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Outline

• Physics goals: What’s left to learn at the LHC?

• High-Luminosity: Opportunities and Challenges

• Upgrades: refreshing the CMS detector for HL-LHC



What’s left to learn at the LHC?
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Physics goals for High-Luminosity (I)
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Most couplings known to 10% or 
better today! O(%) with HL-LHC!

Since the Higgs boson discovery in 2012, CMS has tested the Electroweak 
theory to high-precision and in some of the most extreme regimes.
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Physics goals for High-Luminosity (I)
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Most couplings known to 10% or 
better today! O(%) with HL-LHC!

Since the Higgs boson discovery in 2012, CMS has tested the Electroweak 
theory to high-precision and in some of the most extreme regimes.
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Higgs events with ~TeV momenta.
Sensitive to heavy New Physics!

https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-19-003/index.html
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Physics goals for High-Luminosity (I)

Electron 
PT = 59 GeV

Positron 
PT = 55 GeV

Positron 
PT = 68 GeV

Positron 
PT = 30 GeV

Electron 
PT = 82 GeV

pT
miss 

= 192 GeV

Z boson 2 
mee = 92 GeV

Z boson 1 
mee = 91 GeV

W boson 
mT = 65 GeV

Jet 
QCD radiation 
PT = 334 GeV

WZZ → 5 lepton event CMS experiment at the LHC, CERN 
Data recorded: 2016-Oct-09 21:24:05.010240 GMT 

Run 282735, Event No. 989682042 LS 491

1. Introduction 5

1 Introduction158

In the standard model (SM), the weak-force carrying gauge bosons are predicted to interact159

with each other. The couplings between the gauge bosons are fully determined by the non-160

Abelian gauge structure of the theory, namely, SU(2)L ⇥ U(1)Y. Therefore, measurements of161

multiboson production are sensitive to the triple gauge-boson coupling (TGC) and the quartic162

gauge-boson coupling (QGC) between the massive bosons (i.e. W or Z).163

Through a series of measurements, processes have been observed whose interaction patterns164

involve TGCs [1–6] and QGCs [7–15]. These measurements have been mainly focused on dibo-165

son final states and it is worth noting that the existence of TGCs and QGCs necessarily imply166

that there are additional contributions to the production process of triboson final states through167

multiboson interactions.168

Figure 1 shows the tree-level diagrams of the production of three massive bosons. From the169

figure, it can be seen that in addition to the diagram with gauge bosons radiating off from quark170

lines, there are diagrams involving TGCs and QGCs. In addition, the discovery of the Higgs171

boson [16, 17] and the subsequent measurements of the VVH couplings [18–25], which confirm172

the existence of couplings between the newly found scalar boson and massive gauge bosons,173

further implies that triboson production of massive bosons should also occur in pp collisions174

via the newly found scalar particle. This is also illustrated in Figure 1 through the triboson175

production diagram via VVH couplings. Therefore, direct observation of the production of176

three massive bosons will serve as an essential confirmation of the SM predictions.177
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Figure 1: Tree-level Feynman diagrams of three boson productions (Vi = W, Z), where the
triple gauge-boson coupling, quartic gauge-boson coupling, and VVH couplings are marked
by �, •, and ⇧, respectively.

There were no analyses for the search for triboson production of three massive bosons before178

the CERN LHC experiments. Only a handful of measurements have been carried out for the179

search for a triboson production at the LHC. The ATLAS experiment has published an analysis180

on the search for the WWW production with the 8 TeV Run 1 data set [26] and a search for the181

WVV with the 13 TeV data set [27]. The latter search showed evidence for WVV. The CMS182
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There were no analyses for the search for triboson production of three massive bosons before178

the CERN LHC experiments. Only a handful of measurements have been carried out for the179

search for a triboson production at the LHC. The ATLAS experiment has published an analysis180

on the search for the WWW production with the 8 TeV Run 1 data set [26] and a search for the181

WVV with the 13 TeV data set [27]. The latter search showed evidence for WVV. The CMS182

Observed triple 
gauge boson 
production!

