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Dark matter production in the early universe
Why do we care?

Production depends on
the couplings of DM to other particles,
which are the very probes of the DM properties
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WIMPs and variations

Weakly coupled to SM

viaW", Z, H
e.g. LSP in SUSY

or

weakly coupled to SM
via nhon-SM interactions,
Xy'Xqgvy.q
A2

e.g. 0L =

or

weakly coupled to light dark-sector
particles that couple (feebly) to SM,

e.g. DM coupled to dark photon
kinetically mixed with Hypercharge
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What now?

Diversify dark matter searches

Heavier DM

Particles with m = TeV coupled to SM via the Weak or other
Interactions not constrained by collider experiments

- existing and upcoming telescopes observing multi-TeV sky with
Increasing sensitivity, e.g. HESS, IceCube, CTA, Antares

see e.g. 2008.00692: WIMP prospects with CTA
Rinchiuso, Macias, Moulin, Rodd, Slatyer

Lighter DM

Particles with m < few GeV, possibly coupled to SM via a portal
Interaction, not constrained by older direct detection experiments

- development of new generation of direct detection experiments
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Long-range interactions
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Long-range interactions

Motivation
A 1L 1 . .
AB ~ : < ~ 1nteraction range
HUrel M M mediator

p: reduced mass (Mmpy/2)

» Self-interacting DM

DM explanations of astrophysical anomalies,
e.g. galactic positrons, lceCube PeV neutrinos

» Sectors with stable particles in String Theory

« WIMP DM with Mpy = few TeV. [Hisano et al. 2002]
. WIMP DM with m,,, < TeV,

In scenarios of DM co-annihilation with coloured partners.
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Implications of long-range interactions

Sommerfeld effect
distortion of scattering-state wavefunctions

- Affects freeze-out = changes
correlation of parameters
(mass — couplings)

— Affects indirect detection signals
- rates

~ velocity dependence
~ parametric resonances
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Implications of long-range interactions

Sommerfeld effect
distortion of scattering-state wavefunctions

- Affects freeze-out = changes
correlation of parameters
(mass — couplings)

— Affects indirect detection signals
- rates

~ velocity dependence
~ parametric resonances

Bound states
Unstable bound states
= extra annihilation channel
-  Freeze-out

— Indirect detection (different velocity
dependence, resonances than annihilation)

Novel low-energy indirect detection signals

Stable bound states (particularly important
for asymmetric DM)

Novel low-energy indirect detection signals
Affect DM self-interactions (screening)

Inelastic scattering in direct detection
experiments (?)
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Outline

- ey

= Da-rk U(l) sector =

+ Unitarity limit and long-range
Interactions

+ Neutralino-squark
coannihilation scenarios

¢ The 125 GeV Higgs as a light
mediator

¢ Bound-state formation via
emission of a charged scalar

¢ Bound-state formation via
Higgs-doublet emission



1. Dark U(1) sector
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Thermal freeze-out with long-range interactions
Dark U(1) model: Dirac DM X,X coupled to 7y,

4 N
Direct annihilation
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Thermal freeze-out with long-range interactions
Dark U(1) model: Dirac DM X,X coupled to 7y,

Direct Annihilation XX — Vi Vi
Bound-state formation XX — B(X)_() Vs
and decay B(XX) — 24, or 3v,
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Thermal freeze-out with long-range interactions
Dark U(1) model: Dirac DM X,X coupled to y_

Direct Annihilation XX — Vs Vi
Bound-state formation XX — B(XX) + Y5
and decay B(XX) — 24, or 3v,

Ajuenun snem-s

7/ von Harling, KP: 1407.7874
Baldes, KP: 1703.00478
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What just happened?
Making sense of the ladder diagrams

Every mediator exchange introduces an
a = g°?/(4m) suppression in the amplitude.
How did we get an enhancement and bound states?

g g 9 g g9 9

Bound-state ladder g + g § -+ § § § Ao wws

g 9 9 g g9 9
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What just happened?

Making sense of the ladder diagrams

Every mediator exchange introduces an
a = g°?/(4m) suppression in the amplitude.
How did we get an enhancement and bound states?

g g 9 g g9 9

Bound-state ladder g + § § + § § § do: e

g 9 9 g g9 9

Energy and momentum exchange scale with a!

e Momentum transfer: |q] ~ pa.

e Energy transfer: ¢° ~ |q]?/pu ~ pa?.

