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The world's eight marvel…
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The Large Hadron Collider 5



The world's eight marvel 6
parameter value

(design) CM 
energy

14 TeV

Luminosity 1034 cm-2 s-1

Bunch crossing 
spacing

24.95 ns

Protons per 
bunch

1.15 ´ 1011

Beam radius 16.7 µm

Main Dipoles 1232

Dipole field 8.33 T

Smaller magnets 7000

Stored energy 360 MJ/beam



The world's eight marvel 7

by J. Wenninger LHC Status and Performance 

https://pos.sissa.it/339/001/pdf


The Standard Model Higgs boson production and decays
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Higgs boson production processes at hadron colliders 9

main processes



production cross section in proton-proton collisions10

√s= 13 TeV√s= 8 TeV √s= 14 TeV

ggF: cross sections are calculated at N3LO QCD and NLO EW accuracies

𝜎ggF = 21.42 pb, 214×103 events 

𝜎VBF =  1.60 pb, 16×103 events

𝜎VH =  0.064 pb, 0.6×103 events

𝜎ttH = 0.133 pb, 1.3×103 events 

assuming mH = 125 GeV and L = 10 fb-1

Overall theory uncertainties: 
ggF and ttH:  ∼ +7 −10%

VBF and VH: ∼ ±3%

𝜎ggF = 48.58 pb, 486×103 events

𝜎VBF =  3.78 pb, 38×103 events

𝜎VH =  0.124 pb, 1.2×103 events

𝜎ttH = 0.507 pb, 5.1×103 events

VBF: cross sections are calculated at (approx.) NNLO QCD and NLO EW accuracies
VH: cross sections are calculated at NNLO QCD and NLO EW accuracies
ttH: cross sections are calculated at NLO QCD and NLO EW accuracies

At √s= 14 TeV cross sections 
are ∼ 10% higher, 20% for ttH

LHC Higgs Cross section WG

https://twiki.cern.ch/twiki/bin/view/LHCPhysics/LHCHWG


Standard Model Higgs boson decays 11

The Higgs boson branching fractions as a function of the mass
The Higgs boson natural width 
as a function of the mass

125 GeV Higgs Branching fractions:
Hàbb: 58.2%
Hà𝜏𝜏:  6.27%
Hà𝛾𝛾: 0.227%
HàWW*: 2.14%
HàZZ*: 2.62%
Hà𝜇𝜇: 0.022%

Remember that:
BR Zà 𝜇𝜇/ee: 3.3632%

BR HàZZ*à4l(l=e or 𝜇): 0.012%  

LHC Higgs Cross section WG LHC Higgs Cross section WG

Total width for mH = 125 GeV: 
4.129 MeV

https://twiki.cern.ch/twiki/bin/view/LHCPhysics/LHCHWG
https://twiki.cern.ch/twiki/bin/view/LHCPhysics/LHCHWG


production cross section in proton-proton collisions12

√s= 13 TeV√s= 8 TeV √s= 14 TeV

ggF: cross sections are calculated at N3LO QCD and NLO EW accuracies

assuming mH = 125 GeV

Overall theory uncertainties: 
ggF and ttH:  ∼ +7 −10%
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VBF: cross sections are calculated at (approx.) NNLO QCD and NLO EW accuracies
VH: cross sections are calculated at NNLO QCD and NLO EW accuracies
ttH: cross sections are calculated at NLO QCD and NLO EW accuracies

At √s= 14 TeV cross sections 
are ∼ 10% higher, 20% for ttH

LHC Higgs Cross section WG

L=10 fb-1 Hà𝛾𝛾 HàZZ*à4l Hà𝜏𝜏
8 TeV 13 TeV 8 TeV 13 TeV 8 TeV 13 TeV

ggF 442 1002 26 58 13400 30500
VBF 36 86 2 5 1000 2380
ttH 3 12 0.2 0.6 82 320

https://twiki.cern.ch/twiki/bin/view/LHCPhysics/LHCHWG
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By R. Tanaka, 10 years Higgs Boson Discovery, CERN 4 July 2022

https://indico.cern.ch/event/1135177/
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The design of ATLAS and CMS at the LHC
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The two gold channels: Hà𝛾𝛾 …
• Two isolated high-pT photons in the final 

state
• Large irreducible and reducible 

background (SM 𝛾𝛾 production, and fake 
𝛾 from jets)
• Large event pileup 
• Safe 𝛾𝛾 vertex reconstruction and 

identification
• Narrow 𝛾𝛾 invariant mass peak
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• High granularity electromagnetic calorimeter 
• High enery-resolution electromagnetic 

calorimeter
• Safe photon identification
• Highly segmented hadron calorimeter
• Possibly measurement of the photon direction of 

flight
• High precision inner tracking and vertexing

ATLAS: a module of the LAr e.m.
calorimeter (the “accordion”)

