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Axion-Neutron coupling

Some of the strongest bounds from SN and NS cooling

For recent astro bounds see e.g. Mirizzi et al. ’19 (SN), Buschmann et al. (NS) ‘21
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Axion-Neutron coupling

Some of the strongest bounds from SN and NS cooling

For recent astro bounds see e.g. Mirizzi et al. ’19 (SN), Buschmann et al. (NS) ‘21
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Axion-Proton coupling

Some of the strongest bounds from SN and NS cooling

For recent astro bounds see e.g. Mirizzi et al. ’19 (SN), Buschmann et al. (NS) ‘21

Gap = C Myp uHz mHz Hz kHz MHz GHz THz
ap — “p

fa -

Casimir

CASPEr-ZULF (Comag.)
Torsion balance

NASDUCK

1,

QJ})e

%, .
I

Neutron star cooling

5¢ 107
010 2 SN1987A
10—11 ;
10-12 > @\9
o
1071 4 %%@
10—14 é @
10—15 ;
10_16 = AL A AR L AR SRR SRR NLRLILL ERLLL BRRLLL BRI L R

0 9y 90 49 4® AT 46 A5 AR A3 A2 Ay A0 9 % 1 6 5 & 3 9
107 A0 4074040 107 A0 107 40740710740 107 107 40T 407 407407 407 40 140

10
https://github.com/cajohare/AxionLimits Ma [eV]



Axion-Proton coupling

Some of the strongest bounds from SN and NS cooling

For recent astro bounds see e.g. Mirizzi et al. ’19 (SN), Buschmann et al. (NS) ‘21
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Axion properties are highly susceptible to
matter effects

Potential changes Couplings to matter change
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Axion properties are highly susceptible to
matter effects

Potential changes Couplings to matter change
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Axion properties are highly susceptible to
matter effects

i Couplings to matter change §

2003.04903, 2410.10945
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Outline

Supernova bound on the QCD axion

Axion EFTs

Couplings in vacuum and finite density

Supernova bound revisited

Astrophobic axions



Bound from SN 1987A

Have observed a core-collapse (type Il) SN in 1987 in the Large Magellanic Cloud
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Bound from SN 1987A

« If new lightly coupled particle gets produced, it could shorten the duration of the
neutrino signal

Raffelt criterion: Lpew S Ly(t=18) >~ 3 X 10°%ergs ™1
Raffelt, Lect.Notes Phys. 741 (2008) 51-71
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Bound from SN 1987A

« If new lightly coupled particle gets produced, it could shorten the duration of the
neutrino signal

Raffelt criterion: Lpew S Ly(t=18) >~ 3 X 1052erg s 1
Raffelt, Lect.Notes Phys. 741 (2008) 51-71

« For QCD axion, this directly gives constraint on fa

« Uncertainty in SN dynamics and axion production

Bar, Blum, D’Amico (’19)
Fransson et al. ('24)
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Bound from SN 1987A

If new lightly coupled particle gets produced, it could
shorten the duration of the neutrino signal

Raffelt criterion: Lpew S Ly(t=18) >~ 3 X 1()5Qerg s 1
Raffelt, Lect.Notes Phys. 741 (2008) 51-71

For QCD axion, this directly gives constraint on fa

e

Focus on this

Uncertainty in SN dynamics and axion production

Bar, Blum, D’Amico (’19) L
Fransson et al. ('24) N // Na

Axions dominantly produced via Bremsstrahlung



Corrections to Bremsstrahlung

What has been done? Included corrections phenomenologically

- Multiply rate by fudge factors: T’y = I'"°°y¢7,y,  Chang, Essig, McDermott ('18)



Corrections to Bremsstrahlung

What has been done? Included corrections phenomenologically

- Multiply rate by fudge factors: T’y = I'"°°y¢7,y,  Chang, Essig, McDermott ('18)

* Accounted for several effects phenomenoloaicallv:
Ericson, T., & Mathiot, J.-F. 1989, Phys. Lett. B, 219, 507

Hannestad, Raffelt Astrophys.dJ. 507 (1998) 339-352
Carenza, Fischer, Giannotti, Guo, Martinez-Pinedo, Mirizzi (*19)

