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I UNIVERSITAT Cosmic rays discovered

1911-1913: the Austrian physicist Victor Hess made balloon
flights up to an altitude of 5.3 km
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Original electograph used by Hess in 1911-1912
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I UNIVERSITAT Cosmic rays discovered
What did Hess find?
» ionising radiation decreases up to ~ 1 km of altitude

» then it rises!

Chamber 1

lon pairs/(cm3s)
lon pairs/(cm3s)

Chamber 2

200~

Altitude (km) Altitude (km)

.. The ionising radiation was not coming from Earth
(nor the Sun!)
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I UNIVERSITAT Cosmic rays discovered

Quoting Hess:

“The results of my observation are best explained by the
assumption that a radiation of very great penetrating power
enters our atmosphere from above.”

1920s: Robert Millikan coined the term “cosmic ray”

1936: Nobel Prize in Physics 1936 to Hess, “for his discovery of
cosmic radiation”
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I UNIVERSITAT Cosmic rays: 102 years later

URZBURG

Our cosmic-ray detectors have also changed:
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Our cosmic-ray detectors have also changed:
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Our cosmic-ray detectors have also changed:
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1962: discovery of UHECRSs (ultra-high energy cosmic rays) at
the Park Ranch Experiment, New Mexico

> 10'8 eV — most energetic particles in known Universe
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“Oh-my-God particle”: ~ 3 -10*° eV =50 J
(Fly’s Eye experiment, Utah, 1991)

This is equivalent to ...
» a baseball (142 g) travelling at 94 km h~!; or
» a football (410 g) travelling at 55 km h™1,
... but concentrated in a volume of radius 1 fm = 10"* m

Approximate speed:
0.9999999999999999999999951¢ = (1 — 4.9 - 10_24)0

~ 40 million times higher than a 7 TeV proton at the LHC

They are very rare: only a few dozen observed so far
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After fifty years, UHECRs are still a mystery:
» where are they produced?
» how are they produced?
» what are they (protons, atomic nuclei)?

We are now in a position to start giving definite answers

Neutrinos (and gamma-rays) are key to solving the mystery
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I unveRsITAT  (JHECRSs — giant air showers and detection

The flux of UHECRs is very low: 1 particle / km? / century

Modern experiments detect the secondary particles of the air
showers, not the primary

Two main detection methods:
» in water: Cherenkov light inside water tanks
» in air: detection of fluorescence emission

Let us take a short detour about Cherenkov radiation »
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E\/&M&#ﬁ UHECRs — giant air showers and detection

URZBURG

Cherenkov radiation

Occurs when a charged particle travels faster than light in a
medium:
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Cherenkov radiation
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WURZBURG

Cherenkov radiation
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WURZBURG

Surface CR detectors
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Surface CR detectors
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Surface CR detectors

Pierre Auger Observatory:
:S_;,m;a % » In Malargue, Argentina
i A 1600 water tanks
Each one holds 1200 L of water

Distance between tanks: 1.5 km
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Fluorescence detectors

Gosmic Ray
Fluorescence Detection

Cosmic Ray
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URZBURG

Fluorescence detectors
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WURZBURG

Fluorescence detectors

Telescope Array
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E\%@W UHECRSs — shape of the spectrum

Using a combination of both methods, air-shower detectors
have measured the UHECR spectrum:
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URZBURG

E\%@W UHECRSs — shape of the spectrum

Using a combination of both methods, air-shower detectors
have measured the UHECR spectrum:

10% s eooonvei wlilia, knee: 10°° GeV.
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E\Jﬁi@ﬁﬁ UHECRSs — shape of the spectrum

Using a combination of both methods, air-shower detectors
have measured the UHECR spectrum:

10% s eooonvei wlilia, knee: 10°° GeV. i
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E\Jﬁi@ﬁﬁ UHECRSs — shape of the spectrum

Using a combination of both methods, air-shower detectors
have measured the UHECR spectrum:

10% s eooonvei wlilia, knee: 10°° GeV.
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UHECRs — shape of the spectrum

Using a combination of both methods, air-shower detectors
have measured the UHECR spectrum:
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UNIVERSITAT Detour: some necessary cosmology

WURZBURG

Dark Energy
Accelerated Expansion

Afterglow Light
Pattern Dark Ages Development of
380,000 yrs. Galaxies, Planets, etc.

