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Evidence of Dark Matter

e Cluster Scales

* Cluster velocity disperson 7
ll ~1930 Zwicky
[l Coma Cluster

 Bullet Cluster

I Gravitational mass from gravitational lensing(blue)
Baryonic mass form X-ray (red)

| ==> Missing mass -> “collisionless Dark Matter”
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Evidence of Dark Matter

- -rotational velocity
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e (Galaxy Scales

o Gal adXy Rotation Curve ; _f ' - 'jf. 4 distance from center [li;lul:]t“ weass|

* | ocal stellar dynamics

~1970 Rubin, Galaxy Rotation curves
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Evidence of Dark Matter

. %‘.6000; | |
 Cosmological scales 2
* Big Bang nucleosynthesis

 Cosmic microwave background o

10 100 1000

* large scale structure Maltipole moment 1

baryon density parameter (2ph?®
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The ACDM model

~70% dark energy/cosmological
constant

~30% Matter
e ~25% Dark Matter

* No particles in the Standard Model
of particle physics can explain DM

 New (Particle) Physics!

Maybe gravity theory is wrong?

 MOND, etc

Dark matter
27%

Dark energy
68%
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Composition of the Universe

Dark
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Dark Matter Detection

~70% dark energy/cosmological
constant

~30% Matter
e ~25% Dark Matter

* No particles in the Standard Model
of particle physics can explain DM

 New (Particle) Physics!

Too many candidates for particle dark matter!

Maybe gravity theory is wrong?

 MOND, etc



Dark Matter Detection

 Collider search

e Direct Detection

IceCube Lab
= IceTop

T / 81 Stations

50m —— = .—_:° -—— = = = 324 optical s

IceCube Al
86 strings inc
5160 optical ¢

Amanda |
(precursor to

lé”l DeepCore

1450 m

» Astrophysical search/ Indirect
detection

8 strings-spai
480 optical s¢

Eiffel Tower
324 m

2450 m

2820 m




Indirect Detection
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 Dark Matter could annihilate or decay into standard
model particles

* Final products include
* gamma rays
* neutrinos

» electrons/positrons, etc
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* Generally, annihilation for dark matter
above 100 TeV is theoretically
disfavoured.

Decay Vs Annihilation

10

(O ann Vrel) [cm? s ~1] at freeze—out

Effective cross section

1 10 100
M DM [TeV]

https://arxiv.org/pdf/1904.11503.pdf



Dark Matter decay detection

Ii Dark Matter Halo

Galactic Bulge /£
Galactic Disk

 The Milky Way lives inside a dark matter halo
* Spherically symmetric density distribution

. E.g., NFW profile  p(r) = — 2

11

Sun position, R

DM density, p(r) [GeV /cm?]

1072 £ —— NFW
Burkert :
10—3 || 1 lllllll 1 1 lllllll | 1 lllllll 1 1 lllll:ll 1 1 1 1Ll
103 102 101 10° 101 102

Galactocentric distance, r [kpc]

However, the density closer to
the Center is quite uncertain



Galactic Dark Matter decay

* The decays of dark matter in the Milky Way

» produce detectable high-energy signal B Matter Halo
Asg‘;zztyj;"s
T
dF 1 1" dN Galactic Bulge /£ I
E— (1 Q (1 [ pX [7 Galactic Disk
dE 47 m ~ AE

* Flux proportional to

« [ (dark matter decay rate = 1/7,,)

o dN/dE: gamma-ray flux per decay, e.g., y — 777"

* The D factor: line of sight integral of dark matter density
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Dark Matter decay spectrum dN/dE

