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Outline

e Axion Introduction
* Axion-nucleon couplings in Chiral Perturbation Theory
* Density dependence of the axion-nucleon couplings

* Model (in)dependent astrophysical axion bounds
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QCD Axion explains this by promoting 0 to a dynamical field a(x)

« AXion is very predictive

- Couplings to nucleons, photons, electrons, etc. determined by one scalefa
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Axion-Nucleon coupling

LD fiNcNS - daN

N = (pa n)T

* Axion-Nucleon coupling

EFT valid for p < 1

Ny =72 ey = Gacyu_gr® + Gocural

+ KSVZ axion c, " =—0.47(3),

cKSVZ — 10.02(3)

/'

Compatible with zero due to
accidental cancellation



Is this EFT valid in astrophysical environments?

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

Z'v: Model dependent UV Lagrangian

After chiral quark rotation

1
Lqcp = Lqgcep,o — (qzMagr +h.c.) + 5 (0a)’

M, = ‘Q“qu

Jeq= 2. & e ef" =g —[Qul,
q=u,d

Qo Qq=M;"/Tr(M; )




Axion EFTs

SZUV Model dependent uv Lagranglan
QCD confines: !<quR>\ = Bf
GX = U(Q)L X U(Q)R — U(Q)

« EFT w/ Mesons and Baryons:
Chiral Perturbation Theory: spurion analysis
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Axion EFTs

SZUV Model dependent uv Lagranglan

QCD confines: !<quR>\ = Bf
GX = U(Q)L X U(Q)R — U(Q)

« EFT w/ Mesons and Baryons:
Chiral Perturbation Theory: spurion analysis

* Heavy baryon limit:

(p“’ = myno" + kY W(z) = e "NV [N, (2) + Hy(z)] j
« Expand in (ﬂ%) | (4:fﬁ> | (f)

1 GeV | GV Resonances, e.g.
- A, ~ (300 — 750) MeV




Axion EFTs

Zuyv: Model dependent UV Lagrangian
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Axion EFTs

Zuyv: Model dependent UV Lagrangian

Integrate out pions: theory of baryons and axion




How does a density background change these couplings?
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Axion-Nuclon Coupling: Finite density

- N | ‘N
 Schematic example: ' a
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Background nucleons
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« Systematically via QFT in Real-Time Formalism: :
|
|

Nucleon propagator at finite density Filled ‘Fermi sea'
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Axion-Nuclon Coupling: Finite density
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ChPT uncertainty

Results Simplifying assumption:
p~ky
KSVZ axion
KSVZ
Ny, = Ny :

—03 — with density effects
—04 without density effects
0.5
00 05 1.0
n/ng

At nuclear density

VS. vacuum A;(;’VZ

uncertainty in constants

-— with density effects

- without density effects

n/ng

Ao (o) = —0.299(43)(98)  Ag,"“(no) = —0.083(43)(98)

— —0.42(5)

AVE = 0.02(5)


https://arxiv.org/abs/2105.13354

Results Simplifying assumption:

p~ kg
ChPT uncertainty ]
KSVZ axion
KS\X KSVZ
] 0.1 R
0.0

-— with density effects
—-0.1-
Aty without density effects

—03 —— with density effects
—04 "~ without density effects
-0.5 ]
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TL/ no uncertainty in constants / 0

At nuclear density  ASSV%(ng) = —0.299(43)(98) | Agy ' “(no) = —0.083(43)(98)

vs.vacuum  ASSVZ = —(.42(5) AV? = 0.02(5)

Accidental cancellation is lifted!


https://arxiv.org/abs/2105.13354
https://arxiv.org/abs/2105.13354
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Bound from SN 1987A

Have observed a core-collapse (type II) SN in 1987 in the Large Magellanic Cloud
Neutrlno burst observed N 3 mdep experlments
-.. ~ 20 neutrinos within ~ 10 sec
STy e

¢ Kamiokande Il
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& This ge a constraint on the luminosity of
| 'ble new particles L S 3 X 1052 erg s~ !

e "." o » z ! ’ ~' . B '’ ...

0




Implications for supernova bound
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Raffelt and Seckel ‘88

Implications for supernova bound Chang et al *18

Carenzaetal ‘19

Calculation of axion emissivity of supernova

typically

What has been done? Included corrections phenomenologically

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



Supernova bound revisited

Relevant diagrams up to NLO
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Supernova bound revisited

Outlined for the first time
Springmann, MS, Stelzl, Weiler ('24)

T v | <= Modified couplings

Focus on these for now

Fully systematic evaluation should take into account all
diagrams up to given order
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Implications for supernova bound

example: KSVZ axion

ArXiv:2410.10945

— Tree level

— Full result

L, = /dr47rr2éa(r)

r_*

Supernova profile from https://
wwwmpa.mpa-garching.mpg.de/ccsnarchive/

SN bound on axion
mass O(few) stronger

Adds theory uncertainty!


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

Implications for supernova bound

example: KSVZ axion

1077 - ArXiv:2410.10945 |
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= | f
~— Supernova profile from https://
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& 10
N 3 :
-~ - — Tree level SN bound on axion
@ L
mass O(few) stronger
~ i — Full result (few) 9
Adds theory uncertainty!
1075 ‘ ‘
0 | 2 3 4 5
Tree level:

Vertex corrections:
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Model dependence - QCD axion-nucleon coupling

Requiring that the axion solve the strong CP problem, i.e.
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Independent of the Axion model, what is the strongest

constraint on f, from SN observation?
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Model dependence - QCD axion-nucleon coupling

Requiring that the axion solve the strong CP problem, i.e.

