_ Sterile Neubtrino Dark Matter (

and |

Possible Signals in Terrestrial Exper&mem&s }

—




CUTLINE

» Inbroduction

* KATRIN experiment & sensitivity to Sterile Neutrinos

* Dodelson-Widrow production

* Critical T&mper&&ura

* X-ray constraint relaxation: Cocktail & Cancellation
* Shi-Fuller pradu&&om

* CPT violakion case

* Cowneclusions
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° “sterile” because singlets with respect to any Standard Model interaction
—> U principle, no Limit on their number

° only relation with the SM through their mixing with VrLH

° first and most natural portal to BSM physics
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° “sterile” because singlets with respect to any Standard Model interaction
— in principle, no Limit on their number

° only relation with the SM through their mixing with VrLH

° first and most natural portal to BSM physics

Depending on their mass, eventual role in different puzzles :

OSCILLATION EXPERIMENTS ANOMALIES { OleV) )
DARK MATTER { O{(keV) )
BARYON ASYMMETRY THROUGH LEPTOGENESIS (150 MeV - 100 GeV)

NEUTRING MASS GENERATION
i the canonical minimal &mpeml seesaw ( O(TeV) )
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DARK MATTER represem&s
a PULZLE Ms&ormo\uv arisen AT LARGE SCALES
but
Likely requiring SOLUTION at very small scales,
coming FROM PARTICLE PHYSICS
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| ROTATION CURVES
ﬂ OF GALAXIES

DARK MATTER represeu&s
a PULZZLE k;sEomCaLL:j arisen AT LAQGE SCALES » | VELOCITY DISPERSION

b : \ IN GALAXIES
Li,k‘ebj requirima SOLUTION ok very small scales, \ | LARGE SCALE STRUCTURES

S % = - | FORMATION
coming FROM PARTICLE PHYSICS * '

| GRAVITATIONAL
H LENSING
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| ROTATION CURVES
OF GALAXIES

DARK MATTER represev&s

PERSION
a PULZLE k;sﬁorwautj ;r&csen AT | LA(&GE SCALES > | VELOICr\IJTc:AE/I& IESSIO
YUl

Lme‘.bj requiring SOLUTION ok very small scales,  LARGE SCALE STRUCTURES
= . s, b h FORMATION
coming FROM PARTICLE PHYSICS * '

| GRAVITATIONAL
H LENSING

THE uNlVERSE (A PIE CHART)

S% STUFF WE Khow
(INCLUDING PES)

Combined cosmological and astrophysical
Wit observations made us aware
MATTER” .

of the conbtent of the universe

(Borrowed from J. Cham and Daniel Whiteson)
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| ROTATION CURVES
OF GALAXIES

DARK MATTER represeu&s
a PULZZLE kcsEorwoiL:j arisen AT LAQGE SCALES » | VELOCITY DISPERSION

b L \ IN GALAXIES

Duk —

Likely requiring SOLUTION at very small scales, \  LARGE ig?zﬁAsT?;:CTURES
coming FROM PARTICLE PHYSICS [ VAR

LENSING

i GRAVITATIONAL

THE UNNERQE (A PIE CHART)

& 5% STUFF WE KNoW
(INCLUDING PES)

Combined cosmological and astrophysical
Berr observations made us aware
MATTER” )
of the conbtent of the universe

(Borrowed from J. Cham and Daniel Whiteson)

Observations of galaxies, gravitational lensing phenomena
and large scale structures
provided hints about the features of a qood DM candidate
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‘GOOD DARK MATTER CANDIDATE|  |keV STERILE NEUTRINO

Cristina Benso IMPRS-PTFS Seminar - MPIK, 16 January 2020



‘GOOD DARK MATTER CANDIDATE|  |keV STERILE NEUTRINO

© NO EM nor STRONG INTERACTION V by definition
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‘GOOD DARK MATTER CANDIDATE|  |keV STERILE NEUTRINO

© NO EM nor STRONG INTERACTION V by definition

° MASSIVE vV O(keV)
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‘GOOD DARK MATTER CANDIDATE|  |keV STERILE NEUTRINO

