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The Strong CP Problem

- Can impose CP and break it spontaneously such that
large CKM phase induced but determinants stay real

Nelson-Barr solution [pure UV, difficult to test]

- If 6 would be dynamical field without any other
potential, non-perturbative dynamics would
generate potential for §(x)with trivial minimum

Axion solution [new ultra-light, decoupled, stable particle}



The Peccei-Quinn Mechanism

[Peccei, Quinn ’77}

Introduce new global U(1)pg symmetry with
fermion charges such that have QCD anomaly

Break global U(1)pg symmetry spontaneously
at scale / by vev of complex scalar field ®

U(»pq breaking scale

U(1)pg non-linearly realized as shift symmetry of axion



The Peccei-Quinn Mechanism

Effective Lagrangian at scales < f contains only
Goldstone boson a(x), all other fields take mass at f

o,a a, Qs .,
7¢SM] _‘S GM Ga, AV =+ £anom[a

Leff — H_G'MVGG, Ny + La 1nt[ f

8 f

— —_ —

Interactions with ABJ term for ABJ term for
SM fermions QCD anomaly other anomalles

[respects shift [breaks shift [ef = F F}

symmetry} symmetry} J

Depends on 6 only through

[have essentially made § dynamical field}



The Axion

Effective Lagrangian induces axion potential

a(x)

alr) o ~ -PT
Vet = () GG 20 Via) ~ —m2 f2] cos

fo 88m “ HY effects Ja

Axion gets mass M, ~ My fr/ fo and couples
to photons and SM fermions o< 1/ fq o< m,

For large f, axion is ultra-light and decoupled



Axion Models

Specify origin of QCD anomaly (fermion sector)
and spontaneous PQ breaking (scalar sector)

U(1)pq x SU(3)?

/N

SM fermions BSM fermions

/N \

2Higgs 2Higgs+Singlet Higgs+Singlet
[Peccei, Quinn, [Dine, Fischler, Srednicki, [Kim, Shifman, Vainshtein,
Wilczek, Weinberg 78} Zhitnitsky ’8o} Zakharov ’8o}

(Singlet) > v: “Invisible” axion models

J/ — vya

see however 1710.03764



DFSZ Models

(Hi) =cgv  (Hg) = sgv

SM fermions + 2Higgs + Singlet {
<(I)> = vpQ >V

Construct 2HDM Lagrangian invariant under single U(1)

L _ u@U H 1 flavor-universal Qz Uj ]:I 1
ke yw v H U(1) charges QiDj H>
’ © ziEj Hl or 2

Break residual U(1) by H-Singlet Ensure GBpg 1 GBz
couplings L ~ HIHQ@Q O:ch%nLng%




Axion Couplings

Higgs contain (GB: axion-fermion couplings from Yukawas

Hz’ ~ ; eria(aj)/va

Can remove by PQ transformation acting only on fermions

o fei¥ra@/vea

Anomalous: generate axion

, Lonon ~ N—— GG+ E—— " FF
couplings to field strengths vpQ 4T vpq AT
. . . 8 a
L.ocal. generate der1vat.1ve Lo~ PG P X s
axion couplings to fermions UPQ

[mass basis: — VX, Vgl



DFSZ Predictions

Anomaly coefhcients only depend on charge differences

ON = Tr (X, — X,.)=3(X; - X») L6
FE = —4X1 — Xo —3X 40 — 80r 2

Fermion couplings flavor-universal & depend only on ¢4

XNy =—=X113xs Xy =Xol3xs X.=Xio21l3x3

—— ——
23% —20%

Also u+d and u+e sums depend only on charge difterences

Xu—I_XdO(Xl_XZ Xu_I_XeO(Xl_XlorQ

[standard normalization is vpq = 2N f,]



DFSZ. Predictions

Anomaly coefhicients only depend on charge differences

2N =Tr (X, — X, )=3(X; — X>) 6
=4X) — Xo —3X106r9

Also u+d a
Xu_|_XdO<X1_X2 Xu_|_XeO<X1_X10r2

sums depend only on charge differences

[standard normalization is vpq = 2 f.] }



Axions as Dark Matter

[axion essentially stable for m, S 20eV]

When PQ breaking before inflation axion can be
dark matter through “misalignment mechanism”

1%

At QCD phase transition axion ‘
starts oscillating around minimum: ¢
energy stored in oscillations \-
contributes to DM relic density T >a/f

Correct abundance for

1077eV <m, <10 *eV

Y




Axion Searches

Axion searches typically rely on axion-photon coupling

E 1 my
Javy ™ N 1016GeV ueV

LD gawaﬁ-é

. static B-field
Haloscopes: DM axion » photon E, ~m,

——

resonantly detected by
microwave cavities of size 1/m,

. nuclear E-field |
Helioscopes: Solar photon » axion F, ~ keV

CAST/TAXO ——’

converted back to X-ray
photons with static B-fields




Astrophysical Bounds

Large axion couplings to matter would allow
to radiate oft energy in astrophysical objects

| Evolution of Horizontal Branch stars: 6.6 - 1011
< constrain photon couplings GeV
White Dwart cooling; o 0.003eV
constrain electron couplings -
Supernova neutrino burst duration: o 0.004eV
N <

constrain nucleon couplings Mg




Status of Axion Searches
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Flavored Axions

Tree-level flavor-violating axion
couplings are strongly constrained

U — eary
(Crystal Box, 88)

K — ma
(E787+E949, "08)

B — Ka
(CLEQO, ’o1)

mg, <

mg <

M, <

2.6-10"3%eV

Cel

1.7-107°eV
Cly

9.4-10"%eV

Cps

o,a

21,

?HM(CZ‘ + C{;‘-%)fj

?
- MEG, Mu3e

x1/8

—P NA62
x1/10

- BELLE II



Flavor Bounds
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Flavor Violation in DFSZ.

