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Describes extremely well
particle physics
(at low energies)
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where more symmetric
beautiful theories arise
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Answers wait in the
high energy frontier
where more symmetric
beautiful theories arise
.. often implying

standard YR ‘ new low energy physics!
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Axion-like particles (ALPs)

pseudo Goldstone Bosons

- Global symmetry spontaneously broken - Im parts of moduli fields (control sizes)
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- massless Goldstone Boson @ Low Energy \ \
shift symmetry 0(x) — 0(x) + «
1
Lyin = 5(%9)(3“’ 0)f*

- 0(100) candidates in compactification

- HE decay constant, f = (p) -“decay constant”, string scale /V/

- small symmetry breaking —> small mass - masses from non-perturbative effects
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Low-energy effective action

- Shift symmetry allows some generic types of interactions

1 _ Q ~
Lo = 5(0,6)(0"0) 2+ zf: cs[[7"15f10u8 — B Fpu ™0

1 2 a : :
L, = 5((’%@)(8%) + Z Gaf|fysfla — J 47 F,,J,,FW (canonically normalised)

- SS breaking terms induce mass + new interactions (one example ...
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Strong CP problem / PQ solution

{G‘u,yé/“/} 981\/[ P dn ~ iQSM < 5 X 10—12i

why!! Ogy < 10711
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Strong CP problem / PQ solution

(6} (e 2 sy e (s )

4 A
potential min.

Ve ~ g (s 7 ) (AN = s

The QCD Axion cancels the effect of any constant 0,
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Strong CP problem / PQ solution

(6} (e 2 sy e (s )

4 A
potential min.

Ve ~ g (s 7 ) (AN = s

The QCD Axion cancels the effect of any constant 6gy

Dark matter / vacuum realignment

Q, 9,
pick up a vacuum when quasi-degenerate ups! not the lowest ... oscillate!

cold DM in oscillations [cosmology dependent]

2
m a;
QOhZ ~ 0.12 a :
© meV <3 x 1012 GeV)
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Theory fits better some observations with ALPs

{G yé“V} (931\/1 + ﬁ) d,, (931\/[ + @)

g fA " fA HB . € ,

r p RO §
, potential min. WDLF (Mps~9) | +—— X X
Ve~ g (bt 7o) (AT = el | A remsatg
2 fA k ) G117-B15A —_—

The QCD Axion cancels the effect of any constant Oy T s zGiannott: -

Dark matter / vacuum realignment

Q, 9,
pick up a vacuum when quasi-degenerate ups! not the lowest ... oscillate!

cold DM in oscillations [cosmology dependent]

2
m a;
QOhZ ~ 0.12 a :
© meV <3 x 1012 GeV)
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Theory fits better some observations with ALPs
{G yé’“/} (98M + £> d, X (931\/{ + @)
8 fA " fA HB - € g
r A L §
5 potential min. WDLF (Mpi~9) | b g g
V(A) ~ lX (981\/1 n i) <A>/fA — By Rm | | ALP bremstrahlung
2 fA k ) G117-B15A —
The QCD Axion cancels the effect of any constant 6<y, i s ZGiannot; -
Dark matter / vacuum realignment “Y -ray transparency / photon regeneration
Too many gamma-rays from far away sources?
pick up a vacuum when quasi-degenerate ups! not the lowest ... oscillate! < > \“
=3 2 :
cold DM in oscillations [cosmology dependent] M Low estimate of opacity vs ALP-mediated regeneration
m a;
Qh? ~ 0.12 ¢ :
c meV \ 3 x 1012 GeV Trostski 2017
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Hints and constraints (example)
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Direct Detection of ALPs




Natural sources

ﬂ DM(m, = 10 *&V) :
10 -
If"
S : .
| DR, (T} = 1GeV) S
S Or Betelgeuse
geuse
=
A
< .
= .
S -10F .
: DR,(AN.g = 0.1)
=20 1 L
-5 0
log p(eV)

~ upper limits (predictions vary!)
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Lab experiments 2011

b
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Lab experiments 2017
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the ANY-Light-Particle-Search

Light shining through walls
% <

'YW%) >§NW'Y
B B

A Ay
Resonant regeneration in the receiving cavity (see later)
- ~ 100 m - - ~ 100 m -
DO0OO0OO00O000 . 0000000000
Laser I """""""""" Detector

(| o | ...-..-../-

(d) ALPS-Ilc HERA dipole magnet
Experiment status B(T) L (m) Input power (W) Bp Br 9. GeV '
ALPS-T 427| completed 5 43 4 300 1 5x10~°
CROWS [429]  completed 3 0.15 50 10* 10" 9.9x107%(")
vy -revuy B - —— = OSQAR [428) ongoing 9 14.3 18.5 - - 3.5%10°%
on | Photon . ns. T . . - ‘ 11
flux (1/ | E(eV) | M (tm) | reg.cav. | (rol) ALPS-II [430) in preparation 5 100 30 a()—00 40000 QXI?ml
s) ALPS-III [431] concept 13 426 200 12500 10° 10
ALPS| 35108 23 50 44 22 1 00003 STAXI1 [432] concept 15 05 10° 10t - 5x107"
STAX2 [432) concept 15 05 10° 100 100 3x10°12

ALPS Il 1-10% 12 53 106 468 40,000 1
"ALPS I 3-10% 12 13 400 5200 100,000 27
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ALPS llc reach
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but much earlier than IAXO...
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ALPS llc reach
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ALPS llc reach
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STAX, ALPS Ill and beyond
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Long-range forces

Long-range forces between macroscopic bodies

p-p forces are spin-spin ... very hard to measure!

