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ATLAS

- ATLAS, CMS and FASER experiments in Run 3: 

- status and physics highlights 

- Towards the HL-LHC: 

- exploitation of the physics potential  

- Phase II upgrades  

with a detailed view of UK efforts and contributions 

CMS

FASER

2014 J. Phys.: Conf. Ser. 513 (2014) 022032

https://cds.cern.ch/record/1095924

https://arxiv.org/pdf/2207.11427

The UK has also a small participation in 

SND@LHC (UCL, Imperial) - see W. Barter’s talk

Outline

~ 6300 active members (2166 

scientific authors, 247 Institutes)

~ 5900 active members 

(2870 scientific authors, 183 Institutes) 

102 active members  

(27 Institutes) 



UK Institutions 
 14 universities + STFC Rutherford Lab

 11.7% of ATLAS active authors 

 261 Physicists and 108 engineer/tech/admin  

 142 current doctoral students  
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UCL

RHUL

Queen MaryRAL

Imperial

Brunel

Sussex

 4 universities

 ~6.3% of FASER authors 

 5(6) Physicists, 5 current doctoral students  

 3 universities + STFC Rutherford Lab

 3.6% of CMS active authors 

 82 Physicists and 38 engineer/tech/admin 

 21 current doctoral students 

+ around 6-7 “associated” institutes (mostly CMS)

Project Funding: mainly from STFC

Additional funding: EPSRC, UKRI, Royal Society, ERC, 

Marie Curie, Schmidt Family Foundation, Leverhulme Trust 



UK major commitments 
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Commissioning and Run 3: test beam 2021-22, scintillator veto system for trigger, ECAL, tracking 

spectrometer, new pre-shower in preparation for 2025 → no major upgrades foreseen for Run 4 

Operations and Physics performance: Run coordinators, Track reco, e/g reco/ID

Run 3 Operations and performance 
(include Phase I upgrade)

Run 4: Phase II upgrade 

Phase I: hardware, firmware and software upgrades 

for L1Calo and HLT&DAQ systems 

Operations: Inner Tracker (SCT), L1 trigger, , HLT & 

DAQ systems, data quality, alignment, forward detector  

Physics performance: luminosity, beam 

background, Monte Carlo generators, e/g, m, t reco/ID, 

flavour tagging and b/c calibration, global particle flow, 

machine learning  

ITk-Pixels

ITk-Strips

Calorimeter Trigger (eFEX & Global)

High Level Triggering & DAQ

Upgrade software

Phase I: L1 Trigger

Operations: Silicon Strip tracker, ECAL, Calorimeter 

trigger system 

Physics performance: e/g and t reconstruction and 

ID, statistics tools, machine learning 

ASICs for new tracking system  

Electronics and algorithms for trigger for: Tracker, 

ECAL, high granularity endcap calorimeter and L1 

trigger

 Computing: underpins all our research → Tier1 and Tier2 centers, core support, software development, 

also through coordinated projects relevant for HL-LHC and beyond (see D. Costanzo’s talk) 



Management and coordination roles 
 Major roles (management) 

 ATLAS:

Spokesperson: Dave Charlton (2013-2017, deputy 2009-2013)  

Physics Coordinator: Dan Tovey (2016-2017); Bill Murray (2014-2015); Dave Charlton (2008-2009) 

Collaboration Board Chair: UK provided 3 out of the 14 CB Chairs, latest: Max Klein (2017-2020)  

Project leaders for Inner Tracker, ITK, Trigger and Run coordinators 

 CMS: 

Spokesperson: Jim Virdee (2007-2009, deputy 1993-2006)  

Collaboration Board Deputy Chair: Claire Shepherd-Themistocleous (2014), Gavin Devies (2017-2019)

Project leaders for L1-Trigger, HLT, HGCAL, ECAL and Run coordinators 

 FASER: 

Physics Coordinator: Carl Gwilliam (2022-2024) 

 Impact on international physics and upgrade activities through coordination:  

