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® DM exists

® e : no SM particle  dilutes as 1/a° with
£ 1Us a hew, unknown P&I‘thle canl;ulﬁl universe expansion
® makes up 26% of total energy

82% of total matter O, k2 =0.1199 + 0.0027
(notice error)

‘neutral particle  dar.
cold or not too warm n/m <<1 at CMB formation

.‘ : I -with itself
very feeb |)’ Interacti ng -with ordinary matter

(‘collisionless’)

‘n (»

(»

»

' stable or very long lived
- possibly a relic from the EU

G

»



A matter of perspective: plausible mass ranges

thermal
particles

1015‘ 10 v

weak scale (1 TeV)



Boltzmann equation
in the Early Universe:
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Boltzmann equation
in the Early Universe:

6 10 2"cm?>s—1

Corv i

QX%

Relic Qpy ~ 0.23 for

(Cannt) = 3 - 107 CHil EE.

Weak cross section:
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Boltzmann equation
in the Early Universe:

6 10 2"cm?>s—1

<O-annv>

QX%

Relic Qpy ~ 0.23 for

(Cannt) = 3 - 107 CHil EE.

10 100
x=m/T (time -)

Weak cross section:

o o

(Cann¥) & —15 = TewV2 =Qx ~ O(few 0.1) (WIMP)




A matter of perspective: plausible mass ranges

thermal
particles
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weak scale (1 TeV)



A matter of perspective: plausible mass ranges

Planck scale

Ultra—light scalars, axion 1

~30 ~20 ~10 20 30
10 10 10 10 107eV Primordial

Thow weak scale black hole Solar mass

‘only’ 90 orders of magnitude!



A matter of perspective: plausible mass ranges

Planck scale

Ultra—light scalars, axion 10-10 1 1010 1020 1030 1 040kg

10-30 10-20 10-10 g 10 1020 100V
Seeak scale black hole S°lar mass

Primordial

‘only’ 90 orders of magnitude!



Motivation for DM in the sub-GeV region
The MeV Gap i
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‘only’ 90 orders of magnitude!
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From N-body numerical simulations:

NEW - DM halo

NFW
Einasto : Einasto
EinastoB
Isothermal : 5 Isothermal
L+ (r/rs) Burkert

Ps Moore
(L+7/rs)(X+ (r/15)?)

Burkert :

Angle from the GC [degrees]
10”7 30”1’ 510" 30’ 1° 2° 5°1020°45°

- I I I I I I I I I I

At small r: p(r) oc 1/r7 = \Moore

Moore :

6 profiles:

Cuspy:
mild:

smooth: :

EinastoB = steepened Einasto
(effect of baryons?)

ppm [GeV/em’]




Basic picture

~ from DM annihilations in galactic

Galactic Bulge Norma Arm

Scutum Arm

Quter Arm

Perseus Arm |

Sagittarius Arm ' ' Local Arm

Sun

' ()
DM: /W—,Z,b,f—,t,h...wei(p), D ... and 7y
DM \*WJF,Z,B,TJF,f,h...wei,(];),(l_))..

.a,ndfy

center

Crux Arm

Carina Arm



synchrotron
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v primary spectra Y primary spectra

MDM =100 GeV

MDM = 1000 GeV

1072 107!
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v primary spectra Y primary spectra

MDM =100 GeV

MDM = 1000 GeV

1072
X:K/MDM

S0 what are the 1. Dark Matter mass
particle physics 2. primary channel(s)
parameters? 3. annihilation cross section o,













DM H’PH . Ly = mpwMm
primary
L\‘L\_‘ channels mzz
DM B oM (1 e
ﬂfi.u,x A
...iL“
So what are the 1. Dark Matter mass
particle physics

parameters? 2. annihilation cross section o,,,












DM L
\ = Internal Bremsstrahlung

flux

SO0 what are the 1
particle physics
parameters? The rest depends on the model

. Dark Matter mass.






DM

L}
2wl

Ibarra, Lopez Gehler,:Pé.ﬁb_i_lr_zb
Fan, Reece 1209.1097






Metastable intermediate
states

Ibarra, Lopez Gehler, Pato 1205.000%
Fan, Reece 1209.1097

So what are the 1. Dark Matter mass

particle physics 2. The mediator mass
parameters?