Since the Higgs boson discovery in 2012, CMS has tested the Electroweak 
theory to high-precision and in some of the most extreme regimes.

https://cms-results.web.cern.ch/cms-results/public-results/publications/SMP-19-014/index.html
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Physics goals for High-Luminosity (II)
High-energy collisions provide unique opportunities to detect Dark Matter 
beyond the reach of Direct Detection.
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Physics goals for High-Luminosity (II)

Muon 1 
pT=4.1 GeV

Muon 2
pT=7.0 GeV 

QCD jet
pT=324 GeV

Missing pT
247 GeV 

High-energy collisions provide unique opportunities to detect Dark Matter 
beyond the reach of Direct Detection.

Infer the presence of invisible 
particles from extreme 
momentum imbalance!

Smoking gun for Electroweak 
Dark Matter: Low-pT leptons

q
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2 `+
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<latexit sha1_base64="YrWQpgTNGRDrzJp0RIKuKGqankU=">AAAB6nicbVDLSgNBEOz1GeMr6tHLYBDEQ9iVoB6DXjxGNA9M1jA7mSRDZmeXmV4hLPkELx4U8eoXefNvnCR70MSChqKqm+6uIJbCoOt+O0vLK6tr67mN/ObW9s5uYW+/bqJEM15jkYx0M6CGS6F4DQVK3ow1p2EgeSMYXk/8xhPXRkTqHkcx90PaV6InGEUr3T08nnYKRbfkTkEWiZeRImSodgpf7W7EkpArZJIa0/LcGP2UahRM8nG+nRgeUzakfd6yVNGQGz+dnjomx1bpkl6kbSkkU/X3REpDY0ZhYDtDigMz703E/7xWgr1LPxUqTpArNlvUSyTBiEz+Jl2hOUM5soQyLeythA2opgxtOnkbgjf/8iKpn5W881L5tlysXGVx5OAQjuAEPLiACtxAFWrAoA/P8ApvjnRenHfnY9a65GQzB/AHzucP1LqNgw==</latexit>

Z⇤
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Data: ~10x design luminosity achieves: O(%) couplings, 5% H→χχ , 50% λh.

Theory: Detailed control over Standard Model processes.

Detectors: Capable of precision measurement & continued exploration.

8

What’s required?
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Data: ~10x design luminosity achieves: O(%) couplings, 5% H→χχ , 50% λh.

Theory: Detailed control over Standard Model processes.

Detectors: Capable of precision measurement & continued exploration.

8

What’s required?

Ultimate Higgs precision requires maintaining broad detector capabilities.

Data: ~10x design luminosity achieves: O(%) couplings, 5% H→χχ , 50% λh.

Theory: Detailed control over Standard Model processes.

Detectors: Capable of precision measurement & continued exploration.

Production mode Cross section (pb) Decay channel Branching fraction (%)

ggH 48.31 ± 2.44 bb 57.63 ± 0.70

VBF 3.771± 0.807 WW 22.00 ± 0.33

WH 1.359± 0.028 gg 8.15 ± 0.42

ZH 0.877± 0.036 tt 6.21 ± 0.09

ttH 0.503± 0.035 cc 2.86 ± 0.09

bbH 0.482± 0.097 ZZ 2.71 ± 0.04

tH 0.092± 0.008 gg 0.227 ± 0.005

Zg 0.157 ± 0.009

ss 0.025 ± 0.001

µµ 0.0216± 0.0004

<latexit sha1_base64="9vDXVxDskVZ7wAXN9lnWcrMofD0=">AAAB/XicbVDLSsNAFL2pr1pf8bFzEyxC3ZREirosdeOyin1AE8pkOmmHTiZhZiLUUPwVNy4Ucet/uPNvnLRZaOuBgcM59zLnHj9mVCrb/jYKK6tr6xvFzdLW9s7unrl/0JZRIjBp4YhFousjSRjlpKWoYqQbC4JCn5GOP77O/M4DEZJG/F5NYuKFaMhpQDFSWuqbR26I1AgjljbuppWRqyKre9Y3y3bVnsFaJk5OypCj2Te/3EGEk5BwhRmSsufYsfJSJBTFjExLbiJJjPAYDUlPU45CIr10ln5qnWplYAWR0I8ra6b+3khRKOUk9PVkllUuepn4n9dLVHDlpZTHiSIczz8KEmbpG7MqrAEVBCs20QRhQXVWC4+QQFjpwkq6BGfx5GXSPq86F9Xaba1cb+R1FOEYTqACDlxCHW6gCS3A8AjP8ApvxpPxYrwbH/PRgpHvHMIfGJ8/m9GUrg==</latexit>

BR(h ! X)

+ new 
states ?