 For LHAASO, we are interested in heavy dark

matter

.« m, between TeV to PeV

e HDMspectra
 Baur, Rodd, Webber 2007.15001
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Prompt component

prompt
Ly oY
dE7 4 TMPDMTDM d.E7
104 | | IIIIIII | | IIIIIII | | IIIIIII | | IIIIIEII | P 1 1Inl
o0 Qg
D(E77 b, Z) ~ / ds pn [T(Sa b, K)] e_TTY(E%S’b’E) . 10 <:ﬁ
0 Photon attenuation = é
(CMB and SL+IR from GALPROPv54) ; 102 oF
Different halo profiles c o
~ —
1 :
» Navarro-Frenk-White (NFW) = 1 mg
o)
> Burkert = 107
In our ROI, only small dependence on it =5 107!
=
21 2 A
/DdQ ~ 6.26 (5.85) x 10" GeV /cm 107% F— NFW
Burkert
at 105 Gev for NFW (Burkeﬁ) prOfi/e 10—3 ] ] Illllllll eI ] IIIIIII ] ] IIIIIII ] ] IIII[:II ] L1 1111l
10~ 102 10~ 10" 10! 107

Galactocentric distance, r [kpc]

Marco Chianese | University of Naples 11



Inverse-Compton component

We solve the stationary diffusion-loss equation for e/~ injected by Galactic DM decays.

IC radiated power

- Attenuation o S
d[fy 1 ¢ T (E f) 2 PIC(E’y)Ee)f) 2 / dNe
= ds pp(r)e” "=y dFE. . dE, —
dEfY QWEymDMTDM 0 E, b(Ee, ZL‘) E. dEe
DM halo profile
Energy losses
In the Galaxy
Details
» The effect of spatial diffusion is subdominant wrt the energy losses
dFE,
» Energy losses: IC and synchrotron processes b(FE.,T) = Tl bic + bsyn
» \We take the conventional galactic magnetic field
3 e R | z\ ] Voekaloni References
B(Z) By exp orond, oJ 541 (2000) Cirelli et al., JCAP 03 (2011);
I I'B “B _ ’ Buch et al., JCAP 09 (2015);
By =4.78 uG, rg = 10 kpc, 2z = 2 kpc Esmaili, Serpico, JCAP 10 (2015);

Chianese et al., JCAP 11 (2019)
Marco Chianese | University of Naples 12
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LHAASO observation

* Detectors
* kilometer square array (KM2A)
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 Water Cherenkov detector array

ield of view Cherenkov telescope

array (WFCTA)

(WCDA)
e Wide f
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LHAASO observation

CATCHING RAYS

China’s new observatory will ~25 000 m —
iIntercept ultra-high-energy y-ray ’
particles and cosmic rays.

12 wide-field-of- V|ew
air Cherenkov

[Rscapes :.~ : - 80,000-m? surface-
5 195 scintillator - ' - water Cherenkov 1,171 underground
detectors ! ~detector - water Cherenkov tanks

: . \"
._. U\
AN ‘\.
- - N \ \ . J
b b N\ 1
NN Y j
R | '
.
. -'._:, —
o (B0 OO0 |

4400 m —

Prof. Zhang Yi
https://indico-tdli.sjtu.edu.cn/event/43/contributions/400/attachments/179/300/20191129LHAASOmultimsg.pdf
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LHAASO observatory

9

* All weather, large FOV survey observator ™

e ~ 2sr, 60% sky per day

—
o

¢ VS CTA ?
£ 10™

* night only. $
« Small FOV %wu
« WCDA ~ 4 times size of HAWC

« KM2A: unparalleled sensitivity above
100TeV
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This work: (1/2 + 3/4)

e 1/2 KM2A: 340 days

3/4 KM2A: 230 days

* Full array completed last year
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LHAASO data

« LHAASO sky map

Equatorial coordinate

equatorial

-y

112

Galactic Coordinate
Article

LHAASO Sky @ >100 TeV

—
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—110
240! -120
.
5
Crab Nebula
e -5
10 Dec=60° Dec=50° Dec=40° Dec=30° Dec=20° Dec=10° Dec=0° Dec=-10°
8 LHAASO J2226+6087 LHAASO J2032+4102 LHAASO J1956+2845 LHAASO J19084+0621 LHAASO J8~13-0338 LHAASO J1825-1326
—_ O
o
8 6
- 4
-
S 2
E 0
O -2
©
o -4
©
¢ -6
-8 LHAASO J2108+5157 LHAASO J2018+3651 LHAASO J1929+1745 LHAASO J1849-0003 LHAASO J1839-0545

1810 100 90 80 70 ‘ 60 50 40 30
Galactic longitude (deg)

Extended DataFig.4| LHAASO sky map at energies above 100 TeV. Thecircles indicate the positions of known very-high-energy y-ray sources.