© NO EM nor STRONG INTERACTION V by definition

° MASSIVE vV O(keV)

o STABLE own kime scales tomparabie V d&pe_v\ Aling ol ths mixtng
with the age of the universe | '

wikth the ackive speties
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GO0D DARK MATTER CANDIDATE

NG EM hor STRONG INTERACTION

MASSIVE

STABLE own btime scales tompo\rabte
with the age of the universe

produced in the early universe with
LOW ENQUGH VELOCITIES to be
ComFaELbL@. with the Ls.s. formation

keV STERILE NEUTRINO

%
v

by definition
O(keV)

depending on its mixing
with the active sga&ies

c&epaﬂdihg on khe
prodw‘:&cm mechanism
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EXPERIMENT

windowless tritium pumping . ; counting detector
gaseous T, source & e- transport high-pass energy filters g

101 e /s T, flow reduction >1014

pre-filter
~103e/s

Sensitivity goal: 2 eV = 0.2 eV

» Improvement x100 in statistics and systematics
» Background comparable to predecessors

» Scaled-up dimensions; 70 m total beam line

T mmmm——
(Borrowed from K. Valerius lecture in Sinaia)
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First goal: =

measurement of | mj

KATRIN EXPERIMENT

windowless
gaseous T, source
101 e /s

kv[pa&kesisz mi >~ msy

|
i

Process: N Ty — THe™ +

Cristina Benso

tritium pumping
& e- transport
T, flow reduction >1014

high-pass energy filters counting detector

Sensitivity goal: 2 eV = 0.2 eV

» Improvement x100 in statistics and systematics
» Background comparable to predecessors

» Scaled-up dimensions; 70 m total beam line

(Borrowed from K. Valerius lecture in Sinaia)
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KATRIN EXPERIMENT

windowless tritium pumping

gaseous T, source & e-transport
F LT’S& S)C)Qir (== = : e S ———— 101 e-z/ s T, flow reduction >1014

high-pass energy filters counting detector

measurentent o{ | mj

kv[pa&kesisz mi >~ msy

| Sensitivity goal: 2 eV = 0.2 eV

» Improvement x100 in statistics and systematics
» Background comparable to predecessors

» Scaled-up dimensions; 70 m total beam line

Obsar V&bt@;: @‘;LQCETOM 8 Faﬂ&rum (Borrowed from K. Valerius lecture in Sinaia)

r
d_:CF(E,ZZQ)p(E—Fme) EO_ Z‘U&F EO_E)2_m<Vi)2'

dE
T N 16107

" : 13 |
Normalization factor ~ Fermi function 210 | —m = Omev
' — m, = 1000 meV |
G2

C = oEg I cos® O¢|M|?

B decay rate in s'eV!

'10(')00' - E0'= 18575
electron energy E in eV

——
(Borrowed from K. Valerius lecture in Sinaia)

Cristina Benso IMPRS-PTFS Seminar - MPIK, 16 January 2020




KATRIN EXPERIMENT

windowless tritium pumping

P Lrs & S)C)Qir 7 gaseous T, source &e- trans.port

high-pass energy filters counting detector

101 e /s T, flow reduction >1014

measurentent o{ | mj

kv[pa&kesisz mi >~ msy

| Sensitivity goal: 2 eV = 0.2 eV

» Improvement x100 in statistics and systematics
» Background comparable to predecessors

» Scaled-up dimensions; 70 m total beam line

Obsar V&bt@;: @‘;LQCETOM 8 Faﬂ&rum (Borrowed from K. Valerius lecture in Sinaia)

dI’ 2
M:?F(E,Z:2)p(E—|—me) EO_ Z‘Uez| EO_E)2_m<Vi)2'
N 1x10%

" : 13 |
Normalization factor ~ Fermi function 210 | —m = Omev
' — m, = 1000 meV |
G2

C = oEg I cos® O¢|M|?

5x10%

B decay rate in s'eV!

