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In this work, we extend the analysis of the pion axioproduction, aN — zN, to include the impact of the
Roper resonance N*(1440) together with the previously studied A(1232) resonance. Our theoretical
framework is a chiral Lagrangian approach with explicit resonance fields to account for their respective
impacts. We find that the N*(1440) also leads to an enhancement of the cross section within its energy
range for various axion models. This enhancement given by the N*(1440) maintains stability even when
the parameter sin’# of the Dine-Fischler-Srednicki-Zhitnitsky (DFSZ) model undergoes variations. In
contrast, the enhancement given by the A(1232) gradually diminishes and finally disappears as sin>
approaches 1. Furthermore, the resonance peaks given by the A(1232) are approximately the same in both

the Kim-Shifman-Vainstein-Zakharov (KSVZ) model and the DFSZ model with sin? 8 =1, while the

20

resonance peak given by the N*(1440) in the former model is much more pronounced.

DOI: 10.1103/PhysRevD.109.075050

I. INTRODUCTION

The axion is a well-motivated paradigm for physics
beyond the Standard Model, simultaneously providing a
solution to the strong CP problem [1-4] and serving as a
potential candidate for dark matter [5—7]. The original
(“visible”)  Peccei-Quinn-Weinberg-Wilczek (PQWW)
axion with a decay constant f, at the electroweak scale
(or equivalently a mass m, ~5.7 x (10° GeV/f,) eV in
the keV/MeV region) was quickly ruled out by experi-
ments on astrophysical grounds (axion emission from the
sun and red giants) [8,9]. Thus, the “invisible” axion was
introduced with an extraordinarily large decay constant
traditionally estimated to be 10° GeV < f, < 102 GeV
(corresponding to an axion mass between a few peV and
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0.1 eV) [10], such as the Kim-Shifman-Vainstein-Zakharov
(KSVZ) axion model [11,12] or the Dine-Fischler-
Srednicki-Zhitnitsky (DFSZ) axion model [13,14].
Astrophysical observations can place stringent bounds
on the properties of the axion. For instance, a core-collapse
supernova (SN), e.g. SN 1987A, can emit axions in
addition to neutrinos as an extra cooling mechanism of the
associated neutron star. Consequently, the suppression of
the neutrino luminosity due to axion emission would
discernibly alter the observed neutrino events to provide
stringent bounds on the axion-nucleon couplings [15,16].
Recently, Carenza et al. [17] revisited the axion emis-
sivity due to the pion-induced process 7z~ p — an and
pointed out that SNe can emit axions with energies up
to 500 MeV, which in turn can produce pions in water
Cherenkov detectors via the aN — zN process. At these
energies, an enhanced cross section of the pion axiopro-
duction can be expected due to the intermediate resonances.
Note that we use the term axioproduction in analogy with
terms like pion electro- or photoproduction. Pion axiopro-
duction hence means pion production induced by axions. In
Ref. [18], by conducting a study on the P33 partial wave
cross section of this process, the authors confirmed the
existence of such an enhancement in the Delta resonance

Published by the American Physical Society
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A(1232) region, which can be accessed when the axion
energy E, ~200-300 MeV. They also pointed out that the
A(1232) contribution to the aN — zN process breaks
isospin symmetry with the amplitude proportional to
(mg —m,)/(my + m,). Thus, the enhancement of the cross
section of pion axioproduction estimated in Ref. [17] is
reduced by 1 to 5 orders of magnitude.

In this work, we take a step further by considering also
the effects of the Roper resonance N*(1440) on this
process, whose contribution conserves isospin. This is
motivated by the simple observation that the invariant
mass of the initial aN system falls within the N*(1440)
region when the axion energy E, is approximately in the
range of 400-500 MeV, which is on the right shoulder
of the bump of the SN emitted axion number spectrum from
the 7z~ p — an process derived in Ref. [17]. Furthermore,
the N*(1440) decays into zN with a large branching
fraction of (55 —75)% [19]. Hence, it is imperative for
us to consider its impact. While the N*(1440) does not
couple as strongly as the A(1232) to the pion-nucleon
system, the fact that the pion axioproduction via the
N*(1440) is isopsin-conserving counteracts this suppres-
sion. In fact, we will demonstrate that the N*(1440) also
leads to an enhancement in the cross section, and further
implications for experimental detection of the axion are
discussed.

