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The Large Hadron Collider (LHC)

ZBSM
H (κλ) =

1
1 − (κ2

λ − 1)δZH

κi , κfμi , μf

where

 

A proton-proton and heavy ion collider in Geneva, Switzerland.
Four collision points, two of which are housed within general-purpose 
detectors; ATLAS (A Toroidal LHC ApparatuS) and CMS (Compact 
Muon Solenoid). 

Chapter 3

The ATLAS experiment at the Large
Hadron Collider

ATLAS (A Toroidal LHC ApparatuS) [58, 59] is a general purpose detector, i.e.
capable of addressing a huge range of physics processes and observing all possible decay
products of the pp interactions; furthermore, it is the largest-volume detector ever built
for a particle collider. The ATLAS detector is forward-backward symmetric with respect
to the interaction point, covering almost the entire 4⇡ solid angle with a cylindrical shape.
It is 44 m long and 25 m high; it weighs over 7000 tons and it sits in a cavern ⇠100 m
underground placed at Point 1 (first LHC Interaction Point). Figure 3.1 shows a schematic
representation of the ATLAS detector.

Figure 3.1: Cut-away view of the whole ATLAS detector and its sub-systems [46].

37

https://arxiv.org/abs/1607.04251
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2.3 Luminosity
In the LHC collisions, the rate of produced events (Revent), i.e. the number of events

produced per second, is given by:

Revent = dNevent

dt
= L · ‡event (2.1)

where L is the instantaneous luminosity of the accelerator (machine luminosity) and ‡event

is the cross section of the corresponding physics process. Thus, in order to produce a sig-
nificant amount of interesting/rare physics events and increase the discovery opportunity,
high luminosity is a crucial achievement.
In the case of two Gaussian beams colliding head-on, the machine luminosity [cm≠2s≠1]
can be expressed in terms of the beam parameters as [22]:

L = N
2
b
nbfrev“r

4fi‘n—ú F (2.2)

where:

• Nb is the number of particles per bunch: protons do not flow as a continuous beam
inside the machine but are packed into bunches;

• nb is the number of bunches per beam;

• frev is the revolution frequency;

• “r is the relativistic gamma factor of the protons;

• ‘n is the normalised transverse beam emittance, that is a measure of the average
spread of particles in the beam;

• —
ú is the beta function at the collision point relating the beam size to the emit-

tance, — = fi‡
2
/‘, determined by the accelerator magnet configuration (basically,

the quadrupole magnet arrangement) and powering;

• F is the geometric luminosity reduction factor due to the crossing angle at the
interaction point (IP).

The geometric reduction factor F , assuming round beams and equal beam parameters for
both beams, is in turn expressed in terms of ◊c, the full crossing angle at the IP, ‡z, the
RMS bunch length, and ‡

ú, the transverse RMS beam size at the IP, as:

F =
Q

a1 +
A

◊c‡z

2‡ú

B2
R

b
≠1/2

. (2.3)

The nominal LHC peak luminosity L = 1034cm≠2s≠1 corresponds to a nominal bunch
spacing of 25 ns, —

ú= 0.55 m, a full crossing angle ◊c= 300 µrad, and bunch popula-
tion, Nb= 1.1 ◊ 1011, while the RMS beam size and the geometric reduction factor are
‡

ú= 16.7 µm and F=0.836, respectively [63].
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Parameter 2015 2016 2017 2018
Maximum number of colliding bunch pairs (nb) 2232 2208 2544/1909 2544
Bunch spacing (ns) 25 25 25/8b4e 25
Typical bunch population (1011 protons) 1.1 1.1 1.1/1.2 1.1
—

ú (m) 0.8 0.4 0.3 0.3-0.25
Peak luminosity Lpeak (1033 cm≠2s≠1) 5 13 16 19
Peak number of inelastic interactions/crossing (< µ >) ≥ 16 ≥ 41 ≥ 45/60 ≥ 55
Luminosity-weighted mean inelastic interactions/crossing 13 25 38 36
Total delivered integrated luminosity (fb≠1) 4.0 38.5 50.2 63.4

Table 2.1: Selected LHC parameters for pp collisions at
Ô

s =13 TeV in 2015–2018. The
values shown are representative of the best accelerator performance during normal physics op-
eration [64].

The instantaneous luminosity is not constant over a physics run, indeed the peak lumi-
nosity is achieved at the beginning of stable beams, i.e. the phase of actual physics data
taking in the LHC cycle, but decreases due to the degradation of the intensities of the
circulating beams, according to the following law:

L(t) = L0

(1 + t/·nuclear)2 with ·nuclear = Ntot,0

L0‡totk
, (2.4)

where:

• ·nuclear is the initial decay time of the bunch intensity due to the beam loss from
collisions;

• Ntot,0 is the initial beam intensity;

• L0 is the initial luminosity;

• ‡tot is the total cross section (‡tot = 10≠25cm2 at 13 TeV);

• k is the number of IPs with luminosity L0.

Further contributions to beam losses come from a blow-up of the transverse emittance
related to the intra-beam scattering, to synchrotron radiation and noise e�ects and from
particle-particle collisions within a bunch.
Assuming the LHC nominal parameters and combining the di�erent contributions, the
length of a luminosity run is estimated as ·L ≥15 h.
Typical values of the most important beam and machine parameters are reported in Ta-
ble 2.1 [64]; the design machine luminosity of L = 1034 cm≠2s≠1 has already been surpassed
in 2016 when the instantaneous luminosity has reached the value of L= 1.3◊1034 cm≠2s≠1.
Considering a luminosity of L = 1034 cm≠2s≠1 and an inelastic cross section of ≥80 mb [65],
an estimation of the expected rate of events at the LHC can be made, thus leading to
Revent = L‡event ≥ 8 ◊ 108 events/s. The actual figure of merit of the luminosity is the
so-called integrated luminosity which directly relates the number of events to the cross
section; it is defined integrating the instantaneous luminosity over the time of operation
T :

