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Frontiers in particle dark matter searches

(very simplistic summary)

Past decades

Most research focused on

m,, ~100 GeV ~m,,

(e.g. prototypical
WIMP scenario)

Current frontiers

Heavy dark matter
= TeV

mDM —~

Not constrained by colliders.

— Experimentally probed by
existing / upcoming telescopes
e.g. HESS, IceCube, CTA, Antares

Light dark matter

m,, = few GeV

Not constrained by older direct
detection experiments

— Development of new generation
of direct detection experiments
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Heavy (m__ = TeV) dark matter

How does the phenomenology of dark matter look like?
(in popular scenarios, e.g. thermal-relic DM)

New type of dynamics emerges:
Long-range interactions
1 1 1
<
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Distortion of scattering-state wavefunctions
= affects all cross-sections
e.g. annihilation, elastic scattering

_ ; _ N Production in early universe, e.g. freeze-out
{ = E . .
T = changes correlation of parameters (mass — couplings)
Sommerfeld h ] i) H’L* Indirect detection signals

Elastic scattering
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Unstable bound states (positronium-like)
= extra annihilation channel

* Production in early universe,
e.g. freeze-out
* Indirect detection
* Novel low-energy indirect detection signals
e Colliders

Stable bound states

» Elastic scattering (usually screening)
* Novel low-energy indirect detection signals

 Inelastic scattering in direct detection
experiments (?)

implications of NON-perturbative
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comoving humber density
Yom = npm/S o« npy x volume

Dark matter production via
thermal freeze-out
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 relativistic regime ]
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1 pb = 0-Weak
WIMP miracle!
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Long-range interactions and freeze-out:
A dark U(1) sector
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Dark U(1) model: Dirac DM X,X coupled to 7y,

e a\
Direct annihilation
X+ X = 29, ,
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Thermal freeze-out with long-range interactions
Dark U(1) model: Dirac DM X,X coupled to 7y,

I e 11
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Thermal freeze-out with long-range interactions
Dark U(1) model: Dirac DM X,X coupled to 7y,

Ajuenun snem-s
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The origin of non-perturbative effects
at perturbative coupling
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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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Bound-state ladder g + § § + § § § do: e
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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

18



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?

g9 g 9 g 9 8
Bound-state ladder § & g § + g é § 4= 1
g g9 9 9 9 3

Energy and momentum exchange scale with a!
e Momentum transfer: |q] ~ pa.
|

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

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

1 1
one boson exchange ~ o X xX —
(ho)? o
_— 1 1 1
each added loop ~ aX [ dgqdiq —
g1 —mMi1q2 — M2 g,
1 1 1

~ ax (pa®)(pa)?
pa? po? (po)?

~ 1

19




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?

g9 g 9 g 9 8
Bound-state ladder § & g § + g é § 4= 1
g g9 9 9 9 3

Energy and momentum exchange scale with a!

e Momentum transfer: |q] ~ pa.

¢
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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.

21



Unitarity 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

23



Partial-wave unitarity limit

4 (20 + 1)
£ £
O-i(n()alvl‘el < o-fm)ivrfﬂ — M2

bm Urel

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

47

CannUrel =~ 2.2 X107 em®/s < ———
MDMUI‘el

2 \1/2 _ 6T /M 1/2 freeze—out 0.49
(Vie1) (6T /Mpwm) MDM—>/T < o5

= Muni ~ 117 TeV




Partial-wave unitarity limit

¢ e
CinaiVrel < Ty

v

uniYrel —

47 (20 4 1)

2
MDM'Urel

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

O annUrel

47
~ 22x107* cm®/s < ———
Mngrel
2 \1/2 __ 1/2 freeze—out
(U ) - (GT/MDM) — 0.49

rel

MDM/T ~ 25

= Muni ~ 117 TeV

Two assumptions
to be questioned

1. “one does not expect
O Vel X 1 /0y for
annihilation channels in a
non-relativistic expansion.”

2. The s-wave yields the
dominant contribution to the
annihilation cross-section.
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<v3e1> M3

Partial-wave unitarity limit

Implies upper bouql on

(6T /Mpy,)/?

