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ITeAb KCIIEpHMEHTA:
IIOHMCK Te€MHBIX (pOTOHOB

Teopema BupHaasa:
KUHEeTH4YecKasd SHeprud IpaBUTAIMOHHO CBA3aHHBIX OOBEKTOB MOAXKHA OBITH
paBHa — 0.5 HX MOTEHIIMAABHON HEPTUU

Zwicky (1937) — analyses of red shifts of the Coma Cluster of galaxies:
surprisingly high mass-to-light ratio

Enigma 1: to-day, according to a combination of all data: the dark matter
accounts for about 84 % of the matter content of the Universe (Planck 2018
results)

Enigma 2: why dark matter is distributed in galaxy by a spherical halo
while baryonic matter — in the plane of galaxy ?

- CDM is not particles but waves,

Lam Hui arXiv:2101.11735v1

> m,, < 100 eV




Why Dark Matter?

The only empirical evidence
for dark matter to-day is
provided by astronomical
observations.

Fig. 1 The image of M33 and the corresponding rotation curve (Corbelli and Salucci 2000).
What exactly does this large anomaly of the gravitational field indicate? The presence of
i) a (new) non-luminous massive component around the stellar disk or iz) new physics of a

(new) dark constituent? P. Salucci arXiv:1811.08843
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* M.S.Turner arXiv:2109.01760

—————— 3= = B =

The conservative view today is that dark matter, dark energy, and inflation
are simply physics beyond the standard model waiting to be clarified and
understood: a new particle, a new form of elastic energy and a new scalar
field. Other than neutrino mass, they are the only phenomena that cannot be
explained by the standard model.?

There are several possible futures, all interesting, though some less satisfy-
ing. First, a detection could be right around the corner! Second, our compelling
ideas could be just that — compelling, but not correct! Third, there are new
ideas, including asymmetric dark matter, low-mass dark matter (1 GeV and
down to tiny fractions of an eV), and the most expansive idea yet, a whole
dark sector, one with its own particles and interactions, to be discovered. It
could be that rather than being close to a solution, we have just seen the tip
of the iceberg of a whole new sector that interacts only very weakly with the
standard model particles that we are familiar with.
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The dark Photon

Abstract

HE DARE PHOTON I3 A NEW CAUCE BOsSON whose existance has been conjactured.
ce It iz dark because it arises from a symmewry of a hypotherical dark scoor comprising
particles complealy neutral under the Standard Model interactions. Dark though it is, this new
/ gauge boson can be devected because of its kinerc mixing with the ondinary, visible photon.
€ W roview its physics from the theomrtical and the experimental point of view. We discuss
the difference bewwean the massive and the masskess case. Wa explain how the dark phouon
anters laboratory, astrophysical and cosmological obsarvations aswall 25 dark marer physics.
Wia survey the curment and futum exparimental limits on the paramesErs of the masshess and
massive dark photons vogather with the related bownds on milli-changed fermions.

SM DS

M. Fabbrichesi, E. Gabrielli, G. Lanfranchi
The Physics of the Dark Photon, Springer Briefs in Physics (Springer, 2021)
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V. Dzunushaliev, V. Folomeev, A.Tlemisov
Linear Energy Density and the Flux of an Electric Field in Proca Tubes
Symmetry 2021, 13, 640. https://doi.org/10.3390/sym 13040640

V. Dzunushaliev, V. Folomeev

Axially symmetric particlelike solutions with the flux of a magnetic field in the non-
Abelian Proca-Higgs theory

arXiv:2107.11555 [hep-th]
Phys. Rev. D 104, 116027 (2021)

V. Dzunushaliev, V. Folomeev

Proca balls with angular momentum or flux of electric field
arXiv:2112.06227v.2 [hep-th] 16 Feb 2022

Phys. Rev. D 105, 06022 (2022)
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PHELEK - PHoton-ELectron EXperiment

multicathode counter technique as an extension of
a method of a dish antenna to higher masses (energies)

Pcom = 0.3 GeV/em®

0 — angle between electric field of a photon and the surface Po” (0.43+0.06) GeV/em3 (Salucci et al 2010)
x- dimensionless parameter quantifying a kinetic mixing Galactic dark matter halo.

