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!The axions can be produced copiously from some and hot  
dense celestial objects such as supernovae (SNe), neutron    
stars, and white dwarfs.

Øe.g. SN1987A

ØRaffelt’s criteria

Axion emission from celestial bodies
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Ｗhat we did
!We evaluate the supernova axion emission rate including the
Δ0resonance in the heavy baryon chiral perturbation theory

ØFor                 MeV,                                                          MeV
ØThe           is somewhere in the middle of      and      masses.

FIG. 1: Feynman diagrams for ⇡
� + p ! n+ a with the � baryon contributions.

IV. SCATTERING CROSS SECTION OF ⇡� + p ! n + a

Before evaluating the supernova axion emission rate, let us first see the resonance behavior
in the cross section of the scattering process ⇡

� + p ! n+ a due to the �(1232) baryon. With
the interactions in Eqs. (8), (12), (28) and (32), the Feynman diagrams of the scattering process
⇡
� + p ! n+ a are depicted in Fig. 1, and the corresponding squared matrix element averaged

over the initial spin of the proton is given by10
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' 293MeV is the mass difference between � decuplet baryon and nucleon, and

�� ' 117MeV is the decay width of the �(1232) baryon [47]. Using the following formula of
the cross section in the laboratory frame, where an incident charged pion collides with a proton
at rest
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10 Here we have normalized the matrix element in the nonrelativistic limit to the one in the relativistic limit by
M⇡�p!na = 2mN (M⇡�p!na)NR [46].
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In our work

SN axion emissivity, which was not realized before. The reason for it is straightforward. Firstly,
for the typical SN temperatures, T ⇠ (30� 40)MeV, the pion momentum is |k

⇡
| '

p
3m

⇡
T '

m
⇡
. Hence, the pion kinetic energy inside SNe is about E

⇡
=

p
|k

⇡
|2 +m2

⇡
⇠ 200MeV. In such

a case, the invariant mass of the initial ⇡�
p system is somewhere in the middle of �(1232) and

nucleon masses. Therefore, we cannot turn a blind eye to the �(1232) contributions for the SN
axion emissivity. In this work, we then include �(1232) baryon in the intermediate state with
the virtual N , ⇡�+ p ! (N⇤

,�⇤) ! n+ a, and the axion-pion-nucleon contact graph to the SN
axion emission rate of the pion-induced Compton-like channel. Depending on the couplings and
signs of various terms, the �(1232) contributions could interfere with the virtual N and axion-
pion-nucleon contact term contributions either constructively or destructively. Correspondingly,
the resulting constraints on the axion coupling (or equivalently, decay constant) could be either
stronger or weaker. It is crucial to evaluate the amplitude for the underlying process, ⇡� + p !

(N⇤
,�⇤) ! n+ a, without violating the spontaneously broken chiral symmetry of QCD.

To evaluate the axion emission rate of ⇡� + p ! n + a, we need the interactions among the
pions, baryons, and axion, especially the axion couplings to nucleons and decuplet baryons. As
mentioned in the previous paragraph, the pion momentum is |k

⇡
| ' m

⇡
⌧ mp inside SNe. In

other words, the pion momentum is relatively smaller than the proton mass when scattering off
the proton. Such a low-energy pion interacting with a heavy nucleon can be well described by
the heavy baryon chiral perturbation theory (HBChPT) proposed in Refs. [31, 32]. Accordingly,
we will adopt the HBChPT to derive the relevant interactions of the process ⇡� + p ! n+ a in
this paper. In the HBChPT, the nucleon is almost on-shell with a nearly unchanged velocity v

when it exchanges some tiny momentum with the pion, and its four-momentum can be divided
into k

N
= m

N
v + �k

⇡
with v

2 = 1, where �k
⇡

is a small residual four-momentum coming from
the pion. In this formalism, the power counting expansion of the effective field theory for pions
and baryons can be systematic and well-behaved. Also, the effects of higher resonances such as
�(1232) decuplet with I = J = 3/2 or excited nucleons N with I = J = 1/2 can be taken into
account in a much better way with systematic power counting rules in the HBChPT, unlike the
old fashioned chiral Lagrangian with baryons. Further, the advantage of using the HBChPT is
that the algebra of the spin operator formalism can be much simpler than that of the gamma
matrix formalism when computing the scattering amplitude of the process ⇡

� + p ! n+ a. We
will see this advantage in the later section.

The outline of this paper is as follows. In the next section, we write down the Lagrangian for
the HBChPT and show the interactions of the pions, nucleons, and decuplet baryons. In Sec. III,
we write down the Lagrangian of the QCD axion and derive the axion interactions to the pions,
nucleons, and decuplet baryons. With the interactions in Sec. II and Sec. III, we then compute in
Sec. IV the scattering cross section of the process ⇡� + p ! n+ a to see the resonance behavior
of the cross section due to the �(1232) baryon. In Sec.V, we estimate the axion emission rate of
the process ⇡� + p ! n+ a including the �(1232) resonance contribution in some axion models
and discuss its effect on the SN axion emissivity. We conclude our work in the last section.

