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a reduction of not only statistical but also systematic uncertainties, as 
well as a more precise calibration of the calorimeters and alignment 
of the tracking detectors. During Run 2, approximately 8 million Higgs 
bosons were produced. Many more final states could be studied, as it 
was possible to separate the events by production mode and decay 
channel, as well as by kinematic properties; and differential distribu-
tions could be measured. Furthermore, improved analysis methods 
were deployed.

To enable comparison with the more precise experimental results, 
theoretical calculations have been carried out with commensurate 
improvements in accuracy36–39, involving higher orders in perturba-
tion theory.

The statistical procedure was developed in preparation for the search 
and discovery of the Higgs boson and has not changed much since 
then. It is based on building a combined likelihood from the various 
input channels (‘Statistical analysis’ in Methods). Parameter estimation 
and limit setting are performed using a profile likelihood technique 
with asymptotic approximation40, taking into account the full correla-
tion of the systematic uncertainties between individual channels and 
the years of data taking. The different channels included in the com-
bination correlate nuisance parameters related to the same underlying 
effect, such as the uncertainty in the theoretical prediction or the 
energy-scale uncertainty of the final-state objects. The inclusive signal 
strength (µ) combination has a total of O(10 )4  nuisance parameters. 
The references to the individual analyses presented in the next section 
each contain more details of the statistical procedure used for 

combining the several categories used, created according to various 
criteria, such as signal-to-background ratios, mass resolutions and 
multiplicities of physics objects.

Portrait of the Higgs boson
The portrait of the Higgs boson is defined by its production modes, via 
cross-sections, and its decay channels, via branching fractions. For the 
value of mass measured by CMS mH = 125.38 ± 0.14 GeV (ref. 41), these 
are given in Extended Data Table 139.

Production
The rate of production of Higgs bosons is given by the product of the 
instantaneous luminosity, measured in units of cm−2 s−1, and the 
cross-section, measured in units of cm2. For mH = 125.38 GeV, the total 
cross-section for the production of the SM Higgs boson at s = 13 TeV 
is 54 ± 2.6 pb (ref. 39). (A cross-section of 1 pb (picobarn) corresponds 
to an area of 10−36 cm2). This results in the production of one Higgs 
boson every second at an instantaneous luminosity of 2 × 1034 cm−2 s−1. 
The dominant production mode in the SM is ggH, where a pair of gluons, 
one from each of the incident protons, fuses, predominantly via a vir-
tual top quark quantum loop. This is depicted in Fig. 1a and represents 
87% of the total cross-section. The next most important production 
mode is vector boson fusion (VBF) depicted in Fig. 1b, where a quark 
from each of the protons radiates a virtual vector boson (W or Z), which 
then fuse together to make a Higgs boson. Other processes, with smaller 

0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5

Parameter value

PtH

PttH

PZH

PWH

PVBF

PggH

138 fb–1 (13 TeV)

Observed ±1 s.d. (stat)

±1 s.d. (stat ⊕ syst) ±1 s.d. (syst)

±2 s.d. (stat ⊕ syst)

CMS

−2.426.05+2.66
−1.99
+2.06

−1.38
+1.69

−0.190.94+0.20 ±0.15
−0.12
+0.13

−0.251.29+0.22 ±0.20 −0.14
+0.09

−0.251.44+0.26 ±0.21 −0.15
+0.16

±0.120.80 −0.10
+0.09

−0.07
+0.08

−0.070.97+0.08 ±0.04
−0.06
+0.07

Stat Syst

0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0

Parameter value

PZγ

Pμμ

Pbb

Pττ

PWW

PZZ

Pγγ

CMS

Stat Syst

138 fb–1 (13 TeV)

Observed ±1 s.d. (stat)

±1 s.d. (stat ⊕ syst) ±1 s.d. (syst)

±2 s.d. (stat ⊕ syst)

1.21−0.42
+0.45

−0.38
+0.42

−0.16
+0.17

2.59−0.96
+1.07

−0.93
+0.97

−0.25
+0.45

1.05+
−0.21
0.22 ±0.15 −0.15

+0.16

0.85 ±0.06

0.97 ±0.05

0.97 −0.07
+0.08

−0.08
+0.09

1.13 ±0.06 −0.06
+0.07±0.09

+0.12
–0.11

±0.09 ±0.08

±0.10 ±0.08

Fig. 2 | The agreement with the SM predictions for production modes and 
decay channels. Signal-strength parameters extracted for various production 
modes µi, assuming = ( )f f

SMB B  (left), and decay channels µf, assuming σi = (σi)SM 
(right). The thick and thin black lines indicate the 1-s.d. and 2-s.d. confidence 
intervals, respectively, with the systematic (syst) and statistical (stat) 
components of the 1-s.d. interval indicated by the red and blue bands, 

respectively. The vertical dashed line at unity represents the values of µi and µf 
in the SM. The covariance matrices of the fitted signal-strength parameters are 
shown in Extended Data Fig. 5. The P values with respect to the SM prediction 
are 3.1% and 30.1% for the left plot and the right plot, respectively. The P value 
corresponds to the probability that a result deviates as much, or more, from the 
SM prediction as the observed one.

