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The Gosmic-Ray Spectrum

https://web.physics.utah.edu/~whanlon/spectrum.html

% 10“,&' - LEAP - sateliite
- = ' 8 :_ :?‘, : : : Proton - satellite
» Spectral characteristics from acceleration and > 109 15 (1 panticie/m™sed) | . vuus- grovad e
. . o - “’tn > o~ Maverah Park - ground array
propagation mechanism effects " 2 3 -
agm : . ‘:E' = | AGASA . ground array
» Mass composition reveals information about loca P A
source environment and of cosmic ray propagation in “ WiRes2 mono - s huorescance
the Galaxy. 107 - i
» In general, it is thought that cosmic rays with energies 107 o
- _ : - 1 particle/m”-year)
below PeV are of galactic origin and that their ;; % T
acceleration and transport in the Galaxy occur through 107
diffusive processes driven by B-fields. .
107
» Energies up to PeV assumed from 1st order Fermi w?
acceleration in shocked plasmas of SNRs with Lol
propagation through scattering on random fluctuations 022
in the ISMF. -
102
» CR of extra-galactic origin above 10° GeV =
102 l
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The Cosmic-Ray Spectrum

https://web.physics.utah.edu/~whanlon/spectrum.html

';a 10‘? e LEAP - sateliite
E 102 - .++* " P‘!’“?"’"‘"“?) % Yakustk - grownd array
:,', 104 — , ‘?.L/-: ; , ; O Akeno - ground array
NE - A AGASA - ground array
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.5 10“ —m . HiRes ! mono - air Muorescence
(VS — ' MiRes2 mono - ar Muorescence
— : HiRes Stereo - air Muoresconce
107 ]
10-10:: J:(" Knee ]
— f — _‘/(1 particle/m”-year)
10" a
» Previously: little data in 10 TeV - 100 TeV region 107
» Recent direct measurements have been extended to 100 T
nigher energies B - f
- A e Mcldkm’-yoar}
» Ground-based experiments to lower energies A N e |
» Overlap allows for cross-calibration
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Direct measurements
Panov,A.D., et al. Bull. Russ. Acad. Sci. Phys. 73, 564-567 (2009).
10 GeV - 100 TeV
Flux E>®, m2 s! sr! GeVLI6

o AMS, p . = AMS, He
e ATIC-2  a CAPRICE98,p . 4 CAPRICE9S, He
, * BESS-TeV, p i «BESS-TeV,He
e Energy spectra of protons and He, C, O, Ne, Mg, S1, and o ATIC, p . OATIC, He

Fe nucle1

10* | ;
e Complex structure of the energy dependence of the mean e
logarithm of atomic weight. (i. e. softening at ~ 10 TV)

10 10 10° 104 10°
E, GeV/particle

| GMT BN T EL R
http://stratocat.com.ar

http://science.nasa.gov



Y. S. Yoon et al 2017 ApJ 839 5
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Direct measurements
10 GeV - 100 TeV Q. An et al., Science Adv. (2019)
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e Measurements of the spectrum of protons (Q. An et E140001
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Direct measurements
10 GeV - 100 TeV

F. Alemanno et al., Phys. Rev. Lett. (2021)
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200000 ' b T o
18000 Proton Q. An et al., Science Adv. (2019)
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Direct measurements
10 GeV - 100 TeV G. H. Choi, PoS(ICRC2021)094

¢ [SS-CREAM: showed preliminary results at
ICRC2021 that seem to support HAWC observations
on the recovery of light cosmic ray spectra around 100

TeV
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Direct measurements
1 0 Gev _ 1 00 Tev O. Adriani et al. Phys. Rev. Lett. (2022)
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JIndirect Detection Methods

gamma shower

Proton shower

Image: Armelle Jardin-Blicq (HAWC Collaboration)

l[ron shower

Images: Fabian Schmidt, University of Leeds, UK (https://www.iap .kit.edu/corsika/)
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https://www.iap.kit.edu/corsika/

Indirect Detection Methods s

p = proton
LU = muon
T = pion

V = neutrino
et = electron
e” = positron
¥ = photon

» Detection of secondary air shower particles

» Large variance in shower development "

» Method:

» Limited observables: deposited charge, lateral charge

distribution, core location, arrival direction, etc. & 2o=wov. 16701
» Use Monte Carlo simulations to statistically separate b 1 —
different mass species based on observables: NI AR %%Mw
» Direct cuts ':_:*,!;;."844.24.44_64i855_25!4
og (E,./GeV)

) Amenomori, M. et al, Phys. Rev. D (2000)
J. C. Arteaga-Velazquez (ISVHE-CRI 2022)

» ML methods

» (typically) use an unfolding method to derive physical N(Eo) = / Acti(E. Ereeo) N(E)dE.
spectrum from observed spectrum, accounting for
| ICI — P(Ereco| E)P(E) N(E) = N(Ereco)P(E|Erec0)
effective area, efficiency. P(BlB ) = ol 2

G. D’Agostini, Nucl. Inst. Meth. Phys. Res., 362 (1995).
12



Early Ground-based Measurements

ciascio, Giuseppe, Sciences. 12. 705. (2022).

