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Outline

@ Introduction: Oscillations with sterile neutrinos with
altered dispersion relations (ADR)

@ Astrophysics: Sterile mixing in astrophysical neutrinos
from IceCube

@ Cosmology: Big Bang Nucleosynthesis as a test of new
neutrino physics
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Nobel price for discover neutrino oscillations

‘= Flavor- (v,) and mass eigenstates (v;)
differ via an oscillation matrix U:

Vo 7Vi > Vo= Uivi a, pele s}

There are different models for neutrino mass:

?
LM = -Ldirac + Lmajorana
~ vuMvg = viU'MUv;
N——

Maiag

What is the advantage of right handed/sterile
neutrino oscillation?

Arthur B. McDonald
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Advantage of sterile Neutrinos

@ explain mass hierarchy in right-handed neutrino mass models
via the Seesaw mechanism. [m,, > TeV]
(with additional higgs doublets...)

@ Dark matter candidates [keV s m, < TeV]

@ Baryon asymmetry via Leptogenesis in YMSM models
[keV s m,, < GeV]

@ Detected anomalies at: LSND, MiniBooNE, gallium detectors:
GALLEX, SAGE, reactor experiments... [m,, ~ eV]
(u.a here also: IceCube)

tightest constrains from cosmology:

@ Boundaries from BBN (discussed here)

@ CMB measurement from PLANCK sets limits on N, and also
the Large Scale Structure.
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Oscillations with sterile neutrinos

In vacuum:
2-flavor-mixing approximation, v; < vs (I € {e, u, t})

equation of motion for a particle mixing matrix

d _ M co soO
Gty = T Uy Uy ) uy = )

Ue1 Uez Ue3 Ue4

am? [—€(20) s(20) YA — Ut U Us Ua
4E 3(29) C(29) o U’I1 UT2 UTS UT4
’ Ust Usz Uss Uss
a, Bell, s}

oscillation probability

v,—>v5 <VS|VI(t)>|2

Am 1 .
( w>—2|u/,|2|us,|2_<sm (S )>sm2(29)—§sm2(29)
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Oscillations with sterile neutrinos

In vacuum: 10

0.8} E=0.1MeV
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oscillation probability
Pv;—n/s = |<VS|V[(t)>|2

(Pyov) = Z:IU,,I2|US,|2 = (sin (A2 x)ysin?(20) = —sm 2(20)




Oscillations with sterile neutrinos

In vacuum: 1.0-
0.8¢ X = 500 000 km
2 0.6¢
$
o 04;
0.2t -
Hmﬁmnf\/\/\ JANAN i
0.0
0 5 10 15

E[MeV]
oscillation probability
Pv;—n/s = |<VS|V[(t)>|2

(Pyov) = Z:IU,,FIUS,I2 = (sin (A2 x)ysin?(20) = —sm 2(20)




Neutrino potentials

extra dim. potential

\

matter potential

interactions

Anatter ~ Ne(X, EZ) Aextradim. ~ €(X) Ey

Large extra dimension - ADD model [N. Arkani-Hamed, S. Dimopou-
los, G. Dvali, 1998]

@ invented to explain weakness of gravity relative to other forces
(hierarchy problem)

@ solve neutrino Anomalies with € > 1076, [Paes et al., 2005]
(shortcut parameter: e ~ &)
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In potentials A(E) - with altered dispersion relations (ADR):
equation of motion for a particle

Zran-[22(50 )28 I

in matter or in theories with shortcuts in extra dimensions:

V2 Ge ne(E®) - ALE?/MZ,, matter (inBBN) A, ~55., Ay, ~ 153
E, extra dimensions

[Paes et al. Phys. Rev. D 72, 095017 (2005)]
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In potentials A(E) - with altered dispersion relations (ADR):
equation of motion for a particle
d _[An? (—c(20) s(26) 1 A 0\],.
at Pt ”—[ aE ( s(20) o(20)) T2E\0 o[l
_AR? (—c(20) s(20) ), 0= cO sO
“4E | s(20) c(26))" "\ -s0 co

oscillation probability

~ ~ ~ 1 . -
B = ; 21T = 5 sin?(20)

sin?(20) Am?