Kurie function

s
(Ey — E)? 10000 E, = 18575

electron energy E in eV

K(E)~ (Ey— E){/1 -

——
(Borrowed from K. Valerius lecture in Sinaia)

Cristina Benso IMPRS-PTFS Seminar - MPIK, 16 January 2020




1f |ve) admixture of |V;) and |Vs) with ms ~ O(keV),

— due to the large mass splitting, THE SUPERPOSITION
OF THE BETA-DECAY SPECTRA correspoiding to the
Light effective mass term and the heavy mass
eigenstate Mg , WILL BE DETECTABLE.
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1f |ve) admixture of |V;) and |Vs) with ms ~ O(keV),

— due to the large mass splitting, THE SUPERPOSITION
OF THE BETA-DECAY SPECTRA correspoiding to the
Light effective mass term and the heavy mass
eigenstate Mg , WILL BE DETECTABLE.

—— with sterile neutrino
= = no sterile neutrino

Pifferential spectrum:

FILEeEr, TR EODACE
o = 008 Hd—E(m(Ve))-l—SHl Hd_E(mS)

Differential decay rate (a.u.)

10.0 12,5 15.0 17.5
Energy (keV)

T
(Borrowed from S. Mertens lecture in Bad Honnef)
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1f |ve) admixture of |V;) and |Vs) with ms ~ O(keV),

— due to the large mass splitting, THE SUPERPOSITION
OF THE BETA-DECAY SPECTRA correspoiding to the
Light effective mass term and the heavy mass
eigenstate Mg , WILL BE DETECTABLE.

—_— 20 dr (02
cos @E(mﬂ)

f 20 dr (2
=== sin Oﬁ(ms)

©

o

o
1

—— with sterile neutrino
= = no sterile neutrino

Pifferential spectrum:

FILEeEr, TR EODACE
o = 008 Hd—E(m(Ve))-l—SHl Hd_E(mS)

o
o
o

Differential decay rate (a.u.)

7.5 10.0 12,5 15.0 175
Energy (keV)

(Borrowed from S. Mertens lecture in Bad Honnef)

To be able to look at the entire spectrum of the electrons,
KATRIN WILL BE UPDATED (evolving into TRISTAN)
being equipped with a NEW DETECTOR that is now under construction
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U S (&Md Vg & ve) MiXE«V\S

Production through oscillation and collisions:

the neutrino fields oscillate bebween the elecktron and the sterile
state while propagating in the plasma; when they interact with F:he.

other fields in the bath, the wave function has probability o sin 2(2021)
ko toitapse i the sterile stake
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Vs ¢ Ve (and Us <> Vo) mixing

Produckion through oscillation and collisions:

the neubrine fields oscillate between the eleckron and the sterile
state while propagating in the plasma; when they interact with &ke

other fields in the bath, the wave function has probability o sin 2(2021)
ko toitapse i the sterile stake

Evolution of the distribution function f:(p,t) described bv the
BOLTZMANN EQUATION:

0 0 e
g f20t) —Hp 5 fs(0,1) = 5-(Pulve = vi;p, ) felp, )

ce(p,T)GEpT*

(P(Ve = vg;p,t)) = sin®(20)) sin? (th)
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2 2 m
(52) sin?(26) + L2 + [

tHEQMAL POTENT IAL

Wi,ZO

v, U, U,
(a) bubble diagram

S

=R

t 75
|

vy, Wiy,
(b) tadpole diagram

D ———————
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2 2 m
(52) sin?(26) + L2 + [

tHEQMAL POTENT IAL

Wi,ZO

N Il N 1 N
7 r g 7
v, U, T

(a) bubble diagram

T

=R

t 75
|

(b) tadpole diagram
r— : Ny, = Ny
it e R
g
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We are able to the Boltzmoann equation and get

Ao s _ T, (r, T)( %)2811&2(29)
- dT( ) (322) sin*(20) + (5)" + (

o 1.66 \/gx T3

Cristina Benso IMPRS-PTFS Seminar - MPIK, 16 January 2020



We are able to the Boltzmoann equation and get

T s _ B (7 ) ( T>2 sin2(26)
fs(r) = dr 2 2
/ ( ) (QmT) sin?(20) + (%)° + (QT:%T S V) _

o 1.66 \/gx T3

Som

For non relabivistic relic h%2Q = 0
pe/h?

