
SMR/1842-4

International Workshop on QCD at Cosmic Energies III

T. Montaruli

28 May - 1 June, 2007

University of Wisconsin-Madison
U S A

Studies of Interaction Models at Energies Suitable for Neutrino Telescopes



Studies of interaction

at energies suitable for 

Neutrino Telescopes

A talk on our struggles...

Work with Patrick Berghaus, John Kelley,

Newt Ganugapati, Yolanda Sestayo, AT

University of Wisconsin - Madison

Thanks also to Johannes Ranft, Henrike 

Wissing, Athina Meli and Giuseppe Battistoni

QCD @ Cosmic Energies III



Contents

Neutrino Telescopes (NT) physics issues 
Short update on on NTs under construction
Atmospheric neutrinos and muons: the largest rates 
ever recorded and the main backgrounds
The impact of CR composition and of interaction 
models on atmospheric neutrino and muon 
simulations



Current Status of Neutrino Telescopes

ANTARES Construction

KM3NeT TDR
Mediterranean Km3?

Effective areas for neutrinos (100 TeV)
AMANDA-II�ANTARES�IC9�5 m2

IC22�30 m2

IC80�100 m2
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Status of IceCube Observatory 2007
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IceCube array
70+ strings and IceTop stations
planned

22 strings and 1320 DOMs
installed

26 IceTop stations with 104
DOMs installed

1424 DOMs in 2007
only 1.1% are not usable
1.3% have minor issues 
that can be solved
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One of the first event with 22 strings

5



Teresa Montaruli, Pisa, Mar. 8, 2007
6

© F. Montanet

• 12 lines

• 25 storeys / line

• 3 PMTs / storey

• 900 PMTs

~70

m

100 m

350

m

14.5 m

Submarine links

Junction
Box

40 km to
shore

Anchor/line socket

a storey

2500m depth

130 physicis, engineers,
marine experts from 
6 European countries

ANTARES
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Building lines in the sea: ANTARES
Deployed on Feb 14

Connected to JB on Mar 2 

After Dark room tests �

final assembly at

La Seyne sur Mer

Deployment from

Castor (from anchor

to top, buoy keeps it

taught)Line 1
Line 2 in Sep 2006
Line 3, 4, 5 connected in Jan 07
Connections with ROV Victor
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Events with 5 lines!
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neutrino

 muon

nuclear
reactiondetector

neutrino travels
through the earth

• blue light produced in nuclear reaction 

• optical sensors capture (and map) the
  light
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Neutrino Topologies

Muon neutrino Electron neutrino Tau neutrino
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gammas  < 50 Mpc for E<100 TeV
neutrinos

protons E>1019 eV (<30 Mpc)

protons E<1019 eV

1 pc ~ 3 ly ~ 1018 cm

• Straight line propagation to point back to sources

• Small absorption in sources and during propagation

Messengers from the Universe



12

Neutrino sources @ > 100 GeV
Astrophysical Accelerators

DM annihilation

CasA Supernova Remnant in X-rays

Shock

fronts

�

Cosmic Rays on atmosphere and on ISM or 
during propagation on CMB

Neutrinos allow for observation of �hidden
regions� (BH, pulsars, initial epochs of SN 
explosions,...).
The penetrating power of �s is important 
also for moderately opaque sources from 
which we may be seeing � spectra that are 
significantly distorted
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Neutrino production

�µµ

�e�µ

e
�e�µ��

��

�0 �±

Beam-dump model: �0 � �-astronomy �± � �-astronomy

Neglecting � absorption

�� 	 ��
Targets: p or ambient �
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The many upper bounds and km3 potential

Ahlers et al 2005 is in the range of 
sensitivity for AMANDA-II

Optically thin sources
p� and 
�=0.28

Optically thin sources using AGASA and 
HiReS spectra and W&B limit

IceCube 10 yrs

The composition and spectral shape of CRs
above 1017 eV is relevant for UHE neutrinos



Composition at UHE

EPOS, Werner Liu Pierog, Phys Rev C 74 (2005)



Atmospheric showers
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Mass oscillations are

a small effect in AMANDA/

IceCube

(< 10%)