II. HEAVY BARYON CHIRAL PERTURBATION THEORY

In this section, we will write down the chiral Lagrangian density describing the interactions
between pions and baryons in the heavy baryon formalism. In particular, we will show the pion

3



Axion models
!KSVZ model
ØThe QCD anomaly is realized by introducing 
a heavy vector-like fermion.  

ØInteractions :
ØUnder PQ symmetry

ØOnly      and      have PQ charges : 

Plugging Eqs. (127), (157) and (165) into Eq. (50), we obtain
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The corresponding amplitudes T of these processes can be expressed as
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the couplings of the axion to quarks and gluons above the QCD confinement scale onto that of
the axion to baryons and mesons below the QCD confinement scale.2

The most general effective Lagrangian of the QCD axion, a(x), with the light quark fields,
q = (u, d, s)T , below the PQ and EW breaking scales and above the scale of QCD confinement
can be expressed at leading order in a/f

a
(here we omit the axion interaction with photons as

it is irreverent to our study) as
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is the axion decay constant, g
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5)/2, and M
q
is the quark mass matrix defined

in the previous section. The last term in Eq. (13) denotes the axion derivative interactions with
the quark axial vector currents with Xq = diag(Xu, Xd, Xs) being a coupling matrix depending
on a UV model above the PQ symmetry breaking scale. Typically, one introduces an SM-singlet
complex scalar field � ⇠ (1,1)0 with a PQ charge in these UV models. After the PQ symmetry
breaking, the phase of � is then identified as the axion which couples to the SM gluons due to
the QCD anomaly. In the KSVZ model, the QCD anomaly is realized by introducing a heavy
vector-like fermion Q = Q

L
+ Q

R
⇠ (3,1)0 which couples to the PQ scalar � via the Yukawa

interaction, y
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the PQ symmetry. Since only � and Q have the PQ charges, implying that the axion interacts
with the SM quark fields radiatively [40], Xq = 0 at tree level in the KSVZ model. In the DFSZ
model, the QCD anomaly is induced by assuming two Higgs doublets H

u
and H

d
which couple

to the SM quarks, Q
L
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under the PQ symmetry.3 After the PQ and the EW symmetry breaking,
the axion field which is one of the linear superpositions of the CP-odd scalars in H

u
, H

d
and �

can couple to the SM quarks at tree level.4 Here we summarize the axion couplings to the light
quarks at tree level in the KSVZ and DFSZ models below [42] :

KSVZ model : Xu = Xd = Xs = 0 ; DFSZ model : Xu =
cos2�

Ng

, Xd = Xs =
sin2
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Ng

, (14)

where Ng = 3 is the number of the SM fermion generations, and tan � = �
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with �
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and �

d

being the vacuum expectation values of H
u

and H
d
, respectively.

To compute the axion couplings to baryons and mesons below the scale of QCD confinement,
we can first remove the axion-gluon interaction explicitly by the following chiral transformation

2 A more detailed discussion of this procedure can be found in Ref. [39].
3 The DFSZ model can further classify into the DFSZ-I and DFSZ-II models, in which the leptophilic Yukawa

interactions are LLYeHdER and LLYeHuER, respectively, with LL and ER being the SM lepton fields. However,
since the Higgs doublets couplings to the SM quarks are the same in these two models and the axion emission
from a supernova are hadronic processes, we do not distinguish these two models in our calculations.

4 A detailed calculation of the DFSZ axion couplings to the SM fermions can be found in a recent paper [41].
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we can first remove the axion-gluon interaction explicitly by the following chiral transformation

2 A more detailed discussion of this procedure can be found in Ref. [39].
3 The DFSZ model can further classify into the DFSZ-I and DFSZ-II models, in which the leptophilic Yukawa

interactions are LLYeHdER and LLYeHuER, respectively, with LL and ER being the SM lepton fields. However,
since the Higgs doublets couplings to the SM quarks are the same in these two models and the axion emission
from a supernova are hadronic processes, we do not distinguish these two models in our calculations.

4 A detailed calculation of the DFSZ axion couplings to the SM fermions can be found in a recent paper [41].

6

the couplings of the axion to quarks and gluons above the QCD confinement scale onto that of
the axion to baryons and mesons below the QCD confinement scale.2

The most general effective Lagrangian of the QCD axion, a(x), with the light quark fields,
q = (u, d, s)T , below the PQ and EW breaking scales and above the scale of QCD confinement
can be expressed at leading order in a/f

a
(here we omit the axion interaction with photons as

it is irreverent to our study) as

L
aqg

=
1

2
@µa@

µ
a+

g
2
s

32⇡2

a

f
a

G
c

µ⌫
eGcµ⌫ + q i�

µ
@
µ
q �

�
q
L
M

q
q
R
+ h.c.

