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ATLASHosts of dedicated large (LHCb, ALICE) and small 
(FASER, SND, MOeDAL, LHCf, TOTEM….) experiments

The Large Hadron Collider

On since ~2010, with 7/8/13/13.6 TeV pp collisions 
(+Heavy Ion collisions), the LHC provided huge sets of 

data and well through its Run 3….



ATLAS and CMS Run 3 data 
´ In Run. 3: upgrade of the accelerator, leading to an increased centre-of-mass 

energy (13.6 TeV), as well as renewed detectors and novel triggers
´ Some examples of Phase 1 upgrades

´ Huge datasets
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ATLAS New 
Small Wheel

CMS Gas 
Electron 
Multiplier

   Run 3
• Well into Run-3, with 98 fb-1 of delivered proton-

proton luminosity at 13.6 TeV

• 1.91 nb-1 of PbPb data during 2023

• LHC is currently leveling at  = 63

• 94% ATLAS recording efficiency

• Already 9 Run-3 papers 

• Many results shown use Run-2 dataset 

• 140 fb-1 and 0.83% lumi uncertainty

• Run-2 results summarized in six physics reports
• Run-3 performance: detector, trigger, software & 

computing 
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• 98 fb-1 of delivered pp 
luminosity at 13.6 TeV

• 1.91 nb-1 of PbPb data 
during 2023

CMS Status and Overview W. AdamLHCP@Boston: June 3, 2024

A first glimpse of 2024 conditions
Stable running  
• With typical L1 trigger rates of 105kHz at the  

start of the fill with pileup levels beyond 60 
• Collected 93% of the delivered luminosity
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CMS

Data up to 2024-05-28 2024 (pp 13.6 TeV)

LHC delivered: 21.98 fb⁻¹
CMS recorded: 20.45 fb⁻¹

After the commissioning period:  
‣~97% of recorded data certified  

as suitable for all analyses

~ 20 fb-1 pp 
collected by each 
experiment in Run 1 
~ 140 fb-1 in Run 2
 

UK contributions: 
L1 Trigger

UK contributions: 
hardware, firmware 
and software upgrades 
for the L1Calo and 
HLT&DAQ systems 



ATLAS and CMS Run 3 data 
´ In Run. 3: upgrade of the accelerator, leading to an increased centre-of-mass 

energy (13.6 TeV), as well as renewed detectors and novel triggers
´ Some examples of Phase 1 upgrades

´ Evolution of pile up 
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ATLAS New 
Small Wheel

CMS Gas 
Electron 
Multiplier
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PHASE 1 PHASE 2
13 YEARS 17 YEARS

Run 1-3  up to ~60 proton collisions 
every 25 nanoseconds

Run 4-5  up to ~200 proton collisions
every 25 nanoseconds

*visualisation  taken from 2016 high pile-up runs

   Run 3
• Well into Run-3, with 98 fb-1 of delivered proton-

proton luminosity at 13.6 TeV

• 1.91 nb-1 of PbPb data during 2023

• LHC is currently leveling at  = 63

• 94% ATLAS recording efficiency

• Already 9 Run-3 papers 

• Many results shown use Run-2 dataset 

• 140 fb-1 and 0.83% lumi uncertainty

• Run-2 results summarized in six physics reports
• Run-3 performance: detector, trigger, software & 

computing 
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LHC is currently levelling 
at µ = 63
• ~ 95% recording 
efficiency

UK contributions: 
L1 Trigger

UK contributions: 
hardware, firmware 
and software upgrades 
for the L1Calo and 
HLT&DAQ systems 



Collaborations 
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Andreas Hoecker, ATLAS Collaboration Board, 21 June 2024

Outline

• Collaboration update

• New Short-Term Associations (STA)

• Update on Emerit Authorship

Collaboration Composition

pp ® W(® en) + H(® cc) candidate

2

Collaboration composition

Not equal 
to #FTEs!

Links:

• Interactive ATLAS world map
• Static world maps

• List of ATLAS institutes
• ATLAS Composition
• Join ATLAS information & brochure

ATLAS Collaboration (status: 1 June 2024)

• 185 Institutions (253 institutes) from 42 
countries + 15 Technical Associate Institutes

• 2924 Scientific authors (among which 1979 
contribute to M&O share)

• 329 Qualifiers for authorship

• 1178 Physics PhD students

• 1322 Engineers and technicians

• 88 Engineering students

• 6036 Active members

UK: 15 institutes 
~300 active authors 

CMS Status and Overview W. AdamLHCP@Boston: June 3, 2024

The collaboration

A thriving community 
• 6300 persons including  

2200 physicists & 2600 students 
• 247 institutes from 57 countries and regions, 

and continuing to welcome new ones! 

• Engaged in several challenges  
for present and future: 
‣ Run 3 operations, analysis of available data sets, 

preparation for HL-LHC 
‣ Analyses covering a wide range of topics

2

CMS Collaboration

UK: 4 institutes 
~100 active authors 

CMS Collaboration



Physics programme: the energy frontier  
´ A large fraction of the UK HEP community works within ATLAS or CMS 

´ The physics programme is also huge à usually referred to as Energy frontier 
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´ Searches for (heavy) new particles usually 
summarized and presented as this …  



Physics programme: the energy frontier  
´ A large fraction of the UK HEP community works within ATLAS or CMS 

´ The physics programme is also huge à usually referred to as Energy frontier 
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´ Searches for (heavy) new particles usually 
summarized and presented as this …  

The complexity (and ingenuity needed) behind each of th
ese 

analyses is 
huge and often “unseen” 



Physics programme: the energy frontier (prospects) 
´ A large fraction of the UK HEP community works within ATLAS or CMS 

´ The physics programme is also huge à usually referred to as Energy frontier 

25/06/2024General purpose detectors: ATLAS and CMS towards HL-LHC 8

´ Some HL-LHC prospect studies, done also to understand the impact of the detectors performance 
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arXiv:1902.00134

Figure: E. Brost

Why HL-LHC?  Projections?
● a lot more data + a slight energy increase

● SM precision measurements   →  Jonathon’s talk

● The Higgs boson as new physics probe

● Rare BSM physics

(a) extrapolate from earlier results

(b) fully

● consider uncertainty scenarios

For NP, increase the 
present reach in mass 
and coupling by 20-50% 

Expectations for the HL-LHC
Current limits on BSM 

⟶ a rare process 
even with 4000 fb-1

q Full luminosity needed for 
evidence of new physics

Important role for 
precision physics

q Precise measurements 
of SM parameters

q Searches for rare 
SM processes 
(e.g. H ⟶ µµ, HH)
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are compared to the Run 2 results, where gains in sensitivity of around 500 GeV are expected, pushing
higgsino (wino) sensitivty as high as 1390 (1590) GeV.
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Figure 48: Projected 95% CL exclusion for 3000 fb�1 (red) for (a) mass-degenerate higgsino-like e�±1 e�0
2 , e�±1 e�0

3 ,
e�±1 e�⌥1 , and e�0

2e�0
3 production, and wino-like e�±1 e�⌥1 and e�±1 e�0

2 production assuming (b) B(e�0
2 ! Ze�0

1 ) = 1 or (c)
B(e�0

2 ! He�0
1 ) = 1 as functions of the NLSP and LSP masses. Projections are compared to results from the LHC

Run 2 with 137 fb�1(black). Projected 5f and 3f expected significance curves (blue) are also included. [221]

10.2.2 Search for top squarks in final states with two top quarks and several light-flavor jets with

CMS at the HL-LHC [245]

This section presents the projection of a CMS Run 2 search for top squark pair production under '-parity
violating (RPV) and stealth models of supersymmetry [245]. In the RPV model considered here, j̃0

1 is the
LSP, and it decays into three light-flavor quarks via an o�-shell squark as a result of a trilinear Yukawa
coupling between quarks and squarks. The benchmark stealth model for this search (SYY) assumes a
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Report on the Physics at the HL-LHC, and Perspectives for the HE-LHC

https://cds.cern.ch/record/2703572


Physics programme: Long-lived particles 
´ A large fraction of the UK HEP community works within ATLAS or CMS 

