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track cascade double bang 

⌫µ + N ! µ� + N 0

and the corresponding 
interaction by      
(an exception will be discussed 
later) 

⌫µ

(upgoing) 

Factor of ~2 energy 
resolution  
 
< 10 angular resolution 

⌫e +N ! e� +N 0
and the corresponding 
interaction by   
+ neutral current 
interactions 

⌫⌧ +N ! ⌧� +N 0

and the corresponding 
interaction by  ⌫e ⌫⌧

Isolated energy deposition (cascade) 
with no track 

15% deposited energy resolution  
 
100 angular resolution (above 100 TeV) 

Double cascade 
/ double bang 
/ double pulse 

resolvable above  
O(100) TeV  
deposited energy 
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Tau tracks 
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Tau tracks are produced by      with energy    50 PeV 
!
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?
How do tau tracks look in IceCube? 

Nancy Wandkowsky, Measurement of neutrino events above 1 TeV with contained vertices

Introduction

Neutrino event signatures

CC muon neutrino NC/electron neutrino CC tau neutrino
ÒtrackÓ ÒcascadeÓ Òdouble bangÓ

! " +N !  " +X
! e+N !  e+X 

 ! x+N !  ! x+X
! ! +N !  ! +X

factor ~2 energy resolution 
<1¡ angular resolution    

±15% energy resolution 
~10¡ angular resolution    

not observed yet 
!  decay length: 50 m/PeV

2

Wandkowsky TeVPA 2017 

Kistler and Laha arXiv: 1605.08781 (PRL) 
 



Muon energy loss v/s tau energy loss 
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2084 J.-H. Koehne et al. / Computer Physics Communications 184 (2013) 2070Ð2090

Energy [GeV]

E
ne

rg
y 

lo
ss

es
 [G

eV
/(

g/
cm

2 )
]

Fig. 32. Comparison of the total energy loss and the decay of taus in FrŽjus Rock.

Fig. 33. Comparison of the total energy loss of muons and taus in ice.
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Fig. 34. Average range of taus propagated through FrŽjus Rock with two different
settings for vcut .

Fig. 35. Average range of muons and taus propagated through ice.

6. Stochastical energy losses

In Fig. 36 the stochastical energy losses of every interaction are
calculated with Ecut = 0.5 MeV and vcut = 10�4. Below the lower
value of Ecut and vcut Eparticle , the energy losses are calculated con-
tinuously. The limits of the stochastical calculation are visualized
in Fig. 36 as the lower limit in ionization, bremsstrahlung and pair
production; the lower limit of the photonuclear interaction is the
kinematic limit.

Fig. 36 shows muons with a primary energy of 10 14 MeV propa-
gating through ice, losing their energy and producing secondaries.
To assure a good statistic, the energies of more than 10 9 secon-
daries are calculated. All four graphs have the same scaling in order
to emphasize their absolute relation to each other. So the energy
distribution of the secondaries and the number of the produced
secondaries can be directly compared.

Fig. 36 shows that the number of knock-on electrons over-
whelms the number of secondaries produced in the other interac-
tions. Ionization is the most probable interaction followed by pair
production. In the low energy range, ionization is the dominant en-
ergy loss mechanism.

The energy distribution of the secondaries produced in
bremsstrahlung is not correlated to the primary energy in this
double logarithmic plot. The secondaries are distributed equally
between Ecut and the primary particle energy.

Concerning photonuclear interactions, there is a weak correla-
tion between the secondary particle energy and the primary par-
ticle energy. Secondaries are produced between the kinematical
limit and the primary particle energy. The number of produced sec-
ondaries has the same dimension compared to pair production and
is nearly 10 4 orders smaller than the number of knock-on electrons
produced in ionization.

A strong correlation between primary particle energies and
secondary particle energies is obvious in pair production. The
secondary particle energy rises with increasing primary particle
energy. The number of electron pairs is nearly an order of
magnitude smaller than the number of secondaries in ionization,
and their energy is distributed between Ecut and the primary
particle energy.

In data analysis, it is a common problem to estimate primary
particle energies from secondary particle energies with observ-
ables which sometimes have a resolution of only half an order of
magnitude. Because of that, Ecut must be set carefully and should
be much lower than the minimum energy Emin of the analysis. The
standard IceCube settings are Ecut = 500 MeV compared to an en-
ergy threshold of Emin = 10 GeV, so this requirement is fulfilled,
and the histograms with IceCube standard settings can be deduced
from Fig. 36 by cutting on the right secondary particle value.

