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Of  use

Faculty  of  Mathematics  and  Natural  Sciences,  Department  of  Physics,  under  a  joint

appointment  with  the  German  Electron  Synchrotron  (DESY)

Application  deadline

07/03/2015

Text:

At  the  Faculty  of  Mathematics  and  Natural  Sciences,  Department  of  Physics,  is  a  joint

appointment  with  the  German  Electron  Synchrotron  (DESY)  a

W3-­S-­Chair  of  "Theoretical  Particle  ─  development  of  theories  beyond  the

Standard  Model"

to  be  filled  as  soon  as  possible.

DESY  is  one  of  the  leading  centers  for  Astroparticle  and  Particle  Physics.  The  research

program  of  particle  physics  includes  a  strong  involvement  in  the  LHC  experiments  and

basic  research  in  the  field  of  theoretical  particle  in  the  Standard  Model  and  possible

extensions.  The  Institute  of  Physics,  Humboldt  University  is  also  involved  with  two

professorships  at  the  LHC  experiment  ATLAS.  The  research  interests  of  the  working  groups

in  the  field  of  theoretical  particle  physics  ranging  from  mathematical  physics  on  the

phenomenology  of  particle  physics  to  lattice  gauge  theory.

Candidates  /  students  should  be  expelled  through  excellence  with  international  recognition

in  the  field  of  theoretical  particle  physics  with  a  focus  on  the  development  of  models

beyond  the  Standard  Model.  Is  expected  to  close  cooperation  with  the  resident  at  the

Humboldt  University  workgroups.  In  addition  to  the  development  of  possible  standard

model  extensions  and  phenomenological  studies  of  experimental  verification  to  be  carried

out.  Place  special  emphasis  send  the  Higgs  physics.  It  is  expected  that  he  /  she  maintains

the  scientific  contacts  between  DESY  and  the  HU  and  active  in  the  DFG  Research  Training

Group  GK1504  "Mass,  Spectrum,  Symmetry:  Particle  Physics  in  the  Era  of  the  Large

Hadron  Collider"  cooperates.  He  /  she  should  be  at  all  levels  of  teaching  in  physics  at  the

HU  participate  (2  LVS)  and  will  have  the  opportunity  to  acquire  outside  of  a  creative

research  program.

Applicants  /  inside  must  meet  the  requirements  for  appointment  as  a  professor  /  to

professor  in  accordance  with  §  100  of  the  Berlin  Higher  Education  Act.

DESY  and  HU  aim  to  increase  the  proportion  of  women  in  research  and  teaching  and  calling

for  qualified  scientists  urgently  to  apply.  Severely  disabled  applicants  /  will  be  given

( christophe.grojean@desy.de )

Ch!"o#e GrojeanCh!"o#e Grojean
DESY (Hamburg) 

Humboldt University (Berlin)

mailto:christophe.grojean@desy.ch
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Outline
 Monday: symmetry 

Lagrangians 
Lorentz symmetry - scalars, fermions, gauge bosons 
Gauge/local symmetry as dynamical principle - Example: U(1) electromagnetism 

Tuesday: SM symmetries 
Nuclear decay, Fermi theory and weak interactions: SU(2) 
Dimensional analysis: cross-sections and life-time computations made simple 
Strong interactions: SU(3) 

 Wednesday: chirality of weak interactions 
Chirality of weak interactions 
Pion decay 

Thursday: Higgs mechanism 
More about QCD 
Spontaneous symmetry breaking and Higgs mechanism 
Lepton and quark masses, quark mixings 
Neutrino masses 

Friday: quantum effects 
Running couplings 
Asymptotic freedom of QCD 
Anomalies cancelation 
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Figure 8.3 R  is plotted against electron energy (in GeV). (Source: F. Halzen and A. D. 
Martin, Quarks and Leptons (New York: Wiley, copyright © 1984, p. 229. Reprinted by 
permission of John Wiley & Sons, Inc.)
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Figure 8.3 R  is plotted against electron energy (in GeV). (Source: F. Halzen and A. D. 
Martin, Quarks and Leptons (New York: Wiley, copyright © 1984, p. 229. Reprinted by 
permission of John Wiley & Sons, Inc.)
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The R-ratio: comparison to data

QCD       Hadron Collider Summer School ’08      G.Zanderighi 
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Figure 8.3 R  is plotted against electron energy (in GeV). (Source: F. Halzen and A. D. 
Martin, Quarks and Leptons (New York: Wiley, copyright © 1984, p. 229. Reprinted by 
permission of John Wiley & Sons, Inc.)
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Figure 8.3 R  is plotted against electron energy (in GeV). (Source: F. Halzen and A. D. 
Martin, Quarks and Leptons (New York: Wiley, copyright © 1984, p. 229. Reprinted by 
permission of John Wiley & Sons, Inc.)
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SU(3) QCD
Experiments in the 60’s revealed the internal structure of the neutrons and protons 

Gell-Mann and others proposed that they are made of “quarks” 

Up quarks (up, charm, top): spin-1/2, Q=2/3 
Down quarks (down, strange, bottom): spin-1/2, Q=-1/3

SU(2) weak symmetry that changes neutrino into electron also changes up-quark into down-quark 
(to explain neutron decay) 

This experiment counts the number of quarks and gives their electric charges. 
Another remarkable feature: at high energy, the quarks behave like muons,  

i.e., not sensitive to strong interactions. 
Asymptotic freedom of QCD! 

(consequence of non-abelian nature of strong interaction - see tomorrow lecture)
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SU(3) QCD

Quarks carry yet another quantum number: “colour” 
There are 3 possible colours and Nature is colour-blind, i.e, Lagrangian should remain the same when 
the colours of the quarks are changed, i.e., when we perform a rotation in the colour-space of quarks.

Experiments in the 60’s revealed the internal structure of the neutrons and protons 
Gell-Mann and others proposed that they are made of “quarks” 

Up quarks (up, charm, top): spin-1/2, Q=2/3 
Down quarks (down, strange, bottom): spin-1/2, Q=-1/3

SU(2) weak symmetry that changes neutrino into electron also changes up-quark into down-quark 
(to explain neutron decay) 

uud

udd e

νeW

proton

neutron
QCD

QCD
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SU(3) QCD

Quarks carry yet another quantum number: “colour” 
There are 3 possible colours and Nature is colour-blind, i.e, Lagrangian should remain the same when 
the colours of the quarks are changed, i.e., when we perform a rotation in the colour-space of quarks.

