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Outline

- Critical appraisal of the naturalness argument

- Status of models addressing the naturalness problem
(SUSY and Composite Higgs) after run |

* Alternatives: evading the naturalness argument



Understanding the EW scale
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* |s the SM description COMPLETE?

-V =y HPP + NH|



* Y2 Higgs potential parameter (tree level)

- M2 scale of superheavy dofs with coupling g to H, e.g. O(106GeV)




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?)
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Comment 1: mnp is Not precisely determined

* Any value of mnp is viable as long as a cancellation of one part out of

2
A2 (O 7;'1;2\/) is accepted

- E.Q. mne>1.5TeV « A>10
mne>5TeV o A > 100

* Note: mnp X 2 « Ax4



Comment 2: the bound on A Is model-dependent

2
- Supersoft theories A ~ ( NP )
0.5 TeV
(e.g. composite Higgs)
2 M?
- Soft theories A ~ ( TN ) X log 5
0.5 TeV myp

(e.g. supersymmetry with mediation scale M)



Supersymmetry

A Ly )2 log = log ~L
0.5 TeV //log > ngNP

M = mediation scale

Example: supergravity
M = MP/anck
log ~ 70
A ~1 for mne ~ Mz




Supergravity: M = Mpianck

« log = O(70) = natural expectation: mnp around Mz
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Supergravity: M = Mpianck

« log = O(70) = natural expectation: mnp around Mz

mass
+ 10 TeV

g my = 125 GeV few %o
LHC

+ TeV

message: low M?



“Quasi-natural” supersymmetry

 Feature - Affects
- messenger scale = 100 TeV * fine-tuning estimate
for given experimental bounds
A: reduced by O(10) wrt Mp
- the spectrum includes a - indirect experimental bounds
gauge singlet on stop mass

Mstop:  (1.5-10) TeV — 0.7 TeV



Stops and gluinos
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Composite Higgs

9 MNP = Mass
. . . . MNP .

- Generic composite Higgs is supersoft: A ~ ( T ) of first stop

0.5 TeV resonances

 If mnp = A = compositeness scale (as expected) then mnp =z 2-5 TeV (EWPT)
w  O(1-5%) fine-tuning (comparable with quasi-natural susy)

» But m3 = dm3 needs (mnp)? « (5 TeV)?
w soft, with M = compositeness scale (better)
= tension moves to smallness of (mnp)?



Top Partners: model dependence
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Composite Higgs: limits on Xs/3 top partner

(theoretical recast)
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Composite Higgs: Limits on Xs/3 top partner
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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

pretend gravity
does not exist

e Quantum number unification

give up the few things
we thought we had understood

e Neutrino masses }



Mp1 — (GN)_1/2 ~ 1.2 X 1019 GeV

but who knows?



Unification

p-decay bounds: M » mn

an accident?

SO(10)

16



Neutrino masses

- ASSUME: the origin of neutrino masses is at A » Mz

« THEN: £ = rren 4 ;X(L H)(L;H) + h.c.

E,.D,U _ \E,D,U v v

A~ 0.5x10"GeVe <0‘05 eV)

my

- ALTERNATIVELY: vsm = Ly + AL ViR L H +he. my; = A v



Still. .

Neutrino mass models add extra particles with mass M

0.7 107 GeV x VA type I see-saw model,
M <SS < 200 GeV x VA type Il see-saw model,
940 GeV x VA type III see-saw model.

Leptogenesis is compatible with FN only in type I.

Axion and LHC usually are like fish and bicycle because fa2109 GeV. AXxion
models can satisfy FN, e.g. KSVZ models employ heavy quarks with mass M

0.74TeV ifVvV=0QaQ

MSVAXx{ 45TeV ifw=U¢U

9.1TevV ifw=D&D
Inflation does not need big scales and anyhow flatness implies small couplings.
Absolute gravitational limit on H; and on any mass [Arvinataki, Dimopoulos..]

SO M <A x 101 Gev

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?)



—Nnvironmental 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 » gone
- Gravitino and moduli problem

* Fine-tuning

« Successes
- Gauge coupling unification N

- Natural dark matter candidate (with R-patrity) . retained

« Calculable, self-consistent, can be extrapolated )



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

« QOriginal proposal:

- Accept field excursion up to 1030 GeV (M/10TeV)?

* Invoke inflation model with N ~ 10%° e-foldings

* Non-trivial low-E inflaton dynamics to avoid 8qcp ~ 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



