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Effective Lagrangian and vy

L ¢ IS parameterization of virtual heavy
physics effects

 If v Is added, there may be new effective
Interactions involving the vy



New Interactions(dim-5)
in terms of Majorana mass eigenfields, N(heavy) and v(light)
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Coefficient estimates from new physics models
 From weakly coupled new physics:

1
Ry can be generated = £~
(¢ d) P Evy at the tree level < My p
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V6o VRB Y, at the one-loop level = < 16m2 My p
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From LEP: My, > 100 GeV =2 ( < ETov

 If the new physics is strongly coupled :
(If v, participate in the new physics strong interactions)
1
Mnp

X (417)° =) | ~

=) Consider the strongly coupled case for the collider effects



Collider effects

of heavy Majorana neutrinos



Heavy neutrino decay modes

» For simplicity, we considered only the lightest two heavy
neutrinos, N, and N, (m,>m,)

o If N, Is produced at a collider, then it will dominantly decay
into Ny - y or Ny - Z° (if my<myqqetmy)

 If m, > 10GeV, the produced photon will be hard and this could
be a signal for the N, decay. In addition, if the life time of N, is

long, this can lead to a displaced photon vertex.
== We did not have a full analysis.

* N, can only decay into the SM particles and the decay length
will be usually longer than N,



Bound on the new physics scale from
LEP data

e If m;+m,<m, we can obtain a limit on the new
physics scale from the invisible Z-decay at the LEP

[(Z = NiNy) < Tino(= 499.0 + 1.5MeV (PDG 2008)) — Tsp(Z — )

1

e.g. If m; ~m,~35GeV then Ay >1.9TeV, Ay ~7



Cross sections for ete — Ny N> at LEP and ILC
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Cross sections for heavy neutrino production as a function of m,, for different/s
We took Ayp=10TeV, m;~0

e 200 GeV is for the LEP. 500 GeV and 1 TeV are for the ILC
» Except for the collision at the Z-peak, cross sections are quite
independent of+/s as long as the reactions are allowed



Heavy neutrino production at the LHC
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Cross sections for heavy neutrino production as a function of m,, for several
m, examples. We took+'s =14TeV and Nyp=10TeV.

e 0> 100 Fb for m;+m, <m,



Astrophysical and
Cosmological Effects

of the magnetic moment coupling

The red giant Mira--Wikipedia Multiwavelength X-ray, infrared, and optical

compilation image of Kepler's Supernova Remnant,
SN 1604. (Chandra X-ray Observatory)-Wikipedia.
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Cooling of red giant stars and
supernovae

* In the plasma of a red giant star a photon acquires a mass
equal to the plasma frequency and decays into a pair of
neutrinos by the magnetic moment coupling if the neutrino
masses are smaller than the plasma frequency, ~10keV.

e If the neutrinos are produced, they will leave the star and
contribute to the cooling rate of the star.

m) provides an upper limit on the coupling

* A new mechanism for the cooling of supernovae:

In a supernova a light neutrino can transform to a heavy
neutrino by the magnetic moment coupling then the heavy
neutrino will escape and contribute to the cooling of the
supernova.m provides another limit on the coupling



Examples Of ’[he bOundS plasmon=massive photon

. wp = plasma frequenc
on the new physics scale PP ~q8_6ke\3//

1. Cooling of red giant stars
e If m<<wp : plasmon = NN

1
) — Ay 4x10°% TeV

e If My> wp : plasmon =2 vv 2 x[v—v—(yor Z"]
= Ay 2 (M, /my)°x4x10TeV

2. Cooling of supernovae, y + v2>N

= A 2 (mV/mN)g4x106TeV sCX [N —v—(yorZ")
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CP asymmetries

 The magnetic moment coupling can contribute to the
decay of N — e*¢" in one-loop diagrams and
results non zero CP asymmetries

Ly = 3 NPN i’\m\\

my > v

TN, —e b ) ATV — e b )

m Y
= —=—(m3 —m?) ,l; Im{—‘2 ‘_‘21
27T m; 1Y,

({{,m, + g”uml)], m, > m,

 This could be relevant for leptogenesis when m; and m, are relatively close.



Summary of the bounds and prospects

excluded by
the cooling of
red giant stars

supernovae
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Extra Slides



CP — asymmetry_ simplified
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Effective Lagrangian up to dim-5 operators

L =L+ Loy +Ls+
Lov = iDLl +iegPer — ((Y.ere + huc.) +

-

__ 1 _ N
L, = Vv, — (21/1,?]\[1/]% + h.c. ) — (ész/%gb—l— h.(:.)

Ly = VECo" VB, + (6@) (gyé) — (¢'0) VEEVR + hec.

_ [ VL L[ P ern and v = singlets. v$ = Cvl
14 0, A glets, Vp R
L 72 O = Z,}J_.z,},oaf _ E{c,@ _ €@*
Flavor Matrices: Y. = 3 x 3 comp., M = n X n comp. symm.,
Y, =3 xn comp., Yy =3 X 3 comp. symm.,
( =n X n comp. antisymm., £ = n X n comp. Symin.

n =number of flavors of right handed neutrinos
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Diagonalizing the mass matrices

Mg > Mp > M;
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The Lagrangian in terms of mass eigenfields
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« Majorana Fermions
v, N: Light and Heavy Neutrinos
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New Interactions

heavy , light Majorana
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Heavy physics example for 7g{o*"viB,,
L= N5 EBw* + \jEvgw +H.c. + EilDE

A and \; are real. E and w are (1,1,y)
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Vector and fermion pair: W} Ey* vy, and W/ Ey* v



Heavy physics example for (f¢)y(ét0)
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Heavy physics example for  ({¢)y(410)
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Heavy neutrino decay rates
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Figure 1: Decay branching ratios of Ny. Solid for Ny — v~ and dashed for Ny — eW* —

e+fermions, Ny — vZ* — v+4fermions and Ny — vH (see text). We take ¢ ~ 1075, Ayp = 10TeV

and myg = 130 GeV.,

ey < Mw:I'(N; — vv) dominates

1
o 1TV < 1 :F(Nl — ]/Z*) — F(Nl — VH) — §F(N1 — fl’ir*)



Bound on the new physics scale from
LEP data

D(Z = NyNy) < Tino(= 499.0 + 1.5MeV (PDG 2008)) — Tspr(Z — i)
F(Z — f\-"}ﬁ-‘}) < 048 x 1.5 MeV = 0.72 MeV 90Y% CL
1
‘le\

Anvp = > r\/fz (myz, my, my) TeV

For example, Ayp > 1.9 TeV if my = ms = 35 GeV



Heavy neutrino decay lengths
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Figure 2: Ny decay lengths for a Ny produced together with a Ny at CM. We present results for

CM energies of \/'E = 100 GeV (solid), 500 GeV (dashed), and 1 TeV (dotted); we took me = 2my.

J-'\__Ia\,rp = 10TeV and = = 10_6 i Ref.: Phys Rev. D 80, 013010



Higgs decays into heavy neutrinos
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Figure 6: Estimated branching ratios for Higgs decays with the new-physics scale at 1/£ = 10 TeV.

Heavy neutrino masses have been neglected. Ref.: Phys. Rev. D 80, 013010



J A(mz, m7, m3)

fz(mz,m;,m j) = 3 [mzz (mzz + m? + mf
m
_ (2 22
6m;m;cos28;;) —2(m; —m3)-].

Ma, b, c) = a* + b* + ¢ — 2ab — 2ac — 2bc



CP asymmetries

Assume that mny > v

71— ]_— — ~ ~r—=— —_—
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