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Axionlike particles

- ALPs are naturally light, weakly interacting pseudoscalar particles that appear in many BSM theories
—> Both axions and ALPs are pseudo-Goldstone bosons of chiral U(1) theories (hence “axion-like”)
- At low energies E < A, all these models are described by the same effective field theory (EFT):

1 > 1 - d,a
LD ——a@AmPa+—ggaF, F* + Z Jar OV a)tysy, L + Z gan——Ny*y:sN
? N

2 4 2my
Mass (free parameter, Photon coupling Lepton couplings Non-relativistic
not related to couplings) nucleon couplings

—> Are all these couplings independent? No, Quantum effects mix them!
For collider phenomenology, see, e.g., Bauer et al.: 1708.00443, 2012.12272

- If you are interested in the phenomenology of one of these couplings, others might be unavoidable
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Axionlike particles: (Photophilic) ALPs

- ALPs are naturally light, weakly interacting pseudoscalar particles that appear in many BSM theories
- Both axions and ALPs are pseudo-Goldstone bosons of chiral U(1) theories (hence “axion-like”)
- At low energies E « A, all these models are described by the same effective field theory (EFT):
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—> Are all these couplings independent? No, Quantum effects mix them!
For collider phenomenology, see, e.g., Bauer et al.: 1708.00443, 2012.12272

—> If you are interested in the phenomenology of one of these couplings, others might be unavoidable
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Supernovae — a great lab for new physics
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lllustration by R.J. Hall taken from Wikipedia, based on Janka et al.,
Physics Reports. 442 (1-6): 3874

SN 1987A remnant as seen by
the Hubble telescope
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SN-ALP decay: y-ray signals

Progenitor

Fy = BRa—yy /
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SMM or
Fermi-LAT
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See also Jaeckel et al., Phys.Rev.D 98
(2018) 5, 055032; Hoof & Schulz,
JCAP 03 (2023) 054, EM et al.,
JCAP 07 (2023) 056

Spectrum of massive ALPs from
a SN1987A-like event
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SN-ALP decay: y-ray signals

No y-rays above background
were observed by the Solar

Maximum Mission after SN
1987A:

m, [MeV] Plot from: EM et al., JCAP 07
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SN-ALP decay: y-ray signals from beyond the Galaxy

On May 18th 2023, SN 2023ixf was observed at an estimated distance of ~7 Mpc (more than 100x
further away than SN 1987A). This is what Fermi-LAT could have seen:
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SN-ALP decay: y-ray signals from beyond the Galaxy

Parameter opt. cons. Unit
: _ distance Rsn 6.70 7.00 Mpc
...but nothing was observed: s M 3 9 M.
radius R. 400 420 Rq
1078 spectral normalization C' 17.9 1.36 10*® MeV !
average energy wo 87.0 71.2 MeV
— 10~ spectral index [ 2.43 2.86 1
T observed flux 1.57 1.47 1072 cm™?s™!
E [g-10 flux upper limit Ag,  3.98 =9.10 107%em 257!
H
10-Mg T T E
10712 L T =
1071 100 10 107
SDU+& Mg [MeV]
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SN-ALP decay: y-ray signals from beyond the Galaxy

Parameter opt. cons. Unit
: distance Rsn 6.70 7.00 Mpc
...but nothing w rved:
but nothing was observed s 1 3 9 M.
radius R. 400 420 Ro
1078 spectral normalization C' 17.9 1.36 10*® MeV !
average energy wo 87.0 71.2 MeV
— 1079 spectral index [ 2.43 2.86 1
T> observed flux 1.57 1.47 107 °cm ?s™ !
- _ -8 -2 —1
<] 110 flux upper limit Ag- ?198 =9.10 107" ecm™ " s
9
N
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Side note: Signal calculations is more technically involved than in the case of SN1987A!
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Axionlike particles: Leptonic ALPs

- ALPs are naturally light, weakly interacting pseudoscalar particles that appear in many BSM theories
- Both axions and ALPs are pseudo-Goldstone bosons of chiral U(1) theories (hence “axion-like”)
- At low energies E «< A, all these models are described by the same effective field theory (EFT):
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—> Are all these couplings independent? No, Quantum effects mix them!
For collider phenomenology, see, e.g., Bauer et al.: 1708.00443, 2012.12272

—> If you are interested in the phenomenology of one of these couplings, others might be unavoidable
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Effective photon coupling

