HELSINKI %
. INSTITUTE OF_
PHYSICS

Compact Muon Solenoid

R

o

eriment

A N
-

N

A VT _4.* '-.i.u—...;*‘ l
. School, Skeil
15 January 2019

‘Jl SN AT DT T N P el ™ * TP T LN, S PO T A o Uy RS, AR 2 TEA Sy




HELSINKI
INSTITUTE OF
PHYSICS

Future of the LHC

LHC HL-LHC

LS1 EYETS LS2 14 TeV LS3 14 TeV
13 TeV energy
splice consolidation INJECTOR UPGRADE ggom;gl
olimit .
7Tev B8 TeV button collimators TDIS abeorber interaction i hE LH(.: luminosity
C—— R2E project 11T dipole & collimator regions installation }
Civil Eng. P1-P5 ﬂ
2011 ‘ 2012 | 2013 ] 2014 | 2015 | 2016 ’ 2017 ‘ 2018 2019 | 2020 ’ 2021 | 2022 ‘ 2023 ] 2024 ‘ 2025 ] 2026 ||HH ’ || 2038
ATLAS - CMS radiation
experiment upgrade phase 1 damage ATLAS - CMS

) beam pipes 2 x nom., luminosity 2.5 x nominal luminosity upgrade phase 2
75% nominal luminosity — ALICE - LHCb e .
nominal upgrade

luminosity |

2010

EX 150 b i i

FP7
Bivml MAJOR CIVIL WORKS 4 TECHNICAL INFRASTRUCTURE
DESIGN STUDY

PDR PREPARATION ASSESS & TDR MAIN ACCELERATOR COMPONENTS PHYSICS

CONSTRUCTION AND TEST INSTALLATION

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

+ HL-LHC Physics goals: Higgs precision measurements (HH!),
SM precision measurements (top quark mass!), BSM searches...

2



HELSINKI
INSTITUTE OF
PHYSICS

Future of the LHC

LHC HL-LHC
| | |
Run 1 | | Run 2 Run 3 ‘ Run4-5...
LS1 EYETS LS2 14 TeV LS3 14 TeV
13 TeV energy
splice consolidation INJECTOR UPGRADE ggom;gl
olimit .
7Tev B8 TeV button collimators TDIS abeorber interaction i hE LH(.: luminosity
C—— R2E project 1T dipole & collimator regions installation }
Civil Eng. P1-P5 ﬂ
2011 ‘ 2012 | 2013 ] 2014 | 2015 | 2016 ’ 2017 ‘ 2018 2019 | 2020 ’ 2021 | 2022 ‘ 2023 ] 2024 ‘ 2025 ] 2026 ||HH ’ || 2038
ATLAS - CMS radiation
experiment upgrade phase 1 damage ATLAS - CMS
) beam pipes 2 x nom., luminosity 2.5 x nominal luminosity upgrade phase 2
75% nominal luminosity — ALICE - LHCb e .
nominal upgrade

luminosity |
EX 150 b i 3000 fb-' JIHSART)
FP7

DESIGN STUDY

Hi-Lumi

PDR PREPARATION ASSESS & TDR MAIN ACCELERATOR COMPONENTS PHYSICS

CONSTRUCTION AND TEST INSTALLATION

2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021 2022 2023 2024 2025

+ HL-LHC Physics goals: Higgs precision measurements (HH!),
SM precision measurements (top quark mass!), BSM searches...

