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The Standard Model (SM) of Particle Physics 

The elementary particles consists 
of three generations of spin-1/2 
quarks and leptons, the gauge 
bosons of SU(3)xSU(2)xU(1), and 
the Higgs boson. 

Technically, massive neutrinos 
require an extension of the Standard
Model, but most likely the relevant
scale of the new physics lies way
beyond the terascale.  



The discovery papers are
published two months later
In Physics Letters B.

ATLAS Collaboration:

Physics Letters B716 (2012) 1—29

CMS Collaboration: 

Physics Letters B716 (2012) 30—61

On July 4, 2012, the discovery
of a new boson is announced
which may be the long sought
after Higgs boson.
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Higgs boson production and decay mechanisms

Higgs boson production

Higgs boson decay channels



Higgs boson production cross sections at a pp collider

With nearly 140 fb-1 of data delivered by the LHC in Run 2 to both ATLAS and CMS 
in 2015—2018 at a center of mass energy of 13 TeV, roughly 7.5 million Higgs 
bosons per experiment were produced, assuming the Higgs mass is 125 GeV.  
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Taken from Nature 607, 52 (2022) 
Taken from Eur. Phys. J. C 80 (2020) 941

ATLAS Run 2 observations of the Higgs boson

https://www.nature.com/articles/s41586-022-04893-w
https://link.springer.com/article/10.1140/epjc/s10052-020-8223-0?wt_mc=Internal.Event.1.SEM.ArticleAuthorIncrementalIssue&utm_source=ArticleAuthorIncrementalIssue&utm_medium=email&utm_content=AA_en_06082018&ArticleAuthorIncrementalIssue_20201015


CMS Run 2 observations of the Higgs boson

Taken from CMS-PAS-HIG-19-015 Taken from CMS-PAS-HIG-19-001 



LHC Run 3 started in 2022 and will finish up in 2025.   So far, no 
Higgs data from Run 3 have been presented.   The 2024 run 
began this week. By the end of 2025, the anticipated integrated 
luminosity of Run 3 is about 250 fb-1  at a CM energy of 13.6 TeV. 



Higgs boson decay mode Branching ratio (for mh = 125 GeV)

h0 → bb 0.582

h0 → 𝞃+ 𝞃 - 6.27 x 10-2

h0 → 𝓵+ 𝓵-  𝝂𝝂  (𝓵 = e or 𝞵) 1.06 x 10-2

h0 → 𝛄𝛄 2.27 x 10-3

h0 → 𝓵+ 𝓵-  𝓵+ 𝓵- (𝓵 = e or 𝞵) 1.24 x 10-4

Higgs boson decay channels observed at the LHC

Taken from https://twiki.cern.ch/twiki/bin/view/LHCPhysics/CERNYellowReportPageBR#Branching_Ratios

Remarks:
1. h0 ➞ WW* is observed primarily via the 𝓵+ 𝝂 𝓵- 𝝂  (𝓵 = e or 𝞵) final state.
2. h0 ➞ ZZ* is observed primarily via the 𝓵+𝓵- 𝓵+𝓵-  (𝓵 = e or 𝞵) final state.

In the decays to the diboson final state, kinematics dictates that one of the vector 
bosons is off-shell (i.e., “virtual”) and is thus indicated by a superscript star.

https://twiki.cern.ch/twiki/bin/view/LHCPhysics/CERNYellowReportPageBR


Question: why not search 
inclusively for Higgs bosons 
that decay  into a pair of 
b-quarks?

Answer: The Standard Model
background is overwhelming.
There are more than 10⁷ 
times as many b-quark pairs 
produced in proton-proton 
collisions as compared to 
b-quark pairs that arise from 
a decaying Higgs boson.
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Nevertheless, the observation of 
H → bb in the VH channel was 
confirmed by ATLAS and CMS in 
2018!



Summary of ATLAS Higgs boson data from Run 2 at the LHC



Reduced Higgs 
coupling modifiers 
compared to their 
corresponding 
prediction from the 
Standard Model (SM). 
The error bars 
represent 68% CL 
intervals for the 
measured 
parameters. In the 
lower panel, the 
ratios of the 
measured coupling 
modifiers values to 
their SM predictions 
are shown. 
[Taken from:
Nature 607 (2022) 60]
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Research program 1: theory and phenomenology 
of Higgs bosons



Research program 2: theory and phenomenology 
of TeV-scale supersymmetry (SUSY)



As members of the Particle Data Group, B.C. Allanach and I 
are co-authors of the biennial Supersymmetry Theory review.  



