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Atmospheric neutrinos and IceCube

Neutrinos = neutrinos + antineutrinos
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Atmospheric neutrinos
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IceCube neutrino telescope

Gigaton effective volume

neutrino detector at South 40-strings (2008-2009)
Pole IceCube Lab 22—str|ngs (2007-2008)

- . som % 2 lceTop Cherenkov detector tanks
5160 Digital Optical 26t g—strings 2010201 1) 352 OPUcal s0nsors por tank

Modules distributed over  (since May 2011) 59-strings (2009-2010)

86 strings iceCube Array

86 strings including 8 DeepCore strings
60 optical sensors on each string
5160 optical sensors

December, 2010: Project completed, 86 strings:
Ethr~ 100 GeV

Completed in Dec 2010;
data in full configuration
from May 2011 o

Data acquired during
construction phase is
analyzed

DeepCore
/B strings-spacing optimized for lower energies
480 optical sensors

Ethr~ 10 GeV

2450 m

Neutrino detected 20
through Cherenkov light
emission from charged
particles produced due to /
neutrino CC/NC

interactions V “' 59 Credit: C Rott
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Conventional atmospheric neutrinos
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Prompt atmospheric neutrinos
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Prompt atmospheric neutrinos

* Production of charmed hadrons in the
atmosphere

CR + air — D=, D% DY, DT AT, ...
charmed hadrons — ¢*, vy, 7y, ...

Ve iV, 1 Vp=1:1:01 andv:v=1:1

"prompt"” = the charmed hadrons decay faster compared to 7/ K
Isotropic flux till 107 GeV

Prompt atmospheric neutrino flux shape # cosmic ray flux shape
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Prompt atmospheric neutrinos

light quarks
A

P —» Most calculations are performed in perturbative

% C QCD

; X

Martin, Byskinand © Significant uncertainties due to

x, Soluon C (u) Charm mass, o

‘ (ii) Factorization and renormalization scale, and
p (= (iii) choice of the parton distribution function
Bhattacharya etal., 1502.01076

p+p—ct+c+X

Additional uncertainty due to the cosmic ray
input spectrum

mb’))-—-o——c c € Thunman, Ingelman
m<c . and Gondolo 1996
.
N E ‘ ‘

\ J\ l

|
leading order an important next-to-leading order

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)
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Flux predictions from pQCD
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The central values of various
approaches largely agree

Present IceCube upper limits can
constrain some of these approaches
--- unique constraints on pQCD
parameter space

108

E3¢ [GeV?/ cm? s sr]
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Various approaches in pQCD
Large uncertainty

Calculations by various groups in
recent times: 1502.010776,

1507.01570, 1511.06 346,
1607.00193, 1611.03815
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Intrinsic charm contribution to the
prompt atmospheric neutrinos

arXiv 1607.08240
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Intrinsic charm

Brodsky, Hoyer, Peterson, and Sakai 1980

A rigorous prediction of QCD See talks in this meeting by

« Non-perturbative component Gardner, Signori, Ilten,
*  Flattish do/dx g observed at SELEX, ISR Dulat, Hobbs, and Sato
* Dominates at high T _

? p) = A |luud) + B |uudcc)

Quantum fluctuation of the proton

-"-—-.

Probability for the proton to contain an m’rrmsuc

@ . charm and anti-charm quark is related to | B|”
- During an interaction, the u, d and ¢ quark can

Q. combine to forma A,

Brodsky etal., 1504.06287

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
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Intrinsic charm contribution

* The measurement of prompt atmospheric neutrinos is a
forward measurement = intrinsic charm can play an
important role

LTp ~ EC/E

E ~ = outgoing charm quark energy

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 (~ A%7) is important since the
atmospheric target is mostly nitrogen
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Cascade equations for protons, charm hadron and leptons

Atmospheric column c‘:lfp‘rh Equivalent all-proton flux
v
dop(E, X) _ ¢p(E, X) ¢p(E, X)
- T pr(E )
dX Ap(E) Mo (E)
Charm hadron flux 'T‘
dq\ﬁll (E X) 5 (E X) 5 (E X) 5 l\l(u%eosg‘;‘renuahon length 5 (E X)
m ) . ¥Pm ) _ Pm ) m D )
7 Y5 o 1) B W 1) R W ) R A W )
atmospheric density Charm hadron decay length Charm hadron attenuation length
Lceip‘ron fluzz X E' X