1st Stars
about 400 million yrs.

Big Bang Expansion

13.7 billion years
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I UNIEERS T Detour: some necessary cosmology

Cosmological redshift

Fact: the Universe is expanding

Assume that a photon has a wavelength
> Aemit at emission time; and
> A\obs When observed, today at Earth

Mauricio Bustamante Universitat Wirzburg / DESY j 18




I ”w"d‘r(%ﬁﬁ@ Detour: some necessary cosmology

Cosmological redshift

Original wavelength

(a) A wave drawn on a rubber band ...

AN =2 A0S

Stretched (redshifted) wavelength

(b) ... increases in wavelength as the rubber band is stretched.

Mauricio Bustamante Universitat Wiirzburg / DESY E 18




I UNRERATE Detour: some necessary cosmology

Cosmological redshift

The redshift z measures how much the wavelength is stretched:
I+z= )\obs/Aemit

Because energy E « 1/, the photon cools down as the
Universe expands, i.e.,

Eops (2) = Eemit/ (1 + 2)

and ...

the higher z, the further back in time we look

Mauricio Bustamante Universitat Wirzburg / DES5 18



I UNIEERS T Detour: some necessary cosmology

The cosmic microwave background (CMB)

Shortly after the Big Bang, the Universe was so hot (> 4000 K)
that the following process occurred back and forth:

H+y+—p+e (£,=136¢eV)
Recombination epoch: 378 000 years later (z = 1100)

» cooled photons are no longer able to ionise the hydrogen
» .. the Universe becomes transparent

Today, these first photons are in the microwave range:
cosmic microwave background (CMB)

Mauricio Bustamante Universitat Wrzburg / DI 19
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UHECR — shape of the spectrum

So now we know the origin of the UHECR features:
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The GZK cut-off
GZK = Greisen-Zatsepin-Kuzmin (1966)

The process p +voms — A (1232) — 7t + n has a threshold

+m /2) €ECMB
g = MMyt ma/2) g 110 ( ) GeV
GzK €CMB 103 eV

Survival probability of a 10'* GeV propagating for a distance d:

—d
p(d) ~ exp (6.6 Mpc

) = p(d) < 10~* for d = 50 Mpc

Two conclusions

© The maximum CR energy is ~ 10!! GeV
® UHECRSs are created relatively close to us (< 50 Mpc)

Mauricio Bustamante Universitat Wirzburg / DESY
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E@wa% UHECRSs — what are they, anyway?

This is what a UHE event looks like in Auger:

10485600
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14
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Problem:

So how is the identity of the primary reconstructed from this?

Mauricio Bustamante
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Answer:
use longitudinal air shower development information
from the fluorescence detectors

10° GeV proton 10° GeV Fe-56 nucleus

' F. SCHMID, UNIV. LEEDS
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E{;‘E}”&T{?{ UHECRs — what are they, anyway?

Number of cascading particles evolves as (Gaisser & Hillas):
_ (zmax—xo/A) _
N () = Nmax (&) exp (¥>
Imax — L0

x: slant depth, i.e., column density traversed (g cm™?2)
Tmax: depth of shower maximum
xo: related to depth of first interaction in the atmosphere

Using the FDs, measure N (z), xmax for each shower:

100 =

dEAX [PeV/(gien)]
1
dEAX [PeVi(giem™)]
£
T

1 AP [ S SIN R U R SR |
400 600 800 1000
slant depth [glem”]

Lt 1 1 !
400 600 B0O 1000 1200 1400
slant depth [gfem’]
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I UNIEERS T UHECRSs — what are they, anyway?
(rmax): average value of xmax among all showers

Compare these data to the simulated (zmax) assuming a proton
or Fe primary:

£ F---aasJeTon € F
15 E - -QGSJETI s 70F
5 850[ ... sibyli2.1 =) F--emmm- proto
ry I — EPOSv1.99 = -
\ ]
g E
% x
v (2]
=
T
0E L
10" 10
E [eV] E[eV]
AUGER

There is a tendency towards heavier composition
at very high energies
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UHECRs — what are they, anyway?

