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Astroparticle physics and EIC
- combining the largest and the smallest scales

In the Universe

Outline
1. Introduction
2. Cosmic Rays (Auger & Telescope Array)
o  Spectrum, composition & hadronic interactions
3. High Energy Neutrinos (lceCube)
o  Atmospheric and astrophysical flux
o  v-p Cross section
4.  Summary

Acknowledgement: Overview of relevant results in the field; heavy reliance
on other people contributions (physics/results/figures) as indicated on slides.
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High Energy Universe: Astrophysical Sources

N 1987As ~ Neutron star merger

Supernova Remnants . - - ¢ Active Galactic Nuclei i - GZK v: Cosmic Rays interaot with CMB Y




High Energy Universe: Probes
Multi-messenger Astronomy

radio/microwave infrared/optical X-rays gamma-rays neutrinos cosmic-rays

.m ." *

cosmological max of star formation opaque to photons;
transparent to neutrinos
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High Energy Universe: Probes

What is the origin of Cosmic Rays with E up to 100 eV ?

source (inter-) galactic Cosm iC Ravs
Gamma Rays

interstellar .
st clouds Neutrinos

‘R

magnetic fields

Gravitational wave

Objective: We want to find/study astophysical
objects that are sources of CR’s and v's




High Energy Universe: Cosmic Rays

What is the origin of Cosmic Rays with E up to 102° eV ?

Supernovagiemnants

= 2 scenarios of Cosmic Rays (CR) origin:

et A M AL » Bottom-Up: charged particles accelerated from
Confirmed by Fermi-LAT
Science 339 (2013) 807. : lower to high energies in astrophysical

T

environments
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» Top-Down: the energetic particles arise from
Grigorov
JACEE

MGU Extragallactic
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decay of massive particles originating from

physical processes in the early Universe.
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CR spectrum formation & composition d

CR acceleration

o Fermi mechanism: ycg~2
Kascade Grande . .
IceTop-73 CR propagatlon

HiRes 1
HiRes 2
Telescope Array

O Auger T
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CR interaction in atmosphere
(strong interactions)




Cosmic Rays: Understanding the spectrum
Fit the spectrum ( Gaisser’s formulation of Peters cycle )
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Fig. from S. Tilav Extraga|actic
Proton: cut off due to GZK
effect

The best fit is achieved with p and Fe




The Cosmic Neutrinos Production Mechanisms

From: S. Yoshida

= “On-source” astro-v  [tev- pev

p+p—=T+...—>V+.. b ~E‘7v
v v

hadro production %

p+y—=>A—=(p+x—=p+yy)
—R+7T—R+V+..
photo production

Source o

GZK
Horizon

%
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AT Ep >6x10”eV CR GZK cutoff
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High Energy Universe: v
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Neutrino telescopes:
Discovery of astrophysical diffuse v flux & v source searches




Connection to EIC: strong interactions
pA (AA) HE Cosmic Rays:

o ‘beam’ flux from astro sources, (fixed) target nuclei (=Earth atmosphere)
= vp(n) (vA) HE Neutrinos:
o  production of atm. v’s (hadronic interactions)
o  ‘beam’flux from astro sources and from Earth atmosphere, (fixed) target = H,O
(water/ice).

Q? (GeV?)
A UHECR CR & v's

Quarks and
Gluons

Saturated gluons,
Dipole picture, Color Glass Condensate
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Strongly Correlated : P
Quark-Gluon Dynamics S See talk by

Raju Venugopalan
this morning

weak
coupling

High-Density
Gluon Matter

strong
coupling

CR:

Pomarone @ Low x-Low Q2 largest part of

Hadrons Regge trajectories Y cross section
» 1/x

non-perturbative perturbative

Parton Density
Fig. from: E.C. Aschenauer et al: arXiv:1708.01527




Connection to EIC: strong interactions
= pA (AA) HE Cosmic Rays:

o ‘beam’ flux from astro sources, (fixed) target nuclei (=Earth atmosphere)
= vp(n) (vA) HE Neutrinos:
o  production of atm. v’s (hadronic interactions)
o  ‘beam’flux from astro sources and from Earth atmosphere, (fixed) target = H,O
(water/ice).