2

e Off-shellness of interacting particles: ¢° ~ |q]?/p ~ pa?.

1 1
one boson exchange ~ o X xX —
(ho)? o
_— 1 1 1
each added loop ~ aX [ dgqdiq —
g1 —M1q2 — M2 q,
1 1 1
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What just happened?
Making sense of the ladder diagrams

Every mediator exchange introduces an
a = g°?/(4m) suppression in the amplitude.
How did we get an enhancement and bound states?

g g 9 g g9 9
Bound-state ladder § + § § -+ § g § Ao wws
g 9 9 g g9 9

Energy and momentum exchange scale with a!

e Momentum transfer: |q| ~ pa. 1/a scaling
. 5 , responsible for
v Enerey translore i o4 [T fae s non-perturbative
e Off-shellness of interacting particles: ¢° ~ |¢ effects
(not largeness of
1 1 i
one boson exchange ~ o X X — coupling)
(ho)? o
_— 1 1 1
each added loop ~ aX [ dgdqg —
g1 —M1q2 — M2 q,

1 1 1
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What just happened?
Making sense of the ladder diagrams

Every mediator exchange introduces an
« = g*?/(4m) suppression in the amplitude.
How did we get an enhancement and bound states?

g
Scattering state ladder + § .8
g

QNNANA\NAKQ
QNN\NA\NAKQ
_|_
QNNANANAQ
QNANANAKQ
QNNANA\NAKQ
_|_

Energy and momentum exchange scale with both o and v,;!

UL is the expectation value of the momentum in CM frame,
the quantum uncertainty scales with «.

The Sommerfeld effect appears when
quantum uncertainty ~ expectation value.
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2. Unitarity limit and long-range interactions
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Partial-wave unitarity limit

S=1+:T
—

S'Ss =1 —i(T —TH =TT

Project on a partial wave and
insert complete set of states on RHS

U

0 o T2+1) non—a W(20+1) u=moy/z 4W(26+1)

inel = 2 2..2 2 2
kcm H vrel MDMvrel

[Griest, Kamionkowski (1990); Hui (2001)]

Physical meaning:
saturation of probability for inelastic scattering
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Partial-wave unitarity limit

47 (26 4 1)
() (£) _
o-inel vI'E]. g O-U.Ill vrel — M]?)M vrel

Implies upper bound on the mass of thermal-relic DM
Griest, Kamionkowski (1990)

47

OannVUrel = 2.2 X 10_26 Cms/s g e —
MDM’Ure]

2 \1/2 _ 6T /M 1/2 freeze—out 0.49
(vrel> ( / DM) Mpm /T ~ 25

83 TeV, non-self-conjugate DM

5 { 117 TeV, self-conjugate DM
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Partial-wave unitarity limit

(€)

(£) oy
uni rel

TinelUrel S

47 (26 4 1)

2
M. b Urel

Implies upper bound on the mass of thermal-relic DM
Griest, Kamionkowski (1990)

47
OannVUrel = 2.2 X 10_26 CmS/S = =
MDMUrel
(WZ)Y? = (6T/Mp)'/? Z5  0.49

Mpm /T ~ 25

117 TeV,
83 TeV,

self-conjugate DM

:>Munig{

non-self-conjugate DM

Two assumptions
to be questioned

1. “one does not expect
OVrel X 1/vpe for
annihilation channels in a

2. The s-wave yields the

annihilation cross-section.

non-relativistic expansion.

xfr}

dominant contribution to the

25




Partial-wave unitarity limit

inel Yrel X UunivI‘EI — 2
MDMvrel

1) Velocity dependence of o,

e Assuming 0,V = CONst., setting it to maximal (inevitably for a fixed v,,) and

thermal averaging formally incorrect!

= Unitarity violation at larger v,,, non-maximal cross-section at smaller v,q,.

* Sommerfeld-enhanced inelastic processes exhibit exactly this velocity
dependence at large couplings / small velocities, e.g. in QED

2 2.3

o Vrel X —— =
ann 2 2
M?2 1 — exp(—2map/Vrel) M2 Vreal

= Velocity dependence of g, definitely not unphysical!