• After the discovery in 2012, many 
studies to characterize the Higgs boson 
nature: 
• Decay channels, production modes, 

couplings…
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cross-sections, are: production in association with a vector boson or 
‘Higgsstrahlung’ (VH) depicted in Fig. 1c, and production in association 
with top (tH and ttH) or bottom (bbH) quarks, depicted in Fig. 1d–f. 
The bbH mode has not been studied in the context of the SM Higgs 
boson because of limited sensitivity.

Events are categorized according to the signatures particular to each 
production mechanism. For example, they are categorized as 
VBF-produced if there are two high transverse momentum (pT) jets, or 
as VH-produced if there are additional charged leptons (ℓ) and/or pT

miss, 
or ttH- and tH-produced if there are jets identified as coming from b 
quarks, or otherwise ggH-produced. (The top quark predominantly 
decays into a W boson and a b-quark jet).

Decays
In the SM, particle masses arise from spontaneous breaking of the gauge 
symmetry, through gauge couplings to the Higgs field in the case of 
vector bosons, and Yukawa couplings in the case of fermions. The SM 
Higgs boson couples to vector bosons, with an amplitude proportional 
to the gauge boson mass squared mV

2, and to fermions with an amplitude 
proportional to the fermion mass mf. Hence, for example, the coupling 
is stronger for the third generation of quarks and leptons than for those 
in the second generation. The observation of many Higgs boson decays 
to SM particles and the measurement of their branching fractions are 
a crucial test of the validity of the theory. Any sizeable deviation from 
the predictions could indicate the presence of BSM physics.

The Higgs boson, once produced, rapidly decays into a pair of  
fermions or a pair of bosons. In the SM, its lifetime is τ ≈ 1.6 × 10 sH

−22 , 
and its inverse, the natural width, is Γ ħ τ= / = 4.14 ± 0.02 MeVH  (ref. 39), 
where ħ is the reduced Planck’s constant. The natural width is the sum 
of all the partial widths, and the ratios of the partial widths to the total 
width are called branching fractions and represent the probabilities 
for that decay channel to occur. The Higgs boson does not couple 
directly to massless particles (for example, the gluon or the photon), 
but can do so through quantum loops (for example, Fig. 1a,i,j).

By design, the event selections do not overlap among analyses target-
ing different final states. Where the final states are similar, the overlap 
has been checked and found to be negligible.

Detailed information on the analyses included in the new combina-
tion along with improvements, and the online and offline criteria used to 
select events for the analyses can be found in Methods, Extended Data 
Tables 2 and 3, and the associated references. Online reconstruction is 
performed in real time as the data are being collected. Offline recon-
struction is performed later on stored data. The background-subtracted 
distributions of the invariant mass of final-state particles in the indi-
vidual decay channels are shown in Extended Data Figs. 3 and 4. The 
channels that are used in this combination are as follows.

Bosonic decay channels: H → γγ (Fig. 1i, j)42; H → ZZ → 4ℓ (Fig. 1g)43; 
H → WW → ℓνℓv (Fig. 1g)44, H → Zγ (Fig. 1i, j)45; fermionic decay channels: 
H → ττ, third-generation fermion (Fig. 1h)46, H → bb, third-generation 
fermion (Fig. 1h)47–51, H → µµ, second-generation fermion (Fig. 1h)52;  
ttH and tH with multileptons (Fig. 1d–f)53; Higgs boson decays beyond 
the SM35.

Higgs boson pair production
The measurement of the pair production of Higgs bosons can probe its 
self-interaction λ. The pair production modes are shown in Fig. 1k–o.

In the ggH mode, there are two leading contributions: in the first 
(Fig. 1l), two Higgs bosons emerge from a top or bottom quark loop; 
in the second (Fig. 1k), a single virtual Higgs boson, H*, emerges from 
the top or bottom quark loop and then decays to two Higgs bosons 
(gg → H* → HH).  Explicit establishment of the latter contribution, a 
direct manifestation of the Higgs boson’s self-interaction, would elu-
cidate the strikingly unusual potential of the BEH field.

