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ñLHC, SSC and the Universe ò
---- S. Dimopoulos, 1990

ñThe geometric mean of the Planck mass and the 2.7 K background
temperature ---- numerically equal to about a TeV ---- is the maximum 
mass that any cosmologically stable perturbatively coupled elementary 
particle can have or else the density of the Universe exceeds its critical 
value. Thus, the TeV scale is cosmologically significant for reasons 
unrelated to the scale of electroweak symmetry breaking; ééò

ñAny dark matter candidate that is perturbatively coupled must also 
weigh less than a few TeV. Thus, cosmology implies that all these 
particles should be accessible to multi -TeV colliders . ééò
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3Neutrinos: The Road Behind
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LHC

The Road 
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5Within the SM

All nôs are massless in the SM,  a result of the modelôs simple structure: 

--- SU(2)_L ¦U(1)_Y gauge symmetry and Lorentz invariance ;

Fundamentals of the model, mandatory for its consistency as a QFT. 

--- Economical particle content :

No right -handed neutrinos --- a Dirac mass term is not allowed.

Only one Higgs doublet --- a Majorana mass term is not allowed.

--- Mandatory renormalizability :

No dimension Ó 5operators --- a Majorana mass term is forbidden.

In other words,  the SM accidently possesses the ( B - L) symmetry .

To generate n-masses, one or more of the constraints must be relaxed.

--- The gauge symmetry and Lorentz invariance cannot be abandoned;

--- The particle content can be modified;

--- The renormalizability can be abandoned. 
How many ways?

Part A



6Beyond the SM

Way 1:  to relax the requirement of renormalizability (S. Weinberg 79 ):

In the SM, the lowest -dimension operator that violates lepton / baryon
number is

neutrino mass

GeV 10   eV    1
13

321 >Ý< Mm ,,

M/H~m ,,

2

321      :Seesaw

proton decay

GeV 10      years 10
1533 >Ý> Mpt

++­ ep
0

      :Example p

Neutrino masses / proton decays : windows onto physics at high scales.   

Part A



7Beyond the SM

Way 2:  to add 3 right -handed neutrinos  & demand a ( B - L) symmetry: 

The hierarchy problem: 

A pure Dirac mass term 

A speculative way out:  the smallness of Dirac masses is ascribed to the  
assumption that N_R have access to an extra spatial dimension ( Dienes, 

Dudas, Gherghetta 98 ; Arkani -Hamed, Dimopoulos, Dvali, March -Russell 98 ) :  

bulk

y

SM 
particles

The wavefunction of N_R spreads out over the 
extra dimension y , giving rise to a suppressed 
Yukawa interaction at y = 0 .  

(e.g., King 08 )

Part A



8Beyond the SM

Seesaw: add new heavy degrees of freedom and allow ( B - L) violation: 

T-1:  SM + 3 right -handed neutrinos ( Fritzsch , Gell -Mann , 

Minkowski 75 ; Cheng 76 ; Minkowski 77 ; Yanagida 79 ; Glashow 79 ; 

Gell -Mann, Ramond, Slanski 79 ; Mohapatra, Senjanovic 79 )

T-3: SM + 3 triplet fermions ( Foot , Lew , He, Joshi 89 ) 

T-2: SM + 1 Higgs triplet (Konetschny , Kummer 77 ; Magg, Wetterich 80 ; Schechter, 

Valle 80 ; Cheng, Li 80 ; Lazarides et al 80 ; Mohapatra, Senjanovic 80 ; Gelmini, Roncadelli 80 )

Part A

Fermi   
scale

Seesaw ðA Footnote Idea:
H. Fritzsch , M. Gell -Mann , 
P. Minkowski , PLB 59 ( 1975 ) 256



9Seesaws

Weinberg operator:  the unique dimension -5 operator of n-masses  after 
integrating out the heavy degrees of freedom.

After SSB, a Majorana mass term is:  

Part A



10Seesaw Scale?

What is the energy scale at which the seesaw mechanism works?   

Planck  

Fermi       

GUT  to unify strong, weak & electromagnetic forces?

This appears to be rather reasonable, since one often expects new 
physics to appear around a fundamental scale.

Conventional Seesaws: heavy degrees of freedom near L_GUT.

Uniqueness ³ Hierarchy  ³

Naturalness Õ Testability  ³

Part Aô



11Lower Scale?
Part Aô

In reality, there is no direct evidence for a large or extremely 
large seesaw scale.  So eV-, keV -, MeV- or GeV-scale seesaws 
are all possible, at least in principle;  and they are technically 
natural according to ót Hooftôs naturalness criterion.   

ót Hooftôs naturalness criterion(80 ):   

Potential problems of low -scale seesaws:

---- No obvious connection to a theoretically well - justified  fundamental 

physics scale (for example, Fermi scale, TeV scale, GUT or Planck scale).

---- The neutrino Yukawa couplings turn out to be tiny,  giving no actual 
explanation of why the masses of three known neutrinos are so small.

---- In general, a very low seesaw scale doesnôt allow canonical thermal 
leptogenesis to work,  though there might be a very contrived way out. 



12Hierarchy Problem

Seesaw -induced  fine -tuning problem:  the Higgs mass is very sensitive 
to quantum corrections from the heavy degrees of freedom in a seesaw. 
(Vissani 98 ; Casas et al 04 ; Abada et al 07 )         

where y_i & M_i are eigenvalues of Y_n (or Y_S) & M_R (or M_S), respectively. 

Type 2:

Type 1:

Type 3:

Possible way out: (1) Supersymmetric seesaws? (2) TeV-scale seesaws? 

An illustration 
of fine -tuning

Part Aô



13TeV Seesaws

Is new physics at the TeV scale responsible for the n-mass generation ?

Planck  

Fermi       

GUT  to  unify strong,  weak & electromagnetic forces?

TeV      to solve the unnatural gauge hierarchy problem?

Conventional Seesaws: heavy degrees of freedom near L_GUT.

TeV Seesaw Idea: driven by testability at LHC.

Naturalness ? Testability ?

Part Aô



14TeV Neutrino Physics ?

Why

Not

Try

to discover the SM Higgs boson

to verify Yukawa interactions  

to pin down heavy seesaw particles

to test seesaw mechanism (s)

to measure low -energy effects

Part Aô

LHC 
TeV



15Type -1 Seesaw 
Part B1

Type -1  Seesaw: add 3 right -handed Majorana neutrinos into the SM.

or

Strength of Unitarity Violation

Hence V is not unitary

Diagonalization ( flavor basis Ý mass basis ) :

RD M/M~S~RSeesaw:



16Natural or Unnatural?

TeV-scale (right -handed) Majorana neutrinos:  small masses of 
light Majorana neutrinos come from sub - leading perturbations .

Unnatural case: large cancellation in the leading seesaw term.
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Natural case: no large cancellation in the leading seesaw term.
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17Structural Cancellation

Given diagonal M_R with 3 eigenvalues M_1 , M_2 and M_3 ,  the leading 
(i.e., type -I seesaw ) term of the light neutrino mass matrix vanishes,  if 
and only if M_D has rank 1,  

and if

(Buchmueller, Greub 91 ;  Ingelman, Rathsman 93 ;  Heusch, Minkowski 
94; éé;  Kersten, Smirnov 07 ).

Tiny  n-masses can be generated from tiny corrections to this complete 
ñstructural cancellation ò, by deforming M_D or M_R . 

Simple example: 

Part B1


