INTRODUCTION DETECTION STRATEGIES CONVENTIONAL
0000 o 0000000
:

IALOSCOPE

Ré&D AXION —fermion
000000000000

R&D AXION-PHOTON
000

ATOMIC TRANSITIONS
0000

000000

Axion - Experiment overview

Invisibles18 Workshop, Karlsruhe

C. Braggio
University of Padova and INFN

September 5, 2018




INTRODUCTION DETECTION STRATEGIES CONVENTIONAL HALOSCOPE R&D A)\'I(’)\*ﬁ’f‘l}llml R&D AXION-PHOTON ATOMIC TRANSITIONS

0000 o 0000000 000000000000 000 0000 000000
: :

ARE WE HOMING IN ON AXIONS?

» a well motivated scenario:

— physics case is stronger (potential cosmological and astrophysical role)
— SUSY is failing tests at LHC, lack of WIMP detection in underground detectors

» blooming phase:

— new detection concepts
— commissioning of demonstrative small-scale setups

» upgrade to large scale experiments for established techniques

> f4 > 107 GeV = my < eV “invisible” axion
detection techniques are by no means common in particle physics

T. Tait/University of California, Irvine
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AXION VS WIMP DETECTION

WIMP [1-100 GeV]

— number density is small

— tiny wavelength

— no detector-scale coherence

AXION [my < eV]

— number density is large (boson)
— long wavelength

— coherence within detector

= observable: scattering of

= observable: classical, oscillating,
individual particles

background field
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AXION COUPLINGS
TREE AXION . ) 5 0o Lo An almost model—mdepenalltlent axion mass:
= 20,0 0"a + sm*a 1011GeV
T 2vH T2 Mg = 0.6 x 107%eV (7>
a------- a a
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AXION-MATTER

e
Pp;

AXION-PHOTON

Primakoff effect:

o ion detection by their decay into
B 1 axion de y y
Layy = _gfa Sayy E-Ba

microwave photons in an external
magnetic field B

| - 5 In DFSZ axion models couplings with
Lo = fi &aii0iy' v vYj0ua

fermions are not suppressed at tree level
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SENSITIVITY PLOTS:
WE WANT TO MEASURE A MASS AND A COUPLING

wl " Axion-Photon Coupling A

5

Each interaction is modeled through a related coupling

3

1010 &

SNisB7a
1011 E_noybum
Transparency

5]

fsntoaza.

Excluded By HB Stars energy losg]
HEss / HB Stars Favored

— axion-photon (gs~)

— axion-electron (gae)

Soft x-rays E

. 10
— axion-nulceon (g,n)

33

Axion Coupling |gay | (GeV™')
3

(not straightforward to relate one coupling to another)
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WHAT WE KNOW ABOUT THE CDM LOCAL DISTRIBUTION

5 T T T 1<
Maxwellian Ag-A-1 :(73
. i
10s
%
12
o 3 e
5 I
X 18
B ]

=0 |

Median
68%; 95%
L
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. v[kms']
Agquarius simulation http:/ /wwwmpa.mpa-garching. mpg.de/aquarius/ R T

J. 1. Read, The local dark matter density, J. of Phys. G 41 vol 6 (2014)

DM can have additional structures on small scales:
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— if axions continuously fall into galaxies they would form caustic rings b0
[Sikivie 2011] B1
— if axion DM density is dominated by few local streams, its velocity ~0.01f o s\z
distribution can be very narrow (orders of magnitude) . BT12 [ACN
-0.02 L @, L L L L 1
1990 1995 2000 2005 2010 2015 2020 202!

year
o Pl = =
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STANDARD HALO MODEL FOR ppy AND f(v) Milly Way halo structure

3.5 Maxwellian velocity distributions:
30 *  Galaxy frames s
XT\Earth frame

200 400 600 800 1000
v (Km/s)

