| HAASO Rl=Z2 4153 13

E3y

R SRR B AR S

il

I

FrANEN TR, BIENTFHEEIXFRENA ST S

20236 H30H-784H
K2



Historical review

* Cosmic rays were discovered by V.
Hess In 1912 by a balloon experiment

* From 1930s to 1950s, cosmic rays T o
observation derives the particle physics | e ettt et
development. | 4 | f |
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Abundance relative to Carbon = 100

Nuclear abundance: cosmic rays compared to solar system
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Recent/ongoing experiments
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The plastic scintillator
detector (PSD)

The silicon tracker (STK)

- 4 k) The BGO calorimeter (BGO)
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The neutron detector (NUD)

HAWC




IER[ FEXSRIHR S TA S — MR F BHERIFER
FHESHAXSHEE(ERFERRBALT , BIFMBEEER,

ﬁﬁ$A#$Tﬁmmﬁﬁ%ﬂﬂfﬂkﬁ%ﬁﬁ?TﬁEﬁﬁ
M,

U=

1 H ASYE BESY & ARGOSIE KT




LHAASQO: Large High Altitude Air Shower
Observatory
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Where 1s LHAASQO?

®Haizi Mountain 4410 m a.s.l. , Sichuan province, China
®|ocation : 29°21' 27.6” N, 100°08’ 19.6” E.




LHAASO detectors
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Number of events per hour (>E)
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1 First view of the UHE universe



Ultrahigh-energy photons up to 1.4 petaelectronvolts from 12 «y-ray Galactic sources

E2 <7 = LHAASO Collaboration « Zhen Cao et al. (May 17, 2021
|_ H AAS O E-—- ;__%ﬁ )ﬁ ;I% Published in: Nature 594 (2021) 7861, 3;36 |
& DOI [= cite 2 reference search %) 264 cita‘cjohs
s TSN Z RN EER M
* BN ERFHB AN S5 %

Table 1| UHE y-ray sources

Galactic latitude {deg)

Source name RA(") dec. (%) Significance above 100 TeV (x0) Epux (PeV) Flux at100 TeV (CU)
LHAASO J0534+2202 8355 2205 178 0.88:01 1.00(014)
LHAASO )1825-1326 276.45 13.45 16.4 0421016 357(0.52)
LHAASO J1839-0545 279.95 -575 77 0.21£0.05 070(0.18)
LHAASO 11843-0338 28075 -365 85 0.26-0.100'8 073(017)
LHAASO J1849-0003 28235 -0.05 104 0.35+007 0.74(015)
LHAASO J1908+0621 28705 6.35 172 0.44:005 1.36(0.18)
LHAASO 1192941745 292.25 1775 74 0.71-0.07"01 0.38(0.09)
LHAASO J1956+2845 299.05 28.75 74 0.42+003 0.41(0.09)
LHAASO 201843651 30475 36.85 104 027:002 0.50(010)
LHAASO J2032+4102 308.05 4105 105 142+013 0.54(010)
LHAASO J2108+5157 31715 5195 83 0.43+0.05 0.38(0.09)
LHAASO J2226+6057 33675 60.95 136 0572019 1.05(0.16)

12 PeVatrons are discovered
€ High Standard: significance >70
€ BG-free: Cosmic Ray background

rejection rate <104

€ High Statistics: 530 UHE photons
many more now




Application of Bell instability to different type of
SN Rs: comparison with CR spectrum at Earth

[Cristofari, Blasi, Amato, APh 2020]

Assumed acceleration
efficiency £~ 0.10
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2 LHAASO Catalog of new VHE/UHE

sources



Impressive Gamma-ray Source Catalogs

/ Fermi-LAT \ / H.E.S.S. \ / HAWC \
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~ Current status of VHE gamma-ray sources

Number of sources

Great progresses are achieved in ground-based VHE
gamma-ray astronomy!
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Construction of the 1st LHAASO sources

90 1st LHAASO sources

WCDA&KM2A
Space Angle
.. WCDA&KM2A
Position error 54

Source extension



UHE gamma-ray sources

The position and extension
achieved by KM2A at >25

TeV are used.

