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The Standard Model
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The Standard Model (SM) of particle physics is a (set of) quantum field theory(ies) 
that describe the fundamental* particles of nature and their interactions

Propagation of force-carriers (spin-1 boson)

Interactions of matter particles (spin-1/2 fermions)

Masses of matter particles

Higgs interactions and mass of force carriers 

*doesn’t include neutrino masses or gravitational interaction
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Expanding around potential 
minimum (ignoring linear H)…
à 3 parameters v, mH and λ
àRelationships between them 

fixed in the SM 
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Low energy probes (muon decay 
lifetime) fixes the vacuum 
expectation value

Higgs boson mass (mH) remains the only free parameter … 

1

⌧µ
= �µ /

m5
µ
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The Higgs boson
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Higgs Production and Decay
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WH / ZH

VBF

ggH

gg→
ZH

gb→tHW qg→tHq
ttHbbH

D
ecreasing cross-section H

�

�
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�
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H

b, ⌧, µ

b, ⌧, µ

H

W,Z

W,Z

Hàff HàVV

Hàγγ

Many production and decay 
modes to study Higgs for  
mH~125 GeV
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beamline
Jets & taus (τ)

Muons (μ)

Electrons (e) & Photons (γ)

Heavy particles (H, W, Z, t) must be reconstructed from decay products

CMS as a Higgs boson camera
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Many production and decay 
modes to study Higgs for  
mH~125 GeV … access to 
many Higgs-SM couplings
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WH / ZH

VBF

ggH

gg→
ZH

gb→tHW qg→tHq
ttHbbH

D
ecreasing cross-section H
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b, ⌧, µ

b, ⌧, µ

H

W,Z

W,Z

Hàff HàVV

Hàγγ

Many production and decay 
modes to study Higgs for  
mH~125 GeV … access to 
many Higgs-SM couplings

Combined measurements of Higgs production and decay 

channels yields comprehensive tests of the SM
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“Signal strengths” parameterization

We construct a likelihood to interpret the combined datasets from across Higgs channels ….

Experimental Higgs Likelihood
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Latest CMS combination:
Nature 607 (2022) 60-68  

~850 channels 
(categories for data)

~9500 parameters 
in the model (mostly 
constrained nuisance 
parameters)

Evidence for Rare decays 
(Hàμμ, ΗàΖγ)

https://www.nature.com/articles/s41586-022-04892-x
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Latest CMS combination:
Nature 607 (2022) 60-68  

~850 channels 
(categories for data)

~9500 parameters 
in the model (mostly 
constrained nuisance 
parameters)

Evidence for Rare decays 
(Hàμμ, ΗàΖγ)

CMS-HIG-22-009
1.01+0.55

�0.46
0.33± 0.26

Updated since latest 
CMS combination 

with Full Run-2

0.37± 0.21 0.97± 0.32
CMS-HIG-19-011CMS-HIG-20-001 CMS-HIG-20-001 

https://www.nature.com/articles/s41586-022-04892-x
https://arxiv.org/abs/2308.01253
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-19-011/index.html
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-20-001/index.html
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-20-001/index.html
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Experimental Higgs Likelihood

The “data” in each channel
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Decompose expectation into signal 
and background contributions

We construct a likelihood to interpret the combined datasets from across Higgs channels ….
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Experimental Higgs Likelihood

The “data” in each channel

100 150 200
 (GeV)ττm

0

0.2

0.4

0.6

0.8

1

1.2
310×

Ev
en

ts
 / 

G
eV

   

 bkg.ττ Others
τ →Jet Bkg. unc.

=0.82)µqqH + ggH ( Observed

100 150 200
 (GeV)ττm

20−

0

20

40

60

80

100

(E
ve

nt
s 

- B
kg

.) 
/ G

eV Bkg. unc.
qqH + ggH
Obs. - bkg.

CMS

 (13 TeV)-1138 fb

NN-analysis

 > 0.8
qqH

 + y
ggH

y

0

10

20

30

40

50

60

310×

S/
(S

+B
) w

ei
gh

te
d 

ev
en

ts
 / 

G
eV

Data
S+B fit
B component

σ1 ±

σ2 ±

CMS  (13 TeV)-1137 fb

S/(S+B) weighted
All ggH categories = 125.38 GeV

H
, mγγ →H 

100 110 120 130 140 150 160 170 180

 (GeV)γγm

500−

0
500

1000
1500
2000 B component subtracted

Decompose expectation into signal 
and background contributions

Nuisance parameters parameterize 
experimental/theoretical systematic 
uncertainties 

We construct a likelihood to interpret the combined datasets from across Higgs channels ….
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Systematic uncertainties began dominate the sensitivity in 
certain measurements!
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• Uncertainty in measurements of 
largest production and decay 
modes already 
comparable/larger than 
statistical uncertainties 

• Inclusive measurements suffer 
from theoretical and 
experimental systematics 
(extrapolation etc)
à Differential measurements 
needed to push sensitivity (see 
next talk)
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“Signal strengths” parameterized in 
terms of “coupling modifiers” κ

Standard model defined by     and

We construct a likelihood to interpret the combined datasets from across Higgs channels ….

µ ! µ()

 = 1 µ(1) = 1
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Experimental Higgs Likelihood
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Through a combination of the different 
production and decay processes, we can extract 
the couplings to SM particles and compare to 
the trend predicted in the SM 

N
ature publication 

http://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-22-001/index.html
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So, aren’t we done?
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The Higgs boson was the missing piece 
of the SM and we’ve had it now for 10 
years …

• Is the Higgs sector SM-like ? à Do all the 
SM particles lie on that line? 

