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COSMIC rays
decoding thelr properties

primary cosmic rays >
spectrum

mass composition

atmospheric target . >
density & temperature profile IceCube Lab
- ™ O‘;,;'.;;o =5 | -

hadronic interaction models — > E s
primary interaction A

secondary interactions
Interaction cross sections
fragmentation & hadronization
heavy quarks

(non) perturbative processes

N Y
propagation >
electromagnetic component /i ;
penetrating component - “ 1| DeepCore
3 A 324m
Paolo Desiati

Friday, September 20, 2013



direct indirect
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Tol ' \
hadronic interactions o @

» CR showers dominated by soft component with small
pT (non-perturbative QCD)

» hard component with high pr with heavy quarks (pQCD)

» phenomenological descriptions of hadronic interactions
with minijet production for hard component

» models to describe soft/hard interactions in forward
region & extrapolated to high energy

» interaction models from accelerators, extrapolated to forward region at high energy
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hadronic interactions

» forward region the most relevant in cosmic rays

» models tuned to accelerator measurements and extrapolated

laboratory energy E, , (eV)
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hadronic interactions

» forward region the most relevant in cosmic rays

» models tuned to accelerator measurements and extrapolated

» LHC experiments (e.g. TOTEM, LHCH) starting to fill the relevant parameter space

Iaboratory energy E;, (V)
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=t+—— First interaction (usually several 10 km high)

Alr shower evolves (particles are created

= and most of them later stop or decay)

> 100s TeV cosmic rays
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atmospheric neutrinos

NIgN energy and neavy guarks

» neutrino telescopes searching for high energy
astrophysical neutrinos (point to origin of CR)

» atmospheric neutrinos a significant
irreducible background at high energy where
heavy quark processes are involved

» production of hyperons and particles with
charm affected by increasing uncertainties
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atmospheric neutrinos

NIgN energy and neavy guarks

» large uncertainties in cosmic ray composition

(nucleon spectrum) at high energy

» K* not same isospin group & K evolution

equations coupled
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atmospheric neutrinos
experimental observations

Fedynitch, Becker Tjus, PD 2012
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atmospheric neutrinos
charm production

» due to large quark mass, perturbative QCD can be used (hard component). However
» significant charm production observed at /s = 20 GeV
» asymmetry in charm / anti-charm baryons (Selex Coll. 2002) — intrinsic production

v |p) = aluud) + Bluudcee) + ... : the c-pair produced in projective fragmentation can
recombine with valence quarks and with sea-quarks to produce charmed hadrons.

p — AZF + DY - order (ms/mc)2 (~1%) comparedto p — AK™

» inclusive D-meson spectrum dominated by intrinsic charm at high pseudo-rapidity & pr
Lykasov+ 2012

» steep cosmic ray spectrum might enhance the effect of intrinsic production of charm

12
Paolo Desiati

Friday, September 20, 2013



fury
o
~

E769 o(pp —cc) @250GeV/c, x5 >0
LEBC-EHS o(pp —cc) @400GeV/c
LEBC-MPS o(pp —cc) @800GeV/c
HERA-B o(pp —cc) @920GeV/c
ALICE o(pp —ce), full y

fury
o
-
T T
HH FH HOH HOH B

atmospheric neutrinos
charm production

=

o
©

TTT

-
-—— -
-
-

- -
- - om e -
- - - 4
— - - -
-
-
-

—_—
-

inclusive cross section o(pp —cc) (mb)
)
lr-l

107 F Sibyll o, E
» differences in production models - Sibyll o
ol - Sibyll ot
3 Sibyll g/jlenee ]
Sibyll o5/
» effect of primary cosmic ray spectrum 10 R
p ry y p u c.m. energy Vs (GeV)
o —— Sibyll 2.2f
TG ———
RQPM -------- 10_1 I . 1 . .
RQPM rescaled -------- - [
1 ERS central value —— Ahn et al., ICRC 2013
10 [ ERS upper limit —— .
ERS lower limit —— 102 |
ERS rescaled 1 [
0 S
- ()] 10'3 -
8 102 F  intring . O
‘e CIntrinsic charm ] -
No A w0
> =~ -4 i
ﬁ E 10
uf“ 3
D 10° S .
sz 8 107 F  GST3-gen
w | —— GST 4-gen
<3}
E 10-6 | H3a N
10 3 - —— poly-gonato
< | — TIG
107 | ERS '08 1
TIG '96
Gaisser, arXiv:1303.1431 *+ FBD, SIBYLL-2.1/H3a
10-5 . aul A el A s N ——— R d 10-8 ! ! ] ) L
10° 10’ 102 108 104 10° 102 103 10* 10° 10° 107 108
E, (TeV) E, [GeV]

