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The Strong CP Problem in QCD
3xThe CP-violating term in QCD

2
L, = 022G™G:,

strong CP phase 327‘-

5{Experimental bound from neutron EDM : |8| < 101
X Theoretically, this problem even more puzzling

0 = 6, + arg det(M Md)

theta vacuum chlral transformatlon

Why 0 is so small is the strong CP problem.



The QCD axion

2xPeccei-Quinn (PQ) mechanism : Strong CP phase is promoted

'to a dynamlcal Varlable Peccei, Quinn “77, Weinberg " 78, Wilczek 78
[ 1 2
a(z)| g ~
Ly = |6 S GHGE,
f., | 32w
N d,

0 () f,, : decay constant




Axion Interactions with SM particles

> Axion-gluon interaction g
2
g .
Lopy = 2 GG Ty
agqg [13%
327 f,
F o= Upq — PQ symmetry breaking scale 9
“  Npw — domain wall number
2 Axion-photon interaction Y
gafy i e
— pv a---- A
ﬁa,w = al’ FLW q,
g = CEm ( 2m, +4m, 5IEM anomaly v
Too2nf \ 3 m,+my, " N5 color anomaly



Axion Interactions with SM particles
ZXAxion-electron interaction

L = —C

aee

E.OM. & I.P.

e .. 0D _
aefa e Y %— f ¢677¢

C,. : model-dependent coefficient

2 Axion-nucleons interaction

L.NN = Z Can—— 2f ¢N Yy ¢N (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.



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.
>e.g. SN1987A

Super-Kamiokande

> Raffelt’s criteria
L < L, ~ 3 x 10”%erg/s

Raffelt "90
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Axion emission from Supernovae

2 Two hadronic processes that can create axions inside SNe

» Nucleon-nucleon bremsstrahlung (NNB) : NN — N Na
» Pion-induced Compton-like scattering (PCS) : #~p — na

N _)_'—)—Q?)— N TC —\\ U
I ~\ \\\ ”’
: 7T Ya \~ ¢f
] S~ 7

> It has been thought the NNB as the dominant axion emission
for a while due to the underestimate of the 71 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

< We evaluate the supernova axion emission rate including the
A resonance In the heavy baryon chiral perturbation theory

a T a T .Q
T \\\ ,/' “~~~ . R ~\~ ,&’
~ ~ ’
\ ’ SN -~ ~ s’
N e >, S -~
4 - S ~="¢’
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P. Carenza, B. Fore, M. Giannotti, A. Mirizzi and S. Reddy (2021) K. Choi, H. J. Kim, H. Seong & C. S. Shin (2022)
71'_\\ ,,I a 7T_~~~ "¢ a
\\ / NN\ /’
~ -
[rl = my < my N o ST In our work
A A

»For Tgy ~ 30MeV, |k_| ~ /3m_Tyy ~m_, E_ ~ 180 MeV

> The m_ . is somewhere in the middle of A and IN masses.



Outline

2XHeavy Baryon Chiral Perturbation Theory

3K
3K



Heavy Baryon Formalism s menonar o

3x1n this formalism, the nucleon is almost on-shell with a nearly
unchanged velocity when it exchanges some tiny momentum

with t:e pion ) ) : my /Ay ~ 1
py =mpyvt ok vt =1 sun <1
» Velocity-dependence baryon field Ay~ 1GeV

B, (x) = "V B(z) =— B(if) — myz)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 e venonar o

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

o iﬁ(aﬂnaﬂnw + (M, (TT+TI7)) + -+,

1 §0 1 i
7521) + TgAv Zv Dy
> B, = 21y —\%23 + \/LgAfu Ty, ) DMB’U — 3qu + [VM’B’U}
baryon = =Y —lAU
octet \/6
1 1
V., = §(§%§T+§T@M§) A, = §(§%§T —£19,¢)
1 __0 1 + +
f—exp<f—>, I =&, T =5 T — 5+ K
4 _ % 2
meson K 0 _7677



Effective Chiral Lagrangian s e venonar o

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

o ifﬁ(@ﬂHaMHW + (M, (TT+TI7)) + -+,

» Spin operator : S* =~°|¢§,4*|/4 v.S, =0
»Quark mass matrix : M_ = diag(m,,, my,m,) SU@), ©SU),=SU(3),
»Under the SU(3), ® SU(3) , symmetry
B, — UyB,UY;, D,B,— Uy (DB U, , TI— UTIIU},
E— U UL =UEUL . YV, = UV UL +Ugo UL, A, — U AU

UL,R S SU(B)L,R Z/[H = Z/{H(ZC) ~ SU(S)H (IOcal)



