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The statement survives quantum corrections:
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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

2

! No relevant Landau PolemH = 125.7 GeV

No-Lose Theorems
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! No relevant Landau Pole

! Instability scale 

mH = 125.7 GeV

But no need of N.P.

⇠ 109 GeV
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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.

18

! No relevant Landau Pole

! Instability scale 

mH = 125.7 GeV

Non trivial result. Depends on Higgs and Top mass: 

⇠ 109 GeV

But no need of N.P.

No-Lose Theorems
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understanding of the laws of Nature.

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)

Behind the SM
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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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Compositeness

Higgs = lH =1 /m !

Higgs is transparent  to HE modes
dm2

H

dE
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mH generation localised  at m*

Supersymmetry
Higgs protected by fermionic 
superpartner chiral symmetry.

With soft breaking, produces 
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Composite Sector Elementary Sector
W !

µ , Bµ

SM fermions:               
Linearly coupled to CS

{ tL , bL } , tR , . . .Resonances  m⇤

SM vectors couple by gauging  (linear int. with current)

Higgs  = pNGB

  The alternative, bilinear coupling, was excluded for the top with bootstrap. 
  Potentially viable for light fermions.

ÒExactÓ symmetry          .  
Spontaneously broken to          .

SO(5)

SO(4)
SM gauge Þelds:              .  
Coupled by gauging.

Fermions also couple linearly  (partial ferm. compositeness)

L f
int = ! fO

L g
int = gVáJ

  Scaling dimension ~ 5/2 required for top Operator. UV-feasible or not?  
  Phenomenology built on assumed symmetry patterns and dim. analysis."
  UV model believed unnecessary for LHC viability assessment of the scenario

Also notice that:

i.e., Partial Compositeness 
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Composite Higgs Signatures

Fermionic top partners:  must be light, or cost extra tuning, given m H."

Current bounds at ~ 1.2 TeV. Final LHC reach of ~ 1.5 or 2 (model-dependent)
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Figure 4: Expected (dashed black line) and observed (solid black line) upper limits at the 95% CL on the TT̄ cross-
section as a function of T quark mass assuming B(T ! Wb) = 1 (top) and in the SU(2) singlet T scenario (bottom).
The green and yellow bands correspond to ±1 and ±2 standard deviations around the expected limit. The thin red
line and band show the theoretical prediction and its ±1 standard deviation uncertainty.

16



Composite Higgs Signatures

Heavy Vectors:  the most robust direct signature
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Figure 3.2: Comparison of direct and indirect searches in the (m⇢, g⇢) plane. Left panel: region up to
m⇢ = 10 TeV showing the relevance of LHC direct searches at 8 TeV with 20 fb�1 (LHC8), 14 TeV with
300 fb�1 (LHC) and 3 ab�1 (HL-LHC); right plot: region up to m⇢ = 40 TeV showing the comparison
between the LHC and FCC reach with 1 and 10 ab�1. Indirect measurements at the LHC, HL-LHC,
ILC at 500 GeV with 500 fb�1 and TLEP at 350 GeV with 2.6 ab�1 are shown.

large–coupling limit. In a somewhat counterintuitive way, the resonance becomes e! ectively

weakly–coupled at large g⇢ and this is why the mass–reach deteriorates. The presence of a

kink in the limits originates from the superposition of the di-lepton and di-boson searches we

considered which, as already mentioned, is more sensitive to weak and strong g⇢, respectively.

This is due to the fact that, while the coupling to fermions decreases, the one to (longitudinal)

gauge bosons increases like g⇢ and the di-boson BR rapidly becomes dominant.

The global message which emerges from these pictures is rather simple and expected. An

increase of the collider energy improves the mass reach dramatically, and in particular only

the 100 TeV FCC can access the multi–TeV region. An increase in luminosity, instead, has a

marginal e! ect on the mass reach but considerably extends the sensitivity in the large g⇢ (i.e.,

small rate) direction. In particular we see that the impact of the high luminosity extension of

the LHC is considerable given that largish values of the g⇢ coupling are perfectly plausible in

the CH scenario (see the Conclusions for a more detailed discussion).

