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Physics is the continuos e!ort towards a deeper 
understanding of the laws of Nature.

BSM: What For ?

The SM is the state-of-the-art of our knowledge of 
Fundamental Interactions.

BSM aims to unveil the microscopic origin of the SM, 
of its Þelds, Lagrangian and parameters.

BSM      Beyond the SM
(goal is not ``new physicsÕÕ per se)

BSM      Behind the SM
(goal is explain SM mysteries)
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1. No-Lose Theorems  (or, why the Higgs is revolutionary)"

2. The ÒSM-onlyÕÕ Option 

3. The Naturalness Argument 

4. What if Un-Natural?

Plan of the lecture
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Beyond the Fermi Theory:

A number of guaranteed  discoveries in the history of HEP

Beyond the Bottom Quark:
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mW < 4⇡v

mt < 4! v

mH < 4⇡v

Each secretly (ask if interested) due to d=6 non-renorm. 
operators, signalling nearby new physics.

No-Lose Theorems

Beyond the (Higgsless) EW Theory:
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Each time we exploit one No-Lose Theorem, we get rid of 
one d=6 operator É

< 16! 2

grav.

grav.

grav.

grav.

! SM ! M P

É the last, impractical, No-Lose Theorem is Q.G. at       !M P

1
GN

!
gR ! GN E 2 " E 2/M P

2

No-Lose Theorems

f

f
d=6 vertex d=4 vertices

e.g.

W/Z

É and only one is left after Higgs discovery É
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The statement survives quantum corrections:

No-Lose Theorems
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Figure 1: Left : SM RG evolution of the gauge couplingsg1 =
!

5/ 3g!, g2 = g, g3 = gs, of the
top and bottom Yukawa couplings (yt , yb), and of the Higgs quartic coupling! . All couplings are
deÞned in theMS scheme. The thickness indicates the± 1" uncertainty. Right : RG evolution of
! varying M t , M h and #s by ± 3" .

the Yukawa sector and can be considered the Þrst complete NNLO evaluation of! ! (µ).

We stress that both these two-loop terms are needed to match the sizable two-loop scale

dependence of! around the weak scale, caused by the! 32y4
t g2

s + 30y6
t terms in its beta

function. As a result of this improved determination of! ! (µ), we are able to obtain a

signiÞcant reduction of the theoretical error onMh compared to previous works.

Putting all the NNLO ingredients together, we estimate an overall theory error onMh of

± 1.0 GeV (see section3). Our Þnal results for the condition of absolute stability up to the

Planck scale is

Mh [GeV] > 129.4 + 1.4
"

Mt [GeV] ! 173.1
0.7

#
! 0.5

"
" s(MZ ) ! 0.1184

0.0007

#
± 1.0th . (2)

Combining in quadrature the theoretical uncertainty with the experimental errors onMt and

" s we get

Mh > 129.4 ± 1.8 GeV. (3)

From this result we conclude that vacuum stability of the SM up to the Planck scale is

excluded at 2# (98% C.L. one sided) forMh < 126 GeV.

Although the central values of Higgs and top masses do not favor a scenario with a

vanishing Higgs self coupling at the Planck scale (MPl ) Ñ a possibility originally proposed
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[see e.g. De Grassi et.al., 2013]
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Figure 5: Regions of absolute stability, meta-stability and instability of the SM vacuum in theM t Ð
M h plane (upper left) and in the ! Ðyt plane, in terms of parameter renormalized at the Planck
scale (upper right). Bottom : Zoom in the region of the preferred experimental range ofM h and
M t (the gray areas denote the allowed region at 1, 2, and 3" ). The three boundary lines correspond
to #s(M Z ) = 0 .1184± 0.0007, and the grading of the colors indicates the size of the theoretical
error. The dotted contour-lines show the instability scale! in GeV assuming#s(M Z ) = 0 .1184.

determined at hadron colliders su! ers fromO(" QCD) non-perturbative uncertainties [41]. A

possibility to overcome this problem and, at the same time, to improve the experimental

error on Mt , would be a direct determination of theMS top-quark running mass from ex-

periments, for instance from thetøt cross-section at a futuree+e! collider operating above

the tøt threshold. In this respect, such a collider could become crucial for establishing the

structure of the vacuum and the ultimate fate of our universe.