Effective Chiral Lagrangian s e venonar o

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

o iﬁ(aﬂnaﬂnw + (M, (TT+TI7)) + -+,

»To the first order in w/ f _
€:H3X3+iﬁ/f7r Aﬂ:apﬂ-/fw V =0

2D — F) ,—

s 2(D f+ i ><_Usg(auw)5’v> + 7 (B,S"B,(0,m))
T | gy=D+F ~1.254
\/§QA

D SEn OPnT + . SHPp Ot pion-nucleon interaction
p Dy



Effective Chiral Lagrangian s e venonar o
2xInteractions of meson octet, baryon octet & baryon decuplet

Lopp = —i (Eu)ijk UPDP(,]:JM)ijk + Amg (Eﬂ)zjk (Zfﬂ)ijk
- Ce [T (A5 (B + Bl (A (To ] -+

» Spin-3/2 Rarita-Schwinger field : (7.");;x Amgy = my —mp

C ~ 3g,/2
»Under the SU(3), ® SU(3) , symmetry
(7;“)@']'1@ — (U)o (Z/{H)jm<uH)kn(7;M)lmn
»Rep. of the Delta baryon : (7,,),,, = %Ajﬂ o (Top)iss = %ASM
—) [ A = \/gf (7, AF, 0P~ + A n, 0" —p,AY Ot — AJ p, OFn)

pion-nucleon-delta interaction



Hadronic Axial Vector Currents

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

L.y D i(BvDB,)+2D(B,S"{A, B,})+2F(B,S'[A,, B,])

Lopr 2 Ceijk [ (ffﬂ)wm (AM)@' (B’U)mk T (B’U)km (Aﬂ)jé(%ﬂ)fiﬁm}

B, = UyB,UY ., D,B, = Uy (DB U, . A, — U AU
(Z)M)ijk — (Z/{H)zﬁ <Z/{H>jm<Z/{H>l€n(7:)M)lmn

> Noether’s theorem : € — U, UL — (1+ie’th)E A =0

@ D(B,Si{etthe + ¢4t B,}) + F(B, Sk [TtA¢ + £t7¢T, B, ] )

+ o0 (B, [l —e1¢! B,))

@ = gewk [ (T2 )0 (€186 + £27€T), (B,), + (Bo),,,, (€776 + £44¢T), (m)igm}

t"(A=1,2,---,8)

Gell-Mann matrices
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X Axion Couplings to Baryons and Mesons



The QCD axion Lagrangian
3K Vpqew > T > Aqcp & atleading orderina/ f,

J— 1(9 oMa 95 aGC G 1 Gt
aqg 5 :ua a 327'(-2]6 U _|_qu>/ ,uq
(TM, g+ he) + DGy
(g, M, qr +h.c.) - YRR

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 U Q

the phase of ® < eia/ Ja is then identified as the axion.



AXxion models

fViKSVZ mOdeI }Sﬂhrlr:cm?a?l Vainshtein, Zakharov "80
» The QCD anomaly is realized by introducing
a heavy vector-like fermion. g
0=0Q,+Qy~(31)y ®---Q|
g

» Interactions : yQCI)Q_LQR + h.c.
»Under PQ symmetry

O — ePad Q, — e%Pa/2Q, Qr — @—iqPQ/QQR

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

(at tree level)



Axion models
fy{DFSZ m()del %iqri\fr,]ialc:;ic;h\leSBSrednicki 81
»The QCD anomaly is induced by assuming 2HDM H & H
couples to the SM quark fields.

»Interactions : [T H,(®*)2 Q. (Y, H,Uy + Y, H,;Dy) + h.c.
» Under PQ symmetry
b — e'Pad H —e 'PPeH, H,— e'lPaH,

QL — QL UR — e_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 b C Xy = SH; B tan B = igi




Axion couplings to hadrons

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

Q%RC]—GXP(—Z"W - > (Q.) =1

f act on the quark flavor space

] , )
—}/Dqu‘—>/Dchjexp i/d4a:' Js S G, GCW<Q )
i 3272 f, |
0123 _|_1

mass mixing, the customary choice is

3£To avoid the axion-rt"

/\/lq_1 m.,,m m, , 1 1 1
= diag , —,
tr (M) m,m, +m,m, +m_m, m, M, m,

Uu

Q. =




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

2
3", q+(9(f2>

qiy"0,q — qiv"0,q 2f

2K The light quark mass term becomes
gMyar = GMqr, GEMyq, — TrMlaq;
M, = RM/R,
Up to the second order in the axion field

M, = M, zzz{/\/tq,ga} 8f2{{Mq,Q}Q}+O<

3

f3

)



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

8@
2fa

1 _. _ ——
L = 5(9#&(9“&%—6]27“8“6] - (qLMaqR—I_qRMLqL)

aq

koS (X, + Q) q

»Use M3,3 = 2(Ms3y3t4)t4 for any 3x3 Hermitian matrix M3y
{1 = {r"yu e} 10 = L/ V0