X) 0m (E)

E

Cross-section weighted moment ¢k o O
v dx g 33E7 )\k(E) dnkj

G() = [ G2 e () (B/ap)

Ehadron

TE —
IE Epeam
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do /dy [mb]

Intrinsic charm cross section

normalisation

0.8 T T
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sl Hobbs etal. 1311.1578 ® R60S i
* 10
V5 = 63GeV{—
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 Substantial uncertainty of pQCD = 10
challenging to find intrinsic charm

—

0

IC shape from
Gutierrez & Vogt
hep-ph/9808213

LEBC-MPS PRL 61, 19, 2185
Laha & Brodsky 1607.08240

Intrinsic Charm

pQCD

LEBC-MPS (800 GeV) \/g ~ 38 Gey
“gerss 150201076 1) /D

0.1

XE

« 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
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Prompt atmospheric flux due to intrinsic
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This is an additional contribution to the prompt atmospheric flux

charm

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

D° D° D= DF A,

The neutrino flavor ratio is

Ve 1V, 1V~ 1:1:0.1

IceCube upper limits (near ERS w/G flux) are very close to the contribution due to

intrinsic charm
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Con‘rrlbq’ﬂon to atmospheric v, + Ve and v, + uu

r IceCuEe o Laha & BI"OdSky Laha & Br‘odsky l IceCube VM
atmosp erlcv 1607.08240 : [ 1607.08240 \\

_— solid black: Conv. Atm. v _— -solid black: Conv. Atm. Vu

) + Intrinsic Charm (H3A) + BERSS 4 ' 107 F */M Char e
'Tm o
2 o

5 5 8

10

> >

O O

5 5

S &
a 107 F

> >
m aa
-10 L B ) -10 Lol el M RN I
10 10
10° 10% 10° 10° 10° 10% 10° 10°
E, [GeV] EVM [GeV]
(]
Conventional atmospheric v, + U, flux is lower ', but the statistics are poor

Conventional atmospheric v, + v, flux is higher &% but the statistics are larger '

Present IceCube upper limits on atmospheric prompt neutrinos already constrain
models of pQCD

Future limits on atmospheric prompt neutrinos will get stronger



Astrophysical neutrinos v/s
pr'omp’r a‘rmosphemc neutrinos

104
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Difference in spectrum

Astrophysical neutrinos have a harder spectrum
compared to prompt atmospheric neutrinos

Conventional atmospheric v/, spectrum is lower =
might be easier to search in that channel

Ranjan Laha

'Vp

astrophysical

IceCube
Veto

https://www.cppm.in2p3.fr/~brunner/2015/Labex-LAM-January/
Talk_IceCube_Antares.pdf



Conclusions

High xz physics important for astroparticle
exper IMENTS (see for e.q., 1601.03044, 1605.01409, 1701.08451)

Prompt atmospheric neutrinos are an
important sighal for IceCube

Intrinsic charm can have important
contribution to the prompt atmospheric
heutrinos

TIceCube can constrain the intrinsic charm of
the proton
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Puzzling questions about the high
energy astrophysical universe
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Gamma-ray sky: what process produces T i
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eptonic: :
P Cosmic rays observed over a huge

Hadronic: P + D — 0 — Y+ y energy range

p+p—=7/K+..—=V/V  Neutrinos are inevitably produced in
cosmic ray interactions
The key difference are the neutrinos
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Neutrinos as cosmic messengers

+ No deflection from source

+ Can escape from very dense sources

+ No interaction on the way from source to detector
+ Complementary to gamma-rays

- Large detectors required

- Very long time required to collect signal
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Prompt atmospheric neutrinos
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No detection yet, only upper limits exist on prompt atmospheric neutrinos

E, /GeV

Upper limits are at the upper end of present perturbative QCD predictions

Already constrains mechanisms which predict a higher prompt atmospheric fluxes

The lower and higher energy neutrino spectrum dominated by conventional atmospheric
neutrinos and astrophysical neutrinos respectively

Limits on the prompt atmospheric neutrinos depend on astrophysical neutrino flux
modeling
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IceCube neutrino telescope

Ranjan Laha



Most energetic astrophysical neutrino event everlll

, _ . Deposited energy
R B i By —2.640.3PeV

Where does it come from?

