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Neutral ultra-light spin-O Bosons

Neutral scalar / pseudo scalar particles can have gauge
invariant couplings with photon
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Known examples are

Light: axion

o Pseudo-scalar particle

> Pseudo-Goldstone Boson of Peccei-Quinn symmetry
(solves the strong-CP problem of QCD)

o mass expected in the range of m ~ O(meV)

Heavy: Higgs boson

o Scalar particle
o necessary to provide all masses in the SM
> mass experimentally measured to be m ~ 125 (GeV)

o Coupling H — v — v generated at one-loop



The strong-CP problem

. Considering the effect of the chiral anomaly of the U(1)4
symmetry, an extra term is added to the QCD Lagrangian
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» Including the electroweak interactions
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. 'The presence of © implies violation of the CP-invariance in

QCD - has never been observed



The strong-CP problem

T,u
. The EDM of neutron has a —
strong experimental bound M B2
dp| < 1.8 x 10~2%¢ — cm = 4
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. Extreme fine tuning of © to the value of Arg(detM, M)
. 'The question of the smallness of 6, is known as

“the strong-CP problem”



A solution to the strong-CP problem

An elegant answer to this problem was by Peccei and Quinn

Extension of the SM with an additional, spontaneously
broken, global chiral U(1) (the U(1)pg)

Broken spontaneously at the PQ scale f,

Corresponding pseudo-Nambu-Goldstone boson is the axion

Couples to gluons such that the chiral anomaly in the U(1)p0

current is reproduced
~
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A solution to the strong-CP problem
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ol provide axion field with
;2 an effective potential V.
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. Coefhcient of the CP-violating & term becomes dynamical

vanishes for the value () = -67f,/N at which V. has its
minimum
Solves the Strong-CP problem



AXion mass

. Axion receives mass from its
interactions with gluons

. Induces transitions to ¢q
and thus to neutral pions

s VNS

.  and 7' mix with each other

Axions pick up a small mass:
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Original PQ proposal assumed f, to be at the weak scale

. Axion searches, astrophysical observations and cosmological
arguments point to

fo/N 26 x 10° GeV

Accordingly, the axion has a very weak coupling

Its mass must be very small

mqe S 0.01 eV

. Extremely weakly interacting particle



Axion models

. Axion interactions are model dependent

- Two most popular classes of phenomenological viable
“invisible axion” models

Hadronic or Kim-Shifman-Vainshtein-Zakharov (KSVZ) model
Dine-Fischler-Srednicki-Zhitnitskii (DFSZ) model

. KSVZ type: at least one additional heavy quark is introduced
which couples directly to the axion

. All other fields do not carry PQ charge

. Axion interacts with ordinary matter through the anomaly
terms from loops of this new heavy quark



Axion models contd.

. Integrating out heavy quark loops, one obtains the eftective
dimension-5 coupling of axions to gluons

. Coupling of the axion to SM matter fields are suppressed
by additional loop factors

+ In DFSZ scheme, no additional heavy quarks are introduced

. SM matter fields and two Higgs doublets carry appropriate
PQ charges

. At low energies the axion-gluon interaction arises



Axion coupling to photons

. Mixing with 7" generates coupling of the axion to photons
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Effects of spin—(0 — «v — ~y coupling on photon propagation

. Replacing v — v — a — (B)~a gives a mixing term in
the photon-spin-0 system

» 'The photon — spin-0 conversion is possible in an external

EM field (Primakoft effect) Y me ------------ a

E/B
» it could generate photon < spin-0 oscillations

for photons propagating in magnetic fields

G. Raffelt and L. Stodolsky, PRD 37, 1237 (1988)



Astrophysical constraints

. Axions can be produced in hot and dense astrophysical
environments: ordinary stars, white dwarfs, supernovae etc

» Axion luminosity L.depends on f, , the relevant axion
production process, astrophysical model of the source

. A sizeable L, is associated with additional energy transport
out of the source

. Affect the behaviour of the source strongly

. Astrophysical studies of stars, white dwarfs, supernovae
etc can be used to derive constraints on f, /N or my



Astrophysical constraints

_

. In stars including our Sun, axions can be produced
through the Primakoft process

f}/ .............. a
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zZe

+ Axionic energy drain (L, « g2 . )
leads to an enhanced consumption
of nuclear fuel within the star

. Shorten the lifetime of a star



[ Globular clusters ]

