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¥ Mystery of Missing Mass

The Coma Cluster

Average mass/galéxy (dynamiés): ~1010 M,

aa .;-ﬂ." A

Average mass/galéxy (stars): ~108 M,

1930s- Zwicky, others

Coma cluster of galaxies:
only small % mass from
luminous matter

4 ] ) )

I16. 3.—The Coma chuster of nebulae

R. Caputo, UMD/NASA/GSFC | Fermi Summer School 2017

F. Zwicky, Astrophys. J. 86, 217 (1937) 2



1970s- Rubin, Ford,
Thonnard

Keplerian: § [\

v(D~M(r)Ar

YouTube: https://www.youtube.com/watch?v=0mjx30OKAGDo
R. Caputo, UMD/NASA/GSFC | Fermi Summer School 2017 http://cse.ssl.berkeley.edu/omendez/ay10/2002/notes/lec18.html 3



Bl 1970s- Rubin, Ford,
Thonnard
Galactic Rotatiqn Curves

A

luminous matter

YouTube: https://www.youtube.com/watch?v=0mjx30KAGDo
R. Caputo, UMD/NASA/GSFC | Fermi Summer School 2017 http://cse.ssl.berkeley.edu/bmendez/ay10/2002/notes/lec18.html 3



https://lambda.gsfc.nasa.gov/toolbox/tb_camb_form.cfm

R. Caputo, UMD/NASA/GSFC | Fermi Summer School 2017 Planck Collaboration, 2013 4


https://lambda.gsfc.nasa.gov/toolbox/tb_camb_form.cfm

Planck Collaboration Cosmological parameters. ')
Description Symbol Value

Physical baryen density parameteri* 0, A% | 0.022 30 =0.000 14
Physical cask matter censity parameter-™ (.h” | 0.1188 £0.0010

Age of the universe 13.76¢ =0.021 x 10° years
Scalar speciral ndex 0.86€7 =0.004C

Barvonic Matter Curvature fluctuaton amplitude, e f\g"" 515

kg =0.C02 Mo~
Raionizalion onfical depth 0.06€ +C 012

Total cersity oarameter ™ 1
Equation of state of dark enargy w -1

Non-Baryonic Matter

Sum of three reutrino masses 0.08 eVicAT1174

Efiectve nurber of ralativietic degrass
of fraadom

3.04E10111 77

Tansor/scaar rero 0

Running of anectra’ ndex dr,/cdink|0

Hubble corstant 37.74 1C45kme Mpe™”
Baryon denaty narameter™ 0.048¢ 1000109

Dark mettar censity parameter.t] - 0.2589 L0.00s7!1

Matier density paramater!™ 0.306¢ =0 00€2

Dark encrgy den3ty paramater® ' 0.6911 10.0062

Critizal density . | (862 £012) x 10 kgym?lo)
Fluctuation ampitude at 811 Mpe 087158 =0.0066

Redshift at decoupling 1089.60 =0.23

Age al deccupling 77 700 =9200 yearst 'l
Redshift of reionization (with uriform prior) g5 '3 L

n Equation




Jur Standard Mcture of LambraCDM
ey v—""’" TN IR

How does the early
universe look without DM?

(T

No Dark Mattar

AT ATI28 NOACIT €222 S OO RERSF
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How does the early
universe look without DM?

Our tandard MCLre OT Lamt acDM 3 DatkM 37’1-"!'

AT ATI28 NOACIT €222 S OO RERSF N DACTIENR)
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How does the early
universe look without DM?

Jur Standerd McTura of LambzacDM

No Dark Matkar
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How does the early
universe look without DM?

Jur Standerd McTura of LambzacDM
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e A L — No DM: 01p;;=0, (%=0.30
‘ - More small-scale -
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DO ATI2S
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How does the early

universe look without DM?

Angular scale
0.2°

) MH_

2 10 50 500 1000 1500 2000 2500
Multipole moment, ¢
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Precision Cosmology

Cosmic Microwave Background

: Planck Collaboration, 2013; SubbaRao et al. (2008); Bolshoi Simulation, J. Primack et al.,2011;
R. Caputo, UMD/NASA/GSFC | Fermi Summer School 2017yasa, APOD, 2006 August 24, J. A. Tyson et al., Astrophys.J.498:L107,1998 !



