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Strong supernovae bounds on ALPs from quantum loops, Ricardo Z. Ferreira, M.C. David

Marsh, and EM, arXiv:2205.07896 (submitted to JCAP)
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Introduction: Axionlike particles
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- AL qiee attuirllly light, weakly interacting PSQuUInRsEA&ERT I tlddes
trait Appear in Many BSM theeries

« At W ereigies Lot i) ede thagels gdel slaserdeedrinethieyseiae
edawd veréidd frepdtRBbM) (EFT)

* IThtthgsteakk :sEuey) 4ie§ tt WeoPsd AT RIS @ B EFT
phememenolegically at the one-leop level (NG mede | fulHg)

1 _
LerT D _§a([| + mg)a + §ae(a/wa) Ve ¥ V5%e + %

2/19



Outline

University

Theoretical basis:

1. Effective, one-loop ALP-photon coupling
Phenomenlogical applications:

2. Instability of heavy ALP dark matter

3. Supernova bounds at one loop
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Theoretical basis

Effective, one-loop ALP-photon coupling
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The effective ALP-photon coupling
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The one-loop, off-shell matrix element has the same structure as the tree-level

)] o 55,uz/aﬁ
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version:
Pe A s A e e
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q1 9 A
€ Jae 2 2 2 2 2
""""" Ac 22271'2 [1+2meCO<Q17Q27(Q1+q2) Mg, Mg, M
e _2_, : 1 :
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Y
ql/ Which let’s us define
— o B pvap an off-shell effective
(== == p—
’Lga»,(Q17Q2) q1 4o ¢ Coupling
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The effective ALP-photon coupling Stockholm
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Known for a while: the effective coupling on-shell, i.e. in a decay process

200 4m? 4m
gc(;y)) — gafy(q2 — Q% — Oap2 — m?L) — _gae [1 — m; (
a arcsm for 7 >1
Q. m
_ Jae g a (e %) 7r+210g 1+\/1 7)] oy - 1
This effectivéco plin vanlsh massless ALPs, but it is only th rlghf Vi T
Bauer, Neubert, Thamm,

coupling for on-shell photons! JHEP 12 (2017) 044
If a photon in the t-channel is off-shell, we get the effective Primakoff coupling:
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The effective ALP-photon coupling St holm
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The effective coupling can be used in all processes involving ALPs.
Further phenomenologically relevant examples include:
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Photon fusion

ALP-strahlung

(kl k2)27qg — (k3 — k4)27p2 — mi)
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Phenomenlogical
applications

Instability of heavy ALP dark matter
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Instability of ALP DM Stockholm
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ALMIP e OHRGURNCR: AR ALRS G U RY 1o &RV Wilth
dn‘%f%yz%t%@&‘%}?ﬂ&’o photons)

T Ty ~ (95,3)) ~ Jaemg

_ 1N\ 2 7
10~12 MeV ™1 100 keV
: jfrazlél(}yr\( - ° )J ( © )
|| ALF dark matter in the ke mass%ange is linstablBla

- ALP dark matter in the keV mass range is unstable
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Ferreira, Marsh, EM,
PRL 128 (2022) 221302
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Phenomenlogical
applications

Supernova bounds at one loop
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Supernova bounds at one loop

Primakoff process

v AR - - - - - a
P
gc(zfy) (wa)
Loop level:
ze > — ze
Dormogtgaaesat< m.
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Ve
/7
(& > i > 6
Tree level:
ze > > A

G. Lucente and P. Carenza,

PRD 104 (2021) 103007
Electron Bremsstrahlung

Photon coalescence
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Electron-positron fusion
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production

absorption
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Supernova bounds at one loop:
Cooling bound oo
Duration of SN1987A’s neutrino burst constraints the ALP

luminosity:

absorption

e €
We use the Agile-Boltztran SN §
model from Fischer et al., Ze Ze 1 14719

PRD 104 (2021) 103012
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Supernova bounds at one loop:

Decay bound

dN/dw

) @CODS. (w, Cas L)
Cursitaintis;, suadh ass:

dw -

fe. (W, cq)ldey -

Distribution of
decay angles
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University

exp|—L/lq(w)]
I () dL

ALP decay length

Following Jaffe and Turner,
PRD 55 (1997) 7951-7959

=~ Tiinee ANLEP Sranul B it alecany imsidie tihe SN gmeoopemiticor See also Jaeckel, Malta,