2



HELSINKI
INSTITUTE OF
PHYSICS

Future of the LHC

LHC

Run 1 | | Run 2

LS1 EYETS
13 TeV
splice consolidation INJECTOR UPGRADE ggom;gl
cryolimit . I ]
7 TeV 8 TeV button collimators TDIS absorber interaction - hE LH(.: luminosity
C—— R2E project 1T dipole & collimator regions installation }
Civil Eng. P1-P5
2011 ‘ 2012 | 2013 | 2014 | 2015 | 2016 ’ 2017 | 2018 2019 | 2020 ’ 2021 | 2022
ATLAS - CMS radiation b —
experiment upgrade phase 1 damage ATLAS - CMS

) beam pipes 2 x nom., luminosity 2.5 x nominal luminosity upgrade phase 2
75% nominal luminosity — ALICE - LHCb e .

nominal

luminosity |
EX 150 b i 3000 fb-' JIHSART)
FP7

DESIGN STUDY

upgrade

Hi-Lumi

PDR PREPARATION ASSESS & TDR MAIN ACCELERATOR COMPONENTS PHYSICS

CONSTRUCTION AND TEST INSTALLATION

2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021 2022 2023 2024 2025

+ HL-LHC Physics goals: Higgs precision measurements (HH!),
SM precision measurements (top quark mass!), BSM searches...

2




HELSINKI
INSTITUTE OF
PHYSICS

Future of the LHC

LHC

Run 1 | | Run 2

LS1 EYETS
13 TeV
splice consolidation INJECTOR UPGRADE ggom;gl
cryolimit - 1 L
7 TeV 8 TeV button collimators TDIS absorber interaction - hE LH(.: luminosity
C—— R2E project 1T dipole & collimator regions installation }
Civil Eng. P1-P5
2011 | 2012 | 2013 | 2014 | 2015 | 2016 | 2017 | 2018 2019 | 2020 | 2021 | 2022
ATLAS - CMS radiation M e
experiment upgrade phase 1 damage " ATLAS - CMS
beam pipes 2 x nom., luminosity 2.5 x nominal luminosity upgrade phase 2
75% ; ; ] ALICE - LHCb
e nominal luminosity { upgrade p—

luminosity |
EX 150 b i 3000 fb-' JIHSART)
FP7

DESIGN STUDY

Hi-Lumi

PDR PREPARATION ASSESS & TDR MAIN ACCELERATOR COMPONENTS PHYSICS

CONSTRUCTION AND TEST INSTALLATION

2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021 2022 2023 2024 2025

+ HL-LHC Physics goals: Higgs precision measurements (HH!),
SM precision measurements (top quark mass!), BSM searches...

2



HELSINKI
INSTITUTE OF
PHYSICS

Future of the LHC

LHC

Run 1 | | Run 2

LS1 EYETS
13 TeV
splice consolidation INJECTOR UPGRADE ggom;gl
cryolimit - 1 L
7 TeV 8 TeV button collimators TDIS absorber interaction - hE LH(.: luminosity
C—— R2E project 1T dipole & collimator installation }
Civil Eng. P1-P5
2011 ‘ 2012 | 2013 ] 2014 | 2015 | 2016 ’ 2017 | 2018 2019 | 2020 ’ 2021 | 2022
) ATLAS -CMS radiation
experiment upgrade phase 1 damage
beam pipes 2 x nom., luminosity 2.5 x nominal luminosity . upgrade phase 2 3
75% i i S ALICE - LHCb S, " -
nominal nominal luminosity { upgrade T e ::i“ -

luminosity |
EX 150 b i 3000 fb-' JIHSART)
FP7

DESIGN STUDY

Hi-Lumi

PDR PREPARATION ASSESS & TDR MAIN ACCELERATOR COMPONENTS PHYSICS

CONSTRUCTION AND TEST INSTALLATION

2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021 2022 2023 2024 2025

+ HL-LHC Physics goals: Higgs precision measurements (HH!),
SM precision measurements (top quark mass!), BSM searches...

