.7 = oy %
IE/ @

Instituto de Fisica
UNAM

o e P AN Status ane (seme, highly biaseel)
RADPYC 2024 recent results from HAWC

June 5, 2024



guw = L\ HAWC Collaboration (2014)

pp——

\\\ Instituto Nacional de Astrofisica Optica y Electrénica

//// A Reunién de la colaboracién HAWC }i«n

%:l% Complejo Cultural Universitario BUAP del 27 al 29 de octubre de 2014

SR DT

Mexico
e Around 100 members from both countries
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HAWC Collaboration (2024)

United States:
Pennsylvania State University University of New Mexico Mexico: .
University of Maryland Michigan Technological University Instituto Nacional de Astrofisica, Optica y Electrénica (INAOE)
Los Alamos National Laboratory NASA/Goddard Space Flight Center Universidad Nacional Auténoma de México (UNAM)
University of Wisconsin NASA/Marshall Space Flight Center Instituto de Fisica
University of Utah Georgia Institute of Technology Instituto de Astronomia South America:
Univ. of California, Irvine Colorado State University Instituto de Geofisica PSR
University of New Hampshire Michigan State University Instituto de Ciencias Nucleares
California University of Pennsylvania University of Rochester Universidad Politécnica de Pachuca
Stanford University George Mason University Benemérita Universidad Auténoma de Puebla
Europe: Asia: Universidad Auténoma de Chiapas
IFJ-PAN, Krakow, Poland « Tsung-Dao Lee Institute, Shanghai, China Un!vers!dad Auténoma (.1el Estado de Hidalgo
Max-Planck-Institut fiir Kernphysik, Heidelberg  «  University of Seoul, South Korea Universidad de Guadalajara
Erlangen Centre for Astroparticle Physics « Sungkyunkwan University, South Korea
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Universidad Michoacana de San Nicolds de Hidalgo
Centro de Investigacidn y de Estudios Avanzados
Centro de Investigacion en Computacion - IPN

Sao Carlos Institute of Physics, Brazil




HAWC in Mexico
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e Unique opportunity for collaboration among Mexican Institutions
® Presence in institutions at seven states
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Why Mexico?

Site requirements:
* High elevation > 4000 m a.s.l.

e ~Flat geometric area of ~ 20,000 m?

e Manageable weather conditions for human builders and operators
e Availability of ~120 000 m? of water

e Support infrastructure (road, electricity and internet)
* 5 years operation with possible extension for 5 more years

Candidates: Sierra Negra in Mexico and Tibet in China

Mexico offered a stablished community of high-energy physicists with
experience at:
Milagro, Auger, ALICE, CMS, AMS, CREAM, Fermilab and LMT

Existing infrastructure from LMT
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Construction: Operations
2011-2015 2013 - 20257

HAWC Inauguration: March 2015
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High Altitude Water Cherenkov

HAWC Collaboration: A.U. Abeysekara et al. 2023, NIM A 1052 (2023), 168253

First state-of-the-art hi sics experiment installed in Mexico
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The HAWC site

= - Citlaltepetl
———e Pico de Orizaba

o

Thiltepgthi_ = 5636 ma.s.l.
SierraNegra Volcano
4600 m asl, i

- Large Millimeter Telescope
1 DA e SR =

e T 11
) X o 5

HAWC T
4100 m a.s.l.
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Water Cherenkov Detectors (WCDs)

e 300 WCDs
e Diameter: 7.3 m
e Height: 5m
e Water volume:
« 200,000 liters
e 4 photomultipliers

tubes:

-7 Convert light pulses

L to electric signals
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Cherenkov light

(Fepee
AN TP
TRIGA (General Atomics)
Simulated
acﬁegs\?lg(i/\\//(h:%ht " Happens when a charged particle moves in a

transparent medium faster than the speed of light in
that medium

The discovery and interpretation of this effect deserved the Nobel Prize in
1958
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Why the High Altitude?