EAS Experiments 10 TeV - 1 PeV

e TIBET measured the energy spectrum of H and He for E = 200 TeV - 1 PeV.

Amenomori, M. et al, Phys. Rev. D (2000)
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EAS Experiments 10 TeV - 1 PeV

e EAS-TOP with MACRO, on the intensity of H, He and CNO primaries .

Aglietta, M. et al, Astro. Phys. 21 (2004)

Early Ground-based Measurements

EAS Array+Deep Underground p-detector

Table 5
Comparison (a) of the present results alone and (b) combined with the direct p-flux measurements, with the JACEE and RUNJOB data
Quantity(*) EAS-TOP and MACRO JACEE RUNJOB
(@) Jpi1e(80 TeV) 18t4 12+3 8t2
(b) Ju(80 TeV) 12.7+4.4 64+t14 3.1£0.7
(b) ﬁ(SO TeV) 0.29+£0.09 0.45%0.12 0.63+0.20
(@) Jp+He+cNn0(250 TeV) 1.1+0.3 0.7£0.2 0.5%0.1
(a) J'l"*—”"'(ZSO TeV) 0.78+£0.17 0.70+0.20 0.76 £0.25

p+He+CNO

CNO data and all errors of JACEE and RUNJOB are interpreted by ourselves from plots. (*)Intensity units are 107’
m2s ' sr! TevV!.
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Fig. 7. The all particle spectrum obtained from the EAS-TOP
shower size data, compared with the results of other experiments
operating outside the atmosphere or at ground level (see text for
references).


https://www.researchgate.net/profile/Piero-Vallania

Early Ground-based Measurements

EAS Experiments 10 TeV - 1 PeV

e KASCADE, on the flux of p primaries .

https://www.iap.kit.edu/kascade

E, [eV]

dJ/dE, + E>°[m? s sr" GeV']

direct measurements

»| ¢ AMS 00 B MASS '99

10°F + BESS '98 O MUBEE "93
* CAPRICE'94 ® RICH'03
¢ CAPRICE'98 < Runjob '01
¥ HEAT '01 v R%an ‘72
+ Kawamura'89 X Smith 73
A |IMAX'00 * Sokol '93
o JACEE '98 e Webber '87
2 LEAP '91
] 1 L L | | | | L L L

1 2 3 4 5 6

15

Primary Energy Ig (E, / GeV)



Cao, Zhen. Universe. 7. 339. (2021)

Early Ground-based Measurements

EAS Experiments 10 TeV - 1 PeV

e TIBET measured the energy spectrum of H and He for E =200 TeV - 1 PeV.

e EAS-TOP with MACRO, on the intensity of H, He and CNO primaries . B. Bartoli, etal. Phys. Rev. D (2012)

e KASCADE, on the flux of p primaries . 10 ° !

¢ ARGO-YBJ performed measurements on the spectrum of the H+He mass group.

e Consistent with single power law with vy = -2.64+0.01
B. Bartoli, etal. Phys. Rev. D (2015)
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t re'»\\ﬁ“(’

LA Y SR

L ]
[
L
L]
== [

Flux x E2"® (m?-s-sr) (GeV)""”

(R R VVV

—
o
I

gL

v v“v
;V k

iééﬁ;

A

ARGO - YBJ (p + He)

O ¢ PAMELA (p, He)
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m ARGO-YBJ-P+He(2012) (. x (€T Horandel (2003) O m BESS (p, He)
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https://namibian.org

Other Recent Ground-based Measurements

IACT Experiments 10 TeV - 1 PeV

. :
HESS , O the SPeCtrum of Fe nuclei. F. Aharonian, et al, Physical Review D (2007)

Consistent with single power law: vy =2.62 + 0.17 <3
% 1 B HESS QGSJET (Z>24)
L. : : et - O HESS SIBYLL (Z>24)
e One of the first indirect observations 1n agreement - 10 + JACEE (z>17) |
: . - + RUNJOB (Z=26)
with direct measurements of Fe component. 7 « Ichimura et al. (Z>25)
E
Q | -
2L .
10 107 10°

El[TeV
17 [TeV]



© Max Planck Institute for Physics / R. Wagner

Other Recent Ground-based Measurements g

IACT Experiments 10 TeV - 1 PeV

P. Temnikov, et al. ICRC (2021)

e MAGIC, on the intensity of protons WO
X
=T MAGIC 2016 Unfolded
e 4 MAGIC 2017 Unfolded
“c 10°= x DAMPE
~ F  » CREAMII
& T
2 | +
u- [ ; A ‘ é -
4 ¥ ¢ 0¥ ¥ 3 : +
104 * ¥ P ¥ ; f ¥
* Preliminary results shown at ICRC2021 (not included in i
proceedings). i
* Protons discriminated from other nuclei through ML 10°
_lllllll | | lllllll | | lllllll | | | -
10° 104 10°

Eiot [GeV]
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Other Recent Ground-based Measurements

IACT Experiments 10 TeV - 1 PeV

e VERITAS, on the spectrum of Fe nuclei.