As far as the RG equations are concerned, the error of± 0.2 GeV is a conservative

estimate, based on the parametric size of the missing terms. The smallness of this error,

compared to the uncertainty due to threshold corrections, can be understood by the smallness

of all the couplings at high scales: four-loop terms in the RG equations do not compete with

Þnite tree-loop corrections close to the electroweak scale, where the strong and the top-quark

Yukawa coupling are large.

The LHC will be able to measure the Higgs mass with an accuracy of about 100Ð200

MeV, which is far better than the theoretical error with which we are able to determine the

condition of absolute stability.
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#No relevant Landau Pole

! Instability scale 

mH = 125.7 GeV

Non trivial result. Depends on Higgs and Top mass: 

! 109 GeV

New vacuum, but no need of N.P.
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No-Lose Theorems

The SM can be extrapolated  up the Planck scale."

We do have exp. evidences of BSM, but none necessarily"
pointing to light/strongly-coupled enough new physics. "

Higgs was the last guaranteed discovery."

ÒNo guaranteed discoveriesÓ  =  Òpost-Higgs depressionÓ

Problem is that Higgs gets read of all the d>4 operators."
But introduces one of d<4:

m2
H

2
H   H mH ! ! SM

The Naturalness Problem :
Why                   ?

(to be discussed later)
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Strings,
GUT, ...

The ÒSM-onlyÓ Option

E

M P

MGUT

! SM

Above here, (unknown) 
fundamental theory.

EW
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Strings,
GUT, ...

The ÒSM-onlyÓ Option

E

M P

MGUT

! SM
Below here,"
SM particles only.

EW

Below       , fundamental theory reduces to SM Þelds and 
SM (Lorentz+gauge) symmetries."

One day, e!ective SM Lagrangian and parameters will be 
derived from the fundamental theory .

! SM
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Strings,
GUT, ...

The ÒSM-onlyÓ Option

E

M P

MGUT

EW

! SM

Below       , fundamental theory reduces to SM Þelds and 
SM (Lorentz+gauge) symmetries."

One day, e!ective SM Lagrangian and parameters will be 
derived from the fundamental theory .

Fermi theory analogy: GF ! =
g2

W

4
!

2m2
W

! SM

L = sum of op.s made of SM Þelds 
and compatible with SM symm.Ò                              Ó

dimensional analysis  for coe$cients

= L (d=4) +
1
⇤SM

L (d=5) +
1
⇤2

SM
L (d=6) + . . .

10



Strings,
GUT, ...

The ÒSM-onlyÓ Option

E

M P

MGUT

EW

! SM

           : describes all what we see  (almost) É "
             É and what we donÕt see.

sum of op.s made of SM Þelds 
and compatible with SM symm.Ò                              Ó

dimensional analysis  for coe$cients

= L (d=4) +
1
⇤SM

L (d=5) +
1
⇤2

SM
L (d=6) + . . .

L (d=4)

(! proton /m proton )exp. < 10! 64 !!
accidental Baryon num. symm.
(�proton /m proton )(d=4) = 0

BR(µ ! e! )exp < 10! 12 BR(µ ! e! )(d=4) = 0!!
accidental Lepton family symm.

L =
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Strings,
GUT, ...

The ÒSM-onlyÓ Option

E

M P

MGUT

EW

! SM

           : describes all what we see  (almost) É "
             É and what we donÕt see.

sum of op.s made of SM Þelds 
and compatible with SM symm.Ò                              Ó

dimensional analysis  for coe$cients

= L (d=4) +
1
⇤SM

L (d=5) +
1
⇤2

SM
L (d=6) + . . .

L (d=4)

L =

L (d=5) = ( L L H c)(L c
L H c)

unique (Weinberg) operator
m! ! v2/ ! SM

Majorana neutrino mass-matrix

L (d=5)           : can describe what we see small  "
             right v mass size if                                       !!! SM ! 1014GeV! M GUT
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Strings,
GUT, ...

The ÒSM-onlyÓ Option

E

M P

MGUT

EW

! SM

           : describes all what we see  (almost) É "
             É and what we donÕt see.

sum of op.s made of SM Þelds 
and compatible with SM symm.Ò                              Ó

dimensional analysis  for coe$cients

= L (d=4) +
1
⇤SM

L (d=5) +
1
⇤2

SM
L (d=6) + . . .

