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The QCD axion

< A dynamic solution for the strong CP problem in QCD.
(Peccei-Quinn mechanism)

2K A possible candidate of the cold dark matter.
(Coherently oscillating scalar field)

kIt can couple to the SM particles with strength inversely
proportional to the decay constant f,.

<1t may form a BEC due to its self-gravitational interaction.



Axion emission from celestial bodies

X The axions can be produced copiously from some and hot
dense celestial objects such as supernovae (SNe), neutron

stars, and white dwarfs. 50;

»>e.g. SN1987A
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Axion emission process from SNe

2 Two hadronic processes that can create axions inside SNe

» Nucleon-nucleon bremsstrahlung (NNB) : NN — N Na
» Pion-induced Compton-like scattering (PCS): 7~ p — na
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> It has been thought the NNB as the dominant axion emission
for a while due to the underestimate of the 1 inside SNe.

» Recent studies have shown that the PCS dominates over the
NNB to be the main source of the axion emission inside SNe.

B. Fore and S. Reddy (2020), P. Carenza, et al. (2021), T. Fischer, et al. (2021)



What we did

X We evaluate the supernova axion emission rate including the
A resonance In the heavy baryon chiral perturbation theory
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»For Tgy ~ 30MeV, |k_| >~ /3m _Tgyy ~m_,E_ ~ 180 MeV

> The mﬂ_p is somewhere in the middle of A and I[N masses.



Heavy Baryon Chiral Perturbation Theory

3<Interactions of meson octet and baryon octet ‘" & Menener @

L.p = i(Bv"D,B,)+2D(B,SH{A, B,})+2F(B,S[A, B,])

TRRad

1
+ Zf?<3“H@uHT> + oM, (TI+TI)) +-- -,
2K Interactions of meson octet, baryon octet & baryon decuplet
Lopr = —1 (7;“)7;]'1{ UPDP(’EJM)Z']’I« T AmTB(,];JM)ijk (%M)ijk

#Ceig (T (A (Bo) e+ (B (A, (T

_ A A
=== (Conserved axial vector currents ijM & jWB“T



The QCD axion Lagrangian
K Upqew > T > Aqcp & atleading orderina/ f,

2
L = 18 ad*a - 95 % e éc“”—kﬁm“(’? q
aqg 2 H 3972 fa pv 2.
(M, gp+he) + 28 Gy
(7z M, gz +h.c.) YRR
Aqeco R T )
< Chiral transformation : ¢ — exp (—275 i a)q ,(Q) =1
1 . 0, A
L., = §0Ma@“a+§w .9+ </\/laqRqL+/\/laquR> + fa<(2(q+ Qa)tA>quu

» Next step is to replace the conserved quark currents with
the conserved hadron currents in the HBChPT.



AXxion models

%{KSVZ mOdeI gmmzji Vainshtein, Zakharov "80
» The QCD anomaly is realized by introducing
a heavy vector-like fermion. g
Q=0Qp+Qr~ (3,1) P---- Q|
g

> Interactions : yQCI)Q—LQR + h.c.
»Under PQ symmetry

d — ePad Q, — %/?2Q, Q, — e “Pa/?2Q,

»Only ® and Q have PQcharges: X, = X;, = X, =0

(at tree level)



Axion models
fy{DFSZ mOdel E)L?Jcer;ifsiic;/hJZ%Srednicki 81
»The QCD anomaly is induced by assuming 2HDM H & H
couples to the SM quark fields.

