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Theory Hints Overview
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Theory Hints Overview

QCD axion and SM extension

AX|On [Peccei,Quinn 77; Weinberg; Wilczek 78]

Pseudo scalar field that solves the strong CP-problem in QCD.

> The axion is a CP conserving dynamic field that explains the
small value of the static CP viol. angle 6 in QDC
(Lo = 035 G& Gap, 0 — 222)

» The 6 term produces an electric dipole moment of the
neutron: d, =~ 010 % ecm, d5? < 2.9 x 10726 ecm
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Theory Hints Overview

QCD axion and SM extension

Introduce a singlet complex scalar

o featuring a global U(1) symme- E
try, which is spontaneously broken §
at the scale f, = v,/ Cyg. 3
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Axion (Peccei-Quinn): Axion I|ke particles (ALPs):
» Solves the strong » Similar to axions with
CP-problem different C,, Cor, Cag

> It acts as CP conserving » Can explain different

dynamic field observations
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Intro Hints

Axion and ALP hints
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Intro Overview

Incomplete list of ALP experiments worldwide

[ Past experiment

I Future experiment
- [ Running experiment
[ ] Axion centre

CAPP

Daejeon

[By Frank Bennett [Public domain], via Wikimedia Commons]
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Intro Theory Hints Overview

Axion sources
Haloscopes:
» Local Milky Way dark ’

GHz 10.7 Mz 35 kHz

Integration:
Resolution:

matter halo ALPs interact

with the experiments e J5
magnetic field o
e Frequency
Maxion (energy)

Helioscopes:

» ALPs produced in the sun
interact with the
experiments magnetic field

Light shining through wall: e | oo
» ALPs are produced and —_— Sde)
detected by the experiment - ™
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Intro Overview

Incomplete list of ALP experiments worldwide

] Haloscope
I Helioscope
1 8+ [EF LSW

__ ! other [ 5th force

[By Frank Bennett [Public domain], via Wikimedia Commons]
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ADMX Antenna CASPEr

Halosopes
Axion Dark Matter Experiment (ADMX
Experimental setup:
» 8T superconducting magnet
» Cavity cylinder: 1m x 0.5m
= high-Q tunable microwave cavity
» Ultra low-noise microwave receiver

» Amplifier: SQUID + low noise
cryogenic HFET

[Sikivie 1983]

Dominant background: ey
ucking
. aa Magnet
» Thermal noise arising from the
SQUID
Amplifier

cavity

» Electronics noise from the receiver
8 T Magnet

Sensitivity: )
Microwave
» Signals down to 1072* W can be '
detected (equivalent to 1 axion
decay per minute
9
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Halosopes ADMX Antenna CASPEr

Superconducting Quantum Interference Device (SQUID)
First DC SQUID realized in 1964, Ford Research Labs

Combines the phenomena of flux quantization in superconducting
rings with Josephson tunneling.

» Most sensitive detectors of
magnetic flux = Minimum
measurable flux variation
~ 107%dy; dg =2 x 10715 Tm?

ADMX:

» Antenna in the cavity picks up Va

current /\M

» A coil above the SQUID translates
current to magnetic field \ \
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Halosopes ADMX Antenna CASPEr

ADMX analysis

Data taking:

» Cavity power is averaged ( Tay.bin =~ 25 min) until S/N
exceeds a confident detection threshold per 125 Hz bin

» Cavity is tuned every 80s in steps of ~ 2 kHz

» Reducing the noise from 2K (resistor amplifier) to 50 mK
(SQUID) = speed-up by factor of 1000
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» Dicke radiometer eq. N T £
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ADMX-HF @ Yale University

Haloscope At Yale Sensitive To Axion CDM (HAYSTAC)

Experimental setup:

» 5T magnet, r =5cm, h=25cm

» ( = 20000, tunable from 3.5 GHz to
5.85 GHz = m,: 19 peV to 24 peV

Sensitivity: 2.5 x 10723W

[Ben Brubaker, 2017]
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Halosopes ADMX Antenna CASPEr

Dish Antennas

Idea arXiv:1212.2970 [hep-ph]

The photon field arising in a magnetic field from the Axion causes
the radiation of photons due to the boundary condition of a
vanishing electric field parallel to the reflecting surface of the dish

antenna (Ej < 0).

