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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	



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?	

•  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?	

•  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)	





Contributions	to	Extra-galactic	
spectrum	

The extra-galactic cosmic ray  
spectrum fractionates 
with source red shift 

Additional e+ e- energy loss 
mechanism produces 

Ankle 

p+γCMB  !  Δ(1232)  !  π+N 

π± ! µ± + νµ
 µ± ! e± + νe + νµ

Ankle							GZK	Cutoff					



The	first	air-fluorescence	detector	
prototype	(Fly’s	Eye	at	Volcano	Ranch)	



					HiRes	was	located	on	the	U.S.	Army’s	
Dugway	Proving	Ground,									~2	hours	
south-west		of	the	University	of	Utah	

•  HiRes2:		@	Camel’s	Back	Ridge	12.6	km	
south-west	of	HiRes1.	

•  42	mirrors,	2	rings	(3o<altitude<31o)	
•  FADC	electronics	(100	ns	period)	

•  HiRes1:		@	Five	Mile	Hill		
						(aka	Little	Granite	Mountain)	
•  21	mirrors,	1	ring	(3o<altitude<17	o)		
•  Sample-and-hold	electronics		

	(pulse	height	and	trigger	time)	



To appear in PRL next week



5	Sigma	Observation	of	the	GZK	Suppression	

•  Broken	Power	Law	Fits	
(independent	data)	
–  No	Break	Point	

•  χ2/DOF	=	162/39	
–  One	BP	

•  χ2/DOF	=	63.0/37		
•  BP	=	18.63	

–  Two	BP’s		
•  χ2/DOF	=	35.1/35		
•  1st	BP	=	18.65	+/-	.05	
•  2nd	BP	=	19.75	+/-	.04	

–  	BP	with	Extension	
•  Expect	43.2	events	
•  Observe	13	events	
•  Poisson	
prob:P(15;51.1)=7x10-8(
5.3σ)	

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



How	to	detect	very	rare	events?	Utilize	secondary	interations	



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.	



10	new	telescopes	to	look	higher	in	the	
sky	(31-59o)	to	see	shower	development	
to	much	lower	energies	

Graded	infill	surface	detector	
array	-	more	densely	packed	
surface	detectors	(lower	energy	
threshold)	













TA	SD	Spectrum	(9	yrs	data)	

Power	index		=	-3.27	±	0.03		

Power
	index	

	

=	-2.69
	±	0.02

		

Log(E/eV)	Ankle	
=	18.69	±	0.02	

Log(E/eV)	GZK	
=19.81	±	0.04		

Normalized	Log	Likelihood	/	NDOF	=	21.96/22		
N_EXPECT	(>	GZK,	no	cut-off)							:	79.8	
N_OBSERVE	(data	>	GZK)															:	22	
GZK	CHANCE	PROBABILITY												:	2×10-12			~7σ	
BEREZINSKY	E_1/2,	log10(E/eV)			:	19.80	±	0.05	

fit to broken power law 

See	D.Ivanov	CRI	236	



Auger	Spectrum	in	Southern	Hemisphere	



Extending	to	Lower	Energies	–	TA	Low	Energy	Exension	



All	10	Telescopes	installed	and	in	operation	since	
fall	2013	

Test	array	of	16	scintillation	surface	detectors	in	
operation	





TALE	Energy	Spectrum	





Most	recent	result	(ICRC	2019)	



Monocular	FD	spectrum:	combined	TA	
and	HiRes	



Not	a	simple	power	law.	Many	
questions	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	Spot	in	N	and	Cen	A	in	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.	





How	often	would	this	difference	arise	
from	statistical	fluctuations?	



Is	there	a	systematic	issue	between	
Auger	and	TA?	



Is	the	remaining	difference	in	common	declination	band	a	
statistical	effect?	

Frequency	of	Auger/TA	flux	ratio	slope	

1/omega	method:	PChance=22%	to	get	slope	<	-0.5	and	14%	to	get	slope	<	-0.6		
(for	the	traditional	average	exposure	method,	PChance=14%	
to	get	slope	<	-0.5	and	9%	to	get	slope	<	-0.6.)		



Putting	all	experiments	together	



Interpretations		of	Structure		

1.  First	knee:	(proton	knee)-	galactic	“leaky	box”	–rigidity	dependent	
proton	leakage	

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

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

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

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

6.  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	



CALET	Results	



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.	



Composition:	What	to	expect?	p/He	by	far	
most	abundant	at	low	energies	

43 



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

Time fit Profile fit 

Fluorescence 

Direct (Cerenkov) 

Rayleigh scatt. 

Aerosol scatt. 

