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Outline

Some history

TA and TALE

The spectrum above the “knee” ~ 1 PeV to 100 EeV
Composition — data and interpretation

Hadronic physics: Proton-air cross section/Muon
excess

Anisotropy — Hot Spot, Energy Spectrum anisotropy,
Magnetic effects.

New projects: TAx4, Radio Astronomy, Lightning Array,
Niche.



Textbook Figure of Cosmic Ray Spectrum

Cosmic Ray Spectra of Various Experiments
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Why study such an apparently
featureless flux?

Discovery of microwave background radiation (1967)
- GZK cutoff prediction (1968).

Is the lack of structure in the spectrum real or due to
poor resolution and primitive energy reconstruction?

Anisotropy must begin to appear at the highest
energies unless cosmic rays are ~ Fe nuclei.
Composition matters.

More fundamentally: they are a puzzle that Nature
hands us — but a puzzle that leads to things that matter.

Extremes in scale often lead to the unexpected. These
energies a well beyond accelerator energies.



UHECR nature and origin questions

* As a function of energy, are they galactic or extra-
galactic?

e What are the acceleration mechanism?

(SN, galactic wind, AGN jets, Starburst galaxies, GRB's,
decays of super-heavy primordial objects}

* As a function of energy, what is the composition of the
cosmic rays?

e As a function of energy, what is the effect of
propagation thru space ?

(Interactions with relic BB radiation, starlight, dust,
etc.; effect of magnetic fields on trajectories)



Are things simpler at the highest
energies?

* Propagation effects should be striking for distant
sources
— Cut off due to relic BB photons?
— Simplification of composition to protons and Fe?

- Effect of magnetic fields is minimized — protons should
point back to their sources

A single experiment with overlapping cross-calibrated
energy scale can connect GZK cutoff with galactic
cosmic ray flux. Need ~ 5 decades in energy. TA/TALE
idea (first discussed in 2006 Aspen Workshop)



m Cut off predicted in 1966 by K. Greisen, G. Zatsepin, and V.

Kuzmin.

m Photons of CMBR interact with cosmic ray protons
of extragalactic origin.

m Photoproduction of pions; A resonance.

m Pion carries away 20% of proton’s energy =» strong

energy-loss mechanism for protons that travel > 50 Mpc -

m Causes a strong break in the spectrum if sources are
distant.

m Should occur at about 6x10%° eV (10)) if

Sources ~ universally distributed

log,q JE* (arb.)
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The first air-fluorescence detector
prototype (Fly’s Eye at Volcano Ranch
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Dugway Proving Ground == @USArmyDPG - Oct 15

to 1987 when physicists worked at the Fly's Eye facility,
which collected the faintest light of cosmic ray particle showers. The
Dugway closed in 2006 but the garage-like structures that
held the sophisticated mirrors and cameras remain.

Dugway Proving Ground == @USArmyDPG - Jul 25 o
Physicist Dr. Bruce Kaiser works w Dugway's Cultural Resource Program
and the Records of Environment & Disturbance Lab at the to
better understand when and where humans first occupied the

Desert.
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Hilar T
Force Range

HiRes was located on the U.S. Army’s :
Dugway Proving Ground, ~2 hours “wees

south-west of the University of Utah .. . ‘ X
UNITED STATE s‘t

HiRes1  Dugway | (73 g
HiRes-2 o L f
Dugwvay Proving Grounds U.TAH

. HiRe2: Camel’s Back idge 12.6 km
south-west of HiRes1.

e 42 mirrors, 2 rings (3°<altitude<31°)

e FADC electronics (100 ns period)

e HiResl: @ Five Mile Hill

(aka Little Granite Mountain)
e 21 mirrors, 1 ring (3°<altitude<17 °)
e Sample-and-hold electronics

(pulse height and trigger time)



First Observation of the Greisen-Zatsepin-Kuzmin Suppression

R.U. Abbasi,! T. Abu-Zayyad.! M. Allen,! J.F. Amman.? G. Archbold,! K. Belov.! J.W. Belz,! S.Y. Ben Zvi,?
D.R. Bergman.* * S.A. Blake,! O.A. Brusova,! G.W. Burt.! C. Cannon.! Z. Cao.! B.C. Connolly.?
W. Deng.! Y. Fedorova,! C.B. Finley,® R.C. Gray,! W.F. Haunlon,! C.M. Hoffinan,®> M.H. Holzscheiter,?
G. Hughes.* P. Hiintemeyer.! B.F Jones,! C.C.H. Jni.! K. Kim.! M.A. Kirn.> E.C. Loh.! M.M. Maestas.}!
N. Manago.® L.J. Marek.? K. Martens,! J.A.J. Matthews,” J.N. Matthews,! S.A. Moore.! A. O'Neill,?
C.A. Painter.? L. Perera.* K. Reil.! R. Riehle,! M. Roberts.” D. Rodrignez.! N. Sasaki.® S.R. Schnetzer.*
L.M. Scott,* G. Sinmis.?2 J.D. Smith,! P. Sokolsky.! C. Song.* R.W. Springer.! B.T. Stokes.! S.B. Thomas.!
J.R. Thomas.,! G.B. Thomson.* D. Tupa,.2 S. Westerhoff.? L.R. Wiencke.,! X. Zhang.® and A. Zech?
(The High Resolution Fly's Eye Collaboration)
" University of Utah, Department of Physics, Salt Lake City, UT, USA
?Los Alamos National Laboratory, Los Alamos, NM, USA
? Columbia University, Department of Physics and Nevis Laboratory, New York, New York, USA
4 Rutgers University — The State University of New Jersey,
Depariment of Physics and Astronomy, Piscataway. NJ, USA
*Montana State University, Department of Physics, Bozeman, MT , USA
4 ¢ University of Tokyo, Institute for Cosmic Ray Research, Kashiwa, Japan
7Um'tx_>rs'z'ty of New Mezico, Department of Physics and Astronomy, Albuquerque, NM, USA

The High Resolution Fly's Eye (HiRes) experiment has observed the Greisen-Zatsepin-Kuzmin
suppression (called the GZK cutoff) with a statistical significance of five standard deviations. HiRes’
measurement of the flux of ultrahigh energy (UHE) cosmiec rays shows a sharp suppression at an
energy of 6 x 10' eV, consistent with the expected cutoff energy. We observe the “ankle” of the
cosmic-ray energy spectrum as well, at an energy of 4 x 10'™ V. We describe the experiment, data
collection, analysis, and estimate the systematic uncertainties. The results are presented and the
caleulation of the statistical significance of our observation is deseribed.