There are (heavier) quarks and hence other baryons and mesons

All the interactions of the SM preserve baryon and lepton numbers

µ ! e⌫µ⌫̄e n ! p e ⌫̄e ⇡� ! µ�⌫̄µ ⇡0 ! �� p ! ⇡0ēX

Qa ! Ua
bQ

b U: 3x3 matrix satisfying  U†U = 13
such that the quark kinetic term is invariant

SU(3)

p = uud n = uddhadrons (spin-1/2, #hadronic=1):

⇡0 =
uū+ dd̄p

2
⇡+ = ud̄ ⇡� = dūmesons (spin-0, #hadronic=0):

(Each  quark carries a baryon number =1/3)

Experiments in the 60’s revealed the internal structure of the neutrons and protons 
Gell-Mann and others proposed that they are made of “quarks” 

Up quarks (up, charm, top): spin-1/2, Q=2/3 
Down quarks (down, strange, bottom): spin-1/2, Q=-1/3

SU(2) weak symmetry that changes neutrino into electron also changes up-quark into down-quark 
(to explain neutron decay) 
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Inside Hadrons
One can break matter into pieces to learn what it is made of.

But this is not always possible (not sharp enough knife, not enough energy…).
Fortunately, remember the boiled egg experiment:

The way the egg is spinning can tell if it is boiled (one piece) or raw (internal 
structure with different components moving independently from each others)

https://youtu.be/r1ygKQbcqh4

https://youtu.be/r1ygKQbcqh4
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Inside Hadrons
One can break matter into pieces to learn what it is made of.

But this is not always possible (not sharp enough knife, not enough energy…).
Fortunately, remember the boiled egg experiment:161 7.2 Rutherford and Mott scattering

e-

l >> rp

e-

l ~ rp

e-

l < rp

e-

l << rp

(a) (b) (c) (d)

!Fig. 7.1 The nature of e−p scattering depending on the wavelength of the virtual photon.

(b) at higher electron energies, where λ ∼ rp, the scattering process is no longer
purely electrostatic in nature and the cross section calculation also needs to
account for the extended charge and magnetic moment distributions of the
proton;

(c) when the wavelength of the virtual photon becomes relatively small, λ < rp,
the elastic scattering cross section also becomes small. In this case, the dom-
inant process is inelastic scattering where the virtual photon interacts with a
constituent quark inside the proton and the proton subsequently breaks up;

(d) at very high electron energies, where the wavelength of the virtual photon
(λ # rp) is sufficiently short to resolve the detailed dynamic structure of the
proton, the proton appears to be a sea of strongly interacting quarks and gluons.

Whilst we will be interested primarily in the high-energy deep inelastic e−p scatter-
ing, the low-energy e−p elastic scattering process provides a valuable introduction
to a number of important concepts.

7.2 Rutherford and Mott scattering

Rutherford and Mott scattering are the low-energy limits of e−p elastic scattering.
In both cases, the electron energy is sufficiently low that the kinetic energy of the
recoiling proton is negligible compared to its rest mass. In this case, the proton can
be taken to be a fixed source of a 1/r electrostatic potential. The cross sections for
Rutherford and Mott scattering are usually derived from non-relativistic scattering
theory using the first-order 〈ψ f |V(r)|ψi〉 term in the perturbation expansion. Here
the cross sections are derived using the helicity amplitude approach of the previous
chapter, treating the proton as if it were a point-like Dirac particle. Provided the
wavelength of the virtual photon is much larger than the radius of the proton, this
is a reasonable approximation.

electron-proton scattering (1960’s) reveals the proton intimate structure
(3 elementary spin-1/2 quarks that exist in 3 colours bounded by strong interactions 

that become feeble at large energies — asymptotic freedom).
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The Standard Model: Interactions

1
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SM Summary

effective coupling to Z boson
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Are we done?

meēLeR + h.c. is not gauge invariant

Y=-1Y=1/2

m2
WW+µW�

⌫ ⌘µ⌫ is not gauge invariant

Aµ ! UAµU
�1 +

i

g
(@µU)U�1

Remember May 1, 2003:

“Mission accomplished” speech by G.W. Bush.

That was certainly not the end of the story
and there were (are) still a lot things to do!
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Spontaneous Symmetry Breaking

Oxford English

Christophe Grojean Higgs Physics Ibarra, March. 10-12, 2o1513
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vacuum = a space entirely devoid of matter

vacuum = a space filled with BEH substance
Physics English

Short-distance interactions ≠ Long-distance interactions
 The masses are emergent due to a non-trivial structure of the vacuum

The vacuum of the SM breaks SU(2)xU(1) to U(1)em 

via the dynamics of an elementary scalar field
The Brout-Englert-Higgs Boson

4

mass. The “cancellation” of massless bosons to give
a massive boson, as anticipated by Anderson and
developed in the 1964 papers, is the famous Higgs
mechanism; for their contributions to its discovery,
Englert and Higgs received this year’s Nobel Prize
in Physics. (For more, see page 10 of this issue.)

As recounted in his 2010 talk “My Life as a
Boson,” Higgs submitted his second paper of 1964
to Physics Letters, which promptly rejected it.10
Shocked at that setback, he revised and expanded
the manuscript, adding the key observation that
when applied to a charged spinless boson, the Higgs
mechanism leaves behind a neutral spinless boson.
That neutral particle—the Higgs boson—has a mass
determined by the shape of the Mexican-hat poten-
tial energy density, but that mass cannot be expressed
in terms of the mass generated for the gauge boson.
Higgs sent the improved revision to a different jour-
nal, Physical Review Letters, and it was promptly 
accepted.

At first, theorists thought that the most suitable
application of spontaneous symmetry breaking to
particle physics was in the arena of the strong inter-
actions. Only in 1967 did Weinberg, and, independ-
ently, Salam, realize that the Higgs mechanism of-
fered an elegant explanation of the weak interactions.
In their model, which is now the electroweak portion
of the standard model, four Higgs fields are related
by a gauge symmetry of the type introduced by
Yang and Mills. Three Goldstone bosons are eaten
to give large masses to the W+, W−, and Z bosons that
mediate the weak interactions. An added bonus, not
foreseen by Higgs and the rest, is that the Higgs
field also gives mass to quarks and leptons, the ele-
mentary fermions that make up matter.

The mass of the Higgs boson left behind is not
predicted, but the interactions of the Higgs with
other elementary particles can be precisely com-
puted as a function of its mass and the masses of the
other particles. Furthermore, the exchange of virtual
Higgs bosons generates an attractive short-range
force. If the Higgs boson is an elementary particle,
as so far appears to be the case, then that force is
every bit as fundamental as the gauge-boson-medi-
ated forces of the standard model. In that case, the
Higgs would be the first fundamental force media-
tor ever detected that is not a gauge boson.

The discovery
The ATLAS and CMS (Compact Muon Solenoid) ex-
periments at the LHC were built to probe the mech-
anisms of electroweak symmetry breaking and the
particle origins of dark matter. Wired up with about
a hundred million readout channels each and made
up of many thousands of tons of material that inter-
acts with the particles emanating from the LHC’s
high-energy proton–proton collisions, the two de-
tectors have already managed to capture and recon-
struct many rare Higgs boson candidate events.11

Since Higgs bosons decay into other particles
after about 100 yoctoseconds (10−22 seconds), the col-
lider searches involve several different decay signa-
tures or channels. Figure 3 illustrates the two most
important channels used by ATLAS and CMS in
their quest for the Higgs. One represents the Higgs

decay process into two virtual Z bosons, each of
which, in turn, decays into an electron–positron or
muon–antimuon pair. The other shows the Higgs
decay into two photons. The image on pages 28 and
29 shows a visualization of the data produced by a
Higgs boson candidate at the LHC; the four decay
products are muons or antimuons—a pair of each—
whose tracks are depicted as red lines.

