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Axion-like particles (ALPs)

pseudo Goldstone Bosons

- Global symmetry spontaneously broken - Im parts of moduli fields (control sizes)
BRTNS
=L
- massless Goldstone Boson @ Low Energy \

shift symmetry 0(x) — 0(x) + «

1 2
Liin = 9 (0,0)(9"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




Low-energy effective action

- Shift symmetry allows some generic types of interactions
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- SS breaking terms induce mass + new interactions (one example ...
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Strong CP problem / PQ solution
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Strong CP problem / PQ solution
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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]
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© meV <3 x 1012 GeV)




Theory fits better some observations with ALPs
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Dark matter / vacuum realignment
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Theory fits better some observations with ALPs
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Dark matter / vacuum realignment “Y -ray transparency / photon regeneration

Too many gamma-rays from far away sources?
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cold DM in oscillations [cosmology dependent] low estimate of opacity vs ALP-mediated regeneration
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Hints and constraints (photon coupling example)
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birds and stones....
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Recipes for Axion hunters

Gianotti 1708.02111

Axion models to explain stellar cooling anomalies (White dwarf, Red Giant, GC’s, CAS A...)

0 -
-KSVZ model o = ,062 +extraquark yoQ)rQr + h.c. electron coupling too small
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Recipes for Axion hunters Sianotst 4700 000

Axion models to explain stellar cooling anomalies (White dwarf, Red Giant, GC’s, CAS A...)
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Recipes for Axion hunters
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Axion models to explain stellar cooling anomalies (White dwarf, Red Giant, GC’s, CAS A...)
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SMASH : “minimal model” of particle physics and cosmology

- A/J model + non-minimal coupling of scalars to gravity + Higgs portal coupling

- New complex scalar: -Inflation (mixed direction with Higgs, small non-minimal coupling -> unitarity ok!)
'S M WARSE . - Reheating calculable (high TR)

A - - Cures Higgs potential instability (threshold stabilisation mechanism)
dfe]v. MO [m i °
= Strong.CP problem (with new Quark)
b N, - RN Majorana masses -> seesaw
€1 W

- Leptogenesis (slightly resonant)



SMASH : “minimal model” of particle physics and cosmology

- A/J model + non-minimal coupling of scalars to gravity + Higgs portal coupling
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- Very clear predictions :

- Inflation (mixed direction with Higgs, small non-minimal coupling -> unitarity ok!)
- Reheating calculable (high TR)

- Cures Higgs potential instability (threshold stabilisation mechanism)

- Strong CP problem (with new Quark)

- RN Majorana masses -> seesaw

- Leptogenesis (slightly resonant)
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Direct Detection of ALPs




Experiments




Helioscopes (search solar ALPs) Siivie PRI 1083

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

convert into X-rays

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

convert into X-rays

The Sun is a copious emitter of ALPs!

photon coupling
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International AXion Observatory

Large toroidal 8-coil magnet L=~20 m .NGAG paper JCAP 1106:013,2011

8 bores: 600 mm diameter each -Conceptual design report IAX0 2014 JINST 9 T05002
. . -LOl submitted to CERN, TDR in preparation

8 x-ray optics + 8 detection systems

Rotating platform with services -Possibility of Direct Axion DM experiments (cavities,ABRACA)

Inclination Svstem
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‘ "l [rp— ‘ Flexible Lines
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Support Frame

I 3 } L < -
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Services Rotation System

Recent Ideas for a smaller intermediate version (baby IAXO and TASTE)
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JAXO reach
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the ANY-Light-Particle-Search

Light shining through walls
¢ ¢
Y mxvé > > gm» 0
B B

5 ~y*

Resonant regeneration in the receiving cavity (see later)

~ 100 m ~ 100 m

- = - -
OOOO00O00O0acOdac (N | O |
Laser I ------------ Detector
O0O0O0O00O00000aada OO0O00O00O00000ada
(d) ALPS-Ilc HERA dipole magnet

. | Photon | Photon B L BL PB | Sens.
flux (1/ | E (eV) (Tm) | reg.cav. | (rel.)
s)
ALPS | 35100 23 50 44 22 1 0.0003
ALPS Il 1-10% 1.2 53 106 468 40,000 1
*ALPS II” 310 12 13 400 5200 100,000 27
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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

