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Why Axions?

pseudo-Nambu-Goldstone boson which,

e Can be DM

Estimated matter-energy content of the Universe

68.3%

Dark Energy

EEEEEEEEEE

« Can solve Strong CP Puzzle ‘§| < 1010

L, D d,no" ysnF,,

elf|m;
~ 3

n

nEDM  d, ~ 107%|fle cm

™m

e Sting theory, mediator to dark sector,...

grNN | \ grNN
—— Pro?m *\.‘\

neutron neutron

Crewther, Vecchia, Veneziano, Witten ('79)



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 properties are highly susceptible to
matter effects

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

matter effects

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

Proton

Neutron
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EED without density effects

- — with density effects

4 without density effects
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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




Bound from SN 1987A

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

Neutrino burst observed in 3 indep. experiments |
~ 20 neutrinos within ~ 10
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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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e Uncertainty in SN dynamics and axion production
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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™*
Raffelt, Lect.Notes Phys. 741 (2008) 51-71

For QCD axion, this directly gives constraint on fq

Focus on this

e

Uncertainty in SN dynamics and axion production

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

Axions dominantly produced via Bremsstrahlung




Corrections to Bremsstrahlung

What has been done? Included corrections phenomenologically

» Multiply rate by fudge factors: T, = I'\"*“y 44,7,  Chang, Essig, McDermott (1)



Corrections to Bremsstrahlung

What has been done?

Included corrections phenomenologically

« Multiply rate by fudge factors: 1', = rgfeeﬂmp% Chang, Essig, McDermott ('18)

e Accounted for several effects phenomenologically:

Ericson, T., & Mathiot, J.-F. 1989, Phys. Lett. B, 219, 507
Hannestad, Raffelt Astrophys.d. 507 (1998) 339-352
Carenza, Fischer, Giannotti, Guo, Martinez-Pinedo, Mirizzi (’19)
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Corrections to Bremsstrahlung

What has been done? Included corrections phenomenologically

« Multiply rate by fudge factors: 1', = F';reeﬂypr% Chang, Essig, McDermott ('18)

e Accounted for several effects phenomenologically:

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)

500

No density dependence of couplings, self-consistent

--- a OPE+mp"+17

Systematic approach to axion production is needed
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Axion-Nucleon coupling

* Axion-Nucleon coupling

1 _
CDf—NcNS-é’aN, N = (p,n)* Ny =2

cn = Gacy—am + Gocyral

Villadoro et.al. 15’
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Axion-Nucleon coupling

* Axion-Nucleon coupling

1 _
LD —NcyS-0aN, N=(p,n)’ Ny =2
a
ey = Gacy_ g’ + Gocytal

« EFT valid for D < (ze Villadoro et.al. 15’

e Axion-nucleon vertex
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Axion-Nucleon coupling

* Axion-Nucleon coupling

1 _
CDf—NcNS-é’aN, N = (p,n)* Ny =2

cn = Gacy—am + Gocyral

« EFT valid for D < (ze Villadoro et.al. 15’

e Axion-nucleon vertex

p+pa & :Tpa p 1
»—0— \’. — _ECNS Pa
N N
¢ KSVZ axion C?SVZ = —0.47(3), CI,;SVZ = —I—0.0Q(S)



Axion-Nucleon coupling

* Axion-Nucleon coupling

1 _
LD —NcyS-0aN, N=(p,n)’ Ny =2
a
ey = Gacy_ g’ + Gocytal

« EFT valid for D < (ze Villadoro et.al. 15’

e Axion-nucleon vertex

| a
pirg @ p\p, — —icNS Dy Compatible with zero due to
— fa . accidental cancellation
N N
¢ KSVZ axion C?SVZ = —0.47(3), CI;SVZ = —I—0.0Q(S)



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

q
After chiral quark rotation /

0,.a
LD qMaq T ; CTVM’75 (Cg — [Qa]q) q

M, = e¥a® M, Qo= My " /Tr(M; )




Axion EFTs

Can be mapped to QCD Lagrangian with external sources

LD —q(s—ivsp) q + qy"ys (au +al) g

B o.a 4 s o.a
s = Re M, p=—ImM, au—cu—deaT au—cu+d2fa1




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)




