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Atmospheric neutrinos
● Cosmic rays bombard upper 

atmosphere and collide with air 
nuclei

● Very large CM energy à
Hadron production:
pions, kaons, D-mesons ...

● Interaction & decay 
⇒ cascade of particles

● Semileptonic decays
⇒ neutrino flux

2
Astropic of the day, 060814
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Conventional neutrino flux
● Pions (and kaons) are produced in more or less every 

inelastic collision

● π+ always decay to neutrinos: BR(π+ → µ+νµ) = 99.98 %

● But π�, K� are long-lived (cτ ~ 8 meters for π+) 
⇒ lose energy through collisions before decay
⇒ neutrino energies are degraded

● This is called the conventional neutrino flux
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Prompt neutrino flux
● Hadrons containing heavy quarks (charm or bottom)

are extremely short-lived:
⇒ decay before losing energy
⇒ harder neutrino energy spectrum 

● However, production cross-section is much smaller

● There is a cross-over energy above which prompt 
neutrinos dominate over the conventional flux

● This is called the prompt neutrino flux
4
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Prompt vs conventional fluxes
of atmospheric neutrinos
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Pions &
kaons: 

long-lived
⇒ lose
energy
before
decay

Charmed
mesons:

short-lived
⇒ don't 

lose energy 
⇒ harder
spectrum

Prompt flux: Enberg, Reno, Sarcevic, arXiv:0806.0418 (ERS)
Conventional: Gaisser & Honda,  Ann. Rev. Nucl. Part. Sci. 52, 153 (2002)  
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Why are we interested?
• Atmospheric neutrinos are a background to 

extragalactic neutrinos

• Test beam for neutrino experiments

• Learn about cascades and the underlying production 
mechanism

• Higher energy pp collisions than in LHC:
can maybe even learn something about QCD?
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The IceCube events from 2013

Prompt flux (limit)

Prompt flux (ERS calc)

The significance is sensitive to the prompt flux prediction

IceCube, arXiv:1311.5238
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Calculations of the prompt flux
More recent:

Bhattacharya, RE, Reno, Sarcevic, Stasto, arXiv:1502.01076 (BERSS)
Garzelli, Moch, Sigl, arXiv:1507.01570 (GMS)
Gauld, Rojo, Rottoli, Sarkar, Talbert, arXiv:1511.06346 (GRRST)
Bhattacharya, RE, Jeong, Kim, Reno, Sarcevic, Stasto, arXiv:1607.00193 
(BEJKRSS)
PROSA Collaboration (Garzelli et al), arXiv:1611.03815
Benzke, Garzelli, et al., arXiv:1705.10386

Older but widely used:

Thunman, Ingelman, Gondolo, hep-ph/9505417
Pasquali, Reno, Sarcevic, hep-ph/9806428
Martin, Ryskin, Stasto, hep-ph/0302140 (MRS)
RE, Reno, Sarcevic, arXiv:0806.0418 [hep-ph] (ERS)
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Important message
QCD is crucial for some astrophysical processes:

– Atmospheric neutrinos
– Neutrino-nucleon cross-section @ high energy
– (Interactions in astrophysical sources?

See arXiv:0808.2807 and arXiv:1407.2985)
For example:
● What happens at small Bjorken-x?    (Need very small x)

● Forward region   (Hard to measure at colliders)

● Fragmentation of quarks → hadrons  (Non-perturbative, hard 
meas.)

