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The detection principle: Look at the limb

Above: Cherenkov emission of air showers induced by CRs entering
the atmosphere from above the Earth’s limb

Below: Cherenkov emission produced by upward-moving EAS from
tau decay or muon interactions.
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Outline

The observation of PeV Cosmic Rays is key to
understanding: sources, acceleration
mechanisms, galactic-extragalactic transition...

e Currently, CRs above ~1 PeV detected only
via Extensive Air Showers (EAS) with
ground-based methods.

e Composition still uncertain (model
dependencies, systematic errors).

New direction: High-altitude detection (~30 km)

e Advantages: larger acceptance, less
absorption, higher efficiency.

Focus of this work:

e Synchrotron X-ray emission from
EAS from e’/e” secondaries in the
geomagnetic field.

e Unique probe of early EAS stages (HE
electrons, >100 GeV).

Goals:

e Model the X-ray emission.

e Estimate photon fluxes at the
detection plane.

e Estimate eventrates.
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Outline: The Master Formula

For an ensemble of particles in the incoherent radiation regime, the number of photons
emitted by an EAS is given by:

e the convolution of the single-particle spectrum with the electron energy distribution,
e integrated over the entire shower development.

(dNW)EAS:/ T X e, AX)N(X) / 4B (B, 5(X)) —e (B, B.)

dE, x, p(X)c B, dE. dt dE,
Number of Geometry Absorption Longitudinal Electron Energy Single Particle
Photons Development Distribution Emission
Earth’s Atmosphere Geomagnetic
Synchrotron
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Outline: Geometry

The photon emission integral is computed
along the line of sight:

e from areference point (CR entry or
charged lepton exit point)
e tothe position of a fixed detector.

The geometry is fixed by the detector i

\ | — 25km i :
position and a M it —
For a detector at high-altitudes, the 5
observed showers develop over scales of
100 - 1000 km. 1000 50 100 150 200 250 300 350 4;00 450 500

Distance from Xo (km)
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Photon Emission From EAS

dN, \ B % dx i B dn dN |
— Tr(E., AX)N.(X dE.—=(E,, s(X ' _(E.,E.)!
(dEfy> /X p(X)c A2 EIPG )on ag, e 5X) dtdEy( ),
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Emission: Single Electron

104 4

e The power spectrum is universal and 104
proportional to the synchrotron ) i
function F(x), where x = w / w_ g

| —— E = 1E+02 GeV
—— E =2E+02 GeV
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dN»y 1 dP E’Y —— E=5E+02 GeV
- = X F( ) oy E = 1E+03 GeV
dtdEy By dB, maificaecta

—— E = 1E+04 GeV
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° Ev <hw_: power grows as a power law.

° Ev >hw_: power falls off exponentially.

e Emissionis concentrated in a narrow
band about w .

e Inthe geo-magnetic field, emissionin
the X- / gamma-ray bands requires
electron energies = 100 GeV.
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Emission: Air Showers

The instantaneous photon emission is the
single-particle spectrum integral over the
shower electrons’ energy distribution:

dN»Y EAS E, dne
:NeX Ee— Ee, X
(52 () [ aB g (B s0)

dN,
dt dE,

X

(Ee, E)

This work uses:

e Nerling electron spectrum model.
e CORSIKA longitudinal profiles.
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CORSIKA showers give the # of electrons at
arbitrary stages of shower development, above:

e 100 PeV proton shower
e QGSIJETII-04 (high energies)
GHEISHA 2002d (low energies)
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Atmospheric Effects




o z(km) | b(g/cm?) c(cm)
Atmosphere: Density
4-10 | 1144.9069 | 878153.55
e The atmospheric density profileis 10-40 | 1305.5948 | 636143.04
based on the 1976 US Standard 40-100 | 540.1778 | 772170.16
Atmosphere. =i 100-112 1 1% 10
‘E 1074
() be~#c if 2 <100 km > 107
p(z) = . g
% if z > 100 km G 107
g_ 1077
e Itisamulti-layer exponential model £ 100
(above) with parameters depending s
on the atmosphere layer (upper right). 0 20 20 60 80 100

Altitude (km)
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Atmosphere: Attenuation .
Tr(E,) = exp _/0

10*

pa(E,)|p(1) i

v

e Photons interact with the atmosphere
along their path to the detector.

e The transmission factor depends on Sl i’
the line-of-sight integral of an 5 o — e
attenuation coefficient. E 10 . LTSZZ‘ZT?; producton

e Forasingle element, this attenuation ; Lot ] =teniares
coefficient is inversely proportional to u
the interaction cross-section “ 1

e The NIST XCOM database was % 107 \ Fose
queried to obtain the attenuation : 10-2. T~
coefficients. . \ /A

47 47 T s o = =
Energy [keV]
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Atmosphere: Transmission Factors
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Photon Counts




Photon Counts: 100 PeV
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Photon Counts: 10 PeV
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Emission Footprint &
Fluxes



v(At)

Emission Footprint

The photon spatial distribution at the detector
(and flux) depends on the high-energy electrons’:

e lateral distribution (w.r.t shower core),
e angular distribution (w.r.t shower axis),
e photon emission cone (~1/y)

Geomagnetic field effects:

Gyration
Center

e Larmor radii~10*kmin Earth’'s B
e showers develop over ~10° km

Plus, propagation and projection effects alter =~ Lae—L<
footprint between emission and detection.
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Photon Flux On Detection Plane (100 PeV)
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Photon Flux On Detection Plane (10 PeV)
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Signal Properties On Detection Plane (10 PeV)
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Event Rate & Acceptances