13
Paolo Desiati

Friday, September 20, 2013



" " . 4n3
atmospheric neutrinos 3
charm production :

S
]
o,
» differences in production models - 10°
=
» effect of primary cosmic ray spectrum
100_...,...,...,...,
TIG —
RQPM ........
RQPM rescaled -~
1 ERS central value ——
10 ERS upper limit ——— .
ERS lower limit ——
ERS rescaled
0 10°
o2 102 intrinsic charm :
e
8
g 10
%
10
< 3 } lGai_ss‘e.r, ngiv.:1.3I03-.1431.'
10 100 10 102 10° 104 10°
14 E, (TeV)
Paolo Desiati

llllllllllllll[llllllllllllll

conv. atms. v, (HKKMO7 + H3a)
~—— prompt atms. v,, (Enberg et al.)
~————— prompt_atms. v, (Enberg et al. + H3a)
-------- prompt atms. v, (Bugaev et al. - QGSM)
= =.=.~. promptatms.v, (Bugaev et al. - RQPM)
—— —— prompt atms. v, (Martin et al. - GBW)
————— prompt atms. v,, (Martin et al. - KMS)
~..=...~ promptatms. v, (Martin et al. - MRST)

-,
-,
-

'~

| |’||11||

| IceCube Preliminary N ]
I L1 1 | l 1 1 1 | I I | 1 1 | 1 I 1 1 1 1 | 11| l\\\l
4 4.5 5 5.5 6 6.5 7

log(E, [GeV])

good news for neutrino astrophysics ?

T — B

— can neutrino telescope measure
neutrinos from charm 7

Friday, September 20, 2013



atmospheric neutrinos
charm and astropnysical neutrinos

» search for high-energy all-flavor neutrinos interacting inside (contained) from all
directions the IlceCube km3 instrumented volume

> new popula’[iOﬂ Of HE neUtriﬂOS f? TAUP 13 -IBackgrouna Atmolsphelric Muc;n |I=Iulxl
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[ 777
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» where is the transition energy from
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atmospheric neutrinos
charm and astropnysical neutrinos

» search for high-energy all-flavor neutrinos interacting inside (contained) from all
directions the IlceCube km3 instrumented volume

» new population of HE neutrinos ?

» where Is the transition energy from

charm to new population *?
TAUP 13
Monte Carlo realization +++ Data M 1.2x10° E’ B 1.0xHonday, WM 38xEnberg M 1.0xHonda v, -+ Total MC
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Observational zones

atmospheric neutrinos

chanm & V seasonal vanations 798
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summary

e accelerator data used to interpret cosmic ray interaction processes in the atmosphere

¢ interaction models to cope with non pQCD of soft processes (phenomenological) in
forward region and with extrapolation to high energy

e heavy quark production uncertain (both pQCD and intrinsic charm)
e Important in cosmic ray and neutrino astrophysics

¢ |arge volume neutrino telescope to measure muons @ high energy and multi-flavor
neutrinos to constrain heavy quark production in the atmosphere