where the yield is Y = g

—  Skerile neubrine darke makker abundance
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def: T is the temperature ot which the sterile neutrinos started to be produced.
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Critical Temperature

def: T is the temperature ot which the sterile neutrinos started to be produced.

ms

keV

1/3
) MeV

In the DW case the Frodut&om anaws ol =Tl s o5 33 (

100

Underproduction

",
~\- ’%’z'.-
o e e e e v

T (R AT NS TR
sin“(20)
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Critical Temperature

def: T is the temperature ot which the sterile neutrinos started to be produced.

ms

keV

1/3
) MeV

In the DW case the Frodut&om anaws ol =Tl s o5 33 (

L=

Underproduction

TR R

sin?(20)
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NEW SCALE in the Prima\mt universe
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NEW SCALE in the Primavai, universe

LOW REHEATING TEMPERATURE

The production of sterile neutrinos started at lower temperatures

thawn the peale one because the universe never reached T_mwax
F
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NEW SCALE in the Prima\mt universe

LOW REHEATING TEMPERATURE

The production of sterile neutrinos started at lower temperatures

thawn the peale one because the universe never reached T_mwax
F

SCALE OF THE DYNAMICAL CHANGE OF Mg

2
mp

: with mp >~ 0m,
m3 + [cTq E/ms + mg/2]

c~ 63
I'a(p) = ca (T)G%TLLP

Sin2 (29]\/[) =
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NEW SCALE in the Primavai, universe

LOW REHEATING TEMPERATURE

The production of sterile neutrinos started at lower temperatures

thawn the peale one because the universe never reached T_mwax
F

SCALE OF THE DYNAMICAL CHANGE OF Mg

2
mp

Sin2 (29]\/[) =

o PHASE TRANSITION CASE:

m2, + [cTo E/ms + my/2)°

mgT>Tc) =0

with mp >~ 0m,

c~ 63
I'a(p) = ca (T)G%TLLP

o MISALIGNMENT MECHANISM CASE: |mil>Te

tod
) > mSO ey
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Vp I/n/ l/m

G%m?> T s

e ® sin”(26) Vst VY T 1024 7

96 73

]‘ S 5 . S
TR TIR (50719,\/) sin2(26) A O 22 92( i
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Vp I/n/ l/m

% 5}
C;g s sin?(20) -
7%

1 Mg i
4.7 x 1010 5 (50 keV) sin”(20)

|

Tt = e 151l < 1()‘7(

FI/S—>3I/ >

50 keV>

ms
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Vp I/n/ l/m

G%m?> | r =
o3 Sin°(26) TR

1 oo g
TR TIR (50719,\/) sin2(26) A O 22 92( i

| l

Upper bounds on mass and mixing angle

FI/S—>3I/ >

50 keV>

ms

Tt = e 151l < 1()_7( from the X-—-ro\:js observations
Exp: XMM-Newton, Chandra, Suzaku, Swift,

INTEGRAL, HEAQ-1, Fermi/GBM
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OBSERVABLE : Flux of photons = / dl dQ) ppam (1, €2)

The first possibility to get a relaxed constraint
from the X-rays observations is to hypothesize that
ONLY A FRACTION OF THE DARK MATTER cowntent of the universe
ts CONSTITUTED BY STERKILE NEUTRKINOS

Ps < PDM allows Llarger Sin2(29) and M
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OBSERVABLE : Flux of photons = / dl dQ) ppam (1, €2)

The first possibility to get a relaxed constraint
from the X-rays observations is to hypothesize that
ONLY A FRACTION OF THE DARK MATTER cowntent of the universe
ts CONSTITUTED BY STERKILE NEUTRKINOS

Ps < PDM allows Llarger Sin2(29) and M

L

Secondary advantage:
multicomponent darke matter allows i principle more freedom also
from other constraint coming, for example, from large scale structures
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si‘ﬁvity

01186 .