Couplings between ALPs and gauge bosons are not induced by RGE running!
Still, the full lepton loop can nevertheless yield an effective photon vertex:
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The effective ALP-photon coupling

1
arcsin ( — forT>1
Known for a while: the effective coupling on-shell, i.e., in a decay process fr) = { <ﬁ>
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This effective coupling vanishes for massless ALPs, but it is only the right
coupling for on-shell photons!
If a photon in the t-channel is off-shell, we get the effective Primakoff coupling:
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Leptonic ALPs produced in SNe
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(a) Bremsstrahlung
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(d) Pair annihilation

p > p——— P

(b) Primakoft process

(e) Lepton fusion

R. Ferreira, D. Marsh, EM, JCAP 11 (2022) 057
& soon to be published work
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(¢) Compton
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ALPs from a SN plasma

The spectral rate of change in the number density of ALPs (“production spectrum”) can be calculated as the
integrated collision term of the Boltzmann equation:
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for every relevant production process {i} - {j} + a.
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Shading corresponds to three different SN
simulations: Agile-Boltztran (solid line, Fischer et
al., PRD 104 (2021) 103012) and Garching SN
Archive (upper/lower shading for hottest/coldest
model of R. Bollig et al., Phys. Rev. Lett. 125

Leptonic ALPs produced in SNe (2020) 051104
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ALPs from SNe: Observables (incomplete list)

R,: ALP cools RgaI: decay inside c/H,: decay d.uring the
the v-sphere the Milky Way age of the Universe

14 Glyrs :
Il Distance to SN core

1 kpc

r =0:
production of R,: ALP escapes Rqp: decay before
ALP in SN core into the ISM reaching earth
Anomalous  Explosion energy Gamma-ray burst  Diffuse gamma rays
cooling of the mantle from nearby SNe from all past SNe
LCL < LV gnantle < El(r)nbasntle BRCL—>€+6_NCL < <5Nll))(13(5g> F'V < <5F’$kg> ngl’ < n’OYbS
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ALPs from SNe: Observables

See also Lucente & Carenza,

Cooling bound, from the duration of the neutrino burst of SN 1987A Phys.Rev.D 104 (2021) 10, 103007
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La — dr4 A d a Wa — yWa ) * 7Rar7 a
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See also Jaeckel et al., Phys.Rev.D 98
(2018) 5, 055032, Hoof & Schulz,

Decay bound, from the non-observation of gamma-rays following core-collapse SNe JCAP 03 (2023) 054; EM et al.,
JCAP 07 (2023) 056
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Explosion energy bound, from the observed kinetic energy of the SN explosion
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See also Caputo et al., Phys.Rev.Lett.
128 (2022) 22, 221103
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ALPs from SNe: Observables

, from Galactic positrons annihilating into X-rays

dN,

NPOS — /dwa BRa—>e+e— m [exp(—R*/fa) _ eXp(_RGal/ea)]

Diffuse gamma-ray bound, from all past SNe

d 1 [~ > o) dNg
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z
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See also Calore et al., Phys. Rev. D
104 (2021) 043016, De La Torre
Luque et al. Phys.Rev.D 109 (2024)
10, 103028

See also Calore et al., Phys.Rev.D
102 (2020) 12, 123005, Caputo et
al., Phys.Rev.D 105 (2022) 3, 035022

(In fact, the diffuse flux is calculated in a much more cumbersome way, soon to be published, but for light-enough ALPs

the above approximation holds.)

SDU&
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Leptonic ALPs from SNe: Results (electrons)
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Leptonic ALPs from SNe: Results (muons)

(preliminary)

i | 1 l

100 10! a0

mg [MeV] These need the loop-induced photon coupling
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Axionlike particles: “QCD ALPs”

- ALPs are naturally light, weakly interacting pseudoscalar particles that appear in many BSM theories
- Both axions and ALPs are pseudo-Goldstone bosons of chiral U(1) theories (hence “axion-like”)
- At low energies E « A, all these models are described by the same effective field theory (EFT):

1 1 ~~\ d,a
LD — Ea(EI @a + 7 9ay® F, F* + z‘ga{ﬂﬁ“a)?yguf + —NV“VSN
? N

ZmN
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—> Are all these couplings independent? No, Quantum effects mix them!
For collider phenomenology, see, e.g., Bauer et al.: 1708.00443, 2012.12272

—> If you are interested in the phenomenology of one of these couplings, others might be unavoidable
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“QCD ALPs” have photon couplings!

