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Axions: theory motivation

« Axion: introduced to solve the strong CP problem

* In QCD, nothing prevents from introducing a term like:

dumn 2 contributions of
very different origin...

N C Iy This termis O = 6 + arg det M .
Lop = QgGG CP violating. )

From non-observation of
neutron electric dipole

moment: *Why so small?

—10
|9 | < 1 3 X 10 *High fine-tunning required
for this to work in the SM
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Axions: theory motivation

Peccei-Quinn solution to the strong CP problem

New U(1) symmetry introduced in the SM: Peccei Quinn symmetry of scale f,
The AXION appears as the Nambu-Goldstone boson of the spontaneous breaking of the PQ
symmetry

“Axion lagrangian”

1
Lo = 9 (aua)2

\ 0 absorbed in
a,G9 the definition of a

Qg

7 fa

0 = a/f, relaxes to zero...
CP conservation is preserved “dynamically”
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The axion

m The PQ scenario solves the strong CP-problem. But a most interesting
consequence is the appearance of this new particle, the axion.

(Weinberg, Wilcek)

Basic properties:
— Pseudoscalar particle
— Neutral

4 =

L,

3 a)2 —f@(}’

——_Q

—_

— Gets very small mass through mixing with pions

— Stable (for practical purposes)

ma = 5.70(7)ueV (

— Phenomenology driven by the PQ scale f,. (couplings inversely

proportional to f)
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Axion phenomenology

« Some phenomenology depends on the “axion model”, e.g.
— KSVZ axions are “hadronic axions” (no coupling with leptons at tree level)
— DFSZ axions couple to electrons

Gluon coupling

Mass

Photon coupling

g
87 fa

aGG

generic

ma = 5.70(7)ueV

(1012G6V>
x| — — ~
fa

Jay~(E - B)a

Vg FE
avy = —— | — — 1. 2
Jary 27 f, (N 9 )

generic

generic but value
model dependent

Fermion couplings

Electron coupling
Nucleon coupling

Model dependent



Axion phenomenology

« Axion-photon coupling presentin
every model.

Qg E @ ——=——-
La’y’ = gafy'y(E . B)a Jay~y = m (N — 192)

m Axion-photon conversion in the presence of
an electromagnetic field (Primakoff effect)

This is probably the most relevant of axion properties.
Most axion detection strategies are based on the axion-photon coupling
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Beyond axions

« Many extensions of SM predict axion-like 2 12
particles 2

— Higher scale symmetry breaking £ 10 s
10723

GenericALPs
parameter | .
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Stringy ALPs
Arion

Majoron
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VS

Millicharged
Particles

String theory predicts a
plenitude of ALPs

Chameleons
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Axion/ALP searches motivation
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Cosmological axions: axion realignment

When T > Typ When T ~ Typ When T~ Toco
. . <ay> 20
<&,y IS arbitrary <ays> > 0 21
A V A V

: N

Q

> a

As the Universe cools down below 7,.,, space is filled with low energy axion field
fluctuations - act as cold dark matter

Their density depends on the initial value of <a_. .> (“misalignment angle”) which:

phys
Unique (but unknown) for all visible Universe in pre-inflation models

Effectively averaged away in post-inflation models <93> = Wz/ 3
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Cosmological axions: topological defects

When T ~ Tycp
<a, > 20

phys

Axion strings Domain walls

But inflation may “wipe out” topological defects... Did inflation happen before or
after the creation of defects (PQ transition) ?

pre-inflation or post-inflation scenarios

Computation of axion DM density from defect decay is complicated (- big
uncertainty)



Axion DM density vs axion mass

« Axions are good DM candidates - for which m, do we get Q, ~ Q,,, ?

— Pre-inflation models - only misalignment contribution, but initial angle unknown - very large m, range
possible (even very low m, values with anthropic tuning)

— Post-inflation models - misalignment becomes more predictive as initial angle gets averaged. BUT,
topological defects are now important ( source of uncertainty).

[ ] H ~ _1
In any case, for Q, < Q)y,, 2 m, increases as m, ~ (),

* Note: thermal production of axions (as neutrinos) gives hot DM (upper limit m_~1 eV)

Preinflation models Postinflation models ALP miracle
: , & a | |
A DW — 1 N DW -~ 1
Anthropic window I e —
. abloil [ . | ]
R ETTIT EE R ETTTT B AT SR RTIT BTSN E T 11T BRI EETIT B S AT BRI B ST
10—~ 15— 10— 16— 16— 10~* 10— 164 10~} 1
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Astrophysical hints for axions

Gama ray telescopes like MAGIC or HESS observe HE photons
from very distant sources...

Jary ~ 10712210710 GeV~!
< 107107 ey

™~

ALP:

myg

Y VAAAAA/ a —Anann— —_—
LY] Fa |
Y VAAAAN o » 1
a - > \
- y - E"-. Earth /j
o I -\
. )
Y < g (EBL) A
B
B source IGMF
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Astrophysical hints for axions

* Most stellar systems seem to cool down faster than expected.

* Presence of axions/ALPs offer a good joint explanation (Giannotti et al.
JCAP05(2016)057 [arXiv:1512.08108])

« Parameters at reach of IAXO

HB | Ayala et. al. (2014), Straniero (proc. of XI Patras Workshop)
gay { RG [ | Viauxet. al. (2013), Arceo-Daz et. al. (2015)
—  WDLF (Mpg~9) | Bertolami (2014)
PG 1351 | | Corsico et. al., (2014, 2015)
e 7 R 548 | | Corsico et. al., (2012)
- G117-B15A l Kepler et. al., (1991) + many others
NS | Shternin et. al. (2011)
-1 0 1 2 3
AL/Lg
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Astrophysical bounds

Coupling Bound Observable Best fit?

