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The Need for BSM Physics

Theoretical arguments:
SM does not exist without cutoff
Higgs-doublett = only simplest extension
Gauge hierarchy problem
Which: particles (representations)
Many parameters (9+? masses, 4+? mixings)
Charge quantization, unification: GUTs, ...,
Gravity: ...
...

Experimental facts:
• Dark Matter & Dark Energy exist!
• Neutrino masses have been detected!
• Baryon asymetry of the universe
ßà mn> 0

• various 2-3s indications / hints
g-2, LHCb, low ER-excess @XENON, ...
ßà BSM-implications

3 generations + apparent regularities!
èdoes not require BSM, but is a hint!

How to solve these problems?
à pick some direction for an extension:

- more represenations (particles)
- enlarged symmetries & breakings
- new concepts beyond 4d QFT
- combinations thereof
- more and more compexity...

è Q: Are we on the right track or are
we over-engineering problems?

è Starting point: Some suggestive 
feature or interesting concept...



Indications pointing to SUSY + GUTs

gauge 
bosons

Higgs  

quarks
leptons

flavour problem: 3 generations
many parameters (mi ,mixings)
unification into GUTs

mn=(mD)TMR
-1mD

LGUTßà seesaw scale?

gauge hierarchy problem:
dmH

2 ~ L2

èSUSY  @ TeV ...?

? TOE
~1019GeV

GUT
~1016GeV
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- SM particles fit nicely into GUT
representations 

- charge quantization
è evidence for some unification
SO(10): 16
SU(5): 5, 10-

? !

supports „generations“
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Flavour: Adding Neutrino Mass Terms

1) Simplest possibility: add 3 right handed neutrino fields

like quarks and charged
leptons è Dirac mass terms
(including NMS mixing)

New ingredients:
1) Majorana mass (explicit)
2) lepton number violation

6x6 block mass matrix
block diagonalization
MR heavy è 3 light n’s

NEW ingredients:

è SM+
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- SM=1-scale è multi-scale
- modified global symmetries (henn – egg)
- 9 parameters
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2) new Higgs triplets DL:

Other Neutrino Mass Operators
nL nL

mn=ML - mDMR
-1mDTè see-saw type II

èleft-handed Majorana mass term:

3) Both nR and new Higgs triplets DL:
èMLLLc

_

4) Higher dimensional operators: d=5, …

èMLLLc
_

x x

5-N) …
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Empirical Regularities

1. 2.                  3. 
generation
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degenerate ~1eV

hierarchical 0.0005eV , 0.005eV è ~0.05eV

Quarks & charged leptons è mass hierarchy pattern è neutrinos?

• less hierarchy in mD or correlated hierarchy in MR ? 
è theoretically connected?

• mixing patterns...

Quarks and charged leptons:

mD ~ Hn ; n = 0,1,2   è H > 20...200

Neutrinos: mn ~ Hn è H < ~10

See-saw:

H            ~10         >20      ?      >20

mn =  -mD
T MR

-1 mD



Obtaining aparent numerical Regularities
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Quark and lepton masses as well as their mixings show apparent regularities

• moderate inter-generation scale hierarchies 
• most mixings are either small or almost maximal

è how can this be understood?

Toolbox: Mechanisms to naturally explain moderate scale hierachies:
• scale ratios – e.g. two VEVs of two scalars (not too far apart... ßà hierarchy...)
• small ratios from diagonalization in seesaw like structures
• loop suppression factors ~ 1/16p2
• group theory factors from flavour symmetries
• ...

One mechanism çè more than one mechanism at work?

nicer?  simpler?    
one mechanism versus one new ingreident?

e.g. few fields, simpler groups, new flavour physics at moderate scales, ...
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Flavour Symmetries
• the basic idea: 

horizontal symmetry (discrete, continuous)
• broken at high scales
• by flavons

è explain observed masses and mixings

e.g. dihedral groups Dn

geometric origin of D3:

Many groups and breaking scenarious have been discussed
a phenomenologically promising example: D5

task: search for mass terms which are for suitable Higges singlets under D5

1) assign all fermions to representations

2) write down any possible mass term using scalarsçè singlet under symmetry

Hagedorn, ML, Plentinger
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Dirac mass terms:

Majorana mass terms:

Scalars (flavons) è D5 symmetry induced mass matrices:

F1 ~ 11
F2 ~ 12
Y1 ~ 21

è check phenomenology   è ... successful models + “predictions”

è D5 Allowed Mass Terms

BUT:  Flavour models get more and more complex, often require an intricate 
selection / interplay  special of symmetries, carefully choosen representations, 
several flavons and specific breakings 
è all very interesting, but is it the right track or is it overengineering?
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Assumed fermion sector structure: up- or down- sector (n=3) + vector fermions
|h⟩ - n-element vector including Yukawa couplings
MP - explicit mass of vector fermion(s)
vEW - the electro-weak VEV
vS - VEV of a suitable new scalar  
è model details will follow

è two non-zero and n − 1 zero mass-eigenvalues 

• assume seesaw limit: MP >> vEW , vS
è non-zero eigenvalues: mt ≃ − (vEW*vS /MP ) ⟨h|h⟩

mP ≃MP   
Notes:
• “0” will be a consequence of representations 
• vector masses MP can have without problems arbitrary values
• for n=3 àonly 3rd generation masses ; two vanishing eigenvalues
• accidental symmetry of non-interacting theory @ tree level
• want: minimal set of extra scalars (avoid many “flavons”)
• want: vS as low as possible?