 Since 01/2021: ATLAS counts 14 Level-1 coordinators, 15 Physics and Combined Performance group 
conveners (and >40 sub-group conveners) in diverse areas, ~55 Level-3 coordinators; CMS counts 2 Level-
1 coordinators and 4 operations and physics group coordinators around trigger and searches for new 
physics, plus >10 L3 coordinators. In FASER, the UK counts 1 Run Coordinator, 2 Physics Analysis leads  
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Engagement, ECR and PhD students

 This is a very dynamic community, engaged in developing new ideas at all levels 

 Shown also through awarded European Research Council Advanced grants, individual fellowships 

from UKRI (Future Leader), STFC (ERF) and Royal Society (URF)  

 Early Career Researches actively participate in operations and maintenance as well 

as in the physics programme: regular UK physics meetings, dedicated workshops etc.

 PhD students: a healthy profile overall

 Number of PhD students enrolled in ATLAS-UK each year since 2005 → considering length of 

PhD of 3.5 yr, this corresponds to ~ 650 students awarded PhD in the past decade 
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 More than 110 PhD students enrolled 

in CMS in the past decade 

 6 PhD enrolled in FASER students 

since 2020 (1 graduated, 1 finishing) 

N PhD/year - ATLAS

Supported also through partnerships (e.g. RAL, 

DESY, industry) and STFC-CDT programmes



LHCp - Boston 2024

ATL-PHYS-PUB-2022-027

42

New ideas and cutting-edge technologies
 Amazing results achieved thanks to deployment of new ideas of UK members, e.g.:  
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Flavour tagging: b and c jets

LHCp - Boston 2024

ATL-PHYS-PUB-2022-027

42

ATL-PHYS-PUB-2022-027

• Novel Graph Neural Network 

approaches → optimised all the 

discriminating information for b-/c-

jets

• Auxiliary tasks: tracks classification 

and vertex association

Significantly improved b-tag/c-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 potent ial
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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 st reams
Examples of improved performance

CMS-EXO-23-007 
arXiv:2403.16134 

CMS-DP-2023/089 CMS-DP-2023/076 

Data Scouting/Trigger Level Analysis

• Enhance sensitivity by pushing thresholds –

huge UK involvement  

• Respect bandwidth limits by only storing 

reduced event content

• Analysis performed with trigger-level objects

Bristol, Imperial, RAL Liverpool, Oxford, UCL, Warwick

arXiv:2403.16134

https://cms.cern/news/same-lhc-same-cms-more-physics
http://arxiv.org/abs/2403.16134


CMS Run 3 event with 55 vertices

Physics highlights

FASER neutrinos



Physics strengths and highlights: ATLAS
 ATLAS-UK contributes to all areas of the physics programme, from SM precision 

measurements to Higgs studies and searches for new physics:

 Within the period 01/2021-12/2023, out of the 255 papers released by ATLAS, 50% had UK members 

contributing, and 25% had UK leadership (source: glance).

 Strong support to tasks crucial for optimising and measuring physics object performance and dedicated 

involvement in computing and software  
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SM precision measurements
    W Boson Mass and Width

18

 

arXiv:2403.15085, Bachiu
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W boson mass, and first width 

measurement at the LHC

Birmingham, Liverpool

Multi-boson measurements

2403.15085

Same-sign WWjj in VBF
JHEP 04 (2024) 026

Evidence of longitudinally

polarised vector bosons (ZZ to 4l)

JHEP 12 (2023) 107

Manchester Warwick

https://arxiv.org/abs/2403.15085
https://link.springer.com/article/10.1007/JHEP04(2024)026
https://link.springer.com/article/10.1007/JHEP12(2023)107


Highlights: ATLAS B and Top physics

 B physics: UK-led flagship analyses such as 

Bs
0 → μ+μ− effective lifetime and measurements 

of the production cross-sections of J/ψ and ψ(2S) 

mesons (widest momenta range to date). 