L = number of events of interest
‡event

=
⁄

T

0
Ldt . (2.5)

Integrated luminosity

Higgs discovery

Phys.Lett. B716 (2012) 1-29

https://www.sciencedirect.com/science/article/pii/S037026931200857X?via%3Dihub
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Roadmap of Higgs boson observations in Run 1 and Run 2
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Run 2 
139 fb-1 at 13 TeV

Nature paperJHEP01(2021)148Phys.Lett. B716 (2012) 1-29

https://www.nature.com/articles/s41586-022-04893-w.pdf
https://link.springer.com/article/10.1007/JHEP01(2021)148
https://www.sciencedirect.com/science/article/pii/S037026931200857X?via%3Dihub
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Run 2 
139 fb-1 at 13 TeV

Era o f  prec i s ion Higgs boson proper ty 
measurements 
Most of  the production modes have been 
experimentally already confirmed (more than 5𝛔) as 
well as the dominant (cleanest) decay modes

Evidence for Higgs to muons 
(by CMS)

Nature paperJHEP01(2021)148

Higgs discovery

Phys.Lett. B716 (2012) 1-29

https://www.nature.com/articles/s41586-022-04893-w.pdf
https://link.springer.com/article/10.1007/JHEP01(2021)148
https://www.sciencedirect.com/science/article/pii/S037026931200857X?via%3Dihub
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The Large Hadron Collider (LHC)

Today: Collecting pp collisions at ECM = 13.6 TeV 
(world record collider energy) at instantaneous 
luminosity ~2x1034 s-1cm-2 with ~60 minimum bias 
interactions per bunch crossing (well above the 
design value of  20)

TodayRun 2

Higgs discovery

Today
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The ATLAS detector
ATLAS (A Toroidal LHC ApparatuS):  

• General-purpose detector running at the LHC collider with excellent reconstruction, identification and 
energy-momentum measurement covering a wide energy range (sub-GeV à TeV); 
• targeting Higgs and beyond standard model physics searches; 
• forward-backward symmetric with respect to the interaction point, it covers almost the entire 4π solid angle. 
• onion layer detector structure: Inner detector -> Calorimeter -> Muon spectrometer
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The ATLAS detector: Run 3 upgrades
The ATLAS detector has been upgraded to recover Run 1 single-lepton trigger 
thresholds while operating comfortably under Run 3 sustained pileup conditions.
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The ATLAS detector: Run 3 upgrades
The ATLAS detector has been upgraded to recover Run 1 single-lepton trigger 
thresholds while operating comfortably under Run 3 sustained pileup conditions.

New sTGC (small-strip Thin Gap Chambers) and 
MicroMegas station, replacing the old Small Wheel with 
Cathode Strip Chambers and MDTs. 
NSW η range: [1.3, 2.7] 
Upgrade goal 
NSW designed for high background rate of  HL-LHC 
with similar spatial resolution (100 μm) 
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The Higgs boson in the SM
• The Higgs boson discovery  in 2012

• Opened the way to the exploration of the 
sector of the SM Lagrangian that is 
responsible for EW symmetry breaking!

• Two types of tree-level couplings to other SM 
particles, which determine all Higgs Boson 
production and decay modes

to Bosons

to Fermions

Giacinto Piacquadio - ICHEP 2018 3 11

Physics motivation

ZBSM
H (κλ) =

1
1 − (κ2

λ − 1)δZH

where

 

 • The Higgs boson provides mass to bosons and fermions 
through the electroweak spontaneous symmetry breaking. 

• Two types of  tree-level couplings to other SM particles are 
predicted, determining all Higgs-boson production and decay 
modes. 

• Fermions, in particular, acquire mass through Yukawa 
interactions with the Higgs boson  
• EWSB does not provide any explanation of  the fl


Bosons

Fermions

• The precision measurement of  the properties of  the Higgs boson including mass, spin-parity, couplings 
and evidences of  production processes, which are essential tests of  the SM, is one of  the main focus of  
ATLAS and CMS physics analyses after the Higgs boson discovery in 2012.

https://arxiv.org/abs/1607.04251
http://arxiv.org/abs/1910.00012
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Physics motivation
Thanks to LHC’s Run 2 data, ATLAS and CMS directly probed Higgs boson couplings to third generation fermions 

Higgs couplings to fermions

!4H→µ+µ- search with the ATLAS experiment - Giacomo Artoni (University of Oxford) - Sept. 8, 2020

• Thanks to LHC’s Run 2 data, ATLAS and CMS directly probed Higgs boson 
couplings to third generation fermions 

• Next milestone: establish couplings to second generation fermions 
• H→µ+µ- offers the best opportunity to accomplish this at the LHC!
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[Phys. Rev. D 99 (2019) 072001)]

ttH 
Observation at 5.8 standard deviations 

[Phys. Lett. B 784 (2018) 173]

VH, H→bb 
Observation at 6.7 standard deviations 

[Phys. Lett. B 786 (2018) 59]

…and established agreement with the Standard Model predictions                                     
at a level of 30%, see the most up-to-date results on our Higgs results public page

Phys. Rev. D 99 (2019) 072001)Phys. Lett. B 784 (2018) 173 Phys. Lett. B 786 (2018) 59
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Motivation for rare Higgs decay process
10

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.99.072001
https://www.sciencedirect.com/science/article/pii/S0370269318305732?via=ihub
https://www.sciencedirect.com/science/article/pii/S0370269318307056?via=ihub
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Physics motivation
Thanks to LHC’s Run 2 data, ATLAS and CMS directly probed Higgs boson couplings to third generation fermions 

• Measurement of Higgs decay branching ratios at 8-13% level precision ➔ in good agreement with SM
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decay branching ratios at 8-13% 
level precision ➔ in good 
agreement with SM

ATLAS-CONF-2025-006
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Phys. Lett. B 784 (2018) 173 Phys. Lett. B 786 (2018) 59 Phys. Rev. D 99 (2019) 072001)

Motivation for rare Higgs decay process
10

https://cds.cern.ch/record/2937634/files/ATLAS-CONF-2025-006.pdf
https://www.sciencedirect.com/science/article/pii/S0370269318305732?via=ihub
https://www.sciencedirect.com/science/article/pii/S0370269318307056?via=ihub
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.99.072001
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Physics motivation
Thanks to LHC’s Run 2 data, ATLAS and CMS directly probed Higgs boson couplings to third generation fermions 