Gars Gay < 0.65 x 10710 GeV~! (95% C.L.) HB/RG stars in 39 GCs [310] 0.29 x 10719 GeV~!
Gae < 2.6 x 101 (95% C.L.) WD cooling + RGB tip M5 + HB/RG in GCs [73] rer 15 3¢ 109
Jap <09x107? SN1987A v-pulse duration [25] 0
T - <08 x 1079 Neutron star cooling [327] 0
GJan <0.5x 1079 CAS A NS cooling [73,331] ~0.4x107°
Gue < 0.7 x 1071 Luminosity of the RGB tip [160] -

JuN < 1.1 x 10712 Luminosity of the RGB tip [160] -
Jary N <3x 1079 GeV—2 SN1987A v-pulse duration [333] 0

Table 2: Summary of Axtrophysical bounds and hints on an ALP coupled to photons, electrons, protons
and neutrons.HB,RG bounds are valid for masses m, < 10 keV, WD cooling ones vary but m, < 1 keV
should be ok, SN and NS require m, < 1 MeV.
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Astrophysical hints for axions

gay Jae
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Axion/ALP searches motivation

“Focuses of interest”
in the ALP parameter
space

Astrophysics
Cosmology

Generic
ALP DM
models

Bruno Touschek School, Frascati
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Preinflation models Postinflation models ALP miracle
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Axion motivation in a nutshell

* Most compelling solution to the Strong CP problem
of the SM

Cosmology

Theory

« Axion-like particles (ALPs) predicted by many Strong CP

extensions of the SM (e.g. string theory)

Cold DM
candidate

« Axions, like WIMPs, may solve the DM problem for axions .
free. (i.e. not ad hoc solution to DM) C e . ALPs ! adDark
1 n \ .-~\ radiation
« Astrophysical hints for axion/ALPs? '\\ theo§ ! KN : .

! ~
Sae -
[ Inflation r

N /! Dark
~-__-~" Energy?
AY

— Transparency of the Universe to UHE gammas \ .

— Stellar anomalous cooling > g, ~few 10" GeV'/m,
~few meV ?

Astrophysics

Anomalous
stellar cooling
+
UHE y
transparency

N
~
~ -

R -

* Relevant axion/ALP parameter space at reach of
current and near-future experiments

« Still too little experimental efforts devoted to axions
when compared e.g. to WIMPs...
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Sources of axions

Natural sources Laboratory sources
Dark matter Dark radiation Stellar
ﬂ DM(m, = 107%V)
o 10 : -
l% [ | : * Photon-ALP conversion in
= o DRy(Ty = 1GeV) < i strong magnetic fields (axion-
;@ /\ Hctc]rpz'(‘;u‘s‘c_ photon Coup'ing)
& 1o} ".  ALP fields from macroscopic
I DR4(ANgs = 0.1) DSAB\ | bodies (fermionic couplings)
_20 —_ 1 L 1 1 L 1 L L L N 1
-5 0 5
log p(eV)
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Most detection strategies

rely on the axion-photon AXiOn d ete CtiO n Strateg ies

conversion A
Detection method GarX Yae GaN  Gayn | GavGae  GayGaN  GaelGanN | GNGN Model
dependency

Light shining through wall X 10
Polarization experiments X 1o
Spin-dependent 5th force X X X 10
Helioscopes % 5% e Sun
Primakoff-Bragg in crystalg, x X Sun
Underground ion. (letoctolp X §x X X X Sun*
Haloscopes X DM
Pick up coil & LC circuit X DM
Dish antenna & dielectric X DM
DM-induced EDM (NMR) X X DM
Spin precession in cavity X DM
Atomic transitions X X DM

Table 3: List of the axion detection methods discussed in the review, with indication of the axion cou-
plings (or product of couplings) that they are sensitive to, as well as whether they rely on astrophysical
(axions/ALPs are produced by the Sun) or cosmological (the dark matter is made of axions/ALPs)
assumptions. *Also “DM” when searching for ALP DM signals, see section 6.2

Bruno Touschek School, Frascati Igor G. Irastorza / Universidad de Zaragoza
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How to detect an axion?

Axion
source

Bruno Touschek School, Frascati

Igor G. Irastorza /
Universidad de Zaragoza

Photon
detector
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Relic
axions

Lab
axions

Solar
axions

> @

Detection of axions

ADMX,
HAYSTAC, CASPEr, CULTASK,
CAST-CAPP, MADMAX, ORGAN,
RADES, QUAX, ...

ALPS, OSQAR,
CROWS, ARIADNE,...

SUMICO, CAST,
(Baby)IAXO

High

Very low

Low

New ideas emerging,
Active R&D going on,...

Ready for large scale
experiment



Photon
source
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Laboratory axions
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Light-shining-through-wall (LSW)

Photon

detector

MAGNET wall MAGNET

) ] 6§ a
Standard configuration > = REEEEE———— . = m — - m — - — - QR = s e

B B

MAGNET MAGNET

Photon
detectors

MAGNET MAGNET

B
— e — -

Enhanced “resonant” 10 |
configuration (future) -

e e —

MAGNET MAGNET

Matched Fabry-
Perot cavities
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ALPS experiment

Any Light Particle Search @ DESY: ALPS | concluded in 2010

parameter scaling ALPS1 ALPS Ilc | sens. gain
BL (total) g (BLY' | 22Tm 468 Tm 21
PC built up (Prasererr) | 8ay & Bped | 1 (kW) 150 (kW) 35
. rel. photon flux iy | ga oS0 | 1(532nm) | 2 (1064 nm) 1.2
 ALP Il under preparation _ B
RC built up frc Lay B! 1 40,000 14
* (resonant, 10+10 magnets,...)  dwccorerpE g ene 09 075 | 09
detector noise DC Lay o DC'E 1 1,810 57! 107°057! 2.6
combined | ] | 3082
26
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Other LSW experiments

CROWS experiment @ Cern

= ‘L’ OSQ @ CERN

Using microwave photons
Resonant implementation easier
Lose L enhancement...

superconducting magnet

signal-

source
Y oa 08
iti 5 E
e;"alviltr;g = g
power-
amplifier
LIk Iu %1077
Also: g =TT
= 1 I-,ll.tptlclu_\' .
« GammeV & REAPR @ % — | | PVLAS 2015
Fermilab, US E-sxur" : .-\l.I’SI’TlIIII: P :{'ﬁtﬂ:;"m,s |
. BMV @ Toulouse ~ {OSQAR 2015 _ ] [
I »® 10-\" | 1 1 1 1 L L