BSM (eg 2HDM)

SM

e,u,d…?

c?



20Nicholas Wardle

So, aren’t we done?
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The Higgs boson was the missing piece 
of the SM and we’ve had it now for 10 
years …

• Is the Higgs sector SM-like ? à Do all the 
SM particles lie on that line? 

• What does Dark Matter (DM) fit in ? à if 
DM are massive particles, wouldn’t they 
couple to the Higgs too?

BSM (eg 2HDM)

SM

e,u,d…?

c?

DM ?

W
M

AP 

https://wmap.gsfc.nasa.gov/universe/uni_matter.html
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So, we aren’t done?
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SM particles lie on that line? 

• What does Dark Matter (DM) fit in ? à if 
DM are massive particles, wouldn’t they 
couple to the Higgs too?

• Why is there more matter in the 
universe? à Could the Higgs self-coupling 
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(baryogenesis)?
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These are fundamental questions in physics 
à The Higgs boson is a unique tool to search for 
physics Beyond the SM (BSM)
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Precision measurements for discovery
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Examples from the past have taught us that precision measurements can lead to revolutionary discoveries…  

Uranus discovery 
“as a planet” (1781) 

Precise measurements of position 
revealed deviations from expected orbit 

à new planet predicted (1845/46) 

Slide heavily inspired by J. Liu (Cambridge)

Herschel 1781
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Examples from the past have taught us that precision measurements can lead to revolutionary discoveries…  

Uranus discovery 
“as a planet” (1781) 

Neptune discovered with 1!"
of predicted position (1846)

Precise measurements of position 
revealed deviations from expected orbit 

à new planet predicted (1845/46) 

Slide heavily inspired by J. Liu (Cambridge)

Le Verrier, Galle, d'Arrest 1846Herschel 1781
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Examples from the past have taught us that precision measurements can lead to revolutionary discoveries…  

Uranus discovery 
“as a planet” (1781) 

Neptune discovered with 1!"
of predicted position (1846)

Measurements of Mercury’s orbit reveals 
43 arcseconds/century anomaly 

à new planet (or body) predicted (1859) 

Precise measurements of position 
revealed deviations from expected orbit 

à new planet predicted (1845/46) 

Slide heavily inspired by J. Liu (Cambridge)

Le Verrier, Galle, d'Arrest 1846Herschel 1781
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…History has a habit of repeating itself 🤞 …

Examples from the past have taught us that precision measurements can lead to revolutionary discoveries…  

Uranus discovery 
“as a planet” (1781) 

Neptune discovered with 1!"
of predicted position (1846)

Measurements of Mercury’s orbit reveals 
43 arcseconds/century anomaly 

à new planet (or body) predicted (1859) 

Precise measurements of position 
revealed deviations from expected orbit 

à new planet predicted (1845/46) 

General relativity solves 
anomaly and changes view 

of space & time (1915)

Slide heavily inspired by J. Liu (Cambridge)

Le Verrier 1859, Einstein 1915Le Verrier, Galle, d'Arrest 1846Herschel 1781
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CMS In the SM, the Higgs regulates longitudinal WW 
scattering at high energies  
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If couplings to vector bosons and fermions are SM-like 
Scattering amplitudes don’t diverge

à Measuring these couplings is a strict test of SM at 
higher energies 
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Discovery LHC Run 1 This paper

68% CL 95% CL SM Higgs

CMS
In extended Higgs sectors (e.g two 2HDM), couplings to 
vector bosons and fermions can be modified from SM 

à Measuring these couplings is a direct probe of 
extended Higgs sector models

à Complementary approach to direct searches* for 
additional Higgs bosons
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Observed exclusion 95% CL

Expected exclusion 95% CL

EPJC 79 (2019) 421
h(125)

CMS-PAS-HIG-18-010
µµ →A/H/h 

JHEP 1808 (2018) 113
 bb→A/H 

JHEP 1809 (2018) 007
ττ →A/H/h 

JHEP 03 (2020) 034
 qq)ν and lν lν WW (l→H 

PLB 778 (2018) 101
)ττ hh (bb→H 

CMS-PAS-HIG-17-027
 tt→H 

arxiv:1910.11634
)ττ Zh (ll→A 

hMSSM

Direct searches 

More precision

*hMSSM allows modified couplings to up/down type fermion ratio
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Higgs couplings for BSM physics
Measure Hàττ decays differentially in ΦCP to access potential 
CP-odd contributions to H-τ coupling
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Measure Hàττ decays differentially in ΦCP to access potential CP-
odd contributions to H-τ coupling

Higgs couplings for BSM physics

Pure CP-odd coupling 
strongly dis-favoured 
but uncertainties large
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Higgs as a portal to new physics
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Current measurements of Higgs boson couplings allow 
for “missing” decay modes to light particles

Higgs boson decays to BSM particles modify 
the total width through 
• undetected modes (2HDM+s, nMSSM…) 
• invisible particles (Dark Matter)
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Invisible Higgs branching fraction measurements 
require very good understanding of energy 
resolution and SM background contributions

Nicholas Wardle

Higgs as a portal to new physics
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Invisible Higgs branching fraction 
measurements complementary to 
direct searches for Dark Matter!

Direct DM 
detectors 
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DMSM CMS

Nicholas Wardle

~mH/2

Higgs as a portal to new physics
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?

?

Standard Model

New Physics models

Composite 
Higgs

UED

mSUGRA

NUHM

MSSM

How to cope with large space 
of potential models for BSM 
physics?