Maintain broad sensitivity to unexpected models of New Physics.

E.g. measure all of e/ɣ, μ, τ, (b/c-) jets, pT-miss, 
over a wide range of momenta.

Enable direct searches for New Physics that 
may stabilize the electroweak scale.

New Higgs doublets, top partners, dark matter?



High-Luminosity: 
Opportunities and Challenges
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Achieving High Luminosity
THE LARGE HADRON COLLIDER �23. The LHC and the ATLAS detector

LHCbLHCb
ATLASATLAS

ALICEALICECMSCMS

Lake GenevaLake Geneva

AlpsAlps

SalèveSalève

LHCLHC
Figure 3.1: Aerial view of Geneva with an overlaid drawing of the LHC and associated experi-

ments [41].

3.1.1 Specifications

The LHC is last step of a multi-stage chain of accelerators called the LHC accelerator complex [42],

shown in Fig. 3.2. Protons are first retrieved from hydrogen atoms and accelerated by the Linac 2

linear accelerator to 50 MeV per proton. The protons are then passed successively to the Proton

Synchotron Booster (PSB), Proton Synchotron (PS), and Super Proton Synchrotron (SPS) where

they are accelerated to 1.4 GeV, 25 GeV, and 450 GeV, respectively. The protons are finally fed into

the LHC where they are maximally accelerated to 4 TeV in 2012 operations, yielding a center-of-mass

collision energy of 8 TeV. This chain is summarized in Table 3.1. At full energy, the protons will

typically circulate the LHC for many hours at a time.

Protons travel around the LHC in two oppositely circulated beams. The proton beams are bent

and focused by powerful superconducting electromagnets, which operate cryogenically at an ultracold

9

√s = 13 TeV 

7 TeV
protons

7 TeV
protons

27km of 8T 
magnets

14 TeV

High-Luminosity 
= high pp bunch density

CMS

7x
 d

en
se

r 
at

 p
ea

k
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Typical collision at the 
LHC start (Pileup=2)

11

High-lumi test data: 
Pileup~100 in 2016

Charged particle tracks Interaction vertices

CMS must disentangle 
decay products of 200 
overlapping collisions.

Challenges of High-Luminosity (I)
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OT Upgrade Motivation 

January 24-27, 2023Petra Merkel  | 402.02 Outer Tracker -- DOE CD-2/3c IPR p 4

§ Current Strip Tracker has been an undeniable success
§ Heart of the “Particle Flow” algorithm which is used 

ubiquitously in CMS physics analyses
§ … but it does not survive 3000 fb-1

§ Blue modules are non-operable after 1000 fb-1 at -20 °C 

Detectors must cope with 
radiation doses up to 12 
MGy and 2e16 neq/cm2.

Largest burden on tracker 
and forward calorimeters.

4/ab of 14 TeV collisions

Challenges of High-Luminosity (II)

Current tracker after 
1/4 of HL-LHC dose!
(Blue don’t survive)



Upgrades: 
Refreshing CMS for HL-LHC
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1.9 m2 ~124M channels

CMS Detector (2023)
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Upgraded silicon tracker
Hermetic cylinders+disks of thin silicon sensors, immersed in a 4T B field.