Reached measurement of  Higgs decay branching ratios at 8-13% level precision ➔ in good agreement with 
SM 

The next frontier is to probe the Higgs boson interaction with 2nd generation fermions 

❖ H→ff  coupling proportional to mf  

❖ Small BR(H→ff) for 1st, 2nd gen. fermions 

❖ Probing Higgs couplings to second-generation fermions is a key challenge at the LHC: H→μμ is 
probably the only accessible 2nd or 1st generation interaction

Motivation for rare Higgs decay process
10
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Uncertainties (on signal strength)
Statistics (data): 
Theory (signal): 

Experimental (signal): 
Background modelling:  

±0.58 
+0.13/-0.08 
+0.07/-0.03 
±0.1

Signal strength (best fit) 
1.2 ± 0.6 

Observed BR limit at 95% CL 
<4.7 x 10-4 

Significance 
(wrt no H→μμ signal hypothesis) 

Observed: 2.0σ  
Expected: 1.7σ

Results

!26H→µ+µ- search with the ATLAS experiment - Giacomo Artoni (University of Oxford) - Sept. 8, 2020

ATLAS CMS

Significance (w.r.t. no 
 signal 

hypothesis) 
Observed (expected) 

significance: 
2.0 (1.7) σ 

Signal strength: 
1.2  0.6

H → μμ

±

Significance (w.r.t. no 
 signal 

hypothesis) 
Observed (expected) 

significance: 
3.0 (2.5) σ 

Signal strength: 
1.2  0.4

H → μμ

±

Run 2 results

First evidence!

JHEP01(2021)148

Phys. Lett. B 812 (2021) 135980  

https://link.springer.com/article/10.1007/JHEP01(2021)148
https://www.sciencedirect.com/science/article/pii/S0370269320307838?via=ihub
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ATLAS vs CMS - Run2
Reconstruction performance: muons

!7H→µ+µ- search with the ATLAS experiment - Giacomo Artoni (University of Oxford) - Sept. 8, 2020

• Muon reconstruction during Run 2:                   
excellent performance and stability! 

• High efficiency for identification (top), isolation 
(bottom) and association to the primary vertex 

• Small impact from high rates and large pile-up 
interactions 

• also, well modelled by simulation 

• Extensive set of results available in       
ATLAS-CONF-2020-030 

• Good dimuon mass resolution (1.7-2.3%)
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from Eur. Phys. J. C 76 (2016) 5, 292

• CMS has a stronger magnetic field - better resolution 

• ATLAS:	1.7 (2.3 %) momentum resolution in the central region for muons from J/ψ → μμ (Z → μμ) decays.  

• CMS: the relative pT resolution of  muons with pT> 20 GeV passing through the barrel region of  the detector 
(|η| < 0.9) ranges from 1.5 to 2% 

Events with high 
dimuon mass resolution (~1%) 

typical both muons in the barrel
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• Common strategy used by ATLAS analysis and CMS non-VBF categories 
• Machine learning techniques extensively exploited by both experiments in order to reach optimal 

sensitivity 

• Alternative approach used by CMS for VBF categories - about 20% improvement in expected significance 
w.r.t. usual strategy 

• Include the mμμ directly in the MVA classifier 
• Perform a binned fit of  the MVA classifier output 
• Take background estimate from simulation  
• Use data in the Higgs SB [110-115], [135-150] GeV to validate, constrain bkg. prediction 

Overall impact of  the systematic uncertainties is small (less than 5%)

ATLAS vs CMS - Run 2
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ATLAS Run 3 (+Run 2) 
analysis
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• Physics object calibrations have been updated using Run 3 dataset (2022-2024). 
• Good muon reconstruction performance of  the ATLAS experiment with Run 3 data. 
• Muon Reconstruction and Identification measured using Tag & Probe method, applied to  

or  decays.  
• In Data 2022, the NSW was still in a commissioning phase, resulting in lower data efficiency in the 

endcap regions. 
• From 2023, NSW operates as expected, bringing the Data / MC ratio closer to unity. 

Identification and reconstruction efficiency at the level of  Run 2, after the addition of  NSW data to 
the working point definition. 

Z → μμ
J/ψ → μμ

Hands-on
Eleonora Ro!i

MCP Tutorial
13/09/2024Identification

Working
Points

Efficiency

Isolation Calibration

MUON
COMBINED	PERFORMANCE

Muon reconstruction performance
ATL-COM-PHYS-2025-870

https://cds.cern.ch/record/2945516/files/ATL-COM-PHYS-2025-870.pdf
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Hands-on
Eleonora Ro!i

MCP Tutorial
13/09/2024Identification

Working
Points

Efficiency

Isolation Calibration

MUON
COMBINED	PERFORMANCE

Muon reconstruction performance
Muon momentum calibration performed applying to set of  corrections: 
Opposite charge bias (applied to data): Twist, Curls and Shift in the detector can create charge-dependent effects 

ATL-COM-PHYS-2025-870

ATL-COM-PHYS-2024-158

Scale and Smearing (applied to simulation): Corrections of  mismodelling effects in simulation 

• In 2023 NSW data had a major role in the muon 
reconstruction, resulting in minor opposite charge-
based effect in the endcap regions 

• Improved alignment came available in 2024, resulting 
in smaller correction factors (on average)

• Data/Simulation agreement close to 
unity after scale and smearing calibration. 