primary < profile of vertical showers |,, €
particle S average of 100 CORSIKA simulations =
= with QGSJETO1 for 10" eV proton 4 3
=z by D. Heck, Karisruhe Institute of Technology =
§ 200 2
Y
7 <110
< _
o
O =
£ 400
= <7
B : 1s
600 = ~\, €
R o 3
5 e
2 5 13
S (x 50)
800 ©
. - \ * E -
radio + air-Cherenkov  ,  \ = c===eeee 5
I 41
. e m— telescope 1000 ;
radio light particle  for fluores-

9

antenna  detector detector  cence light T R
particle number

Progress in Particle and Nuclear Physics
F. G. Schréder, 93 (2017) 1-68
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VHE gamma rays

Inverse Compton

Low energy photon

Gamma ray
N \
o - y
P electron
V4

/7

/
. Gamma ray
Pion decay "
High-energy e*, p*

-

Matter Gamma ray
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Why gamma rays?

Marcin Biatek

Lorentz force

— —

F'=quvxB

Interstellar magnetic fields:
~ 10-10T Charged particles are not useful to identify the

Distances : kpc-Mpc cosmic ray sources

Earth magnetic field: 2.5-6.5 x 105 T
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Cosmic accelerators in our Galaxy

Crab Nebula

- Supernova observed by Chinese astronomers in 1054
- Approximately at 6500 light years from Earth

- Diameter of 11 light years and expanding at ~0.5 c

i NASA
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E2 dN/dE (TeV cm~2 s71)

Cosmic accelerators in our Galaxy

Crab Nebula spectrum
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—— Ground parameter best fit
—— Neural network best fit
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---- Meyer et al (IC)
Previous HAWC fit systematic uncertainty
Previous HAWC fit statistical error
GP systematic uncertainty band
NN systematic uncertainty band
Ground parameter flux points
Neural network flux points
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E2 dN/dE (TeV cm~2 s71)

Cosmic accelerators in our Galaxy

Crab Nebula spectrum

10—10 ]

1011 !
—— Ground parameter best fit

—— Neural network best fit

—— Previous HAWC Fit

Meyer et al (IC)

Previous HAWC fit systematic uncertainty
Previous HAWC fit statistical error

GP systematic uncertainty band

NN systematic uncertainty band

® Ground parameter flux points

® Neural network flux points
¢
¢

10—12 ]

HESS 2015 ICRC
HEGRA 2004
VERITAS 2015 ICRC

I MAGIC 2015

. Tibet ASy

10731 |  ARGO YB

2021:

2 photons detected by
LHAASO

- 880 TeV

- 1 PeV —> electron of > 2 PeV

1 10 times the kinetic energy of a
l ping pong ball!

10!
Energy (TeV)

10! 100

HAWC Collaboration, APJ 881 (2019) 2
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Ultra-high-energy source MGRO J1908+06

Extended source confirmed by H.E.S.S., VERITAS and ARGO

Spectrum of 3HWC J1908+063

10—11.
i
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1[°]
| 10° 10! 102
-4 -2 0 2 4 6 8 10 12 14 Energy (TeV)

VTS
The Astrophysical Journal, 928:116, 2022

Photons with > 200 TeV

If hadronic in nature — PeVatron
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Ultra-high-energy source MGRO J1908+06
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Multiwavelength spectrum
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—— TeV leptonic model total
- First leptonic component

—— TeV lepto-hadronic model total

XMM-Newton (ICRC 2015)

The Astrophysical Journal, 928:116, 2022
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/

Hadronic component
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- Importance of multiwavelength studies to understand the nature of the source

- The data shows that it is mainly a leptonic source, not ruling out an hadronic
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Energy (TeV)

10-7 103 10-!

component at the highest energies
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VHE H & He spectra

E*®EE) [m?2 s'sr! GeV']