Baldes, KP: 1703.00478
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Partial-wave unitarity limit

(£) (£)
o-inel Urel g o-uni Urel

47 (26 4 1)

2
MDM’U,-el

» Parametric
1) yeloc/ity dependence of o,

For a contact-type interaction, mediated

What can we learn?

by heavy particle with myeq = Mpy,

2 N 12
aDMDM > 47

4 ~ 2 "
My g M 2 Useal

O annVrel ™~

Approaching unitarity limit requires
large coupling (no surprise)

&p ™~ m;lned/MéM 2 L.
Calculation violates unitarity if
Mmed < alp/zMDM S apMpy.

Comparison between physical scales
=> violation signals new effect at play!

Baldes, KP: 1703.00478
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Partial-wave unitarity limit

(€)

(£)
o-lnel vI'E]. g O-U.Ill vrel

47 (26 4 1)
Mrz)M’vrel

» Parametric

1) yeloc/ity dependence of o,

For a contact-type interaction, mediated
by heavy particle with m,eq = Mpy,

o2 M2 P 47
O annVrel ™~ 4 o~ M2 .

Med DMUrel

Approaching unitarity limit requires
large coupling (no surprise)

&p ™~ med/ DM ~ Z L
Calculation violates unitarity if

1/2
mmed < O! / MDM = DMDMo

Comparison between physical scales
=> violation signals new effect at play!

What can we learn?

Including the Sommerfeld enhancement,
for a light mediator, e.g. dark QED

2néa - 47

— = S —.
M2 Urel Mgmvrel

O ann Urel —

Unitarity indicates range of validity

ap < 0.86

m~J

Only numerical bound on a
dimensionless coupling

= include (resummed)
higher order corrections

28
Baldes, KP: 1703.00478




Partial-wave unitarity limit

47 (26 4 1)
() (£) _
o-inel vI'E]. g O-U.Ill vrel - M[%M vrel

1) Velocity dependence of o,

Proper thermal average and taking into account delayed chemical decoupling

M 117 TeV, self-conjugate DM
T 83 TeV, non-self-conjugate DM

~_ =

'y 198 TeV, self-conjugate DM
) 138 TeV, non-self-conjugate DM

s-wave annihilation

29
Baldes, KP: 1703.00478



Partial-wave unitarity limit

47 (26 4 1)
() (£) _
o-inel vI'E]. g O-U.Ill vrel - M]?)M vrel

2) Higher partial waves

In direct annihilation processes, s-wave dominates.

e For contact-type interactions, higher £ are v24

oo
= § § 20427
O annUrel — Cyr Urel +

suppressed:

£ r=0
e For long-range interactions:
2 2 3
(f=0) © ~ ﬂ'(]iD v ( 27TaD/vI‘el ) aD>>"{rel 271- aD
XX —pyylirel — = -
M2 1 — e—27aD/Vrel M2 v,
2 2 2.5
(£=1) Irai 27 p Vel an\ apdva 67y
DM — € = /Urel DMUrel

Same vy scaling (as expected from unitarity!), albeit v, — a? suppression.

Baldes, KP: 1703.00478
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Partial-wave unitarity limit

inel Yrel X O-univl‘el — 2
MDM’U,-el

2) Higher partial waves
In direct annihilation processes, s-wave dominates.

However, DM may annihilate via formation and decay of bound states.
The bound-state ladder reduces the order of the diagram!

N\NN~
» 21l
O_E(‘fl;(])vrel ap>Urel - D L
My Vel ANAN~
2 .3
(£=1) QAP >Urel ‘ Zﬂ- aD
e Mgmvrel

Both s- and p- wave saturate their unitarity limit at a, = 0.86.
= Consider combined bound on DM mass, M, = 276 TeV

31
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Partial-wave unitarity limit

inelUrel X O iVrel — 2
MDMvrel

Higher partial waves

2) Higher partial waves important for DM depletion
In direct annihilation processes, s-way In;the early universe
= higher M__
However, DM may annihilate via formation . Ao o

The bound-state ladder reduces the order of the diapr=>

N\NN~
» 21l
O_E(lfl;(])vrel ap>Urel - D L
My Vel ANAN~
2 .3
(£=1) QAP >Urel ‘ Zﬂ- aD
e Mgmvrel

Both s- and p- wave saturate their unitarity limit at a, = 0.86.
= Consider combined bound on DM mass, M, = 276 TeV

32
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Partial-wave unitarity limit

4 (20 + 1
o'i(i)alvrel S Eﬁl)i(vrel = (2 + 1)
MDMvrel

Can be approached or realised only in
models with attractive long-range interactions

Baldes, KP: 1703.00478

Generic conclusion:

In viable thermal-relic DM scenarios,
expect long-range behaviour
atm,,, = few TeV!

