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Neutral	Current	/Electron	
Neutrino		

so	called	“shower”	
	

CC	Muon	Neutrino	
so	called	“track”	

	

νµ + N→ µ + X
νe + N→ e+ X
ν x + N→ν x + X

	Neutrino	Signatures	

CC	Tau	Neutrino	
so	called	“Double	Bang”	

•  Good	Energy	resolu9on	
•  Good	angular	resolu9on	

ντ + N→ τ + X
τ→ντ + X

•  Good	Energy	resolu:on	
•  angular	resolu:on		

around	5°-10°	

•  Energy	resolu:on	limited	
•  sub	degree	poin:ng	
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…in 2013, IC announced a discovery of high-energy astrophysical neutrinos. 
 
 
What’s making it? 
We will put it in context: (U)HECRs, gamma rays 
WB going backwards 
Some predictions. 
 
What will it teach us? 
Likely: sources of (U)HECRs 
Possibly: neutrino surprises? 
 
Time permits, we will toy with  
exotic possibilities 



 
Moriond 2016 (Jan Auffenberg) 
also 1510.05223 
 
Consistent w/ power law, dn/dE ~ E-γ, with γ~2 



 
Moriond 2016  
1510.05223 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Break around PeV: reasonable. 
 
Suggests γ close to 2. 

Param. Unit Hyp. A Hyp. B
fconv HKKMS 1.10+0.20

�0.15 1.11+0.20
�0.15

fprompt ERS 0.0+0.7
�0.0 0.0+0.8

�0.0
f 10�18 GeV�1s�1sr�1cm�2 7.0+1.0

�1.0 8.0+1.3
�1.2

g — 2.49+0.08
�0.08 2.31+0.14

�0.15
Ecut PeV — 2.7+7.7

�1.4
�2D lnL +1.94 0

Table 2: Best-fit results for the energy spectrum. The quoted uncer-
tainties are at 1s confidence level.
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4yr data >60TeV 
 
 
 
 
 
 
 
 

Many events point away from MW disk/bulge. 
Consistent w/ isotropy. 
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All-Flavor	Neutrinos	
Star:ng	events	using	4	years	(all-sky)	

•  Analysis	of	star:ng	events	deposi:ng	>	60TeV	using	4	years	of	data	
•  Observa:on	of	53(+1)	events	up	to	~2PeV	
•  Mostly	νe	charged	current	and	neutral	current	interac:ons,	mostly	sensi:ve	in	the	

southern	sky	
•  Clear	excess	over	background	(6.5σ),	no	clear	clustering	on	the	sky	
•  Near	future:	real	:me	selec:on	of	these	star:ng	events	(~	hours)	

POS(ICRC2015)1081	

POS(ICRC2015)1081	

p-value:	58%	

p-value:	44%	
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Pion source  
1:2:0 ! 1:1:1 
 
Muon-damped 
0:1:0 ! 1:1.8:1.8 
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Flux normalization and rough spectral shape 
 
Angular distribution 
 
Flavor content 
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IceCube’s neutrinos and UHECRs 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Waxman & Bahcall, PRD59, 023 (1998) 
 

Advances in particle astrophysics:  
 

use IceCube data, run WB argument backwards. 
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see recently, e.g. Yoshida & Takami, PRD90 (2014) no.12, 123012 



  
UHECR and the Waxman-Bahcall bound 
 
 
 
 
 
 
 
 
 
 
 
 
 



  
UHECR and the Waxman-Bahcall bound 
 
If each CR proton loses fraction η of its energy at the CR source to pγ collisions before 
escaping: 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
(result the same to factor of 2 if losses are hadronic, pp instead of pγ) 
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UHECR and the Waxman-Bahcall bound 
 
UHECR source power at z=0 constrained from observation of GZK cutoff. 
 
Katz, Budnik, Waxman, JCAP 0903 (2009) 020 
 
 
 
 

     Berezinsky, Astropart.Phys. 53 (2014) 120-129 
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Abstract. We derive simple analytic expressions for the flux and spectrum of ultra-high
energy cosmic-rays (UHECRs) predicted in models where the CRs are protons produced by
extra-Galactic sources. For a power-law scaling of the CR production rate with redshift and
energy, dṅ/dε ∝ ε−α(1+z)m, our results are accurate at high energy, ε > 1018.7 eV, to better
than 15%, providing a simple and straightforward method for inferring dṅ/dε(ε) from the
observed flux at ε. We show that current measurements of the UHECR spectrum, including
the latest Auger data, imply ε2dṅ/dε(z = 0) = (0.45 ± 0.15)(α − 1) × 1044 erg Mpc−3 yr−1

at ε > 1019.5eV with α roughly confined to 2 ! α < 2.7. The uncertainty is dominated
by the systematic and statistic errors in the experimental determination of individual CR
event energy, (∆ε/ε)sys ∼ (∆ε/ε)stat ∼ 20%. At lower energy, dṅ/dε is uncertain due to
the unknown Galactic contribution. Simple models in which α % 2 and the transition from
Galactic to extra-Galactic sources takes place at the ”ankle”, ε ∼ 1019eV, are consistent
with the data. Models in which the transition occurs at lower energies require a high degree
of fine tuning and a steep spectrum, α % 2.7, which is disfavored by the data. We point
out that in the absence of accurate composition measurements, the (all particle) energy
spectrum alone cannot be used to infer the detailed spectral shapes of the Galactic and
extra-Galactic contributions.