»Interactions : F{{ [1,(®*)2 Q, (Y, H,Us + Y,H,Dy) +h.c.
»Under PQ symmetry
d — e'Ped H, — e “PoH, H, — e'%PeH,

QL — QL UR —> 6_ZqPQ UR DR — e_zqPQ DR

> The axion as a linear combination of the CP-odd scalars can

2 .+ 2
couple to the SM quarks : X, = COZ P X, = sin”/3 on 5 — )




Axion couplings to hadrons

X Axion couplings to pions and baryons : qu“ ~ T o
% (x Q) gAH £ = Gt (X + Q )t T 1S<2( + 9, T
f <( q_l_ a,) > q — arB T f (q_|_ a) 7TB—|_3 q a B
» Axion couplings to pions and nucleons :
9 .
Loy = - [Oapp—vsm + Cony Sty + 5 Cony (7P, = w‘n—vv“pv)]
A Ad + wA - ~
C. = X,Au+ X,Ad+ X,As + = T Podrwas 2= my/mg = 0485
A +Azd+ v A w =m,/m, >~ 0.025
ZAU + + WAS
Can — XdAu T XuAd T XSAS + 1 oy 4w Ay = 0.847
1 1 — c —-C_ Ad = —0.407
C{cmN — _(Xu_Xd—|_ - ) — -
NG 1+ 2+ w V2g, As = —0.035



Axion couplings to hadrons

X Axion couplings to pions and baryons : qu“ ~ T o

0,a . 0,a

; <(Xq + Qa)tA>qu'u m— LCMTBT — fLa<(Xq + Qa)tA>j7éMT
» Axion couplings to pions, nucleons and Delta baryons :

o,a . S o _
Lova = 5 Copa (P2 +B1p,) + Cona (A0 + A, )
C 1 — 2 V3
Oa,pA — CcmA — CCLNA — _E<Xu_Xd+1_|_Z_|_w) — _T(Cap_can)

Derive for the first time

» Note that C,.n and C,na are not independent parameters
since they can be expressed in terms of C,,, — C,.



Scattering cross section v.s. £,

2<DFSZ model
250 T T T |
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Supernova Axion Emissivity v.s. T
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Summary

>XWe have estimated the supernova axion emissivity with the
A(1232) resonance in the HBChPT.

>XWe have shown that the supernova axion emissivity can be
enhanced by a factor of ~4 in the KSVZ model and up to a
factor of ~5 in the DFSZ model with tan 8 — 0 compared
to the case without the C . and C A -

>XWe have found that the A resonance can give a destructive
contribution to the supernova axion emissivity at high I, .

Thank you for your listening
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The Strong CP Problem in QCD
32X The CP-violating term in QCD

2
L, = 022G™G:,

strong CP phase 32 T

3{Experimental bound from neutron EDM : 0| < 10~ 1Y
X Theoretically, this problem even more puzzling

0 = 6, + arg det(M, M)

theta vacuum chlral transformatlon

Why 0 is so small is the strong CP problem.



The QCD axion

X Peccei-Quinn (PQ) mechanism : Strong CP phase is promoted

1O a dynamlcal Varlable ) Peccei, Quinn 77, Weinberg *78, Wilczek “78
[ 1 42
a(z)| g =
Ly = |0 —GMG,
f. | 32w
& d,

O () f,, : decay constant




Axion Interactions with matter
X Axion-electron interaction

L = —C

aee

L E.OM. & I.P.
ae fae 675¢8 — f ¢€7 ’Y w

C,. : model-dependent coefficient

2 Axion-nucleons interaction

aNN — Z C N ¢N Y 7 vaN (related to our work)
N=p,n

2X The axion couples to the SM particles with strength inversely
proportional to the decay constant. Hence, the axion feebly
couples to the SM particles due to the large decay constant.



Heavy Ba ryon Formalism Jenkins & Manohar 91

< In this formalism, the nucleon is almost on-shell with a nearly
unchanged velocity when it exchanges some tiny momentum

with tDe pion ) ) : my /A, ~ 1
P = MpU okl v° =1 SKE /A, < 1
» Velocity-dependence baryon field Ay~ 1GeV

B, (x) = ™" B(x) == B(id — mz)B — B, idB,

» The power counting expansion of the effective field theory
for pions and baryons can be systematic and well-behaved.