(rmax) is related to the average mass number (In A)
(Heitler-Matthews model):

(xmax) = a(InE — (ln A)) + 8

«, B: from hadronic interactions (cross section, multiplicity, etc.)

3E

2k
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I N The Hillas criterion

Two considerations:

© Charged particles (Z) are assumed to be accelerated by
intense magnetic fields in astrphysical sources

® For the acceleration to be mantained, the gyroradius
should be smaller than the size of the acceleration region

o 11/ E B\
Larmor radius: Ry = - (Ee\/) <MGl>
Hillas criterion: Ry, < R
This limits the maximum energy:

B\ /[ R o
ST EAYE AT
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I UNIVERSITAT | UHECRs — correlation with known sources

» 69 CRs with > 55 EeV observed at Auger
» Compare arrival directions to positions of 318 known AGN
within 75 Mpc

Circles of 3.1° centered around each source

PIERRE AUGER COLLABORATION, Astropart. Phys. 34, 314 (2010)
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I UNIVERSITAT  UHECRSs — correlation with known sources

Degree of correlation: pgata = k/N

k: number of UHECRSs correlated to sources

N': total number of UHECRs
PIERRE AUGER COLLABORATION, Astropart. Phys. 34, 314 (2010)

[]99.7% cL

b =021

PR S S S S NN S SR SR SR NS ST SR S NS SR SR SR BT
10 20 30 40 50
Total number of events (excluding exploratory scan)

Auger found pgata = 0.3870:0% — inconclusive when compared to
the value for an isotropic distribution of sources, piso = 0.21
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[ UNIVERSITAT Gamma-ray bursts (GRBs)

1967: the nuclear-test-monitoring satellites Vela discover the
following gamma-ray-pulse

1500 T T T T T

What is was not:

i 7 » a nuclear explosion (too
£ long)
& ol i » a solar flare

> a new supernova

N ) . . .
-4 -2 [ 2 4 6 ]
Time (seconds)

So what was it?
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Probably something like this ...
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Gamma-ray bursts (GRBs)
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1310 GBM GRBs
174 Swift GRBs
73 LAT GRBs

Gamma-ray bursts (GRBs)

Mauricio Bustamante
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Gamma-ray bursts (GRBs)

Two populations of GRBs:

NUMBER OF BURSTS

Long-duration GRBs: >2's
hypernovae

L IIJllIl L1 ]lI]JlJ Ll I]lIIJl

Ll IIJllIl

Ll

Q.1 1. 10.
Tap (seconds)

100.
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1000.
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[ UNIVERSITAT Gamma-ray bursts (GRBs)

GRBs are among the best candidate UHECR sources:
» radiated energy of ~ 10°2 — 10°3 erg
» intense magnetic fields of ~ 10° G
» magnetically-confined p’s shock-accelerated to ~ 102 GeV

Problem: experiments (IceCube, ANTARES) are starting to
strongly constrain the simplest emission models

Solution: we need to build more realistic models!

Mauricio Bustamante Universitat Wirzburg ::-
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I T ESI Internal shocks in the fireball model

relativistic expandingT
matter shells

Long-duration GRB (> 2 s):
a compact object (~ 10% km)
emits relativistically expanding
baryonic-loaded matter ejecta

_s shells have
different speeds

shells colllde
and merge f Exn radiated away

MM’ S p’s, V'S, V'S
. ) M —
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I UNIVERSIAT  The standard “neutron model” of emission
Joint production of UHECRSs, v’s, and ~’s:

+ —
+ nr”, BR=1/3
py — A (1232)—>{ o BR=2/3

pm
at — ,U,+I/H — D,Le"'yguu
7’ — Yy

n (escapes) — pe” e

(AT: ~50% of all py interactions)

After propagation, with flavour mixing:

Ve:Vy:vpip=1:1:1:1
(“one v, per cosmic ray”)

The simplest neutron model is now strongly disfavoured »

