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Dark Matter (DM) Search with Gamma-rays

Gamma-rays may encrypt the DM signal ) Gamma-ays
i
Gamma-ray Flux e o
(measured by Fermi, CTA) Matter Par::ﬂes - \\\ -
d N f Ecm~100GeV . 3 :
dQ'Y ( E’ya ¢’ 0) 1 < Uann_v > Z B g v \Neutrmos

/ e
X +afew p/p, d/d
Ar)alysis Anti-matter
. U Y [ P, ¢'))dt(r,¢')}
: , . Aﬂ(d:,_) : los

Astrophysics \

(DM distribution)
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Dark Matter (DM) Search with Gamma-rays

Gamma-rays may encrypt the DM signal

Gamma-ray Flux Particle Physics <ov>~3x102¢ cm3 s™"
(measured by Ferml CTA) (photon per annihilation) to reproduce the matter density
1 < Gann¥ > 4N] (if DM is a thermal relic)

X
Astrophysics NFW profile usually assumed

Indirect search for a DM signal is
complementary to direct detection
(e.q, distribution of DM)

(DM distribution) :
pile Y=o VL(1+ ro la,)
"oy Q+r/a,)
(p,~0.3 GeV cm™, a,~20 kpc,
T. Mizuno 2022.09.15 r,~8.5 kpc for the MW) 3/17




DM Search Strategies with Gamma-rays

Galactic Center

Pros: good statistics MW halo
et tien e T TTTTT * | Cons: diffuse/astrophysical BG Pros: very good statistics
Satellites : Cons: diffuse BG

:Pros: low BG and good source id !
Cons: low statistics

I
U . . . - -

Spectral lines

Pros: no astrophysical unerainty Pros: very good statistics

(smoking gun) Cons: diffuse BG,
Cons: low statistics, instrumental Clusters astrophysical uncertainties

uncertainties (e.g., PRD 88, 082002 (2013)) Pros: low BG and good source id
Cons: low statistics, astrophysical uncertainties
T. Mizuno 2022.09.15 4/17
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DM Search Strategies with Gamma-rays (Cont'd)

In short, we search for DM signal in gamma-rays by using their spatial
and spectral signatures

Galactic diffuse, sources,
isotropic (+unresolved sources)

T

Gamma-ray data DM signal

(e.g., Galactic center)?

= — +
Good understanding of diffuse BG is crucial
Complementary searches from several source types are also important

T. Mizuno 2022.09.15 5/17



Galactic Center Excess (GCE)

Several groups reported excess emission at a few GeV from Galactic Center (GCE)
in Fermi-LAT data that is compatible with DM signal (of M,, . = a few 10s GeV)

e Spectrum depends on assumed BG model

Residual w/o (left) and w/ (right) GCE template GCE spectrum

107

" NFW annihilation spectrum
[~ [ Pulsars intensity-scaled
- B=) Pulsars index-scaled
OB Stars intensity-scaled
- OB Stars index-scaled
@ Hooper & Slatyer (2013)
X Gordon & Macias (2013)
1 0—5 | O Abazajian et al (2014)
- X Calorle etal (?015)I .

Galactic lati

E? dN/dE [MeV cm™s!]

2 0 2 4 K] =
Galactic longitude (deg) 104 105

(Aje”0+1 6) Energy (MeV)

2 0 2
Galactic longitude (deg)
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Uncertainty of GCE Energy Spectrum