PACS numbers: 98.70.Sa, 95.85.Ry. 96.50.sb, 96.50.sd



5 Sigma Observation of the GZK Suppression

* Broken Power Law Fits = S R L AL A
(independent data) 2 m HiRes-1 Monocular
— No Break Point q.: 10 %°/DOF=34.7/35 x°/DOF=75.4/NA -
=3.24(2 Nqyp=51.1
* +’/DOF =162/39 = yhloshiE)ﬂ&ssw) Nope=15 ]
One BP g‘-’ i ¥=2.81(3) P(15,51.1)=2.9*10° _
- o L log,,E=19.75(-) -
° Z/DOF = 63.0/37 :-E | ++¢ ¥=5.4(7) /
e BP=18.63 T | .
— Two BP’s .
* v’/DOF =35.1/35 'F | 7
o 1st BP =18.65+/-.05
e 2nd BP = 19.75 +/- .04 \
— BP with Extension : \
* Expect 43.2 events I
* Observe 13 events
* Poisson 10-117| - I17|.5I - I1I8I - l18|.5l - I1|9I - I1s;.5l - 2|o l \Izo.sl T
prob:P(15;51.1)=7x10%( log, 4(E) (V)
5.30)

Cutoff observed at correct predicted energy (Berezinsky E1/2), but situation now seems
More complicated.



How to detect very rare events? Utilize secondary interations

The Hybrid Concept

! Avgleo

Surface Detector Array

Fan o 14 geroe

lateral distribution, 100% duty cycle

Air Fluorescence Detectors

Longitudinal profile, calorimetric energy
measurement, ~15% duty cycle

accurate energy and
direction measurement

mass composition studies in
a complementary way

CLlJEs TRYENKDY |



Since HiRes — Moving down in energy

TA - 1-100 EeV Northern hemisphere
Auger — 1-100 EeV Southern hemisphere
TALE — few PeV to 1 EeV Extension

Auger (HEAT and AMIGA) — 50 PeV to few EeV
Extension

Ice Top — PeV to EeV surface array
Tunka — PeV to EeV Cherenkov/surface array
Kascade/Kascade Grande — PeV to EeV surface array

HAWC and a number of smaller arrays exploring 1-10
PeV region.



TA and Low Energy Extension (TALE)

Galactic to Extra-Galactic Transition

10 new telescopes to look higher in the
sky (31-59°) to see shower development

to much lower energies

Graded infill surface detector
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Event sample by SD array

SM210 pesk 1,5 Tral 1,3 A
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Event reconstruction

£ 2 Event map: j 5
%21— Size = # OF:C. articles ' £ N 4 y ? : :
s -rorp 1/ 8 gu Time fit
¢ 1o Color = timing Tlss ¢ ¢
2 18- - g s 8s
3 °© 3
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151~ o9 — 7
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Charge Density, [VEM/m’)

Distance East, [1200m]

w

w0 8 -12 8 —(n(@)-1.2) 8
=A(— 1 1 [

" . r=4(5rem) (576w (+ {50

. n(6) = 3.97 — 1.79 [sec(8) — 1]

' Empirical formula used by AGASA

r =800m : Distance from shower axis, [1200m] " S800 -> primary energy



Charge Density, [VEM/m’)

Primary energy determination

Ty

]
E’sp=FE ’SD(SSOO, 6)

log,,(5800)

Scale to FD energy
Esp=E’sp/1.27

PR P S T PE S . i3 i e
1 11 12 13 14 15
secif) FD energy Eg,
sec(6) 2
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TA SD Spectrum (9 yrs data)

fjt to blrolke.n power Iqw

Log(E/eV)
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= Log(E/eV) Ankle =19.81 + 0.04 \ =
— = 18.69 =+ 0.02 \ _
[ Normalized Log Likelihood / NDOF = 21.96/22 \_
— N_EXPECT (> GZK, no cut-off) :79.8 7
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—GZK CHANCE PROBABILITY | 2x10 12 "’70 . =
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See D.lvanov CRI 236



Auger Spectrum in Southern Hemisphere

Eankle = (5.08 + 0.06 + 0.8) EeV

t

E, = (39+2+8) EeV
E]/ZZ (23:1:114) EeV

e Auger (ICRC 2017)

17.5 18.0 18.5 19.0 19.5 20.0
Ig(E/eV)




Extending to Lower Energies — TA Low Energy Exension

TALE telescopes

Elev

TALE )
Fluorescence o
Detector

* 10 high-elevation

tEIeSCOpeS at the %0 740 260 %0 30 T 360

Azimuth, degrees nerth of east

Middle Drum site,

. . o . Mean  17.3
looking from 31°-59° in - , Amaan s oses
elevation. _ S0~ Mg aTSs

5 f -

* Operate in conjunction gm— .
with the TA Middle § 00 E
Drum FD. “g' - .

200~ -
w ]
= 100 -
L | A | 1 S | Ll

log, (EleV)
Expected TALE hybrid}.-\gnts per year




All 10 Telescopes installed and in operation since
fall 2013

Test array of 16 scintillation surface detectors in
operation

_—



TALE-FD: 2013/10/07 10:45:25.31421§|9
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PCGF turns out to work very well on
Cherenkov light dominated events
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TALE Energy Spectrum

TALE FD Monocular Spectrum
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Combined TA Spectrum
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Most recent result (ICRC 2019)

Auger/TA energy spectra at this conference

N:> TALE Cherenkov
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Monocular FD spectrum: combined TA

and HiRes

TA HiRes Mono Combined Spectrum vs ICRC 2019
Result, J x E3

104

TA HiRes Mono Combined J x E* vs. ICRC 2019 Resuls
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z | f%w}:}-%* |

+ |
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n TA ICRC 2019 Combined L
| (TALE and SD)

b TA HiRes Mono Combined
(This Work)




Not a simple power law. Many
guestions arise.