● Nuclear effects in pA hard interactions
10
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The calculation has
many ingredients

• Incident cosmic ray flux

• Atmospheric density
• Cross section for heavy quarks in pp/pA collisions

at extremely high energy (perturbative QCD)

• Rescattering of nucleons, hadrons (hadronic xsecs)
(scattering lengths)

• Decay spectra of charmed mesons & baryons
(decay lengths)

• Cascade equations and their solution
(Semi-analytic: spectrum-weighted Z-moments)
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Cosmic rays (CR)

• Knees and ankles à seems 
natural to associate different 
sources with different energy 
ranges of the CR flux

• Highest energies: 
Extragalactic origin? 
à GRBs, AGNs, or more 
exotic

• Lower energies: Galactic 
origin?
àSNRs etc
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Incident cosmic ray flux: nucleons
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Calculating the neutrino flux: 
Particle production

Particle physics inputs: energy distributions

along with interaction lengths, or cooling lengths

à Need the charm production cross section dσ/dxF
14
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Problem with QCD in this process
Charm cross section in LO QCD:

where

CM energy is large: s = 2Epmp   so x1 ~ xF and  x2 ≪1

xF=1: E=105 → x ~ 4·10�5 xF=0: E=105 → x ~ 6·10�3
E=106 → x ~ 4·10�6 E=106 → x ~ 2·10�3
E=107 → x ~ 4·10�7 E=107 → x ~ 6·10�4

Very small x needed for forward processes (large xF)!



Problem with QCD at small x

● Parton distribution functions poorly known at small x

● At small x, must resum large logs: αs ln(1/x)

● If logs are resummed (BFKL): 
power growth ~ x−λ of gluon distribution as x→ 0

● Unitarity would be violated (T-matrix > 1)
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How small x do we know?

● We haven’t measured anything at such small x

● E.g. the MSTW pdf has xmin=10—6

● But that is an extrapolation!

● HERA pdf fits: Q2 > 3.5 GeV2 and x > 10—4

● See Gao, Harland-Lang, Rojo, arXiv:1709.04922
for more on pdfs
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Kinematic plane

18

x

Q
2

[G
eV

2 ]

HERA: xmin ~ 10–4 used for PDF fits (Q2 ~ 3.5 GeV2)

Note
LHeC!
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Kinematic plane of NNPDF3.1
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Parton saturation
● Saturation at small x:

– Number of gluons in the 
nucleon becomes so large
that gluons recombine

– Reduction in the growth

● This is sometimes called the color glass condensate

● Non-linear QCD evolution: Balitsky-Kovchegov
equation 20
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Bhattacharya et al (BEJKRSS, 2016): 
Redo QCD calculations in many ways
• Standard NLO QCD with newest PDFs

• BERSS updated with RHIC/LHCb input, 
uses Nason, Dawson, Ellis and Mangano, Nason, Ridolfi

• Dipole picture with saturation

• Approximate solution of Balitsky-Kovchegov equation
• Update of ERS calc with new HERA fits + other dipoles

• kT factorization with and without saturation

• Resums large logs, αs log(1/x) with BFKL
• Off-shell gluons, unintegrated PDFs (+ subleading…)
• Kutak, Kwiecinski, Martin, Sapeta, Stasto (permutations)
Include scale variations, PDF errors, charm mass, etc

à Plausible upper and lower limits on xsec
R. Enberg: The prompt neutrino flux
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Also include nuclear shadowing
• Partons are not in a free nucleon, but in a nucleus!
• Estimate shadowing with nuclear PDFs

(nCTEQ15 and EPS09)
• Reduces flux by 10−30% at the highest energies
• Larger effect on the flux than on the total σ(cc)

due to asymmetric x1,2

22
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σ(cc) and σ(bb)
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Data from RHIC, LHC and lower energies
Total cross sections well described by all calculations
(at high energies), nuclear shadowing small

(Error bands=scale variations and PDF uncertainties)
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Differential cross sections (LHCb)

LHCb measured D-meson production at 7 and 13 TeV
Kinematical range: pT < 8 GeV, 0 < y < 4.5
The flux is mostly sensitive to large y and small pT.