In ANTARES observation is 

made difficult due to optical 

backgrounds that reduce the 

efficiency at low energies 
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INTERACTION AND PROPAGATION

CODES
We used:

CORSIKA 6321 and CORSIKA 6600

D.Heck, T. Pierog, J. Knapp, CORSIKA: an air shower 

simulation program, www-ik.fzk.de/corsika

FLUKA2007: A. Fassò et al., FLUKA: a multi-particle transport 

code, CERN-2005-10, www.fluka.org

DPMJET 2.55 J. Ranft, PRD51 (1995) 64, hep-ph/9911213,

hep-ph/9911232

QGSJET01-02 Ostapchenko, PRD 74 (2006) 014026 and ref

SIBYLL Fletcher, Gaisser Lipari, Stanev,  PRD50 (1994) 5710
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ATMOSPHERIC SHOWER SIMULATION

in NT

In AMANDA/ANTARES scale detector UHE analyses 

mainly sensitive to 10
19

 eV (Peak @ about 10
16

 eV) 

CORSIKA air shower development code 

CR COMPOSITION: Wiebel-Sooth superseeded by 

Hörandel (Z*EH knee dependence)

HADRONIC MODEL: not enough

muons in AMANDA. Changed

QGSJET01 to SIBYLL

AMANDA primary energy 

distribution (by henrike wissing)



UHE analysis sensitivity to CR 

composition

By Henrike WISSING, Monopole 

ANalysis, Preliminary

Hörandel vs 2 component model 

(Glasstetter et al., also tuned on kascade - 

80% Fe @ 10
17

 eV)



The CR COMPOSITION



The Polygonato model

All particle

d�

dE0

E0( ) =
d�Z

dE0

E0( )
Z=1

92

�
Extragal

component?



Simulation of the knee

in simulations we are

using a common 

difference ��
between spectral 

indices below and 

above the knee 

instead of a common 

slope for all 



The Polygonato model

protons are E
-2.71

wiebel-sooth steeper 

E
-2.74

He

He same spectral index than W-

S but 25% lower normalization

No differential data exist Z>28

so spectral index is 

extrapolated from lower Z 

elements

Above 10
15.7

eV AKENO, Haverah

park and Fly’s EYE

all particle

p



Neutrino Measurement and CR composition

Throughgoing muons flux more 

compatible with p with E-2.71 + hadronic 

models that produce lower amount of 

pions/kaons than TARGET (eg FLUKA or 

DPMJET-III vs Bartol group) or E-2.74 and 

Bartol

24

TM, ICRC2005 rapporteur talk and
Battistoni et al, ICRC2005
MACRO Final analysis, Eur. Phys. J. C36 (2004) 

E-2.71

96 fit

E-2.74

2001

Fit



Possible composition at UHE

sum all heavier nuclei into one only function 

to be used as Fe (we do not succeed in running 

heavier nuclei)

simulate an extra-galactic p component and 

low transition as suggested by Hires

Hillas, 2005



All-particle spectrum unfolding

Hadronic models and CR are highly 

correlated

unfolding of electron number Ne and N� at 40 and 

200m to determine the energy spectra for different

elemental groups



The hadronic models and kascade 

data at GROUND

All particle agrees

for QGSJET-01 and 

Sibyll.

QGSJET produces 

too many muons or 

too few electrons 

at low energies. 

Sibyll at high 

energy is too 

electron rich or 

too muon poor.



Polygonato vs kascade

>25%



Measurements that have impact on (or are affected
by) CR composition and Interaction models

• Unprecedented statistics of Atmospheric Muons

MACRO ~0.1 Hz (3150 mwe min depth)

AMANDA-II ~80 Hz rate (19 strings in 1500-2500 mwe depth)

First IceCube run rates: 4500 Hz in 22 strings 

1.5 kHz full array (1450-2450 mwe depth)

• Unprecedented statistics of Atmospheric Neutrinos

MACRO @ Gran Sasso 150/yr (76 x 12 x 9 m3)

