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CONTEXT AND MOTIVATION

1. lceCube has provided unique and most important results;

2. conventional neutrinos have been measured for sure, prompt ones yet to be;

3. cosmic neutrino discovered! But spectra resulting from HESE and through-going muons analysis

quite at odds below 100 TeV if
e standard three-flavour neutrino oscillation
® jsotropic cosmic signal
® unbroken power-law cosmic spectrum

We discuss 2. and 3. on theoretical grounds.



ATMOSPHERIC NEUTRINOS

They are produced in the showering following nucleus-nucleus collisions in the atmosphere: light
mesons > conventional neutrinos, heavy > prompt.

To compute their spectrum: 1) CR flux model, 2) QCD/numerical code

dPcr E \ 7 AP,
Ni nee B Zz |
dE 2. (10 TeV> finee(B/23) +

i=p.He x-gal




ATMOSPHERIC NEUTRINOS

They are produced in the showering following nucleus-nucleus collisions in the atmosphere: light
mesons > conventional neutrinos, heavy > prompt.

To compute their spectrum: 1) CR flux model, 2) QCD/numerical code

dPcr
dFE

x-gal

® Most abundant

elements
®E, ~ 1/20A of parent's



ATMOSPHERIC NEUTRINOS

They are produced in the showering following nucleus-nucleus collisions in the atmosphere: light
mesons > conventional neutrinos, heavy > prompt.

To compute their spectrum: 1) CR flux model, 2) QCD/numerical code

x-gal

Galactic CRs = power
laws fitted to AMS-02



ATMOSPHERIC NEUTRINOS

They are produced in the showering following nucleus-nucleus collisions in the atmosphere: light
mesons > conventional neutrinos, heavy > prompt.

To compute their spectrum: 1) CR flux model, 2) QCD/numerical code

dPcr
oy

x-gal

Rigidity-dependent knee
fitted to KASCADE-
Grande



ATMOSPHERIC NEUTRINOS

They are produced in the showering following nucleus-nucleus collisions in the atmosphere: light
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ATMOSPHERIC NEUTRINOS

They are produced in the showering following nucleus-nucleus collisions in the atmosphere: light
mesons > conventional neutrinos, heavy > prompt.

To compute their spectrum: 1) CR flux model, 2) QCD/numerical code

dPcr E \ 7 AP,
— Nz nee i) Zz |
dE 2. (10 TeV> finee(B/23) +

1=p,He

x-gal

Numerical code used: MCEqg with SYBILL-2.3c

e computation of conventional and prompt neutrinos for custom CR flux
* average over seasonal atmospheric conditions @ |ceCube
® average over azimuthal angle



COSMIC NEUTRINOS: HYPOTHESES AND MEASUREMENTS

Much more uncertain; one “stable” expectation is ~ (1:1:1) flavour ratio at Earth due to neutrino
oscillations.
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COSMIC NEUTRINOS: HYPOTHESES AND MEASUREMENTS

Much more uncertain; one “stable” expectation is ~ (1:1:1) flavour ratio at Earth due to neutrino
oscillations.

We assume pp production of cosmic neutrino: in DSA CRs follow E-2, due to factorisation we also
expect gamma rays and neutrinos to follow E-2

lceCube: published through-going muons analysis (2016), supports E-2 hypothesis:

15 —2.13x0.13
100 TeV

dq)IC,I/,u
dE

= 0.90757) x 107 1% (

Most recent through-going muons analysis (ICRC 2019, not official yet) not as much:

—2.28—'_0'08

dP1c19 E =008
P 1.44—|—0.Q5 10—18 ( )
IE —~0.24 % 100 TeV




COSMIC NEUTRINOS: WHICH SOURCES?

Candidate pp sources: powerful accelerator + lots of hadronic targets, e.g. starburst or star-
forming Galaxies. Loeb & Waxman (2006):
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COSMIC NEUTRINOS: WHICH SOURCES?

