Searching for Dark Matter Signals from
the Center of the Milky Way

Focus on recent work with:
IC, Zhong, McDermott, Surdutovich, PRD 105, 103023 (2022)
(will mention other works with Tim Linden and Dan Hooper as well)
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e THERE ISALOT OF “IT” (now and in the past
history of the Universe)
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The significance of Dark Matter (DM): We are searching
for new fundamental physics.

A class of DM models: Weakly Interacting Massive
Particles (WIMP)

Searching for Interaction of DM with Known Physics




- Are we fully exploring the data? Is there a signal
lurking within our observations?

- Do we have a good control of “systematics”? If Dark
Matter is the Signal, do we understand the back-
ground astrophysical uncertainties & astrophysical
alternatives?
Will discuss
I) connection between cosmic rays and gamma rays in the

and modeling the Milky Way
i) using gamma ray observations to search for dark matter

ili) associations with antimatter cosmic rays



A rough sketch of the Milky Way
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With CR spectral measurements we

, and probe sources
of high energy cosmic rays (CRs) including dark matter that
could give a signal in antimatter.



The AMS-02 experiment on ISS
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FIG. 1 (color). A 1.03 TeV electron event as measured by the
AMS detector on the ISS in the bending (y-z) plane. Tracker
planes 1-9 measure the particle charge and momentum. The
TRD identifies the particle as an electron. The TOF measures
the charge and ensures that the particle is downward-going. The
RICH independently measures the charge and velocity. The
ECAL measures the 3D shower profile, independently identifies
the particle as an electron, and measures its energy. An electron
is identified by (i) an electron signal in the TRD, (ii) an electron
signal in the ECAL, and (ii1) the matching of the ECAL shower
energy and the momentum measured with the tracker and
magnet.

Lunched on May 2011, will collect data for 20 yrs.
Measuring all CR nuclei species up to Ni.
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Modeling the ISM galactic production and propagation uncertainties for

cosmic rays =
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Modeling the ISM galactic production and propagation uncertainties for
cosmic rays
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Cross-checking with the PROTON data that account for the majority of
observed cosmic rays; monthly AND total (i.e ISM & Solar Modulation):

Bartel's Rotation
2436 2441

N

—_— —_—

. .

) —
IIIIIIIII|IIIIIIIII|IIIIIIIII|IIIIIIIII

- ¢ AMS-02 for R=3.29-3.64 GV§
— Qur Solar Modulation Model
- ---Constant &(t)

05/11 10/11 02/12 07/12 12/12
Time (month/year)

o O
o ©

Hydrogen Flux/Average

Bartel's Rotation
2436 2441 2446

bt

o
O

- ¢ AMS-02 for R=5.37-5.90 GV
- —— QOur Solar Modulation Model E
- ---Constant ¢(t) E

05/11 10/11 o 102/12‘ o lo7/12‘
Time (month/year)
Constraining the form of the Modulation potential and the ISM p spectrum

In a recursive mannetr.

@)

o9
© ©
O

Hydrogen Flux/Average




Repeating for multiple Cosmic-Ray species we can constrain the physical
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third dimension (not shown) — energy
The Fermi-LAT Gamma-ray SKY
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third dimension (not shown) — energy
The Fermi-LAT Gamma-ray SKY

- latitude, b—

4
i)Galactic Dif uSe Emissian: decay of p|Os (and other mesons) from pp (NN) collisions in
the ISM, bremsstrahlung radiation off CR’e, Inverse Compton scattering: up-scattering of
CMB and IR/ optical photons from CR e
ii)from point sources (galactic or extra galactic)
iii)Extragalactic Isotropic

Sources for the observed gamma rays are:




third dimension (not shown) — energy
The Fermi-LAT Gamma-ray SKY

- latitude, b—

T _ Sources forthe bser\}e gamma-rays are:
i)Galactic Dif; use Emissien: decdy/of p|Os and dther mesons) from pp (NN) collisions in

the ISM, bremsstrahlung radiatigh off CR’e, Inverse Compton scattering: up-scattering of
CMB and IR/ optical photons ffom CR e

ii)from point sources (galactiC or extra galactic)

iii)Extragalactic Isotropic

Iv)’extended sources”(Fermi Bubbles, Geminga, Vela ...)
iv)misidentified CRs (isotropic due to diffusion of CRs in the Galaxy)




BUT ALSO the UNKOWN, e.g. Looking for

For a DM annihilation signal
We want to observe:

m,=100 GeV

Steigman et al. 2012 10

E, (GeV)