Mauricio Bustamante Universitat Wiirzburg / DESY 37
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10°
== Waxman & Bahcall 10°
_ — IC40 limit
—L == IC40 Guetta et al. ,
@ __ 1C40+59 Combined, . =
T limit , \ D
N o [C40+50 Guetta | £
& etal R “‘ 2
S 10° B N
- v W et
;o‘ “ > 10° 107‘
Neutrino Energy (GeV)
IceCube Collaboration:

» v flux normalised to GRB ~ fluence:
oo 10 MeV
/ dE,E,Fy, (Ey) o / deyen Fry (Ep,)
0 1 keV

» quasi-diffuse v flux from 117 GRBs

» analytical calculation — in tension with
upper bounds

ICECUBE CoLL., Nature 484, 351 (2012)
AHLERS ET AL. Astropart. Phys. 35, 87 (2011)
GUETTA ET AL. Astropart. Phys. 20, 429 (2004)
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woRTERE The neutron model under tension?
10% . . .
27 Waxman & Baneal 10° More detailed particle physics (NeuCosmA):
G |7 oaess commed T . - > extra multi-w, K, n production modes
B L — 3 » synchrotron losses of secondaries
) =" etal ;. " > . . q
E 3 » adiabatic cooling
300 S » full photon spectrum, etc.
= 1w .
b . 10 v flux ~ one order of magnitude lower
o o ‘ BAERWALD, HUMMER, WINTER, PRL 108, 231101 (2012)
s ® T See also: HE, LU, WANG, ApJ 752, 29 (2012)
Neutrino Energy (GeV)
NeuCosmA 2012 NFC prediction 100]
- —_ al
IceCube Collaboration: 0 R o Lo
. tat. error
» v flux normalised to GRB ~ fluence: s corsy | rophyscd
] + uncertainties
e 10 MeV 4 T 107 R x
E, E F, (E o< e~ve~FA (g o s 1
/0 uvu( u) /1keV ’Y’Y’Y(’Y) E ,,,,,,, : 10
N A
» quasi-diffuse v flux from 117 GRBs g 5
w
» analytical calculation — in tension with = /
upper bounds Yiaew \
)/ / N\
ICECUBE CoOLL., Nature 484, 351 (2012) /
AHLERS ET AL. Astropart. Phys. 35, 87 (2011) ¢ 1C86, 10y (edtrepolated)
GUETTA ET AL. Astropart. Phys. 20, 429 (2004) 105 10° 107 108 10°
E, [GeV]
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WUEZEREC The neutron model under tension?
10% X X X
=~ Waxman & Bancall 10° More detailed particle physics (NeuCosmA):
- m—1C40 limit
G| T oaess commed T — » extra multi-w, K, n production modes
:U, . o 9 Gueta e ’ = » cunchrntrnn Inecac nf carnndaries
€ e Recent search by ANTARES optimised for NeuCosmA:
2 g
€ 10° B & 0 T
z S F E wp(b) o e E & Jde lower
v / - 3 =
) > . i & 31101 (2012)
““‘“——“1104 O 10 E £ 12)
o R e 3 S
w .¢‘:_ - 8
w1 seweries” 378 o 1109
IceCube Collabo - —_— > 1. ¢ & zkoan 50
10t et 4/— 10° Ne' rror.
> v flux norm -~ W hysca
—— ANTARES 2007 10 anies L2
o0 2 = = = ANTARES NeuCosmaA ER
/0 dE Bl 10 = = = ANTARES Guetta . __1 10
= |ceCube IC40+59 T 101 fo
0T 10° H H
» quasi-diffu: e 07 o 0° 5
> analytical ¢ E [GeV]
upper bour ANTARES Collab., 1307.0304
ICECUBE CoOLL., Nature 484, 351 (2012) /
AHLERS ET AL. Astropart. Phys. 35, 87 (2011) '/ ¢ 1C86, 10y (edtrepolated)
GUETTA ET AL. Astropart. Phys. 20, 429 (2004) 105 10° 107 108 10°
E, [GeV]
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WURZBURG e Detailed p~y cross section

Eun_p’}‘ié?é‘i“{%"? Revising the neutron model: NeuCosmA

1000
DESY, SLAC, Cornell Fermilab, ~ DESY, 199X
500 - late 60’s, early 70’s 1978 Baksan, 2003
M
_100- .
oy
g 50F ]
=
O
b
10 |
5+ ]
\ . 18GeV  185GeV
1 L |
0.1 1 10 100 1000 10