1 . _ . 0,a
Loy = 50ua0"a+7in"d,q + (M qpTy + Mg, Tn ) + 2 - (X, + Q,)t")y T
quark axial vector currents qu“ = 67“75£Aq

» 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, (¢, 7r) UL ~ U, TTU],

(M, arTr + Mg, Gg ) == L. = %]';21}30</\/lanT + MIIT)

o a a’ B /\/lq_1
>Ma — Mq T sza {Mcp Qa} o 8f3 {{MCI’ QCL}’ Qa} QCL o tr(/\/lq_l)
pion mass axion-¥ mass mixing axion mass
2 fm 10Y GeV
- : _ T~ 6 V
> Aion mass 1, [y = = e ()

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

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



Axion couplings to hadrons
< Axion couplings to pions and baryons : qu“ ~ JH

hadron

a a ~ (9 a A 1
(X + QI Ty Loy = == | (X + Qu)1%) T + 55 (X, + QQ>J£§]
. . . T = (B,StB,)
» Axion couplings to pions and nucleons :
0, a )
‘CCWN — ; [Oapp_vsffjpv T Oann_vsgnv T FCCLT(’N(T‘-—'_Z?_’U/UMTL’U - Wn—vvlupv)]
Ca _ XuAu n XdAd n XSAS n Au + zAd + wAs nucleon matrix element
’ l+z+w (p|gStq|p) = s Aq/2
A Ad A
Con = XgAu+ X, Ad+ X, As+ 22T 2CTUET 847
l1+2z4+w
1 1 — O —C Ad = —0.407
C(cmN — T = Xu o Xd T - — = —
V2 1+ 2 +w V24, As = —0.035



Axion couplings to hadrons
< Axion couplings to pions and baryons : qu“ ~ JH

hadron

oua o.a -
f <(X + Q tA>jA,u — ‘CaTrBT — fa <(X + Q ) >‘7711‘4BMT eijk(ﬁﬂ)ijm(lgv)mk — 0
» Axion couplings to pions, nucleons and Delta baryons :
oua _ S o _
Lava = 57 Copn (FoD) + B1,) + Con (7,80 + A0, )|
C 1 — 2z V3
CapA — Ca,nA = CCLNA — _E<XU_XCZ+1—|—Z—|—U}> — _7<Cap_0an)

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



Axion couplings to hadrons

< Numerically, we obtain

C

ap

9

(

\

(40.430
+0.712 — 0.430 sin®3  DFSZ model

[ 10.002
| —0.134 4 0.406 5in*3

-0.241

- 0.477 — 0.471 sin* 3

(—0.370

| —0.732 4 0.724 sin*

KSVZ model

KSVZ model
DFSZ model

KSVZ model
DFSZ model

KSVZ model
DFSZ model
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3{Scattering Cross Sectionof T —+p — N + a



Squared matrix element

P M {2 . 2mi; (P.O'P,0) P, = diag(1,1,0,0) Lab frame/'
T p—na — f?fc% + + O — diag (eJrz'H7 e—zﬁ’ e+z’97 e—z‘@) W__).{""
p
V2g,lk, Ik, Convlk, "
L L "' amN a
(1 = 4E7T (Cap@ Can@ ) + 9 H4X4 Am =mp —my ~ 293 MeV
@ ® _ Ta ~ 117MeV
+C\I<;ﬂ”k@\ CanA(SCOSH]I4X4 — @T) N Cupa (36089H4X4 — @)
6\/6 Eﬁ—Am—I—iFA/Q EW—I—Am—iFA/Q
71'_\\ , R 71'1\\~ /’,a 71'_\\\\ P ~a
\\ I/ ~\~ ¢’/ \\ /,
N ¢’ S’ S ,"
N 7 P S R
p - n p > n D —— s | |,
T N eQ 71'_~~~ /,a
\\\\ ,,//' ~~\~~~ - /¢
S >»<
p—A - OL-—n p—)—e” —p )



Scattering cross section
X Cross section formula

Ak dk
I a n(2m)* W (k, +k, —k, — Kk
0-7'(‘ p—na /(27T)32Ea (27T)32En( 7T) ( s _|_ P a n)

‘Mﬁ—p—wwb
4[(k7r ) kp)2 o (mﬂmN)2}1/2

‘ 2

2
Ermiy

P v = Tgapapaliey el O = (CopECon)/2 Ta = Taf2

2 2 2 2 2 2
Gk = 2ACCEE (elyy g (Ee) B0l (BB ) g

S o8 My oo \N 3 My My
402, (2 E2(Am? + 2E2 +T%) (|k>
81 [(Am—E.)+T4|[(Am+E,)*+T%] \my

Delta resonance B
 8v394CuwaC Br [(Am® — E2)(C,Am + C_E,) + T3 (C,Am — C_E,) & )
27 (Am—E ) +T3|[(Am+E, )’ +T4]| e

16v6C,, yCuyaC E2(Am? — E? —T}) (Ikwl )2< E, ) .

