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The importance of quantum
loops for astrophysical ALPs

Eike Muller
October 2022, 8th Symposium on Prospects in the Physics
of Discrete Symmetries

Based on
Do Direct Detection Experiments Constrain Axionlike Particles Coupled to Electrons?,
Ricardo Z. Ferreira, M. C. David Marsh, and EM, Phys. Rev. Lett. 128, 221302
Strong supernovae bounds on ALPs from quantum loops, Ricardo Z. Ferreira, M.C. David

Marsh, and EM, arXiv:2205.07896 (submitted to JCAP)



Introduction: Axionlike particles e

University

 ALPs are naturally light, weakly interacting pseudoscalar particles
that appear in many BSM theories

« At low energies E « A, all these models are described by the
same effective field theory (EFT)

« In this talk: study just two parameters of the EFT
phenomenologically at the one-loop level (no model building)

1 ) _
EEFT D) _ia(D + mg)a =+ gae(auaf) %7“75% + %
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Theoretical basis

Effective, one-loop ALP-photon coupling
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The effective ALP-photon coupling .

University

The one-loop, off-shell matrix element has the same structure as the tree-level

version:

[1 + ng Co (q%: qga (Q1 + Q2)2, mg, mg,mg)} q‘ll qggl“/aﬁ

o\
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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

version:
f\/\/\/\/\/\/vvv\,’}’
€ qi 9
_________ _ ;8 9ae 11 4 9m2 0 (42 o2 2 2 2 o B _uvaf
Ac = i35 1+2m.Co (1,45, (1 + q2)%,mZ,mZ,mZ) ] qf ghe
e e ‘ ' /
AAAAAAANAN T
Y
(h/ Which let’s us define
, an off-shell effective
B - zgﬁf(ql, 42)\dr qggwaﬁ coupling
AN
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The effective ALP-photon coupling .
University

Known for a while: the effective coupling on-shell, i.e. in a decay process

200 Am? Am?
D) _ eff/ 2 2 2 2 A 2
9 = g8 (qf =43 = 0,p> =m2) = —fae [1 - —f ( >
s me me , 1
5 4 arcsin (F) forT>1
__ Qfac (Ma Lo M f=1, o (LEVISTN]
() o (3 oo (4] e
Bauer, Neubert, Thamm,
JHEP 12 (2017) 044

This effective coupling vanishes for massless ALPs, but it is only the right

coupling for on-shell photons!
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The effective ALP-photon coupling .
University

Known for a while: the effective coupling on-shell, i.e. in a decay process

200 Am? Am?
D) _ eff/ 2 2 2 2 A 2
9 = g8 (qf =43 = 0,p> =m2) = —fae [1 - —f ( >
s me me , 1
5 4 arcsin (F) forT>1
_ _agae Mq + 0 Mg, fr) = 1 os 1+V1i—71 ¢ .
6w \me Me 2 {WH % (1—— \ﬂ—fﬂ s
Bauer, Neubert, Thamm,
JHEP 12 (2017) 044

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:

04 m2 m2 m2
a5 () ()

2 _
ms —t

9 = ¢2(q} = 0.¢5 = t,p* = m?)

200 Am? Am? My, 2
T t Me
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The effective ALP-photon coupling

.
1y Ve

Stockholm
University

xJERSIr
S s
S
H)DO\/

The effective coupling can be used in all processes involving ALPs.

Further phenomenologically relevant examples include:

ket s
| _ | _
v lkl—kg
——————— a
. Tkg_z@l
> >
ks ke

Photon fusion

ALP-strahlung

gaq/( _OQQ—SP—TI’LQ)

ga/}/( (kl k2)27qg — (k?) — k4)27p2 — mg)
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Phenomenlogical
applications

Instability of heavy ALP dark matter
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A simple consequence: also ALPs only coupled to electrons with

m, < 2m, decay (into photons)

ql/'7 Fa—>’)/’)/N( (D)) m Ngae 7

10712 MeV~1\ " /100 keV \ 7
é?Cle 771(1

A\ = T, >~ 14 Gyr(

- ALP dark matter in the keV mass range is unstable
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Phenomenlogical
applications

Supernova bounds at one loop
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Supernova bounds at one loop

Primakoff process

SV VYV VN NN\ PSR a
P
gc(w) (Wa)
Loop level:
zZe > > Ze
Dominates at m, K m,
s
Ve
/7
(& 2 il » e
Tree level:
ze > > ze

G. Lucente and P. Carenza,

PRD 104 (2021) 103007
Electron Bremsstrahlung

Photon coalescence
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Dominates at m, » m,

Electron-positron fusion
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Supernova bounds at one loop

Primakoff process

IRV VNV NN\ TP a
P
gc(w) (Wa)
Loop level:
ze > > ze
Dominates at m;, K m,
s a
7
/7
(& > i > é
Tree level:
Ze— > ze

G. Lucente and P. Carenza,

PRD 104 (2021) 103007
Electron Bremsstrahlung

Photon coalescence

Y

g8 Q) a
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Dominates at m, » m,

Electron-positron fusion
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Supernova bounds at one loop: :
Cooling bound Stockholm

Duration of SN1987A’s neutrino burst constraints the ALP

luminosity:

R,
L,=3-10"2ergs !> L, = 47T/ dr 72
0

absorption

/7 e
/7
e g < (5 >
Ze ;
e 12/ 19

We use the Agile-Boltztran
SN model from Fischer et al.,

PRD 104 (2021) 103012




Supernova bounds at one loop: 4;@@
Decay bound Siockholm

F, <1.78 cm™?

