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Why High Luminosity?

LHC delivered luminosity:
1 163.54 fb! (2015—2018)

To half the statistical error:
O 4x int. luminosity: ~650 fb!

“Average” LHC year: ~50 fb!

More than 10 years running!

CMS Integrated Luminosity, pp, Vs = 13 TeV

Data Included from 2015-06-03 08 41 to 2018 10-26 08 23 UTC
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CMS Integrated Luminosity Delivered, pp, Vs = 13 TeV

Data included from 2015-06-03 08:41 to 2018-10-26 08:23 UTC
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A Luminosity Upgrade
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“Doubling data time” increases

O Diminishing returns on running
the accelerator.

Natural upgrade path
[ Tevatron
= Run|(3E31) = Run 2 (4E32)
Q LEP
= LEP1 (3E31) = LEP2 (1E32)



The High-Luminosity LHC
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Luminosity [cm™s7]
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Building the HL-LHC

11-12 T superconducting magnets

Compact superconducting cavities

J Beam rotation with
ultra-precise phase control

New tech for beam collimation

High-power superconducting links

[ Negligible energy dissipation
over 300 meters

High-Luminosity
Large Hadron Collider (HL-LHC)

Technical design report



Luminosity dR

da = - %
Related to the number of interesting hadronic % PN
interactions — events — that the
. ‘p(x.y,s.-lo) I
accelerator can deliver. N b N,R(xyss,)
& N particles / bunch

The rate of events per second dR/dt depends —
on the luminosity L and the process cross-

section Op dR
e — L >< O-p yim)

dt

For proton bunches colliding head-on, with
Gaussian profile in both transverse 0.00+

directions
-0.02 4
r_ N1Nof Ny, ,
— 0.02

drooy

P density = const.

0.024

x(m)



Pileup

Unwind the previous calculation back a bit.
O Divide by the number of bunches Ny,
That is the luminosity per bunch pair Ly,,.

U Divide by the revolution frequency fq,.
Now we have the specific luminosity
for a single bunch crossing.

O Multiply by the total pp cross-section (= 80
mb). That is the number of interactions per

CMS Average Pileup (pp, vVs=13 TeV)

6000 , , , , 6000 bunch crossing p.
=
g — [ 2017: <u> = 38
£ sov] A P The pileup of events is the price we must
pay for high luminosity.
£
§2000 o (13 TeV) =80.0 mb 12000 D LHC |J. — 30_50
O HL-LHC: p =140 @ 5E34 —200 @ 7.5E34

8 20 ) pry Y \’000

Mean number of interactions per crossing



Expectations for the HL- LHC
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Expectations for the HL-LHC

Important role for
precision physics
L Precise measurements
of SM parameters

O Searches for
rare SM processes

d . o [pb]
2 2 2 3
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Phy5|cs of the HL-LHC: WW scattering
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Inclusive measurements

| Phase-2 Projection
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2000 4000 6000
Luminosity [fb]
14 TeV
- CMS
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High invariant mass WW — WW
O Confirm the role of the Higgs boson?
O Alternative underlying EWSB mechanism?

Run 2 results

L Same sigsn WW + 2j:
0/0g, = 1.20 = 0.11 # 0.08

U Polarized same sign WW + 2j:
= W, W,:<1.17 fb, 95% CL
= W, W: 2.3 0 measurement

CMS HL-LHC projections

O Same sign WW: 3% uncertainty
Q Polarized W, W, : very close to 5 ¢!


http://dx.doi.org/10.1016/j.physletb.2020.135710

Physics of the HL-LHC: H — uu

359 137 fb 13 TeV
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.« . . . = > L L
Exquisite prediction of the SM l> 'F cms Wz
s Lo h
O Are the Yukawa couplings S [ M= 12088 GeV ]
. g>"" F pvalue =44%
really proportional N: ]
. F b .*" 1 -1
to the fermion masses? 102k et § : ‘ 8000t (13 TeV)
— C M S Wj s;:: sys:. unce:. ((:21))
e ector bosons . . W, syst. uncert.
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CMS HL-LHC projections <
T 0.01 (Stat); 0.02 (S2); 0.03 (S1)
O Htodimuons: «
p —————H— ) )
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Physics of the HL-LHC: HH production

CMs Phase 2 3000 b (14 TeV)

