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The Principles

✦ Quantum Mechanics

✦ Relativity 
• spacetime translations

• rotations & boosts
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J i,Ki
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P 0, P i
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[J i, Jj ] = i✏ijkJk

[J i,Kj ] = i✏ijkKk

[Ki,Kj ] = 0
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[J i, Jj ] = i✏ijkJk

[J i,Kj ] = i✏ijkKk

[Ki,Kj ] = �i✏ijkJk

Lorentz Galilei



∆h(x, y, t)

Consequences

limiting speed instantaneous interactions impossible

fields are needed

Relativity  algebra must be represented on Hilbert space  
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H

multiplets labelled by two quantum numbers 
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m2 ⌘ PµPµ
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�m2 s(s+ 1) ⌘ WµWµ
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Wµ ⌘
⇣
~P · ~J , P 0 ~J + ~P ^ ~K

⌘
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m & s

the building blocks are nothing but particles 



particles nicely arise as the smallest amplitude fluctuations of quantum fields 

Relativity      causality
integer spins           ➪  bosons

   half-integer  spins   ➪  fermions

massless particles carry only two spin polarizations for any 
<latexit sha1_base64="ZA9ltljriKiF7uXrk08QX27enKs="></latexit>

s 6= 0

Ex: photon has spin 1 but only two polarizations
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k
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s = 1
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s = �1

interactions subject to powerful geometric constraints :    gauge symmetry

Ex
• Standard Model forces

• gravity
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SU(3)⇥ SU(2)⇥ U(1)

general coordinate 
transformations

 ➪



Fields  +  Principles 
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Z
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= A(p1, . . . , pn)

Quantum  Field  Theory   (QFT)



SM just particular incarnation of QFT

gauge fields SU(3) ⇥ SU(2) ⇥ U(1)Y ⇥ di↵s
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Higgs field

spinors

H = (1,2, 1)
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⇥ 3 families
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QFT makes us builders of possible worlds

… but it offers an infinity of them while we only have got one

how was it picked amid such infinity?



finite  ⋕  inputs ∞  many outputs

Why can we do physics ?
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n-multipole contribution

R !
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large:     fewer multipoles needed
at fixed 
accuracy 

R !
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small:     more multipoles needed

Universality

Reductionism

~R
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Existence of separation of scales is key to Physics



SO(3)

accidental

Long Distance Physics: Simplicity & Accidental Symmetries

Ex.: electrostatic potential at large distance

�(R) =
Q0

R
+

~Q1 · ~R
R3

+
Qij

2 RiRj

R5
+ . . .
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systematic expansion in powers of  
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tmicro

t

long distances & 
long times

 finite number of parameters
to explain experimentsfinite precision

Infrared Simplicity

Accidental Symmetries



Ex: atom in external electric field

~E

h 0( ~E)|dj | 0( ~E)i =
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Selection Rules
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Ex.: classical pendulum

Dimensional Analysis



Effective Quantum Field Theory

Systematic infinite expansion in powers of                        

relativity

QM
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M

emphasized by K. Wilson and S. Weinberg in 70’s
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is necessary to obtain a simplified description

the most naive dimensional guess seems   

P
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Neel paramagnetic 

Ex.: Anti-ferromagnet       V (~') = m2(P )~' · ~' + �(~' · ~')2
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Sachdev ’09

Can undo natural expectation from atomic physics by tuning 
the pressure  at a critical value in a landscape of options

under what conditions  can we escape this naive guess ?   
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The Standard Model as an Effective Field Theory
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effects we either do not observe or 
observe as super-tiny 

Baryon & Lepton number  are broken

allows structure of flavor violation 
other than the observed one

• the neutrini acquire mass
• matter is unstable !

must be large !!
<latexit sha1_base64="UoJ5+k1fhXA44pu2f4KLDJ0pJ0o="></latexit>

M

beautifully explains all that we see in labs
and cosmo (except dark matter)

peculiar structure of flavor & CP violation
  observed in multitude of very precise data

Baryon & Lepton number 
arise as accidental symmetries 

• the neutrini are massless "
• matter is stable "

<latexit sha1_base64="cVISrjZl/jlCV7KcNHcxbTc3aQg="></latexit>

mh ' 0.125 TeV

<latexit sha1_base64="/3Mu3/HrHYNMhE8jg2/8t3Mj8FE="></latexit>

Ld=2 + Ld=4 +
1

M
Ld=5 +

1

M2
Ld=6 + . . .

