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» Motivation for multivariate analysis in cosmic-ray
experiments

» Features of multivariate analysis in Telescope Array

> TA MVA results & prospects

» UHECR mass composition with TA surface detector
Prospect for UHECR mass composition anisotropy with TA
SD

Search for UHE photons with TA SD

Search for UHE neutrinos with TA SD
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Problems of UHECR
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Standard approaches:

Standard approach: » To study correlation of events
T with sources catalogs
> To study X distibution of .
showers » To study cross-correlations of

events

» To fit UHECR spectrum and/or
composition with source models



Problems of UHECR

UHECR Mass
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Complementary approaches:
Complementary approach: P y app

> T h for UHE ignal
» To study full imprints of showers 0 search for gamma signa

in surface detector » To search for UHE neutrino
signal

Multivariate analysis is needed!



Mass composition from FD Mass composition from SD

— 8401 6
| N A =T o sonorl B SERREETED SRR T8
2 E ®  QGSJET II-04 helium 7] helium sys. 5
‘8 ©  QGSJET 104 nitrogen
>§E 7g0f © QGSETIosiron 4k
E e
760 A 3 iSi aa 32? 4707 ] 137 i) 167
7 Z N g e -
720 Vo2 - = :g % :gz o =
700? . o ¢ * ¢ 1 He(? o T i ? :
1= e & B - L
E .
660, . o] 05
640} 1 n | i |y | I
182 183 184 185 186 187 188 189 log (E/e\1l)'1 18 185 19 195 20
o logy E, eV
Lower statistics > Higher statistics (especially at highest
Lower flexibility of analysis: only one energies)
observable - Xmax > A way to composition anisotropy study
> Harder to go beyond (In A) analysis > Higher flexibility of analysis: many
> Lower dependency of hadronic interaction observables
model

> Easier to test multi-component models

> Higher dependency on hadronic interaction
model

> Possibly could be reduced with
machine learning



Correlation analysis &
sources models fits

> Events arrival directions are smeared
by magnetic fields

> High uncertainty in primary mass
composition estimation (i.e. the
strength of smearing is highly
uncertain)

» Search for DM decay is difficult due
to large background

> Higher statistics

>

Multimessenger analysis
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Events arrival directions does not depend on

magnetic fields

Secondary « and v fluxes for various

primaries differ significantly

> A way to distinguish primaries (but

uncertainty due to propagation effects)

UHE ~ flux is the most sensitive tool for DM

decay search

Lower statistics (no s or v’s were found up

to now :)

> The sensitivity could be increased with
machine learning



Telescope Array experiment

elescope Army Locations
General Reference Map

Surface detectors(SDs)
- 507 scintillation detectors

sis o o oly cin ok sl ade oy iy s - 3m2

a0 = =it iy oy wn i oy oo g gy s

iy of gl o ot oo oo who e 0 D + 1.2km spacing
i i 10 ot e it o i o e e i e ;s - total coverage ~700km?2

mrm:bmmnﬁmmmﬁmmmmmm i

min/oh afs wlo o o il oo ke ot s

iy o 20 O o oy i e o i

i = of
o “Central La@er Facility

3 communication towers /
For the SD array

Fluorescence Detectors(FDs)
Middle Drum(MD) station =

14 FDs

+ TA Low energy Extension (TALE) 10 FDs

Boyder of FD stdtioryFOV

FDs
Long Ridge(LR) station
12 FDs

Largest UHECR statistics in the Northern Hemisphere
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Sample of T,

surface detector event

upper layer
lower layer
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p-induced EAS
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> arrive younger
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Photon-induced showers:

> multiple SD observables affected: front curvature, Area-over-peak, x?/d.o.f., etc.




List of relevant SD observables for MVA

1. Zenith angle, 4;
2. Signal density at 800 m from the shower core, Sggo;
3. Linsley front curvature parameter, a;
4. Area-over-peak (AoP) of the signal at 1200 m;
Pierre Auger Collaboration, Phys.Rev.Lett. 100 (2008) 211101
5. AoP LDF slope parameter;
6. Number of detectors hit;
7. N. of detectors excluded from the fit of the shower front;
8. x?/d.o.f;
9. Sy =3 S; x rP parameter for b = 3 and b = 4.5;

Ros, Supanitsky, Medina-Tanco et al. Astropart.Phys. 47 (2013) 10
10. The sum of signals of all detectors of the event;
11. Asymmetry of signal at upper and lower layers of detectors;
12. Total n. of peaks within all FADC traces;
13. N. of peaks for the detector with the largest signal;
14. N. of peaks present in the upper layer and not in lower;
15. N. of peaks present in the lower layer and not in upper;
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Multivariate analysis

How to deal with this large amount of observables?