Candidate pp sources: powerful accelerator + lots of hadronic targets, e.g. starburst or star-
forming Galaxies. Loeb & Waxman (2006):

dF

5 —2.154+0.10
100 TeV

=2 x 10" x 10718 (

Experimentally known, near and with VHE emission starburst Galaxy nuclei: (Peretti et al. 2018)

Vi = 2.25,2.3,2.45 i = M82, NGC253, Arp220*

(Flaring) blazars could be candidates: neutrino coincidence (formally 36, 56.5% cosmic) from TXS
0506+056, but not easy at all to model as (stationary) source of neutrinos > open debate (Palladino,
Vissani 2017, ...)



COSMIC MUON NEUTRINOS

We combined the flux of Waxman & Loeb and of IceCube 2016 to have a phenomenologically
precise cosmic muon neutrino spectrum:
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« definition of best fit astrophysical neutrino flux and its 16 uncertainty considering p~0.6
correlation between experimental normalisation @ 100 TeV and slope:
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COSMIC MUON NEUTRINOS

We combined the flux of Waxman & Loeb and of IceCube 2016 to have a phenomenologically
precise cosmic muon neutrino spectrum:

dPnv .,

» weighted average of normalisation and spectral index: T

—2.14+0.08
: )

_ 0.90-|-0.30 10—18
~0.27 S 100 TeV

« definition of best fit astrophysical neutrino flux and its 16 uncertainty considering p~0.6
correlation between experimental normalisation @ 100 TeV and slope:

1 B - ,
L(v) exp —§(v — PN T =2 (3 — ybest) v (q;) 2 _ ( o IOO-CI)20-7>

AP /‘I’bf+5% /%fwv AP ( AP ) ( AP ) ° ( < A >> °
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COSMIC NEUTRINOS: THE OTHER FLAVOURS

Hadronic mechanism > power-law flux of gamma rays and neutrinos are linearly related at the
source (Vissani and Villante, 2008):
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COSMIC NEUTRINOS: THE OTHER FLAVOURS

Hadronic mechanism > power-law flux of gamma rays and neutrinos are linearly related at the
source (Vissani and Villante, 2008):

d®,,(E,) Lde 7 - - 1 d®.(z/E,)
— - KV Kﬁ
dEV 3 T ] ﬁ(aj) E(aj)_ dE

The cosmic neutrino spectra are proportional to each other via R (~ no dependence on slope):

G (V)
Cupr ()

1 _ _
Ry = G (7) — /O dz 27 _KVE (33) + Ky, (33)_

Other possible, less physical, approach: “2:1" approximation, based only upon neutrino oscillations
and a flavour ratio at the source of (&::£,:&r) = (1:2:0) < pion decay scenario

R2:1 . ZE” Pé@”fg”
P—
E@ ZE” Pg/e//gﬁ//

/



RESULTS AND DISCUSSION
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THE COMPONENTS OF THE MUON NEUTRINO SPECTRUM

IC prompt (bound)
I1C-59

HESE

conventional
prompt

atmospheric

astrophysical

total

Prompt component always subdominant: very hard to see prompts in v,
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THE COMPONENTS OF THE MUON NEUTRINO SPECTRUM

—— [IC prompt (bound)
I1C-59
HESE
conventional
prompt

atmospheric

astrophysical

total

Atmospheric and cosmic neutrinos cross at about 250 TeV ~ Ejnee/20
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THE COMPONENTS OF THE ELECTRON NEUTRINO SPECTRUM

—&— IC atmospheric

conventional

: prompt
|: atmospheric
- astrophysical

Re,u — 1.30 = 0.05 (Rzﬂl — 1091-882)
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THE COMPONENTS OF THE ELECTRON NEUTRINO SPECTRUM

—§— IC atmospheric

conventional

[ ] prompt
|: atmospheric
- astrophysical
|: total

Good agreement between expectations and data for atmospheric neutrinos
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THE COMPONENTS OF THE ELECTRON NEUTRINO SPECTRUM

—§— IC atmospheric

conventional

[ prompt
|: atmospheric
- astrophysical

Prompt component relevant for 10 TeV < E < 100 TeV
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IS IT POSSIBLE TO EXTRACT THE PROMPT SIGNAL?
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IS IT POSSIBLE TO EXTRACT THE PROMPT SIGNAL?