Is the cutoff difference in shape due to
systematics or a real reflection of source
differences N and S? Is this correlated with
appearance of Hot Spotin N and Cen Ain S?

If the spectra at highest energies are different,
are the composition also different? Is there a
composition dependent anisotropy?

What is the origin of the ankle, second knee, and
dip structure between first and second knee.

Are there corresponding composition changes?



Is the difference in cutoff N/S a real
effect?

* Check spectrum in common declination band
to look for possible systematic effects.

o Energy thresholds chosen to match the measured integral fluxes in —12° < § < +42°
o Mismatches of nominal energies within systematic uncertainties (£14%;,ge, + 21%,)

o Lower-energy dataset > 8.86 EeV / > 10 EeV @ Higher-energy dataset > 4
—1 lower-f:" data (E;Au‘ggr >8.86 EeV, Ep > 1|0 EeV)

Auger data E Auger = 8.86 EeV f’16_ IAugergl< 60° _
Eaar Auger 0> 60° -
G120 Auger total _
=100 TA — _
g
€ 8 total _|
g O 7
(=] 4 _

Ep > 10 EeV 52 |

H ! T = | I
©_90° —60° —30° 0° +30° +60° +90°

declination §

! Different quality cuts and reconstruction techniques for 6 S 607 .,



Searches for declination dependences in TA and Auger

(E) [km yr 1sx: eV ]

EJ
Ad

—— full f.0.v. fit

® -90.0° < & <-42.5°
m -42.5°% < 3 <-17.3°
& -17.3% < & <3#24.8°

J (B)/J(E)

Ab

19

0.9

10:0
E [eV]

N> 38
%1074 -
" C
I“ -
N>‘ §
g .,

10 -
=) i -
~ . « +24.8° < § < 90° -
N «-15° < § < +24.8° AL
u —

1019 20
E [eV]

e Auger: Only a trend for a slightly larger
intensity in the South (consistent with dipole
expectations)

e TA: Ditferences in the suppression energy, with
an excess of intensity in the Northernmost sky



How often would this difference arise

from statistical fluctuations?

Using 11 years of SD data

st xsr! xeV?]

10%F 2008/05/11 - 2019/05/11
L o -16°< §<24.8°

o 24.8°< §<90.0°

X

J(E) x E*[ m?

9 192 19.4 196 198
Iogw(E/eV)

o
18.8 1

» Cutoff energies in
lower and higher
declination bands
now 4.7 o different.

* 4.3 o global chance
probability of the
effect

» Strong evidence of
cosmic ray spectrum
declination
dependence in the
Northern
Hemisphere



E*J(E)/ (eVikm?sriyr')

Is there a systematic issue between
Auger and TA?

Lessons from the common declination band
[D. Ivanov et al., Proc. of UHECR 2018]

JAuger, JTA

10*

TA SD, -15.0° < 5 < 24.8°
(E rescaled by -5.2%)

Auger SD, -15.7° < § < 24.8°

T Trrr

T

3 (E rescaled by +5.2%)
AT LA L R R T L L o, e, A
19 192 194 1956 198 20 202
log, (E/eV)
10
27 ndl 5.127/10
20y . . . po 11.73 +2.222
p1 -0.5629 +0.1152

19.2 194 196 198 20 202

Iog1 t)(E/eV)
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Is the remaining difference in common declination band a
statistical effect?
Frequency of Auger/TA flux ratio slope

hDataStat hEqStat
Entries 10000 | Entries 10000
- rr|rrrryrrrrrrr1 Mean -0.3003 Mean -0.0635
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1/omega meﬁonePChance#(ZZ% to gée Srope < B 55nd iégﬂ’co ge?qug <-0.6
(for the traditional average exposure method, P, ....=14%

to get slope <-0.5 and 9% to get slope <-0.6.)



Putting all experiments together

Cosmic Ray Spectrum
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Interpretations of Structure

First knee: (proton knee)- galactic “leaky box” —rigidity dependent
proton leakage

Second knee: (Fe knee) galactic Fe Emax: roughly 26 x proton

knee.

Ankle: Extragalactic protons- spectrum excavated by proton energy
loss by e+e- production OR dominance of extra-galactic flux with
harder spectrum

Cut-off: GZK cutoff for protons/Fe — energy loss by pion
photoproduction OR Emax of dominant CR source(s).

Does composition follow this? — Central question to resolve origins
of structure.

Anisotropy can give important clues. Galactic proton anisotropy
should be very strong at 1018 eV
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What about below the knee? Direct

precision measurement is possible
ISS based experiments — AMS, CALET, ISS-
CREAM

Primary cosmic rays — p, He, C, O, Fe all show
unexpected deviation from simple power law
behavior at ~ few 100 GeV energies.

Proton spectrum is different from He and
other nuclei.

Challenge to “standard” picture



AMS Results

Origin or Structure In the latest helium spectrum

Structure in the |atest proton Spectrum The structure in He (_P) spectrum r.equir?s modification of cosmic ray
Proton spectrum measured by AMS shows a deviation from a single 5 x1g® ‘Sr=nspostation model or inchusion of local sources.
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CALET Results

Direct measurement of proton spectrum by CALET
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What the energy spectrum tells us

There is significant structure and variation in
spectral index over the entire range of cosmic
rays.

This is a significant challenge to theoretical
understanding.

Source origin versus propagation effects.

Composition of cosmic rays plays an important
role.
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Composition: What to expect? p/He by far
most abundant at low energies

Hydrogen
@ -
S Deuterium
10° ¢ =
) (1]
107 p Q
Present-day Solar System Composition & :
100 | (H, He not shown) @ Fusion
]
T 105 } 2
" —
B 104 @ Lias
: i % Fission
§ | “Helium®Oxygen Uranium
el u = Lead
§ -
101 i 1 1 ' -
g 1 50 100 150 200 250
10° b fgo Number of particles in nucleus
10-1 L
102 |
10 20 30 40 50 60 70 80 90
Atomic Number, Z
H
He
c o
N Y wg s < Feow
Na [l Al At o
F 2 a K e Co Zn
B v Cu e
U 5 Ga SeB K o zr
AsH S BRo g Y Mo g, sn Te Xe Ba Pb
Be - RhNCdln ol llcs =5 o Smg, G4 D HoErTmYbLquTa Reos lrptAu“‘-’Tl Bi .