- ALPs that interact with gluons and/or quarks (but are not the QCD axion!)
- Interesting for phenomenology: low-energy couplings to nucleons and pions are very efficient in SNe

o*a .
Lo = oY CopYHvsp + Crinyysn Couplings to quarks and gluons: ¢, ¢4, ¢4
a
Carn . o
+ = (in T pyHn — in” nytp)
[fr
_ 2
= + =~ A0 | AOD a Mg mg —
+CaNA(pA++AMp+nA + A n) = ~1.92¢, ————|c +(c —cg)
p p I Yay 21 f, 97 m2 —m? 9 m, +my, u— td
Co(Cgs Cusca) = — 0.47 ¢4 + 0.88¢, — 0.39¢4 — 0.038c¢,
— 0.012¢, — 0.009¢, — 0.0035¢; ,
CnlCq: Cu, ca) = = 0.02¢4 +0.88¢q = 0.39¢, —0.038c In general, there is an “irreducible” photon
—0.012¢, — 0.009¢; — 0.0035¢; . .
coupling as well!

Grilli di Cortona, et al., JHEP 01 (2016) 034
SDU&
Lella, ER, et al., Phys.Rev.D 110 (2024) 4, 043019 22



“QCD ALPs” produced in SNe

N > T > > N
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| Nucleon-nucleon Bremsstrahlung
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Pion-axion conversion
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N—»—p N
P For a review of nuclear ALP-production see
SDU+= Carenza, Eur.Phys.J. Plus (2023) 138:836
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Production via “irreducible” photon
interaction is negligible here
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“QCD ALPs” from SNe: Results
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Lella, ER, et al., Phys.Rev.D 110 (2024) 4, 043019

These results assume g,,, = 0 for definiteness.
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“QCD ALPs” from SNe: Results

107 — 107°
o 1072 Explosion
1072 Ex nleC;Sgl}?n i Energy
- 1071 E
S 10_10; 13 11 :
0 SN1987A ()] > 10 SNI1987A () 3
| “ 107121 = ;
10 11% E 2 [
i Sk Cg=0 E 10—13:_\ El: 0% ngl,Cdzl _
10_12 1 1 1 IIIII| 1 1 1 IIIII| 1 1 1 IIIII| 1 1 E 1 1 IIIIlII 1 1 IlIlIll 1 IIIIllI 1 1 1 111 Ll
1 10 10 10° 1 10 10° 10° 10*
m, [MeV] m, [MeV]
Lella, ER, et al., Phys.Rev.D 110 (2024) 4, 043019
SDU+&

These results assume g,,, = 0 for definiteness. 25



Axionlike particles: (Photophilic) ALPs

- ALPs are naturally light, weakly interacting pseudoscalar particles that appear in many BSM theories
- Both axions and ALPs are pseudo-Goldstone bosons of chiral U(1) theories (hence “axion-like”)
- At low energies E « A, all these models are described by the same effective field theory (EFT):
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Mass (free parameter, Photon coupling Lepton couplings Non-relativistic
not related to couplings) nucleon couplings

—> Are all these couplings independent? No, Quantum effects mix them!
For collider phenomenology, see, e.g., Bauer et al.: 1708.00443, 2012.12272

—> If you are interested in the phenomenology of one of these couplings, others might be unavoidable
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Standard ALP production

RG-induced running :

From: Manzari, Park, Safdi, Savoray, Phys.Rev.Lett. 133 (2024) 21, 211002

couplings to nucleons
and pions:
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Even though these are

small, the resulting QCD

processes seemingly

dominate ALP

production!

—> This should be
included in all ALP-
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Axionlike particles:
One-loop effects for astro-phenomenology

ALP-lepton couplings gue, gau, 9ar ALP-photon coupling g, For high-energetic ALPs

(structure factor (not RG running)) With £ = my;
Probably also g,n, Gan -

ALP-photon coupling g,, ALP-QCD couplings gun, gan,--  For ALP-production in SNe

(via RG running) at least (with a high density
of nuclear matter)

ALP-QCD couplings gan, Gam - ALP-photon coupling g,, Yields observable signals
(construction of IR EFT)

SDU&
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Conclusion & Outlook

- There are many observables to look for, and predicting them is numerically quite costly
—>Even in phenomenological EFT models, higher-order QF T effects play an important role
—> Effective ALP couplings are not independent! And corrections are important in SNe
—> Stay tuned for our comprehensive results for leptonic ALPs and technical improvements
—->Upcoming: search for the time signature of ALP-induced gamma-ray bursts from nearby SNe
(following first steps in EM, P. Carenza, C: Eckner, A. Goobar, Phys.Rev.D 109 (2024) 2, 2) & loop-induced detection in

neutrino detectors

Thanks for your attention!

