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Dark matter exists!

We just don’t know what it is ...



Coma Cluster of Galaxies

Hilubble,

NASA, ESA, and The Hubble Heritage Team (STScl/AURA) « Hubble Space Telescope ACS » STS¢l-PRC08-24




Coma: 1938 to today




Coma: 1933 to today

Fermi (NASA)
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From Theory...

> Phys. Rev. Lett., 117, 141801
(2016): Yoni Kahn, B.S., Jesse
Thaler

> Ultimate goal: Detect axion dark
matter from GUT-scale solution to
strong-CP problem
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...to Experiment
> ABRACADABRA-10 cm

_ _

/ ) 2N

L

» T
o). i

»> The team: J. Conrad, J. Formaggio,
S. Heine, J. Minervini, J. Ouellet, K.
Perez, A. Radovinsky, D. Winklehner,
L. Winslow, ...

» Funded by the NSF, data soon!
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DM annihilation

» O, h* = 0.1199 + 0.0027 (Planck + WMAP)

Relic abundance of thermal dark matter
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Relic abundance of thermal dark matter

DM SM | Time I—>

Q, b2

DM SM

R ——_
DM annihilation

» O, h* = 0.1199 + 0.0027 (Planck + WMAP)
3x 10726 cm3/s
(oav)

> QA% x 0.1 x (DM freezeout)



Hints of dark matter annihilation in Fermi data?
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Daylan et. al., 2014, Abazajian et. al. 2014, Gordon et. al. 2014; Calore et. al. 2014
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Excess may also arise from dim Point Sources

e Non Poissonian Template Fit (NPTF)

» JCAP 2015: S. Lee, M. Lisanti, B. S.
Phys. Rev. Lett. 2016: S. Lee, M. Lisanti, B. S., T. Slatyer, W. Xue
PRD 2016: T. Linden, N. Rodd, B.S., T. Slatyer
Astrophys. J. 2016: M. Lisanti, S.M. Sharma, L. Necib, B.S.
1612.03173: S.M. Sharma, N. Rodd, B.S.

e Wavelets: Phys. Rev. Lett. 2016: (R. Bartels, S. Krishnamurthy, C. Weniger)
e Population study: Fermi2017: (1705.00009)
e MSP model: Astrophys. J. 2015: T. Brandt, B. Kocsis
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Milky Way Center: largest gamma-ray flux from DM

GC bright but
significant backgrounds

» DM-induced flux « to L.O.S. integral of DM density:

_ 2
L. Pieri et. al., PRD 2011 (I)DM ~J= /df £DM



Milky Way Dwarf Spheroidal Satellites (dSphs)

Milky Way Dwarf
Spheroidal Galaxies
(low backgrounds)

GC bright but
significant backgrounds




Milky Way Dwarf Spheroidal Satellites (dSphs)

1022 —— Fermi dwarf (2016) .

thermal relic cross-section

10-271 bb
101 102 103 104
m, [GeV]




Extragalactic Halos

Extragalactic halos
(moderate background)
(high statistics)

Milky Way Dwarf
Spheroidal Galaxies
(low backgrounds)

GC bright but
significant backgrounds



Extragalactic Halos: stacked limit (Ny = 100)

10722 F — Galaxy groups (this work)
[0 95% containment

68% containment
10_23 P Galaxy groups, no boost
——  Fermi dwarfs (2016)
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Thermal relic cross section

10726
Fermi Galaxy Groups
2MASS Tully Catalog, bb

10777k .
101 102 103 10*
my [GeV]

» Real data: M. Lisanti, S.M. Sharma, N. Rodd, B.S.,

170X.XXXXX
» Simulated data: M. Lisanti, S.M. Sharma, N. Rodd, B.S.,
R. Wechsler, 170x.xxxxx e




DM annihilation with group catalogs

» 1. DM model + group catalog — gamma-ray flux map

Model / EFT Group catalogs Flux map

DM
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DM annihilation with group catalogs

» 1. DM model + group catalog — gamma-ray flux map

Model / EFT Group catalogs Flux map

D,

» 2. How do we search for that flux in Fermi data?

