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The Pierre Auger Observatory
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1660 surface detectors
Water-Cherenkov Tanks
1.5 km spacing
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Example of scalar based measurement

Storm Crossing the Surface Detector Array
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Scaler rate over the Pierre Ruger Observatory during a storn Scaler rate over the Pierre fuger Observatory during a storn Scaler rate over the Pierre Auger Observatory during a storm Scaler rate over the Pierre Auger Dbservatory during a storn
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4 Fluorescence Detectors || 1600 surface detectors
(24 telescopes total) Water-Cherenkov Tanks
1.5 km spacing
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An Air Fluorescence Telescope (1 of 27)
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An Air Fluorescence Telescope (1 of 27)
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4 Fluorescence Detectors || 1600 surface detectors
(24 telescopes total) Water-Cherenkov Tanks
1.5 km spacing
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9+ years of Hourly Atmospheric (Aerosol) calibrations

Central Laser Facility
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Integral Flux E>E_ [km2 sr1y1]
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Outline

e Pierre Auger Observatory
* Exotic Search Method: Bayesian Inference

e Exotic Search Method: Shower Speed
Serendipitous Elves
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Bayesian Inference Motivation

D. Schuster, C. Medina

Most (all?) of Extensive Air Showers detected by the Pierre Auger
Observatory are almost certainly initiated by protons and nuclei.
However

— UHECR Sources and acceleration mechanisms are unknown

— Center of Mass energies are the highest available
The Auger data does have some “room” for a small fraction of
“other” kinds of particles.

— What are some possible candidate types?

— How much “room”?

Note: We are not proposing that exotic particles are required to
understand the apparent transition in composition.

16
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Magnetic Monopoles

Relic particles from the era of expansion
— Intermediate Mass IMMM), 10° < m < 10! GeV

— formed in SO(10) symmetry breaking during universal
phase transitions

Micro-Black Holes

In certain extra dimensional models the cross-section for neutrino-
nucleon MBH production becomes large

MBH decay almost instantaneously (10?7 s) in an “explosion” of
Hawking radiation

— hadrons and gammas

18



Strangelets

NUCLEAR MATTER STRANGE MATTER

* Assembly of roughly equal number of u, d and s quarks
e ~500 GeV/c?in our simulation
* More tightly bound than nucleonic matter

* SQM will fragment initially then act like nuclei after the
fragments fall below stability threshold

Q Balls

Bose Einstein Condensate of SUSY SQM;
* Charged Q-Ball can absorb electrons to eventually be neutralized
* Neutral Q-Balls initiate proton decay

* Products receive rest mass energy of the proton plus ~10% of the Q-
Balls KE

* (-Ball continues propagating to initiate more decays

* Has been suggested as a Dark Matter candidate
19



Exotic Air Shower Simulation
* CONEX was modified to simulate Magnetic

Monopoles, Q-Balls and Strangelets
— Acknowledge Tanguy Pierog and KIT

* Existing simulation model used for MBH

20



The Method

Statistical comparison of the shapes of depth of shower max
(Xmax) distributions for data samples and simulated samples.

Encapsulated in the method are three postulates:
1. A certain fraction of the data consists of a certain ‘exotic’
2. The data can be roughly represented by a reference species
3. The model used for simulation of the exotic induced EAS is accurate

/!

J 0

Acknowledge Segev BenZvi and Andy O’Neill
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‘f’EL/f

P(f.|D)df. = C.L.

L]

J 0

P(fﬁ |D) Is a function that represents the probability of
. a certain exotic fraction given the data D

éUJ L. Is the upper limit on the exotic fraction
(jr L User specified Confidence Level, typically 95% or 99%
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N D

1
P(f,|D)= ;Z E/E:0_75,1,1,25Z Sibyll ,QGSJetl Z ap:—3z ae:—2,—3H Z

i=1 n=0

(pr%P)Di—n (feN%E)n(Di—n+Pi)!(n+ E.)! j'P(f | D)df
’ a —
(1+ pr%P)DimPiJrl (1+ feN%E)mEiﬂ(Di _n)lnlpllEll O e €

Ng, Np, N Total number of data, proton, and exotic points in given X, distribution
D, P;, E; Number of data, proton, and exotic points in i" bin of the distribution
F,, F. Composition fractions of protons and exotics contributing to the data

This method can account for a number of Experimental and Theoretical
uncertainties

e Hadronic models

o QGSlJetll, Sibyll 2.1, EPOS

Each additional distribution loosens the limit

e Simulating under different conditions and using additional

comparison distributions, to account for:

e 25% Energy resolution (conservative estimate)

e Proton spectrum of -3, exotic spectrum of -2 and -3

23




Data, Proton and Q-ball

0.2
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0.25 :
¢ (simulated)

0.2
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Q-Balls
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Example of the Method
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E>101° eV



Data, Proton and MBH

0.3 A
- data &_l_
0.251 : \ Protons
- : (simulated)
L2 i
0.15— — S
0.1 Micro Black Holes
- (simulated)
0.05
B 1 | L -'-l'—El 1 1 | 1 1 fus RN il | 1 L1 ] 1 1 1
Yoo 400 600 800 1000 1200 1400 1600

