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Atmospheric neutrinos
● Cosmic rays hit upper 

atmosphere, collide with air

● Very large energy à hadron 
production: pions, kaons, charm

● Semileptonic decays
⇒ neutrino flux

2

Pions:  long-lived
⇒ lose energy
⇒ conventional

flux
Charm: short-lived
⇒ don’t lose energy 
⇒ prompt flux

Astropic of the day, 060814



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



Why are we interested?

• Atmospheric neutrinos are a large background to 
cosmic neutrinos at very high energies

• Thus need to understand atmospheric neutrinos in 
order to study astrophysical sources

• Learn about atmospheric cascades and the 
underlying production mechanism

• Higher energy pp collisions than in LHC:
can maybe even learn something about QCD?
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IceCube discovery of cosmic 
neutrinos from 2013

Prompt flux (limit)

Prompt flux (calc)

Significance was sensitive to the prompt flux prediction

IceCube, arXiv:1311.5238 6



Important message
QCD is crucial for prompt neutrinos:

● Small Bjorken-x (Need very small x)

● Forward region   (Hard to measure at colliders)

● Fragmentation of quarks → hadrons (Non-perturbative, hard to
measure)

● Nuclear effects in pA hard interactions

FPF may help with some of these!
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The calculation has
many ingredients

• Incident cosmic ray flux

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

• Fragmentation of heavy quarks into hadrons

• 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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Calculations of the prompt flux
ERS: RE, Reno, Sarcevic, arXiv:0806.0418

Bhattacharya, RE, Reno, Sarcevic, Stasto, arXiv:1502.01076

Fedynitch, Engel, Gaisser, Riehn, Stanev, arXiv:1503.00544

Garzelli, Moch, Sigl, arXiv:1507.01570

Gauld, Rojo, Rottoli, Sarkar, Talbert, arXiv:1506.08025, 1511.06346

Halzen and Wille, arXiv:1605.01409 

Bhattacharya, RE, Jeong, Kim, Reno, Sarcevic, Stasto, arXiv:1607.00193

PROSA Collaboration (Garzelli et al), arXiv:1611.03815, 1911.13164

Benzke, Garzelli, et al., arXiv:1705.10386

Goncalves, Maciula, Szczurek, arXiv:2103.05503 

Jeong, Bai, Diwan, Garzelli, Kumar, Reno, arXiv:2107.01178

Arleo, Jackson, Peigné, arXiv:2112.10791
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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

Pl
ot

 fr
om

 P
ar

tic
le

 D
at

a 
G

ro
up

10

http://www-pdg.lbl.gov/2010/reviews/contents_sports.html


Incident cosmic ray flux: nucleons
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Dotted green = Gaisser, Stanev, Tilav (GST4)
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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
12



Problem with QCD
Charm production:

where

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

à We need extremely small Bjorken-x,
in the range 10−7 to 10−4

à Very asymmetric, xF is very large
13

x1

x2

xF = Feynman-x
≃ momentum

fraction of 
charm quark



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 might even 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 of NNPDF
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NNPDF collaboration, https://nnpdf.mi.infn.it/research/data/
Also talk today by E. Nocera

Where
we need
PDFs



What can be done?
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FASER𝜈2 physics potential (cont.)

• Neutrinos produced in the forward direction at the LHC originate from 
decays of hadrons, mainly pions, kaons, and charm particles.

• With the capability to distinguish neutrinos of different flavors, 
FASER𝜈2 can provide experimental data on forward particle production 
with much higher statistics than FASER𝜈.
– Especially 𝜈 and 𝜈 events to study forward charm and kaon production.

FASER𝜈: 𝜂>8.8
FASER𝜈2: 𝜂>8.8 or 𝜂>8.6

by F. Kling

The Forward Physics Facility: Sites, Experiments, 
and Physics Potential, arXiv: 2109.10905

𝝂𝒆 and 𝝂𝒆 interacting with FASER𝝂2
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By F. Kling, from talks by T. Ariga and L. Harland-Lang

x2 ≪ 1

x1 ~ xF



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 18



Bhattacharya et al (2016): 
Redo QCD calculations in many ways
• Standard NLO QCD with newer PDFs

• Earlier calc 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 19



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

20



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)



New work: D± meson production

22
Some of our calculations compared with MC generators
and LHCb data        (plots by F. Kling)



Our recent result on νμ

23

Plot from Atri Bhattacharya’s talk yesterday

IceCube 7.5 yr

ERS

BEJRSS

Conventional

Note that prompt νμ ≈ νe but conventional νμ≫ νe



Prompt flux important for ν𝛕

24
Figure 22. Left: The prompt atmospheric tau neutrino flux E3

⌫�⌫⌧+⌫̄⌧ as a function of

neutrino energy using NLO pQCD for the broken power law and the H3p cosmic ray fluxes.