• Not perfect agreement, due to missing 
alignment in the endcap regions and 
lower statistics in 2022 

Calibration work reached similar Run 2 
performance, thanks to the updated 
calibration and increased statistics in 2024

https://cds.cern.ch/record/2945516/files/ATL-COM-PHYS-2025-870.pdf
https://cds.cern.ch/record/2893882/files/ATL-COM-PHYS-2024-158.pdf
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Major Updates w.r.t. Run-2 Paper 

• Improved object performance: 

• GN2 b-tagging algorithm (60% to 85% WP) 

• Fitting decay vertex of  the dimuon system 

• More robust bkg. modeling: 

• Moved from fast-sim smearing to official full-sim for DY samples (5B events) 

•  and  contributions added to core function 

• More complete phase space for categorization: 

• Addition of  Z(→νν) H(→μμ) channel 

• Fully hadronic channel added for ttH categorization 

• Retrained neural networks and BDTs - with newly added variables

cc̄ bb̄

Updates w.r.t. Run2 paper
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23 exclusive categories in order of  ttH → VH → VBF → ggF 
• NN or BDTs to separate signal and background 
• 2 ttH categories 
• 3 ZH categories 
• 2 WH categories 
• 4 VBF categories and 12 ggF categories

Objects + event selection Event selection and categorization
36

• 23 exclusive categories in order of ttH → VH → VBF → ggF  

• NN or BDTs to separate signal and background 

• 2 ttH categories 

• 3 ZH categories 

• 2 WH categories 

• 4 VBF categories and 12 ggF categories

Cut Leading 
muon

Subleading 
muon Jet b-jets

pT > 27GeV > 15GeV > 25GeV > 25GeV

ID/ISO Loose/
Loose

Medium/
Loose

Tight/
FCLoose

Loose 
(FixedEffPt)

Object Definition 

• 2 opposite charged muons, loose ID with pT>5 
GeV, |η|<2.5, requirements on d0/z0 and isolation 

• Fitting the decay vertex of  dimuon system (~2% 
improvement on resolution) 

• FSR recovery (only near candidate included)
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Event selection 

ttH categories: both hadronic and leptonic decays 
• NN trained on 30 variables, 2 categories defined based on NN output 
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Event selection 

ZH categories: 4-lep and 2-lep (Z→vv) channels 
• BDTs trained on 15 (9) variables for 4-lep (2-lep) 
• 1 category for 4-lep and 2 categories for 2-lep 
WH categories: events with 3-leptons 
•  minimisation used for pairing 3µ events 
• BDTs trained on 12 variables ➔ 2 categories

χ2
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Event selection 

ggF/VBF categories: 16 
categories
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Categorisation performance 
Most sensitive categories: VBF-High, 
VBF-Medium 
Signal and background composition in 23 
analysis categories
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Signal modelling 

Signal modeling 

• Modeling signal  distribution with double-sided Crystal Ball function 

• Fitting decay vertex of dimuon system ➔ 2% improvement on resolution 

• FSR recovery (5% of total events) ➔ 4% improvement on resolution

mμμ

40
• Signal shape dominated by detector resolution 

• Modelling signal distribution with double-sided Crystal Ball (CB) as analytic 

parameterisation for the signal. 

• Gaussian core (model signal peak) + power-law curves (model outer tails) 

• Resolution ranging between 2.8 - 3.3 GeV 

• Fitting decay vertex of  dimuon system ➔ 2% improvement on resolution 

• FSR recovery (5% of  total events) ➔ 4% improvement on resolutionSignal modeling 

• Modeling signal  distribution with double-sided Crystal Ball function 

• Fitting decay vertex of dimuon system ➔ 2% improvement on resolution 

• FSR recovery (5% of total events) ➔ 4% improvement on resolution

mμμ

40
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Background modelling 

Background modelling: Core function × empirical function

• Core function:  
• same LO DY line-shape for all categories 
• fully rigid (no extra degrees of  freedom) 
• Calculated with parton luminosity, new  and  contribution in Run-3 
• more accurate treatment for experimental dimuon mass-resolution effects 

(Smeared with a detector resolution from FullSim samples) 

cc̄ bb̄

• Very small signal-to-background ratio (~0.2% in the region  = 120–130 GeV in an inclusive selection): an 

accurate determination of  the background is of  paramount importance. 

• Mass range used for the fit (  = 110–160 GeV) optimised to obtain the best signal sensitivity taking into 

account the statistical and systematic uncertainties

mμμ

mμμ

F(mμμ, a1)cat = Core(mμμ) Empirical(mμμ, ai)cat×
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Background modelling 
Background modelling: Core function × empirical function

• Empirical function: correct for distortions of  the mass shape due to the event 
selection and categorisation, higher-order theory corrections and other 
smaller background contributions. 

•  Using two “families” of  functions: PowerN (N+1 parameters) and EpolyN (N 
parameters) 

 

Spurious signal

!23H→µ+µ- search with the ATLAS experiment - Giacomo Artoni (University of Oxford) - Sept. 8, 2020

• Measured signal yield from a S+B fit 
performed on background-only templates 

• built from high-statistics background samples                                                                               
(fast DY simulation for ggF/VBF, full simulation 
for ttH/VH) 

• Taking maximum absolute value of spurious signal 
in the 120-130 GeV mass range 

• Dominant experimental systematic 
• accounting for imperfect choice of analytic model for the background and                      

potential local biases in the mµµ spectrum (induced by selections, for example) 

• All spurious signal uncertainties considered uncorrelated 
• Expected significance only impacted by ~2% if switching to full correlation

Ev
en

ts

mµµ

true background spectrum 
background model 
spurious signal

F(mμμ, a1)cat = Core(mμμ) Empirical(mμμ, ai)cat×

• One function per category, with varying number of  free parameters  
• Keep only functions that can fit data sidebands, full-sim background with 

P(χ2) > 1% 
• Determined by spurious signal test 

• S+B fit on B–only template (from FullSim MC) 
• SS less than 20% of  the statistical error on the signal 

• Retain only functions with the smallest number of  degrees of  freedom 
(+ smallest spurious signal)
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Uncertainties
• Theoretical uncertainties: 

• BR, QCD scale and PDF unc. on all production modes 
• UE and PS unc. on ggF and VBF 
• HF unc.: 100% on ggF yield in ttH categories 

• Correlated between Run-2 and Run-3 except for PDF 

• Experimental uncertainties: 
• Muon momentum scale/resolution, efficiencies 
• Luminosity, PRW, Higgs mass, e/𝛾,  
• JER, JES, JVT, flavour tagging, and non-closure unc. in fwd region (account for mismodelling of  pileup jets) 

• Uncorrelated between Run-2 and Run-3

ETmiss

Run3 Run2 + Run3
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Run3 Run2 + Run3

Results
Results from binned Likelihood fit: 
• Run 3 observed (expected) significance w.r.t bkg.-only hypothesis: 2.8𝛔 (1.8𝛔) 

• Run 2 + Run 3 observed (expected) significance: 3.4𝛔 (2.5𝛔) ➔ evidence! 