Another important reason to choose the Ecut settings carefully
is the runtime. The CPU-time needed to process UHE muons

Jeong, Luu, Reno and Sarcevic 
arXiv: 1704.00050 (PRD) 

Jeong, Luu, Reno and Sarcevic 
arXiv: 1704.00050 (PRD) 

Koehne etal., 
Computer Physics Communications 184 (2013) 
2070–2090  
  

in rock 

in rock 

in ice 

` 2 µ, ⌧
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Fluctuations in      can distinguish 
between muon and tau tracks 
 
To deposit the same energy, 
 a through going tau must have an  
order of magnitude more energy than  
a muon 
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In addition to a fit of the baseline astrophysical flux model, we have performed a hypothesis test
for a spectral cutoff implemented as exponential factor in the flux model. The cutoff energy �� �a�s�r
is found to be strongly degenerate with the spectral index �Û�Ô�æ�ç�å�â, and both parameters cannot be
fitted concurrently. Therefore, the test is performed for two distinct assumptions of the
astrophysical flux parameters: (A) The best fit hypothesis with �Û�Ô�æ�ç�å�â
L �t�ä�s�{ and (B) a
benchmark model with �Û�Ô�æ�ç�å�â
L �t�ä�r�r. All other parameters are free in the fit.
For our best-fit spectrum (A) a cut-off is not significant. However, for an index harder than
preferred by our measurement a cut-off would be required. For the benchmark hypothesis (B) of
a hard spectrum �Û�Ô�æ�ç�å�â
L �t�ä�r�r a cutoff at �Ž�‘�‰�5�4 �' �� 
L �x�ä�t�w is preferred at the 4.1�1 level
compared to the benchmark hypothesis without cutoff.
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A Measurement of the Diffuse Astrophysical Muon 
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The detection and use of high-energy astrophysical neutrinos as cosmic messengers has been an outstanding goal in the field of
astroparticle physics. In 2013 the IceCube neutrino observatory [1] reported the first evidence for the existence of a diffuse flux of
extraterrestrial neutrinos at high energies [2]. The discovery was based on neutrinos of all flavors above a few 10 TeV that
interact within the detector volume (starting events). Shortly after, this signal was confirmed by a complementary measurement
utilizing through-going and starting muons from charged-current muon neutrino nucleon interactions close to the detector volume
[3, 4]. Both measurements showed a clear excess of high-energy events, that cannot be explained by atmospheric neutrino or
muon backgrounds. The most recent published analysis of through-going muons [4] is based on six years of data, collected from
2009 to 2015.
An evident flux of extraterrestrial neutrinos extending up to several PeV has been observed, including the highest-energy neutrino
reported to date, with a median inferred neutrino energy of 7.8 PeV. The flux is well described by an isotropic, unbroken power
law �� �?�“. Here, we update this analysis to eight years of collected data up to May 10th 2017. This corresponds to a sample of
almost half a million neutrino events including almost 1000 extraterrestrial neutrinos as estimated by our best fit.

The IceCube Neutrino Observatory

Data Sample

The measured flux is consistent with the
unfolded flux from the six year starting events
analysis [5] and the four year cascade analysis
[6] above 200TeV.

(A) Spectral index fixed to 2.00 (B) Spectral index fixed to 2.19

Test for an Exponential Cutoff

Events Above 200 TeV Reconstructed Muon Energy

The analysis is based on comparing the expected flux contributions obtained from Monte-
Carlo simulation to experimental data. Thus, the data are binned in two observables:
estimated muon energy and reconstructed muon zenith angle.
We include three sources of neutrinos in this analysis:
1. Conventional atmospheric neutrinos from the decay of pions and kaons [7]
2. Prompt atmospheric neutrinos from the decay of charmed mesons [8]

3. Isotropic diffuse astrophysical neutrinos.
�×�•

�×�¾

L �0�4 �„

�I �•

�5�4�4�X�c�Z

�?�


Expectation per bin from MC is compared to experimental data with a poissonian likelihood,
modified for limitied MC statistics [9].
We use the Profile likelihood technique for parameter estimates & uncertainties.

[1] IceCube Collaboration, M. G. Aartsen et al., JINST 12 (2017) P03012.
[2] IceCube Collaboration, M. G. Aartsen et al., Science 342 (2013) 1242856.
[3] IceCube Collaboration, M. G. Aartsen et al., Phys. Rev. Lett. 115 (2015) 081102.
[4] IceCube Collaboration, M. G. Aartsen et al., Astrophys. J. 833 (2016) 3.
[5] IceCube Collaboration, PoS(ICRC2017)981 (these proceedings).
[6] IceCube Collaboration, PoS(ICRC2017)968 (these proceedings).
[7] M. Honda et al., Phys. Rev. D75 (2007) 043006.
[8] R. Enberg, M. H. Reno, and I. Sarcevic, Phys. Rev. D78 (2008) 043005.
[9] D. Chirkin, arXiv:1304.0735 [astro-ph.IM] (2013).