In the VBF mode, there are three subprocesses that can lead to pro-
duction of a pair of Higgs bosons: (1) through a virtual Higgs boson 
(Fig. 1m); (2) through a four-point interaction: VV → HH (Fig. 1n); and 
(3) through the exchange of a vector boson (Fig. 1o).
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Fig. 3 | A portrait of the Higgs boson couplings to fermions and vector 
bosons. Left: constraints on the Higgs boson coupling modifiers to fermions 
(κf) and heavy gauge bosons (κV), in different datasets: discovery (red), the full 
LHC Run 1 (blue) and the data presented here (black). The SM prediction 
corresponds to κV = κf = 1 (diamond marker). Right: the measured coupling 
modifiers of the Higgs boson to fermions and heavy gauge bosons, as functions 

of fermion or gauge boson mass, where υ is the vacuum expectation value of 
the BEH field (‘Notes on self-interaction strength’ in Methods). For gauge 
bosons, the square root of the coupling modifier is plotted, to keep a linear 
proportionality to the mass, as predicted in the SM. The P value with respect to 
the SM prediction for the right plot is 37.5%.

• After the discovery in 2012, many studies to 
characterize the Higgs boson nature: 
• Decay channels, production modes, couplings…

• As of today, coupling to the W, Z and γ bosons, 
coupling to the 3rd generation of fermions (t, b, 
τ) and first evidence to a 2rd generation 
fermion (𝜇), have been observed.
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A solution to the 
hierarchy problem 

Nature of 
dark-matter

Baryon asymmetry 
in the Universe

Nature of 
neutrino masses



How to look for new physics?
Improve precision of SM tests (i.e. Higgs couplings, 𝑚!)

Target unobserved SM processes (i.e. 𝐻 → 𝐻𝐻; 𝐻 → 𝑐𝑐)

Search for deviations at high momenta (i.e. Effective Field Theories)

Probe new phase space (i.e. Long-lived particles)

6From A. Escalante @ICTEA Seminar

1. Improve the precision of SM tests (e.g Higgs couplings, MW)
2. Target unobserved SM processes (e.g 4 top, H → cc, H → HH)
3. Search for deviations at high-pT (e.g SM as EFT)
4. Probe new phase space (e.g Long-lived particles)

19

Bulk of searches

My (BSM) research interests

1. Improve the precision of SM tests (e.g Higgs couplings, MW)
2. Target unobserved SM processes (e.g 4 top, H → cc, H → HH)
3. Search for deviations at high-pT (e.g SM as EFT)

18

My (BSM) research interests

CMS-EXO-19-019

1. Improve the precision of SM tests (e.g Higgs couplings, MW)

16

Coupling modifier measurements 
and their evolution in time

Nature 607, 60–68 (2022)

These measurements relate to 
fundamental questions about EWSB

My (BSM) research interests



Why long-lived particles? 

• The SM is full of LLPs: 
• muon (𝜏 = 2.2𝜇𝑠)
• Kaon (c𝜏(K+) = 3.71 m 
• Heavy flavour

• c𝜏(D+) = 311.78 𝜇m 

• c𝜏(B+) = 491.06 𝜇m 

• There is no reason to believe they won’t be present on 
BSM theories. 

7

Plenty of LLPs in the SM!

21

arXiv:2212.03883

● Kaon physics (e.g NA62) 
○ c𝜏(K+) = 3.71 m

● Heavy flavor physics (e.g LHCb)
○ c𝜏(D+) = 311.78 𝜇m
○ c𝜏(B+) = 491.06 𝜇m

● Higgs physics (e.g ATLAS/CMS)
○ 𝜏H < 1.9·10-13 s,   (𝜏H= 2· 10-22 s in SM)
○ c𝜏(𝜏) = 87.03 𝜇m (e.g H → 𝜏𝜏) 

SM Long-lived particles appear everywhere 
● And their c𝜏 was critical to the design of different experiments in HEP
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arXiv:2212.03883v1

G. Cottin
@LHCP 2023



Experimental signatures of long-lived particles

9

https://doi.org/10.1098/rsta.2019.0047 

https://doi.org/10.1098/rsta.2019.0047


Searches for long-lived particles at the LHC

10

10 < m < 40 GeV m > 40 GeV

See Alejandro’s talk yesterday
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First successful story: Displaced dimuons at 13.6 TeV