MDM/T =~ 25

= Muni as TLT

47 (20 + 1)
(£) (&) _
O inelVrel S T uniUrel = M?2
DM'UI'EI
>

of thermal-relic DM

ns
woioned

. “one does not expect
O Vel X 1 /0y for

annihilation channels in a

freeze—out
= 0.1%

[ Ty

aoiant contribution to the

annihilation cross-section.
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Partial-wave unitarity limit

4mw(26 + 1
O'i(xft)elvrel S O'm(fn)ivrel = (2 )
MDM'UreI

1) Velocity dependence of o,

p
Assuming ov_, = constant, setting it to maximal (inevitably for a fixed v )

and thermal averaging is formally incorrect!

.

= Unitarity violation at larger v_, non-maximal cross-section at smaller v__.

/

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

2 2.3
o . mal 27T Qp [Vrel apSua 2T QG

o Vyel X ————
ann
M2 1 — exp(—2map/Viel) M2 Vel

= Velocity dependence of g definitely not unphysical!

Baldes, KP: 1703.00478
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Partial-wave unitarity limit

4 (20 + 1)
£ £
O-i(n()alvl‘el < o-fm)ivrfﬂ — M2

bm Urel

», Parametric

?
1) wy dependence of G, What can we learn:

For a contact-type interaction, mediated
by heavy particle with m,eq = Mpy,
2 N2

a,M:Z > 41

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




Partial-wave unitarity limit

()

(€)
O inelVrel

§ Juni

vre

A7 (20 + 1)
MgM'vrel

», Parametric

1) yeloc/ity dependence of g,

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

o2 M2 47
O annVrel ™~ 4 5 M2 .
Med DMUrel

Approaching unitarity limit requires
large coupling (no surprise)

=1,

i~

adp N

med/ DM

Calculation violates unitarity if
Mmed < O51/2]\4'DM S apMpy,.

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
M2

47
< —
~ 2

MDM’U

O ann Urel —

Urel rel

Unitarity indicates range of validity

ap < 0.86

m~J

Only numerical bound on a
dimensionless coupling

= include (resummed)
higher order corrections

Baldes, KP: 1703.00478 29




Partial-wave unitarity limit

47 (2€ + 1)
£ E
o-i(m)alvl‘el < Jt(lll)ivrel — M2

bm Urel

1) Velocity dependence of o,

Proper thermal average and taking into account delayed chemical decoupling

M ini >~ 117 TeV — M i =~ 198 TeV

s-wave annihilation

Baldes, KP: 1703.00478 30



Partial-wave unitarity limit

OinelUrel X O ypiUrel 2
MDM’Ure]

2) Higher partial waves

In direct annihilation processes, s-wave dominates.

e For contact-type interactions, higher £ are ”351 suppressed:

o0
T E E 20427
O annUrel — Cyr Urel

£ =0
e For long-range interactions:

2. .3
aD>>1irel 271. aD
7
2
M2, Urel

2 2 2 .5
(£=1) T . 2‘?TOiD/’UI.e| ap Qp>Urel 2m an,
U vrel ~ 'U . l X ].. _|_ £
M2 - ]_ — e_2ﬂQD/Urel r‘Uz M2
DM

DMUFEI

2
(£=0) TQ, 271-&13/”1‘91
o VUrel ™~ X
M?2 1 — e—2map/Vral
DM

rel

Same v, scaling (as expected from unitarity!), albeit »?

2 -
S, — af suppression.

Baldes, KP: 1703.00478
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Partial-wave unitarity limit

g (E) v
inel Yrel

X O, piVrel =

47 (20 4 1)

MgM'vrel

(€)

2) Higher partial waves

In direct annihilation processes, s-wave dominates.
However, DM may annihilate via formation and decay of bound states.

2.3
J(£=D) aD>>vrel 271. a’D
ann rel
a M2 v,
= 3
-4
E 2 23
— =1 ap>Ure " T
°  ofer Vra 223 313 x 2
MDMvrel

L

o

Baldes, KP: 1703.00478
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Partial-wave unitarity limit

4m(2€ + 1)
f £

o-i(m)elvl‘el < o-l(ln)ivrel — M2
DMUrel

2) Higher partial waves

In direct annihilation processes, s-wave dominates.
However, DM may annihilate via formation and decay of bound states.

