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Rationale



Rationale for New Physics
Even if we had no evidence for BSM, there would be a rationale for 

new physics 

Rationale

Hierarchies
gauge, mass, flavor

End of the road
unitarity, triviality, stability

Symmetries and/or dynamics
New states



Rationale for New Physics
Example: Naturalness

Predictive theory: quantum mechanical. In QFT, physical quantities run
mass term in a Lagrangian, quantum corrections

Lm = �m  ̄ �m2
��

2

Fermions
Massless fermion, additional symmetry

 ! e�i�5✓ 
if this chiral symmetry is preserved QM

chiral symmetry protects fermions 
masses from large UV corrections

 Light fermions are technically natural 

�m / m log(µ1/µ2)

Energy

energies we can probe

Quantum Gravity

some new physics

some other new physics



Rationale for New Physics

Lm = �m  ̄ �m2
��

2

Scalars
Massless scalar, scale invariance

Energy

energies we can probe

Quantum Gravity

some new physics

some other new physics

This classical symmetry is not preserved 
QM (is anomalous)

scalars are not protected by a symmetry, 
are UV sensitive, natural value for the 
mass is the highest scale it couples to

Light scalars are unnatural

Example: Naturalness
Predictive theory: quantum mechanical. In QFT, physical quantities run

mass term in a Lagrangian, quantum corrections



Rationale for New Physics
Example: Naturalness

Energy

energies we can probe

Quantum Gravity

some new physics

some other new physics

(Physical mass)^2 = (bare mass)^2 + (unsuppressed Qcorrections)^2
light scalar = enormous fine-tuning 

Quantum corrections to scalars

threshold
corrections QGrav

�m2
� / c1 ⇤

2
NP + c2 M

2
Pl

The Higgs is a scalar, and there is no sight of new physics so far 
Should we just live with it?



Is a tuning all there is?
Example: Naturalness

At the beginning of the EW theory, people were trying to figure 
out how to make sense of a gauge theory with massive W,Z

mass terms spoil renormalizability 
(predictivity) of the gauge theory

Feinberg (1958) proposed divergences were cancelled if a precise 
set of cancellations could happen (invoked fine-tuning) 

I view fine-tunings as calls for 
new principles to be discovered

At the end the story was more subtle 
The concept of Spontaneous Symmetry Breaking 

secret renormalizability



Light scalars

chiral
fermion

gauge
boson

Scalar
SUSY

Gauge-Higgs 
unification

Composite 
Higgs

holography

The light Higgs is a reality
symmetry/duality arguments to explain its nature

Many, many possible realizations (phenomenology)
Predict new states, to be discovered

(SUSY partners, techni-baryons and mesons, spin-two…)
AND induce deviations in the Higgs behaviour 



Back to the Higgs
The Higgs is a very special creature in the SM:

a fundamental and light scalar

energies we can probe

Quantum Gravity

some new physics

h, W , Z, t . . .

MNP

unless

�m2
h ⇠ M2

NP ) mphys
h ⇠ MNP

1. There’s nothing (DESERT)
2. Something special happens

2i.) fine-tuning (small=huge-huge)
m2

h,phys ' m2
h,bare + �m2

h

2ii.) new symmetries
�m2

h / parameter breaks the symm

2iii.) dynamics
scalar=bound state of fermions or gauge fields



Back to the Higgs

Landscape of 
String Theory?

Something like 
Superconductivity?

New dimensions? 
Supersymmetry?

What fundamental principle could be behind this behaviour?



