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LHAASQO: Large High Altitude Air Shower
Observatory

2008/4 R&D
2015/12 approved

2017/5 start construction
’, 2021 full array completed
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LHAASO aerial image, 2021/12

Haizi Mountain, Sichuan province; China
Altitude 4410 m a.s.l.
Area: 1.3km?




LHAASO detectors
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Number of events per hour (>E)
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LHAASO for gamma-ray astronomy
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Features : Large FOV, Full duty cycle,

Wide energy, High sensitivity 0
Important for: sky survey, extended §

sources, transient sources
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LHAASO important results

2021.02 2021.07 2022.02 2023.06 2023.11 2024.02
CPC paper Science paper PRL paper Science paper Science Adv. Science Bull.
First paper PWN Crab LIV limits GRB 221009A GRB 10 TeV Super CR sources
2021 2022
2021.05 2021.06-10 2022.12 2023.10 2024.02 2024.03
Nature paper PRL & ApJL PRL paper PRL paper ApJS paper PRL paper
12 UHE sources paper Decay time of Diffuse gamma-  First gamma- CR All particle
&1.4 PeV photon New sources dark matter ray ray catalog Spectrum



LHAASQO probe of new physics beyond the
standard model

* The SM is an extremely successful model that describes nearly all micro
phenomena with a shocking accuracy. However it has many problems -

* |t doesn’ t account for the dark matter/dark energy v’

* [t can not explain why the world consists only normal matter but no
antimatter.

* |t has the strong CP problem.
* Broken of PQ symmetry predicts axion, which is a DM candida ¥

* |t has the hierarchical problem.
» SUSY/extraD generally predicts WIMP as dark matter.

* |t does not Include gravity.
 Quantum gravity theories which may indicate Lorentz invariance violation. Y



Dark matter searches



superheavy DM decay from the Galactic halo

* 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 Regions of ineress [Equtoral Coordinate]
eliminate systematics T




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

#& 4.1 LHAASO (WCDA #1 KM2A) fi#SEERA 16 NMEMIKE RBKE. FEMBHUM
etial (X)

Name RA[deg] Decl[deg] Twepa Tivoa

A Draco 260.05 57.92 690.37 730.76
E UrsaMinor 227.28 67.23 701.59 739.53
LHAASO O » UrsaMajorl 158.71 51.92 692.51 742.17
FOV o | » ';’f; - UrsaMajorll 132.87 63.13 688.88 740.83
. g o - Bootes1 210.02 14.50 699.85  742.01

i Pt CanesVenaticil 202.02 33.56 699.01 743.28

: ComaB 186.74 23.90 696.88 74434
ol Leol 15212 12.30 692.19 743.02
Seguel 13177 16.08 691.72 743.06

Sextans 153.26 -1.61 693.36 743.60

CanesVenaticill 194.29 34.32 698.15 743.81

¢ Raldeg] ! Hercules 247.76 12.79 699.04 1371.33

Leoll 168.37 22:15 693.95 744.18

Willmanl 162.34 51.05 693.45 742.21

Aquarius2 338.48 -9.33 666.84 728.11

LeoT 143.72 17.05 690.84 742.51
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Density profile of DM -
In the dwarf galaxies .-

. Y 1022 2 T T T

= median value — median value
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® 4.3 SMEHERERN J-AFNEREE SRS 14
Source d/kpc  r/kpc log,,(p,/M, Okpc_3) log,,(r,/kpc)

Draco 67.40 9.07 7.45 0.17
UrsaMinor 73.29 6.92 7.91 -0.18
UrsaMajorl 95.58 8.34 7.83 -0.19
UrsaMajorll 29.90 6.26 727 0.38
Bootes1 65.69 9.06 6.62 0.58
CanesVenaticil 211.09 19.82 7.20 0.14
ComaB 42.31 5.14 e 0.06
Leol 266.15 23.25 772 -0.09
Seguel 23.88 341 6.96 0.39
Sextans 89.63 11.88 632 0.65
CanesVenaticill 166.26 29.91 6.50 0.70
Hercules 138.16 22.21 617 0.82
Leoll 24244 19.15 1.9 -0.23
Willmanl 44.46 8.07 7.81 0.10
Aquarius2 107.50 24.46 6.59 0.78
LeoT 380.69 25.00 6.69 0.74
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®44 FXRIEPEEN 16 MEHIKERR ROI #EEM J- (D-) EF