(D.Hons, J.Jackel, A.Lindner, A.Lobanov, J.Redondo, A Ringwald ,  But locally, near the Sun? -
“Searching for wispy cold dark matter with a dish antenna” JournalPrimordial Solar dark matter halo’

of Cosmology and Astroparticle Physics, vol.4. article 16, 2013) arxiv:2007.11016 :
(N.B.Anderson, A.Partenheimer,
In our case: due to low reflectivity of the surface and T.D.Wiser)

the photon gets absorbed and emits an electron

Sensitivity:
1 1 1 1
{ Yl om ": 2 7y 343 f 2 V3 fygpa)
7=29.10"2 R .e | 7| 03Gel”/ em L JRE 3 l
\7-1Hz ] | leV | Peoy Jo\Ada ) L) 8
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R.B.Cairns and J.A.R.Samson Journal of optical society of America

Vol. 56, Numhber 11, November 1966, 1568-1513

] ! |

Al (94 % A1—4% Mg
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PHOTOELECTRIC YIELD
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FiG, 4. Photoelectric yields of Al-Mg, Zn, and Cu.
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eMIMHCKHE uyTenus Mg







OAHO3NeKTPOHHbIE UMMYNbCLI Polya distribution P(A)=C(3

Pulse from muon crossing the counter
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From muons at sea level: = 15 pulses per second = ~ 15% dead time (10 ms per each pulse)

1L
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Count rate (arb. units)

200

100 4

Principle of a multicathode counter:
Retarding potential of the second cathode in configuration 2

The effeCT: PMCC = Rl = RZ

0:2 """"‘I'"'"'"I""""'I'""""I""""'l"""'-
P - cEL N
O T T
;! "q-,:
: ©
] o
; O
1 Config. 2 Config. 1
40 -;o ' 0 ' 20 40 0,0 T
AU,V 0 20 40 60 80 100
HV1 Days
AU = HV2 - HV1 R, -red, R, - blue15
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Count rate, Hz

Results of measurements
with Ar +CH,(10%) and Ne + CH,(10%) gas mixtures

The target - free electrons of a degenerate electron gas of a metal
Result is included in compilation of the data by PDG
Review of Particle Physics in Prog. Theor. Exp. Phys. 2020, 083CO01 (2020).

HV?2 10'9;
107
=10
E 10’12-;
gm‘”_
= 10 . -
s | DAMI(/:,I‘
10 . _-7 XENON10 ]
y 10" ‘
Days 1 Hidden hot0n1r(r)1assm eV o
» - (-0.46 + 0.67)x103 Hz g
R; —red, R, - blue - Target - valence electrons
I'nce = (- 0.33 = 0.7).10°¢ Hz/cm? 16
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Mixing parameter

107

New upper limit
Result is included in compilation of the data by PDG
Review of Particle Physics in Prog. Theor. Exp. Phys. 2022, 083C01 (2022).
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Hidden photon mass m, eV

New result:

C1-C2 =-0.00018 + 0.00101 Hz
Then @ 95 C.L.

Ryce = 1.6460/e = 0.00164/0.608 =
= 0.0027

¢ — efficiency of counting

18
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0 — angle between a field

of a hidden photon and

the surface

x- dimensionless

parameter quantifying a

Kinetic mixing
\ Field along the axes of the counter
(D.Horns, J.Jackel, A.Lindner,
I A.Lobanov, J.Redondo,
A.Ringwald , “Searching for
wispy cold dark matter with a
dish antenna” Journal of

Field normal to the axes of the counter Cosmology and Astroparticle
Physics, vol.4. article 16,
2013)
If the surface is mirror-like!
* By rotation of the counter - The counter with a matt surface -
variation of the count rate for the control measurements 19
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Diurnal variations, Baksan, Russia 43°

Vertical orientation East-West orientation North-South orientation

20
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Vertical orientation East-West orientation North-South orientation

21
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Diurnal variations, Pyhdsalmi, Finnland 64°

Vertical orientation East-West orientation North-South orientation

22
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Diurnal variations, Moscow, Russia 55° 45' N

q’

Ay W
VAR
{

Vertical orientation East-West orientation North-South orientation

23
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Hoeaa KOHCTpyKLUS cyeTuUKa

