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HIGGS: A BROAD PHYSICS PROGRAM
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Higgs discovery opened the door to a new 
sector of fundamental interactions 

Higgs the only fundamental scalar 
discovered so far is linked to the most 
fundamental OPEN questions in particle 
physics 

Studying the Higgs properties could shed 
light to some of these questions (especially 
in absence of direct BSM): 

– Higgs couplings (including self-coupling, 
more in G. Palacino’s talk tomorrow) 

– Higgs total width 
– Differential/fiducial cross-sections 
– Anomalous couplings (CP-violation) 
– Additional scalars 
– BSM Higgs decays 
– …  

Nature 607, 41-47 (2022)

https://www.nature.com/articles/s41586-022-04899-4
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A LONG ROAD FOR H(125)
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Since discovery stat increased x ~30 
~10M Higgs produced per experiment 
ATLAS ~180 papers, CMS ~150 papers 
published/submitted on Higgs 
physics after discovery 

Entered in the Higgs precision 
physics era  
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THE ROLE OF PRECISION
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Precision: a “telescope” for BSM physics 

Adapted from W. Wiesemann 

Precision does not come just increasing stat !

SM
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THE ROAD TO PRECISION: EXP

Experimental results are improving beyond luminosity scaling, 
despite more difficult experimental conditions (pile-up) 
– Continuous improvements to objects reconstruction and analysis 

techniques 
‣ Advanced machine learning making the difference especially when 

fighting large backgrounds: eg H➝bb/cc, H➝𝜏𝜏,… 

‣ Clever use of larger datasets: eg improved event categorisation 
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e.g. ATLAS b-tag: 
x30 bkg rejection

new IBL

advanced ML

Not a walk in the park… a lot of effort and ingenuity
Adapted from F. Gianotti
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THE ROAD TO PRECISION: THEORY

Huge leap in the Higgs theoretical predictions  
– Most important Higgs production processes calculated at N3LO QCD 

(ggF, VBF) 
– PDFs (also thanks to LHC data) 
– Improvements also for critical backgrounds processes: e.g. tt+b(b), VV,…

6

Critical role of LHC Higgs XS WG

PDF4LHC (2011) PDF4LHC15 (2015)Adapted from M. Grazzini

Include LHC 
data
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HIGGS IN THE SM
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Gauge: coupling to vector bosons 

Yukawa: coupling to fermions

Higgs potential

V (�) = µ2|�|2 + 1

2
�|�|4

Higgs self-couples in the 
SM 

“One scalar to rule them all” 

/ mF

/ mV

15 out of (at least) 19 free 
SM parameters are 
related to the Higgs, 
including the Higgs mass 

<latexit sha1_base64="oryYulj+L0k/CXIKgxsE2bnc3JY=">AAAB9HicbVBNSwMxEJ31s9avqkcvwSJ4KrtF1GPRS48V7Ae0a8mm2TY02cQkWyilv8OLB0W8+mO8+W9M2z1o64OBx3szzMyLFGfG+v63t7a+sbm1ndvJ7+7tHxwWjo4bRqaa0DqRXOpWhA3lLKF1yyynLaUpFhGnzWh4N/ObI6oNk8mDHSsaCtxPWMwItk4KO0pLZSUS3epjuVso+iV/DrRKgowUIUOtW/jq9CRJBU0s4diYduArG06wtoxwOs13UkMVJkPcp21HEyyoCSfzo6fo3Ck9FEvtKrForv6emGBhzFhErlNgOzDL3kz8z2unNr4JJyxRqaUJWSyKU47cm7MEUI9pSiwfO4KJZu5WRAZYY2JdTnkXQrD88ipplEvBVSm4vyxWbrM4cnAKZ3ABAVxDBapQgzoQeIJneIU3b+S9eO/ex6J1zctmTuAPvM8fRjyRxg==</latexit>
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HIGGS PHYSICS @ LHC RUN2
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LHC Run2: ~9M Higgs produced in ATLAS/
CMS  

All main production processes 
experimentally accessible for the main 
decays

H
→

bo
so

ns
H
→

fe
rm

io
ns

H
→
ν,

D
M

Nature 607, 52-59 (2022)