We started with a sample model and studied uncertainty of GCE spectrum due

to BG model
Data/ROIl

CR propagation model

Gas model
CR sources @GC

Fermi bubble

Point sources

T. Mizuno

Variation Parameters Effect on GC excess Energy range
Choice of the data sample Clean, UltraCleanVeto, Minor All
UltraCleanVeto PSF 2 and 3 Slightly larger Below | GeV
Choice of the ROI b, 1€ < 10° Significantly larger Below 1 GeV
|b], 16 < 20°
T T
Bl. 16 < 30° oz i — Totalmodel ¢4 lIsotropic
< 10° *
Tracers of CR sources OB stars 107° i D:na Tt PS
Pulsars and SNRs %8 ' brems ys Sther 1
o : = -4 GC excess
Propagation halo size z =4 kpc L |
R = 30 kpc
Spin temperature Optically thin ;\,, 1061
IC models Split in 5 rings 3z Cesette, By
Combine all rings and = B L 3., ;
ISRF components zR Praig amw S
T 107k r 5,
Gas distribution Planck, GASS surveys 10 LN 2 >
SL extincti $g B o
extinction R S S B
2 >
GC CR sources Bulge electron source E * ¢ e =
CMZ, z =2, 4kpc 10-8F ‘1!!;!
CMZ, z = 8 kpe H
Fermi bubbles
10-7 .
PS templates within 10° 3FGL, Pointlike 0 —--------;—--.--o--0---'---0--0--!--'--t--'---------‘--.--r-;--!-§--§--§--i--§--§--—
Fermipy —10° 7t 2 : - i i
Refit PS within 10° 3FGL, Fermipy, 1FIG 1 : L
Pointlike 101 100 10! 10° 10°
3FGL, Pointlike, Fermipy. 1FIG B (GeV)
+17)
2022.09.15 (Ackermann+17)  7/17



Uncertainty of GCE Energy Spectrum (Cont'd)

We studied uncertainty of GCE spectrum due to BG model

e Several alternative models appreciably reduce the spectrum (some of them may be
too conservative, though)

e Including Fermi bubble (has no “a priori” template and has been omitted in most of
past studies) significantly reduces the spectrum

Bubbles template high latitudes Bubbles template low latitudes
60°

IC models Split in 5 rings Smaller All
Combine all rings and

ISRF components Smaller All, especially below a few GeV
=00
Gas distribution Planck, GASS surveys Slightly smaller Below | GeV
" SL extinction Larger Below | GeV

—30° —15°
:# GC CR sources | Bulge electron source Smaller I Between 1 and 10 GeV
= 2. ZKpC Nmnor All
—60° 0° —30:n 0° —y =500 CMZ, z = 8 kpc Smaller Below a few GeV
! ! Fermi bubbles Excess vanishes Below 1 GeV. above 10 GeV
[ I — | A — N
~10.0 83 267 450 633 817 100.0 ~10.0 83 267 45.0 633 817 100.0 Smaller Between 1 and 10 GeV
counts counts PS templates within 10° 3FGL, Pointlike Slightly larger Below 1 GeV
1 1 1 Fermipy Larger Below 1 GeV
FB template derlved USIng data Itself Refit PS within 10° _3EGL, _Fermipy, 1FIG Larger Below a few GeV
1 Pointlike Smaller All, especially below a few GeV
(SpeCtraI Component anaIySIS proce) 3FGL, Pointlike, Fermipy, 1FIG Smaller Above 10 GeV
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Energy Spectrum of GCE

We studied uncertainty of GCE spectrum due to BG model

e Several alternative models (e.g, that w/ FB) appreciably affects the spectrum
e An excess around a few GeV is always statistically significant, but can be much
smaller than that with sample model and most of those reported in the past
—  Ajello etal‘ (2016) (fit intensit;l) $ ¢ GordonZI&Macias (2013)
— Ajello et al (2016) (fit index) ¢ ¢ Caloreetal (2015)
Bglu)bles template high latitudes N Bubbles template low latitudes 1076

(55)
= i
==

1077

N
dE

& ; t i *
[ 1 [ N — 10_8 B ! ,' I,
—-100 83 26.7co4ﬁgt863v3 81.7 100.0 —-10.0 83 26./C()43£tsf>3.3 81.7 100.0 ) ' ‘ || : :
FB template derived using data itself L ! SR E 5 N
10~ 10 10 10 107
(NB sources are masked) E (CeV) (Ackermann+17)
T. Mizuno 2022.09.15
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Morphology of GCE

