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INTRODUCTION

Before the LHC started operating we all hoped for great discoveries ...
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Do we have a good reason to o Beyond the Standard Model?

® O
N\

* SM fails to explain neutrino mass and mixing .

“* SM doesn’'t have DM candidate.

* SM fails to explain observed baryon asymmetry.




Who can be a DM %

* Should be massive

* Should be electrically neutral

* Should be present in early universe

* Should be stable or at least with half life greater than the age of the universe.

|Need a symmetry like Z,, Z5 etc




2,00 of Dark Matter Candidates

| existin QCD so
why
can't | be dark?

neutrino
masses
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Overview WIMP Mechawnism
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» Strongly constrained by direct and indirect detection experiments.



Overview WIMY Mechawnism

In the early universe:

pair annihilation co-annihilation co-scattering freeze-in

>< < X <

Griest, Seckel 1991 Ruderman et al. 2017 Hall et al. 2009

smaller coupling / longer litfetime

C in thermal equilibrium] [ out of equilibrium ]




Dark Matter Detection

Dark
Matter

Direct
Detection

Indirect
Detection

Particle
Colliders

Astrophysical

Probes

Shake It

Probe It

Experiments

Techniques

* XENONNT, SuperCDMS
4+ LUX, DAMA/LIBRA

* PandaX, DarkSide20k

* Fermi-LAT
-+ AMS-02, PAMELA
 HESS,CTA, IceCube

o ATLAS
- ¢ BaBar

* CMS, Bellell

+ Plack (CMB), WMAP
4+ GAIA, DES
» HUBBLE, LSST

Recoil Energy of a collision SM-DM

o DM nucleon scatering
o Bubble chambers
o Semiconductor detectos

DM Decays into SM

o XX -» SMSM
o Neutrino telescopes

o X-rays from DM decays
o Cosmic rays Anti-DM searches

SM Decays into DM

o Kinetic Mixing constraints
o Fixed-target

o Invisible higgs decays
o Dilepton decays

o Beam dump experiments

DM Scattering

o DM Thermal Relic Abundance
o Self-Interacting DM

o Galaxy Rotation Curves
o Gravitational Lensing



Dark Matter Portals

Portal Mediator Particle Operator

Dark

Sector

£
Vector ‘ Dark Photon | L D -5 By, F'M

a . =, oy
- Pseudoscalars L DEFWF ,EGini
Higgs m) Dark scalars
m ‘ Sterile neutrinos
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Inelastic

Inelastic Dark Matter (iDM Dark Matter

(iDM)

Theoretical Framework

B ) a1k SeCtor |

Two-component Weyl fermions forming a Dirac pair splitting into

f Dirac Pair| : :
"1 o pseudo-Dirac pair (v, 1)

New vector mediator A’ arising from a spontaneously

'Mediator]| |
| L pbroken abelian gauge symmetry U(1),

Mass

1 .
Z D — Mpyy, — > (511//12 T 52W22> +h.c.,with ¢, , <Mp, = eigenstates

Dirac Majorana



LB RRL

|

L

L | lfll]l

LI lllill

Ll llllll

|

-
—
‘---‘-'

Ll llllll

./.
\

.. L ===+ Median 3o discovery potential
==== Median expected upper limit
w—— Power constramed upper limit

Ll llllll

==+ Unconstrained upper limit
lllllll 1 A lllllll | L L L 1 11

—_
-
-
p -

10° 10 10"
WIMP Mass [GeV/c?]

-

Direct detection

puts strong bounds on

thermal dark matter




Direct detection
puts strong bounds on
thermal dark matter

Self-annihilation
SM Elastic scattering
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Direct detection
puts strong bounds on
thermal dark matter

Self-annihilation
X Elastic scattering
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Inelastic Dark Matter

Dark fermions couple
mainly off-diagonally
with dark photon

Weaker direct
detection bound

Thermal through
co-anninilation




Inelastic Dark Matter

Dark fermions couple
malinly off-diagonally
with dark photon

Weaker direct
detection bound

Thermal through
co-annihilation



Inelastic Dark Matter

Dark fermions couple
mainly off-diagonally
SM with dark photon

Weaker direct
detection bound

Thermal through
co-annihilation

SM



Inelastic DM detection Colliders

- Displaced signature

- Mono-photon

\1 e, ), hadron

\2 e’ ", hadron

\ 1




Inelastic DM detection Colliders
Beam-dump

- Scattering

- Decay

llzaguirre et.al. ‘19]




