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Outline	  

•  Hadron	  producEon:	  
– Accelerators:	  fixed	  beam	  energy	  
– Cosmic-‐rays:	  integrate	  beam	  energy	  in	  cascade	  

•  Phenomenology	  of	  atmospheric	  neutrinos	  
–  Importance	  of	  kaons	  for	  Eν	  	  	  >	  TeV	  
– Angular	  distribuEons	  
– Neutrino/anE-‐neutrino	  raEo	  
– An	  example	  from	  IceCube	  
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Boundary	  condiEons	  at	  X	  =	  0:	  
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Fig. 10. All-particle spectrum show-
ing separately the contribution of three
populations in a modified H3a model
(see text).
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Fig. 11. All-particle spectrum with the
second Galactic population omitted.
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Fig. 12. All-particle spectrum showing‘
separately the contribution of five mass
groups in a modified H3a model (see
text).
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Fig. 13. Spectrum of nucleons corre-
sponding to Fig. 12.

In such a model, the contribution to the all particle spectrum of nuclear
group i is

�
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Need	  primary	  spectrum	  
of	  nucleons	  to	  E	  >	  Eknee,1	  
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merically, these factors are quite di↵erent for ⌫
µ

and µ. The di↵erences are
much less for the channel K± ! µ+ ⌫

µ

because r

K

⇡ 0.046 is small.
Full details of the derivation of the analytic approximations are given

in Chapter 6 of.42 Integrating over the production spectra and combining
the high- and low-energy expressions with an interpolation formula leads
to the following expression for the muon neutrino spectrum (⌫ + ⌫):
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)
.

The scaling assumption, in combination with the power-law form for the
primary spectrum, allows the neutrino spectrum to be expressed as a prod-
uct of the spectrum of primary nucleons evaluated at the energy of the
lepton and a sum of contributions from pion decay, from kaon decay and
from decay of charmed hadrons. The factor 1/(1� Z

NN

) accounts for the
regeneration of nucleons in the cascade. The contribution from muon decay,
which becomes important at low energy, is not included here.

The equation for µ

+ + µ

� has the same form but with di↵erent decay
factors as in Eq. 8. In addition, there is a multiplicative factor to account for
survival probability against energy loss and decay. The losses are negligible
in the TeV range and above, but become increasingly significant at lower
energies and for large zenith angles.

Table 1. Critical energies, ✏i (GeV)

µ ⇡± K± D± D0

1. 115. 850. 3.9⇥107 9.9⇥107

The basic structure is the same for each term in Eq. 9, but they con-
tribute di↵erently in di↵erent regions of energy and angle because of their
di↵erent critical energies (see Table 1). For E

⌫

cos ✓ << ✏

i

the contribution
to the neutrino flux is isotropic and has the same spectral index as the
primary cosmic rays (a di↵erential spectral index ⇡ 2.7 below the knee).
For E

⌫

cos ✓ >> ✏

i

each contribution to the neutrino flux is proportional to
sec ✓ and has a spectral index one power steeper than the primary spectrum.
At each zenith angle there is a gradual steepening of the energy spectrum,
which occurs at significantly higher energy near the horizontal. Figure 2
shows the conventional neutrino spectra averaged over zenith angle and
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Form	  for	  muons	  is	  same	  but	  different	  decay	  factors	  (Zπμ	  >>	  Zπν)	  
ContribuEon	  from	  muon	  decay	  not	  included	  here	  
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ProducEon:	  

Decay	  (E	  >	  εcriEcal)	  :	  
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Z⇡µ = 0.55 ZKµ = 0.63

Z⇡⌫ = 0.027 ZK⌫ = 0.53

xL ⌘ Eh/Ebeam
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3.2. Neutrino flux from a non-power-law spectrum

In order to calculate the spectrum of neutrinos over a wide energy range,
it is necessary to take account of deviation of the primary spectrum from
the power-law behaviour assumed for Eq. 9. To do so in the framework of
the analytic approach used here, it is necessary to use energy-dependent
spectrum weighted moments as described in Ref.81 For K+ production, for
example, the generalization of

Z

pK

+ =

Z 1

0
x

�

dn
K

+(x)

dx

is

Z

NK

+(E) =

Z 1

E

dE0�N

(E0)

�

N

(E)

�

N

(E)

�

N

(E0)

dn
K

+(E0
, E)

dE
. (17)

