ING'S
College

LONDON

Dark matter: landscape and XLZD reach

Christopher Mc<cCabe

XLZD @ Boulby Open Community Meeting, Imperial, 4 July 2023



Dark matter landscape



Reminder: we have detected dark matter

Galaxy rotation curves
1
!.'j == disk 7
[ Cges
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‘TheBuI/l'e't' Cl;.l ster’
Existence of DM on astrophysical and cosmological
scales is known and well characterised
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Yet...

the microscopic nature of DM
DM is almost completely dark matter
unconstrained

Dark Matter Particle (X9)

XY mass: m =7

XY spin: J =7

XY parity: P =7

X lifetime: + =7

X0 interactions with normal matter?

Christopher McCabe



Why should DM interact with normal matter?

Particle Physics
Cosmology

DM

dark matter
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Informs and limits the Explaining this value suggests dark and
possible interactions & visible matter interactions are generic
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DM landscape: classifying by mass

10722 eV 1072 eV 10 %eV 10° eV 10'% eV

L B e e e S Ea—
-—_ e  mbM

DM lower _ _
mass bound Classical wave-like  Tremain-Gunn  p.ticle-like behaviour
at ~10-23 eV behaviour (only bosonic  bound at ~100

(fermionic and bosonic

candidates) eV candidates)
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DM landscape: classifying by mass and interaction

Interaction strength

zeV feV ueV eV MeV TeV 10 Mo
Dark matter mass

Boveia et al, arXiv:2211.07027
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DM landscape: classifying with clever people’s ‘mind-map’

Axion-like Standard Sterile
Particles Model v neutrinos

QCD

) Light bosons Neutrinos
Axions

Super- Extra-
symmetry dimensions

Dark Matter Weak Scale i

Effective

Field
Theory

Simplified
Models

Macroscopic Macros Ul WIMPzilla

Particle

Primordial Superfluid Self-
BHs > interacting

Bertone, Tait, Nature
arXiv:1810.01668
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How can we make progress?

Aim: determine DM mass and interaction cross section
(or, experimentally exclude the broadest accessible ranges of both quantities)

Approach: search for direct interaction of DM with a terrestrial detector

Cosmic Frontier's recommendation:

Delve deep (cover high priority targets e.g., WIMPs)
Search wide (explore as much DM parameter space as possible)

Cooley et al
arXiv:2209.07426

Christopher McCabe 9




Dark matter landscape in the context of XLZD



Incoming
Particle

XLZD detection principle

Time

Drift time
Indicates depth

:
Outgoing
Particle

ST
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XLZD detection principle

LZ, PRL, arXiv:2207.03764

3D reconstruction of interaction position:
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Can exploit Xe self-shielding to
search in quietest parts of the detector
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XLZD detection principle

Discrimination between different interactions
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' ER background o
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arXiv:1802.06039
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Why can XLZD improve on previous experiments?
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Bigger target mass:

Rare events occur more
frequently

Lower background:

Rarer events can be
observed over background
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High priority target: WIMPs

- WIMPs, historically, are the
most studied DM candidate

Advantages:

> ‘naturally’ produced with
the right relic abundance

> Embedded in theories that
alleviate the ‘hierarchy

problem’ (SUSY, etc)
|dea of ‘Natural WIMPs’

Christopher McCabe
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High priority target: WIMPs

‘Delve deep’

10— Tiamasz 3.0 A

- WIMPs, historically, arethe & a XLZD is the definitive 2
most studied DM candidate 5 10 WIMP detector -

- Advantages: & ‘ &
: : . T 104 2.5 S

> ‘naturally’ produced with ¢ E
the right relic abundance z f 5

= 10 2

> Embedded in theories that ¢ p
alleviate the ‘hierarchy 3 ”

: J 10— —2.0 L

problem’ (SUSY, etc) = =
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Non-natural WIMPs: heavier candidates

- WIMPs, historically, are the
most studied DM candidate

- Advantages:

> ‘naturally’ produced with
the right relic abundance

levinta tha thi I
problem{SUSY ete)
- Link to hierarchy problem
not needed for DM

> ldea of ‘non-natural WIMPs’

Aalbers, JPhyD
arXiv:2203.02309
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Even heavier candidates: towards the Planck scale

XENON, PRL, arXiv:2304.10931 ‘Sear Ch wide’
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Non-natural WIMPs: towards lighter DM candidates

100 keV -

10 keV'§

Inelastic

maximum deposited energy

100 eV -

10 eV -

1 keV{ Migdal/Brems.

