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Dark Matter at the LHC:WIMP
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Dark Matter at the LHC:WIMP

thermal freeze-out (early Univ.)
indirect detection (now)
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WIMP Dark Matter: freeze-out

= Plausible "production”
mechanism

Neutral Hydrogen Forms
Modem Universe

Nudlear Fusion Begins
Nuclear Fusion Ends

Cosmic Microwave Background

)
5
2
[
=
g2
2
3
>
@
=
-
[
[+}
[7)]
=
T
&

= Computable prediction
B for relic density

Age of the Universe

>
106 * Dark Matter 10°
108 freeze-out 10%
Y 10 10 |02 Q
10 12 n loO
10 4 _ 1 2
Y larger cross sectiony  {pM X (o0); 190
(@)

104

llllll 1 L llllll l‘)(l 1 lllllll 1 1 llllll

102 10

T (GeV)

Jan Heisig (RWTH Aachen University) 3 Fit(s) for LHC Run-2,Oct 10,2016



WIMP Dark Matter: freeze-out

= Plausible "production”
mechanism

Nudlear Fusion Begins
Nuclear Fusion Ends
Cosmic Microwave Background
Neutral Hydrogen Forms
Modem Universe

]
5
2
[
=
Q2
2
3
>
@
£
-
Y
[+}
n
=
T
&

= Computable prediction
0.01s 3min 380,000 yrs 13.8 Billion yrs for relic denSity

Age of the Universe

s Planck measurement:

* Dark Matter

10°¢ 106
108 freeze-out 108 9

Y 10 l(o)y Qh |P1anck — 0.1198 j: 0.0015
10 12 5 1 |
0 14
: larger cross sectionl DM X 102
10°'¢ <0-’U>fo

104
lllllll L L llllll l‘)(l 1 lllllll 1 1 llllll

102 10

T (GeV)

Jan Heisig (RWTH Aachen University) 3 Fit(s) for LHC Run-2,Oct 10,2016



WIMP Dark Matter: annihilation today

Indirect detection:

Nuclear Fusion Ends

Neutral Hydrogen Forms
Modem Universe
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Fermi GeV Galactic Center Excess

Fermi gamma-ray sky Pion decay/Bremsst. Inverse Compton Point sources

Fermi bubbles Galactic buldge emission
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= Excess over the known foregrounds in Fermi-LAT data
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Fermi GeV Galactic Center Excess

Astrophysical sources
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Fermi GeV Galactic Center Excess

Astrophysical sources WIMP Dark Matter
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Fermi GeV Galactic Center Excess

Astrophysical sources
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Fermi GeV Galactic Center Excess
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Fermi GeV Galactic
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This work:

= [nclude signal in global fits (LHC, LUX, relic density,...)

= Simple but realistic DM models:
= Scalar Singlet Higgs Portal Model
= Inert Doublet Model

= Allow for additional non-WIMP DM component
(PBHs, axions,...)

R = pwiMP/PDM., total

-> Interesting implications
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Outline

= Scalar Singlet Higgs Portal Model

= The model

= Dark Matter annihilation and GCE fit

= Constraints on the parameter space
= Fit Results

= Future experimental prospects

= |Inert Doublet Model

s Conclusions



Scalar Singlet Higgs Portal Model



Scalar Singlet Higgs Portal Model

[Silveira, Zee '85; McDonald '94; Burgess, Pospelov,Veldhuis: '01; ...]

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

= Add Singlet Scalar S with Z-symmetry:

1 1 1
L= Loy + 50,50"S — —mg S7 — T

1
5 AgS* — §AHS S2HTH

(before EVVSB)
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Scalar Singlet Higgs Portal Model

[Silveira, Zee '85; McDonald '94; Burgess, Pospelov,Veldhuis: '01; ...]

= Higgs bilinear HTH unique (renormalizable) way to directly
couple DM to the SM
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Scalar Singlet Higgs Portal Model

[Silveira, Zee '85; McDonald '94; Burgess, Pospelov, Veldhuis: '01; ...]

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

= Add Singlet Scalar S with mmetry—
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Dark Matter annihilation

= Annihilation processes:
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Dark Matter annihilation
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Gamma-ray spectrum
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= Slow in fit

= Continuous photon spectrum

= Precompute spectra for all channels
with MadGraph/Pythia 8

= During fit: Combine spectra

according to contribution

Photon spectra for several masses/couplings:

ms = 130 GeV, Agpg = 1 ==---- -
<7 mg = 130GeV, Ags = 0.01
R ms = 83 GeV ——— 1
N mg = 62.7GeV ——- -
Y mg = 45 GeV ------ |
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Gamma-ray spectrum
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X2-computation for the GCE

» Take measured spectrum d; in 24 bins and covariance matrix Zij

from [Calore, Cholis, Weniger: 1409.0042]

Zij — ( stat. ) 529 i Ztrunc

17, MO

’L

= Additional uncertainty on the theoretical
prediction of the spectrum

S — Yo+ Xiiditior, o = 10%

Jan Heisig (RWTH Aachen University)

d =+ Eij, res

—2 -1 -

]

S ~Ssr

E?dN/dE [GeV cm

107?

