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Outline
 Monday 

Lagrangians 
Lorentz symmetry - scalars, fermions, gauge bosons 

Dimensional analysis: cross-sections and life-time. 

 Tuesday  
Dimensional analysis: cross-sections and life-time 
Nuclear decay, Fermi theory 

 Wednesday 
Breakdown of the Fermi theory 
Gauge interactions: U(1) electromagnetism, SU(2) weak interactions  

Thursday 
From SU(2) to the Fermi theory, SU(3) QCD  
Chirality of weak interactions, Pion decay 
Spontaneous symmetry breaking and Higgs mechanism 
Quark and lepton masses, Neutrino masses 

Friday 
Higgs mechanism and masses 
Running couplings: asymptotic freedom of QCD, Unification 
Hierarchy problem and how to solve it (maybe)
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Spontaneous Symmetry
Symmetry of the Lagrangian Symmetry of the Vacuum

Higgs Doublet Vacuum Expectation Value

SU(2)L � U(1)Y

H =
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Most general Higgs (renormalisable) potential

v2>0 EW symmetry breaking, v2<0 no breaking
Why Nature has decided that v2>0? No dynamics explains it
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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
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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 =

✓
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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)
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m�
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mV

v
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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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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
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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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DISCRETE SYMMETRIES CPT

1
CPTtheoremiaDLorentzinvariant QFT thatviolatesCPT

Priola weakinteractionsviolate CP
violating isequivalenttoviolating1

NONABELIANSYMMETRY

1
Lagrangian L IFwFf withFfn 2µAf2wAµatqfabcAµbAE
Covariantderivative Dµ 2µ iqTaAµa

SM Summary

effective coupling to Z boson
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Evolution of coupling constants

Cla$ical #ysics: the forces depend on distances

Quantum #ysics : the charges depend on distances

virtual particles screen  
    the electric charge: α    when d 

virtual particles (quarks and *gluons*) screen 
the strong charge: αs      when d 

‘asymptotic freedom’

⌅�s

⌅ logE
= ⇥(�s) =

�2
s

⇤

�
�11Nc

6
+

Nf

3

⇥

αs becomes infinite at long distance: the quarks cannot escape →“confinement”

QED  

QCD

90
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A single form of matter 
A single fundamental interaction

Grand Unified Theories

91
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Proton Decay

938.2720813(58) MeV

Why is the proton stable? 
Baryon number conservation? 

It turns out to be an accidental symmetry at low energy: 
with the SM matter content, one cannot write  

gauge invariant interaction  that breaks this symmetry

8 

Shocking news from GUT: matter is unstable! 

q 

q 

q q 
q 

l 

nucleon 
meson 

lepton MX 

GUT:  τ p(p→ e+π 0 ) = MX

1015 GeV
"

#
$

%

&
'

4

1031−32  yr

Exp:  τ p(p→ e+π 0 )> 8.2×1033  yr

in GUT, “matter” is unstable 
decay of proton mediated by new 

SU(5)/SO(10) gauge bosons

other decay mode:

Michal Malinsky, IPNP Prague Portorož,  April 21 2017Uncertainties in proton lifetime estimates /many

SU(5)+15
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[2]

[5]

1032 10361028 1040

SU(5)
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[1]

SU(5)+45 [4]no
n-
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SY
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SY

SU(5)

SO(10)
SO(10)

SU(5)
[6]

[8]

[7]
[6]

 lifetime [years]:

p+ ! ⇡0e+

p+ ! K+⌫

11

[1] Georgi, Quinn, Weinberg, PRL 33, 451 (1974)
[2] Dorsner, Fileviez Perez, NPB 723, 53 (2005) 
[3] Dorsner, Fileviez Perez, Rodrigo, PRD75, 125007 (2007)
[4] Dorsner, Fileviez Perez, PLB 642, 248 (2006)

[5] Lee, Mohapatra, Parida, Rani, PRD 51 (1995)
[6] Pati, hep-ph/0507307
[7] Murayama, Pierce, PRD 65. 055009 (2002)
[8] Dutta, Mimura, Mohapatra, PRL 94, 091804 (2005)
... and many more.