Di Mauro 2021 examined GCE properties in detail w/ updated analysis (data and
# of sources doubled, sources not masked)

e Confirmed (reduced) spectrum
e An excess is spherically symmetric and compatible with gNFW profile of y~1.25

o Millisecond pulsar (MSP) scenario can also explain the data (e.g., Eckner+18)

g T T

1072 4 ‘ *
] --- Best fit log-parabola ! |=--- DM, y=1.27 |
| + This analysis | 10 E ‘\ ...... IC bulge 0.7 GeV |
Ajello et al. 2017 I\, |
_ 2 4 Calore et al. 2014 ] \\\ " I:Lclboulc?eVZO e
& DR (sample model of % 1 -\ D- : \i L b
= Aty Ackermanntl7) | @ g2 N + Daylan etal. 2014)|
£ 107 3 T ARy R RAREE £ E =
SN (ARt S : B
: Ao S ] 4
° T/ % #*, f i‘ f i T *
= 14T O =
Zl% T I/-I- g \\ = |1 U'm_'c -3 o
E 'll + \\, ++ < -I- T '°|‘B 10 3 0 ~'-{‘u .
w \ T 'I' _1_ = _?—%\*F#""k-‘. N
1074 ¢ vt ] \LI, Fepee
] || \‘\ | TT i 7~ : +
\ —4 =
v 10
102 103 104 10° 106 0.0 2.5 5.0 7.5 10.0 12,5 15.0 17.5 20.0
E [MeV] 6 [deg]
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Search for a Galactic DM Substructure

In the standard cosmological model, structures form from bottom up; numerical
simulations predict that the MW should be surrounded by smaller structures

Optically observed Dwarf Spheroidal (dSph) galaxies are the most attractive
candidates

e known position and mass (stellar velocity dispersion), high M/L ratio
e Low astrophysical background (complementary to GCE)

3.5 .

M/L ratio |
(Wilkinson+06) |

Sextans

log (ML) ., J
o

t Leoll e Fornax

05} SculptorT

1 ursa Minor (Mischa Schitmer) | = m s === === XML

Sun’ ~—Sun
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Fermi-LAT Study of dSphs

We investigated 25 dSphs and found no significant gamma-ray emission
e =>combined analysis using 15 “well behaved” samples

CVn II8 ®Com
Cvnl O Boo I Leo I1@®
Boo III ® Boo II Leo V
®Lco 1v gSes 1
Leo I

Sex

103 104 10°

(Ackermann+14)
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Fermi-LAT Study of dSphs (Cont’d)

102

18 dSphs w/ kinematically determined J-factors

(@)

M

(Updated analyses by Albe

WIMP<=1 00 GeV not favored
DM scenario for nominal GCE not completely excluded, but in tension with obtained limit

Pass 8 Combined dSphs

--- H.E.S.S. GC Halo
10724 | —— MACIC Segue L

1072

—— Pass 8 Combined dSphs
—— Fermi-LAT MW Halo
--- H.E.S.S. GC Halo

15 “non overlapping” sources used for the combined analysis (filled circles in image)
(again) no detection; gave upper limit

rt+17 and Di Mauro+21 confirmed the conclusions)

No significant emission found => combined analysis using well behaved samples

— 1024} — MAGIC Segue 1
P |-Q- Abazajian et al. 2014 (10) l o 9 Abazajian et al. 2014 (10)
T — Gordon & Macias 2013 2] N\~ = A ________-4 k) — Daylan et al. 2014 (20)
_.,::D —— Daylan et al. 2014 (20) 1 ;_v:m —— Calore et al. 2015 (20)
S 102 e Calore et al. 2015 (20) g 102
T £y -
7 e D o N S . B, [ TtSseoflaraia e e e e e
~ Thermal Rel o iermal Relic Cross Se
1026 (Stei 1026 Steigman e
bb it
107 = - 1072 - -
10! 10? 10° 10? 10! 10? 10° 10*
DM Mass (GeV/c?) DM Mass (GeV/c?)
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CTA Search for DM from GC

