
/Lecture 3 

( christophe.grojean@cern.ch )

Ch!"ophe Grojean

ICREA@IFAE (Barcelona) 

Ch!"ophe Grojean

DESY (Hamburg)

Beyond the 
Standard Model

CERN summer student lectures 2015

5



Christophe Grojean BSM CERN, July 201541

Outline

Monday
general introduction, units 

Tuesday
Higgs physics as a door to BSM

Wednesday
Higgs and Naturalness: small and large numbers in a quantum world

Thursday
grand unification, proton decay

supersymmetry

extra dimensions

Friday
cosmological interplay
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Higgs and Flavor
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 diagonalizable 

no tree-level Flavor Changing Current induced by the Higgs

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

yij

✓
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2f2
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◆
yijp
2
hf̄LifRj

(*) e.g. Buras, Grojean, Pokorski, Ziegler ’11 

(*) 

Look for SM forbidden Flavor Violating decays h → µτ and t→hc

weak indirect constrained by flavor data (e.g. µ→ eγ): BR<10%
ATLAS and CMS have the sensitivity to set bounds O(1%)
ILC/CLIC/FCC-ee can certainly do much better 

 Blankenburg, Ellis, Isidori ’12

Harnik et al ’12
Davidson, Verdier ’12

CMS-PAS-HIG-2014-005
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Figure 6: Constraints on the flavor violating Yukawa couplings, |Yµt|, |Ytµ|. The expected (red
solid line) and observed (black solid line) limits are derived from the limit on B(H ! µt) from
the present analysis. The diagonal Yukawa couplings are approximated by their SM values.
The black dashed lines are contours of B(H ! µt) for reference. The shaded regions are
derived constraints from null searches for t ! 3µ (dark green) and t ! µg (lighter green).
The orange diagonal line is the theoretical naturalness limit YijYji  mimj/v2. The yellow line
is the limit from a reinterpretation, by a theoretical group [8], of an ATLAS H ! tt search.

Off-diagonal Higgs couplings can reveal the origin of flavor
The interesting models of flavor (Yij≈√(mimj/v2)) start being probed by the experimental data

CMS-PAS-HIG-2014-005

by the way:
2.3σ excess!
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see G. Perez’s talk

Why going for HL-LHC? To gain more statistics! 
The winners are the channels that

1) are very rare: σ * L < O(1) @ 300/fb but σ * L > O(1) @ 3/ab 
2) do not saturate the statistical uncertainties, such that S/√B still scales like √L

(need to reduce the theoretical uncertainties as much as possible)

43

HEP with a Higgs boson
“If you don’t have the ball, you cannot score”

Higgs as a target Higgs as a tool

• observe it in as many channels as 
possible to measure its properties

• check of the coupling structure of 
the SM and its deformations

• interpret deviations of Higgs 
couplings as a sign of NP

• a portal to New Physics

• in initial states: rare decays (BSM 
Higgs decays)

e.g., h → µτ, h → J/Ψ+γ
• in final states as an object that 
can be reconstructed and tagged
(BSM Higgs productions)

e.g., t → h+c, H → hh 

See FR,Pomarol,Gupta’14

I think this is a....

Messi-Goal!!!Profound change in paradigm: 
missing SM particle ➪ tool to explore SM and venture into physics landscape beyond

Now with the Higgs boson in their feets, 
particle physicists can... play as well as Barça players
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Higgs and EW vacuum Stability

V (h) = � 1
2µ

2h2 + 1
4�h

4

vev: v2 = µ2/� mass: m2
H = 2�v2

the vacuum is not empty even classically (~ ! 0)

How is Quantum Mechanics changing the picture?

Higher loops
Small Yukawa

=

16⇥2 d�

d lnQ
= 24�2 � (3g�2 + 9g2 � 12y2t )�+ 3

8g
�4 + 3

4g
�2g2 + 9

8g
4 � 6y4t+



Christophe Grojean BSM CERN, July 201545

Small mass (yt dominated RGE)

New physics should appear before 
that point to restore stability

➾ potential unbounded from below� < 0

� � v e4�
2m2

H/3y4
t v

2

0

�

Q

v
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2v2

v e4�
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�(Q) = �0 �
3

8�2 y40 ln
Q
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Linde  ’76, ’80
Weinberg ’76

Maini et al ’78, ’79
Politzer, Wolfram ’79

Lindner ’86
+...