In DFSZ flavor-violating axion couplings vanish
at tree-level since Yukawas and PQ aligned

PQ,,Y, V| =0

loop& CKM suppressed
1% yt % Ja th 5 Ja
~Y ‘/ ‘/ 1 —_—~ 1 —
Caa ~ 1672 td 105 my Ci 1672 A log my

mq < 0.6eV (weaker than SN/WD bound)



Flavored Axion Models

In general get flavor-violating axion couplings at tree-
level from misalignment of PQ charges and Yukawas

Just like Supersymmetry: flavor-violation from
misalignment of sfermion masses and Yukawas

(mZ, Y1V,

Here consider two examples:




Flavored DFSZ Models

“Next-to-minimal” DFSZ-type models:
PQ charges universal for two generations

Have non-trivial transition to mass basis
:diag(Xl,Xl,Xg) %V]j Vf :Xléij+(X3—X1)€{j

E;,fj — (Vf)fs(vf)j?) J =ur,ur,dr,dr,er,er

Depend on 2 misalignment parameters in each sector

O<€f<1 Zef_l

117 —

’LZ jj

Cl = X1+ (X3 — X1)e!, \0;]\—\& X



Nucleophobic DFSZ Models

Can e.g. use to construct nucleophobic axion models

1 —
Gyt Co = 0505) (Cu+ Ca=1) =20 Cy—Cy = 1213(2) (Cu = Cu— 1)

fi\ 4

UV couplings RG contrib from heavy isospin breaking contrib

quark couplings ~ 5% z=my/mg ~1/2

Nucleon (and pion) couplings suppressed for

Co+Ci=1 Co=1/(14+2)~2/3

The SN bound relaxed by tactor -20;
can relax also WD bound when C. <1



An Astrophobic Axion Model

S fh U (
L ~ fLSfRS - d _I_ fLabe @2 t
Frofra |2 Foofpg ) d

a o -

Only PQ charges of RH fields universal: couplings

depend on misalignment parameters (LH rotations)

A 2 V.,A __ ur
Criiu, =C5 — € Cuin, = £€i;
.2 dr, VA dL
Cd d;, — 8,3 — 6?,2 , C Z|: .
A VA er,
Ceiez' _ _CB T Ezz ) Ce e; :Fez'j ‘

Assume at most CKM like rotations in LH quark sector

ur,dr 6 ur,dr 4 ur,dr ~
€11 N €99 N €33 1

e;;i = Vur)is(Vur)ss



Astrophobic Axion Models

Cu=ch Cq=s; Ce = — + €t
—— —
nucleophoblc for electrophobic for
c5 ~ 2/3 (2% tuning) €1t ~ 2/3 (2% tuning)

Note that in 3HDM 2/3 of astrophobic conditions
Cc,+C;=1 Cu+C.=2/3

can be realized by charge assignment (no tuning), while
Cy~2/3

is always suitable adjustment of vacuum alignment angle



| gay | [GeV ']

Astrophobic Phenomenology
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PQ = FN (The Axiflavon)

PQ could be subgroup of flavor symmetry

responsible for Yukawa hierarchies
[Wilczek ‘821

Simplest realization: PQ = U@@rn

[see also 1612.05492}

Work with effective U(1)gn flavor model




SM Yukawas

SM Yukawa hierarchies from powers of ¢ = (®)/A

U cqitu; — gLl etit

U __ D
yz’j _ a’ij yij 1]

Can easily reproduce all hierarchies, e.g.

u; = (4,2,0) ¢ = (3,2,0)

WA



Axion-Photon Couplings

Although have considerable freedom in fermion

U(D) charges can sharply predict E/N

B
— € 12.4,3.0
N E [ ) ]

as direct consequence of fermion mass hierarchies

det m,det mq/v°® = [det a, det ag] 2N

— —
~ 107" O(1)
det my/det m, = [det aq/det a.] esN—F
—— ——
~ 0.7 O(1) s _ 108 Goime — log aae
o 10g det m%éiet mg lOg oy

~ —44 ~



Axion-Fermion Couplings

Axion-fermion couplings through Yukawa terms

B ~ ilaitug)a(@)/ Ve

Remove by PQ transformation acting only on fermions

fi = fie fia@)/Ve

Up to O(1) coethcients fermion couplings
determined by fermion masses and mixings

Xf:dlag(f17f27f3)%V;Xfo VfN€|f7’_fJ|




The Axiflavon
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Summary

® [Flavored Axion models allow for complementary
axion searches with precision flavor experiments

® (Generalized 2+1 DFSZ models with free flavor

alignment parameters can realize nucleophobic
& electrophobic axions up to 0.2 eV

® When PQ = FN flavor alignment parameters
predicted in terms of fermion masses and mixings
up to O(1) uncertainties; E/N in narrow range