´ The physics programme is also huge à usually referred to as Energy frontier 
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´ Adding the (life)time dimension: long-lived particles (LLP), require 
specialized and dedicated reconstruction techniques
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Cover all the bases ‒ searches edition
● Reconstruction

tracks, unconventional tracks, vertexing, …
● Detector strengths & weaknesses

>10 years of combined expertise, upgrades

● (Under)exploited signatures
long-lived particles, dark XYZ, multiplicities, …

● New techniques
anomaly detection, machine learning, 
data-formats, computing

● Enriched data taking
data scouting/TLA, event picking

● The bigger picture
combinations, global interpretations

● Think forward
baseline for HL-LHC, future experiments
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Physics programme: Long-lived particles 
´ A large fraction of the UK HEP community works within ATLAS or CMS 

´ The physics programme is also huge à usually referred to as Energy frontier 
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´ Adding the (life)time dimension: long-lived particles (LLP), require 
specialized and dedicated reconstruction techniques

´ E.g.: Higgs decaying in long-lived scalars 
´ Reconstruct displaced jets using Graph NN    

CMS Status and Overview W. AdamLHCP@Boston: June 3, 2024

Resonances decaying to displaced jets
Search for displaced jets with Run 3 data 
• Model: Higgs boson decay to two long-lived neutral scalars 
• Sensitivity boosted with combination of  

• New displaced jet triggers  
for low masses  

• displaced vertex reconstruction, and 
• a novel displaced dijet identification  

based on graph NNs 

New limits, based on 2022  
data, show improved sensitivity 
with respect to Run 2 
• At ~ ¼ of the luminosity !

13

CMS-PAS-EXO-23-013 
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Resonances decaying to displaced jets
Search for displaced jets with Run 3 data 
• Model: Higgs boson decay to two long-lived neutral scalars 
• Sensitivity boosted with combination of  

• New displaced jet triggers  
for low masses  

• displaced vertex reconstruction, and 
• a novel displaced dijet identification  

based on graph NNs 

New limits, based on 2022  
data, show improved sensitivity 
with respect to Run 2 
• At ~ ¼ of the luminosity !
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CMS-PAS-EXO-23-013 
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Resonances decaying to displaced jets
Search for displaced jets with Run 3 data 
• Model: Higgs boson decay to two long-lived neutral scalars 
• Sensitivity boosted with combination of  

• New displaced jet triggers  
for low masses  

• displaced vertex reconstruction, and 
• a novel displaced dijet identification  

based on graph NNs 

New limits, based on 2022  
data, show improved sensitivity 
with respect to Run 2 
• At ~ ¼ of the luminosity !
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CMS-PAS-EXO-23-013 

Pushing the boundaries through novel 
analysis techniques



Physics programme: beyond our own “definition”… 
´ Dark matter and hidden (dark) sectors are a key target for GPDs.. 
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Global interpretation - Summaries
Dark matter

● showing summary for axial-vector mediator models
● many interpretations available

ATL-PHYS-PUB-2023-018 CMS Exotica Summary Plots

Higgs decaying in WIMP-like DM (Higgs-portal) 

https://arxiv.org/pdf/2403.09292
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Search for long-lived heavy neutrinos
Search for HNLs in B decays 
• Analysis based on the special “parked data” stream 

recorded in 2018, designed to collect O(1010) bb events 
• Event classification based on a parametric NN 

for optimal selection of different HNL masses 
• Expected signal yield from effective B±  

cross section, measured from  
control channel  

Strongest limits on sum of squares  
of light-heavy mixing amplitudes  
from a collider for 1GeV<mN<1.7GeV

B± → J/ψK±

14

Angle between vector to DV  
and sum of momenta

Semileptonic B decay mode

Majorana scenario, 
dimuon channel only

CMS-EXO-22-019  
arXiv:2403.04584
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Higgs decaying through dark photons
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Search for long-lived heavy neutrinos
Search for HNLs in B decays 
• Analysis based on the special “parked data” stream 

recorded in 2018, designed to collect O(1010) bb events 
• Event classification based on a parametric NN 

for optimal selection of different HNL masses 
• Expected signal yield from effective B±  

cross section, measured from  
control channel  

Strongest limits on sum of squares  
of light-heavy mixing amplitudes  
from a collider for 1GeV<mN<1.7GeV

B± → J/ψK±

14

Angle between vector to DV  
and sum of momenta

Semileptonic B decay mode

Majorana scenario, 
dimuon channel only

CMS-EXO-22-019  
arXiv:2403.04584

Heavy neutrinos (HNL)

See also CMS 
http://arxiv.org/abs/2405.13778

https://arxiv.org/pdf/2403.09292
http://arxiv.org/abs/2405.13778


Physics programme: beyond our own “definition”… 
´ Dark matter and hidden (dark) sectors are a key target for GPDs.. 
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Higgs decaying through dark photons
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arXiv:2403.04584

Heavy neutrinos (HNL)

.. and ATLAS is not 
that different

https://cms.cern/news/mapping-uncharted-
territory-cms-reviews-searches-dark-matter

https://arxiv.org/pdf/2403.09292
https://cms.cern/news/mapping-uncharted-territory-cms-reviews-searches-dark-matter
https://cms.cern/news/mapping-uncharted-territory-cms-reviews-searches-dark-matter


DM and Dark Sectors at HL-LHC
´ For HL-LHC not as many models have been scrutinized, but 
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Expectations for the HL-LHC
Current limits on BSM 

⟶ a rare process 
even with 4000 fb-1

q Full luminosity needed for 
evidence of new physics

Important role for 
precision physics

q Precise measurements 
of SM parameters

q Searches for rare 
SM processes 
(e.g. H ⟶ µµ, HH)
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higgsino (wino) sensitivty as high as 1390 (1590) GeV.

200 400 600 800 1000 1200 1400
) [GeV] 0

 3
χ∼/ 0

 2
χ∼/± 

 1
χ∼m(

0

100

200

300

400

500

600

700

800

900

1000

) [
G

eV
]

 0  1χ∼
m

(

 0
 1
χ∼ H →  0

 3
χ∼,    0

 1
χ∼ Z →  0

 2
χ∼,    0

 1
χ∼ ± W→ ± 

 1
χ∼,    0

 3
χ∼  0

 2
χ∼ /  0

 2/3
χ∼ ± 

 1
χ∼ / 

± 
 1
χ∼ ± 

 1
χ∼ →pp 

 

 

)-1HL-LHC Expected 95% CL Upper Limit (14 TeV, 3000 fb
)-1 Evidence HL-LHC Expected (14 TeV, 3000 fbσ3
)-1 Discovery HL-LHC Expected (14 TeV, 3000 fbσ5

)-1Run 2 Observed 95% CL Upper Limit (13 TeV, 137 fb
)-1Run 2 Expected 95% CL Upper Limit (13 TeV, 137 fb

 0
 3
χ∼,  0

 2
χ∼, ± 

 1
χ∼Higgsino-like 

Phase-2 Projection PreliminaryCMS 

(a)

200 400 600 800 1000 1200 1400 1600
) [GeV] 0

 2
χ∼/± 

 1
χ∼m(

0

200

400

600

800

1000

1200

) [
G

eV
]

 0  1χ∼
m

(

 0
 1
χ∼ Z →  0

 2
χ∼,   0

 1
χ∼ ± W→ ± 

 1
χ∼,   0

 2
χ∼ ± 

 1
χ∼ / 

± 
 1
χ∼ ± 

 1
χ∼ →pp 

 

 

)-1HL-LHC Expected 95% CL Upper Limit (14 TeV, 3000 fb
)-1 Evidence HL-LHC Expected (14 TeV, 3000 fbσ3
)-1 Discovery HL-LHC Expected (14 TeV, 3000 fbσ5

)-1Run 2 Expected 95% CL Upper Limit (13 TeV, 137 fb
)-1Run 2 Observed 95% CL Upper Limit (13 TeV, 137 fb

 0
 2
χ∼, ± 

 1
χ∼Wino-like 

Phase-2 Projection PreliminaryCMS 

(b)

200 400 600 800 1000 1200 1400 1600
) [GeV] 0

 2
χ∼/± 

 1
χ∼m(

0

200

400

600

800

1000

1200

) [
G

eV
]

 0  1χ∼
m

(

 0
 1
χ∼ H →  0

 2
χ∼,   0

 1
χ∼ ± W→ ± 

 1
χ∼,   0

 2
χ∼ ± 

 1
χ∼ / 

± 
 1
χ∼ ± 

 1
χ∼ →pp 

 