77

Despite about 2.5 smaller dataset, comparable sensitivity w.r.t 13 TeV result, thanks to trigger developments for Run 3 

First search at 13.6 TeV from ATLAS/CMS

EXO-23-014

A. Escalante @ICTEA 
Seminar



PRIMER RESULTADO DEL RUN-3

https://home.cern/news/news/physics/cms-collaboration-
cern-presents-its-latest-search-new-exotic-particles

https://cms.cern/news/long-lived-particles-light-lhc-run-3-data

https://home.cern/news/news/physics/cms-collaboration-cern-presents-its-latest-search-new-exotic-particles
https://home.cern/news/news/physics/cms-collaboration-cern-presents-its-latest-search-new-exotic-particles
https://cms.cern/news/long-lived-particles-light-lhc-run-3-data


But we have not seen LLPs (yet)…
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The limitation of the trigger system
• 40M of collisions/events per second (Tb/s) need to be reduced to 1-2k 

events per second (Gb/s)

• We don’t know how the new physics will manifest itself. The trigger 
system must be UNIVERSAL, EFFICIENT but also SELECTIVE.

• Keep as many good events as possible: 
• Better momentum resolution
• Vertex position determination
• Precise particle identification

• Anomaly detection
• …

• Keep the general physics program (i.e. prompt physics) and yet keep 
our eyes open to the new physics (i.e. LLPs) 



The arquitecture of a trigger system
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LEVEL-1 PHASE II TRIGGER UPGRADE SYSTEM
32

‣ Level-1 Architecture: Efficient distribution and processing of trigger primitives, provision  
appropriate resources and interconnections, retain enough headroom future flexibility & Robustness 

‣ Level-1 technological choices: generic processing engines (inspired from Phase-1 upgrade)        
‣ Key design feature: Correlator Trigger. Collects all inputs and feed sophisticated algorithms  
‣ Design Constraints : HW processors > 100 links , FPGA resources < 50 %, Latency (< 9.5 us (keep 

20%) while HGCAL/TF~5us)

APx

Serenity

X2O

BMT-L1

ICTEA 2024 A. ZABI                                                                                                                                                                                                 CMS L1 TRIGGER @ HL-LHC



The arquitecture of a trigger system
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Reconstruction of muon showers

Hadronic showers in muon detectors

60

Target hadronic LLP decays in the muon system
● Large hit multiplicity in DT or CSC

MUON-DT
MUON-CSC

Cluster

Use Nhits in the cluster as discriminant variable

EXO-21-008

17

A. Escalante @ICTEA 
Seminar



Reconstruction of muon showers

18

63

Results interpreted in the context of H→ SS; S → bb, qq, 𝜏𝜏 final states 
● Sensitivity independent of mS, and slightly lower for 𝜏𝜏 final states. 

LLP decays before 
reaching Muon 
Detectors

LLP decays 
beyond CMS

Fails trigger  
(no enough ET

miss in event)

Hadronic showers in muon detectors EXO-21-008

A. Escalante @ICTEA 
Seminar



Reconstruction of muon showers

19

JHEP 02 (2023) 011; arXiv:2210.17446 

See talk by Javier Prado
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Figure 2. Projected sensitivity of the different proposed search strategies with a displaced shower
signature in the CMS muon system. The minimal HNL scenario is considered with mixings in the τ
and electron sectors, shown in the left and right panel, respectively.

section 3.3. This sensitivity estimate corresponds to a dataset with an integrated luminosity
of 3 ab−1 and which is represented by the dashed green “strategy 1” line in figure 2. For
strategy 2, which uses a new dedicated displaced trigger, sensitivity estimates for datasets
with luminosities of 300 fb−1 and 3 ab−1 are shown in black and brown, respectively.

As can be seen in figure 2, the sensitivities in |VτN |2 can reach values down to |VτN |2 ∼
5 × 10−6 for mN ∼ 5GeV with 3 ab−1 of integrated luminosity using strategy 1. Upgrading
to strategy 2 can improve the sensitivity in |VτN |2 down to 5× 10−7 for the same integrated
luminosity. On the other hand, in the case of mixing with the electrons, the CMS muon
system can reach values of the mixing parameter down to |VeN |2 ∼ 10−5 for mN ∼ 4GeV
using strategy 1 for an integrated luminosity of 3 ab−1. For the strategy 2 the limits can be
improved up to |VeN |2 ∼ 10−6 for mN ∼ 5GeV for the same integrated luminosity.