S [T
8 S/mulaﬂon Prellmmary + Pseudo data ] CMS Ph _ 2 Simulation Prelimi 3000fb-1 (14TeV) . h I
2 L ppoHHopybB e Nonresonant backgr. 1 0010 e ’m’”a-”y agH : F Ive d ecay channeils
b - 1 - W
S 4of HP 480 GeV<M, Full backgr. 0.008| ——
@t —— Sig. + Full backgr. - a 4b, bbWW, beZ, bbTT, bbyy

=

S_ingIeT P
-t
— (Sr-i|gr-li1?1|on Resonant)
Run 2 results:
200 300 500
h-+ mass [GeV]

[ Nonresonant: 4b, bbyy, bbZZ
CMS Phase-2 3000 fb! (14 TeV) .
g 10 ? Simulation Preliminary Assumes no HH signal D Re SO n a nt * 4 b' b bWW/b bTT

T - 95% 'CL upper limits - Median expected
T | —-bbbb —=bbtt
g’ |« bbVV(ivlv) - bbyy
bbZzZ*(4l) -e- Combination _ 1 1
% 10° g Theoretical prediction C M S H I— I—H C p rOJ eCtl ons
F M“

O Projected significance: 2.6 o
O Higgs triple coupling:

= 68% CL: [0.35, 1.9]

= 95% CL: [-0.18, 3.6]



http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-20-005/index.html
https://dx.doi.org/10.1007/JHEP03(2021)257
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-20-004/index.html
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/B2G-20-004/index.html
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/B2G-20-007/index.html

CMS in the High-Luminosity LHC Era

Goal

U Extend the physics programme to the
4000 fb! integrated luminosity target

U Keep the detector performance
= Efficiency
= Resolution
= Background rejection

Obstacles
O High instantaneous luminosity (pileup)
= |mproved granularity and timing information
U High integrated luminosity (radiation)
= Replacement of Tracker and Endcap Calorimeter
O Huge amount of data (computing and storage)
=  Qverhauled Trigger and DAQ systems

800

Dose, 3000 fb'

=il

0 200

CMS FLUKA geometry v.3.7.0.0
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CMS Phase-2 Upgrade Overview

Barrel Calorimeters

* ECALreadout at 40 MHz

w/ precise timing at 30 GeV
. ECAL/HCAL new

back-end boards

* 3D showers + precise timing
*  Si, Scint+SiPM in Pb/W-SS

Muon Systems
* DT/CSC new FE/BE readout
*  RPC back-end electronics

. New GEM/RPC1.6<n<2.4
* Extendedton=3

T i

Tracker

*  Si-Strip/Pixels increased granularity
*  Trackingin L1-Trigger

*  Extended coverageton =3.8

MIP Timing Detector

Precision timing with:

- Barrel layer: Crystals + SiPMs
- Endcap layer: Low Gain

Avalanche Diodes == N

L1-Trigger DAQ and High-Level Trigger

* Tracksin L1-Trigger *  Full optical readout
at 40 MHz *  Eventnetwork 60 tb/s
*  PFlow selection *  Heterogeneous architecture

* T750kHzlL1 *  T7.5kHzHLT



The Phase-2 Upgrade of the CMS Tracker

= Requirements
i 1000 — H H H H H - N . .
- |:: |:: ! ! ! . Radiation resistance
oE [ [ |
= [P P I, l, = Max fluence up to O(10%)
N N N N S W R :::: :::: hy hy il e / 2
4002%—_—_\\\\%\\\\ RN N :::: :::: II:: II:: ||:: :ig neq cm
WSS R AN N .o Increased granularity
L § § ; L o

0 — 1 e - B R n u ~1200traCkS/un|tOfU

z [mm]

U Reduced material

5o 1_6}E&lsa§§ﬁ“;l'nracker I oot sonsors . . .
P = Preserve calorimetric resolution
) -E EEEEE IT and OT
12 W e O Contribution to the L1 trigger
C high transverse

programmable

momentum search window

= Quter Tracker: pr modules —
stubs compatible with
bottom sensor tracks p_l_ > 2 GeV

top sensor

B®

A
low transverse
momentum

U Extended acceptance:|n| < 4.0




Phase-2 Tracker Geometry and Parameters

TEPX

Inner Tracker
O 4 barrel layers,
1 8 small disks, 4 large discs per side
U Pixel sizes Ly ;
= 50 x50 um?, 25 x 100 pm? &

Outer Tracker
6 barrel layers
1 5 discs per side
[ 9.5 million channels
d 44M strips + 174M macropixels