Flavor Seesaw Mechanism S. Jana, S. Klett, ML, 2112:09155 

0
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- loop effects create  δM
- and corrections |h⟩à|α⟩
è final quark mass matrix:

è eliminate xn+1

è M = δM − (vEW*vS /MP ) |α⟩⟨α| 

Outcome: If M has rank r
è MT MT† possesses r + 1 nonzero eigenvalues 
è r generations become massive 

n=3: mt generated by see-saw
2nd generation @ 1-loop
1st generation...

interplay of different mechanisms

Step 1: ~universal seesaw Berezhiani, Chang and Mohapatra, Davidson and Wali
~ here not sucessful



Realizing the Flavor Seesaw
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G è GSM× U(1)B−L

è additional fields 

j = 1,2,3  (will also cancel anomalies)

two generations of vector-like fermions:  
Tk, Bk, Ek, Nk with k = 1, 2

SM singlet - will break U(1)B−L è

important!
à “0”
à Dirac n’s
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Scalar sector:

Symmetry breaking:

assume: vS ≫ vEW

h is a weak singlet è charged boson masses like in SM
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neutral gauge bosons è (B,W3,X) mass matrix   (mixing by U(1)B–L charge of F

è
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Yukawa interactions: Only between quarks (leptons) and vector quarks (leptons)

Explicit masses for vector fermions: 

diagonal

Radiative generation of further mass terms and mixings @ 1-loop:

Note: Neutrinos must be Dirac particles ßà U(1)B-L charges
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Resulting up-type mass matrix:

@1-loop:

Analogous for down-type, charged and neutral lepton mass matrices
...
è CKM and PMNS mixings including small unitarity violations from VF’s

What did we win?
è moderate hierarchies from simple interplay of seesaw, two VEVs and loops
è no or less need to put hierarchies into SM Yukawas 
è TeV-ish flavour physics?
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Outcome: A mapping between 
SM Yukawas ßà new Yukawas

It is highly non-trivial to obtain 
the known SM parameters!

è two benchmark points:
ε1 = 10−2, ε2 = 10−1 * ε12
MZ

′ =  300 TeV
MT1 = 8 TeV ; MT2 = 17.91 TeV
MB1 = 40 TeV ; MB2 = 65.69 TeV
ME1 = 50 TeV ; ME2 = 80 TeV
MN1 = 1.15×106 TeV ; MN2 = 1.25×106 TeV

Mapped Yukawa couplings O(10-2) - O(1)
ßà hierarchies in SM Yukawas emerge
mostly from seesaw, VEV ratio and loops

• Does not explain numbers
è parameter mapping

• But maybe easier to explain?!
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Resulting SM observables for the two benchmark points

3s 3s 3s

Notes: 
• The two benchmark points are just two solutions of a numerical search 

à there may exist solutions with even lower scales
• Many other model realizations should exist



BSM Phenomenology
TeV-ish new physis...
• FCNC’s @ quark sector  è neutral meson mixing

estimate effects:  
dominating contributions: SM Higgs and Z’ exchange 
...
è new physics contributions 
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SM Higgs exchange 

Zʹ exchange 

the benchmark points 
are consistent with data
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• Charged Lepton Flavor Violation
1-loop contributions to 

tree level three lepton decay

• Other implications
the presence of new TeV-ish physics can lead to various other effects
not relevant for us – multi TeV-ish scales
lower scale solutions may exists è check which BSM signals...

SM Higgs exchange                                       Z′ exchange

Z’ mediated 
tri-lepton decay 

the benchmark points 
are consistent with data



Conclusions
• Tremendous success of renomalizable QFTs: QED è QCD è SM

• Conceptual: 4d QFT ✚ symmetries ✚ representations✚ numbers
è type (q,l) and number (copies) of fermion representations is not understood
è generations appear special due to mass values and anomaly cancellation

• Ideas to “understand” apparent regularities in fermion masses and mixings
è flavour symmetries ✚ high scale breakings by flavons
è many models, become rather complex ßà observed structures

• Other routes?
è flavour seesaw ßà structure following from representaions
è moderate VEV ratio plus loops
è discussed a simple model realization with extra U(1)B-L
è mapping of parameters to new patterns
è allows multi-TeV-ish flavour physics
è interesting phenomenological consequences: FCNC’s , Dirac neutrinos, ...
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