Sample of estimates

vi Baryon Number Violation

Figure 1-1. Evolution of the three gauge couplings ↵i with momentum Q: Standard Model (left panel)

and Minimal Supersymmetric Standard Model (right panel)

Y gauge boson that mediate proton decay, increase significantly with low energy SUSY (see right panel of
Fig. 1-1) [40].

Supersymmetric grand unified theories (SUSY GUTs) [41, 42, 43, 44, 45, 46, 47] are natural extensions
of the Standard Model that preserve the attractive features of GUTs noted above, such as quantization of
electric charge, and lead to reasonably precise unification of the three gauge couplings. They also explain the
existence of the weak scale, which is much smaller than the GUT scale, and provide a dark matter candidate
in the form of the lightest SUSY particle. Low energy SUSY brings in a new twist to proton decay, however,
as it predicts a new decay mode p ! ⌫K+ that would be mediated by the colored Higgsino [48],[49], the
GUT/SUSY partner of the Higgs doublets (see Fig. 1-2, right panel). The lifetime for this mode in minimal
renormalizable SUSY SU(5) is typically shorter than the current experimental lower limit quoted in Eq.
(1.1), provided that the SUSY particle masses are less than about 3 TeV, so that they are within reach of
the LHC. This is, however, not the case in fully realistic SUSY SU(5) models, as shall be explained below.

p 
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�
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u

�
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�
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˜ t 

Figure 1-2. Diagrams inducing proton decay in GUTs. p ! e+⇡0
mediated by X gauge boson (left) in

non-SUSY and SUSY GUTs, and p ! ⌫K+
generated by a d = 5 operator in SUSY GUTs. (right).

In order to evaluate the lifetimes for the p ! ⌫K+ and p ! e+⇡0 decay modes in SUSY SU(5) [50], a
symmetry breaking sector and a consistent Yukawa coupling sector must be specified. In SU(5), one family
of quarks and leptons is organized as {10 + 5 + 1}, where 10 � {Q, uc, ec}, 5 � {dc, L}, and 1 ⇠ ⌫c. SU(5)
contains 24 gauge bosons, 12 of which are the gluons, W±, Z0 and the photon, while the remaining 12 are the

Community Planning Study: Snowmass 2013

1.3 Nucleon Decay Experiments: Past, Present and Future xv

of baryon number violation that conserve (B + L)1 or violate only B (e.g. dinucleon decay). Studies along
these lines are an active area of inquiry within the Super-Kamiokande collaboration and a handful of first
results, all negative so far, are presented in talks, theses, or are being prepared for publication.
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Figure 1-4. Summary of lifetime limits for proton or bound neutron decay into antilepton plus meson;

the complete set of possible two-body decay modes that conserve B � L is listed. Experimental searches

were conducted by Super-K (dark blue gradient band with marker) and previous experiments: Soudan (pink

diamonds), Frejus (purple hexagons), Kamiokande (light blue ovals), and IMB (light green rectangles).

1.3.2 Proposed Proton Decay Search Experiments

There are a variety of proposals to continue the search for nucleon decay with a new generation of experiments.
Some of these proposals are inactive or discontinued, while others are being actively discussed in various
parts of the world. The proposed detectors can be categorized broadly in three distinctive technologies:

1 Decay modes with a final state neutrino, always unobserved, may be interpreted as conserving (B � L) or (B + L)

Community Planning Study: Snowmass 2013

Babu et al '13

https://arxiv.org/pdf/1311.5285.pdf
https://arxiv.org/pdf/1311.5285.pdf
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SM & Gravity
 It is actually possible to couple the SM to gravity and to quantise the graviton. The issue is that gravity is 
not renormalisable and to get ride of infinities in loop computation, one needs to add more and more 
counter-terms that are not present originally in the classical GR Lagrangian. At most gravity can be treated 
as an effective field theory and there are arguments that show that its UV completion is unlikely to be a 
quantum field theory but rather a theory of more complicated objects like matrices or strings. There is an 
important difference between gauge (spin-1) interactions and gravity: the gauge couplings of the former 
exhibit a logarithmic evolution with the energy of the process, while the strength of gravity grows like E2. An 
important question is to figure out the scale of quantum gravity: is it MPlanck~1019GeV? it could be lower 
down to few TeVs if there are (large or highly curved) extra dimensions. In that case, totally new 
phenomena could be observed at colliders… see the BSM lectures

picture from:
https://is.gd/eoMCgC
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Quantum Instability of the Higgs Mass
The running of gauge couplings and of the Higgs quartic coupling is logarithmic: 

The Higgs mass has a totally different behaviour: it is highly dependent on the UV physics, 
which leads to the so called hierarchy problem. 

= Higher loops 
Smaller Yukawa+
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http://prola.aps.org/abstract/PR/v56/i1/p72_1
http://inspirebeta.net/record/144074
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The hierarchy problem made easy

we don’t know why gravity is so weak?
we don’t know why the masses of particles are so small?

only a few electrons are enough to lift your hair (~ 1025 mass of e-) 
the electric force between 2 e- is  1043 times larger than their gravitational interaction

Several theoretical hypothesis
new dynamics? new symmetries? new space-time structure?
 modification of special relativity? of quantum mechanics?

95
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How to Stabilise the Higgs Scale

a particle of spin s:
2s+1 polarisation states 

...with the only exception of a particle moving at the 
speed of light 

... fewer polarisation states

... but the Higgs is a spin 0 particle

m=0
Spin 1 Gauge invariance no longitudinal polarisation

Chiral symmetry only one helicitySpin 1/2

The spin trick

96

If the symmetries are broken, the radiative mass will be set by the scale  
of symmetry breaking, not the UV/Planck scale
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Symmetries to Stabilise a Scalar Potential

Supersymmetry

fermion ~ boson

Higher Dimensional  
Lorentz invariance

4D spin 1 4D spin 0

These symmetries cannot be exact symmetry of the Nature.  
They have to be broken. We want to look for a soft breaking in 

order to preserve the stabilisation of the weak scale.

gauge-Higgs  
unification models➾

97

Aµ � A5
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Conclusions
Hopefully you now understand all what is written on the CERN T-shirt

and you can safely go to the beach with it without fearing any question
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One day, one of you might take his job…

Hopefully, that day you’ll remember  
what you have learnt during your stay at CERN

B. Clinton, Davos 2011 
https://www.youtube.com/watch?v=p2dT7xVS6-s

(around 54’20”)

https://www.youtube.com/watch?v=p2dT7xVS6-s
http://ippog.web.cern.ch/resources/2011/bill-clinton-davos-2011
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Thank you for your attention. 
Good luck for your studies!

if you have question/want to know more 

do not hesitate to send me an email 

christophe.grojean@desy.de

mailto:christophe.grojean@desy.de
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Technical Details  
for Advanced Students
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Dimensionality of π
In HEP natural units, we set c=h=1, such that [length]=[time]=[mass]-1=[energy]-1
But these fundamental constants are dimensionful. And it might be useful to keep track of the h-dimensions in 
addition to the mass dimension of any physical quantity

//

/
Chapter 2. Effective Lagrangians for the Higgs boson

Mn ~n

scalar field � 1 1/2

fermion field  3/2 1/2

vector field Aµ 1 1/2

mass m 1 0

gauge coupling g 0 �1/2

quartic coupling � 0 �1

Yukawa coupling yf 0 �1/2

Table 2.1 – Mass and ~ dimensionalities of the classical SM fields and couplings for c = 1
but ~ 6= 1. This follows trivially from the dimensionality of the quantum mechanical
action [S] = ~ when ~ is put back into place.

than derivatives. This remark greatly simplifies the list of relevant operators.

