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I was extremely lucky that Matthias came to Mainz, 
just when I was looking for a topic for my thesis!
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The SM is an EFT
  

        

SM does not explain everything!
● 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?
● Strong CP Problem  ...    
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Great understanding of Symmetries 

in context of basic interactions

basic interactions, 

but still a puzzle
puzzle how symmetries 

might address the hierarchies

hierarchies we see 

among interactions, particle masses 

(
 SM parameters), the baryon asymmetry,

→
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Islands in Theory Space

Where to start?
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Islands in Theory Space

Symmetries
Unification

Natural Hierarchies
  
Calculability
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Islands in Theory Space

(New) Targets → Discoveries

Symmetries
Unification

+ consistency, ...

Natural Hierarchies
  
Calculability
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Islands in Theory Space

close targets

Symmetries
Unification

+ consistency, ...

Natural Hierarchies
  
Calculability
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Unification and Symmetries
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Common origin?

→ well defined question to nature that can try to answer....
● targets for searches, fewer parametrers → predictivity! 
● sometimes understand hierarchies from unification/symmetries

Unification and Symmetries
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Understanding the connection of different phenomenaconnection of different phenomena / 
theories frequently lead to crucial progress & discoveriesprogress & discoveries

Historic Examples

● Electricity ↔ Magnetism
 

● Space ↔ Time
 

● QM & Relativity
 

● Eightfold Way   
 

● Electroweak Unification
...

→ Quarks

→ neutral currents, W&Z

→ Positron, ...

→ EM waves, ...

→ E=mc2, ...
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... Unification
● Grand Unification

● Gauge-Higgs Unification
(aka Composite Higgs)

● Axion-Flavon Unification

4D vector 4D scalar →Higgs

...
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MPL
MGUT

Hierarchies (in the SMEFT)
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Hierarchies (in the SMEFT)
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Hierarchies and Naturalness

©: Timo Jann

MPL
MGUT MPL

MGUT
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Hierarchies and Naturalness

Fine tuning 1 in 1026

expect  

www.sport.de

MPL
MGUT
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Hierarchies and Naturalness

www.sport.de

MPL
MGUT

HL-LHC
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Historic Examples

Murayama, hep-ph/0002232

● Puzzleing hierarchies/naturalness often understood via new physics 
 → progress (calculability) & discoveriesprogress (calculability) & discoveries
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● Puzzleing hierarchies/naturalness often understood via new physics 
 → progress (calculability) & discoveriesprogress (calculability) & discoveries

Historic Examples

Murayama, hep-ph/0002232

cutoff: positron
chiral sym.

Weisskopf, Phys. Rev. 56, 72 (1939)

● More examples: pion mass splitting, KL-KS mass difference, ...
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Unification and Hierarchies
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Modified running → New Physics

Grand Unification
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Grand Unification

 

Various challenges:
- proton decay
- doublet/triplet splitting
- observable?
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+ GUT Hierarchy Problem

Various challenges:
- proton decay
- doublet/triplet splitting
- observable?
- Hierarchy Problem
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Various challenges:
- proton decay
- doublet/triplet splitting
- observable?

Grand Unification

Solution to these problems 
+ further unification?!
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Gauge-Higgs Grand Unification
● Embed GUT group in enhanced global symmetry of CH:

Unification of all forces & EWSB (Higgs)!

4D vector 4D scalar →Higgs

Manton, Hosotani, Fairlie, 
Hatanaka, Inami, Lim...
Contino, Nomura, Pomarol, ph/0306259
Agashe, Contino, Pomarol, ph/0412089

Higgs     pion 
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Gauge-Higgs Grand Unification
● Embed GUT group in enhanced global symmetry of CH:

Unification of all forces & EWSB (Higgs)!

light pNGB: 
4D shift sym. ↔ 5D gauge sym.

4D vector 4D scalar →Higgs

Manton, Hosotani, Fairlie, 
Hatanaka, Inami, Lim...
Contino, Nomura, Pomarol, ph/0306259
Agashe, Contino, Pomarol, ph/0412089

Gauge-Higgs GrandGrand Unification
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Gauge-Higgs Grand Unification

Various challenges:
- proton decay
- doublet/triplet splitting
- observable?
- Hierarchy Problem
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SM at low energies? Reproduces SM at low energies!
(incl. EWSB, mH, ...) 