We employ a chiral Lagrangian framework with explicit
resonance fields. The chiral Lagrangian is the leading order
(LO) one in chiral perturbation theory (ChPT), which is a
low-energy effective theory of quantum chromodynamics
(QCD) [20,21]. In ChPT, the pions and nucleons, rather
than the more fundamental quarks and gluons, are treated
as the effective degrees of freedom, while the axion can be
incorporated through external sources. Additionally, we
explicitly introduce resonance fields, namely the A(1232)
and N*(1440) fields, following Ref. [22], to account for
their effects. This framework enables us to draw upon
established knowledge of hadronic processes while at the
same time preserve the consequences of the spontaneously
broken chiral symmetry of QCD.

The outline of this paper is as follows: In Sec. II, we
collect the necessary kinematics concerning pion axiopro-
duction. In Sec. III, we outline the main steps for incor-
porating the axion into ChPT. The Lagrangians describing
the axion-nucleon and axion-resonance interactions are
collected in Sec. IV where we also evaluate their contri-
butions to the scattering amplitude. Subsequently, we
assemble these contributions and proceed to analyze the
obtained results in Sec. V.

II. KINEMATICS

In this section, we give a short discussion of the general
isospin structure of the scattering amplitude of pion
axioproduction and its partial wave decomposition, follow-
ing closely Ref. [18]. This serves to set our notation and to

keep the manuscript self-contained. The process under
consideration is

a(q) + N(p) = #"(¢') + N(p'), (1)

where a denotes an axion, N a nucleon, either proton or
neutron, and z” a pion with the Cartesian isospin index b.
As usual, we define the Lorentz-invariant Mandelstam
variables:

u=(p-4q)r. (2

s=(p+q)? t=(p-p),

These invariants fulfill the on-shell relation,
s+ 14 u =2m3 + mi+ M2, (3)

which can be used to eliminate one of the three variables,
which we choose to be u. In what follows, we will take
the isospin-averaged nucleon mass my = 938.92 MeV
and the isospin-averaged pion mass M, = 138.03 MeV.
Throughout this paper, we use the center-of-momentum
(c.m.) frame, for which the three-momenta obey the
relation p+q=p' +q =0. Using the well-known
Kéllén function,

Ma,b,c) = a*+ b* + c¢* —2ab — 2ac — 2bc, (4)
one has

A(s, my, m3)
2/s ’

/I(s,mlzv,M,zt)
2/s ’

and the c.m. energies of the incoming and outgoing
nucleons can be written as

Ip| =lq| =

p'l = 1q'| = (5)

s+ my—md s+ my—M;

=2 N a4 g, =2 "N 7
P 2\/5 p 2\/5

Moreover, setting z = cos 8, where 4 is the c.m. scattering
angle, we have

E (6)

p-p =pllp'z. (7)
so we can reexpress the second Mandelstam variable ¢ as
1= 2(mlz\/ —EyEy + |p||p’|z). (8)

In the following, we consider the scattering amplitude
TP\ _.n- According to the isospin structure, it can be
parametrized as
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1 1
Thyoan = 5{7b773}T+ 3 [, 2T~ +<"T°, (9)

which is similar to the case of zN elastic scattering with
isospin violation, see, e.g. Ref. [23]. Any of the four
possible scattering amplitudes can then be expressed in
terms of the three amplitudes 7+/~/3:

Toprry =TT+ T2,

Tan—>ﬂ0n = T+ - T3’

Tuporin = V2(T™ +T°),

Tononp =—V2(T~=T3). (10)

Furthermore, according to the Lorentz structure, each of the
three amplitudes 7/~/3 can be decomposed as (the super-
scripts are suppressed for simplicity)

T(s,t;A,2) = ﬁ(p’,/l’){A(s, t) + B(s, t)%(q + q’)}
xu(p, 1), (11)

where A), appearing in the Dirac spinor, denotes the heli-
city of the incoming (outgoing) nucleon. The partial wave
amplitudes T'*(s), where [ refers to the orbital angular
momentum and the superscript = to the total angular
momentum j = [ + 1/2, are given in terms of the functions
A(s,t) and B(s,t) via

:\/Ep+mN\/Ep’+mN

TI:I:(S) 3
x {Al(s) + (v/5 = my)B(s)}
N VEp —myy/Ey —my
2
x {=A%1(s) + (Vs +my)B*! (s) ], (12)
where

Al(s) = / e As. (5. 2)Pi(2).

