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Possible contribution: YWIMP Dark Matter

Energy density of the universe:

Atoms

Dark
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Dark 68.3%
Matter
26.8%

TODAY




WIMP Dark Matter: freeze-out

= Standard cosmological
history: Well motivated
"production” mechanism

Nudlear Fusion Begins
Nuclear Fusion Ends
Cosmic Microwave Background
Neutral Hydrogen Forms
Modem Universe
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WIMP Dark Matter: freeze-out

= Standard cosmological
history: Well motivated
"production” mechanism

Neutral Hydrogen Forms
Modem Universe

Nudlear Fusion Begins
Nuclear Fusion Ends

Cosmic Microwave Background
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» Conection between
By cosmology and particles

Age of the Universe

Dark Matter
freeze-out
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WIMP Dark Matter: annihilation today
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Searches for WIMP Dark Matter annihilation
in the inner galactic region

Fermi-LAT, >1 GeV:

» Subtract: Diffuse foregrounds + Point sources

Fermi bubbles

[see e.g. Calore, Cholis, Weniger]



Searches for WIMP Dark Matter annihilation
in the inner galactic region

= Excess over the known foregrounds:
[Calore, Cholis, Weniger: 1409.0042]
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Searches for WIMP Dark Matter annihilation
in the inner galactic region

= Excess over the known foregrounds:
[Calore, Cholis, Weniger: 1409.0042]

— — broken PL --=- DM T+~

""" PL with exp. cutoff 3 GC excess spectrum with |
- DM bb stat. and corr. syst. errors |
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Astrophysical explanation?
[see e.g. 1405.7928, 1411.2980, 1506.05119]



Searches for WIMP Dark Matter annihilation
in the inner galactic region

= Excess over the known foregrounds:
[Calore, Cholis, Weniger: 1409.0042]
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Astrophysical explanation? Or signal of WIMP
[see e.g. 1405.7928, 1411.2980, 1506.05119) Dark Matter?



Searches for WIMP Dark Matter annihilation
in the inner galactic region

= Excess over the known foregrounds:
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Astrophysical explanation?
[see e.g. 1405.7928, 1411.2980, 1506.05119]
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Can the signal be explained
by simple DM models!?

(taking into account further constraints)

This talk:

-> "Simplest” Dark Matter model (Singlet Scalar)
-> Detailed numerical fit
-> Allow for additional DM components



Outline

= [he Model

= |[mplementation

The galactic center excess
Constraints

» Fit Results

s Conclusion




The Model



Scalar Singlet Higgs Portal Model

[Burgess, Pospelov,Veldhuis: hep-ph/001 1335, ...]

= Higgs bilinear HTH unique (renormalizable) way to directly
couple DM to the SM

= Add Singlet Scalar S with Z-symmetry:

1 1 1 1
L= Lsym~+ 58M58”S — §m%’032 — Z)\SSZL — 5)\[{5 S?HTH

(before EVVSB)



Scalar Singlet Higgs Portal Model

[Burgess, Pospelov,Veldhuis: hep-ph/001 1335, ...]

= Higgs bilinear HTH unique (renormalizable) way to directly
couple DM to the SM

= Add Singlet Scalar S with Z-symmetry:

1 2 Q2 1 4 1 2 Q2 1 2
LD 2mSS 4)\55 4)\H5h S 4)\H5vh5 ;

where mg = mg, + Agsv?/2. (after EWSB)



Scalar Singlet Higgs Portal Model

[Burgess, Pospelov,Veldhuis: hep-ph/001 1335, ...]

= Higgs bilinear HTH unique (renormalizable) way to directly
couple DM to the SM

(after EVVSB)

Important for vacuum stability



Scalar Singlet Higgs Portal Model
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Scalar Singlet Higgs Portal Model

[Burgess, Pospelov,Veldhuis: hep-ph/001 1335, ...]

= Higgs bilinear HTH unique (renormalizable) way to directly
couple DM to the SM

= Add Slnglet Scalar S W|th 2 Symmetry:-

’(after EWSB)

Important for this work
= Only two parameters: Mg, Ams



Scalar Singlet Higgs Portal Model

[Burgess, Pospelov,Veldhuis: hep-ph/001 1335, ...]

= Higgs bilinear HTH unique (renormalizable) way to directly
couple DM to the SM

= Add Slnglet Scalar S W|th 2 Symmetry:-




rel. contribution

Scalar Singlet Higgs Portal Model

= Annihilation processes:
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rel. contribution
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Scalar Singlet Higgs Portal Model

= Annihilation processes:
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Implementation



Implementation: Galactic center excess

= Need gamma-ray spectrum

= Slow in fit = Pre-compute spectra for all channels
(as function of DM mass) with MadGraph/Pythia 8

= During fit: Combine spectra according to contribution

—

6

Photon spectra for several

o m=45GeV
. . 14 |+ S0 m=62.73GeV -
masses/couplings: R e P
12 |  m=130GeV,A=1 i
“m=130GeV, A = 0.01
m 10
=
= 8t
e
L3 6 |
4 |
2 N
0 . R el A ol S T B L
0.001 0.01 0.1 1 10 100 1000



Implementation: Galactic center excess

= Take measured spectrum d; and covariance matrix 27;]'
from [Calore, Cholis,Weniger: 1409.0042]

= Additional uncertainty on the theoretical prediction

of the spectrum Eij — Eij - Eij&;jt?gt? . 03 = 10% [Achterberg et al. 1502.05703]

= [ arge theoretical uncertainties on DM distribution in galaxy:

= Take NFWCc profile

= Vary around best fit parameters with MC
[from Calore, Cholis, Weniger: 1409.0042]

= Distribution for J-factor
= Determine o¢ for £ = ln(j/jnom)

= Compute X2 ;

o= (di — ) (Zij)~ (dy — e5ty) +
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Non-WIMP contribution to Dark Matter

= Allow for additional unspecified DM component

» Fraction of WIMP component:

R = pwiMmp/PDM. total

= Assumption: same distribution
= Rescaling of flux:

¢%R2¢ <« For indirect

detection



Implementation: Constraints

(i) Collider constraints:
Higgs invisible BR ————
(no rescaling with R!)