The list of dimension-6 operators has been discussed at length in the literature [54–63], for
recent reviews see Refs. [64, 65]. There exist various bases for the dimension-6 operators
related by field redefinitions, or equivalently, the classical equations of motion. In the
following we will adopt the basis discussed in Refs. [53, 65] which has several advantages.
Firstly, it captures the effects of a well motivated set of new physics models in only a
minimal number of operators. Universal theories, for instance, describing those models
whose low energy effects can be encoded solely in higher dimensional operators consisting
of SM bosons, can be captured by only 14 operators corresponding to the 14 degrees of
freedom parametrising all possible NP effects. Composite Higgs models without particle
compositeness are an example of such models. If the elementary fermions couple to the
strong sector, also fermionic operators are induced. Thus potentially complicated, linear
combinations (as would be needed for example in the basis of Ref. [63]) can be avoided.
The operators in this basis are furthermore directly related to experimentally measured
quantities which simplifies the procedure to set bounds on the coefficients [52]. Secondly,
under reasonable assumptions, this basis allows one to distinguish operators arising from
tree and loop level diagrams when integrating out the heavy particles. Their coefficients
are hence expected to be of different size, i.e. loop suppressed or not [53]. As discussed in
Refs. [53, 65], the dimension-6 operators fall into the following three categories.

Tree level operators with extra powers of Higgs fields or SM fermions. Op-
erators in this first category are built from products of SM bilinears. They appear by
integrating out heavy scalars, fermions or vectors at tree level and contain extra powers
of Higgs fields or SM fermions thus contributing additional powers of gH and gfL,R

.
According to the power counting in Eq. (2.21) and Table 2.1, these operators can be

16

S =

Z
d4x

�
L0 + ~L1 + ~2L2 + . . .

�

[L0]~ = 1

[L0]M = 4 [L1]M = 4 [L2]M = 4

[L1]~ = 0 [L2]~ = �1

The factors of π are very often associated to loop factors which are counting the h-dimension
Remember the normalisation of the states in QFT: 

/

1

M2
g
2
⇤
�
@
µ|H|2

�2

[·]~ = 2[·]~ = �1

example: 
tree-level generated operator

1

M2

g
2

16⇡2
g
02|H|2Bµ⌫B

µ⌫

example: 
one-loop generated operator

d4k/(2⇡)4
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SU(5) GUT: Gauge Group Structure
SU(3)cxSU(2)LxU(1)Y: SM Matter Content 

QL =

�
uL

dL

⇥
= (3, 2)1/6, uc

R = (3̄, 1)�2/3, dcR = (3̄, 1)1/3, L =

�
�L

eL

⇥
= (1, 2)�1/2, ecR = (1, 1)1

103
10 = uc

R +QL + ecR

SU(3)cxSU(2)LxU(1)Y ⊂ SU(5) 

�
SU(2)

SU(3)

⇥SU(5) 
Adjoint rep.

additional U(1) factor that 
commutes with SU(3)xSU(2)

T 12 =

⌥
3

5

�

⇧⇧⇧⇧⇤

1/2
1/2

�1/3
�1/3

�1/3
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2
�ab
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�
3
5
+ (3̄, 1) 1

3

�
3
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5̄ = L+ dcR

10 = (5� 5)A = (3̄, 1)� 2
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⇥
3
5
+ (3, 2) 1

6

⇥
3
5
+ (1, 1)⇥ 3
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�
3

5
Y

g5T
12 = g�Y

g5

�
3

5
= g� g5 = g = gs

sin2 �W =
3

8
@ MGUT

How can you ever remember all these numbers?
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SU(5) GUT: low energy consistency condition

1

�i(MZ)
=

1

�GUT
� bi

4⇥
ln

M2
GUT

M2
Z

i = SU(3), SU(2), U(1)

�3(MZ),�2(MZ),�1(MZ)

b3, b2, b1

experimental inputs

predicted by the matter content

(�GUT ,MGUT )3 equations & 2 unknowns

one consistency relation on low energy parameters

104

⇥ijk
bj � bk
�i(MZ)