» E-field in vacuum:
EL(t) = —ﬁCaVBG(t)
» Inside the mirror: E ~ 0

[Redondo, 2014]

= Continuity at the mirror surface
requires the emission of an EM
wave of amplitude |E,|

2
B C A -2
> Pcenter ~ (51- ;7) 1m210 6W

[FUNK, Karlsruhe]
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Halosopes

ADMX

Antenna CASPEr

MADMAX — boosted dish antenna

Concept:

» Combine multiple dielectric discs (up to 80, & ~ 1m,
e-(LaAlO3) ~ 25) that emit em-waves in magnetic field

(10T)

» Position the discs such that constructive interference between

the plane waves is achieved
» Aimed mass range: 40 peV to 400 peV (10 GHz to 100 GHz)

PHTTETET T,

Mirror

Dielectric Disks

Receiver

Klaus Zenker
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Halosopes ADMX Antenna CASPEr

Cosmic Axion Spin Precession Experiment (CASPEr)

Remember:

agcos (m,t)

dy, ~ 0107 ecm = ‘

(a0) =0

10 ecm

Idea: static EDM = oscillating EDM [ arXiv:1306.6088,arXiv:1306.6089]

> Nuclei interact with background axion dark matter = acquire
time varying CP-odd nuclear moment (e.g. electric dipole
moment)

» Analog to nuclear magnetic resonance: nuclear moment
causes precession of nuclear spin in material sample in
presence of an electric field

» This can be measured via precision magnetometry

Klaus Zenker Axion searches
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Halosopes X Antenna CASPEr

CASPEr sensitivity

2
sin %) t}
M(t) ~ np,uE*esd,,[(r2 sin (wr,t) wr, = 214 Bext.

wp, —maC

» SQUID sensitivity is required:
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Heliosopes

Experimental setup:

> 9T, 10m LHC superconducting

magnet

» £8° vertical movement = 1.5h
observation ever sunrise/sunset

» +40° horizontal covers almost the

CAST IAXO

CERN Axion Solar Telescope (CAST)

full azimuthal movement of the sun

during the year

» Two focusing X-ray telescopes =
increase signal-to-background ratio

by a factor of 100

» Background measurements when

sun is not reachable

Klaus Zenker

Axion Flux (10" cm? s keV-1)
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[arXiv:hep-ex/0507007]



Heliosopes CAST |IAXO

CAST detectors

2 magnet bores — 4 detector positions:

» 2 bores on one side covered by a TPC (2003 — 2004) — 2
MicroMegas

» 1 bore on the opposite side with X-ray focussing optic —
equipped with CCD, SSD, InGrid detector

» 1 bore with MicroMegas

ﬂ :-"'
Vacuum
~] ~) ( Pixels / strips
signals

Xeraysfrom
magnet
I

X-ray window
TPC
Ar-based Primary -
gas

Micromegas

t

\ [2014 JINST 9 P01001]
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CAST detectors

2 magnet bores — 4 detector positions:

» 2 bores on one side covered by a TPC (2003 — 2004) — 2
MicroMegas

» 1 bore on the opposite side with X-ray focussing optic —
equipped with CCD, SSD, InGrid detector

> 1 bore with MicroMegas
Background levels:

» Beam pipes and detectors are shielded against X-rays using
copper and lead

» MicroMegas: 6 x 1077 keV~tcm=2s71 [2013 JINST 8 C12042]
Experimental setups:

> In the beginning vacuum in the bores was used = sensitive to
m, < 0.02eV

» To increase the sensitivity to higher masses gas (He3 and He*)
at different pressure was inside the bores = m, < 1.18eV

Klaus Zenker Axion searches 18



Heliosopes CAST 1AXO

International Axion Observatory (IAXO)
[CERN-SPSC-2013-022,2014 JINST 9 T05002]

Next generation of helioscopes:

> 8 bores for instrumentation equipped with X-ray telescopes

» New magnet designed to suit the needs (peak field: 5.4 T,
average field: 2.5T, length: 20 m)

» Base line detector: MicroMegas

Klaus Zenker Axion searches 19



LSwW ALPS

Light shining though a wall experiment
[Okun 1982, Skivie 1983, Ansel'm 1985, Van Bibber et al. 1987]

magnets magnets
1nnnnnnnn innnnnnnna

7 » TES+SQUID
Innnnnnnna (TRRRRNIN] > Heterodyne

~100m wall ~100m

Physics:

» Number of photons produced via the Primakoff effect:
Plaser (ga’y’y B/>4At
E, \GeVTm

> For goyy = 101! this corresponds to 1 photon per 2 weeks!