Cao et al
Nature 2021
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Dark Matter signal map

 (Galactic coordinate dark matter
signal map

* Potential backgrounds from

e galactic plane

e Fermi bubble

21



Dark Matter signal map + Control regions:

 same declination
* 5 regions of interests

| * same detector performance
e exclude Fermi bubble and the plane

* for accurate background

* 0: closest to galactic center (signal) estimate

e 1-4: away from galactic center . . .
y J » Difference DM signal expectation

e control regions

Regions of interests [Equatorial Coordinate]

22



data reduction

10V 102

W W W W W W S S W W W W W S W S W W ———— — — — -]

e Most of the air showers are hadronic showers from
protons etc

€G889F 'OPOUaZ /18CC 01 "T[OAH "D

=
n
N 1/m2 /vt
* Dominant background to remove o S [y
I
~ |
> |
- |
pe I
- |
= :
> _ ' o
55 1073 'Entbp%bc | %
= , . | )
O : Ankle e m/vro
CATCHING RAYS =2 £ % | "
China’s new observatory will ~OBIAOE B s S B 3 : : "..
intercept ultra-high-energy y-ray ’ e BN -~ f v IRGB VAV | °
particles and cosmic rays. L kS R s RN SO _ ! ! .
10 S - AMS02 FERMI | I "
HAWC HESS : : 5
AUGER [ | | {{
: ICETOP >
CALET KASCADE-Grande E . LHC o |
CREAM I+l  PAMELA . O |
) DAMPE Tibet-II ! \ |
i —7 I I I I I | . | I | ] I
. 10
Vw8 | \ GeV TeV PeV EeV
12 wide-field-of-view -~~~ [ Energy
air Cherenkov
telescopes P ; ' 80,000-m2 sur'face-
I 5,195 scintillator | ~water Cherenkov 1,171 underground
' detectors E ~detector - water Cherenkov tanks
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data reduction

 gamma rays: EM shower (muon poor)

oo N +0.0001
* protons/nuclei: hadronic showers (muon rich) R = log N
€
 The ED and MD are efficient gamma/hadron seperators
hadronic cosmic-ray &
‘_,T-----""-- ---: ec (l) nucleus in atmosphere
N - / \ /\
Y . SRV ERY

\\ | Y,Zf Y e{/e' Je+])+/\) /\ O‘ﬁus

0TI
/\ P
v M ¢

24



gamma/hadron seperation

 LHAASO performance study paper

* https://arxiv.org/pdf/2010.06205.pdf

o After the gamma-hadron cut

* some proton survive

* some gamma would be cut

Fraction

107"

102

1073

10°°

1E

L 1 | 1 | | 1 1 1 |

l ] 1 1 1

M E——

. o s
;.—
= ——
| ——

—
—
: ———
—=— Gamma-ray .

E_ L _—
- ——
- —— Background .

1 1.5

2
log(E_) (TeV)

Gamma-ray

——
y —
—_—

log( Erec/T eV)

https://arxiv.org/pdf/2010.06205.pdf




gamma/hadron seperation

e For our work.

 We give away some gamma ray detection
efficiency (e}, ~ 0.3 ) to further reduce the

proton background

T Tyl

107"

r T IIIIIII

|

I lllllll

Fraction

————

1073

— s
— .

I Illllll

N Gamma-ray

—— Background

I | | 1 | I | 1 | | l

4

Residual Fraction

10°°

el L IIIIIIII

1.5 2 2.5
Iog(Erec) (TeV)

https://arxiv.org/pdf/2010.06205.pdf
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gamma/hadron seperation

e For our work.

 We give away some gamma ray detection
efficiency (e}, ~ 0.3 ) to further reduce the

proton background

* Events left after gamma/hadron
separation

27

TABLE 1. Residual events after y/hadron separation in the
search (ROI;) and control (ROI; —ROI,) regions with an
observations of 340 days with 1/2-KM2A and 230 days with
3/4-KM2A.