 Top physics: 

 Run 3 top-pair cross section and ratio 

with Z production cross section
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Birmingham, Edinburgh, Lancaster, QMUL, Sussex  

Lancaster, RAL 

Eur. Phys. J. C 

84 (2024) 169

J/ψ ψ(2S) 

Sussex

JHEP 09 (2023) 199

Strong involvement in top physics from the UK (UK 

sub-group and group conveners for long time)
Birmingham, Edinburgh, Lancaster, 

QMUL, Manchester, RHUL, Sussex

Phys. Lett. B 848 (2024) 138376

https://link.springer.com/article/10.1140/epjc/s10052-024-12439-9
https://link.springer.com/article/10.1007/JHEP09(2023)199
https://www.sciencedirect.com/science/article/pii/S0370269323007104


Highlights: ATLAS B and Top physics

 B physics: UK-led flagship analyses such as 

Bs
0 → μ+μ− effective lifetime and measurements 

of the production cross-sections of J/ψ and ψ(2S) 

mesons (widest momenta range to date). 

 Top physics:

 Observation of 4-top process 

 Observation of quantum entanglement 

in top-quark pairs
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Birmingham, Glasgow, Manchester

Lancaster, RAL 

Eur. Phys. J. C 

84 (2024) 169

J/ψ ψ(2S) 

Sussex

JHEP 09 (2023) 199

arXiv:2311.07288

Eur. Phys. J. C 83 (2023) 496

Manchester

4-top Entanglement in tt

https://link.springer.com/article/10.1140/epjc/s10052-024-12439-9
https://link.springer.com/article/10.1007/JHEP09(2023)199
https://arxiv.org/abs/2311.07288
https://link.springer.com/article/10.1140/epjc/s10052-023-11573-0


Physics highlights: Higgs physics 
 Simultaneous measurement of WH/ZH with Higgs to cc/bb 

→ legacy of Run 2 results exploiting new tagging techniques:

 H→bb improved by 15%, H→cc by a factor of 3.

 Cross section measurements in bins of pT boson 

 UK leadership also in ttH; H → tt, rare H decays 

 EWSB and Higgs-self coupling: a flagship analysis, with 

strong commitment from UK institutes in Run 2 and now in 

Run 3 → Focus mostly on Run-3 bb and tt decays (4b, bbtt)
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Birmingham, Glasgow, Liverpool, 

QMUL, Oxford, Sheffield, UCL 
ATLAS-CONF-2024-010

    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

σ

μHH < 2.9

27

ATLAS DRAFT

(a) ^_ (b) ^2+

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.

(a) ^_ expected

Best-fit 68% 95%

Combined 1.00 [-0.50, 5.69] [-1.64, 7.16]

11̄11̄ 1.00 [-2.90, 8.91] [-5.29, 11.3]

11̄g+g− 1.00 [-1.02, 7.62] [-2.52, 9.22]

11̄WW 1.00 [-1.21, 6.09] [-2.85, 7.81]

11̄✓✓ + ⇢miss
T

1.00 [-6.84, 12.9] [-10.4, 17.1]

multi-lepton 1.00 [-2.38, 7.46] [-4.45, 9.57]

(b) ^_ observed

Best-fit ?-value (SM) Z [f ] (SM) 68% 95%

Combined 3.81 53.2% 0.6248 [0.217, 5.89] [-1.20, 7.16]

11̄11̄ 5.81 35.0% 0.934 [0.631, 8.82] [-3.32, 11.0]

11̄g+g− 0.03 66.7% 0.430 [-1.71, 3.30] [-3.15, 9.02]

11̄WW 3.03 42.3% 0.802 [0.538, 5.24] [-1.44, 6.92]

11̄✓✓ + ⇢miss
T

3.29 70.8% 0.374 [-2.36, 9.00] [-6.31, 13.3]

multi-lepton 7.74 29.3% 1.053 [-4.43, 0.633],[4.35, 9.86] [-6.24, 11.63]
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Birmingham, Cambridge, 

Liverpool, Oxford, RHUL, UCL

https://cds.cern.ch/record/2905263


Highlights: ATLAS Searches for new physics 
 Vast programme of BSM searches for supersymmetry, leptoquarks, exotic Higgs boson decays, long-lived 

particles (LLP) and other unconventional signatures (‘dark jets’ or ‘lepton-jets’) predicted in dark-sectors. 