PYTHIA: Sjostrand et al. 2006 & 2007 Springel et al. 2005,

HERWIG: Corcella et al. 2001 Kuhlen et al. 2012,
Vera-Ciro et al. 2014



Using templates on Gamma-ray maps —>
It’s first use led to the discovery of the Fermi(Haze)-Bubbles

Dobler, Finkbeiner, IC, Slatyer, Weiner, ApdJ, 2010
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Fermi Bubbles
Su, Slatyer, Finkbeiner Apd 724, 1044 (2010)

Planck intermediate results. IX. Detection of the Galactic haze with

Fermi bubble interior template Fermi bubble shell template
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Fig.9. Top: The microwave haze at Planck 30 GHz (red, —12 uK < ATcmp < 30 uK) and 44 GHz (yellow, 12 uK < ATcpmp < 40

2 uK). Bottom: The same but including the Fermi 2-5 GeV haze/bubbles of Dobler et al. (2010) (blue, 1.05 < intensity [keV cm™2
107 En X F ( GeV ) s™! sr7!] < 1.25; see their Fig. 11). The spatial correspondence between the two is excellent, particularly at low southern Galactic
0 cm? s sr latitude, suggesting that this is a multi-wavelength view of the same underlying physical mechanism.

Fermi-LAT Collaboration
Result Apd 2014



Using templates on Gamma-ray maps
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Using templates on Gamma-ray maps
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Pi0O Emission at 1.02-2.24 GeV Bremss Emission at 1.02-2.24 GeV ICS Emission at 1.02-2.24 GeV
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The galactic center
A place to look for Dark Matter Annihilation

“ Wide-Field Radio Image of the
x Galactic Center

Sgr D HII a A=90 cm
(Kassim, LaRosa, Lazio, & Hyman 1999)
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(Original data from the NRAO Very Large Array courtesy of A. Pedlar, K. A b iah, M. Goss, & R. Ekers




Looking for excesses in the galactic center

Using Templates: Claim:
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Daylan, Finkbeiner, Hooper, Linden, Portilo,
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Also: Hooper & Goodenough PRL 2011, Abazajian JCAP 2011, Hooper & Linden PRD 2011,
Gordon & Macias PRD 2014. Zhou et al. PRD 2015. Ajello et al. Apd 2016




Going to High Latitudes (Inner Galaxy)

Advantages of looking further away from the center:

I)For a DM signal, you now have a prediction on the spectrum and
its normalization based on the DM distribution.




Modeling the background gamma-ray sky: Interplay with
Cosmic-Rays & the ISM

v ICS ModA v 79 + Bremss ModD

BRSNS | e exact

ot e Mot can affect both
) the gamma-ray

and its morphology

on the galactic sky.

ong, McDermott,
Ardutovich, PRD 2022
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Accounting for the galactic diffuse emission uncertainties

We use models, accounting for unceriainties related to the diffusion of CRs,
the presence of convective winds, diffusive re-acceleration, energy losses,
CR injection sources, gas and other interstellar medium properties. From the
existing literature and in 2015 we created our own (60) models —> 6660
different Templates!




Accounting for the galactic diffuse emission uncertainties

We use models, accounting for related to the diffusion of CRs,
the presence of convective winds, diffusive re-acceleration, energy losses,
CR injection sources, gas and other interstellar medium properties. From the
existing literature and in 2015 we created our own (60) models—>

different Templates!

It turns out that it actually does not affect dramatically the excess spectrum:

) GC excess spectrum with

stat. and corr. syst. errors




Accounting for the galactic diffuse emission uncertainties

We use models, accounting for related to the diffusion of CRs,
the presence of convective winds, diffusive re-acceleration, energy losses,
CR injection sources, gas and other interstellar medium properties. To
account for new observations in 2020-2021 we created and tested 45K high
resolution templates.
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The profile for the GCE. Does it look like a DM signal?
IC, Zhong, McDermott, Surdutovich, PRD 2022

Observed Emission at 1.02-2.24 GeV

Roughly consistent between
southern and northern galactic
hemisphere as expected from
South dark matter

The GCE at North vs South

— GCE from the five best fit models at North
BN GCE 20 fit range for the five best fit models at North
—— GCE from the five best fit models at South

GCE 20 fit range for the five best fit models at South

7




The profile for the GCE. Does it look like a DM s:gnal ?
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If this is a DM annihilation signal what do we learn
about the particle physics?
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Adding an MSP component affects
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unaffected.