: Globular
Galactic : clusters
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. Globular clusters (GCs) are bound systems of a
homogeneous population of low mass stars

Allow for tests of stellar evolution theory
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Photon-axion oscillation

Lan = ga:

» Induces a mixing between the photon and the axion
in the presence of the background magnetic field

aF,-F* = ga afE aB

. Photon polarisation with electric field parallel (! ) to the
external B mixes with the axion
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Photon-axion oscillation

+  One possible explanation of the dimming of
type-la supernovae
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I B
X : the distance traveled by photon, K= ga__4

- When the magnetic field is not constant, the total
photon-axion oscillation probability over many magnetic

domains is 1
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Solar axion searches

.+ Most important and strongest astrophysical source for axions
is the core of the Sun

. Axions would be continuously produced in the magnetic and

electric field of the plasma via the 2-photon coupling

. After production freely stream out of the Sun

Differential solar axion flux on Earth
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dE
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(G0 = Gan /10 °GeV' %)
. Spectral energy distribution of the axion peaksat ! 3 keV



Solar axion searches

.+ Most sensitive axion experiment at present in the mass range
10 *eV! m,! 1leV are “axion helioscopes”, i.e. magnetic

solar telescopes

..... 500seconds  _ __Axion_ X-ray
Flight time detector
Sun
2 . .
P BJan 5| 2 1! cos(@L) A. Rlngwald, arXiv:0705.0615
T2 (aL)2
g-= mgl 2E

gL < 1 =!I sensitivity is limited to a specific axion mass range



New axion-photon coupling exclusion limits
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NuSTAR as an axion helioscope

- _/

Solar North Up

Axion-photon conversions in solar atmosphere
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NuSTAR as axion helioscope
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Laser experiments

Purely laboratory based experimental search for ultra-light
(pseudo)scalar particles

Possible to make accurate measurements on the
modification of a polarisation state of a light beam

A laser light is reflected back and forth N times between two
mirrors, in a constant magnetic field orthogonal to the beam
direction

Total length travelled by the laser beam in magnetic field is
L = NI ! afewkm
Laser beam is linearly polarised to start with and after

traversing L , it is possible to measure small ellipticity and
change in the rotation of the polarisation plane



[A method to measure vacuum birefringencej

B ~ const.

|| Y EY |
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Detector

H
probe-photons -

length L

Different polarisation vectors will propagate with
different phase velocities =i different refractive indices

+ Linear polarisation ===l elliptical polarisation out of B

Ellipticity | induced by birefringence |
| = "E(n! I n.)

@LPS, BMYV, OSQAR, PVLAS]
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Rotation and Ellipticity
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Rotation and Ellipticity

Birefringence and linear dichroism of the vacuum are
characterised by
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Sin(2#)
In the limit miL/ 4 ! 1

M4 is the axion mass and M =1/g,n the inverse coupling

constant to two photons

+the photon energy, L and N the effective path lengths
and the number of paths the light travels



Light-shining-through-wall

. Axions and axion-like particles (alps) can also be tested in
laboratory by a different kind of experiments

P. Sikivie, PRL 51, 1415 (1983)

. After a laser beam passes through a magnetic field an axion
component can be generated

. Light shining from a wall by using a second magnet

Very small effect
Detector | [P (| 1 a)]Z

G\LPS, ALPSIL, OSQAR]




Constraining eV-scale axion-like particle dark

matter - from the M87 galaxy

+ Due to its coupling to photons, ALPs can decay into two photons

» Decay rate should be slow enough so that ALPs are stable on the
cosmological time scale

Constrain the line emission from the decay of eV scale ALP DM

using multi-wavelength data obtained from the central region of M87

galaxy by several telescopes such as Swift, Astrosat, Kanata, Spitzer and
International Ultraviolet Explorer

« Derive constraints on UYa!! for ALP mass range 2 eV! m,! 20 eV
corresponding to infrared to ultraviolet frequencies



Constraining eV-scale axion-like particle dark
matter

The ALP decay rate
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The photon flux density from the decay of ALP DM
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'l = 1."4/Cc isthe width of the produced photon line

¢ = Ma/ 4" is the central frequency of the photon line
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4= velocity dispersion of DM particles



Constraints on axion-photon coupling Ya!!
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Photon ring dimming of a black hole

¥ Event Horizon Telescope observations

of supermassive black hole M87*

Akiyama et al. EHT collaboration

discovered the potential existence of Astrophys.J.Lett 875(20)9
magnetic field of the order ~30 Gauss.