E>*° dN/dE dA dQ [m?2sTeV'*sr|

-
Q

—h
Q
N

http://www.nsf.gov

A. Archer, et al. Physical Review D 98 (2018)

- —®— This work

— —+— Wissel, 2010

I
e

Aharonian et al., 2007, QGSjet
Aharonian et al., 2007, SibylI

+

| I I I I I 1T 11
Ave et al., 2008

Obermeier et al., 2011
Ahn et al., 2009

10

102 10°

energy [TeV]



Other Recent Ground-based Measurements

e GRAPES-3 (EAS):

20

proton spectrum indicates a spectral break at ~208TeV

both H and He have reasonably good overlap with other
measurements
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C/ Mapping the Northern Sky in High-Energy Gamma Rays

High Altitude Water Cherenkov
Gamma-Ray Observatory

Water Cherenkov tank

HAWC comprises an array of 300 tanks that record the
)bservatory particles created in gamma-ray and cosmic-ray showers.

Jay and night, providing
for the observation

air shower
particle

200,000 L of
purified water

Puebla, | Cherenkov
Mexico pr | light photomultiplier

73’ - tube (PMT)

am.

Particles inside the shower produce
Cherenkov radiation that is detected
by the PMTs.

“Gamma rays vs cosmic rays

HAWC selects gamma rays from among a much more
abundant background of cosmic rays.

gamma-ray shower cosmic-ray shower
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The HAWC y-ray observatory e e
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e From hit times at PMTs, deposited charged, number of PMT’s with signal:

» Core location, (X, Y)

» Arrival direction, 6

» Fraction of hit PMT’s, f,;
4

4

Lateral charge profile, Qeff(r)
[HAWC Coll., ApJ 843 (2017) 39]
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HAWC All-particle cosmic ray energy spectrum

All-particle cosmic ray energy spectrum measured by the R. Alfaro, et al. Phys. Rev. D 96 (2017)
HAWC experiment from 10 to 500 TeV

P(Ereco | E)P(E)

P(E|Ereco) = E)>" pP(ErecolE)P(E')

Bayesian Unfolding

G. D’Agostini, Nucl. Inst. Meth. Phys. Res., 362 (1995).

defines the probability of a shower with reconstructed energy Ereco t0
The number of events observed in time T, within the solid angle

(), and with reconstructed energy Ereco, N(Ereco) is related to the o .
true energy distribution N(E) by efficiency to observe an event with energy E.

have been produced by a primary particle with energy E. €(E) is the

The unfolded energy distribution is given by convolving the unfolding
matrix with the reconstructed energy distribution iteratively via

1
N(Ereco) — ﬁ/ Aeff(Eﬂ Ereco)N(E)dE*

N(E) = N(Eqeco)P(E|Ereco)

reco
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HAWC All-particle cosmic ray energy spectrum

All-particle cosmic ray energy spectrum measured by the HAWC experiment from 10 to 500 TeV

All-particle spectrum consistent with a broken J. A. Morales-Soto & J. C. Arteaga-Velazquez ECRS 2022
power law ©
g ATIC-02
_ E € (72 _fyl)/e E + NUCLEON f 5ES.\-‘SI == 9 %
O(E) =P |1+ | = ~ - o
E v g ] L +
O 7)) 4 + % t =+
B B .y ® ... o+
Z + ’ o? .t &
with an index of y; = -2.5 £ 0.009 o r X IR
- Y8
S— , »
+1.83 © 11 ARGO-YBJ B om| | X0,
. p— o HAWC (This Work : . M v b d
with a break at £0 = 30.84_1 75 TeV, W | Mo wcETOrEBYLLLY R ¥ ™
=) . ICETOP (QGSJET-1I-04) Lo¥
: _ KASCADE (QGSJET-II-02) v
- ® TAIGA-HISCORE
TIBET (QGSJET-01 + HD
e=99+1.3. B TlBET?OGSJET—OIIPD; Preliminan .
¥ TUNKA-133 R
1 1 1 | 1 1 1 1 l | | | | 1 5 _08_0_08 l 1 1 | | i 1 11 l 1 1 | | 1 1 1 1 1
10* 10° 10° 10’

Energy [GeV/particle]
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HAWC H+He Energy Spectrum HAWG: J. C. Arteaga

