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e Ultra high energy cosmic rays (UHECRS)
e Detection with Pierre Auger Observatory
¢ \Why cosmic ray mass composition?

e [Mass sensitive observables

e Depth of shower maximum (X,;,4x)
e Surface detector signal at 1000m from the shower axis (S1900)

* Risetime of surface detector signal at 1000m from the shower axis (t; /)
e Mass composition results

e Multivariate analysis (MVA)
e Multivariate analysis of observables

® Preliminary analysis

e Summary and outlook



Ultra high energy cosmic rays (UHECRS)

Ultra high energy cosmic rays (UHECRS)

e Cosmic rays (CRs): Particles
that arrive to Earth from space

e Ultra high energy cosmic rays o .
(UHECRs): CRs with energies
above ~1018eV |

e Extensive air showers (EAS):
Cascade of particles in the
atmosphere caused by
interaction of CRs and
atmospheric nuclei
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Detection with Pierre Auger Observatory
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Detection with Pierre Auger Observatory

e Hybrid detection system:
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Why cosmic ray mass composition?

Why cosmic ray mass composition?

e High-energy cosmic rays (CRs)
are messengers of violent
astrophysical phenomena

® CR mass composition still
unclear at highest energies

e Why identify high energy
cosmic rays?

® Access to energies higher than
at any man-made colliders (LHC)

e Backtracking to their
acceleration origin
(extragalactic)

e Information on acceleration
processes, magnetic field
strength,...

E*°F(E) [GeV"® m2 s sr]

[C. Patrignani et al. (Particle Data Group), Chin. Phys. C 40, 100001 (2016)]
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Mass sensitive observables

Mass sensitive observables

[www-zeuthen.desy.de/~jknapp/fs/photon-showers.html]
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Multivariate analysis (MVA)

Multivariate analysis (MVA)

e Statistical technique to analyse data,
dependent on more than one variable

Selected file for MVA analysis: |.FdataGfgkukedprivateﬁprogramiranjefwxwidgets.Fauger-analysisfresultsfcombinedﬁ_he_o|

® AnalySiS inCIUdes machine Iea rning Olbs‘t‘la:vablestouseintheMVA[CtrIorShift+Clicktoseleclmultiple}:
algorithms with artificial neural networks — = |
not widely used in astroparticle physics shfoo

>

Select 'signal' tree: |selededﬁrotonj8_13k5_dat‘|xxxxx.root. e
e Mass composition studies mostly done on g s bakeeumdee: et ron e 165 dat oo oot i~
. . e Choose MVA analysis method: |Neural network (MLPBNN) e
small number of observables or individually .comnwme ™ osm - +
(eX- P hVS . ReV. D 90, 1 2 200 6 ( 2 O 14), Cut and binning on energy, zenith angle and/or risetime:
a rXiV: 1708.06592) Select cut observables type: |FD observables (energyFD and zenithFD) e
 Energy limits: | 1850 — + | | 1870 — + |
Energy binning: | 1 + | |01 (3.2e+18 - 5.0e+18) - Check bins

¢ Using MVA of more observables could give -

v! Zenith angle limits: | 0.00 + | | 60.00 — + |

better mass composition estimation Zenith binning: | 1~ +] [0100-600) = | [_checkbins

v Maximum relative risetime limit: [ 0.300 — +]

e Custom analysis software interfacing TMVA s son nanos fmorehanone ooy oy 0 ye e e
pa Ckage fro m ROOT a n d Pie rre Auge r Select 'data’ tree: |selected_HECO_nolidar_data_2004.root. e
. +! Open MVA graphical interface after training and testing
O bse rva to ry fl I e St ru Ct u re Start MVA analysis | | Apply MVA cut | | Check all bins | | Default options
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Multivariate analysis (MVA)

Multivariate analysis (MVA)

Combine multiple mass sensitive observables into a single MVA variable

Simulations from Napoli shower library (http://natter.na.infn.it:18501), data
from Pierre Auger Observatory (2004 — 2016)

Data events

the MVA variable (ROOT TMVA)

4. Create a cut on the MVA variable and apply 10
it to simulation (purity) and data events
(application) o

Selecting hybrid events with Exp = [1018°eV,10%0-0eV] (101895 — 101915 ev)
and QFD — [OO’ 600] oot boctapond v (5 [ — E I:I I L B L | L L :
- : MVAcullsignaI evenls(‘?t24l ............... i I __
Stages of MVA: - 1 .
1. Divide events into energy subsets 0 F o ' e
2. Choose two different primary particle ‘g , i
simulation sets as ,,signal“ and N v AN S S S : ]
,background” events g iron E
= . i ]