Sources with significance >4c6

at >100 TeV are labeled as = 1%)3T9V

UHE sources




90 in 1st LHAASO sources.
32 new discoveries

43 UHE

KM2A (25-100 TeV) Excess Map
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3 Innovative measurement of the

standard candle Crab Nebula



Reveal an extreme e-accelerator

®(0.3-1.1 PeV measured for the first time.

®Maximum photon energy 1.12+0.09
PeV-> primary electron energy 2.3 PeV

E. ~ 2.15(E,/1 PeV)’"
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LHAASO coll. 2021 (Science 373:425-430)



New knowledge of the acceleration rate

® n<1 according to classical

electrodynamics and ideal MHD

®Acceleration rate n=0.16 balancing
the synchrotron losses rate for

maximum energy.

®1000xSNR shock acceleration rate

n = 0.14(B/100 uG) (E,/1PeV)">"

400TeV<E, S=6.6 ¢

Significance (o)

22

Declination (degree)

N
—
()]

21

82.5 83 83.5 84 84.5 85
Right ascension (degree)

LHAASO coll. 2021 (Science 373:425-430)



New knowledge of the accelerator size

60

®Accelerator size | >electron gyro

radius R,=0.025 pc (according to

the 1.1 PeV photon)

R, = E./eB

.

LHAASO coll. 2021 (Science 373:425-430) Martin et al. 2000



4 Diffuse gamma rays of the Milky Way



General picture of Galactic cosmic rays

© I. V. Moskalenko

SNR RXJ1713-3946 |||

L2
42 sigma (2003#2004 data) 1«
» ¢

o .,
-~ °energylosses ..
ereacceleration . :
econvection
eproduction of =
secondaries.

20 GeV/n

CR species:
» > Only1 location
> Heliospheric
modulation

Diffuse y rays are expected a priori to be produced
propagation, and are thus powerful probe

Acceleration at source

|

Diffusion and Interaction

|

Helio-sphere propagation




LHAASO diffuse results
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» First detection of VHE diffuse emission from outer Galactic plane

» Spectra follow power-law forms with an index of ~3
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fluxes with a toy model

» Toy model prediction:
local CR X gas column
(PLANCK dust opacity)

» Measured fluxes are
higher by a factor of
2~3 than predictions:
unresolved sources or
propagation effect?
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5 Brightest GRB



GRB 221009A: A very rate event

Fluence: >5 x 10 2 erg/cm

Bolometric Fluence keV [erg/cm?]

2

R GRB< 6.1 x 10”4 Gpc~3 yr1
z=0.151 volume ~ 1 Gpc”3
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Buns et al. 2023



LHAASOS(TGR5221009AE’J#MIJ

* LHAASO detection of GRB
221009A: first GRB seen by a
extensive air shower detector

* High statistics: >60,000 photons
above 0.2TeV (LHAASO-WCDA)

* TeV count rate light curve:
Smooth temporal profile —
external shock origin

600

400

Count rate [ count s™]

220 ¢2so 240 250 260 270 zao 290 300 310 20
™= Time e GBM trigger[s] —|

First time detection of the TeV
afterglow onset !

200

0 500 1000 1500 2000 2500 3000 3500 4000
Time since GBM trigger [ s ]



E% Flux [ erg cm? s™]

E? Flux [ erg cm?s]

SED measured by LHAASO-WCDA
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* EBL model: A. Saldana-Lopez

et al. (2021)

Time interval A y y - x%/dof
(seconds after Tp)  (10~8 TeV~lem—2s1) TeV
Observed spectrum
231-240 429+ 2.7 2.983 £0.061 3.14 (fixed) 4.6/6
240-248 70.1 £+ 3.8 3.006 +0.052 3.14 (fixed) 8.0/6
248-326 39.9+1.0 2.911 £0.028 3.14 (fixed) 14.8/6
326-900 7.35+0.16 2.788 +0.026 3.14 (fixed) 8.9/6
900-2000 0.959 4+ 0.043 2.880 £0.067 3.14 (fixed) 2.9/5
Intrinsic spectrum, standard EBL
231-240 12734+ 7.9 2.429 + 0.062 \ 3.1/6
240-248 208 + 11 2.455 £ 0.054 \ 6.5/6
248-326 117.8 £ 3.0 2.359 £+ 0.028 \ 8.7/6
326-900 21.77 £ 0.47 2.231 £+ 0.026 . 3.4/6
900-2000 2.84 +0.13 2.324 £+ 0.065 | 2.2/%