« HosbIW UMNUHApUYECKUA CNNOWHOU KaToa 6e3 okHa Ans
KanMbpoBKU B CTeHKe KaToAa

* Matepuan KaToaHbIX HUTeN: N030J10UYeHHBIU BONIbPPAM BMECTO
HUXpoMa

» HosbIlh cnocob kanubpoeku: ¢ Topua npoekumen nyya Y@ Ha
CTeHKy KaTOAa Yepe3 KBapLi B TOpLe CYeTYMKAa U Yepe3 cmelleHHoe
OT LieHTpa OKHO

* W Ha byayluee: HU3KOMOHOBLIU cYeTUYUK. Bce metannuyeckue
AeTanu - U3 TMuTaHa mapkm BT1-0,

24
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1. Y® uctouHuk

2. JKpaH

3. Keapuesoe okHo
4 Katoa

5. Kancyna

6. OKHO co
CMelleHUuem oT ocUu

Cxema Kanubposku
Y® uctouHukom 25
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@O SHOT ON REDMI 9
CO Al QUAD CAMERA
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@O SHOT ON RED

PuHanNbHLEIMA 3Tan cbopku cuyeTyuKa Bua uyepes ksapueBoe OkHO 21
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CYeTUYUK C HUTAMU U3 BOJIbPpaAm-

CYETUUK C HUTIMU U3 HUXPOMA peHUeBOoro Crnsasa ¢ No3os10ToM
I 1 I I 1 I 035_-
0.20 B
1] | 030
g 0.15 g 0.25
§ go.zo—
9 g
O 0.10 4 [&]
015 1
0.05 .l LR T A R S L N PR R R S R S 0.10 | e R T BRI ]
0 20 40 60 80 100 0 10 20 30 40 50
CyTku CyTru
Cropoctu cyeta B KoHpurypauuax 1 (uepHere) u 2 (ceprie) 28
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YaenbHas (NpuBeaeHHas K eauHULE ASIUHLL - MeTp)
IMUCCUA OAUHOYHBIX 3NeKTpoHoB Ans D0 ym HUTU U3
BOJSIb(PPAM-PEeHUEeBOro Cnsiaea ¢ NO30N10TOU

« A+B=R; (nepsas koHpurypaums)

« A +KkB=R, (BTOpPas KoH®pUrypauus)

A - CKOpOCTb cYeTa OT obbema, B - ot Huten, b = B/L = (R, - R,)/(1 - k)/L, rae:
R;, R, - cKopocTU cyeTa 0AUHOYHBIX 31eKTPOHOB B KOHpUrypaumsax 1, 2; L =
60 m - cymmapHasa AnMHA HUTeW NepBOro U BTOPOro Katofos, k = (n,/2 +
n)/(n; + n,) = 0.58, rae n; =20, n, = 102 - YMUCNO HUTEU Ha NepBOM, BTOPOM
katoaax. OTcroaa:

A =0.10 Hz; B = 0.17 Hz (o1 Rel87 - 76 pacnaaos B cekyHAY)

b=2.8x10°Hz/m 29
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Temperature, °C

o
a

Conflguratlon 1
Configuration 2

o Temperature

o
w

Count rate, Hz
o
N

0 10 20 30 40 50 60 70 80 90 100 110 120 130 140

New measurements Fe + (Ne + CH,4(10%) 1 Bar) + goldplated WRe

Days

Red - configuration 1
Blue — configuration 2
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5120 ragpax
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(kacxkpIe 2 yaca)
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wires 30
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CYeTUUK pacrnosioxeH
noa yrnom a = 239
K ocu Cesep-HOr
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' CYETUUK C HUTAMU U3 BOSIbPPAM-
Katoa cyeTtyuka us xenesa peHuneBoro cnsnaea c No30110TOU
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CyTOuHbIe BapuaLuu B 3Be3AHOU CUCTeMe KOOpAUHAT 3a BecCb
nepuoa usmepeHuit u ¢ pasbuskou Ha ABa NOsynepuoaa 33
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CUeTUUK C HUTAMU U3 BOSTbPPAM-
Katoa cyeTumka U3 xenesa peHMeBoro Cnasa ¢ NO30J10TOU
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CyTOuYHbIe BApUALUU B COSNTHEYHOU CUCTemMe KOOPAUHAT 3a BecCb
nepuoa usmepeHuit u ¢ pasbuskou Ha ABa NOsynepuoaa 34
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Hosaa nporpamma 06paboTku AAGHHLIX.