Q?(GeV?)
UHECR CR & v’s

Quarks and
Gluons
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Saturated gluons,

- o [

Discovery of saturation at the EIC
will have a large impact on the physics of
Cosmic Rays and Neurinos

strong
coupling

CR:

POt @m Low x-Low Q2 largest part of

Hadrons Regge trajectories Y Cross section
» 1/x

non-perturbative

Parton Density
Fig. from: E.C. Aschenauer et al: arXiv:1708.01527
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Cosmic Rays

Strong interactions:
production and decays
of hadrons and leptons

“Secondary” Cosmic Rays...
(about 50 produced after first collision)




Cosmic Rays

Ultra High Energy Cosmic Rays — reach well beyond LHC c.m. energy

Equivalent c.m. energy Vs, (GeV)
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Cosmic Rays: Experiments

I Source: J. Matthew
Plerre Auger Loma Amarilla 70
Observatory SN

Fluorescence: 4 telescopes

Surface Array: covers 3000 km?
1650 water-Cherenkov detectors
(10 m?, 1.5 km separation)

Los
Morados

Largest CR experiment




Cosmic Rays: Experiments

Battery of Particle __ Communications ik
o Telescopes *® Detector G Tower "' CLF

Middle Drum
FD
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Source: J. Matthews

Telescope Array

Fluorescence: 3 telescopes

Surface Array: covers 700 km?
507 scintillator stations (3 m?,
1.2 km separation)

Japan’s funding to upgrade/expand TA (4xsize~2500km?)
Largest CR experiment in the Northern Hemisphere




Cosmic Rays: Showers
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Figs. from D.Veberic




Cosmic Rays: Showers

Engel, ARNPS 61 (2011) 467

atmospheric depth lg.z/cmzi
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hadrons
(x 100)
1000 _.
3 4 x10"
particle number
EM, X... first interactions
M are produced late: sensitive to hadronic interactions

Figs. from D.Veberic Use hybrid events to disentangle particle physics and

composition




shower

Fig. from D.Veberic

Cosmic Rays: Showers

Surface Arrays:
hybrid events continuous operation, large size

62° < 0<80° RECUEI[e)

( inclined showers )

Fluorescence:
‘calorimetry’ = good energy
resolution (spectrum)

EM, X... first interactions
M are produced late: sensitive to hadronic interactions

Use hybrid events to disentangle particle physics and
composition




Cosmic Rays: Composition (Telescope Array)

Depth of shower maximum

data

QGSJet 1I-04 proton
QGSJet 11-04 helium
QGSJet lI-04 nitrogen
QGSJet 11-04 iron

1—1 1 1 I 1 1 1 l 1 1 1 l 1 1 1 l 1 L 1 l 1 1 L l L 1 L l 1 1 1 l 1 L
18.2 18.4 18.6 18.8 19 19.2 19.4 19.6 19.8

Telescope Array: arXiv:1801.09784 log, (E/eV)

TA composition measurement indicates CR’s are protons at ultra
high energies.
Conclusion relies on correct hadronic interaction modelling.




Cosmic Rays: Composition (Auger)

Depth of shower maximum

I
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HiRes-MIA
HiRes (2005)
Yakutsk 2001
Fly’s Eye
Yakutsk 1993
Auger (2013)
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-+ EPOS LHC
—+— SIBYLL 2.3 (DPMJET 3)
-=- QGSJETII-04

1 | [ | 1 1 Lol 1 1 lllllll

1017 1018 1019 1020
T. Pierog (KIT) Energy (eV)

Post LHC

O Data compared with predictions of recent versions (> 2016)
of Hadronic Interactions (HI) MC models (LHC-inspired/tuned)
O Xmax, sources of HI uncertainties
« Forward physics: photon spectra and diffraction
* Nuclear interactions (extrapolations from p-p to p-Air: p-O needed,
p-Pb not well reproduced)




Cosmic Rays: Composition (Auger)

Depth of shower maximum

e Auger FD ICRC17 (prel.) = stat.
- o Auger SD ICRC17 (prel.) = stat

- — EPOS-LHC  ---- Sibyll2.3 QGSJetll-04

18 19

10
E [eV]
Auger data, fig. from arXiv:1710.09478
O Auger composition measurement indicates CR’s are heavier than protons at ultra

high energies.
O Tension between TA and Auger results




Cosmic Rays: Composition (Auger)

Muon depth of maximum

_ . ¢ —1227 mg2
®
(=

¢

—— Epos-LHC
QGSJetll-04
l

10

20

Auger, PRD 90 (2014) 012012

Auger composition measurement with muons indicates CR’s are iron’s
at ultra high energies.




