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Strong CP problem

B CP symmetry is violated in QCD:

1 o ~ _ . _ i
Zocp = — ZGWG””+ 0 S_nG”VGW + Z qiy"D,q — (g M, e ‘9qu + h.c)
q

» Rotate away quark mass phases by chiral transformation:

q_)e—i75€q/2q = 9_>é56+29q
q

> From neutron EDM measurements: |@| < 1071 Unnaturally small



Peccei-Quinn mechanism and axion

B Add a complex scalar to restore chiral symmetry of quarks: Peccei, Quinn (1977)
Weinberg (1978),Wilczek (1978)

1 aS ~ — —
Lpg = — ZG/WGW'I' 0—G,G"+ Z qiy"D,g — (yq,dqr+h.c.)

87
q
PQ symmetry » 6 can be rotated away by using this chiral symmetry:0 — 0
/ > In th | basis,
g — ezy59q/2q n the quark mass basis
—i0 ¢ _)faeia(x)/fa 4 a )
€b—>e CICb =>53PQ=__SGMVGW;\'<CZ/fa>=O
g — e—iysa(x)/2faq ’ 877:

() is promoted to a dynamical field (axion)!
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q
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() is promoted to a dynamical field (axion)!

B Weinberg-Wilczek axion:

ZLoupm ~ — Yuqr H, ug —y,9;, Hydp — V(H, , H,)

> axion = CP odd Higgs 2
8 = Br(Kt — zta) ~ Jl X Br(K* - 7t7%) ~ 107
> fu~ VeEw f2

readily excluded
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Benchmark (invisible) axion models
DFSZ model Zhitnitsky (1980), Dine, Fischler, Srednicki (1981)
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» SM quarks, leptons and two Higgs doublets are PQ charged
> PQ symmetry broken mostly by a singlet scalar: (S) ~f > vpw



Benchmark (invisible) axion models

DFSZ model Zhitnitsky (1980), Dine, Fischler, Srednicki (1981)
Lorsz ~ = Yulr Hyug = ¥4 G Hydg — V(H,, Hy) + H,H, (S*)°

» SM quarks, leptons and two Higgs doublets are PQ charged
> PQ symmetry broken mostly by a singlet scalar: (S) ~f > vpw

KSVZ model «im (1979), Shifman, Vainshtein, Zakharov (1980)
2 all SM fields are PQ neutral

» new quarks and a singlet scalar are PQ charged

Q — e

S - e—ZiaS

gKSVZ i QL QR S PQ symmetry: {
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B Axion-gluon coupling: *s aGGC f,=fI(2N)

(Defining interaction) 87Tfa [N : PQ-QCD anomaly, f: PQ breaking scale]
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B Axion-gluon coupling: *s aGC f,=fI(2N)
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Axion couplings to matter and radiation

B Axion-gluon coupling: Y GG f, =fl/(2N)
(Defining interaction) S7f, [N : PQ-QCD anomaly, f: PQ breaking scale]
B Axion-phot ling: .
xion-photon coupling o _ 192 ) uFF
(PQ-EM anomaly + 7" mixing) 8af, \ N
B Axion-fermion couplings: C
aN ¥
A ? dﬂa N}/M}/SN (N =D, n)
CaN — u,d(Xu,d) + F(mu,d) a
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X, a4 - PQ charges



Axion couplings to matter and radiation

B Axion-gluon coupling: *s aGGC f,=fI(2N)

(Defining interaction) 87Tfa [N : PQ-QCD anomaly, f: PQ breaking scale]
B Axion-phot ling: ~

xion-photon coupling o _ 192 ) uFF

(PQ-EM anomaly + 7" mixing) 8af, \ N
B Axion-fermion couplings: C

aN ¥
; ? dﬂa NyMySN (N = p,n)
CaN — u,d(Xu,d) + F(mu,d) a
C,e = 2(X,) + 8 °°P(EIN, m,, ) Cae 5 42
ae e e e s "u,d 7 f ,ua 6}/”}/56