As this equation makes clear, this anzatz builds in energy dependence of
interaction and production cross sections as well as the deviation from a
power-law spectrum. However, its implementation requires full knowledge
of the hadronic production cross sections as a function of beam energy E

0

for the full phase space of secondary energy E.
An approximate scheme for handling energy-dependent production cross

sections is worked out in Ref.82 It uses two-parameter fits for the production
cross sections83 of the form dn

ji

/dx = c

ji

(E)(1 � x)pji(E)
/ x at closely

spaced intervals of energy to to obtain to obtain the energy dependence
of the c and p parameters. In a subsequent paper, this procedure is used
to compare stmospheric neutrino fluxes for a range of interaction models
and primary spectra. The main conclusion is that the variations due to
di↵erent representations of the knee in the primary spectrum for a given
interaction model are not as large as variations among di↵erent hadronic
interaction models for a given primary spectrum. The uncertainty range for
conventional neutrinos from several interaction models is shown in Fig. 17.
The shaded bands include Sib2.1,84 EPOS-LHC,85 QGSJet II-0486 and Sib
2.3.43 The variation is ⇡ ±15% from 1 to 30 TeV, increasing to ⇡ ±40%
above in the PeV range. The corresponding ranges for di↵erences in primary
spectra are ±10% to ±15%.

These ranges of uncertainties should be compared with an extensive
evaluation of uncertainties in lepton fluxes by Fedynitch, Becker Tjus and
Desiati.87 An earlier assessment of uncertainties in fluxes of high-energy
atmospheric muons only is the paper of Kochanov, Sinegovskaya, and Sine-
govsky.88

Example:	  	  p	  +	  A	  à	  	  K+	  	  +	  X	  

Ref:	  P	  Gondolo,	  G.	  Ingelman,	  M	  Thunman,	  Astropart.	  Phys.	  5	  (1996)	  309	  

	  becomes	  
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hadronic process. For example, a particularly important moment
for this paper is

ZpKþ ¼
1
r

Z
xc drðxÞ

dx
dx ð5Þ

for the process

pþ air ! Kþ þKþ anything: ð6Þ
The normalized inclusive cross section is weighted by xc where c is
the integral spectral index for a power-law spectrum and x = EK/Ep.
Feynman scaling is assumed in these approximate formulas, so the
parameters may vary slowly with energy, especially near threshold.
However, the scaling approximation is relatively good because the
moment weights the forward fragmentation region.

2.1. Charged pion channel

The next step is to solve the coupled equations for the produc-
tion of charged pions by nucleons separately for P+(X) + P%(X) and
for Dp = P+(X) %P%(X). The solutions are then convolved with the
probability per g/cm2 for decay to obtain the corresponding pro-
duction spectra of muons and neutrinos. The decay kinematic fac-
tors are

1% rcþ1
p

ðcþ 1Þð1% rpÞ
and

!p
cos hEl

1% rcþ2
p

ðcþ 2Þð1% rpÞ
ð7Þ

for muons and

ð1% rpÞc

ðcþ 1Þ
and

!p
cos hEl

ð1% rpÞðcþ1Þ

ðcþ 2Þ
ð8Þ

for neutrinos. In each of Eqs. (7) and (8) the first expression is a low-
energy limit and the second a high energy limit, where low and high
are with respect to the critical energy !p. The ratio rp ¼ m2

l=m2
p ¼

0:5731. The forms for two-body decay of charged kaons are the same
with rK = 0.0458.

The production spectra are then integrated over slant depth
through the atmosphere to obtain the corresponding contributions
to the lepton fluxes. Finally, the low and high-energy forms are
combined into a single approximate expression.

For example, for the flux of ml þ !ml the expression is

/mðEmÞ ¼ /NðEmÞ &
Apm

1þ Bpm cosðhÞEm=!p
þ AKm

1þ BKm cosðhÞEm=!K

!

þ Acharmm

1þ Bcharmm cosðhÞEm=!charm

"
: ð9Þ

Here /N (Em) = dN/d ln (Em) is the primary spectrum of nucleons (N)
evaluated at the energy of the neutrino. The three terms in brackets
correspond to production from leptonic and semi-leptonic decays of
pions, kaons and charmed hadrons respectively. The term for
prompt neutrinos from decay of charm has been included in Eq.
(9) (see Ref. [10]) but will not be discussed further here.

