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OrypuoB — NIeKTOpPY «No pacnpocTpaHeHnto» Hukagunosy:
— Tak 3Ha4Yum, 8bl 8bilideme U MAK, KOpomeHbKo, MUHym Ha 40,

6osbwe, 1 dymaro He Ha00, 3Ha4YuUm, oaocume Hapooy ceoro AeKyuro!
b. NackuH, B. Monakos. CueHapun punbma «KapHaBaibHAA HOUYbY
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TTnax aoxnaana

KocMHnueckre HEUTPUHO CBEPXBBICOKNX YHEPTrUM

HeurpuHHBIE cOObITHA HA AeTekTopax IceCube n
Pierre Auger Observatory (PAO)

CieHapuu ¢ AONMOJHUTEJIbHBIMU U3MEPEHUAMU
(EDs) npocTpaHCTBa-BpeMeHU

PaccesaHre HEUTPUHO HA HYKJIOHAX B MO/ €N
ADD ¢ «00abIIINMU» JOIMOJHUTEIHHBIMU
N3MepEeHUAMU

Orpannuenue Ha AP PY3NOHHBIN MOTOK
HEUTPHUHO CBEPXBBICOKUX YHEPTrUun

OrpanunuyeHusda Ha napaMmerpsi moaeau ADD
3aKJIIoueHue
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Neutrinos is an essential part of cosmic rays
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Detection of signals from cosmic
UHE neutrinos will allow us:
to discover cosmic ray (CR) point sources

to define their position, in particular, to
constrain the position of GW sources

to understand mechanisms of CR acceleration
to give information on the nature of primaries

to define energy boundary between galactic
and extragalactic parts of the CR spectrum

to measure cosmic neutrino flux, flavor ratio,
and UHE neutrino-nucleon cross section
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Diffuse flux of cosmic neutrinos

“Guaranteed” cosmogenic neutrino flux

P+ Ve = N+7" 7z+—>,u++vﬂ W —v,+e +v,

y7;
After oscillation: _

Benchmark WB bound on neutrino
production in optically thin sources
(single flavor, 1013 eV < E, < 102° eV)

(Waxman & Bahcall, PRD 64 (2001) 023002)

, dN

E2—=2.33x10°GeVem %s isrt
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Neutrino detector IceCube

250 TeV neutrino in IceCube

IceCube Array
86 strings, 60 sensors each
5,160 optical sensors

1
g5
i
1
g
13
ag:

DeepCore
6 strings optimized
for low energies

1,450 meters |

Eiffel Tower
324 meters

2,450 meters|
2,820 meters

At the neutrino interaction point, a large

particle shower is visible, with a muon

Cubic-kilometer detector
made of Antarctic ice produced (see arrow)
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Neutrino detector IceCube: first
observation of astrophysical neutrinos
in the range 6.3 TeV-980 TeV

(IceCube Collab., PRL 113 (2014) 101101)

IceCube diffuse neutrino flux
(single flavor, 25 TeV< E < 1.4 PeV) (1PeV =10%eV)

(IceCube Collab., PRD 91 (2015) 022001)

j—g'v = 206x10*3(Ey/E, Y’ GeViem %sisrt

E, =10°GeV, y=2.46
(flux is consistent with the WB bound)
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Compilation of neutrino charged current cross
section measurements, divided by neutrino energy,

from accelerator experiments and IceCube data
(IceCube Collab., Nature 551 (2017) 596)
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Pierre Auger Observatory (PAQO)
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Surface Detector (SD) array: 1600 water-Cherenkov
detectors spread over an area of 3000 km?
(a bit larger than the country of Luxemburg)
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Two types of air showers induced by UHE
neutrinos at the Pierre Auger Observatory

DG v interacting

in the mountains

Regular proton shower

Deep DG v shower

Muonic component of the shower

E=B commpanent af the shower

& f
Ezﬂﬁff‘

Upgoing ES v, shower
e

Downward-going high zenith angle (DG) neutrinos
and up-going Earth-skimming (ES) tau neutrinos
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Inclined showers (with zenith angle 75°-90°) are
initiated by cosmic neutrinos, not by protons (nuclei)

+_~/ Electrons & Photons

NN
INN S 2
< J .
/ DN ™Y Muons

Interaction
point

-

> Electrons & Photons
Interaction point=" N

Muons

= &= =

Inclined shower induced by hadronic interactions
high in the atmosphere (upper panel) and deep
inclined shower (lower panel)

