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Overview

* Mission Assumptions
— MeV Space-Based

e A Brief History

e Dark Matter
— Back in the 1970s...

— Dark Matter producing MeV/GeV photons
e The WIMP (and not exactly a WIMP) story
e Axion and Axion-like particles

e Other
— Complementary detections,
— multi-wavelength/messenger,
— fundamental physics
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MeV Mission Assumptions

* An idea of mission capabilities (typically MIDEX class)

Mission |Energy Range Energy Resolution Angular Resolution FOV Flux Sensitivity
MeV] AE/E)] MeV cm 257!

TPCs (polarimetry)

AdEPT 5-200 ~30% at 70 MeV ~0.6° at 70 MeV 3.14 m®sr <3x107°

LArGO 0.1 - 10° ~3% at 1 MeV ~1% at 100 MeV large (>2.5 sr?)

HARPO 1-100 6/15/30% at 1/10/100 MeV ~0.3° at 40 MeV 4m(?) sr <10°°
Spectrometers/mappers
GRX/COSI 0.2-few 1/0.1% at 0.2/1 MeV ~4° at 1 MeV 3.14 m?sr <2x107°
Continuum /survey mapper

ComPair 1-500 2/4/12% at 1/10/100 MeV | ~T7(1)% at 1(100) MeV 3.5 sr <2x107°
AstroGAM 0.3-100 1/7% at 1/10 MeV ~1% at 100 MeV ~2.6 sr <6x107°
Current
Fermi-LAT | 20->3x10° | 18/7% at 10°/10° MeV  [~3(0.04)° at 100(10°) MeV ~2.5 st <10°°

Benchmark: 1 MeV-1 GeV, E Res best at 1 MeV

Large FOV, Flux sensitivity ~10-° MeV cm—=s-’

***An attempt to get common parameters among missions***
Not meant to be exhaustive list - only to define parameter

R. Caputo, UCSC

space for new physics searches



4 A Brief History of Dark Matter
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Gamma-ray
Space Telescope

Astrophysics

Weakly Inte
Massive Part

AXxions
Dark Matter

DM is there,

it’s likely a particle
it could be many

R. Caputo, UCSC 4



5

direct detection

indirect detection
(other)

(@}
@)
-
(7))
<<
O
=
=
<L
Q)
O
D
<C
©
(-
AN
g
5
&
(qv)
=
>
&
o
(D)
O
%)

indirect detection

Dark Matter Detections

S ZBPm0O <A

time since the signal appeared

R. Caputo, UCSC




g T
-’

/. N ‘*‘S. \".
\Q :
"

£

Dark Matter Detections

time since the signal appeared indirect detection | indirect detection et detection
(years) Y (other) direc

keV GeV TeV PeV

(S
W
!
»
!

No
ections

C >R QM- Z

(S
-
|
]
|

De

E

--H------
- OEEm e e eEw-.

. INO

Instrument

W
'
1
1

%

(WY
i
]
1

Energy

TeV PeV
R. Caputo, UCSC Slide from Y. Mambrini, 2nd AstroGAM workshop 5

>




/ Portrait of a Candidate
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G. Steigman, et al., Phys.Rev. D86 (2012) 023506
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Portrait of a Candidate

Cosmology and Thermodyn‘

XX <>SM SM

abundance [M*p/peq]

—I'TTTmI| ||||||r| TTTI

time

G. Steigman, et al., Phys.Rev. D86 (2012) 023506
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Portrait of a Candidate

Cosmology and Thermodyn‘

E XX <>SM SM

abundance [M*p/peq]

—I'TTTmI| ||||||r| TTT

lllll 1 | llllll llllll

time ~ 1/T

G. Steigman, et al., Phys.Rev. D86 (2012) 023506
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Portrait of a Candidate

Cosmology and Thermodync‘

abundance [M*p/peq]

E XX <>SM SM

N e—m/T

xx—>SM SM
Relic

abundance

freeze out /

XA <>SM SM
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time ~ 1/T

G. Steigman, et al., Phys.Rev. D86 (2012) 023506

DM
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Portrait of a Candidate

Cosmology and Thermodyna“

abundance [M*p/peq]

E"xx%+SN45AA

N 6—m/T

xx—>SM SM
Relic

abundance

freeze out /

xA<>SM SM

lllll ] 1 lllllll 1 | llllll llllll

time ~ 1/T

G. Steigman, et al., Phys.Rev. D86 (2012) 023506

DM =1y

Abundance
<Gv>neq ~ H
{oV) ~1026 cm3/s
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/ Space Telescope