Fluorescence	Analysis-Xmax	distribution	as	
measure	of	compostion	

Xmax	
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Composition	from	Xmax	-	HiRes	and	
Auger	

Depth	[g/cm2] 
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Xmax	

•  Shower longitudinal 
development depends on 
primary particle type. 

•  FD observes shower 
development directly. 

•  Xmax is the most efficient 
parameter for determining 
primary particle type. 

HiRes	

Auge
r 

				PRL.104.161101	(2010) 

				PRL.104.091101	(2010) 

Difference above 1018.5 eV 



PAO	composition	result	



Detailed	fits	to	MC	predictions	for	different	
hadronic	models	
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Updated	Auger	data		



HiRes/MIA	and	HiRes	elongation	
rate	



TA	Elongation	Rate	and	Sigma	



Examaple	of	TA	Xmax	distribution	shape	analysis.		



Best	Single	Element	Fits	to	Xmax	Shape	with	Energy	(TA)	



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



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		

•  Important:	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.		



TALE	Cherenkov	data		
Compared		to	expectatios	
For	p/He/CNO/Fe	using	
EPOS-LHC	model	







TALE	 data	 imply	 that	 the	 cosmic	 ray	 composition	 near	 the	
first	knee	is	light,	mainly	protonic.	 	At	energies	near	1017	eV	
the	 composition	 becomes	 mixed	 with	 heavier	 elements	
becoming	important.	The	trend	at	energies	near	1018	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.	



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	



Typical	SD	signal		development		(L)	and	SD	signal	distribution	(R)	
Top:	standard	cuts,	Bottom:	muon	enrichment	cuts.	



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	





TA	sees	excess	of	events	above	
5.7x1019	





Most	recent	update	





Global	Anisotropy	(Auger	+	TA)	



Energy	spectrum	anisotropy:	
Distributions	of	significance	across	sky	
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Spectrum	at	point	of	most	significant	
deviation	



Hot/cold	spot	begs	the	question	of	
magnetic	field	effect	

•  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.	





Distribution	of	maximum	correlation	
strength	



Simulated		background	sets	generated	
by	scrambling	energies.	



10	year	result	



Apparent	curl	of	B	field	in	hot/cold	spot	region	



Composition	and	Anisotropy	requires	
more	statistics	above	1019	eV:TAx4	



Helicopter	Deployment	



Middle	Drum	Telescope	Station	
All	FDs	Operational	
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Black	Rock	Mesa	
All	FD’s	Operational	
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TAx4	SD	array	is	fully	operational	



•  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	~	1019	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	

92 



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	





Thank	You!	





PASAG	July	2009	 97	
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Long	Ridge	 Black	Rock	Mesa	

Middle	Drum	Refurbished	
from	HiRes	

~30km	 New	FDs	

6.8	m2  
~1	m2	

14	cameras/station	
256	PMTs/camera	

5.2	m2  

TA	Fluorescence	Detectors	

Observation	
started	Dec.	
2007	

Observation	
started	Nov.	
2007	

Observation	
started	Jun.	
2007	

256	PMTs/camera	
HAMAMATSU	R9508	

FOV~15x18deg	
12	cameras/station	









HiRes/TA	stereo	data	elongation	rate	

Composition	does	not	seem	to	be	changing	rapidly	over	this	energy	range	



HiRes/TA	agreement	is	remarkable	

•  Different	mirrors/electronics/pmt’s/calibration	
procedures	

•  Different	geography/atmospheric	aerosol	
loading	

•  Different	reconstruction	methodology,	
independent	of	HiRes/Utah	group	



Comparison	of	uncorrected	HiRes/TA/
PAO/Yakutsk	data	



Interpretation	of	data	

•  HiRes/TA	Xmax	data	is	
in	excellent	agreement	

•  Uncorrected	HiRes/TA	
data	elongation	rate	
data	is	in	excellent	
agreement	with	PAO	

•  HiRes/TA	apertures	very	
similar	

•  PAO	cut	philosophy	is	to	
minimize	detector	bias	
and	compare	to	theory.	

•  HiRes/TA	philosophy	is	
to	take	care	of	bias	by	
careful	simulation	of	
models	using	detector	
MC	and	reconstruction.	

•  Should	be	equivalent!	



Note:	p	and	Fe	rails	corrected	for	detector	acceptance		after	cuts	



PAO	elongation	rate	and	fluctuation	
	rms	
Note:	no	bias	expected	for	data	so		
Prediction	rails	uncorrected	
HiRes/TA	data	should	be	shifted	by	
~20	gm/cm2	deeper	if	QGSJET	p.	