Select a sample enriched with light nuclei

Eﬂ: 6: HAWC event — LDF fit f'gl'\
~ - = © = ° =1. + U. O —
o G 0=104" ¢=20224 log  (A/PE)=1.65 = 0.01 % S 3 9 = [0.00°, 16.70°] QGSJET-I1-04
Q[ log, (E./GeV) =5.05 co141s000 | = < > 8k
wg 4— g . [0 O 0 o o o H
S T - 2.6/ bl o He
3__ 0 @ : : S Q C
: D_“ 2.4:— . & 5 5 Fe
2— : - u ’.’
E § 2-2:_ ® [ ] ’." ¢ ¢
1 3 ol ° , b0
o = .85 - BEVRE .
E > 8 Light - :., ? 0 0 b o
L A RN RN N B 1.6 °® o U Rt
b 20 20 60 80 100 120 140 -« HAWCdata e ?®
r(m) 1.4 ----eee Cut separating He and C
e Obtained event-by-event log, (E,./GeV)
* Fit of Qeff(r) with a NKG-like function: e Age parameter is sensitive to composition
s—3 s—4.5 '
fch(r) —A. ("/7’0) : (1 + r/ro) e Select a subsample using a cut on the.age
» Subsample must have a large relative
with ro = 124.21 m. abundance of H and He.

A, s are free parameters

[HAWC Collab., APJ 881 (2017); J.A. Morales Soto et al.,
PoS(ICRC2019 359 (2019)]
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‘HAWGC H+He Energy Spectrum HAWG: J. C. Arteaga

Comparison with measurements from other experiments H+He

[HAWC Collab., PRD 105 (2022)]

fl_l e HAWC data confirm previous hints from
HAWC data: H+H = + 16°
= ° ST OF = =16% ATIC-2, CREAM I-lll and
9 i about the existence of a break in the
'(7, spectrum of the light component of cosmic
1'_0) ° ® ° ® z I rays in the 10% - 10° GeV range.
N 10% o o o $ i [ 3
é - RH+He Y Y Y, 1? ¢ ) q
fq\ _ JAGEE (98) I Y Y T{ ?0 Y e HAWC result is strengthened by recent
- ATIC-02 (09)
@_, L+ CREAM (17) DAMPE data.
2 i NUCLEON (19) ]
Niﬂ DAMPE (21)
Y% [EAS-TOP (04)
v ARGO-YBJ (15) e HAWC data is in agreement with ATIC-2
TIBET AS-gamma (EPOS-LHC, 19)
| ] ] ] ] | ] ] ] ] | ] ] ] ] | ] ] ] ] | Close to 104 Gev_
3.5 4 4.5 5 5.5

loglO(E/GeV)
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‘HAWC H+He Energy Spectrum

HAWC.: J. C. Arteaga

Fit of spectrum

E**®(E) [m? s'sr! GeV' ]
S

[HAWC Collab., PRD 105 (2022)]

6 =[0.00°, 16.70°]
HAWC data

e H+He

---- Power-law fit
—— Double power-law fit

e

L R—
—
—
—
—
—
— —
L —
——
—
—
—

3.8 4 42 44 46 438 5 5.2

loglO(E/GeV)
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H+He

e Test Statistics:
TS =-Ax2=177.25
p-value =2 x 10-5

-> 4,10 deviation from

scenario with single
power-law.

® Results for the double
power-law fit:

vi =-2.51 £ 0.02

v2 = -2.83 + 0.02
Ay=-0.32 +0.03
log10(Eo/GeV) = 4.38 + 0.06

+3.6
> E0=24.0 5, TeV



HAWC p, He, Z>:3 HAWC: J. C. Arteaga

® Unfold shower age vs logio(E) data to find the elemental spectra for H, He and heavy nuclei (Z > 2).

S, 4f 6=10.0°, 45.07 HAwc | 10° £
& 17 (100 EAS - n(s,10g, E) = Togp AQ Z Z Pj(s.logyy E|logyy Er) Aegp ;(Er) ®;(Er) AEg
3.5 E =] Er
E . 10 L] j=1 Eq
3;_ = 10° n(s, logio £) . # events per ( s, logio £) bin.
2.5 < 10° . .
- -y Pi(s, logio E| logio E7): response matrix for EAS from mass group |
2 =10 _
- |0 (reconstruction and fluctuations).
1.5
15_ 102 At . effective area = Aiyrown Eefr -
- 10 _
05 Di(E7) : spectrum for mass group |.
35 4 45 5 55 6 1
Iogm(E/GeV)
HAWC data Apply Gold’s unfolding algorithm
* January/01/16 - June/03/19 . Zlcl)t rI:]MTAr% within radius of (R.Gold, Report ANL-6984, 1964]
o T.¢= 3.21 years >
¢ s=[1,3.2] [KASCADE Collab., App 24 (2005) 1]
* O <450
* logio (E/GeV) =[3.5, 6.2]
* Successfully reconstructed Bins.
ins:
* fhit 20.2 A log1o (E/GeV) = 0.1
As=0.17
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HAWC p, He, Z/>=3

