lceCube:
Building a New Window on the Universe

lceCube
cosmic neutrinos: two independent
observations
- muon neutrinos through the Earth
- starting neutrinos: all flavors
where do they come from?
Fermi photons and IceCube neutrinos
other multiwavelength observations
cosmic neutrinos below 100 TeV?
the Galaxy

francis halzen- IceCube.wisc.edu




microwave optical gamma-rays neutrinos COSMIC rays
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terra incognita:
only revealed by
neutrinos

20% of the Universe is opaque to the EM spectrum
non-thermal Universe powered by cosmic accelerators
probed by gravity waves, neutrinos and cosmic rays




Cesmic Rayse Charged — Do not point
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 PeV gamma rays are absorbed by cos'mlc mierowave photns
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 neutrinos: perfect messengers do not. mteract and |mage the
sky in regions from which even Xerays‘cannot escape




Enje'rgy ~ [magnetic field B] X [occeleka’ror’s size N

LHC accelerator should have circumference
. of Mercury orbit to reach 102eV!
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ray
bursts




accelerator is powered by
v and y beams : heaven and earth large gravitational energy

% black hole
neutron star
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active galaxy

particle flows near
supermassive
black hole
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ultra-transparent ice below 1.5 km




lceCube

IceTop
81 Stations
324 optical sensors

IceCube Array
86 strings including 8 DeepCore strings
5160 optical sensors

DeepCore
8 strings-spacing optimized for lower energies
480 optical sensors

Eiffel Tower
324 m
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5160 PMs
in 1 km?3




muon track: color is time; number of photons is energy




separating signal and "background”

muons detected per year:

e atmospheric* ~ 1@
« atmospheric** v 2> u ~10°

* COSMIC v U ~ 10-107

* 3000 per second ** 1 every 6 minutes




Isolated neutrinos interacting up-going muon tracks
inside the detector (HESE) (UPMU)

#s
.

> P
P e

> > \ "4

» poaSsanmss e’
o L ATRRNAN I AN aeee
]

total energy measurement astronomy: angular resolution
all flavors, all sky superior (<0.5°)
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Interaction

* |attice of photomultipliers
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Assuming best-fit power law:
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after 7 years - 6.4 sigma
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Isolated neutrinos interacting up-going muon tracks
Inside the detector
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calorimetry: direct energy astronomy: angular resolution
measurement; all flavors superior




GZK neutrino search: two neutrinos with > 1,000 TeV

date: August 9, 2011

energy: 1.04 PeV
topology: shower
nickname: Bert




electron showers versus muon tracks

PeV v, and v,
showers:

10 m long
« volume ~5 m?3
* isotropic after
25~50 m
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Partially contained event with energy ~ 6 PeV
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after 6 years: 3.7-> 6.0 sigma
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two methods consistent above 100 TeV
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- Different event signatures allow flavor separation — primarily g vs. e, T

Vet V, : Vv, at source o
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new physics ?

muon-suppressed
pion decay
(0:1:0)

if not...

every model
e nd S U p in (_Plond SLC 2I;luon
the triangle L (1:20)

neutron
decay
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Through-going tracks Cascades
T T Starting tracks

Equatorial

See C. Kopper, NU060




HESE 4yr with Ege, > 100 TeV (green) / Classmal v“ +Vy, 6yr with £, > 200 TeV (red)

Galactic

event appears in both samples

-180°



» we observe a diffuse flux of neutrinos from
extragalactic sources

» a subdominant Galactic component cannot be

excluded (no evidence reaches 3c level)

» [decay of halo dark matter particles?]




Declination (degrees)

expect surprises: produced by Galactic dark matter halo?

decay of PeV-
mass
dark matter
particle
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accelerator is powered by
v and y beams : heaven and earth large gravitational energy

% black hole
neutron star
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gamma ‘réys accomp’an:yin‘g lceCube h.e'u’tﬁ"ii'é‘s interact . -
with interstellar photons.and fragment into muiltiple lower
energy gamma rays-that reach earth
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E2J [GeV em ™2 s~ sr 1]

pp scenario

SFR evolution

Fermi
gammas

HH  HESE (3yr)
H arXiv:1410.1749
HH  Fermi IGRB (2014)

cosmic
)—§—< neutrinos

1073 102




* energy density of neutrinos in the non-thermal

Universe Is the same as that in gamma-rays
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energy in the Universe in gamma rays, neutrinos and cosmic rays




* energy density of neutrinos in the non-thermal
Universe Is the same as that in gamma-rays

e CcOmMmon sources?
Fermi: mostly blazars
lceCube: at least, not the same blazars
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Population studies: blazar catalog search

Blazars account for:
85% of extragalactic y background
< 6-27% of the lceCube neutrino flux

| === Equal weights, y=2,13
- ~—=Equal weights, y = 2.50
IL 1078 ] === y-flux weights, y = 2,13
B _ .
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I I
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See: M. Huber, NU043
Iog 10(E/T€V) Fermi-LAT PRL 116(15) 151105
Astrophys.J. 835 (2017) no.1, 45



blazars? not the resolved Fermi blazars,
but...

neutrinos originate from a larger volume

50% of blazars not identified

sources transparent to high energy gamma rays
may not have the target density to produce

neutrinos (GRB?)