sin®(26) = , Epe= oM
cos2(20) (&£ — 1) + sin(20) 2A(Eves)

cos(26)
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In potentials A(E) - with altered dispersion relations (ADR):

1.0 ; : 7

Eres E < Epes : P(6) — P(6))

0.8+ E=Eps:P(&)=1/2 |-

E>Ees:PO) >0 |

2 0.6 ]

T ]

L 04 ]

02! | ]

0 5 10 15
E [MeV]
) ~ sin“(20 Am
sin?(20) = (29) , Eres = 2A(Es) cos(20)
res

cos?(20) (£ - 1) + sin?(26)
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In potentials A(E) - with altered dispersion relations (ADR):

)= P(8)] -

supressed oscillation

“BBN

1.0 : :
Eyes E <Ews: P(6
0.8+ E =Eps: P(6)=1/2
E>Ees: P(O) >0
2 0.6 enhanced oscillation
5 Ice Cube
A 04r
0.2r ‘ I
0 5 10
E [MeV]
oo x sin?(20)
sin (29) = , Eres =

cos?(20) (£ - 1) + sin?(26)
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Astrophysical flavor ratios

High energetic, extragalactic neutrinos (E, > TeV, PeV) give informa-
tion about:

@ extragalactic neutrino sources (Distance > Mpc / Mio ly)
@ (non)standard mixing scenarios,
e.g. with dark matter, vs with ADR

(@2 : 92 : 90) — (o,

Vy

® @

C D, )

ion source

source: v typical originated by high energetic proton collisions
p+p—nt— yi—l—({/)p - ei+(13je+vy+17y
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Astrophysical flavor ratios at lceCube

IceCube (Feb '15) reported the detection of 36
neutrinos:

at 30 TeV to 2 PeV with extragalactic origin

[M. G. Aartsen (lceCube  Erpje: 1.0 Pev  Bert: 1.1 Pev  Big Bird: 2.0 Pev
Collaboration),

Phys.Rev.Lett. 114 (2015)
17,171102]
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Astrophysical flavor ratios at lceCube

IceCube (Feb '15) reported the detection of 36
neutrinos:

at 30 TeV to 2 PeV with extragalactic origin

(@9 <D8y 1 00) = (D, : D, 1 D,,)

—

ion source

vacuum oscillation: (1:1:1)
is consistent with data, but
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Astrophysical flavor ratios at lceCube

IceCube (Feb '15) reported the detection of 36
neutrinos:

at 30 TeV to 2 PeV with extragalactic origin

¥ "c.L. Exclusion

[lceCube, 2015] [Palomares-Ruiz, Vincent, Mena, 2015]
35 TeV - 1.9 PeV, Best Fit: (0:0.2:0.8) 28 TeV - 3 PeV, Best Fit: (0.92:0.08:0)

vacuum oscillation: (1:1:1) best fit analysis: (1:0:0) & (0:0:1)
is consistent with data, but — new physics
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Astrophysical flavor ratios at lceCube

IceCube (Feb '15) reported the detection of 36
neutrinos:

at 30 TeV to 2 PeV with extragalactic origin

(@9 - 0 ) — (D, : Dy, :

Vu
()
9
ion source ARD?
vy — vg Mixing? @@
e

vacuum oscillation: (1:1:1) best fit analysis: (1:0:0) & (0:0:1)
is consistent with data, but — new physics

[Mena, Palomares-Ruiz, Vincent (Feb. ’15), IceCube (Feb. ’15)]
Elke Aeikens (University Vienna) Aspects of sterile neutrinos 17th November 2015 10/24



Astrophysical flavor ratios at lceCube
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@
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R
vg in astrophysical flavor ratios at IceCube?

(1:2:0) - (1:0:0) Selution:

h include vs mixing with ADR (extradim.),
source eart 50 that v,,, v; — v

Neutrinofluxes’ Oscillation probabilities
Py =Yg Paﬁq)g , aBells) J Pyysv, = Pga = X |UgPIUyl? J

[Pakvasa, Rodejohann, Weiler, JHEP 0802 (2008) 005]



vs in astrophysical flavor ratios at IceCube?