AMANDA-II ~2.7/d

IceCube 9 strings ~1.7/d

IceCube 80 strings ~140/d

29

Text
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The high potential of high muon statistics

Dec

Jul

 AMANDA-II 2000

We have sensitivity to hadronic models already in AMANDA-II

Data
MC

Preliminary 30 d in 2001 data

presented at

TeV ParticleAstrophysics II

MC: 30d for horiz. muons 
10 hrs for vertical



Muons<2TeV L3+C data compared to interaction 
models

Plot by R. Engel
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TARGET 2.1
SIBYLL/TARGET

QGSJET/TARGET

QGSJet01 could produce too few muons at 
AMANDA-II depth 



mean #�s at ground

R. Engel at al, aspen 2007

EPOS, astro-ph/0611311
to produce such a high muon 

multiplicity EPOS needs a pion-air 

multiplicity a factor of 2 higher 

than QGSJET-02



EPOS
to produce such a high muon multiplicity EPOS 

needs a pion-air multiplicity a factor of 2 higher 

than QGSJET-02
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Atmospheric Neutrinos
• Conventional flux references:

Bartol group: Barr, Gaisser, Lipari, Stanev, Robbins, tables in http://www-
pnp.physics.ox.ac.uk/~barr/fluxfiles/0408i/index.html, PRD70 (2004) 023006 
and PRD74 (2006) 094009.

HKKM: Honda, Kajita, Kasahara, Midorikawa, PRD70 (2004) 043008 and 
PRD75 (2007) 043006, http://www.icrr.u-tokyo.ac.jp/~mhonda/

FLUKA: Battistoni, Ferrari, TM, Sala, Astrop. Phys. 19 (2003) 269 and hep-ex/
0305208 high energy at ICRC2003

Prompt fluxes: 
Naumov et al. (RQPM), Phys. Lett. B510 (2001)173
Martin et al (pQCD), Acta Phys.Polon. B34 (2003) 3273
Costa, Astropart. Phys. 16 (2001) 193
Zas et al, Astrop Phys 1 (1993) 297

34
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One difficulty

• traditionally atmospheric neutrino calculations are different

than what is used to simulate atmospheric muons

• Muons are simulated using CORSIKA and different CR 

composition

• Neutrinos are simulated using weighting techniques, so E-�

fluxes are weighted for values of fluxes from HKKM, Bartol, 

FLUKA and other prompt models

• We often use the ‘inverted-analysis’ to check our neutrino 

measurement on the high statistics of atmospheric muons 

35
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Diffuse Flux World-Wide Results on diffuse neutrino fluxes

36

AMANDA-II limit (GHill et al, Neutrino2006) is a factor of 4 from W&B
IceCube will be able to investigate the region were neutrinos should exist

The high energy region of atm neutrino spectra requires 
good knowledge.        It is a S and B for NTs.

AMANDA-II atm �

spectrum ICRC2005
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Conventional neutrinos
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HKKM2006 improves much compared to HKKM2004 and closer to 
FLUKA and Bartol thanks to benchmark on muns in the atmosphere.
Uncertainties around 10TeV remain high
(smaller for muon neutrino+antineutrino since Bartol 
neutrino>HKKM2006 but antineutrino Bartol<HKKM2006)
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Charm muons and neutrinos: signal and background

Dec

Prompt muons/neutrinos have flatter spectra (prompt decay keeps CR primary shape) 
and flatter angular distribution (short decay length)
Muon lateral distribution may keep track of larger pT in coincident IceTop-IceCube
events for Eµ >10-100 TeV events but effects of showers tend to wash out this 
signature.

pt

pL

we need a FULL 

SIMULATION of 

showers

including charm 



pt from Corsika-dpmjet II.55

monoenergetic

interactions of

protons on 

Nitrogen

CORSIKA 6321

+DPMJETII.55

where charm is 

allowed to 

decay (Heck+A. 

