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The moment of truth for WIMP dark matter

ianfranco Bertone'?

‘We know that dark matter constitutes 85 per cent of all the matter in the Universe, but we do not know of what it is made.
Amongst the many dark matter candidates proposed, WIMPs (weakly interacting massive particles) occupy a special
place, because they arise naturally from new theories that seek to extend the standard model of particle physics. With the
advent of the Large Hadron Collider at CERN, and a new generation of astroparticle experiments, the moment of truth has
come for WIMPs: either we will discover them in the next five to ten years, or we will witness their inevitable decline.
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come for WIMPs: either we will discover them in the next five to ten years, or we will witness their inevitable decline.
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The dark matter parameter space
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Capabilities and control handles
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Materials physics for sensitive experiments

3. Real detectors: challenges and rewards

Prototypes, geometric effects, and nuclear sensitivity
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Electron recoils for light DM

Match DM mass to target mass
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n/31 Dark matter in
condensed matter

Yonit Hochberg, Yoni Kahn, Noah Kurinsky,
BVL, To Chin Yu & Karl Berggren
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Idea: separate probe and response

X X

Vi(g)

e(q,w)

Response described by complex dielectric function,

Vapplied q = momentum transfer
e(q,w) =

Vapplied + Vinduced w = deposited energy

Same quantity as in ordinary screening
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DM scattering rate

-

@ Predictable: e admits analytical approximations
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“Loss function” W

@® Cmpirical: e is directly measurable / computable
© Anisotropic: € is tensorial (directional sensitivity)
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Directional sensitivity

Daily modulation
from DM “wind”

Detecting wind is crucial for background rejection
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The response function — explicit

See e.g. Mahan2013|
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Understanding y — screening

Heuristically identical to E&M

Aluminum Superconductor, Light Mediator
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Screening is a property of material response
Scalar and vector interactions are screened identically
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Understanding y — plasmons
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Understanding y — plasmons
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A collective oscillation of electrons

Shows up as a resonance in the loss function
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Understanding y — Lindhard lesson
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Understanding y — Lindhard lesson

10-32 Aluminum Superconductor, Light Mediator RPA. several plasmon widths (¢ = 10eV)
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Understanding y — Lindhard lesson

10-2 Aluminum Superconductor, Light Mediator RPA, several plasmon widths (g = 10¢V)
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@® Resonances (plasmons) enhance the scattering rate

® Plasmon width is important

We can use analytical forms of e for heuristics
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Visualizing the loss function
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Identifying new targets

When can DM access the plasmon peak? (w ~ wp)
plasmon trails off
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Identifying new targets

When can DM access the plasmon peak? (w ~ wp)
plasmon trails off
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Identifying new targets

When can DM access the plasmon peak? (w ~ wp)
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| — 4c = wp/ VF
AL Si —— |
3 gy [ Sibandesp SN . .
| L Only possible if vp < v,
|
URu,Si, : \
eV = 100 keV mX:l‘() MoV | my = 1 GeV w < qVy
oV e MV kinematics
17 Hochberg+ & BVL 2101.08263 Benjamin V. Lehmann



Identifying new targets
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Identifying new targets

When can DM access the plasmon peak? (w ~ wp)

o | FEG plasmon trails off

| — 4c = wp/VF
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ey = 100KV |y = 110 MoV | my =1 Gov W< gvy
" T kinematics

q

Find a target with a low Fermi velocity

Heavy-fermion materials?
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Heavy-fermion materials
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Heavy-fermion materials
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Heavy-fermion reach

Light Mediator (scalar or vector)
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Anisotropic “heavy fermion”
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Anisotropic “heavy fermion”
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Model system: anisotropic mass
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Model system: anisotropic mass
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Model system: anisotropic mass
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Anisotropic response function

Isotropic case.
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Anisotropic response function
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Anisotropic response function

. . X5 (g, w)
Isotropic case. &9, = E PW = :
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Anisotropic response function

i i X5 (g, w)
Isotropic case. 3P, = PO = :
fea= 2, - (/g )

d3p nep(Epdy) —nep (Ep°)

(27)® Elp - EFo-w-ib

X (q, w) = 2/

. . . 2 . 2 2 2
Anisotropic case. E*° = EZ™M = R R

2m T 2my 2my, 2m;

Transform back to isotropic in k-space

Qi(q) = Qi\/mﬁi, M = (mxmymz)1/3
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Anisotropic response function

. . X5 (g, w)
Isotropic case. &9, = E PW = :
A 1-(e2/¢>)x5°(q,w)

d3p nep(Epdy) —nep (Ep°)

(27)® Elp - EFo-w-ib

X (q, w) = 2/
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Anisotropic case. E*° = EZ™M = R R
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Anisotropic response function
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Anisotropic response function

. . X5 (g, w)
Isotropic case. &9, = E PW = :
A 1-(e2/¢>)x5°(q,w)

d3p nep(Epdy) —nep (Ep°)

(27)® Elp - EFo-w-ib
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. . . 2 . 2 2 2
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Transform back to isotropic in k-space
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Anisotropic plasmon threshold

103
— m/M =10 my /M =10""
02— mJM=1 — m/M =102
04— zy-plane plasmon (light) / H
R ---- z-axis plasmon (heavy) ',', -
= Pz
310" 4 P ;/
3 _______________________ <=
1071 4 2 .\o\e
p | 9\
&
1072 4 s 9
y ¥
1073 /. — T T T
1074 1073 102 107! 10° 10! 102
/K