Keywords: ultra high energy cosmic rays, cosmic rays

ArXiv ePrint: 0811.3759

c© 2009 IOP Publishing Ltd and SISSA doi:10.1088/1475-7516/2009/03/020



  
UHECR and the Waxman-Bahcall bound 
 
Contours: required UHECR η x power @1011GeV normalized to observed 
(0.45±0.15)(γ-1)1044 erg/Mpc3/yr  
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pp � pn�+

pp � pp�0
�+ � �+ �� � e+ �e �� ��
�0 � ��

Engel et al, Ann.Rev.Nucl.Part.Sci. 61 (2011) 467-489 



  
IceCube’s neutrinos and diffuse gamma rays 
 
 
 
 
 
 
 
γ < 2.2 
 
to not overshoot  
diffuse gamma rays 
 
 
 

Murase, Ahlers, Lacki, PRD88 (2013) no.12, 121301 

(GCs) and star-forming galaxies (SFGs). For the pp reac-
tion at sufficiently high energies, the typical neutrino
energy is

E! ! 0:04Ep ’ 2 PeV"p;17½2=ð1þ !zÞ&; (1)

where "p ¼ 1017 eV"p;17 is the proton energy in the cos-
mic rest frame and !z is the typical source redshift.
Neutrinos around a possible !1–2 PeV break come from
protons with energies close to the second/iron knee [11].
Note that the neutrino energy is less for nuclei with the
same energy, since the energy per nucleon is lower. The
energy per nucleon should exceed the knee at 3–4 PeV.

Given the differential CR energy budget at z ¼ 0, QEp
,

the INB flux per flavor is estimated to be [5,11]

E2
!"!i

( ctH"z

4#

1

6
min ½1; fpp&ðEpQEp

Þ; (2)

where tH ’ 13:2 Gyr and "z is the redshift evolution factor
[5,17]. The pp efficiency is

fpp ( n$p%
inel
pp ctint; (3)

where $p ( 0:5,%inel
pp ! 8) 10*26 cm2 at!100 PeV [19],

n is the typical target nucleon density, tint ( min ½tinj; tesc& is
the duration that CRs interact with the target gas, tinj is the
CR injection time, and tesc is the CR escape time.

The pp sources we consider should also contribute to
the IGB. As in Eq. (2), their generated IGB flux is

E2
&"& ( ctH"z

4#

1

3
min ½1; fpp&ðEpQEp

Þ; (4)

which is related to the INB flux model independently as

E2
&"& ( 2ðE2

!"!i
ÞjE!¼0:5E&

: (5)

Given E2
!"!i

, combing Eq. (5) and the upper limit from
the Fermi IGB measurement E2

&"
up
& leads to #+

2þ ln ½E2
&"

up
& j100 GeV=ð2E2

!"!i
jE!

Þ&½ln ð2E!=100 GeVÞ&*1.
Using E2

!"!i
¼ 10*8 GeV cm*2 s*1 sr*1 as the measured

INB flux at 0.3 PeV [3,4,20], we obtain

# & 2:185
!
1þ 0:265log 10

" ðE2
&"

up
& Þj100 GeV

10*7 GeV cm*2 s*1 sr*1

#$
:

(6)

Surprisingly, the measured (all flavor) INB flux is compa-
rable to the measured diffuse IGB flux in the sub-TeV
range, giving us new insights into the origin of the
IceCube signal; source spectra of viable pp scenarios
must be quite hard. Numerical results, considering inter-
galactic electromagnetic cascades [22] and the detailed
Fermi data [14], are shown in Figs. 1–3. We derive the
strong upper limits of # & 2:1–2:2, consistent with Eq. (6).
In addition, we first obtain the minimum contribution to the

FIG. 1 (color online). The allowed range in pp scenarios
explaining the measured INB flux, which is indicated by the
shaded area with arrows. With no redshift evolution, the INB
(dashed) and corresponding IGB (solid) are shown for # ¼ 2:0
(thick) and # ¼ 2:14 (thin). The shaded rectangle indicates the
IceCube data [4]. The atmospheric muon neutrino background
[21] and the diffuse IGB data by Fermi/LAT [14] are depicted.

FIG. 3 (color online). The same as Fig. 1, but for# ¼ 2:0 (thick)
and # ¼ 2:18 (thin) with the redshift evolution of / ð1þ zÞ3 for
z + 1 and / ð1þ zÞ0 for z > 1. The generated &-ray spectra
(dotted) before electromagnetic cascades are also shown.

FIG. 2 (color online). The same as Fig. 1, but for # ¼ 2:0
(thick) and # ¼ 2:18 (thin) with the star-formation history [23].
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