L (d=4)

L =

L (d=5)           : can describe what we see small  "
             right v mass size if                                       !!! SM ! 1014GeV! M GUT

L (d=6)           : not yet seen.                            from proton decay.! SM ! 1015GeV
Majorana vÕs and p-decay would be indications of SM-only
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Strings,
GUT, ...

The ÒSM-onlyÓ Option

E

M P

MGUT

EW

! SM
sum of op.s made of SM Þelds 
and compatible with SM symm.Ò                              Ó

dimensional analysis  for coe$cients

= L (d=4) +
1
⇤SM

L (d=5) +
1
⇤2

SM
L (d=6) + . . .

L =

But we forgot one operator.

L(d=2) = H   H
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Strings,
GUT, ...

The ÒSM-onlyÓ Option

E

M P

MGUT

EW

! SM
sum of op.s made of SM Þelds 
and compatible with SM symm.Ò                              Ó

dimensional analysis  for coe$cients

= L (d=4) +
1
⇤SM

L (d=5) +
1
⇤2

SM
L (d=6) + . . .

L =

But we forgot one operator. Using again dim. analysis :

L H -mass = ! 2
SM L (d=2) = ! 2

SM H   H

L H -mass =
m2

H

2
H   HInstead, 

mH ! ! SMThe Naturalness Problem : Why                   ?
(or, why dim. analysis works for d>4 and not for d<4?)15



=
! ! ! SM

0
dE(. . .) +

! !

! ! SM

dE(. . .)

The Naturalness Argument
(not a Theorem)

m2
H =

! !

0
dE

dm2
H

dE
(E ; pFT )

To understand Naturalness, think to the ÒFinal TheoryÓ 
formula that predicts        . It will look like this:mH

UV (BSM) Contribution
SM Contribution

t

t

! SM m2
H =

3y2
t

8" 2 ! 2
SM

! BSM m2
H = c! 2

SM

(NOT a quadratic 
divergence calculation!!) = ! SM m2

H + ! BSM m2
H

Since the result must be                  , two terms must 
be ~ equal and opposite and cancel, by an amount

(125 GeV)2

! !
! m2

H

m2
H

"
!

125 GeV
mH

" 2 !
" SM

500 GeV

" 2

Fine-tuning:  quantiÞes the Òdegree of Un-NaturalnessÓ
16



The Naturalness Argument
(not a Theorem)

We must search for ÒNaturalÓ new physics at the TeV."
#If we Þnd it, go out and celebrate!                            "

     (than come back and measure it better)"
#If we donÕt, measure Un-Naturalness

Measure what is measurable,  
and make measurable what is not so.

G.Galilei

ÒIs       Natural?ÓmH ÒIs       Predictable?ÓmH=

! !
! m2

H

m2
H

"
!

125 GeV
mH

" 2 !
" SM

500 GeV

" 2

What to do with that?
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The Naturalness Argument
(not a Theorem)

We must search for ÒNaturalÓ new physics at the TeV."
#If we Þnd it, go out and celebrate!                            "

     (than come back and measure it better)"
#If we donÕt, measure Un-Naturalness

Measure what is measurable,  
and make measurable what is not so.

G.Galilei

ÒIs       Natural?ÓmH ÒIs       Predictable?ÓmH=

! ! 10

! ! 1000

deÞnitely OK

probably not OK
Where to stop?

What to do with that?
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What if Un-Natural?
(to present-day understanding)

(Un-)Naturalness searches might result in either:"
1) ÒNaturalÓ new physics discoveries"
2) The discovery of Un-Naturalness

Case 1) is easy É what case 2) means?

If Un-Natural,      has no microscopic  origin (e.g.         )."
It could:"

#be a fundamental input par. of the Final Theory"
#have environmental , perhaps anthropic  origin"
#have dynamical  (set by time evolution) origin

mH != GF
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What if Un-Natural?
(to present-day understanding)

Environmental  is a parameter whose value is "
dictated by external conditions

Example is gravity of Earth                      . Fundamental 
input parameter of the theory of Ballistics .

g = 9 .81m/ s2

Set by Earth mass and radius. Di!erent on other planets.