Phase-2 Tracking Performance

CMS  Phase-2 Simulation 14 TeV Combinatorial Kalman Filter
L>), E : [ A : A : ool b D Under Study: Segment“nking
S 0.9¢ T e - KE
G_) C Pl D Under StUdy. mkFit
:.,L:> 0.8
O 07F _ .
o - | | ' [HighPtQuadruplet Iterative Approach
= 0.6 [+HighPtTriplet
S e [J+LowPtQuadruplet < pr>09Gev
© 0'55 o — [J+LowPiTriplet = 90% efficiency
H 0.4 [J+DetachedQuadruplet = Uniform in pseudorapidty
S [J+PixelPair
0-3;_ [J+Muon inside-out O p;~03GeV
0.2F l+Muon outside-in = At least 30% efficiency
E tt event tracks (PU=200)
0'15 Id| <3.5cm o : :
ot e TS v v vvnnl] Deterministic Annealing Vertexing
10™ 1 10 10 O 75% of all vertices reconstructed

Simulated track P, (GeV)

O 93% efficiency of correct vertex identification




High-Granularity Calorimeter (HGCAL)

Requirements

Q
Q

Q

U

Q

Sections
O Electromagnetic calorimeter (CE-E)

< 2m

Y

Radiation tolerance

Dense calorimeter mass ~ 200 T
» Shower lateral compactness each endcap
Fine lateral/longitudinal granularity
Precision time measurement of the showers
Contribution to the L1 trigger

= Sj, Cu & CuW & Pb absorbers,
= 28 layers, 25 xgand ~1.3 A

r=2.62m

O Hadronic calorimeter (CE-H)

= Sj & Scintillator, stainless steel & Cu absorbers
= 22 (8+14) layers, ~9.5A



HGCAL Geometry and Parameters

ST ecsaces Sensors

e i
gggggggggggggg £ Igacaces: 4 Silicon (120/200/300 pum)
e - . Total 620 m?
=, Total 620 m
st - :
GeEno=aa0a0y = 0.5-1.0 cm“ = 6M channels
SRR

SRR [ Plastic scintillators with

SiPM readout
= Total 400 m?
= 4-30 cm? = 240k channels

Intrinsic timing capabilities

d ~ 25ps resolution

(c) Layout of a layer(38) with silicon
and scintillator sensors




Tracks and clusters clearly
4/ identifiable by eye throughout

most of detector.

the Iongitudinal shower footprint

CMg Experiment at (MC, CERN h

-
-
Data recorded: Thu Jan 1.01:00:00 1970 CEST

Run/Event: 1/10 - J‘
Lumi section: 1
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HGCAL Reconstruction

32 GeV

electron

AR
Yy 2
S G

1X,

CLUstering of Energy (CLUE)

Q
Q

Collect RecHits in the same layer
Based on cell “energy density”

= More significant indication of
something we want to cluster

Linear scalability
Easy parallelization
= Amenable to porting to GPU

The Iterative Clustering (TICL)

Q

Q

Q

Link different layers
via “tracksters”

Cellular automaton
pattern recognition

Iteration-based
Current iterations:
= TRK-EM, EM, TRK-HAD, HAD




HGCAL Performance

Electromagnetic showers

O Comparatively simple

O  Full e/gamma reconstruction with bremsstrahlung in progress
Hadronic showers

O  More complicated substructure

O Initial approach: a single trackster for the whole shower

0 Odprrrrr e

3 r AARARRRN 20 CMS Simulation Preliminary 0 085
£ - | I — T T | T T T [ T ] L i i
dogo CMSPhase2  — (giey - 5l HGCalEE | & | CMSPhase2 Single-r
w . 0.08F Simulation Preliminary PU=O 165 _ w . 0.3 r\Simulation Preliminary IDU_=O 3
Fo.o7” ER : ]
bu-l 0.075 " Rec/able ; ':g' 14F 1 bLu 0.25 = Rec/able ]
008 T o | o ]
0.05 3 E ‘% 10F } - F + TICL (Non-Interacting) -
0.04F = -;w C ] 0.15— 3
: ] 58 E g ]
0-03F E 8 eF . 0.1 ]
0.021 4 N ] : . P
0.01F 4 : ; 0.05- .
g | | | | | e 2 B ]
O 2000 1E0 o0n HEn 200 E , T R P I S B DR .
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The Phase-2 Upgrade of the Muon Detector

n 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 11 i EXiSting DT’ CSC' and RPC detectors