S. HUMMER, M. RUGER, F. SPANIER, AND W. WINTER, €& [GeV] lmplememed as faSt ggggéﬁ]ggﬁgﬂ

Astrophys. J. 721, 630 (2010)
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I UNIVERSITAT The UHECR and UHE v fluxes at Earth

We use a Boltzmann equation to transport protons to Earth:

» Comoving number density of protons (GeV—! cm™3):
Y, (E,z) = np(E,z)/(l—i—z)3 ,
with n,, the real number density

» Transport equation (comoving source frame):

YED = 0g (HEY;J) + Op (be‘*‘e—Y;)) + Op (bP'YYp) + Lcr

adiabatic losses photohadronic losses
pair production losses CR injection from sources

Qcr (E) oc B~ e B/ Fpomax

Mauricio Bustamante Universitat Wirzburg / Di 40
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2y,

Detecting the neutrinos

IceCube: km? in-ice South Pole
Cerenkov detector

Neutrinos detected through vV
interactions (N = n, p)
» Neutral current: all flavours
produce hadronic showers
» Charged current: v,’s
leave muon tracks; v, .
produce showers

Mauricio Bustamante
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I UNIVERSITAT Detecting the neutrinos

IceCube: km? in-ice South Pole
Cerenkov detector

Neutrinos detected through v N
interactions (N = n, p)

» Neutral current: all flavours
produce hadronic showers

» Charged current: v,,’s
leave muon tracks; v, .
produce showers
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URZBURG

I UNIVERSITAT Detecting the neutrinos

IceCube: km? in-ice South Pole
Cerenkov detector

~ Neutrinos detected through v N
- | interactions (V. = n, p)

» Neutral current: all flavours

produce hadronic showers

» Charged current: v,,’s
leave muon tracks; v, /-
produce showers
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Detecting the neutrinos

ricio Bustamante
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Detecting the neutrinos

00 0.8 16 24

Time [microseconds]
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I UNINERSITAT Detecting the neutrinos

Cosmogenic neutrinos

We have seen that protons interact with the cosmological
photon fields (CMB, etc.), e.g.,

p+y— AT 51t +n,

and neutrinos are created in the decays of the secondaries:

at

%M++yﬂ
Pt = vt ve et

n—pte +1,

These are called cosmogenic neutrinos

Mauricio Bustamante Universitat Wirzburg / DESY ;
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Detecting the neutrinos

Cosmogenic neutrinos

E2J, (all flavours) [GeV cm2s s

108 g—rrrrm

1077

1078

107°

IC (2012-12) diffuse
UHE all-flavor limit

e

NeuCosmA 2014
T

2 . N
/interactions

total ’/ with CMB

interactions
with CIB

. i neutron decay’,
/ \ :

0® 10* 10° 10° 107 10® 10° 10%° 10% 10%

E [GeV] P. BAERWALD, MB, W. WINTER, ARXIV:1401.1820
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I (e S UHECRs and UHE neutrinos
The big (multi-messenger) picture:

y N, Ey,iSO

1 1

X
fe fthrem

1 1

x
fe

fthresh

| —

X ferX Tl

—h
N

y - — CR

P. BAERWALD, MB, W. WINTER, ARXIV:1401.1820
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URZBURG

E\;%% UHECRs and UHE neutrinos

Propagate protons to generate a diffuse UHECR flux

>
» Normalise to experimental data (shown: HiRes)
» Carry the normalisation to the prompt and cosmogenic v fluxes
» Compare to the neutrino upper bounds by IceCube
10* 1078
= CR (neutron dominated (#1)) fo™* =~ 41 NeuCosma 2014 1C (2010-12) e
xldof. =331 106 di ffflg\%rul iFr‘Tl\:_itV“ L
== CR (leakage dominated (#2)) fo™! ~ 62 -
— 10 X*dof. =595 10
: b b i
o LT et » 10 N
e RELETLS b S~
& 107 5 10"
3 3
o o 10
mf 10 Nj w0
10713
1074}, ~— prompt GRB v,,+V,,
" l,' — COSMOgeNic v, +7, |
10107 10 10° 10%° 104 10 10° 10* 10° 10° 10" 10° 10° 10" 10"