Cumulative fraction of Z-moment
as function of xF:

Estimate: 90% of ZpD given by
y > 4.9 for Ep=106 TeV
y > 5.7 for Ep=107 TeV
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Figure 24. ZpD0(xmax)/ZpD0(xmax = 1) for the H3p flux and E = 106 and 107 GeV.

prompt lepton flux depends on charm production at even higher rapidity than measured

by LHCb, as can be seen by the following argument. In both the high and low energy

forms of the prompt lepton fluxes, the Z-moments for cosmic ray production of charm,

e.g., ZpD0(E), depend on the lepton energy E. To evaluate the Z-moment for charm

production, the energy integral over E 0 in eq. (3.6) can be cast in the form of an

integral over xE = E/E 0 that runs from 0 ! 1, account for incident cosmic rays (p)

with energy E 0 producing, in this case, D0 with energy E. Fig. 24 shows the fraction of

the Z-moment integral in eq. (3.6) for xE = 0 ! xmax for two di↵erent energies using

NLO pQCD with the central scale choice and the H3p cosmic ray flux. For E = 106

GeV, about 10% of the Z-moment comes from xE < xc = 3.6⇥10�2, while for E = 107

GeV, this same percentage comes from xE < xc = 1.5 ⇥ 10�2. We can use the value of

xE > xc that gives 90% of the Z-moment as a guide to what are the useful kinematic

ranges in high energy pp collider experiments.

We approximate

xE ' xF ' mTp
s
eycm ' mDp

s
eycm , (4.1)

in terms of the hadronic center of mass rapidity, which leads to

ycm >
1

2
ln

 
xc 2mpE

m2
D

!
⌘ yc

cm (4.2)

for 90% of the Z-moment evaluation. For E = 106 GeV, this indicates that the Z-

moment is dominated by ycm > 4.9 with
p

s = 1.4 � 7.3 TeV. For E = 107 GeV,

ycm > 5.7 and
p

s = 4.4 � 35 TeV. These approximate results show that the LHCb

– 38 –
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Comparison of NLO QCD

25Data from LHCb: arXiv:1302.2864 and arXiv:1510.01707
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Prompt νμ (=νe=μ) fluxes
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We have calculated prompt neutrino fluxes using
all these variations in QCD, nuclear effects, cosmic
ray fluxes.

Also compare to other calculations:
• RE, Reno, Sarcevic (ERS) 0806.0418
• Bhattacharya et al (BERSS), 1502.01076
• Garzelli, Moch, Sigl, 1506.08025
• Gauld, Rojo, Rottoli, Sarkar, Talbert, 1511.06346

à estimate of theoretical uncertainties

R. Enberg: The prompt neutrino flux



NLO QCD
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Compare with our BERSS NLO QCD and different cosmic ray fluxes

Difference to BERSS: bb now included, modified fragmentation
fractions, nuclear effects (here: nCTEQ15)

Overall: (30%, 40%, 45%) lower than BERSS at (103, 106, 108) GeV 
R. Enberg: The prompt neutrino flux



Influence of nuclear shadowing

28

Ratio of NLO QCD flux with and without nuclear effects
à 20–30% suppression from 105 to 108 GeV for nCTEQ

(only 4–13% for total cross section)
à But much less for EPS (frozen at x=10–6)

R. Enberg: The prompt neutrino flux

nCTEQ EPS09



And now everything, 
using broken power law

29
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Benzke et al GM-VFNS calculation
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pQCD calculation in “General Mass–Variable Flavor Number Scheme” (GM-VFNS)
M. Benzke, M. V. Garzelli, B. Kniehl, G. Kramer, S. Moch, G. Sigl, arXiv:1705.10386 

The large pdf uncertainty at large energy arises from a particular set of CTEQ pdf fits 
(ct14nlo) – not constrained by data (but other sets don’t show this – situation unclear)



And what does IceCube say?

31

One IceCube limit (3 yr data) on the prompt flux
sets a limit at 90% CL of 

0.54 x (ERS modified with H3p CR’s)
Best fit is ϕprompt = 0

L. Rädel & S. Schoenen (IceCube), PoS ICRC2015, 1079
R. Enberg: The prompt neutrino flux
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Another IceCube analysis (6 yrs)
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18 M. G. AARTSEN ET AL.