2



HELSINKI
INSTITUTE OF
PHYSICS

= Pileup

IIIIIIIIIIIIIIIII[llllllIIl|Il-lllllll|IIIIIIIII|IIIIIIIII/

-8 -6 4)\/\\ -2 | 0

IVIIIII|IIIIIIIII|IIIIIHlllllllllll

4 6 8 PU=~25

CMS Experiment at LHC, CERN
Data recorded: Sun Oct 23 07:45:55 2016 CEST
Run/Event: 283876 / 570269675 . AKA jet
4 Lumi section: 389 W Er = 63.5 GeV 4
n = 0.35
electron i ¢ = 0.97
pr = 10.3 GeV :
n = 0.31
muon
2 pr = 14.0 GeV 2
= — n = 0.36
\ ¢ = 0.81
0 - 0
2 AK4 jet AN EN SR , _—— 2
Er = 31.0 GeV ) AWK\ 4 NS = —— —
n=—2.93 | g RS . . S > | |
¢ = —2.84 \AK4 et S O — ==
Er =111.3 GeV | S N
2 | n = —0.96 : -4
b= —2.19
-8 417 7\ 0 W2 4 6 8

lllLLlllllI’I | lllllJlIlIllllllllllJllllllllIlllllJJlIIlllllllllllIllllllllllllllIII‘IJIIIIIJ




cMs,

Pileup

Illll llllllll Hlllllllllll[ 1IIIIIIIII’H AT TV LT A lIIIlllllll][lllIIIII,HHIIII

4 6 8 PU_~25

HELSINKI
INSTITUTE OF
PHYSICS

-8 -6 -4 -2 0

.| 'CMS Experiment at LHC, CERN
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CMS Experiment at the LHC, CERN
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Higher luminosity = more pileup ;\ —
Average pileup of ~140-200 expected at HL-LHC N S

Physics goals require sensitivity to EW scale physics
— need to maintain low trigger thresholds S
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CMS Phase-2 Upgrade

<« We need a fast and radiation-hard detector with high-granularity readout
...and a smart trigger

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 fibres ~2,000 Channels

CRYSTAL
ELECTROMAGNETIC

CALORIMETER (ECAL)
~76,000 scintillating PbWO, crystals

HADRON CALORIMETER (HCAL)

Brass + Plastic scintillator ~7,000 channels
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<« We need a fast and radiation-hard detector with high-granularity readout
...and a smart trigger

New tracker:
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...and a smart trigger
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~ CMS Phase-2 Upgrade
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~ CMS Phase-2 Upgrade

<+ We need a fast and radiation-hard detector with high-granularity readout
...and a smart trigger

New tracker:
less material, SUPERCONDUCTING SOLENOID

Niobium titanium coil carrying ~18,000A
= cxtended coverage,
== input to L1 trigger

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

@/’/
{

. Y N
Total readout rate to
New calorimeter
readout electronics in N

barrel and endcaps

‘ from ~2Tb/s to ~50 Tb/s
"
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<« Without an efficient trigger,
interesting data is wasted
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CMS Trigger System

<

Wlthout an efficient trigger, Calorimeters
interesting data is wasted

Level-1 Trigger 40 MHz
+ Hardware algorithms for Full event
a quick first decision 3 us WEE] readout
High Level Trigger ~100 I<Hz‘
+ Fast software reconstruction using High
the full event information evel .

trigger
~1 I<Hz‘

Storage
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Trigger
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i%possible direct links from TF
*possib/e direct links to GT

\_

Correlator Trigger

Global
Trigger

L1 Trigger Project
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Calorimeters

Level-T Full event
Trigger readout
—166-4H2[750 kHz
High
level
trigger
~HeHz (7.5 kHz

Storage
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Level-1 Trigger Upgrade

<

<10 ps
ﬂ{K EC EB HB HF DT RPC || CSC || GEM \ :
High

Inputs from Trigger Primitive Tracker Calorimeters
Generators (TPGs) and track

finders are combined in a 40 MHz
correlator module before the final Level-T Full event

decision by the Global Trigger eated rigger readout
—166-4H2[750 kHz

EB || HB || HF *BM RPC || CSC ||GEM level
TPG || TPG || TPG TPG || TPG || TPG || TPG :
] trigger
Track Endcap Barrel
e | | “Ca ||| S | e ~HeHz (7.5 kHz
TPG TPG Triaaer Track
99 Finder
*r Storage
' Correlator Trigger
CT-
PPS
i%possible direct links from TF /
4 Global
*possible direct links to GT Trigger \ BPTX
k L1 Trigger Project BRIL 6
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Level-1 Trigger Upgrade

