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Why small x is interesting?
Important lesson from HERA : 

Observation of strong growth of the  proton structure function at small x.
It is driven by the growth of the gluon density.
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Why small x is interesting?
Important lesson from HERA : 

Observation of strong growth of the  proton structure function at small x.
It is driven by the growth of the gluon density.

sum of parton 
densities

• Parton evolution needs to be modified to include potentially very large logs, 
resummation of log(1/x)

• Further increase in the energy could lead to the importance of the 
recombination effects. Unitarity of the scattering amplitude.

• Modification of parton evolution by including non-linear or saturation effects in 
the parton density.
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Neutrino astronomy
• Universe not transparent to extragalactic photons with 

energy > 10 TeV

• Weakly interacting: neutrinos can travel large distances 
without distortion
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Neutrino astronomy
• Universe not transparent to extragalactic photons with 

energy > 10 TeV

• Weakly interacting: neutrinos can travel large distances 
without distortion

L
ν

int ∼ 250 × 109 g/cm2L
γ

int
∼ 100 g/cm2

Interaction lengths (at 1 TeV):

• Protons and nuclei get bent by the magnetic fields

• Neutrinos can point back to their sources
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Sources of high energy neutrinos

• Atmospheric: interactions of cosmic rays with nuclei in the atmosphere.

• Interactions of cosmic rays with gas, for example around supernova remnants. 
Interaction with microwave background (GZK neutrinos).

• Production at some source: Active Galactic Nuclei, Gamma Ray bursts.

• More exotic scenarios: WIMP annihilation (in the center of Sun or Earth), decays of 
metastable relic particles,...

Example AGN Cygnus A:

X ray Radio image



Atmospheric neutrinos
p

µ
νµ

π

p + Air

µ, νµ

Neutrinos in the atmosphere originate 
from the interactions of cosmic rays

(etc. protons) with nuclei.

interaction

decay

Background to extraterrestrial 
neutrinos

⇡,K,D,B



Prompt vs conventional flux

power-law at 103 GeV, reducing to Z

KK

= 0.176 and ⇤
K

= 40 g/cm2 at 108 GeV. The

scaling values in [50, 51] are 0.211 and 175 g/cm2, respectively. The precise value of n for

meson scattering in eq. (3.9) a↵ects only �

high

`

.

Our prompt lepton fluxes are shown in figure 5a. We show E

3
�

⌫µ+⌫̄µ as a function of

neutrino energy. The fluxes of µ + µ̄ and ⌫

e

+ ⌫̄

e

are the same as shown in the figure, in

the approximations we use here. The upper band shows our NLO result using CT10 PDFs

with the range of (M
F

, µ

R

) discussed in section 2, using the broken power-law as the input

cosmic ray all-nucleon spectrum. The lower band shows the prompt flux using the H3p

cosmic ray flux inputs. The H3a cosmic ray flux results in a lower prompt lepton flux for

energies above ⇠ 2⇥ 105 GeV, roughly a factor of two lower at E = 108 GeV.

8

(a)

10
2

10
3

10
4

10
5

10
6

10
7

10
810

-6

10
-5

10
-4

10
-3

10
-2

E [GeV]

E
3
 d

N
/d

E 
G

eV
2
 c

m
-1

 s
-1

 s
r-1

CT10, (M
F
, �

R
) � m

T

CT10, (M
F
, �

R
) � m

c

Cteq3, (M
F
, �

R
) � m

c

ERS Dipole Model

Honda conventional ��
 (broken power-law)

(b)

Figure 5: (a) Our benchmark results for the prompt ⌫
µ

+ ⌫̄

µ

flux scaled by E

3 is shown as

an orange curve, with the cosmic ray flux given by the Gaisser H3p fit (see figure 3). The

blue curve uses instead a broken power-law (as used in previous analyses, e.g., [18]). For

each curve, the associated shaded region indicates the uncertainty due to variation of the

QCD parameters. The vertical conventional flux from Honda (see, e.g., [20]), reweighted

to the H3a cosmic-ray primary flux, is also shown.

(b) Comparison of neutrino fluxes with variation in scales and PDFs for the broken power-

law CR primary flux. Shown are the results for central values obtained using CT10 as the

PDF with (MF, µR) / mT (solid slate blue line) and with scales (MF, µR) / mc (dashed

slate blue curve) along with their associated bands of variation (corresponding to QCD

parameters discussed in text) as solid and hatched fills for scales proportional to mT and

mc respectively. The central flux (corresponding to MF = 2.1mc , µR = 1.6mT) evaluated

for CTEQ3 as the PDF is shown as the pink dashed curve, along with the dipole model

computation (gray short-dashed curve) of ref. [18]. The flux uncertainty from [18] is shown

as a grey band. For comparison, the vertical conventional flux from Honda (see, e.g., [20]),

based on the broken power-law cosmic-ray primary flux, is also shown.
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High energy atmospheric neutrino flux as a function of energy
conventional: 
decay of long 
lived pions and 
kaons: loose 
energy.
Soft spectrum.

prompt: decay of 
short lived charmed 
mesons: do not loose 
energy.
Hard spectrum.

Conventional flux: constrained by the low energy neutrino data.
Prompt flux: poorly known, large uncertainties. 
Essential to evaluate as it can dominate the background for searches for 
extraterrestrial high energy neutrinos.