™~
1234567809 101112131415161718192021222324252627282930313233343536373839404142434445464748495051525354555657585960616263646566676869707172737475767778798081 8283 848586878889909192

43



Interaction lengths of p,He,O and Fe
Propagation important at high energy




Fluorescence Analysis-Xmax distribution as
measure of compostion
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Number of charged particle

Composition from Xmax - HiRes and
Auger

Shower longitudinal
development depends on
primary particle type.

FD observes shower
development directly.
Xmax is the most efficient
parameter for determining
primary particle type.

(%2
@
S
o
T

4e+09

T

T

3e+09

2e+09

T

-
(4]
&
(<o)
1

Xmax

|

Proton
Ironl

L

850 * HiRes Doto
---- QGSJETO1
~ 800 — QGSJET-II
Tl - ~SIBYLL 2.1
S 750f
P#
3 700
650 Fe HiRes
PRL.104.161101 (2010)
600 L | L | L | : | L : | L | L
18 18.25 18.5 18.75 19 19.25 19.5 19.75 20
log[E(eV)]
€ - - - QGSJETO1
5 - - - QGSJETII o
o 850 ... Sibyli2.1 .
A —— EPOSV1.99 B
g 800
>
v

750

700

650

\IIIIllll\l\llllllllllll[lll

=
T wrel” |

o

0 200 400 800 1000

Depth [g/cm?]

600

1200 PR10104.091101 (2010) 10

19

1 Auge
r

Difference above 10185 e\l



(Xmax) [8/(3“2]

850 |
800 |
750 |
700

650 |

PAO composition result

¢ data & Ostat

T e .

— EPOS-LHC
— = Sibyll2.1 7
_ - QGSJetll-04
/ N N -
1018 1019 1020
E [eV]

0 (Xmax) [8/Cm2]

80 v

10 f

1018

101°
E [eV]

1 020

Figure 13: Energy evolution of the first two central moments of the X, distribution compared to air-shower

simulations for proton and iron primaries [80, 81,95-98].



Detailed fits to MC predictions for different
hadronic models

Auger Xmax Results

« Latest Auger Xmax

proton + helium + nitrogen + iron

paper. Sy
+ Performed fits to il o
< >and  uf 1o
max) using 3 e I
models. ot
gﬂ.t- 1 3 ¥ I !
Z 02} ; . | :
0 > 4 J' 3 z N
3 comments: £l LS
» No significant iron subd 3 i S
appears in any model. = ol it v
* Test of models? Fur L bl
Can’t have Helium aul bk
above 1031 eV: T 0 0 E (o

VHEPA, January, 2016

49
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Updated Auger data
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HiRes/MIA and HiRes elongation
rate
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FIG. 2. Average Muon density at 600 m from the shower core. Same as FIG 1.



TA Elongation Rate and Sigma
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o(<X__>) of QGSJET I1-04 p/He = + 18 g/cm? @ 10**> eV [lab] (Vs = 250 TeV)
o(<X ,>) of TAdata = +17.4 g/cm? (1082 < E < 10'%7 eV)

Conservative lower bounds on uncertainties from total cross-section, multiplicity,

ﬁsticity dependence. (Abbasi & Thomson, arXiv:1605,05241 (2016))

°E° E ¥ data 2
o 90— e QGSJET II-04 proton ) §
= E ®  QGSJET II-04 helium S ?
£ 80— ® QGSJET II-04 nitrogen 5 ;
% E e QGSJET I1-04 iron o
703_ data sys. O |
E 3. b b ¢
60— """"é""/"'?'"";:;#/'::::::#L::/,: :'.:\::\/ l L |
ot - :+: 1R
E ¢ @ L] o + ¢ ® X
-, o
E [ ] Py [ ) o !
30— o ° P
E . ¢ ¢ ¢ .
Qs ilsseqdiniglaspnliwselssenlyisslangals phs
182 183 184 185 186 18.7 188 189 19 19.1
Iogw(E/eV) ‘

10 year BR/LR hybrid <X __> |

Hybrid events from TA BR/LR FD
detectors in coincidence with SD array

3560 events, 18.2 < Ioglo(E/eV) <191

Elongation rate )
e D, =66%5(g/cm?)/decade
e y%/dof=10.66/7 (p=0.154)

TA<X__ >appears consistent with <X __ >
of predominantly light elements such as
protons and helium using the QGSJET

11-04 model.

<Xm33> systematic uncertainty: £ 17

g/cm

Systematic uncertainty of QGSJET I11-04
models are shown as well.

B
10 year BR/LR hybrid o(X__)

Hybrid events from TA BR/LR FD detectors
in coincidence with SD array

X

3560 events, 18.2 < log, (E/eV) < 19.1

Where statistics are large, o(X__ ) is
consistent with QGSJET 11-04 protons.
Note that O'(Xmax) is relatively model
independent, unlike <X __ >which canvary
by 20 g/cm? between models.

Above 1091 eV, statistics are depleted’ due
to the combination of acceptance
(primarily loss of small zenith angle events)
and falling spectrum. TA loses its ability to
distinguish between even single element
|predictions of composition.

"96 events, 19.1 < log, (E/eV) < 19.9,




Examaple of TA Xmax distribution shape analysis.

184 < log, (E/eV) < 18.5 In AstrophvsJ.858 (20181 002,76
QGSJET 11-04 proton OGSJET I1-04 helium we tested TA hYbrld Xmax data
* . . against predictions of single element
“E i cendl " " composition using the QGSJET 11-04
f ‘ model (Phvs.Rev, D83 (2011)
: cm?| | It 2g/cm?
I + To account for systematic
3 YT . + uncertaintiesin X__ of our dataand
= e e S the model, we fit the data to

reconstructed distributions of each
element with a systematic shift in
X_.. and found the shift which
maximized the likelihood of data and
MC. This tests the shapes of the

-33 g/cr@ distributions.