CMS: the barrel e.m. calorimeter 
and a lead tungstate crystal



The two gold channels: … and the HàZZ(*)à4 leptons
• Four isolated high-pT leptons 

(electrons or muons) associated to the 
pp collision point
• Large event pileup 
• Narrow 4-lepton invariant mass peak
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• High precision reconstruction of muons 
electromagnetic calorimeter
• Safe muon and electron identification
• High precision inner tracking and vertexing

ATLAS: the barrel 
muon toroid

CMS: the barrel 
Inner Tracker



The ATLAS detector 18



The CMS detector 19



Detector performance 20

Performance of the main components of the ATLAS and CMS detectors 



The Higgs boson @ the end of 2011:
towards the discovery

21



22

CERN PUBLIC SEMINAR
13 December 2011



q σ ~ 2-5 fb
q However:

-- mass can be fully reconstructed  à events would cluster in a (narrow) peak
-- pure: S/B ~ 1

q 4 leptons: pT
1,2,3,4 > 20,20,7,7 GeV; m12 = mZ ± 15 GeV; m34 > 15-60 GeV (depending on mH)

q Main backgrounds: 
-- ZZ(*) (irreducible)

-- mH < 2mZ : Zbb, Z+jets, tt with two leptons from b/q-jets à l
à Suppressed with isolation and impact parameter cuts on two softest leptons 
q Signal acceptance x efficiency: ~ 15 % for mH~ 125 GeV

H à ZZ(*) à 4l (4e, 4µ, 2e2µ) 110 < mH < 600 GeV

Crucial experimental aspects: 
q High lepton reconstruction and identification efficiency down to lowest pT
q Good lepton energy/momentum resolution 
q Good control of reducible backgrounds (Zbb, Z+jets, tt) in low-mass region: 
à cannot rely on MC alone (theoretical uncertainties, b/q-jet à l modeling, ..)
à need to compare MC to data in background-enriched control regions (but: low statistics ..)

à Conservative/stringent pT and m(ll) cuts used at this stage 
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ATLAS 24

After all selections: kinematic cuts, γ identification and isolation

q 22489 events with 100 < mγγ < 160 GeV observed in the data
q expected signal efficiency:  ~ 35% for mH=125 GeV

mγγ spectrum fit with exponential function for 
background plus Crystal Ball + Gaussian for signal
à background determined directly from data

After all selections: kinematic cuts, isolation, impact parameter 

Full mass range
Observed: 71 events: 24 4μ + 30 2e2μ + 17 4e
Expected from background: 62±9

m(4l) < 180 GeV
Observed: 8 events: 3 4μ + 3 2e2μ + 2 4e
Expected from background: 9.3±1.5

H à ZZ(*) à 4l (4e, 4µ, 2e2µ) 

H à γγ 110 ≤ mH ≤ 150 GeV

m2γγ= 2 E1 E2 (1-cosα)
q Calorimeter pointing capability reduces vertex 

uncertainty from ~ 5.6 cm (LHC beam spot) to ~ 1.5 cm



CMS 25
H à ZZ(*) à 4l (4e, 4µ, 2e2µ) H à γγ



26

It has been a wonderful year for the LHC and ATLAS à THANKS LHC TEAM !

