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Strong CP problenT hint

CP violation in neutrons: electric dipole moment
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CP violation in neutrons: electric dipole moment

d ?? H P ? H EDM would violate P...
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Strong CP problenT hint

CP violation i
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Physical Review Letters. 124 (8): 081803
It is small. Perhaps because it is not allowed...
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Strong CP problenT hint, cont'd

The Lagrangian describing hadrons is

: v N\

Real mass Yukawa phase

8T

1

Yuv vpo
GH = —epo G,
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Locp =Y ¥ (i) —mge )ipg — ZG2 —0—=GG
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CP odd
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Strong CP problenT hint, cont'd

The Lagrangian describing hadrons is . 1
G = ST Gy
- ; 1 Olg ~
Locp =) ha(il) —mge™ )iy — 16" - 03 GG
q / \ \
Real mass Yukawa phase CP odd

Remove phase by rotation finding

Qs

87TGG

Locp = Zﬂq(zlﬂ — M)V — %GQ — (0 —argdet M)
! H_/

0] < 10~
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Strong CP problenT hint, cont'd

The Lagrangian describing hadrons is . 1
G = ST Gy
- ; 1 Olg ~
Locp =) ha(il) —mge™ )iy — 16" - 03 GG
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Real mass Yukawa phase CP odd

Remove phase by rotation finding

Qs
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Why?
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The (QCD) axion

Introduce a global symmetry spontaneously broken at some high scale fa,
the Peccei-Quinn symmetry

_ 1 v, =
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The (QCD) axion

Introduce a global symmetry spontaneously broken at some high scale fa,
the Peccei-Quinn symmetry

— 1 — (g ~
EQCD — qu(”tm — mq)wq — ZG2 — 6)8_’7'('GG
q
qr — e~ ?qy, .
. U (1)chiral
QR%GHO‘MC]R} v }U(l)p@ OzEf—

Lesson 1
After the SSB, we have a pseudo Goldstone boson rotating the angle away

STRONG CP PROBLEM SOLVED
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The (QCD) axion is massive

Lesson 1, cont'd
The same rotation gives a mass to the axion (w/ two quarks)

5 MMy (W)

m p—
My + Mg f2

a

In other words, give enough time to the universe and it relax to a CP

conserving QCD Lagrangian®
V(a)
A—l—a
V(a)
\\|/ *your mileage may vary
a

6='o 16

Credit: G.Raffelt




Axion cosmology in a nutshell

Suppose PQ is broken before inflation. The axion field is homogeneous
1% R

iad+3Ha+ — =0 where H== V = m2a
8CL R a

17



Axion cosmology in a nutshell

Suppose PQ is broken before inflation. The axion field is homogeneous

. %
iad+3Ha+ — =0 where H:E V = m2a
8CL R a
After being a damped harmonic oscillator, it becomes

R<H ~ ma)
R(t)

) 3/2
a>~—m,a > a =~ [ ] agp COS Mt
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Axion cosmology in a nutshell

Suppose PQ is broken before inflation. The axion field is homogeneous

. .oV
iad+3Ha+ — =0 where H:E V = m2a
8CL R a

After being a damped harmonic oscillator, it becomes

) ) R(H ~mg)]*"?
a>~—mg,a P a ~ R(t) ap COS Myt
Including an additional temperature dependence
~ ma(Tc) [RH ~ma)]*? I
ol || awosma Pa =5t
Lesson 2

Axion can be a dark matter candidate

DM MISTERY SOLVED
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QCD Axion cosmology in a nutshell

(If broken after inflation, more axions produced from cosmic strings and
domain walls)

before inflation: after inflation:

Our\

Universe

Our Universe:

Credit: S.Knirck

Cosmic axion
Random 0, string

S

ma < meV ma ~ 100 peV

On QCD axion GW and axion production: Sikivie 1982, Chang et al. hep-ph/9808302, hep-ph/
9807374, Hiramatsu et al 1002.1555, 1309.5001, 1207.3166. Ask for additional bibliography on the
topic of axions from strings

On N=1 ALPs: Gorghetto et al. 2101.11007
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QCD Axion cosmology in a nutshell

(If broken after inflation, more axions produced from cosmic strings and
domain walls)

before inflation: after inflation:

Our\

Universe

Our Universe:

Cosmic axion
Random 0, string

— 2N
E‘*g o)

ma < meV ma ~ 100 peV

Credit: S.Knirck

New QCD axion detection ideas!
Examples:

« MADMAX, Phys.Rev.Lett. 118 (2017) 9, 091801
» Plasma haloscope (Lawson, Millar, Pancaldi, EV, Wilczek), Phys.Rev.Lett. 123 (2019) 14, 141802

On QCD axion GW and axion production: Sikivie 1982, Chang et al. hep-ph/9808302, hep-ph/
9807374, Hiramatsu et al 1002.1555, 1309.5001, 1207.3166. Ask for additional bibliography on the
topic of axions from strings

On N=1 ALPs: Gorghetto et al. 2101.11007 21



QCD Axion cosmology in a nutshell

(If broken after inflation, more axions produced from cosmic strings and
domain walls)

logim,/H) = — 4 I/ggl(m,/H) =8

A /

_axion strings
", axion energy density

simulation volume

| Hubble volume
\ |

Buschmann et al., Nature Communications volume 13, Article number: 1049 (2022)

Latest results: 40 < m,/ueV < 180
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https://www.nature.com/ncomms

How to detect the
axion




Axion searches (bird’s eye)

The QCD axion solves the strong CP problem and is a good DM candidate.
How to detect it? |

L = —ngaFF = guva E - B

(model dependent)

)

Direct detection . o s

Astro bounds casT  Solarv
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Axion parameter
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Credit: C.A.J.O’Hare
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Axion searches (bird’'s eye)

The QCD axion solves the strong CP problem and is a good DM candidate.
How to detect it? |

L = —ngaFF = guva E - B

(model dependent)
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Axion searches (bird’s eye)

The QCD axion solves the strong CP problem and is a good DM candidate.
How to detect it? |

l: — __'Zisyafycszjjgj::: S]afy(z ]E) °:E3
(model dependent)
\\\e\\\( R DS, ?}
105 A AR [ | f‘h U ‘
104 WISPL c N Edl
| t —
W iy
>~ 102 =
N ] <
g o 2
- 100
DM-Radio

ADMX QUAX
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ma [eV] Credit: C.A.J.O’'Hare
| @ _ . : :
Gay = — o f C’afy Latest predictions post-inflationary scenario
ﬂ- a
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From axion-photon to axion-plasmon

Axion DM is slow and massive. We need to correct for the energy-momentum
conservation :
Cavity

In cavity searches,
the cavity size~Compton
wavelength. But as they become

more massive, it is prohibitive Magnet
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From axion-photon to axion-plasmon

Axion DM is slow and massive. We need to correct for the energy-momentum
conservation :
Cavity

In cavity searches,
the cavity size~Compton
wavelength. But as they become

more massive, it is prohibitive Magnet

Alternative:

In a medium, photons are “massive” with mass=plasma frequency!
The basic idea of tunable plasma haloscopes:

Wpl — Mg

28




Axion detection in a medium

Two equivalent descriptions:
» + Maxwell equations in a medium

* Thermal field theory

29



Axion detection in a medium

Two equivalent descriptions:
» + Maxwell equations in a medium

* Thermal field theory
1 1 1 a
L= _ZFWFW —jHA, + 5(‘%&8’“‘& — §m2a2 — %

The axion field is a(f) = apge™

l

VxH-D=g,Bi [_g)

LY
al,, F"

™ which modifies the Maxwell equations

B field

€, It

(Drude model)
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Axion detection in a medium

Two equivalent descriptions:
» * Maxwell equations in a medium

* Thermal field theory
1 1 1 a -
L= —3Fu P = j# A, + S9,00"a — cma® - “%aFWFW

The axion field is a(f) = apge™

Mt \which modifies the Maxwell equations

VxH-D=g,Bi [_g)

—1
2
gcha wpl
E=-— = —goyBa | 1 — :
€ Jay 2 ( w2 — zwaF>

/ \ B field

Dielectric function Damping rate €, W

2
wpl

Where we have used ¢ =1 — (Drude model)

2 .
wz — 1wgl’
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Wire metamaterial