* Implications for all experimental probes:
DM mass and/or couplings different than otherwise estimated.

* Indirect detection in the multi-TeV regime:
non-perturbative effects (Sommerfeld, BSF) must be considered

Cirelli, Panci, KP, Sala, Taoso 1612.07295
Baldes, KP 1703.00478

Baldes, Cirelli, Panci, KP, Sala, Taoso 1712.07489
Cirelli, Gouttenoire, KP, Sala 1811.03608
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What about WIMPs ?

* Long-range condition: o, My, = m,, = My, = 3 TeV

* Long-range effects more important for DM in higher SU (2) multiplets
- Pure 3-plet (Wino-like): My~ 3 TeV, only Sommerfeld important.

- Pure 5-plet: My~ 14 TeV, Sommerfeld & bound states important.

* Mixed multiplet and coannihilation scenarios: more complexity
— Neutralino-squark co-annihilation

- Higgs-portal models

34



3. Neutralino-squark co-annihilation scenarios

35



Neutralino In SUSY models
Squark-neutralino co-annihilation scenarios

. . D
Degenerate spectrum - soft jets — evade LHC constraints

Large stop-Higgs coupling reproduces measured Higgs mass
and brings the lightest stop close in mass with the LSP

= DM density determined by “effective” Boltzmann equation

Ntot =— Ny gp -+ Nyisp
eff

) LSP 2 LSP—-NLSP 2
o-ann T [nLSp Jann _I_ nNLSp Nysp MnLsp o-ann ]/ntot

Scenario probed in colliders.
Important to compute DM density accurately!
—~ QCD corrections

36



QCD corrections to stop annihilation
[Klasen+ (since 2014), DM@NLO]
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QCD loop corrections Gluon emission
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QCD corrections to stop annihilation
[Klasen+ (since 2014), DM@NLO]

QCD loop corrections

t H <t - H P h H
b \ e / N X

g *r}‘-

" Strong coupl

N\ massless

broadly, the most important

Gluon emission

; AN H N i '\‘ H/

A “29; !’1 q 1 ,:’ fl‘\29) -1 ’f fl‘xgy J J/
ey X \{ \
" H A i,@/h‘ i v = 4 " 1’6;11

/;; AN & H N, /;1 H N, ’

\\29) H / t1

\ 3 /’ n\ V \ i'-l 29)
\
" IéQQ o i 4 % v
:W“l\L '/W‘JI\L ,/tl
_ ; g f‘-; H i H -
R AN\ A ¢ "\%
t1 () \ 31 g \
=S, g ST By fs‘
/FH i H A A N v 7  a
el = - A U e, 1 T ,_
f T INFIRT IN T NIRRT IR MR gt T
5 _f_;
P

H
i
N9 b H A Lo Al ff/’ “a Yy ffx’
=N fr 2l e ¢
- R S yé iy
. e W Vo rl/AeQJ, A s i "“"-\_\ b
--: g7 g t 3 JEQ, v - ,\'}‘,\'\.
\:‘: H -~ \{11,\& v T/ 4 n{:v
s = f\ i i ‘r‘/_’_ﬂ fh
gi 1\ va ‘Q Y q
H . i i
) ¥ < tl}’?’é‘ﬂi’l ~ %Y g
- rH 7 4R v T e
i - B f
-~ = ty f; Vv ~ t1 9 \
g sohov &\%&g S rJ_,-f" S g
h\ \ N 4 \‘ q “‘ G v fl\\
Vo AV O v y
e /;1 14 4 5%“*\. e o
> : 3 -



DM coannihilation with scalar colour triplet
MSSM-inspired toy model

1 1
L D Ex%r?x—imxxcx
T

+ [(0u+ig.GoT) X" (0" +ig, G T X | — m%| X2

+ (x + X, XT") interactions in chemical equilibrium during freeze-out
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DM coannihilation with scalar colour triplet
MSSM-inspired toy model

Long-range interaction

0000000000)