Conclusions

It’s too early to draw definite conclusions
More studies and more data are needed 
We have built solid foundations for the (exciting !) months to come

We have restricted the most likely 
mass region (95% CL) to

115.5-131 GeV

We have looked for a SM Higgs boson 
q over the mass region 110-600 GeV
q in 11 distinct channels
q using up to 4.9 fb-1 of integrated luminosity    

We observe an excess of events around mH~ 126 GeV:
q local significance 3.6 σ, with contributions from the

Hà γγ (2.8 σ), Hà ZZ* à 4l (2.1 σ), Hà WW(*) à lνlν (1.4 σ ) analyses
q SM Higgs expectation: 2.4 σ local à observed excess compatible with signal strength 

within +1σ
q the global significance (taking into account Look-Elsewhere-Effect) is

It would be a very nice region for the Higgs to be à accessible at LHC in γγ, 4l, lνlν, bb, ττ

~2.3σ

F.
 G
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The announcement of the Higgs boson observation: 
4 July 2012
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Luminosity delivered to ATLAS since the beginning 

2012:
6.6 fb-1 

at 8 TeV
2011
5.6 fb-1 

at 7 TeV

2010
0.05 fb-1 

at 7 TeV

Similarly for CMS



The BIG challenge in 2012: PILE-UP

Zà μμ

30

Experiment’s 
design value 
(expected to be
reached at L=1034 !) 

Zà μμ event from 2012 data with 25 reconstructed vertices



The data sample and the Higgs boson final states analysed

• Hà γγ, and Hà4l: full 2011 and 2012 datasets (~ 10.7 fb-1 ) and 
improved analyses since December 13th, 2011
• all other channels: 

o studied by ATLAS: Hà WW(*)à lνlν, Hà ττ, WHà lνbb, ZHà llbb, ZHà
ννbb, ZZ à llνν, Hà ZZ à llqq; Hà WWàlνqq): full 2011 dataset (up to 
4.9 fb-1)

o studied by CMS: Hà WW(*)à lνlν,VH Hàbb and V= ll, lν, νν; Hà ττ: full 
2011 and 2012 datasets;

31



mγγ spectrum fit, for each category, with
Crystal Ball + Gaussian for signal plus 
background model optimised (with MC) 
to minimize biases
Max deviation of background model from 
expected background distribution taken 
as systematic uncertainty

Total after selections: 59059 events

Main systematic uncertainties

H à γγ
110 ≤ mH ≤ 150 GeV



33H à γγ
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H à ZZ*à 4 leptons
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The low-mass 
region

m4l <160 GeV:
Observed: 39
Expected: 34± 3

39

2011+2012 data

2011 data 2012 data
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4μ candidate with m4μ= 125.1 GeV

pT (muons)=  36.1, 47.5, 26.4, 71 .7GeV   m12= 86.3 GeV, m34= 31.6 GeV
15 reconstructed vertices



41

Evolution of the excess with time 

Energy-scale 
systematics
not included

p0: the probability 
that the background 
can produce a 
fluctuation greater 
than or equal to the 
excess observed in 
data
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HàWW(*)àlνlν
• The most sensitive process for 

130 < mH < 200 GeV
• But also one of the most 

challenging channels: complete 
reconstruction of the invariant 
mass of this final system is not 
possible because the 
production of neutrinos

• Largest background is the 
irreducible WW SM production
– In addition, Drell-Yan and top 

process when looking to final 
states associated to one jet

• Select events with two high-pT
opposite sign leptons and large 
transverse missing energy 
(ET

miss), produced in 
association of 0, 1 and 2 jets
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The spin-0 Higgs boson decays to W 
bosons with opposite spins, and the spin-
1 W bosons decay into leptons with 
aligned spins. Because of the V − A 
decay of the W bosons, the charged 
leptons have a small opening angle in the 
laboratory frame. This feature is also 
present when one W boson is off shell.
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lepton-flavor samples. Plot (b): residuals of the data 
with respect to the estimated background compared 
to the expected distribution for a SM Higgs boson 
with mH = 125 GeV; the error bars on the data are 
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Local p0 as a function of 
mH. Solid line: observed p0. 
Dashed line: expected 
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mH=125.36 GeV are given 
as a solid line without 
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CMS:     https://doi.org/10.1007/JHEP01(2014)096
ATLAS: https://doi.org/10.1103/PhysRevD.92.012006

Signal significance of 6.1 standard deviations
Evidence for the vector-boson fusion (VBF) 3.2 
standard deviations

Dataset: 
25 fb−1 of data at √s = 7 and 8 TeV

https://doi.org/10.1007/JHEP01(2014)096
https://doi.org/10.1103/PhysRevD.92.012006