Energy

?Technicolor

Higgs couplings as BSM physics

E>Λ

Ε<<Λ

L = LSM +
1

⇤

X

k

Ok + ...

Effective Field Theories (EFT) allow to systematically probe space of new physics 
(NP) models
à Valid for E below NP scale Λ
à Match NP models to EFT parameters to constrain possible BSM scenarios
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GF
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In Fermi theory for the muon decay, low energy measurements are to constrain the 
SM parameters à Fermi theory an EFT for the SM! *

E* At least for theory of weak interactions

Effective field (Fermi) theory
E > mW

Standard Model 
E << mW
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H

g

g

Higgs boson production and decay 
mechanisms that proceed by loops 
can be treated as effective 
couplings 

H
g

g

Effective couplings
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Higgs boson production and decay 
mechanisms that proceed by loops 
can be treated as effective 
couplings 

New heavy particles can appear in 
these loops leading to large 
deviation in the effective coupling:
 H-Zγ, Η-g, Η-γ

H
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Effective couplings
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Ιnclusive κ : high-precision yields 
precision on new physics scale  

 δμ = 1% à Λ ~ 2.5 TeV

On-shell

� ⇠
⇣ v
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⌘2
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Effective field theories

Differential: High momentum production 
sensitive to new physics 

δσ = 15% (q=1TeV) à Λ ~ 2.5 TeV

Off-shell / large q2

� ⇠
⇣ q

⇤

⌘2

<latexit sha1_base64="C2ZCVdHnijldcScBNdyo+NQzQvo=">AAACFXicbVDJSgNBEO1xjXGLevQyGIQIEmaioMegFw8eIpgFMjH09NQkTXoWu2uEMMxPePFXvHhQxKvgzb+xsxw08UHB472q7qrnxoIrtKxvY2FxaXllNbeWX9/Y3Nou7Ow2VJRIBnUWiUi2XKpA8BDqyFFAK5ZAA1dA0x1cjvzmA0jFo/AWhzF0AtoLuc8ZRS11C8eOBwKpo3jgCPCx5PiSsvQ+S51r/YpHM0fyXh+P7tJK1i0UrbI1hjlP7Ckpkilq3cKX40UsCSBEJqhSbduKsZNSiZwJyPJOoiCmbEB70NY0pAGoTjq+KjMPteKZfiR1hWiO1d8TKQ2UGgau7gwo9tWsNxL/89oJ+uedlIdxghCyyUd+IkyMzFFEpsclMBRDTSiTXO9qsj7VsaAOMq9DsGdPnieNStk+KVduTovVi2kcObJPDkiJ2OSMVMkVqZE6YeSRPJNX8mY8GS/Gu/ExaV0wpjN75A+Mzx+uBJ/C</latexit>

0 0.5 1 1.5 2 2.5

γZ

µµ

bb

ττ

WW

ZZ

γγ

ggH
 0.08± = 0.97 

ggH
µ

0.11− 
0.12+ 1.08

0.13− 
0.14+ 0.93

0.10− 
0.11+ 0.90

 0.21±0.66 

2.54− 
2.97+ 5.31

0.70− 
0.74+ 0.33

1.23− 
1.39+ 3.86

0 1 2 3

γZ

µµ

bb

ττ

WW

ZZ

γγ

VBF
 0.12± = 0.80 

VBF
µ

0.32− 
0.35+ 1.00

0.32− 
0.48+ 0.32

0.24− 
0.28+ 0.73

0.16− 
0.17+ 0.86

0.73− 
0.86+ 1.55

2.89− 
3.82+ -4.43

0 1 2 3 4

γZ

µµ

bb

ττ

WW

ZZ

γγ

WH
0.25− 
0.26+  = 1.49

WH
µ

0.47− 
0.54+ 1.43

1.55+ 0.00

0.70− 
0.72+ 2.41

0.57− 
0.61+ 1.33

0.41− 
0.42+ 1.26

0 1 2 3 4

γZ

µµ

bb

ττ

WW

ZZ

γγ

ZH
0.23− 
0.24+  = 1.29

ZH
µ

0.62− 
0.71+ 1.19

5.69− 
6.59+ 12.24

0.67− 
0.75+ 1.76

0.56− 
0.65+ 1.89

0.34− 
0.36+ 0.90

0 0.5 1 1.5 2 2.5 3

γZ

µµ

bb

ττ

WW

ZZ

γγ

ttH+tH
0.17− 
0.18+  = 1.13

ttH+tH
µ

0.29− 
0.34+ 1.38

0.73+ 0.00

 0.32±1.44 

0.37− 
0.44+ 0.35

0.44− 
0.46+ 0.90

2.21− 
2.63+ 3.07

γZ
0.96− 
1.07+  = 2.59γZµ

µµ
0.42− 
0.45+  = 1.21µµµ

bb
0.21− 
0.22+  = 1.05bbµ

ττ
 0.10± = 0.85 ττµ

WW
 0.09± = 0.97 WWµ

ZZ
0.11− 
0.12+  = 0.97ZZµ

γγ
 0.09± = 1.13 γγµ

1 SD±Observed 1 SD± combined 
i
µ   

CMS  (13 TeV)-1138 fb
f
i
µ

0 2 4 6 8
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

3.36− 
3.04+ 5.63



Pushing into the tails
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With increasing datasets, we can probe tails of distributions that 
could be more sensitive to BSM physics!