B

¢ Xm =
=
N Xy
R® R = Zf{ = 1 @ adj +
R
V(r)=—oagm /r

Oy = Ot X [Cz(R) — Cy(R)/2

where a, = g2/(4m)

for SU(3)
3®3 =168
> oy = + (4/3)as attractive
oy = — (1/6)as repulsive
with a, ~ 0.1 at mx ~ TeV
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DM coannihilation with scalar colour triplet
MSSM-inspired toy model

Bound-state formation and decay

T ‘% D)

\3/ :@ —F—
= + +
Allowed transitions

(X+XNg = (X+XNy + g
X+ XNy = (X+XDE + g3
(X +XNg — (X+XN)g + g

P

Harz, KP 1805.01200: Cross-sections for radiative BSF in non-Abelian theories

In agreement with Brambilla, Escobedo, Ghiglieri, Vairo 1109.5826:

Gluo-dissociation of quarkonium in pPNRQCD

41




DM coannihilation with scalar colour triplet
MSSM-inspired toy model

Bound-state formation vs Annihilation

strong coupling a_~0.1
o, =141 a?/ (27W?)

10% 5

BSF [8] - [1]

102

Harz, KP 1805.01200: Cross-sections for radiative BSF in hon-Abelian theories

In agreement with Brambilla, Escobedo, Ghiglieri, Vairo 1109.5826: 42
Gluo-dissociation of quarkonium in pPNRQCD



Mass difference [GeV]

40
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Do
o

10}

DM coannihilation with scalar colour triplet
MSSM-inspired toy model

.....

0.5 1.0 1.5 2.0 2.5 3.0 3.5

Dark matter mass [TeV]

Harz, KP: 1805.01200
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Mass difference [GeV]

DM coannihilation with scalar colour triplet
MSSM-inspired toy model

T
A
.
[ 5| Why is this
30 = Important?
(@)
v Indirect
\\\\,-_ detection
20r vy .
2y \\%
%““‘:“.... \\ %'
R
% U
A
10+ 3.
e
2
2 %
q”b,)
05 10 15 20 25 30

Dark matter mass [TeV]

Harz, KP: 1805.01200

45

Annihilation with SE
+ bound-state formation

1.0

1.5 2.0 2.5 3.0
Dark matter mass [TeV]

3.5
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4. The SM Higgs as a light mediator
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Neutralino In SUSY models
Squark-neutralino co-annihilation scenarios

a . .
 Degenerate spectrum - soft jets - evade LHC constraints

» Carge stop-Higgs couplingreproduces measured Higgs mass
and brings ightest stop close in mass with the LSP

= DM density determined by “effective” Boltzmann equation

Ntot =— Ny gp -+ Nyisp

eff 2 LSP 2 LSP—-NLSP 2
o-ann T [nLSp Jann _I_ nNLSp Nysp MnLsp o-ann ]/ntot

Scenario probed in colliders.
Important to compute DM density accurately!
—~ QCD corrections
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Higgs enhancement and relic density
MSSM-inspired toy model

DM co-annihilating with scalar colour-triplet
that has a sizeable coupling to the Higgs

e.g. stop-neutralino co-annihilation scenarios with large A terms

1__ . 1 _
£ D 5)(033)( - me XX . — g_g
i g =
+ [@u+ig.GaT)X| (0" +ig,GUrT) X | — m¥| X |? am
1 M 1 272 2 gﬁ
+ Ea,uha h — Emh’h — g, mx h|X| ap =
: e 167
+ (x+ X, X T) interactions in chemical equilibrium during freeze-out

Harz, KP: 1711.03552, 1901.10030 47



Higgs enhancement and relic density
MSSM-inspired toy model

R  — g + h
— 4

gluon Higgs exchange,

exchange typically thought to

be too short-range

Enhancement of
direct annihilation

Gluon potential

% q influences

X the long-range

: i : NP x 3

Elé%?wsd r:;?éited St . . . 5o % ( o 2PI> B effect of the Higgs!
Xt < /X <

Harz, KP: 1711.03552, 1901.10030 9



60+

20r

Higgs enhancement and relic density
MSSM-inspired toy model

Moderate coupling,

—— Ann + BSF: GE
— Ann + BSF: GHE

.........
e,

Q2 /Qpwm

m, [TeV]

Harz, KP: 1711.03552, 1901.10030

appears i

n MSS ‘\
10————= ——— = — - -
— — Ann: Perturbative
-------- Ann: GE
8- —— Ann: GHE P 7
—— Ann + BSF: GE /
—— Ann + BSF: GHE Ph
~
6 7
-~
-~
-
-~
-
-
-
—
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Higgs as a light mediator

« Sommerfeld enhancement of direct annihilation v Harz ke: 1711.03552
 Binding of bound states v’ Harz, KP: 190110030




Higgs as a light mediator

Sommerfeld enhancement of direct annihilation v Harz ke: 1711.03552
Binding of bound states v/ Harz, KP: 190110030

Formation of bound states via Higgs (doublet) emission ?