~ Ohe can comstiuctt @ tiriangle outt of L, dgy, cosa
~ Tiine eaneaiegy off thee -rarais i ithen earageg efafhdh d eteteotor

Redondo Phys.Rev.D 98
(2018) 5, 055032
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Supernova bounds at one Ioop

Cooling bound
L, <L,

Decay bound
F, < 1.78 cm ™2
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Ferreira, Marsh, EM,
2205.07896
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- G2 R i effective ALP-pIniem coupling it ome- Rsap

* T @Uping depends on the precess i \Whidh it appears (.9.
ARGRY OF Britmaiaif)

* Lot intHiced drcays place extremely strong bounds oA ALP DM,
M MM xdudR it T IRNgR MRSSRS/DIURINGS

* Updiy the effectine coupling at one oop, We can place the
SRSt burds S fdrah FoniroMl9R87887A

Thanks for your attention!
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Back Up
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Motivation - Why are loops relevant? Strckholm
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Can the ALP interact much more strongly with electrons than with
photons?

Lucente et al. 2008.04918

1072
1073
104
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% (GeV ]

1 0_8 f Xenon-1T
(solar basin)

100 10° 10° 107
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me|keV]

Empirically: Yes! MalkeV]

Theoretically: qguantum loops yield a contribution gf;f ~ 10" %0ge



ALPs from SN1987A: two bounds S?ﬁholm
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Y The neutrino burst of SN1987A
would be shortened by ALPs, unless

......... L <L 23X1052%
,.)/ a ~u 14 g

Gamma rays from decaying ALPs
would have been detected near
earth after the neutrino burst of

SN1987A, unless
F, <1.78cm™?

gt < asd < g8

m = @ =
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ALPs from SN1987A
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1 SN model from:

T. Fischer, P. Carenza,

1 B. Fore, M. Giannotti, A.

Mirizzi and S. Reddy,

1 Observable signatures

of enhanced axion

1 emission from

protoneutron stars,

1 Phys. Rev. D 104

(2021) 103012,
[2108.13726]
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ALPs from SN1987A: Reabsorption
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For large couplings, reabsorption of ALPs via inverse processes becomes

Important

Lq

R, o0
[ e

fFor b e rpedre{fethpatiedn free
gt na dehtiy atecklyg ddcays into
& dinoms.

| nttieedtegemasie SN pEsms,
Hzaul | il madkimg suppresses this

dEecay!
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Outlook & future work Stockholm
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* One can also derive a bound on the total energy deposited into the
progenitor's plasma by ALPS mmssy way to close the gap between
cooling & decay bound

* A similar analysis can be done for ALPs predominantly coupling to
muons (this was already done, but only with the effective decay coupling)

* There are open questions regarding electron propagation and the ALP-
electron interaction in hot and dense plasmas thermal field theory

problem =

* Use these results as input for SN simulations, including ALPs

25
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ALP-electron interactions in a plasma

* Calculating the bremsstrahlung matrix element with a
pseudoscalar ALP-electron interaction yields:
— gaef(mgﬁ, o)

1
M roms
= Zmeﬁaef(meﬁ, o)

* On the other hand, since the pseudoscalar and derivative
interactions lead (in vacuum) to the same matrix element:

Migerhative — omeftg,, f(mef,...)
Therefore, apparentl erivative | ma. Why is that?
27
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= 2: — Primakoff
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The effective photon couplings Sto;kholm
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gfg a1, q2>depends on the 4-momenta of the photons

The effective coupling is different in every physical process!
>

my «<m, | ALP to photon decay | Primakoff effect, with w» m,

ALP to photon decaw

Primakoff effect, with o > .

a 0 0 o o
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T a(m)' 2 o amayT Zor _ rreE
of () e a2 oan 2= gan v o (52)
ALP to photon decay | Primakoff effect, with w > m, | m, << m. | ALP to photon decay Primakoff effect, with cw > m.
a 0 0 qi 0 (4] gi o o
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Running couplinas in aQED

From now on:
consider the EFT with g3, < g2

I.€. Gay (1) K Jae(W)
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