<latexit sha1_base64="5sfjB40swj86r8xJ7/s7Z50EXK8=">AAAB7HicbVBNS8NAEJ34WetX1aOXxSJ4qokU9Vj04rGCaQttKJvtpl262YTdiVhKf4MXD4p49Qd589+4bXPQ1gcDj/dmmJkXplIYdN1vZ2V1bX1js7BV3N7Z3dsvHRw2TJJpxn2WyES3Qmq4FIr7KFDyVqo5jUPJm+Hwduo3H7k2IlEPOEp5ENO+EpFgFK3kP523um63VHYr7gxkmXg5KUOOerf01eklLIu5QiapMW3PTTEYU42CST4pdjLDU8qGtM/blioacxOMZ8dOyKlVeiRKtC2FZKb+nhjT2JhRHNrOmOLALHpT8T+vnWF0HYyFSjPkis0XRZkkmJDp56QnNGcoR5ZQpoW9lbAB1ZShzadoQ/AWX14mjYuKd1mp3lfLtZs8jgIcwwmcgQdXUIM7qIMPDAQ8wyu8Ocp5cd6dj3nripPPHMEfOJ8/JcSOQw==</latexit> x
/X

0

OT
IT

⟨# layers hit⟩≥10
<latexit sha1_base64="nDdtb5TEph+QT/U25gJSnPw0tqw=">AAAB6nicdVDLSgMxFM3UV62vqks3wSK4cUjasa27ohuXFW0ttGPJpJk2NJMZkoxQSj/BjQtF3PpF7vwb04egogcuHM65l3vvCRLBtUHow8ksLa+srmXXcxubW9s7+d29po5TRVmDxiJWrYBoJrhkDcONYK1EMRIFgt0Gw4upf3vPlOaxvDGjhPkR6UseckqMla7Z3Uk3X0BuGZe9YhUiF1Ur2MOW4NIZKp1C7KIZCmCBejf/3unFNI2YNFQQrdsYJcYfE2U4FWyS66SaJYQOSZ+1LZUkYtofz06dwCOr9GAYK1vSwJn6fWJMIq1HUWA7I2IG+rc3Ff/y2qkJq/6YyyQ1TNL5ojAV0MRw+jfsccWoESNLCFXc3grpgChCjU0nZ0P4+hT+T5pFF5dd78or1M4XcWTBATgExwCDCqiBS1AHDUBBHzyAJ/DsCOfReXFe560ZZzGzD37AefsETiWN1g==</latexit>

e�

200 m2 of 
active silicon
Low-mass prevents 
multiple scattering

Outer tracker:
9.6M→213M channels
Inner tracker:
124M→1.9B channels

Inner tracker (‘pixels’)

Outer tracker (‘strips’)

R 
= 

1.
2 

m

L = 5.3 m

Far forward 
coverage (|η|<4)
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Outer tracker development
Large-radius sensors drive pT measurement (lever arm).
Outer layers: 2 stacked sensors with 5cm strips “SS”.
Inner layers: strips (2.4cm) + macro-pixel (1.5mm) “PS”.

<latexit sha1_base64="nDdtb5TEph+QT/U25gJSnPw0tqw=">AAAB6nicdVDLSgMxFM3UV62vqks3wSK4cUjasa27ohuXFW0ttGPJpJk2NJMZkoxQSj/BjQtF3PpF7vwb04egogcuHM65l3vvCRLBtUHow8ksLa+srmXXcxubW9s7+d29po5TRVmDxiJWrYBoJrhkDcONYK1EMRIFgt0Gw4upf3vPlOaxvDGjhPkR6UseckqMla7Z3Uk3X0BuGZe9YhUiF1Ur2MOW4NIZKp1C7KIZCmCBejf/3unFNI2YNFQQrdsYJcYfE2U4FWyS66SaJYQOSZ+1LZUkYtofz06dwCOr9GAYK1vSwJn6fWJMIq1HUWA7I2IG+rc3Ff/y2qkJq/6YyyQ1TNL5ojAV0MRw+jfsccWoESNLCFXc3grpgChCjU0nZ0P4+hT+T5pFF5dd78or1M4XcWTBATgExwCDCqiBS1AHDUBBHzyAJ/DsCOfReXFe560ZZzGzD37AefsETiWN1g==</latexit>