£=0 C""J-'_-3'>>"-?rel
,fmn ) rel ?

same order!

= ap>Urel ‘
JgSFl)'Urel — 3-13 X Mgmvrel £t g g @DB ‘|’ i § § @DB

Both s-wave and p-wave saturate their unitarity limit at a, ~ 0.86.
= Consider combined bound on the DM mass, M "7 ~ 276 TeV.

uni —

g

dark QED

Higher partial waves important for DM destruction in early universe
= higher M_,, AND no general M_.on thermal-relic DM !

Baldes, KP: 1703.00478 33




Partial-wave unitarity limit

(£) __
O inelVrel <O iUrel —

Can be approached or attained only by long-range interactions

* Freeze-out
Sommerfeld & BSF alter predicted mass — coupling relation.
Important for all experimental probes.

* Indirect detection
Sommerfeld & BSF must be considered in computing signals.
Novel lower energy signals produced in BSF.

Baldes, KP: 1703.00478
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Neutralino-squark co-annihilation scenarios

35



Squark-neutralino co-annihilation scenarios

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 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

36



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

®)

QCD loop corrections Gluon emission
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broadly, the most important .



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

QCD loop corrections
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DM coannihilation with scalar colour triplet
MSSM-inspired toy model

1 1
L D XFidx — Jmu XX
T

+ @, +ig.GaT)X| [(9" +ig.G™ T X| — mi| X’

+ (x & X, X") interactions in chemical equilibrium during freeze-out
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DM coannihilation with scalar colour triplet

MSSM-inspired toy model

Bound-state formation and decay

M 1

"E+?

Allowed transitions
(X +XN)g = (X+XNy + gm
(X + XNy — X+XNg + g
(X +XN)ig — (X+X")g + gm

P

40




DM coannihilation with scalar colour triplet
MSSM-inspired toy model

Bound-state formation vs Annihilation

strong coupling o _~0.1
o, = 141 a2/ (27M?)

102;

BSF [8] - [1]

| RN RURRY Y 1 I N | | | R A I A 1“»|| oyl | Y Y LY T 1 0 )
1072 104 1 10 102

Harz, KP: 1805.01200 41



DM coannihilation with scalar colour triplet
MSSM-inspired toy model

40 N
- A
d
[ 5| Why is this
30 = Important?
% (@)
% v Indirect
Q \\\\ : detection
el 2,
“d_) 20 ?3‘ .“"..' \\ %
5 AR X
& AV
S %f}
10 ?3,
%
%

05 10 15 20 25 30 35
Dark matter mass [TeV]

Harz, KP: 1805.01200

Not the
final picture!
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The Higgs as a light force mediator
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Squark-neutralino co-annihilation scenarios

Degenerate spectrum - soft jets — evade LHC constraints

Large stop-Higgs couplino reproduces measured Higgs mass
and brings tne ligntest 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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DM coannihilation with scalar colour triplet

MSSM-inspired toy model
The effect of the Higgs-mediated potential

80— -
ap = 0.05
— — Ann: Perturbative
-------- Ann: GE
Ann: GHE

__ 6o Ann + BSF: GE
<3 Ann + BSF: GHE
<O
%';'_ """" Squark-arntisquark-Higgs coupling

Q !
(= Large ay,
o? 40°¢ < .
£0 \ reproduces measured Higgs mass
® 5 \\ brings lightest stop close in mass with LSP
50
23

£

20+
Not the
final picture!
1 2 3 4 5

Neutralino mass [TeV]

Harz and KP: 1711.03552, 1901.10030 45



The Higgs as a light mediator

* Sommerfeld enhancement of direct annihilation Harz, KP: 1711.03552
* Binding of bound states Harz, KP: 1901.10030

é i i i ..
* Formation of bound states via Higgs (doublet) emission ?