Multivariate analysis

How to deal with this large amount of observables?

Machine learning for multivariate analysis.

» The Boosted Decision Trees (BDT) technique is used to build
event classifier based on multiple observables.

> root::TMVA is used as a stable implementation.
PoS ACAT 040 (2007), arXiv:physics/0703039

» BDT is trained with two Monte-Carlo sets: signal and
background*

» BDT classifier is used to convert the set of observables of each
event to a number £ € [—1: 1]

> ¢ is available for one-dimensional analysis.

* Depending on a task the signal could be either ~, v or Fe events and the background
is p events.



TA MVA Composition analysis
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» Two-component approximation is used, first approximation of
atomic mass is

(InAYM = ¢, x In (Mp) + €re x In (Mge)
» root:: TFractionFitter is used for binned template fitting.

Telescope Array, PRD 99, 022002 (2019)



TA MVA Composition analysis: results
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(InA) =2.0 £ 0.1(stat.) £ 0.44(syst.)

Consistent with Auger SD results, qualitatively consistent with TA FD
given hadronic model systematics and systematics of FD



TA MVA composition analysis: hadronic model

systematic

Comparison between QGSJet [I-03 and QGSdJet 11-04 models:

<In A>
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Possibly solvable with more hadronic models input and advanced
machine learning techniques
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TA MVA composition analysis: prospect for anisotropy

Test of sensitivity with MC sets
Telescope Array, PoS(ICRC2019)494

. . Isotropic composition
> Isotropic set with data P P

composition (p + Fe mixture).

» Set with data composition and
light “hotspot” at energies
log E > 19.2.

» Set with data composition and
heavy “hotspot” at energies
log E > 19.2.

Light “hotspot”




Anisotropy test: HEALPix maps comparison

How to take into account large-scale gradients of ¢ ?

» Spatial distribution of average ¢ may be pixelized: HEALPix
Gorski et. al., Astrophys.J, 622, 759, 2005
» HEALPix transforms skymap into one-dimensional array of
pixels
> It is suitable to perform y2-test between two maps
» We split each skymap into 786 pixels (mean resolution is
7.3°) to have enough statistics in each pixel

M. Kuznetsov for the Telescope Array collaboration TA Multivariate



Anisotropy test: HEALPix maps comparison

How to take into account large-scale gradients of ¢ ?

» Spatial distribution of average ¢ may be pixelized: HEALPix
Gorski et. al., Astrophys.J, 622, 759, 2005
» HEALPix transforms skymap into one-dimensional array of
pixels
> It is suitable to perform y2-test between two maps

» We split each skymap into 786 pixels (mean resolution is
7.3°) to have enough statistics in each pixel

Results
> Light “hotspot” vs. isotopic composition:
x?/d.of.=1.47,p=69x10°% = 380
» Heavy “hotspot” vs. isotopic composition:
x2/d.of.=163,p=63x10"" = 480
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TA MVA Search for diffuse UHE photons

log(E, /eV)>18.5 log(E, /eV)>19.5
v Y

L L | | | L L L N
08 06 04 02 0 02 04 06 08 i, 107

data photon MC proton MC
» The photon candidates are selected using the cut on &:
&> Eout(0)

» Cut is optimized in each energy range using proton and photon
Monte-Carlo

» The null-hypothesis is assumed for the optimization (all events
are protons)
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TA MVA Search for diffuse UHE photons

Zenith angle

-04 -03 -02 -0.41 0 0.1 0.2 0.3 0.4 0.5
MVA estimator &

Effective exposure is estimated with v MC assuming E~2 primary spectrum

E quality cuts | &-cut | Agykm®sryr

~
10780 6.5% 9.8% 77
10785 19.9% 10.6% 255
10190 43.6% 16.2% 852

1019° 52.0% 37.2% 2351
10209 64.2% 52.3% 4055
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Results: diffuse UHE photons flux limits
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models from J. Alvarez-Muniz et al. EPJ Web Cong. 53, 01009 (2013)

Efy >, eV 1018.0 1018.5 1019.0 1019.5 102040
~ candidates | 1 0 0 0 1
F, < 0.067 | 0.012 | 0.0036 | 0.0013 | 0.0013




TA MVA search for point sources of UHE photons

> Independent search for + in each skymap direction

» The angular size of the each search region is equal to the ~
angular resolution:

E’Y >, eV 1018.0 1018.5 1019.0 1019.5 1020.0
ang.res. 3.00° 2.92° 2.64° 2.21° 2.06°

» The skymap is pixelized into 12288 directions with HEALpix
(7868 in TA field of view)

Optimisation of MVA-cut for  flux upper-limit:

» Assume the flux consists of protons only (null hypothesis):
Ftolal = Fp

» Optimize the &-cut separately for the best upper-limit in each
direction using MC p and MC ~

» E~2 y-spectrum is assumed

M. Kuznetsov for the Telescope Array collaboration TA Multivariate



Results: point-source photon flux upper-limits

Photon flux upper-limit, E > 1 EeV

95% C.L.