The experimental results so far suggest that the
particle observed at the LHC is indeed a Higgs
boson, though not necessarily possessing exactly
the properties postulated by the standard model.
The discovery itself is based on large excesses of
Higgs-like events in the two decay channels de-
scribed above, supported by less conclusive but
compatible excesses observed in other channels.
Figure 4 displays CMS data for the four-lepton
channel. The measured mass is about 126 GeV/c2, 
intermediate between the mass of the Z boson and
the mass of the top quark. 

The new particle cannot be a spin-1 particle be-
cause the decay of such an object into two photons is
forbidden by a general result known as the Landau–
Yang theorem. Its wavefunction does not change
sign when operated on by CP (a product of the dis-
crete symmetries of charge conjugation and coordi-
nate inversion, or parity), as the pion wavefunction
does. So the new particle is either unchanged by CP,
as a Higgs boson is, or it could be a CP-violating 
admixture if there exists a new source of matter–
antimatter asymmetry related to the Higgs. The pro-
duction rate of the particle and the degree to which
it decays into different channels appear consistent
with the standard-model predictions for the Higgs
boson, although the experimental uncertainties are
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V ϕ( )

Re ϕ

Im ϕ

Figure 2. The Mexican-hat potential energy density considered by 
Jeffrey Goldstone in his seminal 1961 paper.2 The energy density is a
function of the real (Re) and imaginary (Im) values of a spinless field ϕ.
In the context of the electroweak theory developed later in the decade,
the yellow ball at the top of the hat would represent the symmetric 
solution for the potential, in which the photon, W bosons, and Z boson
are all massless. The blue ball in the trough represents the solution after
symmetry breaking. In that solution the W and Z bosons are massive
and the photon remains massless. The steepness of the trough is related
to the mass of the Higgs boson.

• At this point it is usually claimed 
that spontaneous symmetry 
breaking is obvious, but this is 
not so

• For example in the double well 
quantum mechanics problem, 
there is a degeneracy 
associated with a Z2 symmetry

• But the ground state is a 
superposition that preserves the 
symmetry!

Joseph Lykken                                                                                                                        Aspen Winter Conference, January 19, 2014

Goldstone’s Mexican Hat (1961)

Ground state of QM double well potential 
is a superposition of two states each localised on one minimum, 

and this superposition preserves the Z2 symmetry of the potential  

In QFT, it is more difficult to transition between degenerate vacua  
and spontaneous symmetry breaking can occur

(or more correctly, the symmetry is non-linearly realised in Hilbert space) 

QM vs QFT (courtesy of J. Lykken@Aspen2014)

(postulated in 1964 — discovered in 2012)

https://indico.cern.ch/event/276476/session/1/contribution/0/material/slides/0.pdf
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Spontaneous Symmetry
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Higgs Boson
Before EW symmetry breaking

• 4 massless gauge bosons for SU(2)x(1): 4 x 2 = 8 dofs
• Complex scalar doublet: 4 dofs

After EW symmetry breaking

• 1 massless gauge boson, photon: 2 dofs
• 3 massive gauge bosons, W± and Z: 3 x 3 = 9 dofs
• 1 real scalar: 1 dof

H =

 
0

v+h(x)p
2

!

h(x) describes the Higgs boson
(the fluctuation above the VEV).

The other components of the Higgs doublet H become 
the longitudinal polarisations of the W± and Z



CG SSLP2023 67

The 2012 Scalar Discovery

7 11. Status of Higgs Boson Physics

11.2.4 Higgs boson production and decay mechanisms255
higgs:sec:subsection2.4

Comprehensive reviews of the SM Higgs boson’s properties and phenomenology, with an em-256

phasis on the impact of loop corrections to the Higgs boson decay rates and cross sections, can be257

found in Refs. [39–46]. The main results are summarised here.258

11.2.4.1 Production mechanisms at hadron colliders259
higgs:sec:hadroncolliderproduction

The main production mechanisms at the Tevatron collider and the LHC are gluon fusion (ggF),260

weak-boson fusion (VBF), associated production with a gauge boson (V H), and associated pro-261

duction with a pair of tt quarks (tt̄H) or with a single top quark (tHq). Figure 11.1 depicts262

representative diagrams for these dominant Higgs boson production processes.263
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Figure 11.1: Main leading order Feynman diagrams contributing to the Higgs boson production
in (a) gluon fusion, (b) Vector-boson fusion, (c) Higgs-strahlung (or associated production with a
gauge boson at tree level from a quark-quark interaction), (d) associated production with a gauge
boson (at loop level from a gluon-gluon interaction), (e) associated production with a pair of top
quarks (there is a similar diagram for the associated production with a pair of bottom quarks),
(f-g) production in association with a single top quark

higgs:fig:HiggsProd

The state-of-the-art of the theoretical calculations in the main di�erent production channels is264

summarized in Table 11.1.265

The cross sections for the production of a SM Higgs boson as a function of
Ô

s, the center of mass266

energy, for pp collisions, including bands indicating the theoretical uncertainties, are summarized267

in Fig. 11.2 (left) [47]. A detailed discussion, including uncertainties in the theoretical calculations268

due to missing higher-order e�ects and experimental uncertainties on the determination of SM269

parameters involved in the calculations, can be found in Refs. [43–46]. These references also con-270

tain state-of-the-art discussions on the impact of PDF uncertainties, QCD scale uncertainties and271

uncertainties due to di�erent procedures for including higher-order corrections matched to parton272

shower simulations, as well as uncertainties due to hadronisation and parton-shower events.273

Table 11.2 summarizes the Higgs boson production cross sections and relative uncertainties for274

a Higgs boson mass of 125 GeV, for
Ô

s = 7, 8, 13 and 14 TeV.275

i. Gluon fusion production mechanism276

At high-energy hadron colliders, the Higgs boson production mechanism with the largest cross277

section is the gluon-fusion process, gg æ H + X, mediated by the exchange of a virtual, heavy top278
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2.2 Decays into electroweak gauge bosons

2.2.1 Two body decays

Above the WW and ZZ kinematical thresholds, the Higgs boson will decay mainly into pairs

of massive gauge bosons; Fig. 2.9a. The decay widths are directly proportional to the HV V

couplings given in eq. (2.2) which, as discussed in the beginning of this section, correspond

to the JPC = 0++ assignment of the SM Higgs boson spin and parity quantum numbers.

These are S–wave couplings, ∼ !ε1 · !ε2 in the laboratory frame, and linear in sin θ, with θ

being the angle between the Higgs and one of the vector bosons.
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•H V
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•

b)

H
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f

f̄
•

c)

H

f3

f̄4

f1

f̄2

Figure 2.9: Diagrams for the Higgs boson decays into real and/or virtual gauge bosons.