Precision Cosmology

Cosmic Microwave Background Large Scale Structure

15.5 Mpc/h Bolshoi

Sloan DSS

Planck Collaboration, 2013; SubbaRao et al. (2008); Bolshoi Simulation, J. Primack et al.,2011;
R. Caputo, UMD/NASA/GSFC | Fermi Summer School 2017yasa, APOD, 2006 August 24, J. A. Tyson et al., Astrophys.J.498:L107,1998 4
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http://risa.stanford.edu/milkyway/

Precision Cosmology

Cosmic Microwave Background Large Scale Structure

pc/h Bolshoi

Sloan DSS

Gravitational
Lensing

Planck Collaboration, 2013; SubbaRao et al. (2008); Bolshoi Simulation, J. Primack et al.,2011;
R. Caputo, UMD/NASA/GSFC | Fermi Summer School 2017yasa, APOD, 2006 August 24, J. A. Tyson et al., Astrophys.J.498:L107,1998 9



Precision Cosmology

Cosmic Microwave Background

Large Scal Structure

Blue: mass from lensing

Planck Collaboration, 2013; SubbaRao et al. (2008); Bolshoi Simulation, J. Primack et al.,2011;
R. Caputo, UMD/NASA/GSFC | Fermi Summer School 2017yasa, APOD, 2006 August 24, J. A. Tyson et al., Astrophys.J.498:L107,1998 9
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Precision Cosmology

Cosmic Microwave Background Large Scale Structure

pc/h Bolshoi

Sloan DSS

R Lensing/
The Bullet
Cluster

Gravitational
Lensing

Blue: mass from lensing

Planck Collaboration, 2013; SubbaRao et al. (2008); Bolshoi Simulation, J. Primack et al.,2011;
R. Caputo, UMD/NASA/GSFC | Fermi Summer School 2017yasa, APOD, 2006 August 24, J. A. Tyson et al., Astrophys.J.498:L107,1998 9



s
'@ What do we know?

not p/n

(baryons)

constraints from
constraints from - CMB, primordial

CMB, N-body nucleosynthesis
simulations

R. Caputo, UMD/NASA/GSFC | Fermi Summer School 2017 10



J onstraints from
CMB, primordial
nucleosynthesis

constraints from
CMB, N-body
simulations

R. Caputo, UMD/NASA/GSFC | Fermi Summer School 20
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Potential Candidates
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mass = 2.3 Mavic?
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Candidates
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nuclear

Weakly
interacting |

Weak

Ultra-Weak  LHC probes'

R. Caputo, UMD/NASA/GSFC | Fermi Summer School 2017 atomicarchive.com, http://en.wikipedia.org/wiki/William_Thomas_Turner_Barn12



ocity (ov) Cheat Sh

Interaction




ocity (ov) Cheat Sh

9
9

No Interaction
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Portrait of a Candidate

Particle Physics ‘ DM = y ‘
g - Abundance
: -36 2
Weak (0): 1036 cm \g =y >SM SM | ol
velocity (v) @ E - N ~ (._g_”"u""T (ov) ~ 1026 cm3/s
freeze out: 10° km/s o i wx—SM SM -
_.§ E_ _______ 10~ Pem® /s
(V) ~ 1026 cmd/s % % Qpm ~26% Qiotal
% freeze out . strong Weakly )
7<»SM SM Interacting
3 Massive
1 1 o I I (I | IIIII | 11 II 1 e I LI B | I
ima ro 1T Particles

R. Caputo, UMD/NASA/GSFC | Fermi Summer School 2017 G. Steigman, et al., Phys.Rev. D86 (2012) 023506 14



Portrait of a Candidate

The WIMP Miracle... ‘ DM = ‘
Weak (0): 10-36 cm? § z_ —>SM SM :?\:\;rrllc::ECHe
velocity (v) @ E : N ~ (._g_”"':""T (ov) ~ 1026 cm3/s
freeze out: 10° km/s o i . —SM SM -
_.§ i_ _______ 10~ Pem® /s
(ov) ~ 1026 cm3/s % §_ om ~26% Eota

freeze out . strong

xx<>SM SM

(N II1

time ~ 1/7°

R. Caputo, UMD/NASA/GSFC | Fermi Summer School 2017 G. Steigman, et al., Phys.Rev. D86 (2012) 023506 14



Portrait of a Candidate

The WIMP Coincidence ‘ DM = ‘
Weak (0): 10-36 cm? § z_ —>SM SM :?\:\;rrllc::ECHe
velocity (v) @ E : N ~ (._g_”"':""T (ov) ~ 1026 cm3/s
freeze out: 10° km/s o i . —SM SM -
_.§ i_ _______ 10~ Pem® /s
(ov) ~ 1026 cm3/s % §_ om ~26% Eota