Ouuposka 14 6ut auanasoHa +/- 100 mV
HenpepbIBHbLIM KpYrnoCyTOYHbIN HA6Op AAQHHBIX 1
B KOHpUrypaumm 1 u 2 ¢ BpemeHHOM NpUBA3KOU
CO6bLITUM B TeYeHue CyToK

3a cyTku Habupaem = 1 TepabaiT cobLITUIA ™ e
O6paboTka cobLITUiA B of f-line -

[na nony4yeHus sSHQUMMOTO pesysibTaTta ANS BepXHero npeaena Heobxoamm
Habop AGHHLIX B TeYeHUe HeCKOSbKUX MecaLeB, a AN NonyYeHUs 3HaYUMOro
pe3ynbTara No CyTOYHbIM BAPUALIUSM B TedeHUe HECKOSTbKUX NeT.

ﬂGJ’IbHeﬁLlJee ysesnnyeHme 4yBCTBUTESTbHOCTU BO3IMOXHO NYyTEM yBeJTnYEHUA
Ynucna AeTeKTopoB U, COOTBETCTBEHHO, MGCLIJTG6MPOBGHVI$| BCero sKkcnepmmeHTa.

-504
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Summary

MeToa nokasan cBOFO 3(PPEKTUBHOCTb, NOSTyYeHHbIe pe3ysnbTaThbl
BKNFOYEHBI B MUPOBYHO KOMMNUNAUUIO AaHHbIX PDG 2020/2022

HabnropeHue (B cnyvyae ycnexa) CyTOYHBIX BAPUALMU C XAPAKTepHOMU
BPeMeHHOU CuMMeTpueld opMupyeT AoKasaTesbHyro 6asy <
CYLIeCTBOBAHUA TeMHBIX (POTOHOB C OnpepAenieHHOU nonspusauvein u
NO3BOSUT OnpeaesnUTb HanNpaesieHWe BEKTOPA 3/MeKTPUYECKOro unum
MArHUTHOro NOnNsA B CONMHEYHOU UMUK 3Be3fHOU CUcCTeMe KOOpPAUHAT.

Ana nonyyeHus 3HAYUMOrO pesynbTata MO CYTOYHLIM BAPUALIUAM
HeobxoAUMO NpoBeCTU UMepeHUs C AeUCTBYHOLMUM AETEKTOpPOM B
TeyeHUe Heckonbkux neT. [lanbHeliwee ysenuuyeHue TOYHOCTU
U3MepeHUA BO3MOXHO MyTem yBesiM4YeHUs Yucna AeTeKTOpoB W,
COOTBETCTBEHHO, MACWTA6UPOBAHUA BCero 3KCMepumeHTa.

Pa6ota moxeT NMpoBOAUTLCA HE3ABUCUMLIMU FPYnnamu B pasHbIX
nabopatopuax Ha pasHLIX reorpaUYeckux LWUpOTax.
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‘The new guiding principle should be “no stone left
unturned”: we should look for dark matter not
only where theoretical prejudice dictates that

we "must”, but wherever we can.

G.Bertone and T.M.P.Tait A New Era in the
Quest for Dark Matter arXiv:1810.01668

Cnacubo 3a BHUMaHUeE
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Their experiment is very interesting and their idea has both
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Search for Dark Photon Dark Matter:
Dark E-Field Radio Pilot Experiment

Benjamin Godfrey, J. Anthony Tyson,* Seth Hillbrand, Jon Balajthy,! Danicl
Pelin, S. Mani Tripathi, Shelby Klomp,# Joseph Lovine, and Nate MacFadden®
Physies Department, UC Davis, Davis, CA 95616