The partial width for a Higgs boson decaying into two real gauge bosons, H → V V with

V = W or Z, are given by [32, 145]

Γ(H → V V ) =
GµM3

H

16
√

2π
δV

√
1 − 4x (1 − 4x + 12x2) , x =

M2
V

M2
H

(2.27)

with δW = 2 and δZ = 1. For large enough Higgs boson masses, when the phase space factors

can be ignored, the decay width into WW bosons is two times larger than the decay width

into ZZ bosons and the branching ratios for the decays would be, respectively, 2/3 and 1/3

if no other decay channel is kinematically open.

For large Higgs masses, the vector bosons are longitudinally polarized [159]

ΓL

ΓL + ΓT
=

1 − 4x + 4x2

1 − 4x + 12x2

MH!MV−→ 1 (2.28)

while the L, T polarization states are democratically populated near the threshold, at x =

1/4. Since the longitudinal wave functions are linear in the energy, the width grows as the

third power of the Higgs mass, Γ(H → V V ) ∝ M3
H . As discussed in §1.4.1, a heavy Higgs

boson would be obese since its total decay width becomes comparable to its mass

Γ(H → WW + ZZ) ∼ 0.5 TeV [MH/1 TeV]3 (2.29)

and behaves hardly as a resonance.
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The state-of-the-art of the theoretical calculations in the main di�erent production channels is264

summarized in Table 11.1.265

The cross sections for the production of a SM Higgs boson as a function of
Ô

s, the center of mass266

energy, for pp collisions, including bands indicating the theoretical uncertainties, are summarized267

in Fig. 11.2 (left) [47]. A detailed discussion, including uncertainties in the theoretical calculations268

due to missing higher-order e�ects and experimental uncertainties on the determination of SM269

parameters involved in the calculations, can be found in Refs. [43–46]. These references also con-270

tain state-of-the-art discussions on the impact of PDF uncertainties, QCD scale uncertainties and271

uncertainties due to di�erent procedures for including higher-order corrections matched to parton272

shower simulations, as well as uncertainties due to hadronisation and parton-shower events.273

Table 11.2 summarizes the Higgs boson production cross sections and relative uncertainties for274

a Higgs boson mass of 125 GeV, for
Ô

s = 7, 8, 13 and 14 TeV.275

i. Gluon fusion production mechanism276

At high-energy hadron colliders, the Higgs boson production mechanism with the largest cross277

section is the gluon-fusion process, gg æ H + X, mediated by the exchange of a virtual, heavy top278
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2.3 Loop induced decays into γγ, γZ and gg

Since gluons and photons are massless particles, they do not couple to the Higgs boson

directly. Nevertheless, the Hgg and Hγγ vertices, as well as the HZγ coupling, can be

generated at the quantum level with loops involving massive [and colored or charged] particles

which couple to the Higgs boson. The Hγγ and HZγ couplings are mediated by W boson and

charged fermions loops, while the Hgg coupling is mediated only by quark loops; Fig. 2.14.

For fermions, only the heavy top quark [and to a lesser extent the bottom quark] contribute

substantially for Higgs boson masses MH >∼ 100 GeV.
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γ

• F
H
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+

•H
Q

g

g
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Figure 2.14: Loop induced Higgs boson decays into a) two photons (Zγ) and b) two gluons.

For masses much larger than the Higgs boson mass, these virtual particles do not decouple

since their couplings to the Higgs boson grow with the masses, thus compensating the loop

mass suppression. These decays are thus extremely interesting since their strength is sensitive

to scales far beyond the Higgs boson mass and can be used as a possible probe for new charged

and/or colored particles whose masses are generated by the Higgs mechanism and which are

too heavy to be produced directly.

Unfortunately, because of the suppression by the additional electroweak or strong cou-

pling constants, these loop decays are important only for Higgs masses below ∼ 130 GeV

when the total Higgs decay width is rather small. However, these partial widths will be

very important when we will discuss the Higgs production at hadron and photon colliders,

where the cross sections will be directly proportional to, respectively, the gluonic and pho-

tonic partial decay widths. Since the entire Higgs boson mass range can be probed in these

production processes, we will also discuss the amplitudes for heavy Higgs bosons.

We will first analyze the decays widths both at leading order (LO) and including the next–

to–leading order (NLO) QCD corrections. The discussion of the LO electroweak corrections

and the higher–order QCD corrections will be postponed to the next subsection.
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For masses much larger than the Higgs boson mass, these virtual particles do not decouple

since their couplings to the Higgs boson grow with the masses, thus compensating the loop

mass suppression. These decays are thus extremely interesting since their strength is sensitive

to scales far beyond the Higgs boson mass and can be used as a possible probe for new charged

and/or colored particles whose masses are generated by the Higgs mechanism and which are

too heavy to be produced directly.

Unfortunately, because of the suppression by the additional electroweak or strong cou-

pling constants, these loop decays are important only for Higgs masses below ∼ 130 GeV

when the total Higgs decay width is rather small. However, these partial widths will be

very important when we will discuss the Higgs production at hadron and photon colliders,

where the cross sections will be directly proportional to, respectively, the gluonic and pho-

tonic partial decay widths. Since the entire Higgs boson mass range can be probed in these

production processes, we will also discuss the amplitudes for heavy Higgs bosons.

We will first analyze the decays widths both at leading order (LO) and including the next–

to–leading order (NLO) QCD corrections. The discussion of the LO electroweak corrections

and the higher–order QCD corrections will be postponed to the next subsection.
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weak-boson fusion (VBF), associated production with a gauge boson (V H), and associated pro-261

duction with a pair of tt quarks (tt̄H) or with a single top quark (tHq). Figure 11.1 depicts262

representative diagrams for these dominant Higgs boson production processes.263
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Figure 11.1: Main leading order Feynman diagrams contributing to the Higgs boson production
in (a) gluon fusion, (b) Vector-boson fusion, (c) Higgs-strahlung (or associated production with a
gauge boson at tree level from a quark-quark interaction), (d) associated production with a gauge
boson (at loop level from a gluon-gluon interaction), (e) associated production with a pair of top
quarks (there is a similar diagram for the associated production with a pair of bottom quarks),
(f-g) production in association with a single top quark

higgs:fig:HiggsProd

The state-of-the-art of the theoretical calculations in the main di�erent production channels is264

summarized in Table 11.1.265

The cross sections for the production of a SM Higgs boson as a function of
Ô

s, the center of mass266

energy, for pp collisions, including bands indicating the theoretical uncertainties, are summarized267

in Fig. 11.2 (left) [47]. A detailed discussion, including uncertainties in the theoretical calculations268

due to missing higher-order e�ects and experimental uncertainties on the determination of SM269

parameters involved in the calculations, can be found in Refs. [43–46]. These references also con-270

tain state-of-the-art discussions on the impact of PDF uncertainties, QCD scale uncertainties and271

uncertainties due to di�erent procedures for including higher-order corrections matched to parton272

shower simulations, as well as uncertainties due to hadronisation and parton-shower events.273

Table 11.2 summarizes the Higgs boson production cross sections and relative uncertainties for274

a Higgs boson mass of 125 GeV, for
Ô

s = 7, 8, 13 and 14 TeV.275

i. Gluon fusion production mechanism276

At high-energy hadron colliders, the Higgs boson production mechanism with the largest cross277

section is the gluon-fusion process, gg æ H + X, mediated by the exchange of a virtual, heavy top278
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2.2 Decays into electroweak gauge bosons

2.2.1 Two body decays

Above the WW and ZZ kinematical thresholds, the Higgs boson will decay mainly into pairs

of massive gauge bosons; Fig. 2.9a. The decay widths are directly proportional to the HV V

couplings given in eq. (2.2) which, as discussed in the beginning of this section, correspond

to the JPC = 0++ assignment of the SM Higgs boson spin and parity quantum numbers.

