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Strong CP problem

* One of the terms allowed by QCD:
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* Limit on the coefficient @ from neutron EDM measurements:
6 <1010

* This is the strong CP problem: why 6«17



Peccei-Quinn mechanism

. Peccei & Quinn, PRL38(1977)1440; PRD16(1977)1791
* The PQ Lagrangian:
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* ais the pseudo-Nambu-Goldstone boson: axion.
e Axion is very light, and can be dark matter candidate.
e Generalized to axion-like particles (ALPs).

e Axion can couple to photons, electrons, nucleons etc.

» See the talk on galactic ALP by David Cerdeno


https://cajohare.github.io/AxionLimits

Axion production in the Sun

Q v Q v
ﬁK 1H + 2H - 3He + y + 5.49 MeV

VAR I

1H + 2H - 3He + a (5.49 MeV)




Axion production rate

Raffelt & Stodolsky, PLB 119 (1982) 323; Borexino, PRD 85 (2012) 092003

Lagrangian:
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Production of axion in the Sun: nuclear interaction.
b, ~ 0-54921\752(1)@;0
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Decay of axion:

a—>vy
Typical axion lifetime:
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Lights from the Darkness




Photons from solar axion decay
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Triangular geometry

Dev, Fortin, Harris, Sinha & YCZ, PRL132 (2024) 101003

* Supernova

Astropart.Phys. 1 (1993) 377;
astro-ph/9601104; 1702.02964;
1910.10249; 2109.03244; 2205.07896;
2206.06852; 2212.09764; 2302.10965;
2303.11395; 2304.01060; 2312.13627;
2404.19191; 2406.15506; 2412.13247;
2503.13607; 2511.15785; 2603.08695

* Neutron stars
2305.01002

* Horizontal-branch stars
2412.21163

* Wolf-Rayet stars
2412.21163

e Starburst galaxy M82
2412.03660

»
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Lights from the darkness

90°

150°

me = 4.2 (4.3) MeV
for dashed (solid) lines

e w0y = 1.1 MeV
e | ke = 1.6 MeV

L —— wy = 2.1 MeV

0.0 0.5 1.0 1.5 24
T/Td

* ay,is the deflection angle.
* (is the observation angle.



Lights from the darkness
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* ( is the observation angle.
* R, is the photon rate.

* The lifetime of axion is typically much larger than AU.



“Cosmological MeV gap"

Lucchetta, Ackermann, Berge & Buhler, 2204.01325
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Sensitivities of space detection
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Current model independent limits: SN1987A & SN2023ixf

Payez, Evoli, Fischer, Giannotti, Mirizzi & Ringwald, 1410.3747; Hoof &
Schulz, 2212.09764; Muller, Calore, Carenza, Eckner & Marsh, 2304.01060;
Muller, Carenza, Eckner & Goobar, 2306.16397

Solid: photon energy [0.01, 1] MeV.

Dashed: photon energy [1, 5.5] MeV.
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Terrestrial experiments: South Pole

Fuke, Journal of Astronomical Instrumentation, 6 (2017) 1740001

. —— Africo

 Why Antarctica?
e Reducing backgrounds!

.. X * Polar nights!
Antarctica =

L ]
South Pole

 Scientific ballooning can reach
the height of ~50 km into the
stratosphere.
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Photon fluxes above the South Pole
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Fluxes at the South Pole at the midnight of its winter solstice.

Dashed line: Earth radius ~ 6 x 103 km.

Enhancing the effective solid angle:

o (1 +/1- R3/(Ro + h)2)
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Sensitivities of space detection
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* Current model independent limits: SN1987A & SN2023ixf
Payez, Evoli, Fischer, Giannotti, Mirizzi & Ringwald, 1410.3747; Hoof &
Schulz, 2212.09764; Muller, Calore, Carenza, Eckner & Marsh, 2304.01060;
Muller, Carenza, Eckner & Goobar, 2306.16397

* Solid: photon energy [0.01, 1] MeV,;
Dashed: photon energy [1, 5.5] MeV.
* Dotted: Balloon at 50 km height [weaker].
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Critical height

critical height
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Critical height h..j depends on axion mass m,, photon
energy w,, and axion energy (fixed at 5.5 MeV).
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Photon fluxes for some benchmark points
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Daily modulation
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The photon flux ratio at the South Pole.

. Fy,o is the maximal value at 12:00pm.

The photon flux vanishes within some time intervals.
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Generalization to other particles

active neutrino v; - v;y

Oberauer, Hagner, Raffelt & Rieger, Astropart.Phys.1(1993)377; Jaffe & Turner,
astro-ph/9601104.

sterile neutrino v, —» vy, v, vvi, vItl—, It

Mastrototaro, Mirizzi, Serpico & Esmaili, 1910.10249; Brdar, de Gouvea, Li &
Machado, 2302.10965; Akita, Im, Masud & Yun, 2312.13627; Chauhan, Gustafson &
Shoemaker, 2503.13607.

CP-even scalar S — yy,ete™y

Caputo, Raffelt & Vitagliano, 2109.03244; Yu, Maitra, Dev, Fortin, Harris, K. Sinha+,
2603.08695.

Majoron ¢p = vv, Vv

Akita, Im & Masud, 2206.06852; Akita, Im, Masud & Yun, 2312.13627; Telalovic,
Fiorillo, Martinez-Mirave, Vitagliano & Bustamante, 2406.15506.

dark photon A" — ete™, yyy

Syvolap & Ruchayskiy, 2404.19191; Caputo, Park & Yun, 2511.15785.
gauge boson Z’' - vv,ete”

Akita, Im, Masud & Yun, 2312.13627.
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Conclusion

The photons from solar axion decay can deviate significantly
from the Sun = the “light from the darkness” configuration.
We can search for such photons in space and terrestrial
experiments.

As a result of the two-body decay and geometric effects, there
exists a critical height for the terrestrial experiments.

With the sensitivity at the order of 1071 erg cm™% s71, the
axion-photon coupling can be probed up to 3 x 10712 GeV 1.



Backup sl ides



Relevant experiments: NuSTAR
(Nuclear Spectroscopic Telescope Array)

NuSTAR is a NASA Small Explorer mission launched in 2012.
It is the first telescope in orbit to create images by focusing
light in the high-energy X-ray region of the
electromagnetic spectrum.

https://nustar.caltech.edu/




NuSTAR

1301.7307
TABLE 2

KEY OBSERVATORY PERFORMANCE PARAMETERS.

Parameter Value
Energy range 3 — 78.4 keV
Angular resolution (HPD) 58"
Angular resolution (FWHM) 18"
FoV (50% resp.) at 10 keV 10’
FoV (50% resp.) at 68 keV 6/
Sensitivity (6 — 10 keV) [10° s, 30, AE/E = 0.5] 2 x 1071% erg cm =2 57!
Sensitivity (10 — 30 keV) [10° s, 30, AE/E = 0.5] TX10 Tergecm 28 °
Background in HPD (10 — 30 keV) 1.1 x 1073 cts s~ 1
Background in HPD (30 — 60 keV) 8.4x107% cts s~ 1
Spectral resolution (FWHM) 400 eV at 10 keV, 900 eV at 68 keV
Strong source (> 100) positioning 1.5"(10)
Temporal resolution 2 us
Target of opportunity response < 24 hr
Slew rate 0.06° s—1

Settling time 200 s (typ)