> cosmic axion density ppm ~ 0.3GeV/cm? [5 = 1] — 1, ~ 3 x 102 (10~* eV /m,) a/cm?®
» axion velocities are distributed according to a Maxwellian distribution
3/2
f(v) =4rn (%) v? exp(—Bv?), with 8 = %, oy velocity dispersion
> oy ~ 1073 — the axion energy distribution is monochromatic 1 part in 10°

> + motion of E in the galaxy — they can be seen as a wind with v ~ 1073 ¢
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MATCHING TO THE AXION LINEWIDTH
When bosons with 11, < 10 eV make up a significant fraction of the DM energy density (hp: all), their
number density is so large that there are many of them per De Broglie wavelength volume. When that
happens, their superposition can be described as a classical field oscillating at a frequency set by their time

mass, and a coherence time determined by the inverse energy spread ~ 10° periods of oscillation =~

)

macroscopic spatial coherence T
p p - O'n
T f(t) = 0 cos(mgt)

ap is a very small number (B, ~ 10~2! T) but coherent oscillations allow for detection

COHERENCE TIME

10—*eV
Ta = 0.687; ~ 34 us <7e) Wa

My

~ 1079

CORRELATION LENGT
> relaxation time of the magnetized

10*4eV> materials/lifetime of the involved atomic levels

Ave = 0.74X; ~10.2m ( must not exceed the coherence time

Mg

) » huge number of channels
[m] = =
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THE RESONANTLY ENHANCED AXION-PHOTON CONVERSION

If axions are almost monochromatic then their conversion to detectable particles (photons)
can be accomplished using high-Q microwave cavities.

 Pierre Sikivie
T T ts mixer
2 I
_ — en Ir
i‘? amplifiers “TMon! = ( r ) + ( h )
7 F for a cylindrical cavity in a solenoidal field, the TM,,,
A;i;;;\ : o

are the cavity modes that couple with the axion

— resonant amplification in [m, &£ m,/Q]
\‘W/JL\M — data in thin slices of parameter space (tuning rod);

typically Q < Qs ~ 1/02 ~ 10°

power

m,

frequency
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In a magnetic field, an axion is equivalent to a photon
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Signal power in the band [m, = m,/Q]:
Q 5 o 2
- liigayBa ‘gml Vga
Mg

7.2 % 107 BW (

i) (1) () (

Jor (B (19 Vv,
Mg 2 x 10-16GeV-1 8T 0.69 / 2001-"
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THE RESONANTLY ENHANCED AXION-PHOTON CONVERSION

Signal power in the band [m, = m,/Q]:
Ps = Kggngg‘gmlz‘/Qa
Mg

2 2 2
_ g () (L) (VY (e N (BN (19 V.
= 72x107%®W (0.5) (105) (m) (2 » 10715Ge\,71) (gT 0.69 ) 2001%

— for QCD axions, the signal is typically much

T ty mixer smaller than noise m

o i | P, = TyAv =T, sia

3 4 w2V = Sy 0,

‘il y local = 33X 10721 % Ma LO()
- oscllaor K neV Qo

— measurement time At is such that S > N
WJ/J\\\“ — low noise microwave amplifiers

frequency’

magnitude for » > 10GHz for T < 100 mK

[m] = = =

)

— quantum sensing (below SQL): photon counting
techniques can accelerate searches by orders of




MX - WASHINGTON

e —after > 30y of R&D, Mg
@1 - | reached sensitivity to DFSZ models - 127 mK, JPA

— 100 mK, SQUID — first results in a new mass range
— thin slice around 2.75 eV (24 peV)

—no new technology up to 10 peV — pushing to higher mass values

PRL 118, 061302 (2018)
PRL 120, 151301 (2018)
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WHAT ABOUT DIFFERENT MASS RANGES?
In the conventional haloscope the effective volume falls off rapidly with
increasing frequency + lower masses limitations (B field)

some non-conventional axion detection strategies and

complementarit

y
[different mass ranges, different interactions]
with a focus on

recently proposed haloscopes
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AXION-PHOTON COUPLING