Neutrino energy



nucleus
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gluon

gluon
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charm-antiquark

D meson

neutrino

production

fragmentation

decay

• Initial Cosmic Ray flux: shape and composition

• Strong interaction cross section: framework (collinear, 
small x, saturation), PDFs, nuclear effects, intrinsic charm

• Charm meson fragmentation

• Decay

• Interaction cross section of neutrino (small x)

cosmic ray

From cosmic ray to 
neutrino detection

neutrino
interaction

Sources of  uncertainties for 
prompt atmospheric neutrinos:



Forward charm production
Mechanism of prompt neutrino production

Diagram for forward charm production in pp collisions
p

p

x

x

c

2

1

c
_

xF

dσpp→c+X

dxF
=
∫

dx1 dx2 dz g(x1, µ
2
F )

dσgg→cc̄

dz
g(x2, µ

2
F ) δ(zx1 − xF )

where z = (m2
c − t̂)/s and g(x, µ2

F ) is the gluon density in the proton.
xF " 0.2 and x2 " M2

cc̄/xF s

At very high energies s # M2
cc̄, x2 is very small x2 $ 1

Prompt neutrinos, BNL, 23 April 2004 – p.16/39

In the collinear factorization:

Diagram for charm production in proton-proton collisions

x2 ' 10�4 � 10�9 and small scales



Charm production cross section
• Using NLO code by 

Cacciari,Frixione,Greco,Nason.

• Default set is CT10 Central.

• Charm quark mass 

• Variation of factorization and 
renormalization scales with 
respect to 

• Comparison with RHIC and 
LHC data. Data are 
extrapolated with NLO QCD 
from measurements in the 
limited phase space region.
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Figure 1: The charm production cross section �

pN!cc̄+X

at NLO with m

c

= 1.27 GeV

using the CT10 parton distributions for a range of scales described in the text, with the

central set with factorization and renormalization scales M
F

= 2.10m
T

and µ

R

= 1.6m
T

,

respectively. Apart from experimental data points listed in table 1, results from HERA-B

[43] and lower energy experiments summarized in [44] for pN scattering are shown (labelled

as Fixed target expts.). For comparison, we also show the lower and upper limits (grey

fine-dashed curves) when the renormalization and factorization scales are made to vary

proportionally to m

c

rather than to m

T

.

2.1 Di↵erential cross section

While we seek compatibility of the total charm quark pair production cross section with

the results reported by the experimental collaborations, the dominant contribution to the

prompt flux is from forward production of charm, including fragmentation into charmed

hadrons. In our semi-analytic evaluation of the prompt atmospheric lepton flux, we require

the di↵erential charmed hadron energy distribution,

d�

dE

h

=
X

k

Z
d�

dE

k

(AB ! kX)Dh

k

 
E

h

E

k

!
dE

k

E

k

(2.1)

in terms of the parton level di↵erential distribution and the fragmentation function D

h

k

.

Here, h = D

±
, D

0(D̄0), D±
s

,⇤±
c

and k = c, c̄. We approximate the fragmentation functions
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• Warning: need to extrapolate CT10 pdf down to very low x. 
• PDF uncertainties not included in this plot.
• Based on collinear factorization, need to compare with kT factorization and 

dipole models with saturation.

mc = 1.27 GeV

m2
T = m2

c + p2T

Fixed target frame proton energy
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UHE neutrino-proton cross sections
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Cross section for νN scattering

d2σCC

dxdy
=

2G2
F MNEν

π

(
M2

W

Q2 + M2
W

)2

· [xq(x,Q2) + xq̄(x,Q2)(1 − y)2]

xq(x,Q2), xq̄(x,Q2) are parton densities.
Since xq(x,Q2) ∼ x−λ this implies that

σ(Eν) =
∫

dxdy
d2σCC

dxdy
∼ Eλ

ν

Since x ≤ 10−8 −→ need extrapolation to small x.
DLLA extrapolation R.Gandhi, C.Quigg, M.H.Reno, I.Sarcevic

BFKL/DGLAP unifed evolution J.Kwiecinski,A.D.Martin,A.S.

No big differences found. Uncertainty of the cross section at highest en-

ergies around ∼ 30 − 40%.
Prompt neutrinos, BNL, 23 April 2004 – p.31/39

Need extrapolations of parton densities  to very small x 

Contribution to the cross section in Q and x plane:

Fig.7a
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Neutrino cross sections
Calculation of the neutrino cross section using the unified BFKL/DGLAP evolution 

(includes resummation effects at low x).

Behavior at high energies controlled dynamically  by the resummed 
evolution equation, rather than the parametrized extrapolation.
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Neutrino cross sections
Calculation of the neutrino cross section using the unified BFKL/DGLAP evolution 

(includes resummation effects at low x).
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Comparison with latest estimates,  I. Sarcevic et al.
 BFKL/DGLAP unified calculation still works well, within the uncertainty bounds for DGLAP

LHC data do not provide (so far) additional strong constraints on PDFs(relevant for this process)
LHeC/FCC-eh  can provide important input for the cross section evaluation.
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Neutrino fluxes: comparison collinear vs saturation

power-law at 103 GeV, reducing to Z

KK

= 0.176 and ⇤
K

= 40 g/cm2 at 108 GeV. The

scaling values in [50, 51] are 0.211 and 175 g/cm2, respectively. The precise value of n for

meson scattering in eq. (3.9) a↵ects only �

high

`

.

