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The Inverse Seesaw (ISS) idea
R. N. Mohapatra and J. W. F. Valle, Phys. Rev. D 34 (1986) 1642
M. C. Gonzalez-Garcia and J. W. F. Valle, Phys. Lett. B 216 (1989) 360
F. Deppisch and J. W. F. Valle, hep-ph/0406040

- right handed neutrino fields, vg;
Enlarge the SM field content with: & . G
- fermionic sterile singlets, s.

In the basis nL=(vL, VRS, s)T the ISS neutrino mass terms read:
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t’Hooft naturalness criterium: terms violating L are “small”, i.e.
Im[,|u|<< |n],|d]
d
Lightest mass eigenvalue in the limit |u|<< |d|<< |n|: my, =~ W 5
One could link the smallness of u with the one of my (mechanism viable with large Yukawas),
thus interesting phenomenology

Presence of sterile states (v anomalies or DM candidates)
2




Methodology

. No interactions with gauge bosons
VR and s, are gauge singlets 0 :
No contribution to anomalies

What is the minimal nhumber of vr and s in order to accommodate neutrino data
while complying with all experimental requirements!?

Define:

number of vr fields (# 0);
= number of s fields (# 0);

Let us call each model realisation (#vr,#s) ISS

We studied realisations obtained with #vgr, #s = 1,2,3




Perturbative approach
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Light states: Algr_l)() m; = 0, = m; X pu,m

Heavy states: lim m; # 0, = m; xn,d
Am—0




Mass spectra and mixing

Analytical diagonalization Numerical diagonalization

#m7 =0 #(m30> 7t of V'S PMNS

HvR | # s when $amzo different mass
AM =0 m? # 0 light m; spectrum
1 2 X

s)
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ISS viable only if #s > #vr

(2,2) ISS: minimal realisation to account for the 3 flavour mixing
M. B. Gavela, T. Hambye, D. Hernandez and P. Hernandez, arXiv:0906.1461 [hep-ph]

(2,3) ISS: minimal realisation to account for the (3+1) mixing
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ISS mass scales

o - #HuL + (#s - #uR) light states;
For each ISS realisation:
- 2 #ur heavy states (#vr pseudo-Dirac couples);

Mass E.gs.

2 #ur heavy states (testable)

*only if #s > Hur*

(#s - #ur) light sterile states

Hv| active neutrinos

il
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Minimal ISS spectra
(2,2) ISS Mass (2,3) ISS
M

4 heavy states 4 heavy states
(pseudo-Dirac pairs) (pseudo-Dirac pairs)
H H

| light sterile state

3 active neutrinos 3 active neutrinos




(2,3) ISS: light sterile state

(3+1) best-fit points
hep-ph:1303.301 |

Am?2, =0.93 eV?, |Uy| = 0.15

de Vega, Sanchez:
astro-ph.CO:1304.0759

mpMm =2 KeV
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SBL reactors

SBL accelerators
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Sterile v as Dark Matter

Dark energy

The Cosmic Pie:

Dark matter .
Ordinary matter

0.02205 £ 0.00028

0.1199 + 0.0027 h=0.673+0.012 km s~ Mpc™!
0.018
0.685 1010

P. A. R. Ade et al. [Planck Collaboration], arXiv:1303.5076 [astro-ph.CO]

Sterile neutrinos could be viable DM candidates




Constraints: abundance

DW: as long as an active-sterile mixing is present, a population of sterile v is

produced by oscillations in the primordial plasma
S. Dodelson and L. M. Widrow, hep-ph/9303287

Recent evaluation give
Quh? = 1.1-107 Y Calmy) |Uns? (m

2
) , =6 U, T

keV

T. Asaka, M. Laine and M. Shaposhnikov, hep-ph/0612182
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Constraints: phase-space density

For fermionic DM Pauli exclusion principle impose a maximum on its distribution
function (degenerate Fermi gas). Imposing that inferred phase-space density do not

excess this bound it is possible to extract a lower bound on the DM mass
S. Tremaine and J. E. Gunn, Phys. Rev. Lett. 42 (1979) 407

S 1.77 keV
Jmaz e 2 (21h)> eV3 » Miep = observations

A. Boyarsky, O. Ruchayskiy and D. lakubovskyi, 0808.3902 [hep-ph]

Too dense
phase-space

—

Negligible
abundance
(< 1%)
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Constraints: stability and indirect detection (ID)

A massive V can radiatively
decay producing

monochromatic y

P. B. Pal and L. Wolfenstein, Phys. Rev. D 25 (1982) 766

Due to the lack of signature (e.g. CHANDRA, XMN)
—5
fWDM Sin2 20 5 1.9 X 10_4( s )

1keV

ID excluded




Constraints: Lyman-&

The absorption in the spectra of QSOs by the H (Ly-&: Is = 2p) in IGM can

trace the matter distribution at scales (1-80 h-! Mpc)
Narayanan, Vijay K.; Spergel, David N.; Davé, Romeel; Ma, Chung-Pei, Astrophys. J. 543, 103 (2000)