<

<10 ps
ﬂ{K EC EB HB HF DT RPC || CSC || GEM \ :
High

Inputs from Trigger Primitive  Tracker [Calorimeters
Generators (TPGs) and track
finders are combined in a 40 MHz
correlator module before the final Level-1 Full event

decision by the Global Trigger eated rigger readout
—166-4H2[750 kHz

i%possible direct links from TF

(m,b/edfrect/fnkstoer ‘)[%3321 — to take advantage of this

s [ 19 | 1 L e o o evel .

TPG || TPG || TPG | WXTPG || TPG || TPG || TPG )

S trigger
Track Endca Barrel
e | | “Ca ||| S | e ~HeHz (7.5 kHz
TPG TPG Trigger ;ﬁ::r

*r Storage

corelstorrigger + New algorithms are being

CT-

e developed and tested

L1 Trigger Project BRIL new architecture 6
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? 1_.CMS Phasell..S.|.m.uI.at|.on ....... _________________ _— _________________ | : : '
Q : | :
5 08

06 |

Trigger rate [kHz]

LTMu (Run 1 configuration + METa unganged)

= e —e— 0 <I[<11(@Q24)
B L =B 1.1<|n £24(Q=4)
0.2 _"E]" ............ + ...... L1TrkMu (Phasell: muon hits in > 2 stations)
- Lo e —e— 0 < |n|< 1
T e . =B 11<|n <24
0 lelsl ' | Lo b b b b gy
5 10 15 20 25 30 35 40 45 50 5 10 15 20 25 30 35 50

Simulated muon P [GeV] Muon trigger P threshold [GeV]

<« Combining tracker and muon chamber signals leads to sharper
turn-on (left) and lower rates (right) w.r.t. old configuration
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— i
&U TkEmTaus (EM and ?I'racks)

- CMS SEZmuIation, Phaise-z

— TkEmTausE(EM and Trécks)

1 I i I I I I I I I I I I I I I I I I I 1 L L | L L L l L L l l

0 0.2 0.4 0.6 0.8 1 20 40 60 80 100
Eff. signal p_ threshold (GeV)

<« New algorithms matching tracks and calorimeter deposits
outperform the old configuration, providing lower rates for a
given efficiency (left) or threshold (right)
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~ HL-LHC Physics Goals

+« 15M Higgs bosons / year (2017: 3M)

<« More precise Higgs couplings (probe for BSM!)

<« Higgs pair production — self-coupling (120K events)
<« Differential distributions, rare decays
-

Extensive BSM Higgs searches

Ll
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Total uncertainty on m_[GeV]
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15M Higgs bosons / year (2017: 3M) g —1

% More precise Higgs couplings (probe for BSM!) g 'l 4 I ;

« Higgs pair production — self-coupling (120K events) ) : H

+ Differential distributions, rare decays AN

+ Extensive BSM Higgs searches g t g
- cms] = SM precision measurements

oo femmenPoery & Top quark mass resolution of ~0.1 GeV
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~ HL-LHC Physics Goals

+« 15M Higgs bosons / year (2017: 3M)
<« More precise Higgs couplings (probe for BSM!)
<« Higgs pair production — self-coupling (120K events)
<« Differential distributions, rare decays
2

Extensive BSM Higgs searches

D Feeen CMS :
O, 3¢ Preliminary Projection
E“ 5 mrmim JIW, arXiv:1608.03560 3
- 2'5: e o (tf), JHEPOS (2016) 029
(@) " : sec. vix, PRD 93(2016)2006 ]
> 2 - §  eeea- single t, PAS-TOP-15-001 -
£ - F l+jets, PRD 93(2016)2004
8 151 | S -
Q promnmens . 2 v ——— -
e 1 R =
> n \ p
g 0.5\ LTI
= - h -
0
Run 1 0.3/ab, 14 TeV 3/ab, 14 TeV

<« BSM searches

(currently ~1 GeV)

couplings...

