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EW symmetry breaking within the SM

Extension to 2 Higgs Doublet Models (2HDM) 

Kinematics of LHC events (rapidity, pT, R separation, invariant mass, phase space) 

Higgs production and decay channels at the LHC

Effective field theory (EFT) parameterization of BSM effects

Beyond Higgs production: vector boson scattering (VBS)

Extension of EFT for VBS: dimension 8 operators

UV complete model(s) with fermions or scalars and their EFT

Conclusions

Outline of lectures
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SM of particle physics: basic structure
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EW gauge-boson sector of the SM

As in QCD, the nonabelian component of the field strength tensor,                          gives rise to 

WWZ and WWphoton triple gauge couplings (TGC) as well as quartic gauge couplings (QGC), 

already at tree level 
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Spontaneous symmetry breaking
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Goldstone modes and unitary gauge
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Consequences for the scalar field H
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Higgs kinetic term and couplings to W,Z

(Identification of properly normalized Z field: explained later)
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Consequences
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SM fermions and their gauge representations

Could add more, e.g. vector-like fermions, if discovered by experiments
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Fermion Lagrangian fixed by renormalizability

and gauge quantum numbers
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Weak mixing angle
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The neutral current

Weak mixing angle from W/Z mass ratio and from Zff couplings receive different loop corrections, 

especially from heavy degrees of freedom/fields in the loops (top quark, Higgs boson, sparticles…)

• distinguish source of mixing angle determination

• gain sensitivity to BSM physics

• → perform precision measurement of              in all possible ways, and compare….
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Fermion mass generation
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Fermion masses for three generations

is gauge invariant and renormalizable and thus it can (and should) 

be added to the Lagrangian



Dieter Zeppenfeld16 Electroweak and Higgs Physics                                         CTEQ Summer School 2024

3 x 3 mass matrix
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Mass  matrix diagonalization
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Mass terms



Dieter Zeppenfeld19 Electroweak and Higgs Physics                                         CTEQ Summer School 2024

Mass diagonalization and CKM matrix

By contrast, the neutral current remains flavor diagonal, no FCNC, 

since the unitary matrices of mass diagonalization cancel (GIM mechanism)
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Summary of Higgs-boson Couplings
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Feynman rules for SM Higgs vertices
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2 Higgs Doublet Models (2HDM): the MSSM case

The Yukawa Lagrangian above makes the MSSM a 2HDM of type II

Type I: and its charge conjugate generate all SM fermion masses
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Higgs mixing and Higgs mass eigenstates
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Decoupling behavior for large mA

• Loop corrections substantially change mass relations, e.g. raise light Higgs mass

• Qualitative features of decoupling limit are preserved
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Coupling to gauge bosons
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Coupling to quarks and leptons
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Behavior in decoupling limit
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Higgs properties and collider signatures
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Collisions are between partons not between incident protons

Lab frame and center of mass frame are not the same 

 a boost along the beam axis (taken as z-axis) connects the two

Described by Lorentz transformation with rapidity

Relation to Feynman x is and (                          )

Hadron Collider Kinematics

z   with c.m. momentum
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The generator for boosts along the beam = z-axis is

i.e. boost matrix is                       with y the rapidity of the boost

As a result, rapidities are additive for boosts along a common direction

Now consider the momentum of a particle of mass m in the lab frame

Boost with             to frame in which momentum is perpendicular to beam axis

with transverse energy

Boost back with rapidity +y to lab frame

Consecutive boosts along beam axis
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This procedure gives momentum parameterization

in terms of
particle mass, m

transverse momentum,        or transverse energy,                                (also called transverse mass)

the particle’s rapidity,  y

its azimuthal angle, around the beam axis,

Since the rapidity in the lab frame is

Rapidity and transverse momentum of a single particle
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This procedure gives momentum parameterization

in terms of
particle mass, m

transverse momentum,        or transverse mass,                                (also called transverse energy)

the particle’s rapidity,  y

its azimuthal angle, around the beam axis,

Since the rapidity in the lab frame is

These variables are also called “legoplot variables”

Example: CDF top-pair candidate event

Rapidity and transverse momentum of a single particle
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Special case: m=0 (or negligible particle mass), i.e.            ,

is called pseudo-rapidity, also for massive momenta

rapidity = pseudo-rapidity only for massless (i.e. light-like) momenta

Using pseudo-rapidity for massive objects (e.g. jets) can lead to severe 

distortions in forward/backward region (i.e. high y)

Rapidity and the invariant mass of two massless objects

2 momenta                                                                      have invariant mass

For modest angle between the momenta

with separation in the lego-plane

Massless momenta as special case

or
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Compare momentum parameterizations via polar vs. legoplot coordinates

with

m and     are common to both parameterizations,

The transformation of                 to                   has a very simple Jacobian

which leads to the Lorentz invariant 1-particle measure in legoplot variables

This is used to build the Lorentz-invariant phase space measure (Lips) in e.g. 

the VBFNLO Monte Carlo 

Rapidity and pT as phase space variables
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The rapidity of a particle in the c.m. frame, y*, and in the lab frame, y, are 

connected by a boost with         and hence y = y* + 

In rapidity differences,            , the dependence on this boost disappears. More 

generally, rapidity differences are invariant under boosts along the beam axis

The physics is Lorentz invariant, i.e. we should remember that only rapidity 

differences matter in the theoretical description at the parton level

Of course, low vs. high rapidities pose very different challenges at the detector 

level! But one should (and does!) strive for high, uniform detection efficiency 

over a wide rapidity range.

… and in the theoretical description the c.m. rapidity enters via the parton

distribution functions which depend on 

Some further comments

and
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Higgs properties
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Higgs decay in the SM

Decay to 3rd generation fermions Due to low Higgs mass, HWW or 

HZZ require off-shell weak boson

Even though there are no tree-level couplings to gluons or photons, decays into

gamma-gamma or glue-glue proceed via top quark and W loops
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Two on-shell gluons. Graph is gauge-invariant i.e.

The B term does not contribute for light-like gauge bosons, while the SM value of the top 

Yukawa coupling,  yt = mt/v together with

in the large mt limit

Evaluating the top triangle

leads to
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Decay width of the SM Higgs boson

• Many accessible decay channels at mH=125 GeV 

(rich physics compared to a universe where the SM Higgs has a mass of e.g. 200 GeV)

• All partial decay widths calculated with loop corrections
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Zeroing in on mH = 125 GeV

• Many accessible decay channels at mH=125 GeV 

• For HVV channels, one must in addition multiply by (small) leptonic

branching ratios of W (11%) and Z (3.4%)
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Tomorrow:

Higgs production and EFT