The mass range preferred very
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Combining all Indirect DM searches
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IC, Zhong, McDermott, Surdutovich, PRD 2022

Maps, Astrophysical Models and Correlated Errors publicly available via Zenodo

GCE statistcial errors
GCE correlated systematic errors
DM spectrum best fit
MSP spectrum best fit
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TABLE V. The first four principal components of the systematic uncertainty contribution to the covariance matrix, defined as in
Eq. (16), in units of 1077 GeVem=2?s~!sr !,

PC; D, 0, O3 O OF D O, O Dy Dy O D D3 Dy
PC, 2.52 2.37 2.47 2.43 2.19 2.35 2.08 1.83 1.65 1.69 138 1.09 067 0.34
pC, -1.70 -1.07 -=0.16 0.14 0.54 0.42 0.40 0.31 0.58 041 056 048 041 0.33
PC; 0.27 0.06 -0.53 =022 -0.21 —-0.18 —-0.08 0.25 0.04 045 023 024 020 0.24
PC, 0.20 -0.15 0.15 -0.14 006 -004 -004 -0.27 008 -025 0.11 025 027 0.17



https://zenodo.org/record/6423495#.Yp9hmuzMIXp
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Even when we allow for an additional stellar bulge component (probing MSPs)
component, we still get preference for a dominant cuspy NFW-like profile
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Ongoing Preliminary:

Comparison with Abazajian et al. 2020 results.
We use their templates and still find a NFW-like GCE irrespective of
the fitting method.
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Further Tests of injected Mock Maps versus what we recover from the fits:
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Ongoing Preliminary:
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Ongoing Preliminary:
Further Tests on the GCE morphology with Alternative Wavelet based
Masks:

gooo[ T ——— T T 18000 8000 SR T T T TT8000
= Model XLl 4 = Model XLI 4
Model XLIII Model XLIII
N Model LV b N Model LV b
6000 - Model XV 6000 6000 - Model XV -6000
i Model XLIX i Model XLII b
) ) f f
C
S 4000 - 4000 S 4000 - 4000
N * I * *
2000 - 12000 2000 - 2000
O \1\ . /v/ O O \ . ] | | | | | | O
0.5 1.0 1.5 2.0 0.5 1.0 1.5 2.0
Zhong, Cholis, McDermott (2022 in prep.) ;
8000[ T~~~ T T T T T T T T 18000
- Model XXVIII .
Model XXX
Model LIlI :
6000 - Model LXI 6000
i Model XXX b
S i |
C
5 4000 wﬁmoo
[Q\ L _
I
2000 - 2000
0




0T X T'T— 0L—
S 322353
0T X T'L— LOCO S 2 099~
HMMNMGh3
. T o<t
0T X9 L— e;A P 09—
al®
gs,
=
| =
3

(0T X L'T—

o086+
0T X 0°¢— oGt
0T X 6°L— o 0T+
T T 2 199 T T
(0T X 61— e oS+
T T d m —_— —— ' _
0T X 96— mmw W 06+
T T - o ‘r ' _
01 X 82— gES — ol
T T b%m 'l 'I_ T
0T X &6~ A g ) W 097
_ - 00 = ——— _
mOﬂ X ¥'G— GIORS W om©|_l
O X T'T—=7JU Ve -- M o0L+
% © ~ ~ = ~ ~ © e

10

[1-38 -8 (WO AD ) 0T] FP/dPH



Model bs, NFW & 4FGL Mask
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Looking at the antiproton to proton ratio find an the
excess at~3 sigma

Supernova,
also seen in IC, Hooper, Linden PRD 2017
10-24 ~ c ISM Model |
; | "
12 AN
o ; 1 m,=80 GeV bb
10~2° 2 050 ov=1.3x10"®cm3s™" -
_ .3
,l,”’ 0 g 5 0.10
£107° = |
O -4 4 0.05
~ - - R
8 g 0.5 5 50 500
o 6 | _
10-27 20 Limit “12 5 4 I ‘
3’ 2 yll ”||”|”| III"l i I |
_16 I:g O b b ki | | "!"I!i! ”i”l
S 2
. ISM Model I 20 = |
10 10 100 1000 218 & -6 05 5 50 500
mX (GeV) Exin (GeV/n)

IC, Tim Linden, Dan Hooper PRD 2019

See also A. Cuoco et al. PRD 2019
Earlier results: Cuoco et al. PLR 2017,Cui et al. PRL 2017




How about heavier nuclei?

