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The SM is an EFT
  

        
● Gravity   SM
● Hierarchy Problem: mh << MPL
● Tiny Neutrino Masses
● Grand Unification of Forces?
● Hierarchical Flavor Structure
● Baryogenesis → Existence of Universe
● Dark Matter   SM
● Trigger for Symmetry-Breaking Potential?
● Strong CP Problem
● Some Hints in Flavor/Precision Physics .....

many links to Higgs Sector still least understood...

Use Higgs Sector as       
unique window to NP!
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The Hierarchy Problem

 

Running Higgs Mass

Jump at threshold of NP   
→ large fine-tuning to achieve  

Barbieri 
Phys. Scr. 2013 014006

Expect coefficient of unprotected 
D=2 operator H2 to reside at 
cutoff: 
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Solving the Hierarchy Problem

Hierarchy Problem:

 

 

New Symmetry Vacuum SelectionLow Cutoff
● SUSY
● Goldstone Higgs:

Composite/Little Higgs
● Conformal ?

Agravity, WGC, ... 

● Relaxation
● NNaturalness

● Large Extra Dim.
● Warped Extra Dim.
● Clockwork/LD
● Technicolor
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Solving the Hierarchy Problem

 

 

Low Cutoff
Where the heck is everybody??

Where the heck is everybody??

● SUSY, Composite Higgs, Extra Dim., ... light (top) partners
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mH saturated in IR     Hierarchy Problem solved
● Higgs is composite at small distances
  

● Higgs = (pseudo) Goldstone Boson    mH<<mr

 

● MCHM: SO(5)→SO(4) 

like pions in QCD

Kaplan, Georgi, Dimopoulos,. . .

Contino, Nomura, Pomarol, ph/0306259
Agashe, Contino, Pomarol, ph/0412089

0906.3599
Naturally address

● Dark Matter
● Baryogenesis ...

Composite Higgs Models

● Hierarchical Flavor Structure
● Dynamical EWSB
● Tiny Neutrino Masses

 custodially symmetric
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explicit 
 SO(5)SMSM

hh=0=0

Higgs Mass via Explicit SO(5) Breaking

            

elementary
composite

Couplings to SM break SO(5) :

strong sectorstrong sector
resonancesresonances  

determines residual tuning,
corrections to SM predictions
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Partially Composite Fermions

→ induce mq

 large mt

compositecomposite
  

Kaplan; Agashe, Contino, Nomura, Pomarol 
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● Most important SO(5) breaking: top quark

The Higgs Potential and the Tuning

compositecomposite
  

● Minimal explicit models (MCHM5, MCHM10):

       SO(5)

→ O(1%)

,
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=> light top partners:              

● Large top yukawa → large mh

Matsedonskyi, Panico, Wulzer, 1204.6333; 
Contino, Da Rold, Pomarol, ph/0612048; Csaki, Falkowski, Weiler, 0804.1954; 

De Curtis, Redi, Tesi, 1110.1613; Pomarol, Riva, 1205.6434

Light Top Partners

       SO(5)

compositecomposite
  

 large mt

lightest fermionic resonance
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potentially strongest 
constraints on CH

=> light top partners:              

● Large top yukawa → large mh

Light Top Partners

LHC Searches

DBG

LHC searches

MCHM5

Carmona, FG, JHEP (1410.8555)
    

 large mt
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Avoiding Light Top Partners

See Panico, Redi, Tesi, Wulzer, JHEP (1210.7114)
Carmona, FG, JHEP (1410.8555) for other approaches

elementary

composite

  SO(5)

elementary

composite

  SO(5)

 

+ similar for RH

Change the nature of explicit Goldstone-symmetry breaking
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Avoiding Light Top Partners

+ similar for RH

elementary

composite

  SO(5)

elementary

composite

  SO(5)

 
 

 

 

soft breaking!

