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Generat QCD lagrangian
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Constraints on the @ factor
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- Neutron electric dipole moment d, = 4.5 107 8 ecm
* Measurements :

* BR (77 — 7T+7T_) < 1.5 x 10/°
. |dn| < 2.9 x.1033Seas

" Al

Textbook-case of a fine-tuning problem




Peccei-Quinn and the axion

* New symmetry: U(1) Peccei-Quinn

* U(1)pq spontaneously broken at some high scale f.

t Vip)

W = AET

*x Goldstone boson: the axion

* Axion @ is introduced massless




Generating the axion mass

QCD phase transition : <77Zq,qu,R> # 0
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Generating the axion mass




Axion-photon parameter space

Gary ~ il O(1) model-dependent factors
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Axion coupling to photons ¢ ( GeV1)

103 102  10-T Jos R0+ 105 106
Axion mass m (peVic?)



Fxamples of constraints

Astrophysics / dedicated observations / laboratory experiments
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Axion as dark matter

x Energy density p = §$2 | 5 ¢°
P
x Pressure  p = §¢ ; ¢
: m2
* From equipartition §<¢2> = 7<¢2>

*x Non relativistic matter equation of state p = 0
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Fvolution in FRLW

Metric: d¢? = c*dt* — R*(¢)du “

Fvolution of 8, w/ ¢ :fag: drives the dynamics
¢ : i 1 /
0+3H0 — =50 ; 89Vacn (T, 60) = 0
. LaiskiEs 9 pD aQVQCD e
QCD vacuum susceptibility: m= fz2 = 952 = X

VQCD (T’ 9) - X(T)(l e 6)) : gives the mass at lowest ordermQ:
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Homogeneous evolution

For the k = 0 mode :

)+ 3HO +m?(T)sinf = 0

e

depend on T (or )

__~  puUmerdcal Eselution

X(T) . H(t) from cosmology

— X(TPE m*(T)f.

A

Many methods, approx., etc.

O. Wantz, E. Shellard, 2071
S. Borsanyi et al., 2076
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Mass: T-dependance

Pararnetrizetion or simulations:

87 A%QCD < o LG e e
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Solution for k = 0 mode

0 +3HO +m?(T)sinf =0 .

! 3
i e

Two regimes: e

39. | 107° -

o > m2sin @ : axion frozen

30

Q_t = m2 Sin (9 :

- axion oscillates, small dissipation
- axion number conserved

angle / number
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Initial oscillation temperature

Q73

3
0 9«(T)
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Mpl = \/5 — 1L ¢ 1 (@

* [ransition temperature: m ~ 3H

x Radiation era: H? =
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Axion number conservation

(. ) :average over a period

6+ 3HO+m2(T)sinf=0 = (5= (p) (m 3R>

(p) = fim?* 67

RS
R
m
— e |
For k = 0, £ = gl = N QllgiT of axions
m

*x Energy is not conserved

x Number of axions is conserved
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Relic density

3 0 p3 193
TN Tr m; e initial conditions

when oscillations starts
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Mass-initial @ relation

Sml%l H2
ST

Critical density: pe =

7

Dark matter density: pcpm = 0.84 X 0.3 X

Cosmological parameters

Sinran Ja
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2 =10"*" GeV*

ST

Do = 1.3 Gl = 118 5 107° C fam *
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Limit on the axion Mass
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Preferred mass range
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How many initial conditions?

Random initial values @

High-energy inflation

» 0, picked up after infllation
» Our Hubble radius contains many 6,

Low-energy inflation

» 0. picked up before inflation
» Our Hubble radius contains one single 0,



Axions from topological defects

New contributions:

Pa = Pmis. T Pstrings 55 Pdecay

3 same-order contributions

Examples of numerical predictions:

Trr= 115 | 25 ,LLGV Kawasaki et al. 2075
) 262 ¥ 34 ILLeV Klaer & Moore 2017

*x Misalignment (same as previous) ‘
* Cosmic strings rearrangements iaNe = N = —>
s decay orcdomalnwalls . o B 5

2%



Preferred mass range
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A Galactic halo of axions

Nparticles ™ © ~ 1083 % ( peV/c )
i m
dlor 3 de 3 3
ST « 4T p
Ncells ~ Prmax S ~ 9 % 1059 < (e’
Didlie 10 eV /2

Pmax = MUescape = T X 51510 kHl/S

R ~ 50kpc

4
Nparticles il ¢ 1023 >< (10 ,UGV/CZ)
Ncells m

B | assical field
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Mass-frequency relation

* Axion field oscillates on scale > solar system
x Velocity of the labis < 300 km/s = 107 ¢