For the shift which provides the

- N
1100 %o 1000 1100

(e X... ipen') maximum likelihood, calculate the
probability of observing a ML at
Depth of Ultra High Energy Cosmic Ray Induced Air Shower Maxima Measured by the least as extreme as observed in the
Telescope Array Black Rock and Long Ridge Fluorescence Detectors and Surface Array shifted data |

brid Mode, Abbasi, et al., Astrophys.J. 858 (2018) no.2. 76 @




Best Single Element Fits to Xmax Shape with Energy (TA)
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Depth of Ultra High Energy Cosmic Ray Induced Air Shower Maxima Measured by the
Telescope Array Black Rock and Long Ridge Fluorescence Detectors and Surface Array

in Hybrid Mode, Abbasi, et al., Astrophvs.J. 858 (2018) no2. 76

We demonstrated that at the 95%
confidence level, TA datais
compatible with a pure QGSJET
[1-04 proton composition for all
energies 18.2 < log, (E/eV) < 19.9,
withX__ shifts ~+20 g/cm? applied
tothedata. TA<X__ > systematic
uncertainty is £ 17 g/cm?.

Below 109 eV all other single
elements tested were not
compatible with TA data. For iron,
shifts of 50 g/cm? were needed to
make the data match the MC

prediction.

Above 10* eV TA datais
compatible with all four pure
QGSJET I1-04 elements using this
test because statistics are poor and

thedeep X __ tailis not seen.




Best 4-component (Auger type) fit to TA data

'QGSJET 11-04 proton, helium, nitrogen & iron mix

z Fitting to a four component mix,
- data <X ., > = 731 glcm?, o(X,,) =62 g/cm? proton, helium, nitrogen, and iron,
1000 — gy MiX K> =781 glom?, o(X,,) = 62 glem? results in a fit to TA hybrid data
R i without a need to shift to find
- ; acceptable y2. Proton and helium
800 — — x2/dof = 9.0/14 combined (light elements) result in
i ¢ * p =0.830 75% of the mix between 18.2 <
B log, (E/eV) < 19.1.
600 ® data (+0 g/cm?)
i e T R p/He/N/Fe mix Fitting with elements with similar
» |:| QGSJET 1104 proton shapes and <X _ >, mainly proton
400 — and helium, is problematic due to
i [ QGSJET 1104 helium correlations.
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limitations due to resolution, acceptance, and statistics.

access to, and we may be able to verify or refute their claims.

<X .. >anda(X _)of QGSJET 1I-04 p/He/N/Fe mix with +0 g/cm? uniform shift applied to TA 10 year data
Why investigate a four component ad hoc model? We do not know what the composition is at UHE and we

should not presuppose without further evidence that it is solely extra-galactic protons. New UHECR
experiments such as TA may be able to answer this question via direct measurement, being mindful of our

A similar, independent experiment has already made such a measurement using the same methods we have

[




Composition above 1 EeV

Auger and TA data consistent within systematic
errors from 1 to 10 EeV.

Above 10 EeV, TA still has insufficient statistics for
a detailed Xmax distribution analysis — need to
confirm narrowing of distribution (Auger)

From 1 to 10 EeV, TA is consistent with a light
composition, not excluding a 4 component mix
dominated by p/He.

Results may change with more refined hadronic
models, but difficult to explain Xmax tails without
significant protons (below 10 EeV)



Evolution of composition

* I[mportant: Auger and TA both agree on a
proton dominated composition from 1 to™~5
EeV = Any emergent differences at higher
energies are unlikely to be due to systematics.

* Below 1 EeV, composition measurements rely
on Cherenkov dominated events: systematic
differences may still exist.



Example Xmax distributions (2)
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Mean Reconstructed Xmax VS.
Shower Energy

TALE Reconstructed Shower X vs Shower Energy

* (Top Figure): Reconstructed Data

T hdals | = TALE dat
<X, VS. Shower total Energy %noii‘ﬁ? v | JALE S )
. = | Moan y 8les
starting at log(E [eV]) = 15.3 Fro-ime, 23] < o

- Also shown, results for 4 MC primaries.

* (Bottom Figure): A broken line fit to :
TALE data <X,..> erne®

- Break point: 17.23 +/- 0.05 Tl
- Slope before: 35.13 +/- 0.35 w0y PG teing EPOSTLHG showers.
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TALE Reconstructed Shower X__ vs Reconstructed Shower Energy
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TALE data imply that the cosmic ray composition near the
first knee is light, mainly protonic. At energies near 10/ eV
the composition becomes mixed with heavier elements
becoming important. The trend at energies near 1012 eV

Is to a lighter composition again.

TALE data smoothly matches the TA hybrid composition
results around 1018 EV.



Hadronic Physics

UHECR Air Shower development is sensitive to
the p-Air inelastic cross-section.

Using Glauber Model can relate to p-p total cross-
section well beyond accelerator energies.

Muon content of EAS is sensitive to primary
particle composition.

However, there is an excess of muons relative to
any existing model. This seems true over a wide
range of energies.



Slope of tail of Xmax distribution is sensitive to the proton-air cross
section.

Most recent TA result using hybrid BR/LR data shows good agreement
with previous measurements.
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There have been persistent problems with hadronic simulation models
underproducing muons in EAS. TA data confirms this problem —

Select events to enhance muon
purity in SD signal using geometrical

cuts
Shower axis
2 Y'Y/
‘R MC QGSJETH-0G
g o9 30°<het5*
§ F 150P<k[<180"
= gab| + withou Badkground
= « with background
0.7 -ty
- e
06’:_ - _§4
. . R
03 e T
0.‘:— —— 3
0.3 oo
0.2 oo
0.1 T
o: 1 1 - 1 1 1
Ground 10
| 0 A(m)
Shower axis projected
onto the ground FIG. 4. (color online). (top) Lateral distributions of the

air shower average signal of the MC with QGSJET [-03 for
30° < @ < 45°,150° < |§| < 180°, 500 m < R < 4500 m. The
red, green, blue, yellow, magenta and black represent gamma,
electron, muon, other shower components, atmospheric muon
background and the total of them, respectively. The verti-
cal error bar shows the standard deviation. (bottom) Lateral
distributions of the muon purity. The violet and orange show
calculations with and without the atmospheric muon back-
ground, respectively.
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O
z: 30°<0<45°
"o 150°<|0|<180°
Z-S
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Muon pure data signals consistently higher than MC at large distances from the core
Reason for muon deficiency in models is not clear.



