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Dark matter in gamma rays

® DM does not carry electric charge, does not couple directly to photons (it is “dark”).

Continuum signal (example)
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Features of a DM signal

® | ook for both spatial and spectral identifiers.

® Astrophysical backgrounds for diffuse gamma-ray emission include photons
produced by:

® Cosmic ray protons striking the ambient gas, producing neutral pions
which decay to photons (“TT° gammas”) - roughly traces the gas density.

® |nverse Compton scattering of photons of the interstellar radiation field
by cosmic-ray electrons:“ICS gammas”.
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Features of a DM signal (Il)

® DM should also have a roughly spherical distribution, not following
the Galactic plane.

® There may be hot-spots corresponding to localized clumps of DM /
satellite galaxies, but the signal is generally predicted to be brightest
from the Galactic Center (of course, backgrounds are also bright
there).
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The ~GeV Galactic Center

Abazajian & Kaplinghat 2012

® Extended (non-pointlike) emission, with
an unusual spectrum, has been identified
in the center of the Milky Way (initially by
Goodenough & Hooper 09). Key features:

v
e
=
=
Q
O
o
:
<
o
0
C

® Peaks at a few GeV, spectrum

consistent with ~30 GeV DM
annihilating to bb. 4
spatial distribution  Gordon & Macias (1306.5725

Extended Source Counts

® |ocalized around the GC (most L o
studies focus on ~| degree radius — Mo =30 e, 100% 8 v=12

-« Mpyy = 10 GeV, 100% rtr
about the GC).

® Roughly spherical morphology, with
flux/volume scaling with

Galactocentric radius approximately as
(24-2.6
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An all-sky template analysis

® Use a diffuse-emission model made available by the Fermi Collaboration, using
dust and gas maps to model the TT emission and modeling ICS using the public
code GALPROP.

® |n each energy bin, fit the sky as a linear combination of:
® The diffuse model (interpolated to that energy).

® A uniform offset.
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The inner Galaxy excess

® The spectrum of the Bubbles develops
0-10 degrees - - -

pronounced curvature at low Galactic 10-20 degrees

: 20-30 degrees
latitudes. N 3040 degrees

r o 3 y - 40-50 degrees
’ X 2 g AT ~ . Diffuse model
® ConS|stent Wlth two components, one - F b GAIE;TSJ%& dgca
y k : -, SIE rem

flat in E2ZdN/dE and latitude, the other

f GALPR
with a bump at few-GeV energies and -1-1—1311«14-131ﬁ f; 4“ 1
falling rapidly with latitude. i
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® The amplitude and spectrum of this :
second component is consistent with M

extrapolation of the GC excess.

™y
wn
P
&~
£
L
>
)
=
W
°
2
©
o~N
L

® We hypothesize two signal components
- so we add an additional spatial
template, projected squared generalized-
10

NFW profile with inner slope y=1.2. Photon Energy [GeV]
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A DM-like morphology?
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Diffusgmodel - - ’}' I { _ ~. D#prrggel s g
(LPROP brim — - - - e b el the choice, the
GABPROP|IC —-- - S e RIS [+ 17 ao f :
Rl | It preters to
correlate the

spectral bump
with a DM-like

template, not
the bubbles.
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Photon Energy [GeV] Photon Energy [GeV]

® To avoid structures in the north (e.g. Loop |), fit in the southern sky only; mask the
area where b > -5° to minimize disk emission.This should be a “clean” fit (and no
spatial overlap with previous GC analyses).

® | eft panel: bubble templates only, right panel: NFWV profile included.
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Inner Galaxy vs the GC

® Red/black points = latest PRELIMINARY

analysis of Galactic
Center signal, normalized
assuming a generalized

NFW profile with y=1.2.

® Blue points = spectrum
correlated with DM-like
template from our full-
sky fit, masking | degree

Red/black = GC spectrum (Gordon
& Macias)
Blue = full-sky fit masked | degree

from the Galactic plane. from the plane
. : Dashed line = 30 GeV DM
® Thetwo Slgnals are in annihilating to b bbar (arbitrary
remarkable agreement, normalization)
and almost certainly | 1

share an origin. Energy (GeV)
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Robustness of the spectrum

. Inner Galaxy (1° mask) *
® |ndependent of details of the Inner Galaxy (south om);:, 5° mask)  x
. . Galactic Center (GM 13) o
DM-like spatlal template, e.g. Average pulsar spectrum
. 30 GeV b quarks - — — —
choice of low-r power-law 8 GeV 't + background -—-—- -
; Diffuse background
slope (tested varying Y 8 GeV Tt -

between | and 2).

® However, does depend on the
sky region used for the fit.

® Green data points show best-
fit spectrum for the DM-like
template in the southern sky,
masking b > -5°.

® This more sharply peaked
spectrum, if interpreted as
DM annihilation, prefers

PRELIMINARY

lighter DM annihilating to T ' ;
leptons (green dashed line). Energy (GeV)
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Over/under-subtraction

® Green dotted line = ' ey e L,
. Inner Galaxy (south only, 5° mask)
spectrum Of dlffuse Galactic Center (GM 13)
Average pulsar spectrum
background (shape BGQVD%:}Q figcgkgagﬁmz :
extracted from data, oy v ek e
normalization chosen by g SR
hand).