(PAO Collab. PRD 84 (2011) 122005)
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Single flavour, 90% C.L. Cosmegenic v models
Veiv,ivy=1:1:1 p. Fermi-LAT, E_ =10"" eV (Ahlers '10)
T T T T TTTTT T T T T TTTTT T — = p_.F'Eﬂ'TIi'LAT,E _|=31CI1?EV£AhIer5'ID}
—— = IceCube (2015) (x 1/3) p. FRII & SFR (Kampert '12)
@ p or mixed, SFR & GRB (Kotera '10)
= rmii ANITA-I1 (2010) (x 1/3) BXET53 Fe. FRI & SFR (Kampert '12)
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Integral upper limits for the diffuse flux of UHE neutrinos
(horizontal lines) and differential upper limits (non-
horizontal curves) for PAO (red) and IceCube (green)
(arXiv: 1812.01036)




Single-flavor limit to diffuse flux
of UHE neutrinos from PAO
(107eV< E, < 2.5:10" eV)

(PAO Collab., PRD 91 (2015) 092008)

E>2 N _64.109Gevem 2 lsr

dE,

IceCube diffuse neutrino flux if
extrapolated to 1 EeV (108 eV)

E2 :_ENV —0.3x10 °GeVem %s Isr?

Vv
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Mergers of black holes are potentially environment

for accelerating CRs to ultra-high energies
(Kotera and Silk, Astr. J. Lett. 823 (2016) L29)

UHECRs can interact with the surrounding matter or
radiation to produce UHE gamma rays and neutrinos
(PAO Collab., PRD 94 (2016) 122007)

Upper bound on the diffuse
single-flavor flux integrated
over population of GW sources

(Kotera and Silk, Astr. J. Lett. 823(2016) L29)

E>2 c(Ij_ENV =(1.5-6.9) x103GeVem s s 1
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15



SM: o, is small and rises slowly with energy

— uN CC (ZEUS PDFs) i vN CC (ZEUS PDFs)
-- uN CC (Gandhi et al.) e vN CC (Gandhi et al.)

108 108 1010
£, [GeV]

The total CC cross sections for neutrinos (left figure)

and antineutrinos (right figure)
(Cooper-Sarkar & Sarkar, JHEP 080 (2008) 075)

Significant (dominating) contribution
from “new physics” is expected
at ultra-high neutrino energies

1512




PaccmatpuBaa Kakoin-HM6yab BONpPOC, MapKCUCTbI A0/IKHbI YMETb
BUAETb He TO/IbKO ero 4acTb, HO U BECb BONPOC B LesioM. JIATyLWKa,
cuaA B Konoaue, yrBep»xaana, uto "Heb6o sennunHom ¢ konogeu,'.
9TO HeBepHO, TaK KaK BeAb U3 KoaoaLa BUAHO He Bce Hebo. Ho
ecnm 6bl OHa CKasana, YTo "HeKoTopas YacTb Heba BeANUMHOMN C
Konoaeu'", oHa bbina 6bl NpaBa, TaK KaK 3TO COOTBETCTBOBAJIO 6bl

daKkTam.
Mao Li330yH. "O makmuke 60pbbbl npomue ArnoHCKo20 umnepuanusma’”

FIRZ 4%

N
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Scenario with large flat extra
dimensions (ADD model)

(Arkani-Hamed, Dimopoulos and Dvali, Antoniadis, 1998)

Parameters of the model: number of extra dimensions n (D=4+n),
D-dimensional gravity scale M, compactification radius R_

Hierarchy relation: M F2,| = (27ch)n MB ™ 2

Gravity
T Masses of KK gravitons: mp =n/R,

Our world

Interaction Lagrangian 1 s
on the brane: L(x) =—=— » h{M )T (x)
Mp) Zl a

(massive gravitons only)
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Propagation of strings in extra dimensions

Six internal compact dimensions:
(p-3) longitudinal , n = (9-p) transverse

D-BRANE WO
®=0
CLOSED \ia
STRING
/
p-3 b
X | (NEUMANN) :
n “\ 77777
X (DIRICHLETT)
OPE . K -
STRING XT(DIRICHLET) o =1

COMPACT DIMENSIONS

Open strings propagate
with ends at X+ = const
for different windings

Closed strings propagate
In the bulk
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* String scale M =1
e String coupling 4
* Planck scale M, =}
* Gauge coupling ¢

