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Motivation 
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•  With the discovery of the Higgs boson the SM has been 
completed 

•  SM is predictive à given mH, all couplings fixed 
•  By studying the Higgs sector LHC we can probe the SM and 

search for answers to open questions: 
–  What explains the Hierarchy problem? Are there additional Higgs 

bosons? Is the Higgs boson a composite state? 
–  What is Dark matter? Does the Higgs boson couple to a dark sector? 
–  What causes observed fermion masses and mixing? Is insight hiding in 

the coupling to second and first generation? 
–  Why and how is electroweak symmetry broken? What is the shape of 

Higgs potential? 

à Understanding the properties of the Higgs boson is central to 
form a new, more satisfactory SM 

 



Standard Model Higgs Boson at LHC 
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•  Rich experimental signature à lots to explore 

 

many detectable production channels                 many detectable decay channels 



Higgs Physics at the LHC 
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2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021 2022 2023 2024 2025 HL-LHC 
2016- 
2035 

Run 1 LS 1 Run 2 LS 2 Run 3 LS 3 

2010             2011            2012            2013            2014            2015            2016           2017 

6  fb-1 
0.05  fb-1 

23  fb-1 

4  fb-1 

41  fb-1 

51  fb-1 

7 TeV 8 TeV 13 TeV 14 TeV 

+ ~50fb-1 + ~150 fb-1 + ~3000 fb-1 

(very similar numbers for ATLAS) 

Discovery 
Observation of 
Hàγγ/ZZ 

Observation of  
HàWW 

Run 1 legacy (ATLAS+CMS): 
mass, couplings, cross sections 
spin/CP 

Goals: 
•  Precision measurements 
•  Couplings to second 

generation fermions 
•  Rare decays 
•  Rare production mechanisms 

(tH, bbH, ccH, HH) 
•  BSM 
 
 

Observation of 
Hàτ+τ-
   Evidence for Hàbb 
      Evidence for ttH 



Higgs decay to gauge bosons 



Higgs decay to di-bosons 
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•  Not favored in terms of branching ratios, 
but decisive advantages due to clean 
experimental signatures 
–  Measurement of Higgs boson properties: 

mass  (in γγ, 4l), spin, CP, ... 
–  Can probe all major production modes  

 

HàZZà4l 
 

Best S/B 
Best resolution 

Hàγγ 
 

Good mass resolution and 
smooth background 
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HàWWà2l2ν 
 

Larger branching ratio 
experimentally more challenging 
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Higgs mass 
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•  mH is a free parameter in the SM, but its value has many 
implications (hierarchy problem, vacuum stability) à good 
reasons to measure it precisely 

•  High-statistics Run 2 data very powerful à single 
measurement already more precise than Run 1 ATLAS+CMS 
experiment 
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ATLAS @13 TeV: H!γγ/ZZ 
 

mH = 124.98 ± 0.28 GeV 

CMS@13 TeV: H!ZZ 
 

mH = 125.26 ± 0.21 GeV 

 

mH = 125.26 ± 0.20 ± 0.08 GeV 



Higgs fiducial cross section 
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•  SM prediction in good agreement with all measurements 

 

CMS-HIG-PAS-17-015 
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σfid [fb] H!γγ H!ZZ!4l 
ATLAS 
SM 

55 ± 9(stat) ± 4(sys) ± 0.1(th) 
64 ± 2 

3.62 ± 0.5(stat) +0.25
-0.20(sys)  

2.91 ± 0.13 
CMS 
SM 

84 ± 11(stat) ± 7(sys)  
75 ± 4 

2.92 ± +0.48
-0.44(stat) +0.28

-0.24(sys)  
2.76 ± 0.14 

 arXiv:1802.04146  JHEP 10 (17) 132 

 JHEP 11 (17) 047 



Higgs differential 
cross sections 
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•  Good agreement with state of the 
art calculations 
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HàZZ 

Hàγγ/ZZ 
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Disentangle Higgs production modes  
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•  Simplified template cross sections (STXS) 
–  Define fiducial regions such that model dependency is reduced  

 

arXiv:1610.07922 
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Higgs decay to fermions 