Bruno Touschek School, Frascati

Igor G. Irastorza / Universidad de Zaragoza
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Polarization experiments

PVLAS experiment: study QED vacuum birrefringence
(standard effect), but also sensitivty to ALPs:

By B,
F W 'Y . A A A AL
Dichroism: Yt y o BiL1 ] [4®  rotation
Iy {" L
Production of real diny Al 5,
particles B.,
before after
o e o B"—” Bt’\T
Ellipticity: 44 , Y
° a
Production of " = g . "
. . | | || 4 _ ,?
massive virtual b4 - yal ity
particles E, B Bl
before retardation of E| (/ after

Bruno Touschek School, Frascati

Igor G. Irastorza / Universidad de Zaragoza

diode 1

o - detection
g photodiode
f linear polar.
lock-in analyser
L_ | ellipt. polar.
»
| m;-lllntur"- = ellipticity modulator
: :l:*)- ellipt. polar,
DAQ = FP cavity mirror
oy e | B field
- - -
T [ ‘:ll" magnel
] . —_—

computer |

- -

-

—
. turntable
4——/

FP cavity mirror
b linear polar.

polariser

frequency-lock '
NAEYAG laser *

beam splitter

feedback
photodiode
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Laboratory experiments sensitivity

. Jo-*

CROWS

q
o
<8}
2107

| Gary

1=

107

10—10

A X _ 7 :.-‘: HBE hint

i e o b & o ey T Va1

bﬁg;rlnu.ult status I E I) L [{u} Input power (W) ..f_-- B ya: [Ge \_R ] L e

£ [433] completed 5 4.3 1 300 1 5x10 SRS
CROWS [435]  completed 3 015 50 10 100 9.9x1075(%) 10~ 1 T oY

OSQAR [434] ongoing 9 14.3 18.5 - - 3.5x10°% "

ALPS-11 [436]  in preparation i 100 30 5000 40000 2x107 !
ALPS-ILI [437] concept 13 126 200 12500 10° 10"

STAX1 [438] concept 15 0.5 107 1’ - Sx107"

STAX2 [438]  concept 15 05 10° 10t 10t 3x107? LS OO ALPS-IIT

Table 4: List of the most competitive recent LSW results, as well as the prospeets for ALPS-11, togethe
with future possible projects, with some key experimental parameters. The last column represents th
sensitivity achieved (or expected) in terms of an upper limit on g, for low m,. For microwave LSV

(CROWS and STAX) the quality factors € are listed. * The limit is better for specific m, values, se 10_13 L1111 ||.|] [N |||||| L1l |||||| L L1 ||||.|] L1l |||I.|I L1l |||||| L 1 ||||.|l Lol
Figure 6 )

1071 1077 107% 1077 107° 1072 10~1 107 1072
ma(eV)
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Axion-mediated macroscopic forces

Axions could be detected as short-range deviation of gravity...
(but traditionally though without enough sensitivity to QCD axions)

Recently proposed: ARIADNE experiment
Short-range force by NMR technique

Arvanitaki, Geraci
Phys. Rev. Lett. 113, 161801 (2014)

Good prospects for sub-meV axion PQ Axion , in Ge

- 10° 1010 1011 1012

Experimental Bounds

Shielding

0%

107%

N

N
lgs" gp

Ty=1 sec

NMR = T5=1000 sec
. sample Sl
Rotating 1.
.EO—“I ‘-._.‘...
source : ""-.._.-_.-__._,__S_QU]DSEM, a7
mass ' Y Limite py

'''' =i Beah
0.01 0.1 1 10

Force Range in cm

10°%
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Axion-mediated macroscopic forces

Unpolarized Sprocket

Source Mass
3
>
3
=) . . 5 S 7. -
Z -14pi — I ek » .
2 L ---T-—--""-y-—-_ /‘//'O’ [} 1
|O} i - _ ‘:"’O,‘/ : :
BE iy .
~16—_ ___________________ _...q.-'—’- .f' 6," -1
= - ] l
R e o ]
- 2 i 7
Quartz block with Nb Z. & - - e g 7]
magnetic shielding s -18F .- A id L -
1Sy - -7 - . 4
L o2 ":- - - . o’ - il
a0 L= e o .
. e P v . . _ . - . - . ¢  Tmpa=* -
Figure 7: Left: Limits on ALP nucleon couplings: CP violating g,y from laboratory 5th-force searches .—oq =20 Yan te' e’ ad® © =
(dotted), CP conserving g,n from the SNI1987A cooling argument (solid) and their product Gon gy i B} o N o 1
(dot-dashed) from pure lab experiments (thin) and the direct product on the astro+lab constraints e .o i
from [462]. The yellow band represents the range for the DFSZ QCD axion, yﬁ'rjsz. and the line for -22 L L L L L L= L L 1 1 L 1 1 L
KSVZ ., ¢'3V%, while dotdashed and dotted lines are approximate upper bounds for the CP-violating -8 -6 -4 -2 0
axion couplings using #, = 1071, The ARIADNE prospects for g, g.., are shown as black dot-dashed l
curves. Right: Sketch of the ARTADNE experiment. Credit: ARIADNE collaboration, used with 0g ma(QV)

permission.
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Axions from
DM halo

Bruno Touschek School, Frascati

Dark matter axions

Igor G. Irastorza / Universidad de Zaragoza

Photon
detector
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Detecting DM axions: “haloscopes”

Primakoff conversion of DM

« Assumption: DM is mostly axions L :
axions into microwave

 Resonant cavities (Sikivie,1983) photons inside cavity
— Primakoff conversion inside a “tunable” resonant
cavity

— Energy of photon = m_c2+0(b?)