1

Bl(s) = /_ 42 B(s, 1(5,2))P(2). (13)

1

The total cross section can be expanded in terms of the
partial wave cross sections as [24]

o= Zali, (14)
Ix

where

1 |p’|
E—=_— 1]+ 14+ 1T 15
T p] 2T DIT (15)

In this work, we perform the calculation of the S;, Py,
and P; partial wave cross sections while neglecting the
higher ones with /> 2, as those are suppressed in the
energy region under consideration. Throughout, we make
use of the notation /,;, with [ =§,P,D,--- the orbital
angular momentum, and j the total angular momentum.
Each of the partial waves contains both the isospin-
conserving (I = 1/2) and isospin-breaking (I = 3/2) con-
tributions. That is, S| refers to the sum of both S;; and S5,
(in the usual /,; ,; notation) partial waves, and so on. Since
the Aisa spin—%, positive-parity resonance and the Roper is
a spin-1, positive-parity resonance, it is reasonable to expect
an enhancement in the P; and P; partial wave cross
sections in the energy region of the A and Roper reso-
nances, respectively. Of course, we are well aware that the
Roper does not show up as a bump in the pion-nucleon
cross section and the P;; phase shift crosses 90° at an
energy higher than 1.44 GeV. In case of pion axioproduc-
tion, matters can be different as the background is much
suppressed.

III. INCORPORATION OF THE AXION
INTO ChPT

In this section, we give a brief presentation of how the
axion can be incorporated into ChPT. For a more detailed
discussion, we refer to Refs. [25-28]. Consider the general
QCD Lagrangian with axion below the Peccei-Quinn (PQ)
symmetry breaking scale

a ( g\? sl = d,a
Locp = Locepo + 7 \ax Tr[G,,G"]| + qr'ys

X
2fa "

(16)

where g = (u,d,s,c,b, 1) collects the quark fields, a
refers to the axion field, and f, is the axion decay constant.
Depending on the underlying axion model, the coupling
constants of the axion-quark interactions in the matrix
X, = diag(X,) are given by

ngvz —0.
1 x7! 1
SZ _ )
L
1 x 1
XOY =3 = o, (1)

for the KSVZ-type and DFSZ-type axion, respectively,
where x = cotf is the ratio of the vacuum expectation
values (VEVs) of the two Higgs doublets in the latter
model. After a suitable axial rotation of the quark fields
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to remove the axion-gluon coupling term, the whole
axion-quark interactions read

Laq=—(c‘zLMaqR+H-c)+w"Ys ~(X,=Q)g. (18)
where
M "Xp(fa )M"’
M
= o~ diag(1,z,w,0,0,0), 19
0, o) 1+Z+W1ag( Z,w ), (19)

with M, = diag{m,} the quark mass matrix and
z=m,/my, w=m,/m;. We take z =0.485 and w =
0.025 [29].

It is from the interaction Lagrangian (18) that one has to
determine the axial-vector external sources a, (isovector)

and a,(f) (isoscalar) that enter ChPT. In the SU(2) case, this
can be achieved by separating the 2-dimensional flavor
subspace of the two lightest quarks from the rest and by
decomposing the matrix X', — Q,, into a traceless part and a
part with nonvanishing trace, which results in

ﬁaq = _(éLMaCIR + HC)
+ (o o,a . 0y a
qrivs\ Cu—ar 2f, T3 T Cutdn 5 2fa "

o,a
+ Y (qy 15y ) (20)
q={s.c.b,t} a

with
1 X 4x 14z
c = — —
utd 2 u d 1 4w )
X i X (21)
c. = X, Copr =X ps
K K 1 74w c.b,t c.b,t
Let ¢;, i ={l,...,5}, refer to the isoscalar couplings
{u+d,s,c,b,t}, then one finds
o,a R d,a
a, = c,_ dzfa a/(zl). = Z”fg 1. (22)