Bootstrap MC Approach: Sky Scan

For every point on our generation area:

e connect the point to the detector center —
define direction grid about point using
angular deviations (A8, Ag’)

e generate and project positions from
shower plane to detector plane

e compute the hit proportion as the ratio: #
inside geometry / # outside geometry

e built hit proportion distribution via
bootstrapping

e extract median and 95 % confidence
interval

Rp <
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Bootstrap MC Approach: Sky Scan 6

For every point on our generation area:

e connect the point to the detector center 2
define direction grid about point using
angular deviations (A8, Ag’)

=50 =25 0.0 2.5 5.0

e generate and project positions from xm
shower plane to detector plane
o o . 104 10° 1074 10°
e compute the hit proportion as the ratio: # R _
o c c
inside geometry / # outside geometry 10-6 S 10-6 2
. . . . . . . ’U? -1 Q Tn\ =) (9]
e built hit proportion distribution via 2 e 8 e
= c it c
bootstrapping 8 o § g 0 §
e extract median and 95 % confidence 3 1078 g 078
. —-10-° _?_-, —10-6 ?:
interval £ T
o 1073 o 1073
-104-10° 0 1075 10°* -1074-10° 0  107% 10°*
Ag' (radians) A' (radians)
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Acceptance & Event Rates: CRs

From the single hit probabilities, we

compute an efficiency factor for every 25 km
position in the sky as: 10
%
NN €
gl(E) = EP(Nhit Z Nthreshold; N’y,i(E>7pm,n) X (Ziqsn) [0}
m,n ™ %
B 104
S
And we compute the acceptance as: <
1 N,
G(E) = (Ageo geo) X 77— Ngen &i(E) .
gen ", “Yeells 10 10° 10! 102 103

Primary Energy (PeV)
= (Ageo QgeO) X

&i(E)
Neels Z Circular Detector. Looking at limb.

FoV=70°R=1m.
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Acceptance & Event Rates: CRs

From the single hit probabilities, we

compute an efficiency factor for every 25 km

position in the sky as: + 1072
& o
g
NN o

gl(E) = EP(Nhit Z Nthreshold; N’y,i(E>7pm,n) X (Ziﬂ_qsn) ; 1073
m,n I-(I|>J)
©

And we compute the acceptance as: glo“‘

1 N,
G E - A Q >< -~ s 1 E -5
( ) ( 8o geO) Ngen p Ncells &( ) 10 100 101 102 103

Primary Energy (PeV)

= (Ageo Q) X 57— 3 &(E)

FoV=70°R=1m.
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Acceptance & Event Rates: Neutrinos

Earth-skimming neutrinos introduce &(Ey) = Ptrigger | By, &) = Pexie(Ey, 1)

additional physical processes to the chain: % /dET P(E. | E,, a, exit)
1. neutrino Earth propagation and g

lepton emergence: X / dL"P(L' | E;)

a. lepton exit probability

b. lepton energy distribution X / dEs, P(Eg, | E;)

2. lepton atmospheric propagation
before interaction/decay

3. lepton energy deposition into the
hadronic shower

x&(E,, L', Eg)

This work uses NuTauSim to compute and
tabulate the lepton exit probabilities and
energy distributions as a function of the
emergence angle, a..

The detector efficiency must be integrated
over these stochastic processes.
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Neutrino energy
—— 1.00e+15eV —— 1.00e+17 eV
—— 3.16e+15eV — 3.16e+17eV
—— 1.00e+16eV  —— 1.00e+18 eV
—— 3.16e+16 eV
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Acceptance: Neutrinos

1074

The emergence probability is the dominant factor,
suppressing events at large emergence angles.

10-°

e |arge emergence angles equal long Earth chords

107t 10° 10*

suppressed lepton emergence
e the EASdevelops 106
1073
upwards -> more /—\’\’ 107
absorption & G 108
£ 1074 £
e smaller altitudes = = 109
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are favored 8 105 S 1070,
o [oX
Exploring alternative 8 Photon threshold | 3 10-11 Photon threshold
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: ; : ; : ; : 107134 ; ; ; ; ; :
recover acceptance. T s R
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Conclusions

The results:

e for below-the-limb trajectories, fewer photons arrive to the detection plane since the
shower develops in a denser layer of the atmosphere. Further, the flux is appreciable at
angles for which the emergence probability is small, suppressing the number of events.

e for above-the-limb trajectories, the number of photons is significantly larger, and the
footprint is such that the signal could be detected by a sub-orbital experiment, flying at an
altitude of 20 - 30 km with a detector with an area of few m? could observe this signal.

Future work:

e study of the expected event rates for alternative below-the-limb geometries
e study of the event rates for CR detectors on land
e dedicated CORSIKA simulations to study the shower electrons’ distributions
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Backup



Photon Counts: Procedure

dey EAS X1 dX E, dn dN,y
= Tr(E,, AX)Ne(X dE.——(E., s(X E. E
() - [ sGerEann | (Bey (X)) o= (s )

For a given trajectory (fixed by altitudeand -
viewing angle), the photon count at the
detector position is computed by solving
the integral above numerically.

The initial interaction grammage
assumptions are:

e For protons, X is fixed at 30 g/cm?.
e Fortaus, X, is given by the expected
tau decay length (~ 5km at 100 PeV).
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Fluxes: Procedure

For every bin in grammage:

Compute expected angular deviations

expected lateral deviation
magnetic deviation

Then, perform:

weighted average of the areas using the
electron energy distribution

weighted average of the areas over
shower age,

Gyration
Center
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