Name log,(J /GeV?em™)  0,,,[deg] log,,(D/GeVem™) = 6y, [deg]
Draco 1896+ 57¢ 1.0 18.49%0 /42
UrsaMinor 185797 1.0 18.68%0. 2:1
UrsaMajorl 18413 0.9 187625 1.6
UrsaMajorlI 19732 1.1 19.4670% 22
Bootes| 18:39%0-¢ 0.9 ki 2.0
CanesVenaticil 17:435 2 0.8 1819 1.3
ComaB 1912675 2 0.9 191970 2.1
Leol o8 0.8 18.470%2 1.5
Seguel 192552 0.8 18.481078 1
Sextans 178013 1.0 18.49*02% 1.8
CanesVenaticill 1787 0.8 18.48103! 15
Hercules 17652 0.8 17.8410% 1.2
Leoll lraais 8 0.8 1785502 1.0
WillmanlI 19:87032 0.9 1903 1 1.6
Aquarius2 1857 > 1.1 1862, 1.6

.57 .
LeoT 17.66jg;§§ 0.8 705 = 1.1




TS distribution from different dwarf galaxies

Compute the 3-dimensional likelihood function,
and the TS values of different dwarf galaxies.

_ : obs . exp . pobs
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Most stringent constraint on heavy DM
annihilation by LHAASO Phys.Rev.Lett. 2024

* With 756 dates WCDA and 794 dates KMZ2A data and by
combining the 16 dwarfs the most stringent constraint on DM
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GRB 221009A and axion



LHAASO observation of
GRB 221009A (BOAT)

LHAASO coll. Science,380:1390 (2023)
LHAASO coll. 2023 (Science adv. 9, 2778)

* Direct observation of the EBL
absorption of gamma flux

* The highest energy photon Is

about ~13TeV, depending on the
spectrum

* The 13 TeV event Is out of
expectation for source at z=0.151.
Flux 1s about 1 order of magnitude
higher than expectation.
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gamma-axion oscillation

* Osclllation between axion-gamma evade the absorption by EBL

10°
=
gw"
o
Q
. . g PG1553+113
* The gamma ray spectrum is modified ¢ | s,
c -2
§10
a memsm 95% band
m— 68% band
== exp(-1)
o= one random ICMF }
10° 10' 10° 10°

E[GeV] Guo et. al, 2002.07571



Best fit of axion scenario
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Figure S2: The EBL absorption and the \? of spectral fitting taking into account the ALP oscillation. Panel A
shows EBL absorption models for very high-energy gamma-rays from a redshift of z = 0.151, taking into account
the oscillation between gamma-rays and ALPs assuming m, = 10~7 eV and g,,=(1 to 6)x10~ ! GeV~!. The
EBL model used is Saldana et al. 2021. Panel B shows Ax? relative to the minimum that fits the spectral energy

distribution data as a function of the ALP g, for m, = 10" eV. The line indicates Ax? = 2.71 used to define
the upper limit on g,



A stringent constraint is set on axion coupling

LHAASO coll. 2023 (Science adv. 9, 2778)

* Axion significance < 2sigma, we give constraints on axion

coupling
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Constraints on Lorentz Invariance

violation



KiﬂetiCS \/\/|th U\/ E2 = p2c?+(1 + al(pc/ My, ¢)+ a2(pc/ My, ¢?) 2 + )

* A free phnmn In vacuum 1Is stable in LI; For LIV, 1If the effective mass of
a photon &-7=4#_="., is greater than a pair of e+e-, the photon decay
y -> e+e- very fast and leads to a sharp cutoff at the SED

* Change the threshold of interaction. The threshold of
vy -> ete- o 1( 2 )E is improved; more transparent of

IIIIIIII

E +8 Erv

* Energy dependent speed of light at LIV; v(E) = Ow / Ok = 5E / 8p
~C (1+ X %/k,,0m), it leads to time delay for different E from z,

* - others At—£—1+n( )/ (1+2)"d7’
Hy I V(1 + 27)3 + Qp




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)




Photon decay or splitting

* LIV also leads to a photon decay or splitting to 3 photons

Decay : y-> e+e- Splitting:  y— 3~
(1) 23 E7 . C
E[,IV z 9,57 x 10~ eV (TC—V) 3 FW,_)3,Y _Es 10_14 E%(;)lo’
ngLIV
’ B N\2 . 0.1 Rt
EP, 29.78 x 1017 eV <Te—/\/> . EP), > 3.33 x 10%V (%) <£—V> .
* 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 BT e e

E [TeV]



