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- An impossible task: 
reminiscing about the future… 

- And a challenge: in only 10 
years, we have far surpassed 
the expectations: ATLAS and 
CMS have gone from Higgs 
hunters to Higgs tamers. 
What is our future as Higgs 
farmers?

2

 

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2020-027/


RUN3 ABOUT TO START…
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Jun 20102009 2015



WHAT WILL WE CELEBRATE BY HIGGS@25?
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250M Higgses by the end…



- Do we really understand how the Higgs boson is produced? And how it decays? 

- What is the nature of the Higgs? (Properties: Mass, Width, Spin) 

- How does it couple to Standard Model particles? 

- Does it couple to the second generation?  

- Does it couple to itself? 

- Does it decay unusually? (BSM,  eg: Dark Matter?) 

- Is the Higgs alone? 

- Is it really an elementary particle? 

- Where does the Higgs mechanism come from?

EXPLORING THE FUTURE DATA OF THE LHC 
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THE DATA OF THE RUN3 AND THE 
HL-LHC ERA WILL BE 

FUNDAMENTAL IN 
CHARACTERISING THE HIGGS 

BOSON



6November 2017



6November 2017

https://indico.cern.ch/event/647676/timetable/


6November 2017

343 pp on Higgs 
(+indiv exp notes). 
400 authors

Summarized (including 
updates) to 116 pages for 
Snowmass  —> 30 for Higgs

Submitted to ECFA in 
Dec 2018

http://cds.cern.ch/record/2805993
http://cds.cern.ch/record/2805993
http://cds.cern.ch/record/2805993
http://cds.cern.ch/record/2805993
http://cds.cern.ch/record/2805993
http://cds.cern.ch/record/2805993
https://indico.cern.ch/event/647676/timetable/


HIGGS LANDSCAPE AT THE END OF THE HL-LHC
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MEASURING THE HIGGS 
VS 
PROJECTING MEASUREMENTS



HOW WELL CAN WE PREDICT THE FUTURE?
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2013 projection
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CROSS SECTIONS AND BRANCHING RATIOS @ HL-LHC
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Extrapolating the 2016 
analyses, and 

combining CMS and 
ATLAS, precisions of 
few percent can be 

reached for all 
production modes, and 
for all branching ratios 

(except for rare decays!) 

Large impact of theory 
uncertainties (except for 

rare modes)

ATLAS+CMS 
COMBINATION

2018 projection



- Projections capture a moment 

- The projections of the sensitivity of the HL-LHC have improved over the 
years (same as Run2 analysis have) 

- ‘Snowmass21’ projections outperform YR18 projections for ECFA which 
in turn outperform older Snowmass/ECFA prospects 

- Part of the reason is easily quantifiable (eg: theoretical uncertainties 
improved, better understanding of HL-LHC performance, global fits) 

- Others are not! Analysis improvements, or the effect of sitting ATLAS, 
CMS and theory together and working together  

- That sentence is deceptively simple 

- The prospects we have are beautiful, but we cannot take them for 
granted: there is a huge amount of work ahead! (eg, calibrating 3000 
fb-1, probably with a reduced workforce). Do we have the tools and 
structures in place to deal with this? 

SNAPSHOTS
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Slide From Sometime in 2018



ANALYSIS EVOLVE! 
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8TeV

13 TeV, Partial Run II
7TeV

13TeV, full Run2

innovation cannot be projected 
We *shouldn’t* be using the techniques of today in 20 years!



OVERALL AGREEMENT IN RATE IS ONLY THE START
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ATLAS-CONF-2022-002 

OVERALL AGREEMENT IN RATE IS ONLY THE START
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2022-002


FROM SIGNAL STRENGTHS TO DIFFERENTIAL 
CROSS SECTIONS 
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With the Run2 data we are already exploring Higgs production in depth. We need more 
statistics! Run3 and HL-LHC will be a game changer for many of these measurements

CMS HIG-19-016 
CMS-HIG-20-015 

ATLAS-HIGG-2021-08/ 

https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-19-016/
https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-20-015
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2021-08/


DIFFERENTIAL CROSS SECTIONS  & STXS 
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Measurement limited 
by systematic 
uncertainties except at 
very high pT.

