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AXIONS

*  Minimal Extension of
what we know to exist

* Simple and predictive
cosmology

*  Solve anofther big
oroblem in parficle
ONYSICS

* Ubiqguitous In string
theory
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ALP DARK MAITER IN THE LAB
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ALP DARK MATTER DETECTION
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ALP DARK MATTER DETECTION

Background

but you know exactly the waveform
and the signal is always there




AXION DARK MATTER DETECTION

Cavity




AXION DARK MATTER DETECTION

Cavity
/y Resondance
R R QVAVE 1
m, =2 E

Background
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HETERODYNE DETECTION

[Berlin, RTD, S. Ellis, C. Nantista, J. Nielson, P. Schuster, S. Tantawi, N. Toro, K. Zhou‘19]
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CRUCIAL INGREDIENTS IMPORTANT INGREDIENTS

Large Q (cryogenics)
Isolation from vibrations
Good mode separation
(clever geometry) Integration fime (for axion
masses above kHz)

Tunability




Q-FACTOR frequency = a/ '
Hz kHz MHz GHz

SN1987A vy

CAST
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MODE SEPARATION frequency = m,, o
Hz kHz MHz GHz | |

SIN1987A vy

CAST

—12
10 ejq = 1071
h
~14
% 10 €1q =107
&)
—-16
g 10 €1q=107°
SN
10—18
_epq= 107"
Demonstrated te = 107 s B
I for a different geometry, - /
but same setup | | | | | |
CIass.Qualanrav. 20 (2003) 3505-352% 3r-qc/0502054 1 O _ 1() 1 O — 8 1 O _6 1 O _4






THREE PROTOTYPES
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2= Fermilab
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Exp: S. Calatroni, Z. Li, C. Nanfista, J. Nielson, M. Oriunno, S. Tantawi
Th: R.T. D’Agnolo, S. Ellis, P. Schuster, N. Toro, K. Zhou

All slides from: Z. Li and M. Oriunno
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Exp: S. Calatroni, Z. Li, C. Nanfista, J. Nielson, M. Oriunno, S. Tantawi
Th: R.T. D’Agnolo, S. Ellis, P. Schuster, N. Toro, K. Zhou

HE11 mode
» Corrugated wave guide
* Both E and B field transverse to the direction of propagation
* Both E and B field concentrated around the center of the cavity
* High Q
- Very low field on the outer wall
- Most of EM loss on the ends
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1/4 wavelength fins on the endplates

E B
X-polarization - -
~
E B
— - Y-polarization
~
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Tunable mode coupler

Fixed mode coupler
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Tuner
membra

Unit: mm

Tuner
/gap

Membrane deformation
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| ‘ ’ I I < ! I A: Quarter Vacuum Thin
=) Total Deformation 2
o e Type: Total Deformation
A Unit: mm
b |

Tuner

Membrane deformation

gap =-1mm
f ~2.8564 GHz

gap = +1mm
f ~2.8445 GHz
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ppl-weiml ST

(*) Q ~ 3.5 x 10*

0.48 % 0.46 x 0.46) m® e~ 2 S NRL o

T ~ 300 K

€14 ~ 1077

w ~ 3 GHz



NATIONAL _ .
BI ‘ h ACCELERATOR frequency = m,

QHI-\W L ABORATOR¥HZ MHz GHz

10—10 CAST
—1? _
10 ejq = 1071
1 14
g 10 eq = 1073
— n-16 |
§ 10 €1q=107°
10—18 _
e1q=10""
1020 (em 0 ) -
| | | | | | | | |
10~14 10~12 10~10 10~8 1076 10~



2= Fermilab

Parameters based on informal conversations
VERY PRELIMINARY!

2 .
'Al' : uarl:*-., £ il [ -
- — | AL 1
e/ Q ~ 10" (loaded)
antenna gy, P £ g’
TEO11 Port3J Port2 8 ¢! i’
| o —I—g V ~10 L
| ” ' e o Port1 ”
| Pick-up E— wWo > GHZ
antenna depth ™

’

TM020 T ~ 4K

€d ~"/

The potential sensitivity is beyond current bounds




Small Collaboration (to be confirmed)
Exp: A. Grudiev, J. Bremer, S. Calatroni, A. Castilla, A. MacPherson + 1 Fellow from PBC
Th: R.T. D’Agnolo, S. Ellis

Material Budget: 450 kCHF/3 years from QT
Design to be confirmed
Superconducting cavity operated at cryogenic temperatures




CONCLUSION

A powerful theoretical iIdea with the potential of exploring the
biggest region of unexplored axion parameter space, including
two orders of magnitude on the QCD line

Still much to do on the experimental side (join us!)