Cosmic Rays: Composition

Average primary CR mass (InA) predicted by each HI model from
( X o) @nd (X__.H) and the data.

QGSJETII-04

max
o (S€C ')| Ax

Inconsistency between FD (e-m
shower component) and SD
(hadronic shower component)
Auger data

.....
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SD not described by models

10" 10

E“"’m e (observed strong 30%-60% and
EPOS-LHC 1000-2000 m QGSJETII-04 1000-2000 m ) ) ) ~
. S —— " — increasing with energy deficit of

" o (s008)_ -1 | o (ool muons). The same effect observed

o o (x e of . xt by TA [arXiv:1804.03877]
Rl — = b

: [ttt ;. ¢ by

o Lasseti®d g i

nnnnn Poo - 3




Modelling Hadronic Interactions: Impact of LHC
Before LHC data After LHC data

p+(a)p o p+(a)p

QGSJETO1 F el | — EPOS LHC
SIBYLL 2.1 ¥ - = QGSJETII-04
QGSJET 11-03 P -+~ SIBYLL 2.3
EPOS 1.99 7z -+« DPMJET 3

« All pre-LHC extrapolation models excluded.
« After LHC models predict the same pp cross section
(low energies + extrapolations)

Figs from: T. Pierog (KIT)




Modelling Hadronic Interactions: Impact of LHC
Before LHC data After LHC data

P+2)P
QGSJETO1 EPOS LHC

SIBYLL 2.1 QGSJETII-04

QGSJET II-03 : = SIBYLL 2.3
EPOS 1.99 *++ DPMJET 3

p+(a)p : p+(a)p

QGSJETO1 EPOS LHC
SIBYLL 2.1 QGSJETII-04

QGSJET 11-03 -~ SIBYLL 2.3
EPOS 1.99 **+ DPMJET 3

Figs from: T. Pierog (KIT)




Modelling Hadronic Interactions: Impact of LHC

©C = N W & 00 O N

Before LHC data

p+p—chrgat7 TeV LHCb

EPOS 1.99
QGSJETII-03
QGSJETO1
SIBYLL 2.1

0 5 10
pseudorapidity n

— EPOS 1.99
- = QGSJETII-03
- - QGSJETO1
-+= SIBYLL 2.1

Pre - LHC

p+p > chrg N>1 ps0.1GeV

pseudorapidity n

Figs from: T. Pierog (KIT)

S =~ N W & 00 O N

8

After LHC data

p+p —chrgat7 TeV LHCb

EPOS LHC
QGSJETII-04
DPMJET 3
SIBYLL 2.3

Post - LHC

0 5 10
pseudorapidity 1

— EPOS LHC

- - QGSJETII-04
+ DPMJET3

-+= SIBYLL 2.3

7 " 13000 GeV

p+p > chrg N>1 p>0.1GeV

pseudorapidity 1




Modelling Hadronic Interactions: Impact of LHC
Before LHC data After LHC data
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Figs from: T. Pierog (KIT)




Modelling Hadronic Interactions: Impact of LHC
Before LHC data After LHC data

p+p — Chrg 14 TeV p+p Charged
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Figs from: T. Pierog (KIT)




Modelling Hadronic Interactions: Impact of LHC
LHCf Forward Photon productlon

do/dE [mb/GeV]

MC/Data

L Ll Ll T T Al L A Al ] Al Al Ll
" LHCf (s=13TeV photon - " LHCf fs=13TeV photon
n>10.94 8.81 <1 <8.99

det=o.191nb" det=o.191nb“

do/dE [mb/GeV]

- = QGSJET II-04
- = EPOS-LHC
~ DPMJET 3.06
SIBYLL 2.3
-+ PYTHIA 8.212

MC/Data

1000 2000 3000 4000 5000 6000 7000 2000 3000 4000 5000 6000
Photon Energy [GeV] Photon Energy [GeV]

arXiv:1703.07678

Disagreement between Data and Models
Room for further models improvement
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Neutrino Observatories: Present & Future

Lake Baikal NT200+
Lake Baikal-GVD

vt

m Antares
g KM3NeT(ORCA/ARCA) 4
-",'&”‘ "‘ ,
, ":;” ‘."- ,/

= (Auger) v, N

ceCube S MRS NS G " Anita
Gen2 Séuth PBle = > (EVA)
ARA = Antarctica === it ARIANNA