The result

Phys.Rev.Lett. 128 (2022) 5, 051102

Process: y\— ete Process: y— 3~
19
E, %4 _1u_ By
(1) 23 /4 — A —
E\Y >957 x 102 eV (—) ; [ys3y=5x%x10 10%F e
= TeV m8ELY [ - e i
B - L\ /s g \19 102 R el e'e
@ > 7 ev(—L) Ey}y >3.33x10%V [ — —X) . F
By 2 9.78 x 107 eV (TeV) ' v kpc TeV = At e'e
. REVEY U N S S
95% M) @) @) 107
Source L E i E: El v E'Ww E/\w By) 5 L 3y
(kpc) (PeV) (PeV) (eV) (eV) (eV) ;__ g 3y
x10%2 x10% x10% 102L-
CrabNebula 2.0  0.88+0.11 075700  4.04708 55705  1.04%01) e i
J2032+4102 14 1424013 1147000 Q422 1275|2215 Fermi.LAT HEGRA Tibet HAWC LHAASO
v 7

Ep|aan = 1.22*101° GeV 10° Eplanck 0.1% Eplanck E(LlI)ViFDESLZI)VBEﬂ;UE%T—/I\%é&




|1V by GRB 221009A

* The Intrinsic gamma spectrum shows a bump
at the highest energy. It stimulates a lot of
Interests. LIV Is a possible solution which leads
to more transparent EBL.

* As the significance I1s not high. Constraint on
LIV i1s set finally E;y > 1.5 Mp,.
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Constraint on LIV by time lag of different
energy photons from GRB 221009A

* Cross correlation function (CCF). Light curves of
different energy bands are given by the WCDA data.
CCF method 1s adopted to derive the time lags of the
different light curves.

* Maximal likelihood method. The probability density
function (PDF) of a photon at time fand N, 1s given.
A1) 1s the Intrinsic light curve with possible time lag

At (E) 6 : : P (t, Nl 1) o fo Al - Aty (E. n)] Y (E)

X F(E)An,, (E)dE; Ny; =0,1,...,9




The stringent LIV constraint by time of flight

LHAASO Coll, PRL 2024

* For the 2M9 LIV the LHAASO constraint is the best one with 6-8
times iImprovement to Fermi-LAT result.

Method Cross correlation function Maximum likelihood
- BF UL - BF U
m =0.25 0.05 0.18 —-0.10 0.00 0.10
m -0.60 0.25 0.64 -0.27 0.00 0.29
superluminal subluminal superluminal subluminal
EqG.1[10%° GeV] 0.5 0.7 1.2 12

Eqc2 [10M GeV] 50 4.8 % 7.2




summary

* LHAASO is a powerful instrument for gamma ray astronomy with large
FOV, wide energy range, high sensitivity. It achieves impressive Success.

* We have looked for dark matter signals, axion signals and LIV signals at
LHAASO. No signals are observed and the strongest constraints are set
on the new physics parameters.

* With the progress of the LHAASO observation and data accumulation
we expect more important results will come. We hope LHAASO can
provide a ‘new opportunity’ for new physics search complementary
to colliders.



The photons with the maximum energy

The energy of each photon  ppip. gy = —fE)Aess(B,0)P(Brec|(E, 0))
depend on the true SED, i J F(E)Acss(E,0)P(Eycc| (E,0))dE

which is SED model

Fe
& — / P(E|(E,e.,0))dE
dependent. o (B )
Tevent(s) Erp (TeV) Eprec (TeV) Egpr (TeV) N. N, 0C¢) AY () Degge (m) P (%)
236.6 127 52 9.0 9.8753 60.6 O 285 046 77 7.0
242.5 10.5% 29 8.3737 8.4152 574 0 28.8 045 111 10
262.4 12,6527 952 9.615% 573 0 28.6 0.3 180 5.7
358.1 10.0135 e F955 5 46.0 0 287 0.54 119 6.0
571.1 94+51 Fudik 20 vhe Ar 4577 0 295 0.52 99 7.8
643.0 7. 80 ¢ [P 1258 81.8 03 297 0.62 181 4.5
812.4 15 T4 53 657 68.0 0 30.3 0.66 112 11
863.8 12972 gofss 9. 7iow 1002 0.8 30.1 1.07 81 17
894.1 13.6753 97342 10.4+3:3 60.5 0 31.8 0.83 214 16
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SUBJECT: LHAASO observed GRB 221009A with more than 5000 VHE photons up to around 18 TeV
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