Herbi K. Dreiner, Howard E. Haber  
and Stephen P. Martin
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“The new book by Dreiner, Haber, and Martin is a must have for folks who 
are interested in beyond the Standard Model phenomenology. It contains 
innumerable lessons for performing quantum field theory calculations both at 
the conceptual and technical level, by way of many concrete examples within 
the Standard Model and its supersymmetric extension. I expect this will become 
a go-to reference for everyone from graduate students to seasoned researchers.”
Prof. Tim Cohen, CERN/EPFL and the University of Oregon

“The book gives a self-contained description of the Standard Model of particle 
physics and its supersymmetric extension. It is well suited for students, as well 
as experienced researchers in the field. Its unique feature is the comprehensive 
description of quantum field theory and its application to particle physics in the 
framework of two-component (Weyl) spinors. […] The book will be of enormous 
help to all those that try to teach and try to learn the subject.”
Prof. Hans-Peter Nilles, Universität Bonn

“This is a massive, definitive text on phenomenological supersymmetry 
in quantum field theory by three giants of the field. The book develops 
two-component spinor formalism and its practical use in amplitude 
computations with many phenomenological examples up to one loop order. 
Supersymmetric extensions of the Standard Model are also covered and 
many other gems besides.”
Prof. Ben Allanach, University of Cambridge

Supersymmetry is an extension of the successful Standard Model of particle 
physics; it relies on the principle that fermions and bosons are related by a 
symmetry, leading to an elegant predictive structure for quantum field theory. 
This textbook provides a comprehensive and pedagogical introduction to 
supersymmetry and other aspects of particle physics at the high-energy 
frontier. Aimed at graduate students and researchers, it also discusses concepts 
of physics beyond the Standard Model, including extended Higgs sectors, 
grand unification, and the origin of neutrino masses.

Supersymmetry

From
Spinors

to

From
 Spinors to  

Supersym
m

etry

Cover image: Sierralara/RooM/Getty Images

Designed by EMC Design Ltd

Published by Cambridge University Press on June 7, 2023







Research program 3: explorations of the Terascale
at the LHC and at future colliders

• Studies of non-minimal Higgs sectors
• Precision measurements of new physics observables
• Distinguishing among different theoretical 

interpretations of new physics signals 
• Using a future lepton collider as a precision Higgs 

factory
• Terascale footprints of lepton-number-violation
• New sources for CP-violation (Higgs and/or SUSY 

mediated)



Classes of complete dark photon models constrained by Z-Physics
M. Bento, H.E. Haber, and J.P. Silva, Phys. Lett. B 850, 138501 (2024).

Tree-level Unitarity in SU(2)L×U(1)Y×U(1)Y' Models
M. Bento, H.E. Haber, and J.P. Silva, JHEP 10 (2023) 083.
 
Accommodating Hints of New Heavy Scalars in the Framework of the Flavor-Aligned Two-
Higgs-Doublet Model
J.M. Connell, H.E. Haber, and P. Ferreira, Phys.Rev. D 108, 055031 (2023). 

Higgs Boson Physics -- The View Ahead
H.E. Haber, Letters in High Energy Physics, LHEP-451 (2023). 

P-even, CP-violating Signals in Scalar-Mediated Processes
H.E. Haber, V. Keus, and R. Santos, Phys.Rev. D 106 (2022) 095038.

Exceptional regions of the 2HDM parameter space
H.E. Haber and J.P. Silva, Phys.Rev. D 103, 115012 (2021), Erratum-ibid. D105, 119902 (2022).

Selected Publications (2022—2024)

https://inspirehep.net/record/2720501
https://inspirehep.net/record/2665768
https://inspirehep.net/record/2636802
https://inspirehep.net/record/2636802
https://inspirehep.net/record/2159437
https://inspirehep.net/record/2098337
https://inspirehep.net/record/1846690


Major thrusts in phenomenological particle physics today

ØWhat lies beyond the Standard Model 
     and why haven’t we seen it yet?

§ New physics beyond the Standard Model (BSM) may be associated with a 
new heavy mass scale of order a few TeV or larger.   If accessible at the LHC, 
not enough events have been produced yet (more luminosity needed).  If the 
LHC is not energetic enough, one would need a higher energy collider facility.

§ New BSM physics may be very weakly coupled to the Standard Model (SM).  
It could consist of completely new sectors of particles (e.g., the dark sector).  
The origin of dark matter could reside here.  Many possibilities exist, so it is 
difficult to guess where the breakthrough will occur.   

