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Possible CR source populations
10'1EIIIIIH1] IIIIIIII| IIIIIHI] Illlﬂﬂ] IIIIHﬂ] IIIIIHI] IIIIIIﬂ] IIIIHﬂ] IIIIIFH:4
SNla SNIb
= 102 - R ‘ _
IIIIIITI" II\IIITI'l IIIHITI'l IIIIII'IT| IIIIIITI'l IIIHITI'l HIIII'ITl IIIIII'ITl IIIIIFITl—I_r Em ﬂ
104 ] : . a
: E SN IIP
y L 493 SN Ib/c E
e — \
w
10° -
‘-"."E E L J
S B 104 IIIIIIJJJ IIIIIIII| IIIIIIJJJ IIIILLLI] IIIILLLI] LI IIIIIIJJ] IIIILLLI] L L
E ) 10° 10° 10 10° 10° 10 10° 10° 10"
=10?
5 R
= . . 5
2 ® Left: Gaisser, Stanev and Tilav's 2013 review
w10 article suggests several source populations

® Above: Ptuskin, Zirakashvili and Seo (2010)
propose a cocktail of supernova types and
environments as candidate population 1,2
sources. (R-scale assumes only protons.)

Primary Energy, E [GeV]

® rigidity R = (pc)/(Zmpnc?) is natural for mixed
cosmic ray composition

4 Corners APS Meeting, U. of Denver, October 18-19, 2013 — p.3/17



ARGO-YBJ

benefit of analog charge
readout very close to the core

p/He spectrum bending below 1 PeV
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p/He spectrum bending below 1 PeV
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Toward the highest energies Telescope Array
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Experimental sensitivity to CR composition
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(Left:) The position of shower maximum, X, 4z, IS measured by fluorescence
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(Right:) The radial densities of muons(x) and electro-magnetic(e™*) particles from
the shower core are measured by the Auger surface detectors.
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Shower Monte Carlo (MC) predictions
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Shower MCs include known particle physics plus phenomenological models to
extend to Auger/TA CR energies but not “1o” possibilities ...

(Left:) Predictions for X, 4, for p and Fe primaries from MC version “n”.
(Right:) Predictions from MC version “n+1” tuned to the latest collider data.
MC differences may under (or over) estimate systematic uncertainties.

Experimental data are “noisy” but MC predictions disfavor pure proton composition!
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correlation X, vs S(1000)
ankle 5x10'8ev s oo : .
“dip” scenario requires i, 0.2;—
extragal. protons (>85%) N 0.1E¢
o 00F-©
TA D.Ivanov, 249 ) N
v isotropy at ~10'8 eV 02_ """""""""""""""""""""
- GCR< 1% at 90% C.L. E
-0.3
Auger A.Yushkov, 335 / _0'42_Auger 2015, preliminaryé :
? mixed composition at the ankle 0.5 bt bbbt
a(ln A)

attempt for an overall description of specrtum/comp. vs E = no “dip” scenario
N.Globus, 515 only two components
1) GCR/rigidity  2) EGCR/acceleration at mildly relativistic internal shocks of GRBs

G.Farrar, 513
photo-disintegration in the vicinity of the accelerator before escaping 21



Spectrum analysis for mixed composition LB

—r T T T T 4 ——
protons and nuclei (uniform distribution)

100% prot
0 FE (py=310"ev E Auger 2 Drotons

[

oL

¥ Hires 1 {monocular)
¢ Hires 2 {monocular)
»
|

My

BEY x E° (1 0** eVzm'Zs'1sr'1)
BE) »E° (107 evim s 'sr")

Stereo Fiv's eve
AGASA (E-20%)

&l B )2 {protons only)
m——t =7 7 {Mixed)
= —=p_n-2 3 {mixed) (o =2.86)
I TN AN SN R SN SN N S Y N NN NN S N | L L L L | |
18 18,5 19 13,5 20 20,5 18 18,5 18 18,5 20
Iogm E (eV) Iog1lD E {(eV}

® Population 1 and 2 have mixed composition: p, He, ... Fe; why not population 3?

® (Right plot:) Allard, Parizot, Khan, Goriely and Olinto (2008) found that only
almost pure protons have a distinct ankle. Left plot confirms that only almost pure
protons model the flux over essentially all of the population 3 energy range.

® Does the clear ankle, in Auger/TA data, favor mostly (> 75%) proton composition?