~en0 0.0
XXy = WZXX,
) 00
X1x2 - Wl-&'1x1

g — X%,

~— ~0~-0
g9 — qqaa,X,

<+ Discoveries or further exclusion of models

g L g
t It

g ; ----H

g . H
t A

g t “H

<« SM precision measurements
<« Top quark mass resolution of ~0.1 GeV

<« Vector boson scattering, triple-gauge
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L - [ ] 95% cL limits: 8 Tev _
PR I ST ST S N’ oA
500 1000 1500 2000

T T T T T T T T

— Summary of CMS SUSY Projections with SMS

T T T T T T T T

B 5o discovery: 14 Tev, 3000 fb™
[ ] 50 discovery: 14 Tev, 300 b

Probe *up to* the quoted mass

2500

Mass scales [GeV]
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CMS DETECTOR

Total weight : 14,000 tonnes
Overall diameter :15.0 m
Overalllength ~ :28.7m
Magnetic field :3.8T

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

HADRON CALORIMETER (HCAL)

Brass + Plastic scintillator ~7,000 channels

STEEL RETURN YOKE
12,500 tonnes

SILICON TRACKERS

Pixel (100x150 pm) ~16m* ~66M channels
Microstrips (80x180 pm) ~200m? ~9.6M channels

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 fibres ~2,000 Channels

12



HELSINKI
INSTITUTE OF
PHYSICS

om m 2m

Key:

Muon

Electron

Charged Hadron (e.g. Pion)
-~ = — - Neutral Hadron (e.g. Neutron)

----- Photon

Tracker

PN Electromagnetic
i )Il] Calorimeter

Hadron
Calorimeter

Transverse slice
through CMS

am

Superconducting
Solenoid

5m

6m /m

Iron return yoke interspersed

with Muon chambers
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http://cms.web.cern.ch/news/detector-overview

CMS

TRK

Track
Finder
TPG

EC

Upgraded Level-1 Trigger

Endcap
Calo
TPG

v

EB HB HF DT RPC || CSC || GEM
EB HB HF M RPC | | CSC || GEM
TPG || TPG || TPG TPG || TPG || TPG || TPG
Barrel

Barrel

Cal Muon Muon

Tri alo , Track Track

'9g€ Finder inder

i%possib/e direct links from TF

* possible direct links to GT

Correlator Trigger

L1 Trigger Project

i

Global
Trigger

CT-
PPS

BPTX

BRIL

O
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MTD: MIP Timing Detector

Simulated Vertices

’x‘ Thln |ayer bEtween 0.6 3D Reconstructed Vertices

——&—— 4D Reconstruction Vertices

tracker and calorimeters, o
covering |nl<3
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t (ns)

0.2

<« Time-of-arrival measurement +4
with time resolution of ~30 ps " ;
0.2 }
+ Read more: i

|IIIIIIITIIIIIIII

-0.4

<« Physics case:
<« Improved vertexing

P
AP TING D2 + Better lepton/photon isolation
— Smaller fake backgrounds

<« Enhanced pileup jet subtraction
— |[mproved VBS sensitivity and
jet mass resolution

<« More efficient b jet tagging 15
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_~  ATLAS vs. CMS upgrades for HL-LHC \ s
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<« New global electron and
factor of ~10 (left) while the efficiency decreases only ~10% (right)

Expected Performance: e/y
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algorithms reduce the rate by a

<+ Fine-grained calorimeter input improves performance alone
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