Capture via emission of neutral scalar suppressed, ke postma, wiechers: 1505.00109

5 . i , Wise, Zhang: .
due to selection rules: quadruple transitions ey

Capture via emission of charged scalar [or its Goldstone mode]

i 141 Ko,Matsui, T :1910:04311
very very rapid: monopole transitions ! e

Oncala, KP: 2101.08666/7

Sudden change in effective Hamiltonian precipitates transitions.
Akin to atomic transitions precipitated by 3 decay of nucleus.

51




5. Bound-state formation
via emission of a charged scalar

52



BSF via emission of a charged scalar
U(1) model:
scalar DM X,X" coupled to doubly charged light scalar @

ymx

L DO —igX'vH#(,X) —i2g®'V*(9,P) — XX®"+ h.c.

mMx > My

X > > X X X X—)-—:—-(—XT ay Qg
At = g v + Yo Ugxt(r) = —— —(=1)* —e™™e"
X —e xt xt xt Xt —e—ts— X r r

Uxx(r) = 4+ —

A

2P1 -
'AXX _

<
Y Y
Y Y
P X
P
M
<
=

_______
- -

X . > . I' » \‘ X
BSFy B O B e
X7 < -{7—,‘ g ~— xt
V ------
X > e X h i effecti itoni
BSFq e .. [ P .. [, Change In efrective Hamiltonian.
X > — i A Very fast transition!
e :
‘O
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BSF via emission of a charged scalar
U(1) model

ay= 1072 C!¢=10-3
3
10 E | e R R R | = ‘;"‘"'T'\ ‘L‘NL:I =S EEEHERR] =1 ""'? BSF(D very Iarge’
-~ ANnP: XX5VV,008 - ]
1T o219 even for small values
f ———— AnnS: XX-VV,00* ~ LT ] of o .o !
10 BSFy: n=1, /=0 \\:\_ @) Tv*
BSFo: n=1, /=0 S
o £ == Unitarity: s-wave _
. a8
3 1071 - —=
5 E
= :
> 1073%
g1
10-5;
-—71_ N 0 1 Y SO0 O I | i I YRR AR S A 1 . R, '
10  10* 102 102 1077 1
Vrel
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BSF via emission of a charged scalar

dv=10-2 C!¢=10-3
103:5__ == Easail =SS EEER e '\NL""I

- ———— AnnP: XX5VV,008 -
5 s ~ - -
C— ANNS: XX-W,00" S
& S = ~ R
10 3 BSFy: n=1, /=0 ~ \'\‘ 3
BSFo: n=1, /=0 &S
o~ Unitarity: s-wave
5 10 p
3 ]
g 1073 3 3
10" é 3
"'7‘: Lol Ltoa il ool Lol - Ll
10° 10% 10° 102 107 1

Vrel

Oncala, KP: 1911.02605
(see also Ko,Matsui,Tang:1910:04311)

U(1) model

a¢=10'3 C!V=10-2

10-11 LI LERALLL | LERELILAALL | LA BLE LELL | LBLBLRLELL | AR RALLL | LB B RLLL | LR ALLLL | LB ILELLL, | LR RLELELL
(7))
~
<
]
S
>
=
(7))
5 \
[<})
o \
- \
g \
= \
c \
E \\\ — — — — ——— — ] — — ——
< 1072 ~ "
E L R""‘—-—-—-cr“& ™ ™ ™ e ™ i ™ ke
© \

A
A :

10 10° 10° 107 10°
x:mX’T tlme ’

At T ~ binding energy << m_ /30
= recoupling of DM destruction

when BSF via charged scalar emission considered
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BSF via emission of a charged scalar
U(1) model