Local LSS as source of UHECR

=TT T T TTT T T

F1G. 5.— Sky map of expected flux at £ > 57 EeV (Galactic
coordinates). The smearing angle is 6°. Letters indicate the nearby
structures as follows: C: Centaurus supercluster (60 Mpc); Co:
Coma cluster (90 Mpc); E: Eridanus cluster (30 Mpc); F: Fornax
cluster (20 Mpc); Hy: Hydra supercluster (50 Mpc); N: Norma
supercluster (65 Mpc); PI: Pavo-Indus supercluster (70 Mpc); PP:

Perseus-Pisces supercluster (70 Mpc); UM: Ursa Major (20 Mpc);
V: Virgo cluster (20 Mpc).



Auger Dipole - UHECR Anisotropy

® Significance of dipole increased
® Strength increases with energy

® Transition of dipole phase around 1 EeV:
hint for Galactic-to-extragalactic transition
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TA sees excess of events above
5.7x1071°

Best circle center: RA=146.7°, Dec=+43.2°
Observed: 19 Best circle radius: 20°

Total events: 72

Expected : 4.5 Local significance : 5o

Global significance: 3 o
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Most recent update

60

< >57EeVCosm|c Rays >

S, o 2 . s . . e s e ¢ o e e e

>57EeV Significance >

-




Telescope Array - Hotspot

® number of events grows slightly slower than in the
past, but still grows faster than background rate

(a)

h L 4O =N W e o

Hotspot from 11 years of TA SD data, from May 11, 2008 to May 11, 2019

E > 57 EeV, in total 168 events

38 events fall in Hotspot (a=144.3¢, 5=40.3¢, 25¢ radius, 22° from SGP), expected=14.2 events
local significance = 5.1 o, chance probability - 2.9¢

25¢° over-sampling radius shows the highest local significance (scanned 15¢ to 35¢ with 5¢ step)

Cumulative events in the Hotspot
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Global Anisotropy (Auger + TA)

AN .

Eauger 2 40 EeV, E1p 2 53.2 EeV; 20° smearing

local Li-Ma significance [g]



Energy spectrum anisotropy:
Distributions of significance across sky

o (Local Significance)

Figure 4: Hammer-Aitoff projection in equatorial coordinates. The local pre-trial energy spectrum anisotropy significance, for each spherical
cap bin of radius 30° <bin>> and logq(E/eV) > 19.2. The maximum significance is 6.70,.4.1 at 139° R.A., 45° Decl. This is 7° from the
previously published “hotspot” location [2]. The dashed curve at Decl. = -16° defines the FoV. Solid curves indicate the galactic plane (GP)
and supergalactic plane (SGP). White and grey hexagrams indicate the Galactic center (GC) and anti-galactic center (Anti-GC).
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Spectrum at point of most significant
deviation
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Hot/cold spot begs the question of
magnetic field effect
e Search for anisotropies in energy —angle
correlations.

 Since possible sources near hot/cold spot
located on or near supergalactic plane, use SG
coordinates.

 Wedge correlation analysis suggested by
Auger paper using rectangular boxes.



Wedge origin placed on equal angle 2 deg grid. Scan over wedge length, width
pointing direction and threshold energy. Calculate ranked correlation of event
energy and angle from origin.

- (number of concordant pairs) = (number of discordant pairs)
- n(n-1)
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Distribution of maximum correlation
strength
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Simulated background sets generated

bi scramblinﬁ eneriies.

86,313 frials
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Mean 7

10 year result
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Figure 10. The distribution of the curvature parameter a of the

mean 7 parabola chosen as the supergalactic structure of multiplets
-1 test statistic for 900,000 isotropic MC sets. The purple bars are

the MC PDE. The red line is a Gaussian distribution fit to the MC

distribution. The curvature for the data is a=1.60x10~* shown as

a blue vertical line. There are 22 MC with a larger curvature than
(a) data, which gives a significance of 4.09¢.
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Apparent curl of B field in hot/cold spot region
POSSIBLE FILAMENT? V x B = pod +>%/%i
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Apparent current flowing towards us inside 25° bin




Composition and Anisotropy requires
more statistics a
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Middle Drum Telescope Station
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Black Rock Mesa
All FD’s Operational
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TAx4 SD array is fully operational
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* Everything we have learned has come from
improvements in technique: aperture and
resolution.

* We now have additional tools: multi-
messenger particle astrophysics.

* Neutrino, gravitational and gamma-ray

astronomy will provide important
complementary data in the search for UHECR

origin.



* Diffuse neutrino flux must be related to the
GZK cutoff and the flux of UHECR protons.

* Diffuse gamma-ray flux must be similarly
related.

* Gamma Ray direct observation of SN at TeV
and greater energies can pinpoint galactic
cosmic ray accelerators. Correlate with galactic
cosmic ray flux.



* Observation of neutrino point sources will generate a class of
potential UHECR sources.

* Improved knowledge of galactic magnetic field will enable
much better resolution of sources.

* We are now collaborating with the PHAESTOS group in Crete
to use starlight polarimetry and known star distances from the
Gaia survey to de-convolute the effect of the galactic
magnetic field.




What have we learned?

* The featureless and uninteresting Cosmic Ray
spectrum was an instrumental effect. Early
detectors had poor energy resolution and
calibration. The spectrum is rich with features.

* The composition of UHECR below ~ 10° eV is
reasonably well known and exhibits interesting
features corresponding to spectral structures.