L 2 me? 3 V2
bR = = | e

o " h 2c2
* Oscillation frequency set by axion mass

o 9 m,
k:Oiw:E V:% v — 29980 . <
h 0 10 ueV
: : : oV 712 i
* Known signal dispersion — = — < 10

U c2



Spectral content

7
Coherence length: Ac ~ mgv = 112 @ 100 w2y | /7)) ~ 10 %e |
Time domain: 1/m Frequency domain:




Local phenomenology

Relevant part of the lagrangian: Use strong magnetic field...

l
1 " 1 R 1 2 2 s
L= —FoF* g ¢F,F* = (E _ B ) — g, ¢E - B
T
...search for new signal

Modified Maxwell's equations:

V-B=0 ﬁ-ﬁzﬁ—gVng-B
i SEECO e . .

Equations of motion in a B background and homogeneous ¢:

=

fi"(§+5)+igb(§+l§)

- ——
b:——¢VA(B+b)
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Reduced mass range

Frequency [MHZz]
10
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[FHVID  NVOUO

FELALEENANE A ST.CAPP

0o = 0.45 GeV cm 3
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Resonant searches

ADMX, CAPP HAYSTAC (...): use of resonant cavities w/ variable geometry

Example: HAYSTAC, 94 T

Pa
Piignal = B*V Q

Mass scan, search for resonances

Quality factor of the order of Q ~ 10°
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Reduced mass range

Frequency [MHZz]
10

CAST

Neutron Stars
SN1987A Globular
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0o = 0.45 GeV cm 3
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A (narrow?) idea...

Ad

An empty cavity has Casimir pressure

t

Pressure (GeV#4)
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Axion / vacuum modes coupling
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AXions & Casimir pressure

Resonances can be made very narrow w/ right material
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AXions & Casimir pressure

Some (very optimistic) prospects... Faxion — 1Y%

Pvacuum

Casimir projections
5 ym - 50 ym

=
Z
o
=
&
o)

Brax & Brun, 2024
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AXions & Casimir pressure

Some (very optimistic) prospects... Faxion — 1Y%

PV&CUUIH

Casimir projections
5 ym - 50 ym

Brax & Brun, 2024 L NOW HIRING'.
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Towards broadband searches

B =

f

Axion = long wavelength (k ~ 0) excitation

i,
\/V\/\/ E = i¢o g, Bye "¢,

95

I Vacuum

|deal
conductor

LLLLLLLLL L L L L

Yy z
O
N — — —
Field must cancel on the interface: §1 Eiotal = £+ Eout
N
- - g T —i(mit—kx)-
= emitted signal: Byt = —1@p gy By € €.

Output power:

B2 m = g w2
I = 2.76x10~% W/m? | el e { )
5 L < GeVelem?. /) \ Jul 100 peV 10 GeVi
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MadMax

Principle: semi-transparent materials used to increase signal

§ Bf _ Bf Bf _ Bf _

—

—

Boost depends on spacing: adjustable broadbandness

Expected boost factor up to 10°



MadMax setup & prospect

Iirror [not visis'e)

Large dipole magnet

R g ot Horr antams

mirror / booster / focusing mirror

castor 8O adjustaoble delectr ¢ visks (@1 25 m)
Facusing nirrar

_~TCavity

Experiments

-4

log m, [eV]

S



Test run at CERN

Full apparatus expected 2028
lest run e 1.6 | raghel at CERN

Taper Lens Casing Disks Mirror

\&_!.C Il

Separation Rngc
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Broadband concentrators

—1mt

Fverywhere in the background : ¢ = ¢ge

‘Mll' 1y !
|

e ?"g;
g 0

small oscillating electric field along each B-field line

Possible lab experiment : f
bend field lines, % xﬁ&*

search for excess power

g’y¢F,uVF'uVO<g’y¢E'B
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BRASS

Broadband Radiometric Axion SearcheS

Conversion Panel
(24 x 0.25mz2)

Averaged horizontal field
strength is approx 0.9 Tesla

Array of permanent magnets

Broadband
Antenna (12-18 GHz)
and 8 GS/S Digitizer

2207 SV¥LYd ‘UaAnbN
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BREAD

Broadband Reflector Experiment for Axion Detection

Use of a solenoid magnet

Custom-shaped reflector sends the signal to focus

BRE/D

COLLABCRATICN
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BREAD

st fum In & 2.9 T MK fneghiet

CAST

| \ | I SNI98TA

BREAD

COLLAROPATION

Preliminary

48 50
my [peV]

0= 045 GeV e ™ 3

Plans to use a 9.4 T magnet

Clobularclusters
SN IYNTA
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DAVWA

Dark Axion Wideband Approach

* First fully modular setup

Receiver cooled down 4 K
BBPT St axion runs late 2024

* Switch to superconducting magnets late 2025
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