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The HAWC observatory

Pico de
Orizaba

5636 m a.s.l. Sierra_Negra
4580 m
a.s.l.

<~ On a plateu between Pico de Orizaba and Sierra
Negra volcanoes, Puebla, Mexico

- 19° Nand 97" W

< 4100 m a.s.l. (640 g/cmz2)
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The HAWC observatory

Pico de
Orizaba

5636 m a.s.l. Sierra_ Negra
4580 m
a.s.l.

~ 22 000 m? surface

©~ 300 densely packed water
Cherenkov detectors
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The HAWC observatory

® )Jetec ranNnkoyv |

AN - relativistic charged pai
Pico de - D —
Orizaba . A
5636 m a.s.l. Sierra_Negra
4580 m
a.s.l.
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The HAWC observatory

1 Dinpbpel =2

g L ]
Markarian 501 Markarian 421

Geminga

Gamma-ray detector

Designed to study gamma ray sky Instantaneous field of view 2 sr

Primary energy interval ~ Duty cycle > 95 %
E =100 GeV - 100 TeV



Scaler mode:

Through enhancements

in the PMT rates

Cosmic rays at HAWC
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TDC mode:

Study PMT’s hit in EAS

event

Hongbo Hu., astro-ph: 0911.3034 ?ro‘\::n < CREAS energy interval:
s oess 100 GeV - 1 PeV
¥ ATIC
A JACEE
v mscanesevy ) 99 9 9 of events are hadronic
B Tibell(SIBYLL)
all-particle
m TibelSIBYLL) .
v msciomsevy [rigger rate: 25 kHz
A Akeno
all-particle : f:::
o - CRrate @ E=1TeV:
X AGASA
s + 103 times greater than
e PV Yy flux of the brightest y-ray
§oooieEe source
¥ ATIC
*  Ferml
O HESS
< CAPRICE e’
b anon S. BenzVi, D. Fiorino, et al., ICRC 2015, #216
O EGRET A. Smith, ICRC 2015, #397
10* 10° 10° 10"° 10™
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Motivation

Direct < é Indirect

10* proton
E Hongbo Hu., astro-ph: 0911.3034 s
103_ A BESS .
« ame Region between E = 1013 -1015 eV
B A JACEE
102 E— ¥ KASCADE(SIBYLL) . . . . .
- « memsevwy 0 Limit between direct/indirect
- 10 'E_ all-particle detection
‘g, : B Tibel(SIBYLL)
o 1 ¥ KASCADE(SIBYLL) L. .
© F s Akeno <~ Composition fairly explored
21 0_,- all-particle ; :::K':A
S X Yakutsk ~ New structures?
4= Auger
310_2 X AGASA
;U [J HIRes
m10'3 e pv
PV Y
: :::'c‘“' These questions can be
107 % am addressed with HAWC
O  HESS
1073 < CAPRICE e
A BESS
AMANDA
O EGRET
10°°
102 1 10  10* 10° 10° 10" 10™
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Motivation

Hillas (H3a) model
T.K. Gaisser, Astrop. Phys. 35 (2012) 80; Frontiers of Physics 8 (2013)

- Three cosmic populations

- Knees and other features produced
by loss of magnetic confinement.

_ E

- Population 1: SNR (Emax ~100 TeV)

- Population 2: Galactic pevatron
(PWN, hypernovae, galactic center, etc.)

- Population 3: Extragalactic origin.

ke (@1

Population 1 1.2 x 105
Population 2 4.0 x 106
Population 3 1.3 x10°
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Cosmic ray observables

< HAWC measurements performed after Xmax

0

Protdns | | E ~ 40 TeV

200 |

400 -

600 -

Atmospheric Slant Depth [g cm 2]

800 -

1000 i

02 04 06 08 1.0
Shower Size [arb. units]

HAWC - Cosmic ray composition Reunion de la Division de Rayos cdsmicos de la SMF, Puebla, October, 2018 10



Cosmic ray observables

Run 4016, TS 13, Ev# 457, CXPE40= 112, RA= 255.7, Dec= 159

~  From deposited charged,
hit times at PMTs, number
of PMT’s with signal:
« Core location, (X_, Y,)

* Arrival direction, ©

hit time [ns)

200 « Fraction of hit PMT’s, f,
220f » Lateral age of LDF, s

sl * Energy of primary, E

oo}

HAWC Coll., ApJ 843 (2017) 39

0 - ‘20l ‘ .40. l ‘60‘ ‘ ‘&)I 100 . .120I[‘ ]

. . xX|m
Likely hadron-induced shower
Lateral distribution

g
of
of
St

Kelly Malone, APS 2017

- : © Lateral age parameter:
%) [ J‘: . s=1.50 « Obtained event-by-event
5 10° * Fit wit NKG-based function:
o
()]
g 10f A ' fen(r) =A-(r/ro)’ = - (141/r)**°
® F'4"" ol with r, = 124.21 m.