Expected precision of 
~ 10% for pT(H) > 350 
GeV

STXS: Already with 
individual channels 
(Htautau, Hbb): 10% in 
high pt bins , <10% in 
high mjj VBF 

ATL-PHYS-PUB-2022-003  

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2022-003/


THE NATURE OF THE HIGGS

17 ΓH = 3.2+2.4−1.7 MeVCMS : 125.38 ± 0.14 GeV (0.11%)
ATLAS : 124.92 ± 0.19(stat)+0.09

−0.06(syst) GeV (0.17%)

Spin 0+ (SM-like) Total Width 
Very small in SM! (4 MeV) 

Direct  @ HL-LHC: <177 MeV (95%CL) 
Offshell/onshell H → ZZ − > 4l

Mass 
Free in the SM, now known to 0.1%

(  and )H → ZZ → 4l H → γγ

Does the Higgs sector have a 
new source of Charge-Parity 

violation?

ttH
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• How well can we measure mH in 
the future? And how well do we 
*need* to measure it?  

• Precision better than 30 MeV 
reachable. 

6. Constraints on anomalous HZZ couplings and the Higgs boson width using on-shell and
off-shell measurements 25

found to have a negligible effect on the results for fa3 cos (fa3) using either on-shell and off-545

shell events combined or only on-shell events, so only scenario S1 is shown. In the case of GH546

limits, theoretical systematics are dominant over experimental ones. The dominant theoretical547

systematic effect comes from the uncertainty in the NLO EW correction on the qq ! 4` simula-548

tion above the 2mZ threshold, but this uncertainty is also expected to be constrained from data549

with an integrated luminosity of 3000 fb�1. Limits on GH are also given for an approximate550

S2 in which the experimental systematics are not reduced, while the theoretical systematics551

are halved with respect to S1. The 10% additional uncertainty applied on the QCD NNLO K552

factor on the gg background process is kept the same in this approximated S2 in order to re-553

main conservative on the understanding of these corrections on this background component.554

It is also noted that the uncertainties on the signal and background QCD NNLO K factors are555

smaller in the Run 2 analysis [47] than in previous projections using Run 1 data [48]. Since the556

limits in either fa3 cos (fa3) or GH are still dominated by statistics, projections are only shown557

for 3000 fb�1.558

Table 10: Summary of the 95% CL intervals for fa3 cos (fa3), under the assumption GH = GSM
H ,

and for GH under the assumption fai = 0 for projections at 3000 fb�1. Constraints on
fa3 cos (fa3) are multiplied by 104. Values are given for scenarios S1 (with Run 2 systematic
uncertainties [47]) and the approximate S2 scenario, as described in the text.

Parameter Scenario Projected 95% CL interval
fa3 cos (fa3) ⇥ 104 S1, only on-shell [�1.8, 1.8]
fa3 cos (fa3) ⇥ 104 S1, on-shell and off-shell [�1.6, 1.6]

GH ( MeV) S1 [2.0, 6.1]
GH ( MeV) S2 [2.0, 6.0]
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Figure 17: Likelihood scans for projections on fa3 cos (fa3) (left) and GH (right) at 3000 fb�1.
On the left plot, the scans are shown using either the combination of on-shell and off-shell
events (red) or only on-shell events (blue). The dashed lines represent the effect of removing all
systematic uncertainties. In the right plot, scenarios S2 (solid magenta) and S1 (dotted red) are
compared to the case where all systematics (dashed black) are removed. The dashed horizontal
lines indicate the 68% and 95% CLs. The fa3 cos (fa3) scans assume GH = GSM

H , and the GH scans
assume fai = 0.

THE NATURE OF THE HIGGS
Total Width 

Very small in SM! (4 MeV) 
Direct  @ HL-LHC: <177 MeV (95%CL) 

Offshell/onshell H → ZZ − > 4l

Mass 
Free in the SM, now known to 0.1%

(  and )H → ZZ → 4l H → γγ

Does the Higgs sector have a 
new source of Charge-Parity 

violation?



HOW WELL SHOULD WE 
KNOW THE HIGGS 
COUPLINGS?
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Sally Dawson 



GLOBAL FITS
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Higgs couplings + DY + Diboson observables 

eg: compositeness 𝒇>1.6 TeV, mass scale 20TeV

Fit by J. De Blas et al

95% probability limits on the new physics interaction scale

• Higgs results tells us only part 
of the story: we need to think 
globally about all LHC 
measurements 

• Slow move to EFT approaches 
that eventually will involve all 
precision data available 

• Complicated to do!: long 
experimental process, through 
Run3 to the HL-LHC



AND BEYOND HL-LHC?

