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CMS Is Many Experiments at Once
✤ CMS is a "general-purpose detector", i.e. many experiments at once: 

✤ At the energy frontier: wide BSM search program in the TeV range 
✤ At the intensity frontier: Higgs and EW precision program 
✤ Flavor experiment: top physics + dedicated data streams for b, c, and τ 
✤ Heavy ion experiment: PbPb and pPb LHC runs 
✤ Forward physics experiment with proton tagging capabilities (PPS) 
✤ Photon collider experiment (ultra-peripheral heavy ion processes) 

✤ In addition, CMS is a driver for new technologies and methods, e.g.: 
✤ Advanced realtime analysis with FPGAs, 

including unbiased anomaly detection 
✤ Fast and accurate reconstruction on GPUs 
✤ Automation towards self-calibrating detector 
✤ Early adopter of machine learning techniques 

throughout the analysis chain
Finnish contributions 

highlighted with  
orange HIP logo
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CMS Detector

✤ Interplay of all well-calibrated subdetectors is critical to reconstruct particles with Particle Flow algorithm
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HIP CMS Experiment Project
✤ Project for Finnish CMS work (not related to detector upgrades) 
✤ Thanks to the recent ERC and RCF grants, the HIP CMS 

Project is now bigger than ever 
✤ LUT extending its contribution to the CMS Experiment project 

➝ Even more people joining soon!

CMS Experiment, SAB meeting, August 26, 2024 Mikko Voutilainen, UH and HIP

Highlights: New recruits

/15

5 new people joining in January 2024, plus several new 
students joining end of last year

Our JEC effort needs good teamwork to keep it 
running fluently and with high precision

Team event in UH’s Kilpisjärvi Station was successful in 
forming a team and going through the basics together

Welcome Nestor, Ravindra, Santeri, Emilia, Bettina, Fikri and Nico!

CMS Experiment, SAB meeting, August 26, 2024 Mikko Voutilainen, UH and HIP

CMS experiment project

2 /15

Personnel (18+6): 5+2 staff,  6 emerita/
adjoint, 2 post-doc, 5 PhD,  6 MSc

HIP+RCF+ERC project kickoff in Kilpisjärvi  →
Highlights:

Run 3, new recruits, Midsummer School in QCD 

Detector operations:
Triggers (L1T+HLT)
Prompt Calibration Loop (PCL)
Jet Energy Corrections (JEC)

Physics analyses:
Higgs (Searches)

H++ (→ττ), H+ (→τν), boosted H0 (→bb)
Vector bosons (EW symmetry breaking) 

Vector boson scattering (all hadronic channel)
Jets (Precision measurements)

Jet measurements, top quark mass

New technologies:
Machine learning (ML)
Scouting (trigger-level analysis)
Quantum computing (QC)

Tapio

Nestor

Bettina

Emilia

Mikael

Ravindra
Alexi

Sami

Fikri

Jere

Patin

Mikko

Henning

Santeri

Ops

Phys

Tech
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CMS Run-3 Data-taking

✤ Record-high amount of pp collision data collected in 2024, 
at record-high pileup 
✤ Run-3 dataset now exceeds Run-2 

✤ Also this year's HI run was productive: 1.9 nb-1 collected
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New CMS control room
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Revised LHC Schedule
✤ In total, CMS has now recorded 360 fb-1 of data since 2010 – this is only ~10% of the total planned LHC data yield 

✤ While we are halfway through the LHC journey in time, we are still in the beginning in terms of data! 

✤ This September, the CERN Council decided to revise the LHC schedule: 
✤ Long Shutdown 3 now scheduled to start in July 2026 (+7.5 months) 
✤ In addition, it is extended by +4 months 
✤ Total effect: HL-LHC operation expected  

to start in June 2030 i.e. one year later  
than previously planned 

✤ Main reason: delays in ATLAS and CMS  
upgrades, partially due to COVID and  
the invasion of Ukraine 

✤ In 2025, the LHC operation will start in  
April, pp physics production in mid-May 
✤ Another O(100fb-1) of pp data expected 
✤ First O-O & p-O runs scheduled in July, 

and a neon run is under discussion 
✤ Heavy ion run planned in November



CMS in 2024

7
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CMS Hardware Trigger
✤ CMS Level-1 Trigger (L1T) processes collision 

events at full 40 MHz rate 
✤ Each event analyzed in <4 us in using custom 

electronics 
✤ Smooth operation in 2024, with output trigger 

rate of 100-115 kHz (design value 100 kHz) 
✤ Zero Degree Calorimeter was integrated in 

L1T in late 2023 for more efficient triggering of 
ultraperipheral HI colision events 

✤ New algorithms for low-pT muons (B physics) 
and displaced muons (long-lived particles) 
introduced in 2024 

✤ New analysis paradigm: L1T scouting 
✤ Store the trigger-level objects at 40 MHz and 

use them directly for physics analysis 
✤ Allows to perform analysis without any 

preselection of collision events

https://a3d3.ai/ 

Introduction to L1 Scouting
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Overview of the role of the CMS Level-1 scouting system. Collision events first pass the hardware reconstruction of the Level-1 
trigger. Traditional data streams rely on a decision of the Level-1 trigger to accept only a fraction of the events for further 
processing and selection by the High Level Trigger, followed by an offline analysis of the selected events. Level-1 scouting 
introduces an alternative path, by analyzing events only based on the Level-1 trigger reconstruction without a preselection. 
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CMS Trigger-level Anomaly Detection
✤ What if we are not observing new physics because we don't know how it looks, and therefore how to trigger it? 

