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Introduction
Thermal dark matter, downhill in mass




Light thermal dark matter
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What is required for such a light DM?

* Many different approaches, (e.g asymmetric DM, SIMP, etc..)
* Pospeloy, Ritz, Voloshin, Feng, Kumar, Nussinov, Kaplan, Luty, Zurek ...

* Here: keep model building simple, thermal freeze-out & SM motivated

e Obtaining the thermal relic density (from freeze- 5
out) =2 effective annihilation mechanism

* |In practice, that means a new force, hence, e.g a
new massive vector boson
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Building a light thermal Dark Matter



Kinetic mixing and dark Higgs mechanism

* Coupling to SM obtained through “kinetic mixing” term

Kinetic mixing term

1 1 €
,C /:__F/,LLI/F/ 1= BVF/,uz/
A 4 12 cos B, ™
i AS
+ (D) (D,S) + 3l SI” =SS

Dark Higgs potential

e After “dark” U(1) symmetry is broken, a massive light dark photon
and a correspondingly light dark Higgs S.



Fermion dark matter example

* Introduce a Dirac fermion dark matter y = (x;, Yr) with Yukawa
couplings to the dark Higgs S

CE}%% =X (UD —my ) X + YstSXPox +ysrSXPrx + h.c.

» After U(1), symmetry breaking, the dark matter acquires a
Majorana mass
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* After diagonalization = two Majorana fermions, y; and y, with
variable mass splitting depending on the Yukawas



Spectrum and dark Higgs boson

Mass (MeV)
* The dark Higgs VEV sets most of the

mass scales Vg ey My = GopQsUs

* If S = y,x;not available, the \
L MS = \/ 2/\52]5

dark Higgs is typically very

long-lived
- Treat this setup as a two-
component Dark matter M, — M., = V2vs(ysr + ysr) I
scenario (In the small

splitting limit)
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Dark sector and cosmological constraints

Relic density, CMB bounds, BBN bounds



Relic density (1)
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Relic density (2)
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X S
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* When the dark Higgs boson lighter than DM
- “secluded” DM annihilation
A Xk
e If the dark Higgs is long-lived -> participates in Xi s o S_
freeze-out, gets a metastable density.
ﬁ

* When the Dark Higgs is light, one in general treat this setup as being
two-component Dark matter

* The metastable Dark Higgs density will send be crucial for BBN bounds



BBN-related bounds
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Accelerator signatures

Light dark sector particles may be accessible at the intensity frontier and
precision experiments



Dark Sector searches

Either searching for DM via scattering in fixed targed/long-baseline
neutrinos experiments (LSND, miniBooNE ...)

Or: we now have a light “dark Decay to either SM and DM

sector” on top of our DM >Mono-photon missing energy
candidate, sighature @ BaBar, NA64 ...
* Mediator: —>Very strong and largly model-
Dark photon V independent constraints
on kinetic ¢

~<

>

mixing ¢ < 1073

—2If visible decay, slightly
stronger bounds (e.g LHCb)

e Dark Sector ( dark Higgs S,
Heavier dark sector

states (e.g x»)




Example: fermion dark matter

* Depends only on
the kinetic
mixing parameter
& and dark
photon mass

* Bright prospect N

(e.g. Belle II, 50 107}
ab™)
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How do we detect it: Dark sector decay

* Dark Sector contains: dark Higgs S, Heavier dark sector states (e.g x»)

Dark Higgstrahlung (dark Higgs) Dark photon cascade decay
X1
I Xolo" |4 X2 \S
’/TU’ n . R -~
T,
> ~ V .s‘ X1
g X2
= Fairly model - Strong model dependence but high

independent, but low
production rates

V production rate

* Decay:pairofete”
— Easy to distinguish from neutrino scattering (almost zero background...)



Dark sector from cascade decays

* Heavy state decay
X2 = Vixs - xiete”,
strongest bounds reach
down to e ~0(107°)

e Strong model
dependence

—>The presence of the
dark Higgs leads to
“blind spots” if

¥, — Sy, allowed

— Typically same reach
as DM scattering
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Conclusion




Conclusion

* Light thermal dark matter candidates typically carry with them a small
dark sector

* Accelerator searches for this dark sector fields complementary with DM searches

* The accompanying dark sector offers both fascinating detection prospects and
very strong cosmological bounds (BBN ...)