10 MeV 100 MeV | GeV 5 | TeV 10TeV A

ANITA, =
, Borexino, AMANDA, Baikal, RICE, Auger,
KarmLAND, Super-K _ ANTARES IceCube, KM3NeT | ARIANNA,...
Double CHOOZ, ARCA™
Daya Bay, etc. PINGU/ORCA

Atmospheric/Astrophysical



Neutrinos: Detection

Neutrino weak interaction

!—“ hadronic

shower

1960’s: Method by M. Markov
Observe the secondaries via Cherenkov radiation
= O(km) muon tracks from vy CC

1 TeV~25km, 1PeV ~ 15 km
= O(10 m) e-m and/or hadronic cascades
from ve CC, low energy v: CC, and vx NC

method

‘We propose to install detectors
deep in a lake or in the sea and
to determine the direction of
charged particles with the help
of Cherenkov radiation.” Markov




|E:E|::UBE :

Sauris ParE NEUTRING OBESERVATORY

50m \ e T N S e

Amundsen—Scot
1 86 strings of DOMSs, G @lEl SLaRST, AR
IceCube Laboratory i i il ' tH B A National Science Fou
. set 125 meters apart <
Data is collected here and LI _ managed research facility

sent by satellite to the data
warehouse at UW—-Madison

60 DOMs
onh each
string

DOMs
are 17 _|:
meters

apart

Digital Optical
Module (DOM) 2450 m

5,160 DOMs
deployed in the ice

Antarctic bedrock



First observation of PeV-energy cosmic neutrino




"

-




primary id
cosmic ray

Atmospheric Neutrinos (1)

air shower

7]
Atmospheric v = Conventional v’s
A (conventional + prompt) Decays of n,K mesons
.':V“ . T, K—=u+v,—e+v,+v,
conventional  Prompt
atmo. v

atmo. v

= Promptv’s
Decays of Heavy Flavor

mesons/baryons
(prompt v’s not yet directly observed)

D%, D%, D, A,

+



Atmospheric Neutrinos (2)

primary ic
cosmic ray

air shower AtmOSpherlC Vv
(conventional + prompt)

- IceCube Monte Carlo
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Horizon ©2)

10

Self-veto (experimental technique)
will modify atm. v distribution




Atmospheric Neutrinos: conventional

= Conventional v’s
Decays of n,K mesons

Total flux

flux peaked at horizon
‘ i v, dominated
107° steeply falling flux spectrum E-37

After vet > long lived mesons interact/loose
Conventional v, energy before decay (t~10-8s)

104
- i = . . .
1.0 0.5 Hadronic Interactions important

102

10-3

10 1 (L \\//

Conventional ve

10~°
-1.0 —0.5

Ve flux much smaller than of v




Atmospheric Neutrinos: conventional

<

= Hadronic interactions

near vertical : cos(8) =0.9

DPMJETIII
SIBYLL 2.3c
EPOSLHC
QGSJETII

<
N

Effects on atmospheric neutrino

v,: QGSJETII - 04 ¥, QGSJETII - 04 fluxes
v, : EPOSLHC 3, : EPOSLHC

vy SIBYLL - 2.3¢ 3, :SIBYLL - 2.3¢
v, :SIBYLL - 2.1 3, SIBYLL - 2.1
v, : DPMUETIII 3,: DPMUETIII
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103
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HIM/SIB23c

103 104 10°

A. Fedynich et. al, arXiv:1503.00544
Figure made by H. Niederhausen




Flux of Atmospheric Neutrinos
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IceCube v, forward folding
R AMANDA-II v_ unfolding
10—100 events AMANDA-II v, forward folding
per year for fully
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Atmospheric Neutrinos: prompt

100 TeV = Promptv’s
10 TeV Decays of Heavy Flavor

mesons/baryons
1 TeV (prompt v’s not yet directly observed)

flux isotropic
equal parts v, and v,
spectrum follows Cosmic Rays (E27)
Prompt v, and ve > short lifetime: interact/loose energy
10 Y before decay (1~1012s)
: g (Forward) heavy flavor production &
fragmentation decays

r A oo o
eVZem2sr—1s 1]
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x

E3®, [C

) l
oPP—0Q — Z ff d.\'ld.tgf}(.\‘l.,u;- )fj('.\‘z-ﬁl;-)
r 0 ' '

3 2 2
x"'ij—.QQ(-\'l s X2 s Hy s - ).