2
LQCD D fa, S0 2G“VGM,,

Independent of the Axion model, what is the strongest

constraint on f, from SN observation?

The aGG term in the Lagranian induces a nEDM a

Bound on axion from EDM operator in SN: 7

Lucente, Mastrototaro, Carenza, DiLuzio, Giannotti, Mirizzi




Model dependence - QCD axion-nucleon coupling

Requiring that the axion solve the strong CP problem, i.e.

a (g -
['QCD D - GH'G

Independent of the Axion model, what is the strongest

constraint on f, from SN observation?

We found that thisisnot , , .,
the dominant process




Model dependence - QCD axion-nucleon coupling

LO: Cp — JoCu+d + JACy—d a ! 7Pa




Model dependence - QCD axion-nucleon coupling

LO: P K T o _I_)_i]zf» * | p\p>
cn = 9ofcutd— 9ACu—d —

Model dependent




Model dependence - QCD axion-nucleon coupling

| TPa
LO: AL B
——
N N

Model dependent

0, — Diag[l,z]’ L My,

1+ z my

Model-dependent constants can be tuned to 0, leading to ¢, =~ C,) = 0.

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



Model dependence - QCD axion-nucleon coupling

| TPa
LO: AL B
——
N N

Model dependent

0, — Diag[l,z]’ L My,

1+ z my

Model-dependent constants can be tuned to 0, leading to ¢, =~ C,) = 0.

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

What is left at NLO?



Model dependence - QCD axion-nucleon coupling

Isospin breaking term survives independent of the type of axion model
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Model dependence - QCD axion-nucleon coupling

Isospin breaking term survives independent of the type of axion model

2 A \ T ~ BN P a
NLO: £7(r127 D s NN
. ~ 9 4z ™a a \\\\ ////
Wlth X+ 2 —mx (1 n 2)2 fT('fCL T N . - _ N
" Ny /’/a N3 ',
BN P T Dominant
S i | i i
? ! i production channels
N > \‘r' > N | }
I
P, \

These diagrams dominate for the model independent SN bound




Astrophobic axions

* Loose the loop-suppression compared to EDM operator
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Astrophobic axions

* Loose the loop-suppression compared to EDM operator

Lgree,ég, ~ (47T)4LGEDM ~ 104LGEDM

T | T T

|

1075 = S e
X 745 \;
z :
= 1072 T~
0 S
= — LO E
5 107 —— LO+NLO  °
C\: 1071; ___________________________ Lucente et al.;

< =T T :
~ 10705" ..... 5
L0 ] ArXiVi2410.19902
0 1 2 3 4 5
t |s]

Strong universal bound on QCD axions: |f, > 1.1705 x 10°GeV, (68% C.L.)




Astrophobic axions

mHz Hz kHz MHz GHz THz PHz

107> SN1987A
Planck+BAO

GW170817
Pulsars

AL JALLL! WAL DAL | |||||| AL AL ALY ELLLLLL LY ALY ESLALLLLL DR LI BUALLLLL ALY AL |
0 A9 A% AT A6 4D AA 4D A2 AY A0 .9 % T 6 95 & 3 2 A L.
407107407 107107 1071071407 107407 407 407 107 407 107107 407 10 40 40" A0 10

m, [eV]

Exclusion Plot from https://github.com/cajohare




Astrophobic axions

mHz Hz kHz MHz GHz THz PHz

10-7 This work

Planck+BAO

GW170817
Pulsars

ArXiv:2410.19902
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Exclusion Plot modified from https://github.com/cajohare




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
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Model dependence - QCD axion-nucleon coupling
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Model dependence - QCD axion-nucleon coupling

. _ R — o B/
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Model dependence - QCD axion-nucleon coupling
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Model dependence - QCD axion-nucleon coupling
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Model dependence - QCD axion-nucleon coupling

ia(x) ta(x)

X — QBM; Ma = e 2fa Qane 2fa Qa

1

x+ = ulxul uxTu, Y+ =x+— §<Xj:>

Which interactions does this give rise t0?
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Comparison with current literature

EDM
L,

see Lucente et al. ‘22
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Comparison with current literature

Y a

EDM 2 \| 2
G = —guawaN oo NP
N, —»— p — N;

This term iIs subleading and induced at 1-loop by another operator

Crewther, Vecchia, Veneziano, Witten ('79)

Schwartz, QFT
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Comparison with current literature
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This term iIs subleading and induced at 1-loop by another operator

Crewther, Vecchia, Veneziano, Witten ('79)

Schwartz, QFT
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Supernova bound revisited

Relevant diagrams up to NLO
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Supernova bound revisited

N, // N: N // N,
Neglected —— ——
A l
Ny Ny N Ny
(c) (d)
Modification of nuclear interaction: N, o
o Fudge factor "p :
Chang, Essig, McDermott ('18)
« Phenomenologically modelled
Ny Ny

Carenza, Fischer, Giannotti, Guo, Martinez-Pinedo, Mirizzi ('19)



Supernova bound revisited

a v

. Modelled as nucleon re-scatterings

: « Fudge factor Yhn
m E Raffelt, Seckel ('88)

Chang, Essig, McDermott (’18)
—— .
N, Ny « Phenomenologically
(b) Carenza, Fischer, Giannotti, Guo, Martinez-Pinedo, Mirizzi ('19)
/
Nl a ,, Nf;
/
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()



Supernova bound revisited

Outlined for the first time
Springmann, MS, Stelzl, Weiler ('24)

T v | <= Modified couplings

Focus on these for now

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