• Assuming SM Higgs cross section, BR(H→μμ) = (3.0 ± 0.9) × 10-4
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Results
• The measured signal strength is  = 1.6 ± 0.6 for Run 3 
• In the combined Run2+Run3 fit, the signal strength is  = 1.4 ± 0.4, and the individual results 

for Run 2 and Run 3 are compatible within 68% 
• Compatibility among 6 groups of  categories is 54% in Run 3

μ

μ

Sensitivity improved by 50% relative to Run 2 analysis
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Going beyond - probe of New Physics

JHEP11(2024)097 

The Higgs results can be interpreted in the context of  SMEFT:
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3 Methodology of E�ective Field Theory interpretations

Standard Model E�ective Field Theory provides a theoretically elegant language to encode the modifications
of the Higgs properties induced by a wide class of beyond-the-SM models that reduce to the SM at
low energies, and is systematically improvable with higher-order perturbative calculations. Within the
mathematical language of the SMEFT, the e�ects of BSM dynamics at high energies ⇤ � v, well above the
electroweak scale v = 246 GeV, can be parametrised at low energies, E ⌧ ⇤, in terms of higher-dimensional
operators built up from the Standard Model fields and respecting its symmetries such as gauge invariance

LSMEFT = LSM +

Nd6X

i

ci
⇤2O

(6)
i
+

Nd8X

j

bj

⇤4O
(8)
j
+ . . . , (4)

where LSM is the SM Lagrangian, O (6)
i

and O (8)
j

represent a complete set of operators of mass-dimensions
d = 6 and d = 8, and cj , bj are the corresponding Wilson coe�cients. Operators with d = 5 and
d = 7 violate lepton and/or baryon number conservation and are not relevant for Higgs physics. The
e�ective theory expansion in Eq. (4) is robust, fully general, and can be systematically matched to explicit
ultraviolet-complete BSM scenarios.

In this analysis the “Warsaw” basis [75] is used, which forms a complete set of all O (6)
i

operators in
Eq. (4) allowed by the SM gauge symmetries. This basis is widely used in EFT measurements in various
fields of particle physics and the usage of a common basis will allow easier future combination of these
measurements. Contributions of operators of mass-dimension d = 8 are not considered. The goal of the
analysis is to constrain the d = 6 Wilson coe�cients that correspond to operators that either directly or
indirectly impact Higgs boson couplings to SM particles [14, 76]. Table 3 lists the operators considered
in this analysis, and their corresponding Wilson coe�cients cj . Here, all CP-even d = 6 operators were
considered for which the ⇤�2-suppressed contribution to any of the STXS categories measured in Figure 1
exceeds 1‰ with respect to the SM prediction at ci = 1. In this analysis, a value of ⇤ = 1 TeV is assumed,
coe�cients for alternative values of ⇤ = X can be trivially obtained through a scaling with a factor
(X/1 TeV)2. All complex-valued Wilson coe�ents, notably cuW , cuG , cuB and cuH in this analysis, are
used with =(ci) = 0.

3.1 Simulation of the impact of SMEFT operators

The impact of the d = 6 SMEFT operators listed in Table 3 has been computed with the UFO model of
Madgraph [53], using lowest order calculations in QCD for all production and decay modes.

Calculations for Higgs production modes with tree-level diagrams have been performed with SMEFTsim [77],
under the assumption of a U (3)5 flavour symmetry (which corresponds to the unbroken global flavour
symmetry present in the SM outside the Yukawa sector), and providing the Fermi constant GF , and the Z
and W boson masses as input. Cross-sections have been calculated at NLO accuracy in QCD for ggH,
gg!Z H and H ! gg with SMEFTatNLO [78] and at NLO accuracy in QED for SMEFT-SM interference
terms in H! �� [79], also providing mW as input. SMEFT modifications to the background processes in
the included analyses are not considered.

In the simulation, kinematic cuts on the minimal (b-)jet transverse momentum of pT > 20 GeV have
been imposed. Furthermore, for the Higgs boson decay a requirement of �R > 0.05 between two jets
or two leptons is imposed in order to avoid divergences in the matrix element calculation. Additional

10

Wilson coefficients

ℒEFT = ℒSM
EFT effects on cross section (tails) 

could be observable at LHC 

• The uncertainties in the coefficient, are 
almost completely dominated by the statistical 
component.

ceH,22

• S M  a m p l i t u d e i s s t ro n g l y 
suppressed by the Yukawa factor but is at 
tree level in SMEFT: it is the most precisely 
measured coefficient, despite being constrained 
only by the very low-yield  channel.

H → μμ

H → μμ

https://link.springer.com/article/10.1007/JHEP11(2024)097
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• Run2 Legacy combination + new partial Run3 
analyses are combined together 

• Adding  and  Run 3 results, coupling 

modifiers are improved by ~ 37% (48%) for  
( )

H → Zγ H → μμ

H → μμ

H → Zγ

Evolution of Higgs couplings including 
Run3

to Nature

ATLAS-CONF-2025-006

https://cds.cern.ch/record/2937634/files/ATLAS-CONF-2025-006.pdf
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HL-LHC projections 
Same analysis strategy employed in the full Run 2 measurements. 
The resolution of  the Higgs boson peak is reduced by 30% in VBF and 0-jet categories, and 
15% in other categories to account for expected improvements in the muon 
momentum resolution brought by the ITk. 

Three scenarios are considered: 
• Run 2 systematic: conservative scenario, all systematic uncertainties are of  the same size 
as in Run 2 analyses 

• Baseline: reasonable reduction of  systematic uncertainty (assumes no spurious signal and MC-stat uncertainty), 
theory uncertainties are halved. 