Fermi Data Background + Signal Templates Likelihood Profiles

200-2.52 GeV.

--Data

_isp EMMC6s%
MC 95%

ST 00 1t 107 o 10°
EdInpw/dE [GeVfem?/s/sr]



DarkSky (2014) N-body simulation

40962 particles, m ~ 7.6 x 107 M,

400 Mpc h~! per-side box, z < 93

galaxy-halo connection: populate with galaxies

Halo catalog generated with Rockstar group finder
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DarkSky: galaxy-halo connection

16 155
Luminosity-mass relation ~ Inferred vs true mass
15| DarkSky-400 simulation = 9 DarkSky-400 simulation
= us
14 =
£ 140
13 £ 135
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0
—— DarkSky (centrals) 2
: 125
11 —— DarkSky (+ satellites) )
12.0 L2
120 125 130 135 140 145 150

8.0 8.5 9.0 9.5 10.0 10.5 11.0 115 120
logio(L [Ls]) logio( Myir,true [M])

» J-factor depends on M., ¢, bsy (M), and z:
J=(01+ bsh(Mvir))/PaFW(&Q)deQ

» Navarro-Frenk-White (NFW) profile:

PNFW(T) = Pe 5
r/rs(L+1r/rs)

Cvir = 7"vir/rs




DarkSKky: concentration-mass relation

10%

—— Prada DarkSky median
—— Diemer W DarkSky 68%
Correa

DarkSky 95%
£
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10°

Concentration-mass relations
12.5 13.0 13.5 14.0 14.5
logyo(Muir [Mo))

v
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J-factor depends on My, ¢, bgh(Myir), and z:

J=a+%mm»/@m@m@m

M, 3
Jr (1 + bsh (Mvir)) i

d(z)?




Boost factor from DM sub-halos

10°
—— Bartels = ==--- a = 2.0, My = 107M
10 —— Moliné e =19, My, = 10°M;
—— Sanchez-Conde  ——. a = 1.9, My, = 10*M,,
10° Gao o = a( M), My = 107°M,,
Z 10
10! B2
100F e ol
Substructure boost models
107!
11 13 14 15 16
. logyo(Miir []u“])
This work

» J-factor depends on M, ¢, bsh (M), and z:

T = (14 bin (M) | Rew(s. Q)dsd



Boost factor from DM sub-halos

» Boost-factor given by integral over sub-halo population
dN/dm ~ m~"9 (for field halos)

1 dN
bSh( VIr) Lhost(Mvir) / mdm Sh(m)



Boost factor from DM sub-halos

» Boost-factor given by integral over sub-halo population
dN/dm ~ m~"9 (for field halos)

1 dN
beh (M :/dmL m
sh (Mo Lost(Myir) dm sh(m)
» Sub-halo luminosity Lgp(m)

Lgn(m) ~m ¢



Step 2: Fermi data selection

0.6-1.6 GeV 20-63 GeV
AT
&G
» 40 log-spaced bins between 200 MeV - 2 TeV

» 423 weeks Pass 8 UltracleanVeto

» mask: large-scale structures, |b| < 5°



Profile likelihood in 10° halo ROls

p8r2 diffuse model Fermi bubbles Isotropic emission

-

Ai + 3FGL PSs




DarkSky: top ~100 halos
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Real data: 2MASS redshift survey

Corona Borealis
Supercluster (0.072) Superc

dbhiuchus

Abell 634
Cluster (0.025) s CMB dipole

Abell 569 ~
Cluster (0.019;

Columba
Cluster (0.034)
Norma & Great Attractor

(0.016)

Large Magellanic Cloud

Fornax Cluster (20 Mpc)
o-Indus Superc?uster (0.067)
Scu!ptarosgpe;duster SUPefC‘USIEV (0.015)

.054;