Vector Boson Fusion
• The next most abundant production mechanism, with a factor of ~12 

reduction in rate, is the fusion of Vector Bosons radiated by the 
interacting quarks into a Higgs boson (vector-boson fusion, VBF).
• This process offers, with respect to the ggF process, a stronger signal-

to-background ratio 

44

the VBF process directly probes the couplings to W and Z bosons.
direct probe of the couplings to to W and Z bosons is offered also by 
the associated production VH (V=W or Z)

Events are selected asking two high-pT
jets at large rapidities.
Example: pT

jet > 30 GeV with 2.4 ≤ηjj
< 4.5
(high pT threshold to also suppress 
effects from pile-up)

Likelihood scan as a function of μggF
and μVBF

μ is the signal strength: μ = 𝜎obs/𝜎SM



Hàττ
• Important final state to probe the direct coupling 

of the Higgs boson to elementary fermions, to 
establish the mass generation mechanism for 
such particles. 

• Hàττ is the most promising decay channel 
because of the large event rate expected in the 
SM compared to the μ+μ− decay channel 

o B(H → τ+τ−) = 6.3% for a mass of 125.09 GeV
• g-g fusion and VBF main production modes 

investigated, three decay final states, depending 
on the leptonic or hadronic tau decay: lep-lep, 
lep-had and had-had

• main backgrounds: Drell-Yan Z/ γ*(+jets)à ττ
(irreducible), W+jets, ttbar, multi-jets, …

o Evaluate background from data control samples
• Select events with high-pT leptons (e, 𝜇, 𝜏h), + 

high-pT jets for the 2-jet category
• The most important variable studied: the ττ

system mass mττ:
o CMS: the SVFIT algorithm combines pT

miss with 
the four-vectors of both τ candidates to calculate 
an accurate estimate of the mass of the parent 
boson

o ATLAS: use the collinear approximation and the 
MMC algorithm to estimate the mass of the parent 
boson

45
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https://link.springer.com/article/10.1007/JHEP04(2015)117
https://www.sciencedirect.com/science/article/pii/S0370
269318301035?via%3Dihub

𝜏𝜏 invariant mass 
distribution, 𝜇𝜏h decay 
channel - Observed and 
predicted 2D distributions 
in the VBF category

Distribution of the decimal 
logarithm of the ratio 
between the expected signal 
and the sum of expected 
signal and expected 
background, in all signal 
regions. Signal significance of 5.9 standard deviations

https://link.springer.com/article/10.1007/JHEP04(2015)117
https://www.sciencedirect.com/science/article/pii/S0370269318301035?via%3Dihub


Observation of Hàbb 46

Hàbb: decay channel with the largest 
BR but with poor signal-to-noise ratio

Very important process to test the 
Higgs Yukawa coupling to (3rd 

generation) quarks

Consider the VH (V=W±,Z) associate production mode: it offers 
a good background reduction with respect the gluon-gluon 
fusion production mode.
Vector boson in the final state are tagged through their decays to 
neutrinos (ET

miss), and/or charged leptons (electons or muons).
Select events with b-jets (apply b-tagging algorithms).

distribution of mbb in data after subtraction of all 
backgrounds except for the WZ and ZZ diboson
processes, as obtained with the dijet-mass analysis 

Phys. Lett. B 786 (2018)

Study the VZ à Vbb (V=W±,Z) to cross 
check the data analysis

Significance = 4.9 s.d. (4.3 s.d. expected)

https://www.sciencedirect.com/science/article/pii/S0370269318307056


Observation of Hàbb 47

Combination of VH, Hàbb Combination of VBF+ggF, VH, and ttH with Hàbb

𝜇 = 0.98 ± 0.14 +0.17-0.16 𝜇 = 1.01 ± 0.12 +0.16-0.15



Observation of Hàbb 48

Phys. Rev. Lett. 121, 121801 

Dijet invariant mass distribution for events weighted by 
S/(S+B). Data (points) and the fitted VH signal (red) 
and VZ background (grey) distributions, with all other 
fitted background processes subtracted, are shown. 𝜇 = 1.04 ± 0.14 ± 0.14

Latest results in Eur. Phys. J. C 81 (2021) 178 : all Run 2 data used 𝜇Run2 = 1.02 +0.12-0.11 +0.14-0.13