e�

Primary 
vertex

<latexit sha1_base64="YTXCM/VZ9131UxO//5C5qQPfNOM=">AAACEXicbVDLSgMxFM34rPVVdekmWIQKUmakqMuiG5cV+oK2DJn0tg3NPEjuSOswv+DGX3HjQhG37tz5N6aPhVoPJPdwzr0k93iRFBpt+8taWl5ZXVvPbGQ3t7Z3dnN7+3UdxopDjYcyVE2PaZAigBoKlNCMFDDfk9DwhtcTv3EHSoswqOI4go7P+oHoCc7QSG6uUKCRm7QRRphU0/SUtgGZuaOBOKVdNxmN00m9P3FzebtoT0EXiTMneTJHxc19trshj30IkEumdcuxI+wkTKHgEtJsO9YQMT5kfWgZGjAfdCeZbpTSY6N0aS9U5gRIp+rPiYT5Wo99z3T6DAf6rzcR//NaMfYuO4kIohgh4LOHerGkGNJJPLQrFHCUY0MYV8L8lfIBU4yjCTFrQnD+rrxI6mdF57xYui3ly1fzODLkkByRAnHIBSmTG1IhNcLJA3kiL+TVerSerTfrfda6ZM1nDsgvWB/fiSycNQ==</latexit>

(pT, ⌘,�, dxy, dz)

PS

SS

§ Certified radiation hardness of all components
§ Built functional 2S and PS modules, certified on bench and in testbeams

Technical Status Overview

January 24-27, 2023Petra Merkel  | 402.02 Outer Tracker -- DOE CD-2/3c IPR p 18

2S prototype PS prototype

pT cut turn-on

Radiation hardness

Charge #1

MPA noise SSA noise

Temperature dependence

Double-layer strip modules provide local pT measurement.
→ Intrinsic mechanism to filter hits from low-pT tracks, 
allows high-pT (2 GeV) track-finding in the trigger system!

Schematic and prototype of a 
“MacroPixel+Strip” module
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Inner tracker development
Small-radius sensors drive vertexing capabilities.
→ Primary interaction versus pileup collisions.
→ Secondary vertices from (e.g.) B hadron decays.

<latexit sha1_base64="AN2euZ7U7+fI3YIkaU03lAVHm+Q=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMdSLx4rmFpoY9lsN+3SzSbsToRS+hu8eFDEqz/Im//GbZuDtj4YeLw3w8y8MJXCoOt+O4W19Y3NreJ2aWd3b/+gfHjUMkmmGfdZIhPdDqnhUijuo0DJ26nmNA4lfwhHNzP/4YlrIxJ1j+OUBzEdKBEJRtFKfuPR7ZleueJW3TnIKvFyUoEczV75q9tPWBZzhUxSYzqem2IwoRoFk3xa6maGp5SN6IB3LFU05iaYzI+dkjOr9EmUaFsKyVz9PTGhsTHjOLSdMcWhWfZm4n9eJ8PoOpgIlWbIFVssijJJMCGzz0lfaM5Qji2hTAt7K2FDqilDm0/JhuAtv7xKWhdV77Jau6tV6o08jiKcwCmcgwdXUIdbaIIPDAQ8wyu8Ocp5cd6dj0VrwclnjuEPnM8fQ3mOVw==</latexit>

B0
s

<latexit sha1_base64="nDdtb5TEph+QT/U25gJSnPw0tqw=">AAAB6nicdVDLSgMxFM3UV62vqks3wSK4cUjasa27ohuXFW0ttGPJpJk2NJMZkoxQSj/BjQtF3PpF7vwb04egogcuHM65l3vvCRLBtUHow8ksLa+srmXXcxubW9s7+d29po5TRVmDxiJWrYBoJrhkDcONYK1EMRIFgt0Gw4upf3vPlOaxvDGjhPkR6UseckqMla7Z3Uk3X0BuGZe9YhUiF1Ur2MOW4NIZKp1C7KIZCmCBejf/3unFNI2YNFQQrdsYJcYfE2U4FWyS66SaJYQOSZ+1LZUkYtofz06dwCOr9GAYK1vSwJn6fWJMIq1HUWA7I2IG+rc3Ff/y2qkJq/6YyyQ1TNL5ojAV0MRw+jfsccWoESNLCFXc3grpgChCjU0nZ0P4+hT+T5pFF5dd78or1M4XcWTBATgExwCDCqiBS1AHDUBBHzyAJ/DsCOfReXFe560ZZzGzD37AefsETiWN1g==</latexit>