— a OPE
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— a OPE+my*+m+p+MS




Corrections to Bremsstrahlung

What has been done? Included corrections phenomenologically

- Multiply rate by fudge factors: T’y = I'"°°y¢7,y,  Chang, Essig, McDermott ('18)

* Accounted for several effects phenomenoloaicallv:
Ericson, T., & Mathiot, J.-F. 1989, Phys. Lett. B, 219, 507

Hannestad, Raffelt Astrophys.dJ. 507 (1998) 339-352
Carenza, Fischer, Giannotti, Guo, Martinez-Pinedo, Mirizzi (*19)
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No density dependence of couplings, double counting of effects

--- a OPE+mp*+17

Systematic approach to axion production is needed
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Axion-Nucleon coupling

* Axion-Nucleon coupling
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* Axion-Nucleon coupling
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e Axion-nucleon vertex
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* Axion-Nucleon coupling

LD —NcyS-0aN, N =

Axion-nucleon vertex

EFT valid for
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Axion-Nucleon coupling

* Axion-Nucleon coupling
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Is this EFT valid in astrophysical environments?

This Hubble Space Telescope image shows Supernova 1987A within the Large Magellanic Cloud



Is this EFT valid in astrophysical environments?

Not really...

* Typical momenta kg ~ (37r2n0)1/3 ~ 2060 MeV ng ~ 0.16 fm™*



Is this EFT valid in astrophysical environments?

Not really...

* Typical momenta kg ~ (37r2n0)1/3 ~ 2060 MeV ng ~ 0.16 fm™*

Need to construct EFT of pions and nuclons!



Axion EFTs

KSVZ axion c® =0
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Axion EFTs

Can be mapped to QCD Lagrangian with external sources

LD —q(s—ivsp) q + qy"ys (au +al) g
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Axion EFTs

I QCD confines: |(GLqr)| = Bf?
i Gy=UQ2)L xU2)r = U(2)

Weinberg ('79)

| « EFT w/ Mesons and Baryons:
| Chiral Perturbation Theory: spurion analysis Gasser, Leutwyler ('85)
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Axion EFTs

{  QCD confines: |(7.qr)| = Bf?
1 Gy=U2)L xU((2)r — U(2)

Weinberg ('79)

| « EFT w/ Mesons and Baryons:
| Chiral Perturbation Theory: spurion analysis Gasser, Leutwyler ('85)

| * Heavy baryon limit:

(p“’ = myno" + kY W(z) = e "NV [N, (2) + Hy(z)] j

I Expand in <p>, ( b ) (p)
MmN 47 fr A X




Axion EFTs

{  QCD confines: |(7.qr)| = Bf?
1 Gy=U2)L xU((2)r — U(2)

| « EFT w/ Mesons and Baryons: Weinberg (‘79)

Chiral Perturbation Theory: spurion analysis Gasser, Leutwyler ('85)

* Heavy baryon limit:

\ | (p“ =myvt + k' U(z) = e VT[N, (2) + Hy(z)) j
 Expand in <p>, ( P )v (p>
my 47 f T AX
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Axion EFTs

2
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Axion EFTs
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Axion EFTs
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Axion EFTs

Integrate out pions: theory of baryons and axion




Axion EFTs
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Axion EFTs

Can be mapped to QCD Lagrangian with external sources

LD —q(s—ivp) g+ a5 (a, +al) g
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Axion-Nuclon Coupling: Loop corrections

Corrections to the coupling can be calculated systematically in ( 47ff )
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Axion-Nuclon Coupling: Loop corrections
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Axion-Nuclon Coupling: Loop corrections

Corrections to the coupling can be calculated systematically in ( P >
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Axion-Nuclon Coupling: Loop corrections

Coupling depends on the axion energy! Can be written as
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Axion-Nuclon Coupling: Loop corrections

Coupling depends on the axion energy! Can be written as

Re[Agy), Im[Agy)
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How does a density background change these couplings?




