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Atmospheric neutrinos 
●  Cosmic rays bombard upper 

atmosphere and collide with 
air nuclei 
 

●  Hadron production: 
pions, kaons, D-mesons ... 
 

●  Interaction & decay  
⇒  cascade of particles 
 

●  Semileptonic decays 
⇒ 	
neutrino flux INFN-Notizie  No.1 June 1999 

R. Enberg: Prompt atmospheric neutrinos 



Prompt vs conventional fluxes 
of atmospheric neutrinos 

Pions & 
kaons:  

long-lived 
⇒ lose 
energy 
before 
decay 

Charmed 
mesons: 

short-lived 
⇒ don't  

lose energy  
⇒ harder 
spectrum 

≈ 105.5 GeV 

Prompt flux:  Enberg, Reno, Sarcevic, arXiv:0806.0418 (in PRD) 
Conventional:  Gaisser & Honda,  Ann. Rev. Nucl. Part. Sci. 52, 153 (2002)   
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FIG. 4. (Color online) The electron neutrino spectrum (green
open triangles). The conventional νe (red line) and νµ (blue
line) from Honda, νe (red dotted line) from Bartol and charm-
induced neutrinos (magenta band) [29] are shown. Previous
measurements from Super-K [30], Fréjus [4], AMANDA [31,
32] and IceCube [1, 33] are also shown.

TABLE III. The E2
νΦν flux. Eν is in GeV.

log10E
min
ν − log10E

max
ν ⟨Eν⟩ E2

νΦν(GeV cm−2s−1sr−1)

1.0 − 2.2 80 (7.5± 5.4) × 10−5

2.2 − 2.6 251 (1.8± 1.4) × 10−5

2.6 − 3.4 865 (4.1± 3.1) × 10−6

3.4 − 4.6 5753 4.8+2.6
−4.8 × 10−7

izing to the expected number of events from an average
of the Bartol and Honda fluxes. In each bin, the horizon-
tal bar indicates the bin width. The marker placement
shows the average reconstructed energy of the contribut-
ing events. The vertical error bars include the statistical
and systematic uncertainties (see Fig. 4 and Table III).
In conclusion, we have observed atmospheric neutrino-

induced cascades, produced by νe CC interactions and
NC interactions of all flavors in IceCube. The atmo-
spheric νe flux in the energy range between 80 GeV and
6 TeV is consistent with current models of the atmo-
spheric neutrino flux. More sophisticated event recon-
struction algorithms now in development, combined with
the additional information from the final two DeepCore
strings deployed in late 2010, should provide substan-
tially improved discrimination against the νµ CC back-
ground. This will provide both a more precise measure-
ment of the electron neutrino flux and a reduced energy
threshold, enabling observation of oscillation phenomena
in the cascade channel.
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constant with respect to the unfolding of real data. Monte
Carlo sets differing in certain systematic parameters were
then treated as pseudodata. Similar to the pull mode
discussed above, these pseudodata were unfolded 500
times and the deviation between the unfolding result and
the true distribution was calculated in units of the statistical
uncertainty. The obtained deviation can be easily converted
into a relative uncertainty, as the statistical uncertainty
returned by the unfolding algorithm was found to vary by
less than 2% level between different unfoldings.
One of the main sources of systematic uncertainties is the
modelling of the ice used in the Monte Carlo production.
The outcome of using the pull mode on simulation
generated with different ice models is shown in Fig. 4.
Error bars on the order of 30% or below are observed
for the first seven bins. The uncertainties were found to
increase in the highest energy bins. One should note that
large uncertainties in units of the statistical uncertainty
correspond to rather small relative errors in the first bins.
This behaviour is due to the large statistics obtained in
the first couple of bins, which in turn leads to rather small
statistical errors.
An increase and decrease in the pair production cross
section, respectively, was used to investigate the effect of
uncertainties on the amount of light detected in IceCube.
As the observation of more or less light, respectively, can
in principle be caused by various effects that cannot be
disentangled on real data, a double counting of the same
systematic uncertainty needs to be avoided.
Cross checks on the size of the systematic uncertainty
were performed by dividing the detector into two distinct
subdetectors according to the z-coordinate of the center
of gravity of the charge distribution of the event (COGZ).
COGZ is calculated with respect to the center of the
detector. In these checks the detector is split up into an
inner and an outer layer, which aims at maximizing the
difference in the ice for both detectors. The inner layer,
which contains a large layer of dust, contains all events
for which COGZ > �225m and COGZ � 225m. The
outer layer of the detector contains all events for which
COGZ� 275m or COGZ� �275m. Buffer zones of 50m
were introduced between the subdetectors in order to avoid
a random counting of events into one of the subdetectors
due to small uncertainties in the ice.
This cross check yielded very positive results, as the
observed spectrum obtained using the full IceCube
detector was found to agree with the two subdetector
spectra within the estimated systematic uncertainties. This
result was confirmed by an additional cross check, which
divided the detector into an upper- and a lower layer. It can
therefore be concluded that the systematic uncertainties
have been correctly and reliably estimated.