e�

Secondary 
vertex

<latexit sha1_base64="YTXCM/VZ9131UxO//5C5qQPfNOM=">AAACEXicbVDLSgMxFM34rPVVdekmWIQKUmakqMuiG5cV+oK2DJn0tg3NPEjuSOswv+DGX3HjQhG37tz5N6aPhVoPJPdwzr0k93iRFBpt+8taWl5ZXVvPbGQ3t7Z3dnN7+3UdxopDjYcyVE2PaZAigBoKlNCMFDDfk9DwhtcTv3EHSoswqOI4go7P+oHoCc7QSG6uUKCRm7QRRphU0/SUtgGZuaOBOKVdNxmN00m9P3FzebtoT0EXiTMneTJHxc19trshj30IkEumdcuxI+wkTKHgEtJsO9YQMT5kfWgZGjAfdCeZbpTSY6N0aS9U5gRIp+rPiYT5Wo99z3T6DAf6rzcR//NaMfYuO4kIohgh4LOHerGkGNJJPLQrFHCUY0MYV8L8lfIBU4yjCTFrQnD+rrxI6mdF57xYui3ly1fzODLkkByRAnHIBSmTG1IhNcLJA3kiL+TVerSerTfrfda6ZM1nDsgvWB/fiSycNQ==</latexit>

(pT, ⌘,�, dxy, dz)

Hybrid	pixel	modules

8

Simple	module:
Pixel	chip	is	the	only	active	component

No	auxiliary	electronics
Passives:	decoupling caps and	connectors	
(power	and	readout)
Wire	bonding

RD53	chip	adapted	to	CMS	requirements
50×50	μm2

Silicon	Sensor

Read	out	electronics

50×50	μm2 100×25	μm2

planar 3D

High-Density	Interconnect	(HDI)	

to	distribute	signals	and	power	to/from	module	

Inner	Tracker	Layout:	Extension	to	|η|= 4

5

TFPX:	8	disks/end
4	rings/disk

TBPX:	4	layers
4/5	modules	per	ladder	

TBPX TFPX TEPX

Hybrid	technology
Total	active	surface	of		~4.9	m2 -Optimization	for	production	of	4k	modules

TEPX: 4	disks/end
5	rings/disk

TEPX is a large and 
powerful luminometer
and will receive extra 
lumi triggers.

First ring of the last 
disk is fully dedicated 
to lumi and 
background 
monitoring, with 
independent readout 
and control.

Innermost layer (r=3cm) 
on Be vacuum beam-pipe.

Hit rates up to 3.2 GHz/cm2.
12.8μs buffers for trigger.
Thresholds down to 600e-.
Serial power distribution.

Pixel sensors: 150μm thickness, 50x50μm (100x25) pitch.
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High-precision timing detectors
Completely new detector targets 
30-40 picosec/track.
→ Pileup vertex separation
→ Particle ID
→ BSM long-lived particles
Demonstrates key tech for future 
colliders: 4D tracking (next talk)!

Beamspot RMS:
σz=5cm, σt=200ps

9/22/22 Ryan Heller

Precision timing for CMS in HL-LHC era

4

z (cm)
-15 -10 -5 0 5 10

t (
ns

)

-0.4

-0.2

0

0.2

0.4

0.6

Simulated Vertices
3D Reconstructed Vertices
4D Reconstruction Vertices
4D Tracks

200 pileup interactions in 4D space

t [
ns

]

z [cm]

Barrel Timing Layer
LYSO + SiPMs

Endcap Timing Layers (ETL)
LGADs

• Separate spatially overlapping vertices with intra-bunch time information

• MIP Timing Detector (MTD): timestamp every track with 30-50 ps resolution
- Install in 2027 in advance of HL-LHC.