X, a4 - PQ charges

In canonical KSVZ/DFSZ models, these couplings

relate each other: C,, & C ,C .f (m)
ay aN > ~ae>Ja a



Traditional axion limits: (m,, , g,,) plots
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*These bounds depend on model construction in

fact. The above bound holds only within a specific
DFSZ model.




|ga7|[GeV_1]

Cosmol/astro bounds in the canonical axion window

fa|GeV]
10 101 102 10 101 10° 108 107 10°

® Hot dark matter (ax < zn):
8ar ~ (o) $2%x 107" GeV™>

— — m
San model jz QCD a

axion

© WD/RGB bound: g,, <2 x 10713

Ia

gae

5 ma
model

a

IO—SQJII | |||||||| I IIIIIIII | ‘IIII [T |||||||| I |||||||| I ||||l,f'|| [ ’Illllll [ [ L
= '
-9 ge
— Ny L
- e 8
10_10;— CAST =
- _ALPS—I1 | ! 5
1071 : i =
. = 80 ¢ L E
o Lol .
0 Z:dl = 1 =
= m Al =
- <<i <<y 2
10_135— i A —
—14_ . 4 __
e = Sor =
- <§§: 1 -
10—15__ A7 i A 2 NQ > 1 —_
= QN$ EQ& s =
"3 :
10_16_+ J—PFITITIVIVMTHl | Illllll [ 1 lIIlII| [ | IIlI]II 11 IIIIIII |1 Illllll |11

108 1077 10 105 10% 103 102 107! 1 10
me|eV]

*These bounds depend on model construction in

fact. The above bound holds only within a specific
DFSZ model.




|ga7 | [GeV_l]

Cosmol/astro bounds in the canonical axion window

fa|GeV] ® Hot dark matter (ax < zn):
0% 102 102 10 10 10° 10® 107 10°
10—8¥|I [ |III|I|I [ |I|I|Ill [ ‘IIII [T |I|II|I| I |III|||| | |I||/I,|'II [ ’IIIIIII [ | _1 _7 _2
) g~ (f.f) ' $2%x1077GeV
1021 :
= / — — m
2 / gair model fa QCD a
10‘10;— CAST ,/ axion
| =
1011 =
_________________ B I o R P
5 4 13
1012 = W ® WD/RGB bound: g, <2 % 10
&N
13 ¥ | —> — m
10~ ;
’ 8ae model Y4 a
,,’\03
10-14 ’/‘: s
«ﬁ
{0-15 NQ > 1
SN1987A bound: g, < 0.9 x 107°
-16
10 | llIIlII| | llIllIll | lIIIllII [ L1
10 1077 10 105 10* 103 102 10! 1 10 g.N —d>| fa —> m,
modae
meleV]

*These bounds depend on model construction in
fact. The above bound holds only within a specific
DFSZ model.



|ga7 | [GeV_l]

Cosmol/astro bounds in the canonical axion window

fa|GeV] ® Hot dark matter (ax < zn):
0% 102 102 10 10 10° 10® 107 10°
10—8¥|I [ |III|I|I [ |I|I|Ill [ ‘IIII [T |I|II|I| I |III|||| | |I||/I,|'II [ ’IIIIIII [ | _1 _7 _2
) g~ (f.f) ' $2%x1077GeV
1021 :
= / — — m
2 / gair model fa QCD a
10‘10;— CAST ,/ axion
| =
1011 =
_________________ B I o R P
5 4 13
1012 = W ® WD/RGB bound: g, <2 % 10
&N
13 ¥ | —> — m
10~ ;
’ 8ae model Y4 a
,,’\03
10-14 ’/‘: s
«ﬁ
{0-15 NQ > 1
SN1987A bound: g, < 0.9 x 107°
-16
10 | llIIlII| | llIllIll | lIIIllII [ L1
10 1077 10 105 10* 103 102 10! 1 10 g.N —d>| fa —> m,
modae
meleV]

*These bounds depend on model construction in
fact. The above bound holds only within a specific Canonical axion models are strongly