Wilzcek 84, Geraci 14




ARIADNE reach

Arvanitaki, Geraci 14
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Axion dark matter

- The amount of axion DM produced depends on /. AND on the initial conditions
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Most important constraints

- PQ breaking after inflation - PQ breaking before inflation
-> DM inhomogeneous, Axion miniclusters * Axion fluctuations during inflation -> CMB isocurvature
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Detecting Dark Matter

Imperfect Vacuum realignment  4(¢) = 6, cos(mt)
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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
—0. = _ - — _ — ~ 3.6 x 10
PCDM 0.3 cms 9 (CL) T 2maa Qmafa 90 m?élle = XQCD 0
Non-zero velocity in galaxy -> finite width coherence time
1 10~°eV
~ 2 ~ — ~0.1
w>~mg(l4+v/2+..) ot — 0 SmS( -~ )
~10*6
| m ’02
ow = —
—> «— 2
5
107
\ W




Detecting Dark Matter

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

GeV 1, .5, 1 545 1 4.0 OCD axion 19
PCDM 0.3 cms 2(0’) + 2maa Qmafa 90 m?ﬁlle = XQCD 0 X
Non-zero velocity in galaxy -> finite width coherence time
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W 2
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Cavities

Mirrors+

Spin precession

SQUID 1 Bext
pickup
loop

e-spin precession
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CASPER at Mainz
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density polarization suppression coherence time

- EDM + Large E-fields in PbTiO3
- Mainz (D. Budker’s group) & Berkeley

- Mass range limited by B-field strength

- B-field, coherence time, sensitivity to m < neV

Graham 2012



CASPER at Mainz

Graham 2012
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density polarization suppression coherence time

- EDM + Large E-fields in PbTiO3

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

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

- Axion photon coupling in a strong B-field becomes a source of E-field
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Axion DM in a B-field

- Axion photon coupling in a strong B-field becomes a source of E-field
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B-field
2
. —12 Bext| 9 _o7 ( B Cay )™ Watt
E-field £~ O(10 V/m)—loT Cary X cos(mgt) Power P/Area ~ |E,|* ~ 2 x 10 (5T 5 ™%

- Four different techniques:

DM Radio Cavities Dielectric haloscope Dish antenna




DM Radio

- Toroidal axion-induced E-field generates oscillating B-field along z Sikivie PRL 112 (2014)
Chaudhuri PRD92 (2015)

Kahn PRL 117 (2016)
PPN Broadband Resonant
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Resonant cavities: haloscopes

- Boost the axion-generated E-field in a tuned resonant cavity

Pout ~ Q | Ea ’2 Vma P. Sikivie

- Cavity quality factor Q ~ 10°
-B-fields B ~ 10T
-Volume ~ 1/ m‘z (typically a few liters)

-Temperature 7'~ 0.2 - 4K
- System T ~ Quantum limited (SQUID, JPA)

Scanning over frequencies

a 58 100 150 288 298 300 350
Rod Position (Angle)

- At high freq. limited by small volume and high noise
- At low freq. by getting a large enough B-field



Yiiad YMN-NVIYUO

=

7

ty experiments

SIAVY  ddvD-LSYD

Cav



Projected sensitivities
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-Need >10 T, sub QL detection,0~10"6

- Need larger volume




Dish antenna

- Detect radiated power from a huge (42 > 10°) magnetised dish
- Broadband, no resonance enhancement; Only detector needs to be at T~mK (high reflectivity dish)
- Magnetise Area with permanent-magnets, photon counting?
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Dielectric haloscope : MADMAX

- Hybrid system, large area + multiple emitters + a bit of resonant enhancement
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Projected sensitivities
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Summary plot

LEP 23y W
LHC ]

-5
SN1987a
DAMA
Global Sun
10 FERMI I_iESS Teiescopes HB

SN y-burst

BBN
CMB

10g gary [GeV ™1

' 5{ \
7 'ﬁ'}‘

)
/

=
’
g

Y
A/
V7
(4 )
/4 - y
< ‘/;/
7

15k

EBL

"</ DARK MATTER D
P \A@




Summary plot

1014 101 1012 10! 1019 10° 108 107 10° 10° 10* 1C

transitions?

osc. EDM ]

107 10° 10 10 103 102 107! 1 10 102 10 1
m,eV]



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!



