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Outline

• Critical appraisal of the naturalness argument


• Status of models addressing the naturalness problem  
(SUSY and Composite Higgs) after run I


• Alternatives: evading the naturalness argument



• Is the SM description CORRECT?


• “h” is SU(3)c x U(1)em neutral


• “h” has S = 0 and P = 1


• “h” couplings prop. to masses


• Is the SM description COMPLETE?


•  

Understanding the EW scale

H?

V = µ2|H|2 + �|H|4



• μ2		 Higgs potential parameter (tree level)


• M2 	 scale of superheavy dofs with coupling g to H, e.g. O(1016GeV)

m2
H ⇠ �2µ2 +

g2

(4⇡)2
M2



Therefore, the options are:

• No superheavy (coupled) degrees of freedom  
(finite naturalness?)


• Cancellation not accidental  
(environmental selection? unknown dynamics?)


• New TeV physics taming sensitivity to high scales  
(supersymmetry? composite Higgs?)



The scale of “natural” new physics

–    <H> = 174 GeV

–    MPl

–    mNP

NP

SM

E

�m2
h ⇠ g2

(4⇡)2
m2

NP⇡ (125GeV)2
⇣ mNP

0.5TeV

⌘2

top contribution



Comment 1: mNP is not precisely determined

• Any value of mNP is viable as long as a cancellation of one part out of  
 
 
	 	 	 	 	 	 	 	 	 	 is accepted 
 

• E.g.	 	 	 mNP > 1.5 TeV	 ↔ 	 	 Δ > 10 
	 	 	 	 mNP > 5 TeV	 ↔ 	 	 Δ > 100 
 
 
 

• Note: 		 	 mNP x 2		 	 ↔	 	 Δ x 4

� &
⇣ mNP

0.5TeV

⌘2



Comment 2: the bound on Δ is model-dependent

• Supersoft theories	  
 
(e.g. composite Higgs) 

• Soft theories 
 
(e.g. supersymmetry with mediation scale M)
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Supersymmetry

M = mediation scale

� ⇠
✓

mNP

0.5TeV/
p
log

◆2

log = log

M2

m2
NP

Example: supergravity 
M = MPlanck   

log ~ 70 
Δ ~1  for  mNP ~ MZ



• log = O(70) ⟹ natural expectation: mNP around MZ

Supergravity: M = MPlanck

mass

_ MZ

_ TeV

_ 10 TeV

𝞆± 𝞆0
~t~g



 few %

[Giusti R Strumia, 1998]

• log = O(70) ⟹ natural expectation: mNP around MZ

Supergravity: M = MPlanck

mass

_ MZ

_ TeV

_ 10 TeV

𝞆± 𝞆0

~g

t~

LEP + Tevatron

mH > 115 GeV



• log = O(70) ⟹ natural expectation: mNP around MZ

Supergravity: M = MPlanck

mass

_ MZ

_ TeV

_ 10 TeV

~g

t~

LHC

mH = 125 GeV

message: low M?

𝞆± 𝞆0

 few ‰



“Quasi-natural” supersymmetry

• Feature 

• messenger scale ≲ 100 TeV 

• the spectrum includes a 
gauge singlet


• Affects 

• fine-tuning estimate 
for given experimental bounds


• indirect experimental bounds  
on stop mass
mstop:	 (1.5-10) TeV → 0.7 TeV

Δ: 	 	 reduced by O(10) wrt MPl



Stops and gluinos
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Composite Higgs

• Generic composite Higgs is supersoft:  
 
 

• If mNP ≈ Λ ≣ compositeness scale (as expected) then mNP ≳ 2-5 TeV (EWPT) 
	 ➥	 O(1-5%) fine-tuning (comparable with quasi-natural susy) 

• But               	 	 needs (mNP)2 « (5 TeV)2  
	 ➥	 soft, with M = compositeness scale (better) 
	 ➥	 tension moves to smallness of (mNP)2 

� ⇠
⇣ mNP

0.5TeV

⌘2

m2
H = �m2

H

mNP = mass  
of first stop  
resonances



Top Partners: model dependence
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Fig. 4: Schematic structure of the spectrum of top partners in the quadruplet and singlet representations
of SO(4).
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Fig. 5: Leading diagrams contributing to top partners single production.

mass splitting is rather small being due only to EWSB effects. The exotic doublet is always
the lightest of the two and is expected to be the most interesting one for collider searches. The
second state we consider, the eT singlet, is a completely independent multiplet, its mass is free
and not connected to the 4-plet one.