2
Ny 6sny = %ﬁPCﬁRC
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LSwW ALPS

Light shining though a wall experiment

2 4
n Plaser 8ayy B )
N, = — iy =L RAN -
h—o—y = 1gPPCiRe g <GeVTm

3
LSW ingredients

Strong, long magnets = DESY

v

v

Intense light source

v

Optical resonators on the production and regeneration side

v

Extremely sensitive detection scheme to detect a single
photon per day or even week

Benefit of LSW approach

LSW is in contrast to dark matter or solar axion searches a model
independent approach with full control of the signal creation!
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LSwW ALPS

Transition Edge Sensor

Transition Edge Sensor

Microcalorimeter measuring the temperature difference induced by
a particle/photon in an absorber material.

Advantages of a TES (NIST):
» High efficiency (95 % at 1064 nm)
» Low dark count rate (10~#s71)
» Long term stability
» Good energy resolution (< 8%)

» Good time resolution

NIST TES:
» Sensitive area (tungsten): 25pum x 25pm (T, = 150 mK)

» Readout with Superconducting Quantum Interference Devices

(SQUID)

Klaus Zenker Axion searches 22



LSwW

TES working principle
Ry

Vout

TES o=

|
Thath < Te

Figure: TES readout circuit.

NIST TES:
> Thath = 80 mK,
T, =150mK
> Tof. =~ 1.5ps
(Ttherm. = 38 ps)

Klaus Zenker

Neg. electrothermal feedback

ALPS

T AT = E[C
e Tt = T/(1 + a/n)
j ‘:Te‘f T=C/G
ATir ~ 300 pK

f

\set point normal

a a=Td FR~1Q
e SUPerconductive

Rl

E=VJAIdt
Al =~ 70nA

r

Figure: Sketch of TES characteristics
[de Korte et al. (2003), Proc. SPIE
4851].

For Ry > R;: R[/) =Ry + R

Axion searches 23



ARIADNE

Idea [Phys. Rev. Lett., 2014, 113, 161801]

Probe a new spin dependent long range CP-violating force between
macroscopic bodies.

» Mediator: axion

» Charge: spin

Ariadne:
> Spins will precess in the NRM Shielding
material off the axis of polarization e

» Range: 100pm < /< 10cm =
107%eV < m, <1073 eV

» Source mass unpolarized/polarized
to test
monopole-dipole/dipole-dipole
coupling

3 QUID
loop
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Summary

82y, Parameter space

V1)

Axion coupling G,

Cold dark matter

105k
1016 | DFSZ
107

10° 10° 107 10° 10° 10% 107 107 107! 10° 10?

Axion mass m [eV]
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QDC axion limits

fa (GeV)
10"710"%10"°10"*10"10"210"10" 10° 10® 107 10° 10° 10* 10% 10% 10" 10°

XENON100 (gpee, DFSZ)

T

Dark Matter (pre-inflation PQ phase transition)

Hot.OM / CMB / BBN
NS in Cas A Hint (g, DFSZ) I:I Telescope/EBLl:I Beam Dump

EUMECTLY(PWLERFA) Burst Duration Wl Counts in SuperK

RG Hint RGs in GCs (gaqe DFSZ)

WDLF HinlD WDLF (gpeq DFSZ)

«5 HB Stars in GCs (ga,, DFSZ)

IBIack Holes HB Hint

IAXO

CASPEr ADMX ADMX G2 CAST
A L

0"0"10° 10% 107 10

5105 10*10% 102107 10° 10" 10% 10® 10* 10° 10°
Axion Mass mp (eV)

Klaus Zenker Axion searches



Summary Limits

Summary

So far no ALP or Axion has been discovered BUT the interesting
phase space is just to be covered by the next generation
experiments that require:

» High magnetic field strength

» High quality micro wave cavities/ optical resonators with low
noise amplifiers

> Novel detectors like SQUIDs, MicroMegas, InGrid

Axion physics brings together experts from:

» NMR » Cryogenics
» Optics » Radio astronomy
> X-ray > ... particle physicists

So stay tuned...a new discovery might just be ahead!
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Backup
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LSW

DR Optics

Superconducting Quantum Interference Device (SQUID)
First DC SQUID realized in 1964, Ford Research Labs

SQUID

Combines the phenomena of flux quantization in superconducting

rings with Josephson tunneling.