CosmicRay-Air (composition)
pdfs,nuclear effects
small-x / saturation, gluons




Atmospheric Neutrinos: prompt

(Forward) heavy flavor production in CR — Air interactions, fragmentation and decays

. |
oPP—00 _ Z ff d.\',d.\';j}(.r,.p; )f,(.r;.p;) ><¢‘r”_,QQ(_\',. X2 Mgy Mys e+ )
: O '
i)

Color dipole picture:
Lowx/saturation _effects
gluon fluctuates into QQ and interacts
with hadronic target

Fig. from A. Stasto




Atmospheric Neutrinos: prompt

(Forward) heavy flavor production in CR — Air interactions, fragmentation and decays

" 1

oPP—00 _ E : ff dxydox fi(xy, ) fi(x2, 17) XT3, 00(X1s X2, s My s - - )
: JO '
i)

Charm production cross section (Data from RHIC and LHC):
= RHIC and LHC data

106 : : 1()6Er .............. N ————
— NLOpOCD  wenee Dipole—Block 1 kr—linear
10°} ----- - kr—linear  -------- kr—nonlinear 3 10° |\ kr—nonlinear
: ; = N\ e BERSS
kr—nonlinear (Nitrogen) )
0% i = 10°R)
O S o
< 1000 < 1000!
N <
100} _8 100 0 TR

E,=10°GeV i

10¢ % Dipole — CT14 of  TPT T T TTEEES
4 A NLO pQCD - nCTEQ15Nit . s £
1 1 1LY 1 1 1 1 1 ' S = & s e P B v 2
102 10* 10° 10® 10'° ; 0.1 0.2 03 0.4 0.5 0.6
A. Stasto E, [GeV] XF

Nuclear corrections to the total cross section (c,,/A)/c,, are small ( 5-15% ), but large for
the differential do,,,/dx cross section




Atmospheric Neutrinos: prompt

vV, + U

nCTEQ15-Nitrogen
(Mg, Mg) = (Ng, Np)mr Black: BERSS

o
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Q
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x~MQ); extrapolated PDF
H3a

106 107
E, [GeV]

Fig. from A.Stasto
| CT14+EPS09-Nitrogen
' (MFp, Mg) = (NF, Np)mr

b |

o
S

E3¢ [GeV?/cm? s sr]
S

10_55'
f — BPL — BERSS

' — H3p - H3a
10~6L S 4 e s 5 S ““J"é T
1000 10 10 10
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BRESS A. Bhattacharya et.al. (2015), arXiv:1502.01076.
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Atmospheric and Astrophysical Neutrinos
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—— Honda v, (HKKMS2007)
—— Honda v (HKKMS2007)
modified Honda v,

Bartol v,

e v, (unfolding)

v, (forward folding)

A Vv, (DeepCore 2013)

A v, (2014)

lceCube

2

Oscillations

effects

Iog10 (EV/GeV)

Atmospheric v:
= “pbackground” for cosmic v

» QOscillation physics

Prompt:

ERS: R. Enberg et. Al.,Phys. Rev. D78, 043005
(2008)

BRESS A. Bhattacharya et.al. (2015),
arXiv:1502.01076.

Astrophysical neutrinos

aml \WWaxman-Bahcall Bound (all flavor)

E2®wp ~ 3.4 x 107% GeV /cm?sr s

Benchmark model:
Fermi acceleration at shock fronts
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Discovery of Cosmic Neutrinos with lceCube
v, t+ Ve + v, All-Sky High Energy Starting Events” (HESE) analysis

Contained Cascades + Starting Tracks
Phys. Rev. Lett. (2015)

@@ Background Atmospheric Muon Flux

@ Bkg. Atmospheric Neutrinos (#1/K)

[ Background Stat. and Syst. Uncertainties

— Atmospheric Neutrinos (90% CL Charm Limit)
—— Signal+Bkg. Best-Fit Astrophysical £ Spectrum
e®e Data

102

- 0’
Neutrino Elner




v, Northern-Sky Astrophysical Neutrinos

Data: 2009-2014

Assuming best-fit power law:

+++ Unfolding Bl Conv. atmospheric v, +v, Data: 2009'201 4 (6yr)

Bl Astrophysical v, +7,

T e --IceCube:Preliminary | Signature: tracks

Fit assumption:
O(E,)=0x[E/100TeV] ™’

