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Cosmic Rays and Neutrinos

Cosmic rays: >
-Protons ~ 10"’ GeV 33. ™~ - >
-gamma-rays O(10) Tev Iy N o
-neutrinos > TeV ~ ~
> ~ ~
~
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Galactic Neutrino Signals

Blazar TXS 0506+056 Active Galaxy NGC 1068

Evidence for neutrino emission from the nearby active

Meutrno emission from the direction of the blazar

00 N
- TXS 0506+056 prior to the lceCube-1T0922A alert ~N galaxy NGC 1063
8 loed Tk CUnllabaoemios” g leeCube Collaboration”
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coincident with high-energy rewtrinoe
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Distance: 1.2 Gpc Distance: 14.4 Mpc ]

F|UX (i)o =12 10_13;2 F|UX q)() =5 X 10_11”72

Spectral index: v = 2.0 TeVem?s NG 106 asrov, | SPectral index: v =32 evemss

Energy: 40-4000 TeV TXS 0506+056 —4— ASLro. vevr Energy: 1.5-15TeV

10~ 9

1071 A \ T_.._ TT

10 13

E2Qu+s [TV am™2 571]

—_—

arXiv:1807.08794 I —
arXiv:1807.08816 1 1t 1 10° 10 3rXiv:2211.09972




What if...?

How to ,,stop” Neutrinos
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... there would be Sterile Neutrinos?

See e.qg.:
arXiv:2211.16520v2
arXiv:2212.00737v2
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... there would be Sterile Neutrinos?

Smaller flux than
~expected”
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... there would DM-Neutrino
interactions?

See e.qg.:
arXiv:2301.08756v2
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... there would DM-Neutrino

interactions?
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... there would DM-Neutrino

interactions?

~ Smaller flux than
~ ~expected”
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... there would be strong Neutrino-

Neutrino interactions?

Neot =~ 340 cm ™3

T, =19K

In the standard model the interaction

is negligibley small but... E



Cosmic Neutrino Background as a Milk

... in physics beyond the SM |

int ti be sizeable! _

interaction can be sizeable Lo, = : Zyisz'Vj¢
@,J

Smaller flux than
~expected”

Point source:
arXiv:1808.02889 \

Diffuse Background:

arXiv:2107.13568 ﬁ



How far can they
come?
The mean free path
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The Mean Free Path and the Reduced
Flux

Normalised flux




The Mean Free Path and the Reduced

Source distance
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The Mean Free Path and the Reduced

Source distance
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The Mean Free Path and the Reduced

Source distance

‘ [Transmiﬁance] )
d

T(Ea,) — ¢ MFrP(Ea)
Mean Free Path l
B r=1/ >_i Li(Ea)

d

Normalised flux
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Interaction Rate

Interaction rate
\ / d3p

Fi(Fa) = (27)3

fi(D) viot(Ea, P) 0($(Ea, P))

Energy of
astrophysical neutrino
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Interaction Rate

momentum
distribution

Interactior< N ‘
F,,;(Ea) :/UMQZ(Eaaﬁ) O-(S(Eaaﬁ))

J

Energy of
astrophysical neutrino
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Interaction Rate

momentum
distribution

Interaction rate ‘
\ d3p § .
F,,;(Ea) = / (27T)3UMQZ(Ea7p) O-(S(Eaap))
Energy of j r

astrophysical neutrino Mgallervelocity
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Interaction Rate

momentum
distribution cross section

Interaction rate

Energy of
astrophysical neutrino Mgallervelocity
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Interaction Rate

1 _
Lint = 9 Zyisz'Vjﬁb
0,

momentum
distribution cross section

Interaction rate

Energy of
astrophysical neutrino Mgallervelocity
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Assumptions on the Neutrino Sector

and the Mass of the Lightest Neutrino

-Flavor universal coupling
-Normal mass ordering
-Majorana fermion
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Assumptions on the Neutrino Sector

and the Mass of the Lightest Neutrino

-Flavor universal coupling
-Normal mass ordering
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Assumptions on the Neutrino Sector

and the Mass of the Lightest Neutrino

-Flavor universal coupling
-Normal mass ordering
-Majorana fermion

For the mass, we distinguish two cases:

non-relativistic today Z m; = 0.1eV
( my > TI/ ) )