» Interference of macroscopic
wave functions:
W = /e

» Superconducting loop with
one (RF SQUID) or two (DC
SQUID) Josephson junctions

» Most sensitive detectors of
magnetic flux = Minimum
measurable flux variation
~ 107%®;

Pp =2 x 10715 Tm?

Klaus Zenker
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LSW

Working principle

Key is the mixture of He3/He*:

» Phase separation below a
critical temperature of 0.86 K:

» concentrated phase
(He3-rich) with almost only
He? (on top due to lower
density)

» diluted phase (He3-poor)
with about 6 % He3

Cooling:

DR Optics

Temperature (K)

» Remove He3 from the dilute phase
= The fraction of He® can not be below 6.5 %
= He3 is diluted as it flows from the concentrated phase through

the phase boundary into the dilute phase
= Heat necessary for the dilution is the useful cooling power of

the refrigerator

Klaus Zenker
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LSwW DR Optics

Light shining though a wall experiment

wall

Laser:

> Laser power (CW): 30W @ 1064 nm

= Similar laser as used by LIGO

» Polarised light with respect to a magnetic field for ALP search
Detector:

» Single photon counter (TES detection scheme)

> Heterodyne detection scheme
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LSwW DR Optics

Light shining though a wall experiment

wall

Optical cavity:
» Fabry Perot cavity in the production (PC)
» Number of round trips in the cavity define the power build up
» Power build up: 5000 (150 kW in the cavity)

» Resonance condition is maintained by acting on the input
mirror and the laser frequency
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LSwW DR Optics

Light shining though a wall experiment

wall

Cavity in the regeneration region (RC):
» Resonantly enhance also the back conversion (power build up
of 40000)
= Both cavities need to share the same beam mode (95 %
spacial overlap)
» Resonance condition can not be maintained using the signal
wave length!
= Frequency doubling = 532 nm light used to keep the RC
resonant for the signal photons (1064 nm)
» Alignment of mirrors on the central bread board needs to be
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LSwW DR Optics

Light shining though a wall experiment

wall

Cavity in the regeneration region (RC):
» Resonantly enhance also the back conversion (power build up
of 40000)
= Both cavities need to share the same beam mode (95 %
spacial overlap)
» Resonance condition can not be maintained using the signal
wave length!
= Frequency doubling = 532 nm light used to keep the RC
resonant for the signal photons (1064 nm)
» Alignment of mirrors on the central bread board needs to be
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LSwW DR Optics

Light shining though a wall experiment

wall

Cavity in the regeneration region (RC):
» Resonantly enhance also the back conversion (power build up
of 40000)
= Both cavities need to share the same beam mode (95 %
spacial overlap)
» Resonance condition can not be maintained using the signal
wave length!
= Frequency doubling = 532 nm light used to keep the RC
resonant for the signal photons (1064 nm)
» Alignment of mirrors on the central bread board needs to be
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LSW DR Optics

Light shining though a wall experiment

[N [ VA

wall

Physics:
» Hidden photon search
» Gauge boson of extra U(1) gauge group
= Generic feature of field and string-theory extensions of the SM
» Conversion via kinetic mixing

LWS main advantage

LSW is a model independent approach, where we have full control
of the signal creation!
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LSwW DR Optics

Light shining though a wall experiment

magnets magnets
1nnnnnnnnl innnnnnnna
T I D i

S
1nnnnnnnnl innnnnnnna

wall
Physics:
» Search for axion like particles requires magnetic field
(Primakoff effect)

1
Pys6-n = 7 TPOFRC (817 BI)*

B |
—6x10-38 ( gy B >
X Frefre \ [0 Gy TT T0m
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LSW

