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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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Very clean signature
• High resolution 

photon energy 
measurements 

Small signal with lots 
of background 
• Lot’s of 

opportunity to use 
new methods 
(machine learning)

γ

γ
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Very clean signature
• High resolution 

photon energy 
measurements 

Small signal with lots 
of background 
• Lot’s of 

opportunity to use 
new methods 
(machine learning)

γ

γ

Exciting for a PhD student (me)
• Proud parents wanting to take 

photos in front of “which one is 
that again?” 



A daunting PhD student task
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Gavin Davies : “Nick, we need a simple (baseline) analysis to search for Hàγγ”



A daunting PhD student task
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As a PhD student I didn’t really know the meaning of the word “simple”

Detector inputs

Machine Learning

Gavin Davies : “Nick, we need a simple (baseline) analysis to search for Hàγγ”



Early days of searching: 
Keeping Prof. Virdee in the loop
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Still trying to model 
the backgrounds!
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20th November 2011!

We found the Higgs! mH=140 GeV
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We found another Higgs! 

1st December 2011!



Trying to keep our cool …
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Trying to keep our cool …
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R. Heuer (4th June)

CERN Director General

N. Wardle (8th June)
PhD Student
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CMS -1 = 8 TeV, L = 5.3 fbs  -1 = 7 TeV, L = 5.1 fbs

Hàγγ channel a big 
factor in the discovery!

July 4th 2012

5σ
My analysis on 
the front cover 
of the journal!

My analysis on 
the front cover 
of the journal!



10 years later and the Hàγγ channel 
is still exciting to me!
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More data

Imperial HEPP PhD students still don’t know the 
meaning of the word simple

… …

>> 6σ*

* By now you are more likely to dial a random UK mobile number and have Peter Higgs pick 
up than this signal being a background fluctuation 



More than just Hàγγ
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Seeing the full picture of the Higgs 
boson is a huge computational 
challenge!

~850 channels (categories for data 
each with 100s-1000s of events) with 
varying signal-to-noise ratios

~9500 parameters in the model to fit

https://www.nature.com/articles/s41586-022-04892-x
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Seeing the full picture of the Higgs 
boson is a huge computational 
challenge!

~850 channels (categories for data 
each with 100s-1000s of events) with 
varying signal-to-noise ratios

~9500 parameters in the model to fit

So, aren’t w
e done?

https://www.nature.com/articles/s41586-022-04892-x
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So, we aren’t 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 ? BSM (eg 2HDM)

SM

e,u,d…?

c?
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So, we aren’t 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 ? 

• What does Dark Matter (DM) 
fit in ?

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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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 ? 

• What does Dark Matter (DM) 
fit in ?

• Why is there more matter in 
the universe? – can the Higgs 
potential explain it?

BSM (eg 2HDM)

SM

e,u,d…?

c?

DM ?

H?

These are fundamental questions in physics 

?
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?
?

?

?

?

? ?

?
?

?
?

?

?

?



20Nicholas Wardle

?

?

Standard Model

New Physics models

Composite 
Higgs

UED

mSUGRA

NUHM

MSSM

Many possible extensions to 
the SM to answer these 
questions 

Energy

?Technicolor

How can we solve them?

Q) Shouldn’t we just look for something else and move on 
from the Higgs boson? 



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



Precision measurements for discovery

22Nicholas Wardle

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



Precision measurements for discovery
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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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?

?

Standard Model

New Physics models

Composite 
Higgs

UED

mSUGRA

NUHM

MSSM

Many possible extensions to 
the SM to answer these 
questions 

Energy

?Technicolor

How can we solve them?

Q) Shouldn’t we just look for something else and move on 
from the Higgs boson? 

A) No! The Higgs boson is a unique tool to search for 
physics Beyond the SM (BSM). Precision measurements 
are a key to new discoveries!



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 300fb-1 3000fb-1

LHC HL-LHC

New UGs start your PhD here 

CMS total 
data set 

size



Precision Higgs measurements for discovery
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Higgs boson 
discovery (2012)



Precision Higgs measurements for discovery
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Higgs boson 
discovery (2012)

10 years of precision 
measurements 

(2022)



Precision Higgs measurements for discovery
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Higgs boson 
discovery (2012)

10 years of precision 
measurements 

(2022)

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

Thanks!



Backup Slides
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Invisible Higgs branching fraction 
measurements complementary to 
direct searches for Dark Matter!