 SUSY: 
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Higgs decaying 

through dark 

photons

→use lepton-jets

 Since Run-1, several UK-led 

searches for top and bottom 

squarks, charginos and 

neutralinos, and sleptons

Cambridge, Edinburgh, Liverpool, 

Oxford, QMUL, Sheffield, Sussex 

 Dark-matter and hidden sectors → LLP

Edinburgh, Liverpool 

millimeter-displaced slepton

Lancaster

Phys. Lett. B 846 

(2023) 138172

Manchester, QMUL JHEP 02 (2024) 128

Dark jets

Eur. Phys. J. C 84 (2024) 719

https://www.sciencedirect.com/science/article/pii/S0370269323005063
https://link.springer.com/article/10.1007/JHEP02(2024)128
https://link.springer.com/article/10.1140/epjc/s10052-024-12902-7?utm_source=rct_congratemailt&utm_medium=email&utm_campaign=oa_20240722&utm_content=10.1140/epjc/s10052-024-12902-7


Physics strengths and highlights: CMS 
 UK-CMS is strongly engaged in top physics (Brunel, Bristol, RAL), Higgs physics (Imperial), 

and searches for new physics (Bristol, Imperial, RAL) including SUSY, dark matter, extended 

Higgs-sectors, long-lived particles and new resonances

 Thanks also to huge advancement in techniques and close collaboration with UK phenomenologists 

13/09/2024Energy Frontier: ATLAS and CMS (+FASER) and their upgrade14 13/09/2024

Bristol, Brunel

PLB.2023.138076

Top physics: long-standing contributions on top-pair 

and single-top cross sections, top MC modelling etc.  

 Recent highlight – 4-top process 

 UK-led first evidence of this important process (later 

superseded by observation)

observed s

17±4(stat)± 3(syst) fb

Higgs physics: strongly engaged in H→gg, tt, e+e-, 

the UK has also led every single-Higgs combination 

effort since Higgs discovery 

Imperial

Nature 607, pages60–68 (2022)

(featuring with ATLAS)

https://doi.org/10.1016/j.physletb.2023.138076
https://www.nature.com/articles/s41586-022-04892-x


Physics strengths and highlights: CMS 
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arXiv:2405.13778

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

13/09/2024

Bristol, 

Imperial

 Among searches for new physics, the UK led recent report on dark sectors → huge effort to map 

over 40 results and produce new interpretations 

Imperial

 Other searches include e.g. Heavy neutrinos (HNL)

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

Search for long-lived heavy neut rinos

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 classificat ion based on a parametric NN 

for optimal select ion of different HNL masses 

• Expected signal yield from effect ive 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

→ based on a special “parked 

data” stream collected in 2018

Imperial 

JHEP 03 (2024) 105

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

Search for long-lived heavy neut rinos

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

N long-lived, constraints depending 

on couplings and mass

http://arxiv.org/abs/2405.13778
http://dx.doi.org/10.1007/JHEP03(2024)105


Physics highlights: FASER 
 Built in 2021, in operation since 2022 Run 3 start, FASER targets new light, weakly interactive particles 

and high-energy neutrinos produced at the ATLAS collision point 
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 Search for dark photon (A’) in e+e-

ne nm nt 480 m

p, K, D, B → LLP(A’, ALPs…)

• high-rate: forward-peaked meson production

• LHC magnets and 100 m of rock shielding

First constraint in 

DM thermal relic 

region @ low 

coupling for 30 yrs!