Pisces-Cetus
Supercluster (0.063) Cetus
(0.02) Redshift (Vi / )

| = . )
1108.0669 000.010.02 003 004005 006 007 0.08

2MASS: 1997 - 2001 infrared survey (K < 13.5 mag)
2011: spectroscopic followup survey (CFA)

44,599 2MASS galaxies with K¢ < 11.75 mag

Tully 2015: group catalog

vV v.vyYy



DarkSky N-body simulation vs real data

Coma Cluster

Jint [GeVZ em ™)

108 1019
Jirue [GeV? ecm™]



Real Data limit consistent with DarkSky

» Remove handful of halos with large cosmic-ray emission
(TS > 5, o4v > 10 x best indiv. limit)

10_22 P —— Galaxy groups (this work)
[0 95% containment, -
68% containment

10_23 P Galaxy groups, no boost
——  Fermi dwarfs (2016)
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Extragalactic annihilation summary

» First systematic search for DM annihilation from
extragalactic halos

» Fermifuture: combines datasets (e.g., Fermi data + galaxy
group catalogs, DES for dSphs )
» Combined EG + dSphs with Alex Drlica-Wagner in the
works
» In progress: Fermidata + galaxy group catalogs for
astrophysical source

» Galaxy-group J-factor catalog (to be released) likely useful
elsewhere (e.g., HAWC, NuSTAR, ...)

» WIMP DM is on the run: may detect soon, but should take
seriously alternate proposals (e.g., axions, heavy DM, - - -)



Template fitting code available

» https://github.com/bsafdi/NPTFit: S. M.-Sharma, N. Rodd,
B.S., 1612.03173. Open-source code for performing
template analysis

#NPTFit
Docs » NPTFit Documentation OFEdit on GitHub

NPTFit Documentation
NPTFit lized Pyth 8
(NPTF), iz The main

features of the package are

« Fast evaluation of ikelihoods for NPTF analyses

fits using MultiNest or other inference tools

« Aty y . th an arbitrary number of
degrees of freedom in the modeled flux distribution

Installation

Outof the box, dlinked

prior touse.

NPTFit supports both Python 2 and 3, specifically 2.7 and 3.5. It may work with earlier 3 versions,
although this has not been tested.

Make sure Cython s installed (e. pio instal1 cython ). NPTFit along with t's dependent Python

packages can then be installed with

3 python setup.py dnstall




Questions?



Extragalactic backup



Top few halos dominate limit

10—23

10—26 L

—— Halos < Ny

—— Halos > Ny

Fermi Galaxy Groups
my = 100 GeV, bb |
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80 100 120 140

Ny (Halo number)



Systematics

2 . . g —— Fiducial
107* ¢ Fermi extragalactic clusters ) Fiducial 1o boost
Systematic variations — 7 diffuse
—— Top PSF quartile
107% —— Diemer concentration
Myyinsn = 10°Mp,
— ——  Gao boost
R () S S G« o~ P R Sanchez-Conde boost
mﬁ —— Burkert profile
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Recover Injected with DarkSky
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Poissonian template fit: stacking halos halo

» Sum log-likelihood (py,(d|Yppm)) of individual halos

log p(d|vom) = Y _ log pa(d|vom)
h

» Construct likelihood profiles for ov at fixed mpm

p8r2 diffuse model Fermi bubbles Isotropic emission

SO

+ 3FGL PSs




WIMP Indirect Detection

Early Universe
DM annihilation
sets DM abundance

DM

Image credits: AMS, Fermi, IceCube, NASA, Scitechdaily



DarkSky: compute J-factors for halos

log1o( My [M @])
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Poissonian template fit: individual halo
» Model params.: § = {wDMa Anuisance} (wDM = {mDM7 UAU})



Poissonian template fit: individual halo

» Model params.: 0 = {wDMa Anuisance} (wDM - {mDM7 UAU})
» Likelihood in energy bin i with pixelated data d; = {n’'},:

pi(di]0) = H“

nf e M,(Q)



Poissonian template fit: individual halo

» Model params.: 0= {wDMa Anuisance} (¢DM = {mDM: UAU})
» Likelihood in energy bin i with pixelated data d; = {n’'},:

A(d;]0) = H pi
» maximize over nuisance parameters: A = ({\;}, J)
39

log J — log J)?
log p(d[ypm) = max, (Z max, log p;(d;|0) — (log 952 5J) )
i—0 UlogJ

nf e M,(Q)




Poissonian template fit: individual halo

» Model params.: 0 = {wDMa Anuisance} (wDM - {mDM7 UAU})
» Likelihood in energy bin i with pixelated data d; = {n’'},:

A(d;]0) = H pi
» maximize over nuisance parameters: A = ({\;}, J)
39

log J — log J)?
log p(d[ypm) = max, (Z max, log p;(d;|0) — (log 952 5J) )
i—0 UlogJ

nf e M,(Q)

p8r2 diffuse model Fermi bubbles Isotropic emission

SO

+ 3FGL PSS




DarkSky N-body simulation vs real data

DarkSky 1 DarkSky 2

0 GeV? em Tot14 0 GeV? em 7 Tot14

J J
DarkSky 3 Real Data (Tully 2015)

0 GeV? em Tet1d 0 GeV? em Tet14



Real data: 2MASS group catalog (Tully 2015)

T T T T T T T T

330 325




Real data: 2MASS group catalog (Tully 2015)
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DarkSky (2016): mock galaxy catalog
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Stellar Mass
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Galaxy Surveys (SDSS) Simulations

Risa Wechsler, Stanford




Boost factor from DM sub-halos

» Boost-factor given by integral over sub-halo population
dN/dm ~ m~? (for field halos)

1 dN
Sh( Wr) Lhost(Mvir) /dm dm sh (m)



Boost factor from DM sub-halos

» Boost-factor given by integral over sub-halo population
dN/dm ~ m~? (for field halos)

1 dN
Sh( Wr) Lhost(Mvir) /dm dm sh (m)

» Sub-halo luminosity Lgn(m)

Lgn(m) ~mc’



Boost factor from DM sub-halos

» Boost-factor given by integral over sub-halo population
dN/dm ~ m~? (for field halos)

1 dN
Sh( Wr) Lhost(Mvir) /dm dm sh (m)

» Sub-halo luminosity Lgn(m)

Lgn(m) ~mc’

» Can be very sensitive to mmin



Boost factor from DM sub-halos

» Boost-factor given by integral over sub-halo population
dN/dm ~ m~? (for field halos)

1 dN
ben(Myiy) = —————— [ dm—L
Sh( Wr) Lhost(Mvir)/ mdm Sh(m)
» Sub-halo luminosity Lgn(m)

Lgn(m) ~mc’

» Can be very sensitive to mmin
» mmin determined by horizon size at kinetic decoupling:

T \°
Mmin ~ 3 x 107 M, (50 MeV)




Boost factor from DM sub-halos

» Boost-factor given by integral over sub-halo population
dN/dm ~ m~? (for field halos)

1 dN
bsn(Myiy) = —————~ | dm——L
Sh( Wr) Lhost(Mvir)/ mdm Sh(m)

v

Sub-halo luminosity Lgn(m)

Lgn(m) ~mc’

v

Can be very sensitive to mmin
mmin determined by horizon size at kinetic decoupling:

T \°
Mmin ~ 3 x 107 M, (50 MeV)

v

v

Kinetic decoupling depends on elastic-scattering with SM

mX 3/4
Tia ~ 50 (50 GeV) MeV




Boost factor: importance of ¢(M), dN/dM

30

20— N

WMAPS cosmology
c—M model

bosed on MAH

— — — High-moss

N c=M relation

Mass-accretion history
different for large/small
halos




Boost factor: importance of ¢(M), dN/dM

30

20—

<L
= Smaller halos

: Mass-accretion history
o0 _form earlier

different for large/small
halos

» (M) steepens at low m from tidal stripping
» dN/dM hardens at low m from tidal stripping
» Low-mass halos tidally stripped (Bartels et. al. 2015)



DarkSky: top ~100 halos
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