1:2:0) - (1:0:0) Selution:
( )= ( ) include vg mixing with ADR (extradim.),

source earth so that v, v = vs, With $0,s = S0.s
Neutrinofluxes’ Oscillation probabilities
(T)a = Zﬁ ﬁaﬁq)g y apells) J isﬁa ~ ZI |Uﬁj(6ysl Grs)lzloaj(eys/ ers)lz J

2 V2, —-s: V2s, ¢ V2s,
g_| -1 V2o, -siV2s,+ V3o coV2s,+ V3s
- | -1 V2¢,  -s.V2s,- V3¢, ¢ V2s, - V3s;
-0 -V6s, -V6eys: Véc,c.

C,,c0,= cosf,
S., 86, = sinO,

'[Pakvasa, Rodejohann, Weiler, JHEP 0802 (2008) 005]



vs in astrophysical flavor ratios at IceCube?

1:2:0) - (1:0:0) Selution:
( )= ( ) include vg mixing with ADR (extradim.),

source earth so that vy, ve = vs, With s0,s = SO
Neutrinofluxes’ Oscillation probabilities
&)a = Zﬁ ﬁaﬁq)g y a,pE {l, s} J isﬁa = ZI |Uﬁj(6ysl Grs)lzloaj(eys/ ers)lz J
040 : : : . forsin?0=0.03, Am2 = 1eV2
best fit values from PDG

. 0.3r

'SA = ¢e

< 02f — 2"

< — T

° — ¢s

hSS

0.1

[EA, H. Pas, P. Sicking,
0.0 05 10 s 20 arXiv: hep-ph\1410.0408]

E/Eres

0.0




vs in astrophysical flavor ratios at IceCube?

(1:2:0)—>(1:0:0) Solution: ,
include vg mixing with ADR (extradim.),

source earth so that vy, ve = vs, With s0,s = SO
Neutrinofluxes’ Oscillation probabilities
&Ja = Zﬁ ’saﬁq)g , a,pe€ {l, s} J pﬁa ~ Z] IUﬁj(st/ Grs)lzluaj(gys/ 6TS)|2 J

04 for sin? @ = 0.03, Am? = 1eV?
best fit values from PDG
. 03f
<
<
L 021
<
<
0.1F
) [EA, H. Pas, P. Sicking,
09,5 03 e s 50 arXiv: hep-ph\1410.0408]

E/Eres
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Vs in astrophysical flavor ratios at IceCube?

source | 99 mixing p(0%)
Pion 1:2:0:0 ) none (6*° = 0) 1:1:1:0
1 ve-vs 4:11:11:6
Vy = Vs 5:5:5:3
— 3 . . . O
(Vi Vi) = Vs 21:26:10:15
Damped | 0:1:0:0 || none 0™ = 0) 4770
Muon Ve — Vg 4:9:9:2
Vy = Vs 1:2:2:1
(Ve, V) — Vs 16:115:115:42
(Vi ve) = vs 7:16:4:9
Neutron | 1:0:0:0 || none (6*° = 0) 5:2:2:0
Beam Ve — Vs 2:1:1:2
Vy = Vs 3:1:1:1
(Ve, V) — Vs 10:1:1:6
(v, ve) —vs 35:14:14:9

mixing at resonance E = E,
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@ different
sources

@ different
mixing
\= even at
other
energies it
doesn’t look
too good
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Vs in astrophysical flavor ratios at IceCube?

source

0 mixing Ds(6°%)

Pion 1:2:0:0 ) none (6*° =0) H 1:1:1:0

Damg
Muon

Neutr
Beanr

0.4

03r

Ge s bus br . &5

0.1

0.0

02r

0.0 0.5 1.0 1.5 2.0

E/Eres
| (uve)-vs | 85:14:14:9

mixing at resonance E = E,
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Vs in astrophysical flavor ratios at IceCube?
possible solution is an adiabatic conversion (MSW-like effect):
@ nearly full conversion v, (v;) — vs possible
@ extradim. potential is slowly changing: Aex(X) = e(x)E
@ runs through resonance, ends in vacuum oscillation with same

mass-eigenstate |v;)
O,

@)

ion source Aextradim.(X) @
5

1121 I ’

oscillation propability

1 . .
Prove =1-73 sin®(20) — 1 -1cos(20)cos(20)
—_————
1-1 cos2(20) 5 ol
272 [EA, H. Pas, P. Sicking, JCAP 1510 (2015) 10, 005]
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Vs in astrophysical flavor ratios at IceCube?