.
s®

.
“

““““ \ _ra
""" Jray

~
~
-
’. detector
V

This bound does not exist at tree-
level if g4, =0, it is a genuine loop

effect!
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Supernova bounds at one loop: e
Decay bound Stockholm
dN/d ~L/l,
dF, =2 -BRy— - /2wdw \fe. (W, cq)ldcy - expl—Ly (w)]dL
Am dSN . (: - ! Lo (Ld)
ISTribution O
. @cons. (w, Cos L) decay angles ALP decay length

Following Jaffe and Turner,

Constraints, such as: PRD 55 (1997) 7951-7959

- The ALP should not decay inside the SN progenitor See also Jaeckel, Malta,
- One can construct a triangle out of L,dgy, cos @ Redondo, Phys.Rev.D 98
- The energy of the y-ray is in the range of the detector (2%1§)|§, 05t50|32
- The y-ray does not arrive later than 223s after the D005 13540

neutrino burst

Integrate numerically over w,cosa, L to get the fluence of y-rays at the

detector
14/ 19



Supernova bounds at one loop ‘%@
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10712 - Ferreira, Marsh, EM,
2205.07896 (to appear
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« Can define an effective ALP-photon coupling at one-loop

 The coupling depends on the process in which it appears (e.g.
decay or Primakoff)

* Loop induced decays place extremely strong bounds on ALP DM,
and even exclude it for large masses/couplings

« Using the effective coupling at one loop, we can place the
strongest bounds so far on g,, from SN1987A

17/ 19
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« Can define an effective ALP-photon coupling at one-loop

* The coupling depends on the process in which it appears (e.g.
decay or Primakoff)

* Loop induced decays place extremely strong bounds on ALP DM,
and even exclude it for large masses/couplings

« Using the effective coupling at one loop, we can place the
strongest bounds so far on g,, from SN1987A

Thanks for your attention!
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Motivation — Why are loops relevant? T holm
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Can the ALP interact much more strongly with electrons than with

photons?
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. (solar basin)

Empirically: Yes!
Theoretically: quantum loops yield a contribution geﬂc ~107%00e o
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ALPs from SN1987A: two bounds S?ﬁholm
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Y The neutrino burst of SN1987A
would be shortened by ALPs, unless

""""" Lo < L, ~3x 105228
Y ~ S

Gamma rays from decaying ALPs

would have been detected near
i < 5@ < 4 earth after the neutrino burst of
N SN1987A, unless

mD = ;@ = ;G
F, < 1.78cm™?

a
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ALPs from SN 1987AI .
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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
3 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

f d3r / dww—e [ e

0
Masee I Tasee

For m, = 30 MeV, the mean free 0.0085]
path is dominated by decays into [
electrons. [

0.0080_—
In the degenerate SN plasma, 0.0075 |
Pauli blocking suppresses this :
decay! 0.0070 |

dr

A(7T,w)

Mean free path of the ALPs

T =30 MeV
e =200 MeV
w = 100 MeV
meT ~ 11 MeV

mg / MeV

40

60

80

100
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 One can also derive a bound on the total energy deposited into the
progenitor's plasma by ALPS == easy 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
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ALP-fermion interactions
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ALP-electron interactions in a plasma cr ol
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« Calculating the bremsstrahlung matrix element with a
pseudoscalar ALP-electron interaction vyields:

scalar eff
Mbrems — gaef(me Yo )
= 2meGae f(mEE, . .))

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

Mderivative _ ngﬁgaef(mgﬁa o )

brems

derivative

Therefore, apparently Micrivative £ pgscalar 4y 5 hlasma. Why is that?

26
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oy = 107 MeV ™!

— Bremsstrahlung
Electron—Positron fusion
| — Primakoff

| — Photon coalescence

1 — Total

0.1

10 100
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The effective photon couplings SN,
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92%(611,(12) depends on the 4-momenta of the photons

=) The effective coupling is different in every physical process!

ALP to photon decay Primakoff effect, with w > m,

qz 0 0
q5 0 —2w?(1 —cosh) =t
2 2
ff K iy a4 e
gc%/ _a(m_z> Yae Jae T <_2>
g RS NN a
'-'11/' S
QQ‘
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Running couplings in aQED Stockholm
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By calculating all one-loop diagrams in aQED, derive the
renormalization group equations:

de N 1 3

— = —ce
P 1272°
dgae 3 5
dﬁb Egae + 16 26 Ja~y
dga~ 1
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By calculating all one-loop diagrams in aQED, derive the
renormalization group equations:
de L e2 (1) a -
/,L— — —€e€ ‘|‘ — M — —_ 0 M
e B 0= G o0 (1= 570 5)
Yae _ 2 A A 9 o
d Egae + 16 26 ga’Y ‘ gae(u) — gé\e — _gé\'y [ — %/\))]
d 1
o A alp)
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By calculating all one-loop diagrams in aQED, derive the
renormalization group equations:
de 1 3 e2() o —1
u— = —ce+ _ W _ _ 2o H
e B 0= G o0 (1= 570 5)
Yae _ 2 N 9 o
1 —€Jge + 16 - 5¢ Gany ‘ Gae(pt) = gé\e — —gé\,y [ — %A))]
d 1
o A (u)
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From now on:
consider the EFT with g2, < g4

l.€. gay (1) K Jge(1)
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