The numerator of each term of Eq. (9) has the form

Aim ¼
ZNi & BRim & Zim

1% ZNN
; ð10Þ

with i = p±, K, charm and BRim is the branching ratio for i ? m. The
first Z-factor in the numerator is the spectrum weighted moment
of the cross section for a nucleon (N) to produce a secondary hadron
i from a target nucleus in the atmosphere, defined as in Eq. (5). The
second Z-factor is the corresponding moment of the decay distribu-
tion for i ? m + X, which is written explicitly in Eq. (8). The second
term in each denominator is the ratio of the low-energy to the
high-energy form of the decay distribution [11]. The forms for
muons are the same, but the kinematic factors differ in a significant
way (Eq. (7) instead of Eq. (8)). Explicitly, for neutrinos

Bpm ¼
cþ 2
cþ 1

# $
1

1% rp

# $
Kp %KN

Kp lnðKp=KNÞ

# $
ð11Þ

and for muons

Bpl ¼
cþ 2
cþ 1

# $
1% ðrpÞcþ1

1% ðrpÞcþ2

 !
Kp %KN

Kp lnðKp=KNÞ

# $
: ð12Þ

The forms for kaons are the same as functions of rK and KK.
The separate solutions for p+ ? l+ + ml and p% ! l% þ !ml have

the form

/pðElÞ' ¼ /NðElÞ
Apl & 0:5ð1' apbd0Þ
1þ B'pl cosðhÞEl=!p

; ð13Þ

where

B'pl ¼ Bpl
1' apbd0

1' cpapbd0
:

Here

b ¼ 1% Zpp % Zpn

1% Zpp þ Zpn
( 0:909; bp ¼

1% Zpþpþ % Zpþp%

1% Zpþpþ þ Zpþp%
( 0:929;

ap ¼
Zppþ % Zpp%

Zppþ þ Zpp%
( 0:165

and

cp ¼
1%KN=Kp

1% bKN=ðbpKpÞ
1þ lnðbp=bÞ

lnðKp=KNÞ

% &
( 1:01:

The numerical values are based on fixed target data in the energy
range of hundreds of GeV [11]. The factors B'pl differ by less than
one per cent. To this accuracy, the charge ratio of muons can there-
fore be written in the form

lþ
l% (

1þ bd0ap

1% bd0ap
¼ fpþ

1% fpþ
; ð14Þ

where fpþ ¼ ð1þ bd0apÞ=2 is the fraction of positive muons from
decay of charged pions.

2.2. Leptons from decay of kaons

The situation becomes more complex when the contribution
from kaons is considered. In the first place, because the critical
energies are significantly different for pions and kaons, the two
contributions have to be followed separately. In addition the
charge ratio of muons from decay of charged kaons is larger than
that from pion decay because the process of associated production
in Eq. (6) has no analog for forward production of K%. Instead, asso-
ciated production by neutrons leads to KK0.

For the charge separated analysis of kaons it is useful to divide
kaon production by nucleons into a part in which K+ and K% are
produced equally by neutrons and by protons and another for asso-
ciated production, which is treated separately. Then in the approx-
imation that kaon production by pions in the cascade is neglected,
the spectrum of negative muons from decay of K% is

/KðElÞ% ¼
ZNK%

ZNK
/NðElÞ

ANK

1þ BKl cosðhÞEl=!K
: ð15Þ

There is an equal contribution of central production to positive
kaons, but in addition there is the contribution from associated
production. The total contribution of the kaon channel to positive
muons is

/KðElÞþ ¼ /NðElÞANK &
1
2 ð1þ aKbd0Þ

1þ BþKl cosðhÞEl=!K
: ð16Þ
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Here

aK ¼
ZpKþ # ZpK#

ZpKþ þ ZpK#

and

BþKl ¼ BKl $
1þ bd0aK

1þ bd0aKð1# lnðbÞ=lnðKK=KNÞÞ
:

Combining the expressions for l+ and l# from pions (Eq. (13))
and from kaons (Eqs. (15) and (16)), the muon charge ratio is

lþ
l# ¼

fpþ
1þ Bpl cosðhÞEl=!p

þ
1
2 ð1þ aKbd0ÞAKl=Apl

1þ BþKl cosðhÞEl=!K

" #

$ ð1# fpþ Þ
1þ Bpl cosðhÞEl=!p

þ
ðZNK#=ZNKÞAKl=Apl

1þ BKl cosðhÞEl=!K

! "#1

: ð17Þ

For the pion contribution, isospin symmetry allows the pion terms
in the numerator and denominator to be expressed in terms of fþp as
defined after Eq. (14) above. The kaon contribution does not have
the same symmetry. Numerically, however, the differences are at
the level of a few per cent, as discussed in the results section.