Example of the Method

Xmax (@fcm ™2}

MBH limit >99% @ 95% Confidence Level



Demonstrating the Method

[ Data_Xmax |

N _J Upper limit analysis

Simulated “data” *~ finds

94% protons | 3.8% at 95% fig
6% photons o 8% a o confidence

20 .
| 11% at 99% confidence
o 200 400 600 800 'iu.ntla 1200 1400 1600 1800 éon(;(max
[ Comparison_QGS_3 Mid | C;:;:: 05531;'_': [ Proton_Sim_QGS_3 Mid | :Z:::i—:s'"—"‘*s—t'::
N C Mean 961.6 N [ | Mean 792.6
35; —‘ RMS 96.68 14D RMS 55.65
3“5 1203_ J
25" photons o0 protons
20/ 80" ]
15 ﬁuf_
5; ] 1 mi_ | ‘
©"200 400 600 800 1000 1200 1400 1600 1800 200?( 000 400 600 800 1000 1200 7400 1600 1800 2000
max Xmax
Photon distribution Proton distribution
from simulated data From simulated data
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Photon Fraction

B GZK Hy: Astrop. Phys. 31 (2009)
1 ~ === SHDM SD: Astrop. Phys. 29 (2008) R
— R TD #: This work =T '
L Z-burst LA
_ upper limits 95% C.L. P ¢
-~ Hy =7 -
10 =
102 =
~- H
10° =
:I | ] | | N N | | | ] i ] | I |
18 19 20
10 10 Ezlgrgy [eV]
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Current Status

Method demonstrated for photons

Apply to 4 types of exotic particles to find upper limits at 95% C.L.

Qballs ~1% level E>101° eV

Monopoles ~1-2% level

Strange Quark Matter weak limits ~10%

Micro Black Holes (>99% (no sensitivity under this model)

Can be extended to other observables, for example from the surface
detector to push limits down further.

28



Outline

e Pierre Auger Observatory
e Exotic Search Method: Bayesian Inference

* Exotic Search Method: Shower Speed
Serendipitous Elves
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Search for Slow “Showers”

E. Mayotte, K. Gesterling, K. Kuhn

Reconstruct Events assuming V # C
Use FD pixel timing techniques to calculate “shower” velocity

Possible Candidates...
atmospheric phenomena, macro scale events (micro meteorites)

Exotics: Magnetic Monopoles (SHMM, IMMM), Qballs m>10%° Gev)

Any event with accurately measured sub-luminal velocity would be very interesting

30



Search for Slow “Showers”

Separate shower propagation (free velocity) and light propagation (v=c/n)
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The Cental Laser Facility provides a simulated “Test Beam”
7 mJ uV pulsed laser - optically equivalent to 100 EeV Air-Shower
http://astroserve.mines
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Benchmark technique with laser data

Cumulative Velocity Distributions 3.5 years
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Outline

Pierre Auger Observatory
Exotic Search Method: Bayesian Inference

Exotic Search Method: Shower Speed Method

Serendipitous Elves

34



Transient Luminous Events
R. Mussa, A. Tonachini

|II

d "typica Event ”atypica

0

25

20

15

10

+ o+

L+ v P * L * toE e, .
oF o+t + o+

P L e e L, LT,

e kT L T et P P e e ., .

P T L L L S AR

D T T R R

T T L I L L R haat b PP ® + R I .
R L R LB
e L B I T LR A A
L T LR R T
P T T e L L T S

L i T S LI I T
O T T T Y L T

P T T I I R S O Y FEE L N AR R T N T
P T R L L I R N L L LT I T T i,

L T T T

P
P T I
P A T LN B N N IR T R R T P R A T T T

e T T T I T S L T T T

[ T P T T T

P I R N I T I I N T T R L A T R I I I N I R

P T T T T S T T N ST O I T T R N T T T

I A
| D I T T R T & I
- D T T T R R i AL T T S R R S

L1 | T T I I T T N TN N T N N B
7o 380 390 400 410 420

LM,
=
Gad
ol
=)

High Energy Extensive Air Shower .

References: ICRC 2011 Tonachini for the Pierre Auger Collaboration
http://arxiv.org/abs/1107.4806v1

III

Event



http://arxiv.org/abs/1107.4806v1

time bin 0

= o =]
™ o o

[6ap] uoneas|a

azimuth [deg]



pixel elevation angle [deg)
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Time Evolution
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CO6*LL3*LM1-817791811

On 05/12/2007 04:23:31 GMT (GPS:817791811).

A TRIOCULAR event was observed
Signals looked like the tails of LM6-8004142.
Pointing somewhere at very large distance...
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Summary and Conclusion

Pierre Auger Observatory is sensitive to a variety of exotic processes

Photon limits constrain some exotic candidates

Exotic objects can be primary particles,
or created in atmosphere (Ecm -> 400 Tev)

Serendipitous detection of atmospheric elves
With modified trigger, Auger will be the world’s best elve detector
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