These are S–wave couplings, ∼ !ε1 · !ε2 in the laboratory frame, and linear in sin θ, with θ

being the angle between the Higgs and one of the vector bosons.
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Figure 2.9: Diagrams for the Higgs boson decays into real and/or virtual gauge bosons.

The partial width for a Higgs boson decaying into two real gauge bosons, H → V V with

V = W or Z, are given by [32, 145]

Γ(H → V V ) =
GµM3

H

16
√

2π
δV

√
1 − 4x (1 − 4x + 12x2) , x =

M2
V

M2
H

(2.27)

with δW = 2 and δZ = 1. For large enough Higgs boson masses, when the phase space factors

can be ignored, the decay width into WW bosons is two times larger than the decay width

into ZZ bosons and the branching ratios for the decays would be, respectively, 2/3 and 1/3

if no other decay channel is kinematically open.

For large Higgs masses, the vector bosons are longitudinally polarized [159]

ΓL

ΓL + ΓT
=

1 − 4x + 4x2

1 − 4x + 12x2

MH!MV−→ 1 (2.28)

while the L, T polarization states are democratically populated near the threshold, at x =

1/4. Since the longitudinal wave functions are linear in the energy, the width grows as the

third power of the Higgs mass, Γ(H → V V ) ∝ M3
H . As discussed in §1.4.1, a heavy Higgs

boson would be obese since its total decay width becomes comparable to its mass

Γ(H → WW + ZZ) ∼ 0.5 TeV [MH/1 TeV]3 (2.29)

and behaves hardly as a resonance.
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s, the center of mass266

energy, for pp collisions, including bands indicating the theoretical uncertainties, are summarized267

in Fig. 11.2 (left) [47]. A detailed discussion, including uncertainties in the theoretical calculations268

due to missing higher-order e�ects and experimental uncertainties on the determination of SM269

parameters involved in the calculations, can be found in Refs. [43–46]. These references also con-270

tain state-of-the-art discussions on the impact of PDF uncertainties, QCD scale uncertainties and271

uncertainties due to di�erent procedures for including higher-order corrections matched to parton272

shower simulations, as well as uncertainties due to hadronisation and parton-shower events.273

Table 11.2 summarizes the Higgs boson production cross sections and relative uncertainties for274

a Higgs boson mass of 125 GeV, for
Ô

s = 7, 8, 13 and 14 TeV.275

i. Gluon fusion production mechanism276

At high-energy hadron colliders, the Higgs boson production mechanism with the largest cross277

section is the gluon-fusion process, gg æ H + X, mediated by the exchange of a virtual, heavy top278
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2.3 Loop induced decays into γγ, γZ and gg

Since gluons and photons are massless particles, they do not couple to the Higgs boson

directly. Nevertheless, the Hgg and Hγγ vertices, as well as the HZγ coupling, can be

generated at the quantum level with loops involving massive [and colored or charged] particles

which couple to the Higgs boson. The Hγγ and HZγ couplings are mediated by W boson and

charged fermions loops, while the Hgg coupling is mediated only by quark loops; Fig. 2.14.

For fermions, only the heavy top quark [and to a lesser extent the bottom quark] contribute

substantially for Higgs boson masses MH >∼ 100 GeV.
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Figure 2.14: Loop induced Higgs boson decays into a) two photons (Zγ) and b) two gluons.

For masses much larger than the Higgs boson mass, these virtual particles do not decouple

since their couplings to the Higgs boson grow with the masses, thus compensating the loop

mass suppression. These decays are thus extremely interesting since their strength is sensitive

to scales far beyond the Higgs boson mass and can be used as a possible probe for new charged

and/or colored particles whose masses are generated by the Higgs mechanism and which are

too heavy to be produced directly.

Unfortunately, because of the suppression by the additional electroweak or strong cou-

pling constants, these loop decays are important only for Higgs masses below ∼ 130 GeV

when the total Higgs decay width is rather small. However, these partial widths will be

very important when we will discuss the Higgs production at hadron and photon colliders,

where the cross sections will be directly proportional to, respectively, the gluonic and pho-

tonic partial decay widths. Since the entire Higgs boson mass range can be probed in these

production processes, we will also discuss the amplitudes for heavy Higgs bosons.

We will first analyze the decays widths both at leading order (LO) and including the next–

to–leading order (NLO) QCD corrections. The discussion of the LO electroweak corrections

and the higher–order QCD corrections will be postponed to the next subsection.
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2.3 Loop induced decays into γγ, γZ and gg

Since gluons and photons are massless particles, they do not couple to the Higgs boson

directly. Nevertheless, the Hgg and Hγγ vertices, as well as the HZγ coupling, can be

generated at the quantum level with loops involving massive [and colored or charged] particles

which couple to the Higgs boson. The Hγγ and HZγ couplings are mediated by W boson and

charged fermions loops, while the Hgg coupling is mediated only by quark loops; Fig. 2.14.

For fermions, only the heavy top quark [and to a lesser extent the bottom quark] contribute

substantially for Higgs boson masses MH >∼ 100 GeV.

a)

•H
W

γ(Z)

γ

• F
H

γ(Z)

γ

+

•H
Q

g

g

b)

Figure 2.14: Loop induced Higgs boson decays into a) two photons (Zγ) and b) two gluons.

For masses much larger than the Higgs boson mass, these virtual particles do not decouple

since their couplings to the Higgs boson grow with the masses, thus compensating the loop

mass suppression. These decays are thus extremely interesting since their strength is sensitive

to scales far beyond the Higgs boson mass and can be used as a possible probe for new charged

and/or colored particles whose masses are generated by the Higgs mechanism and which are

too heavy to be produced directly.

Unfortunately, because of the suppression by the additional electroweak or strong cou-

pling constants, these loop decays are important only for Higgs masses below ∼ 130 GeV

when the total Higgs decay width is rather small. However, these partial widths will be

very important when we will discuss the Higgs production at hadron and photon colliders,

where the cross sections will be directly proportional to, respectively, the gluonic and pho-

tonic partial decay widths. Since the entire Higgs boson mass range can be probed in these

production processes, we will also discuss the amplitudes for heavy Higgs bosons.