§ If new BSM physics is completely neutral with respect to the SM, then it can 
only communicate with the SM via “portals” that consist of products of SM 
fields that have no net SM (color, weak or EM) charge.  

     Examples:  the Higgs portal H†H; the neutrino portal H†LN (N could be a new 
     sterile neutrino); or photon mixing Fµν𝑋𝜇𝜈 (where X is the dark photon).



Should we expect an extended Higgs sector beyond the SM?

ØThe fermion and gauge boson sectors of the SM are not of 
minimal form  (“who ordered that?”). So, why should the spin-0 
(scalar) sector be minimal?

ØAdding new scalar states can alleviate the metastability of the 
vacuum, allowing the Higgs-sector-extended SM to be valid all 
the way up to the Planck scale.

ØExtended Higgs sectors can provide a dark matter candidate.

ØExtended Higgs sectors can provide new sources of CP violation 
(which may be useful in baryogenesis).

ØModels of physics beyond the SM often require additional 
scalar Higgs states. E.g., two Higgs doublets are required in the 
minimal supersymmetric extension of the SM (MSSM).



Why is the observed Higgs boson SM-like?

ØThere is no extended Higgs sector.

ØAll other scalars (apart from the SM-like Higgs boson) are very heavy
§ This is the decoupling limit.

ØA neutral scalar field with the tree-level properties of the SM Higgs 
boson is an approximate mass eigenstate (due to suppressed mixing 
with other neutral scalar fields of the extended Higgs sector).
§ This is the Higgs field alignment limit.  
§ The other physical scalars of the model may or may not be 

significantly heavier than the SM Higgs boson.  That is, the 
decoupling limit is a special case of the Higgs field alignment limit.



Regions excluded at 95% CL in the κ-framework-based approach by the measured rates 
of Higgs boson production and decays in the 2HDM with Type-I and Type-II Yukawa
couplings, respectively. The dark yellow dashed lines show the borders of the 
corresponding expected exclusion regions for the SM hypothesis. Exact Higgs alignment 
corresponds to cos(𝛽 - 𝛼) = 0.  Taken from the ATLAS Collaboration, arXiv:2402.05742. 

Experimental constraints on the two Higgs doublet model (2HDM)

https://arxiv.org/abs/2402.05742


My current Ph.D. students and their projects

Ø 2HDM high energy flavor alignment (with S. Gori and E. Shahly). Eric 
advanced to Ph.D. candidacy in September, 2020.  Expected Ph.D. in 
December 2024.

§ Neutral Higgs-mediated flavor violation in the lepton sector.
§ One-loop renormalization of the 2HDM in the Higgs basis.

Ø Phenomenological aspects of more general 2HDMs (with J.M. Connell).  
     Zippy advanced to Ph.D. candidacy in March, 2021.  Expected Ph.D. in   
     June 2024.

§ Explored some (local) 2—3𝝈 deviations in LHC searches for new 
Higgs bosons, with implications for the flavor-aligned 2HDM.

§ Examining the structure of lepton flavor-changing neutral currents 
mediated by neutral Higgs bosons in extended Higgs models.



From a forthcoming paper in collaboration with Stefania Gori and Eric Shahly.
Off-diagonal couplings of the neutral Higgs boson to 𝜏𝜇	can be generated if flavor 
alignment is imposed at a very high energy scale 𝜦, due to renormalization group 
evolution from 𝜦 down to the energy scale of electroweak physics (100 GeV).





Taken from A. Crivellin and S. Iguro, Arxiv: 2311.03430 [hep-ph]

https://arxiv.org/abs/2311.03430


From a forthcoming paper with Joseph Connell.  Nondiagonal lepton—Higgs 
couplings are constrained by many observables.  For example, consider 𝜏 ⟶ 𝜇 𝛾.  





Ongoing and Future Activities

Ø Higgs alignment at one loop (with Eric Shahly). 

Ø Basis independent treatment of Cheng-Sher ansatz for flavor 
violation in the Higgs sector (with Joseph Connell).

Ø Basis-invariant treatment of the 3HDM (with V. Keus).

Ø Beyond the S, T, and U oblique parameters in extended 
electroweak models containing a dark Z boson.

Ø Higgs alignment in 2HDM effective field theory.

Ø The anapole moment of fundamental particles.

Various projects are waiting for the right Ph.D. student…