3. Test and train selected MVA method to get 20 - 5 H

1|||]-‘I'Im||

0.6 0.8 1 1.2 1.4
MVA variable 10
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Preliminary analysis

Proton fraction of data events

Multivariate analysis (MVA)

Preliminary analysis

90 _l L L | L | L | L ] L ] L | L |_

E_ : : Data events (proton vs.
80 ;.. ................. . .................. ‘ ................. iron analysis) Energy bin Number of
- 5 5 Q Q E (log E/eV) data events
70 _1_ ................. = .................. .-; .................. . .................
E: ! - : - - : 18.5-18.7 2649
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Preliminary analysis
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Summary and outlook

e Summary:
e Analysis that includes many observables
e Custom created analysis software (simple addition of new observables)
e Separation between primary particle types from simulations

e Possibility of event-by-event estimation of primary particle type
e QOutlook:

e Evaluation of uncertainties and study of analysis method performance

e Perform analysis with other MVA methods and other high energy hadron interaction models

Summary and outlook

¢ Include additional mass composition sensitive observables (Pierre Auger Observatory upgrade)
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Analysis software

Analysis software

o All FD eyes rewritten from events in ADST format into a ROOT file with manageable

size (quicker)

e Example event with two
active eyes

Coihueco FD eye with
energy E = 6.09 x 1018

If energy selection cut is
set between the two, this
event is taken into
analysis twice

Los Leones FD eye with
energy E = 4.74 x 1018

i EventBrowser /data0/gkukec/private/delo/auger/auger_data/selectEvents/cut_separate_yearly data_Auger HECO_nolidar/selected HECO_nolidar_data_2014.root

File FD SD RD MD Aim MC

- + x

Help

Auger | Los Leones‘ Los I'-‘-:u';:l:-e| Loma Amarilla Colnuem| Heat | HeCo | sD | RD ‘ MD ‘ Se\emjnn|

a0 |20 | Profles

.
.....

. e
......

.
P

‘ auger_141446213800__sd_27197479

y3Ndt=37.2/3
——

co
L —d—
sD ——
ol Lo e b b Lo L i L L
3 35 4 4.5 5 55 & 6.5
E [EsV]

—shower parameters
@ Energy  Xmax

180 el 180
m“ “ 20
FD options SD options MC options [~ galactic coordinates
{ & rayst signal { [¥ alltanks [~ radius ( = show MC Save EPS @ Hammer-Aitoff ' Sanson-Flamsteed ¢ Parabolic
2014/5/25 05:15:37 Auger 141446213600 SD 27197479 FD 4/5406/6875 1/5100/6159 6/5406/6875 H ‘ 3 |

18



MVA cut uncertainty

MVA cut uncertainty

Analysis software

Uncertainty on MVA cut is automatically calculated from selected “data” tree

Sets of observables are plotted to determine their correlation p;;

IH

MVA analysis transforms input values according to the “signal” and “background”

trees with:

X — Xmin

Xnorm —

Xmax _ Xmin
Transforming all observables accordingly, we get their uncertainties o;
Calculating covariance of two observables as cov (i, j) = p;;0,0;

The covariance matrix is diagonalised

The final uncertainty on the MVA cut o for N observables is then:
N

g% = Z cov(i,i)*

=1



MVA cut uncertainty

e Best for MVA are uncorrelated observables

e Uncertainty on MVA cut comes from individual observable uncertainties and is
calculated from correlation matrix

e Systematic uncertainties due to MVA cut selection need to be estimated

Linear correlation coefficients in %

MVA cut uncertainty

Xmax S1000 Risetime

100

Cut efficiencies and optimal cut value

Signal efficiency ——— Signal purity .
Risetime | = ¢ o0 SR T e Signal efficiency*purity
Background efficiency S/\S+B
~ > r : j | E
< 5 ' B i
- T - 70

E 3’ 0.8 — o e
) S . . 60
= $1000 © - =
> = 06— . ?50
— m - g 7
] L o
c = : 140
(0] - B 1
o N {30
e - _ : \ 7
© ro : i i i —20
- 0.2 |—For8232 signakand 8758 background i
o Xmax " évents the maximu 5+B is : \ \-110
2 | 81.05 when cutting at 0.3707 :
2 0 L 1 1 1 | 1 | 1 | L | 1 [ =t ’0
= 0 0.2 0.4 0.6 0.8 1
= -100 Cut value applied on MLPBNN output

Significance