Direct DM 
detectors 

SM
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LHC

Nicholas Wardle

mH/2

Higgs decays to new particles



Higgs boson self-coupling 
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SM Higgs potential includes H3 terms 

V (H) =
m

2
H

2
H

2 + �vH
3 + �H

4

<latexit sha1_base64="1anikYx8bDHSF3Bl1bHZzNe7tuE="></latexit>

“self-coupling” generates 
Higgs-Higgs interactions

λ

Search is underway for 
production of events with 

2 Higgs bosons at the LHC! 



Higgs boson self-coupling 
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SM Higgs potential includes H3 terms 

V (H) =
m

2
H

2
H

2 + �vH
3 + �H

4

<latexit sha1_base64="1anikYx8bDHSF3Bl1bHZzNe7tuE="></latexit>

“self-coupling” generates 
Higgs-Higgs interactions

False vacuum

True vacuum

λ/λSM~1.5 à mechanism for 1st order PT 
in early universe to explain 

baryon-asymmetry!

More in Claudia’s talk



Higgs couplings @ HL-LHC
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will be needed for few % precision couplings @HL-LHC
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Discovery Today

http://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-22-001/index.html
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Observation of double-Higgs production is a major 
goal of the HL-LHC 

à Combined searches for HH production to 
expected approach ~50% uncertainty on self-
coupling measurement

κλ

Higgs boson self-coupling @ HL-LHC



A little obsessive about making sure …
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 (7 TeV)-1 (8 TeV) + 5.1 fb-119.7 fbCMS Unpublished

g g ®H Just one method is not 
enough to convince us we 
had gotten it right! 

• 4 different analyses 
developed to cross-check 
various aspects of the 
discovery with Hàγγ!



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” 



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 ( ~% 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 couplings for BSM physics
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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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Direct searches 

More precision

*hMSSM allows modified couplings to up/down type fermion ratio
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Hàγγ to probe BSM physics

Hàγγ useful features

Narro
w peak, fu

lly
 

reco
nstr

ucte
d

Good statistics in all 

production modes

Loop induced 
decay Interfe

rence 

in SM loop

H

γ

γ
W

W

W

κV

H
t

t

t

γ

γ

κF Hàγγ decay sensitive to 
fermion and vector boson 
couplings 

These couplings are modified 
in two-Higgs double model 
extensions to the SM  
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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
g

g

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

⇤

⌘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

gZ

µµ

bb

tt

WW

ZZ

gg

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

gZ

µµ

bb

tt

WW

ZZ

gg

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

gZ

µµ

bb

tt

WW

ZZ

gg

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

gZ

µµ

bb

tt

WW

ZZ

gg

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

gZ

µµ

bb

tt

WW

ZZ

gg

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

gZ
0.96- 
1.07+  = 2.59gZµ

µµ
0.42- 
0.45+  = 1.21µµµ

bb
0.21- 
0.22+  = 1.05bbµ

tt
 0.10± = 0.85 ttµ

WW
 0.09± = 0.97 WWµ

ZZ
0.11- 
0.12+  = 0.97ZZµ

gg
 0.09± = 1.13 ggµ

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



Matter-vs-anti-matter

43Nicholas Wardle

 (GeV)ggm
100 110 120 130 140 150 160 170 180

S/
(S

 +
 B

) W
ei

gh
te

d 
Ev

en
ts

 / 
G

eV

0

10

20

30

40

50

60 Data
S + B
Background

s1 ±
s2 ±

CMS TeV)  (13-1137 fb

Htt
µ

0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5

 ln
 L

D
-2

 

0

10

20

30

40

50

60
Stat+Syst
Stat only
SM expected

s3
s4
s5
s6

P
hys. R

ev. Lett. 125 (2020) 061801

0-D
bin 1 bin 2 bin 3

Ev
en

ts
 / 

bi
n

0
10
20
30
40
50
60
70
80
90

100
 (13 TeV)-1137 fbCMS

Data
 = 0Htt

CPf
 = 1Htt

CPf

Htt
CPf

0 0.2 0.4 0.6 0.8 1

ln
 L

D
-2

0

5

10

68% CL

99.7% CL

95% CL

Observed
Expected

Measurements of top-H coupling in different 
kinematic regionscould reveal charge-parity odd 
processes in Higgs-fermion couplings

http://dx.doi.org/10.1103/PhysRevLett.125.061801
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Remember in the SM, the Higgs 
potential includes H3 terms 

V (H) =
m

2
H

2
H

2 + �vH
3 + �H

4

<latexit sha1_base64="1anikYx8bDHSF3Bl1bHZzNe7tuE="></latexit>

“self-coupling” generates 
Higgs-Higgs interactions

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

~ 1000x smaller 
than single H
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Higgs boson self-coupling 
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λ

λ

λ

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!
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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
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False vacuum

True vacuum

Why do we care?
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Phys. R
ev. D

 97, 075008 (2018)

SM BSM

Inclusion of Dimension-6 (BSM) term in potential changes 
the relationships between the fundamental Higgs 
parameters

V (H) =
µ
2

2
(v +H)2 +

�

4
(v +H)4 +

�6

⇤
(v +H)6
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50% increase in self-coupling could hint at mechanism for 
1st order EWK phase-transition accuracy crucial goal

BSM physics in Higgs potential could be the solution!