5 g g Result: (best fit)
neutrino energy pdf | Y=2-08 +/-0.13

) — -7 (highest-energy event)

k=
o)
—
[<D)
(o}
n
+—~
g
V)
>
€2

R T O T U s B Energy range:
40 45 50 55 60 65 7.0 75 240 TeV — 10 PeV

log,o(median neutrino energy / GeV)

Astrophys.J. 833 (2016) no.1, 3

5.6c detection of astrophysical flux
Atmospheric-only hypothesis excluded at 6c




v, + v. All-Sky Astrophysical Neutrinos
lceCube: H. Niederhausen, Y. Xu , ICRC2017

1,
o
W

IceCubepreliminary — wmmm astro. v .
Northern Sky == mesum Data: 2012-2015 (4vyr)

atm. Signature: cascades

promptv

e CONV. v Astrophysical v, + v, Flux
> {(it assumption: ®(E,)=0x[E/100TeV]
> Result: (best fit)
v=2.48 +/- 0.08
®, = 1.571923x10718
[GeV1s1sricm2]
» Energy range: 10 TeV — 2 PeV

(@]
)

—

NEvents [livetime™’

IceCubepreliminary — wmmm astro. v

Southern Sky == mcsum “Background” fluxes
oty » Conventional v: HKKMS06 (30%
ey uncertainty) A. Fedynitch et al., PRD86

114024, 2012
Prompt v: BERSS15 (uncertainty from
lceCube upper-limit Apd 833, No 1,
2016)

» Cosmic Rays u: Gaisser12

(@]
©

data/ ), mc
OCORRK

T
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Astrophysical Neutrino Flux: Comparison

lceCube: H. Niederhausen, ICRC2017
Flux: Single Power-Law
® HESE (vev,v; >60TeV) ®(E, )=®x[E/1 00TeV]™”

@ Tracks(vy,>119TeV)
v Cascades (Vv > 1TeV)

PoS(ICRC2017)1109
Vet Vv, +V,

60 TeV -2 PeV

IceCube preliminary PoS(ICRC2017)968
V.V,

| | | | |
2 24 26 2.8 3.0 3.2
Yastro 10 TeV - 2 PeV

PoS(ICRC2017)1005
Vi Northern Sky

119 TeV - 4.8 PeV

Astrophysical v, + v, flux consistent with v, : p=0.04




Where are Prompt Neutrions?

lceCube global fit

Conv. atmospheric (v, +v_)
s Prompt atmospheric (v, +v_ ., 90% C.L.)

BN Astrophysical (v, +v, +v,)

Large astrophysical & small prompt v’s flux

lceCube: Astrophysical Journal 809, 98 (2015)




Where are Prompt Neutrions?

Parameter Best Fit 68% C.L. 90% C.L.

@ conv 1.10 0.94-1.31 0.87-1.49

® prompt 0.00 0.00-1.04 0.00-2.11

¢ 6.7 5.5-7.8 4.6-8.6

Y 2.50 2.41-2.59 2.35-2.65

Ay 0.017  —0.008-0.041 —0.023-0.057

P us 1.09 0.72-1.51 0.52-1.80

Pus2 0.84 0.31-1.37 0.00-1.71

PuH1 1.12 0.75-1.54 0.56-1.84

®um2 1.27 0.94-1.61 0.73-1.84

PEs) 0.95 0.88-1.04 0.84-1.12

PEs2 1.00 0.88-1.22 0.83-1.32

PETI 1.02 0.95-1.09 0.90-1.14 0.10
PET2 1.05 0.97-1.12 0.93-1.17 0.30
PEm1 0.96 0.88-1.06 0.84-1.12 -0.29

PEH2 0.95 0.86-1.04 0.81-1.10 -0.35

Note. ¢ is the value of the all-flavor neutrino flux at 100 TeV and is given in units of 1018 GeV - 's ' sr ' em 2. @ cony and ¢
prompt are given as multiples of the model predictions (see Table 2). "Pull" denotes the deviation of a nuisance parameter

from its default value in units of the prior width o.

lceCube: Astrophysical Journal 809, 98 (2015)




Atmosphetic an As;fophysical
.. * . TeV-PeV Neutrinos
« % v-p DIS cross section / Low x

-
> . - -

-




DIS v-N cross section: Standard Model

A. Cooper-Sarkar, P. Mertsch, S. Sarkar JHEP 08 (2011) 042

HERAPDFl 5 NLO Isoscalar Target
E, « M2,/2M (3 TeV)
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Relative Uncertainty (%)