]Ds — fﬁ?mgng},Bﬂgm |2VQa.

a

Axion DM field
Non-relativistic
Frequency < axion mass

IBo

Cavitv di . " If cavity tuned to the axion
avi {h lmznsléonslaf,ma er M—i frequency, conversion is
an de broglie “boosted” by resonant factor

wavelength of axions (Q quality factor)

W .
=)
umER
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Detecting DM axions: “haloscopes”

|\ FFT

Power

jouden
I
)
1
jouseN

Data taking proceeds by A

scanning small (1/Q) mass 4',}'

steps and taking limited data : A
X

a each step

Cavity m,

e — Frequency

- Figure of merit: [’ ~ angaﬁ m B4V T_g|g|4Q

SYysS

(proportional to “time needed to scan a given mass range”)
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ADMX

« Leading haloscope experiment
 Many years of R&D

* high Q cavity (1 m x 60 cm Q)

« Sited at U. of Washington

« 8 T superconducting solenoid

« Low noise receivers based on SQUIDs +
dilution refrigeration at 100 mK.

« Tuning achieved by set of movable rods & / \

L ge
« Sensitivity to few peV proven 'C}
* Good support through Gen 2 DM US

program \' \

Bruno Touschek School, Frascati Igor G. Irastorza / Universidad de Zaragoza 35



Frequency (MHz)

.8 640 650 660 670 680 690 700
- | L B I B B B =
A D Mx 16 — ;E 21— UF REF S HAYSTACIE —
IS w R ADMX2013 e A qJ 3
N S A T oSz " B
g 12— T2 ) 4 5 6 y ?( Ve; a 10 20 —
) = MM ) eeemenanas -
* First results >10 years ago. Ty OISR UL TLECECE Lt e —
» Last result recently published. $ E
FirSt data dOWﬂ tO DFSZ T;-E Axion Line shape _E
coupling... PRL 120 (2018) 15301 o 2 Maxwellian -]
— N-Body i
1 1 l 1 1 1 1 :
2.85 2.9
Axion Mass (ueV)
. ' Cavity Frequency (GHz)
» Current program will surely : 10 100
cover 1-10 peV with high oo
sensitivity (i.e. reaching even :;g AR s NN\ White Dwarf and Supernova Bounds, | NURNRN
o s g . = 10" Ly
pessimistic coupling). §
£ 10" NE
 What about higher masses? £ I8
1078

10 100 1000
Axion Mass (1LeV)
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Higer-m_ haloscopes

Active R&D inside ADMX

A subset of ideas being explored...

* Problematic: higher m_, > lower V > lower
sensitivity

Por
Strongly Coupled Divider
Antenna « i

Bandpass
Filter

Amplifier

TB

Dielectric Loading

Weakly Couplec ~ .
aema - Active Resonators

F o~ Qaga7ﬂ1234vg Sys ‘g‘4

« R&D to go to:

— Higher B magnets
— Larger instrumented volumen
— Lower noise sensors

— Higher Q cavities

Re-entrant Cavities

ExotlcTunmg = Photonic Bandgap Cavities

Bruno Touschek School, Frascati Igor G. Irastorza / Universidad de Zaragoza 37



HAYSTAC

« Started as ADMX test bed for new ideas.

« Sited at Yale University

* Looks like scaled-down ADMX but better noise and higher B

» First results recently released. Close to KSVZ model in the 23-24 neV

ran e Frequency (GHz)
g 5.61 5.634 5,658 5.682 5.706 5.731 5.755 5779 5,803
10 T T T T T T T T T
Frequency (GHz)
1.21 2.42 363 484 6.04
9 107 T T T T T
arXiv:1803.03690 ; ABF [ ]
B r ’ m-wq@.
1w'F UF B
T+ : W
i E ADMX
- &Kol IO s KSVE i
> 6 =, 3
[ o e _.DFSZ A —
3 1
] L
° 5 -
§ el
o 2
10
3l o 5 10 m[“ev) 156 20 25
— pasny ¥
2=
Y —— MOVE. oo s o e e e S G e B S T R R SR SRR
DFSZ
-------- i“---‘--l-l----------l--“------I“------‘-l--‘--‘----i-‘---‘--‘-I------‘---I--l‘------lu--‘
23.1 232 233 23.4 235 236 23.7 238 23.9 24
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CULTASK @ CAPP

« CAPP: recently created “Center for Axion and Precision Physics” at South Korea
* Main goal to “build a large axion DM experiment in Korea”

« Many R&D lines ongoing:
— Ultrahigh field superconducting magnets

— Superconducting films to get high G
cavities

— Low noise sensors (SQUIDs)

— New cavity designs & multi-cavity phase

locking schemes
CAPP Projected Sensitivity

[GHz]

!I
L — R N— —

i |
HF
KSVZ
| /
-= Current
- JPA (+5C coating?)
-~ Bfield25T
- Bfield35T
10! 10
m, [eV]
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New cavity designs

« Combining the power of many smaller cavities is possible but o
challenging -> “phase matching” "
‘ .- =

— Probably only possible for “a few” cavities

* New cavity designs to “decouple” V from m_, and go for larger
effective V andlarger m,.

Long thin cavities: ma is fixed by small

dimensions, but V can be ~larger Properly designed arrays of cavities with couplings

ry
&Y || g

 CAST-CAPP project W Fi'ft‘:?:?fep::i‘i’t‘i’;s project in
in the CAST t - “Pizza cavity” :
L magne in the CAST magnet at CERN at CAPP Y AT
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Magnetized dish antenna

DM field + B field + boundary condition in the dish

- photon emission normal to surface Resonance versus area
Pisu mg A
 No resonance (loss a factor Q) BUT may be D X ;
haloscope Q

compensated with very large areas ?

.............................................

3 Magnetized Surface
“*-._(Halbach array, ~1T)

Reflector Mg it \

B e 2 A]--]
P ~ |E|* Agish ~ 10728 2 =1 Watt
[ Adien 5T2) 1m2

-----------------------------------------------------

Detector room
T-4K

Detection chamber

L TE30K Possible

implementation
(BRASS Project at
Hamburg)

spherical reflecting dish

Bruno Touschek School, Frascati Igor G. Irastorza / Universidad de Zaragoza 41



Dielectric haloscopes
TEITTTTerereese.