H. Ledn Vargas (IF-UNAM)
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Phys. Rev. D 105, 063021 (2022)
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Status and (some) recent results from HAWC

Very large statistics analysis (there are uncertainties in the data points)

Energy region between direct measurements and UHE experiments




VHE H & He spectra

o e HAWC data: H+He SE = + 16%
=
() o
O, /
G & ° * ® °
Al L H+He Y v 7 Y+
é A JACEE (98) M vy C} ?Q Y O
~ ~  m  ATIC-02 (09)
&9 ~ ¢ CREAM (17)
g i NUCLEON (19)
;9‘ 4 DAMPE (19) +
N | EAS-TOP (04)
= v ARGO-YBJ (15)
() TIBET AS-gamma (EPOS-LHC, 19)
I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I
3.5 4 4.5 ) 5.5
loglO(E/GeV) Phys. Rev. D 105, 063021 (2022)
- Apparent cut at 24 TeV

New structures can be related to different cosmic ray sources in the galaxy
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Neutrino search with HAWC
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Tau neutrino direct detections

e Discovered in 2000 at FNAL

DONUT Detector

P ® Penultimate SM particle to be
discovered

Identification of
muons coming from
‘enagy of decay products

Drift chambers record
‘o@ypa rticle tracks

c%v;rgespread_tnauks
l e 4 events, 3.5¢0

Emuision targ
with p lanes of
scintiliation fibers

e 2007: 2 tau neutrino candidates

DONUT Detector for
direct observation of
tau neutrinos ()

e 2018: OPERA reports 10 candidates

e 7/ more by lceCube (171 April, 2024)

26 detections so far

H. Ledn Vargas (IF-UNAM) Status and (some) recent results from HAWC



Hunga Tonga-Hunga Ha’pai eruption

ERUPTION HUNGA TONGA-HUNGA HA'APAL < Tonga ¢ Noverr

d) Jan 18, 2022

A8 o

Planet Labs PBC, Maxar Technologies, Brumfiel (NPR)
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Hunga Tonga-Hunga Ha’'pai eruption

. ERURTION HUNGA’ TONG‘;W“GQ ﬂA’AP‘AI 4 Tenga s Noverbér 12; 2021 TOT ()1
Yo (AR08 N 4V VR e LT § Ary 4

Jan 18, 2022

R(E By

New York Times, 2022
A. Amores et al. Geophysical Reseach Letters 49 (2022) 6

Planet Labs PBC, Maxar Technologies, Brumfiel (NPR)

The estimation is that the energy release is ~10 times smaller than Krakatoa,
but still hundreds of times larger than Hiroshima.
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Hunga Tonga-Hunga Ha’pai eruption

GOES-16 BAND 8, 15 JAN 2022: 11:10 UTC

Infrared

Brightness Temperature (0.01 K)
5 4 3 -2 -]
| | | | L e ——
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Hunga Tonga-Hunga Ha’'pai eruption

2022-01-15 04:00:32 UTC
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Not just a shock wave

December 30, 2021

Tonga Geological Services
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Not just a shock wave

At the highest intensity stage of the activity, Intermediate explosion

the volcano emitted as much matter as 15 January 14, 2022
Tonga Geological Services

Empire State buildings, each second
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Not just a shock wave

® [n 5 minutes: ~ 25 500 lightnings

* 6 hours: ~ 400 000 lightnings
=~1/2 half of the worldwide activity!

Vaisala reports
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Hunga Tonga-Hunga Ha’'pai eruption

nature

Explore content v About the journal v  Publish with us v Subscribe

nature > news > article

NEWS | 18 January 2022

Tonga volcano eruption created
puzzling ripplesin Earth’s
atmosphere

Powerful waves ringing through the atmosphere after the eruption of Hunga Tonga-
Hunga Ha‘apai are unlike anything seen before.