@ extradim. potential is slowly changing (Tsystem << Tinteraction)

1

@ Auxi(x) = €e(X)E = (1 - W)E

two free parameter: warp factor k, periodic length |

@ changing mass eigenstates:
2 |(A(x)2E 2
A + Am ( ()2E _ cos(26)) + sin(20)?

Am?

We . — 1 1
in massES, no level crossin . .
stays assES, no level crossing increasing E from blue to purble

[EA, H. Pas, P. Sicking, JCAP 1510 (2015) 10, 005]
Elke Aeikens (University Vienna) Aspects of sterile neutrinos 17th November 2015 14/24



Vs in astrophysical flavor ratios at IceCube?

@ extradim. potential is slowly changing (Tsystem << Tinteraction)
two free parameter: warp factor k, periodic length [

@ average over P (travel distance > /)

100 10 1010

10-10 10-10

10715 10715

kin 1/ly

10720

1010 | -
1/2 1

increasing E from blue to purble

100 10%
Linly

limits on | and k

nearly full conversion is possible (1:2:0) — (4:1:1)

[EA, H. Pés, P. Sicking, JCAP 1510 (2015) 10, 005]
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Big Bang Nucleosynthesis

Testing method for new physics, eg. introducing new particles



R
Big Bang Nucleosynthesis

Epochs in the early
universe

Today t, t = 15 billion years
Life on earth
Solar syskem

Quasars.

Galaxy formation
Epoch of gravilfonal collapse

Recombination

Relic radiaton decouples (CBR)
Matter domination

Onset of gravitational instabilly

Nucleosynthesis
Light elements created -D. He, Li

Quark-hadron transition
Hadrons form - protons & neutrons

Electroweak phase transition | _ 4p°
Electomagnetic & weak nuckar
forces become differenaled:
SUE)SUU(T) > SU(E)R(T)

The Partcle Desert
Axions, supersymmetry?

Grand unification transition
@ > H > SU(EJSU(2)U(1)
Inflafon, baryogenesis,
managales, casmic strings, etc.”

The Planck epoch
The quantum gravily barrier
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Big Bang Nucleosynthesis
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Big Bang Nucleosynthesis

Time and temperature of the epochs in the early universe

15 billon years

0.1

——

Tuen Twe ...ht

T o8 26w o
T [MeV|
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Big Bang Nucleosynthesis

Time and temperature of the epochs in the early universe

interactions freeze out when: I'(Tepoch) < H( Tepoch) |
@ BBN (Tssn) 4
weak interaction Ve
n,p freeze out and w

. n < p+e +ve
glue to nucleons:
Ve+Nn <& p+e

“He, De, Li... g
et+n o p+v, néAgp
-

@ Last Neutrino-Scattering (T,,)

lepton-neutrino interaction
- + v w-z°
e +e’ o vty W20
vi+e o v+ e
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R
Big Bang Nucleosynthesis

BBN: temperature (Tggy) in the early universe when the week
interactions I'ggy freeze out

Ve
n,p freeze out and N o pte +v w-
glue to nucleons: ~
4“He, De, Li.. 'etm < pPte

- "//\"
et +n o p+v, ng ¢P
—



Big Bang Nucleosynthesis

BBN: temperature (Tggn) in the early universe when the week
interactions I'ggy freeze out

Ve
n,p freeze out and n o pte +v w-
glue to nucleons: e
. +n o p+e
“He, De, Li... Ve .
et +n o P+ Ve né//\ﬂ p
t

N Tg”;;\’,- reactions freeze out

ean(TBBN) < H(Qett, Teen)

> Tga precisely measured, since “He abundance Y(*He) set limits

Np/Np = e AM/THue=w)/IT o Y(*He) = 0.249 + 0.009 (measured)J
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Big Bang Nucleosynthesis

BBN: temperature (Tggy) in the early universe when the week
interactions I'ggy freeze out

Ve
n,p freeze out and N o pte +v w-
glue to nucleons: e
) +n o p+e
“He, De, Li... Ve .
et +n o P+ Ve ngA‘d‘ p
t