10

= 107°
o
2 1076
g
<1077
108
1077
10—10
10—11
10—12

1013 Haloscopes

Laboratory

entirely lab experiments
(LSW, POL, 5t force)

helioscopes, stellar astrophysics

— haloscopes/cosmology
dependent

y-rays

1071
10-1
101

10-17

10-18 Pl T 0 A Y IS N I I A A S By |
1071 107 1077 107° 107* 107! 10 103 10° 107 10°
ma(eV)

from I.G. Irastorza and J. Redondo, arXiv:1801.08127v2 [hep-ph]

o = = = DA
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HALOSCOPES: DEMONSTRATORS AND NEW PROPOSALS

NOTE: this is just a selection. ..

(a 2
f ) QUAX [EPR] CASPER wind [NMR]
axion-electron T transitions
BRASS el TS axion-electron
ﬁ (a) w&w
> PUMP LASEI /K/LL\
’ ki h li>
i~1 meV
10>
B=0
MADMAX - -
Tt etetette r = 3 N\
ABRACADABRA
Pickup sheath
G CULTASK CAPP
= RADES CAPP
i | N ’ ORPHEUS
ORGAN
\_ 0 SQUID amplifier )

DA
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2m

14
—2ugpo,
g the Bohr magneton

2 h
i = [—h—v2 8 va
ot

(&) v

2e

Lo = f7 gaithiy" v 10,0

QUAX [EPR]
axion-electron

The interaction term has the form of a spin—magnetic field
interaction with Va playing the role of a
2m ] v

oscillating effective magnetic field
W, mac?
ﬁ - fa =

=14 (%’Zﬁ) GHz,
hn,

Ba:g“l

2e
__ 8

MgVq
myc

1
—7x10°3 ( Pdm
effective magnetic field

0.45 GeV) ’ (58.;":16\/) ( " ) T

220km/s
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AXION DETECTION BY RESONANT INTERACTION WITH e~ SPIN

The interaction term has the form of a spin—magnetic field interaction with Va playing
the role of a

oscillating effective magnetic field
(]

" c " QUAX [EPR]
mgC a axion-electron
—f= ~ 14 (—) GHz,

= 85uev/ [N |
B, — Sue fing

axon wind
MaVa
2e¢ \ mgc

1
=7x107% (0.4§dgev> 2 (SS.SmZeV) (Zzov‘:m/s) !

— By placing a ferrimagnetic sample in a static magnetic field B (L axion wind)
it is possible to tune the Larmor frequency of the electrons to the axion fre-
quency v, (spin o is along the z axis).

— B, deposits in the sample the power P, = Bu%’l Wy = 47T’yuBVaB§TminnsV
— P, gives rise to RF/ ywave radiation <= axion signal
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RADIATION DAMPING

g g g g g B QUAX [EPR]
The dynamics of the magnetic sample is well described by its magnetization axion-electron
M, whose evolution is given by the Bloch equations. The damping term affects [ N |
the maximum allowed coherence hence the integration time of the magnetic worwes
system with respect to the axion driving input P,.
= strong coupling regime (hybrid photon-magnon mode)
VNA
14 12 0
12 10
;g 08
ﬂ:fv 0o —_
04 04 =
02 02 o
44 46 48 50 44 46 48 50 44 46 48 50
10 12 14
08 10 12 15
06 08 (l)‘x‘ 1.0
06 06 0.56 n
o4 04 04 05 137 138 139 140 141
02 02 02 Frequency [GHz)
44 46 48 50 44 46 48 50 44 46 48 50 44 46 48 50

