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The problematic triumph of the Standard Model 
Despite this further success, we know that the SM does not explain 

several important observations: 
 
•  Dark matter.  
•  Dark energy. 
•  Inflation.   
•  Unification of forces and role of gravity. 
•  Neutrinos masses and hierarchy. 
•  Matter anti-matter asymmetry. 
•  Leptogenesis and bariogenesis. 
•  .. 
To understand all this we need to look for physics beyond the 

Standard Model; but at which energy scale? 
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No much room left for new physics. 
New Electroweak fit 

 

  

New physics, if it does exists, appears to be weakly coupled to 
the Electroweak scale. 
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We have entered a new era. 
Physics in the last 40 years.
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We have entered a new era. 
Physics in the next 40 years.
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New challenges. 
We are back to the pioneering times of the  

exploration of unknown seas. 
 

We don’t’ know in which direction we are going to have 
better chance. 

We dont’ know where and when we’ll have a new major 
discovery. 

 
We know, however, that the Higgs boson itself could be 

used as a new, very sensitive tool for the indirect 
detection of massive particles or new interactions.  
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Two complementary paths. 
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Where are we today? 
•  LHC RUN I: 2012 run ended with ~23fb-1 

–  Combined with 2011 run (5.6fb-1), a total ~25fb-1 

•  Spring 2013 – 2014: shutdown (LS1) to go to 13TeV. 
•  LHC RUN II a): 2015 – 2017 @13TeV, L~1034, ~150fb-1 

 
•  2019-2020: Shut-down (LS2) 
•  LHC RUN II b): 2021 – 2024 @14TeV, L~2x1034, ~300fb-1 

•  2024 – 2026: Shut-down (LS3) 
•  LHC RUN III: 2026 – 2040 @14TeV, L~5x1034 (HL-LHC), ~3000fb-1 
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Excellent performance of LHC and CMS 
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Higgs re-discovery at 13TeV. 

2016 2016+2017
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From search to precision measurement. 
In the post-discovery era, focus moves from search to 

precision measurements. 
 
Characteristics of the SM Higgs: 
 
Mass and width.  
 
Coupling to other SM particles. 
 
Rare decay modes. 
 
Self-coupling. 
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Precision study of the EW Phase Transition

1.  O(1%) precision in measuring the Higgs couplings could be as important
as direct searches for new physics.

2. Study of triple Higgs coupling (… and quadruple).
3. Search for new sources of CP violation connected to Higgs interactions.
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LHC combined measurement of mH. 
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Results. 

Statistical uncertainty dominates. Along with theory developments in cross-
sections, allows detailed couplings comparisons.
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Recent improvement: CMS alone. 

MH=125.26±0.21GeV ±0.17%.
(±0.20 stat±0.08 syst)

We have already entered the Higgs precision era.
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Indirect measurement of ΓH 
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CMS did an excellent job on the couplings 

First observation of Hàτ+τ-

First observation of ttH

First observation of Hàbb

arXiv:1708.00373

arXiv:1804.02610

arXiv:1808.08242

The real challenge is to establish the coupling to fermions.
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 First observation of Hàτ+τ- 

 

      5.9σ (5.9 exp)  µ= 0.98 ±18.
 

arXiv:1708.00373
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 First observation of ttH 

 

 5.2σ (4.2 exp)         µ= 1.26 +0.31-0.26.
 

Directly sensitive to top Yukawa coupling (only indirectly tested via loops in ggH and 
Hγγ). Many final states including multi-leptons, b-jets, and γγ.

arXiv:1804.02610
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 First observation of Hàbb 

 5.6σ (5.5 exp)         µ= 1.04±0.14±0.14.
 arXiv:1808.08242
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Very rare decays: Hàµµ 

2016 + 7 and 8 TeV data: observed (exp.) upper limits at 95% is 2.9 (2.2) 
for 𝜇 = 0. Observed (exp.) significance 0.9 (1.0) for 𝜇 = 1.

Tiny BR within the SM: 2.2x10-4 
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Excellent job on the couplings .. but still 
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What precision is necessary on the couplings? 
•  SM couplings can be modified by new physics entering the loops. 
•  Typical effect on the couplings from a heavy particle M or new 

physics at scale M with v=246 GeV. 