& [ (Ea) = 0(2Eama )

AmZ,, Am3
m ( Vli ght )

relativistic today my ~ 0eV
(m, <1),)

2 2
Amm, A77123
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Assumptions on the Neutrino Sector

and the Mass of the Lightest Neutrino

-Flavor universal coupling
-Normal mass ordering
-Majorana fermion

For the mass, we distinguish two cases:

non-relativistic today Z m; = 0.1eV
( my > TI/ ) )

& [ (Ea) = 0(2Eama )

1
2 2
Am7,, Am23

m(Vlight)

relativistic today my ~ 0eV

relativistic fo ‘
Am%Q? Am%B




Interaction Rate for the Massless

Neutrinos

Momentum- 1

Distribution: f(ﬁ) — eE(D)/Ty +1
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Mean Free Path

Mean free path: Avrp =1/ ). T'i(Ea)

lllustrative example:

single neutrino species

Non-relativistic today m; = 0.01eV
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E
1 TeV

Non-relativistic today

Transmittance
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T(E)

Relativistic today
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Transmittance

7 T(B)=c e ®
T(E)

-

A E
oy [
1 TeV

Redshift broadening

/ wtivistic today
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Estimating the amount of absorbed

neutrinos

Problem: We don’‘t know the original amount of neutrinos emitted by the
source...




Estimating the amount of absorbed

neutrinos

Problem: We don’‘t know the original amount of neutrinos emitted by the
source...

. . with absorption
Estimate: Eoox / (milky)

. fpr dE Aq(B) (E) .

no  [IPmeqB Ag(E) ®(E)

min measured number
T (transparent)




Estimating the amount of absorbed

neutrinos

Problem: We don’‘t know the original amount of neutrinos emitted by the

source...
Estimate: B > \(Nit_fI\kagisorption
n g dE A(E) (E) e
m [ A Au(E) @0(E)_ "
0 : eft 0
Emin —_— z?reaansstgr:rdegtu)mber
Here: q:O.5
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Estimating the amount of absorbed

neutrinos

Problem: We don’‘t know the original amount of neutrinos emitted by the

source...
. ith absorption
Estimate: o —r \(anwtilky)
"0 - fgéax db Aeff(E) (I)O(E) — measured number
> (transparent)
Here: q:O.5

0.010 |




Estimating the amount of absorbed

neutrinos

Problem: We don’‘t know the original amount of neutrinos emitted by the

source...
. ith absorption
Estimate: 5 _—
max (milky)

n. fEmin dE Aeg(E) (E) > ¢

E— 5 >

no max

fEmin db Aeﬁ(E) QO(E)\’ measured number
(transparent)
Here: |[q=0.9 R
- 0.010 3

More dedicated analysis, 10-55 A -
see arXiv:2307.02361 v o oo

e e &
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Results: Estimated Limits
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NGC 1068
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Results: Estimated Limits
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Results: Estimated Limits

Color Code: * Blue Line: BBN constrain (N.g)

NGC 1068 * Brown Line: Lab K™ decay (flavor dependent)
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Results: Estimated Limits

Color Code: * Blue Line: BBN constrain (N.g)

NGC 1068 * Brown Line: Lab K™ decay (flavor dependent)
TXS 05064056

* Pink Line: Lab constrain Z-decay
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Tauphilic interactions

Example: NGC 1068
Flavor Universal Coupling

Coupling only to Tau-Neutrinos
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Future Sources - Outlook to PKS 1424+240

