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SM: other terms + 6GG

CP-violated

SM extended with axion: other terms + %aﬂaaﬂa + (fi + 67) GG



Origin of Axion

SM: other terms + 6GG

CP-violated
SM extended with axion: other terms + %auaaﬂa + (fﬁ + 9_) GG
minimizing the vacuum energy leads to (a/f,)=—0

perform the axion field shift, a = a — 8f,, and other field transformations

\ 4

CP-symmetric
. . 1 1
SM extended with axion: other terms + ~d,ad"a + Emczla2 + -

tiny mass m, < fi candidate for DM



Axion Models

Visible Axion (PQWW)

« 103GeV < f, < 10°GeV

* Seems to be ruled out by experiments on astrophysical grounds. [Phys. Rev. D 18, 1829 (1978), Phys. Rev. D 22, 839
(1980)]

 Still attempts to make the experimental data compatible with the original model. However, these
attempts require a lot of additional assumptions. pHEP 07 (2018) 092]



Axion Models

Invisible Axion (KSVZ and DFSZ)

« 10°GeV < f, < 10%GeV

* QCD Lagrangian including axion below the PQ scale:

B ~ d,a
Lacp,o — (@LMgqg +h.c.) + qy*ys _Zf (Xq - Qa)q
a

M, = exp (i%Qa) M, Q. is the chiral rotation matrix, M is the quark mass matrix

X4 is the model-dependent coupling matrix
KSVZ _
Xq =0

1 1
DFSZ _ _ cin2 DFSZ _ 2
Xuct =3 sin B, Xqsh = 3 C0S p



Motivation

Supernova Water Cherenkov Detector
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B -

NN - aNN




Motivation

[Carenza et al, Phys. Rev. Lett. 126, 071102 (2021)]
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Motivation

[Carenza et al, Phys. Rev. Lett. 126, 071102 (2021)]

2.0
= i — mpona
=15 | \ --- NN-NNa
‘
210 |
X
Supernova E Water Cherenkov Detector
U fag Sweqaa) B —————
00 100 200 300 400 500 e SERES Av,
w, (MeV) - 24 .
Tl,'_p — an FIG. 1: The number spectra of axions for 7N (solid curve)
and NN (dashed curve) processes for our benchmark axion
NN - aNN model at a post-bounce time ¢, = 1s.
.\ an - mp

3
A(1232): JF =2
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N*(1440): J* = 5

O-an—nr_p

+

fOansn—p = EfOpnonn = 1 mb(GeV/f,)?* around the A(1232) region



Chiral Lagrangian Framework

Pion Field
U(x) = exp <i t (X)Ti>
F
Nucleon and Roper Field
(*)
p~ (x)
Y ow(x) =
N () (n(*)(x)>
Delta Field
AT (x)
A (x
£, () = ﬁ( )
AL (x)

Ay (x)

Axion Field

X=S+ip=M,

d,a
a, =¢C — T
U u—d 3
2fq

& _  wa .
a,; —Ciz—H,l ={u+d,s,cb,t}
fa
1 1+z w
Cuidzz XuiXd_1+Z+W rCs=Xs_1+Z+WJCc,b,t=Xc,b,t
T
T mg’ T mg

[Phys. Lett. 1698, 73 (1986), J. High Energy Phys. 03 (2020) 138]



Chiral Lagrangian Framework

Pion-Nucleon Interaction

(8
ﬁ:(r}m)r = lI’N{ll{) — My JrZQ‘J’.s +f3’5}‘PN

Delta-Pion-Nucleon Interaction

zlg]ﬁﬂT“T(g“” +zdr*y* ) (tau,) ¥y + H.c.

Roper-Pion-Nucleon Interaction

5 Jg 9
Lyszn = @TN* {?A fys + EO WiYs }TN + H.c.

f}A—’gA:AM—Ada

o y+d
9

ut+d __
— Yo

a5 = 96 = Aq.

Au + Ad,

for g =s,c,b,t

s*Aq = (p|ar*ysq|p)

[Eur. Phys. J. C 82, 869 (2022)]

-

Fit 1 Fit 2 Fit3 | Fitd | \
JrAN 2.05 2.04 2.05 2.05
A —0.16 —0.08 —0.05 —0.05
VR 0.67 0.79 0.79 0.79
T, —0.15 —0.26 —0.09 —0.09
¢4 [MeV] 26.2 (25.,50.) 25.0 (25.,50.) | 5.9-10° 115.8
G [MeV] 50.0 (25.,50.) 43.9 (25.,50.) 1.0-108 199.8
Mg [MeV] || 1560 (840,1560) | 1560 (840,1560) | 3.8-107 | 63681.
gs 100.2 104.31 2.4-1061 | 3515091
Gy [MeV] 67 53 67 * 53
9 5.00 (5.8) 5.00 (5.,8) 6.08 7.70
K 5.70 (5.7,6.5) 5.70 (5.7,6.5) 3.53 3.53
a 0.16 0.16 0.16 0.16
\?/dof 21.5/355 15.6/355 12.9/355 | 12.0/355 /

[Nucl. Phys. A673, 311 (2000)]



Relevant Feynman Diagrams

Contact and Nucleon-Mediated Diagrams

. q.
A 7
N e ; N
p P

Delta-Mediated Diagrams

N 4 2 —N
P p+q r
Roper-Mediated Diagrams
g ;]' :
A Vo
P p+q P

a., T

a /T(
, e a.. n
1 ¥ q 7
N
N e o N . —N
P r-1 4
a.. B Tt
7, i
N L y Use Breit-Wigner propagators to avoid pole singularities.
p p-q P
A more refined treatment could be given, e.g. by including the
resonance self-energy in the complex mass scheme [Phys. Rev. C 72,
055203 (2005)], but that is not required here.
a -TU
e T
N—)—o‘-----—-—-la\-;jh-;-----o—)—N
p P-4 4

= Tanonn(S) X g(8) X Trnoan(s), with g(s) usual two-point loop function



Results
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Resonance peak in a3 decreases and almost vanishes as sin? = 1 in the DFSZ model

My? o cyg, |ciE5(sin? B)| = (1.0116 — sin? B)/3
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o3 of the KSVZ model closely aligns with that of the DFSZ model when sin? g = 1/2

ML o g, [cDFS(sin? f = 1/2)] = |cKSY?
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fazaan_,n—p ~ 50 — 1 ub(GeV/f,)? is about 20 — 1000 smaller than the naive estimate by Carenza et a/.
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Resonance peak in a1 remains relatively stable with variations in sin? § in the DFSZ model
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If sin? B =~ 1/2 in the DFSZ model, it would be hard to distinguish from the KSVZ model

= 15 ub(GeV/f,)? at W = my~
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One may distinguish the DFSZ model, with sin? S sizably deviating from1/2, from the KSVZ model.

At W = m,, 0(10) pions would be generated in a megaton water Cherenkov in the KSVZ model using f; = 10° GeV,
whereas the count would be noticeably higher (sin? 8 = 0) or lower (sin? 8 = 1) in the DFSZ model.
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Thanks For Your Attention
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