» The algebra of the spin operator formalism can be much
simpler than that of the gamma matrix formalism.



Effective Chiral Lagrangian s uacna o

2K Interaction between meson octet and baryon octet
L.p = i(Bv"D,B,)+2D(B,S*{A, B})+2F(B,S*[A,, B,])

+ %fﬁ(aﬂnaﬂnw + (M (TT+TI7)) + -+

150 4 1 +
\/_Zv _|_ \/6/\1) ) OZ’U 1 pv
> Bv — qu _752'0 + \/_gAfu Ty, ; D,qu — a,qu + |:V/J,7BU:|
baryon = Eg —lAv
octet V6
7
V, = -(80,"+¢9), A, = 5(5(%@ - £9,8),
1 -0 1 + +
- 2 . 7T + =0 1 T 1 K
g — exp<f—w> : II = g . T = _2 (r— _\/_iﬂ(i_’_%n K;
meson K- K, — 70



Effective Chiral Lagrangian s uacna o

2K Interaction between meson octet and baryon octet
L.p = i(Bv"D,B,)+2D(B,S*{A, B})+2F(B,S*[A,, B,])

+ %fﬁ(@ﬂﬂ@bn*} + (M, (TT+TII7)) +- -,

» Spin operator : S = %[ 4" /4 v.S =0
»Quark mass matrix : M, = diag(m,, m,,m,) SU@), 2SUE),=SUE),
»Under the SU(3),® SU(3) , symmetry
B, — UyB,UY;, DB, — Uy (DB UL, TI— UTIUL .
E— U Ul =Uy UL, VYV, = UV, Ul + U 0UY . A — Uy AU

Z/{L,R = SU<3)L,R Z/{H — Z/{H(SU) S SU(?))H (IOcal)



Effective Chiral Lagrangian s uacna o

2K Interaction between meson octet and baryon octet
L.p = i(Bv"D,B,)+2D(B,S*{A, B})+2F(B,S*[A,, B,])

+ %ﬁ(aﬂnaﬁﬂ*} + (M, (TT+TII7)) +- -,

»To the first order in 7w/ f _
§=l3,5+im/ [, AM :Qﬂ"'/fw V,=0

7

2(D+ F) 2(D—F) ,—

e 7 (B,S%(9,m)B,) + 7 (B,8"B,(0,m))
—I gy =D+ F ~1.254
L L \/§gA (— L4 + — — i ] i
TN — Dy SU nva“ T +n, S{f p,lﬁ“ T ) pion-nucleon interaction

Ir



Effective Chiral Lagrangian s uacna o
2K Interactions of meson octet, baryon octet & baryon decuplet

Lopp = —i (Eu)ijk UpDP(,];M)ijk T AmTB(EM)zjk (Eu)zjk
+Céijp { (Eﬂ)iﬁm (Au)ej (Bv)mk T (B’U)km (Au)je(nu)wm} T
> Spin-3/2 Rarita-Schwinger field : (7.), Ay o ;gm/g
»Under the SU(3), ® SU(3) , symmetry
(ﬁu)ijk — (Up) i (L{H)jm(uH)kn(,]:Jlu)lmn
»Rep. of the Delta baryon : (7,,),, = %A,jﬂ c (Tow)se = %ASH
) L A = \/gf (n_vA,jMf?“ﬂ_ —|—A—,junv3“7r+ —p—UAgMa“H —A—gﬂpvﬁ"ﬂ_)

pion-nucleon-delta interaction



Hadronic Axial Vector Currents

X The Lagrangian invariant under the local SU(3) ., symmetry

L.z D i(Bv"D,B,)+2D(B,S*{A, B,})+2F(B,S"[A, B,])

Lopr 2 Ceijk { (%ﬂ)wm (Au)ej (B’U)mk + (B’U)km (Au)je(,];u)wm}

B, — UyBU), . DB, — Uy(D,B UL, A, — Uy A UL
(%ﬂ)zjk — (Z/{H>'L€ (MH)jm(Z/{H>kn(7;M)lmn