Our prompt lepton fluxes are shown in figure 5a. We show E

3
�

⌫µ+⌫̄µ as a function of

neutrino energy. The fluxes of µ + µ̄ and ⌫

e

+ ⌫̄

e

are the same as shown in the figure, in

the approximations we use here. The upper band shows our NLO result using CT10 PDFs

with the range of (M
F

, µ

R

) discussed in section 2, using the broken power-law as the input

cosmic ray all-nucleon spectrum. The lower band shows the prompt flux using the H3p

cosmic ray flux inputs. The H3a cosmic ray flux results in a lower prompt lepton flux for

energies above ⇠ 2⇥ 105 GeV, roughly a factor of two lower at E = 108 GeV.
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Figure 5: (a) Our benchmark results for the prompt ⌫
µ

+ ⌫̄

µ

flux scaled by E

3 is shown as

an orange curve, with the cosmic ray flux given by the Gaisser H3p fit (see figure 3). The

blue curve uses instead a broken power-law (as used in previous analyses, e.g., [18]). For

each curve, the associated shaded region indicates the uncertainty due to variation of the

QCD parameters. The vertical conventional flux from Honda (see, e.g., [20]), reweighted

to the H3a cosmic-ray primary flux, is also shown.

(b) Comparison of neutrino fluxes with variation in scales and PDFs for the broken power-

law CR primary flux. Shown are the results for central values obtained using CT10 as the

PDF with (MF, µR) / mT (solid slate blue line) and with scales (MF, µR) / mc (dashed

slate blue curve) along with their associated bands of variation (corresponding to QCD

parameters discussed in text) as solid and hatched fills for scales proportional to mT and

mc respectively. The central flux (corresponding to MF = 2.1mc , µR = 1.6mT) evaluated

for CTEQ3 as the PDF is shown as the pink dashed curve, along with the dipole model

computation (gray short-dashed curve) of ref. [18]. The flux uncertainty from [18] is shown

as a grey band. For comparison, the vertical conventional flux from Honda (see, e.g., [20]),

based on the broken power-law cosmic-ray primary flux, is also shown.

– 11 –

•Calculation does not include the PDF uncertainties.

•A bit of surprise: assuming the same initial cosmic ray flux NLO collinear calculation is lower than the 
calculation based on a dipole model with saturation…

•Different large x pdfs in the calculations. Should one move to NLO dipole model here as well?

•Gluon from CT10 is valence - like for low scales.

•LHeC/FCC-eh would provide an important constraint on the gluon in this context.

Flux of ⌫µ + ⌫̄µ



IceCube

• UHE neutrinos measured in IceCube 
Antarctic detector

• Neutrinos detected using Cherenkov light 
produced by charged particles after 
neutrinos interact

• Sensitivity to high energy >100 GeV 
neutrinos (>10 GeV with Deep Core)



IceCube results

3

analysis focused on neutrinos above 100 TeV, at which
the expected atmospheric neutrino background falls to
the level of one event per year, allowing any harder as-
trophysical flux to be seen clearly. Here, following the
same techniques, we add a third year of data support-
ing this result and begin to probe the properties of the
observed astrophysical neutrino flux.

Neutrinos are detected in IceCube by observing the
Cherenkov light produced in ice by charged particles cre-
ated when neutrinos interact. These particles generally
travel distances too small to be resolved individually and
the particle shower is observed only in aggregate. In ⌫

µ

charged-current (CC) interactions, however, as well as
a minority of ⌫

⌧

CC, a high-energy muon is produced
that leaves a visible track (unless produced on the detec-
tor boundary heading outward). Although deposited en-
ergy resolution is similar for all events, angular resolution
for events containing visible muon tracks is much better
(. 1�, 50% CL) than for those that do not (⇠ 15�, 50%
CL) [12]. For equal neutrino fluxes of all flavors (1:1:1),
⌫
µ

CC events make up only 20% of interactions [13].
Backgrounds to astrophysical neutrino detection arise

entirely from cosmic ray air showers. Muons produced by
⇡ and K decays above IceCube enter the detector at 2.8
kHz. Neutrinos produced in the same interactions [14–17]
enter IceCube from above and below, and are seen at a
much lower rate due to the low neutrino interaction cross-
section. Because ⇡ and K mesons decay overwhelmingly
to muons rather than electrons, these neutrinos are pre-
dominantly ⌫

µ

and usually have track-type topologies in
the detector [13]. As the parent meson’s energy rises, its
lifetime increases, making it increasingly likely to interact
before decaying. Both the atmospheric muon and neu-
trino fluxes thus become suppressed at high energy, with
a spectrum one power steeper than the primary cosmic
rays that produced them [18]. At energies above ⇠ 100
TeV, an analogous flux of muons and neutrinos from the
decay of charmed mesons is expected to dominate, as the
shorter lifetime of these particles allows this flux to avoid
suppression from interaction before decay [19–25]. This
flux has not yet been observed, however, and both its
overall rate and cross-over energy with the ⇡/K flux are
at present poorly constrained [26]. As before [11], we es-
timate all atmospheric neutrino background rates using
measurements of the northern-hemisphere ⌫

µ

spectrum
[9].