=) = = =

i
N
o
o)
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EXPERIMENTAL CHALLENGES

magnetized material with spin density 2 x 102 m 3 and FMR linewidth ~ 150 kHz (75 ~ 2 us)
necessary magnetized sample volume ~ 100 cm? to be hosted in ~ 50 GHz frequency cavities
~ 10° Q-factor cavity/cavities

ppm level uniformity and high stability of the 2 T magnetic field

signal detection beyond SQL with linear amplifiers = single-photon microwave detectors
100 mK working temperature of the complete apparatus

vVvyvyVvyVvyyvyy

frequency tunability

il
i
S
el
?
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QUAX DEMONSTRATOR
QUAX (this work)
10'1()
3 Solar axion
B B
10 White-dwarf cooling
-14
10 DFSZ mode!
10'15 ' L ' '
5.852 5.8525 5.853 5.8535 5.854 5.8545 5.855
Axion mass [eV] %107
o — minimum measured value of
Cavit Quee =49 x10710 <= B, < 1.6 x 107V T
Vacuum vessel
ectronics Magnetic fiel - .
Blectroni , 4}:9““‘ . GOAL: 103+ sensitivity improvement

five 1-mm YIG spheres (Vs =2.6 mm?)
HEMT low noise cryogenic amplifier

— increasing the signal Vs ~ 0.1 liter P, ~ 10~ W
— reducing the noise [quantum counter]
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- a )
CASPER wind [NMR]
axion-nucleon
axior ind
i
sQuID ’ ’ ’
pickup

(a) VIS-NR photons
B
o Yax
rey
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/axkx\"mnd
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Va couples to the relativistic fermion spin as an effective magnetic field B,
that can be searched with ma gnetic resonance experiments
Probe beam
Polarization, Eump beem
-Maintaining Fiber:

Probe beam

R&D AXION-PHOTON
000

ATOMIC TRANSITIONS
0000
PROSPECTED SENSITIVITY
* phase I [1cm” sample]

* three ranges of B,:

000000
CASPER wind [NMR]

axion-nucleon

(0.1-14) T — m, ~neV-+peV

(10~ = 0.1) T — m, ~ peV-+neV and B, < 10~* (ZULF)
media: Xe, 3He

CASPEr wind

phase I

— can be completely polarized
— t» ~ 1000 s coherence time

phase IT

— low frequency [no radiation damping!]

— my/me = 2000 [much smaller ALP masses vs QUAX]

1071 10712 107 107 107 107% 1077 107 107°
a

maeV)

DA
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axion DM field = oscillating EDMs
8(t) ~ 00 + Ox cos(imat), O ~ 4 x 10719 fixed by Ga CASPEr-Electric

— p and n have EDMs oc § = their EDMs trace the axion
DM oscillations: d; (t) =~ 0.0024 x O~ cos(wt) e fm.

DETECTION STRATEGY: a useful analogy TB
ext
the ferroelectric material displays intrinsic electric fields Ejne TM
at the nucleus position S
QUID .
dy(t) - Eine <= pnB(t) /E

pick-up
i.e. the interaction of the induced nEDM with Ejy is equiv- loop
alent to the interaction of the spin with an oscillating B-field
transverse to B, (B (t))
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axion DM field = oscillating EDMs
CASPEr-Electric

O(t) ~ Oy + O~ cos(mut), 0~ ~ 4 x 10~ fixed by js
— p and n have EDMs oc § = their EDMs trace the axion
DM oscillations: d; (t) =~ 0.0024 x O~ cos(wt) e fm.

DETECTION STRATEGY: a useful analogy O( TB
ext
T

the ferroelectric material displays intrinsic electric fields Ejne

at the nucleus position SQUID
dy(t) - Eint <= punBL (1) pick-up /E*
loop

i.e. the interaction of the induced nEDM with Ejy is equiv-
alent to the interaction of the spin with an oscillating B-field
transverse to B, (B (t))

= a resonant increase of the fransverse
magnetization when B (t) oscillates at a frequency M, ~ PUN N ‘ dn ’E intf

matching wy, is expected!

il
i
N
o
o)
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axion DM field = oscillating EDMs