N reactions freeze out

ean(TBBN) < H(Qett, Teen)
—_——

/
theory

- Too precisely measured, since *He abundance Y/(*He) set limits

Nn/np ~ @ AMITHue=)/T o Y(*He) = 0.249 + 0.009 (measured)J
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Big Bang Nucleosynthesis

BBN: temperature (Tggn) in the early universe when the week
interactions I'ggy freeze out

Ve
n,p freeze out and n o pte +v w-
glue to nucleons: e
) +n o p+e
“He, De, Li... Ve .
et +n o P+ Ve "E/A\S p
R

N reactions freeze out

ean(TBBN) < H(Qett, Teen)

/
theory

55N Precisely measured, since “He abundance Y

(
o« Y(*He) = 0.249+0.009 (measured

— 1
experiment
17th November 2015 17 /24

/np ~ @ AM/T+(ue—un)/T

e,
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Big Bang Nucleosynthesis

BBN: temperature (Tggn) in the early universe when the week
interactions I'ggy freeze out

n,p freeze out and n o pte +v w-
glue to nucleons: e
) +n o p+e
“He, De, Li... Ve .
et +n o P+ Ve ”E/A\S p
R

a5y reactions freeze out

M'ean(TeaN) = 2(Ne - 0(Es, Pe) - Vel < H(get, Tan)
S BN — =

theory

Vi
55N Precisely measured, since “He abundance Y

/Np = e AMITH{e=p)/T o Y(*He) = 0.249+0.009 (measured
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Big Bang Nucleosynthesis

BBN: temperature (Tggn) in the early universe when the week
interactions I'ggy freeze out

Ve
n,p freeze out and n o pte +v w-
glue to nucleons: ~
: +n o p+e
“He, De, Li... Ve .
et +n o P+ Ve né//\ﬂ p
S

N Tg}seﬁ- reactions freeze out

~

I'ean(TeaN) = 2(Nne - 0(Es, pPe) - Vel < H(9et, Taen)

J

with v — vy mixing — Tpggy changed 7 no agreement n
ow!

- Too precisely measured, since *He abundance Y/(*He) set limits

Np/np = e AM/TH{e—w)/T o Y(*He) = 0.249 + 0.009 (measured)J
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Big Bang Nucleosynthesis

Solution: vs-production should be frozen out in the time before Tggy
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Big Bang Nucleosynthesis
Solution: vs-production should be frozen out in the time before Tggy

@ v, (singlets under the SM) are only present through oscillations
with active neutrinos. vs-production: I',, = (P, v )l

@ The freezing of the active neutrino interactions freeze the vg — v,
oscillations at T,

freezing condition of v¢-production
er(TVa) S H (Tva)

TupN T -uht
L L ' ool ' P | L M|
0.1 08! 26 10 100
Timeline of freezout T [MeV]
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Big Bang Nucleosynthesis
Solution: vs-production should be frozen out in the time before Tggy

@ v, (singlets under the SM) are only present through oscillations
with active neutrinos. vs-production: I',, = (P, v )l

@ The freezing of the active neutrino interactions freeze the vg — v,
oscillations at T,

freezing condition of v¢-production
er(TVa) S H (Tva)

rvs = <Pva—>v5> rvn < H

TupN T -uht
L L ' ool ' P | L M|
0.1 08! 26 10 100
Timeline of freezout T [MeV]
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R
Big Bang Nucleosynthesis

freezing condition of vg-production

rvS = <Pva—>vs> rva b H
N————
has to be suppressed

(P, (sin(20), Am?))y = L sin®(20) = § sin%(20) o

2
2EAE )
cosz(26)(Amzco(s(;9)) +sin?(20)

either potential of ADR is high enough

or oscillation parameters are suppressed: sin(20), Am?> — 0



R
Big Bang Nucleosynthesis

freezing condition of vg-production

rvS = <Pva—>vs> rva < H
N————
has to be suppressed

Pv—>v S'n 26 ,Amz = lS|n2 Zé — 1 sin2(26) N 0
( I s( ( ) )> 2 ( ) 2cosz(26)( 2EA(E) )2+sin2(26)