DFSZ model. . .
constrained by astrophysics and cosmology



Nucleo/electrophobic axions

in non-universal DFSZ models
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B Strong SN1987A bound is relaxed if Cyy & 0 : Nucleophobic Axion
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Nucleophobic axion

B Strong SN1987A bound is relaxed if Cyy & 0 : Nucleophobic Axion

aﬂa _ 6ﬂa _ a o, _
Cy ? Ny,uVSN — 5 C, 97,759 ffa GG @ QCD scale
a a a

» Hadronic matrix elements:

C,+ C, = (c,+cg— DA, + Ay — 26, 25'A, = (N|Gr*7sq | N)

C,— C, = (= ¢4 fu) By — Ay " ua = (g = m, )/ mg £ m,)

> &, =~ O(5%) from strange quark

Thus, independently of the matrix elements and axion model construction

Nucleophobia conditions:
(1) C,+C,~0 = ¢,+¢;~ 1

2)C,-C,~0 = ¢,—¢c;=f = 1/3 (" myim,=?2)




Closer look at the nucleophobic conditions (1/2)

1) c,+c;~1



Closer look at the nucleophobic conditions (1/2)

(1) C,TC; ~ 1 => N~ Nu + Nd = Nl (N; : f-th generatlon quarks
/\ contribution to PQ-QCD anomaly)

X —X
__9r qL _
C, = N and 2N = E X, —X,

q
q
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Closer look at the nucleophobic conditions (1/2)

(1) C,TtC; ~ 1 => N~ Nu + Nd = Nl (N; : f-th generatlon quarks
/\ contribution to PQ-QCD anomaly)

X —X

__9r qL .
¢ =—"5 and 2N = ZXQR—XQL

q

— Suggests DFSZ-type axion models with
generation dependent PQ charge assighment

» Two structures:
(a)2+:_:N1=N2=_N3 or N=N1,N2=N3=O
(b) 1++1 N2:—N3,N:N1?£N2’3

Hindmarsh, Moulatsiotis (1997)
Di Luzio, Mescia, Nardi, Panci, Ziegler (2018)
Bjorkeroth, Di Luzio, Mescia, Nardi (2018)



Closer look at the nucleophobic conditions (2/2)

2) ¢, —c,~ 1/3



Closer look at the nucleophobic conditions (2/2)

2

X %
~ 1 "2 2 2 ~ Alves,Weiner (2017), Alves (2020)
(2) Cy—Cg~ 1/3 = — ? — ﬁ = tan IB ~ 2 Di Luzio, Mescia, Nardi, Panci, Ziegler (2018)
2 1

a specific VEV ratio of two Higgs doublets H, ,

': » Yukawa structure;
qrHiqr = X, —X, = —X,
fr (X, : PQ charge of H, )

> PQ-hypercharge orthogonality:
X1V12 +X2V§ — O
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2
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a specific VEV ratio of two Higgs doublets H, ,

': » Yukawa structure;
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fr (X, : PQ charge of H, )
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X1V12 +X2V§ — O
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B WD/RGB limits C, — Electrophobia?

? Add a third Higgs doublet /5 while
unchanging (2+1) structure for quarks:

g Hyug, G H,dy, [ Hszep

» VD H/H®*, H H,®'

Electrophobia: X;=0

1
Nucleophobia: X, = 5(1 - 3f.)~0

d u
Thanks to a numerical accident: fu,g = ~ 1/3
mg,; + m,

Bjorkeroth, Di Luzio, Mescia, Nardi, Panci, Ziegler (2019)



Electrophobic axions

B WD/RGB limits C, — Electrophobia?

? Add a third Higgs doublet /5 while
unchanging (2+1) structure for quarks:

g Hyug, G H,dy, [ Hszep

» VD H/H®*, H H,®'

Electrophobia: X, =0

1
Nucleophobia: X, = 5(1 - 3f,)~0

d u
Thanks to a numerical accident: fu,g = ~ 1/3
mg,; + m,

Bjorkeroth, Di Luzio, Mescia, Nardi, Panci, Ziegler (2019)

PQ-hypercharge orthogonality:

ZXV =

= X; = (3cos*f; — 1) cos* 3,

tan B = v, /vy, tan B, = vy/y/vi+vs

n/2

1.4§

1.2




Radiative stability of axion astrophobia?