Color Code: I
Distance: 1.8 Gpc
PKS 1424"‘240 Flux: ‘i)o ~ (i)O,NGC 1068
- - LTI Spectral index: v = 3.5
Combined estimated limits: Energy. B B T 106
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Neutrinos from astrophysical point sources have been measured by
IceCube and are great messengers for astro- and particlephysics

New physics (e.g. a scalar) can lead to interactions with the CNuB
and thus turn the Universe opaque for Neutrinos

Using the two observed sources TXS 0506+056 and NGC 1068 we put
new estimated constraints on light scalar masses and neutrino
coupling

Two cases: lightest neutrino relativistic vs non-relativistic today

Only estimate: the original neutrino emission at the source is not
known

More sources and higher energetic neutrinos could improve the
constraints as well as a better understanding of the original
neutrino luminosity of these sources
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BACKUP
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Crosssection

Flavor universal neutrino scattering cross section

(s) y* (3(5771?5 — 9mgs + 65%) 2(5mg — 9mGs + 4m3s®) log(rniis))
ouu(s

- 321 ((m3 — s)% +m3T'3)s? mZ + s i 2m3 + s

¢-pair production Ecy > myg

yA 5% —4mgs + 6m3§ og <(3(3 - 4m§5))1/2 +5—2m;
(

799(5) = 641 s? s(s —4m3))1/2 — s+ 2m3

) — 6(s(s — 4mé))1/2

2
3_2m¢

See also arXiv:2107.13568 E



Massless Neutrino

Rate approximations in
different limit cases:

Heavy mediator T Tyt E.T,
i heavy =~ 1 vy
mass: 2592((3) my
Small mediator T A Tyt 1 -
mass: beht 192 ¢c(3) EL T, !
vt omy i

Resonance: I'nwa ~

log[l + e B.Tv |n,,

v

384((3) E2T2T

10777 -

10720 1

I [eV]

107% |-

Dashed-Black: Analytical Approximation ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘
Green: Numerical Result 100 10° 10° 10"




Redshift broadening

In expanding Universe: Flux evolves according to transport equation

0®(t,E,) 0 B
Y = 35, |H(t)E.®(t, E,)| — O(t, B.)(E,,t)
Which becomes 94(z Fa) _ Z(2, B)I(Ea 2)  with Z(2,Ey) == (1 4+ 2)®(2, Ey[1 + 2])
0z H(z)(1+ 2)
3
The redshift (. ::L/‘cip 1+ 23 (71 s(BL(1 1
dependent rate is: (Fa, 2) (%)3( +2)°fi(p(1 + 2)) vma10vw (s(Ea(l + 2), p(1 + 2)))

Transmittance: T =

y=005 il y=0025 y=0.01

10! 10° w0 e sx108 1x10°
E, [MeV] E, [MeV]

E, [MeV]
See also arXiv:2107.13568 a



Labconstraints

5 - eV
y

7 = W\

10

[ e v
K™= uve

00 101 1o
my/ MeV
See:

arXiv:1802.00009
arXiv:2003.05339

:



Scalar mediated Nu-Nu Interactions

Details on: Tauphilic Coupling vs Flavor-
Universal Coupling

Relation between oberserved flux and  ¢ops = ZZ exp (—7;) —¢S°§“"“

source flux:
Case I: Flavor-Universal — /\ ion:
= exn(—d O T Attention: depend also
Coupling: Pabs p( zjj umj)Psource on neutrino-mass m_j !!!
Case lI: Flavor-Spezific ‘ ¢
Coupling: Bobs = Z exp | —d Z ey so;rce
@ J

1
Comparison: exp (dzaunj) =3 > exp (dUn2Z Uj,’7'20-7'nj> :
J i ;

J

o 1 125
Approximation: small Zj Oulj = 3 Ej \Urj|“o:n;
couplings

2y 1/4
Tails: o o< y* & Yu o (lU”’ ) ~ 0.58
Yr

Relation of
couplings:

y/y
y/y

mg [MeV] my [MeV]
Non-relativistic today Relativistic today




