.6 __ ................. ................. "D" .......... _ t'rlg N .................
4 Rate reduction from track isolation. S . >2° Gev

LTMu (Run 1 conﬁguratlon + ME1 a unganged)

’ e /’ ’ / = . < |ﬂ|<” Qz4)
Possibility to reject pile-up jet I D R R by
* y J 'p 'p'] ? 0.2 __"E"'—’_{‘ ...... L1Trkl\1/\l1.l (PLT;seli:\EJ?Jn :i)ts in > 2 stations)
B T s 0 e 0 - ]

Y pile-up effect mitigation in MET triggers. Sawe e e L

05 10 15 200 25 30 35 40 45 5¢
Simulated muon P [GeV]
CMS Phase-2 Simulation, <PU> = 200, Single e/y E
rrrrrrprrrrprr T e T e T e T et T CMSPhase-ZS/mulat/on<PU> 2OOMInBIaS
19 i il N o it i bt bl S N o i e N J 4 [ l l 0
L _ Phase-1 L1EG (Tower)
B g =10* 1
= = - == = i @ = Phase-2 L1EG (Crystal)
- © - ]
oC -r Phase-2 L1EG (Crystal + Trk) Electron |

—
<

T .1..|.|.|.|.|1.....

Phase-2 L1EG (Crystal) Photon

| . —+—Phase-1 L1EG (Tower)

Efficiency (L1 Algo/Generated)
o
(0 0]

(
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4 The computing power required by the

250

200

HLT will increase by a factor ~ x20:

150

Yx2.5 from larger pile-up;

average event processing time [ms]

II|IIII|IIII|IIII|

100

Yx7.5 from larger L1 input rate.
4 The expected HLT output rate will be

aﬁout7.5k5{z. plleup

4 The larger rates and event size increase both the DAQ bandwidth and

storage throughput of about a factor 2o.

LHC HL-LHC
CMS detector Run-2 Phase-2
Peak (PU) 60 140 200
L1 accept rate (maximum) 100 kHz 500 kHz 750 kHz
Event Size 20MB?  57MB”’ 7.4 MB
Event Network throughput 1.6 Tb/s 23 Tb/s 44 Tb/s
Event Network buffer (60 seconds) 12TB 171 TB 333 TB
HLT accept rate 1 kHz 5 kHz 7.5 kHz
HLT computing power ¢ 0.5 MHS06 4.5 MHS06 9.2 MHS06
Storage throughput 25GB/s 31 GB/s 61 GB/s
Storage capacity needed (1 day) 0.2PB 2.7PB 5.3 PB
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4 The HL-LHC is starting in eight years from now,
the expected (uminosity is 7.103¢ cm=2s? (pile-up ~ 200).

4 The CMS trigger will be upgraded to cope with such a large (uminosity:
Q
Q

4 Expected big improvements from L1 tracks and higher granularity:

$ better muon pT resolution, track isolation, and electron/photon
identification;

4 HLT computing power and IO throughput need to be upgraded:

¢ usage of heterogeneous architectures is under study.

References
CERN-LHCC-2017-013: L1 Trigger upgrade, Interim TDR

CERN-LHCC-2017-009: Tracker upgrade, TDR
30 CERN-LHCC-2017-014: DAQ upgrade, Interim TDR
From ICHEP2018 (Silvio Donato (University of Zurich) ) CERN-LHCC-2015-10: Technical Proposal
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+ +

Upgrade projects are a continuous effort, overlapping with

operations

+ ‘Unique opportunity for training new physicists;

+ important to establish strong community to share knowledge of key
personnel and ensure growth of next generation of physicists

Phase-1 upgrade was used for RUN 2

Phase-2 upgrade is in its initial stage

+ Very exciting R&D programs are on-going to define the future detectors
The HL-LHC will open a new set of physics opportunities

+ A successful upgrade program is crucial to exploit them
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CMS

Final conclusions L\

The LHC is world wide unique technological and scientific endeavour, comparable to
the Space programmes.

Twenty years spent on the design: R&D, prototyping, construction, assembly and
commissioning gave to all experiments a huge volume of high energy collision data.

The LHC has gradually rise the collision energy (now 13 Te'V) and luminosity (now as high

as 2 1034 cmszs-

The four major experiments ATLAS, CMS, ALICE and LHCb have taken high quality data
operating extremely successfully, with very high efficiencies and generate hundreds of
publications

An upgrade programme prepare the detectors to accept and treat higher luminosities and
extract new physics from large pile up background.

The LHC will continue feed the world particle physics community for the next ~ 20 years
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