With the usual SU(2) matrix containing the three pions,

u—Jﬁ—apGﬂ”> (23)

2F

where F is the pion decay constant in the chiral limit, for
which we take the physical value F, = 92.4 MeV as the
difference only amounts to effects of higher orders than
those considered here, one forms the following building
blocks of ChPT:

D,=9,+T,, with
1
Fﬂ = 3 [quﬂu + uaﬂuT - iuTaﬂu + iuaﬂlﬂ] s
u, = i[uTa u— ua ut — iuTa u— iua’,uT],
w,; = i|—iu alg)u - zuai?uT] = Zal(z?. (24)

Notice that, in principle, the axion can also enter ChPT
through the building block,

ye=uyu’ fuy'u, with y=2BM,, (25)
where B is a constant related to the quark condensate
¥ = —(@u) in the chiral limit via B = X/F?. However,
as this building block only appears in the interaction

Lagrangians beyond leading order, it will not be considered
in what follows.

IV. EVALUATION OF THE RELEVANT
FEYNMAN DIAGRAMS

In this section, we calculate several contributions to the
scattering amplitude 7%, . First, we consider the contact
and nucleon-mediated diagrams, Fig. 1, arising from the
lowest order pion-nucleon Lagrangian. These diagrams
start to contribute at O(g). At O(¢*) and O(g?), there are
contributions arising from the pion-nucleon Lagrangians
beyond leading order. However, since axions have not
been observed so far, some of the LECs of these higher-
order interaction Lagrangians remain undetermined. In our
approach, such higher order contributions in the near-zN-
threshold region are approximated by the explicit exchange
of the A(1232) and of the N*(1440) resonances, see Figs. 2
and 3. This is a sensible assumption as explained in
Ref. [30], where the dimension-two LECs were fixed from
data and it was shown that resonance saturation allows to
explain these values. The amplitudes in addition possess
resonance poles in the energy region of interest that cannot
be generated by a momentum expansion up to any finite
order. Finally, we will then consider the contributions from
the pion rescattering loop diagram, Fig. 4. It is known that
this type of contribution is most relevant for many pro-
cesses at one-loop order, with the notable exception of
neutral pion photoproduction off protons or neutrons [31].

A. Contact term and graphs with
an intermediate nucleon

In what follows, we only need the lowest order pion-
nucleon Lagrangian, which is given by

55:1\3:‘? {llb mN+ ?’7’5+ !/i}’s}lPN’ (26)

where Wy = (p, n)T is an isodoublet containing the proton
and the neutron, /my is the nucleon mass in the chiral limit,
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a..
-4
N @
P
(a)
a s
N _ N ! i N
P pt+q p
(b)

FIG. 1.
term, (b) s-channel N exchange, and (c) u-channel N exchange.

a Tt
N £ : —N
p p+q p
(a)

T
’,f
. , N
p
Q... .m
q EN ,-y"/ 7y
N TN
p p-q p
(c)

Tree-level diagrams for aN — zN arising from the lowest order pion-nucleon Lagrangian: (a) contact (Weinberg-Tomozawa)

(a)
FIG. 3.
a LT
q ko q.
BN , SR TSR A
N S S \ B
p p+q-k p

FIG. 4. The pion rescattering loop diagram for aN — zN.

and g, and s are the axial-vector isovector and isoscalar
coupling constants, all also in the chiral limit. In Eq. (26)
and what follows, a summation over repeated i, the index
of isoscalar couplings, is implied. Again, to the order we

Diagrams for aN — zN with the (a) s-channel and (b) u-channel exchange of the N* resonance.

are working, we can identify these parameters with their
physical values:

Ja = g4 = Au — Ad,
Ggutd — gutd = Au+ Ad,

g — g8 =Aq, forqg=s,cb,1, (27)
where s* Aq = (p|qr*ysq|p), with s* the spin of the proton
and the superscript ¢ denoting the polarization direction.
For these matrix elements, we take the recent values

from Ref. [29],
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For the s-channel nucleon-mediated diagram, Fig. 1(b),