AMS, has unofficial claims of anti-He CR
> (cosmic-ray proton. €VENtS (Not all at the same year).

g L2rget proton (in the ISM)
P
»
N P ﬂ MERGE (coalesce)

d

cosmic-ray antideuteron



Antimatter flux Uncertainties
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And a little extra positrons....

Utilizing cosmic-ray positron and electron observations to probe

the averaged properties of Milky Way pulsars
Ilias Cholis®'" and Iason Krommydas 2

1Depazrtment of Physics, Oakland University, Rochester, Michigan 48309, USA
2Physics Division, National Technical University of Athens, Zografou, Athens 15780, Greece

® (Received 19 November 2021; accepted 4 January 2022; published 14 January 2022)

Pulsars have long been studied in the electromagnetic spectrum. Their environments are rich in high-
energy cosmic-ray electrons and positrons likely enriching the interstellar medium (ISM) with such
particles. In this work we use recent cosmic-ray observations from the AMS-02, CALET, and DAMPE

and likely release O(10%) of their rotational energy to cosmic rays in the ISM. Finally, we find at ~12 GeV
positrons a spectral feature that suggests a new subpopulation of positron sources contributing a1 these

energies. 10 100
‘ ‘ ]

—— Pulsar Model | (x°/d.o.f.=1.03)
—— Pulsar Model Il (x*°/d.o.f.=1.14)
——— Pulsar Model Ill (x*/d.o.f.=1.23)
Pulsar Model IV (x°/d.o.f.=1.24)
—— Pulsar Model V (x%/d.o.f.=1.40)
® AMS-02 6.5yrs

0.1




The profile for the GEV excess. Does it look
like a DM signal?

The flux associated to the excess emission at 2 GeV vs galactic
latitude: Calore, IC, McCabe, Weniger, PRD 2015

Hooper&Goodenough 2010 Calore+ 2014

GeV excess emission Boyarsky+ 2010 Fermi coll. (preliminary)

at £ =2 GeV Hooper&Slatyer 2013 --++  contracted NFW ~ = 1.26
Gordon+ 2013 Fermi Bubbles (extrapolated)

Abazajian+ 2014 HI + H2 (at z < 0.2 kpc)
Daylan+ 2014

10
Galactic latitude |b| [deg], at £ = 0°

The excess signals from different analyses,



A simple Question: Can the
CSP Be Bright Enough?

e (Given an assumption about the
“luminosity function” (the
dependence of Nps on Lps),
can ask if “point source-y” PSs
are compatible with unresolved
PSs accounting for the GCE

Inner Galaxy
wavelet analysis

- r\..i.
. QK

GCE intensity \\b \
“\ / :

N
e Claimin 2015 was “yes” if the
luminosity function had a

power-law index a.=1.5 107 5 o s

Maximum 7-ray luminosity, L.y [erg s™1

Bartels et al., 1 506051 04
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An alternative Millisecond
pulsars (recycled pulsars)

e (Given an assumption about the
“luminosity function” (the

Inner Galaxy
dependence of Nps on I—PS), wavelet analysis
can ask if “point source-y” PSs L

Strong Support for the Millisecond Pulsar Origin of the Galactic ACenter GeV Excess

Richard le,rtols,l'h Suraj Krishnamurthy,»|" and Christoph \f\v"'(*.nio'(‘.r"E
\ . o

YGRAPPA Institute, University of Amsterdam, Science Park 904, 1090 GL Amsterdam, Netherlands
(Dated: 4 February 2016)

inosity tunction had a

power-law index a=1.5 107 5 - 0%

Maximum 7-ray luminosity, L.y [erg s™1

Bartels et al., 1 506051 04




The 4FGL Catalog

1FGL
2FGL
3FGL
4FGL
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Energy flux 0.1-100 GeV (10™'% erg/cm?/s)

Abdollahi et al., 1902.10045




The 4FGL Catalog
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Energy flux 0.1-100 GeV (10'? erg/cm?/s)

Abdollahi et al., 1902.10045




pb-dependence of detection
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The Masks of ditferent Fermi
Catalogs (#FGL)




What are wavelets?

Wavelets have been used in image compression (JPEG), de-
noising, fast signal identification, even in HEP data

Allow analysis of data in both time/space and
frequency space ¢

Wavelet Transform of M51 Fabricio Ferrari, 2009

‘ RS

Different type of structures
will have a different power at
different levels of the decom-

small scale structures vs
larger scale variations).

