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Dark matter direction detection

The next discovery?
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Dark matter direction detection

The next discovery?
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Dark matter direction detection

The next discovery?

Fuzzy DM Ultralight dark matter: wavelike Light dark matter WIMP Composite DM PBH

1 meV 1eV 1 keV 1 MeV 1GeV

Direct detection (—|—|—|—|—|—) mpn

Absorptions Electron Recolils

Collective excitations Nuclear Recoils

* Low energy threshold

max _ 2N’
ER* = o 20 — 200keV  for WIMP mass range
N

* Small momentum deposition can boost the rate

2
T X axozngj for light mediator
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Dark matter direction detection
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The next discovery?
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Dark matter direction detection

The next discovery?

Devices with super high sensitivity to classical
and quantum fluctuations.

“sub-attometer position sensing over multi-kilometer baselines” - LIGO
And yet to be continued. ..



Interferometers as high precision sensors
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Interferometers as high precision sensors
Laser Interferometers

Matter-Wave Interferometers
®
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Laser interferometer as Dark Matter Detectors
Laser Interferometers

e Ultralight DM: wavelike
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L.aser interferometer as Dark Matter Detectors

Macroscopic DM M, 30 M
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Laser Interferometers
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L.aser interferometer as Dark Matter Detectors Du, Lee, YW, Zurek 23’
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Matter-Wave Interferometers as Dark Matter Detectors

Matter-Wave Interferometers

' laser 1 ’ ' detection
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Matter-Wave Interferometers as Dark Matter Detectors

Matter-Wave Interferometers

detection

Atom fringes

é laser 2 # 4
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Matter-wave interferometers as dark matter detectors

Macroscopic DM M, 30 M

<Gy D)\
Composite DM PBH E

Long-baseline Atom Interferometers

Ultra-heavy clumpy DM can induce acceleration through pure gravity.
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Atom interferometer phase shift from linearized gravity and a weak potential

Long-baseline Atom Interferometer Gradiometer

Example: a weak potential
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Matter-Wave Interferometers as Dark Matter Detectors

Matter-Wave Interferometers
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Matter-Wave Interferometers as Dark Matter Detectors | x
Matter-Wave Interferometers X e

N O

Atom fringes

’ laser 1 ' ’ detection

“Collisional decoherence”
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» ‘Zero’ energy threshold

Decoherence depends on momentum transfer
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A general formalism for decoherence caused by dark matter scattering Riedel '13, Riedel, Yavin'l7
Du, Murgui, Pardo, Y.W. and Zurek 22—

Decoherence factor from DM events
- texp : mMeasurement time

T m texp
Y = exp I / R dt mT : target mass
N ind J0 Ningq : number independently detected targets

L p 5 TO d°q
Event rate per target mass R — X / d°v f(v) — / Floql@)S(q,w
pT My, ( ),LL2 (27_‘_)3 d( ) ( Q)

Yo

2
. B q .
q momentum deposition Wqg=a-V—3 energy deposition
My
................................................................ x\’,x
~. %yX My y2 y2 MZ
[ -o [ . Qb 5_ — X n
spin-independent DM scattering processes . tw (M2 +m2)?
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o d>q

A general formalism for decoherence caused by dark matter scattering #=-2- [ v i | (23 mea(@)S(d wa)

Dynamical structure factor for target response: S(q,w) = pd;“/mh Z {FIFr(q)|i)|? 2n8(E — E; — wq)
f

Response from two coherent atom clouds
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A general formalism for decoherence caused by dark matter scattering #=-2- [ v i | 3y inea (@)S(a )
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Response from each cloud: process dependent

Example: nuclear recoil (phase shift)

Z | f|FT — atm(Natm — 1)F2(QTC) + Nathfl(qrA) + Natm/A

> Cloud form factor: F(qrg) = Silare) 1 e,

> Atom form factor: Fa(qra)) =

Coherent scattering: g rc <1— Z |<f|]:T(Q)|i>|2 ~ Nim
f

;‘ qg S /e, S(qg, w) x N, small cloud size and
‘ large number of atoms |

=_——— e — = D —— =

Az =10""m —q > eV
Ar=1m — q 2 0.1 ueV

rc =cm — q < 10uev
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Reach for light mediator
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Conclusion

* Interferometer experiments are sensors of ultra high sensitivity;

* Dark matter candidates over a broad mass range can induce potential signals 1n interferometer
experiments;

* Laser interferometers: ultralight DM oscillations and acceleration induced by macroscopic dark matter

