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Axions (or axion-like particles) are light pseudo-scalar bosons described by
a periodic (angular) field variable. There are many reasons for why we are
interested in axions, including the followings:

1) A specific type of axion called the QCD axion solves the strong CP problem

2)

3)

which is one of the major naturalness problems of the SM of particle physics.

Unlike the other naturalness problems, i.e. the weak scale hierarchy problem
and the cosmological constant problem, the strong CP problem can not be
explained by the anthropic selection in multiverse, thus it strongly requires
a physical explanation.

Light axions may constitute the dark sector in our Universe, including
the dark matter, dark radiation, or even the dark energy.

They also have many interesting astrophysical, cosmological, and laboratory
implications.

Axions generically appear in 4D effective theory of string/M theory which is
considered to be the best candidate for a theory incorporating both particle
physics and quantum gravity.



Axion is a pseudo-Nambu-Goldstone boson associated with a non-linearly
realized (or spontaneously broken) approximate global U(1) symmetry.

Peccei-Quinn (PQ) symmetry:
a(x) alx)

U(l)pq: — + a. ... (a = constant)
fa fa
Circular axion field space with s | |
radius f, = axion decay constant a(x) = a(z) + 27 fq
fa




Generically axions can have a potential of the form
Via) =3 AL cos (n% + o}l)

Any nontrivial axion potential means a change of energy density under
the PQ transformation of the axion field, so it is a consequence of
the explicit breaking of the PQ symmetry.

(nearly) exact U(1)pg = (nearly) massless axion

In modern viewpoint, when quantum gravity is included, global symmetry
can not be an exact symmetry. It is still a plausible possibility that the PQ
symmetry is nearly exact, so the associated axion can be light as much as
you wish.



Angular axion may originate from the phase of a (elementary or composite)
complex scalar field ¢ developing a nonzero VEV.

ular axion field space
n radius f,

In such models, nonlinear PQ symmetry appears as a low energy consequence
of the spontaneous breakdown of a linearly realized PQ symmetry:

U(1)pqlimear © @ — ¢'“¢. ... defined on the entire complex plane of ¢

a(x) a(x)
fo e

defined on the circular axion field space with |¢| = f,/v/2

= [(’T( 1 )PQ} nonlinear - + «v s



As the underlying theory can describe the entire sub-Planckian region in
the complex plane of ¢ , including ¢ = 0, such models allow a cosmological
phase transition from the linear PQ phase with (¢) = 0 to a non-linear phase
with (@) #0 :

From an article by A. Cho, Science 2012.



Alternatively, angular axion may originate from a higher-dimensional (p-form)
gauge field, which is most naturally realized in string/M theory:

= j{ dy As(,y) ( / "fyml--d;_umpﬂ[mlv-mp])
fa >

—p
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. ET/TIEL_#.{ fﬂr;}? Closed p-dimensional surface
¥, in extra dimension

In this case, the nonlinear PQ symmetry corresponds to a locally well-defined,
but globally ill-defined higher-dimensional gauge symmetry.

a(x) alx) As(2,y) = As(z,y)+0yAy)

+
-
Il

fa fa with j{ dy Oy\y) = AMy+27R)—Ay) = o
y=y+2mR

PQ symmetry is broken only by non-local effects which can be naturally small.



Discrete PQ symmetry for o = 2nmw (n € Z) is a genuine higher-dimensional
gauge symmetry, which ensures the angular nature of the axion field:

('{_(,I.’) ~ (1(.1’-’)

, > 4+ 2nm
](ﬂ ,}(ﬂ

(__::g,qi-\(y) _ (__::a'.q [A(-}f—l—?ﬁﬂ)—l—Qﬂﬁ} (f]- n e Z) =

PQ symmetry is intrinsically a nonlinear symmetry, so it does not admit
a cosmological phase transition from the linear phase to nonlinear phase.

fao — 0 corresponds to the limit where the volume of the extra dimension
becomes infinity, in which the theory becomes higher-dimensional theory
with a p-form gauge field:

({(:I') _ f([y *‘45(-1'-.@/) (/ (‘[’gml--dympA[ﬂ?l--ﬂtp])
Ja >

r

In this lecture, we will study both type of axions while focusing on the
low energy couplings of those axions to the SM gauge and matter fields.
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Strong CP problem

The SM describes the known particle physics up to the energy scale ~ few TeV.
1

L = “,‘”"CTH — —II l'HNII - —B‘“NB”/ + D HTDJUH
SM —lfj;z [0y —l(] Hv —lj F
foco
+ Xl n“D v+ G G
> 3720 O

=g, uf,df b ef

_ 1 5)\2
(s H' + (pa)saadsH + (9e)iglies H + hc) = A(HUH = 20%)

Two CP-violating angles in the SM:
oxn = arg - det([y,y! . yd;g:_[,]) (CPV in the weak interactions)
) = bqcp + arg - det(y,yq) (CPV in the strong interactions)

Similar angles 6, , for the EW gauge bosons are irrelevant since 6, can be rotated away by

U(1)g or U(1), (in any case B,-dependence is suppressed by the extremely small =57/ )
and the remained 6,-dependence appears only in unusual situations involving a magnetic
monopole or topologically nontrivial spacetime, e.t.c.

Observed CPV in weak interactions & the absence of CPV in strong interactions
imply that these two angles are so different, causing a fine tuning problem:

- . _ . > MMy =
Sreng ~ 1 6] < 1071 (dﬂ_m € Mug - 18x 1072, un)
My, 10,



Since f is essentially the coefficient of GG = 0, X" which is a total derivative,
d -dependence of physical amplitudes appears only through the gluon field
configurations having a nonzero surface integral of K* at infinity, e.g. instantons,

whose effects oc ¢~ /9% (") in the weak QCD coupling limit.

As a consequence, ¢ is important mostly at low energy scales where

ga(pu) /8% ~ 1 (1 S 1GeV)

Therefore, we can limit the discussion to the low energy QCD around 1 GeV,
which is defined as the low energy effective theory of the SM:

1 O Gy = I Dy = 5, 5 GG, (gL..-UqR + hxr)
Ye D iyl

Lqcp = —

u m, 0 0
qrr=-1Fy)(d|. M= 0 mg 0
- s 0 0 mg

Real and positive quark masses



Peccei-Quinn solution to the strong CP problem

Introduce a global U(1) symmetry called the PQ symmetry which is

(1) non-linearly realized (or spontaneously broken) at least in low energy limit,
with the associated Nambu-Goldstone boson called “the QCD axion”,

(2) explicitly broken dominantly by the QCD anomaly

Peccei, Quinn 77

For non-linear PQ symmetry, one can always choose a field basis for which
only the axion transforms under U(1)pq, while all other fields are invariant:

a(x) @ ()

U1l :
R A

+a, ® — ¢ (a = constant)
Georgi-Kaplan-Randall (GKR) basis ‘86
If any matter field transforms under U(1),o, One can make an appropriate

axion-dependent field redefinition to make the redefined fields are all
PQ-invariant.



Generic effective axion lagrangian in the GKR basis at scales above the EW
scale, but of course below f,, with the couplings defined for the angular
field 9( = fi /fa .

/ PQ-conserving PQ-breaking by the SM gauge anomalies
1 9,0 o
Lagion = 50u00"a+ —— (Cyp Tt + Cy ) + === F"‘”‘”F*‘ + 0 Loaxion
fa 21 f \
_ . 1 additional axion interactions
P!’ — aly als »u‘ - A [ % 1. - . _

Sy = o, Sy = (0" Dpo —h.c.), F' = EEWPUFM such as a bare axion potential

and higher-order interactions

cy = (cqg.cw,cp) for F ;}, = (wa_ wa Bw)

Integer or rational number to be compatible with a(z) = a(x) + 27 f,

Bare axion potential induced by PQ-breaking
other than those by the SM gauge anomalies

5L ion = —0V (a)F

a(r) a(r)

U(l)pq f 7 + a (o = constant)
0P AL
E a0'a+ CyJy + CyJy aﬂ
6 = fo0'a + + + fa— 2(0,a)
E i o E)L (S(I) . 4#]} A ad.ﬁa‘x]_on
e =2 5dsa = 2 gl Tt

A=G,W.B



Different axions depending on the dominant PQ breaking
(PQ breaking by cw.p (EW anomaly) can be safely ignored.)