® Green dot-dashed line =
green dotted line +
spectrum from DM
annihilating to taus.

® The difference between the
two spectra can be well
explained by mis-subtraction
of the diffuse background. 1

Energy (GeV)
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A cleaner data sample

® The Fermi Collaboration has re-released their data set with a new
parameter, CTBCORE - describes event reconstruction quality.

® (Cutting on this parameter can give a photon sample with better

angular resolution at the cost of lower statistics (work in progress
by Finkbeiner & Portillo).

- ® Can redo the analysis with maps built from this high-angular-
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Consistency of spectra
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( S |
t - 4 0 +
LLJ’AJ‘{_ _L_qgl-_l _l“.LPJ_LAJ__ bk 0 1 ltal ;s_a_l__a_aL__L u S - _1 i .L P P

10 100 100
Energy (GeV) Energy (GeV)

BEFORE AFTER

® Spectral shapes are much more consistent.

® The resulting spectrum is more peaked in E2dN/dE than the previous fits close to the plane.

® Less consistent with the Fermi average pulsar spectrum. (The pulsar hypothesis also appears
inconsistent with the spatial distribution of the excess, see 1305.0830.)
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Morphology of the signal

!

o I Ib| > 5°, southern sky &
Previously there was also [ by-2qutherm g

I . Ib| > 1°, southern sk
some evidence for north \ P by 5% foll sy
south asymmetry in the
inner Galaxy signal.

® New cuts remove this
asymmetry - preferred
profile has y=1.3.

® Results look similar
masking 5° from the
plane (although the Ax?
values are smaller),
favoring slopes of |.2-1.3.

Hooper & TRS
1302.6589
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Morphology of the signal

500 g~~—'—r4’*4ﬁw T—T—"—h" '*';'7r4 ***** 'Y—j

Ibl > 1°, full sky | »

® Previously there was also Ibl > 1°, southem sky

some evidence for north-
south asymmetry in the
inner Galaxy signal.

400 ¢

® New cuts remove this 3°°L
asymmetry - preferred s P.RELIMINARY
profile has y=1.3. 200

r
t~

® Results look similar
masking 5° from the
plane (although the Ax?
values are smaller),
favoring slopes of |.2-1.3.
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DM interpretation

® In agreement with previous studies, the
signal prefers 30-50 GeV DM annihilating to
b quarks with a close-to-thermal-relic cross b bbar
section. PENSNFW

® Annihilation to taus only is acceptable if we
allow a diffuse-Galactic-emission or power-
law-like contribution to the spectrum (with
free normalization).

® The two ellipses show two different models
for the diffuse emission - work in progress
on parameterizing this systematic
uncertainty.

Some concrete toy models:

~10 GeV DM annihilating through a few-GeV dark photon (Hooper,Weiner & Xue 1206.2929),
~60 GeV scalar DM annihilating through the Higgs portal (1310.7609).
Effective field theory analysis done by Huang, Urbano & Xue in 1310.7609.
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Galactic Center update

® Updated results from the
Galactic Center using
CTBCORE-cut data appear in
agreement with Inner Galaxy
results.
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® Preferred profile slope ~1.3,
preferred channel ~30 GeV
DM annihilating to b’s, or
lighter DM annihilating to a
mixture of final states.
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3 : k Solid (7*7-) Dot—Dash (all) Dashed (bb)
® Fit performed using Fermi M= 6 GeV My= 8 GeV M= 25 GeV

3 1 : M,= 8 GeV M,= 10 GeV M,= 30 GeV
likelihood tools (unlike the M= 35 GeV
inner Galaxy analysis which is AL 0
done using independently 11 | 2 | 3
developed code). NFW Profile Slope (a)
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Status

® Ve observe a spectral feature in few-GeV gamma rays from the
inner Galaxy. It most likely shares an origin with the previously
reported Galactic Center signal.

® This feature is spectrally distinct from the known backgrounds,
and with recent improvements to the data selection, the
spectrum seems qU|te stable with respect to the degree of
o ),a |n 0 h

o 1aa

o
b " . T - aYa } fa '
.t"t-\ LA, - Burs ™ ' ‘-‘ 'y ' H it Ade " It “x *
’ S A - i_v". 4 - 1 v

/ A OF i
4 5 ' »l
BT ] ( L " A - o ‘o
po g M



Open questions

® How dependent are these results on the background modeling? (in progress,
+ looking forward to Galactic Center analysis from the Fermi Collaboration)

® What regions of DM parameter space provide a good fit to the signal?
(Tentative answer: annihilation of 10-50 GeV DM to b quarks and/or T
leptons, with a roughly thermal relic cross section.) What would this imply

for DM model-building?
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North-south symmetry
in the GC

Northern Sky =+
Southemn Sky (Renormalized) +—+—

a=1.26
X%/d.of =208
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The GC spectrum