• No systematics: optimistic scenario with extremely accurate theoretical calculation and detector calibration -> 
negligible systematics. 
In all scenarios considered the signal would be observed with significance greater than five standard 
deviation

ATL-PHYS-PUB-2025-014

https://cds.cern.ch/record/2927960/files/ATL-PHYS-PUB-2025-014.pdf
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HL-LHC projections - 
combination 

• Updated projections combined with previous projections to 
simultaneously extract Higgs boson coupling modifiers 
• With respect to the previous extrapolations (ESPPU 2020), the 
projected uncertainties in the coupling strength scale factors are 
reduced by 7%–29% depending on the coupling, with the 
exception of  𝜅𝑍 .  

• Precision of  2% ~ 4%  for most cases 
• Theory uncertainties as dominant uncertainty source ATL-PHYS-PUB-2025-014

https://cds.cern.ch/record/2927960/files/ATL-PHYS-PUB-2025-014.pdf
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Conclusion

• The ATLAS experiment sees evidence for the rare decay of  the 
Higgs boson into two muons, and hence for the Higgs-boson 

Yukawa coupling to second-generation fermions. 

• Observed (expected) significance over the background-only 

hypothesis of  3.4 (2.5) 𝜎 

• Results obtained by analysing 165 fb−1 of  𝑝𝑝 data collected at  

√𝑠 = 13.6 TeV and combining with the results from 140 fb−1 of  data 

collected at √𝑠 = 13 TeV.  

• These results are compatible with the SM expectation. 

• Going beyond,  might also serve as a probe for New Physics 

• Observation by ATLAS expected by HL-LHC with different 
systematic scenarios.

H → μμ
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Muon reconstruction performance

✦ Efficiency calibration using Tag and Probe method to measure the data 
and mc efficiencies and derive their ratio (Scale Factors SF) using the 

same algorithm used to derive muon trigger SFs.
• Measurements in bins of  depending on WPs
• In order to measure the efficiencies, high-purity samples of 𝑍 → 𝜇+𝜇− 

and 𝐽/𝜓 → 𝜇+𝜇− events are selected 
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✦Momentum calibration:

• sagitta bias corrections

• scale and resolution corrections for  
MC.

ATLAS DRAFT

In the measurements, probes are matched to muon candidates identified by a given identification algorithm689

using a criterion of �' < 0.051. As such, the e�ciency to identify a probe of type ? with identification690

algorithm - , n (- |?), can be defined as691

n (- |?) =
#

-
?

#?
(5.2)692

where #? is the number of selected probes and #
-
? is the number of selected probes identified by - .693

With this, the total e�ciency can be decomposed as694

n (-) = n (- |�⇡ ^ "() n ("( |�⇡) n (�⇡) . (5.3)695

The last term in this equation, n (�⇡) cannot be directly measured, but can, to very high accuracy, be696

approximated by the conditional e�ciency n (�⇡ |"(). The first term captures the fact that for a combined697

muon both an ID track and an MS track need to exist, where �⇡ ^ "( refers to the two-track probes698

introduced above. Finally, the second term in the equation could in principle be measured in data, but699

this measurement would be subject to large background rates when using ID probes. Thus, ID probes are700

replaced by CT probes, which is a good approximation since the correlation between calorimeter-tagging701

and the reconstruction in the MS is small. Equation 5.3 can therefore be rewritten as702

n (-) ⇡ n (- |�⇡ ^ "() n ("( |⇠)) n (�⇡ |"() . (5.4)703

To this equation, one more term is added to recover e�ciency for muons without a full MS track. The final704

equation to calculate the total e�ciency n (-) therefore is705

n (-) ⇡ (n (- |�⇡ ^ "() n ("( |⇠)) + n (- ^ ¬"( |⇠))) n (�⇡ |"() . (5.5)706

With this, the e�ciencies for the WPs Medium, Tight, Low-?T, and High-?T can be directly measured.707

For the Loose WP, CT muons are allowed in the region of |[ | < 0.1, for which the e�ciency is measured708

separately using MS probes.709

The requirements for the T&P selection are summarised in Table 5.1. Tags are required to pass the Medium710

Quality and the Tight_VarRad Isolation criteria. In addition, tags must be matched to the online selection711

for the trigger HLT_mu26_ivarmedium_L1MU14FCH and have transverse momenta at least 5% larger than712

the trigger threshold, i.e. ?T > 1.05?trig
T = 27.3 GeV. Finally, tags must pass vertex-association criteria of713

|30/f(30) | < 3 and |I0 sin \ | < 0.5 mm. The criteria applied for probes, on the other hand, depend on the714

type of probe. For all types, a kinematic selection of ?T > 10 GeV and |[ | < 2.5 is applied. Furthermore,715

all probes must pass isolation criteria of ?VarCone20-TTVA
T /?T < 0.06 and ⇢

TopoCone20
) /?T < 0.1. For all ID,716

CT, and two-track probes, an ID track as defined in Chapter 4 is required. CT probes must, in addition, pass717

the calorimeter-tagging algorithm, while two-track probes are required to be matched to an SA track within718

�' < 0.05, as described above. All ID, CT, and two-track probes must also pass the vertex-association719

criteria of |30/f(30) | < 3 and |I0 | < 10 mm. MS probes on the other hand rely on SA tracks, with the720

?T taken from ME. Further requirements are applied on the characteristics of the T&P pair to reduce721

background contributions, with the invariant mass of the T&P system required to be between 61 GeV and722

119 GeV and the electric charges of the tag and the probe muon required to be opposite.723

In order to calculate conditional e�ciencies following Equation (5.2), probes are counted in data after724

subtracting contributions from QCD backgrounds. For the count, all processes producing an opposite-sign725

1 In the rare cases with multiple matches within �' < 0.05, the one closest in �' is considered as the match

27th January 2025 – 10:35 76

✦  Similarly to the identification working points, Isolation WPs are defined.