Phys.%20Rev.%20Lett.%20121,%20121801


ttH system final states

Observation of the ttH production process 49

ttH process at tree level

• Evidence for the Higgs coupling to fermions is a milestone in the 
Higgs sector studies
• Top Yukawa coupling is the most important one:

o Strongest coupling of the Standard Model, ~1
o Sensitive to New Physics
o Significant role in ElectroWeak vacuum stability

• Running of Higgs self coupling (λ) sensitive to Top Yukawa 
coupling (yt)
• The only Higgs coupling that cannot be observed from direct 

Higgs decay



Observation of the ttH production process
• Data sample:

• Event selection:
o final states with high-pT b-jet(s), and 

leptons to select ttbar systems. 
o final states bb, WW*, 𝜏+𝜏−, 𝛾𝛾 and ZZ* are 

considered to reconstruct the Higgs boson 
(high-pT photons, 𝜏± and large ET

miss)
o Event categorisation to enhance signal 

sensitivity

50
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Phys. Lett. B 784 (2018) Phys. Rev. Lett. 120 (2018) 231801

ttH production cross section at 13 TeV: 670 ± 90 (stat.) +110
-100 (syst.) fb (ATLAS) 

https://www.sciencedirect.com/science/article/pii/S0370269318305732?via%3Dihub
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.120.231801


The Higgs Combination

51



The Higgs Combination - 1
• ATLAS and CMS measured rates from several production processes and 

decay final states of this new particle
• The combination:

o of different measurements by the same experiment
o and the measurements of the two experiments

is key to verify the consistence of these findings with the predictions of the 
Standard Model
• Deviations from the SM would inevitably indicate presence of new physics
• ATLAS and CMS made an effort to combine their findings from LHC Run 

1 (√s = 7 and 8 TeV )
o data sample: 5 fb−1 at √s = 7 TeV and 20 fb−1 at √s = 8 TeV

• The results are available in this paper JHEP 2016, 45 (2016) 
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https://doi.org/10.1007/JHEP08(2016)045


The Higgs Combination - 2 53

Examples of leading-order Feynman diagrams for Higgs boson production 

ggF VBF
VH

VH
VH

ttH
ttH

ttH tH
tH tH

tH

Examples of leading-order Feynman diagrams for the Higgs boson decay final states 

𝛾𝛾 𝛾𝛾 𝛾𝛾 WW 
ZZ

bb
𝜏𝜏
𝜇𝜇



The Higgs Combination - 3
• Very detailed and complex 

studies
• Some example of the most 

interesting ones follow

54

Best fit results for the production signal 
strengths for the combination of ATLAS and 
CMS data, assuming the SM values for the 
Higgs boson branching fractions, μf = 1

The signal strength:

production
signal strength

branching fraction
signal strength

Best fit results for the decay signal 
strengths for the combination of ATLAS 
and CMS data, assuming that the Higgs 
boson production cross sections are the 
same as in the SM, μi = 1

Signal strength consistent 
with Standard Model 
predictions



The Higgs Combination - 4
The Higgs boson natural width 
cannot be measured at LHC. 
Model-dependent assumptions 
should be made to extract 
absolute cross sections and/or 
branching fractions.
A model independent 
assessment can be made by 
studying ratio of rates from the 
various processes à gives ratios 
of production cross sections or 
ratios of branching fraction

55

Best fit values of the σ(gg→ H→ 
ZZ) cross section and of ratios of 
cross sections and branching 
fractions. The fit results are 
normalised to the SM predictions 
for the various parameters. 
Shaded bands indicate the 
theoretical uncertainties in these 
predictions. 

The p-value of the compatibility 
between the data and the SM 
predictions is 16%. Most 
measurements are consistent 
with the SM predictions within 
less than 2 standard deviations



Higgs couplings – the kappa framework - 1
the production and decay of the Higgs boson can be factorised, such that the cross 
section times branching fraction of an individual channel σ(i → H → f ) can be 
parameterised as  
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ΓH is the total width of the Higgs boson 
Γf is the partial width for Higgs boson decay to the final 
state f 
𝜅 is an array of multiplicative parameters that modify 
the Higgs coupling strength to fermions and bosons

SM: 𝜅i = 1  (for all possible values of i)Production Decay

Reflects the possibility allow for the 
possibility of Higgs boson decays to 
invisible or untagged BSM particles. 