30 GeV ->bb (. = 1.26) =+
10 GeV dem. (. = 1.23) +—a—t

X%/d.of=028
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Moving away from the GC

R<1°__

1°<R<3°
3" <R < 5" we—— 1° < R < 3° (Renormalized) =+

3° <R < 5° (Renormalized) =

PRELIMINARY X2dof(1°<R<3)=179 | a=126
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Tracy Slatyer - A Possible Dark Matter Signal in Gamma Rays from the Inner Galaxy



Impact of the
CTBCORE cut (Q?2

Inner Galaxy (1° mask, HS 13)
Inner Galaxy (1° mask, Q2)
Galactic Center (GM 13)
Average pulsar spectrum

— — — - 30 GeV b quarks

1
Energy (GeV)
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Spherical symmetry &
background modeling

NFW, P6V11 background <
NFW P7V6 background K
NFW-NS, P6V11 background .
NFW- EW P6V11 background ~
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Righ-energy mismodeling

NFW, P6V11 background <
NFW, P7V6 background

NFW-NS, P6V11 background -

NFW-EW, P6V11 background ~
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Diffuse background mis-
subtraction (pre-CTBCORE)

NFW p—x NFW south Iol > 5 w——x
NFWIbl >2 NFWsouthlbl > 2 w— %
NFWIbl >5 w— NFW south »——
NFW south x————x NFWIDI >5

NFW south Ibl > 2, NFW lol =2
NFW south Ibl >5 »—n NFW =

X chosen to match

X chosen to match
all-sky fit, 1° mask
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® |t turns out that the spectra extracted from all our fits are members of the same one-parameter
family of curves, related by:

fNFW(E) e fl(\)IFW(E) s CVfdiﬂ"use(E)

® Here (& is the free parameter describing the family of curves, and the diffuse model spectrum is
extracted from the data.

® The difference between the spectra in different regions can be explained by mis-subtraction of the
diffuse model, rather than true variation in the spectrum.



A consistent signal?

® Assume high-latitude

S 33 2y
emission is ICS.

”
”

X3 Ib|=1-10 deg.

® Take the high-latitude
electron spectrum,
assume the same
spectrum at low
latitudes, compute
photon spectrum from
scattering on the ISRF.
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® |n each band, normalize
CS spectrum to fit

nigh-energy data, : . 5.0 10.0 50.0100.0
subtract it and look at E, (GeV)

the residual bubble- Dashed line = 10 GeV DM annihilating to taus, chosen to fit GC
correlated emission. excess (no free normalization), extrapolated outward with squared

modified NFWV profile with inner slope r'-2.



A consistent signal?

® Assume high-latitude

emission is ICS. |b|=10—-20 deg.

® Take the high-latitude
electron spectrum,
assume the same
spectrum at low
latitudes, compute
photon spectrum from
scattering on the ISRF.
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® |n each band, normalize
CS spectrum to fit

high-energy data, 5 i, 5.0 10.0 50.0100.0
subtract it and look at E, (GeV)

the residual bubble- Dashed line = 10 GeV DM annihilating to taus, chosen to fit GC
correlated emission. excess (no free normalization), extrapolated outward with squared

modified NFWV profile with inner slope r'-2.



A consistent signal?

® Assume high-latitude

emission is |CS. |b|=20—-30 deg.

® Take the high-latitude
electron spectrum,
assume the same
spectrum at low
latitudes, compute
photon spectrum from
scattering on the ISRF.
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® |n each band, normalize
CS spectrum to fit

nigh-energy data, 5 1. 5.0 10.0 50.0100.0
subtract it and look at E, (GeV)

the residual bubble- Dashed line = 10 GeV DM annihilating to taus, chosen to fit GC
correlated emission. excess (no free normalization), extrapolated outward with squared

modified NFWV profile with inner slope r'-2.



A consistent signal?

® Assume high-latitude

emission is |ICS. [b|=30—40 deg.

® Take the high-latitude
electron spectrum,
assume the same
spectrum at low
latitudes, compute
photon spectrum from
scattering on the ISRF.
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® |n each band, normalize
CS spectrum to fit

nigh-energy data, . . 5.0 10.0 50.0100.0
subtract it and look at E, (GeV)

the residual bubble- Dashed line = 10 GeV DM annihilating to taus, chosen to fit GC
correlated emission. excess (no free normalization), extrapolated outward with squared

modified NFWV profile with inner slope r'-2.



A consistent signal?

® Assume high-latitude

emission is ICS. |b|=40—-50 deg.

® Take the high-latitude
electron spectrum,
assume the same
spectrum at low
latitudes, compute
photon spectrum from
scattering on the ISRF.

-
n
T
n
N
o
=
Q
e
=
Q
S
=]
©
NG
>t
T
o
=]

® |n each band, normalize
CS spectrum to fit

high-energy data, 5 1. 5.0 10.0 50.0100.0
subtract it and look at E, (GeV)

the residual bubble- Dashed line = 10 GeV DM annihilating to taus, chosen to fit GC
correlated emission. excess (no free normalization), extrapolated outward with squared

modified NFWV profile with inner slope r'-2.