Use specialized reconstruction and analysis tools for these kinds 
of measurements at the LHC

JHEP 12 (2024) 035
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Concentrating on boosted 
topologies allows us to 
disentangle rare signals from 
very large backgrounds 

Hcc ~ 20x smaller 
than Hbb!
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Higgs boson self-coupling 
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Remember in the SM, the Higgs 
potential includes H3 terms 

“self-coupling” generates 
Higgs-Higgs interactions

à Direct searches for Double Higgs (HH) production to constrain the Higgs boson self-coupling!

V (H) =
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2
H
+ �vH

3 +
1

4
�H

4 + const



Higgs boson self-coupling 
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Remember in the SM, the Higgs 
potential includes H3 terms 

“self-coupling” generates 
Higgs-Higgs interactions

~ 1000x smaller 
than single H

Interference with other SM HH diagrams makes 
searches for HH extremely challenging!

V (H) =
1

2
m

2
H
+ �vH

3 +
1

4
�H

4 + const



Higgs boson self-coupling 
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Remember in the SM, the Higgs 
potential includes H3 terms 

“self-coupling” generates 
Higgs-Higgs interactions

Combinations of multiple search channels just as 
important for 2xHiggs compared to single Higgs 
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Yesterday’s Higgs signal is today’s HH background!
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Tests of SM-structure 
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In SM, we’d expect κ2V = κV = 1
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In SM, we’d expect κ2V = κV = 1

In “SM-like” extensions (eg SM-EFT) we 
can relax to κ2V = κV 

  à Test of the nature of effective 
SM-extensions through double Higgs 
measurements!
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Extract self-coupling relative to SM prediction 

Combination of HH searches yields most 
stringent limit on Higgs boson self-coupling 
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κλ

κλ

κλ

Loop corrections to single-Higgs boson 
production and decay involve 
Higgs self-coupling [1]

[1] Eur. Phys. J. C (2017) 77: 887

Precision (single) Higgs boson measurements also sensitive to 
Higgs self-coupling! Lift degeneracies with other Higgs couplings

κt

κt

HIG-23-006 

https://arxiv.org/abs/2407.13554
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Essential ingredient for Baryogenesis 
(production of B-asymmetry) : 
 à First order phase transition [1]

The universe today is matter 
(baryon)-dominated, 

[1] A. D. Sakharov, JETP Lett. 5, 24 (1967)

nB >> nB̄
<latexit sha1_base64="hr7/izyhrvvGWDZ7B8nQlxrjSsY=">AAAB/XicbZDLSgMxFIbP1Futt/GycxMsgqsyUwVdlaIuXFawrdAOQyZN29BMZkgyQh0GX8WNC0Xc+h7ufBvTdhba+kPgy3/OISd/EHOmtON8W4Wl5ZXVteJ6aWNza3vH3t1rqSiRhDZJxCN5H2BFORO0qZnm9D6WFIcBp+1gdDWptx+oVCwSd3ocUy/EA8H6jGBtLN8+EH56maFaDRnoBliaW+bbZafiTIUWwc2hDLkavv3V7UUkCanQhGOlOq4Tay/FUjPCaVbqJorGmIzwgHYMChxS5aXT7TN0bJwe6kfSHKHR1P09keJQqXEYmM4Q66Gar03M/2qdRPcvvJSJONFUkNlD/YQjHaFJFKjHJCWajw1gIpnZFZEhlphoE1jJhODOf3kRWtWKe1qp3p6V69d5HEU4hCM4ARfOoQ430IAmEHiEZ3iFN+vJerHerY9Za8HKZ/bhj6zPH8V/lMw=</latexit>

False vacuum

True vacuum

Why do we care?



Modified Higgs potential and Baryogenesis
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Higgs potential could be the solution?

=

In the SM, since the Higgs mass is known (~125 GeV), we get a 
smooth transition between minima (2nd order PT) from the potential

arXiv:1504.03587

Tem
p

ν

https://cds.cern.ch/record/2008931/files/arXiv%3A1504.03587.pdf?version=2


Modified Higgs potential and Baryogenesis
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Phys. Rev. D
 97, 075008 (2018)

SM BSM 

Inclusion of Dimension-6 (BSM) term in potential changes 
the relationships between the fundamental Higgs 
parameters 
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BSM physics in Higgs potential could be the solution!
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50% increase in self-coupling could hint at mechanism for 1st 
order EWK phase-transition à measure the self-coupling!

2



The future of the LHC
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Expect  > 160M H-bosons / 120k HH pairs at CMS by the end of the HL-LHC !

After Run-3 of the LHC, the next phase is the 
high-luminosity (HL)-LHC 
  ~20x the data we have today!

We are here

36fb-1 174fb-1 354fb-1 ~3000fb-1

LHC HL-LHC

474fb-1

13 TeV 13.6 TeV



Higgs couplings @ HL-LHC
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Discovery 2022

http://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-22-001/index.html


1− 0 1 2 3 4 5 6 7 8
λκ

0

1

2

3

4

5

6

7

 lo
g(

L)
Δ

-2
 

68.3% CL

95.4% CL

S1 scenario S2 scenario Stat. Only  
CMS Projections Preliminary

 = 12Vκ = Vκ = tκ

 (14 TeV)-13000 fb

56Nicholas Wardle

Approx 10x size data set available to CMS at the end of the HL-LHC
à Combined searches for HH production to approach ~50% uncertainty in κλ?

κλ

Higgs boson self-coupling @ HL-LHC
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https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-20-011/index.html
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Higgs beyond the HL-LHC?
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“Europe, …, should investigate the technical and 
financial feasibility of a future hadron collider at CERN 
with a centre-of-mass energy of at least 100 TeV …

Future collider a “High-priority 
future initiative” (2020 update)

?