E[GeV]

P. BAERWALD, MB, W. WINTER, Astrophys. J. 768, 186 (2013)
P. BAERWALD, MB, W. WINTER, ARXIV:1401.1820

E[GeV]
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I W ERSITAT UHECRs and UHE neutrinos

If the v fluxes exceed the bounds, exclude this parameter

int:
space po t direct p escape, n=1.0

1000

105! 1052 105
-1
Liso [e18 s™"] p. BAERWALD, MB, W. WINTER, ARXIV:1401.1820
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I UNIVERSITAY What is in store for the future?

» Auger will continue taking data:

» better composition determination
» updates on correlation with sources
» more precise determination of the spectrum

» Perhaps Auger North will be built

» Hopefully a satellite to observe atmospheric fluoresence,
e.g., JEM-EUSO on the ISS

» |ceCube has started detecting EHE events: correlations
with GRBs in the future?

» The KM3NeT neutrino telescope might be built in the
Mediterranean Sea

The future for UHECR and neutrino research looks bright
Stay tuned!
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UHE v’s in the GRB internal shock model

~agy
= N, (E)/ cde'N!, ()R (E',E), ')
0

El E,

Normalisation to the observed GRB photon flux F,

Ish
/EN' (¢') de =3

1S0

F,, /E’N’ (EL)d

)dE, =

1 Elsh

ISO

fe 1s0

Fw

fe

Fluence per shell, at Earth (GeV~! cm~2)

t V/ (1+Z)2

J—"S 150 4 d2

QI

Mauricio Bustamante
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| UNVERSITAT | JL1E s in the GRB internal shock model

Secondary injection of neutrons, neutrinos (GeV~! cm=3 s~ !

> dE) o
Q (E) = . E,PN' (E}) /0 cde'N!, ()R (E', E}, ')

» Photon density, shock rest frame (GeV~! cm™3):
N (€') x (a’)_Z" 7 617 min = 028V e’ < Ev break
! (&) € preak < € < &) max = 300 x &
8fy,break =0 (keV), ay = 1,8, ~2

~,min

» Proton density:
—ayp 2
N} (E))  (E;) X exp [— (E,/E) max) ] (ap =~ 2)
Maximum proton energy limited by energy losses:

acc (Ezl) ma,x) = min [tdyn7 syn (Ezl) max) s Ypy (E;:) max)]

Mauricio Bustamante Universitat Wiirzburg / DESY . 50
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RZBURG

< (F! o0
Q' (E) = EN, (E,) /O cde'N!, ()R (E', E}, ')

El E,

Normalisation to the observed GRB photon flux £,

/EIN,; (8/) dc‘:, _ ‘E‘l,:(g)1 ny , /EINI E/ dEI _ ; ‘E‘l,:(g1 %
€ e

ISO ISO
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RERSITAL UHE s in the GRB internal shock model

>~ dEj, o0
/ / ! ! ! ! ! / / !
Q (E) = W E, N, (E)/O cde'N!, ()R (E', E}, ')
Normalisation to the observed GRB photon flux £,
/glN,,), (E/) dﬁ’ _ ‘E‘l,:g)l O(F /EINI E/ dEI _ 1 ‘E‘l,:g)1 &
1so fe 1so fe
Fluence per shell, at Earth (GeV~! cm™2) .
2
, (1+2)° .,
‘F-S t ‘/;SO 4 d2 Q
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I WONZEORG Three emission regimes

» the standard emission scenario
» p’'s magnetically confined: n’s and v’s from p interactions
» n’s escape and decay to produce UHECRs

Direct escape regime \

» directly-escaping p’s from the borders dominate
» subdominant n production
» more CRs emitted, so “one v, per CR” no longer valid

. J

Optically thick to neutron escape regime \

» n’s and p’s in the bulk trapped by multiple py interactions
» they only escape from the borders
» v production enhanced