Being charged under QCD, the top partners can be pair produced via QCD interactions.
A remarkable aspect of this production channel is the fact that its cross section is universal, that
is it depends on the mass of the resonances but not on their quantum numbers or the details of
the model. In addition, the top partners can also be singly produced in association with a top or
a bottom quark by the diagrams in fig. 5. Differently from pair production, single production is
not universal and its size is determined by the “flavor changing” gauge couplings that mix the
top partners with the SM quarks. Single production is favoured for high resonance masses with
respect to pair production because of the smaller kinematical threshold. For natural values of
the production couplings single production in association with a top overcomes pair production,
at the 14 TeV LHC, for for m ' 1 TeV. Single production in association with a bottom quark
is competitive with pair production even at lower masses.

The decays of the top partners are controlled by the same couplings that determine single
production and, in addition, by the interactions mediated by the physical Higgs. The branching
fractions are insensitive to the overall coupling strength and are rather model–independent, de-
termined to a large extent by the quantum numbers of the resonances. The main decay channels
for the 4-plet and singlet states are listed in table 2.

At the present and future collider experiments basically all top partners can be used as
reasonable search targets. For instance at the 8 TeV LHC searches for charge 5/3, charge 2/3
and charge �1/3 states have been performed that obtained comparable bounds on the mass of
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Composite Higgs: limits on X5/3 top partner
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Fig. 6: Bounds on the mass of a charge-5/3 top partner as a function of the single production coupling
cR. Left panel: bounds derived from the 8 TeV LHC data. The green (blue) region corresponds to the
ATLAS (CMS) search. Right panel: estimate of the bounds for the 13 TeV LHC for various integrated
luminosities. In both plots the dashed gray lines show the contours with �X/MX = 0.2, 0.3, 0.5. The
plots are taken from Ref. [52].
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Fig. 7: Bounds on the eT resonance for the 8 TeV LHC data (left panel) and for the 13 TeV run (right
panel). The blue region denotes the esclusion from pair production only. The green region shows the
estimated exclusions reach taking into account single production (the estimate is based on the analysis
of Ref. [54]). The plots are taken from Ref. [52].

latter study, which however represents an expected limit and does not correspond to an actual
experimental exclusion, 8 TeV limits are shown on the left panel of fig. 7 in the mass/coupling
(cL, in this case) plane. The expected reach in the next LHC run is shown in the right panel of
the same figure.

We conclude by discussing the top partners reach at a hypothetical 100 TeV hadronic
collider. At such a machine, the production cross sections for top partners are greatly increased
and multi-TeV reasonances can be easily tested. A rough estimate of the possible reach for the
exotic X

5/3

and for the singlet eT is shown in fig. 8. By relying on pair production only, one
could test top partners with a mass up to order 7 TeV. If the single-production coupling is non-
negligible resonances with a mass ⇠ 15 TeV could be probed. Notice that the huge increase in
the reach also implies a much better test of Naturalness. Excluding top partners at a mass of
order 2 TeV, as can be done at the LHC, implies a lower bound on the fine-tuning of order 5%.
Extending this bound to 10 TeV, as could be done at an high-energy collider, would push the
minimal amount of tuning to order 0.2%.
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Δ ≈ 20Δ ≈ 10(theoretical recast)

[Matsedonskyi, Panico, Wulzer]



Composite Higgs: Limits on X5/3 top partner

Δ ≈ 500

Rough FCC-hh extrapolation
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Fig. 8: Estimate of the exclusion reach for top partners at a future 100 TeV hadronic collider. The left
plot corresponds to the X

5/3

resonance, while the right one to the eT . The plots are taken from Ref. [52].

We stress once again that the results presented in this subsection, especially those for the
13 TeV LHC and the 100 TeV FCC, are based on rather crude estimates of the sensitivity of
future experimental searches. The most problematic ones are the limits on the eT , for which a
robust experimental analysis or projection is not available even for the 8 TeV LHC. Providing
a careful phenomenological analysis of this particle at the 13 TeV LHC and the 100 TeV FCC,
by focusing on the dominant production mode in association with a bottom quark, is the goal of
the next section.

1.2.3 Single production of the Top Partner singlet at hadron colliders 13

Singlet top partners decay to Wb, tZ or tH in the approximate ratio 2:1:1 respectively, and the
significant branching fractions to tZ and tH have attracted previous attention [53,55,56]. Here,
we have chosen to focus on the most abundant expected decay: ˜T ! Wb, with subsequent
decay of the W -boson to leptons or hadrons (leptonic and hadronic channel respectively).

The enormous background which afflicts these final states can be reduced by exploiting
the jet substructure to suppress top-pair production and by requiring the presence of the forward
jet which characterizes the signal topology. This simple strategy has already been shown to
produce a sensitive search for single top-partner production, in the context of composite Higgs
models [54]. The search has competitive mass reach with respect to the existing searches for
top-partner pair production at a pp collider working at 14 and 100 TeV center of mass energy.
The present experimental limits are weakest for large values of the ˜T ! Wb branching ratio
[51].

Signal and background samples
Signal events at partonic level are generated using the [57] Monte Carlo, interfaced
with [58] for the parton-shower and hadronization, and with [59] for the
detector simulation.