freeze out . strong
xx<>SM SM

(N II1

time ~ 1/7°

R. Caputo, UMD/NASA/GSFC | Fermi Summer School 2017 G. Steigman, et al., Phys.Rev. D86 (2012) 023506 14



Portrait of a Candidate

The WIMP Coincidence ‘ DM = ‘
Weak (0): 10-36 cm? § ; —>SM SM :?\:\;rrllc:gcl_le
velocity (v) @ E : N ~ oM T (ov) ~ 1026 cm3/s
freeze out: 10° km/s o ;. . —SM SM /
8 - _ _ _ _ _ __ 10~ %em® /s
(oV) ~ 1026 cm3/s % ?_ Qoum ~26% LOrota

freeze out . strong

Other well motivated candidates:
axions, asym. DM, sterile neutrinos|

urre =L

R. Caputo, UMD/NASA/GSFC | Fermi Summer School 2017 G. Steigman, et al., Phys.Rev. D86 (2012) 023506 14



71~

WYY Detecting Particle Dark
Matter

X SM . \
N Indirect Detection

BN .y SM s

time \ /
X / \X SM X
Direct Detection N\

Collider Sd \X

R. Caputo, UMD/NASA/GSFC | Fermi Summer School 2017



the Room

Indir_ect Detection

Detection

R. Caputo, UMD/NASA/GSFC | Fermi Summer School 2017 16
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Direct Detection (|} [ &zstst’s
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R. Caputo, UMD/NASA/GSFC | Fermi Summer School 2017 17




’Indirect Searches: y-rays

Standard
Model Increase in continuum flux
(overall excess)
W,Z,q,0

X
2 T =0,Vv

X/ A W,Z,q,¢

R. Caputo, UMD/NASA/GSFC | Fermi Summer School 2017 18



’Indirect Searches: y-rays

Standard

l\/\odel Increase in continuum flux

(overall excess)
W,Z,q,¢

R

1
f ]
8 ] 1
:3 o ¥ 1
/ \ I S 1
X W,Z,q,@ 4 1077F \ 1
] .';!;\'\_ | 1
107 F TN
0.01 C.1 1

Gustafsson et al.
PRL 99.041301

R. Caputo, UMD/NASA/GSFC | Fermi Summer School 2017 18



’Indirect Searches: y-rays

Standard
Model
X \ /Y 5 N ; Z 1
SN / 1
A
F | - 1
Y / \ v . ; w ol :
0.01 Efl/ 1
X=Ey/my

Gustafsson et al.
PRL 99.041301

Appear as a line in the y-ray spectrum
Not Astrophysical Source! Line must be Dark matter

R. Caputo, UMD/NASA/GSFC | Fermi Summer School 2017 18
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J. Bullock, M. Geha
R. Caputo, UMD/NASA/GSFC | Fermi Summer School 2017

UsaMrer
- Draco

: Fersoy
Mall [

Sculptor
L Fornaa

R. Powell

»~—
100,000 light years

lower signal, but...
backgrounds

lower

High Dark Matter to

Baryonic Matter Ratio

15 E ' ' Sexlans
10 [ rg*.3 -
=S :0; E b e ————
25 }j"!%‘ L
g : ' ll 1L l 1 L L l L L 1 [.;.L L
0 SC0 1000 1500
Walker, ApJ, 667, L53 It (P€)
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- Draco
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50°x50° view of the Mllky Way
from the LMC
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50°x50° view of the Mllky Way
from the LMC
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-39.0°
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[e]

Galactic Latitude
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-45.0°

| R

i N . N
308.0° 304.0° 300.0°

Galactic Longitude

EE—

202.0°

Observation
Period

2008 Aug. 4 to
2014 Aug. 5

Energy Range

0.5 to 500 GeV

Fit Region

10°x10° @
(¢,b)=(302°"80,
-44°.30)

R. Caputo et al.,, PRD 2016 21




Looking for Dark Matter

Small Magellanic Cloud

DM = bb
= 1w
) i
o |
E ww'- -
(& : -
% 108 -
\2-/ .
po4 ) (o
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LI— ll:l'w | ‘I ..‘L
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Q 0 - <o0u>=1x1026cm3s-1
L
104
10 b | “d . P— . . PR——
10 10° 107 10° 107
Energy Ey (MeV)

R. Caputo, UMD/NASA/GSFC | Fermi Summer School 2017

R. Caputo et al., PRD 2016
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Looking for Dark Matter

Small Magellanic Cloud
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Small Magellanic Cloud

Looking for Dark Matter
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Small Magellanic Cloud
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| —— Ohbserved Limit 1
] ====- Median Expected ]
68% Containment
85% Containment

—

o
|

lll

I T W e

' T
-t T T T T e TT
! T T -
_nl— T 1 T ]
! Observation consistent ]
I with known astrophysical ]
| sources prediction
10° 10° 10°