Axion-Nuclon Coupling: Finite density
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Axion-Nuclon Coupling: Finite density
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Axion-Nuclon Coupling: Finite density

- N | N
 Schematic example: ' a
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Axion-Nuclon Coupling: Finite density

N | N
 Schematic example: | @
L@ — "D (NNYNS - uN) N
TN N 2f7%AX \ /
/ Background nucleons
(NN) =n

Number density

« Systematically via QFT in Real-Time Formalism:

Nucleon propagator at finite density
B ?
kU + e
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Furnstahl, Serot ("91)
Ghosh, Grossman, Tangarife, Zu, Yu ('22)
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Axion-Nuclon Coupling: Finite density

N | N
 Schematic example: | @
L@ — "D (NNYNS - uN) N
TN N 2f7%AX \ /
/ Background nucleons
(NN) =n

Number density

« Systematically via QFT in Real-Time Formalism:

Nucleon propagator at finite density Filled ‘Fermi sea'

/
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. 0
(K) = poe — 2m0(K)0 (ks — IF)
NR fermion propagator (Fawcr)]ssgég’rossesrr?]ta(r’]?1'I)angarife, Zu, Yu (°22)
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Axion-Nuclon Coupling: Finite density
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Axion-Nuclon Coupling: Finite density
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Axion-Nuclon Coupling: Finite density
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g 1 1
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Accidental cancellation is lifted!
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Implications for phenomenology

12 fm




Supernova bound revisited

e Axion Luminosity L, = /dr47TT2éa(7“)

—— T

With emiss4ivity
Eq = /H dIT;dT0, (270)* SIM|26W) (32, pi — pa) Bafifo (1 — f3) (1 — f4)
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« Typically 1 pion exchange at tree level + pheno corrections

Chang, Essig, McDermott ("18) Carenza, Fischer, Giannotti, Guo, Martinez-Pinedo, Mirizzi ('19)

M
Ny

« Outlined all relevant corrections diagramatically up to NNLO in chiral expansion

:} Allows to systematically account for all effects from first princi
U _ - N

N3

Ny
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Supernova bound revisited

Relevant diagrams up to NLO

; a a,
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Supernova bound revisited

k2
2mN

These are typically suppressed by v - k ~
Choi, Kim, Seong, Shin ('21)




Supernova bound revisited

N, // N N // N
Neglected —— ——
__.-——r—-""l'\b\ .
Ny Ny N, Ny
(c) (d)
Modification of nuclear interaction: . -

o Fudge factor "p
Chang, Essig, McDermott (’18)

« Phenomenologically modelled

Ericson, T., & Mathiot, J.-F. 1989, Phys. Lett. B, 219, 507 N2 Ny
Hannestad, Raffelt Astrophys.dJ. 507 (1998) 339-352
Carenza, Fischer, Giannotti, Guo, Martinez-Pinedo, Mirizzi ('19) (g)




Supernova bound revisited

a v

. Modelled as nucleon re-scatterings

e Fudge factor Yh

|
|
™ Raffelt, Seckel ('88)
| Chang, Essig, McDermott (18)

« Phenomenologically

(b) Raffelt, Seckel ('88)
Carenza, Fischer, Giannotti, Guo, Martinez-Pinedo, Mirizzi (’19)

, Neglected

()
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N, @" Ny Outlined for the first time
| KS, Stadlbauer, Stelzl, Weiler (’24)
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Ny Ny
(a)
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Ny Ny
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Supernova bound revisited

Outlined for the first time
KS, Stadlbauer, Stelzl, Weiler (’24)

T v | <= Modified couplings

(h)

Focus on these for now.. but:

Fully systematic evaluation should take into account all
diagrams up to given order




Re(Aup), Im(Agp)

KSVZ axion couplings in a SN:

0.6
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Supernova bound revisited

Proton

-]
=~
~—
=

Re(Aun), Im(Au.)

3.5
3.0
2.5,
2.0
1.5}
1.0+
0.5/
0.0!

https://wwwmpa.mpa-garching.mpg.de/ccsnarchive/.

r |km)|
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0.4
02
0.0S
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-0.60
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Re(Ayp), Im(Ag,)

Supernova bound revisited

https://wwwmpa.mpa-garching.mpg.de/ccsnarchive/.

KSVZ axion couplings in a SN:

Available on ) GitHub

https://github.com/michael-stadlbauer/Axion-Couplings

Proton
06— -

0.4
0.2
0.0

~0.2¢
—0.4}
~0.6/

.15.

Re(Aun), Im(Au.)