Update for 2026 ongoing now!



HHiggs boson couplings beyond the HL-LHC 
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The long road ahead for the Higgs has many potential options but all 
lead to high precision ( O(1)% level ) characterization of the 
Higgs boson couplings 

JH
EP

 13
9 

(2
02

0)

https://link.springer.com/article/10.1007/JHEP01(2020)139


Higgs boson couplings beyond the HL-LHC 
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JHEP 139 (2020)

The long road ahead for the Higgs has many potential options but all lead to high 
precision ( O(1)% level ) characterization of the Higgs boson couplings 

Higgs boson self-coupling requires 
high energy machine for % level 

H

https://link.springer.com/article/10.1007/JHEP01(2020)139


Higgs and the Universe beyond the HL-LHC
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• Strong first order PT (electroweak 
baryogenesis viable)

• Could be detected at GW detectors 
(eLISA)

Modified Higgs potentials can result in 
1st order electroweak phase transition 
à required for baryogenesis

HL-LHC 
allowed

Phys. Rev. D 94, 075008
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We’re not there yet – still plenty to do now

62Nicholas Wardle

New results already with early 13.6 TeV data (from 2022) 
 à Lots more data available since then in Run-3!

HIG-23-014 
HIG-24-013 

https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-23-014/index.html
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-24-013/index.html


We’re not there yet – and have new ideas in the pipeline
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UParT 

HH(4b) peak

Methods constantly evolving to improve on what we 
can do with the data we have 
 à Do better than scaling with statistics! 

Machine learning plays a huge role in 
making the most of our data
 à New people with new ideas always 
needed to ensure the future of precision 
Higgs measurements

https://cds.cern.ch/record/2904702/files/DP2024_066.pdf
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We’re not there yet – and have new ideas in the pipeline

MLG-23-005

Evolving the way we use machine learning in the analysis could also bring significant improvements to our Higgs 
measurements!

Traditional training methods

“Inference-aware” training

Potential for measurements in H à ττ

µggH µqqH

https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/MLG-23-005/index.html
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?

Higgs boson a corner stone of the Standard Model
• So far, all measured properties look SM-like, but that’s 

ok, who said nature would be easy to unravel?
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? ?
? ?

?

?

?
? ?

? ?

?
?

?

?

?

Higgs boson a corner stone of the Standard Model
• So far, all measured properties look SM-like, but that’s 

ok, who said nature would be easy to unravel?

Precision Higgs boson coupling measurements offer a unique insight 
into BSM physics & complimentary to direct searches
• Measurements of B(Hàinv) complements direct searches for  

Dark Matter!

Differential measurements crucial to make the most of LHC data
• Exploit different kinematic regions to constrain Effective Field 

Theories
• Higgs self-coupling from H and HH production – connections with 

early universe evolution 
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Higgs boson a corner stone of the Standard Model
• So far, all measured properties look SM-like, but that’s 

ok, who said nature would be easy to unravel?

Precision Higgs boson coupling measurements offer a unique insight 
into BSM physics & complimentary to direct searches
• Measurements of B(Hàinv) complements direct searches for 
        Dark Matter!

Differential measurements crucial to make the most of LHC data
• Exploit different kinematic regions to constrain Effective Field 

Theories
• Higgs self-coupling from H and HH production – connections with 

early universe evolution 

Things I didn’t talk about 
• Direct searches for heavy Higgs/extended Higgs sectors/res-HH
• CP-odd couplings to vector bosons & flavor violating Higgs decays 
• Rare decays in the SM (1st generation couplings) & Higgs total width



4−10

3−10

2−10

1−10

1υV
m  V

κ
 o

r 
υf
m  f

κ

W
t

Z

b

µ

τ

SM Higgs boson

 (13 TeV)-1138 fbCMS
=125.38 GeVHm

 = 37.5%
SM
p  

1−10 1 10 210
Particle mass (GeV)

0.6
0.8
1.0
1.2
1.4

R
at

io
 to

 S
M

0.95

1.00

1.05

4−10

3−10

2−10

1−10

1vV
m V

κ
 o

r 
vF

m F
κ

µ

τ
b

W Z
t

 (13 TeV)-135.9-137 fb

CMS Preliminary
 = 125.38 GeVHm

p-value = 44%

1−10 1 10 210
particle mass (GeV)

0.5

1

1.5

R
at

io
 to

 S
M

Summary

68Nicholas Wardle

? ?
? ?

?

?

?
? ?

? ?

?
?

?

?

?

Higgs boson a corner stone of the Standard Model
• So far, all measured properties look SM-like, but that’s 

ok, who said nature would be easy to unravel?

We are only 10 years in so far!
• 20x more data by the end of the HL-LHC 
• Future colliders will bring ultimate precision for Higgs boson measurements in the search for new physics!

Precision Higgs boson coupling measurements offer a unique insight 
into BSM physics & complimentary to direct searches
• Measurements of B(Hàinv) complements direct searches for 
        Dark Matter!

Differential measurements crucial to make the most of LHC data
• Exploit different kinematic regions to constrain Effective Field 

Theories
• Higgs self-coupling from H and HH production – connections with 

early universe evolution 

Things I didn’t talk about 
• Direct searches for heavy Higgs/extended Higgs sectors/res-HH
• CP-odd couplings to vector bosons & flavor violating Higgs decays 
• Rare decays in the SM (1st generation couplings) & Higgs total width
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Higgs boson 
discovery (2012)



Precision measurements for discovery
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Higgs boson 
discovery (2012)

12 years of 
measurements 

(2024)



Precision measurements for discovery
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Higgs boson 
discovery (2012)

12 years of 
measurements 

(2024)

Run-3/HL-LHC/Future 
collider ? (20XX?)