✦  Set of   identification working points are defined for different needs, five Working Points released for Run3:
● loose, higher efficiency for multilepton analyses;
● medium, best compromise efficiency/purity for most analyses, slightly lower efficiency at low /  , 

lower fake rate;
● Tight: highest fake rejection
● high-pT: for the MS-dominated regime, ensures best momentum resolution even at very high 
● Low-pT: precise identification down to 3.5 GeV

pT η

pT
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23 exclusive categories in order of  ttH → VH → VBF → ggF 
• NN or BDTs to separate signal and background 
• 2 ttH categories 
• 3 ZH categories 
• 2 WH categories 
• 4 VBF categories and 12 ggF categories

Objects + event selection 
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FSR recoverySignal modeling 

• Modeling signal  distribution with double-sided Crystal Ball function 

• Fitting decay vertex of dimuon system ➔ 2% improvement on resolution 

• FSR recovery (5% of total events) ➔ 4% improvement on resolution

mμμ

40

Signal modeling 

• Modeling signal  distribution with double-sided Crystal Ball function 

• Fitting decay vertex of dimuon system ➔ 2% improvement on resolution 

• FSR recovery (5% of total events) ➔ 4% improvement on resolution

mμμ

40

• Muons from the 𝐻 →  𝜇𝜇 decay can lose a fraction of  their energy by QED final-state 

radiation (FSR), impacting the 𝑚𝜇𝜇 shape and peak position 

• Photon candidates are included in the 𝑚𝜇𝜇 calculation if  they are found in categories requiring 

exactly two muons and meet a minimum-energy requirement dependent on their closeness 
to the muon. 

• Only near FSR selection applied to avoid contamination from 𝐻𝑍𝛾 

• ggF RMS of  mass peak: improve from 3.7 GeV to 3.5 GeV in ggF signal( ~ 5%)
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• Fitting the Higgs-boson decay vertex, a more precise value for 𝑑0 can be determined, yielding a better 

estimate of  .  

• This decay vertex is fitted with a least-squares method, that minimizes a set of  estimators 
related to the muon tracks (track 𝜃 and 𝜙, and the charge-to-momentum ratio, 𝑞/𝑝) and 

vertex parameters (𝑥, 𝑦, 𝑧 position) with respect to the measured values, taking into account their 

covariances and a constraint to keep the fitted decay vertex within the beamspot envelope.  
• This procedure is applied to categories requiring exactly two muons, resulting in an improvement of  the 

 resolution of  nearly 2%.

mμμ

mμμ

Vertex fitting

Signal modeling 

• Modeling signal  distribution with double-sided Crystal Ball function 

• Fitting decay vertex of dimuon system ➔ 2% improvement on resolution 

• FSR recovery (5% of total events) ➔ 4% improvement on resolution

mμμ

40
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ttH categories
Target: both hadronic and leptonic decays 

• Selection: At least 1 b-jet at 85% WP 

• Higgs candidate: 2 highest-  muons with opposite charge 

• NN trained with 30 variables to separate sig.vs bkg. 

• 2 categories defined based on NN output 

• NN–Based Classification New in Run3

pT

transverse momentum of the third lepton
transverse mass of leptonic top-quark decay

scalar sum of jet transverse momentum
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Variables used (ttH categories)
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VH categories
4-lep and 2-lep (Z→νν) channels considered 
• 4μ: pair with mμμ closest to mZ selected as Z candidate, the other 

pair is Higgs candidate 
• BDTs trained with 15 variables (4-lep) and 9 variables (2-lep) to 
extract signals 
• 1 category for 4-lep and 2 categories for 2-lep 
2-lep: New categories in Run3 

3-lep Selection: events with 3 leptons, new Tight isolation cut for 
W lepton in Run3 
• Pairing for 3𝜇 events: χ2 minimization 

• BDT trained with 12 variables

BDT output used to define 
VH2L categories
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Variables used (VH categories)
VH2LEP

VH3LEP

VH4LEP
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VBF+ggF categories
• Selection for ggF/VBF: 

• 110 GeV <  < 160GeV 

• Exactly 2 muons (no extra leptons) 
• B-jet veto at 85% WP 
• < 120 GeV (orthogonal to ZH2L) 

• BDT-based classifiers (XGBoost): 
• Signal: VBF (VBF Classifier), ggF +VBF (Higgs Classifier) 
• Background: DY + VBFZ + top + DiBoson 
• Kinematic distribution of  BDT inputs 
• 16 categories defined in total for ggF/VBF

mμμ

ET,miss

BDT output used to identify 
VBF categories
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Variables used (VBF + N-jet categories)
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Background modelling - spurious signal 

• Measured signal yield from a S+B fit performed on background-only templates 

• built from high-statistics background samples 

• Taking maximum absolute value of  spurious signal in the 120-130 GeV mass range  -  
(𝑺 ± 𝟏𝝈/ 𝜹𝑺 < 𝟐𝟎%) 

• Dominant experimental systematic 
• accounting for imperfect choice of  analytic model for the background and  potential 
local biases in the mμμ spectrum (induced by selections, for example)  

• All spurious signal uncertainties considered uncorrelated 

• Expected significance only impacted by ~2% if  switching to full correlationSpurious signal

!23H→µ+µ- search with the ATLAS experiment - Giacomo Artoni (University of Oxford) - Sept. 8, 2020

• Measured signal yield from a S+B fit 
performed on background-only templates 

• built from high-statistics background samples                                                                               
(fast DY simulation for ggF/VBF, full simulation 
for ttH/VH) 

• Taking maximum absolute value of spurious signal 
in the 120-130 GeV mass range 

• Dominant experimental systematic 
• accounting for imperfect choice of analytic model for the background and                      

potential local biases in the mµµ spectrum (induced by selections, for example) 

• All spurious signal uncertainties considered uncorrelated 
• Expected significance only impacted by ~2% if switching to full correlation

Ev
en

ts

mµµ

true background spectrum 
background model 
spurious signal

F(mμμ, a1)cat = Core(mμμ) Empirical(mμμ, ai)cat×
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• Warsaw basis, assuming  TeV.
• SMEFTsim + SMEFT@NLO
• Results are usually provided for linear model ( + linear-quadratic models).
• SMEFTsim: different flavour symmetries used to reduce the number of Wilson 

coefficients. 
("𝑈(3)5 flavour symmetry”,“topU3I”, "top")

Λ = 1

2nd EB meeting STXS-EFT HIGG-2022-17 2/11/22/ Andrea Visibile3

✦ Flavour symmetry for operators

# of CP-even d=6 operators

Relax t,b

“top” scheme “topU3l” scheme U(3)5 scheme

All lepton 
generations 
treated similarly

First two quark 
generations 
treated similarly

All lepton 
generations 
treated similarly

Relax leptons

First two quark 
generations 
treated similarly

All quark 
generations 
treated similarly

In general 2499 dim. 6 CP-even operators: additional flavour symmetry in SMEFT 
allows to scale down the complexity of operators !  

