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Ideally
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New SM ≡ BSM

•             natural in BSM⇤UV ⌧ ⇤0
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•         in BSM shares as 
much magic  as possible 
with  in SML4
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Can this ideal be realized ?
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New SM ≡ BSM
 options2

• no elementary 
scalars: Composite 
Higgs

• elementary scalars with 
symmetry protecting their 
mass: Supersymmetry
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A more dramatic 3rd option:

Quantum
Gravity

Low scale QG with large extra dimensions
Arkani-Hamed, Dimopoulos, Dvali 1998

M2
P = ⇤2+n

UV Rn
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• Simplicity seems harder to realize

• However the separation of fields via their localization on 
‘branes’ in the large extra directions can seed Simplicity

• Indeed the only realistic construction of Composite Higgs 
models rely on extra dimensions through the holographic 
bulk/boundary correspondence
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Making small    natural through symmetrym2
H

Supersymmetry
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[Jµ⌫ , P⇢] = i (⌘⌫⇢Pµ � ⌘µ⇢P⌫)

<latexit sha1_base64="Ps/mlzTlccxGGkfOjziTxLtSVZg="></latexit>

[Pµ, P⌫ ] = 0

<latexit sha1_base64="kxcqp/nGp1aBPhTuu6Lg9u6CFFE="></latexit>

[Jµ⌫ , J⇢�] = i (⌘µ�J⌫⇢ + ⌘⌫⇢Jµ� � ⌘µ⇢J⌫� � ⌘⌫�Jµ⇢)

<latexit sha1_base64="LFLNUdOG3yRTtdbpPkYpxZM9I9s="></latexit>

Poincaré 
Algebra

Supersymmetry Algebra

[Q↵, Pµ ] = 0 [ Q↵, Mµ⌫ ] =
1
2

(�µ⌫)�
↵ Q�

{Q↵, Q� } = �2(�µC)↵�Pµ

Supersymmetric
Extension
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➤

➤

particle ( spin =  )J super-particle ( spin = )J ± 1
2

SUSY

has spin       

relates states whose spins differ by Q↵

1
2

Q↵

1
2

MJ = MJ± 1
2

[Q↵, Pµ ] = 0
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Super-Multiplets
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The scalar mass is controlled by the same chiral symmetry that 
controls the fermion mass

•    can be naturally m2
φ

•  that does not yet explain how   got to be              ,   but 
 sets the stage for an explanation
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Supersymmetric Standard Model
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Lot of stuff             …which we do not observe

Supersymmetry must be ‘spontaneously’ broken

msparticles ⇠ MS >⇠ weak scale
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 in the MSSMℒ4
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scalars allow  violation at the renormalizable level !B + L 14
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 Matter Parity PM
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ẽ)ij ẽ
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Scalar masses and flavor

• In general no correlation with  and no GIM mechanism

• Unacceptably large 1-loop contributions to FCNC, edms, etc

• The solution to this problem requires the implementation of 
clever and somewhat ad hoc model building mechanisms:
Simplicity bought by Cleverness

VCKM

Ex: Gauge Mediated Supersymmetry Breaking

Ex: Approximate Flavor Symmetries
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• These clever mechanisms in their extreme incarnation allowed 
flavor constraints to be met with sparticles around the weak scale, 
fully compatibly with Naturalness

• However LHC data indicate Nature’s preference to be simple and 
her reluctance to be clever

• Notice that cleverness could be significantly spared at the price of 
some tuning by having the sparticles in the TeV range

• The exploration of the energy and precision frontiers provides 
complementary constraints on Naturalness and Simplicity

10 − 100

17



Energy

Precision

natural
EWSB

less clever: simpler
Flavor structure

Leff =
yijk`
⇤2

NP

q̄iqj q̄kq` + mi
yij
⇤2

NP

q̄i�µ⌫qjF
µ⌫ + . . .

Complementarity of Energy and Precision

natural &
simple

not natural
but simple

not simple
but natural

yij
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Higgs compositeness
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H• Simplest: “TechniColor”

• More sophisticated
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1970’s
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ruled out by light Higgs discovery
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Higgs Compositeness

‘Higgs’ Sector Higgsless SM

gauge

proto-Yukawa

resonances
TeV

mH

resonances
mρ

mπ

QCD

best option: 
H is a pseudoGoldstone simplest option:  H = SO(5)/SO(4)
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Proto Yukawas: two options

✦ bilinear
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charged fermion masses come from    like unwanted FCNCℒd>4
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✦ linear yiA f̄i A
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  represent a much ‘bigger’ set of sources than just the SM Yukawas: no 
  magic guaranteed

Alas!

yiA
ℒ4
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It seems there is no free lunch

✦   beautifully accounts for the observed structural 
simplicity of particle physics, but is un-natural

✦ All natural extensions of the SM need to be retrofitted 
with some ad hoc mechanism in order to reproduce the 
simplicity of observations

ΛUV ≫ mH

This is the Hierarchy Paradox
23



⇤NP

TeV

High Scale SM: 
super simple & super un-natural

TeV Scale New Physics: 
not simple & almost natural

See also talk by R. Sundrum  HEFT 2016
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better Flavor and  
perfect EW
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Experimental prospects

• Energy Frontier:      searches for resonances

• Precision Frontier:  Higgs couplings and EW precision tests

• Intensity Frontier:  Flavor and CP violation, edms,…

25



Energy Frontier & Naturalness
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SM + Higgs

new states

Mass

SM New�m2
H

= + ⇠ 0

Higgs coupling deviations measure Naturalness 

+

+ +

Higgs couplings & naturalness

�gh
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ILC,   FCC,    𝝻-coll (10 TeV)

1-𝞂  sensitivity: ✏ = 1÷ 2⇥ 10�3
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dominated by ghZZ

Comparison with direct searches

•Soft :               not competitive

•SuperSoft :     comparable, but 5-𝞂 slightly weaker

•HyperSoft :   stronger
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ElectroWeak Precision quantities
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VV at 𝝻-coll (3TeV)

EWPT at FCCee - VV at Fcchh
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The irresistible fascination for the Higgs trilinear

In the simplest motivated models of EWSB            is unspecial:   

not competitive 

Accidentally Light Higgs: both quartic and VEV are tuned small
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less plausible than CH but could be motivated by EW baryogenesis

Falkowski, RR, ’19 

Grojean, Servant, Wells 
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Energy

Precision

natural
EWSB

less clever: simpler
Flavor structure

Leff =
yijk`
⇤2

NP

q̄iqj q̄kq` + mi
yij
⇤2

NP

q̄i�µ⌫qjF
µ⌫ + . . .

Complementarity of Energy and Precision

natural &
simple

not natural
but simple

not simple
but natural

yij
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⇤NP

TeV

High Scale SM: 
super simple & super un-natural

TeV Scale New Physics: 
not simple & almost natural

1012 TeV
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Scale separation by cosmic evolution

The Lansdcape vw
Ex: in string theory one can count                      vacua ! 
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remarkably, one can argue that only in the vacua with proper scale separation 
there can arise complex structures like, atoms and galaxies,…

This would be the ultimate Copernican Revolution, but how can we test it?
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