> Noether’s theorem : ¢ — U, UL, — (1+ieth)e 4 =0

@— D(B,Su{c"t4e + ctU¢t B, }) + F(B,Sk[¢Tt4¢e + ¢t¢t, B, ] )
—|—10M<B_U[€TtA€—ftAfT,B,U]> | tA(A:1,27...78)

) Gell-Mann matrices

@ = | (T (1% 4 60%0), (B,),, + (B, (616 + €07€"), (To),




The QCD axion Lagrangian
K Upqew > T > Aqcp & atleading orderina/ f,

L = 18 0*a s aGC G 4 Gyt
aqg 9 :ua a 327_‘_2]( U qiry qu
— (g M h.c.) Ol i "X
(7, M, qz +hoc.) TR
@  axion derivative interactions

»Light quark fields : ¢ = (u,d, s)'

» Axion coupling matrix : X, = diag(X,,, X4, X;)

» Typically, one introduces an SM-singlet complex scalar field
® ~ (1, 1), with a PQ charge in UV models. After the Ug(.
the phase of ® oc e'*//a is then identified as the axion.



Axion couplings to hadrons

< Below the QCD confinement scale, one can remove the axion
-gluon coupling by the chiral trans. on the light quark fields

q — R,q = exp (—2752;1 ) (Q.) =1

] ) ]
_ _ . 4 gs a C cCuLV

ﬁ/DQDq%/DQquXp_Z/d :13( 3972 F. G GM (Q. >>
0123 = 11

mass mixing, the customary choice is

act on the quark flavor space

3£To avoid the axion-rt"

M m,m,m, | 1 1 1
= diag —
tr (M) m,m, +m,m, +m,m, m, m, m,

Uu

Q, =




Axion couplings to hadrons
2 Under the chiral trans., the quark kinetic term is shifted as

2
30, q+(9(f2>

qiv"0,q — qiv"0,q - 2f

2K The light quark mass term becomes
qgMyar = GGMar . My, — Ml
M, = R MR,
Up to the second order in the axion field

M, =M, z';}a{/\/lq,ga} 8f2{{Mq,Q}Q}+O<

3

f3

)



Axion couplings to hadrons
X The resulting Lagrangian with only the axion and quark fields

5’@
2&

L = —8 a@“a—kqw“a q — (QLMaQR_'_@MZqL)

aqg

kS (X, + Q) q

»Use Ms, 5 = 2(Ms,514)t* for any 3x3 Hermitian matrix M3, 3
{1 = {1 o’y 0 = Loa/VE

1 . _ _ 0,.a
Log = 50000"a+7i7" 9,0 + (M,aaTy + Mlary ) + - (X +Q,) ) T
quark axial vector currents qu“ = ﬁv“’yf’tAAq

» The next step is to replace the light quark fields with the
corresponding hadron fields in the HBChPT.



Axion couplings to hadrons
%< Axion couplings to pions : U, (¢;77) UL ~ U, TTU],

(M arT; + ML, Tg ) === L., = %fﬁBO<MaHT + MIIT)

M—l
» M, =M, 5 a’ 8 f2 @’ Qo = i
f f tr (M)
plon mass axion- T[ mass m|X|ng axion mass
. 2 fm 10” GeV
: _ T~ 6 \V4
» Axion mass : m, \/(1 0T w0 T me < 7 )

z=m,/m, ~ 0.485
w=m,/m, ~ 0.025

m,. = +/By(m, +m,) ~ 139.57 MeV



Axion couplings to hadrons

< Numerically, we obtain
oo {0.430 KSVZ model

P 1 4+0.712 — 0.430sin23 DFSZ model

o +0.002 KSVZ model
™1 -0.134 + 0.406sin?38 DFSZ model
O +0.241 KSVZ model
) 40477 — 0.471sin? 8 DFSZ model
—0.370 KSVZ model