In some case a tiny s-coupling can lead to a larger effect

s-p forces are number-spin ... much easier

Thursday, 1 February 18

Wilzcek 84, Geraci 14




Thursday, 1 February 18

ARIADNE reach

-
-

Arvanitaki, Geraci 14

-
. - -
® .—.—

~ =“Tiltimate sens.

L4

P
.
P
P
P
P
.
P
P
P
’
.
V
¢
¢
’ 3
’
’ =
[}
1 .
. <.
A N S
.. =
..----> Z
=
>
Ibca -18 )
20 i
2 -20f7 .
....... -.so‘:oc"“.
oooooooo » -22 - M 1
-8 -6



Helioscopes (search solar ALPs) Siivie PRI 1083

The Sun is a copious emitter of ALPs!
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Helioscopes (search solar ALPs)

The Sun is a copious emitter of ALPs!

photon coupling
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Helioscopes (search solar ALPs)

convert into X-rays

X-ray optics

The Sun is a copious emitter of ALPs!

Solar
axion
flux

--------.-—---—)
----------—---—)

---------—---—)
-------I--—---—)

-------l--—---—)

.

vvvvvvvvvvvvvvvvvv

photon coupling

L \/\AE----u
I

Total
PrimakofT x 50
':l:

FB + BB
Compton

L

[10¥keV~'year™ m™?)
i

db,
dw

——t N -

-——— =
AAAAAAAAAAAAAAAAAAA

w |keV)

Thursday, 1 February 18

2 3 4 5 6 7 8 9 10

Sikivie PRL 1983

focus

'
1
i
I
AN
AN
11l
1\

1 ible platform T

X-ray detectors

Shielding

detect

Coherent Conversion along the B-field

P(@HW)=(

2
my

2G4 Brw\
Jary Tw) Sinz(

2
mz L

4w

Y



International AXion Observatory

Large toroidal 8-coil magnet L=~20 m
8 bores: 600 mm diameter each

8 x-ray optics + 8 detection systems
Rotating platform with services

Cryostat

Telescopes

Services

\N

Inclination Svstem

Support Frame

P
— ==

Flexible Lines

Rotating Disk
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Rotation System
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-NGAG paper JCAP 1106:013,2011
-Conceptual design report IAXO 2014 JINST 9 T05002
-LOI submitted to CERN, TDR in preparation

-Possibility of Direct Axion DM experiments (cavities,ABRACA)

Transverse B-field (Wk 5T, average 2.5T)
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JAXO detectors

1077 = 10® -
Goal background level for IAXO: history
keV Cm2 S -/—: 1 0_4 _ ®  Classic/ Unshielded Bulk & Microbulk / Shielded
= = .
- Small Micromegas-TPC chambers: Tl
Shielding < e
Radiopure components : 107
Offline discrimination E - R
§0 107 = 1AXO goals =
= ;
'§ 10| |
1112002 12/2006 012011 01/2015
Aready demonstrated: - (in CAST 2014 result) — -0 (underground atLSQ)
ready demonstrated: <+~ 5 (in result) T (underground at LSC)
- Gridpix/InGrid, -MMC(C - Low noise CCDs

absorber

SQUID loop

thermal bath

Thursday, 1 February 18



JAXO reach
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JAXO reach
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JAXO reach
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JAXO reach
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In mode detail
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OCD axions, IAXO and ARIADNE

Example DFSZ axion model, 1-free parameter tanbeta M. Giannotti et al JCAP10(2017)010
f a[GeV]
10% 107 1010 10° 10% 107
1| [ R |' |'_ |'_"'_' '_'_' || |'!|'|:|'_'_'__L"L"_' ML AL
10% = 3 10?
: DFSZ |I; -DFSZ II; WD, RGB, H§+SN+NS
- WD, RGB, HB+SN+NS -
10 3 = IAXO+ 10
= - \ - \
o i \ _ ARIADN
S \ [AXC A\)
IE \ 3 1
: O) -
107! = m { AXO+ = = [ 107"
:l LU 1 llllll 1 lllllll L1l 11111? :l 1 lllllll 1 | llllllll L L
103 102 107! 1 103 102 107! 1
mg [eV] mg [eV]
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Detecting Dark Matter

Imperfect Vacuum realignment  4(¢) = 6, cos(mt)

GeV

cm?

