


Outline

< Sterile neutrino basics: SM singlet lepton present in most m,

Masses anywhere from sub-eV to M, ~ 10'® GeV
- Motivations
a. Terrestrial hints: LSND, MiniBooNE, reactor
b. Cosmological Hints: CMB, LSS and others
- Mini - seesaw mechanism




Sterile neutrino preliminaries

< Active neutrino:

in SU(2) doublet with a charged lepton - normal
weak interactions

vy < vp by CP
- Sterile neutrino:




Neutrino mass terms
< Dirac mass:
Connects two distinct Weyl spinors (active to sterile)

mD(DLuR -+ PRVL) = MplUplVp

Dirac field: 125 == VT, _|_ VR

4 component VL
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- Majorana mass: connects Weyl spinor with itself

%(ﬂ[/v;{ + VgL ) = %EMVM(active)
%(NENR + NpN¢) = %NMNM (sterile)
Majorana ﬁelds:y M =VL+ V% — V&
2 components NM . NE _I_ NR — N](\34_ s
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Short baseline anomalies

2 LSND/MiniBooNE anti-neutrino data suggest 1/, — 1/,
oscillations (Am? ~ eV?)

< Thenon-observation of /), — l/e

CP violation: more than 1 sterile neutrino; simplest
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Cosmological Hints

CMB and others: allow or weakly favor N, ~ 1 - 2 sterile neutrinos

7 Hamann, Hannestad,
Raffelt, Tamborra, Wong ’10 ;




Neutrino mixing models

3x3 3xN n: # of sterile neutrino
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Mrp: |ALl=2 |At;|=1 Majorana




< Seesaw mechansim (minimal or Type 1 seesaw) M, >> M,, M,
Wronssle OWeeew ~p H, LN + M, NN

O(1)
(¢s)
g
Mr=0,Mp = O(mt)a Mg = 0(1015 GeV) . VLWVL

|m1| NM%/MSNO.O]_eV 0@ @




~ So far no limit gives rise to a big enough active/sterile
mixing to explain short baseline anomalies

- We need: small M, and M, (and/or small M, )

My Mp 0(0.01) 0(01))
( ) (O(O.l) O(1)




Mechanism for small masses

vpH,LN + M,NN

Mr Mp\ (O(0.0l) 0(0.1))
(Mg M5> -~ \ 001 o)

vp ~ 1077




Mechanisms for small neutrino mass parameters:

Geometric suppression: wavefunction overlaps in large (or warped) extra
dimensions; sterile neutrinos in the bulk while SM confines to the brane.

Mn ~ m ~0.1leV m fundamental gravitational
) M%k ' 103 TeV scale in 4+& dimensions

Arkani-Hamed, Dimopoulos, Dvali and March-Russell ’98; Diapes, Dudas, Gherghetta '98

Stringy mechansims: mass terms exponentially suppressed by non-




< High-dimensional operators (HDO) Langacker ‘98

The effect of ordinary seesaw is to introduce a high-dimensional operator
in the low energy theory which is suppressed by a large scale;

Additional symmetries (global, gauge, discrete) may lead to highly
suppressed leading operators S: SM singlet with a VEV
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HDO mini-seesaw p=qg=1, r=1, <S> ~TeV, M ~ Mt

ms (g = 1)

— 1n-1 _
™m, (eV)l‘-'Hl- ------------------------------- mp = 10" eV (p = 1)




Active-sterile mixing parameters

So far we see qualitatively that 3+2 schemes may be accommodated into mini-seesaw ;
But we want to be more quantitative. In particular, we want to address:

a. What is the minimal set of parameters that characterize mini-seesaw ?
b. How well could they explain the data?

In the limit, M; =0, the active neutrino mass is generated purely via
seesaw, the active-sterile mixing parameters are fixed by the active/sterile
neutrino masses up to an orthogonal complex matrix;




M; = 0, n sterile neutrinos, 3-n massless active neutrinos;
n=1 Normal hierarchy; n=2 Normal/Inverted hierarchy

seesaw tells: y,  — N, M ML = DDT

D = MpMg 12 is a (3 x n)-dimensional complex matrix

m, = AYmqAyT = LLT L = Ayml/?
PMNS matrix diagonal matrix of light neutrino masses




M; = 0, n sterile neutrinos, 3-n massless active neutrinos;
n=1 Normal hierarchy; n=2 Inverted hierarchy

m, = MpMg' M}, = DD*

AYmg AVl = LLT

it

PMNS matrix diagonal matrix of light neutrino masses

The most general solution: D = LR(zx). R(z,): orthorgonal nxn complex matrix




n>1
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n =2, IH, one massless active neutrino, choose m, = 0;
thus a; =0

MO(’L
al — = Aya] valll R ? 9
R T 3 m
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a=ceu,T;3=12,1=4,5
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< Constraints on the sterile masses

tritium decay m% =- E |A6’i’2m7,2
7

| 2 |
neutrinoless double f decay "33 = E (-Aez) my; — (MT)ll

Cosmology ) = Z ‘Mz‘




Cosmologically 3+2 schemes with 2 eV scale steriles are not favored;

Some (highly speculative/creative) loopholes:

Nonzero chemical potential Kang, Steigman ’92; Foot and Volkas ’95;
Foot, Thomson and Volkas ’95;
n My, — My Abazajian, Bell, Fuller and Wong ’04 ....
— =exp | — T
P T

Time-dependent neutrino mass
Fardon, Nelson, Weiner ’03;

Mz = (1 _|_ Z)fn,MS Kaplan, Nelson, Weiner ’04




Modified 3+1 schemes

Modify 3+1 scheme by introducing an “effective” large CP violation phase
(effective non-unitary transition matrix)

3 +1light sterile + 1 Heavy sterile neutrino:  Nelson 10

1light sterile: mass splitting ~ O(eV)
1 heavy sterile: mass splitting >> 10 eV, oscillation length averaged over

Reduction of phase space
-2 .2
P, 5)—ve(w.) = 8in° 20, sin” (x B)+ kK
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< Apparently this scenario may be more consistent
with cosmological observations as it only has one
light d.o.f at low energy

< However, ..
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Conclusion

) Qulhahwshﬂt
that point towards the same direction;

“ \We may not believe it but it is definitely worth
exploring!

< On the cosmological ground, PLANCK will tell us next
year N.q with an error ~ 0.2.

- This talk focus on 3+2 schemes and mini-seesaw
=11

anomalies