Metastable intermediate
fermions

DM/ ﬁv

Ibarra, Lopez Gehler, Molinaro, Pato
1604.01899

-
Sowhat arethe papic Matter mass
particle physics 2. The fermionic mediator

parameters? 3. The polarization o of the mediator



Secondary emission
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Secondary emission

a.| ") from Inverse Comptonon ¢ in halo

I—  Norma Arni
&

Crux Arm

Carina Arm

Sagittarius Arm  ° ; ' Local Arm
Sun :

- upscatter of CMB, infrared and starlight photons on energetic ¢~
- probes regions outside of Galactic Center



)7 from Inverse Compton on ¢ in halo

7 I Norma Arn
&

Crux Arm

Carina Arm

IsoThermal Profile m,= 3 TeV
DM DM - 177~ ov=2x10"2% cm’/sec

| FERMI 10" - 20°
i [ ) .

Perseus Arm

€ dd/(de AQ) [MeV cm ™25~ lsr™!

Sagittarius Arm

Cirelli, Panci, Serpico 0912.0663

10* 10°

Photon energy € [MeV]

- upscatter of CMB, infrared and starlight photons on energetic ¢
- probes regions outside of Galactic Center




Secondary emission

) soft gammass from bremsstrahlung of ¢ on ISM

Galactic Bulge Norma Arm -

Scutum Arm

Sagittarius Arm ' : ' Local Arm
Sun .
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At Earth:
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=> brem is the dominant energy loss for low energy e

] 3

¢~ energy in GeV

loss time—scale 7 1n sec

S
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Near GC: (B) ~ 10 uG
Wlight ~ 10 eV/Cm3
Rgas ~ 10 particle/em’

A | | ! |
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Gas-tronomy 101:
HI = neutral atomic hydrogen
HII = ionized hydrogen

HZ = neutral molecular hydrogen
(He = Helium)
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()Z . : 6 0.8 1.0 (0. ().:‘ Ikp:]m
But: inner kpc of the Galaxy is denser
(and more uncertain)
SINB CMZ CNR
Stellar Nuclear Bulge Central Molecular Zone Circum-Nuclear Ring
<1 kpec <200 pc <3 pcC

? 10~%-10° /cm? 10°/cm?



Secondary emission

>.) radio-waves from synchro radiation of ¢ in GC

Galactic Bulge Norma Arm -

Scutum Arm

Sagittarius Arm ' : ' Local Arm
Sun .



Secondary emission

c.) radio-waves from synchro radiation of ¢ in GC

Galactic Bulge Norma Arm

Scutum Arm
Crux Arm

/

Quter Arm

\

Carina Arm

4

Perseus Arm

Sagittarius Arm  °* . ' Local Arm
- Sun .

- compute the population of ¢
from DM annihilations in the GC

- compute the synchrotron emitted power
for different configurations of galactic /5

(assuming ‘scrambled’ B;in principle, directionality
could focus emission, lift bounds by O(some))



1. prompt emission

la. continuum 1b. line(s) 1c. sharp features
AN : M X AN

&. secondary emission

Qa. ICS &b. bremsstrahlung &C. synchrotron
A g | T




v environment-independent
+ 1. prompt emission :
' la. continuum 1b. line(s) lc. sharp features
: A ; A A :
. o :
‘~ ’l
9 o eoonda,ryemlssmn """" environment-dependent g
. 2a. 08 2b. bremsstrahlung  2e. synchrotron .
4 i a A :
; m«éh? mn? radio MD;} :

4



5

ewvwowmewt—b_wdepewdewt %

1 prompt emission
la. continuum 1b. line(s) 1c. sharp features

>

'8 secondary em
Qa. ICS Qb

excited DM (astro-ph/070258%
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SlZQ of the XX system

If aM /my 2 1, the force is long range:
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range