Figure 20. 90% CL contour assuming Wilks’ theorem based on a
three dimensional profile likelihood scans of the astrophysical pa-
rameters �astro, �astro and the prompt normalization �prompt in
units of the model in Enberg et al. (2008).

power law model for the astrophysical flux, the sensitivity for
the prompt neutrino flux, taking into account the systematic
uncertainties, is estimated to be 1.5 ⇥ ERS. Note that the
sensitivity (median expected upper limit in the absence of a
prompt neutrino flux) on a prompt neutrino flux depends on
the chosen input values for the astrophysical flux.

In the absence of an indication of a non-zero prompt con-
tribution an upper limit is calculated. Based on the pro-
file likelihood for the prompt normalization, the upper limit
at 90% confidence level is 0.50 ⇥ ERS. The more strin-
gent limit compared to the sensitivity is caused by an under-
fluctuation of the conventional atmospheric and astrophysical
background by about one standard deviation.

For this reason we scan the resulting limit on the prompt
flux as a function of the astrophysical signal parameters.

Figure 20 shows the joint three-dimensional 90% confi-
dence region for the prompt flux and the astrophysical param-
eters. It was obtained using Wilks’ theorem, and is bound by
the surface for which �2� log L is 6.25 higher than the best-
fit value. The maximum prompt flux in the three-dimensional
confidence region is 1.06⇥ERS. We take this as a conserva-
tive upper limit on the prompt flux. Further tests have shown
that reasonable changes to the astrophysical hypothesis, such
as the introduction of a high-energy cut-off, have only small
effects on this limit.

Several more recent calculations of the prompt flux have
been published: GMS (H3p) (Garzelli et al. 2015), BERSS
(H3p) (Bhattacharya et al. 2015) and GRRST (H3p) (Gauld
et al. 2016). Figure 21 shows multiple predictions for the
prompt flux as well as the upper limit calculated here us-
ing the prediction from Enberg et al. (2008) and taking into
account a more realistic cosmic-ray model (Gaisser 2012).
Since nuisance parameters describing the uncertainties of the
cosmic-ray model, e.g. the cosmic-ray spectral index, are
implemented the upper limit curve slightly deviates from the
ERS prediction including the knee. The energy range has

Figure 21. Prompt atmospheric muon neutrino flux predictions
shown as dashed lines (Enberg et al. 2008; Bhattacharya et al. 2015;
Gauld et al. 2016; Garzelli et al. 2015) in comparison to the con-
straint on the prompt flux given by this analysis. The shaded area
shows the uncertainty band corresponding to the prediction in Gauld
et al. (2016). Besides the ERS (H3p) prediction this is the closest
band to the prompt flux constraint. For a better readability the un-
certainty bands of the other models are not shown. The black solid
line shows the neutrino energy region where the prompt neutrino
flux based on the model in Enberg et al. (2008) is constrained. The
black dotted line indicates the model behavior including the best-
fit nuisance parameters beyond the sensitive energy range. All flux
predictions are based on the cosmic ray model from Gaisser (2012).

been calculated such that the limit increases by 10% if only
neutrinos with energies in that range are taken into account.
For the sensitive region which is between 9 TeV to 69 TeV

the effect of the prompt predictions is only a change in nor-
malization and it is therefore appropriate to convert the limit
obtained with the ERS prediction to the other predictions.
Also the cosmic ray composition only changes the normal-
ization in this energy range. The values are summarized in
Tab. 5.

Table 5. Limits for fluxes of prompt neutrinos
for different predictions. The limits for GMS
(H3p) (Garzelli et al. 2015), BERSS (H3p) (Bhat-
tacharya et al. 2015) and GRRST (H3p) (Gauld
et al. 2016) are determined by rescaling the ERS
(H3p) limit with the corresponding flux ratio at
30 TeV which is well within the sensitive energy
range. All flux predictions are based on the cos-
mic ray model from Gaisser (2012).