String tension «a'=M;’

Ten-dimensional S = Idloxiz |S—8R_|_ Id p+1xi|§—p F2

action bulk S brane S

Upon compactification of EDs: % :VLZV - 12 = VLp_3
IPI /1s|s 9 iSIS

Rescaled volume (4+n) — dimensional Planck scale

3— 24N _ N 2+4 | A4 2 _ 2+nQyn

Cemunap OT®, IIporBuno, 16 suBaps, 2019 .
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Scattering of UHE neutrinos in ADD model

Transplanckian region E, >10 eV, s >> My, —t

Sum of the ladder diagrams

in the eikonal approximation.

Wavy lines represent the

exchange of D-dimensional ,

gravitons

Scattering amplitude in the eikonal approximation

Ak (5.t) = -2is J dbbd (V)L —expliz(s.b)}  —t=q?
0

Cemunap OT®, IIporBuHO, 16 sinBaps, 2019 r. 21



D-dimensional - @a)" e

Planck scale: D ——— Plancklength: /1p|=(
anck scale: 4c"Ime

Quantum gravity effects become
important at distances below A,

In the limit h->0, with G, and Vs fixed,
M, and A, vanish

====p Transplanckian regime corresponds
to a classical limit (b > R,)

Js >>Mp, R >> Ao, 0~ (Rs/b)™?
R is Schwarzschild radius in D=4+n dimensions

Cemunap OT®, IIporBuno, 16 suBaps, 2019 r.
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d?
Eikonal scattering phase x(b) = o f % (; e'% Ag,m(d®)

x(0) =(

b_Cjn _(@ns(n/2) )"
b c 2Mn+2

(Giudice, Rattazzi and Wells, Nucl. Phys. B 630 (2002) 293)

b<R; === black hole production

1/(n+1)

Geometric black-hole . _ ~p2 L _ Js

. BH — S S Nt 2
cross section Mp

Cemunap OT®, IIporBuno, 16 suBaps, 2019 r.
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Neutrino-nucleon cross section in energy
region of the detector IceCube (E, < 10'7 eV)

n=4
M_=2.3 TeV

No significant deviation from
SM cross section at E, < 101¢ eV




BSM: ¢, rises more rapidly than in SM
as neutrino energy grows

The total neutrino-nucleon cross sections for n=2 (left panel)
and n=6 (right panel) with different values of the gravity scale M,




Eikonal and black hole contributions to ¢,

— eikonal
——— black hole
——— total

- - -SM(CC)

The eikonal, black hole and total neutrino-nucleon
cross sections for n=4 and My = 2.3 TeV




Exposures of D& and ES neutrino events

Efficiencies of the SD array depends on:
the neutrino energy E , the incident zenith angle 6 and
interaction depth in the atmosphere D (DG events), or

the altitude h (ES events)

Once efficiencies are obtained, exposure involves:
SD array aperture and v interaction probability
at the depth D, energy E, and the search period T

(for DG events)

SD array aperture, probability density function of tau

emerging from the Earth with energy E_, probability

of tau decaying at the altitude h and the search period T

(for ES events)

Cemunap OT®, IIporBuHO, 16 sinBaps, 2019 r. 27



Exposures of the SD array of the Pierre Auger Observatory
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Exposures of the SD of the PAO for the period equivalent to 6.4 years
of continuous operation as a function of the neutrino energy
(PAO Collab., PRD 91 (2015) 092008)




DG neutrinos: enhanced interaction cross-section
increases exposure:

DG Osm T OBSM
5BS|\/| Esm >
SM

ES neutrinos: enhanced interaction cross-section
suppresses exposure:

Oc

ES
E =B
GCC + O'BSM

(Anchordoqui et al, PRD 82 (2010) 043001)
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Exposures of the down-ward neutrino
events in the ADD model

n=2
M, =2.3 TeV
19 -
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The exposures for the SD array of the PAO for the DG neutrino
events with zenith angle 75° < 8 < 90° for different values of the
gravity scale M. Left panel: n=2. Right panel: n=6.




Exposures of the Earth-skimming neutrino
events in the ADD model
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The exposures for the SD array of the PAO for the ES
neutrino events for different values of the gravity scale My,
Left panel: n=2. Right panel: n=6.