0(t) ~ 6 + O~ cos(mat), O~ ~ 4 x 10~° fixed by s
— p and n have EDMs o § = their EDMs trace the axion
DM oscillations: d; () ~ 0.0024 x O~ cos(wt) e fm.

| \

DETECTION STRATEGY: a useful analogy

the molecules are polarized so as to develop large intrinsic
electric fields Ejn; at the nucleus position

dn(t) -Eint < ,UNBJ_ (t)

i.e. the interaction of the induced nEDM with Ej; is equiv-
alent to the interaction of the spin with an oscillating B-field
transverse to B, (B (t))

= a resonant increase of the transverse

PROSPECTED SENSITIVITY
* phase [ 127 Pb nuclear spins in PMN-PT sample]

* phase IT and III [sensitivity to QCD axion m; <neV]

LB L AL AL AL L B L L
SN1987A

CASPEr Electric
phase [

4111

107

1071107121010 107 107% 1077 1076 107> 10~* 1072 1072
ma(eV)

magnetization when B (t) oscillates at a frequency M ~ pnnpn|dy|Eintt

matching wy is expected!
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Mirror

Dielectric Disks

Receiver
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SEARCHING THE AXION AT HIGHER MASSES
{ - 3\

dish antenna concept: photons are emitted by reflective/refractive
surfaces in a magnetic field B, and the DM halo field B,
E,= ga'YBE ﬂ(t)

€

ALP field in a medium with dielectric constant e
wave goes with photon-like waves
[RRNENARNRN RN

m2A

P haloscope

Q

— to satisfy the continuity conditions at a boundary, the pure ALP-like
Paish

Mirror
\.

Dielectric Disks

a dish with a magnetized area of A ~ 1 m? competes
withan Q ~ Q, ~ 10° haloscope at m, ~ 200 peV

Receiver

v

100 GHz 1 THz
T
. svasy I

Accion: - KSvzZ

Broadband Radiometric Axion
SearcheS

. o
Astrophysical hints: l l
| |
Maxion=20 peV 100 peV

1000 peV

8000 peV
o =
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SEARCHING THE AXION AT HIGHER MASSES
( ) In MADMAX a boost factor N L% is considered . o
N, number of dielectric disks
BRASS
!/MW | ﬁ ~80 dielectric |spacing ~cm
discs €=24 | for 10-100GHz boost
i Drtecton chamter - metal disc |
MADMAX
TTHTHTE T s,

10T magnet

 Miror Dielectric Disks

~10K cryogenic
enviroment
Receiver

parabolic mirror

Magnetized Disc and Mirror

by adjusting the distances between the layers, the frequency dependence
Axion Experiment

of the boosted sensitivity can be adjusted to different bandwidths

& =
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AXION DETECTION WITH ATOMIC TRANSITIONS

| N |
(a) VIS-NIR photons (b)

pump laser %‘
»
F LHe
& 0
. Ol
=
[ J

=

axion-induced transitions take place between Zeeman-split
ground state levels in rare-earth doped materials

transitions involve electrons in the 4f shell (as if they were free atoms...)
a tunable laser pumps the excited atoms to a fluorescent level
» crystal immersed in LHe and superfluid He
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AXION DETECTION IN RE-DOPED MATERIALS

For one mole of target atoms (RE-dopant) in the ground state |0), the transition rate to the level |i) by axion absorption on resonance

(P.Sikivie PRL (2016))
E 2 2 min(t, T,
NuR; = 8.5 x 1072 pa ( “ ) & < (. TV“)) Hz
0.4 GeV /cm? 330 peV 10—6¢2 10—6s

where R; is the transition rate of a single target atom, N 4 is the Avogadro number, E; = hy, is the axion energy

— spectroscopic properties at “high” RE concentration (0.1%, i.e. > 10'° axion target electrons/cm?3)
in ~ 11- active volume