8°  84.3° 78.6° 73.1° 67.7° 62.5° 57.5° 52.8° 48.4° 44.3° 40.4° 36.8°
8 T T T ey e o e iy ey

T /T EESstiin J T \\ ‘/y T DT; gL 1.27335°

O Upgraded electronics for
HL-LHC conditions

Enhanced forward muons
O iRPC: RE3/1 and RE4/1
= Short electrode recovery

= Reduced total charge discharge

| s L GEM detectors:
GE1/1 (already in) and GE2/1

oy EEE i t I e 1 1 =] I I I
0 1 2 3 4 5 6 T 8 9 10 1 12 z(m)

= |mproved L1 p trigger in endcap
O MEO detector
= Muon coverage to || = 2.8:




Phase-2 Muon Performance

o . CMS Phase-2 Simulation Vs =14 TeV . ) -
CMS Phase-2 Simulation Prell 14 TeV
Muon trigger & reconstruction & ", Ll ] g et \ — L
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. . . 3&:) ; :D MlZZn:Phafse‘;g : di hack " EE?::
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D Lower trigger rate i 1; ® Muon Phase-1+ GE1/1 + GE2/1 + iRPC + MEO | g
S ; ;:U:o—'—t—ﬁ—._ﬁ -
QO Extended pseudorapid Jeasaa=c 1 F 1
Extended pseudorapidity range o 4 E - - .
p p y g OOBZ; E C nl<2.4 i <2.8 RN ‘e:
s B - —e— Statistical —e— Statistical a
D Improved redundancy 0.8; é —e— NNPDF3.0 nominal —6— NNPDF3.0 nominal |
0 7557 E —e— NNPDF3.0 constrained —e— NNPDF3.0 constrained
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& = 6 =(26.9 +0.5) GeV 7 w r ] Phase-0 detect ]
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A MIP Timing Detector for Phase-2 Upgrade

Measure the production time of minimum
ionizing particles
O Longitudinal spread of bunches

U Interactions in a bunch crossing
are spread with rms ~ 200 ps

O Help mitigate pileup effects

BTL: LYSO bars + SiPM readout:
+ TK/ECAL interface: |n| < 1.45
* Inner radius: 1148 mm (40 mm thick)
+ Length: 2.6 m along z
+ Surface ~38 m2 332k channels
+ Fluence at 4 ab™: 2x10" n,g/cm?

ETL: Si with internal gain (LGAD):
+ On the CE nose: 1.6 < |n| < 3.0
+ Radius: 315 <R <1200 mm
+ Position in z: £3.0 m (45 mm thick)
+ Surface ~14 m2 ~8.5M channels
+ Fluence at 4 ab™: up to 2x10*n,;Jcm?

Key parameters

U LYSO:Ce crystals

O Barrel (BTL): 1-layer, |eta| < 1.48
= Readout: SiPM in Geiger mode

O Endcap (ETL): 2-disks, 1.6 < |eta| <3
= Readout: LGAD

U Clock distribution system
" rms jitter of 10-15 ps

CMS




Simulated Vertices

3D Reconstructed Vertices
—6—— 4D Reconstruction Vertices

—+—— 4D Tracks

lII|III|III|




MTD Performance

Timing resolution
d 30—40 ps when new
1 50—60 ps by the end of HL-LHC

Impact on physics
d 10—12% improvement
in MET resolution
= H — 1T, BSM searches
 HH production: +20% signal yield
[ PID capabilities for HI run
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The Phase-2 Upgrade of the Level-1 Trigger

Retain two-level trigger approach
O Level-1 + High-Level Trigger

Calorimeter trigger Muon trigger Track trigger
HF HGCAL RPC CSC TP

Key parameters L] '-‘h

(] Rate: 100 kHz — 750 kHz Lz‘;gﬂ OMTF Loca

O Latency: 3.8 us — 12.5 s : +

Globa!rggsljc;rrlmeter Global Muon Trigger Glc;l::iaglg'l:?ck Glob
Inputs
External Triggers

O Calorimeters [

O Muon System ”

