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✤ Challenge for triggering and data 
analysis: how to disentangle the hard 
collision from pileup (= the other pp 
interactions) 
✤ CMS originally designed for average 
pileup of ~25

LHC 2016 event with 130 reconstructed vertices from special run in 2016 4

PU=~130

✤ Higher luminosity → more pileup 

✤ Average pileup of ~140-200 expected at HL-LHC 
✤ Physics goals require sensitivity to EW scale physics  
→ need to maintain low trigger thresholds  
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Additional muon chambers  
with extended coverage

New calorimeter 
readout electronics in 
barrel and endcaps

Improved readout in 
forward calorimeter

and improved readout system

Total readout rate to L1 trigger increased from ~2Tb/s to ~50 Tb/s
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✤ New algorithms are being 
developed and tested 
to take advantage of this 
new architecture



Expected Performance: Muons

✤ 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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202 Chapter 6. Trigger: Level 1 and HLT

Figure 6.4: Top: Efficiencies for a single muon trigger with 20 GeV threshold as a function of
the generated transverse momentum of the muon, for stand-alone L1 muons (red symbols) and
for muons that are matched to L1 tracks (black symbols). Two ranges in pseudo-rapidity are
shown. Bottom: Rates of single muon triggers as a function of the pT threshold. For triggers
based on stand-alone L1 muons, the quality cut (Q � 4) that was used during Run-I is applied.
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Figure 6.8: Comparison of the performance of the CaloTau, CaloTau + Tracks, and Tracks + e/g

algorithms. The upper left plot shows the trigger rate vs. VBF H ! tt signal efficiency for
a single t selection. The upper right plot similarly shows the trigger rate vs. signal efficiency
for a di-t selection; when tracks are used to select both taus, the two candidates should be
consistent with coming from the same vertex within 1 cm. The lower plots show the trigger
rate vs. pT threshold.

208 Chapter 6. Trigger: Level 1 and HLT

Eff. signal
0 0.2 0.4 0.6 0.8 1

R
at

e 
(k

H
z)

1

10

210

CaloTaus

TkCaloTaus (CaloTaus and Tracks)

TkEmTaus (EM and Tracks)

, < PU > = 140τ τ →SingleTau,   VBF H 

CMS Simulation, Phase-2

 threshold (GeV)
T

p
20 40 60 80 100

R
at

e 
(k

H
z)
1

10

210

310

410
CaloTaus

TkCaloTaus (CaloTaus and Tracks)

TkEmTaus (EM and Tracks)

SingleTau, < PU > = 140

CMS Simulation, Phase-2

Figure 6.8: Comparison of the performance of the CaloTau, CaloTau + Tracks, and Tracks + e/g

algorithms. The upper left plot shows the trigger rate vs. VBF H ! tt signal efficiency for
a single t selection. The upper right plot similarly shows the trigger rate vs. signal efficiency
for a di-t selection; when tracks are used to select both taus, the two candidates should be
consistent with coming from the same vertex within 1 cm. The lower plots show the trigger
rate vs. pT threshold.

✤ 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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Beyond the SM Higgs sector
✤ Theoretical motivation for an extended Higgs sector is broad: coupling 
constant unification, CP violation, neutrino masses, hierarchy problem… 

✤ Charged Higgs bosons (H+) appear in many extensions → sign of BSM 
physics 
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Groundbreaking(!) upgrade work will continue,  
HL-LHC results to be discussed  

at Winter School 2029!
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✤  SM precision measurements 
✤ Top quark mass resolution of ~0.1 GeV  
(currently ~1 GeV) 

✤ Vector boson scattering, triple-gauge  
couplings…

✤  BSM searches 
✤ Discoveries or further exclusion of models 



CMS detector 
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CMS detector 
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http://cms.web.cern.ch/news/detector-overview
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MTD: MIP Timing Detector 
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✤ Thin layer between 
tracker and calorimeters, 
covering |η|<3 

✤ Time-of-arrival measurement  
with time resolution of ~30 ps 

✤ Read more:

✤ Physics case: 
✤ Improved vertexing 
✤ Better lepton/photon isolation 
→ Smaller fake backgrounds 

✤ Enhanced pileup jet subtraction 
→ Improved VBS sensitivity and 
jet mass resolution 

✤ More efficient b jet tagging
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1 Introduction
Modern general-purpose detectors at high-energy colliders are based on the concept of cylin-
drical detection layers, nested around the beam axis. Starting from the beam interaction region,
particles first enter a tracker, in which charged-particle trajectories (tracks) and origins (vertices)
are reconstructed from signals (hits) in the sensitive layers. The tracker is immersed in a mag-
netic field that bends the trajectories and allows the electric charges and momenta of charged
particles to be measured. Electrons and photons are then absorbed in an electromagnetic calor-
imeter (ECAL). The corresponding electromagnetic showers are detected as clusters of energy
recorded in neighbouring cells, from which the energy and direction of the particles can be de-
termined. Charged and neutral hadrons may initiate a hadronic shower in the ECAL as well,
which is subsequently fully absorbed in the hadron calorimeter (HCAL). The corresponding
clusters are used to estimate their energies and directions. Muons and neutrinos traverse the
calorimeters with little or no interactions. While neutrinos escape undetected, muons produce
hits in additional tracking layers called muon detectors, located outside the calorimeters. This
simplified view is graphically summarized in Fig. 1, which displays a sketch of a transverse
slice of the CMS detector [1].
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Transverse slice
through CMS

2T

T

Superconducting
Solenoid

Hadron
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Electromagnetic
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Figure 1: A sketch of the specific particle interactions in a transverse slice of the CMS detector,
from the beam interaction region to the muon detector. The muon and the charged pion are
positively charged, and the electron is negatively charged.