Axion EFTs

{  QCD confines: |(7.qr)| = Bf?
i Gy=UQ2)L xU2)r = U(2)

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

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

| * Heavy baryon limit:

(p“’ = mpyv" + k¥ U(x) = e "NV [N,y () + Hy(z)] j




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“’ = mpyv" + k¥ U(x) = e "NV [N,y () + Hy(z)] j

\l - 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:

* Expand in <p> 7 ( . ) | <p>
ma AT fr Ay

| eV . Resonances, e.g. A(1232)
© Ay ~ (300 — 750) Me §




Axion EFTs

2
LO: L) =TT [VIU(VLU) + (xUT +hee)

U=¢e™™ /I x=2BM,




Axion EFTs

LO: 27(3]2[:N(i’U°D—|—gAS'U—|—g()S°”&)N

A d 0,1\ %,
() e () e (50




Axion EFTs

1
——— (D* = (v-D)* +iga{S - D,v-u} +igo{S - D,v-a})
2mN
é o~ é - UV PO
b ) + 2 )+ G w) + e [y, w] 0,8,




Axion EFTs

Integrate out pions: theory of baryons and axion




Axion EFTs

2 3

3
gA777J7T 2 7 gAmw . R
Match constants G4 = — Am=d 26, —
A gA ].6772](7% =+ m., die + 67Tf7% ( Cq C3)

9



Axion EFTs

Can be mapped to QCD Lagrangian with external sources

LD —q(s—ivp) g+ a5 (a, +al) g

alua 3 S 6/La’

s = ReM, p=—ImM, aM:Cu_|_d2fa’7' au—cu—d2fa

Je A — 1
I NLO: [Z?(TQK, =N [2m (D? = (v-D)*+1iga{S-D,v-u}+igo{S-D,v-u})
| N
: ¢
e (xe) + 2 (0w + G ) + 26?7 ) v,S,

A A

. C .
tésXe + —(v-u)(v-d) + éo(u-a)| N

S - Oa
i

(Gacu—at® + Gocural) + 0 (Re (M) + ... |N
9

LaN:N[z'v-c‘?—l—



Axion-Nuclon Coupling: Loop corrections

Corrections to the coupling can be calculated systematically in ( 47ff )

a I Tpa
p+pa | p
— —

LO: e Sl
N N

10



Axion-Nuclon Coupling: Loop corrections

Corrections to the coupling can be calculated systematically in ( 47ff )

I TPa
LO: po 1 e
" ——
N N
al
. | #Da
NLO. lT a:Tpa N a:ﬁpa
/
5 .~_ N7
( p N N N N N ~-" N
| |
47_‘_ CLITP Q14pa !
fTr /p_zﬁf;\\ph’\ piea lT \p‘ PP :?p\pb
7N T U =t~
Vonk, Guo, MeiBner 2000) N ! N N N & + N N N
T / S o -

10



Axion-Nuclon Coupling: Loop corrections

Corrections to the coupling can be calculated systematically in ( 4;_} >

. )
LO: pog il
- ——
N N J
a - A
NLO: lTpa a:Tpa N a:¢p
o = et et b
( P )2 ) A A SN
| |
47Tf7T p+p CL:TP\P> P+pa a:Tpa R p+pa_ & iTpa p
T X, T e T o
Vonk, Guo, MeiBner (0000 V! o N N N & s+ N N N
\ / T=-
. -7 -
)
NNLO:
3
Naively suppressed by <4pf )
T fr 2
- . . p p
But low-lying A(1232) resonance enhances contribution <4wf ) (A_>
0 X
\_ J

A, ~ (300 — 750) MeV

10



Axion-Nuclon Coupling: Loop corrections

Corrections to the coupling can be calculated systematically in ( 4;_} >

. )
LO: pog il
" ——
v v )
a| h
] 1 4pa
NLO: i alt . aly »
g —— = w + %i
/
2 N7 \\’/
( D ) N N N N N ~-" N
| |
Q1Apa a\|Apa
il j;‘L\p_; P ! = proy, 11
y < n M n /'/0\1
Vonk, Guo, MeiBner (0000 V! o N N N m o N N N
‘K‘» \\_./ J
)
.|
NNLO: :Tp“ a:¢ Pa . a:f Pa
p 2 p N N N \-ﬂ' N N ;r’, N
- |
(47Tf7r> <Ax) ff!ii‘»anpa\p,
—I— //D\
J