1075 F

1077

i i L i i L

— — broken PL --- DM 7tr™ ]
----- PL with exp. cutoff GC exc p tumwth |
- - DM bb

L) stat. and syst.

1078 Hmmmmd

10°

[Achterberg et al. 1502.05703]

Fit(s) for LHC Run-2,Oct 10,2016



X2-computation for the GCE

» | arge theoretical uncertainties on DM distribution in galaxy:

» Consider generalized Navarro-Frenk-White (NFW) profile:

—y —3+
T T
— _ 1 _ 12 T T T T T
p(,r) pS (rs) ( + ,r.s) 40° x 40° Lognormal(x; pu, o)

= Compute J-factor (integrate p(7)over line of sight Lr d b = 0.0144901

o = 0.426307

and region of interest): 0.8 L
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R
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= Vary around best fit parameters with MC
v = 1.2 4+ (.08& [from Calore, Cholis, Weniger] 0.2 F

Ps-Ts from rotation curves [Nesti et al. 1304.5127]
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= Distribution for J-factor — _
J/Jnom

= Determine gjyg s for log(J10° / J10°,nom )

log Jige — log J400 nom )?
tj)—|—(g40 g J40°, )

(T10g.J)?

Xeos = O (di —t5) (Zij + 035 (0vel 1)) (dj —
i.J
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Constraints on the parameter space




Constraints on the parameter space

(i) Collider constraints:
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Constraints on the parameter space

(ii) Direct detection

. ' S
constraints: LUX 'l 3 \)_ﬁ<[:':7
log-likelihood from 6" .

LUXCalc [savage et al. 1502.026671 1000
(iii) Dwarf Spheroidal Galaxies 100 [ 7. ]
[ ° (_‘ i /‘{"/'/' .
log-likelihood 7 dwarfs s ol A
[Fermi-LAT: 1503.02641] A : '
~ -
(iv) Gamma-lines: — g Lk .
[Fermi-LAT: 1506.00013] /
J-factor different from GCE [
almost 100% correlation 0.01 —— . o .
0.1

J 100 x 400 / J40° x 400 nom
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Constraints on the parameter space

(v) Relic density constraint [planck:2013]

2h2|prancke = 0.1198 + 0.0015

Estimate 10% theoretical uncertainty [sce eg Arroyo et al 1608.00791]
[computed with micrOMEGASs]

(“Qh2 ’DM, total — Qh2 ‘Planck) ?

(0rel X 202D total)

2
XN —
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Fit parameters and tools

= Allow for additional unspecified DM component

-> WIMP fraction: R = pwinp/PDM. total
= 4 scan parameters:

mg. 5...220 GeV
Airg: 3 x107°.. . 4x
In(J/Jnom): —4oe ... 40¢
R: 1073...1

= Use MultiNest (nested sampling algorithm) [reroz et al. 13

= Annihilation cross sections and BRs: micrOMEGAs
[Bélanger et al. '14]

= Frequentist interpretation, combination of scans
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Fit Results
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GCE+BRint+LUX+dwarfs+7-lines+relic density

= | arge velocity dependence around Higgs resonance

9 9 9
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= annihilation today: v, =~ 1077, freeze-out: vy < 0.3
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= | arge velocity dependence around Higgs resonance

2
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GCE+BRint+LUX+dwarfs+7-lines+relic density

= | arge velocity dependence around Higgs resonance

9 9 9
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GCE+BRint+LUX+dwarfs+7-lines+relic density

= For R < 1:

(wimvp 1
-> Relic density: {2pn total = W X

-> GCE flux: ¢ R2<O'U>today

R R {ov)to

107 F

1072}

62.0 62.5 63.0 63.5 64.0 64.5 65.0 1073 1072 1071 1

mg |GeV] R = pwiMp/ ptotal
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GCE+BRint+LUX+dwarfs+7-lines+relic density

= For R < 1:

(wimvp 1
-> Relic density: {2pn total = W X

-> GCE flux: ¢ R2<O'U>today
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GCE+BRint+LUX+dwarfs+7-lines+relic density

= For R < 1:

(wivp 1
-> Relic density: {2pn total = W X
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GCE+BRint+LUX+dwarfs+7-lines+relic density

= For R < 1:

(wimvp 1
-> Relic density: {2pn total = W X

-> GCE flux: ¢ R2<O'U>today
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GCE+BRint+LUX+dwarfs+7-lines+relic density

= For R < 1:

(wivp 1
-> Relic density: {2pn total = W X

-> GCE flux: ¢ R2<O'U>today

R R {ov)to

107 F

1072}

R=0.01:

62.0 62.5 63.0 63.5 64.0 64.5 65.0 1073 1072 1071 1

mg |GeV] R = pwiMp/ ptotal
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GCE+BRint+LUX+dwarfs+7-lines+relic density

= For R < 1:

() 1
-> Relic density: (2pM . total = WIME - «

R R <0'U>f.o.
- GCE flux: ¢ o< R*(00)t0day

10-1 T T T T T 10—1

-> R=1I: only one spot
> R<I:two reagions remain
= Consistent fit with per mille WIMP fraction!