22



RARE DECAYS
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COUPLING TO THE SECOND GENERATION: H→μμ

24

Do all SM families get their mass 
from the same Higgs field?
Highlight of 2020: evidence for 
the coupling to the second 
generation! 
Observation by the end of Run3 

FTR-21-006 
(30-35% improvement wrt YR study)
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https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/FTR-21-006/


-What about the coupling to second gen quarks? Do up-type quarks get their mass from the 
same Higgs fields as down-type quarks and charged leptons? 

-Difficult measurement (not only statistics, we need to be able to identify charm jets!) 

-Future innovations in jet reconstruction, c-identification and analysis can have a large impact !

HOW CHARMING IS THE HIGGS?
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AIM FOR KC  AT 

𝒪(1)  AT HL-LHC 



CHASING  
THE SELF-COUPLING



HH: 
BENCHMARK 

FOR THE HL-LHC

(* indirect constraints on the self coupling also possible, but HH searches dominate) 27



DIHIGGS @ HL-LHC

28

Combining CMS and ATLAS data, in 2018 we projected a significance of 4σ 
and a 50% uncertainty on κλ  by the end of HL-LHC  . This is likely to be 

outperformed, and the HL-LHC will reach 5σ
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(* indirect constraints on the self coupling also possible, but HH searches dominate)



UPDATES TO THE HH PROJECTIONS
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Updates to the projections done in the context of Snowmass: 
improvements per channel (ATLAS and CMS both improved by ~20-30%) 
and new channels incorporated (WWγγ ,ττγγ) 

Full CMS+ATLAS combination not yet redone: on track for the 5 sigmas   

No VBF prospects yet!  

First ttHH projection (Third largest cross section among the HH production 
models, interplay between ttH and ttHH) 



WHY SHOULD WE ASSUME THE HIGGS BOSON FOLLOWS THE SM RULES? 

IS THE HIGGS THE PORTAL  TO NEW PHYSICS? 



HIGGS→BSM

From the global coupling fit, if BBSM ≥ 0 (any invisible or 
undetected states):  BBSM < 2.5% @ 95% CL

Run2 sensitivity: ~10%

Higgs Invisible 

h→aa

VBF: FTR-18-0016 , <3.8% @ 95% CL

ZH: ATL-PHYS-PUB-2013-014, <8% @ 95% CL
HL-LHC? 

Exotic Higgs decays: invisible, 
LFV, new (pseudo)scalars, LLP, 
dark photons, ALPs,… 

Huge phase space to probe, 
and very few available 
experimental projections 

Large potential gain from 
detector upgrades: long lived 
decays

31

HL-LHC

J. High Energ. Phys. 2020, 139 (2020) 

https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/FTR-18-016/index.html
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/FTR-18-035/index.html
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/FTR-21-010/
https://cds.cern.ch/record/1611186/files/ATL-PHYS-PUB-2013-014.pdf
http://J.%20High%20Energ.%20Phys.%202020,%20139%20(2020)


-Are there surprises in the 
flavour sector?

HIGGS&FLAVOUR

32

https://arxiv.org/abs/1910.11775


IS THE HIGGS ALONE?

33

FTR-22-006 

HIG-20-017 

https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/FTR-22-006


IS THE HIGGS BOSON COMPOSITE?

34

 EXO-19-017 

m∗ -  mass scale of compositeness 

g∗ -  coupling strength of the new 
composite sector


Complementarity of measurements! In 
Yellow: Constraint coming from Higgs 
Couplings (CMS, 2016)

Run2!

https://cms-results.web.cern.ch/cms-results/public-results/publications/EXO-19-017/index.html


THE END?



BEYOND HL-LHC

36
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Guido Altarelli 
Lepton Photon 2009



•In 2012 we knew we had found a new particle that looked like the Higgs 
boson, but we did not yet know what it was. 10 years later, we have 
measured its properties, observed it couple to bosons and fermions, and 
studied of its kinematics with increasing precision. It is now one of our best 
tools to understand the standard model and go beyond. It is a Higgs 
Boson, but is it really the one and only SM Higgs boson? 

•We have only explored a very small fraction of the full LHC dataset: we will 
celebrate the 25th anniversary of the discovery with the machine 
delivering data still. What will we know by then?

•We have beautiful projections of the power of ATLAS and CMS as Higgs 
machines. Far better than it was ever expected of the LHC. They will set 
the basis for Higgs physics way beyond the HL-LHC timeline. 

•Warning ahead: we should not take this for granted. To make those 
projections go from promises to actual measurements implies years of 
work (from operation and calibration of the detector, to the careful analysis 
of 3000 fb-1!). And collaboration between all the Higgs community. 



THANKS!
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