Figure 2 also compares our limits with the current experimental bounds for this model,
represented by the dark gray area at the top of each plot. These constraints refer to the
limits from the DELPHI [48] and ATLAS experiments [9]. We also show for comparison the
projected sensitivities from the proposed SHiP [49], MATHUSLA [50], and FASER2 [51]
experiments. As we can see, our forecasted limits can reach values of the mixing |VτN |2 two
orders of magnitude smaller than current experimental bounds and are complementary to
the proposed far detector experiments.

Finally, it is important to mention that in our analysis we have only considered W

boson decay as the main production mode of the HNLs. However, for masses mN ! 5GeV,
the HNLs can be also produced in meson decays or tau lepton decays if it’s kinematically
allowed. These contributions to the HNL production are expected to be important for the
limits obtained using strategy 2, which has a new dedicated displaced trigger, and does
not require triggering on high pmiss

T nor a high pT prompt charged lepton. The analysis of
the sensitivities of a displaced shower signature on HNLs coming from meson decays will
be studied in a future work where we will also extend the range of our analysis for HNL
masses smaller than 1GeV.

– 10 –

https://arxiv.org/pdf/2210.17446.pdf


Beyond current trigger system
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signatures



Beyond current system. Upgrading the upgrade?
• Explore alternative technologies and ideas which could not be otherwise investigated that 

could potentially lead to a significant breakthrough. 
• Both in the present architecture (BMTL1 and OMTF) and beyond

• Project focuses on muons, but ideas can be ported elsewhere. 

• If ideas are successful, we may want to have a small-scale system running in parallel to our 
future HL-LHC system to validate it (beyond the scope of the grant) . 

14/06/2023 2121
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Graph Neural Networks for particle reconstruction
Representing tracking data using graphs

5

One node of the graph = one hit in the detector

Connect two nodes using an edge 
if “it seems possible” that the two hits 
are two (consecutive) hits on a track

• High classification 
score 

• => high probability
that the edge is part of 
a track

• Low classification score 
• => low probability that 

the edge is part of a 
track

Charged particles leave hits in the 
detector

Represent the data using a 
graph

Goal:
classify the edges of the graph

European AI for Fundamental Physics Conference, Amsterdam | April/May 2024Jan Stark

F. Siklér, “Combination of various data analysis techniques for efficient 
track reconstruction in very high multiplicity events”, 
Connecting the Dots conference 2017 (link)

S. Farrell et al., “Novel deep learning methods for track reconstruction”,
proceedings of Connecting the Dots conference 2018 (link)

14/06/2023 23



Graph building techniques

14/06/2023 24

Graph creation: “module map”

8European AI for Fundamental Physics Conference, Amsterdam | April/May 2024Jan Stark

C. Biscarat et al., “Towards a realistic track reconstruction algorithm
based on graph neural networks for the HL-LHC”,
proceedings of the vCHEP2021 conference  (link)

Refined version using module triplets:
C. Rougier, PhD thesis, Université de Toulouse, 
defended September 2023 (link)

New data-driven graph construction method:
• build graphs starting from a list of possible connections from a zone to another zone: the module map
• done using 90k simulated tt events at <!> = 200, considering particles with pT > 1 GeV and leaving at least 3 hits



Graph Neural Networks for real-time muon reconstruction

14/06/2023 25



Explore capabilities of AI-engines
Provide the necessary throughput and latency for triggering? 

262614/06/2023

x8 
performance

x5
throughput



Our demonstrator

27

TESTING AND SYSTEM DEMONSTRATION 
52

Phase-2 Level-1 Trigger system demonstration  
‣ Single-board and multiple board tests performed  
‣ Integration centers across the globe: larger scale 

integration @ CERN (904). Multiple flavour board 
tests.  

‣ Slice test in Muon Barrel Trigger during Run-3. 
Installation @P5: DT—>BMT—>GMT—>GT  

‣ Board interconnection: protocol  
‣ Links (asynchronous) operation @ 25.78 Gb/s  
‣ L1 Trigger boards sending packets only once 

(no retransmission) → error proof  
‣ Protocols (64/66b or 64/67b) encoding 

achieved low error rate, validated recovery 
mechanism etc. 

Muon Trigger Slice Test

Building 904 @ CERN

ICTEA 2024 A. ZABI                                                                                                                                                                                                 CMS L1 TRIGGER @ HL-LHC



Thanks for listening! 
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Foreseen 
improvements on 

detection efficiency 
and triggering might 

allow the discovery of 
BSM physics.

Provide an answer to 
fundamental 

questions of nature.
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