K.	Belov,	EDS07,		May	23,	2007	

Data	Xmax	Distribution	

•  Mean	energy	~	1018.5	eV;	

•  Only	events	with	global	fit	are	
used;	

•  Without	additional	systematic	
errors	due	to	heavier	and	lighter	
components		



K.	Belov,	EDS07,		May	23,	2007	

HiRes	2007	Measurement.	

HiRes	2007	

5%	gamma	flux	and	and	10%	He	flux	affect	systematic	errors.	



Calculated	and	measured	Xmax	resolutions	
for	PAO	and	TA	stereo	hybrid	events	appear	
to	be	very	similar	



Actual	data	(before	acceptance	corrections)	is	in	excellent	agreement.	
	Is	this	telling	us	something	about	the	proton	simulations?	



Mixed	models	–	interplay	of	galactic	and	extragalactic	spectra	







ELS	(	Electron	Linac)	Calibration	

•  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	



1992-1996:	HiRes	Prototype	
•  14	(HiRes-1)	+	4	(HiRes-2)	mirror	prototype	

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	patches×64	
underground	scintillation	counters	each):	











TA BR/LR hybrid 8.5 year <Xmax>, data and reconstructed QGSJet II-04 
Monte Carlo 
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<X  > (g/cm2) max a(X  ) (g/
cm2) max 

Unbin ML 
L1Xmax 
(g/cm2) 

Unbin ML 
p-value 

data 715 ± 2 [± 
17.4] 

63 ± 2 [+ 3 - 
4] 

proton 742 ± 2 65 ± 2 29 ± 2 0.32 (0.5a) 

helium 712 ± 2 47 ± 1 7 ± 2 10-25 

(10.4a) 

nitrogen 684 ± 1 38 ± 1 -19 ± 1 10-93 (21a) 

iron 654 ± 1 28 ± 1 -41 ± 1 < 10-324 

(>38a) 

Unbin ML: Fail to reject H0 for proton. Reject H0 for helium, nitrogen, iron. 
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<X  > (g/cm2) max a(X  ) (g/
cm2) max 

Unbin ML 
L1Xmax 
(g/cm2) 

Unbin ML 
p-value 

data 720 ± 2 [± 
17.4] 

59 ± 2 [+ 4 - 
4] 

proton 748 ± 2 59 ± 2 30 ± 2 0.59 

helium 719 ± 2 46 ± 1 6 ± 2 10-18 (8.8a) 

nitrogen 689 ± 1 38 ± 1 -19 ± 1 10-80 (19a) 

iron 660 ± 1 28 ± 1 -43 ± 1 < 10-324 

(>38a) 

Unbin ML: Fail to reject H0 for proton. Reject H0 for helium, nitrogen, iron. 
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<X  > (g/cm2) max a(X  ) (g/
cm2) max 

Unbin ML 
L1Xmax 
(g/cm2) 

Unbin ML 
p-value 

data 734 ± 2 [± 
17.4] 

58 ± 2 [+ 4 - 
4] 

proton 751 ± 2 59 ± 2 19 ± 2 0.50 

helium 725 ± 2 47 ± 2 -2 ± 2 10-11 (6.7a) 

nitrogen 693 ± 1 37 ± 1 -28 ± 2 10-62 (17a) 

iron 663 ± 1 27 ± 1 -53 ± 1 10-324 

(>38a) 

Unbin ML: Fail to reject H0 for proton. Reject H0 for helium, nitrogen, iron. 

12
6	



<X  > (g/cm2) max a(X  ) (g/
cm2) max 

Unbin ML 
L1Xmax 
(g/cm2) 

Unbin ML 
p-value 

data 741 ± 3 [± 
17.4] 

61 ± 3 [+ 4 - 
4] 

proton 760 ± 3 63 ± 2 19 ± 2 0.65 

helium 730 ± 2 47 ± 2 -2 ± 2 10-11 (6.7a) 

nitrogen 698 ± 2 36 ± 1 -33 ± 2 10-67 (17a) 

iron 668 ± 1 28 ± 1 -54 ± 2 10-210 (31a) 

Unbin ML: Fail to reject H0 for proton. Reject H0 for helium, nitrogen, iron. 
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<X  > (g/cm2) max a(X  ) (g/
cm2) max 

Unbin ML 
L1Xmax 
(g/cm2) 

Unbin ML 
p-value 

data 743 ± 3 [± 
17.4] 

58 ± 3 [+ 4 - 
4] 

proton 764 ± 3 59 ± 3 22 ± 3 0.39 (0.3a) 

helium 734 ± 3 46 ± 2 -1 ± 3 10-7 (5a) 

nitrogen 704 ± 2 35 ± 1 -25 ± 2 10-53 (15a) 

iron 674 ± 1 27 ± 1 -52 ± 2 10-188 (29a) 