Portrait of a Candidate

Cosmology and Thermodyna“

DM =1y

i Abundance
% <Gv>neq~ H
* _ ~ 10726 3
t ~ e m/T (OV) ~1072° cm3/s
3
= _Relic ~ 1_()__26_(:7'&3 /s
g Qpm ~26% Qiotal abundance
® /'

freeze out

xA<>SM SM

lllll L 11 lllll 1 L1 llllll 1 1 lllllll
time ~ 1/T

G. Steigman, et al., Phys.Rev. D86 (2012) 023506
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abundance [M*p/peq]

Portrait of a Candidate

Particle Phys“

N e—m/T

Qpm ~26% Qiotal abundance

freeze out /

XA <>SM SM
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n° /s
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G. Steigman, et al., Phys.Rev. D86 (2012) 023506

Abundance
<Gv>neq ~ H
{oV) ~1026 cm3/s
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Portrait of a Candidate

Particle Physid DM = y
— Abundance
Weak (0): 103 cm? S (GV)Neg~ H
*;' —m/T (V) ~102° cm3/s
: 5, ~ €
velocity (v) @
freeze out: g _ o6 | 3
105 km/s o Relic ~10"'cem”/s
= Qpm ~26% Qiotal abundance
® /'
freeze out
xA<>SM SM
peenl sl T B R S AR T
time ~ 1/T

G. Steigman, et al., Phys.Rev. D86 (2012) 023506
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Particle Physid DM = y
36 2 8 Abundance
*E 6_m/T (V) ~102° cm3/s
velocity (v) @ —
freeze out: § X K o6 | 3
10> km/s L S weak ~ 10~"cmn’/s
g QDN\ ~267% Qtotal EM
®
(OV) ~102° cm3/s freeze out strong
xA<>SM SM
IR TT] B ST Loy il T
time ~ 1/T

G. Steigman, et al., Phys.Rev. D86 (2012) 023506
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Weak (0): 1036 cm?> &
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Portrait of a Candidate

Particle Physrch DM = 7
Abundance
XXHSM SM . : <GV>neq"’ H
—m/T (OV) ~ 1026 cm3/s
X 'S T o «
__________ 10~*cm? /s
Qom ~26% Qrotal
freeze out strong Weak’y
xA<>SM SM lnter.actmg
Massive
I TR AT L1 aaanl o
. Particles
time ~ 1/T A

G. Steigman, et al., Phys.Rev. D86 (2012) 023506
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Portrait of a Candidate

Particle Physrcg DM = y
Abundance
xXA<—=SM SM (OV)Neq~ H

{oV) ~1026 cm3/s

QDM ~26% Qtotal

n3/s
akly
Interacting
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freeze out strong
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llllll 1 1 lllllll 1 1 lllllll 1 1 lllllll
time ~ 1/T

G. Steigman, et al., Phys.Rev. D86 (2012) 023506

Particles A

6



/.
“ss, ermi

NMa-ray
/ Space Telescope

Portrait of a Candidate

The WIMP Miracle... | o
= Abundance
Weak (0):10%°cm® & b . sMsm (OV)Neq~ H
o —‘m/'T (oV) ~ 102 cm3/s
&
velocity (v) @ —
freeze out: § X o | 3
105 km/s S b ____ _____ 10"“"em? /s
g QDM ~26% Qtotal
Q0
©
(oV) ~ 10726 cm3/s freeze out strong
xA<>SM SM
taeul RN AT Lol
time ~ 1/T

G. Steigman, et al., Phys.Rev. D86 (2012) 023506
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Portrait of a Candidate

The WIMP Comc:dencﬂ DM = y
—_ Abund
Weak (0):103°*cm?> & E Sancs
a xXx<SM SM _ _ <GV>neq"’ H
x —m/)T (oV) ~ 102 cm3/s
velocity (v) @ —
freeze out: 3 )4 o6 | 3
105 km/s é __________ 10"“"em? /s
g QDM ~26% Qtotal
0
©
(oV) ~ 10726 cm3/s freeze out strong
xA<>SM SM
Ll Ll Lol Lol
time ~ 1/T

G. Steigman, et al., Phys.Rev. D86 (2012) 023506
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Portrait of a Candidate

The WIMP Coincidence DM = y
— Abundance
Weak (0):10%°cm® & b . sMsm | (OV)Neq~ H
*;' —m/T (oV) ~ 102 cm3/s
~ €
velocity (v) @ —
freeze out: § XX—SM SM ) i | 4
105 km/s % B ﬁ L 67_9_ L ,‘Wea 10 cm’ /S
}% DM ~207% 82total . EM
(oV) ~ 10726 cm3/s freeze out strong
Other well motivated candidates:
axions, asym. DM, sterile neutrinos|-..... Ll

time ~ 1/T

G. Steigman, et al., Phys.Rev. D86 (2012) 023506
R. Caputo, UCSC 6
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Detecting WIMP Dark Matter