Au = 0.847, Ad = —0.407, As = -0.035, (28)

we find
2{}?) 1§iogeeliztizriz ;gc, f), t. The relevant diagrams from Al (5.1) = ATy (5.1) = gaCua X Ay(s. 1),
N - 3 _ i
The contact (Weinberg-Tomozawa) diagram, Fig. 1(a), Afp (s, 1) = goci X Ay(s.1),
only gives a contribution to B™: B, (s,1) = By, (s,1) = gacu_q X By(s,1),
B Cu—d B3, (s, 1) = gic; X By(s,1), (30)
By, (s.1) T 2FF (29)
“or where we have defined
|
gamy
Ap(s,t ,
n(s.1) 2f.F,
9a 4my
By(s,t — 1]. 31
M0 =50 F, <s —m ) e

Al (s, 1) = +AT, (u, 1),
Bi.(s,t) = =B, (u,1),

where u needs to be understood as u(s, t) via Eq. (3).

B. Intermediate Delta and Roper resonances

Next, we consider the exchange of the A resonance.
The interactions of the A with axions, pions and nucleons
are given by the following effective Lagrangian, which
is the leading term of an appropriate chiral invariant
Lagrangian [32-34],

[’AﬂN =

NSRS

AﬂTﬂT (gﬂy + ZO}’#Y”)<T,1M,,>\PN + H'C'v (33)

where H.c. stands for the Hermitian conjugate and (- - -)
denotes the trace in flavor space. Here,

AFt

A
A, = (34)
1"

Al

Ay

collects the four A charge eigenstates, each of which is
represented by a spin-3 vector-spinor field, and 7’s are the
isospin—% - % transition matrices. The propagator of the A
with four-momentum p* is then given by [35,36]

pAma [ L)
lpz_mzAg" 3M+3mA(p7 7"'p) 5 PP
(35)

Bj(s.1) = =B}, (u.1). (32)

with m, the mass of the A, for which we take
my = 1232 MeV. For simplicity, we take here the Breit-
Wigner rather than the pole mass, which is sufficient for
the accuracy of our calculation. Moreover, the interaction
Lagrangian (33) contains two coupling constants g =
—1.366 and z; = —0.42, whose values are taken from
Ref. [22]; see Fit 2 in Table 1 therein. Values from other
fits in Ref. [22] will be used for an error estimate. Notice
that in the notation employed for the A-pion-nucleon
Lagrangian in Ref. [22], see Eq. (3.5) therein, two coupling
constants g,y and Z appear. They are related with the
ones in Eq. (33) via g = —]Z—'LgA,,N and zo = —(Z +1). We
further note that the parameter z;, can be eliminated, but this
would just change the value of g. Here, we prefer to work
with the notation employed in Eq. (33).

For the contributions from the direct exchange of the A,
Fig. 2(a), we find

AS (s, 1) = =2A5,(s,1) = Aa(s, 1),

A3 (s, 1) =0,

B3, (s, 1) = =2B5,(s,1) = By(s,1),

B, (s.1) = 0, (36)

with
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Astout) =2t L2 g 2 (=) + ) (3 02 =] =3 =3 )
o (] (03 002) (s = ) 3E] s s =i )| (37)
and
Ba(s,1) = 23*(];:;;" {—;70% (m2 + M2 + 2[5 — m3][1 + zo] + 4myma [l + 2] + dmy[my + my)z0)
+- —lui K% [ + Mz — 1] —ém% + g v mal [y M%])
oz ([ 3 2my) s3] e+ 2]+ [s =3 7). 39)

Notice that Egs. (37) and (38) have a pole appearing at c.m.
energies around the A mass. To avoid unnecessary intri-
cacies associated with this, we use a Breit-Wigner propa-
gator with a complex mass squared,

pi = my — imaly, (39)

with I'y = 117 MeV the width of the A [19]. Here, the
same comment with respect to the pole value as already
made for the mass applies. A more refined treatment could,
e.g., be given by including the A self-energy in the complex
mass scheme [33], but that is not required here. For the
contributions from the exchange of the A in the crossed
channel, Fig. 2(b), analogous relations as the ones shown in
Eq. (32) hold.

Let us consider now the exchange of the N* resonance.
The Lagrangian for the N*zN and N*aN interactions
is [37-40]

VR ,.
Lyan = TTN* {%A fhys + % hiys }lPN +H.c., (40)

with Wy the isodoublet Dirac field describing the Roper
and R = 0.79 determined in Ref. [22].