U(3)5 : all quarks & leptons affected by same set of operators  (used in 3-channel comb. ATLAS-CONF-2020-053) 

topU3l : top & bottom treated different from other quarks  
(global fit of Higgs, SM. EW & LEP EWPO ATL-PHYS-PUB-2022-037) 

top : treat all leptons separately  
- useful for allowing lepton-specific modifiers 
  (   
- prepare for global fit with relaxed flavour assumptions  
  (Drell-Yan …)

H → μμ, H → ττ, H → 4l, H → lvlv(l = μ, e)

Modest increase in operator  
groups that affect Higgs processes

2nd EB meeting STXS-EFT HIGG-2022-17 2/11/22/ Andrea Visibile3
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In general 2499 dim. 6 CP-even operators: additional flavour symmetry in SMEFT 
allows to scale down the complexity of operators !  

U(3)5 : all quarks & leptons affected by same set of operators  (used in 3-channel comb. ATLAS-CONF-2020-053) 

topU3l : top & bottom treated different from other quarks  
(global fit of Higgs, SM. EW & LEP EWPO ATL-PHYS-PUB-2022-037) 

top : treat all leptons separately  
- useful for allowing lepton-specific modifiers 
  (   
- prepare for global fit with relaxed flavour assumptions  
  (Drell-Yan …)

H → μμ, H → ττ, H → 4l, H → lvlv(l = μ, e)

Modest increase in operator  
groups that affect Higgs processes𝑈(3)5 flavour symmetry topU3l flavour symmetry top flavour symmetry

SMEFT parameterisation
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SMEFT fits: STXS inputs 

WW, ZZ γγ, Zγ ττ, μμ, bb̄

JHEP11(2024)097 

https://link.springer.com/article/10.1007/JHEP11(2024)097
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• 33 WCs plotted, remaining are 
subleading.

• Impact of quadratic terms 
significant for WH,ZH and tH.

Hyy,HZy

• Impact of Wilson coefficients can 
be visualised-> Value of ci scaled 
appropriately for plotting.

28/10/2021 Eleonora Ro!i 8

Impact of SMEFT operators on STXS 

• Impact of each Wilson 
coefficient in the different 
STXS bins or partial widths. 

• The impact of most Wilson 
coefficients is rescaled to fit in 
the plot.

• Insuffic ient k inemat ic 
i n f o r m a t i o n t o p r o b e 
simultaneously 26 parameters! 

• P r i n c i p l e C o m p o n e n t 
Analysis in parameter groups 
to identify sensitive directions. 

• EFT parameterisation is 
affected by analysis level 
selections used to reconstruct 
SM Higgs.

• Acceptance effects are 
included for HWW and HZZ 
channels. 

 

Modification to 
Fermi constant 
(GF)

ATLAS-CONF-2021-053
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OHq3

increasing impact with pH
T

Overall norm

ggH & ttH

H → μμ

SMEFT impact on STXS bins and decay
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• 50 Wilson coefficients have a non-negligible impact on STXS bins.
• Not all the parameters can be constrained directly in the Warsaw basis, need to identify sensitive directions 

that can be reasonably constrained.
• Principal component analysis on information matrix:

- Full eigenvector basis-> Negligible correlation, hard to interpret.
- Fit basis-> Higher correlation, easy to interpret -> 19 directions

HSMEFT = PT HμP

Individual coefficients

Overall normalisation

top

Hyy,HZy

ggF

Wilson Coefficients

(W/Z) H

H->4l

STXS sensitivity study
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LinkHL-LHC projections 
Same analysis strategy employed in the full Run 2 measurements. 
The resolution of  the Higgs boson peak is reduced by 30% in VBF and 0-jet categories, and 
15% in other categories to account for expected improvements in the muon 
momentum resolution brought by the ITk. 

Three scenarios are considered: 
• Run 2 systematic: conservative scenario, all systematic uncertainty are of  the same size 
as in Run 2 analyses 

• Baseline: reasonable reduction of  systematic uncertainty (assumes no spurious signal and MC-stat 
uncertainty), theory uncertainties are halved. 

• No systematics: optimistic scenario with extremely accurate theoretical calculation and detector calibration 
-> negligible systematics. 

In all scenarios considered the signal would be observed with significance greater than five standard deviation

https://cds.cern.ch/record/2927960/files/ATL-PHYS-PUB-2025-014.pdf
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LINK

Magnetic field, CMS approach

https://warwick.ac.uk/fac/sci/physics/staff/academic/boyd/warwick_week/highpt/bracinik_warwick12_l2.pdf
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LINK

Magnetic field, ATLAS approach
LINK

https://warwick.ac.uk/fac/sci/physics/staff/academic/boyd/warwick_week/highpt/bracinik_warwick12_l2.pdf
https://warwick.ac.uk/fac/sci/physics/staff/academic/boyd/warwick_week/highpt/bracinik_warwick12_l2.pdf
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Results
• The measured signal strength is 𝜇 = 1.6 ± 0.6 for Run3 

• In the combined Run2+Run3 fit, the signal strength is 𝜇 = 1.4 ± 0.4, and the individual results 

for Run 2 and Run 3 are compatible within 68% 
• Compatibility among 6 groups of  categories is 54% in Run 3