 

)-1HL-LHC Expected 95% CL Upper Limit (14 TeV, 3000 fb
)-1 Evidence HL-LHC Expected (14 TeV, 3000 fbσ3
)-1 Discovery HL-LHC Expected (14 TeV, 3000 fbσ5

)-1Run 2 Expected 95% CL Upper Limit (13 TeV, 137 fb
)-1Run 2 Observed 95% CL Upper Limit (13 TeV, 137 fb

 0
 2
χ∼, ± 

 1
χ∼Wino-like 

Phase-2 Projection PreliminaryCMS 

(c)

Figure 48: Projected 95% CL exclusion for 3000 fb�1 (red) for (a) mass-degenerate higgsino-like e�±1 e�0
2 , e�±1 e�0

3 ,
e�±1 e�⌥1 , and e�0

2e�0
3 production, and wino-like e�±1 e�⌥1 and e�±1 e�0

2 production assuming (b) B(e�0
2 ! Ze�0

1 ) = 1 or (c)
B(e�0

2 ! He�0
1 ) = 1 as functions of the NLSP and LSP masses. Projections are compared to results from the LHC

Run 2 with 137 fb�1(black). Projected 5f and 3f expected significance curves (blue) are also included. [221]

10.2.2 Search for top squarks in final states with two top quarks and several light-flavor jets with

CMS at the HL-LHC [245]

This section presents the projection of a CMS Run 2 search for top squark pair production under '-parity
violating (RPV) and stealth models of supersymmetry [245]. In the RPV model considered here, j̃0

1 is the
LSP, and it decays into three light-flavor quarks via an o�-shell squark as a result of a trilinear Yukawa
coupling between quarks and squarks. The benchmark stealth model for this search (SYY) assumes a
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Fig. 3.4.8: Exclusion contour plot in the plane defined by the �d mass and the kinetic mixing parameter ✏. Two
different scenarios are shown assuming a Higgs decay branching fraction to the hidden sector of 1%: 300 fb�1

after Run-3 (red) ad 3 ab�1 after HL-LHC including multi-muon scan trigger improvement (orange).

3.4.2.3 Summary of sensitivity for dark photons from Higgs decays

The discovery reach from the ATLAS and CMS searches for dark photons can be compared to that from
the generic �d search results shown in Fig. 3.4.1. This is reported in Fig. 3.4.9 as a function of the dark
photon mass and ✏2: the reach of minimal models is shown together with that of models with additional
assumptions on the dark photon production mechanism via Higgs decays. A 10% decay rate of the Higgs
boson into dark photons is assumed for the latter. Under these assumptions, the HL-LHC ATLAS search
will allow to target a crucial region with dark photon mass between 0.2 and 10 GeV and low ✏2, while
the CMS search will cover higher �d masses and even lower mixing parameters. This is complementary
to the LHCb and low-energy experiments reach as well as with the coverage of prompt-lepton searches
at the LHC.

Fig. 3.4.9: Summary of the contour reach of searches for dark photons from Higgs decays. The purple, grey and
blue areas are explained in Section 3.4.1, and correspond to the minimal dark photon model, with best sensitivity
achieved by LHCb and low-energy experiments. The red and pink areas, explained in Section 3.4.2.2 and Sec-
tion 3.4.2.1, correspond to results from ATLAS and CMS where dark photons are produced through a Higgs boson
decay with a branching fraction of 10%.

100

Fig. 4.1.5: Comparative reach of the HL-LHC, HE-LHC and FCC-hh/SppC options in the disappearing charged
track analysis for wino-like (left) and Higgsino-like (right) DM search. The solid and dashed lines correspond to
modifying the central value of the background estimate by a factor of five.

95% C.L. Wino Wino Higgsino Higgsino
Monojet Disappearing Track Monojet Disappearing Track

14 TeV 280 GeV 900 GeV 200 GeV 300 GeV
27 TeV 700 GeV 2.1 TeV 490 GeV 600 GeV
100 TeV 2 TeV 6.5 TeV 1.4 TeV 1.6 TeV

Table 4.1.2: Summary of DM mass reach at 95% C.L. for an EW triplet (wino-like) and a doublet (Higgsino-
like) representation, at the HL-LHC, HE-LHC and the FCC-hh/SppC colliders, in optimistic scenarios for the
background systematics.

4.2 Displaced Vertices
Many models of new physics predict long-lived particles which decay within the detector but at an
observable distance from the proton-proton interaction point (displaced signatures). If the decay products
of the long-lived particle include multiple particles reconstructed as tracks or jets, the decay can produce
a distinctive signature of an event containing at least one displaced vertex (DV). In the following sections,
a number of prospects studies from ATLAS, CMS and LHCb are presented. Results are interpreted in
the context of supersymmetric or higgs-portal scenarios but are applicable to any new physics model
predicting one or more DVs, since the analyses are not driven by strict model assumptions.

4.2.1 LLP decaying to a Displaced Vertex and Emiss
T at HL-LHC

Contributors: E. Frangipane, L. Jeanty, L. Lee Jr, H. Oide, S. Pagan Griso, ATLAS

There are several recent papers at the LHC which have searched for displaced vertices, including
Ref.s [300, 333–335]. The projection presented here [336] requires at least one displaced vertex recon-
structed within the ATLAS ITk, and events are required to have at least moderate missing transverse
momentum (Emiss

T ), which serves as a discriminant against background as well as an object on which to
trigger. The analysis sensitivity is projected for a benchmark SUSY model of pair production of long-
lived gluinos, which can naturally arise in models such as Split SUSY [337]. Each gluino hadronises into
an R-hadron and decays through a heavy virtual squark into a pair of SM quarks and a stable neutralino
with a mass of 100 GeV.

This study makes use of Monte Carlo simulation samples to obtain the kinematic properties of sig-
nal events, which are then used to estimate the efficiency for selecting signal events. The pair production
of gluinos from proton-proton collisions at

p
s = 13 TeV was simulated in PYTHIA 6.428 [92] at lead-

ing order with the AUET2B [338] set of tuned parameters for the underlying event and the CTEQ6L1
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SUSY electroweakinos

Wino/Higgsino DM with 
disappearing track

Dark photon 
(displaced lepton-jets)

�̃±
1p
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�̃0
1

⇡±

j

Fig. 4.1.1: Diagram depicting �̃±
1 �̃

0

1 production (left), and schematic illustration of a pp ! �̃±
1 �̃

0

1 + jet event in
the HL-LHC ATLAS detector, with a long-lived chargino (right). Particles produced in pile-up pp interactions are
not shown. The �̃±

1 decays into a low-momentum pion and a �̃0

1 after leaving hits in the pixel layers.

to the afore-mentioned study on disappearing tracks, complementary studies on LLPs e.g. from higgs
decays have been performed in the context of a future e�p collider, resulting in good sensitivity for a
wide range in c⌧ and mass [330].

4.1 Disappearing Tracks
A disappearing track occurs when the decay products of a charged particle, like a supersymmetric
chargino, are not detected (disappear) because they either interact only weakly or have soft momenta
and hence are not reconstructed. In the following, prospect studies for HL-, HE- and new proposed e�p
collider are presented, illustrating the potential of this signature as well as its experimental challenges.

4.1.1 Prospects for disappearing track analysis at HL-LHC
Contributors: S. Amoroso, J. K. Anders, F. Meloni, C. Merlassino, B. Petersen, J. A. Sabater Iglesias, M. Saito, R.
Sawada, P. Tornambe, M. Weber, ATLAS

The disappearing track search [102] investigates scenarios where the �̃±
1 , and �̃0

1 are almost mass
degenerate, leading to a long lifetime for the �̃±

1 which decays after the first few layers of the inner
detector, leaving a track in the innermost layers of the detector. The chargino decays as �̃±

1 ! ⇡±�̃0
1.

The �̃0
1 escapes the detector and the pion has a very low energy and is not reconstructed, leading to the

disappearing track signature. Diagram and schematic illustration of production and decay process are
shown in in Fig. 4.1.1. The main signature of the search is a short “tracklet” which is reconstructed in the
inner layers of the detector and subsequently disappears. The tracklet reconstruction efficiency for signal
charginos is estimated using fully simulated samples of �̃±

1 pair production with m(�̃±
1 ) = 600 GeV.