N/ Indirect Detection

SM SM

../
Y

Direct Detection
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Detecting WIMP Dark Matter

“"-?scrmi
o Sca Talsaction
Y SM
N/ Indirect Detection
X/ N M
Sl\/l\ SM
Direct Detection 4 Collider
v N\
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o Detecting WIMP Dark Matter

N/ Indirect Detection SM:
v’ Nsm =1 w @ | ¢ y @[

iInformation about mass, charm

point back to source 9 @-Of ‘ f‘,

down strange bottom
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o Detecting WIMP Dark Matter

N Indirect Detection SM:
X/ N\ sm ""..“’.'.’.?,Z - @ |12 @1

iInformation about mass,
point back to source

eventually can get

to photons i,
=

20O

; 017 MeVie?

O E

= ¥

% electron muon tau o

- neutrino neutrino neutrino % ) J)

SM SM SM X

N/ N/

Direct Detection Collider

Y 7Ny

SM
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: Detecting WIMP Dark Matter

N Indirect Detection SM:
x”  Nsm w900}

iInformation about mass,
point back to source

eventually can get
to photons

qu
B =
g 0O
' &0
O
v &0
<
Qo 10
= 3=
% electron muon tau a
W neulrino neutrino neutrino  § 70

SM X

SN \'X
Gustafsson et al.

R. Caputo, UCSC PRL 99.041301 7
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MeV Dark Matter: WIMPs

* Why MeV (WIMP-ish) Dark Matter? Circa 1970
— Lee-Weinberg: Cosmological lower bound on heavy neutrino mass

Qh?

(1977)

Too Light?
Over produce!

Thermal

relic ~0.1

~\V10 GeV My

Qh2.<ov> = GF2mx2 > 1020 GeV2

R. Caputo, UCSC

Two Scenarios:

1. GFMy?=G’F?my?

Non-SM interaction
(not strictly Weakly Interacting)

2. Or not strictly a
thermal relic
(bound by BBN ~1 MeV)
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Model[DM Particle| Final State Notes Scan new X = 4 — u
Name | Mass [MeV] BR (%) MeV DM W' my =2 GeV -~ dd
Al 2,000 T, M4, €,¢,U,d, 8 Univ. Fermions rameter ‘_> ' s
A2 | 2,000 T € Univ. Leptons paramete S “
A3 2,000 T (67%), ¢ (33%) | p-wave supp. fermions Space to E ] o
Ad 2,000 supp. ‘ 2
. T p-wa.v? supp lf:ptorlb deve|op a >
Bl 200 u,eu,d,s Univ. Fermions amma-ra O )
B2 200 i, e Univ. Leptons g y
B3 200 u (55%), s (45%) |p-wave supp. fermions SpeCtrum
B4 200 m p-wave supp. leptons ‘ O | | |
C 100 e (any, no ')"S) 103 10-2 10~ 10°
D 20 e (any, no 7’s) RC, E. Carlson, F. D’Eramo, and Ev [GeV]
E 1 e (80%), v (20%) S. Profumo: in preparation
F 0.2 ¥ 102, ‘
= Pass 8 Combined dSphs s
Fermi-LAT MW Halo |
1072 == HES.S. GC Halo .. =
‘ MAGIC Segue 1 \ ~
—~ & Abazajian ct al. 2014 (10) \ s
w 1074 Gordon & Macias 2013 (20) \\ g
g — Daylan et al. 2014 (20) <
S — ‘ -
Complement current sl | -
parameter space... S e / ___________________________ _
# 10°24 )
bb ]
1077

gamma-rays ~order(-1) DM mass

R. Caputo, UCSC

MeV Dark Matter: Slightly not WIMPs

162
DM Mass (GeV/c?)




" | | | | Lacki,
0oL Horiuchi,

Beacom
2014

see also
Strong,
Moskalenko,
Reimer
2004 (x2)

log,e [E, (MeV)]

Also: 511 keV excess unsolved, Type la supernovae not
understood, MeV sky never properly studied

New MeV missions are essential and urgent

John Beacom, The Ohio State University Dark Matter and Gamma Rays, Austria, December 2015

R. Caputo, UCSC 10
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- ) 2 Lacki,
_ YO0 pc Horiuchi,

Beacom
2014

Find new Astrophysics |®¢ 2/s0
Strong,

oskalenko,

Find new physics
Find surprises Reimer
. 2004 (x2)

Also: 511 keV excess unsolved, Type la supernovae not
understood, MeV sky never properly studied

New MeV missions are essential and urgent

John Beacom, The Ohio State University Dark Matter and Gamma Rays, Austria, December 2015
R. Caputo, UCSC 10



Portrait of Another Candidate

e Axions
— solution to the QCD CP problem

e should happen, we don’t observe it
— additional symmetry U(1)pq: (also ~1970s)
e “QCD axion”, mass ~10~ to 103 eV (can be DM candidate)