Capture via emission of neutral scalar suppressed, March-Russel, West 0812.0559

KP, Postma, Wiechers: 1505.00109

due to selection rules: quadruple transitions An, Wise, Zhang: 1606.02305
KP, Postma, de Vries: 1611.01394

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

very very rapid: monopole transitions ! gg@g\?;f;iga;gg;;ggggg4311

Oncala, KP: 2101.08666
Oncala, KP: 2101.08667

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

46
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Renormalisable Higgs-portal WIMP models

Singlet-Doublet coupled to the Higgs: L>-yDHS

m,=m., - D and S co-annihilate.

Freeze-out begins before the EWPT if m_, > 5TeV

Moy =20 TeV %, =y /6 =02

violation of s-wave unitarity
bound =l
10 = V__,..—f'"f =
§ ' il \
E - [ & ion vi istion:
- w1 SS/DD onl ound-state formation via B,W,H emission;
5’_ C - _ oy dominated by Higgs doublet emissipn
3 - Il DS only /
= 107'L 1w All bound states /|
5 3
b o
S
E Tree-level annihilation
10_3 L L L PR | . PR | N L e
10 102 103 104 10°
x=m/T tlme>

Oncala, KP: 2101.08666/7 47



Renormalisable Higgs-portal WIMP models

Singlet-Doublet coupled to the Higgs: L>-yDH S
m, = m, - D and S co-annihilate.
Freeze-out begins before the EWPT if m_, > 5TeV

1 ! = -
End@EWPT = : /|
0 E.
L P R
=y
T
2E A1
= <
e |
oy, 107
S
S
<)
(&
E . . _
B AnnSgy
- ® AnnSgy+BW-BSFg,y
@ Anl‘ISBwH+BWH—BSFBWH
10'2‘3- g T
10 10 10
m [GeV]

48
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Conclusions

 Bound states impel complete reconsideration of thermal decoupling at
/ above the TeV scale: emergence of a new type of inelasticity

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

There is no unitarity limit on the mass of thermal relic DM!

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

= build the 100 TeV collider :)

- 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 Iin
coannihilation scenarios

« Effects not limited freeze-out scenario:

freeze-in, asymmetric DM, self-interacting DM, stable bound states “



Extra slides
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Thermal freeze-out with bound states
Boltzmann equations

dn _ . . :
free particles: o +3Hn = — (6™ vpa1) (n2 — n® 2) - Z ({2 Bea) 1> — L2" 1ig)

dn

bound states:
dt

B
B

B

" +3Hng =+ ((05°F vpal) n? — " ) 9 (ny — 02— 0 G

Processes Detailed balance

Bound state formation (BSF)

Ionisation (ion)

X4+X =2BXX)+ys

} : (5 vat) (n°9)? = Tie™
B(XX)4+v% —+X+X

Decay (dec)

B(XX') — 27, or 37,

trans eq __ trans eq
FB—}B’ Ng = FB’—}B ns’
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Thermal freeze-out with bound states
Boltzmann equations

dn . :
free particles: o +3Hn = — (6™ vpa1) (n2 — n® 2) - Z ({2 Bea) 1> — L2" 1ig)

B

dn 2 - e N
bound states: dtB + 3Hngs =+ ({05 rel) n? @s)‘@("% = ng“) 33 '-fr‘.-_-- — Lo g}

Typically at least one rate is large enough
FLDH + I‘\gec + Iﬂ!;grans > H
to keep bound states close to equilibrium
= set dng/dt +3Hns; >~ 0
= get algebraic equations for n, in terms of n, ng’
= re-employ it in Boltzmann equation for n

Ellis, Luo, Olive: 1503.07142

Complete treatement:
Binder, Filimonova, Petraki, White 2112.00042
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Thermal freeze-out with bound states
Boltzmann equations and effective cross-section

free particles:

bound states:

dn . . :
o + 3Hn = — (6" vpa1) (n? — n®9 %) — Z ({2 Bea) 1> — L2" 1ig)

B

dng

+ 8Hn, =+ (02 v} 0 =T n ) T (g, — 09— ) (pleensy, _ puses, )
dt ’ B B y B B - s

dn - 5 . .