« Effect of dish antenna “boosted” by the
addition of many dielectric disks .
« Some “mild” resonance o :
— Concept between a haloscope and a dish antenna -~ =
— It needs tuning! (challenging) ) B :
* Relevant sensitivity in the 104 eV ballpark for a ~m3 el .
10T experiment (80 disks) LA, _
; ~2m Mirror Dielectric Disks Receiver
~80 dielectric | spacing ~cm
discs €~24 |for 10-100GHz boost 1 10 i
Similar high-m, structures: B IO ML 2 51 s ) e e e ALY
ORPHEUS and metal disc U ) SI0°E 0 o8 4 15 2 25 331314 3
Electric-Tiger in US uhbibeer F ]
F X Dielectric -
F £ Haloscope ]
10 3 (80disks)
i, E o 3
Reflector . s
' < 1 =
E. = ﬁ\cl\fawlguide 10T . MADMAX dielectric T ICHI;“ L1l 1 1({“ [ 101{_:
. i Fcoupling magne ~tE ) 3
L 2 haloscope 10 lf /. [GoV] 2
’ "N Wice Planes TR Lot parabolic mirror bl Ll Ll L1
enviroment 10°° 1073 1074 m,[eV]
arXiv: 161105865
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Directional effects

IFP

« DM directionality would be a powerful signature
to confirm a putative signal

 Long aspect-ratio cavities should show a
directional dependence if L > IdeBroglie

- Dish antennas: small parallel component L
proportional to axion momentum PR M e Rt e

— pixelised detector at the focal point could image
velocity distribution

An “axion astronomy” era would follow a discovery

Bruno Touschek School, Frascati Igor G. Irastorza / Universidad de Zaragoza 43



Lower m_ haloscopes

Tnelination System

« Large V haloscopes are technologically simpler, ‘ ' _

but expensive 2> huge magnet needed.
« Use of existing magnets could be an effective
strategy

KLASH proposal: use of 50 m3, 0.6T,
KLOE magnet at LNF

-

Bruno Touschek School, Frascati

Igor G. Irastorza / Universidad de Zaragoza

Flexible Lines

Rotating Disk

Future IAXO helioscope (see later)
will offer B2V > ~100 T2m3

Use of large toroidal magnets:
ACTION proposal at CAPP

Hoop for
Frequency Tuning

Toroidal

-
Critical Coupling R -‘

Current
Supply

r

R =40 mm, r=20 mm

44



Pick-up coil & resonant circuit

. . . . . ; . Superconducti
« DM-induced oscillating B in the center of a toroidal D M-induced el " ick-up cofl
nlagne‘[l(‘ ux
magnet a2 >
 Resonance is achieved externally with a circuit (no
cavity) : :
+ Both wideband search and resonance search possible K‘ ------------------- SQUID
v=maf2 NN fmriseeeeasset
Hz kHz MHz GHz BO
jo| [ Broad: Bua = 5T. V.g:lm-“ / \
s ﬁ;j - EUTT‘V:B:“]JU'“,T; 3 Toroidal magnet ®a(t) = gayyBumax v/ 2p0M cO8(mat) Vi
e |- -Rest B = 207, Vo = 1 m Broadband:
Res: Byax = 5T, Vg =100m? / g x 7n1/4
| 1yrsensitivity (SNR=1) JaTY a eq:
T ' « Competitive at very low m,

Forho— o ——— - ABRACADABRA at MIT

* 10 cm prototype under preparation

107"
1ifnoise  Also DM Radio at Stanford
1o~ 10t 07 (Gev) 10 10
107 10712 10710 10°% 10°°
m, (eV)
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Spin precession experiments

 DM-induced spin precession - it can be detected with very sensitive

NMR techniques
* Directly sensitive to the gluon term (also to fermionic couplings) O T
M

* Maybe important at very low m, SGOTD
. pick-up
3 :' i i 2 S0 B R i Wi, S s ki i B i R St CASPEr expe“ment loop
Sl 1 sl Sy (Mainz-Berkeley)
F10-1° :[ CASPEr Electric -é = | :_ '-
-1 - phase 1 E
::' r 1 it é'z"""' ( a & )
) : E i 1012 H ________________ EGW(’J’“’ 4= (Coupling to gluon field
e i 1 v°F CASPEr Electric
£ F
107 1 ,.f S \ S
107" g g
o E 1 wf 8,0 ¢ =
- E i 1 ; Wi 95W s s Coupling to fermions
::: ‘ Il I' 10 :I""""J I' L CASPEF Willd
| (it [ et | 1 1 1 1 Hlll ‘.\.llh 10 1] 1 1 1 1 lHI" \.\l. \_ J
« Also QUAX experiment (Padova): Phys. Rev. X 4, 021030 (2014)

— Electron spin precession
— Sensitive to “axion DM wind” through axion-electron coupling
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DM-induced atomic transitions

* DM can induce atomic excitations equal to m,.

« Sensitive to axion-electron and axion-nucleon coupling
« Zeeman effect - create atomic transitions tunable to m,

« Detection of excitation via pump laser

« AXIOMA - recent project aiming at an implementaiton

Relevant sensitivity for m_~ 104 eV
seems possible for kg-sized samples

Bruno Touschek School, Frascati Igor G. Irastorza I Universidad de Zaragoza

m, (eV)

DETECTION

SIGNAL ?_ 1
PARTICLE ,_%_ 0

9
10 10 10 v (HZ)

P. Sikivie PRL 113(14)

i w 16* my{eV)
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Summary of current status and
future prospects...

A diverse experimental
landscape has emerged with
potential to cover a substantial
fraction of parameter space

Caution: many of these
prospects still rely on a prior
succesful R&D phase

Caution: Green areas rely on
axion as DM hypothesis...