Tracklet reconstruction is performed in two stages. Firstly “standard” tracks, hereafter referred to as
tracks are reconstructed. Afterwards the track reconstruction is then rerun with looser criteria, requiring
at least four pixel-detector hits. This second reconstruction uses only input hits which are not associated
with tracks, referred to as “tracklets”. The tracklets are then extrapolated to the strip detectors, and any
compatible hits are assigned to the tracklet candidate. Tracklets are required to have pT > 5 GeVand
|⌘| < 2.2. Candidate leptons, which are used only to veto events, are selected with pT > 20 GeV and
|⌘| < 2.47 (2.7) for electrons (muons).

The signal region (SR) optimisation is performed by scanning a set of variables which are ex-
pected to provide discrimination between the signal scenario under consideration and the expected SM
background processes. The final state contains zero leptons, large Emiss

T and at least one tracklet, and
events are reweighted by the expected efficiencies of tracklet reconstruction. The small mass splitting
between the �̃±

1 and �̃0
1 implies they are generally produced back to back with similar transverse mo-

mentum. Hence it is necessary to select events where the system is boosted by the recoil of at least one
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Extended Higgs sectors
ATL-PHYS-PUB-2022-018

Axion-like particles

https://cds.cern.ch/record/2703572
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2022-018/
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Z/𝜸*→𝓵𝓵 and the weak mixing angle
Precision measurement of EWK key quantity at a hadron collider   
•  extracted from AFB (ee, 𝞵𝞵),   

measured in bins of y(ll) and m(ll) 
• Acceptance and sensitivity enhanced with  

extended acceptance for forward electrons 
• Result (CT18Z):  
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Physics programme: beyond our own “definitions”… 
´ EWSB and beyond: Higgs self-coupling

´ Huge improvements just with the Run 2 dataset reanalysis

´ ~20% improvement over previous result 
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    HH Combined Results
• Close to within 1  of the SM

•  (obs) and 2.4 (exp) at 95% CL

• Sensitivity dominated by ggF mode

• ~20% improvement over previous result
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Figure 8.7: Likelihood-ratio scan of ^_ and ^2+ for di-Higgs individual channels (expected-only) and combined. The
other ^ parameters are fixed to the SM predictions.
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from Figure 8.5. The Asimov dataset is constructed from a `-free/unconditional fit to the obs data, take the profiled
nuisance parameter values and insert ` = 1. In the observed result, ?-value and /-score are also shown.
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Higgs boson production modes
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Fig. 1. Feynman diagrams for the leading order Higgs boson interactions: Higgs boson
production in (a) gluon-gluon fusion (gg ! H), (b) vector boson fusion (VBF), (c) as-
sociated production with a W or Z (V) boson (V H), (d) associated production with a
top or bottom quark pair (ttH or bbH), (e, f) associated production with a single top
quark (tH); with Higgs boson decays into (g) heavy vector boson pairs, (h) fermion-
antifermion pairs, and (i, j) photon pairs or Z�; Higgs boson pair production: (k, l) via
gluon-gluon fusion, and (m, n, o) via vector boson fusion. The di↵erent Higgs boson in-
teractions are labelled with the coupling modifiers , and highlighted in di↵erent colours
for Higgs-fermion interactions (red), Higgs-gauge-boson interactions (blue), and multiple
Higgs boson interactions (green).3
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Fig. 2. (Left) projected precision in Higgs production cross section measurement, (right)
projected precision in the modifiers of Higgs coupling to bosons and fermions.

and H ! �� decay rates but also the production cross-section for gluon
fusion production process ggH, V BF and V H. In order to probe small
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contribution of BSM particles to the SM predictions, the -framework19

developed to analyse Run 2 data is used. For a given production process
or decay mode j, a coupling modifier j is defined such that;

2
j
= �j/�

SM
j

or 2
j
= �j/�j

SM. (1)

In the SM, all j values are positive and equal to unity. Six coupling
modifiers W , Z , t, b, ⌧ and µ corresponding to tree-level Higgs
couplings are introduced along with e↵ective coupling modifiers g, � and
Z� addressing the loop-process in ggH, H ! �� and H ! Z�. The total
width of the Higgs boson, relative to the SM prediction, varies with the
coupling modifiers as �H/�SM

H
=

P
j
Bj

SM2
j
/(1�BBSM), where Bj

SM is the
SM branching fraction for theH ! jj channel and BBSM is the Higgs boson
branching fraction to BSM final states. In the results for the j parameters
presented here BBSM is fixed to zero and only decays to SM particles are
allowed. The projected precision on Higgs boson coupling modifiers are
shown in Fig. 2(right).

It should be noted that the  framework merely compares the exper-
imental measurement to their best values computed within the SM and
does not require any BSM calculation. It is based on assumptions and has
limitations in its ability to describe general deformations of the SM. A sys-
tematic and powerful way to capture the deviations in Higgs coupling due
to BSM phenomena comes from SM E↵ective Field Theory5 and are being
studied in the context of HL-LHC.20

5.3. Rare Higgs Decays

A dataset of 3000 fb�1 will allow probe of several rare or hard-to-detect
Higgs boson decays. Having measured Higgs boson coupling to the vector
bosons and fermions of the third generation to ⇡ 10% precision, the atten-
tion will focus on measurements of Higgs boson coupling to the second and
first generation fermions. So far, due to tiny rates and large backgrounds,
there are no model-independent and sensitive strategies at LHC to directly
measure the Higgs coupling to the first generation fermions. For exam-
ple, the best 95% CL limit21 on H ! e+e� decay rate with Run 2 data
is about 3 ⇥ 10�4 to be compared with the expected SM branching ratio
of ⇡ 5 ⇥ 10�9. But by searching for and not finding such decays in the
Run 2 data, we have learnt already that Higgs couplings to fermions are
not universal.
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Physics programme: beyond our own “definitions”… 
´ EWSB and beyond: Higgs self-coupling

´ Huge improvements just with the Run 2 dataset reanalysis

´ Reaching our own projections faster than we thought :)
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    HH Combined Results
• Close to within 1  of the SM

•  (obs) and 2.4 (exp) at 95% CL

• Sensitivity dominated by ggF mode

• ~20% improvement over previous result
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Figure 8.7: Likelihood-ratio scan of ^_ and ^2+ for di-Higgs individual channels (expected-only) and combined. The
other ^ parameters are fixed to the SM predictions.

Table 8.3: Intervals of ^_ for four individual diHiggs channels and combined with Asimov (a) and data (b) derived
from Figure 8.5. The Asimov dataset is constructed from a `-free/unconditional fit to the obs data, take the profiled
nuisance parameter values and insert ` = 1. In the observed result, ?-value and /-score are also shown.
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Higgs boson production modes
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Fig. 1. Feynman diagrams for the leading order Higgs boson interactions: Higgs boson
production in (a) gluon-gluon fusion (gg ! H), (b) vector boson fusion (VBF), (c) as-
sociated production with a W or Z (V) boson (V H), (d) associated production with a
top or bottom quark pair (ttH or bbH), (e, f) associated production with a single top
quark (tH); with Higgs boson decays into (g) heavy vector boson pairs, (h) fermion-
antifermion pairs, and (i, j) photon pairs or Z�; Higgs boson pair production: (k, l) via
gluon-gluon fusion, and (m, n, o) via vector boson fusion. The di↵erent Higgs boson in-
teractions are labelled with the coupling modifiers , and highlighted in di↵erent colours
for Higgs-fermion interactions (red), Higgs-gauge-boson interactions (blue), and multiple
Higgs boson interactions (green).3
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Fig. 2. (Left) projected precision in Higgs production cross section measurement, (right)
projected precision in the modifiers of Higgs coupling to bosons and fermions.

and H ! �� decay rates but also the production cross-section for gluon
fusion production process ggH, V BF and V H. In order to probe small
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contribution of BSM particles to the SM predictions, the -framework19

developed to analyse Run 2 data is used. For a given production process
or decay mode j, a coupling modifier j is defined such that;

2
j
= �j/�

SM
j

or 2
j
= �j/�j

SM. (1)

In the SM, all j values are positive and equal to unity. Six coupling
modifiers W , Z , t, b, ⌧ and µ corresponding to tree-level Higgs
couplings are introduced along with e↵ective coupling modifiers g, � and
Z� addressing the loop-process in ggH, H ! �� and H ! Z�. The total
width of the Higgs boson, relative to the SM prediction, varies with the
coupling modifiers as �H/�SM

H
=

P
j
Bj

SM2
j
/(1�BBSM), where Bj

SM is the
SM branching fraction for theH ! jj channel and BBSM is the Higgs boson
branching fraction to BSM final states. In the results for the j parameters
presented here BBSM is fixed to zero and only decays to SM particles are
allowed. The projected precision on Higgs boson coupling modifiers are
shown in Fig. 2(right).