* The galactic/extragalactic transition is now in

hand and details of galactic acceleration can now
be studies.



* Persistent hints of intermediate angular scale
anisotropies at the highest energies seem to
show concentrations of sources near the
supergalactic plane.

 Magnetic deflections are beginning to be
studied and correlations with supergalactic
sheets or filaments may be important.



Telescope Array Collaboration
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Associated Experiments

Gamma rays from Lightning ( with N. Mexico
Tech) — first observation of downward MeV
gamma rays from lightning strikes.

40 MeV electron linac beam studies: - radio
emission

Tests of detectors for proposed space-based
air-fluorescence experiments ( JEM-EUSO)

JPL-CalTech radio astronomy station: Recent
observation of FRB from galactic source



In Memoriam

Clicerio Avilez Valdez

Clicerio Avilez Valdez, the director of the Institute de Fisica at the Universidad de Guanajuato, Mexico,
died suddenly of a massive cerebral hemorrhage on 10 May 1991. He was 45. Avilez believed that Latin
American participation m the high-technology and frontier research of elementary-particle physics was
important to foster the growth of science, engineering and graduate education in Mexico and other Latin
American countries. He devoted his career to the pursuit of that goal. In 1980 Avilez decided to become an
experimenter in high-energy physics and spent a year at Nevis Laboratories at Columbia University. With
the support of Jorge Flores, the director of the Institute de Fisica at UNAM, he then joined with colleagues
from Columbia and the University of Massachusetts in experiments at both Brookhaven and Fermilab. He
was cospokesman of an experiment at Brookhaven that studied the hadronic production of strange particles.
His efforts were instrumental in starting Fermilab experiment E690, which explores the hadronic
production of strange, charm and bottom particles. In 1986 Avilez went to the Universidad de Guanajuato
and became the director of the Institute de Fisica. Avilez organized several important conferences to
encourage interactions between Latin American scientists and the world scientific community. He and
Leon Lederman ran the Pan- American Symposium on High-Energy Physics and Technology in Cocoyoc,
Mexico, in 1982. This meeting sparked the birth of many research groups throughout Latin America.
Avilez worked tirelessly to further the development of high-technology endeavors in Mexico and
elsewhere. His energy, enthusiasm and leadership will be missed by his colleagues

and students.

Clicerio invited me 1o give a series of lectures on cosmic ray physics at a summer school
nMexico in 1956. 7 was unable fo come art the last minute, but the lecture nores became
the basis Jor my book “Introduction to Ultrahigh Energy Cosmiic Rays” — the second
eaition of which (co-authored with Gordon 7homson) just came out. I will always
remember firs energy, entiusiasm and aelermination o improve the standing of pAysics
inMexico and Latin America. His kinaness in inviting me then wound up matking a big
impact on my career.
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Energy calibration

R.Pesce @ ICRC 2011

839 hybrid events
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E > 3 EeV - zenith < 60°

Using hybrid events, the SD
energy estimator is calibrated
without relying on Monte Carlo

Method Systematic Uncertainties
7% a10% eV
15% a 102 eV

FD Energy Systematics

m fluorescence yield 14%

m FD absolute calibration 9.5%
m invisible enerqgy 4%

m reconstruction 10%

m atmosnheric oftocts 8%
TOTAL: 22%

S,, -> S1000 that a shower would have produced had it arrived with a zenith angle of 38 °



TA Fluorescence Detectors

Refurbished
from HiRes

Middle Drum

14 cameras/station
256 PMTs/camera

Observation

started Dec.
2007

TOPO! map printed on 07/12/04 fifom "Stakelun04-01.tpo" and "Untitied. tpg"
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< SD Deployment >

e 2006 Oct. — 2007 Mar.
e BLM restriction for Apr. — Sep.
e Tuning from 2007 Oct.




Energy Scale

s e S and FD energy

s 1  estimations disagree
t : 1 « FD estimate possesses
3 a0 1  less model-dependence
2 % e 1 + Set SD energy scale to
o 1 FD energy scale using

b 1 well-reconstructed

i1 eventsfromall 3 FD

SD, logw(EIeV) deteCtorS
e 27% renormalization.
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HiRes/TA stereo data elongation rate
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HiRes/TA agreement is remarkable

Different mirrors/electronics/pmt’s/calibration
orocedures

Different geography/atmospheric aerosol
oading

Different reconstruction methodology,
independent of HiRes/Utah group



Comparison of uncorrected HiRes/TA/
PAO/Yakutsk data
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Fig. 2. (X ) measured by Auper and Yakutsk, together with the (X555 as measured by HiRes and
' ’ h h ' max g
T'A. Data points are shifted to a common energy scale (text for details).



Interpretation of data

 HiRes/TA Xmax data is
in exce”ent agreement ° PAO cut ph|losophy |S to

* Uncorrected HiRes/TA minimize detector bias
data elongation rate and compare to theory.
data is in excellent * HiRes/TA philosophy is
agreement with PAO to take care of bias by

* HiRes/TA apertures very careful simulation of
similar models using detector

MC and reconstruction.
e Should be equivalent!
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PAO elongation rate and fluctuation

Note: no bias expected for data so
Prediction rails uncorrected
HiRes/TA data should be shifted by
~20 gm/cm?2 deeper if QGSJET p.