U Outer Tracker
Four independent e or

trigger proceSSing paths Phase-2 trigger project




Level-1 Trigger Highlights

¥ Tracklet seed & search Kalman Filter fitting

~~ 01 1z 1 4 w5 16 Charged particle track reconstruction
fitted track |
~ \‘“\\ Q Stubs from Outer Tracker
i
SR N + oy e [ Hybrid tracklet+KF track finder
\f;\ \ \ \ \ \ parameters parameters
i \\*\ \ O Extended L1 tracking for displaced trajectories
\
stub pair increased precision of track parameters

tracklet

Correlator layer for
sophisticated algorithms
O Particle-flow

+
iGlobal
:Track Tri

O Machine learning

40 MHz Scouting
O Intermediate L1T data streams

Hcal Barrel

L Diagnostics, monitoring and physics
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The Phase-2 Simplified Level-1 Menu

Offline Rate Additional Objects H b I H h H b I H
L1 Trigger seeds Threshold(s) (PU) = 200 Requirement(s) plateau R ate CO m p a t I e W I t PO S S I e eXte n S I O n S
at 90% or 95% (50%) efficiency
[GeV ] [kHz] [cm, GeV] [%] h - H | |
Single/Double/Triple Lepton (electron, muon) seeds P a S e 2 re q u I re m e nts D EXte n d ed n
Single TkMuon 22 12 7] <24 95
Double TkMuon 15,7 1 [ <24,bz <1 9% O 450 kHz standalone |ept0n5
Triple TkMuon 53,3 16 7] <24,Az<1 95
Single TkElectron 36 24 n| <24 93 .
Single TKIsoElectron 28 28 u[<24 9 = 50% Safety margin QL1 soft muons
TkIsoElectron-StaEG 22,12 36 n| <24 93,99
Double TkElectron 25,12 4 <24 93 1 H H
Dol T 3 ] < 2 w.r.t ultimate target O Light mesons with
Double StaEG 37,24 5 n| <24 99 . . .
Photon seeds D ~ 40 tr|gger a|g0r|thms Ll traCklng
Single TkIsoPhoton I 36 I 43 I 7 <24 [ 97
Double TkIsoPhoton | 22,12 | 50 | [y[<24 [ D Displaced vertices
Taus seeds
Single CaloTau 150(119) 21 7] <21 99 _
Double CaloTau 90,90(69,69) % i <21,AR>05 9 gﬁiﬁg‘;ﬁp“’“ seeds —_— : T -
Double PuppiTau 5252(36,36) 7 il <21, AR > 05 0 TkMuon-DoublePuppiJet 12,4040 10 [ <24 AR, <04, | 95100
Hadronic seeds (jets,Hr) A <1.6,Az <1
Single PuppiJet 180 70 Il <24 100 TkMuon-PuppiJet- 3,100,120(55) iz Tl <15 <24, | 910,
Double PuppiJet 112,112 71 [n] <24,An <16 100 PuppiEfss Az <1 100
PuppiHy 450(377) 1 jets: [ <24,pr >30| 100 DoubleTkMuon-PuppiJet- 3,3,60,130(64) 1 M[<24Az<1 95,100,
QuadPuppiJets PuppiH; | 70,55,40,40,400(328) 9 jets: || < 24, pr > 30 | 100,100 PuppiEs 100
EP™ seeds DoubleTkMuon-PuppiHy 3,3,300(231) 2 n <24,Az<1 95,100
PuppiET™ ‘ 200(128) ‘ 18 ‘ ‘ 100 DoubleTkElectron-PuppiHt 10,10,400(328) 0.9 | <24,Az<1 93,100
Cross Lepton seeds TkIsoElect—ror\-PuPpiHT 26,190(124) 9 nl<24,Az<1 93,100
TkMuon-TkIsoElectron 7,20 1 yl<24,bz<1 95,93 TkElectron-Puppiet 28,40 34 Iyl <21, [y] <24, 93,100
TkMuon-TkElectron 7,23 3 gl <24,Az<1 95,93 i — AR>034z<1
TKElectron-TkMuon 10,20 1 g <24,hz<1 93,95 PuppiTau-PuppiEf™* 55(38),190(118) 4 Iyl <21 90,100
TkMuon-DoubleTkElectron 6,17,17 0.1 [ <24,Az<1 95,93 VBF seeds
DoubleTkMuon-TKElectron 559 1 y[<24,Az<1 95,93 Double Puppifets I 160,35 [ 4 [ [[<5m;>620 [ 100
PuppiTau-TkMuon 36(27),18 2 [ <21,Az<1 90, 95 B-physics seeds
TkIsoElectron-PuppiTau 22,39(29) 13 nl <21,Az <1 93,90 Double TkMuon 2,2 12 [7] <15, AR <14, 95
AR > 03 qlxq2<0,Az<1
Double TkMuon 44 21 [7] <24,AR <12 95
qlxq2<0,Az<1
Double TkMuon 454 10 [7] <2.0,7 < my, <18, 95
ql#q2 <0,Az <1
Triple TkMuon 532 7 0 ‘< |m,,5”3,41.,,2<0 <9 95
| <24,Az<1
Triple TkMuon 5325 3 5< Myusasqiep<o < 17 95
7] <24,8z<1
Rate for above Trigger seeds 346
Total Level-1 Menu Rate (+30%) 450




