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Neutrinos

Neutrinos are good for surprises!
e Small mass requires new physics
* Oscillations between flavour states

e \Weak Iinteractions make constraints difficult
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Neutrino oscillations

flavour states
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Neutrino oscillations

Oscillation probabilities governed by
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Extended oscillations
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Extended oscillations
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But: Z-decay limits number of weakly
interacting light neutrinos

10 |

E [GeV]
arXiv hep-ex/0509008

o

Steffen Hagstotz ( ',7:.'_4,7'/ /;1{7,;.



Extended oscillations
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But: Z-decay limits number of weakly
interacting light neutrinos
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Any additional light neutrino must be sterile
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Short Baseline (SBL) searches

e Short: L/E ~ O(eV?)

Source

Detector

» Other oscillations with Am2,, A|ms:1|*don’t have time to

develop
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Short Baseline (SBL) searches

Appearance

1%
o W_/

Detect different flavour

Am3, L
P,/Sfi;yﬁ ~ sin” 219, sin” ( Tgl )

Effective mixing angles:

sin® 2045 = 4|Una|?|Usal?
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Short Baseline (SBL) searches

Appearance Disappearance
SEAVAVA CHAVAVAVENRC
Detect different flavour Detect same flavour

Am3, L Am3, L
P,/Sfi;yﬁ ~ sin” 219, sin” ( Tgl ) Pysffwa ~ 1 — sin® 204 sin? < Z%l )

Effective mixing angles:

sin” 2008 = 4‘Ua4‘2|U54|2 sin” 2000 = 4‘Ua4‘2(1 _ |Ua4‘2)
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LSND/MiniBooNE
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Nuclear Reactors

Ve disappearance measurements at various reactors
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Find modulation of
the flux at various
reactors with L/ E
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Oscillation anomalies

LSND/MiniBooNE

sin® 2., >0
(ve appearance)

b sin® 249, > 0

Reactors/Gallium

. 2
(v, disappearance) = 2Wee >0,

But: not seen in v, disappearance (MINOS+, IceCube)

also see global fits:

Gariazzo et al 1703.00860
Esteban et al 1811.05487
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Oscillation anomalies

LSND/MiniBooNE

sin® 2., >0
(ve appearance)

b sin® 249, > 0

Reactors/Gallium

. 2
(v, disappearance) = 2Wee >0,

But: not seen in v, disappearance (MINOS+, IceCube)
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also see global fits: S\
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Can we check th

Beta (Tritium) decay

al

—1

o

[} (b}
(a1
™7 I‘LL_‘ ] LA

count rate oo,

i\ ’ - r -
‘... ' y
. s
\ L
d_ T VST SUE VESTU VSN SERN U URN, WVESN SR PO VT N——
- 2 -~

| IR P B
3 3 10 15 =2%------ =3 -2 -1 0
energy £ [«eV] E—-E, [eV]

Diaz et al 2011

Steffen Hagstotz (e $loien



Can we check this®

Beta (Tritium) decay

al . 100 7
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Diaz et al 2011

Effective end-point mass

mp = g‘U@‘Q

KATRIN limit mg < 1.1eV

KATRIN collaboration arXiv 1909.06048
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Can we check this®

Beta (Tritium) decay
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Effective end-point mass

mp = g‘U@‘Q

KATRIN limit mg < 1.1eV
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Double-beta decay (0v35)

If neutrinos are Majorana:

n+n—2p—+ 2e

Measure half-life
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Double-beta decay (0v35)

If neutrinos are Majorana:

n+n—2p—+ 2e

Measure half-life
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Can we check this®

Beta (Tritium) decay
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Effective end-point mass

mp = g‘Ueﬂ‘Q

KATRIN limit mg < 1.1eV
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Double-beta decay (0v35)

If neutrinos are Majorana:

n+n—2p—+ 2e
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Joint direct limits

Combine resulting
constraints

1.6 1

<
o0

* Reactors: preferred region
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Reactors
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Joint direct limits

— Combine resulting

1'6' constraints
W08+
=  Reactors: preferred region
5] ! Reactors
= =
D 03 * No bounds from 0v 34
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Joint direct limits

— Combine resulting
KATRIN constraints

1.6 1

* Reactors: preferred region
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Reactors