Paolo Desiati
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direct indirect

primary COsmiC rayS measurements measurements
spectrum & composition
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primary cosmic rays
spectrum & composition
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nadronic interactions
eduction of systematic uncertainties
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nadronic interactions
eduction of systematic uncertainties

inel

F -9

o

o
_I_IIIUIIIIIIIIIlllllll]]lllllllIlllllllllllllll

0 (=2 ~
(=] (=] o
(=] o o

inelastic cross section (mb)
s
o

300

200

IIIllllI]IlIIllllllllllllll

n+Air

24

. 500
3 450
5 400
E
350
300
250
200
150
100

llllllllllllllllllllllII]IIllllllllllllllllllllll

"""" QGSJETII-03

- EPOS1.99

=== EPOSLHC

~=+=  QGSJETII-04

IIIIIIIllllllllIllllIIIIIIlll[lllllllllllllllllll

n+Air |n|<2.5

V=
I

,/
10

Paolo Desiati

100  10°

Vs (GeV)

0.15

0.15
0.1

p+Air

TllIIIIIIIITT]IIITI]IIIT]1IIT[IIIIIITIIITI]IITIIT

n+Air

IIIT[T]]IITIIIIITTI]]TTI]IIITI1]IIIITTIITT]IIIITT

| | | | |
10 10> 10°
Js (GeV)

Friday, September 20, 2013




> 100 PeV cosmic rays

» inclined showers develop earlier and
exhaust higher in the atmosphere

» only penetrating muons reach the ground

» higher p flux observed above 10'® eV

» N19/QGSJet-1I(107 eV) = 2.13+0.04+0.11 (sys.)

» mass composition affected by the large
systematic uncertainties of interaction
models (+ experimental techniques)
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Fedynitch, Becker Tjus, PD 2012

atmospheric neutrinos
NIgN energy and heavy guarks
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Fedynitch, Becker Tjus, PD 2012

atmospheric neutrinos
NIgN energy and heavy guarks
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Fedynitch, Becker Tjus, PD 2012

atmospheric neutrinos
NIgN energy and heavy guarks
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atmospheric neutrinos
current status observed cascading
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lceCube Coll., PRL 110, 151105 (2013)
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Dist = 400.4 m

atmospheric neutrinos AD = 3.5°
At =-20 ns

charm and nigh pr Muons

» search for y + p bundle

| T Hce
» measure separation dr ~ B 3
ucos(0)
» CR composition & interaction models
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FIG. 14. (Color online). The minimum muon transverse mo-
mentum of DPMJET simulated shower events that pass all
selection criteria for different energy parameterizations as a

function of zenith angle. The interaction height comes from
Fig. 1.
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E, min|| no charm |[RQPM charm || ERS charm || int. charm
[ Rate ||« Rate ||« Rate ||« Rate

Atmospheric Neutrinos o loa alom ol alox
/K & v seasonal variations

100 1.0 10.0025]/0.53| 0.00491/0.91{0.0028 (/0.71|0.0036

TABLE I: Correlation coefficients for muons with (6 < 30°)
for three levels of charm (energy in TeV; rate in Hz/km?).

1 T T T T T
PD & Gaisser, 2010 Eomin(TeV)]| no charm || RQPM charm
Zone 1 a |Events/yr|la |Events/yr
.g all 0.54 16000 [ 0.52 17000
g 3 0.70 5900 (0.62 6300
30 0.94 350((0.72 450
E. min(TeV) no charm RQPM charm
Zone 2 o |Events/yr||a |Events/yr
all 0.66 6000 {0.62 6400
3 0.88 1230 1|0.75 1450
1 30 0.98 37][0.46 80
081 Eumin(TeV)][ nocharm || RQPM charm
s 06 Zone 3 o |Events/yri/|la |Events/yr
g all 0.68 1650 | 0.64 1750
Lo 04r 3 0.91 26010.75 320
sl 30 0.99 5.2][0.41 13
%0 o 1 100 10;'7 05 108 TABLE II: Correlation coefficients with and without charm
E, (GeV) for neutrinos in three zones of the atmosphere (see text).

T ' ] PD et al., ICRC 2013
; ‘ configuration or” x */ndf g’
- IC40 0.2740.21 | 22.85/12 | 0.557+00%
L IC59 0.50+0.15 | 12.30/11 | 0.5187 g0
| IC79 0.45+0.11 | 4.48/10 | 0.489+0007
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atmospheric neutrinos
/K & Y seasonal variations

AR,/<R,>, AT /<Ty> [%]

PD et al., ICRC 2011
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