Numbers of downward-going and Earth-skimming
neutrino events depend quite differently on G,

(PAO Collab., 2015)

The expected ratio of the ES events to the DG events
(with zenith angle 75° < 0 < 90°) at the SD array of the PAO
as a function of Mg and n.




Bound on diffuse flux of UHE neutrinos

Diffuse neutrino flux: — =K Ev_z

- number of observed events =0
- number of expected background events =0

====p Upper limit on signal events: Nyp =2.39

Nup
j E(E,)E;%dE,

(PAO Collab., PRD 91 (2015) 092008)

Upper limiton k: k =

Cemunap OT®, [IporBuHo, 16 suBaps, 2019 . 33



Upper limit on diffuse neutrino flux in
comparison with the PAO upper limit
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- = =PAO limit

Upper bound on the flux normalizaion k in the ADD
model as a function of M, at fixed values of n




Upper limit on diffuse neutrino flux:
nontrivial dependence on n

= = -PAO limit
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Upper bound on the flux normalizaion k in the ADD
model as a function of n at fixed values of M
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Upper limit on diffuse neutrino flux
in energy bins

TTTTT T T T T

——Kortera et al., 2010
—— Kampert et al., 2012

—M,=23TeV —— Kortera et al., 2010

n=2 ——— Kampert et al., 2012
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Upper bound on the normalizaion of the diffuse flux
in bins of width 0.5 in log,,E, in comparison with
the PAO bound in bins and two cosmogenic models



Expected number of events induced by
UHE neutrinos with the Auger flux

—DG PAO flux (upper bound) w— 2(33 PAO flux (upper bound)
—ES _ 1 i
- - -DG(SM) n=2 I - - -DG(SM)

- - —ES(SM) i - — -ES(SM)

Expected number of neutrino events at the SD of the PAO for a
period equivalent of 2¢6.4 years of PAO working continuously




Expected number of events induced by
UHE neutrinos with the IceCube flux

. —DG
—DG lce Cube flux (extrapolation) - —ES Ice Cube flux (extrapolation)

—ES

=2 i - — DG(SM =
- - -DG(SM) n ; o Eaa n=6
- - -ES(SM) '

T T T T T T T

Expected number of neutrino events at the SD of the PAO for a
period equivalent of 2¢6.4 years of PAO working continuously




Lower bound on D-dimensional Planck scale M
as a function of number of extra dimensions n
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3aknroveHue

KocMuueckune BbICOKO-9HEPreTUYHbI€ HEUTPUHO
UTPAIOT KJIIOUEBYIO POJIb B IOHUMAaHUU UCTOUYHHUKA
rkocMuueckux gyuer (KJI) cBepxXBbICOKUX SHEPTUN

AcTpodusnuecKkrue HEUTPHUHO BHICOKHUX dHEPIUH
BIIEpBbIe 3aperucrpupoBaHbl AeTekTopoM IceCube

Kosna6opanusa IIbep Oszke mpou3Besia MIOUCK KakK
KBasuropu3oHTtaabHbIX (downward-going ) Tak i
Earth-skimming HeMTpUHHBIX COOBITHI.

B pesyJsbTare MoJIydeHO BepXHee OrpaHUuYeHue Ha
AP Py3MOHHBIN MOTOK HEUTPHUHO CBEPXBBICOKHUX
dHEPrum

B paMmkax cueHapuAa ¢ JONMOJTHUTE/IbHBIMU
U3MEPEHUAMH 3TO OTrPAHUYECHUE OIEHEHO B
3aBucUMOCTH OT D-MmepHOU maccsl Ilnanka M, n
YyucJjia JOMOJHUTEJIbHbBIX H3MEPEHUM N

Cemunap OT®, IIporBuno, 16 suBaps, 2019 r.
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3akntoveHue (nNpoaosxeHue)

IlosryueHHOE orpaHHYEeHHEe OKa3aJI0Cch 0oJiee
JKECTKUM, ueM orpannvyenue Oxe, 1ja My < 3.09 TeV
(2.35 TeV), npun =2 (6)

BhIuncjieHbl OTpAaHUYEHUA HA HEUTPUHHBIN MOTOK IO
dHEPreTuYeCKuM OHaM.