Phys. Lett. B 848 (2024) 138378

Liverpool, 

Manchester, 

Sussex

Built with left-over, e.g. ATLAS 

SCT modules for tracker 

Strong UK contributions 

• STFC-funding PhDs

• UK institutes also on ATLAS 

 Search for axion-like 
particles (ALPs) in gg

CERN-FASER-CONF-2024-001Liverpool

Access very challenging region

 First direct observation of n and ne and

nm interaction measurements 

Liverpool, Manchester,

RHUL, Sussex

PRL 131 (2023) 3, 031801

PRL. 133, 021802 (2024)

4ne  and 8nm candidates observed in TeV range

https://doi.org/10.1016/j.physletb.2023.138378
https://cds.cern.ch/record/2892328/files/CERN-FASER-CONF-2024-001.pdf
https://arxiv.org/abs/2303.14185
https://arxiv.org/abs/2403.12520


The Phase II upgrades



Pushing towards the energy frontier: HL-LHC 
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 HL-LHC prospect studies, done also to understand the impact of the detectors' performance →

strong engagement of UK-ATLAS and UK-CMS for the Yellow Book reports (2017-19)

 From SM precision measurements to di-Higgs and new physics searches, huge potential  

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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Figure 48: Projected 95% CL exclusion for 3000 fb−1 (red) for (a) mass-degenerate higgsino-like e±
1 e0

2 , e±
1 e0

3 ,

e±
1 e⌥1 , and e0

2e0
3 production, and wino-like e±

1 e⌥1 and e±
1 e0

2 production assuming (b) B (e
0
2 ! Ze0

1) = 1 or (c)

B (e
0
2 ! He0

1 ) = 1 as functions of theNLSP 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 squarksin final stateswith two top quarksand several light-flavor jetswith

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, j̃ 0
1 is the

LSP, and it decays into three light-flavor quarks via an off-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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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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Figure 48: Projected 95% CL exclusion for 3000 fb−1 (red) for (a) mass-degenerate higgsino-like e±
1 e0

2 , e±
1 e0

3 ,

e±
1 e⌥1 , and e0

2e0
3 production, and wino-like e±

1 e⌥1 and e±
1 e0

2 production assuming (b) B (e
0
2 ! Ze0

1 ) = 1 or (c)

B (e0
2 ! He0

1 ) = 1 as functions of the NLSP and LSP masses. Projections are compared to results from theLHC

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 squarksin final stateswith two top quarksand several light-flavor jetswith

CMS at theHL-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, j̃ 0
1 is the

LSP, and it decays into three light-flavor quarks via an off-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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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 ! t t channel. From Ref. [2].

self-coupling l , ATLAS and CMS project a sensitivity to the HH signal of approximately 3s.d. per experiment, leading to

acombined observation sensitivity of 4s.d. These analyses, which makeuse also of the HH mass spectrum shape, result in

the likelihood profile asa function of k l 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 k l

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 6ab− 1 (ATLAS and CMS combined) is essential to achieve this objective.

Higgsstudiesat HL-LHC will enhancethesensitivity to BSM physics, exploiting indirect probesviaprecision 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 ! t t is presented

in black-dashed and compared to thepresent limit (in red and green for ATLAS and CMS, respectively). The HL-LHC will

haveaccess to new Higgs bosons asheavy as 2.5 TeV for tanb > 50. In thefigure, we also present theexpected 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 physicsassociated to mass scales beyond the LHC

direct reach. The EFT framework, where the SM Lagrangian is supplemented with dimension-6 operatorsÂi ciO
(6)
i / L 2, allows

oneto systematically parametrise BSM effectsand how they modify SM processes. Figure2 (right) showstheresults of aglobal

fit to observables in Higgs physics, as well asdiboson 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, thebest LHC probes are, for example, precision measurements of Higgs branching ratios. In the

caseof the operator OH , for example, the constraints in Fig. 2 (right) translate into asensitivity 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

Themeasurement of production of pairs or triplets of EW gaugeboson will beof great importance to test themechanism 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 weexpect a fuller picture to beaccessible at HL-LHC, by statistics, but also

through improved detector instrumentation and acceptance in theforward direction. Table1 summarizes theexpected 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 > 3s.d. evidence for WLWL production, combining ATLAS

and CMS results.