Bruno Touschek School, Frascati

|CarylBa™

Preinflation models

ALP miracle

Postinflation models

Npw =1 Npw > 1
Anthre npi(‘ window [ = s s s |
oo i e
I L llllllll L I!IIIllI 1 llllllll 1 IIIIIIII 1 IIIIIIII 1 Illllu] 1 IIIII|,|] L Illltl|l L Illiluj
o= 10-° 10=7 fio=* 105 10~ 103 10-2 10-1 1
103 — LI IIIIII LI IIIIII LRSI 1 IIII
| N
102 =— = E :
— — | %
s Mt O O :
N\ 2, & = i i
=Rl = = : YN
— N\ = % @RGAN N
1) < ,)-1 N s O'
K\ - =1
10 | = Pl
E = L
1B - MADMAXS 000 e % P
= 3 ADRIX e
— .l "
= ) SO
— \ \ 7 Axion models
— ..‘\n X .“\
N\ ‘ \
1”_1 L1 IIIIII.I L1 11K ‘1 II|II| L1 IIIIIII L1l IIIII]I L1 IIllu] L1 ai11
1077 107% 10~7 1076 10-° 104 1073 1072 1071 1
my(eV)
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Solar axions

Photon
detector

Axions from
the Sun

Bruno Touschek School, Frascati Igor G. Irastorza / Universidad de Zaragoza
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Solar axions

« Solar axions produced by photon-to-
axion conversion of the solar plasma

(\9
photons in the solar core @1.\°
_~ 8000710
s L
—
o M5 Solar axion
£ e flux at Earth
%
Z 5000
e £
4000
3000 10
C 2 =6.02x 10" em? 57! keV ! gf, B2 e B/LE05
2000 dE - —
- g10 = Gar /107" GeV 75—
1000
C , van Bibber PRD 39 (89)
: | Il L | Il L L | Il Il Ix '('rlr[] Il ‘ L | | | Il L Il CAST JCAP 04(2007)010
% 2 4 8 10 12

Energy (keV)



Solar Axions

* In addition to Primakoff, “ABC axions”
may be x100 more intense... but model-

(\6
dependent. N NO

~120 4
5[ 2

g |

=, 100 — Primakoff x 50

;EJ i —— Non hadronic
= 80

‘;\’ L

z [

= 60 _

g H Non-hadronic

= “ABC” Solar

3 40 < | axion flux at

@ Earth

(a0}

g 5 JCAP 1312 008

5

E G_ H‘IIH‘\IH‘III\‘IIH'IIH'IHI'H\IH *iftheaXioncoup|es

b I 2 3 4 3 & 7T & 3 10 with the electron (g,.)

E, (keV) (non hadronic axion)




Axion helioscopes

Axion helioscope concept c-—-~—""
P. Sikivie, 1983 «--"

+ K. van Bibber, G. Raffelt, et al. (1989) -

(use of buffer gas) o

B\?/ L \?
P, =26x10"17 (—) (—
g % wr) \1om/

(Qa’r x 10%° GeV)Qf
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Coherence condition (qL << 1) is recovered for a
narrow mass range around m,

Buffer gas for higher masses

Nx (101°GeV g, )*

e~
CAST

10 %

E t=1y (33 days)
103;‘ vacuum
102
10

TE

,]E
10

S
10 F 6.08 mbar

i
10 =

SE
] I

3 AR
10 “lawl 1 punil 1 i +° v *

10" 107° 107 10" 1
m, [eV]

N: number of electrons/cm3
r: gas density (g/cm?3)
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Other types of helioscope

Instead of magnetic field, one can use the
electromagnetic field of crystals...

« Primakoff-Bragg » effect

WIMP-like experiments provide limit to axions: SOLAX,
COSME, DAMA, EDELWEISS, CDMS, etc...

Characteristical temporal pattern:

4 <E<4.5keV

120

100 [
80 E

60 [

cuentas/kg/dia

40 L

20 b

s - oo N
bl . Drage .
-1
g\ Qeaion ~ d tattice

o E
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Other types of helioscope

 « TPC in a magnetic field »: conversion and
absorption happening in the gas

« Competitive only for high axion mass ~0.1-10 eV

* No coherence, but large volume can o
compensate. Also no preferred direction, so no 0.1.\0
tracking needed

~ 107 o

ke
)
. &
superconducting o o
solenoid coil drift field
100 A R R stars. |
axion F AMELIE ]
: AMELIE-IAXO
>
micromegas g
detector 1071 T i
shielding Cv_/ :
multichannel I
D readout electronics |
Galan et al, arXiv:1508.03006 17 A - - e bl I
10 10~ 10 1 10
m_ . (eV)
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Axion Helioscopes

* Previous helioscopes: e R

— First implementation at Brookhaven SJ J_H,ﬂ--’"h‘]
g1l

(just few hours of data) [Lazarus et = X-ay detector
at. PRL 69 (92)]

— TOKYO Helioscope
(SUMICO): 2.3 mlong4 T
magnet

Current state-of-the-art:
CERN Axion Solar Telescope (CAST)

Solar Sunset

First helioscope using <
low background

techniques & x-ray p
focusing

Bruno Touschek School, Frascati Igor G. Irastorza / Universidad de Zaragoza 56



CAST experiment @ CERN

Decommissioned LHC test magnet (L=10m, B=9 T) « 3 Xrays detector prototypes used.

Moving platform £8°V £40°H (to allow up to 50 days/ -« X ray Focusing System to increase
year of alignment) signal/noise ratio.
4 magnet bores to look for X rays

Moving platform
+8°V +40°H

-

LHC test |y
magnet | |

L

1 2 low |
4 background |

1 Micromega

Bruno Touschek School, Frascati Igor G. Irastorza / Universidad de Zaragoza
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CAST hunting axions (movie credit: M. Rosu/ CERN)

Bruno Touschek School, Frascati Igor G. Irastorza / Universidad de Zaragoza 58




Latest CAST limit

2003 - CAST phase |
2004 * vacuum in the magnet bores
CAST phase Il - ‘He Run
2006 * axion masses explored up to 0.39
eV (160 P-steps)
2007 3He Gas system implementation
2008 - CAST phase Il - 3He Run
2011 » axion masses explored up to 1.17 eV
* bridging the dark matter limit
*Revisit 4He Run with improved
2012 detecors
2013- *‘New vaccum phase with
2015 improved detectors C