Landscape of vacua

Higgs mass depends on the 
vacuum where we live.

gNot quite like   . Vacua are 
causally disconnected . 
Cannot go there and check.

Not a solution. Why                   ?"
Maybe Anthropic selection . 

mH ! ! SM
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What if Un-Natural?
(to present-day understanding)

Environmental  is a parameter whose value is "
dictated by external conditions

Anthropic selection:  we live where we can."
There might be upper bound on       for us to exist.

Landscape of vacua

Successful Weinberg prediction 
of the Cosmological Constant:

For galaxies to form, it must be:

Observed value:

Distribution of vacua peaks at       , but has a tail."
Likely to live close to the upper bound .

mH
! SM

! c.c. ! (2 á10! 3eV)4

! c.c. ! (few á10! 3eV)4 ! 10! 120M4
P
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What if Un-Natural?
(to present-day understanding)

Dynamical  is a parameter whose value is set by time 
evolution. In a deterministic, not statistical  way.

Recent proposal: Relaxion

[Graham, Kaplan, Rajendran, 2015]

2

a small dimensionful coupling to the Higgs. This small coupling will help set the weak scale, and will be technically
natural, making the weak scale technically natural and solving the hierarchy problem.

We add to the standard model Lagrangian the following terms:

(! M 2 + g! )|h|2 + V (g! ) +
1

32" 2

!
f

÷Gµ! Gµ! (1)

whereM is the cuto! of the theory (where SM loops are cuto! ), h is the Higgs doublet,Gµ! is the QCD Þeld strength
(and ÷Gµ! = #µ !"# G"# ), g is our dimensionful coupling, and we have neglected order one numbers. We have set the
mass of the Higgs to be at the cuto! M so that it is natural. The Þeld ! is like the QCD axion, but can take on Þeld
values much larger thanf . However, despite its non-compact nature it has all the properties of the QCD axion with
couplings set byf . Setting g " 0, the Lagrangian has a shift symmetry! " ! + 2 " f (broken from a continuous shift
symmetry by non-perturbative QCD e! ects). Thus, g can be treated as a spurion that breaks this symmetry entirely.
This coupling can generate small potential terms for! , and we take the potential with technically natural values by
expanding in powers ofg! . Non-perturbative e! ects of QCD produce an additional potential for ! , satisfying the
discrete shift symmetry. Below the QCD scale, our potential becomes

(! M 2 + g! )|h|2 +
!
gM 2! + g2! 2 + á á á

"
+ " 4 cos(! /f ) (2)

where the ellipsis represents terms higher order ing! /M 2, and thus we take the range of validity for ! in this e! ective
Þeld theory to be! ! M 2/g . We have approximated the periodic potential generated by QCD as a cosine, but in fact
the precise form will not a! ect our results. Of course" is very roughly set by QCD, but with important corrections
that we discuss below. Bothg and " break symmetries and it is technically natural for them to be much smaller than
the cuto! . The parameters g and " are responsible for the smallness of the weak scale. This model plus inßation
solves the hierarchy problem.

!

V (! )

FIG. 1: Here is a characterization of the ! Õs potential in the region where the barriers begin to become important. This is the
one-dimensional slice in the Þeld space after the Higgs is integrated out, e! ectively setting it to its minimum. To the left, the
Higgs vev is essentially zero, and isO(mW ) when the barriers become visible. The density of barriers are greatly reduced for
clarity.

We will now examine the dynamics of this model in the early universe. We take an initial value for! such that the
e! ective mass-squared of the Higgs,m2

h , is positive. During inßation, ! will slow-roll, thereby scanning the physical

Field-dependent Higgs mass Proportional to Higgs VEV
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We will now examine the dynamics of this model in the early universe. We take an initial value for! such that the
e! ective mass-squared of the Higgs,m2

h , is positive. During inßation, ! will slow-roll, thereby scanning the physical

Field rolls during Inßation.

Stops right after              ."
Because of the cos term.

m2
H < 0
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What if Un-Natural?
(to present-day understanding)

IN SUMMARY: You might like/believe these radical 
speculations or not. Still, they show the dramatic impact 
Un-Naturalness discovery would have on our Þeld.

FOR
SEARCH

NATURALNESS
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