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CP Symmetry i Y Ussoa

Particle
Charge conjugation Parity conjugation
(CG-symmetry) (P-symmetry)
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In physics: CP-symmetry relates particle/anti-particle symmetries
and left/right handedness

Left-handed Right-handed

i . neutrino
neutrm .

WA moving left
moving right CP (not found in nature)

(exists m nature)

Right-handed
antineutrino

moving left
(exists m nature)
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The strong CP Problem Cr e WTLFS%\H%"

There is a tiny angle in QCD (i.e. in the strong force theory)

- dS va ‘~a |
{ {:0 — 8_7TGM GMJ

The angle violates CP-symmetry!

Experiments of neutron electric dipole moment
(nEDP) restrict the CP-angle value (strong CP-
problem)

@ d, <1.8x107%% e.om =— [9 < 10—1OJ
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PQ solution to the strong CP-problem: dynamical cancelation of 6

Allow @ to swing in a Mexican hat (spontaneous symmetry breaking)

\\A Axion field ¢
Lﬁg — Lpg = =2 (9 = f) GeGe,

8 f

S—
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The Peccei-Quinn solution extends the Standard Model

mass: 2.2" , 125,180
charge: 2/3 0
spin: 1/2 0]

up

Higgs boson
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electron muon
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Modified Electromagnetism Cr e W[Fscé\'di"

The Peccei-Quinn Lagrangian modifies the electromagnetism

1 -
»CEM — _ZF,LWF'UJV "‘j,uAu + %SOF’LLVF'L“/

\ 7
Vo

Axial Maxwell’s equations
V- (E+geB)=p

V- (B-gpE)=0

0
V x (E+ g¢B) = _E(B — gyE)
)
Vx(B—-gpB)=—(E+gpB)+J
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Modified Electromagnetism o

The Peccei-Quinn Lagrangian modifies the electromagnetism

1 , ~ m2
Lon = —=F, FH 4 j, AP + %wFWFW +0,p0"p" — —E ol

4 A\
Axial Maxwell’s equations Klein-Gordon equation
V- (E+geB)=p
V- (B-gpE)=0 (D_Fmi)@:gE.B
0
V X (E + g¢B) = —2.(B — gpE)
0
Vx(B-geB)=—(E+ gpB)+J
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Current searches of axions rely on axion-photon conversion

Y

e
-
=

- _>.. P
LA
Magnet
Bo
Classical Sea of Axion-photon
EM field virtual photons interaction

Conversion probability

g2B(2)L2 ~ 10—35 . 10—32

A S
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Passive scheme: CAST (Cern Axion Solar Telescope)
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Passive scheme: CAST (Cern Axion Solar Telescope)

L=926m
Solar Sunset X Sunrise
axion flux system X-ray telescope system
_______ : |
y g mmmm——— ) ﬁ_ |
Y i | Masnat 1 T s S =
_______ > bore L . | * ' —
---------- e - - ' el
A
Shielding ——4=

X-ray detector

Integration time: 2 years!

- d®
Predicted flux: d—; ~ 10 em 2?57 tkeV !
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Passive scheme: CAST (Cern Axion Solar Telescope)
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g _(Gc\"'l)
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Vo

107 Photon regenceration (ALPS)

Solar (CAST)

S/,
Shay to
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-11 .
10 Microwave cav.

1 " - I -14 ARG
Integration time: 2 years! 10 e
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Active scheme: Any Light Particle Search (ALPS) | DESY
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Active scheme: Any Light Particle Search (ALPS) | DESY

High power Production Central optical Regeneration Single photon
laser (HPL) cavity (PC)  bench (COB). cavity (RC) detector
............................................................... Laer

Magnet string gg > sg Magnet string

S U|U[IID

Photon Y -¢ I -¢ Y 1 photon/day
(150 kW) MNE %WW (10724 w)
B X Axion-like particle X B
- beam v

Laser power: 150 kW

Integration time: 15 days
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Why bothering with plasmon conversion?

Photons Plasmons
(non-resonant) (resonant)

0 1 2 3 4

momentum momentum
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Axions in homogeneous plasmas
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Switching on plasma electrodynamics

V-(E+Q¢B)=p>/\ (O+mg)p=gE-B

0

V X (E+9¢B)=—§(B—9¢E),
0
VX (B~ gpE) = = (E + g¢oB) + J.,
One -
5 + V- (neu) =0
Me (%+V-u>u:—e(E+uxB)—vp

H H. Tergas | Apr 2026



| ' 15 TECNICO
AXIOHS N p|asmaS e L s w LISBOA

Looking for parallel modes (natural units) 1D

—_— 1

-y » By
B
(wQ—wi—S§k2)ﬁ—ige % kno@ = 0, k
Rabi frequency
2 -2 o -, . eBo_
(w —my, —k )g0+ngn—O

Q — gBowp
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0.0 0.5 1.0 1.5 2.0
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Quantization of the theory: Rotating-wave approximation [RWA]

2

pl) n = (w — wpl) (W + wp1) 1 =~ 2w (W — wWp1)7

(WQ—CU

(w2 — w?o) P = (W —wy) (W wy) @ > 2wp(w — wy)P

Inverse Fourier transform

ig—w n—1 ﬁ/<:n~:O

ot

0 B
(i— —w¢> gBJrig—Oﬁ: 0

kwy,
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Creation and anihilation operators for axions and plasmons (canonical quantization)

(G, el] =0 (6 = {an, bi})