We will first analyze the decays widths both at leading order (LO) and including the next–

to–leading order (NLO) QCD corrections. The discussion of the LO electroweak corrections

and the higher–order QCD corrections will be postponed to the next subsection.
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Not the most abundant BEH modes, but the “cleanest” ones

Status of Higgs physics 
10-years after discovery

• Today >30 times more statistical power


• Better detector performance in almost all  
areas despite significantly more  
challenging conditions

Today
July 4th, 2012

Toni Šćulac 

July 4, 2012

Status of Higgs physics 
10-years after discovery

• Today >30 times more statistical power


• Better detector performance in almost all  
areas despite significantly more  
challenging conditions

Today
July 4th, 2012

Toni Šćulac 

See Paris Sphicas’  

talk for more 

details
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Channel

categories Br

ggF  VBF   VH   ttH

Cross Section 13 TeV (8 TeV) 48.6 (21.4) pb* 3.8 (1.6) pb 2.3 (1.1) pb 0.5 (0.1) pb

γγ 0.2 % ✓ ✓ ✓ ✓
ZZ 3% ✓ ✓ ✓ ✓

WW 22% ✓ ✓ ✓ ✓
    ττ           6.3 % ✓ ✓ ✓ ✓
   bb 55% ✓ ✓ ✓ ✓

Zγ and γγ∗ 0.2 % ✓ ✓ ✓ ✓
μμ 0.02 % ✓ ✓ ✓ ✓

Invisible 0.1 % ✓ (monojet) ✓ ✓ ✓

Nano Overview of Main Higgs Analyses at (HL) LHC 
O

bs
er

ve
d 

m
od

es

Remaining to be 
observed

Limits

Most channels already covered at the Run 2 with only 5% (~150 fb-1) of full HL-LHC dataset!

~8 M vets produced ~600 k vets produced ~400 k vets produced ~80 k evts produced

*N3LO

20

The LHC Scalar Harvest 
(8M Brout-Englert-Higgs bosons produced so far)

evts evts evts

Table courtesy to M. Kado
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SM is a chiral theory (≠ QED that is vector-like) 

meēLeR + h.c. is not gauge invariant

The SM Lagrangian cannot contain fermion mass term.

Fermion Masses

Y=-1Y=1/2

H =

✓
0

v+hp
2

◆

L = ye

✓
⌫̄L

ēL

◆
·
✓

H
+

H
0

◆
eR =

ye vp
2

✓
ēLeR +

1

v
ēLeR h

◆

Y=1/2Y=1/2 Y=-1
Higgs Boson

Higgs couplings proportional to the mass of particles

Fermion masses are emergent quantities
that originate from interactions with Higgs VEV
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Higgs couplings 
are proportional 

to the masses of the particles

Higgs

�� �SM

�SM
= O(1)

�� =
m�

v
, �V =

mV

v

�

3

“It has to do with the EWSB”

Already first data gave evidence of:

True in the SM:

Scaling                         follows naturally if 
the new boson is part of the sector that 
breaks the EW symmetry 

It does not necessarily imply that the new 
boson is part of an SU(2)L doublet

coupling ∝ mass

Ex: composite NG boson in TC

For a non-doublet 
one naively expects:

mass (GeV)
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1/
2
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r (
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CMS Preliminary -1 19.6 fb� = 8 TeV, L s  -1 5.1 fb� = 7 TeV, L s

SM

�� / m�

v
, �2

V ⌘ gV V h

2v
/ m2

V

v2

co
up
lin
g

�� �SM

�SM
= O(1)

�� =
m�

v
, �V =

mV

v

�

3

“It has to do with the EWSB”

Already first data gave evidence of:

True in the SM:

Scaling                         follows naturally if 
the new boson is part of the sector that 
breaks the EW symmetry 

It does not necessarily imply that the new 
boson is part of an SU(2)L doublet

coupling ∝ mass

Ex: composite NG boson in TC

For a non-doublet 
one naively expects:
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�
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� � 
�

H 

CMS Preliminary -1 19.6 fb� = 8 TeV, L s  -1 5.1 fb� = 7 TeV, L s

SM Higgs Fermiophobic Bkg. only

“It looks like a doublet”
overall compatible w/ SMRelated to EWSB

The Higgs PR plot

http://cms-higgs-results.web.cern.ch/cms-higgs-results/Comb/HIG-14-009/sqr_m6summary_fit.png
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In SM, the Yukawa interactions are the only source of the fermion masses

yij f̄LiHfRj =
yijvp

2
f̄LifRj +

yijp
2
hf̄LifRj

mass Higgs-fermion interactions

both matrices are simultaneously diagonalisable 

no tree-level Flavor Changing Current induced by the Higgs
Once the mass terms are diagonal, the Higgs interactions are diagonal too

Not true anymore if the SM fermions mix with vector-like partners  or for non-SM Yukawa 

yij

✓
1 + cij

|H|2

f2

◆
f̄LiHfRj =

yijvp
2

✓
1 + cij

v
2

2f2

◆
f̄LifRj +

✓
1 + 3cij

v
2

2f2

◆
yijp
2
hf̄LifRj

Look for SM forbidden Flavour Violating decays h → μτ and h → eτ

• weak indirect constrained by flavour data (μ→ eγ): BR<10%

• ATLAS and CMS have the sensitivity to set bounds O(1%)

• ILC/CLIC/FCC-ee can certainly do much better 

(look also at t→hc )

Fermion Masses
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In SM, the Yukawa interactions are the only source of the fermion masses
Fermion Masses: Quark Mixings

LYuk = y
U
ijQ̄

i
LH

?
u
i
R + y

D
ij Q̄

i
LHd

i
R

D†
L

✓
vp
2
yDij

◆
DR =

0

@
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ms
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1

AU†
L

✓
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2
yUij

◆
UR =

0

@
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mc
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1

A

LYuk = (ūLc̄Lt̄L)

0

@
mu

mc

mt

1

A

0

@
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cR
tR

1

A+
�
d̄Ls̄Lb̄L

�
0

@
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mb

1

A

0

@
dR
sR
bR

1

A

CP-Violating Invariants in the SMEFT | Emanuele Gendy 15.11.2021 4

CP-Violation in the Standard Model

In the Electroweak sector, CP violation is encoded in the CKM matrix

Taken from: Matthew D. Schwartz, “Quantum Field Theory and the Standard Model”

Under CP:

so a complex CKM matrix breaks CP 

Lgauge V = D†
LUL

1 12. CKM Quark-Mixing Matrix

12. CKM Quark-Mixing Matrix

Revised March 2020 by A. Ceccucci (CERN), Z. Ligeti (LBNL) and Y. Sakai (KEK).