IloxazaHo, YTO MOJEJN KOCMOT€eHUYECKUX HEUTPUHO,
NnpeanoJaraiue CMeIlaHHbIN MU YHCTO AePHbIN
nepBuuHbIN cocTaB KJI, He 3akpbIBaoTCA
HalJJeHHbIMHA OTPaHUYE€HUIAMU

O11eHEeHO OKHaeMOoe YK CJI0 HEUTPUHHBIX COOBITHIM HA
nerexrope IInep Oxke B ciiyuae ero HempepbIBHOM
paodoOTHI B TeUEHUE 2¢6.4 JIeT
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Crmacu0o
3a BHUMaHue!
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Back-up slides
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GZK cutoff of the CR spectrum
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Equivalent c.m. energy\/s,, (GeV)
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Energy spectrum derived from the Surface
detector (SD) and hybrid data at the Pierre

Auger Observatory (PAO)
(PAO Collab., ICRC, 2015)
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Average depth of shower maxima as a function of energy

(PAO Collaboration, PRD 96(2017)122003)
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Single flavour, 90% C.L.

1[}‘5: T T T TTTTT T T T TTTTTT T T T T TTTTT T T T TTTTTT T ' TTTTH
- mmm mmm IceCube 2013 (x 1/3) [30] Cosmogenic v models =
_ . s . Fermi-LAT best-fit (Ahlers "10) [33] -
s Auger (this work

— i g ) [ | p,FermiLAT 99% CL band {Ahlers “10) [33] |
Eﬁ 1[}'E§ mnmnm  ANITAN 2010 (x 143) [29 [ b, FRI & SFR (Kampert '12) [31] _§
;:" B e Waxman-Bahcall ‘01 [13] ]
5 107 —=
% E IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIEI
{_E_ m— _
w 10% | —=
5 E =
Z - —
f B _

L
10° =
B .Jf I 1 IIIII MI 1 1 IIIIII 1 1 1 IIIIT

17 18 19
10 10 E. [eV] 10 10%

10°*

Upper limit to the normalization of the diffuse flux of UHE
neutrinos from the PAO (red line), along with fluxes in
several cosmogenic models (with protons as primaries)

(PAO Collab., PRD 91 (2015) 092008)
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log E jeV  w, CC v, CC e OO vy NC ey Moumnt.

.27 100" 1.82. 107t 2.11 . 102':' -

17 1.27-10%2 316 10° 1.00. 102 1.26-10:1 -

17.5 7.04-107° 2.34.10%° 6.0z. 1070 0.a7.10°t 1.08.10
18 2.17-10% g01.10%22 177102 3.20.10%2 1.21.10%8
18.5 3.06.10%% 1.71. 102 2.84. 107 684 . 1072 2.51. 10728
19 Rodd - 10°° 256 . 107 3.68. 1007 1.03 . 1uf|9 7.1% . 1072
19.5 632107 z99.10 4.36. 1077 1.20. IU:E 3.06 - 1072
20 7.20.10%% 3.45.10°° 5.19.10°* 1.38.10%°% 282,107

16.75 4.35 - 10

aa

Effective mass apertures A, for DG neutrinos of the PAO

Surface Detector in units of [g s sr]
(PAO Collab., PRD 84 (2011) 122005)

Exposure of the SD for DG neutrinos:
E(E,) = 3 0,(E,) A{(E,)/m,

Cemunap OT®, [IporBuno, 16 suBaps, 2019 r. 51



Expected number of events

Probability of

Diffuse flux Neutrino model (1 January 2004-20 June 2013) observing 0
Cosmogenic—proton, FRII [33] ~4.0 ~1.8 x 1072
Cosmogenic—proton, SFR [33] ~(.9 ~04
Cosmogenic—proton, Fermi-LAT, E_;, = 10" eV [34] ~3.2 ~4 % 1072
Cosmogenic—proton, Fermi-LAT, E;, = 10" eV [34] ~1.6 ~02
Cosmogenic—proton or mixed, SFR & GRB [9] ~0.5-14 ~).6-0.2
Cosmogenic—iron, FRII [33] ~0.3 ~0.7
Astrophysical v (AGN) [35] ~7.2 ~7 x 1074
Exotic [36] ~31.5 ~2 x 1071

(PAO Collab., PRD 91 (2015) 092008)
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Strings needs extra dimensions (EDs)

Superstrings: D= 10
(6 EDs must be compactified)

WORLD-SHEET WORLD-SHEET

X

World sheets of open (left) and closed (right)
strings propagating in the space-time
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Why spatial (i.e. space-like) EDs?
Metric tensor (D=5):  Qyy =diag (1,-1,-1,-1,%1)

Massless particle in 5 dimensions
(Loretz invariance holds):

p*=0=g,, P"p" =p;— P+ p:

p,p*=m*=Fp;

No tachyons  ====p  Spatial extra dimension
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The s? dependence of the graviton-exchange
Born term renders the sum of exchanges
dominant with respect to the inelastic
diagrams (see third diagram on this figure)

Cemunap OT®, IIporBuno, 16 suBaps, 2019 r.