Meli)



Lateral muon dr

prompt = all muons in events with charm 

This first result needs to be confirmed



Charm predictions
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HADRONIC MODELS
Main challenge: description of transition region between 

soft and semi-hard (pQCD is applicable) processes

DPMJET and QGSJET based on Regge-Gribov theory of multi-

pomeron exchange

DPMJET-III includes lowest order diagrams of pomeron-pomeron 

interactions)

QGSJET: hadronic multiple scattering as multiple exchanges of 

Pomerons (corresponding to independent microscopic parton

cascades). QGSJET-II treats non-linear parton effects. 

SIBYLL2.1: pomeron formalism for soft processes +semi-hard uses 

minijet production (similar to semi-hard pomeron scheme). uses 

glauber for h-N interactions. Predicts precise Feynmann scaling 

supported by inclusive � measurements whereas QGSJET shows 

noticeable scaling violations

EPOS employs soft and semi-hard pomeron description BUT takes into 

account energy-momentum correlations between multiple 

rescatterings. Describes non-linear pomeron-pomeron interaction 

graphs with parameters adjusted with RICH data. 



UHE and CHARM

to compare hadronic models at UHE we simulated 

monoenergetic interactions on protons on 

Nitrogen

CORSIKA 6321/6600+DPMJETII.55 (Heck+A. Meli, 

NOT OFFICIAL): Changed treatment of heavy 

mesons in corsika and Charmed particles are 

allowed to decay immediately at interaction vertex

FLUKA 2007+(DPMJET II.55 and DPMJET-III>100 GeV)

we could not run DPMJET III run >1000TeV



Charged Pions at 1000TeV
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Charged Kaons: 
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CHARM
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p(1000TeV)+N

ONLY for 1st 

interaction
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CDF data: pt in central region

A Lorentz boost  along the direction of the incident particle adds a constant, 

to the rapidity= log(2 x 103) =7.6

p-anti-p at 1.96 TeV in CM 2 PeV lab



pt distributions



PHENIX (RICH)

p+p at sqrt(s)=200 GeV

Muon production at forward rapidity region

spectra from charm semileptonic decays in, 30 

nb
-1

 integrated luminosity

hep-ex/0609032



PHENIX at Large rapidity

Only charmed D and baryons

Phenix

STAR

DPMJETII



NA27 LEBC-EHS coll.

(1-xF)
n

Data p(400GeV) + p 

CERN/EP 88-49

Charmed mesons

Battistoni et al.

Astropart.Phys.4:351-364,1996



NA27 LEBC-EHS coll.
Data CERN/EP 88-49

Battistoni et al.

Astropart.Phys.4:351-364,1996



At FERMILAB

PRL (1988) p(800GeV/c)+p 

Battistoni et al.

Astropart.Phys.4:351-364,1996



At FERMILAB

PRL (1988) p(800GeV/c)+p 



E791 (FNAL)

investigate PROJECTILE 

fragmentation region







Asymmetry



D
0
 Asymmetry

Asymmetry in the target fragmentation region is 

smaller for proton target

N target p target

Selex

pi- 600 GeV



SELEX (E781, FNAL)

Fragmentation region: p, pi-, sigma beams (540-600 

GeV)

540 GeV p- 5 target foils (3Cu+2C, 5% of proton 

interaction length): hadronic asymmetry of anti-

lambda_c compared to lambda_c+ (hep-ex/0109017) 

CORSIKA 6.6 (1st interaction and resonances decay)



In corsika target 

is Nitrogen

distributions are harder for 

data and asymmetry is larger

than in DPMJET 

DPMJET II



DPMJET II



ASYMMETRY on p target

p-p and p-N differ: in p-N the charmed 
baryons and antibaryons are more similar to 
each other.
Asymmetries for baryons disagree with data 
because DPMJET needs same diquark 
fragmentation modifications for strange 
baryons and antibaryons.

from ranft (standalone 

dpmjet consistent)



Conclusions
IceCube and ANTARES will measure unprecedented 

statistics of atmospheric events

the measurement of charm is challenging so 

signatures need to be investigated using full 

simulations

DPMJET-II in CORSIKA, in FLUKA and standalone 

differ in a way which is not completely understood

for p(1000TeV)+N

charm data show harder xF distributions than 

DPMJET-II

Baryon asymmetries need some improvement in 

dpmjet-II