4 Corners APS Meeting, U. of Denver, October 18-19, 2013 — p.8/17



1) ENERGY SPECTRUM
2) MASS COMPOSITION

3) ANISOTROPY

4) HADRONIC INTERACTIONS
5) RADIO

6) FUTURE
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Anis Otropy = TeV A — strongest, harder than bkg

B — most extended
C — confirms ARGO-YBJ observation

HAWC D.W.Fiorino, 241

c N o

HACW-111

86 billion events in 181 days 0 8 -6 4 =2 0 2 4 6 8 10

relative intensity [x 107*]

NB the anisotropy results are over a much larger CR energy range than previous (spectrum, composition) results!

Milagro
-4 Hot Spot

I"7 Teld 2 TeV
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NB the anisotropy results are over a much larger CR energy range than previous (spectrum, composition) results!


Anisotropy in the Southern equatorial coordinates

Hemisphere
small scale
IceCube S. Westerhoff, 274 structure
250 billion events in 5 years e e
hal‘monlc 350[ ‘ deO|e phase ‘
analysis in
RA gzso— +
% 200 — e r— : . e—
& ] »—}— -1 -0.8 -0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8 1
é_lso‘ 1 Relative Intensity [x 10 *]
abrupt 5 |
change at —t—
207 ._E‘
100 TeV o
3.5 4.0 4.5 5.0 logm(SE.jGev) 6.0 6.5 7.0 7.5

_ 1 1 1
-1 -0.8 -06 -04 -0.2 0 0.2 0.4 0.6 0.8 1

M. Sutherland, 274 first PeV neutron flux limits Relative Intensity [x 10 *] 25




Dec. (deg.)

Tibet Air Shower Array

New structure on the energy
dependence of first harmonic
above 100 TeV

Northern sky
Tibet AS array 300TeV

Southern sky ®
IceCube 400TeV

See also K. Munakata, 372

Amplitude

Phase (hrs)

Z.Feng, 372
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Large scale anisotropy at the
highest energies

1. Al Samarai, 372

Auger . .
Rayl. analysis in RA and azimuth
E(EeV) H d ‘ 5d (6%
4-8 0.027 :0.012 | -81°4 17° | 15°4 115°
>8 0.073 4+ 0.015 | -39°4£13° | 95°4+ 13°
) 1 3 —— Auger - 750m &
8_ ] -l Auger - 1500m 3
a V¥ KASCADE-Grande _¢CU
I : ® Ice Top o
S 1074 T S
.
é R
) v
1075 TTeT
| vy
0.001 001 0.1 1 10 100 45

E [EeV]

180

270

Al

—@- Auger - 750m

- Auger - 1500m

A.Chiavassa,
281

/

180
0.001

0.01

0.1 1 10

E [EeV]

—— KASCADE-Grande

100 )5



—10000
= ] - TA
Auger and TA full sky coverage - e
X, 8000
O.Deligny, 395 DN
Zenith up to & 2 g000-
800 Auger o (n;b) = wra(n) + bwauger() :
550 TA > 1019 eV 4000—:
Tinyakov & Urban: "predicted (low) multipoles assuming protons are systematicallysfggher than observed!!
Equatorial Coordinates - 60° smoothing  --> "something is making €Rs more uniform" __———"
90° O—Wl—'—'—'—v—'—'—'—l%m
0.385 80 60 -40 20 0 20 40 60 80
5[]
0.38 2
\ \ \ g 10 ] —— 99% CL isotropy
& O 0.375 = L
; \ (&)
\ 8 ]
o 0.37 S ]
: 2 L
0385 L 2 .
B (©] ] (] "
/—oz , @ 10°; ®=%a L an
: ) ] u .
—0.355 - m
| | |
—0.35
—0.345
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Tinyakov & Urban: "predicted (low) multipoles assuming protons are systematically higher than observed"!
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--> "something is making CRs more uniform"


Other anisotropy tests (Ce A.indicated as a white star) o
Auger Most significant excess 5.00
J. Aublin, 310 E=54 EeV y=12°
Post trial prob. 69%
66500 km? sr yr 0.00
602 ev. E>40 EeV compatible with isotropy ~1.50

-3.00

* No significant correlation with catalogs (including VCV).
* Post trial prob. of 1.4% for E;,=58 EeV y=15? around CenA

Li-Ma significance map (galactic coordinates)

tension E>57 EeV 2MASS Galaxy Redshift Catalog

TA

P.Tinyakov, 326
8600 km? sr yr

Events

2996 E>10 EeV
201 E>40 EeV
83 E>57 EeV

autocorrelation




Hot Spot with 2 200 around RA=148.4° Dec=44.50

o 0 TA E>57EeV 24 events Ny, =6.88
additional years
P, Tinyakov, 326 7 yr: chance probability 3.7 x 10 3.4c

E > 57 EeV

Dec. (deg) _ g™ S/ " . E>57Eev

Very difficult to confirm "extended" regions of excess CRs!