1 .iﬂw im Hli A, s are free parameters

5

0 100

impact parameter [m
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Energy estimation

Cosmic ray observables

300

280
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240
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200
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180

109, (Q, 0. /PE)

shower hit patterns for range of simulated:
* Energies
* Arrival directions

Tables encode average shower footprint

Energy binning: Alog E/GeV = 0.1

g

10 TeV v

350

HAWC Collab., PRD 96 (2017)
Z. Hampel-Aris’ PhD thesis, 2017

1 PeV

300

250 -

200 ¢

150 |

100

Distance from Core [m]

%
o

10° 10*
Charge [PE]

10! 102

10°

10° 10! 102 10° 104 10° 10° 10! 10° 104 10° 10°
Charge [PE] Charge [PE]

Built lateral distribution tables of MC proton

110

— 10

Maximum likelihood for hits to come from distance, charge, zenith, energy bins.
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MC simulations

105 | Proton
¢ CREAM2
©  Fluka/QGSJET-II-03 as low/high- FN B
energy interaction models o
8
< Full simulation of detector %
response with GEANT 4. =
s
~ ZLenith angle < 700; A ,wn~3 X 106 m2 | | | | |
10* 10% 10° 10* 10° 10°
Energy [GeV]
~  Primary nuclei: 105 ‘ Helium
« H, He, C, O, Ne, Mg, Si, Fe _ ; crean
-+ E=5GeV-3PeV 5o | e
« E2 spectra weighted to follow a c:i”
double power-law derived from fits to g
AMSO02 (2015), CREAM-II (2009 & 2011) =&
and PAMELA (2011) data. o
» For systematic studies other models are ™
included. 5
N

107 102 103 102 105 10°
Energy [GeV]
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Selection cuts

~  Selected to reduce systematic effects on Energy:

. 0<16.71° E>10TeV:
. Multiplicity threshold N, . > 75 PMTs ACOre, o <10m
* Successful core and arrival direction reconstruction Alogio(E/GeV) < 0.12
- Activate at least 60 PMTs within 40 m from core N_,, > 60 Abres 0.3
* Shower core inside HAWC area
» Fractionhit (# of hit PMT’s/# available channels) > 0.3
* logio(E/GeV) < 5.5
Run 4016, TS 13, Ev# 457, CXPE40= 112, RA= 255.7, Dec= 159 CO re biaS
. —~ 40
E 320[-E ~10 TeV £ £ o Al
. 2 100 2 o 351
sof- @ @i B z R % O:
5 R (Prh = 30— - e
0 T i o
a0l D) G X iR : - ‘%
- A% A& 20__ - ,%,
240 X - o A
220:— 40 155_ 3+ %%
; N
200 [ 20 - _0_3—6- - *4147
- 5 e Ay,
180 - : I o S :%z@;zg:é?
- T P Y - T S—
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log, (E/GeV)
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Selection cuts

Arrival direction uncertaint
) y E > 10 TeV:
g oo - Acore, <10 m
0.8—
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Arrival direction uncertainty

Selection cuts

E>10TeV:

- " Acore, <10 m
C (@)
3 e Alog1o(E/GeV) < 0.12
—% AB, . <0.3°
e
= *4
= | | L HAWC Collab., PRD 96 (2017)
. ) e .i,gm(E,Ge\ff Checked with moon shadow
1.4 41 :; Moon
r Median MC
§1.2 < Mean MC
?1.0
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Relative Intensity [x 107%]
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Analysis
Selection of sample enriched with light nuclei

3

% C0=[0.00,16.71] - Line between He and ¢ | COmMponent to study
281 . ut o s HAWCdata | - H+He
26 é :
o4l 5 Age parameter is sensitive to
, 25 . composition
2E QGSJETHI03 Select a subsample using a cuton s
1.8f- o A ; ; ¢ : ; ; - More than 90% of H and He in
o He 938 i subsample
O . o AR E R aa P
- 0 ®geo0® " < [ . .
1.4— o Ne > 140~ 6=[0.00,16.71] — H+He
- Mg 2 | QGSJET-I03 .
12— ® S g— 120 Z=3
— ® Fe S B
C oo b b by 'g 1001-
e 3.5 4 45 5 55 8 f
log, (E/GeV) g ®f
-§ 601
3
<T 40
20—
0: | I T T SR I RREN A SR A

| | |
3.6 3.8 4 4.2 44 46 4.8 5 5.2 5.4

Iogm(E/GeV)
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Analysis

Build the raw energy histogram of subsample, Nraw(E)