4004 E
~300
> ()
a0y

(a)

<
1004 4
los2, 912

the linewidth of the transition driven by the laser sooy [ &

must be narrower than the energy difference 3400
between the atomic levels |0) and |i) <200 e

809.029 nm

808.996 nm
808.990 nm
808.955 nm

0 o—s =

808.94 808.96 808.98 809  809.02 809.04
wavelength (nm)

L
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AXION DETECTION IN RE-DOPED MATERIALS: WORKING T

Thermal occupation of the Zeeman upper level needs to be suppressed

= ultra-cryogenic (T ~ 100 mK) optical apparatus
fundamental noise limit — thermal excitation of the Laser-related backgrounds (~ 10 W/cm?)?
Zeeman excited level

101

NaR; = fi/7

4
_ lopop

5% 600
< 400 -
i = N exp (—Eq/kT) average number of excited ions in B N
the energy level E, s 7 e hisn, 15
SNR= 3, statistically significant number of counts z —
withint,, = 1h 29

— thermal excitation rate R; = 6 x 1073 Hz

e e T=193K
s T K

7 = 1ms level lifetime — 71 < 5-10—°

T T T T T
810.1 810.105 810.11 810.115 810.12

Axions with mass greater than 80 GHz can be searched, vavelength (om)
provided T < 57mK. The pump laser does not affect the thermal population

of the Zeeman excited level [up to a ~W/cm? intensity]
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AXION DETECTION STRATEGIES: THERE’'S MUCH MORE!

ATOMIC TRANSITIONS
0000

200000
» DM HALOSCOPES: interaction of axions forming DM Galactic halo with SM elementary particles

(photons, nuclei, and electrons)

— ADMX, HAYSTAC (ADMX-HF)

— QUAX

— CASPEr-wind

— CASPEr-Electric (EDM induced on nuclear spin)
— ATOMIC TRANSITIONS

— CAST, Baby-IAXO

» HELIOSCOPES: axion production in the Sun
- TASTE, SUMICO

» PURE LABORATORY EXPERIMENTS

— LSW (Light Shining through Wall), PVLAS (vacuum polarization)
— axion-mediated 5" force measurements



INTRODUCTION ~ DETECTION STRATEGIES ~ CONVENTIONAL HALOSCOPE ~ R&D AXION—fermion ~ R&D AXION-PHOTON  ATOMIC TRANSITIONS

0000 o 0000000 000000000000 000 0000 000000
:
“ 103 = LRALLLL R B R L
S =
= -
&) -
- al |
b
g g
7
% =
'YO —
7 4
% S
% 5
v =<
<
%,
1 =
Axion models p
10-1 FEEEETI BRI T R R B R TTIT B SRR TTT ETETEETTT BTSRRI B ETE T
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ma(eV)

from 1.G. Irastorza and J. Redondo, arXiV:18[%1.08127V2 Lkzlep-pkzi] P
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AXION-ELECTRON COUPLING
10—10
)
=

[

10712

10—13

10—14

10—15
1077 107

107° 107* 107°

from I.G. Irastorza and J. Redondo, arXiv:1801.08127v2 [hep-ph]
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ENERGY LEVEL DIAGRAM OF RE?t IN LaCl;

“Fsn

ce

— 4f electrons
— electrostatic interaction 10* cm !

Ybi

Energy E (10°cm™)

—

n—y
sy s

ety B —_

— further splitting by spin-orbit interaction 10% cm—!

— crystal field (Stark splitting)
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Ré&D AXION —fermion
ENERGY SPLITTINGS IN RE-DOPED MATERIALS

R&D AXION-PHOTON

ATOMIC TRANSITIONS
0000

Central field Electron-electron

000000
|
Spin-orbit Crystal
repulsion coupling field
4fn-1, 5d
105 em! @s+|
= @s+n|.
102 cm™
4fn 104 cm™?

Ho
10t ecm~1 = 1.24eV
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