55



Ordinary gauge theory:
no classical limit

Different properties of spin-2 and spin-1 exchange —
because energy itself plays the role of charge in gravity
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35.9 b (13 TeV)
I [

S T :
@ - CMS ---e3--- EXpected 95% CL .
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= - .
O - ]
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1.5 : ' I I | | | :

95% CL exclusion limits on M;,

in the ADD model for different values of n
(CMS Collab., EPIC 78 (2018) 291)
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n

Expected and observed 95% CL exclusion limits on M,
in the ADD scenario for different values of n

(CMS Collab., EPJC 78 (2018) 291)
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[
7
65 BlackMax
’ &  Monrotating, no graviton emission (B1) n==6
m Rotating, no graviton emigsion (B2) @ -==-- n=4
[ 4 Rotating, energy/momentum loss (B3) =—-—-- n=2
Lo oo b v b o b o b g
7
M, (TeV)

The 95% CL lower limits on minimum semiclassical
black hole mass as a function of the Planck scale
M,,, for several benchmark models

(CMS Collab., Phys. Lett. D 774 (2017) 279)
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The 95% CL lower limits on minimum quantum
black hole mass as a function of the Planck scale
M,,, for several benchmark models
(bound in the RS1 scenario is also shown)

(CMS Collab., Phys. Lett. D 774 (2017) 279)
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Center-of-mass energy /s [GeV]

=R 103 10* 10°
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Neutrino energy E, [GeV]

Neutrino-nucleon charged-current cross section,
averaged for neutrino and antineutrino, from
different predictions

(Bustamante and Connolly, arXiv:1711.11043)
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1 0-32

BSM: ,,, does not significantly depend
on n for n 2 3 at high energies

mr T rr I 10 T T T T
. i
n= a
3 n=4 1 ©
---SM L
M,=2.3TeV

10% |

E, eV

The total neutrino-nucleon cross sections for My = 2.3 TeV
(left panel) and My =4 TeV (right panel) with two values of
the number of extra dimensions n
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c [cmz]

Neutrino-nucleon cross section in energy
region of the detector IceCube (E, < 107 eV)

-32
10 E ! ! T T T T T
C n=4 ] 10% 3
10% & . r
10% E
r o~ 10% E
-35 | .
o
107 E
— SM(CC) 10% |
10 L _MD= 1.0 TeV 4 F
: ——M,=23TeV s
10% 3
r i i 10% —13 ] i |15 ..1"5 ..|17
10™ 10" 10" 10 10 10 10 10
E [eV] E [eV]

No significant deviation from
SM cross section at E, < 10%¢ eV
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2

exposure [cm” s sr]

Comparison of exposures of DG and ES
neutrino events at the PAO
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The exposures for the SD array of the PAO
for the DG and ES neutrino events (n=2 and n=6).
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E” dN/dE [eV cm” s sr]

Upper limit on diffuse neutrino flux
in energy bins

10‘E

10° |

10° b

| ——M=23Tev

—— Kortera e

TTTTTTY

tal., 2010
Kampert et al., 2012 ]

; I1.021

E” dN/dE [eV cm’ s sr]

1000 |

-
(=]
o

-
TTT T TTTTIT

n=2 M = 2.0 TeV

Kampert et. al., 2012

Upper bound on the normalizaion of the diffuse flux
in bins of width 0.5 in log, E, in comparison with
the PAO bound in bins and two cosmogenic models
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Primary cosmic ray

Particle cascade

Detection of air showers by the Surface
Detector (SD) of the PAO
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In photography, exposure is the amount of light per unit area
(the image plane illuminance times the exposure time) reaching
a photographic film or electronic image sensor, as determined
by shutter speed, lens aperture and scene luminance
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