Total Hotspot Chance | Center posmon .
IR EER A R EERRTEA - ot spot near 0 Ursa Major Cluster (20 Mpe)

6-th year 0.94 7% 146.7°, 43.2° shifted from SGP by 17°
7-th year 22 1 137 74%  146.7°,43.2°

6&7thyear 37 4 231 0% 146.7° 43.2° See also Haoning He, 325 for the interpret. 5,
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Very difficult to confirm "extended" regions of excess CRs!


* TA cal. with elec. beam B.Shin, 325
north/south spectrum o

40MeV, 30pC~180pC | [TABRM FOJ

S7 L, eesitint o FDenergy scale = e L
o * + + A
% 10 ? l . > -
R — +++ systemfltl?s * TA Octocopter M.Hayashi, 692
q 10 A TASD(yn UHECR2014 sympost uncertainties * Auger FD cal G.Salina, 325
iR T e e e * Auger atmosphere C.Medina-H., 624
29 (EeV) * Auger tanks P Assis, 620
P.Ghia, highlight 3
= 10° prer e e T
) 101 EleV] 10 :;’ : I—-—I n;ourceI(SGP Ilat £|3|0:|) I
10 : . Auger T A s —=— Off source (SGP lat > [30])
? ‘.ll".-!-§*¢ . Em‘ E
z 1 Valino, T'Nonaka, 2 3.20
# 271 384
£ 0¥
c% 10E =
ER P no “On source” E
Lo [T s iiee declination + M I
A —10.0° < § < 24.8° 4 i
O s 80 185 200 dependence “Off SOUI’CG” cteitecer el VNG l
12 14 16 18 2

logo(E/eV)

22 24
Q. IF Auger data show NO declination dependence, then is the North/South difference an experimental difference (bias)? Log(EEY)


johnm
Typewritten Text
Q. IF Auger data show NO declination dependence, then is the North/South difference an experimental difference (bias)?
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u - Auger

Excess of muons in highly inclined events

L. Collica, 336

reference function 90°

Qp,19 (O,CP,x,y)
135°

225°

p QGS]JetlI-03
E=10YeV

. 0=80°

NB rising muon fraction with energy is INcompatible with fixed composition (assuming shower MC have correct physics).

24

2.2 1
2.0 {

- 1.8

_ Tl e
® Augerdata e . P
--- ErosLHC
......... QGSJET 1I-04
E— ‘10‘19‘ * 1020

E/eV

1.0

0.8

o Epos LHC
o QGSJET I1-04
& QGSJET 1I-03
v QGSJETO01

E=10YeV, 0 = 67°

Auger
data

[ o]

680 700 720 740 760 780 800 820

<Xmax> / gcm_z

34
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NB rising muon fraction with energy is INcompatible with fixed composition (assuming shower MC have correct physics).


(g/em’)

<Xpax>

Hadronic interactions

N R. Engel, review talk lation beyond
Auger 0%, QGSlJet I1.04 . bngel, review ta extrapolation beyon
Auger/TA energy scale / S, ~ 1017 eV
too few muons
Xumax
New models favour interpretation
as heavier composition than before
pre-LHC P post-LHC
9007“‘ T T T T T 1171 T T T T T T 77T T T T T T T 71T ] 900_“‘ T T T T T 1171 T T ||||||] T |||||||_
L o HiRes-MIA N L o HiRes-MIA N
850— O HiRes (2005) p ] 850~ O HiRes (2005) P ]
C ¢ Yakutsk 2001 . T ¢ Yakutsk 2001 .
- * Fly’sEye = - x Fly’sEye .
800[— 4 Yakutsk 1993 - 800(— & Yakutsk 1993 -
C Auger (2013) ] o e Auger (2013) . ]
C ] § T e* ]
750(— o] & 750 A et RA ] e o
- . N s TN 7GR .
700 4 % 700 o TP T e -
ol t?r)r a X r * P Fe ]
u et ] - ? PR ]
650 — o } %% *#r _.__—,‘:_.*;‘;‘::3%" —— EPOS 1.99 _‘ 650— © ﬁﬁ( %‘Q *_'%i-_-_ ....... o E
- ‘W&’ %ﬁ%& ‘_‘_‘__.,e-'-g —— SIBYLL 2.1 ] ;ﬁ‘ﬁﬁ% . f_-:::'_; ..... H :
6005$ R Used by TA =~ QGSIETI03 600 —~—EPOSLHC ]
C gi:ﬁ --- —= QGSJET01 . CoE Used by Auger - qgsjermos
550““ 1 Lol 1 Lol 1 IR 5507" L Ll L R L L """|735
17 18 19 20 107 10 10? 10%°
1 1 Energy (eV) 10 10 Energy  (eV)
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Constraints on hadronic int. models ?