➝ Solution: train anomaly detection algorithm using common SM physics and trigger any events that look unusual 
✤ In 2024, CMS deployed two new ultrafast autoencoder-based 

 anomaly detection algorithms in the Level-1 Trigger 
✤ AXOL1TL (Event-level anomaly detection with variational  

autoencoder in the L1 Global Trigger): based on properties  
and correlations of reconstructed trigger-level objects 

✤ CICADA (Calorimeter Image Convolutional Anomaly Detection  
Algorithm): based on patterns in low-level calorimeter information 

Teacher Reconstruction Example - Background

Figure 1: Reconstruction of a ZB event by the teacher model. From left to right: randomly
chosen input event, resulting reconstructed output, and region-wise absolute error between the
two. The mean squared error across all regions is MSE = 2.57 in this case.

6 / 20

2024 Data CICADA Event Display

Figure 10: A proton-proton collision event recorded by CICADA on October 10th, 2024 during
the CMS data-taking era 2024I. This displays an event, where CICADA was the only L1T
algorithm that has fired. Run number 386795, lumi section 86, event number 95764485.

17 / 20
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CMS Data Streams
✤ In the second step, CMS software trigger, High 

Level Trigger (HLT), reconstructs the events 
selected by L1T 
✤ Capacity increased by 20% in 2024 
✤ GPU-accelerated reconstruction in O(100 ms) 

per event 
✤ Increasingly ML-based object identification 

✤ Record-high rates of events stored in 2024: 
✤ ~2 kHz for prompt reconstruction 

(twice the design value) 
✤ ~5 kHz for opportunistic 

reconstruction ("parking") 
✤ ~27 kHz for HLT Scouting  

i.e. analysis with HLT- 
reconstructed events and objects 

Introduction to L1 Scouting

2
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Overview of the role of the CMS Level-1 scouting system. Collision events first pass the hardware reconstruction of the Level-1 
trigger. Traditional data streams rely on a decision of the Level-1 trigger to accept only a fraction of the events for further 
processing and selection by the High Level Trigger, followed by an offline analysis of the selected events. Level-1 scouting 
introduces an alternative path, by analyzing events only based on the Level-1 trigger reconstruction without a preselection. 

CMS Experiment, SAB meeting, August 26, 2024 Mikko Voutilainen, UH and HIP

Scouting

13/15

https://a3d3.ai/ 

Scouting is trigger-level analysis with objects reconstructed at High-Level Trigger
readout is limited by total data rate, so 1/100 event size allows x100 event rate
applications at HIP: boosted Higgs to bb, high-|η| calibration with low pT dijets

ML at HLT able to recover trigger efficiency, future goal to repeat this at Level-1 trigger
challenge: huge throughput, very low latency, limited logic resources

High performance requires stable detector and good simulation+calibration (PCL, JEC)

arXiv:2403.16134 
(P. Inkaew, HIP)

Scouting review: 

arXiv:2403.16134

Tech
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Jing Wang (MIT), LBNL HF/MVTX Workshop (Berkeley)LHCC Open Session:  CMS Status 21

Improved reconstruction of Ultra-Peripheral Collisions

From the last LHCC:  Integration of the Zero Degree Calorimeters into the L1 
trigger system allowed us to collect a large sample of ultra-peripheral collisions 

Data reprocessed w/ aggressive settings to improve low pT reach of charged hadrons & photons/electrons

DP-2024-011
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CMS Calibrations
✤ Several calibration improvements introduced: 

✤ Tracker: improvement of alignment 
with a new technique using Z➝μμ events 

✤ HCAL: frequent automatic calibrations to compensate  
for radiation-induced evolution (similar to ECAL) 

✤ GEM muon time resolution improved from 15 to 12 ns 
 
 
 
 
 
 
 
 

✤ Dedicated reconstruction settings for Heavy Ion run, 
improving efficiency for low-pT hadrons and electrons

L1/HLT transparency updates in 2022

18
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Highlight: CMS Jets
✤ The Finnish CMS team has a long expertise in jet calibrations, and has now taken ownership of the full jet 

calibration workflow of CMS 
✤ ERC project "JEC4HL-LHC" to bring jet energy uncertainties from 1% to 0.1% level, in time for HL-LHC  
✤ Significant progress this year in addressing the root causes limiting precision, i.e. calorimeter calibrations 

✤ At the same time, new ML techniques improve jet flavor classification performance significantly 
✤ Quick adoption of state-of-the-art architectures such as graph neural networks and transformers

CMS Experiment, SAB evaluation, May 6, 2024 Mikko Voutilainen, UH and HIP

JEC: status
2023—2024 status

Train new team members on their respective channels (Z(μμ)+jet already Lehti):
Z(ee)+jet (Verma), γ+jet (Schillinger), multijet+Zero Bias (Mancilla Xinto), ttbar W>qq’ (Veikkola)

Maintain Run 3 JEC |η| and pT-dependent corrections + JER SF: all now in Helsinki!

Consolidate techniques for fast and robust calibration: <3 days, <1/fb achieved! => JEC4Prompt

Identify improvements to MC/detector: HF and high pT improvements of ~×10 going/gone in! 

7 /20
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Anna Benecke

Prompt reconstruction of data in Run3

10

The jet energy resolution of prompt reconstructed data in 2023 is 


• as good as legacy reconstruction in Run2 in the barrel region ( )


• compatible for low  in the endcap ( )
|η | < 2.5

pT 2.5 < |η | < 3
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Figure 13: Evolution of the 
light- (udsg, yellow bars) 
and c-jet (red bars) 
rejection for a fixed b-jet 
identification efficiency of 
70% for taggers from Run 1 
to Run 3. The BvsAll 
discriminator is used to 
derive all numbers but the 
last one, where the 
weighted BvsAll 
discriminator with a factor 
of kc = 0.14 is used, yielding 
a good trade-off between 
light- and c-jet rejection.

