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Disclaimer

Many lectures already about the Standard Model (SM) an
extensions.

So I will focus mostly on discussing why the SM is the way
it is.

Only 3 hours of lectures: there will be many gaps, that you
will have to fill yourself.

Exercises thought to bring questions that you might not have
considered before. Very worth trying all them!

I will be very happy to discuss not only during the

lectures, but also outside. ,
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Standard Model of Elementary Particles

three generations of matter

(elementary fermions)

three generations of antimatter
(elementary antifermions)

interactions / force carriers
(elementary bosons)
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Standard Model of Elementary Particles

three generations of matter
(elementary fermions)
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Standard Model of Elementary Particles

three generations of matter three generations of antimatter
(elementary fermions) (elementary antifermions)
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Standard Model of Elementary Particles

three generations of matter three generations of antimatter interactions / force carriers
(elementary fermions) (elementary antifermions) (elementary bosons)
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Standard Model of Elementary Particles

three generations of matter three generations of antimatter interactions / force carriers
(elementary fermions) (elementary antifermions) (elementary bosons)
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Standard Model of Elementary Particles

three generations of matter three generations of antimatter interactions / force carriers
(elementary fermions) (elementary antifermions) (elementary bosons)
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Standard Model of Elementary Particles

interactions / force carriers
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LEPTONS

Standard Model of Elementary Particles

interactions / force carriers

three generations of matter
(elementary fermions)

,
=2 7 Me\ic?

1968
up

=4 7 MeWic?
%Q‘b

down

=0.511 Me\/c?

1897

electron

=2.2 e\ffc?

1956

electron
neutrino |

Wikipedia

e
=1.28 GeVic?
1974

charm

=96 MeW/c2
%9.5

strange

=105.66 MeV/c?

1936

muon

=0.17 Me\ie?

1962

muon

neutrino J heutrino g

=173.1 GeW/c?
¥

. &

top

' ~

H

=4 18 GeWic?

1977

bottom

'
=1.7768 Ge\ic?

=18.2 MeVic?

i \%
-
tau

=0.511 Me\fyc?

1932

positron

three generations of antimatter

(elementary antifermions)

(elementary bosons)

0

0
0

1900

hoton
L P

=91.19 GeV/c?

@

Z° boson

GAUGE BOSONS

VECTOR BOSONS

=80.39 GeV/c?

-
l

W+ boson

higgs

=124.97 Ge\ic?

11



Mass
charge

spin

LEPTONS

Standard Model of Elementary Particles

three generations of matter
(elementary fermions)
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Standard Model of Elementary Particles

three generations of matter three generations of antimatter interactions / force carriers
(elementary fermions) (elementary antifermions) (elementary bosons)

mass =22 Me\W/c? =128 GeW/c? =1731 GeW/c? 0 =124 97 Ge\l/c?
charge| 135 ¥ ¥ 0 0
1968 1974 U 1978 <
up top gluon higgs
) ~ 5 —
;4. 7 Mel/c2 -—;'95 Me\ic2 =-‘l 18 GelWic? 0
—1,": 113 -¥; 0 _ (/)]
1 1900 -
down strange bottom photon 7)) g
’ Y
=0.511 Me\W/c? =105.66 MeW/c? =1.7768 Ge\/ic? =0511 MeW/c? =91.19 Ge\W/c? LIJ 0
-1 =1 1 0 O 14
1897 1986 1932 1983 5 -
- o { U
electron muon positron Z° boson LLJ
0>
2
Z 2.2 eVic? =0.17 Me\/c? =18.2 Me\/c? =80.39 Ge\/c?
O o 0 0 1
- 1956 1962 - W 1
o = |
L electron muon tau -
] neutrino neutrino /J neutrino | W* boson

Wikipedia 13



| =0511 MeW/c2

Standard Model of Elementary Particles
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Standard Model of Elementary Particles

three generations of matter
(elementary fermions)
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Standard Model of Elementary Particles
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Standard Model of Elementary Particles

interactions / force carriers

three generations of matter

(elementary fermions)

three generations of antimatter
(elementary antifermions)

(elementary bosons)
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Standard Model of Elementary Particles

three generations of matter three generations of antimatter interactions / force carriers
(elementary fermions) (elementary antifermions) (elementary bosons)
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Standard Model of Elementary Particles

three generations of matter three generations of antimatter interactions / force carriers
(elementary fermions) (elementary antifermions) (elementary bosons)
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What about operators of the
following form?