QCD axion:

Ca O
3272 f,
Axion potential induced by the QCD anomaly

V(a) = Voep(a) + 6V (a) with dV(a) < 107 Vaep(a) ~ 1071%m2 f2

PQ-breaking by GG (QCD anomaly) highly dominates over other breakings:

_ _ _ ¢ m
= |lesr| < 1071Y (Heﬂc =0+ cqo <;>) My ~ w/x

a fa.
Heavy axion-like particle (ALP):  oV'(a) > m2f? = m, > ?ﬂ;jﬁ
Ultralight ALP:
cg =0, so there is no Voep(a), and dV(a) < m2f2 = m, < m;'ﬁ”

If any of ca.w,B Is nonzero, these 3-type of axions all have the coupling

to the photon given by 2,
" Cqaw,B

812 f,

g ary ~



Axion-photon
coupling

2
Gy ~ €” Cqgw,B
U 8r2 f,

Heavy ALP

Mo fr

fa

Ultralight ALP

My fr

fa

my >

My K

QCD axion

M [

Ja

10718V 107%eV leV 1keV

Axion mass



Some features of the GKR basis

"PQ-conserving” and “PQ-breaking” are manifestly distinguished from each
other, i.e. derivative and non-derivative axion couplings.

Simple correspondence between “the axion-couplings” and “the PQ current

and its divergence”. One consequence is that the axion-gauge boson couplings
are quantized.

Usually the GKR basis is more convenient for studying axion physics at lower
energy scales.

It is straightforward to incorporate the RG running of axion couplings and the
modification of couplings coming from integrating out heavy fields.

Most suitable for describing the axions originating from p-form gauge field in
higher-dimensional theory such as string/M theory



Symmetry breaking by anomalies

Ul)y: =" =" (b = gauge-charged chiral fermion)

Matrix element of the Noether current in background gauge field:

JH =
'L

2 Apr 1A
JHEZUT ) A B

Variation of the (Euclidean) path integral measure in back ground gauge field:
/[D?‘f] [DL_J]A#L _ {'-'lfdiTE ﬁtr(]ﬂi(v}}ﬁ'-iﬁﬂﬁju f[DL|] [/Di‘__‘}A'u’

O Lot

Aoy

= Oy, =

LS @
A



PQ-breaking by the fermion anomaly can be converted to the PQ breaking
by the axion coupling aF*F# through an axion-dependent change of
the fermion field variables.

1 ; : |
ﬁ(i’ 'ny Y n) = 1 'ng Dpi' 'n (5—"'1\-[31-1n.€_3{qn+qm}a(l)/fa?.i1n?_—":"m + llf)

In this description, PQ-breaking is entirely from the anomalous variation of
the fermion path integral measure.

Consider the same theory, but defined in terms of )/ = ¢~nel®)/Jay),

f (D] [Dify)e™ &'z Lalin )

T

:f‘ [D }[DL ] qulEﬁE(t"n n)

T

‘C!{.?;,;. 3__1:1) — ”jf O-#D# L':!;l. _ ( 1[717?1{ QI]+QIR H{T}ffﬂi ﬂ }’H + h L) (q':?, = (n — l.‘ﬂ_}
r) a — 1 a ~
k YL ot 4 ke tr(T5 () ) F A F4
—I— mn fa_ l(};l ( ( ?1]}ja LV



_ _ 1 ‘ . .
'C( f.—":"n- f,—":"n] — 3-'3.1:1-1'10#D#-?+’:1n o (5i.-'l[nme—i(%+qm}a(1)/fa ?-*':171 E-"':!m + 1’1.C‘)