= 0 sin2 ⇥W =
3(b3 � b2)

8b3 � 3b2 � 5b1
+

5(b2 � b1)

8b3 � 3b2 � 5b1

�em(MZ)

�s(MZ)

�em(MZ) ⇥
1

128
�s(MZ) ⇥ 0.1184± 0.0007

sin2 �W � 0.207 not bad… (observed value: 0.23) 
Even better in MSSM
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��1
GUT =

3b3�s(MZ)� (5b1 + 3b2)�em(MZ)

(8b3 � 3b2 � 5b1)�s(MZ)�em(MZ)

MGUT = MZ exp

�
2⇥

3�s(MZ)� 8�em(MZ)

(8b3 � 3b2 � 5b1)�s(MZ)�em(MZ)

⇥
⇥ 7� 1014 GeV

� 41.5

self-consistent computation: •  MGUT << MPl safe to neglect quantum gravity effects 
•  αGUT << 1 perturbative computation valid

SU(5) GUT: low energy consistency condition

1

�i(MZ)
=

1

�GUT
� bi

4⇥
ln

M2
GUT

M2
Z

i = SU(3), SU(2), U(1)

�3(MZ),�2(MZ),�1(MZ)

b3, b2, b1

experimental inputs

predicted by the matter content

(�GUT ,MGUT )3 equations & 2 unknowns

one consistency relation on low energy parameters
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SU(5) GUT: SM β fcts

27 

g, g’ and gs are different but this is a low energy artefact!
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SU(5) GUT: SM vs MSSM β fcts

chiral superfield vector superfield
complex spin-0 
Weyl spin-1/2 

in same representation of gauge group

Weyl spin-1/2 
real spin-1 

in same representation of gauge group
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MSSM Chiral Content 
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SU(5) GUT: MSSM GUT

b3 = 3, b2 = �1, b1 = �33/5

sin2 ⇥W =
3(b3 � b2)

8b3 � 3b2 � 5b1
+

5(b2 � b1)

8b3 � 3b2 � 5b1

�em(MZ)

�s(MZ)
⇥ 0.23

MGUT = MZ exp

�
2⇥

3�s(MZ)� 8�em(MZ)

(8b3 � 3b2 � 5b1)�s(MZ)�em(MZ)

⇥
⇤ 2⇥ 1016 GeV

��1
GUT =

3b3�s(MZ)� (5b1 + 3b2)�em(MZ)

(8b3 � 3b2 � 5b1)�s(MZ)�em(MZ)
⇥ 24.3

low-energy consistency relation for unification

GUT scale predictions

squarks and sleptons form complete SU(5) reps ➙ they don’t improve unification! 
gauginos and higgsinos are improving the unification of gauge couplings

108
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Proton Decay
in GUT, matter is unstable 

decay of proton mediated by new SU(5)/SO(10) gauge bosons

8 

Shocking news from GUT: matter is unstable! 

q 

q 

q q 
q 

l 

nucleon 
meson 

lepton MX 

GUT:  τ p(p→ e+π 0 ) = MX

1015 GeV
"

#
$

%

&
'

4

1031−32  yr

Exp:  τ p(p→ e+π 0 )> 8.2×1033  yr

(G. Giudice SSLP’15)

(Age of the Universe: 1010 years)

Citation: M. Tanabashi et al. (Particle Data Group), Phys. Rev. D 98, 030001 (2018)

p MEAN LIFEp MEAN LIFEp MEAN LIFEp MEAN LIFE

Of the two astrophysical limits here, that of GEER 00D involves consider-
ably more refinements in its modeling. The other limits come from direct
observations of stored antiprotons. See also “p Partial Mean Lives” after
“p Partial Mean Lives,” below, for exclusive-mode limits. The best (life-

time/branching fraction) limit there is 7 × 105 years, for p → e−γ. We
advance only the exclusive-mode limits to our Summary Tables.