The resulting contributions from the Roper-mediated
diagrams, Figs. 3(a) and 3(b), are similar to those from the
nucleon-mediated diagrams, see Egs. (30) and (32), with
the only difference being the need to replace Ay and By
with Ay and By, respectively,

Rga(my +my-) s —m3

Ay (s,1) =

16f,Fy  s—i
Rg 2m3, + 2mymy- S —m3
BN*(S,I):_ A N — 2N N _ 2N ’ (41)
16f,F, S — piy- 8§ — Uy

where again we used a complex mass squared in the
propagator,

with my- = 1440 MeV and T'y: = 350 MeV the Breit-
Wigner mass and width of the Roper resonance [19]. We
are well aware that such a simple parametrization does not
quite represent the dynamics of the Roper in pion-nucleon
scattering, see, e.g., Ref. [41] for a more refined treatment,
but given the exploratory nature of our investigation, it
should suffice to estimate the corresponding contribution to
pion axioproduction for c.m. energies below 1.5 GeV.

C. Pion rescattering

The pion rescattering loop diagram is depicted in Fig. 4.
The resulting contributions to the partial wave amplitudes
TIE v (I denotes the isospin of the final zN system) can
be approximated by

Tlli.rescatt.(s) ~ Tlli,tree (S) % g(s) % Til]i]t—)ﬂ'N(s)' (43)

an—nN an—naN

The first factor, T/ (), corresponds to the left vertex
which leads to the axion-pion conversion and, therefore,
basically comprises the contributions from Fig. 1. The
second factor, g(s), is the usual two-point loop function

involving one pion and one nucleon:

1 . M2 x, —1
o(5) = g2 { o) + tog (25 ) = x. tog ()

()

s +m3 — M2
2s

izl—s (s+M2—m})*—4s(M2—i0"),  (44)

Xt =

where we fix the regularization scale at 4 = my and take
the subtraction constant & = —0.84 as in Ref. [22]. Finally,
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the last factor, TXE (s), reflects the effect of the right
vertex which leads to the rescattering of the pion. Since
there have been many studies of pion-nucleon scattering,
we do not repeat the computation of T/ (s) here and

adopt the results of Ref. [22], see Eq. (4.11) therein.

V. RESULTS

In this section, we show and discuss the results of the
total and partial wave cross sections of the an — 77 p
process. The final state of the an — 7~ p process consists of
two charged particles, which can be more easily detected
than neutral particles in most experiments. The results for
the other three processes listed also in Eq. (10) are provided
in the Appendix. As advocated in Sec. II, the total cross
section can be approximated by the sum of the first three
partial wave cross sections,

o~ oS + ol + o3, (45)

Each partial wave cross section can be calculated by
Eq. (15), and the corresponding partial wave amplitude,
T - p» can be obtained from the calculations presented in
the previous section,

Tli

an—n-p

ST, TR, o)
Here, T%::tree ,» denotes the contribution arising from the
tree diagrams and can be obtained by using Eqs. (10) and
(12) with the functions A and B given in Secs. IVA and

IV B. T:loop , denotes the contribution originating from

the loop diagram and can be expanded in terms of 7":=recat

given in Sec. IV C by using the isospin decomposition,

o) = =y 2= 12\ M =372 @)

In Fig. 5, we show the total as well as the three
mentioned partial wave cross sections as functions of the
c.m. energy W for the KSVZ and DFSZ models. For
comparison, we also depict by dashed lines the results
considering only contributions from the contact and
nucleon-mediated diagrams. The cross sections are multi-
plied by a factor of f2 in order to eliminate the dependence
on the unknown axion decay constant. Additionally, the
unknown axion decay constant also implicitly appears in
the terms containing the axion mass, but it has negligible
practical impact since the axion mass can safely be dis-
regarded within the typical QCD axion window. Notice that
the results of sin” 3 taking value of 0 in the DFSZ model is
given for illustrative purposes only, as the allowed range for
tan due to the perturbative constraints from the heavy
quark Yukawa couplings is [0.25, 170] [42] corresponding
to approximately sin? 4 € [0.06, 1.00].