P a , S
U (l)pQ : — —} — + o, U, — e %Y,

fa

_ - . J— / ~
Jbq = fad"a + @uin0*tn, OuJbg = o qﬂtl(TQ(i* ) FHES,

L' (Y ) = il ot Dyl — ( Mye™ Ot am)al@) Jag 4! 4 . L)

n oTn

d,a 1 a 3
SR s r(T5(Uy))— A EL
n fa. 1672 ( n fg v
U(1)pq : f_ - i a4 = T (g = gn — )

Jpq = faf?‘“'a + (kp + q;l)t,-'f_r;_o““e;';l — f,0"a + g oty

m JE

bo = Tomg(kn + €t (T3 (W) Pyl =

1 e
pr T WQRU(T_%( U’ﬂ-))FAﬂ F;u

The form of the lagrangian, i.e. the lagrangian couplings, severely depends on
the used field basis, while the Noether current and its anomalous divergence
are more directly related to the observables, therefore they are invariant under
this change of the field basis.



GKR basis:  k, =q,

T | 1 .
‘CGKR = g_-g'_:ng”'D“_-g'_:n — (;_:‘T\[nmﬁ_?ni;"m + 11.(‘)

O -, 1 02(an v E pAw DA
+ (n fa Vrotr + 1672 qntl(r;’l(f?!ﬂ-)}f_aF 8 F.ﬂ-u

In the GKR basis, PQ-breaking is entirely from the axion coupling aF4F* .



ca alx)

R GG

Axion potential Vocp(a) induced by

Euclidean QCD partition function for a constant axion background:

exp (— f d*rg I»"‘E;EC[}((IJ)

— [GIDaDa exp | - [ e LG (G M. 0+ o)

(L

_ [dir , _ 0\ s
_ f DG Det(Dyg + M) e P35 piggr [ ater (rec £;) 0

Det(Dgp + M) :H (M —i\,) (H u) (H 1[2+Ai)) ~ 0
An

Ap=0 An>0
Vafa, Witten ‘84

= Vqcpla) has the global minima at

Ocit = 0 + ccla)/ fa =207 (n € Z)

\ /\ m / Ot = 0+ co— (cc = 3)
N NI [T "




PQ mechanism and PQ quality problem
Vaxion = LEQCD(G) +oVepy + 0Vyy

Vaep(a) = axion potential generated by low energy QCD dynamics through

1
9
3972 ( t e

ﬁjcc

= global minima at fei = 0 + cc(a)/fo = 2n7 (n € Z)

So, if there is no additional axion potential, QCD becomes CP-conserving
regardless of the value of ¢ . (PQ mechanism '77)

However, even in the absence of additional PQ breaking, when combined with

! (§+CC;3)GQ generates
2m? f

a

CP-violating SM weak interactions or BSM physics,
an additional axion potential

(f
oVepy = (fbM + FBSM)??E f sin (9 + CC—)

Ja
e — 0+ el Vacp(a) ~ m2 f2
— Oof = 0 + f ~ €SM T €BSM ( qcpla) ~ ???nfn)

(ESM ~ 107 ¥sin gy, epsy < 10719 for BSM scale > multi-Te \)



PQ quality problem

In modern viewpoint, additional PQ breaking, in particular those from
quantum gravity, appears to be inevitable.
Quantum gravity instanton,

o S .4 a i e axionic wormhole, ...
oVuv 3 —e 7™ A% cos (f— + r))
i —Sins A4
- _ a e~ 7ins -
— off = 6 + (".C?< >

Y —sin (A —46) < 1071
’ fa. ??E%f,;‘% ( )

' : ' e 100 TeV
A ~mgpMp = S < 107 (—)

}??3)!2

Additional PQ-breaking, including those from quantum gravity, is required to
be highly suppressed (PQ-quality problem), which is an implicit assumption
involved in the axion solution of the strong CP problem.

Apparently, this issue can not be addressed within the EFT framework, while

string theory can provide a theoretical framework to examine the PQ quality
problem more concretely.