Not corrected for efficiency/migration effects

@ - ® Raw MC data
> -

D _I:ITrue

Q)

L

» 10*E oooQQgooao DgOOoOon
- ?DDDE%QQOO'Q..OQGQ.G

(7)) L [

o B @)

E [

LLl i

O °

e 3

© 10°—
© -
Ql —

LLl -

o QGSJET-11-03 (CREAM model)
| | | | | | | | | | | | | | | | | | | | | | | | |
3.5 4 4.5 5 55 6

Iogw(E/GeV)
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Analysis

Correct Nraw(E) for migration effects by unfolding

Unfolding:

- Apply Bayesian method” to
correct for migration effects

N

NRaw(ER) = %; P(ER; | ETj) NUnf(ET))
- ROOT: Smooth method + power law

- Stopping criterium: Minimum of
weighted mean squared error

N points

1 Z stati? + sysi?

WMSE =
Npoints i ni

log. (ER*/GeV)

Response Matrix

E_MC data

D
T

s.sf—
st
4.55—
it
3.55—

3

25F QGSJET-II-03 (CREAM model)

* Linear response E > 10 TeV
for MC
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Analysis

Estimate effective area of the subsample and correct for heavy nuclei

G 10° - . . .
c £ =[0.00, 16.71] Light
£ . MC data
< I
10* ==
108 =
102 =
QGSJET-II-03 (CREAM model)
| | | | | | | | | | | | | | | | | | | | | | | | |
3 3.5 4 4.5 5 5.5

Iogm(ETr“e/GeV)
Taking into account the inefficiency

fcorr = (Niight/Niigntt+He)

Acii(ETi) = fcorr,i * AerittHe(ET)) Not all events in subsample are due to
H or He

HAWC - Cosmic ray composition Reunion de la Division de Rayos cosmicos de la SMF, Puebla, October, 2018 20



Analysis

Get energy spectrum from NUnfand effective area

.~ @ Unfolded MC data

-===True

—
o
S

-—o-&o—o-o-c*o—o-o—ooo—o-o-&+o—o-o-gf—- --

—
o
@

E*® d®d/dE [m2 s sr! GeV' ]

QGSJET-1I-03 (CREAM model)

3.5 4 4.5 5 5.5 6
Iogw(E/GeV)

Energy spectrum was calculated as:
® = NUf(ET)/(At - A Q * Aeri(ET) + AET)
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Analysis

Measured data

) 5 - =10 £
g’ F 6=[0.00,16.71] = ee-e Line between He and C 3 %
45E" HAWC data 1.6 17
- =] —10° LW
M= =
3.5;— E_105
3F- .
- y 10*
250 R e
25_ 10
1.52— 10 CO'._' -
ha > | Raw Light Events
= ) 10 (] B
05£-  Light Q)
ob+ 1 | A l | L 1 ‘TL
3 3.5 4 4.5 5 5.5 41— e ®© 0 o
log, (E/GeV) 2 0F o°®" ®ecccee,
7} - ()
o N ®
£ L
LLI B
g o
Experimental data used for analysis: T 10°
© C
HAWC-300 T -
T.+=100.6 days i
4.9 million of showers "o
3.2 million of showers for selected subsample I
35 4 4.5 5 55
Iogm(E/GeV)
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Results

Unfolded HAWC spectrum

H+He

E*® dd/dE [m2 s sr' GeV' ]
o

HAWC - Cosmic ray composition

6 =[0.00, 16.71] H+He
HAWC data
o ¢ ® o
® * 4 ¢ .
| + .
¢ |
o

Systematic unc.

—— Statistical unc.

4 42 44 46 48 5 5.2
Iogm(E/GeV)
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Analysis

Unfolded HAWC spectrum H+He

Statistical and systematic uncertainties
log10(E/GeV) = 4.95

S 0 =[0.00, 16.71] H+He Relative error ® (%)
~ 21
o 10 - HAWC data Statistical +/- 3.3
% - Exp. Data +/- 0.1
B Response matrix +/- 3.3
10
- eaermnene Systematic +13.7/-16.3
LT Composition -14.7
Lo Aeff +6.7/- 5.8
- CutatHe or C -3.9
- Stat. unc. Gold unfolding -0.3
- — Syst. unc. Seed unfolding 0.7
10—1 1 | | | | | | | | | | | | | | | | | | | | | | | | | | | | Smoothlng Unf0|d _11
4 4.2 4.4 4.6 4.8 5 5.2 .
B -1.2
log, (E/GeV) A2y
10 PMT Qeff +11.4
PMT Qres +3.5
Total +14.1 /-16.7
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Results
Unfolded HAWC spectrum