5 Final Result
Figure 5 shows the zenith-averaged and acceptance
corrected flux of atmospheric neutrinos obtained with
IceCube in the 59-string configuration. Two theoretical
model calculations are shown for comparison. The model
using Honda et al. [13] (conventional) and Enberg
et al. [14] (prompt) is depicted in red, wheras the
conventional model by Barr et al. [15] is shown in black.
Good agreement between the measured flux of atmospheric
neutrinos and the model calculations is observed. The
systematic uncertainties have been reduced, compared to
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Fig. 5: Acceptance corrected and zenith-averaged atmospheric
neutrino spectrum obtained with IceCube, compared to
theoretical predictions. The model using Honda al. [13] (conv.)
and Enberg et al. [14] (prompt) is depicted in red. The
conventional model by Barr et al. [15] is shown in black. Good
agreement between the unfolded flux and the theoretical models
is observed. No statements on a contribution of neutrinos from
the decay of charmed mesons can be made due to the rather large
systematic uncertainties in the highest energy bins.

previous measurements of the atmospheric neutrino flux
with IceCube, especially in the intermediate energy region.
Furthermore, a measurement of the atmospheric neutrino
flux up to an energy of 1PeV was obtained. Thus, the
energy range accessible using the IceCube detector has
been extended from 400TeV to 1PeV compared to a
measurement obtained using IceCube in the 40-string
configuration [3].
No statement on a possible contribution of neutrinos from
the decay of charmed mesons can be made, due to the
limited statistics and large systematic uncertainties in the
high energy region.
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IceCube, arXiv:1309.7003 
 

So far the prompt flux is small: haven’t reached cross-over 



IceCube events 
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Prompt flux (limit) 

Prompt flux (calc) 

2-yr data, 28 events: 
4.1σ to not be atmospheric 
 
If prompt flux benchmark is 
increased x 3.8 (upper limit) 
the significance is 3.6σ 
 
3-yr data, 37 events: 5.7σ 

The significance is sensitive to the prompt flux prediction 

IceCube, arXiv:1311.5238 



Many ingredients 

•  Incident cosmic ray flux 

•  Atmospheric density 

•  Cross section for heavy quarks in pp/pA collisions 
at extremely high energy (pQCD) 

•  Rescattering of nucleons, mesons, baryons (hadronic xsecs) 
(scattering lengths) 

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

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

R. Enberg: Prompt atmospheric neutrinos 



Needs update: 

•  The charm production cross section: 

•  QCD at high energy / small Bjorken-x: poorly known 

•  Charm cross section and pp cross section: new measurements 
available 

•  Intrinsic charm? 
 