Higgs couplings – the kappa framework - 2 57

Coupling fit results 

LEFT: BBSM is free,  and 
that |κV| ≤ 1, where κV
denotes κZ or κW

RIGHT: assumes that there 
are no additional BSM 
contributions to the Higgs 
boson width, i.e. BBSM = 0. 

Thick lines: 1σ error bars 
Thin lines:   2σ error bars 



Higgs couplings – the kappa framework - 3 58

Negative log-likelihood contours at 68% and 
95% CL in the (κ&gamma;, κg) plane for the 
combination of ATLAS and CMS.
In the fit all the other coupling modifiers are 
set to their SM values and assuming BBSM = 0

Observed (solid line) and expected (dashed line) negative log-
likelihood scan of BBSM when allowing additional BSM 
contributions to the Higgs boson width. Assumptions:  |κV| ≤ 
1 and BBSM ≥ 0. All other parameters of interest from the list 
in the legend are also varied in the minimisation procedure. 
The red horizontal line indicates the log-likelihood variation 
corresponding to the 95% CL upper limit



Higgs couplings – the kappa framework - 4

• All measurements based on the generic 
parameterisations are compatible between 
the two experiments and with the predictions 
of the SM. 
• The potential presence of physics beyond the 

SM (BSM) is also probed using specific 
parameterisations.
• With minimal additional assumptions, the 

overall branching fraction of the Higgs 
boson into BSM decays is determined to be 
less than 34% at 95% CL. 
• The combined signal yield relative to the SM 

expectation is measured to be 1.09 ± 0.07 
(stat) ±0.08 (syst), where the systematic 
uncertainty is dominated by the theoretical 
uncertainty in the inclusive cross sections. 
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Latest results: signal strengths 60

Cross sections for different Higgs boson production 
processes assuming SM  decay branching fractions. 

Nature 607 (2022) 52 Nature 607 (2022) 60

Signal strength parameters 
extracted for various production 
modes μi, assuming SM  decay 
branching fractions

ATLAS  𝜇 = 1.05   ± 0.06   = 1.05 ± 0.03(stat. )   ± 0.03(sys) ± 0.04(th.)

gluon-gluon fusion precision 
better than 10%!

10-20% precision on other major 
production modes 

CMS      𝜇 = 1.002 ± 0.057 = 1.002 ± 0.029(stat. ) ± 0.033(sys) ± 0.029(th.)

139 fb-1

Data sample: 139 fb-1 per experiment 

https://www.nature.com/articles/s41586-022-04893-w
https://www.nature.com/articles/s41586-022-04892-x


Latest results: branching ratios 61

Signal strength parameters assuming 
SM production cross sections. 

Branching Fractions for different Higgs boson decay 
modes assuming SM  production cross sections. 
p-value for compatibility with SM: 65%

Precision on bosonic decays, 
decays to tau leptons: ~10% 



Latest results: couplings - 1 62

coupling strength modifiers and their uncertainties per particle type with effective photon, Zγ and gluon couplings. 

To constrain Bundet: 
assume κW,κZ ≤1 

lower panel shows the 95% CL upper limits on Binv. and Bu.

Compare with the squares

Strongest constraints on effective coupling modifiers: O(5%) 

measurements of Higgs 
boson decays into invisible 
final states are included and 
provide a constraint on Binv



Latest results: couplings - 2 63

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. 

Scale all vector boson couplings with κV, all fermion 
couplings with κF



Higgs to invisible decays
• The measurements presented in these 

slides show consistence of the 125 Higgs 
boson with the Higgs boson predicted by 
the Standard Model
• But we have many unanswered 

questions and open points that cannot be 
explained by Standard Model and for 
which the observed Higgs boson could 
play a role
• Among these open questions we have 

the existence of Dark Matter and its 
connection, if any, with this scalar
• Several Beyond Standard Model (BSM) 

theories predict non-standard 125 GeV 
Higgs decays
• These final states would consist (also) of  

”invisible”  particles in the final states, 
so one of the driving channels to search 
for production of Dark Matter at the 
LHC is the study of Hàinvisible decays
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gravitational lensing

galaxy rotation 

Binv < 0.13 @ 95% C.L.