Issues for nominal GCE (M,,,,,~ = a few 10s GeV)

Possible signal in larger M, .. will be explored w/ more data (Ferml) and
Cherenkov Telescopes Arrav ( CTA) o ) o

w
=

() (Sub-)thre lll

o 6
: et [
f;‘a’* 3
5 e’
3.0
. IE\[ (Base + G 1 ctic .
Planned exposure (left) 160 ry 25 3
Signal/BG templates (right) £ | 2
3 202
(Acharya+21) _ 155 &
= 150 g ) DM cored Biasto, () DM cord Bt
; g - « = 0.5 kpe) . .0
14.0 :g i ‘ . ‘
5 ’ ' < A 7 5 13 o -
16 8l" 1o éala(_zﬁ(_ Lgugitfdo ﬁl < =3 el S e ((?al:ctiz Lgngiztuio [g] (qufm: Lon 12Tu ilc [g]
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Expected Sensitivity w/ CTA

Expected sensitivity studied by realistic MC simulations (astrophysical BG,
instrumental systematics) N_=1%, 1 =0.1deg (~PSF size)
Mean projected sensitivity reaches thermal <ov> in a few 100s GeV - 10 TeV

With a factor of 3 improvement of Fermi (more exposure and dSphs), M, .. in 0.01-10
TeV will be covered with sensitivity at thermal <ov>

C projection, this work

CTA GC projection, this work

Tow HESS GC i HESS GC L
- Fermi dSphs (6 vears) + MAGIC SeglE 1 | E signal: Einasto Fermi dSphs (6 years) + MAGIC Segue 1
_o7 | signal: Einasto, bb | ====— ermi dSphs (18 years) + LSST, projection _o7 |[W*W~ w/oEW corr.  =====' ermi dSphs (18 years) + LSST, projection
10-27-58 : Fermi dSph LSST 10-27 Fermi dSphs ( LSST
10! 102 10° 10* 10° 102 10° 10* 10°
(Acharya+21) 1 [GeV] Ry [GoV]
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Path to Achieve the Sensitivity

W/ Fermi and CTA, M,,\. in 0.01-10 TeV will be covered with sensitivity at thermal <ov>

Two major sources of uncertainty:

e FB morphology in TeV not known (Herold+19 suggests similar profile in TeV)
e DM profile may be less peaked (extended GC survey mitigates the effects)

10245 § 1023 L
] background: CR + IEM (Gamma) - ] r. = 0kpc, GC survey
background: CR + IEM (Gamma) + FB ///»// r 1 r. = lkpe, GC survey
background: CR + IEM (Gamma) + FB (not modellcfdf» 1 7e = Okpc, GC survey+
; /// | Ty, $Z0Z0ZzZ@0 2w re = 1kpe, GC survey+ ‘ L
lv: E ———— 1.= lkpe, GC survey+, fixed spectra _f

L

[(“IIIS

10_25:

e \\~\*~\\\\\\

T = A s R A
Y T
210724 TR e B EEEPRES e -

)

[(2z0) - [(71113 s‘l]

Thermal (ov) (DarkSUSY )

0—26_
L E e E 10—264 men ,
1 s projected mean upper limit 3 signal: W W w/o EW corr.
7 signal: Einasto, W*W~ w/o EW corr.  ————— statistical reach r | backgr(lmnd.‘ CB _f_ %E,l\.l I([Gamma)l PR — . —— _r
102 108 Tt 105 10 10° 10* 10
(Acharya+21) my [GeV] my, [GeV]
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Indirect search for DM signal using gamma-rays is complementary to direct
detection (e.g., distribution of DM)

GC (and dSphs) are promising targets. Fermi & CTA will cover M
0.01-10 TeV

WIMP

Fermi GCE (at a few GeV) is statistically significant and compatible with gNFW
e Spectrum is significantly affected by astrophysical sources toward GC. MSP can
explain the GCE as well