- Result released in 2017

Bruno Touschek School, Frascati

nature

physics

ARTICLES

PUBLISHED ONLINE: 1 MAY 2017 | DOI: 10.1038/NPHYS4109

OPEN
New CAST limit on the axion-photon interaction

CAST Collaboration™

Enabled by the
IAXO pathfinder system

Avg

Hypothetical low-mass particles, such as axions, provide a compelling explanation for the dark matter in the universe. Such
bl o b Bk e e £l AL Lok Eeefo o ke e bk AL oo diafo AL FERM Af_ Bl

4

' g, <0.66 x 107 GeV'at 95% CL

X-ray optics
@R specifically built
for axions

CAST 2003-2011

This work

Low background
Micromegas

10-11 | [N \‘ |
10* 107 102 107! 1
m,(eV)
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|IAXO pathfinder system in CAST

Test MM detector +

=]

N -

—— Strips

TITT[ T %

Ar . Cu _}fl‘ _____ —— Strips + veto

=
slumped-glass x- § 1011 :
ray optics together > 9 |
< 8-
g &
5E-
§ 3 X-ray optics
X _E specifically built
@& 3F f H
Detector: JCAP12 (2015) N axons
Physics: Nature Physics _
(10.1038/nphys4109) '
% 10 11 12 13 14
Energy (keV)
E‘dﬂ E‘lﬂ
35—— 'ff‘ ) % 35-— ¢ “\\
. 5 mm [ . TR + Best SNR of any previous
A4 By o 303'.‘ Y = o detector
'. [ + 290 tracking hour acquired Low background
o : : . ./ (6.5 months operation) M'c"f‘;r;‘aelga;:: e
2 g BN ., » 3 counts observed in Rol (1 &
- Calibration data - . “axion” data expected)
th.}llIIZJélll.;O_II.I3I5llII4D 25[.]llll215III¢,3:ID_ I3I5llll4ﬂ .....
X (mm) X (mm)

Bruno Touschek School, Frascati
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IAXO — Concept

IAXO
International Axion
AR Observatory
L y
Solar h % -
axion "
flux ll.‘ '1‘
------- % RN ——
= :; B field: o "1t '.1 Pk —_— Enhanced axion helioscope:
_______ > A | [ I 0 > | JCAP 1106:013,2011
_______ > 1 1 I I A ‘i l! i : :Y ﬁﬁi :
------------- \ _JI-_-IL_-E--Jl-.I 't",li 1 i 0 ) f
‘I. ‘l
Q : X-ray detectors
T Shielding
Movable platform
4 —1/2
g{ry X -‘t-n-/
exposure
4+ orders of magnitude better SNR that CAST
Bruno Touschek School, Frascati Igor G. Irastorza / Universidad de Zaragoza

61



« Large toroidal 8-coil magnet

* Rotating platform with

|IAXO - Conceptual Design_<

=~20m

. Cryostat Inclination Svstem
« 8 bores: 600 mm diameter
each
Support Frame
« 8 x-ray telescopes + 8 " -
lelescopes

detection systems

services - ; - : ‘ Rotating Disk

Services Rotation System

Bruno Touschek School, Frascati Igor G. Irastorza / Universidad de Zaragoza 62



IAXO technologies — magnet

Property Value
Cryostat dimensions: Overall length (m) 25
Quter diameter (m) 5.2
Cryostat volume (m®) ~ 530
Toroid size: Inner radius, R;, (m) 1.0
Outer radius, Rou: (m) 2.0
Inner axial length (m) 21.0
Outer axial length (m) 21.8
Mass: Conductor (tons) 65
Cold Mass (tons) 130
Cryostat (tons) 35
Total assembly (tons) ~ 250
Coils: Number of racetrack coils 8
Winding pack width (mm) 384
Winding pack height (mm) 144
Turns/coil 180
Nominal current, I, (kA) 12.0
Stored energy, £ (MJ) 500
Inductance (H) 6.9
Peak magnetic field, B,, (T) 5.4
Average field in the bores (T) 2.5
Conductor: Overall size (mm?) 35 x 8
Number of strands 40
Strand diameter (mm) 1.3
Critical current @ 5 T, I. (kA) 58
Operating temperature, Ty, (K) 4.5
Operational margin 40%
Temperature margin @ 5.4 T (K) 1.9
Heat Load: at 4.5 K (W) ~150
at 60-80 K (kW) ~1.6

Services

2 4

Bruno Touschek School, Frascati

Igor G. Irastorza / Universidad de Zaragoza

IAXO magnet

Superconducting “detector” magnet.
Toriodal geometry (8 coils)

Based on ATLAS toroid technical solutions.
CERN+CEA expertise

8 bores /20 m long / 60 cm @ per bore

Kevstone Box

Kevstone Plaie

Baseline developed at:
IAXO Letter of Intent: CERN-SPSC-2013-022
IAXO Conceptual Design: JINST 9 (2014)
T05002 (arXiv:1401.3233)

Rotation System
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IAXO x-ray optics

« X-rays are focused by means of grazing angle reflection (usually 2)
 Many techniques developed in the x-ray astronomy field. But usually costly due to

exquisite imaging requirements N\
[ :“fq;.l
- j;f--—*‘* . ABRIXAS spare
aca o a
‘nested hyperboloids =" 7 surface telescope, in use in
™ - 4 one of the 4 bores
, = ,z/
x = doubly of CAST
reflected // T (pioneer use of x-
I'm:ﬁ/ ray optics in axion
| i research)
.-"‘h z';-' 'If’ -'
Focal length

I'.-'
Bruno Touschek School, Frascati Igor G. Irastorza / Universidad de Zaragoza



IAXO x-ray optics

optics
« Exquisite imaging not required
 BUT need cost-effective way to build
8 optics of 600 mm diameter each.

\\ 4 « Each bore equipped with an x-ray

Telescopes

Services

Bruno Touschek School, Frascati Igor G. Irastorza / Universidad de Zaragoza 65



IAXO x-ray optics

Technique of choice for IAXO: optics made of slumped
glass substrates coated to enhance reflectivity in the
energy regions for axions.

Same technique successfully used in NUSTAR mission,
recently launched

The specialized tooling to shape the substrates and
assemble the optics is available

NuSTAR
telescope
. . . . ~400 mm @
Hardware can be easily configured to make optics with :

a variety of designs and sizes

Bruno Touschek School, Frascati Igor G. Irastorza / Universidad de Zaragoza 66



Arb.units!