It should be noted that the  framework merely compares the exper-
imental measurement to their best values computed within the SM and
does not require any BSM calculation. It is based on assumptions and has
limitations in its ability to describe general deformations of the SM. A sys-
tematic and powerful way to capture the deviations in Higgs coupling due
to BSM phenomena comes from SM E↵ective Field Theory5 and are being
studied in the context of HL-LHC.20

5.3. Rare Higgs Decays

A dataset of 3000 fb�1 will allow probe of several rare or hard-to-detect
Higgs boson decays. Having measured Higgs boson coupling to the vector
bosons and fermions of the third generation to ⇡ 10% precision, the atten-
tion will focus on measurements of Higgs boson coupling to the second and
first generation fermions. So far, due to tiny rates and large backgrounds,
there are no model-independent and sensitive strategies at LHC to directly
measure the Higgs coupling to the first generation fermions. For exam-
ple, the best 95% CL limit21 on H ! e+e� decay rate with Run 2 data
is about 3 ⇥ 10�4 to be compared with the expected SM branching ratio
of ⇡ 5 ⇥ 10�9. But by searching for and not finding such decays in the
Run 2 data, we have learnt already that Higgs couplings to fermions are
not universal.
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coupling modifier 
parameters
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Figure 3. Left: Projected combined HL-LHC sensitivity to Higgs trilinear coupling from direct search channels. Right:
sensitivity to BSM Higgs bosons, in the H/A ! tt channel. From Ref. [2].

self-coupling l , ATLAS and CMS project a sensitivity to the HH signal of approximately 3 s.d. per experiment, leading to
a combined observation sensitivity of 4 s.d. These analyses, which make use also of the HH mass spectrum shape, result in
the likelihood profile as a function of kl shown in Fig. 3 (left). An important feature of these analyses is the presence of the
secondary minimum in the likelihood lineshape, due to the degeneracy in the total number of HH signal events for different kl
values. We note that at the HL-LHC the secondary minimum can be excluded at 99.4% CL, with a constraint on the Higgs
self-coupling of 0.5 < kl < 1.5 at the 68% CL. The results on HH production studies are statistics limited, therefore a dataset
of at least 6 ab�1 (ATLAS and CMS combined) is essential to achieve this objective.

Higgs studies at HL-LHC will enhance the sensitivity to BSM physics, exploiting indirect probes via precision measurements,
and a multitude of direct search targets, ranging from exotic decays of the 125 GeV Higgs boson (e.g. decays including light
scalars, light dark photons or axion-like particles, and decays to long-lived BSM particles) to the production of new Higgs
bosons, neutral and charged, at masses above or below 125 GeV. As an example, Fig. 3 (right) shows a summary of the MSSM
regions of parameter space that will be probed by ATLAS and CMS. The expected exclusion limit for H/A ! tt is presented
in black-dashed and compared to the present limit (in red and green for ATLAS and CMS, respectively). The HL-LHC will
have access to new Higgs bosons as heavy as 2.5 TeV for tanb > 50. In the figure, we also present the expected bound coming
from Higgs precision coupling measurements which excludes Higgs bosons with masses lower than approximately 1 TeV over
a large range of tanb .

Precision measurements provide an important tool to search for BSM physics associated to mass scales beyond the LHC
direct reach. The EFT framework, where the SM Lagrangian is supplemented with dimension-6 operators Âi ciO

(6)
i

/L2, allows
one to systematically parametrise BSM effects and how they modify SM processes. Figure 2 (right) shows the results of a global
fit to observables in Higgs physics, as well as diboson and Drell-Yan processes at high energy. The fit includes all operators
generated by new physics that only couples to SM bosons. These operators can either modify SM amplitudes, or generate new
amplitudes. In the former case, the best LHC probes are, for example, precision measurements of Higgs branching ratios. In the
case of the operator OH , for example, the constraints in Fig. 2 (right) translate into a sensitivity to the Higgs compositeness
scale f > 1.6 TeV, corresponding to a new physics mass scale of 20 TeV for an underlying strongly coupled theory. The effects
associated with some new amplitudes grow quadratically with the energy. For example, Drell-Yan production at large mass can
access, via the operators O2W,2B, energy scales of order 12 TeV (Fig. 2).

2.1 Production of multiple EW gauge bosons
The measurement of production of pairs or triplets of EW gauge boson will be of great importance to test the mechanism of EW
symmetry breaking, since it can signal the presence of anomalous EW couplings, and of new physics at energy scales beyond
the reach of direct resonance production. First observations of EW multiboson interactions have recently been achieved in
vector boson scattering (VBS) of WW and WZ and we expect a fuller picture to be accessible at HL-LHC, by statistics, but also
through improved detector instrumentation and acceptance in the forward direction. Table 1 summarizes the expected SM yields,
quoting the expected precision and significance for several HL-LHC measurements. In particular, the extraction of individual
polarization contributions to same-sign WW scattering will yield a > 3 s.d. evidence for WLWL production, combining ATLAS
and CMS results.

3

ATL-PHYS-PUB-2022-018

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2022-018/


New ideas and cutting-edge technologies
´ Amazing results achieved thanks to deployment of new ideas 

à a very dynamic environment – always try to do better! Examples 

25/06/2024General purpose detectors: ATLAS and CMS towards HL-LHC 18

Flavour tagging: b and c jets

LHCp - Boston 2024

ATL-PHYS-PUB-2022-027

42

LHCp - Boston 2024

ATL-PHYS-PUB-2022-027

42

ATL-PHYS-PUB-2022-027

• Novel Graph Neural Network 
approach à optimised all the 
discriminating information for 
b-/c-jets

• Auxiliary tasks: tracks 
classification and vertex 
association

Significantly improved b-tag 
efficiency and light-jet rejection

LHCp - Boston 2024

ATL-PHYS-PUB-2022-027

42

https://cms.cern/news/same-
lhc-same-cms-more-physics

CMS Status and Overview W. AdamLHCP@Boston: June 3, 2024

From detector performance to physics potential

9
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CMS           2022, 2023 & 2024BCD (13.6 TeV)Preliminary

2024
2023
2022

HLT b-tag selection:
 > 30 GeV

T
 2 b-tag AK4 jets with p≥

mean online PNet b-tag score > 0.55 (2023,2024), 
and 0.65 (2022) 

1 2 3 4 5 6
(mean PNet b-tag score)-1tanh

0
0.5

1
1.5

2
(2

02
4/

20
23

)

Gain in acceptance with a looser 
ParticleNet b-trigger in ’23 & ’24

Lower threshold for large-
radius jets with scouting

History of rates for  
different data streams Examples of improved performance

CMS-EXO-23-007 
arXiv:2403.16134 CMS-DP-2023/089 CMS-DP-2023/076 

8th April 2024   -   IOP Joint Conference   -   BSM Physics at the LHC and HL-LHC upgradesDr. Sara Alderweireldt (Edinburgh) 39

Enriched data taking  arxiv:2403.16134

Run 3

Data Scouting / Trigger Level Analysis

● enhance sensitivity by pushing thresholds

● respect bandwidth limits by only storing reduced event content  

● analysis performed with trigger level objects 

https://cms.cern/news/same-lhc-same-cms-more-physics
https://cms.cern/news/same-lhc-same-cms-more-physics


Towards HL: the CERN Long-term Schedule 
´ Where are we going?

