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* Introduction: dark matter and dark photons
* Why millimeter waves are motivated?

* Two typical methods

* Direct detection: plasma haloscope
* Light-Shining-Through-a-Wall

* Single photon detection vs wave detection
* Phase lock: benefit of wave detection scheme
» Ultimate limit of wave detection =2 photon counting

* Expected exclusion limit
* Toward axion search
* Conclusion



Clear need for new physics: e.g. Dark Matter (DM)
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Massive extra U(1) gauge bosons

Lust, 0707.2305

? boson

String theory naturally generates

plenty of extra U(1) gauge bosons
which might be generated by Big Dark
Bang and floating in the universe sector

We consider massive dark photon which weakly interact with SM particles



Dark photon enters the Maxwell equation

Ordinary photon Dark photon Maxwell equation in vacuum

2
Y ~ 9 _p2\a=o0
Y Y, "
Vector potential A Vector potential B -> Modified by the dark photon
Mass my, StUcke/{aerg or az 5 - 5
from Higgs ﬁ -V +X my, A= me,B
Very small kinetic coupling .
_c In parallel, another equation for the dark photon
constant y < 10 5
J. Jaeckel and A. Ringwald PLB 659 509 (2008) (% _ VZ + m]z/,> B — Xm)Z/IA

- Photon is a tool to investigate dark photon



Open window in dark photon search

Astrophysical, haloscope, and helioscope Purely laboratory constraints
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The mass range between 10~ and 10“ eV is wide open
— Corresponding to 20-100GHz photons :



Principle of dark photon (/ axions) search via photons
Dark matter halo search Laboratory-based search (LSW-type)
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Ex) Plasma halocsope ALPHA
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Phys. Rev. D 102, 043003 (2020)
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The signal explicitly depends on
dark matter density around us




To be free from astrophysical uncertainty in p

Dark Light Shining through a Wall (LSW) |
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Photon counting vs coherent wave detection

LSW: coherent state (semi-classical)
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Intuitive image of phase locking

The phase rotates within the bandwidth Relative phases are locked-in
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» Classical drift (decoherence) is suppressed

* The signal to noise ratio is linearly enhanced

by integral over the relative coherence time
e * The precision of the locking must be checked

The implementation is RFE/MW/mmw is feasible with modern devices (5G)



FFT (>>1s )2 dramatic filtering of white noise

Noise power in given detection bandwidth

VBW
Vt

With noise temperature T and integration time of FFT
t=Bw™1
30 GHz single photon per second
hv/s~2x107%3 W
- Thermal photons (white noise) can be dramatically suppressed
by FFT without cooling

Py = kpTs

The signal is demonstrated to be narrow-band within the BW

Phase-locking of photon generator and emitter enables this
relative accuracy
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Coherence time t onerence = BW ~1 > 1 hour was achieved!

noise power [W]

power spectral density [W]

107"
1078
107"
10720
1072

107%

107"
1o
107"
10,4
1072
1072

T T UL | T T T T T T T T

x2 1 ndf 1721/3
offset 3.913e-22 +2.481e—24
slope 2.115e-18 +8.271e—21

Ts = 300 K
Without LNA

T Illlllll T Illllﬂ] T IIIIIIII T TTTTHY
| IIIIIII| | Illlllll | [llll[l] 1 IIIIIII| L

[ TT IIIIIII

IA. Miyazaki et IaICERN—ACC—NIOTE—ZOZ 1—0032I

107 1073 1072 10~ 1

RBW [Hz]

TH

LA B N N R L B R (NN B S R N (AL B A BN B S N B B NN R L R L R

-_I_LLI,I,I,I IIIIII,I,ll IIlllu,I‘ IIIIII,I,[l L

Locked

-
-
-
3

2 15 1 05 0 05 1 15 2
frequency-30GHz [Hz]




WR28 to coaxial adaptor

Lower power prototype schematic rewmoscor
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Standard quantum limit
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Single photon sensors surpass coherent method of any Av at cold

F. Paolucci et al Phys Rev Appl. 14 034055 (2020)
S.K. Lamoreaux et al Phys Rev D 98 035020 (2013)
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Superconducting single photon sensors may be a solution in the future
— Launch 15t physics run with coherent method and continue on developing photon Sensors



Outlook: dark photon search with mmw

mixing parameter

1 2 4
Frequency [GHz] | 30 30 170
Power source 20 20e3 leb
Pin [W]
Generation cavity | 1000 1000 1
build-up B4
Regeneration 1000 | 1000 1000
cavity build-up S,
Efficiency n(my/) 0.1 0.1 0.1
Temperature 300K | 300K 4K
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ementary to the ALPS-Ilb (IR 100m-100m resonators)
The coherent detection scheme is a good starting point e



Dark photon is not the goal = axion search with millimeter waves

QCD axion: to solve the strong CP problem

gs
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Theory: d,,~4.5X1071°0 ecm

Experiment: |d,| < 2.9%x1072% ecm
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The millimeter wave technology for dark photon search can also be used for axion search
STAX@INFN: Nb§Sn dipole for HL-LHC
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Conclusions

* Dark matter may be explained by dark photons

* Milli-eV is least constrained and may be addressed with millimeter
waves

* Two typical methods

* Direct detection: plasma haloscope
* Light-Shining-Through-a-Wall
* Single photon detection vs wave detection

* Phase lock & coherency: benefit of wave detection scheme
 Ultimate limit of coherent wave detection = photon counting

* Expected exclusion limits are complementary to other experiments
* Dark photon experiment + magnet = axion search



MMW might be a gold mine

Capturing relic neutrino
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FFT (>>1s )2 dramatic filtering of white noise

Noise power in given detection bandwidth Tg = 300 K
BW
Py = kT #iphoton/s
vt 100ms 10Hz  4.2e-20W 2100
With noise temperature T and integration time of FFT
t = BW1 1ls 1 Hz 4.1e-21W 200
30 GHz single photon per second 10s 100mHz 4.1e-22W 21

hv/s~2x107%3 W
- Thermal photons (white noise) can be dramatically suppressed
by FFT without cooling
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Superconducting photon sensors in NEST Pisa are promising

Nano-Transition Edge Sensor (TES) Josephson Escape Sensor (JES)
Tiny volume & Andreev mirror effect at the border e Absorption of a photon by “phase particle” in JJ under current
—> Reactive to small heat dissipation * Tunable sensitivity in-situ by bias current
- Extremely high sensitivity 1020 WHz1/2 * > expected 1025 WHz /2 with similar infrastructure as TES
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