Brian H. Kolner and Molly R. Smith?
Hlectrical and Computer Enginsering Depariment, UC Davis, Dovis, CA 95616
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We are building an experiment to search for dark matter in the form of dark photons in the
nanc- to rm]h—e\-' mass range. This upenmaur. is (he e]eq.mmsguer.lc dual of magnetic detector
dual

dark radio It is also
high-) signal in

two ways: We search for a

quency
wide-band data rather than tuning a high-G) resonator, and we messure electric

rather than magnetic flelds. In le paper we describe a pilot experiment using room temperature
electronics which demonstrates fessibility and sets useful limits to the kinetic coupling e~ 102 over
50-300 MHz. With a factor of 2000 incresse in real-time spectral coverage, and lower system noise
temperature, it will s0on be possible to search a wide range of masses at 100 times this sensitivity.
We describe the planned experiment in two phases; Phase-T will implement a wide band, S-million
channel, real-time FPT processor aver the 30300 Mz range with a back-end time-domain optimal
flter to search for the predictad ) ~ 10 line using low-noise ampliflers. We have completed spot
frequency calibrations uwsing s biconical dipole antenna in a shielded room that extrapolate to a
5o limit of € ~ 10-13 for the coupling from the dark fleld, per month of integration. Phase-T1 will
extend the search to 30 GHz wsing cryogenic preamplifiers and new antennas.

L INTRODUCTION

The physical nature of dark matter is unknown. Sen-

sitive searches for weakly interacting massive particles
(WIMPS) have found nuth ng [1]. In r
WIMP hypothesis has dominsted searches for dark mat-
ter since a generie weak-seale thermal relic could account
for all of the observed dark matter in the universe [2]
Experimenters contimne to probe new WIMP parameter
space by developing larger and more sensitive detectors,
however these tend to lose sensitivity when the mass of
the dark matter particle is small, leaving a large range of
parameter space open for exploration [3].

The 2014 P5 report [4] emphasizes the importance of
searching for dark matter slong every feasible avemie.
T date, relatively little effort has been spent on detee-
tion of ultra-low muss dark matter candid; where it is

hest deseribed as a wave rather than a particle [5. This
requires development of new detectors.

The dark photon is a hypothetical, low-mass vector bo-
son which has been posed as a candidate for dark matter.

e Dark photons euuld account [ur mud: of the dark matter,

and are tk
tor field during the ulr]) nfla Llnrn epoch of our universe.
A relic abundance of such & particle could bc produced
non-relativistically in the early universe in & similar way
to axions, through either the misalignment mechanism
or through quantum fAuctuations of the field during in-
flation (8, 7].

In contrast to axions, s massive, inflation-produced
vector boson like a dark photon would have a power spec-
trum that is peaked at a le ale of roughly 10k,
andd rapidly decrenses in intensity at large length scales,

joms of & vee-
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with CME ohservations. Furthermore, a dark
photon would adopt the adishatic Auetnations of the in
flaton making it & good dark matter candidate [7] Th
high phase space density required for dark photons to
constitute a significant portion of the local dark matter
density implies that they would behave as an oscillating
field and would oscillate with s frequency equal to the
mass of the dark photon. In general, for a theory with

Dark photons as a Dark Matter

The dark photon is a hypothetical, low-mass vector bo-
son which has been posed as a candidate for dark matter.
Dark photons could account for much of the dark matter,
and are theoretically motivated via fluctuations of a vec-
tor field during the early inflation epoch of our universe.
A relic abundance of such a particle could be produced
non-relativistically in the early universe in a similar way
to axions, through either the misalignment mechanism
or through quantum fluctuations of the field during in-
flation [6, 7].

In contrast to axions, a massive, inflation-produced
vector boson like a dark photon would have a power spec-
trum that is peaked at a length scale of roughly 10'° km,
and rapidly decreases in intensity at large length scales,
consistent with CMB observations. Furthermore, a dark
photon would adopt the adiabatic fluctuations of the in-
flaton making it a good dark matter candidate [7]. The
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We are building an experiment to search for dark matter in the form of dark photons in the
nano- to milli-eV mass range. This experiment is the electromagnetic dual of magnetic deteetor
dark radio experiments. It is also s frequency-time dual experiment in two ways: We search for a
high-€) signal in wide-band data rather than tuning a high-) resonator, and we messure eleetric
rather than magmetic flelds. In this paper we deseribe a pilot experiment using room temperature
slectronies which demonstrates feasibility and sets useful limits to the kinetie eoupling e ~ 10~ over
50-300 MHz. With a factor of 2000 incresse in real-time spectral coverage, and lower system noise
tempersture, it will soon be possible to search 4 wide range of masses at 100 times this sensitivity.
We describe the planned experiment in two phases: Phase] will implement a wide band, 5-million
ehannel, real-time FFT processor over the 30-300 MHz range with a back-end time-domain optimsl
filter to search for the predicted  ~ 10° line using low-noise amplifiers. We have completed spot
frequency ealibrations using s biconical dipole amenna in a shielded room that extrapalate to a
5 limit of € ~ 10~*3 for the coupling from the dark fleld, per month of integration. Phase-11 will