The vertical green band shows the oscillated conventional muon neutrino plus antineutrino

flux. Right: Fraction of the flux from B0 +B+ and charge conjugate mesons.

flux. It is important to note that the evaluation of this IceCube limit is not independent

of the modeling of the astrophysical neutrino flux, which in this case is taken as an

unbroken power law, and the normalization of the ERS flux is taken as a free parameter

in a likelihood fit to the data, yielding the displayed upper limit.

From fig. 23 we note that the IceCube limit is in tension with all dipole model

predictions, and very close or at the border of the upper limit of the kT factorization

approach. On the other hand both the NLO pQCD prediction which includes nuclear

e↵ects via the nuclear parton distributions, and the nonlinear kT calculation, are below

the IceCube limit. We note, however, that the nuclear e↵ects in the dipole model and

with the EPS09 pQCD approach are smaller than in the nCTEQ15-14 pQCD approach.

IceCube data may help distinguish between nuclear suppression models at small-x.

4 Discussion and conclusions

4.1 LHC and IceCube

As figs. 8, 9, 10 show, rapidity distributions measured at 7 and 13 TeV [15, 16] seem

to be somewhat in tension within all three approaches if one considers a fixed prescrip-

tion for the scales independent of energy. The theoretical error bands, however, do

accommodate the data as noted in ref. [14]. Figs. 8, 9, 10 compare the distributions of

charm quarks with the measured D0 distributions. In the case of the kT factorization

approach the 7 TeV data seem to be more consistent with the calculation with the

– 36 –

The conventional flux is much smaller for ν𝛕



Comparison of calculations
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Figure from the FPF Snowmass White Paper draft



What rapidity ranges?
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IceCube vs prompt flux
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3-year IceCube limit on the prompt flux (at 90% CL): 

0.54 x (ERS modified with H3p CR’s)

Best fit is ϕprompt = 0

L. Rädel & S. Schoenen (IceCube), PoS ICRC2015, 1079
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10 M. G. AARTSEN ET AL.

4.2. Astrophysical flux
The best-fit for the unbroken power-law model of the as-

trophysical flux results in

�⌫+⌫ =
�
0.90

+0.30
�0.27

�
· (E⌫/100 TeV)

�(2.13±0.13) (3)

in units of 10
�18

GeV
�1

cm
�2

sr
�1

s
�1. The statistical sig-

nificance of this flux with respect to the atmospheric-only hy-
pothesis is 5.6 standard deviations. The fit results are shown
in Fig. 5 and summarized in Tab. 3. The quoted errors are
based on the profile likelihood using Wilks’ theorem (Wilks
1938) and include both statistical and systematic uncertain-
ties. No contribution from prompt atmospheric neutrinos is
preferred by the best-fit spectrum and an upper limit, based
on the profile likelihood is shown in Fig. 5. For more infor-
mation about the upper limit for prompt atmospheric neutri-
nos see Sec. 6.

Table 3. Best-fit parameter values for
the unbroken power-law model. �astro

is the normalization of the astrophysical
neutrino flux at 100 TeV and is given
in units of 10�18 GeV�1 s�1 sr�1 cm�2.
�prompt is given in units of the model in
Enberg et al. (2008). The normalizations
correspond to the sum of neutrinos and
antineutrinos.

Parameter Best-Fit 68% C.L.

�astro 0.90 0.62 � 1.20

�astro 2.13 2.00 � 2.26

�prompt 0.00 0.00 � 0.19

The two-dimensional contours of the profile likelihood as a
function of the signal parameters are shown in Fig. 6. While
the fitted astrophysical flux normalization is strongly corre-
lated with the astrophysical spectral index, these astrophysi-
cal signal parameters are found to be largely independent of
the prompt flux normalization.

The model assumes an unbroken power-law for the astro-
physical signal. We estimate that neutrinos in the experimen-
tal data sample with energies mainly between 194 TeV and
7.8 PeV contribute to this observation. This energy range is
shown in Fig. 5. It defines the central range of neutrino ener-
gies that contribute 90% to the total observed likelihood ratio
between the best-fit and the conventional atmospheric-only
hypothesis. Note that this definition is different from Aartsen
et al. (2015d,c).