= 1 b€ v
=X (i) — Mom)X ~ 7 FpuFp’ — 5 Fpu Y

parameters are: «,€, my,, Mpwu

SlZQ of the XX system

If aM /my 2 1, the force is long range:

mfg s sommerfeld enhanced




= 1 b€ v
=X (i) — Mom)X ~ 7 FpuFp’ — 5 Fpu Y

parameters are: «,€, my,, Mpwu

SlZQ of the XX system binding energy of the XX system
4

If aM /my 2 1, the force is long range: If a°M/2my > 1, bound states form

s 22
range Sommerfeld enhanced emitted dark photon




= 1 b€ v
=X (i) — Mom)X ~ 7 FpuFp’ — 5 Fpu Y

parameters are: «,€, my,, Mpwu

SlZQ of the XX system binding energy of the XX system
4

If aM /my 2 1, the force is long range: If a°M/2my > 1, bound states form

S 4
range Sommerfeld enhanced emitted dark photon




How do we see DM with an MeV telescope?

1. Prompt gam:

a-ray

emigssion of MeV DM
+ traces DM distribution
+ gpectral features

3. De-excitation

ga,

1

issions

na-ray em

+ traces DM distribution
+ gpectral features

&. Secondary gamma-ray

emission of light “WIMP’ DM

- does not trace DM distribution
- smooth spectra
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Boddy & Kumar (2015
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XY — 77 A photon pair { = xx = 7" [this work)

xx — Y7 A peutral pion and a photon

0.

» w'7Y: Neutral pions

T

+ £0: Light leptons (with £ = e, p)

» oo and 0 — e Cascade annihilation
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FIG. 2: vy-ray spectrum resulting from yy — e’e” with ’ o — ¢te~ (this work)
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Lg vun 50 5C0 20 Essig+ (2013)
FoV s 23 —37 Boadaad+ (20106)

E— o\ b *’. (this work)
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Data

HEAO-1: £(58,109)1_(238,289).|5](20,90) F pwave,
— INTEGRAL:|&(0,30), bl&0,15) 4
COMPTEL - |Ae(0.60), b= (0,20) _ Xea=10 " ¢
EGRET: £e(0,360), [hle(20,60) “
FERMI. 7c(0,260), | blc(8,90)

== HEAO-1
== INTEGRAL
== COMPTEL
== EGRET

== FERMI

0 10t

O/dE,d)l [MeVem™© 57! s

»
-

Exd

PAoare pleaT | B0 U1Y

Fxperimnnl Y a— ). o ot [pra:

406 433 879 ™ 8 == [IEAO-1
(6] | (2200 (2.24)| r200) | (208 (21 == INTEGRAL
AF < |b] < 90" | wCOMPTEL
i . 2] < 30", | 365| 380 257| 420 | 4 95 .
INTEGRAL [64]| 2DkeV |1 MeV ' == EGRET
|6 = 15° (18.4] ] [24.4) (5.08)] (30.9)  (23.2) == [CRMI
2] < 607, G682 TUS 581 748 #

HEAO-1 (B3 | “keV |30keV | 238 < £ < 250

COMPTLL [65] | 1MeV [15McV
b <207 (23,1} | (20.1) (2.60)| (36.4)
0<é<360° | 180| 135 140 129 . J
EGRET [64] 6Cev |~ T ’ I y
AF < b < 60° 1{10.9) | (11.0) (10.1)] (11.5) F

) 030, | 21.8| M8 283 220
Fermi [67] | 200MeV | 10GeY

8° < 8 < 00 |(22.0)| (22.5) (17.9)] (25.4)

‘Obtain conservative bounds by requiring that the predicted count
from the DM signal in each bin does not exceed the observed
central value plus twice the error bar’

NB: prompt emission only



Annihilating DM

10722,

Data

HEAO-1: fe(58,109)|_(238,289).|5](20,90)
—INTEGRAL:K|&(0,30), b|€(0,15)

COMPTEL - |Ae(0.60). b=(0.20)

EGRET: £-(0,360), [hc(20,60)

FERMI. £c(0,360), |blc(8.90)

pwave,
.de* 10 4'v"

. p-wave, w= HEAO-1
T =107 — INTEGRAL
== COMPTEL
== EGRET
== FERMI

0 10t

{av)o(vom/va)® [em?/sec]

b.,")xdsz,'dl:,dﬂ [MeVem ™2 57! sr!)