© " [ 0=[0.0° 45.0°] e Total
- H
> | HAwC ‘e
&5 - v Heavy
'a e o © °* ¢ ° ® o o o o o
TU) v Y vV VvV VvV v Vv v
o 10* v 7 Y
E T L s o=
S~ A
'@* B A
© A A A 4
N
LLI
103_ lllllllllllllllllll | Ill
4 4.2 44 4.6 4.8 ) 5.2 5.4
Q - 0 =[0.0° 45.0°] e Total
"_> I
) -~ HAWC = Light
O i v Heavy
TU) o @ o o ¢ e * ° o, ® o © o
(7))
3 y ¥ 7 vV Y v v v v
|§|104_. . : = L [ -
LI :V v . |
Q i " u g E =
S [
O
co. |
(QV
LL B
lllllllllllllllIlllIlllIlll
4 4.2 44 46 4.8 ) 5.2 0.4

Iogm(E/GeV)
J.C. Arteaga-HAWC Cosmic Ray Composition

HAWC: J. C. Arteaga
* The elemental spectra do not follow a power-law function.

HAWC data show fine structure (> 50) between 10 TeV and 251 TeV:
OH(E)/PHe(E) <1 for E =10 TeV, 100 TeV].
- Composition becomes heavier from 10 TeV to 100 TeV.

- Bump in the the all-particle spectrum at ~ 46 TeV reported by HAWC in 2017 is due to

the superposition of individual softenings in the spectra of light and heavy mass
groups.
[HAWC Collab., PRD 96 (2017) 122001]

- Knee-like feature at ~ 32 TeV in spectra of H+He observed by HAWC in 2019 comes

from individual cuts in spectra for H and He.
[HAWC Collab., PoS(ICRC2019) 176]

- E eoq (v2—1)/€0
O(E) = DgEM |1+ ( )

- E e1q (va—72)/e1
S 1 -
Ly _ +< > _

Ey

"1 mawm | man | | m

“ 14.1 +2.2/-0.4 103 +1/-4  -2.6 +0.2/-0.5 -3.1 + 0.3
“ 25.3 +1.1/-0.8 152 +11/-9 -2.2 +0.1/-0.3 -3.1 +0.4/-0.1
Eone/Eom=18"3 Z>2 IR _ X 2.6 +0.04/-0.2
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HAWC p, He, Z>=3

H and He spectra: Comparison with other experiments

—
()
~

E*° d®/dE [m? s sr' GeV' ]

—N
-
w

HAWC data: H

I
L

JACEE (98)
ATIC-02 (09)
DAMPE (19)
CREAM (17)
NUCLEON (19)

3.5

4

4.5

5

5.5
Iogm(E/GeV)

E*° d®/dE [m? s sr' GeV' ]

—
o
~

—h
-
w

HAWC.: J. C. Arteaga

HAWC data: He

- 2 ]

:-F-I-.-I-\?'I".I..b T.Il.. ® 0iqg o |®

- He

_ JACEE (98) :
ATIC-02 (09)

~ 4 DAMPE (21)

~  «  CREAM(17)

i NUCLEON (19)

3[5IIII4|1IIII4{5IIII5|IIII5.5

Iogm(E/GeV)

® Good agreement of HAWC with direct data from DAMPE, ATIC-02 and CREAM I-lll within systematic errors.

® HAWC confirms softenings at tens of TeV observed by DAMPE, first hinted by ATIC-02, CREAM and NUCLEON.
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HAWC Composition

HAWC.: J. C. Arteaga

Light (H + He) and Heavy (Z > 2) spectra: Comparison with other experiments

—
()
~

E*° d®/dE [m? s sr' GeV' ]

Q
| e HAWC data: H+He %
Q)
- &
. (%)
o © ® o N
:—'l' * ¥ g ® e . £
: H+He 2 ® ¢ © O I:g
: JACEE (98) .’%
ATIC-02 (09) ©
&= DAMPE (19) LI
i NUCLEON (19)
e CREAM (17)
ARGO-YBJ (15)
| ] ] ] ] | ] ] ] ] | ] ] ] ] | ] ] ] ]
3.5 4 4.5 5 5.5
Iogm(E/GeV)

® Good agreement of HAWC with ATIC-02, CREAM
and JACEE within systematic errors.

® ARGO-YBJ disagrees with HAWC data for E < 50
TeV.
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—
()
~

: e HAWC data: Z = 3
® o o o ® ® ® ®
o
o

| o
| o
- Heavy :%: % %
- JACEE (98)
i ATIC-02 (09)

% MUBEE (93)

NUCLEON (19)
| | | | | | | | | | | | | | | | | | | |
3.5 4 4.5 5 5.5
Iogm(E/GeV)

® Agreement of HAWC with ATIC-02 within

systematic errors.

® HAWC data is above NUCLEON, MUBEE and

JACEE observations.



Discussion

4

TeV softening in p+He spectrum could contribute to the softening olbserved
at TeV energies In all-particle spectrum.

All-particle spectrum feature: wider and shifted to higher energies possibly
from increasing influence of Z > 2 close to 100 TeV, consistent with heavy
element data fromm NUCLEON, the mean shower age from HAWC and
analysis of the efficiency of the age cut.