— couple to photons in external magnetic fields

Y

http://depts.washington.edu/admx/index.shtml

Y

e Axion-Like Particles (ALPs) <— this one
— breaking another U(1)x symmetry

arXiv:1603.06978v1

R. Caputo, UCSC 11



Temnso SPECTRUM P H OTO N _A LP
OSCILLATIONS

* Interact with SM via photon-ALP

E%dN / dE

. oscillations
Energy — mass/photon coupling ind. parameters
— DM candidate!
B a — coupling to gamma-rays in
\ astrophysical B fields

* light ALPs m, =< peV

OBSERVED SP RU

stolen from M. Mayer

E?dN / dE

[e.g. Csaki et al. 2003; De Angelis et al. 2007,2011;
Mirizzi et al. 2007; Hooper & Serpico, 2007;
Abramowski et al. 2013; Wouters & Brun 2013;

MM et al. 2013, 2014]




., MeV Dark Matter: Axions

* Axions in neutron stars (hep-ph/0505090)
— emission process for axions with mass up to a few MeV
— production in Gamma Ray Bursts

6 T T T T T |
t=1s 150
_ t=5s 4 160
O F t=10s o 12
= 1 140 |
n n —~ 10
1 At 1120 % . 8t
— - l
e 1100 7 8
CO 00 ST
= 4 80 - = 4l
CREE =
Z 2t 460 < & 2of
U ..... . - e
Z |2 {140 g[8 ' .
== 4 0 gz 0 2 1 6, 5 10 12 u 16 1s
. 1 20 t (s)
0 ) ) l ~‘ Sy s ot rmmnr () . .
0 50 100 150 200 250 300 timing of
E (MeV) photons between
(25-100 MeV)
ALP (Ma~10""" eV) with gay = 10710 GeV™’
with gay = 10710 GeV~" 18 Msol progenitor

18 Msol progenitor

R. Caputo, UCSC 13
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Current Axion Limits
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=13
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MeV Dark Matter: Axions

e Axions produced in supernovae (arXiv:1410.3747)
— core collapse supernova (SN1987A)

10-l0

Globular clusters

ALPSII F
-11
1 IAXO [
- I I
8 Fermi LA

~ " 10M - SN (@ GC
¢ 107°° 3
=) =

10-l3 .
- TeV transparency
| R ITTTI | L TTT1TI 1 | R ITITI' | IIT1TI 1 T]I[  § P 17171 I' | S
10-10 107 10°® 10”7 10°° 10 10

mg (eV)
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MeV Dark Matter: Axions

e Axions produced in supernovae (arXiv:1410.3747)
— core collapse supernova (SN1987A)

10-l0

Globular clusters

- Limited by PSF
ALPSII
- @<100 MeV
10! -
— IAXO E
g Fermi LAT :
“€rint L.
&) Bl 100 SN @ GC |
< 107 =
S .
10713 -
g TeV transparency
L TIITTTI 1] 11IIHT[ ‘ 1 ITIIIU[ L YIITIT[ | TIYI L B A [ |
10-1° 10" 10-° 10”7 10°° 107 104

mg (eV)

R. Caputo, UCSC 15



o MeV Dark Matter: Axions

e Axions produced in supernovae (arXiv:1410.3747)
— core collapse supernova (SN1987A)

10

Globular clusters

K - Limited by PSF
& ALPSTI |
- @<100 MeV
10! > B
N o mxo F
> - P‘\’ I
L Fermai l\l 1 I
g N lOM - SN (@ GC
¢ 1077 3
> -
107" -
. TeV transparency S ‘ E
l )
] 1 lllllll ] 1 llllll[ | § 1 Illllll ] 1 lllllll | -
10-10 1077 10°® 10”7 10°° 10°° 10

Mg (eV)
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* Summary
— We can learn a lot about “W”IMPs
e maybe at least what it isn’t
— We can learn a lot about axions

e what it is and what it isn’t

— MeV needs to be studied

R. Caputo, UCSC 16
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Discussion!
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What Happens at the MeV scale?

—
o
[
LI O TTI[
-
.

—
q)
-
K
-

LI TITTYTI
-

-
o

LA T‘IIIII

Energy - Flux (particles m~ s™)

A
IT“’I

171"

1GeV

L) IY'I

10°

AAAL
3
10

10*

Energy (MeV)

Gamma-Ray production:
below 100 MeV gammas from

n® decay drops

R. Caputo, UCSC
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Backgrounds:

protons (green filled triangles up),

He (purple filled triangles up),

electrons (filled red squares),

positrons (light blue squares),

Earth albedo neutrons (black squares), and

Earth albedo y-rays (dark blue filled triangles down).
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