A, ~ (300 — 750) MeV
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Axion-Nuclon Coupling: Loop corrections

Coupling depends on the axion energy! Can be written as

Re[Agy), Im[Agy)

Re|Aunl, Im| Ay, ]

alTpa
' 1
+Pa
N N Ja
KSVYZ
0.0 ———
02 T
04 —
06— Relal
e Im|[ A,
08 B
0 50 100 150 200 250
wq|MeV]

1
S pa — —B"=3(we) S - p
fa
KSVZ
02 - Im[Acm] ””””
—
0.0 TE— seen
7Y_A ,
: * —
~0.2 |
0 50 100 150 200 250
we|MeV|
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Axion-Nuclon Coupling: Loop corrections

Coupling depends on the axion energy! Can be written as

Re[Agy), Im[Agy)

uncertainty in constants

aETpa

P+Pa p 1
>

1

— — __AV§3(<’UCL) S "Pa — f_Byég(wa) S P

N Ja

ChPT truncation

~
’i

0.4

0.0

~0.2"

0.2

*
*
*
*
*
*
L d
L d
L d
.
.
.
a®
“

Pion production threshold

11




How does a density background change these couplings?




Axion-Nuclon Coupling: Finite density

N
 Schematic example: : a
|
2) _ D x \
Llun = 22A, (NN)(NS - uN)
N

12



Axion-Nuclon Coupling: Finite density

- N | ‘N
 Schematic example: ' a
|
2) _ D x \
Llun = 22A, (NN)(NS - uN)
N

\ /

Background nucleons

12



Axion-Nuclon Coupling: Finite density

- N | N
 Schematic example: ' a
|
L@ — "D (NNYNS - uN)
TNN T 920 u

X
/ N
(NN) =n \ /
Background nucleons
Number density

y
(47Tf7r ) 2AX

e Gives contribution to coupling: ~

12



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

iG(k) 26 (k)0 (ks — |k])

Furnstahl, Serot ("91)
Ghosh, Grossman, Tangarife, Zu, Yu ('22)

12



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'

/

7; —
. 0
(K) = poe — 2m0(K)0 (ks — IF)
NR fermion propagator (Fawcr)]ssgég’rossesrr?]ta(r’]?1'I)angarife, Zu, Yu (°22)

12



Axion-Nuclon Coupling: Finite density

1% v
. . p k
Get corrections systematically > !
4 fr 4 fr
T — )
|
a’:TP a:*pa a:?P
p+p P p+p .y P Ptpe, »
2 N_7 \\’/
kf N N N - N N N
| |
47Tf71- a Tpa a, Tpa
P+Pa : p P+Pa | p
e A T e
T N ‘oo //I N T N ‘T //I N
\ - - D
| A
a’|Tpa | |
2 (o Pa al Pa
( kf ) (kf> pirg i p W n %
A A - = !
f7T X N N N \_ﬂ_ N N \;r’/ N
- )
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Axion-Nuclon Coupling: Finite density

|
G;:Tpa 1 1
P+Pa D v v
> - = S?’(kf,pa,)s-pa_f_B =*(kf.pa) S p
N r<3 N ‘ "
Neutron Proton
0.1 e =1, 0.1 Ny = Ny

] 2|0 0 SRR 0.0l
0.1 E 0.1 with density effects
0.2 %‘ _o0a without density effects

03 , with density effects 7 _03 7

—04r without density effects 04—

-0.5 ~0.5 |
0.0 0.5 1.0 1.5 2.0 0.0 0.5 1.0 1.5 2.0

n/ng n/ng

At finite density A %(ng) = —0.1(4)(9)

vs.vacuum  A;>V7(0) = 0.02(5)
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< O

Axion-Nuclon Coupling: Finite density

|
g 1 1
PtPg p 1% v
r a Z—f—fl S?’(kfapa)s'pa—f—l? =3(ks,pa) S - p
N r<3 N “ “
Neutron Proton
0.1 S : 0.1 =,
i) 020 e 0.0
0.1 7 7 0.1 7— with density effects
0. 7 %‘ O. h T without density effects
_03 — with density effects <§ 03
—04r without density effects 04— .
-0.5 ~0.5 |
0.0 0.5 1.0 1.5 2.0 0.0 0.5 1.0 1.5 2.0
n/ng n/ng

At finite density A~ "“(ng) = —0.1(4)(9)
Accidental cancellation is lifted!