�ƒ Supression of atmospheric µ by selecting well-reconstructed
upgoing track-like events

�ƒ High-statistics neutrino sample: ~500,000 neutrino events
with 99,7% �å�� purity

�ƒ Mostly atmospheric neutrinos from �Œ/K decays
(conventional)

�ƒ Sub-dominant contribution expected from decay of charmed
mesons (prompt)

�ƒ Sensitive to astrophysical neutrinos > 200 TeV

�;

Best fit astrophysical flux :
�@�0
�@�'
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�
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Significance : 6.7�1

ID MJD Signalness Energy Proxy ( TeV) Decl. (deg) 
G90% C.L. R.A. (deg) 
G90% C.L.

30 57217.9 0.61 300 �t�x�ä�s
G�5�ä�=
�5�ä�; �u�t�w�ä�w
G�5�ä�9

�5�ä�<

31 57246.8 0.69 380 �x�ä�r 
G�4�ä�7
�4�ä�9 �u�t�z�ä�v
G�4�ä�<

�4�ä�:

32 57269.8 0.51 220 �t�z�ä�r 
G�4�ä�9
�4�ä�9 �s�u�v�ä�r 
G�4�ä�:

�4�ä�8

33 57312.7 0.52 230 �s�{�ä�{ 
G�6�ä�6
�6�ä�< �s�{�y�ä�x
G�6�ä�5

�6�ä�8

34 57340.9 0.86 740 �s�t�ä�x
G�4�ä�:
�4�ä�: �y�x�ä�u
G�4�ä�;

�4�ä�<

35 57478.6 0.69 380 �s�w�ä�x
G�4�ä�:
�4�ä�9 �s�w�ä�x
G�4�ä�:

�4�ä�8

36�‚ 57672.1 0.64 330 �t�x�ä�x �{�ä�y

The IceCube Neutrino Observatory is a cubic-kilometer
sized Cherenkov detector embedded in the Antarctic ice
at the South Pole [1].
It detects neutrinos by observing Cherenkov radiation
emitted by charged secondary particles that are created
by neutrino interactions in the ice. A total of 5160 optical
sensors instrument 86 cable strings at depths between
1450m-2450m beneath the surface resulting in an active
volume of about one cubic kilometer.

Astrophysical Neutrino Flux

New events in two additional years of data

�‚Based on preliminary reconstruction methods

Signalness is defined as the ratio of the astrophysical expectation over the sum of the atmospheric 
and astrophysical expectations for a given energy proxy and the best-fit spectrum. Energy Proxy 
refers to the reconstructed muon energy.

Haack ICRC 2017 

8 years sample 

Neutrinos produced in 
high-energy astrophysical 
sources 
 
Produced either by a  

  or   
interaction 
 
No sources detected as 
of now 
 
Flavor ratio consistent 
with 1: 1: 1 
 
The neutrinos have an 
isotropic distribution on 
the sky 
Spectral shape between ~         and ~   
 
Intensity of the neutrino flux (one flavor of           ) ~ 10-8 GeV cm-2 s-1 sr-1 at 100 TeV 
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2.6 PeV track event 

Ranjan Laha 

Deposited energy 2.6 ± 0.3 PeV 
 
Reconstructed equatorial 
coordinates: decl. 11.42°  
RA 110.63°   
 
Does not point towards any 
known astrophysical source 
 
 
Highest energy track event 
detected till date --- very 
important to analyze it 
thoroughly 
 
 

Immediate questions:   
 
1.  What flavor of neutrino produces such a track? 
 
2. What are implications for astrophysical neutrinos in light of prior discoveries?  
    

IceCube 1607.08006 



What neutrino flavor produces a track? 
¥! Muons are assumed to give rise to all through-going track like 

events 

¥! To deposit 2.6 PeV of energy, the muon typically requires     5 PeV 
energy at detector entry point --- it is probable that this is  a 
super-Glashow (energy ≥ 6.3 PeV) neutrino 

¥! An overlooked possibility in the literature: very high energy 
through going taus can also give rise to track-like events 

¥! To deposit 2.6 PeV of energy, the tau requires     50 PeV energy 
at detector entry point 

¥! Can IceCube individually distinguish a through going tau from a 
through gong muon? 

¥! We discuss astrophysical scenarios for each of these possibilities 

Ranjan Laha 

!

!

See Kistler and Laha arXiv: 1605.08781 (PRL) for more details  
 



Already mentioned by J. G. Learned in 1980! 

Ranjan Laha 

Proceedings of the 1980 International DUMAND Symposium, 2, 272 (1980) 
!Tracks also arise from through going taus 



Intrinsic charm contribution to 
atmospheric prompt neutrinos 

Ranjan Laha 

arXiv 1607.08240 (Phys. Rev. D96 2017 no.12, 123002) with Stanley J Brodsky  
!