ATLAS vs. CMS upgrades for HL-LHC
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ATLAS CMS

Tracker New inner tracker 
Coverage up to |η|=4.0

Completely new tracker 
Coverage up to |η|=3.8

Timing detector New timing detector, 
coverage 2.4 < |η| < 4.0

New timing detector, 
coverage 0 < |η| < 3.0

Calorimeters New FE electronics, 
all readout at 40 MHz

New FE electronics, ECAL 
barrel readout at 40 MHz

Muon systems New FE electronics, refined trigger inputs, wider |η| coverage

Trigger

Increased latency 
Hardware trigger @ 1 MHz 
Hardware tracking in HLT 

HLT @ 10 kHz

Increased latency 
Hardware trigger @ 750 kHz, 
including tracking information 

HLT @ 7.5 kHz
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Expected Performance: e/ɣ

24 Chapter 3. Trigger Algorithms

3.4 Updates to the Electron/Photon Algorithms
The electron and photon trigger algorithms use information based on calorimeter (electromag-
netic and hadronic) and tracking detectors across the full fiducial acceptance of the respective
subdetectors, though only the barrel region is studied in this interim report, and are developed
here with the following guidelines. First, the spatial resolution should be as close as possible
to the offline reconstruction, with an ability to reconstruct electomagnetic clusters having pT
above just a few GeV and having an efficiency greater than 95% in the region above about
10 GeV. Both standalone calorimeter-only algorithms as well as track-matched to calorimeter
algorithms are required. The standalone-calorimeter-only algorithms provide up to 99% ef-
ficiency at the trigger plateau (especially important for high momentum objects), while the
track-matched to calorimeter algorithms reduce trigger rates with an acceptable minimal loss
of efficiency due to track reconstruction and matching to calorimeter clusters (especially im-
portant for low to moderate momentum objects).
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Figure 3.6: (Left) Expected efficiency of the single electron trigger for the barrel region: calori-
meter only, calorimeter photon tuned trigger, and calorimeter matched to the track, compared
to the current trigger efficiency as a function of simulated |h| of the electrons/photons for a
trigger threshold of 20 GeV. (Right) Expected rate for minimum-bias events using the single
electron calorimeter trigger (for the barrel region only) as a function of trigger threshold.

Following the upgrade of both on-detector and off-detector electronics for the barrel calorime-
ters, the digitized response of every crystal of the barrel ECAL will provide energy measure-
ments with a granularity of (0.0175, 0.0175) in (h, f), which is 25 times higher than the input
to the Phase-1 trigger consisting of trigger towers which had a granularity of (0.0875, 0.0875).
The much finer granularity and resulting improvement in position resolution of the electro-
magnetic trigger algorithms is critical in evaluating calorimeter isolation. The trigger algorithm
studied here for electons and photons mimics closely the one used in offline reconstruction and
physics analyses, albeit with a number of simplifications required by trigger latency consider-
ations. First, a core cluster is defined by a set of h ⇥ f = 3 ⇥ 5 crystals around a seed crystal
having pT above 1 GeV, with a possible extension along the f direction to take into account
bremsstrahlung energy losses. The cluster position is determined as an energy weighted sum
of the individual crystals within the cluster, and the isolation of each cluster is calculated us-
ing 27 ⇥ 27 crystals around the seed crystal. Shower shape variables from the 3 ⇥ 5 crystals
within the core cluster are then used to determine two operating points: one for electrons and
photons, and a second for photons only. HCAL information is not yet directly used to identify
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Figure 3.6: (Left) Expected efficiency of the single electron trigger for the barrel region: calori-
meter only, calorimeter photon tuned trigger, and calorimeter matched to the track, compared
to the current trigger efficiency as a function of simulated |h| of the electrons/photons for a
trigger threshold of 20 GeV. (Right) Expected rate for minimum-bias events using the single
electron calorimeter trigger (for the barrel region only) as a function of trigger threshold.

Following the upgrade of both on-detector and off-detector electronics for the barrel calorime-
ters, the digitized response of every crystal of the barrel ECAL will provide energy measure-
ments with a granularity of (0.0175, 0.0175) in (h, f), which is 25 times higher than the input
to the Phase-1 trigger consisting of trigger towers which had a granularity of (0.0875, 0.0875).
The much finer granularity and resulting improvement in position resolution of the electro-
magnetic trigger algorithms is critical in evaluating calorimeter isolation. The trigger algorithm
studied here for electons and photons mimics closely the one used in offline reconstruction and
physics analyses, albeit with a number of simplifications required by trigger latency consider-
ations. First, a core cluster is defined by a set of h ⇥ f = 3 ⇥ 5 crystals around a seed crystal
having pT above 1 GeV, with a possible extension along the f direction to take into account
bremsstrahlung energy losses. The cluster position is determined as an energy weighted sum
of the individual crystals within the cluster, and the isolation of each cluster is calculated us-
ing 27 ⇥ 27 crystals around the seed crystal. Shower shape variables from the 3 ⇥ 5 crystals
within the core cluster are then used to determine two operating points: one for electrons and
photons, and a second for photons only. HCAL information is not yet directly used to identify

✤ New global electron and photon algorithms reduce the rate by a 
factor of ~10 (left) while the efficiency decreases only ~10% (right) 

✤ Fine-grained calorimeter input improves performance alone

ET threshold = 20 GeV