Vs. vacuum A°V4(0) = 0.02(5) 14



Implications for phenomenology

12 fm




Supernova bound revisited

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

—— T

With emissivity

A
Eq = /Hdﬂidﬂa(QW)4S|M|25(4) (D_;pi —pa) Eafifo(1— f3) (1 — fa)
=1

Ny ///
W
« Typically 1 pion exchange at tree level + pheno corrections !
Chang, Essig, McDermott ("18) Carenza, Fischer, Giannotti, Guo, Martinez-Pinedo, Mirizzi ('19) !
"

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

15



Supernova bound revisited

Relevant diagrams up to NLO

; a a,
Ny % N3 N % :’/ N; Ny g N3 Ny ’ N3
[ | % .
| | | |

| | |
T T m ! @
| | |
I | |
| | | T :
Ny Ny Ny Ny Ny Ny N, Ny




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

()




Supernova bound revisited

N, @" Ny Outlined for the first time
| KS, Stadlbauer, Stelzl, Weiler (’24)
-—-———""—_-;-\'.'\
Ny Ny
(a)
Ny / N;
Ny Ny

(h)




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<Aap>> Im(Aap>

KSVZ axion couplings in a SN:

0.6
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0.0
02}
04
061

Supernova bound revisited

Proton

,15,
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<

Re(Ay,), Im(A,,)

3.5
3.0
2.5,
2.00
1.5
1.0/
0.5
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https://wwwmpa.mpa-garching.mpg.de/ccsnarchive/.
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Re<Aap>> Im(Aap>

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
0.6 ——

0.4"
0.2"
0.0 rr=rmermeees

-0.2}
~0.4
0.6

lllll

1111111

Re(Ay,), Im(A,,)
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0.4
02
0.0°
_02F—
04"
06

r |km)|
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https://github.com/michael-stadlbauer/Axion-Couplings

Supernova bound revisited

KSVZ axion
Emissivity Luminosity
t 1s
10" o
o Z
" =
: Q
& =
N g 1010 \Q)/
P -
— Tree level &'2 — Tree level
— Full result ~ — Full result
10°




Supernova bound revisited

KSVZ axion
Emissivity Luminosity

— Tree level

— Tree level

L, f3 [(erg/s)MeV?]

— Full result

— Full result

10°
0 2 4 6 8 10 12
r |km)]
Tree level: fo 2617171 x10°GeV, m, < 9.875) meV.

Vertex corrections: fo 2 1.0705 x 10° GeV, m, <5.9755 meV.



Astrophobic axions
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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

11—z 1
Cu—d202—02—§1+2 Cu+d202+c?z—§
Astrophobic models: manage to |
DiLuzio, Mescia, Nardi, Panci, Ziegler ('17)
Badziak, Harigaya (’23)
 These cancellations persist even at finite density and RGE evolution
Di Luzio, Giannotti, Mescia, Nardi, Okawa ('23) see Vincenzo’s talk in the afternoon

Di Luzio, Fiorentino, Giannotti, Mescia, Nardi ('24)
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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

11—2
0 0 0 0

_§1+z

Astrophobic models: manage to |

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

1 C a — 7
LEPM — _ ~ XY 2 Noyeo,,, NFH p
2 mn fa N, —»—<—p—— N3
Y
e Bound from SN from
Lucente, Mastrototaro, Carenza, DiLuzio, Giannotti, Mirizzi ('22)
N> > > Ny

1

2



Astrophobic axions

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

1 loop
diagram

a

2 mN fa ) s
N, - 3 -
e Bound from SN from Rl
Lucente, Mastrototaro, Carenza, DiLuzio, Giannotti, Mirizzi ('22)
NE > > N4
EDM induced at 1-loop:
€
Crewther, Vecchia, Veneziano, Witten ('79) v
Schwartz, QFT
7T - - ﬂ—
Y “»
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Astrophobic axions 1 loop