Observation of H!τ+τ-  
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•  Coupling to leptons established in Run 1 in 
ATLAS+CMS Hàτ+τ- combination:  
5.5(5.0)σ obs (exp) significance 

•  First observation in single experiment at 
CMS in Run 2: 4.9(4.7)σ obs (exp) significance 

•  Hàτ+τ- channel also crucial for BSM 
searches 

 

P
hys. Lett. B

 779 (2018) 283 



Evidence for H!bb 

13 
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•  Hàbb has largest branching ratio, but challenging 
experimentally (b-tagging, JES/JER, background) 
–  VH production (also analyses in VBF, ttH production) 
–  use dedicated b-jet energy calibration to improve mbb mass resolution 
–  Boosted decision trees for optimal signal and background separation 

•  Evidence for VHàbb with Run 2 data 
•  Ability to reconstruct Hàbb final state crucial for observation of 

rare production modes (e.g. ttH, HH) 

 



Boosted H!bb 
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•  Search for boosted 
Hàbb targeting ggH 
production 
–  Boosted Hàbb candidate 

recoiling against ISR jet 

•  Dedicated jet 
substructure techniques 
to tag large-radius jet 
containing two b-quarks 

•  Reconstruct jet mass 
•  Adds sensitivity at high pT 

 

Sensitivity to Hàbb in ggH 
1.5(0.7)σ obs (exp) significance 

(95% C.L. 7.2 x SM) 



ttH production 
•  Top Yukawa coupling (yt) can be measured from loop 

contribution in ggàH or Hàγγ  
–  Assuming no BSM particles run in the loop 

•  Direct sensitivity from associated production 
–  small production cross section of ~0.5pb at 13 TeV  
 

15 



ttH measurements at LHC 
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•  A variety of final states, studied with different experimental 
techniques 
–  tt+γγ, 4l: very clean final state, but very small rate 
–  tt+leptons (HàWW, ZZ, τ+τ-): low rate, low SM background 
–  tt+b-jets: large branching ratio, but complex hadronic final state 

•  Wide-spread use of advanced analysis tools (MVA, MEM,  DNN) 
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ttH γγ ttH multi-lepton ttH bb (all had) 



•  Evidence for ttH production with Run 2 data 
•  Sensitivity of bb and multi-lepton final state comparable 
•  Measurements systematics dominated 

–  Systematics in multi-lepton final states dominated by lepton efficiency and 
fake rate estimation 

–  Systematics in bb final state dominated by theory uncertainty of tt+HF 
production in DL/SL channels and by QCD background estimation in AH 
channel à combination allows to obtain additional constraints 

 

  arXiv:1712.08891 

Evidence for ttH production 
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Combination 



Run 2 combination 
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•  Very good agreement with SM prediction  
•  Best precision reaches  <20% 

 
à How well do we need to measure Higgs couplings? 
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Run 2 combination 
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•  Very good agreement with SM prediction  
•  Best precision reaches  <20% 

 
à How well do we need to measure Higgs couplings? 
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Table by J. Rojo 



•  Promising prospects for precision measurements at HL-LHC 

 
•  Coupling measurements to better than 10%  

à probably enough for starting to probe new physics that would not have 
shown up elsewhere in the EWSB sector 

 

Future prospects 
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Searches 



H!µµ 
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•  Hàµµ probes coupling to second generation fermions 
•  Clean signature, small BR~2.2x10-4 

•  95% C.L. on µ (Run 1+2): 2.6(1.9) obs(exp)  
à very good experimental progress, but need HL-LHC data for Hàµµ 
observation 

 

arXiv:1705.04582 

Prospects for Run3/HL-LHC 



H!cc 
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•  Charm tagging much more challenging than b-tagging due to 
lighter mass and shorter lifetime of c-quark 

•  Recent experimental progress in charm tagging allowed for 
first direct search of VHàcc at ATLAS 

–  Upper limit signal strength for ZH(cc) µ=107 at 95% C.L. 
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Higgs charm coupling in rare decay H!J/Ψγ 