Top-partner single production and decay are simulated through the processes pp ! ˜Tbq
and ˜T ! Wb for different mass values, ranging from 1 to10 TeV. Events are simulated atp

s = 14 TeV and
p

s = 100 TeV. An integrated luminosity L = 3000 fb�1 is assumed for
both energies. For the hadronic channel the effect of 140 overlapping pile-up interactions is

13Azzi, Cobal, Ferrarese, Gennaro, Panizzo, Pinamonti

21



Alternatives



The options:

• No superheavy (coupled) degrees of freedom  
(finite naturalness?)


• Cancellation not accidental  
(environmental selection? unknown dynamics?)


• New TeV physics taming sensitivity to high scales  
(supersymmetry? composite Higgs?)



“Hints” of physics MUCH beyond the EW scale

• MPl 

• Quantum number unification 

• Neutrino masses

pretend gravity 
does not exist

give up the few things 
we thought we had understood



MPl

MPl = (GN)
�1/2 ⇡ 1.2⇥ 1019 GeV

but who knows?



Unification

SU(3) SU(2) U(1)

Li 1 2 -1/2

eci 1 1 1

Qi 3 2 1/6

uci 3* 1 -2/3

dci 3* 1 1/3

Y

SO(10)

16

p-decay bounds: M ≫ mH  

an accident?



Neutrino masses

• ASSUME: the origin of neutrino masses is at Λ » MZ


• THEN: 


• ALTERNATIVELY: 

m⌫
ij = �⌫

ij v

Le↵
SM = Lren

SM +
cij
2⇤

(LiH)(LjH) + h.c.

mE,D,U
ij = �E,D,U

ij v m⌫
ij = cijv ⇥

v

⇤

⇤ ⇠ 0.5⇥ 1015 GeV c

✓
0.05 eV

m⌫

◆

Lren
⌫SM = Lren

SM + �⌫
ij⌫iRLjH + h.c. m⌫

ij = �⌫
ij v



Still…
Finite Naturalness and new physics

Neutrino mass models add extra particles with mass M

M <⇠

8
><

>:

0.7 107GeV ⇥ 3p� type I see-saw model,
200GeV ⇥p

� type II see-saw model,
940GeV ⇥p

� type III see-saw model.

Leptogenesis is compatible with FN only in type I.

Axion and LHC usually are like fish and bicycle because fa >⇠109GeV. Axion
models can satisfy FN, e.g. KSVZ models employ heavy quarks with mass M

M <⇠
p
�⇥

8
><

>:

0.74TeV if  = Q� Q̄
4.5TeV if  = U � Ū
9.1TeV if  = D � D̄

Inflation does not need big scales and anyhow flatness implies small couplings.
Absolute gravitational limit on HI and on any mass [Arvinataki, Dimopoulos..]

�m2 ⇠ y2t M
6

M4
Pl(4⇡)

6
so M <⇠�1/6 ⇥ 1014GeV

Dark Matter: extra scalars/fermions with/without weak gauge interactions.

Strumia et al



The options:

• No superheavy (coupled) degrees of freedom  
(finite naturalness?)


• Cancellation not accidental  
(environmental selection? unknown dynamics?)


• New TeV physics taming sensitivity to high scales  
(supersymmetry? composite Higgs?)



Environmental selection

• Give up reductionist understanding of EW scale 

• Assume cosmology populates a landscape of vacua 

• Retain the understanding of SM gauge quantum numbers, neutrino masses, 
success of gauge coupling unification, WIMP miracle 



Split Supersymmetry: a troubleless MSSM

• Issues


• Potentially > 100 parameters (CMSSM)


• FCNCs and CP-violation in particular EDMs


• Proton decay from dimension 5 operators


• Gravitino and moduli problem


• Fine-tuning


• Successes


• Gauge coupling unification


• Natural dark matter candidate (with R-parity)


• Calculable, self-consistent, can be extrapolated
retained

gone



Higgs and stop masses

[Arvanitaki Craig Dimopoulos Villadoro]



The options:

• No superheavy (coupled) degrees of freedom  
(finite naturalness?)


• Cancellation not accidental  
(environmental selection? unknown dynamics?)


• New TeV physics taming sensitivity to high scales  
(supersymmetry? composite Higgs?)



Cosmological relaxation

• Original proposal: 


• Accept field excursion up to 1030 GeV (M/10TeV)2 


• Invoke inflation model with N ~ 1030 e-foldings


• Non-trivial low-E inflaton dynamics to avoid θQCD ~ 1


• Low cutoff anyway M ≲ 30TeV


• Just started…



Relaxion

�
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Final comment

• Hopefully the LHC will soon make most of these slides obsolete


• If this will not be the case, the naturalness argument will be seriously 
challenged and the understanding of its failure would become by far the 
central issue in fundamental physics