3

Contribution of many UK 

institutes…

EWKS and Higgs-self 

coupling evidence

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


The Phase II upgrades timeline 

 LS3 (2025-2029) – could shift 

by 6-9 months 

 Run 4 and beyond (HL-LHC): 

~10 years programme with an 

LS4 shutdown in 2033+

 Inst lumi: 5-7.5 x 1034 cm-2 s-1

 3 ab-1 / exp. of integrated lumi

@ 𝒔 =14 TeV expected 

13/09/2024Energy Frontier: ATLAS and CMS (+FASER) and their upgrade19

• High instantaneous lumi (pileup) → improve granularity and timing 

information

• High integrated lumi = high radiation environment → replacement of 

tracker and endcap calorimeter

• Huge amount of data (computing, storage) → new trigger & DAQ 

systems

HL-LHC

lhc-commissioning.web.cern.ch

Challenges and solutions



GPDs upgrade programs at glance 

 Funding: mainly STFC, capital contribution to upgrade in line with fair share. Current (being extended):

13/09/2024Energy Frontier: ATLAS and CMS (+FASER) and their upgrade20

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

 ATLAS: £128M for 12 years (2014-2026)  CMS: £13.6M for 6 years (2019-2025)  



8th April 2024   -   IOP Joint Conference   -   BSM Physics at  the LHC and HL-LHC upgradesDr. Sara Alderweireldt (Edinburgh) 27

Long-l ived part icles - 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

ATLAS upgrade: Inner Tracking Detector (ITk)

 One of the main UK deliverables for ATLAS
 Complete replacement of the current inner detector 

 Larger angular coverage (h: 2.5 → 4)

 High radiation tolerance (up to 1 x 1016 neq/cm2)

 Reduced material budget

 Very large total surface for Pixel and Strip sensors

13/09/2024Energy Frontier: ATLAS and CMS (+FASER) and their upgrade21

/1 6In n e r  T r a c k e r  ( IT k )

• Gen e r a l f e a tu r es

• Com p lete rep lacem ent o f  the current Inner 

Detector w ith  new silicon  Pixel &  Strip  sensors

• 1 3  m 2 of  silicon  in  Pixels, 1 6 8  m 2 in  Strip s.

• Note: Current ID 2 .7 m 2 p ixel, 8 .2 m 2 strip

• Larg er ang u lar coverag e up  to  h =4 , at least 9  

silicon  layers on  ind ivid ual tracjectories

• H ig her Rad iation  to lerant req u irem ent

up  to  1  x 1 0 16 n eq/cm 2

• Reduced  m ateria ls
M ateria l com parison b etween current ID and  ITk

3

(Run3  d etecto r p ap er p lo ts) 

ATL-PHYS-PUB-2 0 2 1 -0 2 4

• UK is responsible to build 40% of the strip 

modules and 50% of the strip local supports 

(cores) + strip service modules 

• UK deliverables in pixel include assemble and 

test 20% of ATLAS Pixel modules and build 

one endcap

• UK providing a lot of the leadership in the ITk



Inner Tracking Detector (ITk): status 
 Schedule remains challenging, but lot of good progress has been made

 ITK strips:

 huge work to understand and solve module cracking problems in collaboration with US and other institutes

UK Institutes ready for production – now on track to start bulk production before the end of 2024

 ITK pixels: 

Assembly site, construction processes and quality insurance tests in place at all sites  - PRR November  

 Joint task force ATLAS-CMS expert for ASICs to study challenges in hybridization process and ASICs  

 Preparation in SR1 in full progress with deliverables from UK getting to CERN…

13/09/2024Energy Frontier: ATLAS and CMS (+FASER) and their upgrade22

“Interposer” solution, module design modified  

14 interposed modules on stave under Cold tests in UK (-70oC)

Birmingham, Cambridge, Glasgow, Lancaster, Liverpool, 

Oxford, QMUL, RAL PP, RAL TD, Sheffield, UCL, Warwick 

Edinburgh, Glasgow, Lancaster, Liverpool, Manchester, Oxford, QMUL, 

RAL PP, RAL TD, Sheffield, UCL, Warwick

Interposers fabricated in the UK



Preparation for I&C in SR1 

13/09/2024Energy Frontier: ATLAS and CMS (+FASER) and their upgrade23

Left Cylinders made in US

dressed in UK, sent to CERN

Above stave loading into 

cylinders in the UK

Sent to CERN end of 2024

Loading starts in Q1-2025

UK provide service modules



ATLAS upgrade: Trigger and DAQ

 Another major 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 

13/09/2024Energy Frontier: ATLAS and CMS (+FASER) and their upgrade24

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 
Birmingham, RHUL, UCL, RAL, 