3. Primary spectrum of nucleons

What is relevant for calculating the inclusive spectrum of
leptons in the atmosphere is the spectrum of nucleons per GeV/
nucleon. This is because, to a good approximation, the production
of pions and kaons occurs at the level of collisions between individ-
ual nucleons in the colliding nuclei. To obtain the composition from
which the spectrum of nucleons can be derived we use the mea-
surements of CREAM [6,7], grouping their measurements into the
conventional five groups of nuclei, H, He, CNO, Mg–Si and Mn-Fe.

Direct measurements of primary nuclei extend only to
'100 TeV total energy. Because we want to calculate spectra of
muons and neutrinos up to a PeV, we need to extrapolate the direct
measurements to high energy in a manner that is consistent with
measurements of the all-particle spectrum by air shower experi-
ments in the knee region (several PeV) and beyond, as illustrated
in the left panel of Fig. 1. To do this we adopt the proposal of Hillas
[23] to assume three populations of cosmic rays. The first popula-
tion can be associated with acceleration by supernova remnants,

with the knee signaling the cutoff of this population. The second
population is a higher-energy galactic component of unknown
origin (‘‘Component B’’), while the highest energy population is as-
sumed to be of extra-galactic origin.

Following Peters [24] we assume throughout that the knee and
other features of the primary spectrum depend on magnetic
rigidity,

R ¼ pc
Ze
; ð18Þ

where Ze is the charge of a nucleus of total energy Etot = pc. The
motivation is that both acceleration and propagation in models that
involve collisionless diffusion in magnetized plasmas depend only
on rigidity. The rigidity determines the gyroradius of a particle in
a given magnetic field B according to

rL ¼ R=B: ð19Þ

Peters pointed out that if there is a characteristic rigidity, Rc

above which a particular acceleration process reaches a limit (for
example because the gyroradius is larger that the accelerator), then
the feature will show up in total energy first for protons, then for
helium and so forth for heavier nuclei according to

Ec
tot ¼ A$ EN;c ¼ Ze$ Rc: ð20Þ

Here EN is energy per nucleon, A is atomic mass and Ze the nuclear
charge. The first evidence for such a Peters cycle associated with the
knee of the cosmic-ray spectrum comes from the unfolding analysis
of measurements of the ratio of low-energy muons to electrons at
the sea level with the KASCADE detector [15].

In what follows we assume that each of the three components
(j) contains all five groups of nuclei and cuts off exponentially at
a characteristic rigidity Rc,j. Thus the all-particle spectrum is given
by

/iðEÞ ¼
P3

j¼1
ai;jE

#ci;j $ exp #
E

ZiRc;j

! "
: ð21Þ

The spectral indices for each group and the normalizations are given
explicitly in Table 1. The parameters for Population 1 are from Refs.
[6,7], which we assume can be extrapolated to a rigidity of 4 PV to
describe the knee. In Eq. (21) /i is dN/dlnE and ci is the integral
spectral index. The subscript i = 1, 5 runs over the standard five
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Fig. 1. Left: three-population model of the cosmic-ray spectrum from Eq. (21) compared to data [12–22]. The extra-galactic population in this model has a mixed
composition. Right: Corresponding fluxes of nucleons compared to an E#2.7 differential spectrum of nucleons and to the all nucleon flux implied by the Polygonato model
(galactic component only) [25].
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Table 5 Summary of the assumed parameters and related values
appearing in the charge ratio parameterization (Eq. 3). The parameters
are classified according to the main dependencies

Parameter Value Ref.