0.6—
0.4
02
0.0i
~0.2F
~04]
—0.6:—1 L

r |km)|

||||||||
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Supernova bound revisited

KSVZ axion
Emissivity Luminosity
tpb =1s 4.
101 Q
o =
= =
= L
& o
100
1 107 =
o i QS
— Tree level g: — Tree level
— Full result ~ — Full result
10°




Supernova bound revisited

KSVZ axion
Emissivity Luminosity
tpb =1s
10M L = Q.
I Z
B =
= Z
2 =
N3 1010: = 3
NI .
— Tree level 1 — Tree level
— Full result 1 — Full result
10°
O 2 4 6 8 10 12
r [km]
Tree level: fo 261717 x10°GeV, m, <9.8750 meV.
Vertex corrections: fo 2 1.0705 x 10° GeV, m, <5.9755 meV.
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Astrophobic axions

Derivative axion-nucleon couplings are model-dependent
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Astrophobic axions

Derivative axion-nucleon couplings are model-dependent

1 -
LD —NcnS-0aN, N = (p,n)’ cn = Gacy_am + Gotural

Ja / .

11—z 1
0 _ .0 0 .0
Cu—d =Cu = C~ 57 Cutd = Cy T Cd— 5
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Astrophobic axions

Derivative axion-nucleon couplings are model-dependent

1 _
LD —NcnS-0aN, N = (p,n)’

“ e

Astrophobic models: manage to

DiLuzio, Mescia, Nardi, Panci, Ziegler ('17)
Badziak, Harigaya (’23)

cn = GaCy—ar’ + Gotural

N

0 0
Cutd =€y T Cq —

1

2
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Astrophobic axions

Derivative axion-nucleon couplings are model-dependent

1 -
LD —NcnS-0aN, N = (p,n)’ cn = Gacy_am + Gotural

“ e AN

Astrophobic models: manage to

DiLuzio, Mescia, Nardi, Panci, Ziegler ('17)
Badziak, Harigaya (’23)

e Still want to solve CP problem so at least aGé which induces nEDM

1 C a — ,
LM = 5 T:LZY 7 N~50u, NFH /!

e Bound from SN from 7
Lucente, Mastrototaro, Carenza, DiLuzio, Giannotti, Mirizzi ('22)
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Astrophobic axions

o Still want to solve CP problem so at least aGé which induces nEDM

a
EDM 1 CaNy @ e
2 mN fa s /
Nl - § -
e Bound from SN from "
Lucente, Mastrototaro, Carenza, DiLuzio, Giannotti, Mirizzi ('22)
N> > >
EDM induced at 1-loop:
Crewther, Vecchia, Veneziano, Witten (’79)
™ -
Schwartz, QFT ’
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Astrophobic axions

o Still want to solve CP problem so at least aGé’ which induces nEDM

1 loop
diagram

a
EaEDM _ _3 CCLN'Y a N’}/SGMVNFMV //,/ /

2 mN fCL //

e Bound from SN from Rl
Lucente, Mastrototaro, Carenza, DiLuzio, Giannotti, Mirizzi ('22)
No > >
EDM induced at 1-loop:
Crewther, Vecchia, Veneziano, Witten ('79)
™ -
Schwartz, QFT ,
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Astrophobic axions 1 loop

o Still want to solve CP problem so at least aGé’ which induces nEDM dlagram

a
CaEDM _ _E CCI,N'Y a N’)/SO'“VNFMV //,/ /

2 my fa P

e Bound from SN from 7
Lucente, Mastrototaro, Carenza, DiLuzio, Giannotti, Mirizzi ('22)
N> > > Ny
. €
EDM induced at 1-loop: K
Crewther, Vecchia, Veneziano, Witten (’79)
7T - — T‘-
Schwartz, QFT ’ \

* Due to systematic approach, can identify (ir)relevant operator / - \
\
, 4z —(W“a)TaN N N

L2 5 _ésm N
7wIN ol (1 4 2)2 fwfa
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Astrophobic axions 1 loop

o Still want to solve CP problem so at least aGé’ which induces nEDM dlagram

a
EEDM _ _E CO,N’Y a N’)/SO'“VNFMV //,/ /

2 my fa P

e Bound from SN from "
Lucente, Mastrototaro, Carenza, DiLuzio, Giannotti, Mirizzi ('22)
No > > Ny
EDM induced at 1-loop: Y
Crewther, Vecchia, Veneziano, Witten ('79)
T _—e~_ T
Schwartz, QFT ’ \
/ \
* Due to systematic approach, can identify (ir)relevant operator // > \
\
\ a
R 4z _ [ ma N N
ESTQK, D —ésm2 5N ( ) TN \
(1+2) frfa

- NLO, shift-symmetry breaking, isospin-breaking
CaN*y m72r A~
my (47 fr)?