More on jets in Fikri's talk later today!

Fixed in 2024

Work  
ongoing 
to fix for 
2025



Forward Physics with TOTEM & CMS PPS
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Forward Physics with TOTEM & PPS
✤ CMS Precision Proton Spectrometer (PPS) and TOTEM are forward physics detectors at the LHC 

✤ Tracking and timing detectors located along the LHC beam line, at 210-220 m from the CMS interaction 
point to measure protons scattered at very small angles 

✤ Detectors hosted in horizontal Roman pots, allowing sensor approach to the beam (in the LHC plane) down 
to few mm – TOTEM is complemented by inelastic forward trackers placed inside CMS 

✤ TOTEM experiment focuses on elastic and diffractive scattering to measure the total proton cross section 
and proton structure 
✤ CMS+TOTEM special runs in 2023 concluded the TOTEM data-taking 

✤ PPS is a CMS subdetector, i.e. integrated in CMS data acquisition and  
reconstruction to study central exclusive production and rare processes 
✤ Active during most of Run 2 (110 fb-1) and Run 3 (140 fb-1) 
•
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Forward Physics: Contributions from HIP
✤ TOTEM physics coordination 

✤ Soft diffraction with TOTEM: 
✤ Elastic analysis & inelastic rate for luminosity-independent          

                     at 13.6 TeV 
✤ Comparison of elastic & differential cross sections at 1.96 

TeV (”odderon”)  

✤ Exclusive processes with CMS(-TOTEM): 
✤ Validation of PPS calibrations with exclusive dimuon 

events 
✤ Search for exclusive produced doubly-charged Higgses 

(H++) with PPS 
✤ Tensor & pseudoscalar glueball studies (f2’s & η’s) with 

CMS-TOTEM special run data  

Developed nT2 track selection in 
inelastic events with > 98 % efficiency 

& fake event rate  1/10000<

PPS calibration validation
JINST 18 (2023) P09009 

𝜎𝑡𝑜𝑡,  𝜎𝑖𝑛𝑒𝑙  𝜎𝑒𝑙



CMS in 2024: Highlights of Physics Results

16
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CMS Publications

✤ Steady output flow of publications 
✤ 96 published in 2024 and counting 
✤ 1337 publications in total (as of today)  

✤ In the following, just a few highlights from this year's results

✤ Balance expected to switch to 
Run-3 publications soon

✤ New CMS detector paper 
published in JINST  
 
 
 
 
 
 
             arXiv:2309.05466

https://arxiv.org/abs/2309.05466
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Run-3 Result Highlights
✤ H➝γγ cross section at 13.6 

TeV [HIG-23-014] 
✤ Inclusive and differential 

cross sections measured 
✤ New ML method, 

normalizing flow, used to 
correct data/MC difference in 
photon energy resolution

 Deborah Pinna - UW  11 September 2024                                 22

CMS intensity frontier: Standard Model physics

CMS-SMP-24-005

Diboson production WZ 

large event yields, high purity in multileptonic final states 

sensitivity to variations in the SM trilinear gauge couplings 

Use of new training for lepton ID MVA based on Run 3 
simulation 

further separate prompt and non-prompt contributions

 σ = 55.4 ± 1.2(stat) ± 1.4(sys) ± 0.1(th)fb

The relative uncertainty is competitive with 
Run 2!

Run 3

Inclusive cross section pp→WZ

✤ WZ production in multilepton final states [SMP-24-005] 
✤ New ML-based lepton ID 
✤ Relative uncertainty 

comparable 
to Run-2 
legacy 
result

 Deborah Pinna - UW  11 September 2024                                 22

CMS intensity frontier: Standard Model physics

CMS-SMP-24-005

Diboson production WZ 

large event yields, high purity in multileptonic final states 

sensitivity to variations in the SM trilinear gauge couplings 

Use of new training for lepton ID MVA based on Run 3 
simulation 

further separate prompt and non-prompt contributions

 σ = 55.4 ± 1.2(stat) ± 1.4(sys) ± 0.1(th)fb

The relative uncertainty is competitive with 
Run 2!

Run 3

Inclusive cross section pp→WZ

✤ H➝ZZ➝4l cross section at 13.6 TeV [HIG-24-013] 
✤ Exploiting the  

clean four-lepton  
signature 

✤ Both results 
consistent 
with the theory 
prediction

✤ Search for rare charm decays  
using parking [BPH-23-008] 
✤ First CMS result on  

BR(D0➝μ+μ-), 
using D*+➝D0π+ 

✤ Achieving world-best limit  
BR < 2.6 x 10-9 at 95% CL
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Pushing the Precision with Run-2 Data

W mass measurement

3
CERN press release

Major, long-awaited, news 
since the last LHCC

CMS-PAS-SMP-23-002

mW = 80360.2 ± 9.9 MeV

✤ The long-awaited CMS measurement 
of W boson mass was made public 
this September (SMP-23-002) 
✤ Very precise muon momentum 

calibration required 
✤ Long and challenging analysis 

effort: 100 million reconstructed 
W decays, 4.5 billion simulated 
events, 3000 fit parameters for 
systematic uncertainties