Mauricio Bustamante i ita : g 51



URZBURG

E‘;;‘*Sﬁﬁ Interaction with the photon backgrounds

» Energy loss rate (GeV s™'):

b(E)= r

» For pair production py — pete™:

bere- (B,2) = —ard (mec?)’ / ~ den, (5772138 | Z) $(£)
2

n.,: isotropic photon background (GeV~—' cm—?)
¢: photon energy in units of m.c?

proton energy: E = ym,c? (y > 1)

¢ (£): (tabulated) integral in energy of outgoing e~

vvyYyy

G. BLUMENTHAL, Phys. Rev. D 1, 1596 (1970)
H. BETHE, W. HEITLER, Proc. Roy. Soc. A146, 83 (1934)

Universitat Wirzburg / DESY
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I WONZEORG Interaction with the photon backgrounds
Photohadronic interactions — p~y interaction rate (s~! per particle):

1 m 0o n. (€, 2 2FEe/my
Lpypn (B, 2) = ﬁ de#/ dererogfsép,b ()

2 E2 ﬂ;’;p € €th
© For given values of E and z, NeuCosmA calculates the cooling
rate t, ! = — (1/E) by, (s7') as

all channels

—1 7
t (B, z) = Z i, (B,2)K",

with K*F the loss of energy per interaction
@ From this, we calculate back b, (GeVs™')...

® ...and the corresponding energy-loss term in the transport
equation, 0g (byYy).

S. HUMMER, M. RUGER, F. SPANIER, W. WINTER, Astrophys. J. 721, 630 (2010) [1002.1310]
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WONZEORG Interaction lengths

Note that L¢ig > Lows:

107
100 — =0 H
wop -
CIB only
104
oy
g 103 \ adiabatic
ek
|‘| \\
‘\
10! .
‘\
10° hY CMB + CIB
\
107! “\
1072
8 9 10 11 12 13

(o)
0]
€{Gev

Matches, e.g., H. TAKAMI, K. MURASE, S. NAGATAKI, K. SATO, Astropart. Phys. 31, 201 (2009) [0704.0979]
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I WORZBURG Interaction lengths

We can already limit the parameter space by using the UHECR
observations and v upper bounds:

P. BAERWALD, MB, W. WINTER, ARXIV:1401.1820
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I WONZEORG Interaction lengths
We can already limit the parameter space by using the UHECR

observations and v upper bounds:

ﬂ Generate the UHECR spectrum at every point
in parameter space (e.g., in I vs. Lig,)

P. BAERWALD, MB, W. WINTER, ARXIV:1401.1820
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I WONZEORG Interaction lengths

We can already limit the parameter space by using the UHECR
observations and v upper bounds:

ﬂ Generate the UHECR spectrum at every point
in parameter space (e.g., in I vs. Lig,)

9 Fit each spectrum to the HiRes data

P. BAERWALD, MB, W. WINTER, ARXIV:1401.1820
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I WONZEORG Interaction lengths

We can already limit the parameter space by using the UHECR
observations and v upper bounds:

ﬂ Generate the UHECR spectrum at every point

in parameter space (e.g., in ' vs. Liso) @p=2.0,n=10, E, € [10",10'*] GeV
1000

9 Fit each spectrum to the HiRes data Xinin/dof =13.89/13
@log(Liso) = 53, I = 257

9 Find the best-fit point (diamond), and the 90%
(red), 95% (yellow), and 99% (blue)
C.L. regions

49 50 51 52 53
log[ Liso/(erg s™1)]

P. BAERWALD, MB, W. WINTER, ARXIV:1401.1820
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I WOnzEORE Interaction lengths

We can already limit the parameter space by using the UHECR
observations and v upper bounds:

ﬂ Generate the UHECR spectrum at every point
in parameter space (e.g., in ' vs. Ligo) @p=2.0,1=10, E, €[10",10"*] GeV

1000
9 Fit each spectrum to the HiRes data
9 Find the best-fit point (diamond), and the 90%

(red), 95% (yellow), and 99% (blue) 800
C.L. regions

9 Find the baryonic loading (i.e., relative energy 600
of p’s to e’s) at each point ~

400

49 50 51 52 53
log[Liso/(erg s )]

P. BAERWALD, MB, W. WINTER, ARXIV:1401.1820
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I WOnzEORE Interaction lengths