¥ EHT achieved to get an image of
the black hole photon sphere
through radio observations

¥ Conversion of such photons into axions may lead to a

dimming of t

¥ Frequency

ne p

noton ring around the black hole shadow.

DancC

and magnitude of dimming depend on

axion-photon coupling and axion mass.

¥ Distorted spectrum of photon ring provides a tool for
detecting axions

SR, P. Sarkar, S. Sau, S. SenGupta,
JCAP11(2023)099



Searching for relativistic axions with SKA

. Searches for DM induced relativistic axion signals
using radio telescopes can play an important role in
axion physics

.« We explore the upcoming radio telescope Square
Kilometre Array (SKA) to search for relativistic axions
from dark matter decays

. Axions subsequently converted into photons in the
magnetic field of an astrophysical objects such as a dwarf
spheroidal galaxy (dSph).

A. Kar, T. Kumar, SR, J. Zupan, JCAP 08 (2023) 056
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Exclusion regions in the mass-coupling plane
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Conclusions

. Axions appear as a solution to the strong CP problem
. Coupling of axion with photons have several implications

. Constraints have been derived on the axion-photon
mixing from various astrophysical observations and
laboratory experiments

. Axions or ALPs can act as cold dark matter

. Axion / ALP searches are very important, with possible
discovery opportunities



PQ Mechanism

A single complex scalar field SU(2). ! U(1)y invariant

| — Sél If 5
Introduce global U(1)pg symmetry broken by
= 2
2
V()y=1 [1|?! f?a | : Goldstone boson (axion)

Having shift symmetry under U(1)pg
et 1+, "R

Impose appropriate PQ charges to quarks so that there exists
UL)po ! SU@B)c! SU(3)c anomaly



[ Axion cold dark matter j

The Peccei-Quinn scalar field has the following Lagrangian:

a 1 , )
L= 21 P Ve ()

' |
_ 4 6 )
L is invariant under global U(1)pg, ! ! | ol
At high temp T > T., minimumat ! =0

At T <T., | obtains VEV ="

The axion A is a Nambu-Goldstone boson associated with this

spontaneous symmetry breaking

= e

The axion is massless at this point



[ Axion cold dark matter ]

When the item decreases further and becomes comparable to the
QCD scale ! , the axion obtains its mass through QCD
non-perturbative effect

The axion field starts to oscillate coherently around its minimum
when the cosmic expansion rate H becomes comparable to axion
mass ITlg

Once 1Ny takes on its T-independent value, this axion condensate
behaves as cold dark matter with a relic density governed by the initial
angle 1, = a;/" atonset of oscillation

f 1.19 "

| h2=0.1812
. 1 102 GeV 400 MeV




U(1)a Problem

» QCD Lagrangian possesses an approximate global symmetry

G=U(f)r! Uf) inthelimit ms ! O

. Regarding the u and d quarks, the theory shows a symmetry
U@2)L! U@)r

. Vectorial part of this symmetry U(2), ,r (and its subgroup

U@)v = U@)L+r ) is an exact symmetry

. Axial part (U(2)a = U(2)r: L) is not preserved by the QCD vacuum

. Four Goldstone bosons are expected. 1 19 1 * corresponds to

SU(2)a breaking. The expected fourth boson related to U(1)a

breaking does not exist This is the U(1)a problem



Solution to U(1)a problem

t Hooft

» U(1)a has a chiral anomaly (ABJ anomaly) and that the ground
state of QCD is non-trivial

Current J, = %q{ ,!'sq not conserved

( )
1 HJ, = ng 32? 2G GH' 2 21 ! Gluon field strength
N y
58, = %! g G778 [ total number of quark flavours

» QCD vacuum has infinitely degenerate vacua, topologically
difterent



Solution to u@), problem

7

. Because of the non-trivial properties of the QCD vacuum,
and the chiral anomaly of U(1)a, it was shown that U(1)a is
not a quantum symmetry of QCD, and therefore no
Nambu-Goldstone boson is expected

. The QCD Lagrangian is modified by

_ 0s |
L, =1 225G G

= | %E 2482 (violates P, T and CP)

E2, B2 : color electric and magnetic fields