12.1 Introduction
The masses and mixings of quarks have a common origin in the Standard Model (SM). They

arise from the Yukawa interactions with the Higgs condensate,

LY = ≠Y
d

ij Q
I
Li „ d

I
Rj ≠ Y

u
ij Q

I
Li ‘ „

ú
u

I
Rj + h.c., (12.1)

where Y
u,d are 3◊3 complex matrices, „ is the Higgs field, i, j are generation labels, and ‘ is the 2◊2

antisymmetric tensor. Q
I
L are left-handed quark doublets, and d

I
R and u

I
R are right-handed down-

and up-type quark singlets, respectively, in the weak-eigenstate basis. When „ acquires a vacuum
expectation value, È„Í = (0, v/

Ô
2), Eq. (12.1) yields mass terms for the quarks. The physical states

are obtained by diagonalizing Y
u,d by four unitary matrices, V

u,d
L,R, as M

f
diag = V

f
L Y

f
V

f†

R (v/
Ô

2),
f = u, d. As a result, the charged-current W

± interactions couple to the physical uLj and dLk

quarks with couplings given by

≠gÔ
2

(uL, cL, tL)“µ
W

+
µ VCKM

Q

ca
dL

sL

bL

R

db + h.c., VCKM © V
u

L V
d

L
† =

Q

ca
Vud Vus Vub

Vcd Vcs Vcb

Vtd Vts Vtb

R

db . (12.2)

This Cabibbo-Kobayashi-Maskawa (CKM) matrix [1, 2] is a 3 ◊ 3 unitary matrix. It can be
parameterized by three mixing angles and the CP -violating KM phase [2]. Of the many possible
conventions, a standard choice has become [3]

VCKM =

Q

ca
1 0 0
0 c23 s23
0 ≠s23 c23

R

db

Q

ca
c13 0 s13e

≠i”

0 1 0
≠s13e

i” 0 c13

R

db

Q

ca
c12 s12 0

≠s12 c12 0
0 0 1

R

db

=

Q

ca
c12c13 s12c13 s13e

≠i”

≠s12c23 ≠ c12s23s13e
i”

c12c23 ≠ s12s23s13e
i”

s23c13
s12s23 ≠ c12c23s13e

i” ≠c12s23 ≠ s12c23s13e
i”

c23c13

R

db , (12.3)

where sij = sin ◊ij , cij = cos ◊ij , and ” is the phase responsible for all CP -violating phenomena in
flavor-changing processes in the SM. The angles ◊ij can be chosen to lie in the first quadrant, so
sij , cij Ø 0.

It is known experimentally that s13 π s23 π s12 π 1, and it is convenient to exhibit this
hierarchy using the Wolfenstein parameterization. We define [4–6]

s12 = ⁄ = |Vus|


|Vud|2 + |Vus|2
, s23 = A⁄

2 = ⁄

----
Vcb

Vus

---- ,

s13e
i” = V

ú

ub = A⁄
3(fl + i÷) = A⁄

3(fl̄ + i÷̄)
Ô

1 ≠ A2⁄4
Ô

1 ≠ ⁄2 [1 ≠ A2⁄4(fl̄ + i÷̄)]
. (12.4)

These relations ensure that fl̄ + i÷̄ = ≠(VudV
ú

ub)/(VcdV
ú

cb) is phase convention independent, and the
CKM matrix written in terms of ⁄, A, fl̄, and ÷̄ is unitary to all orders in ⁄. The definitions of fl̄, ÷̄

reproduce all approximate results in the literature; i.e., fl̄ = fl(1≠⁄
2
/2+. . .) and ÷̄ = ÷(1≠⁄

2
/2+. . .),

and one can write VCKM to O(⁄4) either in terms of fl̄, ÷̄ or, traditionally,

VCKM =

Q

ca
1 ≠ ⁄

2
/2 ⁄ A⁄

3(fl ≠ i÷)
≠⁄ 1 ≠ ⁄

2
/2 A⁄

2

A⁄
3(1 ≠ fl ≠ i÷) ≠A⁄

2 1

R

db + O(⁄4) . (12.5)

P.A. Zyla et al. (Particle Data Group), Prog. Theor. Exp. Phys. 2020, 083C01 (2020)
1st June, 2020 8:27am

Note: one complex phase → CP violation 
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Neutrino Masses
The same construction doesn’t work for neutrinos

since in the SM there are only Left Handed neutrinos

For an uncharged particle, it is possible to write a Majorana mass
another Lorentz-invariant quadratic term in the Lagrangian

(it involves the charge-conjugate spinor, see lecture #3-technical slides)

LMajorana = m ̄C  = m
�
 ̄LC L +  ̄RC R

�

can build such a term with LH field only!

L =
y⌫

⇤

✓
⌫L

eL

◆

C

·
✓

H
+

H
0

◆✓
⌫L

eL

◆
·
✓

H
+

H
0

◆
=

y⌫ v
2

⇤
⌫LC⌫L

mass3/2 mass mass3/2 mass

Seesaw: m⌫ =
y⌫v2

⇤

Order eV
for yν~1 and Λ~1014GeV 

In SM, such neutrino Majorana mass can be obtained from dim-5 operator:

Note that such an operator breaks Lepton Number by 2 units
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Higgs Mechanism

• Gauge boson spectrum

• electrically charged bosons

• electrically neutral bosons

Symmetry of the Lagrangian Symmetry of the Vacuum

Higgs Doublet Vacuum Expectation Value

SU(2)L � U(1)Y

H =

�
h+

h0

⇥

U(1)e.m.

⇥H⇤ =
�

0
v�
2

⇥
with v � 246 GeV

DµH = �µH � i

2

⇤
gW 3

µ + g⇤Bµ

⇤
2gW+

µ⇤
2gW�

µ �gW 3
µ + g⇤Bµ

⌅
H with W±

µ = 1⌅
2

�
W1

µ ⇥W2
µ

⇥

|DµH|2 = 1
4 g

2v2 W+
µ W�µ + 1

8

�
W 3

µ Bµ

⇥⇤ g2v2 �gg⇥v2

�gg⇥v2 g⇥2v2

⌅⇤
W 3µ

Bµ

⌅

Weak mixing angle

M2
W = 1

4g
2v2

Zµ = cW 3
µ � sBµ

�µ = sW 3
µ + cBµ

c = g�
g2+g�2

s = g��
g2+g�2

M2
Z = 1

4 (g
2 + g�2)v2

M� = 0
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The Brout-Englert-Higgs Boson is Special
The scalar discovery in 2012 has been an important milestone for HEP.

Many of us are still excited about it. Others should be too.

BEH = new forces of different nature than the interactions known so far
• No underlying local symmetry
• No quantised charges
• Deeply connected to the space-time vacuum structure

The knowledge of the values of the BEH couplings is essential 
to understand the deep structure of matter/Universe 

   mW, mZ  ↔ BEH couplings

lifetime of stars
(why tSun~ tlife evolution?)