23 Boyd+ & BVL 2212.04505 Benjamin V. Lehmann



Anisotropic loss function
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Anisotropic loss function
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Anisotropic loss function
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Anisotropic loss function
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Anisotropic loss function
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Substantial daily modulation

Light mediator
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Super-broad material exploration
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Super-broad material exploration
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“Loss function” W

@® Empirical: e is directly measurable / computable

The'Ma'teriaIs Project

Harnessing the power of supercomputing and state-of-the-art methods, the Materials Project
provides open web-based access to computed information on known and predicted materials as well
as powerful analysis tools to inspire and design novel materials.
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Super-broad material exploration

_ dgq 2 q2 1
U= @3V [Q?Im (‘e<q,wq>)]
| S ——

“Loss function” W

@® Empirical: e is directly measurable / computable

The'Ma'teriaIs Project

Harnessing the power of supercomputing and state-of-the-art methods, the Materials Project
provides open web-based access to computed information on known and predicted materials as well
as powerful analysis tools to inspire and design novel materials.

?}qzo via DFT for 1,019 materials (out of 154,718!)
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Recovering e(q > 0)

Materials Project only computes ?LFO
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Recovering e(q > 0)

Materials Project only computes ?LFO
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Recovering e(q > 0)

Materials Project only computes ?|q:0
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attering sensitivity

Three optimal systems per half-decade
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Scattering sensitivity

Three optimal systems per half-decade
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Scattering sensitivity

Three optimal systems per half-decade
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Now evaluating these new materials for use
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YbSe (mp-286)

Broadening with machine learning
Materials Project has e(§, w) for 103 of 10° materials
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YbSe (mp-286)

Broadening with machine learning
Materials Project has e(§, w) for 103 of 10° materials
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Broadening with machine learning

Materials Project has e(§, w) for 103 of 10° materials
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Broadening with machine learning

Materials Project has e(§, w) for 103 of 10° materials
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Geometric effects

Targets may not be bulk volumes
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Geometric effects

Targets may not be bulk volumes

250 nm

2nm|
7nm

150 nm
380 um

30 Hochberg+ & BVL 2110.01586; Lasenby & Prabhu 2110.01587



DM scattering in a thin layer

Detector response depends on geometry
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substrate detector substrate
< > +x

¢

31 Hochberg+ & BVL 2110.01586; Lasenby & Prabhu 2110.01587



DM scattering in a thin layer

Detector response depends on geometry

AT avas

substrate detector substrate
< > +x

¢

Study energy loss classically

31 Hochberg+ & BVL 2110.01586; Lasenby & Prabhu 2110.01587



DM scattering in a thin layer

Detector response depends on geometry

AT avas

substrate detector substrate
< > +x

¢

Study energy loss classically

€(x) V24 (x) = go e/(0x )

31 Hochberg+ & BVL 2110.01586; Lasenby & Prabhu 2110.01587



DM scattering in a thin layer

Detector response depends on geometry
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Study energy loss classically
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Solve with BCs and compute average power dissipation
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DM scattering in a thin layer

Detector response depends on geometry

N\ \ VAN

substrate detector substrate
> +x
4

A

Study energy loss classically

€(x) V29 (x) = gy €T X )
Solve with BCs and compute average power dissipation

Effective loss function

2
Weg = q7 Re [—il / dx e ilax-w1) (¢(x) - q—xi¢(x) + q—;¢/(x))]
P q q
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Thin-layer response function
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Thin-layer response function
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Thin-layer response function
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Thin-layer response function
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Thin-layer response function
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Thin-layer response function
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Key points for detectors

@ Strong dielectric response for light DM
® Geometric enhancement

® Low background rate

@ Anisotropic material (or geometry)

@O Detectable excitations

Central idea of direct detection:
DM induces measurable transitions

@ @ e.g. ionization for atomic targets

But there are many other possibilities
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Real detectors: SNSPDs

Superconducting Nanowire Single-Photon Detector

T}\

B metal phase

Superconducting wire current-biased near transition
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The QROCODILE experiment

Quantum Resolution-Optimized Cryogenic Observatory for Dark matter Incident at Low Energy
Next-generation SNSPD demonstrator (11 um threshold)
[Laura Baudis, llya Charaev, BVL, +]
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The QROCODILE experiment

Quantum Resolution-Optimized Cryogenic Observatory for Dark matter Incident at Low Energy
Next-generation SNSPD demonstrator (11 um threshold)
[Laura Baudis, llya Charaev, BVL, +]

Prototype-scale, 720 um?
415 hours with 15 counts
World-leading limits
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QROCODILE nanowire structure

Detector depth £ = 2nm

Geometric corrections for g < O(few) X £ ~ 1 keV

Nontrivial effect for mpy < 1 MeV
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Anisotropy from geometry
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Anisotropy from geometry
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QROCODILE constraints

Electronic scattering (light mediator)
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QROCODILE constraints
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The heterostructure viewpoint
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The heterostructure viewpoint
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And one more thing...
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Nuclear scattering?

Superconducting detectors probe this as well
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Down-conversion

What does the final state look like?
@ DM scattering produces a QP pair

® Energetic OPs relax by emission of phonons
® Energetic phonons relax by OP pair production
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D[:A o phonon
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Final state is insensitive to initial excitation
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Phonon excitation rate
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Phonon excitation rate
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Phonon excitation rate
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Constraints on nuclear scattering
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The Migdal effect
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The Migdal effect
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