QMUL
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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 
Birmingham, RHUL, UCL, RAL, 

QMUL
Overall: ALTAS-Phase II upgrade work is also relevant for 

training of qualified personnel: 55 PhD students have graduated in the 

past 5 years with activities on upgrade, apprenticeship programs for 

technical staff, research and development spin-off..

Industry engagement: collaborations with national and international 

partners, including Micron Superconductor, ZOT, Graphic, INTEL … 



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

CMS upgrade UK contributions
 The CMS detector upgrade for HL-LHC comprises a totally new tracking system with hardware trigger 

capability and a new High-granularity calorimetry (HGCAL)

 Main UK-deliverable: common electronics platform contributing to tracker, barrel electromagnetic 

calorimeter, and endcap calorimeter(s), and to L1 trigger 
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Based on 8 years of R&D activities

Successfully UK-delivered “building-blocks”

• MP7 processor board (Phase I)

• New time-multiplexed trigger Architecture 

• FPGA-based track finding

JINST 12 P12019 Bristol,Brunel, 

Imperial, RAL

Outer tracker

pT-modules on OT

shown to work in 2017!

Since then .. 

https://iopscience.iop.org/article/10.1088/1748-0221/12/12/P12019


CMS upgrade UK contributions: ASICs and board 
 ASICs successfully delivered by UK

 QA of all wafers completed

 Common technology: off-detector electronics board 
 Founded Serenity Collaboration (UK-led) 

 Serenity board can be used in different capacities across many sub-detectors

 Produced 27 prototypes with partners, currently in pre-production  

 Used in test-beam for tracker and HGCAL 

 Being integrated with detector components
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Large UK involvement including students

production yields meet 

expectation  



CMS upgrade UK contributions: work ahead

 Complete delivery of common off-detector electronic board Serenity 

 For Tracker:

 Install back-end system, complete development and validation for the 

Trigger Primitive Generator systems

 Complete development and validation of the online software needed to 

coordinate, commission and operate the systems

 Testing and commissionning before/after installation

 For ECAL 

 Algorithm firmware → key UK-deliverables to reject APD spikes at L1

 Installation of new readout electronics and associated service (2026-27) 

 Installation and commissioning of optical fibre router to transmit crystal data 

between off-detector boards

 For HGCAL 

 Install the Trigger Primitive Generator system in final location

 Test and commission the full system thoroughly

 For L1 Trigger

 Fully test, install and commission the 36 Serenity boards for the Global 
Track Trigger and Correlator L1T subsystems

 Operate and commission system and algorithms ready for beam
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FASER @ HL-LHC 

 FASER has been recently approved to run in Run 4 as is. Great additional physics potential in studies 

of hidden sectors and measurements of high-energy neutrino. No major upgrades foreseen BUT: 

 New pre-shower system would have been operational since 2025 by then 

 FASERn emulsion detector not as efficient – discussions about replacements/alternatives in progress
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• Resolve diphoton events 

• Improve sensitivity for searches of LLP→gg

Liverpool supporting Geneva (Lead)

Current 

emulsion 

detector 

Several ideas from UK groups, in particular the 

possibility of a silicon/tungsten emulsion detector 

using uninstalled SCT modules (being studied by Manchester) 

A different scenario if the Forward Physics Facility 

(FPF) will be supported → FASER-2 (see back-up)

Liverpool, Manchester, Oxford, RAL, RHUL, Sussex



Phase-II Computing 
 The HL-LHC presents significant computing challenge 

 A lot of work on-going to address this → manageable, exploiting 

rapidly changing technology landscape (see Davide’s talk)