CTA GC observation will cover M,,,,.>=300 GeV
e Preparing good templates for FB and DM profile is key to success

Thank you for your attention
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Fermi & CTA

Fermi-LAT: Space-borne gamma-ray telescope (pair-conversion type) consists of
Si Tracker, Csl calorimeter and anti-coincidence detector (20 MeV to >300 GeV)

CTA: Ground-based gamma-ray telescope (imaging atmospheric Cherenkov
telescope) consists of LST (large-sized telescope), MST (medium sized) and SST

(small-sized) (20 GeV to 300 TeV)

T. Mizuno 2022.09.15 20/17



DM Annihilation Signal in Gamma-Rays

Expected gamma-ray signal from DM (M=50 GeV) annihilation into p*y-
(left), 71 (middle) and b b-bar (right) for GC
Contribution from secondary (Inverse Compton) is minor for b b-bar (and 171)

‘ :
10-5 4 == ICS+Prompt no diff
El no diff ==+ TOT no diff
—— ICS with diff == TOT with diff

E2dN/dE [GeV/cm?/s/sr]

Brem no diff

10° 10!
E [GeV]

102

T. Mizuno

(Di Mauro+21)

E2dN/dE [GeV/cm?/s/sr]

107> 5

== ICS+Prompt no diff
no diff === TOT no diff
ICS with diff — TOT with diff

Brem no diff

2022.09.15

E2dN/dE [GeV/cm?/s/sr]

1075 4

|

no diff

== |CS+Prompt no diff

== TOT no diff
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10!
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FB in Energies up to 1 TeV

Herold+19 employed several methods to study gamma-ray emission at the base of
FB (low-latitude FB) in high E

e (Empirical) rectangles-model of FB + background based on low-E data, or subtract
(physical) background model based on Galprop

Low-latitude FB is shifted to the west and is extended >= 500 GeV

e (Supermassive black-hole scenario not favored)
e Supports using FB template of Ackermann+17 for CTA sensitivity study

Longltude proﬁle Spectrum
2.51e=5 2.51e=5 , . ‘ East ‘ i i West ‘
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1.5 / k 1.5 /1 — . % # Difference data
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AL 10 f\}: N/ 3}“5 1.0 l k—{\ "lﬂélo o
s —2 =k Z
T os \ '& _\j/:‘;l ~ pally \K /r ‘T Ly %f 100 gml“ 10
)Néi 3=9 n ‘ ' 43 ; ;}
0.0 Tl \.:a'\ 7 0.0 \{\ i3 %Z 1071 107
8 L X 3 L
\-/' \Hﬂ/
—0.5} -8 -8
0 15 10 5 -15 —20 % 15 10 s 0 -5 -10 -15 -20 10° Ly ., : Ly 107 5y - %]
10° 10 10 10 10 10 10 10
(Herold+1 9) ¢ [deg] E[GeV] B [GeV]

T. Mizuno 2022.09.15 22/17



Effect of Instrumental Systematics and Background Model

Effects on sensitivity from instrumental systematics (left) and assumed
background model (right) are examined and confirmed to be small

Several choices of spatial correlation length | Several choices of background model
(with 1% overall normalization error)

107245

projected mean upper limit £s=0.1° [ Gamma
7 s statistical reach ls=02° Fermi IEM |
ls=05 | Base + Galactic ridge
ls=20° | = 1 w/o IEM I

ermal (ov) (DarkSUSY )

. e = P

10709 =
: ) signal: Einasto, W*W~ w/o EW cmrrAE ] signal: Einasto, W*W~ w/o EW corr. [
backeround: CR + IEM (Gamma) i 1 background: CR + IEM (various cases)r
p T T T TR T T T T T T TS T - - T T T T T T T T T=T=I1] T LA B
107 10° 10* 10° 10? 10° 10* 10°
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