)
0 km—2yr-1 0.242201
E, >,eV | (F) <, km Zyr !
10780 0.094
108> 0.029
1090 0.010
1079 0.0071
10200 0.0058

Pierre Auger: (F,) < 0.035km2yr—' (1° ang.res., 10'"% < E < 108% ¢V)

A. Aab et al. ApJ 789, 160 (2014)
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Results: photon excesses significance

Excess significance, E > 1 EeV

0 2.722

E, >, eV | max. v signif. (pre-trial)
1080 2720
108> 2710
100 2890
1079° 2760
10200 3430

The excesses are insignificant, given approx. 1000 of independent trials



Target search for photons from dwarf galaxies

Probe for the possible decay of heavy dark matter (HDM)

» HDM decay produce significant amount of photons in any model
M. Kachelriess et al., PRD 98, 083016 (2018)

» DM is abundant in dwarf galaxies (Galactic Center is outside the
TA field of view)
> Target source set: 21 dwarf galaxies — satellites of Milky Way
V. Bonnivard et al., MNRAS 453 (2015), 849

» Search for v in stacked skymap directions of dwarf galaxies
(pixel size = v ang.res.)

M. Kuznetsov for the Telescope Array collaboration TA Multivariate



Target search for photons from dwarf galaxies

Probe for the possible decay of heavy dark matter (HDM)

» HDM decay produce significant amount of photons in any model
M. Kachelriess et al., PRD 98, 083016 (2018)

» DM is abundant in dwarf galaxies (Galactic Center is outside the
TA field of view)

> Target source set: 21 dwarf galaxies — satellites of Milky Way
V. Bonnivard et al., MNRAS 453 (2015), 849

» Search for v in stacked skymap directions of dwarf galaxies
(pixel size = v ang.res.)
Results
No evidence for photon signal (Nga“‘L = 0 at all energies)

E,, eV 10780 [ 10785 | 10790 | 10795 10200
km2yr—! 0.15 0.057 | 0.014 | 0.0076 | 0.0052

5
FUL )

These results can be used to constrain HDM models
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Neutrino search strategy

proton shower, 78.3° neutrino shower, § = 78.6°
N
” A N j/\"»..-v\, - f‘,\\\
N
\ ""! I ..!
A " ~
—J\_—__v
A
R

> Only inclined events are studies 45° < § < 90°
» No energy cut

» The optimization of ¢&-cut is similar to the photon search case



Distribution of MVA estim (&) for data and MC

hat
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> Geometric exposure for § € (45°,90°): 8042 km? sryr
> probability to interact in the atmosphere: 1.4 x 10~°

> trigger, reconstruction and quality cuts efficiency ~ 7%
> ¢ cut efficiency: ~ 24%

> total exposure (all flavors): A= 1.9 x 10-3km?sryr
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» 0 neutrino candidates after cuts
» Single flavor diffuse neutrino flux limit for E > 108 eV:
E’f, <1.4x108GeVem2s~'sr=! (90% C.L.)



Plans

To improve MVA sensitivity with recently
developing convolutional Neural Net

WE encoder Waveform encoder:
Con:atenale (AZK) K=28+Ngy Input (4,4,256,2)
Nofma"ze ConvaD 28x(1,1,4)
Conv2D K x(22) x2 PooI3Dt(1,1,2) <6
Concaﬁenate - A'Phal:iropom
P00I2D 2.2) (28
Flatten (4K) Inpul (Nex) Output (4,4,28)

Conca!sna!s (4K+Ne~)
+
Dense (4K+Ney)
Dense (Nouw)
12

Output

Telescope Array, PoS(ICRC2019)30
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To increase statistics with recently
deploymg TAx4 SD detector
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Conclusions

Multivariate analysis + machine learning is a powerful tool for
UHECR study

» UHECR mass composition without X.x
» UHECR composition anisotropy

» Sensitive UHE photon and neutrino search
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Conclusions

Multivariate analysis + machine learning is a powerful tool for
UHECR study

» UHECR mass composition without X.x
» UHECR composition anisotropy

» Sensitive UHE photon and neutrino search

Thank you!
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