<latexit sha1_base64="MDBF9i5XQ13JvANJJkoshlObGbQ="></latexit>

L =



➤

➤

➤ ➤

➤

proton
●

➤

➤➤

➤

➤

⇡0

<latexit sha1_base64="qUAgixXDipw0ItJTuuIVlCwh62U="></latexit>

u

<latexit sha1_base64="3EQtb25pM5GHbPlSVkIhnzHumFs="></latexit>

u

<latexit sha1_base64="3EQtb25pM5GHbPlSVkIhnzHumFs="></latexit>

d

<latexit sha1_base64="SIHPRZjyb632IaC9TYg071pi1kY="></latexit>

d̄

<latexit sha1_base64="ldsOvtSp6OWgfGAegjNVpEk231M="></latexit>

ē
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neutrino mass

flavor & CP
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explains a lot!
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Dimensional Analysis & Selection Rules
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Beyond the Standard Model

or

“Making              Calculable” <latexit sha1_base64="ziWswYfSNQUpRJkGlzxREykUS8A="></latexit>mh
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natural hierarchy
like e.g. in BCS
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Two options

✦ Supersymmetry     

✦ Compositeness     

➤
<latexit sha1_base64="JeSuitRPiWukuxs3YJsC6ub+a/0="></latexit>

5thD

fermion

boson

<latexit sha1_base64="VtK9TsHWiI4VVKQ19quD/A2VUA4="></latexit>x, y, z

<latexit sha1_base64="80yLAKvM3Ba7WGaw3BlJ4bNGFkY="></latexit>

✓

<latexit sha1_base64="LAI/HvDcJRfmtyzfPWv3DCiZYdQ="></latexit>

m2
h = mh̃m

⇤
h̃

boson fermion
<latexit sha1_base64="eZGfIc7LJy4TqxCvP//3LF3I4gc="></latexit>

h () h̃

<latexit sha1_base64="g09VSOAVTu1bYT+P3Zb/lszL84I="></latexit>

H CFT
<latexit sha1_base64="IfexSD8hWwqk1novIJPJUIFAOf4="></latexit>

1

M

<latexit sha1_base64="IbQ65PB5rpjbslQixiJj8nXo1no="></latexit>

mh ' 0.2⇥
p
✏⇥M no tuning <latexit sha1_base64="wIMRqQSWytSvhsS694bp3rZS9xU="></latexit>

M <⇠ 1TeV



This is the Hierarchy Paradox

<latexit sha1_base64="qnLYQkGjCevcOp3ZQ48VIyZSAJM="></latexit>

M � mh

<latexit sha1_base64="doIoAo/XYQlC/jDMQ4r4mPyu7zU="></latexit>

M ⇠ mh

✦ Supersymmetry and  Compositeness lack the Simplicity of the SM

 realistic models must be rigged with clever mechanisms

Un-Natural but structurally Simple 

Natural but structurally Complicated 



Testing origin of             at colliders

<latexit sha1_base64="P9wsO75Nl/5589Y35jH7NeLUcAk=">AAAEa3icjZPLbhMxFIbdJkAJt5TuoAuLpBKgKpqpxGWBUAVCpRIRhTZJoY5GHo+TWOO5YHtywZp34BF4CrbwDOzYs+Ud8CRpLu1I7ZFmdOb/Px/bZ3TcmDOpLOvPymqheOXqtbXrpRs3b92+U16/25RRIghtkIhH4tj </latexit>