Higgs and EW vacuum Stability
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Quantum Instability of the Higgs Mass
so far we looked only at the RG evolution of the Higgs quartic coupling (dimensionless 

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

= Higher loops
Smaller Yukawa+

46
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Quantum Instability of the Higgs Mass

= Higher loops
Smaller Yukawa+
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= Higher loops
Smaller Yukawa+
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How to Stabilize the Higgs Potential

spontaneously broken global symmetry massless scalar

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

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

... fewer polarization states

... but the Higgs has sizable non-derivative 
couplings

... but the Higgs is a spin 0 particle

m=0
Spin 1 Gauge invariance no longitudinal polarization

Chiral symmetry only one helicitySpin 1/2

Goldstone’s Theorem

The spin trick

49
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Naturalness principle
Following the arguments of Wilson, ‘t Hooft (and others):

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

Natural vs. unnatural

m  ̄

m ! 0

 ! ei✓ 
 ̄! e�i✓ ̄ �m / m

m2AµA
µ

Aµ ! Aµ + @µ↵

m2|H|2
�m / ⇤

m

⇤

Field Symmetry as Implication

(chiral symmetry)

(gauge invariance)
�m / m

None

Spin-1/2

Spin-1

Natural!

Natural!

Spin-0
Unnatural!

Hierarchy problem is not a “just-so story”

3

courtesy to N. Craig  @ Blois ’15

The Higgs mass in the SM doesn’t break any (quantum*) symmetry

* it does break classical scale invariance, as the running of the gauge couplings does too!
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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

 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?

⇤ < me/↵em

⇤ < �m2
⇡/↵em

⇤2 <
�mK

mK

6⇡2

G2
F f

2
K sin2 ✓C
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Playing with cracks: The way forward
Small numbers are not necessarily theoretically inconsistent 

but they require some conspiracy at different scales

Better to find an explanation with new degrees of freedom that cancel the sensitivity to 
the details of the physics at high-energy

Naturalness argumentsTheoretical inconsistencies
✴ 4 Fermi interactions to 
describe muon decay

✴ WLWL scattering
A ⇠ GFE

2➢ W boson

A ⇠ E2/v2 ➢ H boson

✴ positron
✴ rho 
✴ charm quark
✴ susy?
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Quark and Lepton  
mass hierarchy Masses on a Log-scale

53

Small Numbers in a Quantum World 
the mass spectrum of the fermions is intriguing
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Small Numbers in a Quantum World 
the mass spectrum of the fermions is intriguing

When a small number is “protected” by a symmetry, quantum corrections won’t affect it
and we can safely postpone the question “why is it small?” to higher energy scales

The Higgs mass is a priori not protected and its “smallness” requires an explanation now!

the origin of this intriguing spectrum might come from dynamics at much higher scales 
that will never be explored at colliders

but this spectrum is stable under radiative corrections

�me / me if the electron mass is small, it will remain small in a quantum world

The Higgs, as a fundamental scalar field, is the worm inside the SM
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Why mH/MPl~10-16? Why mH so close to the critical boundary?

0 1-1

E/MPl

no EWSB
SM

V (H) = �µ2|H|2 + �|H|4
The last unknown parameter of the SM has been measured

µ ⇡ 88.8GeV � ⇡ 0.13

Higgs & Naturalness
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V (H) = �µ2|H|2 + �|H|4
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0.5

(E/MPl)0.018

Change the metric? e.g. d=(E/MPl)0.018

Higgs & Naturalness
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Higgs self-couplings and Naturalness
In the SM, |H|2 is the only relevant operator 

and it is the source of the hierarchy/naturalness/fine-tuning problem 
It presence has never been tested!

Reconstructing the Higgs potential before EW symmetry breaking 
from measurements around the vacuum is difficult in general

but we can easily test gross features, like the presence of the relevant operator

V = �µ2|H|2 + �|H|4 V (h) =
1

2
m2

hh
2 +

1

6

3m2
h

v
h3 + . . .SM

V = ��|H|4 + 1

⇤2
|H|6 V (h) =

1

2
m2

hh
2 +

1

6

7m2
h

v
h3 + . . .

200% correction
to SM prediction

+
allows 1st phase transition

EW
SB

W
/O

 H
2
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Symmetries to Stabilize 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 stabilization of the weak scale.

gauge-Higgs 
unification models
➾

[Manton ’79, Fairlie 79, Hosotani ’83 +...]

56

Aµ � A5
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EWSB might be unnatural

 cosmological constant problem...
 multiverse...
 landscape of vacua...
 laws of physics are environmental...
 anthropic solution...
 end of reductionism...

nothing to say but the usual words:

will be tested to an unprecedented level (10-4)

Supersymmetry!
(new space-time!
symmetry)

Composite Higgs

Multiverse

anthropic principle?