LIMIT
(years) CL% EVTS DOCUMENT ID TECN COMMENT

• • • We do not use the following data for averages, fits, limits, etc. • • •

>5.0 90 SELLNER 17 TRAP Penning trap

>8 × 105 90 1 GEER 00D p/p ratio, cosmic rays
>0.28 GABRIELSE 90 TRAP Penning trap
>0.08 90 1 BELL 79 CNTR Storage ring
>1 × 107 GOLDEN 79 SPEC p/p ratio, cosmic rays

>3.7 × 10−3 BREGMAN 78 CNTR Storage ring

1GEER 00D uses agreement between a model of galactic p production and propagation
and the observed p/p cosmic-ray spectrum to set this limit.

p DECAY MODESp DECAY MODESp DECAY MODESp DECAY MODES

See the “Note on Nucleon Decay” in our 1994 edition (Phys. Rev. D50D50D50D50,
1173) for a short review.

The “partial mean life” limits tabulated here are the limits on τ/Bi , where
τ is the total mean life and Bi is the branching fraction for the mode in
question. For N decays, p and n indicate proton and neutron partial
lifetimes.

Partial mean life
Mode (1030 years) Confidence level

Antilepton + mesonAntilepton + mesonAntilepton + mesonAntilepton + meson
τ1 N → e+π > 2000 (n), > 8200 (p) 90%

τ2 N → µ+π > 1000 (n), > 6600 (p) 90%

τ3 N → ν π > 1100 (n), > 390 (p) 90%

τ4 p → e+ η > 4200 90%

τ5 p → µ+ η > 1300 90%

τ6 n → ν η > 158 90%

τ7 N → e+ρ > 217 (n), > 710 (p) 90%

τ8 N → µ+ρ > 228 (n), > 160 (p) 90%

τ9 N → ν ρ > 19 (n), > 162 (p) 90%

τ10 p → e+ω > 320 90%

τ11 p → µ+ω > 780 90%

τ12 n → νω > 108 90%

τ13 N → e+K > 17 (n), > 1000 (p) 90%

HTTP://PDG.LBL.GOV Page 9 Created: 6/5/2018 19:00

Citation: M. Tanabashi et al. (Particle Data Group), Phys. Rev. D 98, 030001 (2018)

τ14 p → e+K0
S

τ15 p → e+K0
L

τ16 N → µ+K > 26 (n), > 1600 (p) 90%

τ17 p → µ+K0
S

τ18 p → µ+K0
L

τ19 N → νK > 86 (n), > 5900 (p) 90%

τ20 n → νK0
S > 260 90%

τ21 p → e+K∗(892)0 > 84 90%

τ22 N → νK∗(892) > 78 (n), > 51 (p) 90%

Antilepton + mesonsAntilepton + mesonsAntilepton + mesonsAntilepton + mesons
τ23 p → e+π+π− > 82 90%

τ24 p → e+π0π0 > 147 90%

τ25 n → e+π−π0 > 52 90%

τ26 p → µ+π+π− > 133 90%

τ27 p → µ+π0π0 > 101 90%

τ28 n → µ+π−π0 > 74 90%

τ29 n → e+K0π− > 18 90%

Lepton + mesonLepton + mesonLepton + mesonLepton + meson
τ30 n → e−π+ > 65 90%

τ31 n → µ−π+ > 49 90%

τ32 n → e−ρ+ > 62 90%

τ33 n → µ−ρ+ > 7 90%

τ34 n → e−K+ > 32 90%

τ35 n → µ−K+ > 57 90%

Lepton + mesonsLepton + mesonsLepton + mesonsLepton + mesons
τ36 p → e−π+π+ > 30 90%

τ37 n → e−π+π0 > 29 90%

τ38 p → µ−π+π+ > 17 90%

τ39 n → µ−π+π0 > 34 90%

τ40 p → e−π+K+ > 75 90%

τ41 p → µ−π+K+ > 245 90%

Antilepton + photon(s)Antilepton + photon(s)Antilepton + photon(s)Antilepton + photon(s)