As anticipated, there is indeed an enhancement in the
partial wave cross sections of P; and P; when W ~ m, and
W ~ my+ due to the A and N*, respectively. First, consider
the P5 partial wave. It is evident that the magnitude of the
resonance peak decreases as sin’f — 1 in the DFSZ
model. This can be easily understood since the dominant
contribution to Tgf,_,,,- p» arising from the s-channel
exchange of the A, is proportional to c¢,_, [see Eq. (36)],
whose absolute value is a linearly decreasing function of
sin? 8 [see Eq. (21)]: [cDF5%(sin® B)| = §(1.0116 — sin? §).
This also explains why the P; partial wave result of the
KSVZ model closely aligns with that of the DFSZ model
when sin®f =1, as D% (sin? f = 1) = KSYZ We also
find that the P5 partial wave results of our work are smaller
than the P33 partial wave results reported in Ref. [18]. This
discrepancy arises from the fact that it is the isospin
eigenstate considered as the initial/final states in that
work. Consequently, the amplitude there takes the form
of X3/2 =X+ — X~ [18] with X = A, B [see Eq. (12)],
which can be approximated as 3 X, [see Eq. (36)] if one
only keeps those contributions from the s-channel
exchange of the A. In contrast, our analysis considers
the physical initial/final states, resulting in an amplitude of

Xanon—p = —\/E(X‘ -X3) :@XA. As a consequence,
the peak value of the cross section reported in Ref. [18]
ought to be roughly 4.5 times larger than the one we obtain,
basically reflecting the differences.

We point out again that our total cross section peak in the
A region, 6,4, , ~48 —1 pb(GeV/f,)?* (for sin’f =
0 — 1), is about a factor 20 to 1000 smaller than the naive
estimate given in Ref. [17] because they did not account for
the fact that the A contribution is only nonvanishing when
isospin symmetry is broken. In contrast, our results align,
within the same order of magnitude, with those reported by
Ho et al. [43]. As an illustration, considering the DFSZ
model with sin? 8 = 0, the peak value of the total cross
section in the A region in our results is approximately
50 pb(GeV/f,)?, while Ref. [43] reported a value around
80 ub(GeV/f,)?. Taking the KSVZ model as another
example, both results indicate a peak value of approxi-
mately 20 pb(GeV/f,)>.

In the case of P; partial wave, due to the relatively large
decay width of the Roper, its contribution as the inter-
mediate particle in the s-channel does not entirely dominate
T 5,‘1_,,,- - Therefore, the dependence of the magnitude of
the resonance peak on sin’ # in the DFSZ model can no
longer be straightforwardly understood through an analysis
similar to what we did in the case of P partial wave. In
any case, we can still draw the following two conclu-
sions directly from the second row in Fig. 5: First, the
strength of the resonance peak remains relatively stable
with variations in sin? p, or in other words, it does not expe-
rience significant suppression at certain values of sin’® .
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FIG. 5. The total and partial wave cross sections of an — 7~ p versus the c.m. energy W for the DFSZ axion at different values of
sin? B (left panel) and the KSVZ axion (right panel). In these plots, the solid lines correspond to the cross sections obtained based on
Eq. (46), while the dashed lines correspond to the cross sections obtained considering only the contact and nucleon-mediated diagrams.
In the left panel, the red, orange, green, blue and purple lines correspond to the DFSZ model parameter sin?> f = 0,1/4,1/2,3/4 and 1,

respectively.
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relative deviation from the mean value.

This phenomenon offers the potential for probing the DFSZ
axion with sin’ 8 in the vicinity of 1, where the resonance
peak given by A gets highly suppressed. Taking the case
where sin? # = 1 as an example, the total cross section at
W = my- is 10.3 pb(GeV/f,)?, one order of magnitude
larger than the total cross section at W = m taking a value
of 1.2 pb(GeV/f,)?. Second, the strength of the resonance
peak given by the Roper in the KSVZ model is notably
more pronounced than that in the DFSZ model with
sin f = % This is in contrast to the scenario observed in
the P partial wave, where the strength and shape of the
resonance peak given by the A are approximately the
same in both the KSVZ model and the DFSZ model
with sin? g = 1.