Hamiltonian formalism

FI — prlfl;i&k + chpg};i)k + Z &L(Sk + h.c.
k k k
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Second quantisation is practical: decay rate via Fermi's Golden rule

I'ppt = 2m Z |Mk,q|25 (wy — wp1)
k,q

Matrix elements (amplitudes for each mode k)

Primakoff decay

Mp,q = {2 Z<k|(&;bp + &pb;ro)|q> axion-photons in vacuum
p
. Y
Axion-plasmon decay rate L <
’ Y

02 (1 + na(wp))

E 3
. g*m?
\ wg + m?o Lpsyy = 64
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Strong coupling condition

Strong coupling is achieved for Q2 >T',_,,,

instituto
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Byp=3T
108} Tokamak plasma JQ"
L
()
g 10—10
o0
10—12
10—14
10-6

HT et al, PRL 120 (2018)
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Our idea: an active search of axions with plasmas
(getting inspiration from ALPS)
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We modify the beam-plasma dispersion function with the axion susceptibility

2 2 R 4 )
W W
e(k,w):l——g—]; — gz 2 _]; 2 2 _ 2
w? Yy (w—kug)?| ww?—wz)| |76 (w—kuo)*(w? —w?)
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kiwp kiwp
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The axion-plasmon conversion probably is much higher

10- 6 7‘ "'l
1
1
| ,"
7
'I
S 10-16 ;
4 10 i , e
Q? Without plasma / /\.7 A
107#f  (ALPS) *
10726] e - N
‘ i ' Tsat
0.1 1 10 100 1000 104
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Beam-plasma sensitivity projection
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Projected sensitivity in our “plasma”™ ALPS scheme

| A
Y,

0.001 0.100
my (eV)

NS TECNICO
2 s w LISBOA

Mendonca et al, PRD

log(5/N) 101 (2020)

My —> Wp wp ~ THz

30
25
20
15
10
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We make use of metamaterials (artificial plasmas) to tune the plasmas

Metaplasma o= & 2
: P~ a\l In(a/r)
(Under construction)

(0.1 — 10 THz2)

Stacked

(C. Alfisi | EPJP - accepted)

— 2D plasma

2.0

»)
B—-

— MM optical mode
— MM acoustic mode

0.5

0.0
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w4
Adiabatic conversion of axions into photons T
L0
~~ o
My ™~ Wy 2N
2T 100 100 O |
Klw,

Photon conversion radius

w 1/3 ’
Feqy = T0 (m_p> f /3

©
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Radiated power per solid angle

2 122
dPy 1978, (pwmy

~ — Ve
dS) 2 m, Pey A

Telescope flux density at Earth
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Projected sensitivity

Signal-to-noise ratio (SNR)

SEFD
S'y,min — SNRmin
\/npolAVTobs
CAST
10710
S
'—l;\ 10—12 ........ @
8 Hook et e.tl.."'“"---.._____
\; 10—14 ...............
/
10—16
1077 1076 107° 10~
my, (€V)
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Estimations for a magnetar

SGR J1745-2900

* d = 8.5 kpc

* 7T =3.76 s

x Bp=1.6x10° T
* wp ~ 1072 eV

* Tobs = 100 h

Hook et al, PRL 120 (2018)
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Plasmons (longitudinal photons) do not radiate: do they count?

Investigate axion-plasmon polaritons near resonance

r=r.+& k=k.+0

’ll Landau
':' damping

1 10 100
Klw,

0.2

Weber equation

52U
— +
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Plasmon conversion radius

Plasmon transmission coefficient Y
Landau-Zener 5
g’ B; =N
Tplasmon =1 —Taxion = 1 —exp e N,
2&@ be l' s : ”’//ﬁ:\ \‘
- N K/ X \
i i Tep A
1 B aeeeon Ak
Tplasmon =1 \ I“ )) Ny '
|‘ \‘ C:):\‘ "l "'
v ‘\‘ (“ - \“ A " 'l
[ ] [ ] ~~~~§ E ‘!"”'
Plasmon conversion radius
0., i

1/6

2 2 R2

2
4m90

Tc,p >~ To
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Non-radiative correction

Corrected power (non-radiative channel)
Tercas, Mendonca, Bingham, PRL 135 (2025)

dQ - dQ 4(,‘_)3 10—10
o THIS WORK
7; 1012 . E e D)
5 Hook et 3-11..-'2""'-:{.“__-?__ |
=104l ol T 1
. . . /
Important sensitivity decrease 116
towards | | |
-7 _6 5 ")
EXCLUDED REGIONS 10 10 10 10
my, (€V)
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What could go wrong? - LISBOA

1. Strong-field effects

7
»CEuler—Heinsenberg — 5 [JT-Q + 192] T O [(aMFMU)(aOéFVa) - F,UJVDFMV]

2. Electron-positron pair production
i )" mrE - nmw B ox _mrmg
Z E P\ elE
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Corrections to the local plasma frequency are negligible

1.010
1.008}
1.006}

0.1 1 10 100 1000 10%
BO/BC
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What's next

e Look for active production of axions in “meta-plasmas”

e Understand the axion-electrodynamics controversy

Lstandard ~ QQOFW/F'LW VS, TR ge (F,uuﬁ”[w . G,uyé“y)

Visinelli, MPL A 28 (2013)

e Investigate EM instabilities with axions (Weibel)

e PIC simulations with axions (HELP NEEDED!)
GoLP All Seminar | Oct ‘25
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Thank you!

(And thank you, Thomas!)
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