Plenty of room for beyond-SM physics in Higgs boson decays! 

SM BR for H → invisible (4ν) is ∼ 0.1%. 

Bridge between astrophysics and high-energy physics



Overview of Dark Matter models 65
• For Dark Matter searches, theoretical benchmarks are necessary to sharpen the regions for the 

study:
• to optimize searches and characterize a possible discovery 
• to define a theoretical framework for comparison with results from other (non-collider) 

experiments 

Simplified s-channel mediator model: small 
set of free parameters. Interesting interplays 
between Mono-X searches and resonance 
searches. 

2HDM+a . Two-Higgs doublet extensions 
with a pseudo- scalar a. Gauge-invariant. 
Richer kinematics + phenomenology 

Higgs portal models: Search for 
enhancement of invisibly decays 
which increase BR(H→inv) 
(~0.1% in SM). 

SUSY:   Simplified R-
parity conserving model 

2HDM+Z’ : Two-Higgs 
doublet: extensions with 
a vector Z’ 
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Higgs to invisible decays
• A weakly-interacting, massive dark matter particle could interact with the 

observed Higgs boson. 
• Consider Higgs associate production: VBF+H, ZH and ttH

o Better background/signal 
• select events with 

o VBF: large ET
miss and high-pT jets, no leptons, no photons

o ZH: same flavour opposite charge lepton pair consistent with Zàll
o ttH: large ET

miss and 2 b-tagged jets (all hadronic final state)
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ATLAS-CONF-2020-052

Mass of the leading two jets 
in the search region with all 
background processes 
stacked and compared to 
data. A hypothetical Higgs 
boson signal decaying to 
invisible final states is shown 
in red. 

ATLAS-CONF-2020-008

VBF Hàinvisible

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2020-052/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2020-008/


Higgs to invisible decays 67

Comparison of the upper limits at 90% C.L. from direct 
detection experiments on the spin-independent WIMP-
nucleon scattering cross-section to the observed exclusion 
limits from this study, as a function of the WIMP mass. 
The interpretation of ATLAS results assumes Higgs portal 
scenarios where the 125 GeV Higgs boson decays to a pair 
of Dark Matter particles that are either scalars or Majorana 
fermions.

Higgs portal: interpret in terms of WIMP mass and nuclear scattering cross section

ATLAS-CONF-2020-052

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2020-052/


some examples of other Dark Matter searches at LHC 68

Dark matter as a new stable neutral particle JHEP 11 (2021) 153

Exclusion limits at 95% CL on the signal strength μ = σ/σth.
in the mmed-mDM plane for coupling values of gq = 0.25 and 
gχ = 1.0 for an axial-vector mediator. The black solid line 
indicates the observed exclusion boundary μ = 1. The black 
dashed and dotted lines represent the expected exclusion and 
the 68 and 95% CL intervals around the expected boundary, 
respectively

No signal found, setting limits on various 
DM and non-DM benchmark models

ET
miss + jet

ET
miss + jet Di – X, ex: ZX

Other final analysed final states:
ET

miss + Zàll, ET
miss + tt, 4t final states, 

resonances, …

https://doi.org/10.1007/JHEP11%282021%29153


Higgs boson decay to ccbar
• The Higgs boson decay to charm final states represents an important test of the 

Higgs boson coupling to 2nd generation quarks.
• Search for Hàcc follows the approach adopted for the identification and 

reconstruction of Hàbb decays: 
consider VH production modes (advantageous S/B ratio)

o Further rejection from jet flavour tagging
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Higgs boson decay to ccbar 70

• Full LHC Run-2 dataset
• Combined fit of 0+1+2-lepton 
• 16 signal + 28 control regions

arXiv:2201.11428 arXiv:2205.05550 submitted to PRL

Limit @ 95%CL: 
μVH(cc)< 26 (31 exp) 

Limit @ 95%CL: 
σ (VH) B (H → cc ) = 0.94 (exp 50+ 0.15 

−0.22) pb
μVH(cc)< 14 (7.6 exp) 

https://arxiv.org/abs/2201.11428
https://arxiv.org/abs/2205.05550


Differential measurements 71

Differential fiducial cross sections for pTγγ. Data: black points 
with vertical error bars showing full uncertainty. Coloured lines: 
predictions from different setups of the event generator. 