Axion solution to the strong CP problem predicts an axion string with
a tension /is ~ fo attached by the domain walls with a surface energy density
[l ~ m>f2/m, , which have interesting cosmological implications:

IQCD (I

\ /\ 7% / Bt el (=9
\/ \/ ‘ \/ o =0+ car (cq

SN _
—

27 f, = axion field range

cc = Npw = Number of discrete degenerate vacua

= Number of axion domain walls attached to
an axion string around which a — a + 27 f,

[m==mmm————————

-——
-



ca alx)

T T, ele

Axion potential and axion-photon coupling induced by -
(at leading order in chiral perturbation theory)

Redefine the axion as

o 1 a _ (a)
L"(l}p : 9 —i—f’@— — Cq— = fgeff = Cq
’ fa fa fa
Light quark-antiquark condensation in background axion field:
ma J7

el (g =wu,d,s)

(ngR).’:inon —= (???u.+ N?d}

(“‘TD X Oy — Og, 1) X Oy + Og — 205, ?]’ X Qy + Qg + (;}5)

Axial U(1) transformations of the light quarks and axion in QCD with
a background axion field:

i (1
Ull)g: qur — e""qLp. rp — cpj— — 204 (q=u.d,s)
a
. ; ('29111 (-_em
o JH — 1 (1 (':ra. o 1 Sy Ctra 4 VT, ’
“ha T \16r2 T TP 1op2 ) T gp2 vem -




In the effective theory of mesons in the same background axion field,

| L a a
g — Gg + 20, cp— — cg— — 2«

U(l) 7. q

q :

5£eff(¢'}q) . Ne

Meson potential in QemeF#u +
the chiral limit M=0, Part of the WZW term

which explains why / which explains 7°. 1.7 — 21

2 ... 4 “
My > My p \
:\OTC{\Q

\ “ 4 I L, -
= ﬁeﬁ(q}g} 5 —W (uu + C}d + Oy + CG; ) (Jc u T 6(;}0: + 5(;)5) Fﬁi-yF#U

1 2 m \CP d 4 1 l oy B

Axion-dependence (geff—dependence) of the meson VEVs is essentially
due to Vi(dy + ¢a + ¢s + c(;fi) which solves the QCD U(1), problem by

a

e 9 9
providing Mgy 2> My,



(Mg + Mg

L 2m?2 f2
Vi(dg) = CG— + Z ch — n/x ) Z Mg COS Oy
q

IV (¢q) . o o a
— T =0 = MmySin@y, = mgsindg = mesindg, &y + 0g+ s +ca— =10

a‘i‘q | | o fa

For mi,q << Mg,

sin g, = — masin(cca/ fa) Di Vecchia, Veneziano '80;
\/ m2 +m3+ 2mymgcos(cga/ fy) Witten ‘80

my sin(cqa/ fq)

sin g = —
V2 +m?2 + 2mymg cos(cga/ fa)
L mymgsin(cqa/ fa)
Sin ¢y = — _
Mo/ M2 + m32 + 2mymg cos(cqa/ fa)
Trtr _ 'L,rr Lo ~ fTE nl'?r p— 2 2 ; .
‘acpla) = Vg, = ¢yla)) = — m2 + m3 + 2m,mg cos(cqa/ f,)

(1 + Mg)



C(.; a(x)
321 f,
(QCD anomaly)

ele

Axion mass and axion-photon coupling induced by

Axion mass:

My =

NORITRE 1012 GeV )
fema—————— 17¢ L 57 x (—) eV

My + My fa fa/ca

Axion-photon coupling:
e (4md + -m.u) caalr)
4872\ my, + my fa

KNEEE

FPE,




Axion mass vs axion couplings

1. . | 1 - - . ] .
Laxion = aé'Jﬂ_ar}’“'a — )mgaz + ey a(x)E - B+ ganOua NN + ... (N =n,p)

QCD axion: Plausible range of the coupling to mass ratio can be identified.

VM myg ca

o 1012 GeV ] , ,
= frmy——— >~ J.0 X (—) peV  From the axion-W/B coupling
My + Mg fa faf'-"-c: V4
Jay e 1 2(my, + 4myg) My Mg cw +cp _ O( 21 )
My 812 frmy 3/ My My NOURUT ca 872 [y
JaN 1 N
JaN _ O( ) From the axion-gluon coupling
Mg frmg

In some models, e.g. the clockwork QCD axion model, Cw,g Can be exponentially
bigger than ¢, which results in an exponentially bigger value of ga, /1, .