mh ⇠ 0.1⇥
p
✏⇥M

direct searches 
for new particles

measurements of
Higgs couplings

<latexit sha1_base64="3SjY0o9vA9obLYqfHsPVHkVm930="></latexit>

�g

gSM

⇠ ✏

<latexit sha1_base64="1Eeql5tAOc/ai9zhIz/A0Xs9MW8="></latexit>

✏ <⇠ 10�1

<latexit sha1_base64="ziWswYfSNQUpRJkGlzxREykUS8A="></latexit>mh

LHC    HL-LHC    

<latexit sha1_base64="U0VdzAZemmNWndCwdjvIvG//m7A="></latexit>

✏ <⇠ 2⇥ 10�2

FCC   

<latexit sha1_base64="00Tmm/LNmyizXVg+RUPc0XoaoGU="></latexit>

✏ < 10�3 ÷ 10�5
<latexit sha1_base64="vYVpeYm/dWHGc8m7oeP5hxBWubE="></latexit>

✏ < 10�1 ÷ 10�3

<latexit sha1_base64="iigw//jK6j71UtNjJuv48FlWt94="></latexit>

✏ <⇠ 10�3



Another story:  do we understand why the Universe is so big?

vacuum
energy 
density

<latexit sha1_base64="mkPKtozKJl2yP7fYplB8qME9vBs="></latexit>

⇢ ⇠ 1

16⇡2

�
c0M

4 + c1g
2
M

2
H

†
H + . . .

�

gravity
<latexit sha1_base64="zvMhKLJg8HU6RwqvyPZSZHGpJ/I="></latexit>

1

R2
= 8⇡GN ⇢

<latexit sha1_base64="bl8wleW/I8+5ON1xg5O96tAoW5g="></latexit>

R =

✓
TeV

M

◆2

⇥ 1 cm

<latexit sha1_base64="+nFrzazuru80RYqVt/uhbS4DPbY="></latexit>

R ⌘ 1

H
⇠ 1028 cmobservation

and concrete dynamical solution yet to be found 

!!!!!!!! 



Multiverse & Anthropic Principle

Weinberg 1987
Barrow - Tipler 1986

<latexit sha1_base64="2QSxkCmUozf6WomAwgu8vElRsx4="></latexit>

⇢ > (a few)⇥ ⇢c no observers

generic prediction                    later confirmed by discovery of 
accelerated expansion

Riess et al  -  Perlmutter et al. 1998

<latexit sha1_base64="+JzVhj7FHzVuuJRX1f/cMWDy/uY="></latexit>⇢ ⇠ ⇢c



Could also            be   the result of anthropic selection?
Agrawal, Donoghue, Barr, Seckel 1997
….
Hall, Nomura 2007

<latexit sha1_base64="qzdDB1CrKYlgUwGcFdYyH5B3vtk="></latexit>mquark / yq mh structure in nuclear & atomic physics
 very sensitive to value of  

<latexit sha1_base64="JDd14kLrJ9TKk0ZwE2ku4+Fip0k="></latexit>melectron / ye mh

<latexit sha1_base64="aBdfG4LvjGahPw0xd/l1LvM/nog="></latexit>

mh ! mh

2

<latexit sha1_base64="Z2wTU6ymVlVK/ANEqjJTVrPQK30="></latexit>

mh ! 5mh

<latexit sha1_base64="cFFW5aNJF5WpZBN62jwzMiJhx8A="></latexit>

p ! n+ e+ + ⌫

<latexit sha1_base64="MePTBBWq82UksMWcBLQwUOaytfQ="></latexit>uuu only stable baryon

The Multiverse  would be the ultimate Copernican Revolution
 but how can we test it?

<latexit sha1_base64="p+3fyBmD1W4mEfo9FAh3xVAGB2Q="></latexit>mh



Where do we go from here?

Particle physics raises deep structural questions

The answer may lie outside the present framework, beyond QFT

QFT remains a necessary and fertile ground for exploration as
shown by its continuous renewal

Work technical and try to think deep but, please, do not loose 
sight of particle physics, waiting for that crazy enough idea

In the meanwhile experiments will go on,  little by little…



The most beautiful thing we can experience is the mysterious….

TeV