Anna Benecke

Measurement of the Drell-Yan forward-
backward asymmetry and of  using 

pp collisions at 13 TeV
sin2 θeff

4

• Forward-backward asymmetry in DY events:   extracted 


• Including central-forward combination of electrons improved the final result


• Performed measurement vs dilepton mass and rapidity


• CMS measurement aligns with SM prediction


sin2 θeff

CERN 
News

Physics 
Briefing

C
M

S-
PA

S-
SM

P-
22

-0
10

preliminary

✤ The effective weak mixing angle 
measured using Z/γ➝μμ/ee 
(SMP-22-010) 
✤ Extracted from kinematic 

properties of muons and electrons, 
so accurate calibration is critical 

✤ The most precise measurement 
at a hadron collider, comparable to 
those at LEP and SLD 

sin2θlef = 0.23157 ± 0.00031

✤ Strong coupling 𝛼s and its 
running extracted from inclusive  
jet measurements (SMP-24-007) 
✤ PDFs extracted simultaneously 
✤ The most precise measurement 

of 𝛼s from jet cross sections

𝛼s(mZ)= 0.1176 +0.0016 
-0.0014
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Chasing the Higgs Self-Interaction
✤ One of the key physics goals of the LHC physics program is 

measuring the Higgs trilinear self-coupling, which directly 
affects the stability of the electroweak vacuumCombined di-Higgs measurements

8

Combined di-Higgs measurement using Run 2 inputs in 8 HH decay channels 
• Observed (expected) 95% CL upper limit on HH production: 3.5 x SM σ (2.5x SM σ)

• Constraint on Higgs self-coupling: -1.4 < κλ < 6.4 (95% CL)

CMS-PAS-HIG-20-011

Replace screenshots

✤ Results from the latest 
CMS combination 
comparable to those from 
ATLAS – the race continues
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Exploiting LHC as Top Factory
✤ Search for (pseudo)scalar top-antitop resonances 

[HIG-22-013] 
✤ >5σ excess close to ttbar production threshold observed 

✤ Compatible with a top-antitop bound state, toponium, 
as predicted by a simplified model of nonrelativistic QCD

Search for A/H➔  tt̄

10

    Andreas B. Meyer                                                                                         Physics Highlights                                                                                     FSP-CMS Meeting 27 Sep 2024, Aachen                             
,   

• Excess (> 5 s.d.)  
- consistent with pseudoscalar A or ηt,  
- not with a scalar H 

• Measure ηt cross section: 7.1 pb   (±11%) 
- using tt + tW MC at NLO (NLO QCD+NLO QED corrections) 
- NRQCD prediction for singlet toponium: 6.4 pb 
  
Further theoretical input needed 
- esp. a more complete calculation of toponium 

20

A/H → tt̄

8. Results 21

CMSPreliminary 138 fb�1 (13 TeV) CMSPreliminary 138 fb�1 (13 TeV)

CMSPreliminary 138 fb�1 (13 TeV) CMSPreliminary 138 fb�1 (13 TeV)

CMSPreliminary 138 fb�1 (13 TeV) CMSPreliminary 138 fb�1 (13 TeV)

Figure 6: Model-independent constraints on gAtt as a function of the A mass for relative widths
of 1, 2, 5, 10, 18, and 25%. The observed constraints are indicated by the blue shaded area.
The inner green band and the outer yellow band indicate the regions containing 68 and 95%,
respectively, of the distribution of constraints expected under the background-only hypothesis.
The unphysical region of phase space in which the partial width GA!tt becomes larger than the
A total width is indicated by the hatched line.

26

CMSPreliminary 138 fb�1 (13 TeV) CMSPreliminary 138 fb�1 (13 TeV)
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Modeling: tt bound state e�ects
■ No particle level calculation available for tt bound state effects

■ Use simplified model: ηt   (PRD 104 (2021) 3)

▫ Generic spin-0, color-singlet state ηt

▫ Couplings to gluons and tops (pseudoscalar)

▫ Fit mass and width from NRQCD:

▫ Restrict to
to not influence tt continuum

■ Result: very similar signature as low-mass A  

EPJC 60 (2009) 375-386

Same angular distributions expected for A and ηt 
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independent analyses: ℓℓ and ℓ+jets
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Figure 5: Observed and expected mtt distribution in chel and chan bins, shown for the `` channel
summed over lepton flavors and analysis eras. Notations as in Fig. 3.

in agreement with the theory prediction of 6.43 pb [20].671

The pulls and impacts (as defined in Ref. [90]) of the nuisance parameters with the highest672

impact on the h t cross section are shown in Fig. 8. The dominant contributions arise from673

modeling uncertainties, particularly those affecting the mtt threshold region. The correlation674

matrix between the h t signal strength and the nuisance parameters is shown in Fig. 9. There is675

some anticorrelation between the h t signal strength and the top quark Yukawa coupling, as also676

shown by the corresponding nuisance parameter impact. This is because both effects induce677

an enhancement in the tt threshold region. However, the degeneracy is mild as the shape678

effects of the top quark Yukawa coupling do not vary strongly as a function of the angular679

observables employed in this analysis. For h t , in contrast, the pseudoscalar nature results in a680

strong angular dependence of the predicted signal contribution, in particular on chel.681

The ratio of observed to the postfit predicted distributions is shown in the fourth panels of682

Figs. 3–5. By adding the h t signal contribution to the pQCD-only SM background model, good683

agreement with the observed data is achieved.684
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• Excess (> 5 s.d.)  
- consistent with pseudoscalar A or ηt,  
- not with a scalar H 

• Measure ηt cross section: 7.1 pb   (±11%) 
- using tt + tW MC at NLO (NLO QCD+NLO QED corrections) 
- NRQCD prediction for singlet toponium: 6.4 pb 
  