€ 850 -qGssETH T nf
- Sibyl2.1
i o 2 Proton
_. :_ E2QS1 99 - S0 -
~y 800 ; et
»x | g $ . * ** {
L i ¢ . . . w w =
750 :‘ . ) e : } *
b . . m ‘o - {
[ * *
700" 3} {
esof o i
we ron
PR a N 10 bl 2 N
10" 10" 10" 1™
E [eV] E [eV)
X.,..x Distributions p, Fe, 50:50
i - 180 BN 1B — 'é - BB/ 182
] : ,-, MEVELLL - - '.
T . .lll# ‘: ‘v:v :i‘
™= {7 *‘ *‘ " .‘ ,‘." 0*
- S (/X
- { ‘ ‘0 = 1. ‘e
‘KJ_; = \_‘- .::_‘ 2] e HJ; ~ v .:: o e
Xoo Ig5m’) Xow Igem’)
é wl 19 2dpEN 104 é : I EA19.4
A I
f+ 1+ + ‘1 }"‘(
1 M AV S N
- - - - t_:Tg\'-'\I“ - - - - Y_:I-g\'-’r



Measurement of the p-air cross-sectior

see R. Ulrich at this Coni

I Tail of the distribution of X__ sensitive to cross-section

Ellsworth et al. Phys. Rev. D26 (1982) 336
Fly's Eye == Baltrusaitis et al. Phys. Rev. Lett. 52 (1984) 1380

18< log,,(E/eV)< 18.5

it

oo

A, =55.8+£2.3 glem’

AN _ Xenas

x e M

A X nax

dN/dX,, . [cm¥g]

dominated by protons
>4 . . L] . .
10.1—_. L M B i ! 1 P
500 600 700 800 900 1000 1100 1200
Xmax [glcm?]

The Pierre Auger Collaboration, Phys. Rev. Lett. 109, 062002 (2012)

1 is the fraction of
“deepest” event from the
unbiased X__ distribution

Why n=20%?

25% helium contamination
produces a bias at the level of
the statistical uncertainties

Use simulations to correlate
Aﬂ"’c with cross-sections

A,M¢ adjusted to reproduce
the measured A,



Cross section (proton-air) [mb]
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Xmax Data

Data X_ Distribution
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hXmaxData
Entries 3486
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RMS 73.26
x2/ ndf 21.48/24
N 0.3582+ 0.0121
Mo 52.44 + 1.65
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Xmnax (9/cm?)

Mean energy ~ 108> eV,

Only events with global fit are
used;

Without additional systematic
errors due to heavier and lighter
components

* HiRes:
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Calculated and measured Xmax resolutions
for PAO and TA stereo hybrid events appear
to be very similar
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Actual data (before acceptance corrections) is in excellent agreement.
s this telling us something about the proton simulations?



Mixed models — interplay of galactic and extragalactic spectra

COMPARISON of DIP and ANKLE MODELS

In the dip model transition occurs at E; ~ (5 — 7) x 10'7 eV, i.e. close to the end of
Galactic Cosmic Rays (Iron knee at £ ~ 1 x 1017 eV).

In the ankle model transition occurs at £, = (0.3 — 1) x 10'° eV, much higher than
Iron knee, in contradiction with Standard Galactic Model.
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FD Auger enhancement: HEAT

H-J Mathes @ ICRC 2011
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Taking data since Sept. 2009
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I.Maris, F. Sanchez @ ICRC 2011
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ELS ( Electron Linac) Calibration

e 40 MeV beam at few hundred meters
simulates EAS.

 Knowing beam intensity, energy and detector
response gives end to end calibration and
cross-check on air fluorescence efficiency

* Beam is also being used to study radio
emission (Karlsruhe PAO group), radio
reflection ( TARA group), JEM/Euso prototype
detector calibration



40 MeV electron Linac installed
100 m from BR FD site

Used for final end to end calibration
of FD energy scale for TA

Useful for calibration of TARA
TA-JEM-EUSO detector calibration

KIT group study of GHz radio
emission

ote! m&-’.“”‘ﬁmme‘iwwpgm

BlackRock
Fluorescence Site




Km from HiRes 2

1992-1996: HiRes Prototype  :«
* 14 (HiRes-1) + 4 (HiRes-2) mirror prototype il
detector operated between 1992 and 1996 %

* HiRes-1 field of view up to ~70°.

* HiRes-1 operated in hybrid mode with the
MIA muon array (16 patchesx64
underground scintillation counters each\): 10
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Dethinning Technique

« Change each
Corsika “output
particle” of weight
w to w particles;
distribute in space
and time.

* Time distribution
agrees with
unthinned Corsika
showers.
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Reconstructed MC Primary
Fractions (Equal fractions thrown)

TALE MC: Reconstructed Primary Fractions (equal weight input)
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Reconstruction Resolution (Xmax)
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E g light (QGSJET 11-04 p + He)
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TA hybrid resolution, ~20
g/cm?, which is about the
difference in <Xmax> of
QGSJET 11-04 proton and
helium, is not sufficient to
make accurate measurements
of proton and helium
individual fractions in a
mixture.

Until resolutions are
significantly improved, we
should still think in terms of
light. medium, and heavy
composition.
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Probabilities after best shift to account for systematics
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Figure 18. Unbinned maximum likelihood test on observed and simulated QGSJet 11-04 X .. distributions
after systematic shifting of the data to find the best log likelihood. Each point represents the probability
of measuring a log likelihood more extreme than that observed in the data after it is shifted by the best
AX ax. The color of the point indicates the AX . measured in g/cm? required to find the maximum log
likelihood value. The dashed line at p-value = 0.05 indicates the threshold below which the data is deemed
incompatible with the Monte Carlo at the 95% confidence level.
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Correlations with LSS

E>10 EeV: 2130 ev. E>40 EeV: 132 ev.
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White dots: TA data with zenith angle < 5¢

Gray patterns:
expected flux density from proton LSS

2MASS Galaxy Redshift catalog (XSCz)
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AUTOCORRELATION FUNCTIONS (10yr)
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CORRELATIONS WITH LSS
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Model Dependence of TALE composition result

Fit results (QGSJetll-03)

* Lowest Energy bin starts

at: log,o(E.) = 15.7

* Mean log(A) calculated as
a weighted sum of log(A)
for each of 4 fit primaries.

* MC thrown with equal
number of primaries:
<In (A)>=2.01

* Reconstructed MC
<In (A)> blue squares.

* TALE data (corrected
fractions) shown in red.
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TALE Data: Primary Fractions (Xm_ Distributions Fits)
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Fit results (EPOS-LHC)

* Lowest Energy bin starts

at: log,o(E.,) = 15.2

* Mean log(A) calculated as
a weighted sum of log(A)
for each of 4 fit primaries.

* MC thrown with equal
number of primaries:
<In (A)>=2.01

* Reconstructed MC
<In (A)> blue squares.

* TALE data (corrected
fractions) shown in red.
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