´ LS3 (2025-2029) – could 
shift by 6-9 months 

´ Run 4 and beyond (HL-
LHC): ~10 years 
programme a LS4 shutdown 
in 2033+ à 3 ab-1 / 
experiment expected 

´ 14 TeV collisions

25/06/2024General purpose detectors: ATLAS and CMS towards HL-LHC 198th April 2024   -   IOP Joint Conference   -   BSM Physics at the LHC and HL-LHC upgradesDr. Sara Alderweireldt (Edinburgh) 10

PHASE 1 PHASE 2
13 YEARS 17 YEARS

Run 1-3  up to ~60 proton collisions 
every 25 nanoseconds

Run 4-5  up to ~200 proton collisions
every 25 nanoseconds

*visualisation  taken from 2016 high pile-up runs

• High instantaneous lumi (pileup) à improve granularity and timing info 
• High integrated lumi = high radiation environment à replacement of 

tracker and endcap calorimeter 
• Huge amount of data (computing, storage) à new trigger & DAQ systems



GPDs upgrade programs at a glance 

25/06/2024General purpose detectors: ATLAS and CMS towards HL-LHC 20 8th April 2024   -   IOP Joint Conference   -   BSM Physics at the LHC and HL-LHC upgradesDr. Sara Alderweireldt (Edinburgh) 16

Phase 2 upgrade for HL-LHC ~ Long Shutdown 3 → Run 4-6 

ATLAS detector CMS detector
Trigger/DAQ
L1/HLT - 1Mhz / 1kHz

Trigger/DAQ
L1/HLT - 750kHz / 7.5kHz
Track info at L1

Inner tracker
new, all-silicon, 
coverage up to |η| < 4

Timing detector
high-granularity timing detector,
pile-up mitigation

Muon detector
improved coverage Upgraded electronics

EM/HAD calorimeters 
& muon system

Luminosity & 
forward detectors

Inner tracker
new, coverage up to |η| < 3.8

New high-granularity
calorimeter endcap

Improved
muon detector

coverage

Upgraded electronics
calorimeter barrel



Inner Tracking Detector (ITk)
´ One of the main UK deliverables for ATLAS

´ Complete replacement of the current inner detector 
´ Pixel and Strip sensors for a very large total surface 
´ novel powering and cooling and consistency with upgraded DAQ 

(1MHz)
´ Larger angular coverage (h: 2.5 à 4)

´ High radiation tolerance (up to 1 x 1016 neq/cm2)
´ Reduced material 

25/06/2024General purpose detectors: ATLAS and CMS towards HL-LHC 218th April 2024   -   IOP Joint Conference   -   BSM Physics at the LHC and HL-LHC upgradesDr. Sara Alderweireldt (Edinburgh) 27

Long-lived particles - upgrade & HL-LHC projections

Many LLP searches will benefit from new 
dedicated Large Radius Tracking algorithms, 
in addition to standard tracking
(both offline and at trigger level)

LRT performance

Significant further sensitivity improvements 

foreseen from upgraded trackers for HL-LHC

/16Inner Tracker (ITk)
• General features

• Complete replacement of the current Inner 
Detector with new silicon Pixel & Strip sensors
• 13 m2 of silicon in Pixels, 168 m2 in Strips.

• Note: Current ID 2.7m2 pixel, 8.2m2 strip

• Larger angular coverage up to h =4, at least 9 
silicon layers on individual tracjectories

• Higher Radiation tolerant requirement
up to 1 x 1016 neq/cm2

• Reduced materials
Material comparison between current ID and ITk

3

(Run3 detector paper plots) 
ATL-PHYS-PUB-2021-024



Inner Tracking Detector (ITk): status 
´ A lot of good progress has been made, in UK and elsewhere 

´ Schedule remains challenging
´ ITK strips: issues on sensors à lot of work to understand and solve problems 

´ ITK pixels: hybridization process and ASICs – to be watched out but only for pre-production 

´Joint task force ATLAS-CMS expert for ASICs 

25/06/2024General purpose detectors: ATLAS and CMS towards HL-LHC 22

HV task force – Update on  strip module cracking

17/05/2024 SJM - OsC summary 13

“Interposer” solution, module design modified  

Climate Chamber to -70oC

17/05/2024 SJM - OsC summary 15

Taking modules to -70oC at part of the qualification of the process, Setup now established at RAL.
Parts tested in the US are now on the way to the UK.

Cold tests (-70 deg)  on-going 
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Towards the HL-LHC

Jesse Liu, Marko Mikuz 

ITk outer cylinder arriving in SR1 at P1

More photos here: https://cds.cern.ch/record/2900049 
24

From A.Hoecker
ATLAS week 



ATLAS upgrade: Trigger and DAQ
´ Another important UK deliverable

´ Phase II TDAQ specifications are challenging: 

´ L0 rate 1 MHz with 10us latency 

´ EF output rate 10 KHz

´ Estimate event size of 4.6 MB 
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/16Trigger DAQ
• Phase II TDAQ specifications

• L0A rate 1 MHz with 10us latency
• EF output rate 10 kHz
• Estimated event size of 4.6 MB

14

• L0 Trigger
• Prototyping and testing
• Integration tests are ramping up:

• Communication tests between 
subsystems are being conducted

• Demonstration of functionalities 
in system-level tests

Example of system-level demonstration
Phase-2 TTC distribution tests to check phase reproducibility 

/16Trigger DAQ
• Data Acquisition

• Phase 2 system is designed as high-speed DAQ 
with high throughput network
• The prototyping for high throughput network is in progress

• FELIX prototype testing is on going
• Test campaigns at P1 was conducted in the last YETS

• Specifically for dataflow part and 
online software components

• Performance close to requirements 

• Event Filter
• Demonstrators mostly progressing well and on track
• Very good progress on GPU and FPGA support in ATLAS software (Athena)
• Final demonstrator phase later this year for EF track, that will provide input for the 
hardware technology choice in 2025

15

Phase-II FELIX prototype II

/16Trigger DAQ
• Phase II TDAQ specifications

• L0A rate 1 MHz with 10us latency
• EF output rate 10 kHz
• Estimated event size of 4.6 MB

14

• L0 Trigger
• Prototyping and testing
• Integration tests are ramping up:

• Communication tests between 
subsystems are being conducted

• Demonstration of functionalities 
in system-level tests

Example of system-level demonstration
Phase-2 TTC distribution tests to check phase reproducibility 

L0 Trigger: prototyping 
and testing 

DAQ: FELIX prototype testing on-going

Event filter: demonstrators progressing 
well and on track, very good progress on 
GPU and FPGA support in ATLAS software 
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157th LHCC Meeting - OPEN Session - Feb 2024 

8th April 2024   -   IOP Joint Conference   -   BSM Physics at the LHC and HL-LHC upgradesDr. Sara Alderweireldt (Edinburgh) 56
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CMS upgrade status: tracker
´ CMS also going through a total replacement of its tracking system 

´ Increased granularity (~1200 tracks / unit of pseudorapidity)

´ Reduced material to preserve calorimetric resolution 

´ Contribution to the L1 trigger (outer tracker tracks identification ) 
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The Phase-2 Upgrade of the CMS Tracker
Requirements

q Radiation resistance
§ Max fluence up to O(1016) 

neq/cm2

q Increased granularity
§ ∼ 1200 tracks / unit of "

q Reduced material
§ Preserve calorimetric resolution

q Contribution to the L1 trigger
§ Outer Tracker:  pT modules ⟶ 

stubs compatible with
tracks pT > 2 GeV

q Extended acceptance:|"| < 4.0

7
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Figure 6.2: Material budget inside the tracking volume estimated in units of radiation lengths,
comparing the Phase-1 (left) and the Phase-2 (right) detectors. The material in front of the Inner
Tracker sensors is shown in brown, that inside the Inner Tracker tracking volume in yellow, that
between IT and OT sensors in green, and that inside the Outer Tracker tracking volume in blue.
The histograms are stacked.

discs at higher radii and z positions, with a variable density that takes into account the accu-
mulation of services along the structures, where appropriate. The mechanical structures are
included in the service volumes.