Thanks!
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CMS Higgs Observation statistical model

https://new-cds.cern.ch/records/c2948-e8875 

Full statistical model + data = public experimental likelihood!

Full statistical model from CMS Higgs 
observation and code to use it made public 
in April this year (it only took 12 years J)

Can reproduce results from 2012 on your laptop!

New CMS policy to “routinely” provide this information for 
analyses, including more recent Higgs combinations 

16/04/2024

https://new-cds.cern.ch/records/c2948-e8875


Pre-discovery …
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R. Heuer (4th June)

N. Wardle (8 th June)



Simple Model vs Combination

75Nicholas Wardle

Simple parametric statistical model 

CMS Higgs observation 
combination statistical model

https://github.com/cms-analysis/HiggsAnalysis-CombinedLimit/blob/main/data/tutorials/CAT23001/datacard-3-parametric-analysis.txt
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Signal model, accounts for 
“shape” of signal processes
• Relative composition across 

signal regions
• Overall Efficiency x acceptance 
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CMS combined mH
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P

hys. Lett. B
 805 (2020) 135425

Source Contribution (GeV)
Electron energy scale and resolution corrections 0.10
Residual pT dependence of the photon energy scale 0.11
Modelling of the material budget 0.03
Nonuniformity of the light collection 0.11
Total systematic uncertainty 0.18
Statistical uncertainty 0.18
Total uncertainty 0.26

Most precise measurement of mH from CMS 2016 
(Run-2 13 TeV) dataset 

Combination of 4l and γγ decay channels

Systematic uncertainty in γγ dominates, mostly due to 
details of ECAL calibration and shower modelling 

µ+

µ�

e�

e+

122 123 124 125 126 127 128 129

 CMS
 (8 TeV)-1 (7 TeV) + 19.7 fb-1Run 1: 5.1 fb

 (13 TeV) -12016: 35.9 fb

 (GeV)Hm

γγ→Run 1 H
Total (Stat. Only)

 0.31) GeV± 0.34 ( ±124.70 

 4l→ ZZ→Run 1 H  0.42) GeV± 0.46 ( ±125.59 

Run 1 Combined  0.26) GeV± 0.28 ( ±125.07 

γγ→2016 H  0.18) GeV± 0.26 ( ±125.78 

 4l→ ZZ→2016 H  0.19) GeV± 0.21 ( ±125.26 

2016 Combined  0.13) GeV± 0.16 ( ±125.46 

Run 1 + 2016  0.11) GeV± 0.14 ( ±125.38 

Total Stat. Only

http://dx.doi.org/10.1016/j.physletb.2020.135425
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Run-1 data is already enough to rule out spin-2 (and many other JP states) at > 99.9% confidence level 

Hypothesis tests for non-nested models used to distinguish O+ from other JCP states. 

No Zero - Spin zone



Matter-vs-anti-matter
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processes in Higgs-fermion couplings
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Matter-vs-anti-matter

Differential measurements of tau-decay products in 
Hàττ constrains CP-odd contributions to Higgs-tau 
coupling 

JHEP 06 (2022) 012
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Higgs width 
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Slide by M. 
Delmastro



Higgs boson width
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Higgs prod & decay
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Production mode Cross section (pb) Decay channel Branching fraction (%)

ggH 48.31 ± 2.44 bb 57.63 ± 0.70

VBF 3.771± 0.807 WW 22.00 ± 0.33

WH 1.359± 0.028 gg 8.15 ± 0.42

ZH 0.877± 0.036 tt 6.21 ± 0.09

ttH 0.503± 0.035 cc 2.86 ± 0.09

bbH 0.482± 0.097 ZZ 2.71 ± 0.04

tH 0.092± 0.008 gg 0.227 ± 0.005

Zg 0.157 ± 0.009

ss 0.025 ± 0.001

µµ 0.0216± 0.0004



Fermi theory & the muon decay
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In the limit q2 à 0, fermi constant is completely determined by the Higgs vacuum 
expectation value ν
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20− 15− 10− 5− 0 5 10

Parameter value
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WW
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σ1±  = 0)
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 (other cσ2±

CMS
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 = 89%
SM
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Effective field theories

EFTs allow us to coherently correlate measurements across 
different production & decay, from different kinematic regions, to 
pick out coherent BSM effcts à guide on the path to New Physics!

Z
Z

H
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Inputs to the combination 
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Analysis Decay tags Production tags

Single Higgs boson production

H ! gg [42]

ggH, pT(H) ⇥ Nj bins

VBF/VH hadronic, pT(Hjj) bins

WH leptonic, pT(V) bins

ZH leptonic

gg

ttH pT(H) bins, tH

H ! ZZ ! 4` [43]

ggH, pT(H) ⇥ Nj bins

VBF, mjj bins

VH hadronic

VH leptonic, pT(V) bins

4µ, 2e2µ, 4e

ttH

H ! WW ! `n`n [44]

eµ/ee/µµ ggH  2-jets

VBF
µµ+jj/ee+jj/eµ+jj

VH hadronic

3` WH leptonic

4` ZH leptonic

H ! Zg [45]
ggH

Zg
VBF

H ! tt [46]

ggH, pT(H) ⇥ Nj bins

VH hadronic

VBF
eµ, eth, µth, thth

VH, high-pT(V)