X—ray bound for h*Q=

1
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' X-ray bound faor h*®,= 000

1

Cristina Benso




I11/ 14
OBSERVABLE : Flux of photons y DRt i) / dl dQ) ppam (1, €2)
4dmmg

The second possibility to get a relaxed constraint

from the X-rays observations is to hypothesize that
the DECAY RATE determined bv the mixing angle and the mass

I REDUCED
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I11/ 14
OBSERVABLE : Flux of photons y DRt i) / dl dQ) ppam (1, €2)
4dmmg

The second possibility to get a relaxed constraint
from the X-rays observations is to hypothesize that
the DECAY RATE debtermined bv the mixing angle and the mass
IS REDUCED

I' < [dPhase | M|? reduced i |M|? reduced

This con be achieved f we consider the contribution of two diagrams
with the same initial and final state and such that

M —= My + Ms where ‘M}Q < |Mj —I-./\/l2’2

L
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Adding a heavv scalar 2 and 3 new Parama&ers )\, X, my
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Adding a he.avv scalar 2 and 3 new parame&ers )\, X, my

It is possible to have partial or even complete cancellation if
—AXNN : 2 2
sinf = ( 2 ) Lot [Log(m§> +1]
39 Ms M5 ms,

Warning: > must not reach the thermal
equilibrium in the early universe

Oy il =
or
\TRH < mx ~1TeV
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X-rau Conskraint Relaxakion - Reduced

'~
\\

)‘\3(\§

)
e

decay rate reduced by factor ¥
X-ray total

disfavoured by the MW satellites cou
and phase space arguments
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HP: Lye 7£ 0

— ciepev\div\g) on the sign of the asymmetry, the of
sterile neuktrinos or antineutrinos was for specific
values of pand T as a in the
denominator of sin”(20,7)
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Hp: Lo, #+ 0

— d@;pamdiv\g) on the sign of the asymmetry, the of
sterile neubtrinos or antineubrinos was for specific
values of p and T as a i the
denominator o{: SiIlQ(Q@M )

Ssoms 45 / / iz dT
h?Q, = dr r?
pe/h? (2m)* 1. 66 9*8\/9* Tin

2
S

(871 T)( T) sin”(26) :

e 2 . 9 T 2 4 P 2 2
’rST) Gl (29) (7) + (QTST _VVS) ( r

2 (SN 8v2G

w2 4 3m?,

02..of

TR T 8v2Grp
Vu(p) = ~vEGp T8 _ VIER
4
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aCtor 4 x 10*

and phase space argumend{y

0 100
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HP: Lye 7£ 0

Hp: because of CPT symmetry violation,
Us &> Ve mixing but Vg «» g

tompcseci b:j
Ehak axper&ev\caci a i presence
of a lepton asymmetry that on the contrary would enhance

the production of sterile neubrinos.
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HF’: Lue 7£ 0

Hp: because of CPT symmetry violation,
Us &> Ve mixing but Vg «» g

composed bj
that experienced a i presence
of a lepton asymmetry that on the contrary would enhance
the production of sterile neubrinos.

h? Q.

soms 45 M /Tin s

= 5 1 o / dr r? =
pe/h? (27) 1.66 g«s+/9% Jo oIt

wikh
3
SRSy R Rl A5 TP

2 ne SmQZ Bm%,v

(o
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Hp: L, 70
Hp: because of CPT symmetry violation,
Us ¢ U mixing but Vg ¢ g

tomposed bj

that experienced a
of a lepton asymmetry that on the contrary would enhance

the production of sterile neubrinos.