ATLAS

Higgs production Higgs decay

Nature 607, 60-68 (2022)
CMS

Most of the results discussed in this talk from these 2 papers

https://www.nature.com/articles/s41586-022-04893-w
https://www.nature.com/articles/s41586-022-04892-x
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HIGGS PICTURES FROM RUN2
H→bosons H→fermions

ATLAS & CMS 
>2σ

~7k H➝ɣɣ

CMS 3σ 
ATLAS 2σ
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RECENT HIGHLIGHTS: 2ND GEN FERMIONS
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One of the most striking progress in Run2: 
Reached sensitivity to ~ x8 SM (BR H➝cc 0.029) 

Huge improvement thanks to novel H➝cc 
taggers

  Z➝cc >5σ

First evidence for coupling with         
2nd generation fermions 
ATLAS: 2.0σ (1.7 exp) μ=1.2 ± 0.6 
CMS: 3.0σ (2.4 exp) μ=1.19 ± 0.43

  H➝μμ   H➝cc ATLAS: Eur. Phys. J. C 82 (2022) 717 
CMS: arXiv:2205.05550

ATLAS: PLB 812 (2021) 135980 
CMS: JHEP 01 (2021) 148

https://doi.org/10.1140/epjc/s10052-022-10588-3
https://arxiv.org/abs/2205.05550
https://www.sciencedirect.com/science/article/pii/S0370269320307838
https://link.springer.com/article/10.1007/JHEP01(2021)148
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HIGGS MASS
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Mass known already at end of Run1 at ~2‰ 
from ATLAS+CMS (H➝ɣɣ,ZZ) 

Now ~1‰, still stat limited 

Ultimate expected precision (from H➝4l) ~50 
MeV per experiment 

 PLB 805 (2020) 135425 arXiv:2207.00320

Systematics reduced by ~20% wrt 
previous Run2 results 

https://reader.elsevier.com/reader/sd/pii/S037026932030229X?token=61E234D4E5823855273BA80C423613A9028FA9DAC3A4922AD547A5A72DB6ACA9DF113E3DFB74A671C581CB64CF67EEB4&originRegion=eu-west-1&originCreation=20230224150859
https://arxiv.org/abs/2207.00320
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HIGGS TOTAL WIDTH
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Higgs width from off-shell production: a breakthrough 
after Higgs discovery 
– ~10% of H➝ZZ off-shell (mZZ>200 GeV), negative 

interference with SM continuum 

Ratio off-shell to on-shell sensitive to 𝝘H 

Nat. Phys. 18 (2022) 1329

No off-shell 
contribution 
excluded 
at 3.6σ

<latexit sha1_base64="b2teyJE7lZXEO9J0jiKlSQ26FC8=">AAACEnicbVDLSsNAFJ34rPUVdekmWARFDEmp1Y1QdGE3QgX7gLaGyXTSDp1JwsxEKCH+ght/xY0LRdy6cuffOGmz0NYDFw7n3Mu997ghJUJa1rc2N7+wuLScW8mvrq1vbOpb2w0RRBzhOgpowFsuFJgSH9clkRS3Qo4hcyluusPL1G/eYy5I4N/KUYi7DPZ94hEEpZIc/bBzBRmDTlxNzktm+S4+KprlxImPi+ZJ8tBhUA44i69xI3H0gmVaYxizxM5IAWSoOfpXpxegiGFfIgqFaNtWKLsx5JIgipN8JxI4hGgI+7itqA8ZFt14/FJi7CulZ3gBV+VLY6z+noghE2LEXNWZ3iimvVT8z2tH0jvrxsQPI4l9NFnkRdSQgZHmY/QIx0jSkSIQcaJuNdAAcoikSjGvQrCnX54ljaJpl037plSoXGRx5MAu2AMHwAanoAKqoAbqAIFH8AxewZv2pL1o79rHpHVOy2Z2wB9onz8tuZyR</latexit>