 

•  For new physics at the ~1-10TeV mass scale 
àΔ~5%-0.05%. Higher scales imply smaller effects. 

arXiv:1310.8361 



G. Tonelli, CERN/INFN/UNIPI                                                  Tashkent                                                          September 12, 2018           24

HL-LHC is a Higgs factory 

LHC will produce 150-200 million Higgs.
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Higgs mass and width at HL-LHC 

 
For the measurement of the width we’ll continue 
using the powerful constraints from the  
off-shell Higgs. 
 
The high statistics will bring sensitivity on the  
width down to the SM-level: ΓH=4.2+1.5

-2.1 MeV. 
An independent handle to check for significant anomalous BR. 

The large statistics in Hàγγ and HàZZ*à4l will allow a measurement of mH 
challenging the systematics errors. We could also make the best use of VBF and 
possibly other exclusive channels. Large effort needed on the theory side:
50MeV on ΔmH corresponds to 0.5% uncertainty on the BR measurement. 

Expectations for ΔmH@3000fb-1: 15MeV(stat)±25MeV(syst).
It could be challenged only by a dedicated lepton
Collider.
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Observe rare/difficult decays with 3000fb-1 

•  ttH 
 Signal observation 7-8σ in single decay modes (i.e. ttH(γγ)); 
projected sensitivity on ktop~10%. 

•  HàZγ
•  Signal observation ~4σ; 20-25% precision on the signal 

strength 
•  Hàµµ 

Signal observation >7σ; 10-15% precision on the signal 
strength. Measure the coupling the second lepton generation. 
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Perspectives on the couplings 

Allowing new physics entering the loops: ultimate 
precision will be 2-10%.
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Perspectives on the couplings 

Allowing no new physics: percent level precision for most of the couplings
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H self-coupling: HH production 

~105 HH events produced with 3000fb-1 at HL-LHC
……but very large background (or tiny BR).
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Higgs self coupling 

In the SM the Higgs mass is directly related to Higgs dynamics 

HH in the final states HHH in the final states
Deviations at the level of 20%-2%à BSM
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Higgs-pair production at HL-LHC  
–  bbγγ established channel 
–  bbWW looks very difficult (~104 events but very large 

background) 
–  bbττ seems more promising 
–  bb2l2ν could be interesting (~700 events) 
–  bbbb?!?! others?!?! 

•  With simple extrapolations one would expect to reach 3σ per 
experiment. We could even think of improving things by deploying 
new ideas to observe the Higgs pair production at HL-LHC. 

•  It will be however extremely difficult to extract λ with accuracy 
better than 40%. At the end of LHC a fundamental parameter of 
nature will be still not measured with acceptable accuracy. 
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A look into the future 

•  New machines will be necessary. 

•  Very close to define the strategy. 
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The dream machine 
FCCee (240GeV, 2x106 ZH)+FCChh 100TeV, 1010H)
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Higgs Physics with a 100km machine
There is a “natural” complementarity between FCC-ee and FCC-hh for what concerns 
the Higgs couplings.

Coupling like HWW and HZZ are already strongly constrained by EWPT and 
deviations from the SM values (if any) are supposed to be small.
FCC-ee could do here a great job:

Coupling involved in rare decays Hàµµ HàZγ and HHH will be much less 
constrained even by FCC-ee.

FCC-hh is the big player for λ, λt, kµ kZγ  
.
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Ideal interplay FCCee-FCChh 
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Since we are dreaming: HE muon collider 

MAP

LEMMA

circular

linear

The discovery potential of a muon 
collider running at an energy >10TeV
and L=1034cm-2s-1 is amazing.

•  14TeVµ+µ-~ 100TeV pp.
•  30TeVµ+µ- beyond 

imagination.

But we don’t know yet 
how to build it.
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Two different approaches 
MAP

LEMMA
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Conclusion 
•  The discovery of the Higgs boson has opened a new era in physics. 

•  From now on the hunt for physics beyond the standard model will proceed 
along two deeply connected lines of research:  

–  a) direct searches based on the study of collisions at the largest possible energy   
–  b) indirect searches based on precision measurement of the Higgs properties and couplings 

•  While we’ll continue looking for new particles and new interactions at LHC, we 
have already entered the era of Higgs precision measurements. 

•  Ultimate precision on key parameters for Higgs physics will be achievable only 
with new powerful accelerators. 

•  Time to take strategic decisions. 