Further theoretical input needed 
- esp. a more complete calculation of toponium 
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Figure 6: Model-independent constraints on gAtt as a function of the A mass for relative widths
of 1, 2, 5, 10, 18, and 25%. The observed constraints are indicated by the blue shaded area.
The inner green band and the outer yellow band indicate the regions containing 68 and 95%,
respectively, of the distribution of constraints expected under the background-only hypothesis.
The unphysical region of phase space in which the partial width GA!tt becomes larger than the
A total width is indicated by the hatched line.
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Figure 7: Result of the scan of the quantity �2D ln L from a profile likelihood fit as a function
of the parameter of interest D, when including (left) or excluding (right) the h t contribution.
Both results are at parton level and the relevant phase space is indicated in the figures itself.
The region where the tt pairs become separable and not entangled (D > �1/3) is indicated by
the shaded area.

value of D = �0.491+0.026
�0.025 (tot.) (D = �0.452+0.025

�0.026 (tot.)) at the parton level with an observed
(expected) significance of 6.3 (4.7) s. Data are described better when the expected h t contribu-
tion is included in the signal model.

Figure 8 shows the 20 leading nuisance parameters in the profile likelihood fit. The three lead-
ing uncertainties stem from the h t signal contribution, the JES relative balance corrections, and
the top quark pT reweighting uncertainty. The latter and the uncertainty on EWK corrections
are by construction one-sided.

Figure 9 shows the measured value of the entanglement proxy D, together with the predicted
values from different MC event generators, in the relevant phase space, compared with the
boundary for entanglement of top quarks. Overall, the data is in good agreement with the
predictions from the three models, especially with the inclusion of the h t contribution.

In addition, Fig. 9 provides the measured and predicted values of D in the same phase space
but excluding the h t contribution and only assuming the tt signal component. As a result, the
measurement shows that MG5 aMC@NLO (FxFx) describes the data better, since the predictions
by the other two models have some disagreement with the data at the level of one s. While the
observed values tend to be more negative, the predicted values from all three MCs become less
negative owing to the missing effect of the h t contribution. This difference in observed value
originates from the inclusion of h t causing a larger response in the shape of the cos j distribu-
tion at the reconstruction level for a given change in the parton-level shape when compared
with the no spin correlation mixing. Thus, for our specific technique of extracting the entan-
glement of tt pairs, an overestimation of the observed significance would be obtained, if h t
contributions were ignored. It is clearly visible that including the h t signal component reduces
the previously mentioned mild disagreement between data and simulation.

✤ Top pairs used also to measure 
quantum entanglement [TOP-23-001] 
✤ Based on the spin correlation of top 

quark decay products 
✤ Entanglement confirmed at 5.7σ 

✤ Fundamentals of quantum physics 
can be probed at colliders!
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Stress-testing the SM with Effective Field Theory
Combined EFT interpretation of Higgs, EW, strong, and top measurements
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Figure 11: Constraints on individual WCs, for the hybrid fit including the ttX analysis. The constraints for each Wilson coefficient are
obtained keeping the other coefficients fixed to 0. The lower panel shows the contribution of different input measurements to the total
constraints. Note that the constraints are scaled by powers of 10 to ensure the constraints on all 64 WCs can be visualized on the same
y-axis scale.

Global EFT effort, correlating different sectors. First combination across physics analysis 
groups. Combined interpretation of H➔γγ, tt, ttX, WW, Wγ, Z➔νν and inclusive jet production 
measurements + EWPO from LEP+SLC.   


Constraints on 64 WCs individually 
(42 linear combinations of  
WCs constrained  
simultaneously)  

Combined interpretation -  
gain from complementarity of 
different measurements

Weaker constraint

CMS-PAS-SMP-24-003

Four-quark operator, constraint multiplied by 
100. Constrained by jet measurements

two-lepton-two quark operator, constrained 
by Wγ, Z➔νν and WW 

Stronger constraint

✤ Effective Field Theory (EFT) approach allows to correlate various different measurements without assuming a specific model 
➝ Obtain constraints for Wilson Coefficients (WCs) i.e. weights for various BSM operators 

✤ Statistical combination of Higgs (H➝γγ), top (tt, ttX), electroweak (WW, Wγ, Z➝νν), and QCD (inclusive jets)  
measurements performed, using these together with electroweak precision observables from LEP and SLC (SMP-24-003)
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Probing Quark-Gluon-Plasma interaction with jets emerging from collisions 

new tools to improve our understanding of QGP dynamics

CMS as heavy ion experiment: probing QGP

Jet studies  

provide complementary observable to 
understand energy loss mechanisms in QGP 

energy-energy correlators measured in PbPb 
collisions for first time 

Energy-energy correlators 
PbPb to pp ratio compared 

to predictions with 
different loos mechanism

𝛾+jet studies  

decorrelation of jet axis from photon momentum, 
sensitive to large-angle scattering effects in QGP  

photon transparent to QGP, while jet interacts

CMS-HIN-23-004 CMS-HIN-21-019
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Figure 7: The PbPb to pp ratio of energy-energy correlators in 120 < pT,jet < 140 GeV bin for
p

ch
T > 1 GeV (top row), p

ch
T > 2 GeV (bottom row), n = 1 (left column), and n = 2 (right

column). Hybrid model [72] predictions with three different wake settings are shown. In the
lower panels the uncertainties in the data are plotted in bands around 1.

Jet axis decorrelation 
PbPb to pp ratio 

compared to predictions

✤ Probing quark gluon plasma (QGP) 
with jets (HIN-23-004) 
✤ Complementary observable to 

unserstand energy loss 
mechanisms in QGP 

✤ Energy-energy correlators measured 
in PbPb collisions for the first time

Energy-energy correlator PbPb/pp ratio 
compared to predictions with different 
loss mechanisms  Deborah Pinna - UW  11 September 2024                                 8
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Figure 7: The PbPb to pp ratio of energy-energy correlators in 120 < pT,jet < 140 GeV bin for
p

ch
T > 1 GeV (top row), p

ch
T > 2 GeV (bottom row), n = 1 (left column), and n = 2 (right

column). Hybrid model [72] predictions with three different wake settings are shown. In the
lower panels the uncertainties in the data are plotted in bands around 1.