If the parameter sin® 3 of the DFSZ model happens to be
around %, it would be hard to distinguish the two axion
models. To be more specific, the total cross section at
W = my-, where the two models differ most, is about
15 ub(GeV/f,)? in the KSVZ model. For an order of
magnitude estimate, this implies that the number of pions
produced in a megaton water Cherenkov detector will be at
O(1) using f, = 10° GeV and the axion number lumi-
nosity in Ref. [17] for axions emitted from an SN at 1 kpc.
Meanwhile, the total cross section at W = mpy- is
7.4 pb(GeV/f,)? in the DFSZ model with sin?f =1,
suggesting that about half the number of pions would be
produced compared to the KSVZ model under the same
conditions. A difference by a factor of only 2 might not be
enough to unambiguously distinguish models. However,
one may distinguish the DFSZ model, with sin? § sizably
deviating from %, from the KSVZ model. In the A region,
approximately O(10) pions would be generated in the

KSVZ model, whereas the count would be noticeably
higher (sin? # ~0) or lower (sin?> #~ 1) in the case of the
DFSZ model.

To assess the reliability of our results, we conduct a
rough error estimation by performing calculations on the
KSVZ axion using two sets of the pertinent A and Roper
couplings, selected from distinct fit outcomes presented in
Ref. [22]. We find that the maximal numerical deviation
from the mean value is about 30%, while the line shapes of
the total cross sections remain almost unchanged (up to
normalization), see Fig. 6.

VI. SUMMARY

In this work, we investigated the impact of the A and
N*(1440) as intermediate particles on the cross section of
pion axioproduction. The axions from SNe, that transform
into pions in water Cherenkov detectors, can reach energies
as high as 500 MeV, making the effects of these resonances
non-negligible. We adopt a chiral Lagrangian framework
with the explicit inclusion of resonance fields. Based on
the assumption of resonance saturation, we were able to
essentially account for the effects of these resonances by
explicitly considering the exchange of them in s-channel
and u-channel, thereby avoiding the ignorance of LECs
related to the higher-order interactions. The results indicate
that an enhanced cross section is indeed present in the
region of the A and N*(1440). However, these effects are
drastically reduced compared to the earlier work of Ref. [17].
Experimental observations at W ~ my- are crucial for
detecting the DFSZ axions with sin? 8 close to 1, while
the A region may be used to discern between the KSVZ
axions and the DFSZ axions with sin?f significantly
different from 1/2.

Finally, considering the inverse process of pion axio-
production, zN — aN, as suggested to be the dominant
mechanism compared to nucleon bremsstrahlung,
NN — aNN, for axion production in SNe [17], it would
be intriguing to explore the influence of these resonances
on zN — aN, which may offer new insights into exper-
imental axion searches.
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APPENDIX: ADDITIONAL RESULTS

In this appendix, we show the results for three additional processes, ap — 7°p, an — 72°n and ap — " n, which have

neutral particles in the final state. The total and partial wave cross sections of these three processes for the DFSZ and KSVZ
axions are similar to those of an — z~ p in Fig. 5 and are shown in Figs. 7-9, respectively.
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FIG. 7. The total and partial wave cross sections of ap — z°p for the DFSZ axion at different values of sin> # (left panel) and the
KSVZ axion (right panel). See the caption of Fig. 5.
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The cross section peak of the P partial wave for ap —
7°p and an — 7°n is approximately twice as large as the
ones for ap — n'n and an — 7~ p. This observation can

be explained by considering that the amplitudes of the
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former two processes can be approximated as X,, while

those of the latter two can be approximated as ‘/TiX as I
one considers only the A contributions in the s-channel. We
also observe that the cross section peak of the P, partial
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FIG. 9. The total and partial wave cross sections of ap — zn for the DFSZ axion at different values of sin? 3 (left panel) and the
KSVZ axion (right panel). See the caption of Fig. 5.

wave for ap — n°p and ap — #tn is significantly higher
than that of an — 2% and an — 7~ p. This is attributed

to the contributions of the Roper, which
isospin-conserving components (present

include both
in 73) and

075050-13

isospin-breaking components (present in 7" and 77).
These two components undergo coherent enhancement
in the former two processes, while experiencing coherent
cancellation in the latter two.
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