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

a
C. ) R
LPM = __ ZaNy 2 Nv50, NF* /

2 mN fa /z

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

Crewther, Vecchia, Veneziano, Witten ('79)
Schwartz, QFT

EDM induced at 1-loop: 3

* Due to systematic approach, can identify (ir)relevant operator | \

-
4z _ [ m™a \
5(2) A 2 N a,N /‘ . \
N 2 —CsMy (1—|—Z)2 frfa T N \\ N
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Astrophobic axions 1 loop

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

a
C. ) R
LM = __ —ely = N50u, NF* /

2 myn fa e

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

Crewther, Vecchia, Veneziano, Witten ('79)
Schwartz, QFT

EDM induced at 1-loop: j

* Due to systematic approach, can identify (ir)relevant operator | \

b
4z — ([ ma \
5(2) A 2 N a,N /‘ . \
N D C5mﬂ. (1 _|_ z)z fﬂ_‘fa T N \\ N

- NLO, shift-symmetry breaking, isospin-breaking

2
CCLN"}/ m’ﬂ' A

my  (Arfy)2

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

2 mN fa s
N, - -
e Bound from SN from 7
Lucente, Mastrototaro, Carenza, DiLuzio, Giannotti, Mirizzi ('22)
N2 > > N4
EDM induced at 1-loop: ¢ : :
Crewther, Vecchia, Veneziano, Witten (’79) ree-ieve
Schwartz, QFT d iag ram
* Due to systematic approach, can identify (ir)relevant operator /
/
4z  _ ( 7a /’
5(2) D) —é5m2 N ( ) TN /
TN T (1 + 2)2 fﬂ_fa Ny ,a N3

* |[nduces a tree-level diagram
KS, Stadlbauer, Stelzl, Weiler ('24)

N
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Astrophobic axions

* Loose the loop-suppression compared to EDM operator

Lgree,é5 ~ (47T)4LQEDM ~ 1O4LCLEDM

T | T T T T | T T T T | T T T T | T T T T | T

1077 — ;
3 74E \;
T :
; 1073 \
2z — 1O :
o0 7 ]
g 107F —— LO+NLO
C\:’ , 071; ___________________________ Lucente et al.;

) E T T i
~ 1070?" T . .
1069:'1 AR T T T T T TN S S TR N N T S T SN SR SR SR SR N 1:

0 1 2 3 4 5

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

KS, Stadlbauer, Stelzl, Weiler (’24)



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]
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Astrophobic axions

mHz Hz kHz MHz GHz THz PHz

107 This work

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] KS, Stadlbauer, Stelzl, Weiler ('24)
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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

Much to do: calculate ~150 diagrams, spin-
correlations, ...

HST OPTICAL



Thank you!
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Couplings

1. Construction of effective axion—nucleon Lagrangian

Consider external sources coupled to QCD

1

Lext = @Yy (v“ + 39 T (a“ + a{;)) q—q(s—1ivsp)q

Compare to axion — quark Lagrangian

La—q =~ (ReMa +iv5Im M, ) g + 3775 (cu+d§‘}:n + cu_dgf}jfs) g
v = vfs) =0,
a, = cu_di’}:m,
Mapping: 4y = Cuta 3}:1’
s = Re M, = M, cos (%QG) :

p=—-ImM, =-M,sin (%QQ) :



Couplings

1. Construction of effective axion—nucleon Lagrangian

1

VRrTL Vlg + iVRO, V]i’
Vil V) +iv5a, V],

Tu

by

1

Theory invariant under U(2);, x U(2)r for () — ) _%aﬂeL,

1

1
ri) = ) = S0u0R,
(s —ip) — Vi (s—1ip) V}];,

(s+ip) — Vg (s+ip)V;.
Symmetry breaking pattern

U(Ny)L X U(Nys)r a9} U(N¢)L+r = SU(Ng)v x U(1)y

7(z)

[

Mesons as pNGBs U(x) = exp (z ) . UlU=1, detU=1,

Transforms linearly U’ = e 3C»=00vuvi vy p € SUQ)L/r, e 3R c U1)4.