A narrow GRB Jet LHAASO coll. 2023 (Science accepted)

e Jet breaks have been » assuming jet angles derived from the break time of the optical
. . afterglow light curve, the collimation-corrected raduated energy
seen In optical/X-ray is clustered around ~1051 erg. Bloom et al.JJpJ, 2001

pDands
* First time seeing a jet
Dreak at TeV band

* Helps to understand the
total energy of the GRB

52 53

" Ghirlanda et al., 4 pJ' 2004

t o 3/8 af (b) 1 ]
L — O6°E_1/8 1/8 : N c
g k35 0\ 6705 =<

1 2

1 — §>% ]

Ey; = Eyiolp/2 ~ 1.5 X 10°° ergk, i, 55(00/0.7°)? b i
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6 Constraints on Lorentz Invariance

violation



Lorentz invariance violation (LIV)

* For the case of Lorentz invariance a free particle satisfies the dispersion
relation: E? = m? ¢* +p?c?

* For some quantum gravity theories, Lorentz invariance may be violated
at Planck scale, which leads to modification of the dispersion relation at
low energies.

* The dispersion relation at low energies, E2 = m? c* +p?c?*(1 + al(pc/
My €%+ a2(pc/ My c?) 2 + )

* al, a2 - are model parameters of LIV
* LIV effect is suppressed at low energy by M, c?

* Many exotic phenomena may take place in the LIV scenario which are
forbidden in LI



Energy dependent speed of light at LIV

* From the LIV DR, E? = p?c?*(1 + al(pc/ My, c?)+ a2(pc/ My, c?) 2 + )
* Group velocity V(E) = 5 / 6k = 6E / op

+n
2

1 + n

8

cll +

a,(pc / Mpzc2)n] ~ c[l+ : (E/ELy )™

* V(E) Is not a constant and can be superluminal or subluminal
depending on the sign of a,, for n=1,2 the first and second order of LIV

* As (E/Ev,) 1s highly suppressed for E<<E,,,,, Itis generally very hard
to observe the effect

* [t Is the great advantages for astrophysical probe: the highest energy
possibly achieved in the universe; or long distance propagation from
the source may accumulated the tiny effect to be observable.

* Constraints on LIV by time decay of photons from GRBs have been set



Decay of a free photon @

HF
* A free photon in vacuum Is stable in LI

) ) pn+2 2 ®IEEE.¥
* For LIV, Ey—py=gi—=m, ¢

LIV

* When the effective mass > a pair of e+e-, the photon decay Into
e+e- very fast and leads to a sharp cutoff at the SED

5 ) 1/n
E;’(Ey —4m3)
4mg

* |f no such decay the LIV energy scale Is constrained as £%, > (
* Forn=1,2, we have ED > 057 x 102 CV<TEev>3‘

E® >978 x 107 eV Ly Y
L[V ~ Tev &

* The constraints are very sensitive to the highest energy of gamma



Photon splitting

* LIV also leads to a photon splitting to 3 photons

DEITTE: v 3

19
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* LIV decay or splitting leads to s sharp cutoff the