Ryan Heller11/1/22

Uniformity in large sensors

8
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Large FBK LGAD array 
from recent prototypes
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• Large areas of detector (≥ 4x4 cm2) constrained to same bias voltage
- If gain layer is not uniform, can't operate happily
• After a few prototyping iterations, achieved large LGADs with good gain uniformity

Ryan Heller11/1/22

Uniformity in large sensors
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• Large areas of detector (≥ 4x4 cm2) constrained to same bias voltage
- If gain layer is not uniform, can't operate happily
• After a few prototyping iterations, achieved large LGADs with good gain uniformity

LGAD prototype shows uniform 
gain, excellent resolution
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High-granularity calorimetry

CPAD 2019Zoltan Gecse

Technology Choices

• Dissipated power ~250kW 
• Removed with two-phase CO2 cooling operated at -35C

!4

300 GeV 
hadron

32 GeV 
electron

Solve high-radiation w/ Silicon @ -30°C.
Novel 5D Imaging calorimeter concept:

6.3M channels: 0.5-2 cm2, σt=50ps.
High dynamic range: 1-100k MIPs
28 EM layers: Si w/ CuW/Pb absorber.
22 Had layers: 8 Si + 14 SiPM w/ S. Steel.

Extends physics capabilities at high-|η|:
VBF jets, e± reco, π0/ɣ separation, pT-miss

25 X0, 1.7 λ 8 λ
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New electronics:
Front-end & back-end 
replaced for Drift Tube 
(barrel) and CSCs.
High-speed optics to 
enable higher rates!
→ Trigger on softer & 
farther-forward muons!

20

New muon detectors, electronics
Range of improvements to 
trigger capabilities and 
better angular coverage.
New detectors:
→Add RPCs: 1.5<|η|<2.4
→New GEMs: 2.4<|η|<3
Integrating into existing 
CSC track-finding logic.

A. Safonov                        Endcap Muon Upgrade                          Status Report                                 March 22, 2023   p. 8

§ CSC ODMB(OSU + UCSB)
§ Pre-production for ODMB5 and ODMB7 completed

§ Had to iterate on ODMB7, but both are in perfect shape now, only 
waiting for a quick rad testing round 

§ The CMS review for full manufacturing scheduled for April’23
• Most components purchased already to mitigate chain supply delay 

risks

§ GE21 Optohybrids (RICE+TAMU)
§ Manufactured, full QC testing protocol, delivered, and formally 

accepted by CMS
§ Successfully managed supply chain delays (acted quickly to place 

orders for FPGAs when the massive delays were only starting) 

§ ME0 Optohybrids (UCLA)
§ Been ready to go for a while, waiting for the rest of the system 

to get ready for CMS reviews to approve manufacturing, now 
scheduled for May’23

§ GEM/CSC Backend (TAMU, NEU, Wisconsin, BU)
§ Optical fibers: on-disk fibers for GE21 produced and installed, 

others are waiting for the CMS review scheduled for May’23 
§ X20 boards (we are re-using muon trigger boards): start 

manufacturing in May’23, FPGAs purchased already to avoid 
chain supply delays

§ Infrastructure and common CMS components: just placed 
orders

§ Despite delays with the hardware, significant progress with 
firmware development including out of sequence progress, 
which helped mitigate COVID impact

Recent Technical Progress
Charge SR-1a, b
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CMS Trigger Design (2023)

Muon Trigger

Calorimeter Trigger (e/ɣ, jets, ET,miss)

40 MHz 1 kHz100 kHz

Trigger path
(Low-resolution data)

@ 40 MHz

Data Acquisition path
(High-resolution data)

Trigger 
Decision

Readout Request

High-level trigger Permanent storage3.8μs buffer
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CMS Trigger Design (2023)

Trigger path
(Low-resolution data)

@ 40 MHz

Data Acquisition path
(High-resolution data)

Trigger 
Decision

Readout Request

Track Trigger

Calo Trigger

Muon Trigger

Correlator  
Trigger 

Complete Particle 
Reconstruction & Analysis

40 MHz 1 kHz

7.5 kHz

100 kHz

750 kHz

High-level trigger Permanent storage12.5μs buffer
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Level-1 Trigger system

3. Trigger Algorithms 175
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Figure 3.119: At left, the rate and efficiency are shown as a function of the requirement on Emiss
T

constructed from PF candidates with the PUPPI algorithm applied. The efficiency is shown for
two signals: tt and VBF production of an invisibly-decaying Higgs boson. At right, the signal
efficiency is shown for tt events selected by Emiss