Am2 cos(20)
Gither potential of ADR is high@

or oscillation parameters are suppressed: sin(20), Am?> — 0




Big Bang Nucleosynthesis

300

de [ ] 1 T -
= mater_| — =
5 6n'|\malcj:*
Al qnaien | gestading /o L
e ATy et I 0001
\
/
\ |
/
= /t( b 108k
3 2
10| |
5 4 I : (Purs)™
exiradim r !l <
% y ~ 109k
dominsted "M |‘ i — (Pupo)
0 s ——
\ 02k
\
TusN Twe \ Eres(ext.+mat.)
~100 -t - . - - )
0.l 081 26 10 100 10 =
T [Me¥]

T [Mev]

Time evolution of the:

- . 5
@ hot dense matter potential: Apoc T oscillation probability

@ extradimensional potential: Agyoc T (Py,—v, (A))
@ both: Agi= Aext.+ Amaroc T + T

(used param. sin(260) = 0.03, Am? = 1eV?)
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Big Bang Nucleosynthesis

1 T T \ L s
| | |
| | |
105} | | 1 1 .
| | ! vs—oscillations
10k ; ; ‘ 1 are present
| |
| |
|

I'ys(mat.)

H Tgen

To suppress
1 vg—oscillations:
sin(20), Am? — 0

1025 L
0.1 1 10 100

T[MeV]

ADR by a hot dense matter potential in the early universe: Apmg; o T
\' rvs - <P(Amat.)>rva

(used param. sin(260) = 0.03, Am? = 1eV?3)



R
Big Bang Nucleosynthesis

H, T3 [eV]

1075

1010

10715 F

1072

1025

ITesn | Te
s

Ergs(mat.)

1
T[MeV]

10

b

vg—oscillations
are present

To suppress
vg—oscillations:
sin(20), Am? — 0

ADR by a hot dense matter potential in the early universe: Apmg; o T
\' rvs - <P(Amat.)>rva

(used param. sin(260) = 0.03, Am? = 1eV?3)
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Big Bang Nucleosynthesis

1 M, <H
10
ADR caused by
S 1071 extra dimensions
- suppress
T 10 vs—oscillation in the
_ early universe:
102
sin(20), Am? -0
10725 1
0.1 1 10 100
T [MeV]

new additional effective potentia[from extradim.: A,y = Aext. + Anmat.
N [, = (P(Aan))ly,
(used param. sin(20) = 0.03, Am? = 1eV?)
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Big Bang Nucleosynthesis

Reference point is at sinz(eo) =0.03, Am? = 1eV2, [Kopp et al. JHEP 1305, 050]

1000 F T T T o 1000 FT T T T =
,\, 100 \

T Am? (matter)

3
3

S )

I Am? (matter)

2. .
E

<

Am? (extradim.+mat.)

Am? [eV?]

Am? (extradim.+mat.)

=4
=3 4
g =
= T
L /
‘
s
= =3
g g

. .
04 0.001 0.01 0.1 1

04 0.001 0.01 0.1 1
sin%(26) sin?(26)
Ve — Vg Oscillation Vy,c — Vs Oscillation

@ without extradim. suppressed oscillation parameter
Am?,sin?(20) — 0

@ larger parameter space allowed with ADR caused by extradim.

[EA, H. Pas, manuscript in preparation]
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Summary

Neutrino oscillations with sterile neutrinos and background po-
tentials (ADR) - like extra dimension:

@ were constructed to solve neutrino Anomalies (and as an
ADD model: weakness of gravity)

@ can explain the best fit analysis of high energy IceCube
neutrinos via vs — v; mixing with adiabatic conversion
(Py,, Py, = D)

@ makes vg compatible with BBN, sets softer limits on vg — v,
neutrino mixing parameters
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Summary

Neutrino oscillations with sterile neutrinos and background po-
tentials (ADR) - like extra dimension:

@ were constructed to solve neutrino Anomalies (and as an
ADD model: weakness of gravity)

@ can explain the best fit analysis of high energy IceCube
neutrinos via vs — v; mixing with adiabatic conversion
(¢V,Ll’¢v‘[ - q>Vs)

@ makes vg compatible with BBN, sets softer limits on vg — v,

neutrino mixing parameters

Thank you!
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