Jet axis decorrelation 
PbPb to pp ratio 

compared to predictions

✤ Using γ+jet events to probe large-
angle scattering effects in QGP 
(HIN-21-019) 
✤ Photon "transparent" to QGP, while 

jet interacts with it 
✤ Measure decorrelation of jet axis 

from photon momentum

Jet axis decorrelation PbPb/pp ratio 
compared to different theory predictions

D0 photoproduction in UPC, measured in 0nXn events with a rapidity gap 
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6

direct and resolved-photon events is considered to account for differences in the relative abun-
dance of the two classes of signal events in MC and data, contributing 1–5%. An analogous
systematic uncertainty is included to account for differences in the prompt and nonprompt frac-
tions fprompt. This uncertainty is evaluated by reweighting the MC-based efficiency for prompt
and nonprompt D0 mesons according to the fprompt value extracted in data. The extraction
is performed by exploiting the difference in the distributions of the D0 distance of closest ap-
proach, defined as the three-dimensional D0 decay length multiplied by the sine of the pointing
angle, for prompt and nonprompt D0 mesons. The uncertainty is found to be about 5% across
all the intervals of pT and y. The efficiency can depend on the spectral shape of D0 mesons in
pT and y, as well as the multiplicity distribution of events. The MC samples are reweighted to
two alternative spectral shapes, one based on fixed-order + next-to-leading-log (FONLL) and
the other based on data after accounting for EMD. Multiplicity is also reweighted to data. All
these variations to the D0 efficiency from spectral shape and multiplicity reweighting result
in a systematic uncertainty of 7% or less. The uncertainty due to the D0 trigger efficiency is
found to be about 20% in pT bins where the jet trigger is used. The systematic uncertainty
in the hadron tracking efficiency (2.3% per track) is taken from the analysis of pp datataking
taken in 2022–2023 with comparable conditions to those of the present data [45]. The system-
atic uncertainty associated with the branching fraction is 0.76% [41], and the uncertainty on the
integrated luminosity is 5%. All systematic uncertainties are treated as symmetric. The total
systematic uncertainty on the cross section measurement is computed as the sum in quadrature
of the different contributions mentioned above, and is found to range from about 25 to 45%.

1.5 1.6 1.7 1.8 1.9 2 2.1 2.2
 [GeV]πKm

0

10000

20000

30000

40000

50000

60000

70000

Ev
en

ts
 / 

( 0
.0

09
45

94
6 

)

lambda =  10 +/- 18
mean =  1.86677 +/- 0.00003
nbkg =  4 +/- 15

nefloat =  359172 +/- 558

model in 1.7-2.0: 0.985
sig count: 194464
sig yield: 183440
swp count: 187736
swp yield: 175732

1.68 1.754 1.828 1.902 1.976 2.05
 [GeV]πKm

2−
0
2

Pu
ll

 [GeV]πKm

0

50

100

150

Ev
en

ts
 / 

( 0
.0

05
 )

lambda = -3.57 +/- 0.3
mean =  1.8632 +/- 0.0009
nbkg =  1416 +/- 78
nefloat =  775 +/- 65
width =  0.96 +/- 0.10

Preliminary CMS  (5.36 TeV)-1PbPb UPCs 1.38 nb

)γ0nXn UPC collisions (N +
 & chg. conj.+π− K→0D

ZDC 1n OR
) = 396σ(3sigN
 = 9.0 S+BS/

/ndf = 77.3/67 = 1.22χ

 = 1131nSignal

 < 5 GeV
T

p2 < 
 <1.0y-1.0 < 

1.68 1.754 1.828 1.902 1.976 2.05
 [GeV]πKm

2−
0
2

Pu
ll

 [GeV]πKm

0

20

40

60

80

Ev
en

ts
 / 

( 0
.0

05
 )

lambda = -4.12 +/- 0.4
mean =  1.864 +/- 0.001
nbkg =  723 +/- 42
nefloat =  379 +/- 33

Preliminary CMS  (5.36 TeV)-1PbPb UPCs 1.38 nb

)γ0nXn UPC collisions (N +
 & chg. conj.+π− K→0D

ZDC 1n OR
) = 194σ(3sigN
 = 6.2 S+BS/

/ndf = 68.1/68 = 1.02χ

 = 565nSignal

 < 5 GeV
T

p2 < 
 <1.0y-1.0 < 

1.68 1.754 1.828 1.902 1.976 2.05
 [GeV]πKm

0

20

40

60

80

Ev
en

ts
 / 

( 0
.0

05
 )

Preliminary CMS  (5.36 TeV)-1PbPb UPCs 1.38 nb

)γ0nXn UPC collisions (N +
 & chg. conj.+π− K→0D

ZDC 1n OR
 < 5 GeV

T
p2 < 

 <1.0y-1.0 < 

 Data
 Fit
 Signal

 swapπ−K
 Comb bkg

KK+c.c.→0D
+c.c.ππ→0D

1.5 1.6 1.7 1.8 1.9 2 2.1 2.2
 [GeV]πKm

0

5000

10000

15000

20000

25000

30000

35000

40000

45000

Ev
en

ts
 / 

( 0
.0

09
45

94
6 

)

lambda =  10.0 +/- 0.2
mean =  1.86647 +/- 0.00004
nbkg =  2270 +/- 231

nefloat =  219286 +/- 482

model in 1.7-2.0: 0.948
sig count: 119902
sig yield: 119805
swp count: 100800
swp yield: 99481