1

Wavelets can find these different structures.




GCE: “Wavelet” search for point-like

gamima-ray sources
Zhong, McDermott, IC, Fox, PRL 2020 (1911.12369)

117 peaks (w/ S>4) > 109 peaks near 4FGL




How to characterize a
Central Source Population”

dN/dL

Lnin = gamma-ray physics
L« — detection threshold




L uminosity Function

dN/dL

Lnin ™ gamma-ray physics
Lin — detection threshold




L uminosity Function

dN/dL

Lnin ™ gamma-ray physics
L — detection threshold

<thr L dN/dL dL “= GCFE’



L uminosity Function

dN/dL Lsub—threshold

Lmin = 1022 erg/s
Linr — 1034 erg/s

<thr L dN/dL dL “= GCF’



. uminosity Function®

dN/dL Lsub—threshold

Lmin — 0
o Linr = 3x1034 erg/s

erg/s

Lmax = 10°°

.
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L uminosity Function

dN/dL Lsub—threshold

<thr L dN/dL d



Compare Spectra

Zhong, McDermott, IC, Fox, PRL 2020 (1911.12369)

= == NFW, 2FGL mask NFW, 4FGL mask
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implications for GCE
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implications for GCE

Zhong, McDermott, IC, Fox, PRL 2020 (1911.12369)
Leane & Slatyer PRD 2020
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GCE: Template Fit Results

Zhong, McDermott, IC, Fox, PRL 2020
2FGL mask, NF'W 4FGL mask, NFW

— tot ICS — isotropic

— tot ICS — isotropic
— 710 & Brem — Bubbles — NFW

— 79 & Brem — Bubbles — NFW

AN, /dE. [GeV/cm®/s/sr]
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TABLE I. Difference in —21In A\ (lower numbers are better) at
the best fit points of each model, summed over energy bins,
compared to our best fit for each mask.

Type of Mask|NFW |gNFW [no excess




Counting “Wavelet” Peaks

w0
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—— Pata (no mask) Data (3FGL mask) - Data (4FGL mask) —+ Diffuse only (4FGL mask)

Zhong, McDermott, IC, Fox, PRL 2020

wavelet statistics change qualitatively with 4FGL!



DM or Cosmic-Ray Burst activity still work

No additional small-scale structure,
so it looks just as good as diffuse-only
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¢~ Data (4FGL mask) —+ Diffuse only (4FGL mask) —+ Diffuse + DM (4FGL mask)

3 DM models x 60 diffuse models x 100 trials




AMS-02 pbar/p ratio and Dark Matter
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P (cosmic-ray proton) ¥ '“*HH* ,
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P AMS Coll. PRL.117.091103 (2016)

(cosmic ray antiproton)

Could we have an
additional contribution?
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What about the Antiproton to Proton Ratio
Uncertainties?

Antiprotons background uncertainties are very large.

They are associated with:

I) the antiproton production cross-section from CR
protons and heavier nuclei collisions with the ISM
gas

li) the propagation of CRs through the ISM

lif) Solar Modulation (the propagation of CRs through
the Heliosphere)



Combining all uncertainties together and
marginalizing over them:
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Looking at the antiproton to proton ratio find an the
excess at~3 sigma

' 1 I
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—— Limit dSphs bb, Albert (2016)
38 1 GCE, Calore (2014)
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10—27 | Lo | | Lo
102 103
-16 mpm [GeV]
ISM Model I 20
—28 | | ]
10700 100 1000 218
m, (GeV)
IC, Tim Linden, Dan Hooper A. Cuoco et al. PRD 2019
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IC, Linden, Hooper PRD 2019
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2 AMS 5-years senslitivity

W= MED-MAX

0 T N ) N i
T/n [GeV /n]

There is an unexpected amplitude on the flux of anti-He




Anti-deuterons Uncertainties

Eiin % ANo/dEin (Mm™2s™'sr™)

ISM Model I, 6=0.40, z,=5.6 kpc
— At source d Spect.
Arb. Norm.) *

Sol. Mod. Unc.
Inj. & ISM Unc.

p-p cr. sec. & pp momentum Unc.

Combined Back. Unc.
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IC, Linden, Hooper PRD 2020



_ Diffusive re-acceleration in
o AMS AMS  m =67 GeV bb : :
LIRU av-2x102emis - regions of high turbulence
Vs . can reshape antimatter
T e cosmic-ray spectra from
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