Model Flux limit

ERS (H3p) 1.06
GMS (H3p) ⇡ 2.9

BERSS (H3p) ⇡ 3.0

GRRST (H3p) ⇡ 3.1

Limits on various
calculations:

Limit: 1.06�ERS 
Best fit: ϕprompt = 0IceCube, arXiv:1607.08006



IceCube fits to Φastro and Φprompt
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OBSERVATION AND CHARACTERIZATION OF A COSMIC MUON NEUTRINO FLUX 11

Figure 6. Two-dimensional profile likelihood scans of the astrophys-
ical parameter �astro, �astro and the prompt normalization �prompt

in units of the model in Enberg et al. (2008). The contours at 68%,
95% and 99% CL assuming Wilks’ theorem are shown.

ability distributions of primary neutrino energy are shown in
Fig. 8. The expected neutrino energy depends on the pri-
mary flavor. The median expected muon neutrino energy is
8.7 PeV for the above assumptions.

The angular reconstruction uncertainty including system-
atic uncertainties of the Antarctic ice (cf. Sec. 3.2) can be es-
timated from the aforementioned dedicated simulation. Fig-
ure 9 shows the angular reconstruction uncertainty for an en-
semble of events with similar deposited energy, direction and
entry point into the fiducial volume. The angular reconstruc-
tion uncertainty is given by the angular distance between the
true and the reconstructed muon direction. The median an-
gular uncertainty is 0.23

� and the 99% containment is 0.9�.
Details of the studies of the multi-PeV track-like event are
shown in Rädel (2016).

4.4. Test for a spectral cut-off
The default hypothesis of an unbroken power-law is tested

against the hypothesis of a spectral cut-off. For this, an expo-
nential energy cut-off Ecut�o↵

⌫ is added to the astrophysical
neutrino flux:

�⌫+⌫ = �astro · exp

✓
� E⌫

Ecut�o↵
⌫

◆
·
✓

E⌫

100 TeV

◆��astro

.

(4)
In the fit the spectral index �astro is highly degenerate with an
exponential energy cut-off Ecut�o↵

⌫ , therefore two scenarios
with fixed spectral indices have been tested. For the spec-
tral indices the benchmark model with �astro = 2 and the
best-fit value �astro = 2.13 are chosen. Figure 10 shows the
two-dimensional contours of the profile likelihood as a func-
tion of the signal parameters �astro, Ecut�o↵

⌫ and �prompt.
For the benchmark model a cut-off is slightly preferred at the
level of one standard deviation. This is an expected behav-
ior as the actual best-fit spectral index is softer. Thus, fixing
the spectral index to a harder spectrum will result in a slight
deficit at the highest neutrino energies. When fixing the spec-
tral index to the best-fit value for an unbroken power law, this
slight preference for an exponential cut-off disappears. These
results are nearly independent of the prompt flux normaliza-
tion.

4.5. Unfolded astrophysical spectrum
The best-fit results for the neutrino energy spectrum as

quoted in Tab. 3 and the knowledge about the connection be-
tween the reconstructed muon and true neutrino energy can
be used to unfold a neutrino energy distribution for the six
years sample (cf. Sec. 3.3). The results of this parametric un-
folding are shown in Fig. 11. as cumulative energy distribu-
tion of the number of neutrinos with energies greater than E⌫ .
The statistical error band is given by the square root of this
number. The error band that corresponds to the uncertainty
on the astrophysical flux is determined by varying the astro-
physical spectrum within the measured uncertainties on the
astrophysical flux parameters. Based on the per-event proba-
bility density function P (E⌫ |Ei

reco) also the median neutrino
energy for each event can be calculated. Figure 12 shows the
distribution of the median neutrino energies for the six year
sample.
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deficit at the highest neutrino energies. When fixing the spec-
tral index to the best-fit value for an unbroken power law, this
slight preference for an exponential cut-off disappears. These
results are nearly independent of the prompt flux normaliza-
tion.