�H = 4.6+2.6
�2.5 MeV

<latexit sha1_base64="Pe111TEwkhZBcW9SzhBy3ZOuoGc=">AAACEnicbVDLSsNAFJ34rPVVdekmWARFDEkt1o1QdGE3QgX7gCaGyXTSDp1JwsxEKCH+ght/xY0LRdy6cuffOG2z0NYDFw7n3Mu993gRJUKa5rc2N7+wuLScW8mvrq1vbBa2tpsijDnCDRTSkLc9KDAlAW5IIiluRxxD5lHc8gaXI791j7kgYXArhxF2GOwFxCcISiW5hUP7CjIG3aSWnp8YpbvkqGSUUzc5toxK+mAzKPucJde4mbqFommYY+izxMpIEWSou4UvuxuimOFAIgqF6FhmJJ0EckkQxWnejgWOIBrAHu4oGkCGhZOMX0r1faV0dT/kqgKpj9XfEwlkQgyZpzpHN4ppbyT+53Vi6Z85CQmiWOIATRb5MdVlqI/y0buEYyTpUBGIOFG36qgPOURSpZhXIVjTL8+SZsmwTg3rplysXmRx5MAu2AMHwAIVUAU1UAcNgMAjeAav4E170l60d+1j0jqnZTM74A+0zx8j+pyL</latexit>

�H = 3.2+2.4
�1.7 MeV

ATLAS
ATLAS-CONF-2022-068

CMS

Main assumption: same on/off-shell couplings

https://www.nature.com/articles/s41567-022-01682-0
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2022-068/
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(GLOBAL) HIGGS SM COMPATIBILITY
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Fit data from all production modes and 
decays with a common signal strength 
wrt SM 

µ =
� · BR

(� · BR)SM

ATLAS Run2 

CMS Run2

ATLAS+CMS Run1 
(20+20 fb-1 @ 8 TeV) 

<latexit sha1_base64="pgMLd0n1/MoQWZaaBXbgJAxpf8o=">AAACIXicbVBLSwMxEM76rPVV9eglWIT2UnZbqfUgFL14rGAf0F1KNk3b0GR3SWbFUvpXvPhXvHhQpDfxz5g+FG0dCHyPGSbz+ZHgGmz7w1pZXVvf2ExsJbd3dvf2UweHNR3GirIqDUWoGj7RTPCAVYGDYI1IMSJ9wep+/3ri1++Z0jwM7mAQMU+SbsA7nBIwUitVcmV86eRsO+9GEts5u1DEGehl8Tct4Ax7iH54/gJnNBDItlJpQ6eFl4EzB2k0r0orNXbbIY0lC4AKonXTsSPwhkQBp4KNkm6sWURon3RZ08CASKa94fTCET41Sht3QmVeAHiq/p4YEqn1QPqmUxLo6UVvIv7nNWPolLwhD6IYWEBnizqxwBDiSVy4zRWjIAYGEKq4+SumPaIIBRNq0oTgLJ68DGr5nFPMObdn6fLVPI4EOkYnKIMcdI7K6AZVUBVR9Iie0St6s56sF+vdGs9aV6z5zBH6U9bnF7c8nbQ=</latexit>

µ = 1.002± 0.036(th)± 0.033(exp)± 0.029(stat)

<latexit sha1_base64="DEGw6P/nD9ic1cuWG+ZsUJ0yaac="></latexit>

µ = 1.09± 0.07(sig. th)± 0.03(bkg. th)± 0.04(exp)± 0.07(stat)