B Nucleo/electrophobia is implemented by imposing
(1) ¢, + c; = 1 : non-universality of quark PQ charges
(2)c,—c;~ 1/3

} tuning of the VEVs of Higgs doublets and a numerical accident
3)c,~X3=0
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Radiative stability of axion astrophobia?

B Nucleo/electrophobia is implemented by imposing

(1) ¢, + c; = 1 : non-universality of quark PQ charges
(2)c,—c;~ 1/3

} tuning of the VEVs of Higgs doublets and a numerical accident
3)c,~X3=0

2 All conditions are imposed at tree level

? Would renormalization group corrections from PQ scale to experimental scale
spoil the axion astrophobia!?

= No, the axion astrophobia survives after taking the RG corrections into

account
Di Luzio, Mescia, Nardi, SO (2022)
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RG corrections to axion couplings

B RG evolution of axion couplings has been examined in detail
P complete set of one-loop anomalous dimensions  Choi, Im, Park,Yun (2017); Choi, Im, Kim, Seong (2021)
Z including threshold corrections at the weak scale  Bauer, Neubert, Renner, Schiuble, Thamm (2020)

P application to flavour ph)’SiCS of ALPs  Bauer, Neubert, Renner, Schiuble, Thamm (2021)

----H
B Points: a t |
|. Top-loop dominates the running: ... =
d,a d,a
——HiDH) - — Y Burw (B, =Y,V
/ / Y=dp g

2. The leading contribution is universal for u, d, e except for the sign difference
originating from weak isospin:

(1) = ¢ (A) = k(u, A) ¢)(A)
Ca (W) = ¢ (A) + K (1, A) ¢)(N) [k, ~ 30% for u=2GeV, A =10°GeV]



RG effects on astrophobia (1/2)

B Modification to the astrophobic conditions:

(D) c,+c,~c)+ cg = 1 unaffected
0 0 0 ~
(2) ¢, —cg= ¢, = ¢j—fua— 2KC; R fug

(3) C, ~ CS + Ktcto ~ () (cj? : axion couplings at PQ scale)



RG effects on astrophobia (1/2)

B Modification to the astrophobic conditions:

(D) c,+c,~c)+ cg = 1 unaffected

0 0

0 ~
(2)c,—cy~c, — C; — Jua — 2K R Jua

B)c,~cd+ ke’ ~0

(cj? : axion couplings at PQ scale)

Nucleophobia:

Electrophobia:

X3=

X3=

~(1=3f,0) +x,

Ky

1 —x

Given fud~1/3, perhaps unexpectedly,

axion astrophobia is stable against the RG corrections



RG effects on astrophobia (2/2)

B Nucleo/electrophobic parameter space in
terms of two VEV ratios: yHDM 5\ /167/3

— o\ 3HDM
tanﬁl — Vz/vl, tanﬁz — V3/ V12 + V22 151
' _ Perturbative Unitarity
SN _ /(2 2 12 f //////
GV = (CI+061G+053G,C) <004 ///////
Carenza, Fischer, Giannotti, Guo, - W
Martinez-Pinedo, Mirizzi (2020) I
1'0//// 0.04
b o Numerically solve the full set of RGEs |

including all sub-leading contributionsand | .

B2

threshold corrections at the weak scale C. (RGE)
| ; C. (no RGE) -
{ 2 Axion astrophobia survives in a certain | P we
arameter space ; : /
" 0.0 0.5 1.0 15

| > The only modification is a shift of the
| astrophobic parameter space

B

Di Luzio, Mescia, Nardi, SO (2022)




Summary

Unconventional axion models draw an attention

? QCD axion window is larger than what we thought — axion “zoo”

Astrophobic axion models

» Axion couplings to nucleon and electron can be suppressed by generation
dependent PQ charge assighment

» Astrophobic feature keeps holding after taking the RG corrections into
account

? Further application to other variant axion models would be important