Event selection identifies neutrino interactions in Ice-
Cube by rejecting those events with Cherenkov-radiating
particles, principally cosmic ray muons, entering from
outside the detector. As before, we used a simple anti-
coincidence muon veto in the outer layers of the detector
[11], requiring that fewer than 3 of the first 250 detected
photoelectrons (PE) be on the detector boundary. To en-
sure su�cient numbers of photons to reliably trigger this
veto, we additionally required at least 6000 PE overall,
corresponding to deposited energies of approximately 30
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FIG. 1. Arrival angles and deposited energies of the events.
Cosmic ray muon background would appear as low-energy
track events in the southern sky (bottom). Atmospheric neu-
trino backgrounds would appear primarily in the northern sky
(top), also at low energies and predominantly as tracks. The
attenuation of high energy neutrinos in the Earth is visible
in the top right of the figure. One event, a pair of coincident
unrelated cosmic ray muons, is excluded from this plot. A
tabular version of these data, including additional informa-
tion such as event times, can be found in the online supple-
ment [29].

TeV. This rejects all but one part in 105 of the cosmic ray
muon background above 6000 PE while providing a direc-
tion and topology-neutral neutrino sample [11]. We use a
data-driven method to estimate this background by using
one region of IceCube to tag muons and then measuring
their detection rate in a separate layer of PMTs equiva-
lent to our veto; this predicts a total muon background
in three years of 8.4±4.2 events. Rejection of events con-
taining entering muons also significantly reduces downgo-
ing atmospheric neutrinos (the southern hemisphere) by
detecting and vetoing muons produced in the neutrinos’
parent air showers [27, 28]. This southern-hemisphere
suppression is a distinctive and generic feature of any
neutrinos originating in cosmic ray interactions in the
atmosphere.
In the full 988-day sample, we detected 37 events

(Fig. 1) with these characteristics relative to an expected
background of 8.4 ± 4.2 cosmic ray muon events and
6.6+5.9

�1.6

atmospheric neutrinos. Nine were observed in
the third year. One of these (event 32) was produced by
a coincident pair of background muons from unrelated
air showers. This event cannot be reconstructed with
a single direction and energy and is excluded from the
remainder of this article where these quantities are re-
quired. This event, like event 28, had sub-threshold early
hits in the IceTop surface array and our veto region, and
is likely part of the expected muon background. Three
additional downgoing track events are ambiguous; the re-
mainder are uniformly distributed through the detector
and appear to be neutrino interactions.

988 day sample, 37 events observed (after selection with 
entering muon veto) with energies between 30-2000 TeV

upgoing

downgoing
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Figure 6: Event rates at IceCube from prompt neutrinos, with our updated prediction for

the prompt flux indicated in magenta, along with uncertainties from variation in the QCD

parameters indicated as a hatched region around the central curves. The re-evaluated to-

tal atmospheric neutrino background (blue dashed curve) includes events from our central

prompt prediction and the Honda conventional neutrino flux reweighed for H3a cosmic ray

flux (with the uncertainty in prompt event rates indicated as a hatched region around it).

The total neutrino background estimated by IC at the level of 90% CL charm limit [16] is

shown (dashed gray curve) for comparison. The prediction for total event rates using the

E

�2 fit astrophysical signal from [16] and updated atmospheric background (i.e., includ-

ing our re-evaluated prompt background) is shown as a green curve, while the similar IC

estimate using the older atmospheric background and prompt at the level of 90% CL (see

[16]) is shown as the gray thick-dashed curve. For both these latter curves, the background

includes contribution from atmospheric muons (reproduced from [16]), in addition to at-

mospheric neutrinos. Observed total event rates at the IC are shown as solid red blocks,

along with their associated 1� statistical uncertainty.

and baryons, and its consequent decay is one such process. In the era of the IceCube

observations of ultra-high energy neutrinos, the importance of properly understanding and

estimating the background from atmospheric neutrinos cannot be overstated. Since earlier

perturbative QCD results for prompt neutrino fluxes were based on fairly old PDFs and

were not constrained by the recent LHC data, we have revisited the computation in the

– 14 –

• IceCube results point to 
the hard spectrum of 
neutrinos.

• Experimental data are well 
above the atmospheric 
background, implying that 
the origin of IceCube is 
likely extraterrestrial (also 
incoming muon veto by 
IC).

• NLO calculation from 
charm gives reduced 
background (with respect 
to earlier calculations).

• Small x uncertainties in the 
evaluation of both the 
background production 
and interaction cross 
sections.



Summary and outlook

• Precise low x  gluon density important for the UHE neutrino physics. LHeC/FCC-eh 
constraints can significantly reduce the uncertainties.

• Small x gluon comes into play when evaluating the UHE neutrino DIS interaction cross 
section and for the production of the atmospheric neutrinos.

• Calculation of the prompt neutrino flux using NLO and new PDFs, matched to LHC and 
RHIC data.

• Prompt component is rather small. The IC data are significantly above, new calculation 
will change the evaluation of the significance of the astrophysical signal for IC. However, 
not all uncertainties are taken into account.