τ42 p → e+γ > 670 90%

τ43 p → µ+γ > 478 90%

τ44 n → ν γ > 550 90%

τ45 p → e+γγ > 100 90%

τ46 n → ν γγ > 219 90%

Antilepton + single masslessAntilepton + single masslessAntilepton + single masslessAntilepton + single massless
τ47 p → e+X > 790 90%

τ48 p → µ+X > 410 90%
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τ46 n → ν γγ > 219 90%

Antilepton + single masslessAntilepton + single masslessAntilepton + single masslessAntilepton + single massless
τ47 p → e+X > 790 90%

τ48 p → µ+X > 410 90%
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p MEAN LIFEp MEAN LIFEp MEAN LIFEp MEAN LIFE

Of the two astrophysical limits here, that of GEER 00D involves consider-
ably more refinements in its modeling. The other limits come from direct
observations of stored antiprotons. See also “p Partial Mean Lives” after
“p Partial Mean Lives,” below, for exclusive-mode limits. The best (life-

time/branching fraction) limit there is 7 × 105 years, for p → e−γ. We
advance only the exclusive-mode limits to our Summary Tables.

LIMIT
(years) CL% EVTS DOCUMENT ID TECN COMMENT

• • • We do not use the following data for averages, fits, limits, etc. • • •

>5.0 90 SELLNER 17 TRAP Penning trap

>8 × 105 90 1 GEER 00D p/p ratio, cosmic rays
>0.28 GABRIELSE 90 TRAP Penning trap
>0.08 90 1 BELL 79 CNTR Storage ring
>1 × 107 GOLDEN 79 SPEC p/p ratio, cosmic rays

>3.7 × 10−3 BREGMAN 78 CNTR Storage ring

1GEER 00D uses agreement between a model of galactic p production and propagation
and the observed p/p cosmic-ray spectrum to set this limit.

p DECAY MODESp DECAY MODESp DECAY MODESp DECAY MODES

See the “Note on Nucleon Decay” in our 1994 edition (Phys. Rev. D50D50D50D50,
1173) for a short review.

The “partial mean life” limits tabulated here are the limits on τ/Bi , where
τ is the total mean life and Bi is the branching fraction for the mode in
question. For N decays, p and n indicate proton and neutron partial
lifetimes.

Partial mean life
Mode (1030 years) Confidence level

Antilepton + mesonAntilepton + mesonAntilepton + mesonAntilepton + meson
τ1 N → e+π > 2000 (n), > 8200 (p) 90%

τ2 N → µ+π > 1000 (n), > 6600 (p) 90%

τ3 N → ν π > 1100 (n), > 390 (p) 90%

τ4 p → e+ η > 4200 90%

τ5 p → µ+ η > 1300 90%

τ6 n → ν η > 158 90%

τ7 N → e+ρ > 217 (n), > 710 (p) 90%

τ8 N → µ+ρ > 228 (n), > 160 (p) 90%

τ9 N → ν ρ > 19 (n), > 162 (p) 90%

τ10 p → e+ω > 320 90%

τ11 p → µ+ω > 780 90%

τ12 n → νω > 108 90%

τ13 N → e+K > 17 (n), > 1000 (p) 90%
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CG SSLP2022

 the need of the positron to screen the electron self-energy:  

 the rho meson to cutoff the EM contribution to the charged pion mass:  

 the kaon mass difference regulated by the charm quark: 

 the light Higgs boson to screen the EW corrections to gauge bosons self-energies 

 ... 

 new physics at the weak scale to cancel the UV sensitivity of the Higgs mass? 
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Naturalness principle @ work
Following the arguments of Wilson, ‘t Hooft (and others):  

only small numbers associated to the breaking of a symmetry survive quantum corrections

Beautiful examples of naturalness  to understand the need of “new” physics
see for instance Giudice ’13 (and refs. therein) for an account

Introduce new degrees of freedom to regulate the high-energy behavior

http://arxiv.org/abs/arXiv:1307.7879