Energy (MeV)

i
o
=

Energy Flux (MeV cm~'s™")

R. Caputo, UMD/NASA/GSFC | Fermi Summer School 2017 R. Caputo et al.,, PRD 2016 23



SMC NFW profile (95% CL)

Ackermann+ 2015 =
(Dwarfs 95% CL) bb Cchannel

Buckley+ 2015
(LMC sim-mean profile 95% CL)

Calore+ 2014 (95% CL)
Daylan+ 2014 (95% CL)

Gordon & Macias 2013 (95% CL)
Abazajian+ 2015 (95% CL)

Thermral Relic Cross Section
(Steigman+ 2012)

o

GY



A
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Direct Detection
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B2l 25
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LHC Experiments:
ATLAS/CMS

Fermi-LAT

et LALLM )
htip:/featlos.ch

R. Caputo, UMD/NASA/GSFC | Fermi Summer School 2017 26



LHC Experiments:
ATLAS/CMS

Muon Spectrometer

Fermi-LAT

R. Caputo, UMD/NASA/GSFC | Fermi Summer School 2017 26



Missing Energy: the Challenge




Missing Energy: the Challenge




Missing Energy: the Challenge




Mono-Z Searches

d X
s /
NS 700

R

R. Caputo, UMD/NASA/GSFC | Fermi Summer School 2017 28



AN 700

R. Caputo, UMD/NASA/GSFC | Fermi Summer School 2017

No explicit dependence
on models
(ie: Supersymmetry)

Signature:
Z produced with
Missing Energy

28



Approach

\

Fermi-LAT Limit
arXiv:1503.02641

10°

WIMP mass m, [GeV]

10°
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R VAR VAR

W \VA\Y,

‘L J,Y | - \
Collider P N ATLAS/CMS

R. Caputo, UMD/NASA/GSFC | Fermi Summer School 2017 30
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Scintillation Vibrations

Nuclear recoill

R. Caputo, UMD/NASA/GSFC | Fermi Summer School 2017 31



Scintillauen Decay
Modulation
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ROSEBUD

CawO,,BGO

ZnWQs, AlOs ..

MNAIAD

ZEPLIN |
XMASS
DEAP

CLEAN
Nal(Tl), Xe,Ar, Ne, CF4

CUORE
CRESST |
TeC» ARO,, LiF

CDMS
EDELWEISS
Ge, Si

ZEPLIN 1,11
XENON
LUX
WArP
ArDM
SIGN
Xe,Ar, Ne

QUFP

PICASSO
CFil, C4Fi10

Ge, CS: C;Fa



CUORE
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Approach
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A Complementary
— Approach
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A Complementary

Conflrmatlon from dlfferent experlments "’;
|_____Isparamountto discovery

.—-''  Fermi-LAT

Cosmology.(  searches the sky.

Direct
) Detection

R. Caputo, UMD/NASA/GSFC | Fermi Summer School 2017 34
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33% of
Fermi Sources
are unassociated

JARK ENEFR Y 4

J. Beacom: New MeV Missions
are Essential and Urgent

Fermi DES LSST CTA MeV Mission
Today 2018 2020 2023 202
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Proposed new gamma-ray missions...

All-sky Medium Energy Gamma-ray Observatory: AMEGO

enhanced ASTROGAM: eASTROGAM

Advanced Energetic Pair Telescope

- Incomplete list -

: AdEPT

30 Continuum Sensitivity x E? [y MeV s~ cm~2]
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SPI

NuSTAR

B

w
AMEGO

1072

101 10° 10?

102 103 104

Energy (MeV)

10°

10°

R. Caputo, UMD/NASA/GSFC | Fermi Summer School 2017

ity (MeV em™ 57')

Continuum Sanst

10—

Astropart.Phys. 59 (2014) 18-28

Intense Star formation at

GC necessitates
understanding of
the MeV rage

arXiv:1206.0772
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War 0 Bwsl IA!".

it Sl e Astrophysics of
- s L ISEA lrlauve Dark Matter
(Special Dark)

Not to mention...

¥’
JARK ENEFR 3 ANl

33%of % e N Y 2
Fermi Sources 5 - W GAIA:
are unassociated kinematics
Fermi DES LSST CTA
Today 2018 2020 2023
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*At least for WIMPs

MAsE S c*
charpe = 213 u
gin 102
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4.8 MeVic
113 d
down
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charm

Other very well motivated candidates...

Not just one particle or force

De

electron
neutrino

R. Caputo, UMD/NASA/GSFC | Fermi Summer School 2017
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