• Work in progress: nuclear pdfs, small x calculations including saturation, resummation; 
intrinsic charm. Estimate of LHeC, FCC-eh impact on the uncertainties of  PDFs onto the 
calculation.
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Atmospheric neutrinos
• Conventional: decays of lighter mesons

τ ∼ 10
−8

sMean lifetime:

π±, K±

Long lifetime: interaction occurs before decay

Lint < Ldec

Mesons loose 
energy

Steeply falling flux 
of neutrinos Φν ∼ E

−3.7
ν
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K
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Prompt neutrinos
• Prompt: decays of heavier, charmed or bottom mesons

τ ∼ 10
−12

sMean lifetime:

D±, D0, Ds

Short lifetime: decay, no interaction

Lint > Ldec

Flat flux, more energy 
transferred to neutrino Φν ∼ E

−2.7
ν

u

c

-baryon Λc cD
+

D
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Differential charm cross section

xc

d�
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Figure 2: The di↵erential cross section d�/dx

c

for the charmed quark, as a function of x
c

for E = 103, 106, 109 GeV for m

c

= 1.27 GeV and M

F

= 2.1m
T

, µ
R

= 1.6m
T

using the

CT10 NLO PDFs.

for charmed hadrons as energy independent. Eq. (2.1) can be written as

d�

dx

E

(pA ! hX) = A

Z 1

xE

dz

z

d�

dx

c

(pN ! cX)Dh

c

(z) (2.2)

in terms of x
E

= E

h

/E

b

and x

c

= E

c

/E

b

= x

E

/z for an incident cosmic ray nucleon energy

(beam energy) E

b

. In figure 2, we show the di↵erential cross-section as a function of x
c

for E
b

= 103, 106 and 109 GeV in pN scattering, here for (M
F

, µ

R

) = (2.1, 1.6)m
T

. The

distributions for (M
F

, µ

R

) = (2.1, 1.6)m
c

are very similar.

We can compare our results here to those obtained previously, notably in [21]. With

the CT10 NLO PDF’s, the m

T

dependent scales, and a full NLO calculation, we find that

our di↵erential distribution at low x is lower than in ref. [21] at high energies (e.g., about

28% lower at 109 GeV for x = 0.1). As previously discussed, this stems from use of updated

PDFs which have a slower growth at small x than the CTEQ3 PDFs used in [21].

Our default choice of fragmentation functions for charmed hadrons is that of Kniehl

and Kramer [48]. The net e↵ect of including the fragmentation functions is to reduce the

predicted flux by about ⇠ 30% relative to the flux without fragmentation included.

3 Prompt lepton flux

We use the Z-moment approach [49, 50], including an energy dependence of the Z-moments

[20] and approximating the depth of the atmosphere as infinite. In the exponential atmo-

– 6 –

xc =
Ec

Ep

Differential charm cross section in proton-nucleon collision as a function of 
the fraction of the incident beam energy carried by the charm quark.

Differential charmed hadron cross section as a function of the energy:

Figure 1: The charm production cross section �

pN!cc̄+X

at NLO with m

c

= 1.27 GeV

using the CT10 parton distributions for a range of scales described in the text, with the

central set with factorization and renormalization scales M
F

= 2.10m
T

and µ

R

= 1.6m
T

,

respectively. Apart from experimental data points listed in table 1, results from HERA-B

[43] and lower energy experiments summarized in [44] for pN scattering are shown (labelled

as Fixed target expts.). For comparison, we also show the lower and upper limits (grey

fine-dashed curves) when the renormalization and factorization scales are made to vary

proportionally to m

c

rather than to m

T

.

2.1 Di↵erential cross section

While we seek compatibility of the total charm quark pair production cross section with

the results reported by the experimental collaborations, the dominant contribution to the

prompt flux is from forward production of charm, including fragmentation into charmed

hadrons. In our semi-analytic evaluation of the prompt atmospheric lepton flux, we require

the di↵erential charmed hadron energy distribution,

d�

dE

h

=
X

k

Z
d�

dE

k

(AB ! kX)Dh

k

 
E

h

E

k

!
dE

k

E

k

(2.1)

in terms of the parton level di↵erential distribution and the fragmentation function D

h

k

.

Here, h = D

±
, D

0(D̄0), D±
s

,⇤±
c

and k = c, c̄. We approximate the fragmentation functions

– 5 –

Using Kniehl, Kramer fragmentation functions.



IceCube results
Two classes of events:

Showers: from secondary charged 
leptons and hadron dissociation

Tracks: events accompanied by an 
energetic muon (CC events with 

incoming       )⌫µ

Evidence for High-Energy 
Extraterrestrial Neutrinos at the 
IceCube Detector
IceCube Collaboration*

Introduction: Neutrino observations are a unique probe of the universe’s highest-energy phe-
nomena: Neutrinos are able to escape from dense astrophysical environments that photons cannot 
and are unambiguous tracers of cosmic ray acceleration. As protons and nuclei are accelerated, 
they interact with gas and background light near the source to produce subatomic particles such as 
charged pions and kaons, which then decay, emitting neutrinos. We report on results of an all-sky 
search for these neutrinos at energies above 30 TeV in the cubic kilometer Antarctic IceCube obser-
vatory between May 2010 and May 2012.