Fxpesitnent, TR . YDA YDA YDA
SR E N

jAsar: gl ‘yl'Cln,U v . 1!' niz J o, U DecaYing DM ¢_)e+e—+FS

. 406 433 8.7 )
HEAO-1 |53 TheV | 30keV | 238 < F < 259, <
(2:20) (2.24)| (200) | (208)  [207] ]023
AF < |b] < 907 ' ' : ‘ : :
- . 2] =307, | 380 27| 4.20 : 5 .
INTECRAL [64| 20keV r
b < 16°  |(18.4)] [24.9) (5.08)| (30.9) 23.2)
2] < 607, G682 TUS 581 748

COMPTEL [65] | 1 Mev

[p <205 |(23.1}] (29.1) (3.69)| (36.4) 28.3) '
o < &< 3605, | 180 135 140 129 ; ; \
ECRET [6h]
2P < b < 60° {109} | {11.0) (10.0)] (11.5)
F ) [f"'] 200 MeY 0 < &< 3005, 21| 8 233 22.0) 22.. : —- HEAO—], -
eron (b & e -

8 < [ < 0 |i92.0)| [22.5) (17.9)] (25.4) | (285 _ == INTEGRALIL
: - COMPTEL
‘Obtain conservative bounds by requiring that the predicted count : — EGRET

from the DM signal in each bin does not exceed the observed |/ F\ABP == FERMI

central value plus twice the error bar’ R Q. .

0 ez w0 10t
NB: prompt emission only my [MeV]




Annihilating DM

10722,

Data

HEAO-1: fe(58,109)|_(238,289).|5](20,90)
—INTEGRAL:K|&(0,30), b|€(0,15)

COMPTEL - |Ae(0.60). b=(0.20)

EGRET: £-(0,360), [hc(20,60)

FERMI. £c(0,360), |blc(8.90)

pwiave,

.de* l 0 4'v"

. p-wave, w= HEAO-1
g — INTEGRAL
== COMPTEL
== EGRET
== FERMI

0 10t

{av)o(vom/va)® [em?/sec]

b.,")xdsz,'dl:,dﬂ [MeVem ™2 57! sr!)

Pt s . S Tk
SRS ES NG
406 4583 579

HEAQ-1 |33 TheV | 30keV | 238 < £ < 255,
[2:20) (2.24)| [200) | (208 (200 R

AF < |b] < 0"
. 2] = 30", W 380 27| 420
INTECRAL [62| 2DkeV
|6 = 16° (18.4] | [24.9) (5.08)| (30.9)
e . 12| < 607, G822 TS 591| 744
COMPILL [65] | 1MeV

[p <207 (231} | [29.1) (2.69)| (36.4)
<< 360° | 180 135 140 129

EGRET [61]
2P < b < 60° {109} | {11.0) (10.0)] (11.5)

0<édc300°, | 21| M8 233| 220
Fermi [67] | 2000MeV '

8° < 8 < 00 |(22.0)| (22.5) (17.9)] (25.4)

‘Obtain conservative bounds by requiring that the predicted count
from the DM signal in each bin does not exceed the observed
central value plus twice the error bar’

NB: prompt emission only



Annihilating DM

10722,

Data

HEAO-1: f(58,109)(_(238,289),|5]|=(20,90)
——— INTEGRAL:|?|(C,30), |5|€(0,15)

COMPTEL- |Ae(D,60), b =(0,20)

EGRET: £e(0,360), [b{e(20,60)

FERMI. fc(0,200), |blc(8,20)

pwave,
-de -— l 0 4'v"

== HEAO-1
== INTEGRAL
== COMPTEL
== EGRET

== FERMI

0 10t

O/dE,d)l [MeVem™© 57! s
r )
{(avin(vpm/va)® [em?/sec]