C{aJNA — . 9 _
—0.732 4+ 0.724sin“ 3 DFSZ model



Sqguared matrix element

Y 22 1 Lab frame *
TN Mmporna” = g (PoQIPQ) [ m L LO0 A
f%fc% @ — dlag(e“ 76 ' 7€+Z 76 ' ) 77__).{....
p
V2g.4lk, k.| Carn |k "
L o T aT a
(= A4 (Cap@ Can@ ) ™ ) H4X4 Am =mp —my =~ 293 MeV
T e @ T~ 117 MeV
+C"‘%Hka’ CanA(3C089H4X4 — @T) N CapA(SCOSH]I4X4 — @)
6\/6 EW—Am+zFA/2 EW+Am—zFA/2
71'_\\ , sa 7T_~~~~ /’,a 71'_~~~ P a
\\\\ ll/ ~\~~~ ,*”/ ~\“s ;&’/,
p - > £ n p ’/p\‘ n o pe—l
T o s Q 71'_~~~ /,a
\\\ /// NN\*~ ;'/’
\\ /,, :Z*::
p—pé=zo=c—n—n p—)—.&ﬁ—)—n



Scattering cross section
3K Cross section formula

d3k d3k
B — a " oMW (k +k —k —k
Oﬂ' p—na /(277-)32Ea (27T)32En < 7T) ( s _|_ D a n)

‘Mw_p—wnaf
4[(k7r ) kp)Q o (mﬂmN)ﬂl/z

E.m3, _
> O e = or e %) Co=(ChpC)/2 Ta=Ta)

292 (202 + C? 2 E.N¥ 8/2¢9,C C_ [|k |Y/E,
(Jk%w) _ gA( +-%_ —) (‘k%J:) +_CX;%J<}_E;) 4 V/_gA_ arN ——(:‘ wY) (____) e

S eo® My 06 N 3 My My
402, C? E2(Am? + 2E2 + %) (M)Q
81 |[(Am—E, ) +Ta|[(Am+ E.)*+T%] \my

Delta resonance B
8\f914 waC Ex[(Am? — B2) (CLAm + C_E;) + TR (CLAm — C_E;)| (|k7r| )2
27 (Am—E )P +T3][(Am+E,)*+T3] e

_ 16\/60a7TNCa,NAC E72T (Amz o E727 o F2A) (‘kﬂ‘ )2 (&) &
27 (Am —E. )+ T3] [(Am+ E,)* +T%]

5N

my
mN > |k7r|’ Eﬂ'

m N



Scattering cross section v.s. £,
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Supernova Axion Emissivity v.s. sin’*f

6F T : sof ' :
~ | DFSZ model Corn 7# 0, Cona # 0 0 0 . DFSZ model Corv # 0,Cona # 0 ]
‘_|| 5_ Caﬂ'N:()acaNA¢0 ] | CaTrN:(),CaNA#O:
cow I Caﬂ'N # 0 ’ CaNA =0 ] mw 40_ CCLTI’N # 0 ) CaNA - O ]
lE 4_ Ca’rrN:OaCaNA:O _ lE I CaTrN:O,CaNA:O ]
© f,=10°GeV T =30MeV | © 30¢ f,=10°GeV T = 40 MeV |
a0 3f 1 o0 [
S | 3 20t
s ol & [
S KSVZ model <= : KSVZ model
NG < 10¢
S - 3 L
W ‘W) s
ot . . . v o oL . . .
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0
sin? Siﬂ2,3
2X The gray band is excluded by tree-level unitarity of fermion
scattering : 0.25 5 tan ,3 5 170 Luzio, et al. 2021

3k Supernova axion emissivity can be enhanced at most by a
factor of ~5 for 3 — 0 compared to the earlier studies.
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Supernova Axion Emissivity v.s. T
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