We have a resonance! We need the damping (resistivity) to be low, and the
plasma frequency must be tunable

-1
B w?
E-=_Ju>¢ a—ga,YBa<1 ot )

2 .
€ wg — twel

Pendry et al. J. Phys. Condens. Matter 10, 1998

Possible ideas: semiconductors, Josephson junctions, wire metamaterials

a

Credit: A. Millar
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Wire metamaterial

We have a resonance! We need the damping (resistivity) to be low, and the
plasma frequency must be tunable

-1
2
garyBa W
E= 29— = —gayBa (1—2 P F)

€ wg — Wy
Pendry et al. J. Phys. Condens. Matter 10, 1998

Possible ideas: semiconductors, Josephson junctions, wire metamaterials

In a usual metal,

5 €%ne L
wpl —
me

= |

Credit: A. Millar
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Wire metamaterial

We have a resonance! We need the damping (resistivity) to be low, and the
plasma frequency must be tunable

-1
2
garyBa W
E = AR = —ga»YBCL <1 — 2—pr>

€ wg — Wy
Pendry et al. J. Phys. Condens. Matter 10, 1998

Possible ideas: semiconductors, Josephson junctions, wire metamaterials

In a usual metal, =
2 r <
wpl == 8
Me
but in a nanowire system
2
NmetalTT
Ne = less charges
e a2 ‘____ g
2, .2 .
€T Nmetal a effective
Meff = log — €—
i r mass
2
e“n 2T /
Wy = —— = — R i
Meg  a°loga/r
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Setup

The axion generates an electric field

€
r = 10um
loga/r> 14 . _ 3.m
5 €M, 2T 9

Mmeg  a?loga/r

» Copper wires
« Strong magnetic field (solenoid is fine!)
* Not limited by size

* Tunability

2

—1
w
w2 — iw,I
/
B
N\
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Projected reach

Loss rate

1 [ [0l

= HQVQ/)@Q?WBQ
ma

w)

B + rBP)) av

where we used

w
9=7

O(€2w) 11112 2
a09a732V2/( 8 |E| |B| av

g =

Pa —

2
€2

Quiality factor

signal coupling efficiency factor

1

2

2 2
maaO

“geometric factor”, goes to 1
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Scan rate

1 0
P=TU = ﬁ;r—/ ( () E]* + |B|2)) dv va [GHZ|
4 ow 1 10 10
103-:—I I lIIIlll | I IlIIIII | | IIIIII| —
— /ﬁgvgpa92732 EJLMWAW#W%
mgq ~ _
Dicke’ ti 10? = v =
icke’'s equation : 5 :
S P At _g‘ 10 g =
— = > 3 @ - o -
N Tgs V Awg - - MADMAX .
1= =
We can use a set of reasonable parameters B Lo ) 10"1'1' S 18'15
Q = 10° : ; e :
111 | L1111l | L L1111 1 L1 11
08 107° 1074
V =0.8m° 1
6 mg [eV]
Awa = 10 meg Lawson, Millar, Pancaldi, Vitagliano, Wilczek (2019)

Gelmini, Millar, Takhistov, Vitagliano (2020)

Tunable Axion Plasma Haloscopes

Matthew Lawson, Alexander J. Millar, Matteo Pancaldi, Edoardo Vitagliano, and Frank Wilczek
Phys. Rev. Lett. 123, 141802 — Published 1 October 2019

Tsys — Mg

- -
PhySICS see Synopsis: A New Plasma-Based Axion Detector
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From coverage to the experiment

TROVATO UN NUOVO MODO PER “SENTIRE" LA DARK MATTER

Sintonizzatevi su radio assione

PhYSiCiSts report a way to 'hear’ | fisici dell'Universita di Stoccolma e del Max Planck Institute for Physics
dark matter

WHAT'S THE FREQUENCY, KENNETH?