•  The incident cosmic ray flux: 

•  Composition, knee, … 
 

•  Flavor composition of prompt flux  

•  First approx: νµ = µ but actually νµ ≠ µ  
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Problem using QCD 
Charm cross section in LO QCD: 

 
 

  
where 
 

CMS energy is large:  s = 2Epmp  so   x1 ~  xF  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 

So very small x is needed for forward processes (large xF)! 
R. Enberg: Prompt atmospheric neutrinos 



Problem with QCD at small x 

●  Parton distribution functions poorly known at small x 
 

●  At small x, large logs must be resummed: [αs log(1/x)]n 

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

●  Unitarity would be violated (T-matrix > 1) 

R. Enberg: Prompt atmospheric neutrinos 



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 !  

R. Enberg: Prompt atmospheric neutrinos 



Kinematic plane 
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Q
2  
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HERA: xmin ~ 10–4 used for PDF fits (Q2 ~ 3.5 GeV2) 
R. Enberg: Prompt atmospheric neutrinos 

Note 
LHeC! 



Gluon pdfs at very small x (CTEQ) 
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II. COMPARING PARTON DISTRIBUTION FUNCTION SETS

As previously noted, we have been using (for now) the CTEQ6.6 parton distribution

function (PDF) sets [3] which are applicable3 for x > 10�8. A comparison of the gluon pdf

functions from CTEQ6.6 against those from CTEQ6, CT10 [4] and MSTW2008 [5] are shown in

Fig. 3. In addition to CTEQ6.6, only the CT10 is properly extrapolated into the 10�8 6 x 6
10�5 region. Fig. 3 also shows the 68% c.l. uncertainty in the pdf functions for the entire

range of validity of the functions4.
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FIG. 3: A comparison of the gluon pdf’s for various PDF sets.

Given the steep rising feature of the gluon pdf in CTEQ6.6 for x < 10�5, as opposed to

3 These are extrapolated into the x 6 10�5 region by fitting to a Reggae-like functional form x

a with a

being determined at x & 10�5

4 Note that CTEQ6 is only valid in the region 10�6 6 x 6 1 unlike the other, more recent, CTEQ functions,

CTEQ6.6 and CT10.
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Parton saturation 

●  Saturation to the rescue: 

–  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 

●  We use BK to compute charm xsection in “dipole picture” 

R. Enberg: Prompt atmospheric neutrinos 



Total cross section, pp → cc 

ALICE 
ATLAS 

UA2 

STAR 

(Measured in central rapidity region) 
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Old NLO QCD 
Pasquali et al (1999) 

Dipole w/ saturation 
ERS (2008) 



Redoing QCD calculations 

Computing the charm cross section in two ways: 

•  With saturation in dipole picture 
“Dipole cross section” from numerical solution of BK 
equation w/ higher order corr. [Albacete et al (2010)] 
 

•  NLO QCD with newer PDFs 
FONLL code: NLO QCD + NLL resumming pT-logs 
[Cacciari et al (1998, 2001)] 

 
! Plausible upper and lower limits on xsec 
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Nucleon flux vs nuclear flux 

R. Enberg: Prompt atmospheric neutrinos 

Models are needed for the nuclear composition: 
 
•  ERS (2008): used simple proton-only broken power law 

    [from Thunman-Ingelman-Gondolo (1996)] 
 

•  Gaisser (2013) advocates a model [Hillas (2006)] with: 
•  3 pop: SNR, higher-energy galactic, extra-galactic 
•  Each element depends on rigidity R=P/Z 

 
•  Gaisser-Stanev-Tilav (2013) 

 
•  Polygonato: Hörandel (2003) (will not show here) 



Nucleon flux vs nuclear flux 

R. Enberg: Prompt atmospheric neutrinos 

3

A. Lipari suggestion

He uses two different flux models and considers two
cases, E0 is energy per nucleon.
Case a. pp interactions with

σcc̄(E0) ≃ 0.7[
√
s/(200 GeV)]0.7 mb

and dσ/dxF ∝ (1− | xF |)3.
Case b. pp interactions with

σcc̄(E0) ≃ 0.08[
√
s/(200 GeV)]1.2 mb

and dσ/dxF ∝ (1− | xF |).
There are few direct measurements of forward produc-

tion of Λc. One is the SELEX experiment [10].