Energy bin

log1o(E/GeV)]  Ngror, Nro, Nro, Nro,, Nroy,
5.0-5.2 1209 1210 1112 1160 1157
5.2-54 150 147 148 150 153
5.4-5.6 51 58 51 41 43
5.6-5.8 15 13 14 6 9
5.8-6.0 7 7 2 1 7

6.0-6.2 1 0 3 1 2




Dark Matter signal search
 Hypothesis

TABLE 1. Residual events after y/hadron separation in the
search (ROI,) and control (ROI; —ROI,) regions with an
observations of 340 days with 1/2-KM2A and 230 days with

3/4-KM2A.
Energy bin
* Jotal observed event for each ROI (k) logio(E/GeV)] Nror Nro. Nro. Nro.  Nrow
5.0-5.2 1209 1210 1112 1160 1157
= dark matter + background (b) 5.2-5.4 150 147 148 150 153
5.4-5.6 51 58 51 41 43
5.6-5.8 15 13 14 6 9
| 5.8-6.0 7 7 2 1 7
i N i i 6.0-6.2 1 0 3 1 2
ny(tpm, b) = (b' + 53(7pm) )AL,

| 1 dIeemPt - gqic
l — — | dQdE ! L7
Sk(TDM) AQ/ }’( dE}, dE},>

. 5;(‘: detector exposure, by tracking the ROI across the sky, compared with MC

28



Regions of interests [Equatorial Coordinate]

Dark Matter signal search

Important features of this analysis

n;.((TDM, b) — (bl S;((TDM))E:;(AQ,

The background model b’ is independent
of ROI

Signal Sli , Is different for each ROI, due to

difference in D-factor o (B /o) D-factor 107 GV /] Now (ROL)
o RO, | RO, | ROL, | ROI; | ROL; | DM — bb, mpm = 6.3 x 10%%s
i 0.0 — 5.2 2.68 1.18 1.95 1.20 1.60 83.6
We assume that we don’t know b 2054|280 | L8| L6 | L85 | i s
9.6 — 9.8 1.66 0.73 0.95 0.74 0.98 6.6
* allow it to be a free parameter (6 degrees 500 | 12t | o | om0 | or y

of freedom)
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Likelihood analysis

e For each ROI

e Combined likelihood

4
InL = ZlnLk
k=0

 |f positive detection

» likelihood maximised at some decay lifetime (75,,) for some decay channel

 Background model is always fitted to maximise the likelihood

* treated as a nuisance parameter

30



Results

 We do not see significant level of detection

e (most significant fit is 1.40 at 8PeV dark matter mass, for tau channel)

* Find the lower limit of decay lifetime

—21n L(%s)

. — =2.71
max(L)

31



Results

e |ifetime limit plot vs DM mass

 Qur results: black solid line

e green (68%) and yellow (95%) band obtained from monte carlo
simulation for expected limit

10% g

- ‘_)(
2 107

(-

~

N’
o

|

Lifetime, mpu

—
]
N—

o

1 lIlI | | | lIllll 1 1 | ERR 1 1 1 lllli_-:
- —
p— —
— —— —
- 'u 4
L DM — bb
—

m—— KM2A (this Letter) =

KM2A (prompt only) :

[ceCube fit
| Lo ol

100 107 103
M ass, TNpPM [GG\]

10?

130
1() E 1 | I | ll]lll 1 T 1T 1T 1rrni I T 1 llllll
- DM — 777

1026
o 104

Y

1028 -

o 10° —
: T ~
. T~._Cohen2017 ~
4_.J \\\_ “‘s
Z e
= 1027 , .
— 10 //./// = KM2A (this Letter) 3

/\’u/.// ----- KM2A (prompt only) E
!