Physicists propose listening for dark matter
with plasma-based “axion radio”

Axions inside a strong magnetic field will generate a small electric field.

i\’g Journals v PhysicsMagarine  PhysicsCentral  APS News

LS
PhYSICS ABOUT BROWSE PRESS COLLECTIONS [eY

SYNOPSIS

A New Plasma-Based Axion Detector

October 1,2019 « Physics 12,5111

A d devi 1d detect th ized dark matter particle in a mass regime not probed by other 60

alpha

Axion Longitudinal Plasmon HAloscope

Stockholm University, UC Berkeley, MIT,
ITMO, the University of Arizona, Cambridge, https://axiondm.fysik.su.se/alpha/

the University of Maryland and UC Davis
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Dark matter
detection:
a TFT approach




Crash course in thermal field theory

See also: Weldon (1983), Redondo and Raffelt (2013), An, Pospelov and Pradler (2013), Hardy and Lasenby (2016)
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Crash course in thermal field theory

Thermal field theory is very similar to zero temperature QFT.

The imaginary part of a particle self energy

ImIl = —wl’

gives the rate with which a distribution of particles goes to equilbrium. For bosons

I' = Fabs — I‘prod

of _
ot

This is analogous to the optical theorem in QFT, the imaginary part of the self
energy is related to the decay rate

fFabs (1 + f)Fprod
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Crash course in thermal field theory

0
8—‘1{ — _frabs + (1 + f)Fprod

Suppose we have two particles that can be )converted into each other (so there is
mixing

Two cases:
« Many axions, no photons (laboratory)

« Many photons, no axions (stars)

42



DM detection w/ thermal field theory

The power deposited in the detector is

d’k
P = Vd/ wI‘X

(271')3 abs
The master equations for axions and plasmons are
0fa axion
o = T
T o g+ e
Equilibrium is reached when g’gison ~ (f4 — fv)paxion ~ —f, ImlLaxion

w

SO we just need to compute the imaginary part of the polarization tensor!
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DM detection w/ thermal field theory

1
2 32
ay J_KQ - H%T(K) )

+w? g

The dispersion relation of the plasmon is

w2 - k’z = Re HT,L

2
RGHTZLUP,

K? R
Rellp ="3wp,  %p =€ 15
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DM detection w/ thermal field theory

The power deposited in the detector is

d3k
P = X
Vd/ (27T) W1l abs

Using I'r =T'r, =TI,  we have

2
Faxmn fa g a’Y B

abs

fo = N(271)%8°%(k)

")’

d3k axion ZQ
P=V / (zﬂ)?,wrabs = gar B Vﬂa
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DM detection w/ thermal field theory

Projected reach

1

Loss rate P=TU = kI'-

Q

4

[ (%52 ie + imp)) av

= K’gV _—_paga'yB2
Lz

where we used

w
Q= ¢ Quality factor

2
€ 1/<a(€zw)|E|2+|B|2 dv
ow

B

- ajg2 B2V 2
a: K signal coupling efficiency factor
1 1

~ 2

(27_(_)3 abs

3
sz/ dkw axion

\

Q
gmB2 Vpa

“geometric factor”, goes to 1
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Collective effects in stars

In the lab: one can compute the signal in a plasma haloscope and obtain the
classical result

In the sky: Energy loss in stars and supernovae, other signals

&

Stars as Laboratories

.

for Fundamemal Physics

L 4

Georg G. Raffell
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Collective effects in stars

10" ——
1010;: rimako
In the sun: a £ E i
previously £ 105k |
overlooked s F
contribution to the g3 10°%
axion flux in £ ,
helioscopes S oW\ Y | I P
10 10 10 10 1
w(keV)
Caputo, Millar, Vitagliano (2020)
O’Hare, Caputo, Millar, Vitagliano (2020)
w =2 E, (MeV)
500 ' 1('30' - ' 5|0
700¢ Primakoff
In quernovae: a 600F Primakoff + B—conversions |
previously o500
overlooked 24000
contribution to 300}
(heavy) axion flux 200;
100}
s T 1o 15

7-710 (days)
Caputo, Carenza, Lucente, Vitagliano et al., Phys.Rev.Lett. 127 (2021) 18, 181102
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Conclusions



Conclusions

* The axion is a well-motivated dark matter candidate
* Plasma haloscopes are a promising new avenue
* We can probe larger mass axions

We have competitive sensitivity, larger volumes, cheaper magnets (we can use
a solenoid, and potentially probe any mass with the right metamaterial)

* The same process can be very important in stars and supernovae
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