7%\ Fresemce

2
( )’ e

2rT

in T
hQQSZSOm; 454 / dr r* / g
pe/h? (2m)* 1. 669*3\/9? Thin (m?

wikh
\/§GFp \/§GFP

2((3) T3 np,—38 8
5. (p) (O 2Gr—=—F—(O———(pv. + po. D5 (Pe-
4 Imz BmW

s
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decay rate reduced by fa(;to
X-ray total

disfavoured by the MW satellites counts

and phase space arguments

00
sin“(20)
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CONCLUSIONS

* Cownstraints coming from the X-ray observations and measured Qpm
con cause prabi.ems i the debection at KATRIN of keV sterile neutrino
darlk matter produced through oscillation and collisions

* It is possible to efficiently RELAX THE X-RAY BOUND both in the Dark
Matter Cocketail scenario and in the case of two (or more) decay
channels for the keV sterile neutrino

¢ The introduction of a CRITICAL TEMPERATURE, in a non standard
cosmological scenario or related to a new scale concerning the sterile
neutrine mass, allows to have larger values of mixing angles

* The combination of these two methods sets available again the region of
the parameter space in which we expect KATRIN to become sensitive in the

near future to signals of keV sterile neutrinoe dark matter produced
through both the and the
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THANK Y0U FOR THE ATTENTION




1f |ve) admixture of |V;) and |Vs) with ms ~ O(keV),

— due to the large mass splitting, THE SUPERPOSITION
OF THE BETA-DECAY SPECTRA correspoiding to the
Light effective mass term and the heavy mass
eigenstate Mg , WILL BE DETECTABLE.

0.10 1 — - cos’@ & (m})

—— with sterile neutrino
== no sterile neutrino

Differential spectrum:

il 2 Sy 4 S LT
o5 = cos HdE(m(Ve)) + sin HdE(mS)

Differential decay rate (a.u.)

Advantages in KATRIN searches: Pt Y e

T

- Sh(}r& hO\’.‘F"‘LE}Fe (12‘3 vrS) (Borrowed from S. Mertens lecture in Bad Honnef)
high signal rates with low source densities
Endpoint enerqy of Eg = 18.575 keV
search for sterile neubrinos in a mass range of astrophysical interest

Ulkra Luminous Erikium source

high statistic search for keV-sterile neubrinos
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Assuming Jsx (T') = const in the F»Lasma during the sterile neutrines produa&iom
and making use of the relation valid for fixed r=p/T

v (afsg;ﬂ)p o <8fsg;,T))T AL (0fs£§z;T))p/T — <6J;8¥))T

We are able to the Boltzmann equation and qet

2

fo(r) = /Tin IT ( Mep) ) i ( Le(r,T) (2??)2 sin®(26)

=8 1.66 \/gx T3

m2 \?% . 2 m
s ) sin(26) + ()" + (55

Som

For nown relakivistic relic h2Q =
pe/h?

Yo

where the 3&@&:& LS clsi= g
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NEW SCALE in the primevat universe

LOW REHEATING TEMPERKATURE

The production of sterile neubrinos started at Lower temperatures
than the pealk one because the universe never reached T_max

SCALE OF THE DYNAMICAL CHANGE OF m,

2
mp

et TR L 7y S )|

with mp ~ 0m,
c~ 63
o (p) = ca(T)GET*p

sin®(20y;) =

> PHASE TRANSITION CASE: |m{T>T) =0

f mys = f(@), where @ is a new scalar field belonging to a hidden sector
that deve.tcafas a hon-zero VEV after a phase transition at I'=1;

o MISALIGNMENT MECHANISM CASE: |miT>7Te) 5 mtoday
if m{I>Te) — mgoday + M, where M = f® depends on the value of the

S

Scalar field @ , that can be very large at 1" =1,
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| X-RAY SIGNALS |

-

Conkribution to the diffuse Overdense regions:
X-ray Background galaxy clusters and
i the whole universe dwarf spheroidal galaxies

MﬁU&v W&j halo

Examgt&: 3.8 keV line

(in stacked spectrum of galaxy clusters, individual spectra of nearby galaxy clusters, Andromeda galaxy, Galactic Center region)

(e~ 7.1keV,
line at E = 3.55 keV TR 1027-8£0.3
\sin2(29) ~ (2 —20) x 10711

But uncertainty on its origin
(DM decay? instrumental origin? astrophysical origin?)
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