The first prototype to take data (SLAC) Is giving very
encouraging results

MM
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k k. Jm(k .
Ey = > m (Fir) - AJ (k7)) sin mao
]{?() kJ_T




RESONANT frequency = 1m, F
Hz kHz MHz GHZ

SIN1987A vy

10—10 CAST

10-12 2
¢rms = 107 ym
| o—
™
| _
>,
&
—16
> 10
S
-
1071 10~ 1
drms = IMLIT)
- ‘ €14 = 10
~ N te — 107 S
10 Demonstrated \_ J
Injsimilar cavities | | | | | |
https://indico.physics.lbl.gov/indico/event/939/contributions/4371/ 1 O 8 6 4
attachments/2162/2812/Dark SRF-Aspen.pdf — — — —
tt tl/z\lj /2812/DarkSRF d 10 10 10 10 10

m, |eV]


https://indico.physics.lbl.gov/indico/event/939/contributions/4371/attachments/2162/2812/DarkSRF-Aspen.pdf
https://indico.physics.lbl.gov/indico/event/939/contributions/4371/attachments/2162/2812/DarkSRF-Aspen.pdf

RESONANT frequency = a e
Hz kHz MHz GHZ

SIN1987A vy

10~ 10

10~ 12

10~ 14

1016

Gayy [GeV™]

10~ 18

10—20

m, |eV]



A.Berlin, RTD, S. Ellis, K. Zhou 2007.15656

uHz mHz Hz

109

10-10 CAST
10-11 SN1987A v
€ = 10_3
1012 _7 10
e=10 Qint = 10
10-13 Qint = 1012 tint = 1 day

lint = o years

10~ 14 <A e=10""?
o Qint = 1010

tint = 10 days

Jayy [Gev_l |

10-17 &
10-18 ;_ mechanical noise
10_19 B
10722 10~20 10716 10714 10712 10710 108 106 10~4

mqg [eV]



A.Berlin, RTD, S. Ellis, K. Zhou 2007.15656

frequency = my/2n frequency = my/2n
10-9 uHz mHz Hz kHz MHz GHz uHz mHz Hz kHz MHz
10_11 SN1987A Y
10_12 Qint = 109
‘T Qint = 1010
| -13
L 10
¢ -14
O ©. - 107
g 10-15
=)
10—16
10-17
1018
10_10 CAST CAST
10-12
‘_IT -13
% 10
g 10—14
g 10_15 Grms = M1
>
10—16 Grms = 10 nm
10-17
10—18 Grms = 0.1 nm
10-19 conool o voomd ovood vooomd ool cvomd ool oot vomd oo ool oot ol v coomd™ oot coomd oo ool oot commd o coomd ool ool 1o

10-22 10-20 1018 10-16 10-14 10-12 10-10 108 106 10-20 10-18 10-16 10-'4 1012 10-10 10®% 106 104
mq [€V] ma [€V]




Noise Power [W]

frequency = m, /21 frequency = m,/2r

Hz kH?z MHz GHz Hz kH?z MHz GHz

il

| 111t

10_16 10—14

11
//
L .
| 2
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Noise Power [W]
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NOISE PSDs

frequency = m,/2r

Hz kHz MHz GHz
We bound the total power in mechanical noise for by 1014 =
considering two cases: where the axion =
mass is situated at or near a local maximum of the noise PSD 10716 & +
or at a — = ~
local minimum (ma at the midpoint between two adjacent % 10718 & P ~
resonances, i.e., assuming a typical separation of - 100 Hz % = =
between mechanical resonances, at 50 Hz separation from & 107 - \ E
each). The total mechanical noise powers obtained in these Zg 3 E
two extreme cases, illustrated by dashed curves, define an 1072 & P, E
envelope for the mechanical noise power at each = : =
scan step. The noise power only approaches the upper 10724 Py ~
envelope in narrow regions of size Awm about each resonance ” — | | | | | | —

" 10-14 10-12 10~10 1079 107

mg [eV]









MAGO
Measured the force PSD around kHz
We conservatively took it flat up to GHz




Loading ports

1SS101
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Field Em
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Oscillator

Readout ports




VIBRATIONAL NOISE

(S, (W— wo) /VQ/?’) (Wi /Qn) W w?
W = w2)? F (wwn/Qn)?| [(wWi — w2)? + (wo wn/Qn)?]