* Matter-wave interferometers: ultralight DM, macroscopic dark matter and decoherence effect of sub-
GeV dark matter scattering

* Active field for more 1deas

Thank you!
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Heavy mediator and other processes
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Hidden photon processes

¢ Kinematic mixing

Hp = —om;/d:gr n(r)E(r) - E' (r)
X
2 p 1

7 (miv% + 77/2/124/)2

g —

p

S 1P @) Palan) = a§% [ & 5bwnS(a = kag(aw)
f

Suppressed by poor polarizibility of atom clouds

Yikun Wang, JHU, CIDM2024

¢ baryon and lepton number couplings

(M vp)* + mé ~J 1, heavy mediator

q* + mi (myvo/q)?, light mediator

* The rate prefers large momentum transfer: no coherent
enhancement;

* Most of the parameter space, for scalar mediator, has been excluded
by various collider, astrophysical, and cosmological constraints.

2 Axion scattering
Fukuda, Shirai ‘21

2
Qa _
LD — omy NN

9B _ M 8f3 ng:n o
LD ?q%bqZB :

@ (emy\° 1
g = —
Zs 2567\ f2 m2

>—>—< . 3 ( 9B ) 4 a
o — i
N L6mmyy \ 3 Heavy mediator scenario

Only probes fq up to 100GeV

Heavy mediator scenario

2 and more...
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Statistics and sensitivity

X — Xpi
SNR = | o :)
OXx
Decoherences V =e™°
* Quantum noise limit (QNL) 1 > Atom interferometers: N:,q = Naitom
. oy =
See e.g. Bize et. al. 05 v Nind > Matter interferometers: Ni,q = 1

* Over the experiment run time (1 year), the noise scales with the number of measurement:

—1/9 :
oy X Nmea{s with  Npeas = run/texp
* Quantum noise limit o= 1 rad
¢ p—
\/Nind

* Some experiments phrase the phase sensitivity as the minimal measurable acceleration oy = ZmindAa: texpGmin:

Yikun Wang, JHU, CIDM2024 24



Other bounds and projections ]
e ————————————————————— e ——— i

Direct Detections N N N
* Prospects from superfluid helium for the NR and 2-phonon excitations, and the Al,O; for phonon excitations, are

compatible with certain Al proposals above 10 keV mass; 10 e
Terrestrial bounds

B—>_K(/)

e T

1\’—>7r(_/)

1076 |

* Mesondecays K - n¢, B — K¢

* Fifth force > 1 5107 SNIOST
Hadrophilic massive mediator induces Yukawa potential V(r) = — Z—” ;e—mw s _
T 10712 |- RO stars
Astrophysical bounds \,strongest bound on y, for light mediator 4G
. . . . . . eV . keV MeV GeV
Light bosons coupling to electrons or nucleons can be emitted by stars, resulting in rapid cooling my

: . K. Lin, Zurek 22
* Dark matter self interaction (DMSI) napen, Lin, Zure

If v composes all of the DM 1n the universe, DMSI are constrained by cluster mergers and halo shaped

observations to satisf
Y O'DMSI/mX<1 — 1Ocm2/g

The DMSI bound can be considerably relaxed if ¢ 1s a subcomponent of the total DM.

Cosmological bounds “—» we assume DM sub-component for light mediator
4 decy 4/3 With yn <109, ¢ decouples before QCD : . .
ANer = 7 )9 (g( (7] )> > ANt = 006300 pchinement Vl:ﬁ?\;lilllirligteasil
i AN ¥ cannot be produced thermally Z. 9 y

probed by upcoming experiments.
Yikun Wang, JHU, CIDM2024 25



Daily modulation
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Directional signal: Pdecon = 1 — exp [tq - AX]

: S 1 (V+ ve (t))z
DM velocity distribution in the lab frame: f(v) = ~. 6XP > O (Vese — ||V + ve(?)||)
0 0
SO. cly sp(t) — sby sbe cO) cp(t) + sby cO, s6,
Vo(t) = ||Vel| | cOesOg80) cly — 80 sOg cl cOx cop(t) — sbe clg sO1 cp(t) — cle cOg cl) — 50, SO sOx sP(t)
S0 clg ) cOx co(t) — cle clg 5Oy cOx — SO 80, 801 cp(t) — cle 50, cO) + 50, Oy 505 sP(t)

* Choose the optimal oriental of Ax;

* Can be used to 1solate DM signal from 1sotropic backgrounds.

Yikun Wang, JHU, CIDM2024 20