Decrease in OniHe/Prot ratio from 10 to 158TeV suggests relative increase in
contribution of heavy nuclel in the total spectrum.

Diffusive shock acceleration predicts a power-law spectrum of nuclei from
TeV to PeV.

Max. confinement energy by B-fields either at source or in Galaxy: rigidity
dependent cuts at ~PeV

Measurements in tension with standard scenario.

Some nonconventional models predict features in the ~TeV spectra of
different nuclel and invoke new kinds of accelerators, nearby sources, or
modified mechanism of acceleration in astrophysical shocks

Further studies needed at energy spectra of heavier nuclei in 10 TeV — 1
PeV range.
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Summary

o Earlier indirect measurements lacked statistics and were consistent with a single power law due to limited
statistics.

e Direct measurements suggest the existence of a rigidity-dependent cutoff in the energy spectrum at around
10TV

 Dedicated measurements of cosmic ray composition have allowed to reconstruct the spectrum of the light
component (H+He) and individual nuclei for cosmic rays in the range E = [10 TeV, 100 TeV].

e First indirect observations by HAWC of a break at ~24.0TeV in the cosmic-ray spectrum of H+He

« Measurements confirm previous hints from ATIC-2, CREAM |-l and NUCLEON (and later confirmed by DAMPE)
that the H+He spectrum of cosmic rays deviates from a power-law behavior in the 10-100 TeV range.

« HAWC and GRAPES-3 measurements suggest possible hardening in the intensities of H and He above 100TeV.

e Further studies needed for energy spectra of heavier nuclei in 10 TeV - 1 PeV range.
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'EAS Age and Energy Estimation HAWC: J. C. Arteaga

Q 6: HAWC event — LDF fit ~ 3 | 1 od
i‘t 53 6 =1.04°, $ =202.24° log (A/PE)=1.65 + 0.01 N 300 100 TeV *
A} log,(E./GeV) =5.05 S = 1412002 L&:'), E o
= 4 S o 250
of - ’/n, . =3.63 = i
2 B &l 0 8 200 3’
b =
- E S 107 g
i > £ 100 110
E 8 2 10
0- = »
: <
_1b: e I I ’ 10' 10° 10° 10* 10° 106_104
20 40 60 80 100 120 ;(jz) Charge [PE]
Lateral age parameter (s) EAS primary energy:
¢ Obtained event-by-event * Produce LDF tables of MC protons:
e Fit of Qeff(r) with a NKG-like function: Binning in r, Qeff, © and E
3 oy e Maximum likelihood to find table that best fits
Jen(r) =A-(r/ro)" - (L+r/ro)’™™ the Qeff(r) distribution of the event, from which
with ro = 124.21 m. = Is obtained.
A, s are free parameters
[HAWC Collab., APJ 881 (2017); J.A. Morales Soto et al., [HAWC Collab., PRD 96 (2017); Z. Hampel-Arias’ PhD

PoS(ICRC2019 359 (2019)] thesis, 2017]
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Analysis

HAWC.: J. C. Arteaga

Select a sample enriched with light nuclei
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--------- Cut separating He and C

36 38 4 42 44 46 48 5 52 54
loglO(E,,ec/GeV)

* Age parameter is sensitive to composition

e Select a subsample using a cut on the age

> Subsample must have a large relative
abundance of H and He.
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Content of H + He in subsample
» More than 82% of H and He in
subsample



Aﬂa\ySIS HAWC: J. C. Arteaga

Build raw energy spectrum of subsample: Nraw(Erec) Correct Niaw(Erec) fOor migration effects
o~ 6 =1 ~
£ [ HAWC data 6 = [0.00°, 16.70°] =  [0=[0.00°16.70°] QGSJET-I-04| | 3
,%1010; Selected data % 5.5F-Response matrix )
- || Data after age cut ) - X
n v@ B 1
10° o 5 10
: 451
10°E s
- B 10—2
- 4
107 :
- 3.5
el 5 25 3 85 4 45 5 55 6 10
25 3 35 4 45 5 55 - - - -
log, (E,./GeV) _log, (E/GeV)
e Experimental data used for analysis: NRaw(Eec i) = 2 P(Erec, j | Ei) NUNf(E))

HAWC-300
Aty = 3.74 years (94% livetime)

(June/11/15-June/03/19)

® Solve for NUnf(E;) using Bayesian unfolding
[G. D’ Agostini, DESY 94-099]

e Stopping criterium: Minimum of weighted mean

A€ =0.27sr squared error

Total events .59 x 1012 EAS [G. Cowan, Stat. Data analysis, Oxford Press. 1998]
. L. Npoirte

+ selection cuts: 1.6 x 1010 EAS 1 stati + sysj?

