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Quark-Lepton Symmetry
demands 3 sterile

Weyl spinor partners
for the active neutrinos
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But do they have to be

very massive
as in the classical see-saw?

No!
[e.g., Kusenko (Nu2006)

et al., hep-ph/0405198]

Whatever 
protects 

gauge boson 
hierarchy 
may also 

protect neutrino 
masses. 

See R. Slansky 
{Phys. Rept. 79 

(1981) 1}
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How Large Are the Neutrino Mixing Angles?

Off-diagonal 3X3 Dirac blocks set to CKM
rotation from diagonal of [up] quark masses.

If sterile mass matrix power series is expandable
in powers of Dirac then mixing angles are identical
to quarks’.

Random choices of sterile mass matrix entries
produce surprisingly narrow statistical distributions,
large mixing, largest mixing is in μ-τ sector.

(Pseudo-)Dirac cases for reduced rank sterile
mass matrix noted but not followed up.

Phys. Rev. D24 (1981) 236 “predicted” large flavor mixing



T. Goldman and G. J. Stephenson, Jr.  Phys. Rev. D24 (1981) 236



        The  Wigner  conjugation operator

W

W

        on Weyl spinors, is similar to CP.

where is assumed.
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Lagrangian for Weyl Spinors

LL = ― φ†σμ∂μφ + ― i m(φTσ2φ + φ†σ2φ*)1
2

1
2

↔

LR : σμ ➞ σμ = (σ0 , -σ )→̅̅ ↔
∂ = ∂ -∂

→  ←

Equations of Motion 

φ1

φ2
φ ≡

∂tφ1 -∂zφ1 -(∂x-i∂y) φ2 =  -mφ2*
∂tφ2 +∂zφ2 -(∂x+i∂y) φ1 = +mφ1*

(Grassman variables)



Solutions

φ-=
                F exp{-i θ}

      F exp{-i θ} -        F* exp{+i θ}
i m
E−pz━━

  -p+

E−pz━━

━━

φ+= φ-*

Define
θ = Et -p·x ; p± = px ± i py

→  →

Majorana vs. Dirac 

Ψχ = Ψφ = 
    φ
-σ2φ*

+σ2 χ*

     χ
;

ΨD = Ψφ ± i Ψχ {PC= ±T}



Let mass of Ψa be m. If Ψs also has mass m, then i Ψs has mass
-m.  A 450 basis rotation displays m as Dirac! (& flips C)
Then Wigner-Weyl rest states correspond to Pauli-Dirac

    a
-σ2a*

    s
-σ2s*

ΨD ≡ + i = Ψa + i Ψs
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6X6





Small angles
induce large 
   mixing!



Structure Illuminated by 4X4 Analytic Example

In 6X6 rank-1 case:

M = M + b2/M

m02  = m12 cos2θ + m32 sin2θ

｝
μ = b2/M
m+ = m0 + a2/M + O(M-2)

m- = m0 - a2/M + O(M-2)
Pseudo-Dirac Pair

(m12 - m32)sinθcosθ
a = 

m√2


b = m1 m3
m0


where 

2 Pseudo-Dirac Pairs

(simple)☝



DETAIL OF 2 FLAVOR ANALYTIC EXAMPLE

 0  0 m1  0
 0  0  0 m3

m1  0 Ms2 Mcs

 0 m3 Mcs Mc2

c = cosθ, s = sinθ

 αi

 βi

 γi

 δi

μϕi =

Eigenvalue equation: 



Characteristic equation: (McKellar form)

μ (m02 – μ2)μ (M – μ) = 2μ2a2 – (m02 – μ2)b2

Eigenvalues: 

μ1 = + m0 –      –             (m02 –      – b2)

μ2 = – m0 –      +             (m02 –      – b2)

μ3 = –      + o(M-3)

μ4 = M +                   + o(M-3)

a2
−M

b2
−M

a2
−2

2a2 + b2

M————

a2

m0 M2–––––

a2

m0 M2–––––
a2
−2

a2
−M



β1
α1

α3

β3

β2
α2—   =   —   =    —    =    —  cotθm1

m3

γi
αi

μi
m1—  =  —

δi

βi

μi
m3—  =  —

Eigenvector solutions: 

But for large M and small θ, μ1 ~ μ2 ~ m1
        (i.e., small mixing in sterile sector)

so flavor mixing will be large if :

 μ3 ~ small ➯ almost pure active

—   ~ tanθ
m1

m3

to compensate. Except for 

μ4 ~ o (M) ➯ pure sterile 

;



U N C L A S S I F I E D

U N C L A S S I F I E D

Content of Mass Eigenstates

For 6 x 6: 2 Pseudo-Dirac pairs 





 Θ=22.67o, Φ=0.008156,
m1=2.740, m2=2.877, m3=3.562 eV/c2



w/add’n (yellow) of νe osc. from νμ flux to SuperK νe signal



LSND? 



LSND as fitted!





Large mixing amplitudes to all channels on multiple scales



Effects of Finite Resolution



CDHS Far/Near vs. L/E

L/E

Ra
tio

Two Detectors Are Better Than One? 



Only if the Near One Is Close Enough! 



T. Goldman, G.J. Stephenson, Jr., B.H.J. McKellar, 
Phys. Rev. D75 (2007) 091301(R)
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CONCLUSIONS
  Even within the see-saw framework there
could easily be 5 (and even 6) neutrino mass
differences and so 4 (or 5) independent
oscillation scales. [Use matter effects to find
light steriles in exp’ts?]

 Analyses of oscillation data in terms of 2X2
mixing can miss significant physics.

 A global, multichannel analysis with
allowance for path-dependent matter effects
is essential before firm conclusions can be
drawn.
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CONCLUSIONS [II]
  No strong constraints on mostly sterile
mass eigenstates with small overlap to
active states. [Whatever protects hierarchy
for gauge bosons also keeps steriles light?]
 Larger mass differences and more
independent oscillation scales possible.

Light pseudo-Dirac pairs appear unlikely to
be in agreement with data.
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R. Slansky, Phys. Rept. 79 (1981) 1
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