[ceCube fit

Chianese2021

102() - Ll Ll . L1 1.1 nlv’-“' L1 llllll‘g
| 10°

Mass . TIDM [G e\]

32
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Results

e green (68%) and yellow (95%) band obtained
from monte carlo simulation for expected limit

1030
1() - I L | lllll I

DM — bb
Dy ..
» MC assumes the common background model for ¢ |
all 5 ROls E
:: 1047 —— KM2A (this Letter) 3
* agreement verifies the background model ™

. 1026 - -
hypOtheSIS il 100 107 10% 107

Mass, mpy [GeV]

* Actually limit is touching the 95% band.

e -> 1.4 sigma ‘excess’
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Results
o Strongest DM lifetime constraint at PeV to 10 PeV

o Stronger than HAWC

o expected. will further improve at low energy with
WCDA

e |shiwata
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Results

o Strongest DM lifetime constraint at PeV to 10 PeV

o Stronger than HAWC

o expected. will further improve at low energy with

WCDA
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Results

e |shiwata2020: Fermi, CASA-MIA, etc

e Cohen2017: Fermi

 Chianese2021: CASA-MIA, KASCADE, PAO, etc
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Implication for lceCube Signal interpretation

e |ceCube neutrino detection

IceCube Lab

e 80 Stations, each with
/ 2 IceTop Cherenkov detector tanks
2 optical sensors per tank
320 optical sensors

S50m

2010: 79 strings in operation
2011: Project completion, 86 strings

IceCube Arrz(aiy

/86 strings including 6 DeepCore strings
60 optical sensors on each string
5160 optical sensors
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6 strings-spacing optimized for lower energies
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Implication for lceCube Signal interpretation

e |ceCube neutrino detection

» Diffuse flux of astrophysical neutrinos Py -
107 °L —— IceCube vy +Vy (preliminary)
%{&1{‘ '{" IceCube combined (2015)
* Recent source identification = i Fermi IGRB (2014
1077
+75 i
P e PR =
Q
N, 3 7 2, ; PKS 1424+240 . LYW A IS PR - 10-°
,’; ------------ R R . ----------- e SN 1‘
, , TXS 0_5067?05'66 A od g
SR ik, e S 8 N0 SR B Ot e DR S o SR TR L SN L PRI AR S =
24h Oh :
R 1p—of PP
| | SFR evolution
1 3 5 7
—LOG,,(p,,

E [TeV]

o Still, the full diffuse spectrum has not been fully
explained
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Implication for lceCube Signal interpretation

102 prrr s
DM has been proposed as an explanation for ; mOM
: B Astro ]
lceCube events § 8o
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i nte rp retat | on Deposited Energy [GeV]

(c) Channel W, no prior distribution.

> https://iopscience.iop.org/article/10.1088/1475-7516/2019/11/046/pdf



KM2A vs IceCube

e KM2A the best DM detector at 1PeV

1030 - T T T TTrTTTy T T TTTTT] T
= LHAASO (this work) bb
2 - == == JceCube 2022 T

=102 E |
% -
~
e 1028 __
=
;s
G
;j‘ 1027 __

1026 llllllI ] lllllll L1 ||||||| L1 1 11111

10° 10° 107 108 10°

Mass, mpy |GeV]

40



Summary

 We have obtained the strongest DM lifetime constraint at around 1PeV
* Analysis Is robust
* small dark matter profile uncertainty

* few assumptions on background

1()Q5() || ll'll 1():5() | 1 LI B IIII] 1 L I | lllll I L ll'll
= DM — bb DM — 777~ Chianese2021
=107 2107 //
| e ——— __
= T~ 4~ = = SO <
1028 - 1128 AN
& 10% s 107 £
=S RN NN E ~~._Cohen2017 ~.
R S & + B T
— 10 m—— KM2A (this Letter) 3 — 10 = //// — KM2A (this Lotter) 2
_ - . . |9 - / ' ' -
----- KM2A (prompt only) - : f\c,/// ---=- KM2A (prompt only)
[ceCube fit - - \' [ceCube fit
7 _2(5 L L L LLlll 1 1 lllllll 1 1 lllllll 1 L1l L Ll _2(3 Ll llllll 1 L1 1 il 1 L1 aaaul 1 Ll 11l
107 5 6 7 8 9 107 5 6 7 8 9
10 10 10 10° 10" L0 10 10 10° 10"
Mass, mpy [GeV] Mass, mpn |GeV]

41



Future

 Full array data

* More data. Better gamma/hadron separation with WCDA?

* Including WCDA Article

LHAASO Sky @ >100 TeV

* extend to lower energy

* Fullsky data

240

* include galactic plane? Grab Nebula

* require astrophysical modelling
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