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Dark Matter Symmetries

+ Traditional: stabilise Dark Matter with Z, Symmetry

Supersymmetry: R-Parity + Little Higgs: T-Parity
Extra Dimensions: KK Parity + |nert Doublet Model
X

+ (Conseqguence: Single-component,
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+ GCompletely non-generic!

Almost any other symmetry gives

Semi-Annihilation (D’Eramo & Thaler, 1003.5912)

Multi-component Dark Matter
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Semi-Annihilating Fermions

Previous models usually had scalar (or vector) DM

Batell etal 1007.0045, 1103.3053; D’Eramo etal, 1210.7817;
Belangeretal 1112.4491,1211.1014,1403.4960; Ivanov & Keus, 1203.3426;

(Exception: Aoki & Toma, 1405.5870)

Reason: simplest symmetries Z3, Zs — y?, y* couplings

Boson cubic & quartic terms renormalisable!
Scalar semi-annihilating models simpler...
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Scalar semi-annihilating models simpler...

OR Fermion models Richer! .

| . ) S
Necessarily multi-component! 7
New regions of parameter space i
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A Minimal Model

+ Minimal case with semi-annihilating fermion:

+ Z4 Symmetry, Dirac Fermion ¥ + Real Scalar ¢

Gsyv | Za
W e 1
P (17 1)0 2

+ Only Dark-Visible coupling is Scalar Higgs Portal
£ % Ao HTH
+ W only couples to ¢, with Semi-Annihilating Coupling
LDyl
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A Next-to-Minimal Model

= Minimal gauged fermion flavour-neutral case:

+ Z4 Symmetry, Dirac Fermion ¥ + Real Scalar ¢

Osym | Za
Ve EE oy 1
¥ (17 1)0 2

+ Dirac “Wino” plus Higgs-portal Singlet

+ Fermion now directly couples to SM

« Same 4 new parameters: mg, mg, Afg, y



Fermion Singlet Model



Minimal Model Phenomenology

+ (Collider/Direct Detection signals as for scalar singlet

+ Fermion & Semi-Annihilation only affect relic density &

Indirect detection
N\ Y ') h Y V2
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Minimal Model Phenomenology

+ (Collider/Direct Detection signals as for scalar singlet

+ Fermion & Semi-Annihilation only affect relic density &

Indirect detection
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Minimal Model Phenomenology

+ (Collider/Direct Detection signals as for scalar singlet

Indirect detection
o o U
\/ .
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Minimal Model Relic Density

+ Gomputation simple (can be done in micrOMEGAs 4)

+ Both W/¢ have two main relevant processes:

+ Fermion: + Scalar
U0 — pp vs YU — ph Uy — Uh vs oo — SM
+ DME wins for large y + SA wins for large y

when allowed -
+ Also need my~m, (Similar

+ Both convert ¥ to ¢ densities at freeze out)
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GGalactic Center Excess

Broad excess in Fermi y-ray data

Hooper & Goodenough, 1010.2752; Hooper & Linden, 1110.0006;
Hooper et al, 1305.0830; Abazajian & Kaplinghat, 1207.6047;
Boehmetal, 1401.6458; Daylanetal, 1402.6703

Talk from Fermi collaboration
No publication yet

Could perhaps be pulsars?

Mirabal, 1309.3428; Yuan & Zhang, 1404.2318;
O’Learyetal, 1504.02477

OR DM annihilating to bb, hh,
even WW/ZZ/tt

Agrawal et al, 1411.2592; Caloreetal, 1411.4647
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Fit with Scalar Annihilation

* Approach |: Scalar annihilation ‘
« Fit spectrum for @@ — SM :
: : Log1o(E,/GeV)
* Previously considered:
Agrawal etal, 1411.2592; Koetal, 1504.06944; oinl
Mondal & Basak, 1507.01793
+* Semi-annihilation breaks

(2,—A relation

+ Severe constraints from LUX

'O
0.06 - y\=

S T B T Y O S S B
80 100 120 140 160

]. 6 m ¢/GeV




Fit with Scalar Annihilation

)]

* Approach I: Scalar annihilation

E,“dN/E,[10~'GeV/(cm *s sr

* Fit spectrum for oo — SM

* Previously considered:

Agrawal et al, 1411.2592; Ko et al, 1504.06944; L
Mondal & Basak, 1507.01793

+ Semi-annihilation breaks
(2,—NA relation

+ Severe constraints from LUX
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Fit with Semi-Annihilation

Approach Il: Semi-annihilation

> Expect W ol 1o help fit:
Higgs decays to bb

+ 2D Parameter scan:
* Fix mass difference 2/4 GeV
+ FiIX y to give correct (pu
* Optimistic DM profile

* Find €2, {2y comparable:
Weakens LUX constraints
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SA and Quality of Fit

T 60
T 50
+ Best fit points: =
) i
T 30°F
+ Am =2 GeV: =
&) -
y? =12.4 per 20 d.o.f. S
+ Am =4 GeV: ® o es 0 s

=l15per20doi

* Need largey > 1 for RD,
enhances semi-annihilation

+ SA (dashed lines) essential to
get spectrum to peak at
correct energies

E,2dN/dE,[107'GeV/(cm?s sr)]

Log,,(E,/GeV)
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Fermion Triplet Model



Enhanced (Semi-)Annihilation

+ When my » mw, weak force is long-range

U W-
« Sommerfeld Effect: TR

»  Non-perturbative effect A

» Must be included for fermion triplet e Wt

Hisano et al, hep-ph/0412403 & hep-ph/0610249; Cirellietal, 0706.4071

» New Two-Body States

» Q=0,S =1state: {y™y } vs {TTT, ¥OT° ¢T-T+}
o e

» Semi-annihilating initial states ¥¥ /WW¥ S

» Required custom code (biggest hurdle!) \

U v
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Thermal Cross Sections
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"my = 2 TeV, m, = 158 GeV i
Sommerfeld effect:
+ |ncreases cross sections by orders of magnitude
+ Relatively more important for semi-annihilation

+ Annihilation cross sections generally larger
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Small y Parameter Space

y=0.1 + U /o freeze out independently

Upper region

3000 U¥ — SM sets fermion relic density

- oo — FF sets scalar relic density

1000 Lower region:

U¥ — SM sets fermion relic density

meg (GeV)

300 * @@ — SM sets scalar relic density

Collider/DD/ID bounds

All regions with correct relic
density can be excluded

100
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Including Semi-Annihilation
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Upper region

VYo — WV heavily affects scalar density

U¥ — ¢V weakly alters fermion

3000 _
density

Lower region

= 1000 o . .
) — @V hugely changes fermion relic
ée density, extends to higher masses
300 » Scalar abundance largely unchanged
Indirect constraints much weaker,
tightly focused on resonance
100

Still can rule out all regions with
correct relic density
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Conclusions

+ Semi-annihilation a generic feature of dark sectors

+ Fermion models necessarily multi-component

+ Minimal model (fermion singlet) can explain GCE;

semi-annihilation essential for this

= Fermion triplet model features Sommerfeld effect;

interplay with semi-annihilation new

+ Have explored triplet parameter space;

can be excluded with future searches
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Relative Cross Sections
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Resonances
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+ Scalar mediates attractive force

+ Deeper potential with increasing y

+ Resonance moves to lower fermion masses
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