EPOS-LHC inconsistent with Auger Muon Production Depth
reduce elasticity in mw-air by -10% with minor modification to X,

Esoo— proton =
% 550 /—————/":”:
. e —12 ‘92 "—42l - 27
L.Collica, ., S ‘
336 . % o !
480~ iron __ . __ Epos-LHC
QGSJetll-04
L L ! |
W0 ax10” E[eV] 107
75
70+
C.Bausetal., 418 el
. . : < s
technique to tune hadronic interaction < .
45

parameters

T'Pierog, 337

600|— p
[ —— EPOS 1.99 ‘
&~ 550~ -~ EPOS o
£ C
o C
S C
= s00 - ~— = . a ‘
A, Co—— T B
L g 450__ ----____.-"‘ _____ POt T .m
¥ b e e =5 Fe
00— et -#
o —=— QGSJETII-04
C - - EPOS LHC
Ll Ll
350 10" 10"
Energy (eV)
. - — ‘
—e— EPOS-LHC at Ig(E/eV)=18
----- Auger data (ICRC 2015) 17.8<Ig(E/ev)<18
1 1 1
1

L ! L 1 L
03 06 09 12
agr (More low-mass diff.)

. | . . L .
15 024 030 0.36 042 0.48

€., (inverse xsec)

crx

0.é70 0.é76 OAE‘iSZ
wyr (More diffraction)
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Events/ A Xmax (cm 2/g)

-
o

T ITTIHl

T T TTTTIT

(inelastic) from FD TA: R Abbasi, 402
p air
Equivalent c.m. energy is,, [TeV]
10" 1 10 10
+'_*_'+++ 800IIIII| 1 I IIIIIII 1 I IIIIIII I I IIIIII| I I
+ -
+ - ] Nam et al. 1975
+ — Siohan et al. 1978
B Baltrusaitis et al.1984
H» 700— <5 H. Mielke et al.1994
— A Honda et al.1999 TA .-~
B Knurenko et al.1999 7
600 — Belov et al.2007 e
Am ~ 1/o S = I. Aielli et al.2009
p-air E — ¢ Aglietta et al.2009
llllll —_— ~ —%F— Telescope Array 2015 T 4
850 700 750 800 850 900 bso' ' ‘1'000 500 L + Auger PRL2012 T A
Xmax (glem °) = - —@— This Work 2015 T’l’ b
g. — - + 1
© - Auger
400 — 2€r — epos-LHC
GH profiles and - N
hadronic interaction 300 E - - SBYLL2.1
D-R.Bergman’ 339 200 1 ||||||||13| Ll 1 ||||||||15| 1 |||||||16| Pl 11 |||||||18| 1 |||||||19 NN
10 10" 10 10 10" 10 10
F.Diogo, 413 Energy [eV] 40

AUGER: R. Ulrich, 401
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Simple modifications to first p-air interaction - |
Auger Xmax 2014 Paper/Analysis Auger Xmax 2014 Paper/Analysis
. 100 T
Xmax from Auger Analysis ——+— Xmax RMS from Auger Analysis ——+—
840 Conex Xmax - 7gm/cmn2 - | Conex Xmax RMS =~
Test model :--&--- Test model :--&---
820 80
, &
E\T 800 = g } }
1] E3 = 60 |- }} - SR
g b L E T
E 780 % T T g { } g
o 59
8 760 fj'i" = & 40 Ll peder, .,;
£ A EA % I i
im” g
740 = x %
T
20
E3
720
700 0
18 18.5 19 19.5 20 18 18.5 19 19.5 20
log10 Auger Energy log10 Auger Energy

® Auger PRD results compared to a UNM toy model assuming only proton primaries:
(Top Left) for X4, and (Top Right) for X,,,q,. RMS.

® The green points are QGSJetll shower predictions.

® The blue points include two modifications to the first p-air interaction:
© increase the p-air cross section for logigE > 18.4
O retain the more-INelastic scatters for logigE > 18.4

chosen to follow the X,,,, data [that are now in agreement with TA/HiRes].
Curiously the agreement of the toy model with X, RM S data is quite good.