 In UK, coordinated efforts (i.e. within the SWIFT-HEP project) to 

address challenges from various perspectives → efficient MC 

production, efficient analysis software etc.
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/UP

GRADE/CERN-LHCC-2022-005/

CERN courier article 

But also: extensive use of GPUs needed for 

development and deployment of new AI-based 

approaches for trigger and analysis

• e.g.: CMS: improved computing capabilities 

of the HLT system exploiting GPUs →

crucial for UK-led data scouting approach 

E.g.: MC 

simulation 

improvement 

(for Run 3)

Computing (infrastructure/software) is essential to exploit future experiments and UK play a key 

role within the international LHC community

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


Summary & Outlook 
• UK community contributes crucially to ATLAS, CMS and FASER, in operations and 

maintenance, and producing many results key to understand the SM and explore beyond 

• The UK is a very dynamic community, with ECR fora and initiatives, exploitation of cutting-
edge techniques

• [not discussed here] Scientific outcomes can be ‘enriched’ with additional small 
experiments ‘using’ GPDs, with UK-initiatives such as ANUBIS 

• Physics prospects for HL-LHC offer incredible opportunities:

• Upgrades of the ATLAS and CMS detectors progressing, UK-deliverables substantial but well 
on-track; strong engagement of UK institutes also on FASER @ HL-LHC 

• Computing is a challenge which the UK is targeting through collaborative efforts 

Huge thanks to (alphabetic order) Joel Goldstein, Steve McMahon, Claire 

Shepherd-Themistocleous, Alex Tapper, Pedro Teixeira-Dias, Sarah Williams 



Back up 
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Physics strengths and highlights: CMS dark sectors
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Imperial



Physics highlights: FASER searches 
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 Search for Dark Photon (A’) in e+e-

First constraint in thermal relic region @ low coupling for 30 yrs!

Phys. Lett. B 848 (2024) 138378

Liverpool, Manchester, Sussex

Liverpool

CERN-FASER-CONF-2024-001

 Search for axion-like particles (ALPs) in gg

https://doi.org/10.1016/j.physletb.2023.138378
https://cds.cern.ch/record/2892328/files/CERN-FASER-CONF-2024-001.pdf


Physics highlights: FASER (2)
 First direct observation of neutrinos and measurement of ne and nm interactions 
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Observed: 153+12-13 nm interactions 

Interactions in emulsion detectors (FASERn)
PRL 131 (2023) 3, 031801

4ne  and 8nm candidates observed, also in TeV range

PRL. 133, 

021802 (2024)

Liverpool, 

Manchester,

RHUL, Sussex

First cross section 

measurements in the 

TeV range

https://arxiv.org/abs/2303.14185
https://arxiv.org/abs/2403.12520


50               75                100              125 

Time [ns]

 ECAL Barrel upgrade for Phase 2

 New on-detector and off-detector electronics

 shorter pulse shaping and faster sampling

 improved pileup suppression and precise timing 
measurements, targeting 𝛔t ~ 30ps for H→𝛾𝛾
photons

 much improved rejection of APD spikes

 finer granularity information available at L1

 allows for improved algorithms in more powerful 
FPGA boards

 UK contributions

 Algorithm firmware to reject APD spikes at L1

 using improved pulse shape discrimination

 Optical fibre router to transmit crystal data between 
off-detector boards

 to allow for the computation of more advanced shower-
shape/cluster variables at L1 

APD spike Signal

APD spike and EM signal 

pulse shapes

Spike rejection via pulse shape 

discrimination

CMS ECAL upgrade 

13/09/2024Energy Frontier: ATLAS and CMS (+FASER) and their upgrade36



FASER @ HL-LHC: a totally different scenario  

 FASER has been recently approved to run in Run 4 as is. Nonetheless: 

 In the assumption that a totally new facility, the Forward Physics Facility, is supported and goes 

ahead, a totally new, different scenario of opportunities arise 
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FASER-2 as part of a suite of experiments host at the FPF

Feasibility and potential detector layout studies carried out by 

UK-FASER institutes, Oxford, RAL. 

FASER-2