Parameters depending on hadronic interactions

Z pπ+ 0.046 [2]

Z pπ− 0.033 [2]

Z pK − 0.0028 [2]

β 0.909 [22]

Parameters depending on primary spectral index

Aπ 0.675 Z Nπ [7]

AK 0.246 Z N K [7]

Bπ 1.061 [7]

BK 1.126 [7]

Parameters depending on primary composition

b −0.035 [2]

Critical energies

επ 115 GeV [22]

εK 850 GeV [22]
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Fig. 4 Our measurement of the muon charge ratio as a function
of the surface energy Eµ (black points). The two-dimensional fit in
(Eµ, cos θ∗) yields a measurement of the composition parameter δ0 and
of the factor Z pK + . The fit result is projected on the average OPERA
zenith ⟨cos θ∗⟩ ≃ 0.7 and shown by the continuous line. Results from
other experiments, L3+C (only for 0.675 < cos θ < 0.75) [12], MINOS
Near and Far Detectors [13,14], CMS [15] and Utah [16], are also shown
for comparison

& K +. On the other hand K − are equally produced in K +K −

pairs by protons and neutrons (Z pK − ≃ ZnK − ).
A linear energy dependence in logarithmic scale of the

parameter δ0 was assumed, δ0 = a + b log10(EN /GeV/nu-
cleon), as suggested by direct measurements of the primary
composition and by the Polygonato model [23]. We fixed
the slope at b = −0.035 which was obtained fitting the val-
ues reported in [2]. All the assumptions on the parameters
appearing in Eq. 3 are summarized in Table 5.

We made a two-dimensional fit of OPERA and L3+C data
as a function of (Eµ, cos θ∗) to Eq. 3 with δ0 and Z pK + as
free parameters. The fit yields the composition parameter at
the average energy measured by OPERA ⟨Eµ⟩ = 2 TeV
(corresponding to ⟨EN ⟩ ≈ 20 TeV/nucleon) δ0(⟨Eµ⟩) =
0.61 ± 0.02 and the factor Z pK + = 0.0086 ± 0.0004.

The result of the fit in two variables (Eµ, cos θ∗) is pro-
jected on the average OPERA zenith ⟨cos θ∗⟩ ≃ 0.7 and is
shown in Fig. 4 together with the measured charge ratio as a
function of the surface muon energy.

4 Conclusions

The atmospheric muon charge ratio Rµ was measured with
the complete statistics accumulated along the five years of
data taking. The combination of the two data sets collected
with opposite magnet polarities allows reaching the most
accurate measurement in the high energy region to date. The
underground charge ratio was evaluated separately for single
and for multiple muon events. For single muons, the inte-
grated Rµ value is

Rµ(nµ = 1) = 1.377 ± 0.006(stat.)+0.007
−0.001(syst.)

while for muon bundles

Rµ(nµ > 1) = 1.098 ± 0.023(stat.)+0.015
−0.013(syst.)

The integral value and the energy dependence of the charge
ratio for single muons are compatible with the expecta-
tion from a simple model [2,22] which takes into account
only pion and kaon contributions to the atmospheric muon
flux. We extracted the fractions of charged pions and kaons
decaying into positive muons, fπ+ = 0.5512 ± 0.0014 and
fK + = 0.705 ± 0.014.

Considering the composition dependence embedded in
Eq. 3, we inferred a proton excess in the primary cosmic
rays δ0 = 0.61±0.02 at the energy ⟨EN ⟩ ≈ 20 TeV/nucleon
and a spectrum weighted moment Z pK + = 0.0086±0.0004.

The observed behaviour of Rµ as a function of the surface
energy from ∼ 1 TeV up to 20 TeV (about 200 TeV/nu-
cleon for the primary particle) shows no deviations from a
simple parametric model taking into account only pions and
kaons as muon parents, supporting the hypothesis of lim-
iting fragmentation up to primary energies/nucleon around
200 TeV.
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Rise	  in	  muon	  charge	  raEo	  reflects	  higher	  
asymmetry	  in	  the	  charged	  kaon	  channel,	  
which	  becomes	  more	  important	  when	  
Eμ	  >	  εK	  ≈	  850	  GeV.	  	  	  
The	  key	  parameter	  is	  αK	  >	  απ	  	  due	  to	  
associated	  producEon:	  p	  	  	  	  	  	  	  	  ΛK+	  
ImplicaEon:	  νμ	  /	  νμ	  rises	  to	  ≈	  2.5	  @	  10	  TeV	  

↵K =
ZpK+ � ZpK�

ZpK+ + ZpK�
⇡ 0.51
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From	  Fedynitch	  et	  al.,	  hup://arxiv.org/abs/arXiv:1806.04140	  	  	  
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From	  Fedynitch	  et	  al.,	  hup://arxiv.org/abs/arXiv:1806.04140	  	  
with	  predicted	  value	  using	  OPERA	  parameters	  
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NEUTRINO ASTROPHYSICS