The Phase-2 Upgrade of the DAQ/HLT

Data Acquisition (DAQ)
O Data pathway and time decoupling

Key Parameters

between detector readout LHC HL-LHC
] CMS detector Phase-1 Phase-2
and data reduction Peak (PU) 60 140 200
. . L1 accept rate (maximum) 100 kHz 500 kHz 750kHz
O Local storage at experimental site Event Size at HLT input 2.0MB 6.1 MB 8.4MB
. Event Network throughput 1.6 Tb/s 24 Tb/s 51 Tb/s
O Transfer to offline storage Event Network buffer (605s) 12 TB 182 TB 379 TB
HLT accept rate 1kHz 5kHz 7.5kHz
HLT computing power 0.7MHS06 17MHS06 37 MHS06
Event Size at HLT output 1.4 MB 4.3 MB 5.9 MB
. ] Storage throughput 2GB/s 24 GB/s 51 GB/s
H Igh—LeVEI Trlgger (H LT) Storage throughput (Heavy-Ion) 12 GB/s 51 GB/s 51 GB/s
Storage capacity needed (1 day) 0.2PB 1.6 PB 3.3PB

[ Efficient selection of events of interest

U Data reduction 100:1 with respect to L1T

O Within computing resources envelope cost




Phase-2 Data Acquisition System

Key parameters
O 50,000 high-speed front-end optical links

) o
~ Detector Front-En‘ds (FE) ‘ § D Up to 60 Tb/S data rate
T”g?eg 'Tffcesws Trigger and detector data. ~ 50,000 x 1-10 Gbps GBI links ’
lobal Trigger .

» —— ] oo IR e T e ) O Total event size 7—10 MB

TCDS/EVM  [575 DIk Deleclor —| om ]
4% 100 GbE Back-Ends | ATCA
" | | Busy DTH crate —_—
CLKL1A @ - 17 . .
” | TrrT || | & Highlights

~ 1000x100 Gbs data links Hinmn Data to Surface (D2S) 200m fibers | |

] Data to Surface. Data Concentration Network I D U nlfled deteCtor readOUt

[
oAby s @@@@@%} ! L@ = ATCA form-factor for detector backend
J

~ 200 x 400 Gbs switch || M RoCE Event Builder [ ] U Dual-function board DTH-400
~ 200 Tbs bandwidth Event network Chassis based Ethernet switch < H
~ 400 4ooseb: s‘\‘:nch Event Back Bone | 8 = DAQ data aggregation
1] 1 . . . . . .
o °‘"‘ﬁt‘?§5&£ﬁ§s’ HLTToR - torgaisor (g [“s7e * Timing and Trigger Control and Distribution

S~ ~800-1600 m L Event Network
FU HLT servers Central Data CDR
o Recording

= RDMA over Converged Ethernet
U Heterogeneous HLT nodes
=  GPU-equipped servers




Phase-2 HLT Physics Objects, Paths, Menu

Physics objects

Event

U Same algorithms as offline

received
O Same framework (CMSSW)
U Added emphasis in execution speed
YES YES YES Y&S

HLT paths

O Targets a given final state

O Sequence of filters / producers

Q Early filtering
YES YES YES YES
v v v v

HLT menu

Producer Producer Producer Producer

Producer Producer Producer Producer

O Collection of HLT paths

O Reuse variables among paths @ @ @
U Multithreaded since 2016 s - Ve
YES

= Parallel event processing

Event
* Simultaneous module execution




14 TeV
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40 50 100 200 300 400 0 L1 L1 Ll Co. Rate 170 Hz at HLT level
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The Phase-2 Simplified HLT Menu