Change the nature of explicit Goldstone-symmetry breaking
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Results

MCHM5 

sMCHM5

Blasi, FG, PRL (1903.06146) 
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Tuning

sMCHM5:

MCHM5:

quadratic → linear; but double-tuning remains
     further increase symmetry
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‘Maximal Symmetry’

Csaki, Ma, Shu, PRL (1702.00405), 1810.07704 (+Yu)
Enhanced global symmetry eliminates double-tuning  

chiral symmetry in composite sector

compositecomposite
  

Higgs-Parity Operator

‘Maximal Symmetry’
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Maximal Symmetry + Soft Breaking

compositecomposite
  

→ No double tuning :)

  SO(5)
 

soft 
breaking:

cancel with 
gauge contr. 
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Tuning: Max Symmetry + Soft Breaking 

quadratic → linear + double-tuning gone!

Blasi, Csáki, FG, 2004.06120

(constant) gauge 
contribution 
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Very Natural 5D Picture
UV brane: 
elementary 
sector

SO(5) preserving universal BCs, 
breaking by finite UV-brane masses

SO(5) broken hardly by Dirichlet 
UV-boundary conditions

MCHM5 sMCHM5

Slice of AdS5
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Very Natural 5D Picture

SO(5) preserving universal BCs, 
breaking by finite UV-brane masses

SO(5) broken hardly by Dirichlet 
UV-boundary conditions

MCHM5 sMCHM5

UV brane: 
elementary 
sector

Slice of AdS5

Effective

emerge naturally from 
GUT/Planck-scale masses 
via wave-function suppression!
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● Composite Higgs models challenged by missing light top 
partners (discovered Higgs too light)

● New, soft way of breaking Goldstone symmetry allows to 
reduce Higgs mass at constant partner mass

● Combination with ‘Maximal Symmetry’ leads to minimally 
(O(10%)) tuned model without ultra-light partners!

→ Back to level of tuning of LEP era, 
hope for discovery at HL-LHC or FCC! 

Conclusions
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BackupBackup
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Restore Global Symmetry 
in Linear Mixings

Explicitly breaks SO(5)

SO(5) restored,
broken softly via 
vector-like masses
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Two-Site Model Lagrangian

                 

Resonances 

Vector-like elementary masses:

Partial Compositeness:
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SO(5)-Breaking Spurions

Standard MCHM5                              sMCHM5 
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The Top Mass and the Higgs Potential

MCHM5    

...
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Standard MCHM5                              sMCHM5 

Case I: Decoupled w,v

Suggests possibility 
of light Higgs with 
heavy resonances
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Case I: Top Partners

Lightest top partner in sMCHM5
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Goldstone Restoration as Source of Effect

● What if VL fermions are added with arbitrary couplings?
● Couple new elementary states with strength    to strong sector

sMCHM5 clearly 
singled out 
concerning Higgs-
mass reduction
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Benchmark Points
purple (black): 
mostly elementary (composite)
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Maximal Symmetry

● Symmetric coset → can envisage enlarged global   
            symmetry      that
            reduces the tuning (eliminates double tuning)  
  

  
broken generator

Higgs-Parity Operator

● Modified Goldstone matrix
             transforms linearly
under 

Csaki, Ma, Shu, PRL (1702.00405)
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Maximal Symmetry

chiral symmetry in composite sector

compositecomposite
  

Csaki, Ma, Shu, PRL (1702.00405), 1810.07704 (+Yu)
Enhanced global symmetry eliminates double-tuning  

‘Maximal Symmetry’
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Higgs Potential: Reduced Tuning

Spurion Analysis

expl. SO(5)

compositecomposite
  

No double tuning :) :( → tune with gauge    
    contribution
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Maximally Symmetric sMCHM5

Spurion Analysis

→ No double tuning :) :)

need to split w-doublet

compositecomposite
  

  SO(5)
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Vacuum Misalignment

EW breaking:

see, e.g., Panico, Wulzer, 1506.01961,
Azatov, Galloway, 1212.1380

Challenge: 

without excessive tuning
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Higgs Couplings

 

  

depends on fermion embedding

Fichet, Moreau, 1509.00472



  37 

Higgs-Fermion Couplings

depends on fermion embedding

Rather model dependent:

Representations of        under SO(5)
 

 

Fichet, Moreau, 1509.00472
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Electroweak Precision Tests
● Tree Level (SO5/SO(4)) :

● 1-loop: modified Higgs-Gauge couplings

excluded 
(99% CL)

m
r

Contino, 1005.4269

Thamm, Torre, Wulzer, 1502.01701
Ghosh, Salvarezza, Senia, 1511.08235 
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