H ! bb [47–51]

W(`n)H(bb) WH leptonic

Z(nn)H(bb), Z(``)H(bb) ZH leptonic

ttH, ! 0, 1, 2`+ jets
bb

ggH, high-pT(H) bins

H ! µµ [52]
ggH

µµ
VBF

ttH production 2` SS, 3`, 4`,

with H ! leptons [53] 1`+ th, 2` SS+1th, 3`+ 1th

ttH

H ! Inv. [71, 72] pmiss

T

ggH

VBF

VH hadronic

ZH leptonic

Higgs boson pair production

HH ! bbbb [57, 58] H(bb)H(bb) ggHH, VBFHH (resolved, boosted)

HH ! bbtt [59] H(bb)H(tt) ggHH, VBFHH

HH ! leptons [60] H(WW)H(WW), H(WW)H(tt), H(tt)H(tt) ggHH, VBFHH

HH ! bbgg [61] H(bb)H(gg) ggHH, VBFHH

HH ! bbZZ [62] H(bb)H(ZZ) ggHH



Differential combination(s)
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Signal strengths (stat/syst)
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Extracting the results
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Systematic uncertainties dominate the sensitivity in certain 
measurements 

0 0.5 1 1.5 2 2.5 3 3.5 4 4.5
Parameter value
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µ

ttH
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µ

ggH
µ

 (13 TeV)-1138 fb

Observed 1 SD (stat)±

 syst)⊕1 SD (stat ± 1 SD (syst)±

 syst)⊕2 SDs (stat ±

CMS

2.42−

2.66+6.05 1.99−
2.06+ 1.38−
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Sensitivity to self-coupling in HH
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Wilson Coeff

κt

κt
λ3

Double Higgs double challenge!
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Per-channel self-coupling measurements
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Non-SM HH discovery potential
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Simple D6 term in Higgs potential
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Temperature dependence

For D6, above 7TeV we end up with 
strong couplings (perturbativity 
breaks down)
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MSSM SM-like couplings
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2HDM SM-like couplings
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Differential results for couplings

 https://arxiv.org/abs/1705.05143

Yukawas

https://arxiv.org/abs/1705.05143
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Wilks & EFT
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+ BSM terms

Interference 
terms dominate

BSM terms 
dominate



102

5− 0 5 10 15 20
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Combination

 HH→pp 
Direct search

 H→pp 
Indirect interpretation

Best fit σ 1±

SM σ 2±
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EFT Interpretations – caveat 1.
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STXS measurements don’t include relevant information 
about decay of the Higgs

• Angular information (eg in 4l final state) sensitive 
      to BSM effects
• ATLAS/CMS use MELA/BDT to exploit this 

information 

ATLAS-CONF-2021-053

EPJC 80 957 (2020)
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c
[3]
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c
[2]
Hu,Hd ,Hq

(1)

Parameter Value

Need to account for non-SM 
acceptance when interpreting 
STXS measurements!
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CMS/ATLAS are used to thinking of Signal / Background à But EFT is a global approach!  

Full ppà4l combinations are the correct way to interpret the data 
àNeed to consider all contributions together to fully exploit our data

EFT Interpretations – caveat 2.

JHEP 07 (2021) 005

https://link.springer.com/article/10.1007/JHEP07(2021)005


Complementarity to BSM searches
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130
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Observed exclusion 95% CL
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EPJC 79 (2019) 421
h(125)

CMS-PAS-HIG-18-010
µµ →A/H/h 

JHEP 1808 (2018) 113
 bb→A/H 

JHEP 1809 (2018) 007
ττ →A/H/h 

JHEP 03 (2020) 034
 qq)ν and lν lν WW (l→H 

PLB 778 (2018) 101
)ττ hh (bb→H 

CMS-PAS-HIG-17-027
 tt→H 

arxiv:1910.11634
)ττ Zh (ll→A 

hMSSM

Beyond SM (BSM) Higgs models predict modifications in couplings between 
up and down type fermions and the Higgs boson

Parameter value
2− 1.5− 1− 0.5− 0 0.5 1 1.5 2 2.5 3

uuκ

Vuλ

duλ

CMS
 (13 TeV)-135.9 fb

Observed
 intervalσ1
 intervalσ2

Eur. Phys. J. C 79 (2019) 421

Supersymmetry (SUSY) is a popular 
extension of the SM…
à Two Higgs doublets        
à 5 Higgs bosons (A, H, h, H+/-)

�u,�d

Direct searches 

Coupling constraints are
complementary to

direct searches!

http://dx.doi.org/10.1140/epjc/s10052-019-6909-y


Complementarity to BSM searches

106Nicholas Wardle

Excluded by 
H-couplings

M. Cepeda et al (https://arxiv.org/abs/2111.12751)

https://arxiv.org/abs/2111.12751


Higgs Couplings @ HL-LHC
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YR18 Expect to reach O(%)-level precision in many 
couplings! 