IV. DECAYS

Decay Z moments recheck Bugaev formulas for what
was or was not included, now include, differences between
neutrinos, antineutrinos and muons.

V. COSMIC RAY COMPOSITION AND A
DEPENDENCE

Uncertainties in A dependence in the evaluation of the
cross section. Also variations on the composition of the
CR flux. Useful parameterizations of the cosmic ray flux
and composition appear in Ref. [11–13].
Here are some figures with different parameterizations

of the cosmic ray spectrum and composition. In Fig. 3,
shown are the contributions to the cosmic ray all particle
spectrum with three populations (three sets of dashed
lines). The populations proposed by Hillas, as reported
in [12] are cosmic rays associated with acceleration by
supernova remnants. The second population is higher
energy, assumed to be galactic. The third component is
extragalactic. In Ref. [12], Table 1 shows two different
options for the third population: mixed (shown in the
figure in red) and all proton (shown in blue). The first
and second populations are identical for these two cases
(hence the black or purple looking lines).
To convert to the nucleon spectrum, recall that

φN (EN ) =
dN

d lnEN
= AφCR(ECR = AEN ) . (8)

The next figure shows the conversion of Fig. 3 to a nu-
cleon spectrum. The solid black line is what we used in
ERS (2008). The solid red and blue lines are the two
Hillas versions. The third population of all protons has
a harder UHE spectrum than the mixed model. I should
note that Fig. ??fig:crhnuc does not exactly match the
high energy behavior shown in the RH plot of Fig. 1 in
Ref. [12].
In Ref. [13], Stanev, Gaisser and Tilav present new fits

to the cosmic ray spectrum and chemical composition.

FIG. 3: The all particle spectrum from Ref. [12] as a function
of cosmic ray energy. Based on the Hillas proposal of three
populations, the first two (lower and intermediate energy) are
assumed to be galactic and are identical in this parameteri-
zation. The lower two dashed curves are assuming the third
(extragalactic) population is mixed (red) or all protons (blue).

FIG. 4: The nucleon spectrum from Ref. [12] as a function of
nucleon energy. The lower two dashed curves are assuming the
third (extragalactic) population is mixed (red) or all protons
(blue).

They shift energy estimates of the data from different
groups to get a single cosmic ray spectrum to fit. The net
result is a cosmic ray spectrum that is more complicated
that a broken power law with a single break. In one fit,
there are three populations (with a mix of protons and
iron in population 3), while in a second fit, there are four
populations postulated, with the fourth population all
protons.

VI. λ VALUES FOR CHARM

For both high and low energy fluxes, we need Zpc or
more generally the Z-moment for cosmic ray production
of individual charm hadrons. At high energies, we also
need the charm interaction length. We have previously
used σKp for the interaction lenght, and (1 − ZKK) to
convert λD → ΛD as needed. A paper by Barcelo et al.[8]
suggests that charmed hadrons may be more pentrating

But we calculate proton-air ! charm! 
 
Two possibilities: 
•  Convert nuclear fluxes to nucleons (e.g. Lipari): 

 

•  Use fluxes for different groups of elements  
and calculate nucleus-air à charm 
(composition uncertain, nuclear effects…) 



Incident cosmic ray flux: nucleons 
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Same particle physics as ERS 
but other cosmic ray fluxes: 
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Same particle physics as ERS 
but other cosmic ray fluxes: 
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Gray=Gaisser rescaling 



Conclusions 

•  This is very much work in progress: many moving parts 

•  QCD improvement and refinement 

•  Incident cosmic rays 

•  Will also look at all the other parts of the calculation: 
Intrinsic charm, include both charm and bottom, treat all lepton 
flavors separately, improved hadronic cross sections in the 
energy loss cascade, Z-moment method, … 

•  Stay tuned: 
Bhattacharya, Enberg, Reno, Sarcevic (2014) 
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