From arXiv:2005.01515 Massive Dark Photon

Limits on visible decays
Current limits (dilepton resonances)
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Figure 3.3: Existing limits on the massive dark photon for m 4 > 1 MeV from di-lepton searches at
experiments at collider/fixed target (Al [176], LHCb [177], CMS [178], BaBar [179], KLOE [180, 181, 182,
183], and NA48/2 [184]) and old beam dump: E774 [185], E141 [186], E137 [187, 188, 189]), »-Cal [190, 191],
and CHARM (from [192]. Bounds from supernovae [193] and (g — 2). [194] are also included.
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Figure 3.5: Existing limits for a massive dark photon going to invisible final states (o, >> ae?). Existing

limits from Kaon decay experiments (E787 [222], E949 [223], NA62 [224]), BaBar [225], and NA64(e) [226].
The constraints from (g — 2),, [115] and (g — 2). are also shown.



arxXiv: 2104.10280 arXiv: 1810.0187/9

Thermal iDM, m ,,=3m,, A=0.03

10"

107

107

10

10—5 my/m, = 3,ap = 0.5 (solid)

my [m, = 5,ap = agy (dashed)
10 -3
10?2 10" 1 10 1074 10 102
my [GeV]
T [GeV]

Previous studies demonstrates that ap = ag,, s phenomenologically disfavored.



Resulks

Parameter Scanned range
M, [GeV] 11, 30]
6 [GeV] [10-%, 20] e Apm = Aem, € = EMAX
’ 1
My [GeV] | ___[10_, 60) 10
- max (M) ~
ap XpM o
Elfé 101 3
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Il
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10— 4 b PR B
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Contrary to suggestions from previous studies, we demonstrates that a, = ay,, is not
phenomenologically disfavored.
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“* FASER is a dedicated forward experiment at the LHC, located O(100) m downstream of the ATLAS interaction point (IP1)

* It searches for light, weakly interacting long-lived particles (LLPs) produced in proton-proton collisions that travel along the beam
collision axis.

“* Provides a low-background and cost-effective approach to exploring physics beyond the Standard Model.
arXiv: 1810.0187/9



MAssive Timing Hodoscape for Ulkra-Stable
neutral pArticles (MATHUSLA)

CODEX-b (COmpact Detector for EXotics ak LHCD)
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e Large surface detector proposed above the LHC for long-lived e CODEX-b 1s a proposed long-lived particle (LLP) detector
particle (LLP) searches. located 1n a shielded cavern ~25 m from the LHCb interaction
point (IP8).
’ Det.ects displaced decays in a nearly background-free e It searches for neutral LLPs that travel through the shielding and
environment. L :
decay inside a 10 m x 10 m x 10 m instrumented decay volume,
e Extends sensitivity to very long lifetimes, complementing providing a very low-background environment.
ATLAS, CMS, and FASER.

e Shielding suppresses Standard Model backgrounds, enabling a
low-background search for long-lived particle decays.



1. The transverse momentum of %2 originates mainly from the decay of the dark photon and therefore peaks around : Pry, =

2. Angle with respect to the beam axis: 6’%2 ~
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LLPs reaching FASER are highly boosted and produced at very small angles (= few mrad), making
forward detectors particularly sensitive to long-lived particles.
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A480m downstream p-p IP

Detector Vol:R=10cm, L=15m &
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CT [m]

Collider Signal
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1. FASER ct is smaller than the detector distance, but the large longitudinal boost allows the x2 to decay within

the detector volume.

2. Even for ct larger than the detector distance, FASER 2 retains sensitivity owing to production cross sections
large enough
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Benchmwark Poinks Resulks

M,, =3.35 GeV, 6 =0.21 GeV, My = 11.60 GeV,
M,, =5.56 GeV, 9§ =0.32 GeV, My = 17.62 GeV,
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Astrophysical
Objects Can
Capture Dark
Matter

As astrophysical objects move within the DM halo, they
sweep DM particles along their path.

Gravitational forces accelerate DM particles toward these
objects.

If the particles lose enough kinetic energy, they become
captured.

The captured DM particles can contribute to neutrino

emission, leading to the formation of black holes within the
objects, and increasing their temperatures.

The temperature increase occurs through the deposition of
DM kinetic energy into the objects and via DM annihilation.

Neutron stars could accelerate DM particles to relativistic

velocities. They could deposit their kinetic energy into
neutron stars and heat them up.

Neutron stars are an ideal target for studying inelastic DM
because they can accelerate infalling DM to relativistic

velocities.
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Figure 1. Ambient dark matter is accelerated as it approaches

a neutron star. This flux of kinetic energy is deposited into

the star as heat, predicting a warmer neutron star tempera- _
ture than in the absence of a dark matter—Standard Model

interaction.
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| Geometric Capture: NS acts as a vacuum clean



Punmary

* |In this work we consider dark photon A" portal between the Dark Sector and the SM.

 Contrary to suggestions from previous studies, we demonstrates that a, = oy, is not
phenomenologically disfavored.

“ We also
region pro

oed by y; capture in neutron stars.

oarameter space accessible via accelerator LLP searches partially overlaps with the

Any Questions 77