.
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mg |GeV] R = pwiMp/ ptotal
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Future experimental prospects



Future experimental prospects

= | HC constraints: off-shell region mg 2 my, /2 difficult

J 95% Exclusion
h* /IS | | | | | |
VBF RN —VBF
N S 8 _
“ggH
61 —ttH
ggH E
4 |
, [Craig et al. 1412.0258]
TH V5 =14TeV, 3ab™!
_ \ l(l)O 150 2(|)O 25|O 3(|)O 3!’)0 4(|)O 450

meg [GeV]
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Future experimental prospects

= | HC constraints: off-shell region mg 2 my, /2 difficult

= Constraints from dwarfs: General challenge for GCE

= Direct detection projections:
|0 x LUX sens.

10°

10}

1072}

LUX

1073
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Inert Doublet Model



The Inert Doublet Model (IDM)

[Deshpande, Ma '78; Ma '06; Barbieri, Hall, Rychkov: '06; ...]

» Add second Higgs doublet ®and Z-symmetry:
Vo= 5[ HI* + 3] + MH[* + Xa|0* + A3 | H P |2
A
+ lHIOP2 4+ 2 [(HTgp)Q + h.c.}

= five free parameters:

mpgo, M0, Mg+, >‘L7 A2
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00ty | IDM global fit:

0.01 s
< 0.00 0 | GCE+BRin+LUX2016+dwarfs+7-lines
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Jan Heisig (RWTH Aachen University) 23 Fit(s) for LHC Run-2,Oct 10,2016



Global fit in the IDM

= Similar astrophysical phenomenology
= Additional region around 72 GeV:
HOHO— WW (4-vertex) yields the right cross section

= Constraints from S,T,U parameters, vacuum stability, ...
with 2HDMC [Eriksson et al. 0902.08511

= Different implications for LHC
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LHC constraints on the IDM

= Reinterpretation of ATLAS 4@ — Z — A°H° — ZWHOH® — (0" HH",
Di-lepton+MET searches 00— 7 = HEHT = WO W

[ATLAS 1403.5294 (EW SUSY search) e i
. searcn),
: . ' q@— Z — ZhY) — ¢t HYHY,
ATLAS 1402.3244 (inv. Higgs decay)] 7"~ 0 LTy
my- = 150 GeV

o 95/ O1DM

:u':

[Belanger, Dumont, Goudelis,

Herrmann, Kraml, Sengupta
1503.07367]

100 120 140 160 180 200
mAO (GeV)
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Summary

= GCE: Astrophysics or WIMPs!?
= Singlet Scalar Higgs Portal Model: Good fit!
= After constraints: Only Higgs-resonance remains

= Allow for additional non-WIMP DM component

= Non-trivial implications for WIMP fraction near
resonance (large velocity dependence)

= |[nert Doublet Model: Interesting interplay with LHC
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Back-up |: Photon spectra for best-fit points

GCE only (blue) and after all constraints (red):

ms = 62l.7 GeV ---mm

mg = 45.5 GeV —-mem .
Fermi LAT +——e—

Diag. err + 10% flux
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Back-up ll: Table with best-fit points

log L contribution GCE +BRiny +LUX +dwarfs +lines +relic den. 2nd region

ms [GeV] 45.50729%  6L.07TISS 6L5ATOTE 61357090 61467057 62707090 6252700
Anis 01725 0012520715 0.008250708,  0-0087 2505, 0-0082%g008,  0-02275015  0.00029 50010
R 0.6810-32 1.019:0 0.9970-51 1.019: 1.019:0 0.05410 035 0.49815-202
g J/ Jnom 0.0007%  —0.05105  0.02043 0.227038 0.127038  0.13703 0.13%033
ov[10726cm3/s] | 1.97H%¢  1.287545° 1.235500 0.967 53 104753 35915, 43455

ovR*[10720cm®/s] | 0917037  1.28%503 1.214008 0.967:5; 1.04403) 1.067055 1.067057

—0.45
X%}CE 19.3 25.3 25.6 26.0 26.0 26.8 26.7
() 0.57 0.20 0.24 0.22 0.21 0.18 0.18
p(BRinv) 0.0 0.90 0.97 0.97 0.97 1.0 1.0
p(LUX) 0.0 0.32 0.62 0.58 0.62 0.84 1.0
p(dwarfs) 0.18 0.16 0.18 0.24 0.22 0.22 0.22
p(lines R3) 0.5 0.5 0.5 0.5 0.5 0.5 0.5
p(relic den.) 0.03 0.0 0.0 0.0 0.0 0.99 1.0
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