-2In A

(ii) Direct detection

constraints: LUX
[LuxCalc; Savage et al. 1502.02667]

(rescals linear in R)

(iii) Dwarf Spheroidal Galaxies

[Fermi-LAT: 1503.02641]

[ATLAS: 1509.00672]

N I
ATLAS 1

\s=7TeV, 4.5-4.7 fo" !

\s=8TeV, 20.3 fb" y

Obs.: |
—Vis. & inv. decay channels

Inv. decay channels

~+-Vis. decay channels




Implementation: Constraints

(iv) Gamma-lines: N L
[Fermi-LAT: 1506.0001 3] Faie
J-factor different from GCE 57 y
almost 100% correlation 1000 .
. . . 167 o »
(v) Relic density constraint \ 100 | :
[Planck: 2013] - il .
Apply 10% theoretical 3 | |
uncertainty = b :
[computed with micrOMEGAs] . i I 1
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Implementation: Fitting tools

= Use MultiNest (nested sampling algorithm)
[Feroz et al. 1306.2144]

= 4 scan parameters:

meg:. 5...220GeV
_)\Hsl 3x107°... 47

In(J/Jnom): —4oe ... 40¢
R: 1073...1

m Cross sections and BRs: micrOMEGAs

= Frequentist interpretation



Fit results
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1 GCE+BRin+LUX

" 1e-02 X%}CE = 20.8

le-03
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After LUX: only Higgs-resonant
—  region,mg ~ my, /2, remains
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Summary

= WIMP DM intriguing explanation of GCE

= Higgs Portal: Unique coupling to minimal DM models
= Singlet Scalar Model: Good fit!

= After constraints: Only Higgs-resonance remains

= Allow for additional non-WIMP DM component
= Non-trivial implications for WIMP fraction near resonance

(for large velocity dependence)
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Backup slides:
Spectrum for best-fit point

(after all constraints)
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Explain final result and R-factor
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ToDo
= Best-fit points raussuchen

Jan Heisig (RWTH Aachen University) |10 Aachen, November 5,2015



Parametric fits and theoretical uncertainties

= Take measured spectrum d; and covariance matrix Zij
from [Calore, Cholis, VWeniger: 1409.0042]

= Additional uncertainty on the theoretical prediction
of the spectrum >.;; — >.;,; + 5@(1%03, gs = 10%

[Achterberg et al. 1502.05703]

= Compute X2 via:

=S (105).

J Takes into account
where & =logy | = mw =
best fit uncertainties on the J-factor
Jbligc\g]t from [Calore, Cholis, Weniger: 1409.0042]

Jan Heisig (RWTH Aachen University) 2 Aachen, November 5,2015



Parametric fits to the Galactic center excess

[Calore Cholis, Wenlger 1409 0042

1075 p———"m ————r —— 10-25
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Higgs Portal Model

[Burgess, Pospelov,Veldhuis: hep-ph/001 1335, ...]

= Extend Higgs sector by a scalar singlet s:

27 2
1 1 1
V(s®, H'H) = ), {(HTH) - %} + 5 Ans sH'H + 7\ s* + 5 m2 s>
After EW symmetry breaking: .
V(s®,h) =V(h)+ 5 m? s* + 1 As s* £ = Npsvhs® + 1 Ahs h2 8%

2 _ 02 2 *
where my = mg, + Apsv7/2. Important for pheno

[also interesting in the context of WIMP Inflation, see e.g. Kahlhoefer,
McDonald: 1507.03600 for a recent analysis]

Jan Heisig (RWTH Aachen University) 4 Aachen, November 5,2015



Implementation: Constraints

= Collider constraints: Higgs invisible BR

1000 "
| 5 |
. 100 | S
Constraints : | |
. = 10 + !

-BRinv (not dep.on R) = | |
-LUX (LuxCalc) Il, p-valu.: |
-Dwarfs 0.1
- -l __1L : WorAwd L s
gamma-lines 0.01 - l S
_denS|ty J40° x l()“,:"‘"/l()' % 40°. 11011

Jan Heisig (RWTH Aachen University) 3 Aachen, November 5, 2015



Higgs Portal Model

= Constraints on the parameter space:
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Higgs Portal Model

s GCE fits versus constraints:

[Kahlhoefer, McDonald: 1507.03600]
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[see also Duerr, Péerez, Smirnov:1509.04282]

Jan Heisig (RWTH Aachen University) 6 Aachen, November 5,2015



Higgs Portal Model

s GCE fits versus constraints:
Best fit point:
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Higgs Portal Model

s GCE fits:

)\hs

Jan Heisig (RWTH Aachen University)

)\hs

Dropping the assumtion that the
WIMP makes up 100% of DM:

100
ms |GeV]
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Dark Matter = WIMP

t (ns)

1 10 100 1000

~—>

Pheno description Probe
" Direct detection experiments

S, " Indirect detection (IceCube)
= Thermal relic density

“a DM production@LHC

= Effective Operators
= Simplified Models

Jan Heisig (RWTH Aachen University) I New Physics at the LHC, Bonn 2015