Prompt atmospheric neutrinos 

Ranjan Laha 

gluon 

light quarks 

p + p ! c + øc + X

c c c
c

øc øc øc
øc

leading order an important next-to-leading order 

Thunman, Ingelman 
and Gondolo 1996 

Martin, Ryskin and 
Stasto 2003 

Most calculations are performed in perturbative 
QCD 
 
Significant uncertainties due to  
(i)! Charm mass, 
(ii)! Factorization and renormalization scale, and  
(iii)! choice of the parton distribution function 
Bhattacharya etal., Garzelli etal., Gauld etal., Fedynitch etal., Gaisser, Benzke etal.,  
Jeong etal., PROSA 
   Additional uncertainty due to the cosmic ray  
   input spectrum 
 

Sensitive to QCD mechanisms in regions beyond the reach of LHC 
!
At high s, the interaction is very sensitive to the gluon distribution (x ~ 10-8 – 10-4)  
 



Intrinsic charm 
¥! A rigorous prediction of QCD 
¥! Non-perturbative component 
¥! Flattish                observed at SELEX, ISR 
¥! Dominates at high  

Ranjan Laha 

xF |p! = A |uud! + B |uudcøc! + ...

Quantum fluctuation of the proton 
 
Probability for the proton to contain an intrinsic 
charm and anti-charm quark is related to 
 
During an interaction, the u, d and c quark can 
combine to form a  

|B |2

! c

There are a number of fixed-target experiments like SMOG at LHCb and AFTER@LHC 
which aim to confirm or constrain the intrinsic charm of the proton 
 
The normalization constant B has to be deduced from experiments  

Brodsky etal., 1504.06287  

Brodsky, Hoyer, Peterson, and Sakai 1980 

d! /dx F



Intrinsic charm contribution 
¥! The measurement of prompt atmospheric neutrinos is a 

forward measurement       intrinsic charm can play an 
important role 

                =  outgoing charm quark energy 

Ranjan Laha 

!

xF ! Ec/E
Ec

E = incident proton energy   

¥! Intrinsic charm uses the incident proton energy more 
efficiently.  It can play an important role since the 
cosmic rays have a steeply falling spectrum 

 
¥! Nuclear dependence (~ A0.7) is important since the 

atmospheric target is mostly nitrogen 



Intrinsic charm cross section 
normalisation 

Ranjan Laha 

Hobbs etal. 1311.1578 

LEBC-MPS PRL 61, 19, 2185 
Laha & Brodsky 1607.08240!
 (PRD) 

IC shape from 
Gutierrez & Vogt 
hep-ph/9808213 

¥! Substantial uncertainty of pQCD       
challenging to find intrinsic charm 
 
¥! We assume the best-fit pQCD cross section and then use LEBC-MPS data to 

normalize the D cross sections 
         
¥! ISR cross section by itself produces too large atmospheric prompt neutrino 

flux 

!
BERSS 1502.01076 

! c

D/ øD

!
s = 63GeV

!
s " 38 GeV



Prompt atmospheric flux due to intrinsic 
charm 
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Ranjan Laha 

Depending on the normalization, 
the contribution due to intrinsic 
charm can be as large as that due 
to perturbative QCD.   
 
The important charm hadrons that 
contribute towards this flux are  
 
 
 
The neutrino flavor ratio is 
 
 

Laha & Brodsky 
1607.08240 (PRD) 

D0, D̄0, D±, D±
s ,⇤c

⌫e : ⌫µ : ⌫⌧ ⇡ 1 : 1 : 0.1

This is an additional contribution to the prompt atmospheric flux 
 
IceCube upper limits (near ERS w/G flux) are very close to the contribution due to 
intrinsic charm  
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 IceCube �iµ  

⌫µ + ø⌫µ

Conventional atmospheric               flux is lower       but the statistics are poor 
 
Conventional atmospheric    flux is higher   but the statistics are larger  ! µ + !̄ µ

! e + ø! e

Laha & Brodsky 
1607.08240 (PRD) 

Laha & Brodsky 
1607.08240 (PRD) 

Similar calculations by Halzen and Wille.  Our results have been confirmed by 
Giannini etal 1803.01728  

Intrinsic charm contribution has been modeled in Sibyll 



Conclusions 
¥! Common knowledge: Muons give rise to all through going 

track events in IceCube ---- incomplete! 
 
¥! We show for the first time that a through going tau can 

also give rise to tracks --- a new signal in IceCube ---- needs 
more research ---- can we distinguish a through going muon 
track and a through going tau track ?  

¥! We also calculate the contribution of intrinsic charm to 
prompt atmospheric neutrinos --- a guaranteed contribution 

¥! The intrinsic charm contribution can be as large as the 
perturbative QCD contribution --- more work needed 
              
       

            Questions: ranjalah@uni-mainz.de
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