✓
nuclei stabilitysize of atoms

?
   me, mu, md  ↔ BEH couplings

?
       matter/anti-matter ↔ CPV in BEH sector

?
EWSB @ t~10-10s ↔ BEH self-coupling
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The Brout-Englert-Higgs Boson is Special
The scalar discovery in 2012 has been an important milestone for HEP.

Many of us are still excited about it. Others should be too.

BEH = new forces of different nature than the interactions known so far
• No underlying local symmetry
• No quantised charges
• Deeply connected to the space-time vacuum structure

The knowledge of the values of the BEH couplings is essential 
to understand the deep structure of matter/Universe 

   mW, mZ  ↔ BEH couplings

lifetime of stars
(why tSun~ tlife evolution?)

✓
nuclei stabilitysize of atoms

?
   me, mu, md  ↔ BEH couplings

?
       matter/anti-matter ↔ CPV in BEH sector

?
EWSB @ t~10-10s ↔ BEH self-coupling

LHC will make remarkable 
progress 

but it won’t be enough 
A new collider will be needed!
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Technical Details  
for Advanced Students
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symmetry breaking: new phase with more degrees of freedom

polarization vector grows with the energy

a massless particle is never at rest: always possible to distinguish   
(and eliminate!) the longitudinal polarisation

c! c! c!

the longitudinal polarisation is physical for a massive spin-1 particle

v! !0

(pictures: courtesy of G. Giudice)

77

�� =

�
|⌃p|
M

,
E

M

⌃p

|⌃p|

⇥

3=2+1
Guralnik et al ’64

The longitudinal polarisation of massive W, Z

mailto:gian.giudice@cern.ch?subject=Massless%20vs.%20massive%20spin-1:%20cartoons
http://link.aps.org/abstract/PRL/V30/P1268
http://link.aps.org/abstract/PRL/V30/P1268
http://link.aps.org/abstract/PRL/V30/P1268
http://link.aps.org/abstract/PRL/V30/P1268
http://link.aps.org/abstract/PRL/V30/P1268
http://link.aps.org/abstract/PRL/V30/P1268
http://link.aps.org/abstract/PRL/V30/P1268
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Christophe Grojean Beyond the Standard Model HCPSS, CERN, June 2o11

Indeed a massive 
spin 1 particle has 

3 physical polarizations:

with

Why do we need a Higgs ?
The W and Z masses are inconsistent with the known particle 
content!  Need more particles to soften the UV behavior of 

massive gauge bosons.

2 transverse:

1 longitudinal:

( in  the R-ξ gauge, the time-like polarization (                                    ) is arbitrarily massive and decouple )

Bad UV behavior for 
the scattering of the longitudinal 

polarizations

38

Aµ = �µ eikµx
µ

�µ�µ = �1 kµ�µ = 0

kµ = (E, 0, 0, k)

kµk
µ = E2 � k2 = M2

�
�µ1 = (0, 1, 0, 0)
�µ2 = (0, 0, 1, 0)

�µ� = ( k
M , 0, 0, E

M ) � kµ

M +O( E
M )

�µ�µ = 1 kµ�µ = M

WL

WL WL

WL

in the particle rest-frame, no distinction between L and T polarisations
in a frame where the particle carries a lot of kinetic energy, 

the L polarisation “dominates”

The longitudinal polarisation of massive W, Z
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At high energy, the dominant degrees of freedom are WL

79

W+

t
b

�(t ! bWT ) =
g2

64⇡

2(m2
t �m2

W )
2

m3
t

�(t ! bWL) =
g2

64⇡

m2
t

m2
W

(m2
t �m2

W )
2

m3
t

at threshold (mt ~ mW)
democratic decay

at high energy (mt >> mW)
WL dominates the decay

At high energy, the physics of the gauge bosons becomes simple

 ~~ why you should be stunned by this result: ~~

daughter

mother
daughter

g

we expect:
(dimensional analysis) 

instead

� ⇠ g2 mmother

� / m3
mother means g / m

like 
the Higgs couplings!

very efficient way to get energy from the mother particle ⌧ ⌧ ⌧naive

Goldstone equivalence theorem

W±L, ZL ≈ SO(4)/SO(3)

This is the physics that was understood at LEP
The pending question was then: is there something else?

That was the job of the LHC

The BEH mechanism: “VL=Goldstone bosons”
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Bad high-energy behaviour for 
the scattering of the longitudinal 

polarisations

Extra degrees of freedom are needed to have a good description 
of the W and Z masses at higher energies

kµ

l�

p�

q�

WL

WL WL

WL

A = g2
E4

4M4
W

violations of perturbative unitarity around E ~ M/√g (actually M/g)

Call for extra degrees of freedom

A = �µ� (k)�
⇥
�(l)g

2 (2⇥µ⇤⇥⇥⌅ � ⇥µ⇥⇥⇤⌅ � ⇥µ⌅⇥⇥⇤) �
⇤
�(p)�

⌅
� (q)

80

NO LOSE THEOREM

numerically: E ~ 3 TeV       the LHC was sure to discover something!

➲



CG SSLP2023

Lewellyn Smith ‘73 
Dicus, Mathur ‘73 

Cornwall, Levin, Tiktopoulos ’73 
Lee, Quigg, Thacker ’77
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εµεµ = −1 kµεµ = 0

Aµ = εµ eikµxµ

εµ
⊥ = ( k
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(
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2MW
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34

The Higgs boson unitarizes the W scattering 
(if its mass is below  ~ 1 TeV)

WL scattering = pion scattering
Goldstone equivalence theorem 
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W+ W+

W-W-

h0

W-

W+ W+

W-

h0

W+ W+

W-W-

W+ W+

W-W-

W-

W+ W+

W-

γ, Z0

γ, Z0

Call for extra degrees of freedom

http://inspirebeta.net/record/83747
http://inspirebeta.net/record/334983
http://inspirebeta.net/record/89348
http://inspirebeta.net/record/119348
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What is the SM Higgs?
A single scalar degree of freedom that couples to the mass of the particles 

‘a’, ‘b’ and ‘c’ are arbitrary free couplings

growth cancelled for 
a = 1

restoration of perturbative 
unitarity

A =
1

v2

�
s� a2s2

s�m2
h

⇥

h
W+ W+

W- W-

82
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For b = a2: perturbative unitarity in inelastic channels WW → hh

‘a’, ‘b’ and ‘c’ are arbitrary free couplings

For a=1: perturbative unitarity in elastic channels WW → WW
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A single scalar degree of freedom that couples to the mass of the particles 

http://link.aps.org/abstract/PRL/V30/P1268
http://arXiv.org/abs/1002.1011
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Higgs couplings 
are proportional 

to the masses of the particles
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“It has to do with the EWSB”

Already first data gave evidence of:

True in the SM:

Scaling                         follows naturally if 
the new boson is part of the sector that 
breaks the EW symmetry 

It does not necessarily imply that the new 
boson is part of an SU(2)L doublet

coupling ∝ mass

Ex: composite NG boson in TC

For a non-doublet 
one naively expects:
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A single scalar degree of freedom that couples to the mass of the particles 
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