T triggers utilizing different sets of inputs at a
fixed selection rate of 20 kHz. Calculations are shown based on quality tracks originating from
the primary vertex, calorimeter deposits, all PF candidates, and PF candidates with the PUPPI
algorithm applied.

level synthesis (HLS) tools. The number of expected PF candidates after PUPPI to be included4467

in the Emiss
T calculation is expected to be less than 90 in 95% of events based on simulation4468

of tt events with an average of 200 simultaneous collisions per proton-proton bunch crossing.4469

The predetermined pT and f for each candidate is transformed to x- and y-components using4470

lookup tables and accumulated to determine the total Emiss
T in each direction. Components4471

are squared and added to determine the magnitude, while the f coordinate is obtained based4472

on the ratio of components, using lookup tables to perform the division and trigonometric4473

functions. Calculational precision is maintained so that differences with respect to the floating-4474

point calculation are at the sub-% level. The algorithm is implemented with a 240 mHz clock4475

frequency and accepts new inputs at 25 ns intervals. The resource utilization estimated from4476

HLS tools is presented in Table 3.9 for a range of input particle multiplicities.4477

Input PF+PUPPI multiplicity
50 100 150

BRAM 33 (2%) 49 (3%) 65 (4%)
DSP 21 (<1%) 37 (1%) 53 (2%)
FF 3 400 (<1%) 7 900 (<1%) 15 000 (1%)

LUT 6 300 (1%) 12 000 (3%) 18 000 (4%)
Latency 33 ns 75 ns 96 ns

Table 3.9: Summary of the latency and resources required for the PF+PUPPI MET algorithm
for a range of input particle multiplicities. Results use a 240 mHz clock and accept a new set
of inputs every 25 ns. Resource utilization estimates are presented in absolute units and as a
percentage of one VU9P SLR.
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Example: Correlator Trigger
→ 66 processing boards
→ 6-18x time-multiplex factor
→ 1+1.5μs latency budget

One of many trigger 
processing boards:
• 120 x 28 Gbps 

optical links
• UltraScale+ FPGA 

(12k DSP slices)

05-April-2022 APx Update 2

APxF First Boards
▪ Two units assembled (VU13P-1, 

VU9P-2)

▪ Same PCB stackup as APd1

▪ Heat Sink 2X larger than APd1

▪ Testing optical link positions with 
2020 (3.3V only) and 2021 (3.75V 
Tx) Firefly 25X12 Alpha parts and 
production 28X4 part 

▪ All results shown from VU13P FPGA

Building all particles allows for complex algos:
Jet-finding, τ ID, missing-pT w/ neural nets,…

HLS: physicists can program FPGAs w/ C++
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To HL-LHC, and beyond!
High-Luminosity data will dramatically enrich the physics potential of CMS.

Highlights: precision Higgs program & many opportunities for New Physics!

Upgrade projects are in a critical construction period, targeting data in 2029!
Fermilab & US CMS are leading efforts in many areas: see SiDet tour!

The legacy of the HL-LHC looms large over Future Collider discussions:
What measurements are needed to complement LHC results?
Can Future Detectors build on LHC tech? Where is more R&D needed?

Available on the CERN CDS information server CMS PAS FTR-22-001

ATL-PHYS-PUB-2022-018

CMS Physics Analysis Summary

Contact: cms-phys-conveners-ftr@cern.ch 2022/04/13

Snowmass White Paper Contribution: Physics with the

Phase-2 ATLAS and CMS Detectors

The ATLAS and CMS Collaborations

Abstract

The ATLAS and CMS Collaborations actively work on developing the physics pro-

gram for the High-Luminosity LHC. This document contains short summaries of

physics contributions to the Energy Frontier and to the Rare Processes and Preci-

sion Measurements groups of Snowmass 2021. The summary is based on the physics

potential estimates that were included in the CERN Yellow Report “Physics at the

HL-LHC, and Perspectives for the HE-LHC”, and also contains a number of recent

results.

c� 2022 CERN for the benefit of the CMS and ATLAS Collaborations. CC-BY-4.0 license
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For more details:
→ CERN Yellow Report
→ ATLAS/CMS Snowmass reports
→ TDRs for each detector upgrade