= NEWS CAREERS COMMENTARY JOURNALS v covib-19 Sciellce

L]
Science R e G

HOME > SCIENCE > VOL.377,NO.6601 > ATMOSPHERIC WAVES AND GLOBAL SEISMOACOUSTIC OBSERVATIONS OF THE JANUARY 2022 HUNGA ERUPTION,...

@  REPORT = NATURAL HAZARDS f ¥ in & R X

Atmospheric waves and global seismoacoustic obser-
vations of the January 2022 Hunga eruption, Tonga

ROBIN S. MATOZA , DAVID FEE ,JELLE D. ASSINK , ALEXANDRA M. [EZZ| , DAVID N. GREEN , KEEHOON KIM , LIAM TONEY , THOMAS LECOCQ

SIDDHARTH KRISHNAMOORTHY (), [...] DAVID C. WILSON +67 authors Authors Info & Affiliations

SCIENCE - 12 May 2022 - Vol 377,Issue 6601 - pp.95-100 - DOL: 10.1126/science.abo7063

¥ 20925 99 4 ‘ N ”

Going on the lamb
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Particle physics in the atmosphere

Muons and atmOSpheriC tempe rature Copernicus Atmosphere Monitoring Service

e
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Particle physics in the atmosphere

Muons and atmOSpheriC tempe rature Copernicus Atmosphere Monitoring Service

e
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Particle physics in the atmosphere

Muons an d atmos P h eric tem pe rature Copernicus Atmosphere Monitoring Service

. Ledn Vargas (IF-UNAM) Status and (some) recent results from HAWC




Particle physics in the atmosphere

Muons and atmospheric temperature

“.,‘ « \
S
: e g ‘Nﬁ * 5 N
If the pion decays:

- A high energy muon is produced

More likely in thinner atmosphere
(higher temperatures than the average)

H. Ledn Vargas (IF-UNAM) Status and (some) recent results from HAWC
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Particle physics in the atmosphere

M uons an d atmos p h e I’i Cc tem pe rature Copernicus Atmosphere Monitoring Service

If the pion decays - o If the p|on ‘suffers another interaction:
- A high energy muon is produced - Additional mesons are produced
- The charged pions decay in muons with less
energy than in a)
More likely in thinner atmosphere More likely in a dense atmosphere
(higher temperatures than the average) (lower temperatures than the average)

Something similar for K mesons
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Detection of the pressure wave using cosmic rays
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e Secondary particle detection rate, four days of data
* Modulated by the atmospheric conditions
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Detection of the pressure wave using cosmic rays

A

VVYVYVYY

e Average atmospheric e Anomalous conditions
conditions e Sudden increase in pressure
— attenuate particle rate
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Detection of the pressure wave using cosmic rays
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Detection of the pressure wave using cosmic rays
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Detection of the pressure wave
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Propagation of the pressure wave
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Propagation of the pressure wave
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Rate [MHz]

Propagation of the pressure wave
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Speed of the pressure wave

Distances with the de Haversine formula
and the L3 software. The difference is an
uncertainty.
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Structure of the pressure wave
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The first detection of Lamb waves using Cosmic Rays
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) recent resul

Hermes Le6n Vargas' *

e Published last January 1

e \We observed a very rare phenomenon:
the largest volcanic explosion in 138

years.

e First time that a Lamb wave is detected
using cosmic rays.

e A rare observation because of the high
altitude.

e We can performed a more detailed study
with sub second accuracy, and perhaps
pressure measurements.

"directional”




Scientific impact of HAWC
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Conclusions

Next March 20, it is going to be 10 years since HAWC was inaugurated!

~  HAwc 300
Full operations

DATE: 03/20/2015
TIME: 12:26:30

i

e HAWC has detected > 25 sources emitting gamma rays > 56 TeV
® Most located near pulsars: lepton accelerators

e Finding or confirming structures in the cosmic ray spectrum

e Some not expected applications of HAWC:
@ Neutrino detection method above ground
@ First detection of Lamb waves using cosmic rays

Status and (some) recent results from HAWC
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