Ge=1.17x10°GeV-2 -M,,=80.398 GeV, M, ‘[
M,=91.187 GeV, M=0.938 GeV o (BEy) = vE il St / / dy dzx ( -
9,9° - combinations of quark distributions

y - fraction of the incoming neutrino energy

. M E,,
transferred to the nucleon N By ) = du dx
Q2 - 4-momentum transfer Jo




DIS v-N cross section: Standard Model

—— E,=10"...104GeV —

vv"""l :

””’”‘z" : Ultra HE v:
"" Xpj ~ My /2ME,

' | MZ,~6400 GeV?

xg=10% E,=3x10°> GeV [0.3 PeV]
xg=10* E,=3x107 GeV [30 PeV]
[1])) )]\ xg=10° E,=3x10° GeV [ 3 EeV]
10 -8 -6 -4 - XBj=1 09 EV=3X1 0'2 GeV [ 3 ZeV]

log [ 1/, do/d (log x)]

log X
. Connoly et.al.,PRD 83,'113009 (2011)

As the neutrino energy

Increases, the dominant

contributions come from
smaller values of x.

10 1001000 10* 10° 10° 107 10® 10° 1010t 103
E, [GeV]

R.Gandhi et.al.,Astropart.Phys.5:81-110,1996




DIS v-N cross section: Color Dipole Picture

C. Arguelles et. al., Phys. Rev. D 92, 074040 (2015)

[PDF: CT10 NNLO |

vN —- X

—— Cooper-Sarkar (2011): CC = = This Work: NC |
- = Cooper-Sarkar (2011): NC e Blode: CC
—— This Work: CC = = Block: NC

Extrapolation of pQCD into small-x regime using color dipol
description (asymptotic In?(s) behavior of c. sections)

Beyond SM physics: leptoquarks, low scale quantum gravity models ..




DIS v-N cross section: lceCube TeV vy data

IceCube: Nature 551 (2017) 596
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9D 45 b5
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e 1.3012-21 (stat.) 7039 (syst.)
OSM

Consistent with current Standard Model calculations




DIS v-N cross section: IceCube TeV-PeV v +v_data

Sensitivities (Monte Carlo)

i lceCube Preliminary

<+ IceCube 10yr Cascade Sensitivity (MC)

-== CSMS 2011

—== 1.30*383*CSMS (IceCube 1yr v,)
Connolly 2011

—-= Block 2014
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=
™~
=
L
=
<+
S
-+
2
<+
%

i Iog(E:/GeV) ;
elease of preliminary results:
See Y. Xu (Stony Brook U.), for the IceCube Collab.

DIS2018 Tuesday session




Cosmogenic GZK Neutrinos
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o3 Horizon

E,>6x10"eV CR GZK cutoff

IceCube: Phys. Rev. Lett. 117, 241101 (2016)

. _ —— 90% CL UL (E 'per E decade)‘
Extremely High Energy Universe ' — = 90% CL sensitivity

beyond GZK (Greisen—Zatsepin—
Kuzmin) sphere (50-100 Mpc)
inaccessible with cosmic- or y-rays but
not v’s

—
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==== UL on E “integrated flux

Auger(2015)

ANITA-11(2010)
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GZK flux guaranteed for proton CR
Optical & radio detection
No GZK v observed (yet)

v

E)[cm?sec’sr]

Tight upper limits on GZK models are e

placed and constrains the UHE CR . Murase s=2.35_ =100
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Cosmogenic GZK Neutrinos

100EeV p " ‘ o e . 3 "" S Source o,

- I p+7m*’A->(n “u &ard)
-c:a . —->nn4-‘ :-->n+v+hg,<,-r. GZK

Horizon
E,> 6 «10°eV CR GZK cutoff

IceCube '15 (659.5 days)
-m -+ EVA (3 flights, 150 days)
SKA1-LOW (1000 hrs)
B ARA37 (3 yrs)
B ARIANNA 1296 (3 yrs)

—_ b
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Extremely High Energy Universe
beyond GZK (Greisen—Zatsepin—
Kuzmin) sphere (50-100 Mpc)
inaccessible with cosmic- or y-rays but
not v’s

.
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GZK flux guaranteed for proton CR
Optical & radio detection
No GZK v observed (yet)

E dN/dE dA dQ dt (cm?sr s ™)

GZK, Kotera '"10

Ongoing GZK v detection
(E >100 PeV) effort with radio
techn ique _ Connolly & Vieregg 2016
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