�
+

@µa

2f
a

q�
µ
�
5
Xqq , (13)

where f
a

is the axion decay constant, g
s
is the gauge coupling of the strong interaction, Gc

µ⌫
with

c being the color index is the gluon field strength tensor and eGcµ⌫ = ✏
µ⌫⇢�

G
c

⇢�
/2 with ✏

0123 = +1
is its dual tensor, q

L,R
= P

L,R
q with P

L,R
= (1⌥�

5)/2, and M
q
is the quark mass matrix defined

in the previous section. The last term in Eq. (13) denotes the axion derivative interactions with
the quark axial vector currents with Xq = diag(Xu, Xd, Xs) being a coupling matrix depending
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2 A more detailed discussion of this procedure can be found in Ref. [39].
3 The DFSZ model can further classify into the DFSZ-I and DFSZ-II models, in which the leptophilic Yukawa

interactions are LLYeHdER and LLYeHuER, respectively, with LL and ER being the SM lepton fields. However,
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from a supernova are hadronic processes, we do not distinguish these two models in our calculations.
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on a UV model above the PQ symmetry breaking scale. Typically, one introduces an SM-singlet
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To compute the axion couplings to baryons and mesons below the scale of QCD confinement,
we can first remove the axion-gluon interaction explicitly by the following chiral transformation

2 A more detailed discussion of this procedure can be found in Ref. [39].
3 The DFSZ model can further classify into the DFSZ-I and DFSZ-II models, in which the leptophilic Yukawa

interactions are LLYeHdER and LLYeHuER, respectively, with LL and ER being the SM lepton fields. However,
since the Higgs doublets couplings to the SM quarks are the same in these two models and the axion emission
from a supernova are hadronic processes, we do not distinguish these two models in our calculations.

4 A detailed calculation of the DFSZ axion couplings to the SM fermions can be found in a recent paper [41].
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under the PQ symmetry.3 After the PQ and the EW symmetry breaking,
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we can first remove the axion-gluon interaction explicitly by the following chiral transformation

2 A more detailed discussion of this procedure can be found in Ref. [39].
3 The DFSZ model can further classify into the DFSZ-I and DFSZ-II models, in which the leptophilic Yukawa

interactions are LLYeHdER and LLYeHuER, respectively, with LL and ER being the SM lepton fields. However,
since the Higgs doublets couplings to the SM quarks are the same in these two models and the axion emission
from a supernova are hadronic processes, we do not distinguish these two models in our calculations.

4 A detailed calculation of the DFSZ axion couplings to the SM fermions can be found in a recent paper [41].
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2 A more detailed discussion of this procedure can be found in Ref. [39].
3 The DFSZ model can further classify into the DFSZ-I and DFSZ-II models, in which the leptophilic Yukawa

interactions are LLYeHdER and LLYeHuER, respectively, with LL and ER being the SM lepton fields. However,
since the Higgs doublets couplings to the SM quarks are the same in these two models and the axion emission
from a supernova are hadronic processes, we do not distinguish these two models in our calculations.
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the couplings of the axion to quarks and gluons above the QCD confinement scale onto that of
the axion to baryons and mesons below the QCD confinement scale.2

The most general effective Lagrangian of the QCD axion, a(x), with the light quark fields,
q = (u, d, s)T , below the PQ and EW breaking scales and above the scale of QCD confinement
can be expressed at leading order in a/f
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in the previous section. The last term in Eq. (15) denotes the axion derivative interactions with
the quark axial vector currents with Xq = diag(Xu, Xd, Xs) being a coupling matrix depending
on a UV model above the PQ symmetry breaking scale. Typically, one introduces an SM-singlet
complex scalar field � ⇠ (1,1)0 with a PQ charge in these UV models. After the PQ symmetry
breaking, the phase of � is then identified as the axion which couples to the SM gluons due to the
QCD anomaly. In the KSVZ model, the QCD anomaly is realized by introducing a heavy vector-
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SM quark fields radiatively [40], Xq = 0 at tree level in the KSVZ model. In the DFSZ model,
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under the PQ symmetry.3 After the PQ and the EW symmetry breaking, the axion

field which is one of the linear superpositions of the CP-odd scalars in H
u
, H

d
and � can couple

to the SM quarks at tree level.4 Here we summarize the axion couplings to the light quarks at
tree level in the KSVZ and DFSZ models below [42] :

KSVZ model : Xu = Xd = Xs = 0 ; DFSZ model : Xu =
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where Ng = 3 is the number of the SM fermion generations, and tan � = �
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being the vacuum expectation values of H
u

and H
d
, respectively.

To compute the axion couplings to baryons and mesons below the scale of QCD confinement,
we can first remove the axion-gluon interaction explicitly by the following chiral transformation

2 A more detailed discussion of this procedure can be found in Ref. [39].
3 The DFSZ model can further classify into the DFSZ-I and DFSZ-II models, in which the leptophilic Yukawa

interactions are LLYeHdER and LLYeHuER, respectively, with LL and ER being the SM lepton fields. However,
since the Higgs doublets couplings to the SM quarks are the same in these two models and the axion emission
from a supernova are hadronic processes, we do not distinguish these two models in our calculations.

4 A detailed calculation of the DFSZ axion couplings to the SM fermions can be found in a recent paper [41].
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