+ age cut: 9.9 x 109 EAS WMSE = Naoins Z Ni
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‘Monte Carlo Simulation HAWC: J. C. Arteaga

105, _ PI‘O‘?QI%
» CORSIKA v 7.40 for EAS simulation. — ||¢ s
e Fluka/QGSJET-II-04 as low(E;, < 80 GeV)/high-energy :w
interaction models for the main analysis. 5
L
e Fluka/EPOS-LHC simulations to study effect of hadronic 3
interaction model. >
e Full simulation of detector response with GEANT 4. ) T
10! 10° 10° 10° 10° 10°
Energy [GeV]
e O< 700, Athrown~3 X 106 m2 105 I I—Iehum
~ | E AMS02
e Primary nuclei: k
»H, He, C, O, Ne, Mg, Si, Fe o
=
»E =5GeV -3 PeV s
»E-2 spectra weighted to follow broken power- E
laws derived from fits to AMS02 (2015), »
CREAM-II (2009 & 2011) and PAMELA (2011) ] |
data. [HAWC Collab., PRD 96 (2017)] T T L B - B v e (L

Energy [GeV]

40 HAWC: J. C. Arteaga



‘Monte Carlo Simulation

HAWC.: J. C. Arteaga

Composition models

—h
o
o1

—— Nominal

---- ATIC-02 (2007)
— - Polygonato (2003)
IR JACEE (1998)

- — MUBEE (1993)

E**®E) [m2 s'sr! GeV']
S

— H+He
— 7 >3

2 25 3 35 4

4.5

S 5.5 6
loglO(E /GeV)

(I)H+He/(I)Zz 3

10

e But also use different composition models for studies of systematics
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‘Data Selection

HAWC.: J. C. Arteaga

Selection cuts

e Important to reduce systematic effects on
results:

» 0<16.7°

» Successful core and arrival direction reconstruction

» Activate at least 40 PMTs within 40 m from core

» Fraction hit (# of hit PMT’s/# available channels) = 0.2
» logio(E/GeV) =] 3.5, 5.5]

O
»

o
9]
T

o
~

10
IIII|IIII|.IIII|IIII|III:|

Alog (E,../GeV)
©
w

W :

: . ~ 30 ~~ 1
* Resolution: £  [6=[0.00°16.70°] QGSJET-1I-04 ;
: 25}@ All-particle < 0.8
E=10 TeV: - o Resolution
20 o e  Bias
Acore <15m - ey 0.6
15 °
|Alogio(E/GeV)| < 0.26 - " e . 04
101 Z . ol
AY < 0.559 - tesgia st
50 0.2
35 4 25 5 55 95
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Analysis

HAWC: J. C. Arteaga

Obtain effective area from MC simulations

fCOI’I‘

1

1.

1.

© © o O

e Correction factor due to contamination
of heavy events

feorr = (Niight /Nijignt+He)

or
£ 0=[0.00°,16.70°
- QGSJET-11-04
4E
3L .
22_ p °® ® o °® e
[ )
15— p
11 © o ) ¢
9F
8-
6__|- | | | | | | | | | | | | | | | | | | | | | | | |
3 3.5 4 4.5 5 5.5
loglO(E/GeV)
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< 10°¢
c  [F6=[0.00° 16.70°]
Nﬁ% - QGSJET-II-04 i ———ns
B . \“
10% e
S
- ,".
1031 e H+He
H
i P He
'l ] ] ] ] | ] ] ] ] | ] ] ] ] | ] ] ] ] | ] ] ] ]
3 3.5 4 4.5 5 5.5
loglO(E/GeV)

e Effective area of H+He in subsample

AefTHe(E;) = Atnrown eHTHE(E}) COSOBmax + COSOBmin
2
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HAWC

H+He Energy Spectrum

HAWC: J. C. Arteaga

Get energy spectrum from NUnfand effective area

E**®(E) [m? s'sr! GeV']
o

o [

¢ =[0.00° 16.70°] ® H+He [PRD 105 (2022)]
HAWC data O All [PRD 96 (2017)]
5 O o O 0O O g -
o o H =
[ ¢ ®

Systematic unc.

3.8 4 42 44 46 4.8 5 5.2
log (E/GeV)

nergy spectrum was calculated as:

O = NUME)/[AET « Atg = AQ * feorr(E) * At +He(E)]

44

Statistical and systematic uncertainties

H+He

log1o(E/GeV) = 4.5 (32 TeV)

Relative error ® (%)

Statistical
Exp. Data

Response matrix

Systematic
Composition
Aeft

CutatHe or C
Gold unfolding
Seed unfolding

Smoothing unfold.