— 4+ 3Hn = — (0" vyar) (1 Attractor solution is

dt ) o .
the equilibrium density

where, neglecting bound-to-bound transitions,

X

(o-effvrel) = (aannvrel> —I' Z(JBSFUL'QI> : .
= B I‘gec + 1“15011

r

efficiency factors

Binder, Filimonova, Petraki, White
Py = Z Iﬂg?c(ﬂ—ion ik [rdec o I]—trans . -l]-) ;’]é 2112.00042

B!
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Thermal freeze-out with bound states
Effective cross-section

d
d—? +3Hn = —(a‘eff'vrel)

where, neglecting bound-to-bound transitions,

(0 Vee1) = (07" V1) + ) (05 Vrer)
B

(n2 — ned 2)

dec
FB

X
Ide i
dec I 101

At T > Binding Energy = F;"“ > ]__‘g@(-!

I\dec I\dec ned
BSF B BSF B B dec
(08 Vpel) —————— =~ (05" Vrel) = r
B e dec ion B 55 ion eq)2 B
I Cowp X E (neq)

Qs( P >3/2
g3 \m,T

U

Independent of actual BSF cross-section!

% ()|EB|/T Fdec
= B

I'dec oc (08 p,e1) — modest increase over the direct annihilation,
but increases exponentially as 1" drops.

dec
FB

[‘gec _|_ I‘g)n

BSF

<O-s BSF,

Urel) e (O-E Ul‘(_?]) .

Typically, most of DM destruction
due to BSF occurs in this regime.

At T < Binding Energy = I''®® « rdec,
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Effective cross-section in dark U(1) model

Cross-sections

Thermally averaged cross-sections

103: ¥ L R S E B | f S ES S I ST R S S Bk ! ": 103_ T T T TTrf T T T T T T ”t
S S X ; - r ]
ann J /e R I e Sann
-------- SBSF '.” —
72 A N SBsF f
— == S[Ot /“" .o‘ — '0'.
102 L P {'.a- o | 1 02 | i StOt /o‘,v i
L /"o "o' — SEff for aD=O1 4’:/:,’ 4"’:
¥ ot =] s **
o /,c‘ ’0' b / i *
b .l‘ .“ — / ,*/ .o‘
h%} / e: o" % /0' .f v'.
et g ’," € "o‘ 4 '0'
= 10 ¢ 75 : = 10 > o ;
b E / '-r..f _p-/ C » "o" / 1"o'
I “."o N - "..o ’v/{:..o
2 4% (%) o e
J‘O ol N "'O o
.--—""".f ; B = 4::...-1"‘"“
{ fp—— i : 1 :
10_1 Ll .:l 1 Ll L -1 Ll Lol L4 il Ll Lol Lbdia
1072 107 1 10 10° 10 10° 10°__107' 1 10 102
C = ap/l Viel K@x CI%/ (4Tp)

4

binding energy / temperature
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Thermal freeze-out with bound states
Boltzmann equations and effective cross-section

dn . . :
free particles: o +3Hn = — (6™ vpa1) (n2 — n® 2) - Z ({2 Bea) 1> — L2" 1ig)
B
dn = ; W - )
bound states: dtB + 3Hng =+ ({05 vya) n? — LY n,g)—l“g'“ (ns — nY) — ) (Dhwns — Tpliine)
Y PN

(0T ve1) = (0™ Vrat) + (05 Vrar)
B

where, neglecting bound-to-bound transitions,

Attractor solution is
the equilibrium density

dec
Frs

dec ion
I‘,3 + I .

X

r

efficiency factors

T — Z I"g?C("—ion it [rdec 4 [trans __ —l]—) ;!],_;;

B!

Bound-to-bound transitions
only enhance the total effective cross-section!

Binder, Filimonova, Petraki, White
2112.00042
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A corollary
Saha equilibrium for metastable bound states

2 2
Ny L Ntree Nfree 1
eq eq T eq o T's
ng nfree nfree

Binder, Filimonova, Petraki, White 2112.00042

Py = Z I\g?c(ﬂ*ion 4+ [dec 4 [trans _ —[r) ;’L

&0 & N
19> U
y < > N
Ny o ('nfree)2 Ns — 1
nst = \nis, ngl

Standard Saha equilibrium Particles with decay rate > Hubble
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