* No bounds from 0v 34

- * Weakly disfavoured by
R S KATRIN
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Joint direct limits

— Combine resulting
KATRIN constraints

1.6 1

* Reactors: preferred region

_

Reactors

* No bounds from 0v 33

- * Weakly disfavoured by
R S KATRIN
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Can we see this in cosmology?
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§ cosmological
. observables

sterile
parameters |

Neutrmo cosmology
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Neutrino cosmology

sterile
parameters

cosmological
observables

Production in the early universe described by
Liouville equation

100~ Hp0p) pult) = | (UM = 50000 = Z5E(p)) ] +Clovep]
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Neutrino cosmology

sterile
parameters

cosmological
observables

Production in the early universe described by
Liouville equation

. 1 G G
10~ Hp,) (1) = | (5 UMIUT = DX 0E(0) = T50E(0)) oo | + Clovop]
1% Z
vacuum lepton neutrino

expansion iInteractions

oscillations  packground background
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Neutrino cosmology

sterile
parameters

cosmological
observables

Production in the early universe described by
Liouville equation

. 1 G G
10~ Hp,) (1) = | (5 UMIUT = DX 0E(0) = T50E(0)) oo | + Clovop]
1% Z
vacuum lepton neutrino

expansion iInteractions

oscillations  packground background

e Usually assume 1+1 neutrinos to simplify

 Here: go to full 3+1 case (rorteriano, Gariazzo et al 1905.11290) &
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Distribution functions

5 FortEPiaNO explicitly
calculates all distribution
E functions

At late times AN g

f S (p ) ~ exp ( D /T,/) 41 Dodelson & Widrow 94

For cosmology: just another neutrino described by

‘ANeffa
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Production of steriles

|Ueal? = [Upal? = |Ura?

< 0 Sterile relativistic for large
3 * mixing or small mass
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Production of steriles
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3.6 -

CMB + BAO
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Cosmological limits
\ Begin populating
sterile as soon as
L \ Uqj]® ~ 1077

Degeneracy with Amj,
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Cosmological limits

Begin populating
sterile as soon as

T Uqj|* ~ 1077

Degeneracy with Amj,

Ueal? = |Upa|* = |Ura|?
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Reactors revisited

Combine resulting
constraints

Ovpp
e Reactors: preferred region

1.6 1

_

* No bounds from 0v 543

Reactors

 Weakly disfavoured by
KATRIN
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Reactors revisited

Combine resulting
constraints

Ov5p
e Reactors: preferred region

Cosmo

* No bounds from 0v 543

 Weakly disfavoured by
KATRIN

* Ruled out by cosmology
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MiniBooNE revisited
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NE revisited

1.6 1
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Sterile neutrino
interpretation of
MiniBooNE ruled out by
cosmology
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iniBooNE revisited
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Beta decay limits

1.0 KATRIN Combined Ov3f
Cosmo Cosmo
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Tightest available constraints on mg and mgg
- but model dependent
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Prior effects

prior log Am?2,

prior 1my

: 2
prior Amj,

Ditferent priors on mass scale possible:
P ~logAm3, / Am3, [ ma ...

Tradeoff between Amil, |Uaj\2
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Prior effects

prior log Am?2,

prior 1my

: 2
prior Amj,

Ditferent priors on mass scale possible:
P ~logAm3, / Am3, [ ma ...

Tradeoff between Amil, |Uaj\2

\

Ueal? = |Upual?® = |Ura|?
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logw(Am?H

_ But:
e e g picture unaffected
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3+1 vs 1+1

What is the difference to previous 1+1 scenarios”

1.6 - 1+1

. 1_|_1’ ’Ueﬂ:‘Q
=08 341
D)
~—
N
= 0
<]
=
o0 —0.8
e

—1.6 -

56 —48 —40 —-32 -24 —16
lOglo ‘Ue4‘2

Steffen Hagstotz

Mostly parameter space
volume eftect:

Ueff|2 Z ‘Ua4‘2
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and same prior volume
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results
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Conclusion

e Situation in SBL oscillation experiments unclear
* Different probes provide valuable cross-checks

* Any simple sterile neutrino explanation ruled out
by cosmology

 Cosmology provides strongest available limits on
sterile neutrino & beta decay parameters
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