Couplings
1. Construction of effective axion—nucleon Lagrangian

Covariant Derivative  V,U = (V,,L - 2z‘a£f)) U =0,U —ir,U +iUf, — 2ia'PU
=0,U —ilv,, U] —i{a,, U} — Ziaff)U

Mass spurion X = 2BM, = 2B(s — ip),
B S N A I =
Baryons: transform non-linearly ¥’ = ¢~V ®) K (V. (z), Vr(z), U(z))Y,

Compensator field  U(z) =v*(z), u(z) = v/ (z) = \/VaRUV] = VeuK~(V, Vg, U)

K(Vi, Ve, U) = (W) *Vgu = (\/VRUVJ)

1
VeVU.



Couplings

1. Construction of effective axion—nucleon Lagrangian

Covariant Derivative D,V = (B,L + T, - z’v,(f)) v,

1
L, = 5 [uT(E)“ —ir,)u+u(0, — z’@u)u‘t] ,

Vielbein (axial vector, isovector)

uy =i [u' (8, —iry)u — u(d, — il )ul] = W'V, Uul.

SU(Z)LXSU(Q)R T P U C T
U, e Ku,K"', wuw, — =P, u,, u, —u,.

Vielbein (axial vector, isoscalar)

U, = ?:’U,T(—27:CL£LS)U)’UJT = 2aff),

Mass spurion v+ = ulyu' £ uylu,

SU(2) 1 xSU(2)
X+ ST Kxa K, oxe — Exa, x+ — X4



Couplings

1. Construction of effective axion—nucleon Lagrangian

Power Counting

1
VIZL—I-ZV;'A?;, Aizdi+§ni—2,

U,u~ O(1), vu,vff),a,,,, aff) ~ O0(q), s,p~ O(q°),

u,, a4, ~0(q), x+~ O(g°).

With plane-wave solution

¢I(;+)(a) (3_3", t) — u(a) (me—z‘p.m,




Couplings

1. Construction of effective axion—nucleon Lagrangian

Power Counting

U, ¥ ~O0(1), iD,¥~O0(), (iD,—mpn)¥ ~0(q),
L, Yy V5 Yy O ~ O(1),  v5 ~ O(q)-

LO ChPT Lagrangian

2
Mesons £2) = Z“Tr [@MU(@“U)T + (XUJr + XTU) }

Baryons E,Erl]z, =V (z’]D —mpy + %47534 + %751%) V.

NLO ChPT Lagrangian Baryons

_ c C 1 .
L3 =T [01 (X+) — (8722 (upu,) DM + h-C-) + EBU utesy s ws] 0 + s X+
N

C8 B Y Co A A v C10 . C11 . .




Couplings

1. Construction of effective axion—nucleon Lagrangian

Some expansions

0, 0 arby :
U, = — ( ‘}: )Ta+Cu_d( ;’a) T3 + Cy_g (W;JZ fga> (Tbc??’a —735"’(’) o,

T0,a
D, =0, +icy_ ( £ )eab37b+...,
K K d 2f7rfa
a

S m? dmy,my (7‘(‘ a>7“+
+ — T “ e e e
(mu + md)2 fﬂfa




Couplings
1. Construction of effective axion—nucleon Lagrangian

Heavy Baryon Limit

Nucleon momentum  p* = myov* + ¢, with v-¢g< 1.

Nucleon field U(z) = e "™V [N, (2) + Ho(T)]

NfU = 6imNU.va+\I]’ H’U — eimNU'va_\P, sz:t — —

Use LO EOM and integrate out the heavy component

LO HBChPT Lagrangian ES}V = N, (v - D+ gaSy - u+ goS - 1) Ny,




Couplings

1. Construction of effective axion—nucleon Lagrangian
Heavy Baryon Limit

NLO HBChPT Lagrangian

A(2 N 1 . . .
£§r12/ =N [_M (D2 — (v- D)* +ng{S°D,v-u}+zgo{S~D,v-u})
+ ¢ (x+) + %2 (v-u)® + &3 (u-u) + %iewm [up, v ] vpSo

A

~ & R "
+65X++28(v-u)(v-u)+09(u-u) N,




Couplings
2. Finite Density Propagator

Real-time formalism

Generating functional along some contour

Z (3, 4] N/D ¥, Y] exp( /Cd4 (£+u%ow+3¢+ﬂ5)>

—Zoexp< /d4y£ [zc% —551'])
(o o)

