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e Forces are mediated by a ladder of mediators being exchanged
[0810.0713].

e The pair is described by a joint wavefunction [0903.5307].

e Can have this effect both in the initial and in the final states.
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e Originally motivated by supersymmetry
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e Control parameters :

e Odd (even) L+S means a symmetric (an anti-symmetric)
wavefunction. Can give rise to difFerent selection rules for
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o
N
a



Introduction

e Control parameters :

e Odd (even) L+S means a symmetric (an anti-symmetric)
wavefunction. Can give rise to different selection rules for
processes involving x°x° and YTy T.

e For x°x?, the total wavefunction should be anti-symmetric.
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Wino Bound States Spectrum

e Leading order contribution to the potential

o Different L+S implies different potentials.

0 -2 00
V(r)_a:v< s \[), L+ S even, V(r)—a:v< ) L+ 8 odd.
V2 -1 0-1

e The eigenvalues are very important in shaping the spectrum :
they determine the interaction strength

e For the L 4+ S-even case, the eigenvalues are A = =2, A\ = 1.
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Wino Bound States Spectrum

e The potential in the broken phase.
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Wino Bound States Spectrum

e The potential in the broken phase.
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e Numerical methods needed to study the Schrodinger equation.
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Wino Bound States Spectrum

state to capture

e SPD

e Solid/Dashed/Dotted : 1st/2nd/3rd bound
to.
1.00 0.25

3 3 010}

::; 0.10} :g

2 2 oot}

2 2

o o
0.01

M, (TeV)

M, (TeV)

Spin-Singlet Spin Triplet




Phenomenology

e % x® = SM SM



Phenomenology

e % x® = SM SM
e \°x° — boundstate — SM SM



Phenomenology

e % x® = SM SM
e \°x° — boundstate — SM SM

TPt




Phenomenology
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Phenomenology

e Captured bound state can decay to lower bound states as well
as SM particles.

e Decay Topologies

>
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Phenomenology

e Decay rates : No particularly enhanced rate to photons. Low
chances of detection.

spin-singlet 2p bound state spin-triplet 1s bound state
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Discussion

e Capture into bound state (regardless of L + S combination) is
suppressed compared to direct annihilation.

e Eventual decay to photons will be suppressed as well.

e Could the monochromatic photon from capture process be a
smoking gun?

e For a benchmark DM mass of 10TeV, we will receive ~ 103
photon/(yr+m?) with energy 1GeV.
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Discussion

o Why is the capture process so suppressed?

e The dominant capture is initial p-wave, which is velocity
suppressed.

e a suppression factor due to the potential eigenvalues :
e*4nA,‘/)\f-

e In wino model \;/Af = 2. Other representations have a better
ratios.

e Stronger attractive potential for captured state means less
suppression.

e For generic group representation, or other groups and
mediator masses the capture rate can easily dominate direct
annihilation. [1702.01141]
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Introduction Wino Bound States Spectrum Phenomenology Discussion Summary

o Non-perturbative effects such as SE or existence of bound
state can modify the properties of dark sectors.

o Neutral pairs of wino particles feel a potential due to
exchange of EW gauge bosons. The associated potential
depends on L + S.

e The potential gives rise to SE and (since they have attractive
eigenvalues) a rich bound state spectrum.

e For our wino model, capture into bound states does not affect
the annihilation rate calculation significantly; mainly due to
the group theory argument and the form of the potential.
This can change for different gauge group and representations
in minimal extensions of SM

e Other minimal models can have more relevant contribution
from processes involving bound state.
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e When is Sommerfeld Enhancement non-negligible?

[0910.5713]
mg

€EH =
¢ am,,

® ¢4 measure the range of the potential compared to the Bohr
radius of the particle in the potential.

v

€, = —

«

e ¢, measures how relativistic the particle is, considering the
interaction strength.

e For a relevant effect, both these should be smaller than 1.

e DM is non-relativistic today. Hence, such non-relativistic
effects can be quite important.



Summary




Summary

Spin-Singlet Spectrum Spin-Triplet Spectrum
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Summary

e Capture from x° x° (p-wave) to deepest bound state.
. v=10"3, v=10"*
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e Small mass : small velocity has lower rate (p-wave). High
mass : small velocity has higher rate (coloumbic prediction).
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Summary

e Capture from x° x° (s-wave) to deepest bound state.
. ,v=10"3%v=10"*
v
S
10»29,

10731
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e Small mass : different velocities do not change the rate. High
mass : small velocity has higher rate (coloumbic prediction).
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Summary

[1411.6924]
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Summary

e z = myawr; rewrite the Schrodinger equation for each L 4 S
combination.

L(L+1) —*
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,\/§¥ R LLH) dye W _ % uc(z) ’ uc(z)

z

e Use a basis of functions solving a Schrodinger equation with
the proper Coulomb potential.

e A basis of N = 15 Coulomb wavefunction is used for
neutral /charged part.
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[1208.5356]

©
£
o
A
>
§
v

1022

102

1024

1 0-25

102

Discussion Summary

T T T T T T T T T T

Fermi combined DSG analysis (10 DSGs), 2 years

---------- Fermi combined DSG analysis, 10 years

Galactic Halo, 100 h, CTA array B (Ring Method)
Fornax Cluster, 100 h, CTA array B @,ax = 1.0°)
Segue 1 DSG, 100 h, CTA array B

" WIMP parameter space

10? 10°
mpy [GeV]

10*

24 /25



Introduction

[1702.01141]
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