�
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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
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Analysis workflow
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Large number of Higgs bosons 
available in Run-II à sophisticated 
analysis strategies to extract the most 
sensitivity out of the data we have
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Couplings per decay
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Higgs production at the LHC
• Run-1 discovery based on O(100) events at ATLAS and CMS 
• To date LHC has produced ~8M Higgs bosons for each detector!

LHC Beam
Run-1 – 7-8 TeV, Lpeak~7 × 1033 cm−2 s−1
Run-2 – 13 TeV, Lpeak~2.06 x 1034 cm−2 s− 1
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Combination has O(1000)’s nuisance parameters (sources of systematic uncertainty) 

Experimental/Detector systematics:
• Object efficiencies, energy scales, luminosity 

Signal theory uncertainties:
• Inclusive x-section uncertainties, QCD scale, pdf, 

UEPS, Branching ratios, jet counting

Background theory uncertainties:
• Often rather different phase-spaces considered for extrapolating from 

control regions for data-driven estimates

Breaking down the likelihood
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0.05-

0

0.05

0.1

0.15

0.2n l
®

 ll
 / 

W
®Z

Data - bkg.  Theoretical uncertainty±

Prediction (CR-postfit)  MC statistical uncertainty±

Prediction (prefit)  Experimental uncertainty±

500 1000 1500 2000 2500 3000 3500 4000 4500 5000

 (GeV)jjm

0.8
1

1.2
1.4
1.6
1.8

(D
at

a 
- b

kg
.) 

/ p
re

di
ct

io
n

CMS

MTR
 (13 TeV)-159.7 fb
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https://arxiv.org/abs/1802.00827
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A massive achievement Take-II 
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 (13 TeV) -12016: 35.9 fb

 (GeV)Hm

gg®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 

gg®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

HIGG-2020-07 (sub to PLB)

Phys. Lett. B 805 (2020) 135425

Precision in Higgs boson mass at the level of 
11-14% with the addition of Run-2 data!

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

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2020-07/
http://dx.doi.org/10.1016/j.physletb.2020.135425
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From theory to measurement – A computational challenge

Theory calculation (hard process) Experimental reality



From theory to measurement – An experimental challenge
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The Higgs signal is not the only process we 
have to deal with 

We rely on sophisticated 
Machine-learning to dig out tiny 
signals from huge backgrounds



Effective couplings
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In Fermi theory for the muon decay, low energy measurements are to constrain the 
SM parameters à Fermi theory an “Effective Field Theory” 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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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
g

g

Effective Couplings
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Matter-vs-anti-matter

Angular differential measurements of tau-decay 
products in Hàττ constrain Charge Parity-odd 
contributions to Higgs-tau effective coupling

JHEP 06 (2022) 012
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http://dx.doi.org/10.1007/JHEP06(2022)012
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Higgs decays to new particles
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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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Higgs boson self-coupling 
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Combinations of multiple 
searches for Higgs pair production 
vital for best sensitivity to self-coupling

λ

N
ature publication

HHàbbbb,
HHàbbττ
HHàbbγγ
HHàbbZZ(4l)
HHàmultilep.

Production cross-section of 
double-Higgs is 1000x smaller than 
single-Higgs at the LHC!

http://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-22-001/index.html
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Putting things together 
Combining multiple datasets (in this case targeting events with different Higgs 
production and decay) leads to extremely complicated likelihood functions



Which background function is right?
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Gen Power, Fit Poly Gen Poly, Fit Power 

This is a figure from a study before the discovery that showed in toys how  different the limits can be depending 
on whether you use the right function or not to fit the background 



Many different ways to make and see a Higgs
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With the mass well 
measured we can test 
concrete predictions of 
Higgs-SM couplings

Many different ways to make and see a Higgs
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Detecting the different signals – An experimental challenge
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Nature 607 (2022) 60-68

Measuring the Higgs 
boson is a huge 
computational 
challenge!

~850 channels (categories 
for data each with 100s-1000s 
of events) with varying signal-
to-noise ratios

~9500 parameters 
in the model to fit

Digging out the signals is 
only the first step … 

https://www.nature.com/articles/s41586-022-04892-x