Optics layout

F2 (RC offset +

BS: beamspiitter opt. table 2
PD: photodetector
QPD: quadrant-PD
Nx:  waveplate 1M M3
(Phase IFO) &“W{S Oo@ N2 AOM N4
allows fast remote (] QPD5+6
alignment 35-3'1’"‘“ @[DWSOPDH) on
om OM 53 (Rc-PDH)
allows fast remote N2
[:. positioning = AM3
opt. table 1 vacuum PD2
(Phase
Oy enclosure IFO)
1064 nm
= =S
H
ALPLAN baseplate| = :’DJDC
(located in vac.) g1 (e¥in.0C)
cBS1b 2 5 mw, T;Zf:/ @;g:‘ T=25ppm
S Touh E [ g ..“+ % @ T=5%
comron = T=1% cBs2 cBS2a
Cavity pxis 5 = =
DBSa, DBSH, £ L
T=10% T=10% ~
angled dichroics|
(HR 1064 nm)
M6,
T=50%
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Sensitivity Int

Detect Axions with ALPS lI

[arXiv:1610.07593, arXiv:1611.09855]

107

an
10 10% 10 102 107t 12 1
107 ! !
f, (GeV)
10% 10" 10" 10" 102 10" 10°
107" ~
= 10
1
2 ~
2 o2 Y
= 3
; S
e H
1D-|( ABRA-Broad
CASPEr-EDM
107'% 10 1012 1070 108 10° 104 1o? 10°
ma (eV)
107!1»'

10 107 107 107 107 1070

my, (eV)

10% 107" 1 10
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Theory Sensitivity Intro Inflation

Axion potential

Below the QCD scale Agcp ~ O(100)GeV, topological charge
fluctuations in QCD vacuum induce the potential energy

V(a) = <;‘;;Gﬁy@c“”> ~ /\?QCD (1 — cos ;)

a

V(o)

V(a) V(a)
4
== a
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Theory Sensitivity Intro Inflation

QDC axion models
DFSZ:
> All SM fermions have Peccei-Quinn charge

» This model requires the introduction of a 2 Higgs doublet
(like in MSSM)

KSVZ:
» New heavy fermion with Peccei-Quinn charge
» SM particle don't carry Peccei-Quinn charge
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Theory Sensitivity Intro Inflation

SM extension
Introduce a singlet complex scalar

o featuring a global U(1) symme-
try, which is spontaneously broken
in vacuum:

1 .

o(x) = —= (vo + p(x)) 2X)/ve

()= 75 (v + ()
Leaving the vacuum state:

» Along the buttom: m, = 0, spin: 0 =
Nambu-Goldstone-Boson

» Quantum fluctuations in radial direction: m, o v, spin:0 =
Analog to the Higgs

To realize feeble interactions with the SM:

Vo > v = 246 GeV
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Theory Sensitivity Intro Inflation

SM interactions

Qs
[fmt D 87TC Vo GC Gc;w 87TC F,LLVF Y- Cafilﬁffy 75¢f

g Y
30753—)3: ao—i a
g vy

» C,g and C,4 are determined by loops over fermions charged

f'

under U(1):
Y 0.l N
a a
---- @Q:—» -----
! ¥

» Axion mass: mp = 57.0(7) peV (10 GeV) [Borsanyi et al. 2016]

Klaus Zenker Axion searches



Theory Sensitivity Intro Inflation

Axions in the inflationary universe

> Initial field value 8™ = 2= depends
on the history of the early universe
(e.g. inflation)

» If the PQ symmetry is broken before
inflation, the axion field takes a single
value #™ in our universe

= Axions can explain dark matter with
f, > O(10M1)GeV if |[#™ < O(1)

> If the PQ symmetry is broken after
inflation, topological defects are
formed, which also produces cold
axions

=- Axions can be dark matter for
f, < O(10'1)GeV up to the lifetime of
topological defects

Klaus Zenker Axion searches

Post-inflationary PQ breaking

Pre-inflationary PQ breaking

eini

[Ken'ichi Saikawa]
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/ Intro Inflation

Post-inflationary
PQ symmetry breaking scenario
(tuning lifetime of defects)

L4
24

L4
04
L4

Pre-inflationary
PQ symmetry breaking scenario

(tuning initial field value gini)
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