— DM coupling to gauge vector boson

ay=0 (limit of global symmetry) — ay=0

105: i e 103_ P o o T T T e L
- — AnnP - —— AnnP i | ]
| —— AnnS | — AnnS ]
| — AnnS + BSFo ' | — AnnS + BSFg ' |
| z ' e

= _{//{,{._____:___t:“ =
104} S i 102 L = .
- g :/,,«f"'—"'ﬂr: . :='| E
% = = _ = ]
S, E = E _
> = a Ml c ]

. 7
103} 2 19 ¢ ' SEEa:
: 1 [ 2 ]
g = !
= . = ]
T w |
@ @ -
102 T O O AR iR S 1 ¢ Tttt . R i e P A S s i

1074 1073 1072 107" 1073 1072 1077
ao «— DM coupling to the charged scalar — ag
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BSF via emission of a charged scalar

U(1) model

— DM coupling to gauge vector boson

Zy= (limit of global symmetry) — ay=0
10— 10° — e ———m
- —— AnnP F AnnP :
| —— AnnS ' ——TAnRE :
i e i | — AnnS + BSF, _//-\
I L I L _
= j 5{,{.__-_-—:'___.:.: =
104} "g = 102} _Iq“__:,d_;-_—ﬁ}—/f -E -
| E == =
% = = [ E
S, 3 S B
3 5 = 5
(/2]
103 C g - 10 Gc‘l i
C o 3
= g
= =
L w
i &
10224 ‘Generalisable to nofisAbelian/theories.
107 107 D~ Potentially inperta# 107> 107"
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for Higgs-portal models ,
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6. Bound-state formation
via Higgs-doublet emission
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Renormalisable Higgs-portal WIMP models

Mass-degenerate Singlet-Doublet coupled to the Higgs: Lo -yDH S
D & S co-annihilate; freeze-out begins before the EWPT if M_ , > 5TeV

M, =20TeV, o, =y?/(4m)=0.2

E violation of s-wave unitarity
bound e
10 e
hll‘-‘ I .'//!- \
g 1 L = sS/DD only Bound-state formation via B,W,H emission;
5 c _ ’," dominated by Higgs doublet emission
_—_ -l DD & DD only ]
Ca ]
® - l DS only /
>-.',_-_ 10~'L w1 All bound states |/
@ - |
b C ' \N\‘“
S X\0
“\“‘\a ﬁe\d
N‘ L el
1072 e I R, v i i e e i .
Tree-level annihilation
10_3 . PR | . P | . PR | . PR
10 102 10° 104 10°

_ time
XxX=m/T —_
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Renormalisable Higgs-portal WIMP models

Mass-degenerate Singlet-Doublet coupled to the Higgs: L>-yDH S
D & S co-annihilate; freeze-out begins before the EWPT if M, > 5TeV

1 ] 10P: : .
T [ End@EWPT - / S AN S5y
S; : 0] AnnSBw'I'BWI—BSFBW
N; _______________ W AnnSgyy+BWH-BSFgyy
T
5 ;
> 1 =
o) (=]
T 107" G 10
£ c
S
o
k=
=
=2
3 " W AnnSgy +BW-BSFgy
2 , B AnnSgyn+BWH-BSFayn
10- | \ I | | I 1 N ———y e = — e
10° 104 10° 10° 10* 10°
m [GeV] m [GeV]
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Renormalisable Higgs-portal WIMP models

Mass-degenerate Singlet-Doublet coupled to the Higgs: L>-yDH S
D & S co-annihilate; freeze-out begins before the EWPT if M, > 5TeV

1, R 10—
T End@EWPT - / /| [ AMNSEW | o]
s 1% :. AnnSBw+Bw:—BSFBw
‘\; — B AHHSBWH-I-BWH—BSFBWH
n bttt -
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Conclusion Anuékpriog

(or my ten eents drachmas) ( 79)( &

Bound states impel complete reconsideration of thermal decoupling
at /above the TeV scale.

Unitarity limit can be approached / realised only by attractive long-range
interactions = bound states play very important role!
Baldes, KP: 1703.00478

Important experimental implications:

— DM heavier than anticipated: multi-TeV probes very important.

- Indirect detection
+ Enhanced rates due to BSF
* Novel signals: low-energy radiation emitted in BSF
+ Indirect detection of asymmetric DM

— Colliders: improved detection prospects due
Increased mass gap in coannihilation scenarios
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