Differential pp → H + X cross-section, along with (b) the corresponding 
correlation matrix, as a function of Higgs boson transverse momentum 
pTH in the full phase space, compared to Standard Model predictions. 
The H → γγ (red inverted triangles), H → ZZ* → 4ℓ (blue triangles) and 
combined (black squares) measurements are shown. 
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Compared with inclusive measurements, differential distributions provide extended information on 
the Higgs boson couplings, which can be extracted by fitting parametrized spectra to a combination 
of differential cross sections. Distortions of the predicted differential cross section spectra might 
appear, which are particularly pronounced in the transverse momentum pT distribution.

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2022-002/
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-19-016/index.html
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The Standard Model Higgs boson 73

Total production cross section in proton-proton collisions

√s= 7 TeV √s= 8 TeV



Particle detection 74
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Expected if no signal: 
120-560 GeV

Excluded at 95% CL 111.4 < mH < 122.1 GeV (except 116.6-119.4) 
129.2 < mH < 541 GeV

Excluded at 99% CL 130.7 <mH < 506 GeV

Status of ATLAS searches … until this morning

Results on the full 7 TeV dataset submiled for publicamon 

Combination of 12 channels:  
Hà γγ
W/ZHàW/Z bb (3 final states)

Hà ττ (3 final states)

Hà ZZ(*) à 4l 
Hà WW(*) à lνlν
Hà ZZ à llqq
Hà ZZ à llνν
Hà WW à lνqq
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Combined results : exclusion limits
ATLAS today Previous ATLAS

results

Excluded at 95% CL  

Excluded at 99% CL

110-582 GeV

110-122.6   129.7-558  GeV

111.7-121.8 GeV 130.7-523 GeV

Expected at 95% CL if no signal



Hà 4l mass spectrum after all selections: 2011+2012 data

Discrepancy has negligible impact on the 
low-mass region < 160 GeV
(no change in results if in the fit ZZ is constrained 
to its uncertainty or left free)

m(4l) > 160 GeV
(dominated by ZZ background):
147 ± 11 events expected
191 observed

~ 1.3 times more ZZ events in data 
than SM prediction àin agreement 
with measured ZZ cross-section in 4l 
final states at √s = 8 TeV

Measured  σ (ZZ) = 9.3 ± 1.2 pb
SM (NLO) σ (ZZ) = 7.4± 0.4 pb
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Higgs… Quo Vadis?
• Higgs Quo Vadis 2013: very interesting workshop held in 2013 at 

the Aaspen Center of Physics
• Updated results on Higgs searches were presented and discussed

82Church of 
Domine quo vadis?

Roma, via Appia



b-tagging

Multivariate technique, based upon the 
secondary vertex information relative to 
the primary vertex
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B-tagging discriminant for b-, c- and light jets

• At a 70 % b-jet efficiency, rejections are ~ 300 (8) 
for light (c)-jets

• Since that time, we have improved by a factor of 2 c-jet 
rejections and factor of 40% in light jet-rejections:
ATL-PHYS-PUB-2022-027

with state of-the art machine learning techniques 

EPJC 79, 970 (2019)

EPJC 79, 970 (2019)

https://cds.cern.ch/record/2811135
https://link.springer.com/article/10.1140/epjc/s10052-019-7450-8
https://link.springer.com/article/10.1140/epjc/s10052-019-7450-8


Higgs couplings
84

Higgs boson production cross sections 
σi, partial decay widths Γf, and total 
decay width (in the absence of BSM 
decays) parameterised as a function of 
the κ coupling modifiers as discussed in 
the text, including higher-order QCD 
and EW corrections to the inclusive 
cross sections and decay partial widths. 

The coefficients in the expression for ΓH
do not sum exactly to unity because some 
contributions that are negligible or not 
relevant to the analyses presented in this 
paper are not shown.



Announcement at the LHCP2018 Conference 85
4 June 2018



Higgs boson decay to ccbar 86

Tagging: c-tag + b-tag veto 
to avoid overlap with Hbb

c-tagging efficiencies: c-jets: 27%
b-jets: 8%
light jets: 1.6%