high energy end of the spectrum
* We analyze the LHAASO data of gamma ray SED

to look for the LIV cutoff
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LHAASOﬁFEE"JX—_‘ 100 TEVE"J;}E Z. Cao, et al., Nature 594, 33 (2021)
source name R.A. dec Significance Erax Flux (+ error)
) ) (o) (PeV) (CU)
above 100 TeV at 100 TeV
LHAASO J0534+2202  83.55  22.05 17.8 0.88 +0.11  1.00(0.14
LHAASO J1825-1326  276.45 -13.45 16.4 042 +0.16  3.57(0.52)
LHAASO J1839-0545 279.95 -5.75 7.7 0.21 £0.05  0.70(0.18)
LHAASO J1843-0338  280.75 -3.65 8.5 026 7o 0730017
LHAASO J1849-0003  282.35 -0.05 10.4 0.35 £0.07  0.74(0.15)
LHAASO J1908+0621 287.05  6.35 17.2 0.44 £0.05  1.36(0.18)
LHAASO J1929+1745 292.25 17.75 7.4 0.71 7005 0.38(0.09)
LHAASO J1956+2845 299.05 28.75 7.4 0.42 £0.03  0.41(0.09)
LHAASO J2018+3651 304.75 36.85 10.4 0.27 £0.02  0.50(0.10)
LHAASO J2032+4102 _ 308.05 _ 41.05 10.5 1.42 £0.13 __ 0.54(0.10)
LHAASO J2108+5157 317.15 51.95 8.3 0.43 £0.05  0.38(0.09)
LHAASO J2226+6057 336.75 60.95 13.6 0.57 £0.19  1.05(0.16)




The result

| Process: y— ete

|Process: N— 3N ‘

E. 4
E) 2957 x 102 eV (Te—/\/> :

19

grp(2)10 7
me ELIV

Phys.Rev.Lett.

128 (2022) 5, 051102

E 5 @) s E 0.1 E»y 1.9
(2 = 17 R E > 3.33 x1077eV | — — "
ELIV = 0.78 x 10*" eV <TeV> . EIV kpc TeV
95% )] 2 (2)
Source y 5 E i B, E E' v E/ v Gy)
(kpc) (PeV) (PeV) (eV) (eV) (eV)
x103? x10% x10%
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7 Dark matter searches



Carefully selected regions for DM decay

* The signal region is chosen ROIy, around 15° < b < 45° and 30° < ¢ < 60°
* Away from Galactic plane and Fermi bubble
* Close to the GC as possible

* 4 control regions ROI; — ROIL, by shifting ROl along the RA
direction by 90°, 135° 240°, 285° respectively
* Same declination and same detector performance
* For accurate estimate the bkg and
eliminate systematics
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Likelihood analysis

* For each ROI n! (tpm, b) = (b' + st (7pm) )ELAL,

. InLi(zpy,, b) = 2 Nilnn,—n;

Important features of this analysis

. The background model ', is independent

« Combined likelihood of ROI
: . Signal s; , is different for each ROI, due to
, InL = z InZy difference in D-factor

k=0 ;
« We assume that we don’t know b’

 allow it to be a free parameter (6 degrees
of freedom)



Lifetime, Ty [s]

Constraints on Heavy Decaying Dark Matter
from 570 Days of LHAASO Observations

Phys.Rev.Lett. 129 (2022) 26, 261103
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Dark matter annihilation signals from the
dwart galaxies

Dec=79.36[deg)

LHAASO
FOV

UleS O Bootesl

extans

Dec=-20.64[deg]

<€ Ra[deg] >



Constraints on DM anni

* First constraint on PeV DM

annihilation

10~ 18|
B o8 containiment
10-18 V5% contamiment
71072
-
_%_10—21
8
v

102

10-23

HWAWC w/o Teill
TIAWC w/ Trill
MAGIC Segwe!
VERITAS Combined

My(Tev]

TAWC wio Trill
HAWC w/ Trtll
MAGIC Segoul
VERITAS Comnbined

- HAWC w/oTell
== WAWC w! Trill
== VERITAS Combined

...
S
5
o=

5% santsanment

...

S
A
o

...

<
L3
2

«av—-[c-’s -1
.
°o
&

M, [Tev]

- JAWC wio Trill
- HAWC w! Trill

== MACIC Segael

~ = VERITAS Combined

M,(TeV]

HAWC wis Trill
HAWC w/ Trilt
MACIC Segue!
VERITAS Comblned



N/
2

/CANEO
* HTLHAASOKFES. S%
3 R
- HRIDRABRELIENE

* LHAASOZERR TR E

TRFEFTE

Vil

ENMILE, BT —EERAN

|

o

5 N2, ARESERVIERRERE

MNP TR E, FEERAFHLTE D,