Unbin ML: Fail to reject H0 for proton. Reject H0 for helium, nitrogen, iron. 
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<X  > (g/cm2) max a(X  ) (g/
cm2) max 

Unbin ML 
L1Xmax 
(g/cm2) 

Unbin ML 
p-value 

data 749 ± 5 [± 
17.4] 

65 ± 6 [+ 3 - 
4] 

proton 767 ± 4 62 ± 4 20 ± 4 0.56 

helium 742 ± 3 46 ± 3 2 ± 3 10-6 (5a) 

nitrogen 710 ± 3 36 ± 2 -24 ± 3 10-29 (11a) 

iron 677 ± 2 26 ± 1 -53 ± 2 10-131 (24a) 

Unbin ML: Fail to reject H0 for proton. Reject H0 for helium, nitrogen, iron. 
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<X  > (g/cm2) max a(X  ) (g/
cm2) max 

Unbin ML 
L1Xmax 
(g/cm2) 

Unbin ML 
p-value 

data 750 ± 5 [± 
17.4] 

52 ± 5 [+ 4 - 
4] 

proton 774 ± 5 60 ± 5 20 ± 4 0.97 

helium 746 ± 4 45 ± 3 2 ± 3 0.027 
(1.9a) 

nitrogen 714 ± 3 39 ± 3 -27 ± 3 10-6 (4.7a) 

iron 683 ± 2 25 ± 2 -51 ± 2 10-62 (17a) 

Unbin ML: Fail to reject H0 for proton. Reject H0 for helium, nitrogen, iron. 
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<X  > (g/cm2) max a(X  ) (g/
cm2) max 

Unbin ML 
L1Xmax 
(g/cm2) 

Unbin ML 
p-value 

data 758 ± 7 [± 
17.4] 

61 ± 8 [+ 4 - 
4] 

proton 775 ± 6 57 ± 5 21 ± 5 0.31 (0.5a) 

helium 750 ± 5 46 ± 4 1 ± 5 0.0010 (3.1 
a) 

nitrogen 721 ± 4 35 ± 2 -25 ± 4 10-14 (7.7a) 

iron 690 ± 3 27 ± 2 -42 ± 3 10-57 (16a) 

Unbin ML: Fail to reject H0 for proton. Reject H0 for helium, nitrogen, iron. 
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<X  > (g/cm2) max a(X  ) (g/
cm2) max 

Unbin ML 
L1Xmax 
(g/cm2) 

Unbin ML 
p-value 

data 768 ± 5 [± 
17.4] 

46 ± 4 [+ 5 - 
5] 

proton 786 ± 6 61 ± 5 10 ± 5 0.97 

helium 758 ± 4 42 ± 3 -7 ± 4 0.059 
(1.6a) 

nitrogen 727 ± 3 35 ± 3 -34 ± 4 10-5 (4.3a) 

iron 697 ± 2 24 ± 2 -57 ± 3 10-45 (14a) 

Unbin ML: Fail to reject H0 for proton, helium. Reject H0 for nitrogen, iron. 
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<X  > (g/cm2) max a(X  ) (g/
cm2) max 

Unbin ML 
L1Xmax 
(g/cm2) 

Unbin ML 
p-value 

data 761 ± 7 [± 
17.4] 

35 ± 4 [+ 6 - 
7] 

proton 794 ± 9 52 ± 7 26 ± 8 0.97 

helium 773 ± 8 46 ± 7 9 ± 8 0.93 

nitrogen 742 ± 7 38 ± 6 -18 ± 7 0.71 

iron 707 ± 5 27 ± 3 -50 ± 5 0.027 
(1.9a) 

Unbin ML: Fail to reject H0 for proton, helium, nitrogen. Reject H0 for iron. 
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<X  > (g/cm2) max a(X  ) (g/
cm2) max 

Unbin ML 
L1Xmax 
(g/cm2) 

Unbin ML 
p-value 

data 776 ± 7 [± 
17.4] 

29 ± 4 [+ 7 - 
9] 

proton 805 ± 11 50 ± 9 19 ± 8 0.98 

helium 777 ± 8 42 ± 7 -3 ± 8 0.92 

nitrogen 753 ± 7 34 ± 5 -23 ± 7 0.81 

iron 724 ± 5 25 ± 4 -50 ± 6 0.26 (0.6a) 

Unbin ML: Fail to reject H0 for proton, helium, nitrogen, iron. 
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Probabilities	after	best	shift	to	account	for	systematics	
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