Methods: We have isolated a sample of neutrinos by rejecting background muons from cosmic ray 
showers in the atmosphere, selecting only those neutrino candidates that are fi rst observed in the 
detector interior rather than on the detector boundary. This search is primarily sensitive to neutri-
nos from all directions above 60 TeV, at which the lower-energy background atmospheric neutrinos 
become rare, with some sensitivity down to energies of 30 TeV. Penetrating muon backgrounds were 
evaluated using an in-data control sample, with atmospheric neutrino predictions based on theo-
retical modeling and extrapolation from previous lower-energy measurements.

Results: We observed 28 neutrino candidate events (two previously reported), substantially more 
than the 10.6  expected from atmospheric backgrounds, and ranging in energy from 30 to 1200 
TeV. With the current level of statistics, we did not observe signifi cant clustering of these events in 
time or space, preventing the identifi cation of their sources at this time.

Discussion: The data contain a mixture of neutrino fl avors compatible with fl avor equipartition, 
originate primarily from the Southern Hemisphere where high-energy neutrinos are not absorbed 
by Earth, and have a hard energy spectrum compat-
ible with that expected from cosmic ray accelerators. 
Within our present knowledge, the directions, ener-
gies, and topologies of these events are not compatible 
with expectations for terrestrial processes, deviating at 
the 4σ level from standard assumptions for the atmo-
spheric background. These properties, in particular 
the north-south asymmetry, generically disfavor any 
purely atmospheric explanation for the data. Although 
not compatible with an atmospheric explanation, the 
data do match expectations for an origin in uniden-
tifi ed high-energy galactic or extragalactic neutrino 
accelerators.

FIGURES IN THE FULL ARTICLE

Fig. 1. Drawing of the IceCube array.

Fig. 2. Distribution of best-fi t deposited 
energies and declinations.

Fig. 3. Coordinates of the fi rst detected light 
from each event in the fi nal sample.

Fig. 4. Distributions of the deposited energies 
and declination angles of the observed events 
compared to model predictions.

Fig. 5. Sky map in equatorial coordinates of 
the TS value from the maximum likelihood 
point source analysis.

Fig. 6. Distribution of deposited PMT charges 
(Qtot).

Fig. 7. Neutrino effective area and volume.

SUPPLEMENTARY MATERIALS

Materials and Methods
Event Displays 1 to 28
Neutrino Effective Areas

A 250 TeV neutrino interaction in IceCube. At the neutrino 
interaction point (bottom), a large particle shower is visible, 
with a muon produced in the interaction leaving up and to the 
left. The direction of the muon indicates the direction of the 
original neutrino.
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Extraterrestrial Neutrinos at the 
IceCube Detector
IceCube Collaboration*

Introduction: Neutrino observations are a unique probe of the universe’s highest-energy phe-
nomena: Neutrinos are able to escape from dense astrophysical environments that photons cannot 
and are unambiguous tracers of cosmic ray acceleration. As protons and nuclei are accelerated, 
they interact with gas and background light near the source to produce subatomic particles such as 
charged pions and kaons, which then decay, emitting neutrinos. We report on results of an all-sky 
search for these neutrinos at energies above 30 TeV in the cubic kilometer Antarctic IceCube obser-
vatory between May 2010 and May 2012.

Methods: We have isolated a sample of neutrinos by rejecting background muons from cosmic ray 
showers in the atmosphere, selecting only those neutrino candidates that are fi rst observed in the 
detector interior rather than on the detector boundary. This search is primarily sensitive to neutri-
nos from all directions above 60 TeV, at which the lower-energy background atmospheric neutrinos 
become rare, with some sensitivity down to energies of 30 TeV. Penetrating muon backgrounds were 
evaluated using an in-data control sample, with atmospheric neutrino predictions based on theo-
retical modeling and extrapolation from previous lower-energy measurements.

Results: We observed 28 neutrino candidate events (two previously reported), substantially more 
than the 10.6  expected from atmospheric backgrounds, and ranging in energy from 30 to 1200 
TeV. With the current level of statistics, we did not observe signifi cant clustering of these events in 
time or space, preventing the identifi cation of their sources at this time.

Discussion: The data contain a mixture of neutrino fl avors compatible with fl avor equipartition, 
originate primarily from the Southern Hemisphere where high-energy neutrinos are not absorbed 
by Earth, and have a hard energy spectrum compat-
ible with that expected from cosmic ray accelerators. 
Within our present knowledge, the directions, ener-
gies, and topologies of these events are not compatible 
with expectations for terrestrial processes, deviating at 
the 4σ level from standard assumptions for the atmo-
spheric background. These properties, in particular 
the north-south asymmetry, generically disfavor any 
purely atmospheric explanation for the data. Although 
not compatible with an atmospheric explanation, the 
data do match expectations for an origin in uniden-
tifi ed high-energy galactic or extragalactic neutrino 
accelerators.
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Fig. 1. Drawing of the IceCube array.

Fig. 2. Distribution of best-fi t deposited 
energies and declinations.

Fig. 3. Coordinates of the fi rst detected light 
from each event in the fi nal sample.

Fig. 4. Distributions of the deposited energies 
and declination angles of the observed events 
compared to model predictions.

Fig. 5. Sky map in equatorial coordinates of 
the TS value from the maximum likelihood 
point source analysis.