What are the sources of cosmic neutrinos?

* observations accommodated by radiogalaxies
that also accommodate the Fermi flux
e sources soon?
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flux nearest source = (diffuse flux observed)(density of sources)-'/3

102 ———

1073} excluded by non-observation

Olbers paradox

density 10" Mpc™3
soon |

blazars, FSRQ...

effective local density pesr [Mpc ‘3]

— diffuse flux (. =2.4) ]

« diffuse flux (&, = 0.6) -\
lo_“. NP B B B Y T Y SR | }.?SR.Q..-
10* 107 10 10" 10 10¥ 10¥%  10¥  10%

neutrino luminosity Ly [erg/s]




Olbers paradox

Odif = / d°r

P diffuse flux is measured

nearest source

4
gﬂ'dis-pzl and dnSNp

L, _
Pus = dns ~ g

~1/3




lower density of sources - easier to pick out closest source

total number of events required to observe
n-events multiplets from the closest sources is

1
740x[g}x[ Po }3 events

for a observed diffuse cosmic flux and 0.4 degrees
angular resolution

examples of local source densities (per Mpc?):

» 1077 — 10> Mpc " for normal galaxies
» 107 — 10~* Mpc " for active galaxies
» 10~ Mpc— for massive galaxy clusters

» > 107> Mpc— for UHE CR sources



flux nearest source = (diffuse flux observed)(density of sources)-'/3
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Olbers paradox
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flux < 1% of astrophysical
neutrino flux observed
Nature 484 (2012) 351-353

timing/localization
from satellites

timing + directie
— low background




(V) HIGH-ENERGY EVENTS NOW PUBLIC ALERTS!

‘We send our high-enerqy events in real-time as public GCN alerts now!

TITLE: GCN/AMON NOTICE
o o
NOTICE_DATE:  Wed 27 Apr 16 23:24:24 UT GCN notice for starting track sent Apr 27
NOTICE_TYPE: AMON ICECUBE HESE
RUN_NUM: 127853
EVENT_NUM: 67093193
SRC_RA: 240.5683d {+16h @02m 16s} (J2000), "
240.7644d {+16h 03m @3s} (current), We send rough reconstructions
239.9678d {+15h 59m 52s} (1950) .
SRC_DEC: +9.3417d {+09d 20' 30"} (J2000), fIrSt and then update them
+9.2972d {+09d 17' 50"} (current),
+9.4798d {+09d 28' 47"} (1950)
SRC_ERROR: 35.99 [arcmin radius, stat+sys, 90% containment]
SRC_ERROR5Q: 0.00 [arcmin radius, stat+sys, 50% containment]
DISCOVERY_DATE: 17505 TJD; 118 DOY; 16/04/27 (yy/mm/dd)
DISCOVERY_TIME: 21152 SOD {@5:52:32.00%} UT
REVISION: 2
N_EVENTS: 1 [nhumber of neutrinos]
STREAM: 1
DELTA_T: 0.0000 [sec]
SIGMA_T: 0.0000 [sec]
FALSE_POS: 0.0000e+00 [sA-1 srA-1]
PVALUE: 0.0000e+00 [dn]
CHARGE : 18883.62 [pe]
SIGNAL_TRACKNESS: 0.92 [dn]
SUN_POSTN: 35.75d {+02h 23m 00s} +14.21d {+14d 12' 45"}




PS16cgx: a young supernova in the field of a HESE neutrino

20

PAN-Starrs followed up Pa"'STARBS e Optical spectroscopy  ReEllN(ELLeE)

lceCube HESE alert on 10, 20 days post-peak
2016-04-27 and found a * Features atypical for
recent supernova at z=0.3: SNla, but not sufficient

Oroctt: Pan-STARRSTSO to exclude e ———

10.2° - 0% ~—— PRELIMINARY =5 5 — PS16cgx (10 days post-peak)
10.0° - )
S e g 1.5 -
S 9 3 5
k= " e 2
g 9.6° - i:‘ 1.0 -
9.4° - | B
B IceCube best fit g 0.5 -
9.2° * PSlécgx
. . . . . SNla (1o) W SNla (20)
Qg? Q?S’ v 09" o,aé’ 0.0 . . . . ;
N X > e % 4000 4500 5000 5500 6000 ‘ 6500 7000
Right Ascension Rest frame wavelength (A)