<latexit sha1_base64="qOLXt82/iQCxNgXQqHcIuQF1Xz0=">AAACHHicbVBLTwIxEO7iC/G16tFLIzGBC9kVfFxMiF48YiKPBAjplgIN7e6mnTWSDT/Ei3/FiweN8eLBxH9jgT0gOEmT7zGT6XxeKLgGx/mxUiura+sb6c3M1vbO7p69f1DTQaQoq9JABKrhEc0E91kVOAjWCBUj0hOs7g1vJn79gSnNA/8eRiFrS9L3eY9TAkbq2MWWjK7cgnPWCiV2Ck4pB4M8TkgR59hjOE81EMh37Kxh08LLwE1AFiVV6dhfrW5AI8l8oIJo3XSdENoxUcCpYONMK9IsJHRI+qxpoE8k0+14etwYnxili3uBMs8HPFXnJ2IitR5Jz3RKAgO96E3E/7xmBL3Ldsz9MALm09miXiQwBHiSFO5yxSiIkQGEKm7+iumAKELB5JkxIbiLJy+D2mnBPS+4d6Vs+TqJI42O0DHKIRddoDK6RRVURRQ9oRf0ht6tZ+vV+rA+Z60pK5k5RH/K+v4FW4+clQ==</latexit>

µ = 1.05± 0.04(th)± 0.03(exp)± 0.03(stat)

JHEP 2016, 45 (2016)

Theory systematics reduced by ~ a factor 2 from Run1

https://link.springer.com/article/10.1007/JHEP08(2016)045
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HIGGS PRODUCTION AND DECAYS
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All consistent with SM   

– uncertainty <=10% for main production modes and decays 

All 5 main production modes and decays >5σ
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HIGGS COUPLINGS: K-FRAMEWORK
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k-factors: effective Higgs coupling modifiers (no production kinematic 
variations). Test compatibility with SM 

Can also accomodate BSM decays (invisible or undetected) as 
modification of the total Higgs width  
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HIGGS COUPLINGS
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W/Z couplings 
compatible with 
SM at ~5% 

3rd gen fermions 
at ~10%

kV<1 when floating Binv,und

Room for BSM 
decays ~10%
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RUN2 LEGACY: HIGGS COUPLES TO MASS
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MORE GRANULARITY: STXS
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Measure different 
production modes in 
exclusive kinematic 
regions 
– combination of 

multiple decay 
channels 

More sensitivity for 
BSM (eg high pT 
regions) 
– current STXS have 

limited sensitivity for CP-
odd BSM (eg no Δɸjj for 
qqH)

Simplified Template XSections: Stage 1.2
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MORE GRANULARITY: DIFFERENTIAL
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Single and double differential xsec vs pTH, ηH, 
njet 
– Best precision for fully reconstructed decays 

(H➝ɣɣ,ZZ) 

Higgs pT: test of perturbative QCD but also 
sensitivity for BSM couplings 
– low pT: kc constraints competitive/complementary to 

direct search for H➝cc 
– high pT: probe for higher scale BSM

Combination with direct H➝bb,cc constraints: 
|kc|<3 @95% CL

arXiv:2207.08615

PRL 118 (2017) 121801 

https://arxiv.org/abs/2207.08615
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.118.121801
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LOOK FOR CP VIOLATION
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Exploit kinematic correlations among final state 
objects both in production and decay (ZZ) 
– signal extraction including discriminants (MELA) 

between different couplings hypothesis

Combination of several 
decay channels: ZZ,𝜏𝜏,ɣɣ 

Sensitivity to relative 
coupling sign from 
interference

Higgs compatible with JP=0+ (Run1) 

Room for anomalous BSM (possibly 
CP-violating) couplings 

SM

  Htt  HVV

arXiv:2205.05120

https://arxiv.org/abs/2205.05120
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SUMMARY
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The ATLAS/CMS Higgs Run2 legacy: entered the Higgs precision physics era 
– Mass at 0.1% 
– Boson couplings known at ~5%, ~10% for heaviest fermions  
– Huge progress to look for 2nd generation couplings, self-coupling, anomalous 

BSM couplings 

These performance are much better than what expected just 10 years ago: 
theory & experiment interactions a game changer  

Run3: double Run2 stat, ~300 fb-1@13.6 TeV  

From 2029 HL-LHC: up to 4000 fb-1, ATLAS/CMS 
detector upgrades 
– ~180M Higgs/experiment by end of HL-LHC 
– Prospects are very high 
– Projections keep improving (thanks to better 

delivered analysis sensitivities)  
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HIGGS SELF COUPLING
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Complementary constraints to 
direct HH searches

Single Higgs production modes 
sensitive to self-coupling through 
loop corrections