Ideal search: v, events. Best dataset: cascades, smallest contribution of v,,.

w

Cascades (vg)
—— C(Cascades (v)
— Cascades (vy)

e '
A A i ]
| 5 wbe ok

-
¢Ll kbbb

IceCube preliminary

du/dallery

Vo

X Tk e B 10 10*  10° 108 10

ICRC17, averaged over 6 EV [GEV]
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HOW MANY CASCADE EVENTS DUE TO PROMPTS?

Estimation assuming no atmospheric veto:

10 PeV AD
Ny, = 4m x 1year X / dE A,,(E) —=
1 TeV dE
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HOW MANY CASCADE EVENTS DUE TO PROMPTS?

Estimation assuming no atmospheric veto:

10 PeV d(I)
Ny, = 47w x 1year X / dE A, (E) —=
1 TeV dE

Inclusion of veto: passing fraction functions Py(E,cos#) (Arguelles et al. 2018) for conventional and
prompt (anti-)neutrinos

10 PeV 1 d@
1

dE A, (E d cos 6
v )/_1 "V IE dcos 0

Ny, = 2mx1 yearx/ (E,cosf) P,(E,cosb)

1 TeV
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HOW MANY CASCADE EVENTS DUE TO PROMPTS?

— conventional
— prompt
— astro

Not easy, but: angular
selection, higher energy

threshold could help!

10—8 10—8
- - 1 -

cos(6) E=10TeV

Component Veto N, Ny, N, Niot
Comventiona] X 150190 410-510  — 560 — 700
v 140—180 385—485 — 525 — 665
S X 18 — 24 3_ 4 1-9  22—130
P Vg 16 — 21 9_ 3 1-92 19— 926
Cosmic _ 10 — 40 296 5—-90 15— 65
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IS THERE A SPECTRAL ANOMALY?

4
Starting Tracks Only

Spectral anomaly: different IC datasets suggest | e e Toads
different cosmic neutrino spectra.
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Through-going Tracks
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IS THERE A SPECTRAL ANOMALY?

4
Starting Tracks Only

Spectral anomaly: different IC datasets suggest | e e Toads
different cosmic neutrino spectra.
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Plot from IC Coll., PRD99 032004 (2019), prompts best fit = 0
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Analysis 2017 2018 2019
Cascades (2.48 +£0.08; 1.57733)  (2.62 £ 0.08;2.272)

HESE (2.9215:50; 246 + 0.8) (2.8970:20:2.15+042)
Starting tracks (2.4319-28:1.671°0)

Through-going muons (2.19 £ 0.10; 1.01f8:§g) (2.28f8:8§; 1.44f8:32)
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IS THERE A SPECTRAL ANOMALY?

Possible issue: the veto may not work exactly as supposed to
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Possible issue: the veto may not work exactly as supposed to

Extreme case: veto does not work at all, so that

18 — 24 3 —4 1 —2 22 — 30
Prompt
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IS THERE A SPECTRAL ANOMALY?

Possible issue: the veto may not work exactly as supposed to

Extreme case: veto does not work at all, so that

Prompt 18 —24 3—4 1 —2 22 — 30

Cosmic 10 — 40 2—0 o — 20 15 — 65

Similar number of events + same isotropic distribution = difficult to
distinguish...can prompts play a role in cosmic neutrino analyses?

15



IS THERE A SPECTRAL ANOMALY?

1S wor
E cosmic best fit through-going u
E cosmic best fit showers
D cosmic best fit HESE
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IS THERE A SPECTRAL ANOMALY?

- prompt + cosmic v,
(this work)
E cosmic best fit through-going u
E cosmic best fit showers
D cosmic best fit HESE

Prompt + cosmic spectrum closer to HESE/showers spectrum

16



IS THERE A SPECTRAL ANOMALY?

- prompt + cosmic v,
(this work)
E cosmic best fit through-going u
E cosmic best fit showers
D cosmic best fit HESE

Anomaly attributable to: prompts in cascades, background tracks in HESE.