ER
S2-only

(ideal)

S2-only
(ideal)

Elastic Nuclear Recoil

1 MeV 1OMeV1OO MeV 1 GeV 10GeV 100 GeV 1 TeV 10 TeV
dark matter mass X c?

Aalbers, JPhyD
arXiv:2203.02309

Christopher McCabe
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Non-natural WIMPs: towards lighter DM candidates

‘Search wide’

‘Migdal effect’: 107 w

electrons and the nucleus are pesl
coupled in atoms so perturbations
of the nucleus can induce
electronic transitions

— | Xe G3 S1S2 Migdal Sensitivity
—— | Xe G3 S20nly Migdal Sensitivity
— | Xe G3 Std Sensitivity

Allows XLZD to prove the sub-GeV
window

(Several activities ongoing to gain a
better understanding of the effect)
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Aalbers, JPhyD
arXiv:2203.02309
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XLZD: multi-target detector

Xenon naturally contains several isotopes with sizeable abundance (>~5%)

'‘Odd neutron isotopes’ (129Xe and 131Xe) give sensitivity to interactions that couple to spin
[136Xe for neutrinoless double-beta decay]

LXe-TPC

Christopher McCabe
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XLZD: multi-target detector Delve deep

Xenon naturally contains several isotopes with sizeable abundance (>~5%)

'‘Odd neutron isotopes’ (129Xe and 131Xe) give sensitivity to interactions that couple to spin
[136Xe for neutrinoless double-beta decay]

LXe 'T PC 10-37 Aalbers, JPhyD, arXiv:2203.02309
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XLZD: multi-target detector

‘Search wide’

Xenon naturally contains several isotopes with sizeable abundance (>~5%)

'‘Odd neutron isotopes’ (129Xe and 131Xe) give sensitivity to interactions that couple to spin
[136Xe for neutrinoless double-beta decay]

LXe-TPC

Can test a menagerie of dark matter interactions

Type Abbrev. Operator Dimension| Coherent |Coeflicients
(Q) enhancement
Magnetic Dipole - X" xFluy 5 Partial Cr
Electric Dipole - Yot XFMV 5 Yes Cr
Vector® Vector VV XV Xqvq 6 Yes C’X)E{,S
Axial-vector® Vector AV XY Y5 X QY4 6 Yes C’,f, Z
Tensor® Tensor TT X" xqo v q 6 Yes C’i 5 <
Pseudo-tensor®Tensor TT X0 iys X Qo q 6 Yes é’;{ 5 <
Scalar®Scalar SS XXMqqq 7 Yes C{f ,fz,s
Scalar-gluon S, s XxGo, G 7 Yes C?
Pseudo-scalar - gluon S g asX1ysXG L GG 7 Yes 615
Pseudo-scalar®Scalar PS X1Y5XMqqq 7 Yes C’,,i §, <
Spin-2 - XY ut0u Xég(yg) 8 Yes C’fc)l, 5,9
Axial-vector®Axial-vector| AA XY Y5 Xq VY59 6 No C’{iﬁ, <

Christopher McCabe
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XLZD: beyond elastic scattering

‘Search wide’

Liquid phase PMTs Gas phase
Multiple DM candidates have been proposed
with sub-structure

Allows for inelastic scattering of DM with nuclei

Rich phenomenology of signals: higher energy
signals; mixed nuclear recoil and electronic
recoil signals

Larger TPC allows for larger DM lifetimes to be
probed

[WIMPs can also excite the xenon nucleus: could
be used as a secondary discovery channel]

XENON, JCAP, arXiv:1704.05804
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Broadening the search: charge only signals

Much recent activity exploring the sub-GeV
window with ionisation signals, giving DM
sensitivity down to ~10 MeV

LXe-TPC

Larger TPC allows for:

> Improved identification of S2s from the
bottom of the detector

> decrease in Xe contamination from the
relative scaling of volume and surface area

Dark Matter - Electron o [cm?]

‘Search wide’
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Broadening the search: charge only signals

‘Search
XENONI1T SE (This Work) . ]
DM absorption (bosons) gives DM sensitivity , wide
= 1)
downto~10eV 5
E
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Summary: what does XLZD do?

10722 eV 1072 eV 107 %eV 10% eV 1018 eV

L B s e e e B
-_———————— e mbMm

DM lower _ _
mass bound Classical wave-like  Tremain-Gunn  paticfe-like behaviour
at ~10-23 eV behaviour (only bosonic  bound at ~100

(fermionic and bosonic

candidates) eV candidates)

XLZD coverage
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Summary: what does XLZD do?

Complements wave

DM searches B XLZD coverage

Interaction strength

zeV feV ueV eV MeV TeV 10 Mo
Dark matter mass

Boveia et al, arXiv:2211.07027
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Summary: what does XLZD do?

XLZD coverage

) Neutrinos
xxxxx

lmensions

Dark Matter Weak Scale

l Simolified Effective

implifie Field
Models ©

Theory

Complements other
DM searches

Macroscopic Oth.er WIMPzilla
Particle

(Cosmological,
collider, etc...)

Bertone, Tait, Nature
arXiv:1810.01668
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Summary

The search for dark matter continues...
Current strategy adopted by the community summarised with ‘delve deep and search wide’

In this context, XLZD is the definitive broadband,
multi-purpose particle dark matter detector

XLZD definitively probes ‘natural-WIMPs’ to the neutrino floor, and gives
sensitivity to candidates up to the Planck mass and down to €V scale

Remarkably, candidates across the full mass range of particle dark matter can be tested

Christopher McCabe
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