DOE Site Visit, UNM, April 20, 2015 — p.15/26



Simple modifications to  first p-air interaction - 1| ‘*-‘

my_lambda vs. Energy XfirstinCut vs. Energy
my _lambdaysE pinel_cutVsE
Entries 9458 = | Entries 5498
i o Mean 18.74 E Mean 18.74
- Meany 3856 ) Meany 04054
r RMS 0.5232 ~E RMS 05232
42~ RMS y 5.763 & = RMSy  0.3323
anf oef- —_—
L. 05 f— —_—
S 04F-
uf B ok
B 0z
32 = =
E oA
OLT o e end g o Tle o Fae o e Ui T ol pan Tots =PRI EPETEPI PEPEPSN EPEFET APEFEPI EETEI EPEPITI ETETI APRrE r
18 182 184 186 188 189 192 194 196 198 20 O a2 tas 18e 1ee i8  182 194 19e 198 =

® Top Left: UNM toy model increases the effective p-air cross section by modifying
the exponential distribution of atmospheric depth, X ¢;,.s¢, of the first interaction:

AN/dX first < exp(—X tirst/my_lambda)

® Top Right: UNM toy model accepts only simulated showers with inelasticity above
some energy dependent threshold: X firstInCut.

® Both my_lambda and X firstInCut depend on shower energy as shown.

® While the toy model describes X a2 and X,,,q. RM S, what other details of
UHECR air showers are in agreement (or not) with model predictions?

Curiously "this" model is in excellent agreement with the TA Xmax data (in their p-air cross section paper)! o sie visit, UNM, April 20, 2015 — p.16/26
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1) ENERGY SPECTRUM
2) MASS COMPOSITION

3) ANISOTROPY
4) HADRONIC INTERACTIONS

a) R&D at several sites/experiments [LOPES/Kascade, LOFAR,

5) RADIO AERA/Auger ...] on radio detection and optimization of extensive air

showers

b) Ultimate goal is to instrument a much larger area with better duty factor

6) F l l T l l RE than eg air fluorescence telescope based experiments

41
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a) R&D at several sites/experiments [LOPES/Kascade, LOFAR, 
    AERA/Auger ...] on radio detection and optimization of extensive air
    showers

johnm
Typewritten Text

johnm
Typewritten Text
b) Ultimate goal is to instrument a much larger area with better duty factor
    than eg air fluorescence telescope based experiments
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1) ENERGY SPECTRUM
2) MASS COMPOSITION

3) ANISOTROPY

4) HADRONIC INTERACTIONS

All major experiments are planning upgrades

5 RADIO a) IceCube-Gen2 "to deliver statistically significant samples of VHE
astrophysical neutrinos"

b) AugerPrime "addition of ~4m”2 scintillators above each WCD to
provide primary CR mass sensitivity above the GZK cutoff"
6) FUTURE (ie select p-showers over Fe-showers for better point source searches)
c) TA x 4 "increase the area of the TA experiment to enhance the
sensitivity to the TA-hot spot”
d) LHAASO for gamma-ray astronomy and precise CR physics (Chirzllg)
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All major experiments are planning upgrades	
a) IceCube-Gen2 "to deliver statistically significant samples of VHE
     astrophysical neutrinos"
b) AugerPrime "addition of ~4m^2 scintillators above each WCD to
     provide primary CR mass sensitivity above the GZK cutoff" 
     (ie select p-showers over Fe-showers for better point source searches)
c) TA x 4 "increase the area of the TA experiment to enhance the
     sensitivity to the TA-hot spot"
d) LHAASO for gamma-ray astronomy and precise CR physics (China)


* light knee below PeV to
be confirmed

p—

S
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~

* low E ankle and second
knee evident

p—

S
—
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* interpretation of the ankle
difficult

* end of cosmic rays:
propagation or cut-off at
the sources ???

J(E) x E* [m™? s srleV'?]
S 2

* TA Hot Spot exciting

p—

S
—
W

more statistics - composition
- hadr. int. mod., detector systematics ...

new projects go in the right direction

thanks to all for providing the data

.2 ICRC

s Argo hybrid p/He #261 %&#}'

a Argo analog p/He #366
v Argo analog all #366

¢ IceCube #334 .
* Yakutsk #252

o KASCADE comb. #263

o KASCADE-Grande EposLHC #359

» KASCADE-Grande QGS2v4 #359

o TA #349

= Auger #271

°
‘@ooe . ) )
.o@e - The Astroparticle Physics Conference
o 34" International | Cosmic Ray Conference
July 30 - August 6, 2015
- ® The Hague, The Netherlands
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