1.68 1.754 1.828 1.902 1.976 2.05
 [GeV]πKm

2−
0
2

Pu
ll

 [GeV]πKm

0

200

400

600

Ev
en

ts
 / 

( 0
.0

05
 )

lambda = -5.72 +/- 0.3
mean =  1.8649 +/- 0.0003
nbkg =  5224 +/- 165
nefloat =  4680 +/- 145
width =  1.09 +/- 0.04

Preliminary CMS  (5.36 TeV)-1PbPb UPCs 1.38 nb

)γ0nXn UPC collisions (N +
 & chg. conj.+π− K→0D

ZDC 1n XOR + Jet8
) = 2557σ(3sigN
 = 27.8 S+BS/

/ndf = 69.7/67 = 1.02χ

 = 5260nSignal

 < 8 GeV
T

p5 < 
 <1.0y0.0 < 

1.68 1.754 1.828 1.902 1.976 2.05
 [GeV]πKm

2−
0
2

Pu
ll

 [GeV]πKm

0

500

1000

Ev
en

ts
 / 

( 0
.0

05
 )

lambda = -5.69 +/- 0.2
mean =  1.8648 +/- 0.0003
nbkg =  7973 +/- 206
nefloat =  7451 +/- 181
width =  1.09 +/- 0.03

Preliminary CMS  (5.36 TeV)-1PbPb UPCs 1.38 nb

)γ0nXn UPC collisions (N +
 & chg. conj.+π− K→0D

ZDC 1n XOR + Jet8
) = 4071σ(3sigN
 = 35.6 S+BS/

/ndf = 93.8/67 = 1.42χ

 = 8225nSignal

 < 8 GeV
T

p5 < 
 <1.0y0.0 < 

1.68 1.754 1.828 1.902 1.976 2.05
 [GeV]πKm

2−
0
2

Pu
ll

 [GeV]πKm

0

100

200

300

Ev
en

ts
 / 

( 0
.0

05
 )

lambda = -5.81 +/- 0.3
mean =  1.8647 +/- 0.0005
nbkg =  2547 +/- 98
nefloat =  2399 +/- 87

Preliminary CMS  (5.36 TeV)-1PbPb UPCs 1.38 nb

)γ0nXn UPC collisions (N +
 & chg. conj.+π− K→0D

ZDC 1n XOR + Jet8
) = 1311σ(3sigN
 = 20.2 S+BS/

/ndf = 61.9/68 = 0.92χ

 = 2615nSignal

 < 8 GeV
T

p5 < 
 <1.0y0.0 < 

1.68 1.754 1.828 1.902 1.976 2.05
 [GeV]πKm

0

100

200

300

Ev
en

ts
 / 

( 0
.0

05
 )

Preliminary CMS  (5.36 TeV)-1PbPb UPCs 1.38 nb

)γ0nXn UPC collisions (N +
 & chg. conj.+π− K→0D

ZDC 1n XOR + Jet8
 < 8 GeV

T
p5 < 

 <1.0y0.0 < 

 Data
 Fit
 Signal

 swapπ−K
 Comb bkg

KK+c.c.→0D
+c.c.ππ→0D

Figure 1: Examples of D0 meson candidate invariant mass distributions in 0nXn events. (Left)
Invariant mass distribution for D0 mesons with 2 < pT < 5 GeV and �1 < y < 1. (Right)
Invariant mass distribution of D0 mesons with 5 < pT < 8 GeV and 0 < y < 1. The fit template
is described in the text.

6 Results
In Fig. 2, the corrected yields of D0 mesons measured in Xn0n events are presented as a function
of the D0 rapidity, in intervals of D0

pT. The results are obtained as the sum of the cross section
measured in Xn0n events, and the y-reflected cross section measured in 0nXn events. Forward
(positive) rapidities correspond to the low-x events while backward (negative) rapidities are
sensitive to the higher-x region. The measurements are compared to the prediction for prompt
D0 mesons of a FONLL calculation [46], which were computed using the EPPS21 parametriza-
tion for the lead nuclear PDFs [37]. The FONLL predictions were generated for a charm quark
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Figure 2: Cross section of D0 meson production for gN (Xn0n combined with rapidity reflected
0nXn) events compared with the FONLL predictions with EPSS21 nuclear PDF parametriza-
tion [37]. The black boxes represent the systematic uncertainty on the data. The light blue solid
band indicates the scale uncertainty on the FONLL calculation, while the hatched dark blue
band represents the nPDF uncertainty. The 5.05% global uncertainty is the combined uncer-
tainty due to the integrated luminosity and D0 branching ratio.
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direct and resolved-photon events is considered to account for differences in the relative abun-
dance of the two classes of signal events in MC and data, contributing 1–5%. An analogous
systematic uncertainty is included to account for differences in the prompt and nonprompt frac-
tions fprompt. This uncertainty is evaluated by reweighting the MC-based efficiency for prompt
and nonprompt D0 mesons according to the fprompt value extracted in data. The extraction
is performed by exploiting the difference in the distributions of the D0 distance of closest ap-
proach, defined as the three-dimensional D0 decay length multiplied by the sine of the pointing
angle, for prompt and nonprompt D0 mesons. The uncertainty is found to be about 5% across
all the intervals of pT and y. The efficiency can depend on the spectral shape of D0 mesons in
pT and y, as well as the multiplicity distribution of events. The MC samples are reweighted to
two alternative spectral shapes, one based on fixed-order + next-to-leading-log (FONLL) and
the other based on data after accounting for EMD. Multiplicity is also reweighted to data. All
these variations to the D0 efficiency from spectral shape and multiplicity reweighting result
in a systematic uncertainty of 7% or less. The uncertainty due to the D0 trigger efficiency is
found to be about 20% in pT bins where the jet trigger is used. The systematic uncertainty
in the hadron tracking efficiency (2.3% per track) is taken from the analysis of pp datataking
taken in 2022–2023 with comparable conditions to those of the present data [45]. The system-
atic uncertainty associated with the branching fraction is 0.76% [41], and the uncertainty on the
integrated luminosity is 5%. All systematic uncertainties are treated as symmetric. The total
systematic uncertainty on the cross section measurement is computed as the sum in quadrature
of the different contributions mentioned above, and is found to range from about 25 to 45%.
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Figure 1: Examples of D0 meson candidate invariant mass distributions in 0nXn events. (Left)
Invariant mass distribution for D0 mesons with 2 < pT < 5 GeV and �1 < y < 1. (Right)
Invariant mass distribution of D0 mesons with 5 < pT < 8 GeV and 0 < y < 1. The fit template
is described in the text.