27 [(Am - B, + T3] [(Am + E,)* + T3] \my ) \my

my
mN >> |kﬂ'|’ E7T




Scattering cross section v.s. £,

ZXKSVZ model

250

200

Uﬂ"p—>an (yb)
—h —h
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o o

j- KSVZ model
L . =10°GeV
. B~ Am
150 200 250 300 350 400
E_(MeV)



Scattering cross section v.s. £,

X DFSZ model
250

{— 0.370 KSVZ model
: 1 3 —0.732 4+ 0.724sin’3 DFSZ model
200_ Sinzﬁ — (07 7791) 5'

[ 2 4 |Cuna(sin?s — 0)| ~ 1
|Cna(sin®B — 1) ~ 0.01

O r—p—an (yb)
o o
S )
—y
|
-
<
3
<
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R Supernova Axion Emissivity with A(1232) Resonance



Supernova Axion Emissivity
2<Emission rate (the energy loss per unit volume and time)

. 3k &’k, &’k d*k
— u a n__om) oW (k_+k —k —k
&a /(27T)32E (27m)32E, (27T)32E (2m)32F (2m) (i + Ky = Ky = ko)

% fo (ko) £, (1R, [1 = £ (1] My e, 50D =1/ 05
o0 £U2 o0
> (S'-a _ Z’T(‘Zp m]7\[T11 Al . QZ’ZG g . dxﬁxgrew[ga(ww) + Aga(xﬂ)}
f2fe V128710 | Pe® + z,) (€7 + 2,) J, e — z_
k
flfp — \/% I |I;:T| o € = % s Yr = % Zj = e(uj_mj)/T

SRR B TTVES T £S VS ) A
a T ]

3 [(Am — Eﬂ)2 + I_’QA] [(Am + E7T)2 +T% m_N

5N



Supernova Axion Emissivity v.s. sin*f

6F T T T T ] 50]

~ | DFSZ model 1
‘_|' 5__ CawN:()?CaNA#O ] | i CaﬂN—O,CaNA#O:
o Carn #0,Cona =0 | o 401 Corn #0,Cona = 0 7
lE 4:_ Corn =0 ’ Cona =0 _ lE I CaﬂN =0 . CaNA =0 ]
© | f,=10°GeV T =30MeV | © 30f f,=10°GeV T = 40 MeV |
o0 3¢ 1w |
~ P L
N 9 20f
S 2 KSVZ model S KSVZ model
N 10
S - 3 L
W W ‘
oL . .. T ob . . ..
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?f3 sin®(3
2< The gray band is excluded by tree-level unitarity of fermion
scattering : 0.25 S tan 6 g 170 Luzio, et al. 2021

2 Supernova axion emissivity can be enhanced at most by a
factor of ~5 for 3 — 0 compared to the earlier studies.



E,/(10*%erg - cm3s71)

£,/(10*%erg - cm3s71)

Supernova Axion Emissivity v.s. T

103§ = UgaN ;é 07 CaNA # 0 KSVZ mOdel §
E CaTrN:O,CaNA #O E
[ Curn #0,Cana =0 i

102:_Ca7'rN:070aNA:O .

10'¢ :

1000 f, =10°GeV |

30 35 40 45 50 55 60
T (MeV)

10%t == Carn # 0, Cana # 0 DFSZ model 1
- Caﬂ-N =0, CaNA 75 0 .
:_ aﬂ'N#OacaNA:O ]

102:_ aﬂ’NZO,CaNA:O i

10" §

0 f. =10°GeV sin?B = 1 |

10 = a 2 E

30 35 40 45 50 55 60

T (MeV)

E./(10*%erg - cm3s71)

E,/(10*%erg - cm3s71)

103§ ——Curn #0,Cana #0 DFSZ model 4§
E Cm'rN :OaCaNA #0 E
:_ anN#O’CaNAZO :

102_ CGWN:O’C(LNA:O ]

10" E
z . ]

100 f, = 10°GeV sin?g = 1 :

30 35 40 45 50 55 60
T (MeV)

10%f == Cann # 0, Cana # 0 DFSZ model :
- Caﬂ-N =0, CaNA 75 0 ]
:_ (MTN#O?CGNA:O :

102t T arN = 0, Cona =0

10" §
- 3 i

100L f, = 10°GeV sin?B = 1 :
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40 45

T (MeV)

50 55

(o)}
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Summary

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

X We have noticed that the supernova axion emissivity was
overestimated by 1, — OO in DFSZ and KSVZ models.

2<We 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,.n and C nA.

>XWe have found that the A resonance can give a destructive
contribution to the supernova axion emissivity at high 1¢,,.