Free propagator i@ + pyo — m] G(()C) (z) = 6@ ().

iGy (z) = 0e(t) (¥()$(0))g — Be(—t) (B(0)(z)),



Couplings
2. Finite Density Propagator

Real-time formalism

Explicitly calculate  iG\? (z) = 8,(t) (2(z)$(0)), — Oc(—t) (P(0)(x)), ,

d3k 1 s, s, —ikx ST,.8 ikx )
Use ¢(x) — Z/ (27_‘_)3 \/m (akuke k + ka'Uk6+ k ) (& 'Ut,

n d3k 1 ST—s —+ikx s -5 _—ikx —1
Y(x) = Z/ CEN (akTuke+ KT 4 bepseF )e mt.
with KMS boundary conditions

(agap )

(byTb)

(2m)*5° %) (k — §) [1 = rur (wi, )]
(27)38%5 6O (k — P)np(wk, —p).

4 :
i) (@) = (id+m) [ g o) e (—wn, ~)0clt) = m (e, )00(~1)




Couplings
2. Finite Density Propagator

Real-time formalism

Propagator

4 :
iG(()C) (z) = (i@ + m) / (;lwl;ll e po (k) [np (—wg, —)0c(t) — np(wi, 1)0c(—t)]

Spectral density  po(k) = 2m [0(ko) — 0(—ko)] 6(k* — m”?)

=1 [0(ko) — 0(—ko)] (AOF(k) — A(];F(k))
1

Aor (k) = k? —m? +ie




Couplings

2. Finite Density Propagator

- Imt
Real-time formalism
t 0 Cl ! Ret
Contour : !
Cs
to —if A Co
‘ ty — i
Generating functional factorizes lim lim Z[j,j] = Z12[J, 4] Z3(3, ]

ty—ootp——00

| ) P %) 0 0
with Z1o [1. 7] = ' § = - 7
12 |7, 3] = Zo exp (Z/d J {[’I [z’djl’ —i5j1] . [ic?jz’ —iéjz] }>

<o (=i [ o [ atz5@60 @ - i),




Real-time formalism

Couplings
2. Finite Density Propagator

Propagator becomes 2x2 matrix

sin? O(k) = nr(wk, 1)

1G(k) = iGor (k) + iGor (k)
(z’Gop(k)

—iG} (k)

) —27(F 4+ m)d(k? — m?) sin O (k) (

sin ©(k) cos ©(k)
cos O(k) sin O(k)

)

In zero temperature limit, propagator diagonalizes

iGM (k) = (k+m) [
10 + j¢

~Y

1

k%2 — m?2 + e

— 215(12)0(p°)0(kr — |i])

—2716(k* — m*)0(k))0(kr — |E|)]




Couplings
3. Particle production rates

As In vacuum

1

I'(pa) = E_alm I1(pa)

At finite density, self-energy is given by the pole of

iA(ll)(Pa) = 1A(pa) — nB(wa) [1A(Pa) — 1A (pa)]

1

Alp,) — |
iA(Pa) pZ —mZ —1l(p,) + ie

In zero temperature limit, given by 11-component

1

Li(pa) = E—ImHu(pa)

Therefore

v Eq
dF — dPi(pa)WdBPa: and dEa — Vdr



Couplings

3. Particle production rates

EmISSIVIty €q = /Pi(pa)Ea (2:)(13 = /zlmnll(pa)EadHa

dIl, = d®p, /(27)32E,

For Bremsstrahlung: Apply cutting rules

f. g
® //
N
rT/\ / 7‘(“
/
fc,’(l
S
™~ N
T T




Example calculation of finite density loops

a AP
| | a

p+p r w Pirg, »

= ~ P / + \ /7
N N N g N N - N
(91) (92)
I |
alTPa aITP
p+p | D p+p ' p
e A T e

)+ )= [ o [~ - e [ - 2m00008 — D] (225

7 - _,Msab
— 276 (K° + p2)0(k s — |k + P,
Y [k0+pg w3 (K + p0)0(ky — R+ p |>” _(k_p)2]

AN W] [m2