DAF#a™i|

|IAXO x-ray optics

Telescopes 8

N, Layers (or shells) per telescope 123

Segments per telescope 2172

Geometric area of glass per telescope 0.38 m”

Focal length 5.0m

Inner radius 50 mm

Outer Radius 300 mm

Minimum graze angle 2.63 mrad

Maximum graze angle 15.0 mrad

) . Coatings W/B4C multilayers
o 3 S J— e Pass band 1—-10 keV
IAXO Nominal, 50% EEF (HPD) 0.29 mrad

[Optimal focal length ~5 m IAXO Enhanced, 50% EEF (HPD) 0.23 mrad
IAXO Nominal, 80% EEF 0.58 mrad

TAXO Enhanced, 90% EEF 0.58 mrad

FOV 2.9 mrad

IAXO optics conceptual design
AC Jakobsen et al, Proc. SPIE
8861 (2013)

Bruno Touschek School, Frascati Igor G. Irastorza / Universidad de Zaragoza 67



IAXO low background detectors

| . 8 detector systems

« Baseline: small Micromegas-TPC
chambers:
« Shielding
* Radiopure components

 Offline discrimination

Services

Bruno Touschek School, Frascati Igor G. Irastorza / Universidad de Zaragoza 68



|IAXO low background MM detectors

History of background improvement of
Micromegas detectors at CAST

« Goal background level for IAXO: T Lol e st St St s
« 107-10%c keV-' cm2s-! R y
 Already demonstrated: 3 O Cedlt s,
« ~8x107 c keV-' cm2 5" é sl oLt
(in CAST 2014 result) _g
107 ckeV'cm2s gﬂ e Comtne - Unterromi_y
(underground at LSC) # :‘%’ - =
| s w0
11/2002 12/2006 01/2011 01/2015

Nominal values at CAST date

» Active program of development.

« |AXO-DO test-platform to explore
4mmm background sources and improve
levels

Bruno Touschek School, Frascati Igor G. Irastorza / Universidad de Zaragoza 69



y [pixel]

Additional detector technologies for IAXO

Ingrid detectors (U. Bonn):

* Micromegas on top of a CMOS chip
(Timepix)

* Very low threshold (tens of eV)

 Tested in CAST

- ey e 2w

= » o o & 250 T
» ® o o ® *Np - 5
2508 12000 200 / I
_%Ilﬁﬁ 41
Typical X-ray event “ 1| Leass Laq ~ L.
) oy 10000 s | ] | imw [ ' Ly
200~ | Single e- visible o : . @ e ]J « 150 : l Lo \d 2 \ l/
I _=IE B e ® 0 Lis
. 8000 S - - 9 , \\ ) ,,/ |\
150 E H = Pl iy %
o, g 100 s
@ w Ramlbama s
100 o . /
50_ [ ] W | |u_‘__L‘ [ ./ .
4 10 20 30 40 50
ol oy i pey p52 e e g et OGS S 0 ° Energie [keV]
% ~""50 100 150 200 [-.g' Also:
X [pixel] E +

Bruno Touschek School, Frascau

MMC detectors (U. Heidelberg):

« Extremely low threshold and
energy resolution (~eV scale)

* Low background capabilities under

thermal link

study

IYul O. nnaswica uimnversidad de Zaragoza

* Transition Edge Sensors (TES)
* Si- detetors

SQUID loop
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BabylAXO

- _ — Free bore [m] m_

Magnetic length [m] 10

Intermediate experimental stage before
IAXO

Field in bore [T] 2.5
. .. . . Stored energy [MJ] 27
One single bore of similar dimensions of Peak field [T] »

final IAXO bores = detection line
representative of final ones.

Test & improve all systems. Risk
mitigation for full IAXO

10x CAST B2L2

Will produce relevant physics
Move earlier to “experiment mode”

BabylAXO CDR finished. Moving to
Technical Design

TASTE: Another proposal of similar size
proposed leveraging resources in Russia

Bruno Touschek School, Frascati Igor G. Irastorza / Universidad de Zaragoza 71



Helioscopes & astrophysics hints

107

|9ar|(GeV ™!

10710

”

VAR

10~ . Aind W ‘ ;

...as well as alarge
fraction of the axion &

IAXO will fully 2 o—%&{" ;;3? — ALI'-"“modeIs invgked in
explore ALP models [ & 1  the“stellar cooling
. - & ’, & - b
invoked to solvethe [ A 5 ]  anomaly” _
“transparency hint” [ .~ $ 71 Butforthisthe g, is
T 7 particularly interesting
10—13 1 ||Il|,|,|l 1 ||I|I|,|,I 1 Illlull 1 I|I|u,|l 1 1111 1 l|||,|,|,|J L
10°° 10 107% 1077 10°° 107° 107" 107* 102 107" 1

ma(eV)
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IAXO & stellar cooling

* Multiple stellar anomalies (HB, RG, WD, NS,..). Overall 3c
effect.
. _dgrte
; 10~
. ’{' 3
L G : 2
1012 I
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* |AXO will explore most
of the relevant models
(especially with
IAXO+)

* Only experiment with
such capability
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Overall picture (for g.-)

Laboratory

ALPS-IT.
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mass range
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Helioscopes (IAXO)
will probe meV - eV
QCD axion models

... and most of the
region hinted by
stellar cooling

In overall, a large
fraction of the ALP
parameter space may
be explored in the
future
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Conclusions

Experimental search for axions - field of increasing interest
Increasing experimental effort (still small!)

Consolidation of classical detection lines: ADMX, CAST, ALPs,...

— ADMX and CAST have firstly probed interesting (small) fraction of par space.
— Helioscopes: IAXO next generation
— Haloscopes: ADMX, CAPP -> R&D to go higher m,

New ideas to tackle new regions
— Dielectric haloscopes, oscillating-B and EDMs, NMR...

Large fraction of parameter space at reach of near-future experiments
— chances of discovery!
Good timing for axions... stay tuned