If Ic (assoclated with GRBs): <1%

Chance probability { If la (no HE neutrinos expected): <10%



AGILE DETECTION OF A CANDIDATE GAMMA-RAY PRECURSOR TO THE ICECUBE-160731
NEUTRINO EVENT

F. Lucarern,'-2 C. Prrroe. ' 2 E Verreccaia 2 I Dossarumma,? M. Tavant. 5.6 A, Bucarer” A. Gruuasa ®
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e cosmic neutrinos below 100 TeV ?
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hadronic y-ray emission normalized to best-fit neutrino flux
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a “problem” ?
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» almost 3o, but appears in every analysis

* the lower the threshold, the steeper the power
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low threshold starting event analysis; 7 years
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hadronic y-ray emission normalized to best-fit neutrino flux
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* two component cosmic neutrino flux?

» cosmic accelerators do not follow a power-law
spectrum?

* note that the gammas rays accompanying

< 100 TeV neutrinos are not seen suggesting a
hidden source(s)




not background: prompt decay of charm particles produced in the atmosphere

 tracks cosmic ray flux in energy, isotropic in zenith (normalization unknown):
does not fit the data

* neutrino events are isolated

« constrained by atmospheric electron neutrino spectrum
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not background: prompt decay of charm particles produced in the atmosphere

 tracks cosmic ray flux in energy, isotropic in zenith (normalization unknown):
does not fit the data

* neutrino events are isolated

« constrained by atmospheric electron neutrino spectrum
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charm limited by atmospheric electrons
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at most ~10% of the events are Galactic in origin
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neutral pions
are observed as

gamma rays

charged pions

are observed as

neutrinos




MGRO J1908+06: the first Pevatron? (2007!)

MGRO J1908+06
Milagro data

H.E.S.S. data

fitted y spectrum
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2007 simulated sky map of lceCube in Galactic coordinates after
five years of operation of the completed detector. Two Milagro
sources are visible with four events for MGRO J1852+01 and three
events for MGRO J1908+06 with energy in excess of 40 TeV.
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« most significant source in pre-defined list (p-value 0.003 pretrial)

» joined HAWC-IceCube analysis in progress using photon templates

Table 1: Results of the pre-defined source list.

Source Type aldeg] d[deg] p-Value TS n, Oy [TeVem 257!
PKS 0235+164 BL Lac 3966 1662 0.7355  -0.400 0,00  2.04-10°"
1ES 02294200 BL Lac 38,20 20.29 04762 -0.059 0,00 447101
W Comae BL Lac 18538 28.23  0.4420  -0.055 0.00 537107V
Mrk 421 BL Lac 166,11 3821  0.2433  0.029 048  8.6810°"9
Mrk 501 BL Lac 25347 39.76 06847  -0.172 000 3511071
BL Lac BL Lac 33068 4228 05104 -0.028 0.00 558107 "
H 1426-+428 BL Lac 21714 42,67 078390 -0.243  0.00 1.96.10-1
3C66A BL Lac 3567 43.04 03306 -0.001  0.00  7.50-107"
1ES 23444514 BL Lac 356.77  51.70 0.9264 -0.8308  0.00 1.58.10~ 1
1ES 1959-+650 BL Lac 30000 65.15  0.2069 0124 169 117107
S5 0716+71 BL Lac 11047 7134 0.7230 -0.380  0.00  3.84.107Y
3C 273 FSRQ 187.28  2.05 0.3807  -0.014 000 442007
PKS 15024106 FSRQ 226.10 1052 WAy -0.000  0.00 598101
PKS 0528+134 FSRQ 82,73  13.53 70,2870 0.00  5.74.107%
3C454.3 FSRQ 343.50 ). 14 0.0072 1.26-10~12

AC 38.41

Geminga
Crab Nebula
MGRO J2019--37
Cyg OB2

1C443
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98.48
83.63
305.22
94,18
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G.36
187.71
69.27
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49.95
148.97
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98.24
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40.13

0.0055

0.3174
0.8153
0.2069
0.4471
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0,9055
0.0049
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Conclusions

discovered cosmic neutrinos with an energy density similar to
the one of gamma rays.

neutrinos (cosmic rays) are essential in understanding the non-

thermal universe.
from discovery to astronomy: more events, more telescopes

neutrinos are never boring!
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neutrinos: the sun and the atmophere

beyond the Standard Model
e its symmetry is incomplete
hierarchy problem m,/m_~10-°
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one year

only!
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Mediterranean Detectors

ANTARES Complete since 2008 KM3NeT Under Construction
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» Digital photon counting

* Directional information

» Wide angle of view
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In the Earth for sterile neutrino Am? = O(1eV/?) the MSW effect

happens when
~ Am?cos26
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