H+He

5
co'_'1 O F
w—> - ® HAWC data: H+He H+He
3 B . qro JACEE (98)
o $ o= =15% ATIC-02 (09)
. ] CREAM (17)
- KASCADE (QGSJETO1)
%) u KASCADE (SIBYLL2.1)
‘\-‘E ARGO-YBJ (16)
—_ ®© ® 0 o
4| 1699000 g g g
LA R e i LY
= B
= B
© o
©
© B
m —
| | | | | | | | | | | | | | | | | | | | | |

HAWC - Cosmic ray composition

| | |
6 6.5

Iogm(E/GeV)
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Results

Fit of spectrum H+He

1. Use following functions:

—> Single power law:

—> Double power law:

(v2—m1)/e

WE) E \¢
g hl [”(m)

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

> _ data fit Tot1-1 data fit
=) [0 - O E) IV, T [0 - o"(E))

") PDG (2017)
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Fit of spectrum

Results

0 =[0.00, 16.71]
HAWC data
L 42 =366

x2/nof = 3.3
P (%) =0.01

E*® dd/dE [m2 s sr! GeV' ]
2
|

. P: Prob. of agreement between
Model and data.

— Stat. unc.

H+He

¥2 =14
x2/nof = 0.2
P (%) =99.48

4 4.2 4.4 4.6

HAWC - Cosmic ray composition

4.8 5 5.2

log, (E/GeV)

H+He

Results of parameters for
the double power-law fit:

yi1 =-2.51 +0.05
Y2 = -2.77 + 0.04
Ay =-0.26 +0.06
log10(Eknee/ GeV) = 4.47 + 0.13
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Check performance of method with MC simulations

Results

0 =[0.00, 16.71]
Model

—_
o
>

E*® dd/dE [m2 s sr' GeV' ]

- Systematic unc.

~ —— Statistical unc.

L _e--0--0--0----¢

H+He
@® Reconstructed

=== True

4 42 4.4 46

HAWC - Cosmic ray composition

4.8 5 5.2

Iog1 O(E/GeV)

H+He

Use MC simulations following the CREAM-
Il model, but with a kink in the light
component of CR’s:

log10(Exnee/GeV) ~ 4.5

The kink is reconstructed

The reconstructed Ay is smaller than
the actual one due to contamination
from the heavy component.
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Conclusion

~ The lateral age parameter is sensitive to the composition of cosmic rays at
HAWC.

-~ A first analysis of cosmic ray composition with HAWC has allowed to
reconstruct the spectrum of the light component (H+He) of cosmic rays in
the range E = [10, 158] TeV.

~ The reconstructed spectrum of H+He shows a knee (Ay =-0.26 + 0.06) @
E = 30+103 TeV.

= Studies on the heavy component of cosmic rays are also underway.
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The HAWC observatory

yY/hadron separation

o Separate gamma-ray events from background using distribution of

charged deposition

55.7, Cmptness= 10.7

Run 2118, TS 45004, Ev# 41, CXPE40:

=21.2, Cmptness= 28.3

Run 2054, TS 584212, Ev# 226, CXPE40
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energetic clumps far from core

Hadron

compact cores/smoothed distribution

Y

Reunion de la Division de Rayos cosmicos de la SMF, Puebla, October, 2018

31

HAWC - Cosmic ray composition



Cosmic ray observables

Run 4016, TS 13, Ev# 457, CXPE40= 112, RA= 255.7, Dec= 15.9 Run 4016, TS 806, Ev# 485, CXPE40= 714, RA= 231.8, Doc= 235

120

o - pm— 'E‘ [
E sxfE %;320__5 100 TeV
- £ .
300~ F 300 100
() 5
. = —{80
240 :_ 240 — ~160
220 :_ 220 :: w0
200~ 200
180 |— 180 20
:l...‘... ) T - ) =
-60 -40 -20 0 20 40 60 80 100 120 (m) -60
o . xX|m o .
Likely hadron-induced shower Likely hadron-induced shower
&l - ® ° p_.'
bt - e
) - ¢ ® s =1.50 )
S 12k o’ 3
s \UF S0
c o o
© [ QO
2 i 2
© 10 3]
3 8 10
S )
1 1
10” 107" —————
0 100 50 100 150
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