•  Search for rare decay HàJ/Ψγ (BRSM ~ 2.5x10-6) 
•  Exploit interference between direct (Hcc mediated) and 

indirect amplitude to study Hcc 

 

Run2 limit O(10-3).  
O(25) events expected 
at HL-LHC  
à at limit of 
observability for SM 
à very interesting for 
enhanced Hcc coupling 



Coupling to first generation 
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•  Rare radiative decays HàΦγ/ργ/ωγ as exclusive window to 
Higgs coupling to light (s/u/d) quarks. BRSM O(10-6) 

•  Need excellent tracking detectors to reconstruct 
resonance from two tracks close in ΔR recoiling against γ 

•  First limits on these rare processes about 600/700xBRSM  
 
 



H!Zγ/γ*γ 

27 

•  Loop induced decay  
à sensitive to BSM contributions  

•  Diagrams for Hàγγ also induce 
HàZγ, but opposite not always 
true 
à could be enhanced, while BRSM         
for Hàγγ   

 

CMS-PAS-HIG-17-007 



LFV Higgs decays 

28 

•  While there are strong constraints for LFV Higgs decays to 
quarks (from flavor physics measurements), there is still 
room for LFV Higgs decays to leptons 

•  BSM models (e.g. with additional Higgs doublet) allow LFV 
Higgs decays 
–  Searches performed in µτ, µe, eτ  

 

•  Excess observed at 8 TeV not 
confirmed by 13 TeV analyses  

 



Higgs to invisible 
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JHEP 02 (2017) 135 
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gg!Hg 

VBF 

VBH 

•  Small SM BR from HàZZà4ν ~ 0.1% 
–  Sensitive to new physics contributions 

•  Need to tag events via production 
mode 
–  ggàgH, VBF, VH 

•  Limits from Run 1+2 searches on BR 
< 25% 

 



Higgs self coupling 
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•  The SM prediction for the cross section is σHH= 33.4 fb at 13 TeV 
–  Destructive interference between the two processes 

•  Trilinear selfcoupling (λHHH) can be extracted from the Higgs 
boson pair production cross section 

•  Crucial to test shape of Higgs potential and thus origin of electro-
weak symmetry breaking 

•  Enhanced HH production cross section possible in many 
extensions of SM 
–  Non-resonant: Modify λHHH or introduce new vertices 
–  Resonant: Significant cross-section enhancement on resonances à 

exploit mX to suppress background 

 



Non-resonant HH production 
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HH decay channels Analyses @ 13 TeV 

•  Many different channels being explored 
•  Analysis techniques are improving, at the same time 

experimental conditions becoming more challenging 

 



•  Analyses are complementary and sensitive to different 
resonance mass range 

•  Limits O(pb) for low masses, O(fb) for high masses (> 1 TeV) 

 

Resonant HH production 
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Higgs self coupling: prospects 
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•  HL-LHC projections show challenging future for HH 
production measurements 

•  Need combination of channels, improved analyses, 
maximize detector acceptance and efficiencies 

 



Conclusion 
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•  Wealth of experimental signatures for Higgs physics at LHC 
–  Analyses access wide range of decay and production modes 
–  Run 1+2 data give ample information on Higgs properties 
–  So far Higgs remains SM-like... 

•  HL-LHC will be Higgs factory  
–  coupling measurements at few % level à probe BSM models 
–  possible to study rare Higgs boson decays and production modes 
–  experimental conditions are becoming more challenges (pileup) 
–  detector upgrades with important improvements ahead of us (new 

tracking system, increased acceptance, trigger upgrade, timing 
detectors, ...) 

 

à Lots of research ahead of us to explore the fundamentals of 
particle physics! 

 



Backup 
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Backup 
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STXS 



Backup 
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Run 1 mass measurement 
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Higgs LFV decays 
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Fiducial region for cross section 
measurement 

ATLAS @13 TeV: H!ZZ 
 

CMS@13 TeV: H!ZZ 
 

CMS@13 TeV: H!γγ 

CMS-HIG-PAS-17-015 

 JHEP 11 (2017) 047 

ATLAS @13 TeV: H!γγ 

 JHEP 10 (2017) 132 

 arXiv:1802.04146 