Fig. 6. Distribution of deposited PMT charges 
(Qtot).

Fig. 7. Neutrino effective area and volume.

SUPPLEMENTARY MATERIALS

Materials and Methods
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A 250 TeV neutrino interaction in IceCube. At the neutrino 
interaction point (bottom), a large particle shower is visible, 
with a muon produced in the interaction leaving up and to the 
left. The direction of the muon indicates the direction of the 
original neutrino.
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Extraterrestrial Neutrinos at the 
IceCube Detector
IceCube Collaboration*

Introduction: Neutrino observations are a unique probe of the universe’s highest-energy phe-
nomena: Neutrinos are able to escape from dense astrophysical environments that photons cannot 
and are unambiguous tracers of cosmic ray acceleration. As protons and nuclei are accelerated, 
they interact with gas and background light near the source to produce subatomic particles such as 
charged pions and kaons, which then decay, emitting neutrinos. We report on results of an all-sky 
search for these neutrinos at energies above 30 TeV in the cubic kilometer Antarctic IceCube obser-
vatory between May 2010 and May 2012.

Methods: We have isolated a sample of neutrinos by rejecting background muons from cosmic ray 
showers in the atmosphere, selecting only those neutrino candidates that are fi rst observed in the 
detector interior rather than on the detector boundary. This search is primarily sensitive to neutri-
nos from all directions above 60 TeV, at which the lower-energy background atmospheric neutrinos 
become rare, with some sensitivity down to energies of 30 TeV. Penetrating muon backgrounds were 
evaluated using an in-data control sample, with atmospheric neutrino predictions based on theo-
retical modeling and extrapolation from previous lower-energy measurements.

Results: We observed 28 neutrino candidate events (two previously reported), substantially more 
than the 10.6  expected from atmospheric backgrounds, and ranging in energy from 30 to 1200 
TeV. With the current level of statistics, we did not observe signifi cant clustering of these events in 
time or space, preventing the identifi cation of their sources at this time.

Discussion: The data contain a mixture of neutrino fl avors compatible with fl avor equipartition, 
originate primarily from the Southern Hemisphere where high-energy neutrinos are not absorbed 
by Earth, and have a hard energy spectrum compat-
ible with that expected from cosmic ray accelerators. 
Within our present knowledge, the directions, ener-
gies, and topologies of these events are not compatible 
with expectations for terrestrial processes, deviating at 
the 4σ level from standard assumptions for the atmo-
spheric background. These properties, in particular 
the north-south asymmetry, generically disfavor any 
purely atmospheric explanation for the data. Although 
not compatible with an atmospheric explanation, the 
data do match expectations for an origin in uniden-
tifi ed high-energy galactic or extragalactic neutrino 
accelerators.
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Fig. 1. Drawing of the IceCube array.

Fig. 2. Distribution of best-fi t deposited 
energies and declinations.

Fig. 3. Coordinates of the fi rst detected light 
from each event in the fi nal sample.

Fig. 4. Distributions of the deposited energies 
and declination angles of the observed events 
compared to model predictions.

Fig. 5. Sky map in equatorial coordinates of 
the TS value from the maximum likelihood 
point source analysis.

Fig. 6. Distribution of deposited PMT charges 
(Qtot).

Fig. 7. Neutrino effective area and volume.

SUPPLEMENTARY MATERIALS

Materials and Methods
Event Displays 1 to 28
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A 250 TeV neutrino interaction in IceCube. At the neutrino 
interaction point (bottom), a large particle shower is visible, 
with a muon produced in the interaction leaving up and to the 
left. The direction of the muon indicates the direction of the 
original neutrino.

READ THE FULL ARTICLE ONLINE
http://dx.doi.org/10.1126/science.1242856

Cite this article as IceCube Collaboration, 
Science 342, 1242856 (2013). 
DOI: 10.1126/science.1242856

www.sciencemag.org    SCIENCE    VOL 342    22 NOVEMBER 2013 947

RESEARCH ARTICLE SUMMARY

*The list of author affi liations is available in the full article online.
Corresponding authors: C. Kopper (ckopper@icecube.wisc.edu); N. Kurahashi (naoko@icecube.wisc.edu); N. Whitehorn (nwhitehorn@icecube.wisc.edu)

Published by AAAS

 o
n 

M
ay

 2
8,

 2
01

5
w

w
w

.s
ci

en
ce

m
ag

.o
rg

D
ow

nl
oa

de
d 

fro
m

 
 o

n 
M

ay
 2

8,
 2

01
5

w
w

w
.s

ci
en

ce
m

ag
.o

rg
D

ow
nl

oa
de

d 
fro

m
 

 o
n 

M
ay

 2
8,

 2
01

5
w

w
w

.s
ci

en
ce

m
ag

.o
rg

D
ow

nl
oa

de
d 

fro
m

 
 o

n 
M

ay
 2

8,
 2

01
5

w
w

w
.s

ci
en

ce
m

ag
.o

rg
D

ow
nl

oa
de

d 
fro

m
 

 o
n 

M
ay

 2
8,

 2
01

5
w

w
w

.s
ci

en
ce

m
ag

.o
rg

D
ow

nl
oa

de
d 

fro
m

 
 o

n 
M

ay
 2

8,
 2

01
5

w
w

w
.s

ci
en

ce
m

ag
.o

rg
D

ow
nl

oa
de

d 
fro

m
 

 o
n 

M
ay

 2
8,

 2
01

5
w

w
w

.s
ci

en
ce

m
ag

.o
rg

D
ow

nl
oa

de
d 

fro
m

 
 o

n 
M

ay
 2

8,
 2

01
5

w
w

w
.s

ci
en

ce
m

ag
.o

rg
D

ow
nl

oa
de

d 
fro

m
 



Cosmic ray flux
Important ingredient: initial cosmic ray flux. Parametrization by Gaisser 