We can already limit the parameter space by using the UHECR
observations and v upper bounds:

ﬂ Generate the UHECR spectrum at every point
in parameter space (e.g., in ' vs. Ligo) @p=2.0,1=10, E, €[10",10"*] GeV

1000
9 Fit each spectrum to the HiRes data
9 Find the best-fit point (diamond), and the 90%

(red), 95% (yellow), and 99% (blue) 800
C.L. regions

9 Find the baryonic loading (i.e., relative energy 600
of p’s to e’s) at each point ~

@ Identify the region corresponding to pure n
escape and to n escape + CR leakage 400

49 50 51 52 53
log[Liso/(erg s )]

P. BAERWALD, MB, W. WINTER, ARXIV:1401.1820

Mauricio Bustamante i ; 65




I WOnzEORE Interaction lengths

We can already limit the parameter space by using the UHECR
observations and v upper bounds:

ﬂ Generate the UHECR spectrum at every point
in parameter space (e.g., in ' vs. Ligo) @p=2.0,1=10, E, €[10",10"*] GeV

1000
9 Fit each spectrum to the HiRes data

9 Find the best-fit point (diamond), and the 90%
(red), 95% (yellow), and 99% (blue) 800
C.L. regions

9 Find the baryonic loading (i.e., relative energy 600
of p’s to e’s) at each point ~

@ Identify the region corresponding to pure n
escape and to n escape + CR leakage 400

@ Find the region where the number of prompt
v,'s is > 2.44, i.e., the excluded region at 200
90% C.L.

49 50 51 52 53
log[ Liso/(erg s ™)

P. BAERWALD, MB, W. WINTER, ARXIV:1401.1820

Mauricio Bustamante i 3 55




Julius-Maximilians-

UNIVERSITAT

WURZBURG Interaction lengths

We can already limit the parameter space by using the UHECR
observations and v upper bounds:

10* 107 107°
log(Liw) T f7'  x?/dof | prompt 4| cosmogenjc
— — 53. 257 208 13.9/13 (bf) 10 10
T -=-= 525 505 321  69.8/13 =107 1077
5 10° s 5 Y
- 492 212 1.4.10° 223/13 1078 - 1078 o,
“ ,
o 107 <1070 ‘\‘
E 102 £ 1p-10 £ jo-10 \
\
% 10°" \ % 107! i\ i
e 2 o2l @ 5.0 & HBSF'FI mo “aorr l\on) S L0-12] @ = 298418 SFR (no corrgdtio)
= 10! = #=1.0,1, =0.01s H
= 1070 T 1077 i
B 1
|
107 g 1071 H
10° 10715 £ 1015
10% 10° 10 10" 10" 10° 10* 10° 10° 107 10* 10 10" 10" 10" 10° 10* 10° 10° 107 10* 10? 10" 10'" 10"
E [GeV] E [GeV] E [GeV]
escape and to n escape + CR leakage i
@ Find the region where the number of prompt
v,'s is > 2.44, i.e., the excluded region at 200
90% C.L.

49
log[Liso/(erg s™)]
P. BAERWALD, MB, W. WINTER, ARXIV:1401.1820
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I WONZEORG Interaction lengths

We can already limit the parameter space by using the UHECR
observations and v upper bounds:

ﬂ Generate the UHECR spectrum at every point
in parameter space (e.g., in I' vs. Ligo) @p=2.0,1=10, E, €[10",10"*] GeV

1000
9 Fit each spectrum to the HiRes data
e Find the best-fit point (diamond), and the 90%

X2n/dof =13.89/13
@log(Liso) % 53, I = 257

(red), 95% (yellow), and 99% (blue) 800
C.L. regions
@ Find the baryonic loading (i.e., relative energy 600
of p’s to e’s) at each point ~
@ Identify the region corresponding to pure n
escape and to n escape + CR leakage 400
@ Find the region where the number of prompt
v,'sis > 2.44, i.e., the excluded region at 200
%%cL. ) =
Q After 15 yr of exposure and no detection, 49 50 51 52 53
cosmogenic neutrinos also exclude log[Liso/(erg s ™))

P. BAERWALD, MB, W. WINTER, ARXIV:1401.1820
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