Crewther, Vecchia, Veneziano, Witten ('79)

- Size of EDM operator can be determined
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Astrophobic axions 1 loop

o Still want to solve CP problem so at least aGé which induces nEDM dlagram

a
£aEDM _ _E CCLN'Y a N’YSO'“VNFMV //,/ /

2 mN fa //

e Bound from SN from "
Lucente, Mastrototaro, Carenza, DiLuzio, Giannotti, Mirizzi ('22)
N> > > Ny
EDM induced at 1-loop:
Crewther, Vecchia, Veneziano, Witten ('79) 1 tree-|9VE|
Schwartz, QFT d iag ram
* Due to systematic approach, can identify (ir)relevant operator /
/
4z — [ m%a /)
L3 5 —esm? N ( ) TN /
N ™ (1 + 2)2 fﬂ'fa Ny // a N3

* |nduces a tree-level diagram

N
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Astrophobic axions

* Loose the loop-suppression compared to EDM operator

Lgree,é5 ~ (47T)4LQEDM ~ 1O4LCLEDM

. ‘\;
E i
~ — LO ]
o0 . 7 ]
g 1074 —— LO+NLO =
— . .
~s 1070 T Lucente et al. |
s LS T E
lq 10705" i E
1069_ S T T (N T T T S (S S S T SO (NN T S TN SR (NN S ST S S S| lﬁ
0 1 2 3 4 5
t[s)

Strong universal bound on QCD axions: fo > 1.11L8:gl x 10° GeV, (68% C.L.)
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Astrophobic axions

mHz Hz kHz MHz GHz THz PHz

107 SN1987A
Planck+BAO

GW170817
Pulsars

3 o ; . v4 AL |0|m|f| qllllllfl éllmll(}lnnl'l (I)Illllll 6||||||'|'| ;‘Illlﬂl éllllﬂl ’Illllllfl ||||||IIQ||||||I'|
20 A9 B AT A6 AD AR AD AL Ay S -0 J o S5 A _5 1 A |}
10 10 X\,Q X@ X@ X\Q X\Q X\,Q X\,Q \@ XxQ X@ 107407107 10 407 10 40 40" 10 10

mg [eV]

LU AL AL

21



Astrophobic axions

mHz Hz kHz MHz GHz THz PHz

Planck+BAO

GW170817
Pulsars

10_20 m
SUBLLLLL AL AL WAL B UL R ALLLL AL SR AL AL AL AL BRI AL
20 A9 AB AT A6 A5 AR 4D A2 A% A0 9 % T 6 5 & 5 2 A O
407107 107107107107 107107 407 407 407 107 107 407 407 407407 40 10 107 10 A0

mg [eV]
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Neutron Star Cooling

High densities inside NS of 1 ~ O(few)n

ChPT expansion breaks down at these densities!

No way to consistently calculate the axion couplings
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https://arxiv.org/abs/2105.13354

Neutron Star Cooling

High densities inside NS of 1 ~ O(few)n

ChPT expansion breaks down at these densities!

No way to consistently calculate the axion couplings

But also no reason for some to be small...

| No distinction between models possible, only order of magnitude estimates

e.g. |en| ~ 0(0.3) +0.3 |
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https://arxiv.org/abs/2105.13354

Neutron Star Cooling

Neutron star cooling

N\ xQ/% @J x()j) x0/6 @A @/% @/Q @A N
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https://arxiv.org/abs/2105.13354

Neutron Star Cooling

Neutron star cooling

9

mg eV

Break down of EFT, hard to distinguish models

N\ xQ/% @J @/6 @/5 @/A; xQ/% @JL @A N
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Conclusions

QCD axion couplings are density dependent!

Systematic calculation of axion couplings within ChPT

Significant changes of supernova bound

Large uncertainty at high densities

HST OPTICAL



Thank you!