* A simple light thermal fermion DM presented, contains most used
simplified models (iDM, Majorana DM)

* Typically richer phenomenology
* The influence of the dark Higgs has been in particular often neglected

- strong effect on relic density, BBN bounds

- “Blind” spots from heavy dark sector states searches at
accelerator
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A key aspect - Dark Higgs life-time

* Extremely long-lived f

e Two kinetic mixing insertion needed
* Loop-factor

e Shorter life-time above di-muon
threshold

* Hadronic uncertainties after di-

pion threshold

e () 10-3\* /100 MeV My \2
o Q g Mg 100 MeV

* If kinematically available, it can decay instantaneously to DM or dark
photon




The case for small Higgs/Dark Higgs mixing

* Both the SM and dark Higgs potential must be diagonalised simultaneously
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A simple scalar case

* We introduce a complex scalar DM y charged under U(1)p

LOM = (D) * (D) — my|xI? + Aedx]* + Ays|x?S)?

 Relic density from s-channel >
annihilation
X" S
- — < - T o> —
|
+ X Care must be taken from indirect CMB
| ' bounds
X S The process y*y — S S is s-wave



CMB bounds -- the scalar case

* The only s-wave
channel
When M, > Mg, t- 2007
channel annihilation
into dark Higgs = 109
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Direct detection strategy-- the scalar case l

* Upcoming
bounds from, e.g
SENSEI will cover
most of the
parameter space

* Missing energy 1041
searches are |
already
competitive! S
| aaa CMB+BBN+Relic allowed | Ne?
»®e SENSEI, Si, 2e"-, 1009 e’
105 — — . -
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Fermionic DM — Dark Higgs impact

Xi

> —>—

Secluded
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—> Large Dark

Higgs
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density

Dark Higgs depletes y, population
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Pseudo-Dirac: Co-
annihilation region

Dominant vertex for
almost Dirac DM



Fermionic DM — Su

* Three interesting
regimes with starkly
different
phenomenology:

* The pseudo-Dirac = 107

=
casem, ~ m,, <
* The Majorana DM
casem,, > m,,

* Secluded regime
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Detection strategies, sub-GeV DM

 Need for low-
threshold
experiments

* DM-electron
scattering

e DM- low-Z elastic
nucleus
interactions

* Bremsstrahlung in

inelastic DM-

nucleus scattering

* DAMIC, SENSEI,
UA’,NICE,
SuperCDMS,NEWS

Superfluid Helium

Photon emission

Chemical-bond breaking
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SN 1987A bounds

* Typical bounds arise when
DM do not scatter enough
and escape the SN core

ape? < O(few) x 10~ 14

* Not relevant for pseudo-
Dirac case/Majorana case at
the thermal target

e ap(my/m')*

* Dark Higgs bounds may be
relevant at mg < M, or
mg < MXZ — MXl

-> Under investigation

From arXiv:1803.00993
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Already rich literature...

10 Nx->x+X my=3m, a=0.5 POT=2x10%
* Typical current bounds are competitive o
w.r.t missing energy searches .
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Dark Higgs from Higgstrahlung

From LD, Rao, Roszkowski 1710.00971
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Heavy dark sector decay

* Key point -> The heaviest eigenstate as |
typical decay length of order meter X2

- Decay into pair of electrons (no

SM

background)

=2 In optimum region, large portion of the

heavy dark states decay in the detector SM
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Heavy dark sector decay (2)

e Signature : pairof ete™
—> Easy to distinguish
from neutrino

scattering (almost zero
background...)

 Can reach down to
g ~ 0(10‘6)

* Bounds from proton
beam dump experiment
(LSND, miniBooNE) and
electron BD (E137)

* Old experiment giving
very strong limit!

Thermal iDM, A =0.3 m ,

Mgy =3 m .
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