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Introduction

Renewed interest in the past few years for light sterile neutrinos, mainly
driven by experimental anomalies:

* the reactor anomaly (deficit of 77, in short-baseline reactor
neutrino experiments)

e the gallium anomaly (deficit of 1/, in a calibration experiment)
* the long-standing LSND claim of 1, — v, oscillations

Large number of experiments proposed to check these anomalies (reactors:
Stereo, DANSS, Solid, ... ; source: SAGE, CeSOX ... ; accelerators: SBN, ...)

From a theory perspective, light sterile neutrinos are challenging as their
masses are not protected by the electroweak symmetry = could be much

larger than the active neutrino masses

Interesting possibility: supersymmetric partner of a (pseudo-)Goldstone
boson [Chun, Joshipura, Smirnov *95]



Experimental status

Several experimental anomalies suggest the existence of sterile neutrinos
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Reactor antineutrino anomaly:

Reevaluation of the reactor p, flux in 201 | [G. Mention et al., P. Huber]
(increase by about 3%)

— deficit of antineutrinos in SBL reactor experiments

mean observed to predicted rate 0.943 + 0.023  [G.Mention et al,
arXiv:1101.2755]
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Caution: the shape of the reactor antineutrino spectrum is not fully
understood (bump around 5 MeV seen by Double Chooz, Daya Bay, RENO)



Gallex-SAGE calibration experiments: v, +''Ga —"'Ge + e~

Calibration of the Gallex and SAGE experiments with radioactive sources
=> observed 30 deficit of 1/, with respect to predictions [Giunti and Laveder]
R=0.84 % 0.05 [ J. Kopp et al., arXiv:1303.301 ]

Combined analysis of SBL reactor data, gallium calibration experiments and
MiniBooNE neutrino data [G. Mention et al., arXiv:1 101.2755]:
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However, no coherent picture of all data with an additional (or even 2) sterile
neutrino: tension between appearance (LSND/MiniBooNE antineutrino data)
and disappearance experiments (reactors, v/, disappearence experiments)
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In addition, a light sterile neutrino is disfavoured by cosmology:
Neg = 3.15 £+ 0.23 (68% C.L.) [Planck 2015 + BAO data]
Simultaneous constraint on Neff and on the sterile neutrino mass:
Neg < 3.7, my, <0.38eV  (95% C.L.) [Planck + BAO]

— Neff = 4 excluded at more that 99% C.L.

Way out: sterile neutrino not fully thermalized due to large lepton asymmetries or non-
standard interactions [see e.g. Gariazzo et al.,1404.6160; Archidiacomo et al.,1508.02504]



From a theoretical point of view, sterile neutrinos also pose a problem:
since they are gauge singlets, their mass is not protected (except by L)

Sterile neutrinos are present e.g. in the seesaw mechanism:
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the mass eigenstates 1,1 and vy,5 are admixtures of the active neutrino vy,
and of the sterile neutrino v; = Cﬁ£

Requiring m << M to explain the smallness of neutrino masses, the sterile

neutrino v; =~ vy is very heavy and has negligible mixing with the active
neutrino vy, >~ Vr1



Theoretical scenarios for naturally light sterile neutrinos

l) (very) low-energy seesaw with M < |0 eV  [de Gouvéa, Huang, arXiv:1110.6122]
but the seesaw explanation of small neutrino masses is lost

2) singular seesaw mechanism  [Glashow "91]
det M = 0 leading to a fourth light mass eigenstate
accidental or due to symmetries of the neutrino sector

3) flat extra dimensions  [arkani-Hamed et al.’98; Dienes et al.’98]

a massless bulk RH neutrino generates a tower of Kaluza-Klein sterile
neutrinos with masses n/R

4) singlet fermions (modulinos) in supersymmetry/string theory
[Benakli, Smirnov '97; Dvali, Nir *98]

5) pseudo-Goldstone fermion  [Chun, Joshipura, Smirnov '95; Chun '99]

supersymmetric partner of the Goldstone boson of a spontaneously
broken global symmetry (e.g. lepton humber or Peccei-Quinn)



Theoretical framework

Some global U(1) symmetry spontaneously broken at a scale f >> Msusy

The supersymmetric effective field theory below f involves a
(pseudo-)Goldstone multiplet s +ia

=5

+V20x + 0*F

with a shift symmetry A — A 4 inf

In the supersymmetric limit and in the absence of explicit global symmetry
breaking, all components s, a, ¢ are massless

Supersymmetry breaking can give a mass to  and s, while some explicit
breaking of the global symmetry is needed to give a mass to a (or the
symmetry must be anomalous)

Irreducible % mass from supersymmetry breaking [Cheung, Elor, Hall, | 104.0692]