with three populations:
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Figure 3: The all-nucleon cosmic ray spectrum as a function of energy per nucleon for

the three component model of ref. [23] with a mixed extragalactic population (H3a) and

all proton extragalactic population (H3p), and for the broken power-law of eq. (3.7).

softening of the spectral shape occurs at around a few PeV energies, where the population

transitions from being dominantly galactic to extra-galactic, before the spectra hardens

again at energies around a few hundred PeV (see figure 3). When translated to the pro-

duction Z-moments, these e↵ects are visible at comparatively lower energies because of the

inelasticity of the high energy pp collision, which implies that only a small fraction (given

by hx
E

i ⇡ 0.1) of the incident proton energy goes into the produced cc̄. The nature of

the Z-moments, in turn, translates directly to the total prompt lepton flux (as shown in

figure 5a). The central Z-moments obtained using the H3p estimate will henceforth be our

benchmark result when determining the prompt flux and correspondingly the event-rates

at IC.

As discussed above, we use the charmed hadron spectral weights for the decay Z-moments.

These are evaluated using dn/dE from ref. [49, 50, 58].

Additional Z-moments are needed for the flux evaluation, in particular Z

pp

and Z

hh

along with �

h

. For Z
pp

, we have approximated the pA ! pX di↵erential cross section with

a scaling form
d�

dx

E

' �

pA

(E)(1 + n)(1� x

E

)n (3.8)

with �

pA

as described above and n = 0.51. With these choices, at E = 103 GeV for the
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energy per nucleon

Simple power law used for comparison:

discrepancies in the normalization of the cosmic ray spectrum at high energies, overall the

all-particle cosmic ray spectrum for the energy range of interest, 103–1010 GeV, approxi-

mately follows a broken power-law with the break occurring at E ' 5 ⇥ 106 GeV. Many

earlier evaluations of the prompt lepton flux [18, 20–22, 53] used the broken power-law

form for the nucleon flux with [20]:

�

0
p

(E) =

(
1.7E�2.7 for E < 5 · 106 GeV

174E�3 for E > 5 · 106 GeV,

(3.7)

for E in GeV and the nucleon flux in units of cm�2 s�1 sr�1GeV�1 . With the fairly recent

measurements from ATIC [54], CREAM [55, 56] and Pamela [57], combined with earlier

measurements, Gaisser [23] and collaborators [24, 25] have taken a multicomponent model

with three or four source populations to develop models for the cosmic ray composition.

Their parametrizations depend on the particles’ electric charges Z and maximum energies

of the source populations, with spectral indices � that vary by population and nucleus. We

use here the parametrization by Gaisser in ref. [23] with three populations: from supernova

remnants, from other galactic sources and from extragalactic sources. The H3a flux from

ref. [23] has a mixed composition in the extragalactic population, while the extragalactic

population in what we call the H3p flux is all protons. Thus, the cosmic ray nucleon

spectrum is identical for H3a and H3p for nucleon energies below ⇠ 107 GeV. Converting

the all-particle flux to the nucleon flux, the H3a and H3p fluxes are shown along with the

broken power-law in figure 3.

The composition of the cosmic rays causes a much steeper drop in the nucleon flux

above the knee energy than when using the simple broken power-law parametrization. This

is particularly important for the high energy prompt lepton flux. To allow for comparisons

with earlier work, we show our results for the prompt lepton flux for the broken power-law

and the H3a and H3p cosmic ray fluxes.

3.2 Z-moment and prompt lepton flux results

The production Z-moments are shown as a function of energy in figure 4a. For each of Z
pD

0

and Z

pD

± , the three curves show the moments evaluated for the three respective cosmic-ray

nucleon fluxes presented in figure 3. For the H3p flux, we also show the band of Z-moments

from the range of di↵erential cross sections by taking (M
F

, µ

R

) = (1.25, 1.48)m
T

(for

lower limit) and (M
F

, µ

R

) = (4.65, 1.71)m
T

(for upper limit). This relative band of

variation is identical for the other Z-moments shown in the figure. Figure 4b shows the

ratio of the central Z
pD

0-moments obtained using the H3a and H3p fluxes to that evaluated

using the broken power-law nucleon flux.

The major di↵erence between the D-meson production Z-moments when using the

power-law CR flux [from eq. (3.7)] against a more recent CR flux estimate, such as the

Gaisser H3p flux, arises at the high energies > 105 GeV, where the latter noticeably dip,

before rising sharply at energies beyond the tens of PeV. In contrast, the Z-moments when

using the broken power-law follows a more steady behavior. This di↵erence in nature can

be traced to the particular behavior of the Gaisser cosmic ray primary fluxes—a significant
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