New PatternFormer Proposals

Novel Breaking Pattern

Angelescu, Bally, Blasi, FG [PRD] (2104.07366)
Angelescu, Bally, FG, Weber [JHEP] (2208.13782)
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Phenomenology

Correct quartic/mH predicted!
Calculable!    Calculable!    

Potentially induce strong 
1st order Phase transition (PhT) 
→ BaryogenesisBaryogenesis

Bauer, Neubert, 1511.01900
Angelescu, Becirevic, Faroughy, Jaffredo, Sumensari, 2103.12504

Muon (g-2)?

Address (CC) B anomalies? 

S1

Excitations at TeV!

LHC

New territory → searches at LHC, Future Collider, ...

Angelescu, Bally, Blasi, FG [PRD] (2104.07366)
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Phenomenology

5D generation of masses + GUT nature
→ down-type hierarchies predicted correctly 
   from PMNS anarchy and CKM hierarchies!

Angelescu, Bally, FG, Weber [JHEP] (2208.13782)

● Flavor Hierarchies ● Interesting Tests

Driven by LQ!
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Phenomenology
● Flavor Hierarchies

Redoing
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Light Top Partners

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; Carmona, FG, 1410.8555

=> light top partners:              

● Large top yukawa → large mh

 large mt

currently strongest 
constraints on CH

Carmona, FG [JHEP] (1410.8555)
    

LHC searches

MCHM5

DBG

latest limit
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elementary

composite

  SO(5)

elementary

composite

  SO(5)

 

Change the nature of explicit Goldstone-symmetry breaking

Avoiding Light Top Partners I

Blasi, FG [PRL] (1903.06146);  Blasi, Csaki, FG [SciPost] (2004.06120);  Blasi, Bollig, FG (2212.11007)

soft breaking

Symmetry restored → unification
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MCHM5 

sMCHM5

Blasi, FG [PRL] (1903.06146) 
 Blasi, Bollig, FG (2212.11007)   

Blasi, Csaki, FG [SciPost] (2004.06120)

min.   
tuning!

Avoiding Light Top Partners I

New Signatures!
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What’s Inside?
with Alvaro Pastor Gutierrez and Jan M. Pawlowski

● 4D UV Completion

  5 Goldstones: Higgs + EW Singlet

minimal

??

, with            Weyl fermions

see Cacciapaglia, Pica, Sannino, 
2002.04914 for Review

Barnard, Gherghetta, Ray 1311.6562, 
Ferretti, Karateev, 1312.5330
Cacciapaglia, Sannino 1402.0233, 
Vecchi, 1506.00623, Ma, Cacciapaglia, 1508.07014
Cacciapaglia, Pica, Sannino, 2002.04914
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● 4D UV Completion

  5 Goldstones: Higgs + EW Singlet

minimal

??

, with            Weyl fermions

see Cacciapaglia, Pica, Sannino, 
2002.04914 for Review

Barnard, Gherghetta, Ray 1311.6562, 
Ferretti, Karateev, 1312.5330
Cacciapaglia, Sannino 1402.0233, 
Vecchi, 1506.00623, Ma, Cacciapaglia, 1508.07014
Cacciapaglia, Pica, Sannino, 2002.04914

Frigerio, Pomarol, Riva, Urbano, 1204.2808
Espinosa, Gripaios, Konstandin, Riva, 1110.2876

● Dark Matter 
● Baryogenesis 

with Alvaro Pastor Gutierrez and Jan M. Pawlowski

What’s Inside?
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● 4D UV Completion
cocompositemposite

with Alvaro Pastor Gutierrez and Jan M. Pawlowski

Fermionic resonances    ?
Lattice:
DeGrand, Shamir, 1508.02581
Pica, Sannino, 1604.02572
Ayyar, DeGrand, Hackett, Jay, Neil, Shamir, Svetitsky, 1812.02727

What’s Inside?

‘anarchic approach’
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● 4D UV Completion
cocompositemposite

Fermionic resonances    ?

PRELIMINARY result

FRG:

Cacciapaglia, Gertov, Sannino, Thomsen, 1704.07845
Sannino, Strumia, Tesi, Vigiani, 1607.01659 

with Alvaro Pastor Gutierrez and Jan M. Pawlowski

What’s Inside?
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● 4D UV Completion
cocompositemposite

● Further Targets: resonance spectrum, …
● New way to explore strongly coupled BSM

[control transition region]

with Alvaro Pastor Gutierrez and Jan M. Pawlowski

What’s Inside?
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Light Top Partners: Alternative Solution
 Bally, Chung, FG, 2211.17254
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Where is everybody??