4.5. Unfolded astrophysical spectrum
The best-fit results for the neutrino energy spectrum as

quoted in Tab. 3 and the knowledge about the connection be-
tween the reconstructed muon and true neutrino energy can
be used to unfold a neutrino energy distribution for the six
years sample (cf. Sec. 3.3). The results of this parametric un-
folding are shown in Fig. 11. as cumulative energy distribu-
tion of the number of neutrinos with energies greater than E⌫ .
The statistical error band is given by the square root of this
number. The error band that corresponds to the uncertainty
on the astrophysical flux is determined by varying the astro-
physical spectrum within the measured uncertainties on the
astrophysical flux parameters. Based on the per-event proba-
bility density function P (E⌫ |Ei

reco) also the median neutrino
energy for each event can be calculated. Figure 12 shows the
distribution of the median neutrino energies for the six year
sample.

Φprompt Φprompt

Φ a
st

ro

γ a
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ro

Best fit: ϕprompt = 0
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Sample Best Fit (ERS) 1� Interval (90% CL) �(�prompt > 0)
Uncorrected 4.93 4.05-5.87 (3.55-6.56) 9.43

Marginalized Ang. Corr. 3.19 1.64-5.48 (0.98-7.26) 3.46

Table 9: Result of Angular Prompt Fit.

rected measurements could be reconciled with di↵erent
predictions based on data from air shower arrays, no-
tably the H3a and Global Fit models [13]. At present,
the angular measurement is also fully consistent with
constraints derived from neutrino data.

8. Conclusion and Outlook

The influence of cosmic rays on IceCube data is sig-
nificant and varied. Given the presence of several en-
ergy regions where external measurements by direct de-
tection or air shower arrays are sparse, it is necessary
to develop a comprehensive picture including neutrinos,
muons and surface measurements. Atmospheric muons
play a privileged role, as they cover the largest energy
range and provide the highest statistics. A consistent
description of all experimental results will be an impor-
tant contribution for the understanding of cosmic rays
in general.

The studies presented in this paper have outlined the
opportunities to extract meaningful results from atmo-
spheric muon data in a large-volume underground par-
ticle detector. Once systematic e↵ects are fully under-
stood and controlled, it will be possible to measure the
muon energy spectrum from 1 TeV to beyond 1 PeV
by combining measurements based on angular distribu-
tion and catastrophic losses. Agreement between the
two methods can then be verified in the overlap region
around 10-20 TeV.

There is a strong indication for the presence of a com-
ponent from prompt hadron decays in the muon energy
specrum, with best fit values generally falling at the
higher side of theoretical predictions. In the future, it
will be possible for the IceCube detector to precisely
measure the prompt contribution and to constrain the
all-nucleon primary flux before and around the knee.
With more data accumulating, independent verification
of the prompt measurement based on seasonal variations
of the muon flux [90] will soon become feasible as well.

The muon multiplicity spectrum provides access to
the cosmic ray energy region beyond the knee. Even
though a direct translation of the result to primary en-
ergy and average mass is impossible, combination with
results from surface detectors or comparisons to model

predictions provide valuable insights. In coming years,
the measurement can be extended further into the tran-
sition region around the ankle. A possible contribution
from heavy elements to the cosmic ray flux at EeV en-
ergies should then be discernible.

An important goal of this study was to verify the cur-
rent understanding of systematic uncertainties. An un-
explained e↵ect was demonstrated using low-level data,
and appears to be present in the other analysis samples
as well. In order to improve the quality of future at-
mospheric muon measurements with IceCube, it will be
essential to determine whether the observed discrepancy
requires better understanding of the detector, or of the
production mechanisms of muons in air showers.

Comparisons with measurements from the upcoming
water-based KM3NeT detector [91] will be invaluable
to decide whether the inconsistencies seen in IceCube
data are due to the particular detector setup, or represent
unexplained physics e↵ects.
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• Best fit Φprompt = 3.19�ERS 

• 0.98–7.26�ERS @ 90% CL

• Φprompt = 0 excluded at 3.46σ
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Conclusions

• The prompt neutrino flux poses one of the questions 
in neutrino astroparticle physics
• How large is the flux?
• Why hasn’t it been discovered?
• What is the proper way to calculate it?

• We think we know what we don’t know about how to 
calculate it – more accelerator and cosmic ray data 
needed!
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