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e status of LHC measurements 10 year later
* mass, width, guantum numbers
» decays to fermions (3 & 2nd generation ), invisible
* combined results on couplings, differential, EFT interpretations
* double-Higgs production and couplings

* the future of Higgs physics
* Run3 and HL-LHC
 future e+e- factory
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CMS
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The field permeates the universe giving mass to elementary particles I N

EXPERIMENT L-/

The mechanism predicts an (the only) elementary

particle with zero spin : the Higgs boson
Zero charge, even parity and charge conjugation

the Higgs boson

M\’
_ oo Mn
A=g (2_-1414,)

vector boson scattering unitarity
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Higgs boson searches b
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the LHC, ATLAS, CMS
and the Higgs boson
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in the former LEP tunnel
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ATLAS & CMS

p) 7000 tons 14000 tons
ATLAS D=25m about 100 M channels D=15m
L=46 m 40 MHz (collision) rate =29 m

B=2T (4T toroid) B=3.8T
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Particles through CMS

) =

Electromagnetiic
Calorimeter

Hadron

Calorimeter Superconducting &
Solenoid Iren return yoke interspersed

with muen chambers

Transverse slice
through CMS

Muon Electron

Charged hadron (e.g. pion)

= ==-Neutral hadron (e.g. neutron) ----. Photon

similar sketch for ATLAS .. but different detectors
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production and decay at the LHC

87% 7% 4% 1%

gluon fusion (ggF) vector boson fusion (VBF) Higgs-strahlung (VH) top quark fusion (ttH)

7z*

Hoyy H—ZZ% WW* Hoff  58%bb

0.23% 2.7%, 22% 6.2% Tt

) S 2.9% cc
0.02% pu
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the golden channels
at discovery and now
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my,= 125.1 GeV

e 0=, Wi e
) ) | FN

ATLAS /

EXPERIMENT

-

mq,= 86.3 GeV
m34= 31.6 GeV

Run: 204769
Event: 71902630
Date: 2012-06-10

f Ui S , c K L‘ Time: 13:24:31 CEST



CMS Experiment at the LHC, CERN
Data recorded: 2012-May-13 20:08:14.621490 GMT
Run/Event: 194108 / 564224000
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July 4t 2012
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https://indico.cern.ch/event/197461/
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https://indico.cern.ch/event/197461/

10 years later
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https://www.nature.com/articles/s41586-022-04893-w
https://www.nature.com/articles/s41586-022-04892-x
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mass, width, qguantum numbers
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C M S %‘E‘E&Eﬁ%?&iﬁ’:‘cﬁiﬂf 15
The Higgs Boson mass /\ @
fits of per-event m,, dmyand event classifier (S/B) / J\ o IN/l‘]
ATHAR ¢ calibration from J/ or Z—=£¢ ﬁ \i C

calibration from Z—ee
14 MatLas<Mcms

o ATLAS: 4£ my=124.99 + 0.18 + 0.04 GeV (139/fb) arXiv:2207.00320
e CMS: yy+4¢ m,=125.46 + 0.13 + 0.13 GeV (36/fb) PLB 805 (2020) 135425
e yy m,=125.78 +0.18 + 0.18 GeV
e 4¢ my=125.26 £ 0.20 + 0.08 GeV JHEP 11 (2017) 047
o ATLAS: yy+4£ my= 124.86 + 0.18 + 0.20 GeV (36/fb) PLB 784 (2018) 345
© yy my=124.93 £+0.21 + 0.34 GeV
e 4¢ my=124.79 £ 0.36 + 0.08 GeV

e ATLAS+CMS yy+ 4f my=125.09 £ 0.21 £ 0.11 GeV (Runl) PRL 114 (2015) 191803

Run2 precision below the 0.1% level !
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https://arxiv.org/abs/2207.00320
http://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-19-004/index.html
https://doi.org/10.1007/JHEP11%282017%29047
http://dx.doi.org/10.1016/j.physletb.2018.07.050
https://doi.org/10.1103/PhysRevLett.114.191803

= Global EW fit

| Indirect determinatior

The Higgs Boson mass
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https://doi.org/10.1140/epjc/s10052-018-6131-3
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3.60 evidence for off-shell Higgs boson production
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https://arxiv.org/abs/2202.06923

