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Neutrino signatures in IceCube

(T will be talking about Standard Model physics)
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What are the neutrino signatures

in IceCube?
v, + N —-e 4+ N’

and the corresponding
interaction by 7,

v, + N —u” + N’
and the corresponding

interaction by 7,
(an exception will be discussed

v, + N — 7 + N’

and the corresponding
interaction by 7,

later) + neutral current Learned and Pakvasa
interactions Astropart.Phys. 3 (1995) 267-274
.{gsg)k IceCube cascade IceCube dOUble bang
collaboration (data) collaboration (simulation)
Learned and Pakvasa Astropart.
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Isolated energy deposition (cascade) | Double cascade
Factor of ~2 energy with no track / double bang

resolution / double pulse
15% deposited energy resolution

0 : resolvable above
< 19 angular resolution

10° angular resolution (above 100 TeV) doe(;ggi)’rc;rcie ZneF‘QY
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What are the other neutrino
X signatures in IceCube?
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Beacom, Bell, Hooper, Pakvasa and Weiler
T Phys.Rev. D68 (2003) 093005
U, -
>3 = E
Inverted Lollipop
Lollipop
IceCube IceCube
Li, Bustamante and Beacom
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Are there other neutrino signtures
in IceCube?

Tau tracks

1605.08781 (accepted in Phys. Rev. Lett.) with Matthew D Kistler
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Tau 1- r.ac ks Kistler and Laha arXiv: 1605.08781 (PRL)

Tau tracks are produced by v with energy > 50 PeV

IceCube

Energy of v, increases

Wandkowsky TeVPA 2017

Vi+N—= 17+ X

IceCube

T

)
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How do tau tracks look in IceCube?



dE/dx [MeV g cm?]

Muon energy loss v/s tau energy loss
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Illustrative example with the 2.6
PeV track event
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Discovery of high-energy
astrophysical neutrinos

Neutrinos produced in
high-energy astrophysical
sources

Produced either by a
p—p or p—7

interaction

No sources detected as
of now

Flavor ratio consistent
with 1: 1: 1

The neutrinos have an
isotropic distribution on
the sky

107% 5

1 IceCube Preliminary

B Conv. atmospheric v, + 7, (best-fit)
Prompt atmospheric v, + 7, (flux limit (2016))
strophysical v, + 7, (best-fit)

unfolding: PoS(ICRC2017)981
Haack ICRC 2017

8 years sample

i | (L | ! L | ' !
103 104 10° 100 10

Spectral shape between ~E 2 and ~F 2

Intensity of the neutrino flux (one flavor of v + ) ~ 108 GeV cm? s! sr! at 100 TeV
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2.6 PeV Track event

IceCube 1607.08006 I
- 2 3 , : | - Deposited energy 2.6 + 0.3 PeV

° i Rl ~ Reconstructed equatorial
. coordinates: decl. 11.42°
. RA 110.63°

Does not point towards any
known astrophysical source

0 ‘TR A
L i Al ikt St R

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?
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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 2 5 PeV
energy at detector entry point --- it is probable that thisis 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
See Kistler and Laha arXiv: 1605.08781 (PRL) for more details
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Already mentioned by J. G. Learned in 1980!

DIMAND as & t Detector

John G, Learned
Havsil DIMAND Center
2509 Correa Road :
Monolulu, Mawall 9682
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an inftfal ~4x10!7 gy,

a) Low rate of eceargy loss felative to & muon of the same energy. The ¢
Vith maas 1.784 Ca¥ w11l bhave loes rate’, {n vater of

= 48/dx = .3 4 /1000 TeV/kn
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before decay, give 8 up ~5 Co¥V aad
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i 1980
Proceedings of the 1980 International DUMAND Symposium, 2, 272 ( )
Tracks also arise from through going taus
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Intrinsic charm contribution to
atmospheric prompt neutrinos

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

light quarks
P > =y

Most calculations are performed in perturbative

X, . QCD
8 X

Martin, Ryskin and [
Stasto 2003

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.,

P —»>
Jeong etal., PROSA

ptp—CctcCc+ X Additional uncertainty due to the cosmic ray
input spectrum

)7')})))’ € Thunman, Ingelman
an< _ and Gondolo 1996

leading or'der' an lmpor"ran’r next-to- leadmg 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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Intrinsic charm

Brodsky, Hoyer, Peterson, and Sakai 1980
« A rigorous prediction of QCD

* Non-perturbative component
*  Flattish do/dx g observed at SELEX, ISR

* Dominates at high T ’p> — A ‘UUCD B ‘UUd65>

Quantum fluctuation of the proton

-"-—-.

Q . 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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do /dy [mb]

Intrinsic charm cross section

normalisation

0.8 T T
L (a) — MBM
sl Hobbs etal. 1311.1578 ® R60S i
* 10
V5 = 63GeV{—
LD
0.4 e
3
| =
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0.2 1.3
3
{ =
0

0.4

y

0.6

 Substantial uncertainty of pQCD = 10
challenging to find intrinsic charm

—

0

éc jhape fg°\'/“ N LEBC-MPS PRL 61, 19, 2185
utierrez & Vog Laha & Brodsky 1607.08240
. : I
I | [ |
| I
|
: : Intrinsic Charm
. s
Lo i _T_ il
|

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

EV3 Q [GeV2 cm s sr'l]

L ' LI | '
F Laha & Brodsky
- 1607.08240 (PRD)

——

i Sl

Intrinsic C

. EW2

harm 7 --
— ~ ~

charm

~ 4

E, [GeV]
This is an additional contribution to the prompt atmospheric flux

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

IceCu}‘tl)e Laha & Brodsky E Laha & Br‘odsky “TeeCube Vu
atmospheric v, 1607.08240 (PRD); - 1607.08240 (PRD) \ I
— lid black: C At — -solid black: Conv. Atm. Vu
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€

Conventional atmospheric v, + U, flux is lower ', but the statistics are poor

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

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

Intrinsic charm contribution has been modeled in Sibyl|



Conclusions

Common knowledge: Muons give rise to all through going
track events in IceCube ---- incompletel

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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