Does not correspond to any
TeV source

Equatorial coordinates:
dec 11.42° RA 110.63°

s o i Sk R

©
®
; »Q
o :C

Hmm‘} o

What is the ehergy of the parén’r neutrino?

IceCube 1607.08006

If v, produces this ftrack, the neutrino energy is ~ 10 PeV
Kistler & Laha 1605.08781

If v, produces this track, the neutrino energy is ~ 100 PeV
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Muon Tracks

Caused by muons produced in CC
interaction of 1/, /7'u

+ Long range implies larger
effective volume

+ Better Angular resolution ~ 1°

— Higher atmospheric neutrino

backgrounds
dN,, _NAIOTAdetX/OO
dEM tracks IO(OK + BEM) E,
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Cascades

Caused by CC interactions of /e / |
and their antiparticles and NC === ===
interactions of neutrinos of all —— —

flavors

+ Calorimetric

+ Lower atmospheric neutrino
background

= Smaller effective volume

= Poor angular resolution ~ 50°

d¢1/€,’7’ E —d-él/-e.,;l:,T
“ag, TN,

dN,
dF

— NA T ‘/Casc X <0CC(EV)

1%
cascC Ranjan Laha



Atmospheric muon charge ratio
and high x  physics

Ranjan Laha



Atmospheric muon charge ratio
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Zenith angle at the muon production point
Sensitive probe of cosmic ray physics and hadronic interactions

Plateau implies asymptotic kaon contribution =>validity of Feynman scaling up to primary
energies/ nucleon around 200 TeV

Associated production of AK " important; no analogue for K —; constrains the cross section in
the high xF region ( difficult to probe via laboratory experiments ) Gaisser 1111.6675

Interplay of high xr physics and astroparticle experiments



IceCube data

-4
2 B Background Atmospheric Muon Flux l() : : :
10° ¢ EEB Bkg. Atmospheric Neutrinos (=/K) i mmm Conv. atmospheric v, + 7, (best-fit)
i 4
73 Back d Uncertainti N : / e
1510.05223 — M:‘oos'::;.c N:‘e"::s'f;o% CL Charm Limid —- 10-5 . N mmm Prompt atmospheric v, + 7, (flux limit)
;g‘ —— Bkg.+Signal Best-Fit Astrophysical (best-fit slope £ 7™) e B Astrophysical v, + v, (best-fit)
O oo R e R . *+ HESE unfolding: PoS(ICRC2015)1081
[ 10 e%e Data ,— 10,,4, 1
I:r IceCube Preliminary | =
SO e b
— - F - ) - -
~ e ] e o o 1077 4 o
@ 35 B : © R T
G 10° [N T T A 4 "
) l—-\ 3
4 B - X 8
5 _____ __l - 10 :
> M3
“or I, " 107 .
10 \
s, Ll L ¥
g— 103 104 10° 10° 10°
2 4 et
10 10 10 E,/Ge\

Deposited EM-Equivalent Energy in Detector (TeV)

Diffuse spectrum of neutrinos
Time-independent
Clear evidence of the astrophysical nature of these neutrinos

None of them point to a specific source
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Cosmic rays
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Observed spectrum of cosmic rays
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Primary Energy, E [GeV]

Spectrum of nuclei
observed over many
orders of magnitude in
energy and flux

Observed via direct
measurements (balloon/
space observatory) and
air shower arrays

Tremendous amount of
data to understand the
acceleration mechanism

Knowledge of QCD
needed to understand
the interaction of cosmic
rays with the
atmosphere



Cosmic ray interactions in the atmosphere

Primary cosmic rays Cosmic ray interaction in the atmosphere is
a fixed target experiment

Detailed knowledge of QCD required to
understand the rates of various interaction
products

Sensitive to QCD parameter space which is
difficult to access in the laboratory

For e.g., for E, # 8000 TeV, /s # 20 TeV

High energy pp interactions sensitive to
gluon density in the small x (* 10-8 - 10-4)
s egion

Due to the flattish do /dx g, intrinsic charm
pESS uses the incoming proton energy quite

~ efficiently=- important since cosmic ray
spectrum is falling
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