4.3. Multi-PeV track-like event
The selected data include one exceptionally high-energy

muon event that is shown in Fig. 7 (Schoenen & Raedel
2015). The deposited energy has been measured to (2.6 ±
0.3) PeV of equivalent electromagnetic energy Aartsen et al.
(2014a). Assuming the best-fit atmospheric energy spectrum

103 104 105 106 107

E⌫/GeV

10�9

10�8

10�7

10�6

10�5

10�4

E
2 �
·�

�
+

�̄
/

G
eV

�
1
cm

�
2
s�

1
sr

�
1

Conv. atmospheric ⌫µ + ⌫̄µ (best-fit)

Prompt atmospheric ⌫µ + ⌫̄µ (flux limit)

Astrophysical ⌫µ + ⌫̄µ (best-fit)

HESE unfolding: PoS(ICRC2015)1081

Figure 5. Best-fit neutrino spectra for the unbroken power-law
model. The width of the line corresponding to conventional atmo-
spheric neutrinos (blue) represents the one sigma error on the mea-
sured spectrum. The width of the line corresponding to astrophys-
ical neutrinos (red) shows the effect of varying both astrophysical
parameters within one sigma of the best fit values, without account-
ing for correlation. The green line represents the upper limit on the
prompt model (Enberg et al. 2008). The horizontal width of the
red band denotes the energy range of neutrino energies which con-
tribute 90% to the total likelihood ratio between the best-fit and the
conventional atmospheric-only hypothesis. The black crosses show
the unfolded spectrum published in Kopper et al. (2015).

from this analysis (see Fig. 5) the p-value of this event be-
ing of atmospheric origin has been estimated to be less than
0.005%, strongly suggesting an astrophysical origin.

The segmented energy loss reconstruction described in
Aartsen et al. (2014a) can be used to reconstruct the direc-
tion of through-going muons. This includes the timing of not
only the first photon but all photons as well as the total num-
ber of photons. The reconstructed direction of the event is
given in Tab. 4 and discussed in Sec. 5.1.

In order to estimate the angular uncertainty and the most
likely muon and neutrino energy we have simulated events
with energies according to our best-fit energy spectrum with
directions varying by 1

� around the best-fit direction. Addi-
tionally, the position where the muon enters the instrumented
volume has been varied within 10 m. Systematic uncertain-
ties due to the lack of knowledge about the optical ice prop-
erties are taken into account by varying the ice model param-
eters within their uncertainties during the simulation.

Based on these simulations we evaluate the muon energy
at the point of entrance into the instrumented volume, that
results in the observed deposited energy. The obtained me-
dian muon energy is (4.5 ± 1.2) PeV where the error range
corresponds to 68% C.L.

For the estimation of the median expected neutrino energy
we have taken into account that high energy muons arise
not only from ⌫µ charged current interactions but also from
muonic decay of charged current ⌫⌧ interactions and muonic
W� decays in ⌫̄e + e� ! W� interactions. Here, we as-
sume the best-fit astrophysical spectrum and an equal flux of
all flavors but include the effects of the Earth’s absorption for
the specific declination of the event. Under these assump-
tions, we find 87.7% probability of a primary ⌫µ, 10.9% for
a primary ⌫⌧ and 1.4% for a primary ⌫̄e. The respective prob-



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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against the hypothesis of a spectral cut-off. For this, an expo-
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In the fit the spectral index �astro is highly degenerate with an
exponential energy cut-off Ecut�o↵
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⌫ and �prompt.
For the benchmark model a cut-off is slightly preferred at the
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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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Best fit: ϕprompt = 0

IceCube, arXiv:1607.08006



What can FPF do? 
Generally: constrain PDFs at very small and very large x

Neutrinos: (see also talk by Hallsie Reno)

ü FASER𝜈2: neutrinos at 𝜂 > 8.6 or 8.8

ü Advanced SND: 

• Neutrinos in far detector at 7.2 < 𝜂 < 8.4
• Near detector 4 < 𝜂 < 5

– Can measure neutrinos from charm here,
learn about charm à neutrino fragmentation

ü FLArE: ν𝛕 flux

Basically, predict neutrinos at FPF and in atmosphere
with same underlying QCD calculations 29