1
My ~ m3/2 from /d49 M— (A—I—AT)Q(X —|—XT) ; <X> = F(92
P

=> low-scale supersymmetry breaking needed



Assuming no R-parity (but baryon number), the most general Lagrangian
compatible with the shift symmetry A — A+ wnf is(a=0,1,2,3):
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Vsoft = generic MSSM soft terms with leptonic RPV

+ Caﬁ LO”LLB

After minimization of the scalar potential, Hu, Lo get vevs (assume <A> = 0)
=> non-canonical kinetic terms for Hu and La

— redefine Hu and La = (Hd, Li) such that

(i) the charged fields H", H , e, have canonical kinetic terms

(i) the sneutrino vevs (7;) vanish

(iii) Agjx = Aj 0k, Aj real



Neutralino and chargino mass matrices

As a consequence of the bilinear RPV terms (uiHulLi), leptons mix with
charginos and neutralinos ( 11; << u required by neutrino masses)

Furthermore, since the kinetic terms of the neutral fields H,S, Hg, |
are not canonical, the neutralino mass matrix receives contribution from the
Kahler potential and mixes % with the standard neutrinos and neutralinos

Charginos:
. N M2 gUy 01><3 W+
(W‘ H; e;) gva  p O1x3 H.,f
O3x1  Hi  A§0404; e

2 heavy mass eigenstates (charginos)
3 light mass eigenstates (charged leptons) with masses 11; = )\f Vd

chargino / charged lepton mixing suppressed by 1; /1t or smaller



Neutralinos:

The neutralino mass matrix, written in the basis (W?°, B, H), H), v;, ),
is a2 8x8 matrix with a seesaw structure

My 4 x4
My = m, p < M
IMZXZL M4x4

M«4 standard MSSM neutralino mass matrix

vi-neutralino mixing from i

4x4 . .
Hax ¥-neutralino mixing from K

Maxa (Vi) mass matrix from K (assume negligible loop contributions)



Effective 4x4 neutrino mass matrix:

At (B +D;) %
M,/:m—,uTM_l,u: Iu',u.u ) 52

A = p* My M7 cos® 3/ det M depends only on MSSM parameters
B, Di and C also depend on the Kahler parameters C,,4, C,,, C5,, C5,
(Rp-conserving) and C,, C5, (Rp-violating)

Assuming the former are of order 1,one has B,C = O(u) and D; = O(u; /i, Cyg;)

One gets a consistent neutrino phenomenology by assuming that all RPV
parameters ( u;, Cy;, Cg. ) are small, while the Rp-conserving Kahler
parameters are of order 1

In practice, need He <107°, Oy S 107°, ° < 107°

1 f

Note: the structure of Mv implies Mmjightest = 0



Active-sterile neutrino mixing

M, = U*Diag (m1,ma,m3,ms) U U = 4x4 PMNS matrix
Uns (o =e,u,T) active-sterile mixing (parametrized by 0,4, 024, 034)
SBL oscillations depend only on the U_4's

sin® 20ce = 4|Ups|? (1 — |Ues|?) = sin® 2014

sin® 20, = 4|Uo4U 47

sin® 20, = 4| Uyl (1 — |Upa]?)

note: can rewrite Mv in a more compact form:
o DEQGB ET]O{ 2 2
M= (T Ble) Y-y

/ parameters in the real case for 4 masses and 6 mixing angles
— correlations between active-sterile mixing and active neutrino mixing

(also true in the complex case)



Numerical results
[WARNING: recent (May 6th) IceCube constraints not included]

Constraints from negative sterile neutrino searches on m4 and 614
Inverted hierarchy

Normal hierarchy
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orange points are consistent with standard oscillation results
blue points  also pass constraints from negative sterile neutrino searches

green points are also consistent with the reactor and gallium anomalies



Comparaison with the expected sensitivities of Stereo, SoLid and CeSOX

Normal hierarchy Inverted hierarchy
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Stereo, SolLid: reactor experiments (data taking soon)
CeSOX: source (cerium) experiment at Borexino (in preparation)



V,, — V. appearance: comparaison with the expected sensitivity of SBN

Normal hierarchy
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SBN: 3-detector accelerator experiment at FNAL (in preparation)



v, — V,, disappearance: comparaison with the expected sensitivity of SBN

Inverted hierarchy

Normal hierarchy
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SBN: 3-detector accelerator experiment at FNAL (in preparation)



Conclusions

Sterile neutrino as a pseudo-Goldstone fermion within R-parity violating
supersymmetry provides a natural scenario for a light sterile neutrino
mixing with the active ones

Correlations between the sterile and the active neutrino parameters restrict
the available parameter space

Some overlap with the region suggested by the reactor and gallium
anomalies; will be tested by near future experiments

Case of GeV-scale pseudo-Goldstone sterile neutrino and its signature at
the LHC under investigation (in collaboration with Anibal Medina)