PMT efficiency
PMT threshold
PMT charge
PMT late light

Hadronic model

Total

+/- 1.92
+/- 0.01

+/-1.92

+11.77/-18.71
+0.86/-17.25
+1.85/-2.04
+2.87/-0.75
+1.23
-1.42
+3.73/-1.32
+5.00
+2.33/-1.53
+1.83
+8.77/-0.14
-0.47

+11.93/-18.81



‘H+He Energy Spectrum

HAWC: J. C. Arteaga

Statistical and systematic uncertainties

@
o
|
D

=[0.00°, 16.70°]

Of sl
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_20 \
----- Stat. unc.
‘3(): — Syst. unc.
_ll I|III|III|III|III|III|III|
3.8 4 4.2 4.4 4.6 4.8 5 5.2
loglO(E/GeV)
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From N(ER) we get the unfolded energy distribution N(E)

How? Iterative procedure, Bayesian Unfolding [11-13]

1) P(ERIE) e Response Matrix
/ (calculated from MC data)

R
2) P(E.|ER) = P(Ej B o) Bayes formula
| Y. P(ER | EDPy(E)

3) N(E) = Z P(E,| ER)N(ER) _ Z N(ER) ........................................... True event distribution
J=1 j=1

4) P(E) = N(E) N(E) .......................................................................... Final probability
Zl IN(E) Ntrue
1 % statl T 51916151 :

SYWMSE = — Z ........................................................... Weighted mean squared error
e N(E;) (The minimum is employed as a stopping

criteria for the iteration depth)
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Gold's Unfolding

Use matrix formalism:
Ndata — PNunfold

Introduce statistical errors using new response
matrix

P’ = (CP)T(CP), Smoothing intermediate spectra with ROOT-CERN libraries
(353HQ-twice algorithm).

and new unfolded vector
N(élata — (CP)TCNdata

Stopping criterium: Minimum of Weighted Mean Square

where Error:
. Mmoo 405
Cij = 5ij/0i7 (o0; = 1/y/n;) WMSE — i Z stat,j T Obias,;
m < Nunfold,
Nunfold is found iteratively using the set of
equations: [R.Gold, Report ANL-6984, 1964]
k
e N o1 Vit s [KASCADE Collab., App 24 (2005) 1]
unfold,s / k
> . PI.N
7~ 177 "unfold,j

Priors given by nominal composition model.
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‘H+He Energy Spectrum HAWG: J. C. Arteaga

Fit of spectrum H+He

1. Use tollowing functions:
—> Single power law:

d®(E)/dE = ®g EV

—> Broken power law:

d®(E)/dE = ®o E'[ 1 + (E/Eg)®] (12-Y1/E

2. Minimize x2 with MINUIT and take into account correlation between points:

> _ data fit Tot1-1 data fit
¢ = ) [0 - SNENIV,, T [0 - TE)
)

[C. Patrignani et al. (PDG), Chin. Phys. C, 40 (2016) and (2017) update]
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HAWC p, He, Z>:8 HAWC: J. C. Arteaga

® Statistical errors < 0.05%.

© " I 0=[0.0° 45.0°] e Total
% . HAWC " He ® Systematic errors < 78%
9 - v Heavy
= e o o ¢ T e e e e Statistics of the MC data set + Effective area (< 7%).
— v \ \4 v \ 4 \ 4 v v
N"’ 1041 sy v 7 Y * Uncertainties in parameters of the PMTs (< 55%).
. SR
£ e R T  Hadronic interaction model: EPOS-LHC (< 30%).
LL] -4 A A A - L
9 i fa o, X ] * Unfolding procedure: bias, seed, reduced cross entropy
*@* B A :
© S technique (< 14%)) .
o i
L » Bias in shower age (< 20%).

10°

S5 24 46 48 5 55 &4 « Cosmic ray composition model: GSF, poligonato, JACEE,

Iogm(E/GeV) ATIC-02 (< 19%).
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HAWC Composition

* Results show that the spectra of these mass groups have
fine structures, in particular, individual softenings, whose
energy positions increase with the primary mass.

e (Observation of softening in the spectra of H and He at ~
14 TeV and ~25TeV respectively.

* Confirms recent detections by DAMPE of similar features
in p and He spectra.

 Agreement between both techniques confirms potential of
high-altitude EAS for studying TeV cosmic rays.

e Additional feature in spectrum of the heavy CR
component in TeV region and indications in HAWC data
of possible hardening in the intensities of H and He near

100TeV 1n agreement with GRAPES-3.
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e HAWC data: H+He

H+He
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. ATIC-02 (09)
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Arteaga, PoS(ICRC2021)374
e HAWC data: He
E e [ ] ® - ® L [ J
- [ . 1 AT B
_-F""+.+V7+‘+ ki, Iy -?'#.0..0
— He
JACEE (98) :
. ATIC-02 (09)
-+ DAMPE (21)
~ e« CREAM(17)
i NUCLEON (19)
l 1 1 1 1 l 1 1 1 1 1 1 1 1 1 J L 1 1 1
3.5 4 4.5 5 55
Iog1 0(E/GeV)
| o HAWCdata:Z 23
o ® ® ¢ o 4, o o
@
®
- o«
- 1 )|
. N T
N [
Heavy
= JACEE (98)
| = ATIC-02 (09)
%  MUBEE (93)
NUCLEON (19)
l 1 1 1 1 i 1 1 1 1 l 1 1 | ] I | | 1
3.5 4 4.5 5 5.5

Iog1 0(E/GeV)