These constraints are highly-model dependent, we applied the limits for DW

produced sterile v
A. Boyarsky, J. Lesgourgues, O. Ruchayskiy and M. Viel, 0812.0010 [astro-ph]

Ly-&
exluded

001 0




WDM summary
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Effects of heavy sterile states

Recall the (2,3) ISS mass spectrum

M

4 heavy states
(pseudo-Dirac pairs)

H m

| light sterile state
(DM candidate)

3 active neutrinos

ISS can accommodate tiny ¥ masses with large O( 1) Yukawas

g

Heavy states can thermalize in the early Universe




Thermalization of the heavy sterile states

e Unbroken EWV phase: efficient interactions via Higgs scattering

[Yerrl
| Yos 1" ® 1 = Yop I ® Usv;
eff _
Y, = YapUp;
Thermalization if Yef>10-7

E. K. Akhmedoy, V. A. Rubakov and A. Y. Smirnov
hep-ph/9803255

* Broken EVV phase: DWV production

T. Asaka, M. Shaposhnikov and A. Kusenko, hep-ph/0602150

Ues|? M; < Ml,max ~ 46.87 GeV

0.01

Thermalization if -
1kev)1/2 104} ¥

MS N6

10-8

9>5-104<

Peak production at 10-10

1
M; \3
~ MeV > M
T ax 130(11{6\/) eV > M;




Entropy injection

If the heavy states thermalize they dominate the energy density of the
Universe from T until their decay at (Trm, Trm)

DY
T~ 64MeV (1GeV) ( Mo Yo

If they decay after the WDM production (=150 MeV) its abundance is reduced
and its momentum distribution is redshifted

m
T ff I (
" 198(20)Pmd zf:yf

Too Early reheating - —4. Too Early reheating - —4. Too Early reheating -

Yo =107°

1 ] \
Cluded g -5. BN+CMB exclpided 1 -5. BBN+CMB excluded
] ] \




Entropy dilution

Consider the pseudo-Dirac couples to be degenerate with masses M > m
3/4

S maYa U3 (0 Vi) t3
(T'Mp1,)?/3

~3/4

TM=4 MeV - . T"=0.7 MeV




WDM summary with entropy injection
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The entropy injection enlarges the allowed parameter space but it is not
effective to make ()=1viable 19




Is Q=1 viable?

Cosmological constraints on the (2,3) ISS parameter space makes
impossible to produce the whole DM abundance via DW
mechanism

max fwpm = 0.48

Are there other production mechanisms that can account for
the missing DM abundance!?




Dark Matter Production from heavy neutrino decays

Freeze-in: decay of a thermalized species into one which is out of equilibrium
L. J. Hall, K. Jedamzik, J. March-Russell and S. M. West, arXiv:0911.1120 [hep-ph]

Heavy thermalized states # Light sterile neutrino
(1=2,...,5) (I=1)

Effective if Yeg> 107 and Yesr sin@ < 107 and my, < M, < 160 GeV

QDMhQ ~
T 3/2 2
*/ m]

1.07 x 10%7 Z mpml (N; — DM + anything)
gr
I

(N, — hDM) = —LV2  sin® 6 (

167

in6\”/ mpu Yeg1\>/ mi
QR ~ 2.16 x 10~ 22 ( ) off, (
610 (10—6 1 keV ;gl 0.1 ) \ITev

(Qh? = 0.12 compatible with ID bounds

The spectrum of the produced DM is “colder” than the DWV one, evading the
Ly-&X bounds
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Examples for different neutrino masses
(assuming for simplicity same masses and Yes for the 4 heavy states)
Yot

15 keV

ms(GeV)
200 300 500 700 1000

sin@ close to the maximum allowed value for each mass

3 5 keV |ine' E. Bulbul, M. Markevitch, A. Foster, R. K. Smith, M. Loewenstein and S. W. Randall, arXiv:1402.2301 [astro-ph.CO]
. ) A. Boyarsky, O. Ruchayskiy, D. lakubovskyi and J. Franse, arXiv:1402.4119 [astro-ph.CO]
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Conclusions

The Inverse Seesaw is a viable mechanism to generate tiny ¥ masses with sizable
Yukawas and low seesaw scale

In a generic realisation (#s - #ur) light sterile states are present

The (2,3) ISS can provide an explanation for ¥ anomalies or a viable DM candidate

Due to the large Yukawas heavy states can thermalise in the early Universe, relaxing
cosmological bounds or producing the correct DM abundance

The model can generate pure CDM as well as C+VWDM
(max fwom = 0.4 )
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Mixing temperature dependance

The leptonic mixing matrix is temperature-dependent

O  multicanonical
O standard

—— perturbative

d
m
n

In the limit v = 0 neutrinos are
massless and do not mix

140 150 160
T/ GeV

M. D’Onofrio, K. Rummukainen and A. Tranberg
arXiv:1404.3565 [hep-ph]




| Planck+ WP+ highL
+BAO

| +Ho

+BAO+Ho

Sterile vin CMB
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