extend the search to 20 GHz using cryogenie preamplifiers and new sntennss

I INTRODUCTION

The physical nature of dark matter is unknown. Sen-
sitive searches for weakly interacting massive particles
(WIMPS) have found nothing [1]. In recent years the
WIMP hypothesis has dominated searches for dark mat-
ter since a generic weak-scale thermal relic could account
for all of the observed dark matter in the universe [2]

Experimenters continue to probe new WIMP parameter
space by developing larger and more sensitive detectors,

however these tend to lose sensitivity when the mass of
the dark matter particle is small, leaving a lange range of
parameter space open for exploration [3].

The 2014 P5 report [4] emphasizes the importanee of
searching for dark matter along every feasible avenue
To date, relatively little effort has been spent on detec-
tion of ultra-low mass dark matter candids where it is

best described as  wave rather than a particle [5]. This
requires development of new detectors.

The dark photon is a hypothetical, low-mass vector bo-
som which has been posed as a candidate for dark matter.
Dark photons could account for much of the dark matter,
and are theoretically motivated via fuctuations of a vee-
tor field during the early inflation epoch of our universe.
A relic abundance of such & particle could be produced
nom-relativistically in the early universe in & similar way
to axions, through either the misalignment mechanism
or through quantum fuctuations of the feld during in-
Hation [6, 7).

In contrast to axions, a massive, inflation-produced
veetor boson like a dark photon would have s power spec-
trum that is peaked at a length seale of roughly 1010 o,
and rapidly decresses in intensity at large length scales,
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with CMB ohservations. Furthermore, a dark
photon would adopt the adishatic fluctuations of the in-
flaton making it & good derk matter candidate [7]. The
high phase space density recuired for dark photons to
eonstitnte a significant portion of the local dark matter
density implies that they would behave as an oscillating
field and would csaillate with a frequency equal to the
mass of the dark photon. In general, for & theory with

N3mepeHue nHayuUMpOBAHHOTO
3N1eKTpUYEeCcKOro nons

As in WIMP searches, there are two unknowns: the
frequency of the wave (a proxy for the mass) and its
weakly coupled amplitude. We measure the induced elec-
tric field with a wideband antenna. The experiment is
conducted inside a large (= 27.4 m?*) electromagnetically
shielded room, searching for a weak narrowband signal
between 30 MHz and 20 GHz from dark photons con-
verting from within the shield. The antenna is polar-
ization sensitive, enabling detection of the expected E-
field in any direction whence aligned. The challenge is
detecting a 1 ppm spectrally pure signal, varying only
on 12-hour timescales (Earth rotation), at femtovolt lev-
els, in wideband noise. Since the frequency of the line
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The dark photon is a massive hypothetical particle that interacts with the Standard Model by
kinetically mixing with the visible photon. For small values of the mixing parameter, dark photons
can evade cosmological bounds to be a viable dark matter candidate. Due to the similarities with
the electromagnetic signals generated by axions, several bounds on dark photon signals are simply
reinterpretations of historical bounds set by axion haloscopes. However, the dark photon has a
property that the axion does not: an intrinsic polarisation. Due to the rotation of the Earth, accurately
accounting for this polarisation is nontrivial, and highly experiment-dependent. We show that if one
does account for this polarisation, and the rotation of the Earth, experimental sensitivity to the dark
photon’s kinetic mixing parameter can be improved by over an order of magnitude. We detail the
strategies that would need to be taken to properly optimise a dark photon search. These include
judiciously choosing the location and orientation of the experiment, as well as strategically timing
any repeated measurements. We also point out that several well-known searches for axions employ
techniques for testing signals that preclude their ability to set exclusion limits on dark photons, and

hence should not be reinterpreted as such. O
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