_0CD axion

m?qffx — XQCD

1 1 1
= 5(&)2 + —m2a? = —m§f§9§

> 0y ~ 3.6 x 107
9 @ 2

pcom = 0.3

Non-zero velocity in galaxy -> finite width

W~ me(l+v2/2+..)
~10%-6
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Detecting Dark Matter

Imperfect Vacuum realignment  4(¢) = 6, cos(mt)

GeV 1, .5, 1 545 1 4.0 OCD axion_ 19
— Y =5 5 =5 - ~ 3.6 x 10
pcom = 0.3 3 =5 (@) + 5 Mad Qmafa 0; 7 — xoon 0
Non-zero velocity in galaxy -> finite width coherence time
1 10~°eV
~ 2 o
w>me(l+v°/24...) ot — O.les( - )
~ 106
‘ 2
\ S = —a? coherence length
2 —5
_>\<—5 5LNiN20m(1O eV)
| ity 107° op My,
Y
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Cavities

Mirrors+

Spin precession

SQUID 1 Bext
pickup
loop

e-spin precession

.20.0 1 1 1 -2.5:10"
0.0 5.0 10.0 150 200
magnetic field (T)

Thursday, 1 February 18



CASPER at Mainz

SQUID T Bext
pickup 1 M
loop /
magnetic signal % I'l])c!-‘,C]E“E
s\ \

number  nuclear spin Schiff nuclear spin
density polarization suppression coherence time

- EDM + Large E-fields in PbTi03

- Mainz (D. Budker’s group) & Berkeley

- B-field, coherence time, sensitivity to m < neV
- Mass range limited by B-field strength

Thursday, 1 February 18

Graham 2012
Bext
4
r V p 4

E*
Oscillating EDM, effects add up,

transverse magnetisation grows
if Mg = W = M‘Bext‘



CASPER reach

Graham 2012
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Axion DM in a B-field

 d
,C] — —Cafy%f—B . E

- In a static magnetic field, the oscillating axion field generates EM-fields

~
\\

8%
Lr=—C,v—0(t) Bext - E
I ’727_‘_ () t
B-field

Bex
20 cos(mqt)
2T

- Electric fields E, = C,. —
- Oscillating at a frequency w ~ m,
- B-fields « V¢ Ba| ~ (v)|Eq|

- All experiments are sensitive to light dark photon dark matter! (kin. mix)
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Dish antenna experiment?

Horns 2012

The E,-field excites surface electrons coherently
EM radiation from a reflecting surface
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BRASS, FUNK

Horns/Lobanov

Magnetised surface (Hamburg U.)

Magnetized Surface
(Halbach array, ~1T)

~~

Reflector S~ | ‘

Detector room
T~-4K

Detection chamber
T-~300 K

FUNK (KIT Karlsruhe) (1711.02961)

:C..\-,
“
i)Y
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Cavity resonators (Haloscopes)

- Haloscope (Sikivie 83)

P ~ QEq|*(Vima)Gr (o ReSoNRNGe)
- comparison with Dish antenna (P ~ |E,|* A4isn ) Single
V~1/m? a ::iac:t
extra factor of 0~10"5 Wi

onam a/Q band

Scanning over frequencies

equency (HHz)
a o @ ) ~ ~ @
E 2 & 2 B §E ¥
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MADMAX: MAgnetised Disk and Mirror Axion eXperiment

- Emitted EM-waves from each interface
-~ - + internal reflections...
e ime - P ~ |E,|?Area x O(N?)

Receiver

\ 4
Ap Dozttt

l L) L Iq

103 :I Ll L 4 L T l r L) L4 Ll L) T L) T L 4 -
. — Avi =200 MHz 1

Max-Planck-Institut fiir Physik
Werner-Hesenberg: Insbitut

— Avs = 50 MHz

- Avsz =1 MHz

—
-~

effective N
i

A L L L L l L L L A
248 249 25.0 251 25.2

v, |(GHZ

Caldwell 2017
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MADMAX: MAgnetised Disk and Mirror Axion eXperiment

fi i i i ﬂ:; - > . o
. Emitted EM-waves from each interface
— - + internal reflections...
1 - P ~ |E,|*Area x O(N?)
Receiver
\ 4
First prototype setup at MPI ApByztt

Wave Removable — 10° ————— —— R S e e S =
' B s A s 3 | o Aul; — 200 MHz

= Avs = 50 NMHz

— Avz =1 MHz

p
effective N

=102 3

Ly [
Precision
motors
101 3 1 - i | I N i
discs 0% 24.8 249 25.0 25.1 25.2
° Al

Prototype setup partly funded pm &% Uy [C- HZ]
g, as seed project by: @
_/ Excellence Cluster Universe qﬂ 12 Caldwell 2017
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MADMAX

~2m
~80 dielectric spacing ~cm
discs €=24 for 10-100GHz boost

receiver

-

metal disc |

L

—

10T magnet

~10K cryogenic parabolic mirror

enviroment
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ALP miracle

Postinflation models

Preinflation models

i\rD\\' > 1
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Anthropic window
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Summary plot
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Summary plot
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Summary plot
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Summary plot
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Low mass Dark Photons
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Conclusions

- Beyond the SM with extremely low energies

- Detect an ALP, new energy scale!

- Generic interactions

- hints: Strong CP problem, DM, Stellar evolution, Transparency of Gamma’s
- Good Experimental ideas

- Still a Lot of parameter space to explore!
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