Let us now turn to the indirect constraints from the measurement of the Higgs coupling to

vector bosons. The 1 ! (68% CL) error on " (i.e., twice the one on kV ! 1 " "/2) obtainable

for di! erent collider options, as extracted from currently available literature, are summarised

in table 3.1. Twice those values, which in the assumption of gaussian statistics corresponds to

the 95% CL limits on " , are reported in figures 3.2 and 3.3 as black dashed curves, with the

excluded region sitting above the lines. In the (m⇢, " ) plane, the limits simply corresponds to

horizontal lines and translate into straight lines with varying inclination in the (m⇢, g⇢) plane.

In particular, we show the LHC reach with 300 fb! 1 and 3 ab! 1, obtained from single Higgs

9
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Supersymmetry: A Tale from the 80Õ

In 89, any sensible physicist  would have believed in SUSY."
However É "

! Natural theory ?"
      LHC will tell us"
!  Truly minimal viable model (MSSM) ?"

      Higgs heavier than Z  needs exponentially heavy stops "
        Natural SUSY requires non-minimality, less sharply deÞned framework"
!  Dark Matter Candidate ?"

      Direct Detection excludes WIMP in ÒNaturalÓ energy range"
!  Easily comes from string theory ?"

      Like any other model in Landscape "
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LHC SUSY Searches

Quantitative illustration Qualitative illustration
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Figure 2: Cartoon illustration of the mass scales for various sparticles dictated solely by
electroweak naturalness with sensitivity parameter� ! 10.

2.2 Parsimony

ÒNumquam ponenda est pluralitas sine necessitate.Ó
-William of Ockham
ÒPatients can have as many diseases as they damn well please.Ó
-HickamÕs Dictum4

Although not a quantitative principle, parsimony as a qualitative principle has played
a key role in shaping model-building. The MSSM is, after all, theminimal extension of the
Standard Model consistent with supersymmetry; in addition to the extension of all known
particles into their corresponding supermultiplets, it comes with the minimal extension of
the Higgs sector consistent with holomorphy [10]. This ties back to another deÞnition of
naturalness in the literature that predates radiative naturalness of the electroweak scale
Ð namely, that the number of fundamental parameters should be less than the number of
physical parameters, leading to predictive relations among the physical parameters rather
than ad hoc values [11]. This earlier idea of naturalness arose as a philosophy tied to
spontaneous symmetry breaking, where indeed the many parameters in the broken phase
enjoyed predictive relations arising from the symmetry of the unbroken phase. This is
certainly a well-motivated philosophy, especially in lieu of data. However, there is nothing
intrinsic about the philosophy within the context of a given physical theory. If the combi-

4Thanks to Eva Silverstein for bringing this lovely bon mot to my attention.

12

from arXiv:1309.0528
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intrinsic about the philosophy within the context of a given physical theory. If the combi-

4Thanks to Eva Silverstein for bringing this lovely bon mot to my attention.
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Figure 2: Cartoon illustration of the mass scales for various sparticles dictated solely by
electroweak naturalness with sensitivity parameter� ! 10.

2.2 Parsimony

ÒNumquam ponenda est pluralitas sine necessitate.Ó
-William of Ockham
ÒPatients can have as many diseases as they damn well please.Ó
-HickamÕs Dictum4

Although not a quantitative principle, parsimony as a qualitative principle has played
a key role in shaping model-building. The MSSM is, after all, theminimal extension of the
Standard Model consistent with supersymmetry; in addition to the extension of all known
particles into their corresponding supermultiplets, it comes with the minimal extension of
the Higgs sector consistent with holomorphy [10]. This ties back to another deÞnition of
naturalness in the literature that predates radiative naturalness of the electroweak scale
Ð namely, that the number of fundamental parameters should be less than the number of
physical parameters, leading to predictive relations among the physical parameters rather
than ad hoc values [11]. This earlier idea of naturalness arose as a philosophy tied to
spontaneous symmetry breaking, where indeed the many parameters in the broken phase
enjoyed predictive relations arising from the symmetry of the unbroken phase. This is
certainly a well-motivated philosophy, especially in lieu of data. However, there is nothing
intrinsic about the philosophy within the context of a given physical theory. If the combi-

4Thanks to Eva Silverstein for bringing this lovely bon mot to my attention.
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Higgs couplings also relevant in non-minimal scenarios

Like CH, 1-digit tuning or more generically unavoidable
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What if Un-Natural?