Supersymmetry



Symmetries
We build field theories imposing symmetries on the action

Klein-Gordon, Dirac, Yang-Mills, Fierz-Pauli
great ref: Landau-Lifshitz ClassFT

What is possible or not depends on whether a 
symmetry can be written for it

Coleman-Mandula  no-go theorem [1962]: 

Lie Algebra   =   Poincare          Internal

symmetries of
S-matrix

(space-time, internal)

Example s=0, 1/2, 1, 2

=> internal and external (s-t) symmetries do not talk to each other



Supersymmetry (SUSY)
Supersymmetry is a way around that
abandons the Lie group framework
internal generators = > fermionic Q

super-Poincare algebra

SUSY has important consequences

*being sloppy with daggers

Q |B > = | F >
Q |F > = | B >

Fermions and bosons are no longer 
two separate worlds

Normal field B or F -> SUSY field is both

e.g. Higgs -> SUSY Higgs (H, H̃)

*

Higgs (s=0)+Higgssino (s=1/2)

All fields in superfield are degenerate
=> Higgs should come with a 125 GeV fermion



SUSY breaking

All that is wrong! 

=> Higgs should come with a 125 GeV fermion
=> electron should come with a 0.511 GeV charged scalar

=> there should be a massless fermion (photino) force mediator
etc, etc

Then SUSY must be broken=> splitting between partners 
in the superfield of order the SUSY breaking scale

if SUSY is broken, does any symmetry survive?

yes, R-parity
SM

SM

SM
BSM

SM

BSM



SUSY breaking
if SUSY is broken, does any symmetry survive?

yes, SUSY is still a good symmetry above SUSY breaking scale
Higgsino : chiral fermion -> protected by chiral symmetry

Higgs -> protected by chiral symmetry at high-energies

�m2
h / parameter breaks the symm ⇠ m2

soft ⇠ (TeV )2

Higgs is naturally light in SUSY
as long as the SUSY particles are not too far from the EW scale

Naturalness in SUSY => light SUSY particles



Compositeness

SANDBOX STUDIO



Composite Higgs in a nutshell

As pions in QCD:  
light Higgs as a pseudo-GB from 

spontaneous breaking of a global symmetry

Contrary to pions in QCD: 
the Higgs has 

1. CP-even properties
2. its potential needs to trigger EWSB
3. it should couple as mass

Contrary to the SM Higgs: 
EWSB can be non-linearly realized,

Higgs could be a singlet (not doublet)

f

v

m⇢

4⇡f
UV

completion

confinement
SSB global
resonances

explicit 
breaking

pGB scale
EWSB



Composite Higgs: Quantum numbers

The CP properties of the resulting pGBs depend on the CP 
properties of the strong sector

G ! H
pGBs from SSB

A. Coupling to gauge
part of the global sym H is weakly gauged

depends on the embedding

⌃(x) = exp(i
p
2ha(x)Xa/f)⌃0

⇧1(p
2)⌃TAµA⌫⌃

B. Coupling to fermions
many options for fermion rep

 �i⌃i 

choice of global breaking and embedding: CP-even scalar doublet

pheno: Non-linear realization, Higgs couplings deviations 



Composite Higgs: Quantum numbers

coupling to vectors

co
up

lin
g 

to
 fe

rm
io

ns

different CHMs
correspond to different lines

the effect decreases as

⇠ = v2/f2



Composite Higgs: Potential and EWSB

Usual paradigm: 
potential generated via Coleman-Weinberg contributions

e.g. GAUGE
Georgi-Kaplan (80’s)

gauge-top does not trigger EWSB 
need new fermionic resonances

TOP-PARTNERS

pheno: New, light (below TeV) techni-baryons 
should couple to the Higgs, W, Z 

m2
h ⇠ Ncy2t

16⇡2

v2

f2
m2

T



Composite Higgs: Potential and EWSB

Panico et al. 2016

typical distribution
of top-partners

resonances below ~ 800 GeV are excluded

m2
h ⇠ Ncy2t

16⇡2

v2

f2
m2

T tuning in the Higgs potential severe



Status in model-building
Given the experimental constraints, 

lack of deviations in the Higgs behaviour and 
absence for new composite fermions

interest in more natural (non-minimal) models

examples:
EWSB triggered by other scalars: see-saw CH

 
new symmetries in the global sector: Maximally symmetric CH

VS, SETFORD. 1508.06133

CSAKI, MA, SHU. 1702.00405

e.g. new ways to trigger EWSB and fermion 
mass generation, measure of tuning of the 
theory, un-coloured fermion resonances…



Additional material (Exercises)