The impact of the detector’s material on tracking resolution and secondary interactions is best
evaluated by comparing the amount of material inside the tracking volume, defined as the mate-
rial crossed by a straight line between the origin and the farthest silicon sensor met by the line.
Figure 6.2 shows a comparison of the estimates of the material inside the tracking volume, in
units of radiation lengths, for the Phase-1 detector (as currently defined in the standard CMS
simulation and reconstruction software, CMSSW [65]) and the Phase-2 detector (as estimated
with tkLayout). A similar comparison in units of nuclear interaction lengths is provided in
Section 12.1.2. The material budget of the Phase-2 detector is slightly smaller than that of the
Phase-1 detector in the centre of the detector, i.e. at |h| ⇡ 1, and significantly smaller in the
region around |h| = 1.5. One reason for the large amount of material in the Phase-0 tracker in
that region is the routing of services at the interface between different sub-detectors, especially
around the Tracker Inner Disks (TID), a sub-detector consisting of three small discs per side
within the actual barrel region (visible in Fig. 2.1). The presence of this sub-detector forces the
routing of services to be such that tracks from the origin cross the same services multiple times.
The Phase-2 detector service routing is designed to avoid this feature, and the design of a tilted
section in the TBPS is highly beneficial in this respect.

The material budget of the Phase-1 detector was obtained from the current reference CMSSW
simulation software. Since the strip tracker is exactly the same as in Run 1, its material budget
was extensively verified with collected data, exploiting photo conversions and nuclear interac-
tions in the material, as reported in Ref. [66]. The Phase-1 pixel detector material description,
instead, is based on engineering drawings of the newly-built detector to the collaboration’s best
knowledge, but at the time of writing was not validated yet with physics data. The Phase-2 de-
tector material budget obtained with tkLayout has been validated by reproducing the Run 1

Phase-2 Tracker Geometry and Parameters

Outer Tracker
q 6 barrel layers
q 5 discs per side 
q 44 million strips
q 174 million macropixels

Inner Tracker
q 4 barrel layers, 
q 8 small disks, 4 large discs per side 
q Pixel size: 25 x 100 µm2

q 2 x 109 channels

8

Outer tracker

The Phase-2 Upgrade of the CMS Tracker
Requirements

q Radiation resistance
§ Max fluence up to O(1016) 

neq/cm2

q Increased granularity
§ ∼ 1200 tracks / unit of "

q Reduced material
§ Preserve calorimetric resolution

q Contribution to the L1 trigger
§ Outer Tracker:  pT modules ⟶ 

stubs compatible with
tracks pT > 2 GeV

q Extended acceptance:|"| < 4.0

7
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Figure 6.2: Material budget inside the tracking volume estimated in units of radiation lengths,
comparing the Phase-1 (left) and the Phase-2 (right) detectors. The material in front of the Inner
Tracker sensors is shown in brown, that inside the Inner Tracker tracking volume in yellow, that
between IT and OT sensors in green, and that inside the Outer Tracker tracking volume in blue.
The histograms are stacked.

discs at higher radii and z positions, with a variable density that takes into account the accu-
mulation of services along the structures, where appropriate. The mechanical structures are
included in the service volumes.

The impact of the detector’s material on tracking resolution and secondary interactions is best
evaluated by comparing the amount of material inside the tracking volume, defined as the mate-
rial crossed by a straight line between the origin and the farthest silicon sensor met by the line.
Figure 6.2 shows a comparison of the estimates of the material inside the tracking volume, in
units of radiation lengths, for the Phase-1 detector (as currently defined in the standard CMS
simulation and reconstruction software, CMSSW [65]) and the Phase-2 detector (as estimated
with tkLayout). A similar comparison in units of nuclear interaction lengths is provided in
Section 12.1.2. The material budget of the Phase-2 detector is slightly smaller than that of the
Phase-1 detector in the centre of the detector, i.e. at |h| ⇡ 1, and significantly smaller in the
region around |h| = 1.5. One reason for the large amount of material in the Phase-0 tracker in
that region is the routing of services at the interface between different sub-detectors, especially
around the Tracker Inner Disks (TID), a sub-detector consisting of three small discs per side
within the actual barrel region (visible in Fig. 2.1). The presence of this sub-detector forces the
routing of services to be such that tracks from the origin cross the same services multiple times.
The Phase-2 detector service routing is designed to avoid this feature, and the design of a tilted
section in the TBPS is highly beneficial in this respect.

The material budget of the Phase-1 detector was obtained from the current reference CMSSW
simulation software. Since the strip tracker is exactly the same as in Run 1, its material budget
was extensively verified with collected data, exploiting photo conversions and nuclear interac-
tions in the material, as reported in Ref. [66]. The Phase-1 pixel detector material description,
instead, is based on engineering drawings of the newly-built detector to the collaboration’s best
knowledge, but at the time of writing was not validated yet with physics data. The Phase-2 de-
tector material budget obtained with tkLayout has been validated by reproducing the Run 1

The Phase-2 Upgrade of the CMS Tracker
Requirements

q Radiation resistance
§ Max fluence up to O(1016) 

neq/cm2

q Increased granularity
§ ∼ 1200 tracks / unit of "

q Reduced material
§ Preserve calorimetric resolution

q Contribution to the L1 trigger
§ Outer Tracker:  pT modules ⟶ 

stubs compatible with
tracks pT > 2 GeV

q Extended acceptance:|"| < 4.0
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Figure 6.2: Material budget inside the tracking volume estimated in units of radiation lengths,
comparing the Phase-1 (left) and the Phase-2 (right) detectors. The material in front of the Inner
Tracker sensors is shown in brown, that inside the Inner Tracker tracking volume in yellow, that
between IT and OT sensors in green, and that inside the Outer Tracker tracking volume in blue.
The histograms are stacked.

discs at higher radii and z positions, with a variable density that takes into account the accu-
mulation of services along the structures, where appropriate. The mechanical structures are
included in the service volumes.

The impact of the detector’s material on tracking resolution and secondary interactions is best
evaluated by comparing the amount of material inside the tracking volume, defined as the mate-
rial crossed by a straight line between the origin and the farthest silicon sensor met by the line.
Figure 6.2 shows a comparison of the estimates of the material inside the tracking volume, in
units of radiation lengths, for the Phase-1 detector (as currently defined in the standard CMS
simulation and reconstruction software, CMSSW [65]) and the Phase-2 detector (as estimated
with tkLayout). A similar comparison in units of nuclear interaction lengths is provided in
Section 12.1.2. The material budget of the Phase-2 detector is slightly smaller than that of the
Phase-1 detector in the centre of the detector, i.e. at |h| ⇡ 1, and significantly smaller in the
region around |h| = 1.5. One reason for the large amount of material in the Phase-0 tracker in
that region is the routing of services at the interface between different sub-detectors, especially
around the Tracker Inner Disks (TID), a sub-detector consisting of three small discs per side
within the actual barrel region (visible in Fig. 2.1). The presence of this sub-detector forces the
routing of services to be such that tracks from the origin cross the same services multiple times.
The Phase-2 detector service routing is designed to avoid this feature, and the design of a tilted
section in the TBPS is highly beneficial in this respect.

The material budget of the Phase-1 detector was obtained from the current reference CMSSW
simulation software. Since the strip tracker is exactly the same as in Run 1, its material budget
was extensively verified with collected data, exploiting photo conversions and nuclear interac-
tions in the material, as reported in Ref. [66]. The Phase-1 pixel detector material description,
instead, is based on engineering drawings of the newly-built detector to the collaboration’s best
knowledge, but at the time of writing was not validated yet with physics data. The Phase-2 de-
tector material budget obtained with tkLayout has been validated by reproducing the Run 1

UK deliverables in particular on electronics and 
algorithms for track trigger, and ASICs à progressing 
(ASICs completed)!