Trigger type Phase-1 Phase-2 . . .
Threshold Threshold Rate at Rate at Rate a n d tl m | ng CO m patl b | e
[GeV] % rate L1 seed [GeV] (PU) = 140 [Hz] (PU) = 200 [Hz]
Single 1t 50 3% TkMu_22 50 15546 213+8 Wlth Phase_z requ”-ements
Single u (isol.) 24 14% TkMu_22 24 943 +32 1111429
Double 37,27 1% TKMu_15_7 37,27 2741 40+1 Q R
Double y (isol.) 17,8 2% TKMu_15.7 17,8 13411 143+ 13 ate
Triple p 533  05% TkMu_5_3_3 10,5,5 39+8 48+38 )
Stac.51 OR = 3750 Hz —50% of ultimate target
Single e (isol.) 28 13% TKEle.36 OR 32 (WP1) 609 +27 1005 + 33
TkIsoEle 28 26 (WP2) 664 + 47 1012 +33 m ~15 single-object based paths
Double e 25,25 1% TkEle 2512 OR 25,25 46+4 8246
StaEG.37.24 n _
Double e (isol.) 23,12 1% TKEle 2512 OR 23,12 5245 10449 Same structure of Phase-1 paths
StaEG_37_24 OR . B .
TkIsoEle 22 StaEG_12 " HeaVY'hltterS. Slngle e
Single y 200 1% StaEG.51 187 R2+1 56+ 6 ..
Single y (isol)  110,EBonly 1% StaEG.51 OR 108, EB only 3549 5247 O Timi ng
TkIsoPho_36
Double ¢ 30,18 2% StaEG.37.24 OR 30,23 123+£12 179 + 14 u Key factor: GPU-able algorlth ms
TkIsoPho 22_12
Double 35,35 3% HPSPFTau_21.21 22,22 106 +18* 159 + 27 o Run3 (|'|' offload): 330 — 250ms
Single jet 500 1% PuppiJet 230 520 5341 76+1
Hy 105 1% PuppiHT 450 1070 5341 74+1 . __ano .
Missing pr 120 3% PUppiMET 220 140 79+7 228+ 20 o Phase-2: expect 50—80% Ofﬂoadmg
Multijets Hy=330 1% PuppiJet 70.55_ Hy =330 32+4 48+5 .. .
with btagging jets =75, 60, 4040 PuppiHT 328 jets =75, 60 * Additional performance improvements
40 80 (1.5x to 4x) needed until HL-LHC start

Total rate 49% 2525+ 57 3621462




Phase-2 Beam Radiation, Instr. and Lumi

Beam radiation monitoring

U Optimise protection and lifetime of subdetectors

U Both real-time and integrated fluence

Luminosity measurement
U Real time
= QOperational scenario optimisation
O Integrated
= Key input to physics:
target O(1%) uncertainty

Highlights

Luminosity readout from OT

(I Ny Wy

New system of neutron monitors

Independent of | Offline luminosity Statistical Online luminosity uri':r‘tl:it:islin Iinset:r?lmt);::kid
Available outside | Independent of foreseeable available at LS uncertainty in available at ~1s vdM scans for with e?nit‘tance
stable beams central DAQ frequency physics per LS frequency ovis scans

downtimes (bunch-by-bunch)|(bunch-by-bunch) | (bunch-by-bunch) (bunch-by-bunch)| (bunch-by-bunch)

FBCM hits on pads

D4R1 clusters
(+coincidences)

HFET [sum ET]
(+HFOC [towers hit])

TEPX clusters if qualified
(+coincidences) beam optics
OT L6 track stubs X

X
MB trigger primitives X 1.2%
X

if configured | if configured

X if configured

if configured

via back end

40 MHz scouting
BMTF muon

REMUS ambient dose

4.7%

[l Mg CRIEICN orbit integrated

equivalent rate

Luminosity measurement from IT Endcap Pixel

New lumi detector: Fast Beam Conditions Monitor



Phase-2 Offline and Computing
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Conclusions

The high-luminosity configuration paves the way for the full exploitation of the LHC.
O Complete the cycle LEP — LHC — HL-LHC

Full luminosity needed for the most extensive searches and most precise measurements.
O Elucidation of the EWSB and of the Higgs boson characteristics

The HL-LHC conditions will be the harshest to date.

O Event rate, pileup, radiation

The CMS Phase-2 Upgrade will allow us to profit from the HL-LHC era.

0 Keep (and improve) the high performance delivered in Phase-1




Thanks!
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