SDU&
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Back-up slides
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ALPs from SNe: Observables

- Among the technical advances in our recent work: anisotropic ALP-absorption probability
- In the Cooling bound and Explosion energy bound, the transmissivity is given as an angular average

1 1
T(rt,wa) = 5/ d cos § e~ T("t:wascos0)
—1

with the optical depth

1 Smax w2 —m? d?n 1
a 0 — T o d = = - / a ’
7(7r, we, cos ) 53 /0 s explion/ T (s))] — [dtdwa (7“ (s),w )
with 7'( \/7“2 + 52 +2rscosb, Spmax — \/Rfar (1 —cos?0)r? —rcos

Following Caputo et al., JCAP 08 31
(2022) 08, 045



Supernovae — a great lab for new

physics
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Blue line: “Agile-Boltztran” SN simulation, Hot and dense plasma
Fischer et al., PRD 104 (2021) 103012

and lines: models of the —> even weakly interacting particles are produced

“Garching SN Archive”, R. Bollig et al., Phys.

Rev. Lett. 125 (2020) 051104
ov. Lett. 125 (2020) ... and they can escape!
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Supernova
models
from
simulations

SDU&
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ALPs decay into photons

l l l o > L T T
YN
Spp%rQPM;Sﬂ,f © RZDELWEISS

10-11 .
7 | ' Photophobic ALPs decay at one-loop
10-13 level with a lifetime of
1.2-10712\? /100keV "
Tomsey =~ 13.8 Gyr ( ) (—e)
- 1071 Gae Mg
=

Ricardo Z. Ferreira, M. C. David
Marsh, and EM
Phys. Rev. Lett. 128, 221302

See also Pospelov et al. 2008,

.0.0|05. ‘jOl.le . ‘ ‘0.0|5(‘) ‘ IO‘.llOO ‘ ‘ ‘0.510(') — 1' Arias et al.-2012f0r earlier
! work on this
mq(MeV)

10—19

10—21

Direct detection
limits are
SDUgeerseded here

Direct detection
limits do not apply

here
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ALP-electron interactions in a plasma

—> Calculating the bremsstrahlung matrix element with a pseudoscalar ALP-
electron interaction yields:
MG = (g0e)? f (mS o)
= (2me§a€)2f(m2ff, o)
- 0On the other hand, since the pseudoscalar and derivative interactions lead
(in vacuum) to the same matrix element:

‘Mderivative‘ 4pega€f(m(e€ff’ o ) (Qmeffgae)2f<mgff’ o )

brems

Therefore, apparently Aderivative 4 pgscalar jn g plgsma. Why is that?

brems brems
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32ﬂ2
= om . 0=0+ 0,4
T h e O rl g I n al aXI O n The landscape of QCD axion models, di Luzio et al., 2003.01100
V(a)
The strong CP problem
The neutron has no observable electric dipole moment: a
d, S 107%®ecm
However, d,, can be calculated from QCD: i V)
d, =~ 107160 e cm,
where a priori 8 € [0, 2r), but is experimentally found to be very a
close to zero - fine-tuning problem S0

Credit: S. Hannestad

Peccei-Quinn solution
Implement a new, chiral U(1)p, symmetry that allows 6 to dynamically relax to zero
The pseudo-Goldstone boson of the spontaneously broken U(1)p,, is the axion

W b
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Running photon coupling

For leptonic ALPs (here £ = e), derive the renormalization group equations:

de _ L s e? (1) oo, P2\
M = 12 o) = :O‘°<1_3_7rl u_%>
d,@ae A 3 2 CV(
— ae a ~ A :u)
du Jae F 1672° 7o gae(ﬂ)zgﬁe—%[ —m]
dga~ I
M — —€Jda~y + —26 Jary le :xa(”)

- There is no RG-induced running photon coupling for leptonic ALPs
(This is also true in the full SM)

SDU&
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q1 ga’y

The effectlve ALP photon coupllng (P)
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