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

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

mH != GF

(Un-)Naturalness discovery  has profound implications
Crucial  to make our best with LHC phenomenology and model building. 
Any loophole?  [Twin Higgs, Folded SUSY, compressed spectra É]
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What if Un-Natural?

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.

Not quite like g. Vacua are causally 
disconnected . Cannot go there and 
check.
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What if Un-Natural?

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

Becomes solution only with anthropic selection: "
E.g., why 15"  is the average temperature of earth?

We live where we can. There might be 
upper bound  on mH for us to exist. 

Landscape of vacua

Landscape distribution peaks at %SM, but 
has a tail. Likely to live close to the upper 
bound .

Environment in itself not a solution: why                  ? mH ⌧ ! SM



What if Un-Natural?

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

Becomes solution only with anthropic selection: "
E.g., why 15"  is the average temperature of earth?

Landscape of vacua

Successful Weinberg prediction of the 
Cosmological Constant:

For galaxies to form, it must be:

Observed value:

⇤c.c. ' (2 · 10�3eV)4

⇤c.c. . (few · 10! 3eV)4 ! 10! 120M 4
P

Environment in itself not a solution: why                  ? mH ⌧ ! SM



What if Un-Natural?

Dynamical  is a parameter whose value is set by 
time evolution .

[Graham, Kaplan, Rajendran, 2015]



What if Un-Natural?

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 + · · ·

�
+ ⇤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 �’s potential in the region where the barriers begin to become important. This is the
one-dimensional slice in the field space after the Higgs is integrated out, e! ectively setting it to its minimum. To the left, the
Higgs vev is essentially zero, and is O(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

Dynamical  is a parameter whose value is set by 
time evolution .
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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

Dynamical  is a parameter whose value is set by 
time evolution .

Viability of large Þeld excursion 
requires ad hoc mechanism like 
Clockwork              [Kaplan, Rattazzi "
                                             & Choi, Kim, Yun] 



What if Un-Natural?

One can like/believe these radical speculations or not."

One can argue that they involve too much complexity to 
produce a concrete BSM scenario."

One can hope in UV physics Òobeying di#erent rulesÓ, 
nullifying Naturalness problem, but concretely what?"

All this shows the dramatic impact  Un-Naturalness 
discovery is having on our Þeld.



Beyond the SM

! Light DM"

! Very Light DM"

! Axions"

! Portals (&R ,' D, ..)

What could be there É

} The Coupling Frontier "
[not as easy to characterise "

as the Energy one]

! DM as primordial Black Holes?      [direct  GW probe?]"

! What to do with LIGO/Virgo?       [on top of g/'  speed?]
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É that we can probe 

! Light DM"

! Very Light DM"

! Axions"

! Portals (&R ,' D, ..)

DM-e scattering/absorption, 
on SC, graphene É 
conversion in '  [e.g. ADMX], or     
induced currents [e.g. ABRACADABRA]

Direct Detection



Beyond the SM

É that we can probe 

! Light DM"

! Very Light DM"

! Axions"

! Portals (&R ,' D, ..)

DM-e scattering/absorption, 
on SC, graphene É 
conversion in '  [e.g. ADMX], or     
induced currents [e.g. ABRACADABRA]

Dedicated:  "
beam dump [e.g. SHIP]"
missing momentum [e.g. LDMX]"
detection [e.g. BDX]

Parasitical:  "
e.g. Mathusla/CODEX-b

Direct Detection

Lab Production



Summary

After the Higgs, no discovery guarantee  in HEP, nor in 
other areas of fundamental interactions physics

LHC entering a mature stage is opportunity for great 
phenomenology. Conclusive TeV-scale exploration?

Exploring new ideas on ÒUn-NaturalnessÓ implications

Physics Besides  (( Beyond) Colliders is a ßourishing Þeld."
Interesting interplay with experimental/technological 
developments in other Þelds.



Summary