6 Results
In Fig. 2, the corrected yields of D0 mesons measured in Xn0n events are presented as a function
of the D0 rapidity, in intervals of D0

pT. The results are obtained as the sum of the cross section
measured in Xn0n events, and the y-reflected cross section measured in 0nXn events. Forward
(positive) rapidities correspond to the low-x events while backward (negative) rapidities are
sensitive to the higher-x region. The measurements are compared to the prediction for prompt
D0 mesons of a FONLL calculation [46], which were computed using the EPPS21 parametriza-
tion for the lead nuclear PDFs [37]. The FONLL predictions were generated for a charm quark
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Figure 2: Cross section of D0 meson production for gN (Xn0n combined with rapidity reflected
0nXn) events compared with the FONLL predictions with EPSS21 nuclear PDF parametriza-
tion [37]. The black boxes represent the systematic uncertainty on the data. The light blue solid
band indicates the scale uncertainty on the FONLL calculation, while the hatched dark blue
band represents the nPDF uncertainty. The 5.05% global uncertainty is the combined uncer-
tainty due to the integrated luminosity and D0 branching ratio.
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PLB 434 (1998) 188

This result
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✤ Measurement performed also with Heavy 
Ion data using UPC events [HIN-24-011] 
✤ Combine cross section information and 

kinematic distributions from several τ 
decay channels
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Forward Physics: Highlights of Run-2 Results
✤Observation of proton-tagged, central 

(semi)exclusive production of high-mass  
lepton pairs


✤Search for high-mass exclusive  → WW and 

 → ZZ production


✤Search for new physics in central exclusive 
production using the missing mass technique in 
pp → p (Z, ) X p


✤Search for high-mass exclusive diphoton 
production with tagged protons


✤Search for central exclusive production of top 
quark pairs with tagged protons

𝛾𝛾
𝛾𝛾

𝛾

Eur. Phys. J. C 83 (2023) 827

JHEP 07 (2023) 229

JHEP 07 (2018) 153

Phys. Rev. Lett. 129 (2022) 011801

JHEP 06 (2024) 187

Phys. Rev. D 110 (2024) 012010

https://cds.cern.ch/record/1753795/?ln=en
https://cds.cern.ch/record/1753795/?ln=en
https://cds.cern.ch/record/1753795/?ln=en
https://cds.cern.ch/record/1753795/?ln=en
https://cds.cern.ch/record/1753795/?ln=en
https://cds.cern.ch/record/1753795/?ln=en
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CMS Celebrates a Decade of Open Data
✤ First data from 2010 released for public use on 20 November 2014 

✤ Now all Run-1 pp and heavy ion data, and partial Run-2 pp data released 
✤ More to come in the future – CMS stands out as a leader in this domain 

✤ Publicly available data, metadata and analysis examples preserves  
CMS analysis knowledge for future 
✤ External usage for physics, machine learning, data science, education, etc.Word cloud from papers 

using CMS open data
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Summary & Outlook
✤ In terms of physics reach, CMS is actually many experiments in one, and a 

technology driver in the field 

✤ 2024 was a good year for the LHC 
✤ The first Run-3 results at 13.6 CM energy are out already, but most of 

them follow in a few years 
✤ In terms of data-taking, the LHC journey has only begun – 90% of the 

data (and work) still awaits!  

✤ Finnish CMS & TOTEM teams are playing key roles in several areas, pushing 
strategic developments that will enable full exploitation of the tenfold data 
set from HL-LHC 
✤ Acceleration with FPGAs and GPUs, automation of calibration and 

analysis workflows 
✤ Entering precision era in jet physics, with precise control of the full 

calibration chain – see Fikri's talk 
✤ Starting to explore quantum computing applications for CMS data 

analysis – see Väinö's talk
CMS Experiment, SAB meeting, August 26, 2024 Mikko Voutilainen, UH and HIP

Highlights: Run 3
LHC running at record pace, just surpassed Run 2:

1/fb per day (10 TRILLION pp), 150/fb altogether (QUADRILLION pp)

HIP instrumental in tackling 3 major challenges at TeV scale:
trigger, HCAL, ECAL

HIP in key roles for collecting high-quality data
trigger, prompt calibration, validation, jet energy corrections
number of DB notes on Run 3 with HIP contributions

3 /15
Record event in 2024

https://indico.cern.ch/event/1455656/#31-jets-for-run-3
https://indico.cern.ch/event/1455656/#32-quantum-computing-and-hep-d
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Thank you!