»
-

Exd

Fxperimnnl ) —_— ). JNEW Joonr Iata Mo

jioars gl | pBin0AY| yEin 12 Gl ¢] - ¢’2 ’y y

406 483| s | 3w A I - HEAO-1
I (2.20) {2.24)| [200) | (208) (210 - —INTEGRAL -
NF < |b] < 00°
INIECRAL [65 20kev |13ev | 500 |30 2T AR » = COMPTEL
‘G 2 | 2Dkec¥ MeV
' [p = 16°  |{18.4)| [24.9) (5.08)| (30.9) (282 ' = EGRET

_ £ < 60°, | 682 TUS 591| 7.4 2 : —

COMPIEL [65] | 1MeV [15Mey ' - FERMI
b <207 (23,1} | (20.1) (2.60)| (36.4)

0<é<360°, | 10| 135 140 129

HEAO-1 (B3 | “keV |30keV | 238 < £ < 250

ECGRET [6h] Gy
A0 b L an° (10,9 (1100 (10.1) | (11.5)

0<édc300°, | 21| M8 233| 220
Fermi [67] | 200MeV | 10GeY '

8° < 8 < 00 |(22.0)| (22.5) (17.9)] (25.4)

‘Obtain conservative bounds by requiring that the predicted count
from the DM signal in each bin does not exceed the observed
central value plus twice the error bar’

NB: prompt emission only



Galactic halo diffuse:

Annihilation Constraints

(1) vv: Accessible at all energies. '

(ii) ym”: Accessible for /s > 0.

(iii) w7 Accessible for /s > 2m..o.

CRTTREE ] B

(iv) mwm—: Accessible for /s = 2m. .

(v) £¢ (£ = e, u,v): Accessible for /s > 2my.
_ N COMPTEL
Detector  Source Energy Range [MeV' e PSF A.y [em”
ACT * & 0.2-10 % 1 1000
MIPS * |7 0.2-80 3% 1.5 200
AAEPT *  [10] 5200 13% 0.5° 60U

COMPTEL [39, 60] 0.8-30 2% 2° 50
EGRET [61] 30 MeV-10 GeV  12.5% 2.8° 1000
Fermi-LAT (2] 20 MeV-300 GeV  7.5% 2 4000
GAMMA-400 |6, 100 McV-3 TeV  12%  2° 3000

; ; il ; COMPTEL
‘Obtain conservative bounds by requiring that the predicted count

from the DM signal in each bin does not exceed the observed
central value plus twice the error bar’

Lifetime [s]

Planck




¥v: Accessible at all energies.

v Accessible for V8 > g0,

(iii) w7 Accessible for /s > 2m..o.
(iv) mwm—: Accessible for /s = 2m. .

(v) €4 (£ = e, p,v): Accessible for \/s > 2.

Detector PSF A.q [em?]
ACT * & 0.2-10 % 1 1000
MIPS * |7 0.2-80 3% 1.5 200

AdEPT *  [10] 5200 15% 0.5° 800

Source Energy Range [MeV ¢

COMPTEL [39, 60] 0.8-30 2% 2° 50

A0 MeV-10 GeV  12.5% 2.5° 1000
20 MeV-300 GeV  7.5% 27 4000
100 McV-3 TeV 12%  2° 3000

EGRET  [6l]
Fermi-LAT  [62]
GAMMA-400 |6

‘Obtain conservative bounds by requiring that the predicted count
from the DM signal in each bin does not exceed the observed
central value plus twice the error bar’

Lifetime [s]

Dwarf galaxies (future sensitivities):

Decay: yy

| - '

GAMMA-400

|
|
l




Electron+positron measurements by Voyager I

Xx rc'e Voyagerl | : Propagation B
=830 MV AMS-02 NFW
('f-‘:' = 83(’ NTV
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Indirect Detection: charged CRs

and from DM annihilations in halo
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Indirect Detection: charged CRs

and from DM annihilations in halo
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diffusion energy loss convective wind source spallations



Electron+positron measurements by Voyager I
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Propagation A = strong reacceleration
Propagation B = weak/no reacceleration



How do we see DM with an MeV telescope?

1. Prompt Samma-ray &. becondary gamma-ray
emission of MeV DM emission of lisht “WIMP’ DM
+ traces DM distribution - does not trace DM distribution
+ gpectral features - smooth spectra

3. De-excitation
gamina-ray emissions
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