G, G*"*  H'D?H + h.c.

(H'o,H)(H 0, H)

2x2)x2x2)=(143)x(1+3)=1+3+3+1+3+5

.

21



Proposed exercise: Demonstrate that the Standard

Model Higgs Lagrangian is the most general
renormalisable Lagrangian for the Higgs
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Explanation in terms of R+QM

Unitary Poincare representations are infinite-dimensional

H = {e(p),e"(p), Vp}

Most Poincare transformations act as Ae(p) — €(p’). There is though a special subgroup
of transformations for each p; denoted as the little group, that leave p invariant.

In general it mixes polarizations with p. In fact, polarizations
differing on a multiple of p must be considered equivalent!

€y — €y T Py {AM%AM—I—(?MO&]
24



Explanation in terms of R+QM

€p — €u T OPy {AM%AM—F@MO&]

This is a consequence of using fields for describing particles

Can we do particle physics without fields?  YES
In that case then, gauge redundancy is not present? YES

Do we actually do computations this way? NOT ALWAYS

Not always clear how to enforce locality and
unitarity; not a well define perturbation theor;sf



Implications

Amplitudes in the soft limit

pi + 4 M = Ma X i{pi'E,Q'G,..-}
@ﬂ Z A PR
Pi - €
:M X i
’ ;sz"q
pi - (€ + aq)
0;Q Pi - q
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Implications

Amplitudes in the soft limit

Z_I_ 7/6 |74
\ p q M — MO % Z szp |92
. p Pi - g
q
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Pi-q

:>O‘“Z pzp@ —O:>Z/<azpz

+ mom cons: sz. — = K; = K Equiyalence 57
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Implications

Amplitudes in the soft limit

Proposed exercise: do the same for s=3, and convince

yourself that high spins must be non interacting
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D, =08, —igTaF}

ny:@quA—@VFf ngBCFfFVC

This combination is also gauge invariant.

For Abeian groups, f vanishes, so no self interactions
of bosons

This, again, can be better understood on the basis of
R+QM
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The Higgs mechanism

Boson and fermion masses are not
allowed by gauge invariance

My YLYR

If the RH exists, then neutrino
masses are possible
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The Higgs mechanism

The electroweak symmetry is broken in the vacuum:

1 /0 _
= (1) (T, + Y){H) = 0
I My X YypU
()
mi, o< g°v*

"= () < > 31



The Higgs mechanism

The electroweak symmetry is broken in the vacuum:

(H) = — <O> (T5 + Y)(H) =0

U

,,,,,,,,,,,,,,,,,, Ty OC YoV

mi, o< g°v*
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The Higgs mechanism

Anecdotal content: the electroweak phase transition within the

SM
It has not been tested
experimentally. It could
<H> } be done using

gravitational waves
(e.g. LISA)

v~ 246 GeV

N =y



The Higgs mechanism

The B and the third component of W mix after EWSB:

3
WP‘
Bl/‘

(1)

(2)

sw =sinfy , cw = cosbw

0w = weak mixing angle

Q=1T3+Y

W W W W 4% Y W Y W V4
W W W W W Y W 7 W 7
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Proposed exercise: Show that there are no vertices

with only Z and photons within the SM.
What if renormalisability is abandoned?
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The Higgs mechanism

Importantly, the Higgs is also needed to maintain the unitarity
of the SM at high energies:

A A

1
327TE%M

O_tot(AB — AB) — /dCOS 9|M(9)’2

B B

M(0) = 167T§:aj(2j + 1) P;(cos 6)

1=0 Legendre
polynomials
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The Higgs mechanism

Importantly, the Higgs is also needed to maintain the unitarity
of the SM at high energies:

Optical theorem

(i.e. unitarity) — Clj < ].
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The Higgs mechanism

Importantly, the Higgs is also needed to maintain the unitarity
of the SM at high energies:

Optical theorem

ImM(AB—ABatf = 0) = 2Ecu|pi| Y  oioi(AB—X)

> 2Ecm ’ﬁz ’U tot(ABﬁ“AB)a

©.@) ﬁ o
27 4+ 1)Im(a,) 27+ 1) |a
jZ::O J ECMZ:(:) ’J’
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Unitarity violation!

O(1)
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Proposed exercise: Using the previous results,

demonstrate that the SM without the Higgs is not
a valid theory for E > few TeV
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