Multimessenger observations of a
flaring blazar coincident with
high-energy neutrino IceCube-170922A
The IceCube Collaboration, Fermi-LAT, MAGIC, AGILE, ASAS-SN, HAWC, H.E.S.S.,
INTEGRAL, Kanata, Kiso, Kapteyn, Liverpool Telescope, Subaru, Swift/NuSTAR,
VERITAS, andVLA/17B-403 teams*†

Previous detections of individual astrophysical sources of neutrinos are limited to the
Sun and the supernova 1987A, whereas the origins of the diffuse flux of high-energy
cosmic neutrinos remain unidentified. On 22 September 2017, we detected a high-energy
neutrino, IceCube-170922A, with an energy of e290 tera–electron volts. Its arrival
direction was consistent with the location of a known g-ray blazar, TXS 0506+056,
observed to be in a flaring state. An extensive multiwavelength campaign followed,
ranging from radio frequencies to g-rays. These observations characterize the
variability and energetics of the blazar and include the detection of TXS 0506+056
in very-high-energy g-rays. This observation of a neutrino in spatial coincidence with
a g-ray–emitting blazar during an active phase suggests that blazars may be a source
of high-energy neutrinos.

S
ince the discovery of a diffuse flux of high-
energy astrophysical neutrinos (1, 2),
IceCube has searched for its sources. The
only nonterrestrial neutrino sources iden-
tified previously are the Sun and the super-

nova 1987A, producing neutrinos with energies
millions of times lower than the high-energy dif-
fuse flux, such that the mechanisms and the envi-
ronments responsible for the high-energy cosmic
neutrinos are still to be ascertained (3, 4). Many
candidate source types exist, with active galactic
nuclei (AGN) among the most prominent (5), in
particular the small fraction of them designated
as radio-loud (6). In these AGNs, the central su-
permassive black hole converts gravitational energy
of accretingmatter and/or the rotational energy
of the black hole into powerful relativistic jets,
within which particles can be accelerated to high
energies. If a number of these particles are pro-
tons or nuclei, their interactions with the radia-
tion fields andmatter close to the source would
give rise to a flux of high-energy pions that even-
tually decay into photons and neutrinos (7). In
blazars (8)—AGNs that have one of the jets point-
ing close to our line of sight—the observable flux
of neutrinos and radiation is expected to be greatly
enhanced owing to relativistic Doppler boosting.
Blazar electromagnetic (EM) emission is known
to be highly variable on time scales fromminutes
to years (9).
Neutrinos travel largely unhindered by matter

and radiation. Even if high-energy photons (TeV

and above) are unable to escape the source owing
to intrinsic absorption, or are absorbed by inter-
actions with the extragalactic background light
(EBL) (10, 11), high-energy neutrinos may escape
and travel unimpeded to Earth. An association
of observed astrophysical neutrinos with blazars
would therefore imply that high-energy protons
or nuclei up to energies of at least tens of PeV are
produced in blazar jets, suggesting that theymay
be the birthplaces of the most energetic particles
observed in the Universe, the ultrahigh-energy
cosmic rays (12). If neutrinos are produced in
correlation with photons, the coincident obser-
vation of neutrinos with electromagnetic flares
would greatly increase the chances of identifying
the source(s). Neutrino detections must therefore
be combined with the information from broad-
band observations across the electromagnetic
spectrum (multimessenger observations).
To take advantage of multimessenger oppor-

tunities, the IceCube neutrino observatory (13)
has established a system of real-time alerts that
rapidly notify the astronomical community of the
direction of astrophysical neutrino candidates
(14). From the start of the program in April 2016
through October 2017, 10 public alerts have been
issued for high-energy neutrino candidate events
with well-reconstructed directions (15).
We report the detection of a high-energy neu-

trino by IceCube and the multiwavelength/multi-
instrument observations of a flaring g-ray blazar,
TXS 0506+056, which was found to be position-
ally coincident with the neutrino direction (16).
Chance coincidence of the IceCube-170922A
event with the flare of TXS 0506+056 is statis-
tically disfavored at the level of 3s in models

evaluated below, associating neutrino and g-ray
production.