Assumes trigger & detector performance / 
reconstruction similar to Run-2 

Uncertainty scaling:

Uncertainty dominated by systematic 
components in many cases for coupling 
(inclusive) measurements 

Caveat! Higgs boson couplings based on 
partial Run-2 data - Represents only ~few % 
of total expected HL-LHC dataset.
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Until floor reached

https://cds.cern.ch/record/2703572


H-b/c Yukawa
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)c,cb b→VH(

H

b/c

b/c

H

bb/cc

ATL-PH
YS-PU

B-2021-039

VHàbb/cc measurements sensitive 
to b-quark and c-quark couplings 

Expected measurements of κb-κc at 
HL-LHC from STXS VHàbb (STXS 
measurement) and VHàcc (inclusive 
search) in resolved di-jet events 
(ATLAS)…

…and in boosted events (pT>200 
GeV) using ParticleNet [1,2] H(bb/cc) 
merged-jet tagging

[1] CERN-CMS-DP-2020-002 
[2] PRD 101, 056019
 



Higgs boson 2nd generation couplings 
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Updates in 2022 (Snowmass) for key decay channels where projections now use analyses 
based only full Run-2 datasets & improved analysis methods  

Reminder that projections are often pessimistic as analysis strategies improve with each iteration 

Improvement 
compared to 2016 
analysis projection

Uncertainty in μ coupling ~4-5% at HL-LHC

Hàμμ

Expect to reach 5σ @ ~300/fb
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CMS-HIG-20-006

Measure Hàττ decays differentially in ΦCP to 
access potential CP-odd contributions to H-τ 
coupling

Projection of Run-2 analysis at CMS 
à Expect to constrain CP-mixing angle 
(αHττ)  to 5 degrees at HL-LHC!
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BSM in Higgs decays
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CMS-PAS-FTR-21-007

Additional (BSM) decays of the Higgs boson results in modified Higgs boson width
• Indirect from total width from coupling measurements (+ offshell) measurements
• Direct measurement from Hà4l mass peak
• Limited by experimental resolution (ΓH ~ 4 MeV in SM)!

GH expected upper limit ( MeV) Projection Optimistic Pessimistic

Total 177 155 177

Syst impact 150 123 150

Stat only 94
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 4I→ * ZZ→H 

CM
S-PAS-FTR

-18-016

χ

χ

Direct searches for VBF Hàinvisible decays 
benefit from improved forward tracking & 
calorimetry 
à Sensitivity limited by trigger/selection 
thresholds achievable at HL-LHC

à Need to get smarter to maintain or do 
better than sqrt(L)!
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Future colliders & EFT 
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Exploiting new ideas
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LH
CB-FIG

U
RE-2023-029 Gradient boosted 

regressor to improve 
mbb/cc resolution for 
Hàbb/cc

Song-Ming Wang @ ICHEP 2024 

Smarter algorithms (enhanced with Graph-based 
ML) to identify jet-flavor à VH(bb), HHà4b

New dedicated triggers for HH searches (both for 4b and 
2b2τ final states) to improve signal efficiency in Run-3! HH(4b) peak

https://cds.cern.ch/record/2882626?ln=en


Looking beyond the Higgs?
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Full Run-2 analysis yields 4-top observation

Combined significance 5.9σ (5.1σ) !
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Phys. Lett. B 847 (2023) 138290

Search for 4-tops provides complementary 
approach to constraining Higgs-top Yukawa 
coupling! 

CM
S-TO

P-18-003

http://dx.doi.org/10.1016/j.physletb.2023.138290
http://cms-results.web.cern.ch/cms-results/public-results/publications/TOP-18-003/index.html


Looking beyond the signal strenghts
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Huge datasets available in Run-2 (and being collected in Run-3) 
allow to measure Higgs boson properties differentially
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Projection of signal strengths
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Differential measurements
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With the data collected in Run-2 we have enough 
Higgs bosons to explore high momentum regions and 
probe potential hiding places for new (heavy) physics!

HIG-23-013 

https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-23-013/index.html


Differential measurements
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With the data collected in Run-2 we have enough 
Higgs bosons to explore high momentum regions and 
probe potential hiding places for new (heavy) physics!

Combinations of decay channels provides most 
stringent tests of SM Higgs (and our 
understanding of the SM Higgs!)
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Differential measurements for EFT

Similarly to SM couplings measurements, can express 
differential cross-section measurements in terms of EFT 
couplings (Wilson Coefficients) 

Warsaw 
basis 
1-by-1 scans

cHG

cHWB

C(1)
Hl

µi ! µi(c) µf ! µf (c)

cHW
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Differential measurements for EFT

EFTs allow us to indirectly probe higher energy scales 
 à Guide on the path to New Physics!

Warsaw 
basis 
1-by-1 scans

cHG

cHWB

C(1)
Hl

cHW

Conversion to lower bounds 
on New Physics scale Λ
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Differential measurements for EFT
EFT provides consistent framework to combine measurements across 
different sectors of the SM

SMP-24-003 
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μ

μ

Z

NZ(!⌫⌫) ⇡ NZ(!µµ)
B(Z ! ⌫⌫)

B(Z ! µµ)
A(µ)✏(µ)
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Data-driven background

Estimate the normalization of the 
Zàneutrinos background using data!



We’re not there yet – and have new ideas in the pipeline

125Nicholas Wardle

Similar improvements seen in 2-parameter model in Hàττ with systematics included in training (MLG-23-005)

Inference aware optimization to improve sensitivity to 
Higgs production modes (STXS) in classification task

Imperial MRes Student Project

https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/MLG-23-005/index.html


VHbb EFT optimized analysis

126Nicholas Wardle

Simulation-based-inference ML approach to constrain 
multiple EFT coefficients at once à optimality across 
wide range of new physics scenarios!

Z(ll)H(bb) analysis

HIG-23-016

https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-23-016/index.html
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A massive achievement

Precision in Higgs boson mass at the level of 
~0.1% with Run-1 & Run-2 data using high 
resolution channels (Hà4l)

With the value of mH known, we can make precision tests of the SM with the Higgs boson!

H
IG-21-019 
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