Where is everybody??

 Bally, Chung, FG, 2211.17254

Light Top Partners: Alternative Solution
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Biggest source of 
shift-symmetry breaking

 Bally, Chung, FG, 2211.17254

Light Top Partners: Alternative Solution
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Alternative Solution: Non-Trivial Yukawa
 Bally, Chung, FG, 2211.17254
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Alternative Solution: Non-Trivial Yukawa
 Bally, Chung, FG, 2211.17254

Pheno: Top-philic bosons
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Alternative Solution: Non-Trivial Yukawa

→ Apply to Partial Compositeness

 Bally, Chung, FG, 2211.17254

Pheno: Top-philic bosons



Florian GoertzMITP, 12.5.23

Running Top Mass

differential tt cross section

CMS, 1909.09193 

Bally, Chung, FG, 2211.17254 

SM

New direct test of 
Naturalness...

diagnose Hierarchy Problem (& Early Universe)
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... Unification
● Grand Unification

● Gauge-Higgs Unification
(aka Composite Higgs)

● Axion-Flavon Unification

4D vector 4D scalar →Higgs

...
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The Axiflavon
Calibbi, FG, Redigolo, Ziegler, Zupan [PRD] (1612.08040)

→ very predictive
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Flavor Puzzle Strong CP Problem

Axiflavon

Dark Matter

Strong CP ↔ Flavor ↔ Cosmology

The Axiflavon
Why is the coefficient of the CP operator    
             so tiny?

Froggatt, Nielsen, 1979 Wilczek 1978, Weinberg 1978, Kim 1979, ...

Calibbi, FG, Redigolo, Ziegler, Zupan [PRD] (1612.08040)
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● EW Symmetry Breaking

The Axiflavon-Higgs
Calibbi, FG, Redigolo, Ziegler, Zupan [PRD] (1612.08040)

Flavor Puzzle Strong CP Problem

Dark Matter

Froggatt, Nielsen, 1979

Strong CP ↔ Flavor ↔ Cosmology ↔ EWSB

Alanne, Blasi, FG [PRD] (1807.10156)
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The Axiflavon-Higgs
Calibbi, FG, Redigolo, Ziegler, Zupan [PRD] (1612.08040)

Strong CP ↔ Flavor ↔ Cosmology ↔ EWSB

Alanne, Blasi, FG [PRD] (1807.10156)

→ extremely predictive

Successful Matching → 
Flat potential!!

NA62 → currently tested!  + (future) axion searches + Belle II
NA62, 1807.10170, 2011.11329, 2103.15389

high E ↔ low E
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Thank you!
● We can still hope to understand better what is going on 
in the next decades, also from LHC

+ DM, Precision/Flavor, Axion, GW,... 
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Thank you!
● We can still hope to understand better what is going on 
in the next decades, also from LHC

‘Every’ Problem is solvable!

Happy Birthday, Matthias!

+ DM, Precision/Flavor, Axion, GW,... 

MITP accumulates incredible expertise 
→ shapes and pushes limits!

Thank You!
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● Higgs is composite at small distances
    Hierarchy Problem solved 

● Higgs = (pseudo) Nambu-Goldstone Boson    
 

● MCHM: SO(5) → SO(4) 
 

like pions

Kaplan, Georgi, Dimopoulos, ...

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

0906.3599

Backup: Composite Higgs Models

mH<<mr

Nature chose this path 
already once…
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● Higgs is composite at small distances
    Hierarchy Problem solved 

● Higgs = (pseudo) Nambu-Goldstone Boson    
 

● MCHM: SO(5) → SO(4) 
 

like pions

Kaplan, Georgi, Dimopoulos, ...

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

0906.3599

+ Addresses the flavor puzzle:

mH<<mr

 custodially symmetric

 → Hierarchies naturally from anom. dimensions

cocompositemposite

‘anarchic approach’

 

Backup: Composite Higgs Models
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● The mode is true….
… well, because 20+15+6+1 = :)

Backup: The Model is True! :)

(irreps)
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