This in the “minimal” proposal = no other hypothetical physical ingredients
16



IS THERE A SPECTRAL ANOMALY?

- prompt + cosmic v,
(this work)
E cosmic best fit through-going u
E cosmic best fit showers
D cosmic best fit HESE

Other contributions to the low-energy HESE spectrum are not ruled out
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CONCLUSIONS

Within our assumptions and modelling, we can conclude that:

® it is not surprising that no prompt neutrino evidence has been found in the through-going muons
dataset;

* the prompt signal could be relevant for the showers dataset - still not easy to extract;

* the low-energy discrepancy between HESE and through-going muons spectra can be due to the
presence of prompts and/or atmospheric background.

We argue that a theory-driven analysis of all datasets is the optimal procedure to obtain
information about the whole neutrino spectrum.

17
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BACKUP SLIDES

Few more details on the primary CR spectrum. For even more see MC, P. Blasi and C. Evoli, Astr.
Phys. 114 (2020) 22-29

x E~27
(" / )
dPcr E o dd
— Nz nee ) Zz | =
dE Z <1OTeV> fnee(B/Z3) 7 o
1=p,He 9 i gaj
_ 5 5-
exp | — (Rk ) exp2 — cut
fknee(R) — - - _o4s
Z; R
O( Rinee — R) + 0(R — Ryneo) (10 TeV) delta — slope
Model Riee Y D Vo Nre “YHe N, eg
exp2-cut 15.1+0.7PV " " " " 6.0 = 0.2
delta-slope =2 1L 0.6PV 1.5+0.2 2714004 15+£0.1 2.64=+0.03 50405

\ 4
(x 107 GeV- 1 m=2s1srt@ 10 TeV) (x 10-19 GeV-1m=2s'1sr-1@ 100 PeV )




BACKUP SLIDES

More about the kernel formalism from F. Vissani & F. L. Villante, PRD78 10 (2008):

K, = Z Py Iy, t=e,u,T

t'=e,pu
z”(Bo + B1x) r < TK
3
Ky, () = arb (z — (1 —rx))+axd (x — (1 —1)+4 > xn2" re < T < T
n=0

(1 — 513)2((5() + 511') L 2 s

O 072¢ Bo 51 X1 X2 X3
0 0 18.611 —84.173 0.4579 &8.6140 —11.426

0 0 13.257 —58.739 0.3170 6.3360 —&8.3753

0.4541 0.0347 47.980 —103.75 0.4579 12.802 —14.218
0.3322 0.0241 55.343 —86.796 0.3170 12.049 —12.184




BACKUP SLIDES: ICECUBE

lceCube Lab cosmiic
ray

Atmosphere

CcOSMiic
neutrino

lceCube Array
atmospheric
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i
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4
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Bedrock cosmic /
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BACKUP SLIDES: ELECTRON NEUTRINO PASSING FRACTIONS (ARGUELLES+18)
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BACKUP SLIDES: MUON NEUTRINO PASSING FRACTIONS (ARGUELLES+18)
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BACKUP SLIDES: ELECTRON NEUTRINO PASSING FLUXES (ARGUELLES+18)

E,=10"TeV E, =100 TeV

Passing Astrophysical v, Passing

Conventional v,

Conventional v,

Prompt v,

Prompt v,

Astrophysical v,

Conventional v,

Conventional vy,

Prompt v,

Prompt v,

—0.5 0.0
cos .,




BACKUP SLIDES

Dependence on the hadronic interaction model

Vﬁtm I1C-59

SIBYLL-2.3c
EPOS-LHC
QGSJET-I-04
DPMJET-ITI-17.1




BACKUP SLIDES

Dependence on the CR flux model

Vztm IC-59

- H3a
fit ARGO
fit KG




BACKUP SLIDES

Prompt + cosmic contribution in the case of muon neutrinos: little to see...

- prompt + cosmic v,
(this paper)
E cosmic best fit through-going u
E cosmic best fit tracks
‘:l cosmic best fit HESE

\i