Higgs Boson Spin and CP

SM (7€ = 0*)

many non-SM hypothesis tested

lie

30F

20
10

-10
-20

-30F

40F
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H— yy = C=+1 and J=0,2 (Landau-Yang)

study decay angles H— yy, 4¢, 2£2v

ATLAS H—ZZ* — 4]
— e Observed s=7TeV,45fb'
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— coupling anomalies / EFT
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https://doi.org/10.1103/PhysRevD.92.012004
https://link.springer.com/article/10.1140/epjc/s10052-015-3685-1

CMS

ATLAS

Higgs boson couplings

Direct observation of couplings to Z, W bosons with or soon after discovery
ATLAS  Coupling to top quarks extracted from resolving gg production and yy decays (-

H—tt Sensitivity mostly in the VBF channel

- ATLAS

80~ H— 1t VBF+Boosted
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60— 1s=8TeV,203f" o
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Separate evidences with Runl
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Runl-combined observation

JHEP 08 (2016) 045
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DY + jets

backgrounds

25/fb(Runl) +80/fb(Run2)

H—bb
Sensitivity mostly

in the VH channel

)

Separate observations

3rd generation Yukawa settled
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PRL 121 (2018) 121801

22


https://doi.org/10.1007/JHEP04%282015%29117
http://dx.doi.org/10.1103/PhysRevLett.121.121801
https://doi.org/10.1007/JHEP05%282014%29104
https://doi.org/10.1016/j.physletb.2018.09.013
https://doi.org/10.1007/JHEP08%282016%29045
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2"d generation and invisible

EDSU La Réunion 7 Nov 2022 P.Azzurri - Review of Higgs Boson Results 23



CMS Experiment at the LHC, CERN

Data recorded: 2018-Oct-03 01:19:17.320393 GMT V B F H —) “ l/l H— up 0.02%

Run / Event / LS: 323940 / 44997009 / 65 (H —TT 63%)

A 0N M, = 125.0 GeV
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http://dx.doi.org/10.1007/JHEP01(2021)148
https://doi.org/10.1016/j.physletb.2020.135980

CMS Experiment at the LHC, CERN
Data recorded: 2016-Jun-27 07:14:59.636160 GMT v H H —) C C
Run / Event / LS: 275836 / 2146200065 / 1192

H— cc 2.9%
(H— bb 58%)




arxiv:2205.05550  Higgs to charm  Epic 82 (2022) 717 A

advancing with ML techniques )
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first observation of Z >cc at a hadronic collider. Homen
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http://dx.doi.org/10.1140/epjc/s10052-022-10588-3
http://arxiv.org/abs/2205.05550

ATLAS invisible Higgs détay
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VBF production mode
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many channels investigated

invisible Higgs results & interpretations
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Run2 combined results
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similar th-exp-stat uncertainties : all improving wrt Run1 (=1/2)
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https://www.nature.com/articles/s41586-022-04893-w
https://www.nature.com/articles/s41586-022-04893-w

Combinations and interpretations

the kappa framework for couplings

Higgs boson production modes Higgs boson decay channels L-/
b) c)

CERN-2013-004 can also account for invisible and undetected decays
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Combinations and interpretations
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Higgs boson couplings vs mass
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Differential measurements
and interpretations
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Double Higgs
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Double-Higgs production & 4
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Double-Higgs production & 4
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The Future
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Indicative scenarios of future
colliders [considered by ESG]
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Conclusions
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The discovery of the Higgs boson has been an fantastic event of incredible value : a INEN
great success of a community of thousands of physicists. L/

In the following (last) 10 years the LHC evolved to precision Higgs physics

Experiments have done better than predicted, both on analysis techniques and
understanding detector uncertainties.

Theory predictions have equally improved beyond expectations, enabling stringent
comparisons. Overall agreement with minimal SM predictions is excellent.

The LHC (Run3 + HL) will remain at the forefront of future Higgs boson
measurements. An e+e- Higgs factory is the next highest priority for particle physics.

Higgs physics remains as a vibrant field of particle physics, in which many interesting
results and surprises may lay ahead

Thank you
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