The neutrino alert

IceCube is a neutrino observatory with more
than 5000 optical sensors embedded in 1 km3 of
the Antarctic ice-sheet close to the Amundsen-
Scott South Pole Station. The detector consists of
86 vertical strings frozen into the ice 125m apart,
each equipped with 60 digital optical modules
(DOMs) at depths between 1450 and 2450 m.
When a high-energy muon-neutrino interacts
with an atomic nucleus in or close to the detec-
tor array, a muon is produced moving through
the ice at superluminal speed and creating
Cherenkov radiation detected by the DOMs. On
22 September 2017 at 20:54:30.43 Coordinated
Universal Time (UTC), a high-energy neutrino-
induced muon track event was detected in an
automated analysis that is part of IceCube’s real-
time alert system. An automated alert was dis-
tributed (17) to observers 43 s later, providing an
initial estimate of the direction and energy of the
event. A sequence of refined reconstruction algo-
rithms was automatically started at the same
time, using the full event information. A repre-
sentation of this neutrino event with the best-
fitting reconstructed direction is shown in Fig. 1.
Monitoring data from IceCube indicate that the
observatory was functioning normally at the time
of the event.
A Gamma-ray Coordinates Network (GCN)

Circular (18) was issued ~4 hours after the initial
notice, including the refined directional informa-
tion (offset 0.14° from the initial direction; see
Fig. 2). Subsequently, further studies were per-
formed to determine the uncertainty of the direc-
tional reconstruction arising from statistical and
systematic effects, leading to a best-fitting right
ascension (RA) 77:43þ0:95

"0:65 and declination (Dec)
þ5:72þ0:50

"0:30 (degrees, J2000 equinox, 90% con-
tainment region). The alert was later reported
to be in positional coincidence with the known
g-ray blazar TXS 0506+056 (16), which is lo-
cated at RA 77.36° and Dec +5.69° (J2000) (19),
0.1° from the arrival direction of the high-energy
neutrino.
The IceCube alert prompted a follow-up search

by theMediterraneanneutrino telescopeANTARES
(Astronomy with a Neutrino Telescope and Abyss
environmental RESearch) (20). The sensitivity of
ANTARES at the declination of IceCube-170922A
is about one-tenth that of IceCube’s (21), and no
neutrino candidateswere found in a ±1 day period
around the event time (22).
An energy of 23.7 ± 2.8 TeV was deposited in

IceCube by the traversing muon. To estimate the
parent neutrino energy, we performed simulations
of the response of the detector array, considering
that the muon-neutrino might have interacted
outside the detector at an unknown distance.We
assumed the best-fitting power-law energy spec-
trum for astrophysical high-energy muon neutri-
nos, dN=dEºE"2:13 (2), where N is the number
of neutrinos as a function of energy E. The sim-
ulations yielded amost probable neutrino energy
of 290 TeV, with a 90% confidence level (CL)
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*The full lists of participating members for each team and their
affiliations are provided in the supplementary materials.
†Email: analysis@icecube.wisc.edu
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Likelihood	  that	  alert	  is	  not	  an	  
atmospheric	  event	  
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Signalness	  =	  0.565	  



“Signalness”	  of	  170922A	  

•  Compare	  to	  the	  astrophysical	  spectrum	  of	  the	  
upward	  νμ	  analysis	  (Ap.J.	  833	  (2016)	  3):	  
– At	  100	  TeV	  
– Fiued	  differenEal	  spectral	  index	  =	  -‐2.13	  

•  Compare	  to	  atmospheric	  flux	  accounEng	  for	  
direcEon	  of	  the	  event	  
– DeclinaEon	  =	  5.72o	  	  	  	  	  
– Below	  horizon,	  so	  no	  atmospheric	  muons	  
– Zenith	  angle	  =	  95.72,	  cos(θ)	  ≈	  -‐0.1,	  not	  absorbed	  by	  
the	  Earth	  
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Flux	  of	  atmospheric	  νμ	  vs	  angle	  
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Summary	  comments	  

•  Atmospheric	  neutrinos	  at	  high	  energy:	  
– A	  beam	  for	  neutrino	  physics	  (not	  covered	  here)	  
– Background	  for	  astrophysical	  neutrinos	  

•  For	  1	  <	  Eν	  <	  100	  TeV	  neutrinos	  are	  from	  kaons	  
– Electron	  neutrinos	  from	  KL3	  decays	  
– Most	  muon	  neutrinos	  from	  K±	  

•  Measure	  kaon	  producEon	  at	  7	  TeV	  with	  SMOG	  
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