Vibration

VSfm (w)
S0 W) = 3 (et |G

Field Emissior %

.
. .
.
.
.
s
s
s
s
s
s
s
s
s
0
s
s
s
s
.
.
.
.
.
.
.
.
.
-

min
w,, =~ kHz

Class.Quant.Grav. 20 (2003) 3505-3522,
gr-gc/0502054




VIBRATIONAL NOISE

n : Sy, (w— wo V23 (wn/Qn) wi w?
G )= S 5 ()~ Fa S0
) nzzo,l meen (@) = 57 0, nzzo,l (2 — w2)2 & (@an On)?] [(@R — w2)2 + (o wn/Qn)?]

External Force

L) ~ St (@)
SQm( ) - M? (wQ — wh, J* mw/Qm)2

m

We assumed that for every axion mass > kHz
there Is a corresponding resonant
mechanical mode that is maximally coupled
to the electromagnetic properties of the
cavity. An OVERLY PESSIMISTIC assumption.




LEAKAGE NOISE

1
5 G%d S¢(w — wo)

Sphase (W)

Cavity Response




LEAKAGE NOISE

10MHz 3 OT SC-Cut

phase_noise (dBc/Hz)

'ltll] ' o '1K
offset_frequency (Hz)



LEAKAGE NOISE

Vibrations

Field Emission §

From MAGO
and other similar cavities




OVERCOUPLING

%
Qcpl

Ssig (w) —

Ssig(w)

Snoise(w) — Sql(w) | Ql

| S (1) |
Qcpl ( th(w) + Sphase(w) + Smech(w)) | Qcpl S]fr?e)ch(w)

Overcoupling can enlarge the scan step, keeping the SNR fixed




EXISTING PROTOTYPE

2= Fermilab

R. Ballantini, A. Chincarini, S. Cuneo, G. Gemme,* R. Parodi, A. Podest a, and R.
Vaccarone

INFN and Universita™ degli Studi di Genova, Genova, Italy

Ph. Bernard, S. Calatroni, E. Chiaveri, and R. Losito

CERN, Geneva, Switzerland

R.P. Croce, V. Galdi, V. Pierro, and |.M. Pinto

INFN, Napoli, and Universita™ degli Studi del Sannio, Benevento, Italy
E. Picasso

INFN and Scuola Normale Superiore, Pisa, Italy and CERN, Geneva, Switzerland

MAGO 05




Axion stops being monochromatic

aaaaaaaaaaaaaaaaaaaaaaa

0 60



Power = /Time

Time

min|7,, 7| = min ,

Static: w;{ ~ m,

P ~ maB2V min|[Q,, Q1]

Naively no reason to build resonators with Q > 1076



Power = /Time

Time

min|7,, 7,-| = min

Oscillating: w; > m,

P ~ wlBCQLV min[Qa (Wl/ma)a Ql]

Great advantage of high-Q resonators at low ma

_Qa Ql




Dark Matter Particles in a de Broglie Volume Today

eV
Galaxy: Npum =~ 10° (m )
DM

Universe:  Npy ~ 107° ( eV )

mpwm
m*



ALP DARK MAITER IN THE LAB

INn each experimental bin we are summing over a multitude of plane waves
with different phases

a9




ALP DARK MAITER IN THE LAB

INn each experimental bin we are summing over a multitude of plane waves
with different phases

a9

a1

a(t) = ag -COS (ma (1 | vj) t + ¢1) + cos (ma (1 | Uj) t -+ ¢2> +

~ ag cos(mgt + @) [cos(dwat + @) + ...]
10°

Effectively: very slow modulation of an
approximately monochromatic field

MmN\
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Neutronf = () Neufron 6 # 0

Electric
Dipole

|(9 | 5 10_10 Experimentally




Introduce a new global symmetry at fa

GG

At the minimum

<CL> = —0/q




QCD Phase Transition

a ~ a 7Tt
—GG —
fCL fCL f’i‘(‘
Mass
2 10° GeV
Mg ~ Dr 1072 eV -
fa fa
~
Relevant Coupling
a
—E-B py T
fa
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