CMS calorimeter and DAQ  
´ CMS calorimeter (ECAL) system fully upgraded 

´ Radiation tolerant, shower lateral compactness, fine granularity

´ Resolution 20 ps /channel and contribution to the L1 trigger

´ DAQ: 

´ 50k high-speed front-end optical links 

´ Up to 60 Tb/s data rate, total event size 7-10 MB   
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High-Granularity Calorimeter (HGCAL)
Requirements

q Radiation tolerance
q Dense calorimeter

§ Shower lateral compactness
q Fine lateral/longitudinal granularity
q Precision time measurement 

of the showers
§ Resolution: 20 ps /channel

q Contribution to the L1 trigger
Sections

q Electromagnetic calorimeter (CE-E)
§ Si, Cu & CuW & Pb absorbers, 
§ 26 layers, 27.7 χ0 and ∼1.5 λ

q Hadronic calorimeter (CE-H)
§ Si & Scintillator, stainless steel & Cu absorbers
§ 21 (7+14) layers, ∼8.5 λ

9

High-Granularity Calorimeter (HGCAL): design parameters
• Key Parameters:
• The HGCAL covers  1.5 < |η| < 3.0
• 215 ton/endcap, full system at -30C
• 620 m2 of Si sensors in 30k modules:  6M Si channels, 0.5 or 1 cm2 cell size
• 400 m2 of scintillator in 4k boards:  240k scintillator chan., 4-30 cm2 cell size

• Active Elements:
• Hexagonal modules based on Si sensors in CE-E and 

high-radiation regions of CE-H
• Scintillating tiles with SiPM readout in low-radiation regions of CE-H
• "Cassettes”: multiple modules mounted on cooling plates with 

electronics and absorbers

• Detector Configuration:
• Electromagnetic calorimeter (CE-E) : Si, Cu/CuW/Pb absorbers; 

28 layers, 25.5 Xo and 1.7 λ
• Hadronic calorimeter (CE-H) : Si & scintillator, steel  absorbers; 

22 layers and ~9.5 λ (including CE-E)

11
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Figure 2.14: Signal-to-noise ratio for a MIP, after an integrated luminosity of 3000 fb�1, shown
as a two-dimensional map in r and z. The region, at larger z and r, in which SiPMs mounted
on scintillator tiles can provide S/N(MIP) > 5 after 3000 fb�1 is outlined.

Scintillator
(cost effective)

Silicon

Phase-2 Data Acquisition System
Key parameters

q 50,000 high-speed front-end optical links 
q Up to 60 Tb/s data rate
q Total event size 7—10 MB

Highlights
q Unified detector readout

§ ATCA form-factor for detector backend
q Dual-function board DTH-400

§ DAQ data aggregation
§ Timing and Trigger Control and Distribution 

q Event Network
§ RDMA over Converged Ethernet

q Heterogeneous HLT nodes
§ GPU-equipped servers

19

UK deliverables in particular on electronics and 
algorithms for L1 trigger (calorimeter) à progressing!

Phase-2 Data Acquisition System
Key parameters

q 50,000 high-speed front-end optical links 
q Up to 60 Tb/s data rate
q Total event size 7—10 MB

Highlights
q Unified detector readout

§ ATCA form-factor for detector backend
q Dual-function board DTH-400

§ DAQ data aggregation
§ Timing and Trigger Control and Distribution 

q Event Network
§ RDMA over Converged Ethernet

q Heterogeneous HLT nodes
§ GPU-equipped servers

19
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Computing at HL-LHC   
´ The HL-LHC presents significant computing challenge 

´ A lot of work on-going to cope with that à manageable, 
exploiting rapidly changing technology landscape and with lot of 
efforts from people

´ In UK, coordinated efforts (i.e. within the SWIFT-HEP project) to 
address challenges from various perspective à efficient MC 
production, efficient analysis software etc.

´ Example: MC simulation improvement (for Run 3)
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Simulation news

● CERN courier article on simulation improvements

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/UP
GRADE/CERN-LHCC-2022-005/

Very similar for CMS!

CERN courier article 

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/UPGRADE/CERN-LHCC-2022-005/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/UPGRADE/CERN-LHCC-2022-005/
https://cerncourier.com/a/atlas-turbocharges-event-simulation/


Summary 
´ ATLAS and CMS are running efficiently in Run 3 and producing 

many results key to understand the SM and explore beyond:

´ a ‘science powerhouse’: they are, per-se, facilities rather than 
experiments, where new ideas are constantly explored à dynamic 
and innovative 

´ Many UK-lead contributions not mentioned here: Flavour physics, 
entanglement in top-pair production, HI physics and more 

´ Furthermore: ECR fora and initiatives (physics and upgrade); open 
collision data that allow diverse collaborations (use of AI, training of 
next generation of physicists and more..) 

´ Scientific outcomes can be ‘enriched’ with additional small 
experiments ‘using’ GPDs (see Josh’s talks) 

´ Physics prospects for HL-LHC offer incredible opportunities:
´ Higgs-self couplings, New physics models, precision physics 
´ Probably conservative, given constant improvements! 

´ The HL-LHC upgrade of both experiments is well on-going:

´ Challenges are also opportunities, understanding the complexity of 
new detectors and technologies is key for future facilities and can 
become a joined effort! 

´ Improvements in computing are relevant well beyond collider 
experiments à sustainability is key 
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CMS Status and Overview W. AdamLHCP@Boston: June 3, 2024

Publications

11

Keywords extracted from CMS  
abstracts since LHCP2023

1294 publications and  
submissions on  
collision data

Record publication rates 
in the last year 
• Still driven by innovative 

and challenging uses of the 
large data set of Run 2 

• But Run 3 sample will soon 
become competitive

Run 2 review papers 
• Completed submission of seven comprehensive review-style 

papers based on the full Run 2 data set 
• Topics cover searches for new phenomena, standard model 

measurements, and high-density QCD

CMS (source: LHCP plenary – Boston 2024)

ATLAS: 1286 papers with collision data
• 111 papers in 2023
• 59 papers in 2024
• 340 Run 2 papers

As the last European strategy and the P5 
report underline, HL-LHC remains (one of) 
the highest priority for our community! 



Back up 
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Physics programme: the energy frontier  
´ A large fraction of the UK HEP community works within ATLAS or CMS 

´ The physics programme is also huge à usually referred to as Energy frontier 
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Cover all the bases ‒ searches edition
● Reconstruction

tracks, unconventional tracks, vertexing, …
● Detector strengths & weaknesses

>10 years of combined expertise, upgrades

● (Under)exploited signatures
long-lived particles, dark XYZ, multiplicities, …

● New techniques
anomaly detection, machine learning, 
data-formats, computing

● Enriched data taking
data scouting/TLA, event picking

● The bigger picture
combinations, global interpretations

● Think forward
baseline for HL-LHC, future experiments

Calorimeters

Muon system

Inner detector
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Wide range of
experimental
signatures

Rich search
program
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Credit: Sara Alderweireldt (IoP 2024) 

Broadly Searching for New Physics 10

Table 5: Comparison between some 95% CL lower limits obtained by Run 2 analyses presented in the indicated
sections of this report and the limits obtained in similar analyses with the Run 1 dataset.

Model and final state Section Excluded Range
Run 1 Run 2

@
⇤ in a dĳet resonance 3.1 < < 4.06 TeV [326] < < 6.7 TeV

/
0
SSM in a dilepton resonance 4.1.1 < < 2.90 TeV [327] < < 5.1 TeV

Type-III seesaw heavy leptons 5.3 < < 335 GeV [328] < < 790 GeV
in ✓✓aa@@

VLQ ) (Singlet, 2✓ + 3✓) 6.2 < < 0.66 TeV [329] < < 1.27 TeV
Scalar !&D

3 (!&!& ! CaCa) 7 < < 640 GeV [330] < < 1240 GeV
LFV / ! 4` 8.1 B < 7.5 ⇥ 10�7 [331] B < 2.62 ⇥ 10�7

FRVZ W3 in � ! 2W3 + - 9.1 15 < 2g < 260 mm [332] 0.42 < 2g < 1001 mm
with B(� ! 2W3) = 10%
and <W3 = 0.4 GeV
� ! invisible combination 10.3 B < 0.252 [333] B < 0.113
Multi-charged particle 11 < < 660 GeV [334] < < 1060 GeV
with |I | = 2
ADD with = = 6 in jet+⇢miss

T 12.1 "⇡ < 3.06 TeV [335] "⇡ < 5.9 TeV

With Run 3 now well underway, this strategy will be pursued further. While the increase in centre-of-mass
energy from 13 to 13.6 TeV might seem modest compared to the 8 to 13 TeV jump from Run 1 to Run 2, it
translates to a production cross-section increase which is not negligible for high-mass states. This, coupled
with the increased global data sample, upgrades to the detector (notably trigger-related ones) and the
relentless performance and analysis improvement efforts, will further boost the sensitivity of the searches.
Run 3 will be followed by the HL-LHC phase, which will increase the data sample tenfold with a further
upgraded detector, allowing even more uncharted parameter space to be probed. The voyage of exploration
is far from over!
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´ Adding the (life)time dimension: long-lived particles, require 
specialized and dedicated reconstruction techniques

´ E.g.: Higgs decaying in long-lived scalars 
´ Leaving no stone unturned…