Heavy or ultralight ALP

No plausible range of the coupling to mass ratio is available mainly because
the ALP mass can exponentially depend on unknown model parameter.

A4 2 . 2
y —Sins *'\UV ~ € 1 gaﬂf ~ |nsf2 ‘ 1
a 5+ YJay ™~ 3 = € 2

. 8712 f, My \




Axion-photon
coupling|

2
Gy ~ €” Cqgw,B
“8r2 f,

Clockwork QCD axion
cw + g > cc

Heavy ALP

Vv > mif?

Ultralight ALP
Vv € m2f2 (cq

Conventional
QCD axion

Cw+CBNCG

10718V 107%eV leV 1keV

Axion mass



Axion couplings at lower energy scales

For more details, see for instance arXiv:2106.05816

(1) Modification of axion couplings coming from integrating out
heavy particles

* Multiple scalars involving both heavy and light combinations with

(}(i {Z (”c;»n oy Dy dp — h. L)]

Integrating out the heavy scalars while leaving the light combination ¢y, :

L \-, o -t - /; 12 il
On = knop = (-"{fJL - E "l‘ﬂ‘ Con

T



* Gauge boson which becomes massive by the VEV of ¢ which couples
to the axion:

0 «

Ja

lfi X Xy qb 1-([2 r')f(f
{1 Ja

D, (,>| +1Cy (g‘)*D#c} — h.C) + 'i'LiJ#'D#_L?

X"+ quXHpo,0 + .

Integrating the massive X, :

C'y 0
X, =22 o Ac, =P,
4o fa de
Often one can avoid this step by choosing a basis with ¢, =0 through

an axion-dependent gauge transformation which has the same consequence:

(j?.,

b — Ez(‘ a( Nfa(;f?. ) _}Ei‘-{@mf%)ccbﬂ'[x)ffa.rf1 — Q(-_L q
- ¢

—Cl



(2) Perturbative RG running

(Important when the corresponding tree level axion couplings are small,
which is the case for KSVZ axion, string axions, flavor-changing couplings, ..)

€A EFA,U,VﬁA
3272 f, u

1 dya
L= Iz K

Jh= oty Jf=i(6"Dus —he)

(C¢J$ + Ofbjg) +

For the Yukawa coupling of the form Lyyiawa = yoUv°

Quantized
v
dCA _ _
dlnji
P _ ' ' e N - N .
dIn p 87r2( 6+ Cy + Cye)

dCyu. _ yl*
dln p 1672

& e o2 T conrion)

2 \ 872 ,
Y=,y

Quadratic Casimir



(3) Nonperturbative QCD effects

(chiral perturbation theory, lattice calculations, ...)

After including (1) and (2), we can get the axion couplings at 1= O(1) GeV,
which are given by

1 a(x) ~ ALy L 0ya
3on2 (cTegF "W Ew + ca g’ (Ta””(;ﬁy) + E Cy ;f Tyl I
DL Ja fa

U=u.d,s,e,ju
Cy = Cw + Cp

{ RG running
Chulp) = - (an (v) + Cue(v) ) + AC,(v/p) from v to p

C"eu”’i‘) -

in the basis for which Cy(v) =0 at the EW scale v = 246 GeV



Axion couplings below the QCD scale

— —

Log = %gma(a‘)E - B

Jar N

[fr

+ dya(z) {gapﬁ’j,-'“-'}-gp + Gan IV 50 + (imTpyn — i?r_ﬁ.’}-'“p)}

Gar - o - .y
+ “jfm Malx) (WDWJFC)#?T + 17Ot — 21t c}#_?rﬂ)
m
+ Z a5l
f:e'.ru"
Qo 1 2 (4myg + my,) gast = (N|urFysu — dy*4sd| N
Jor = 50 7. (CW T3 (1 + M) CG) .
2% Ja | u d gos" = (N|uyFvysu + dy*v5d|N)
ga , , My — 14 i
Jop = Jan = 5%, (C“ Cat (m-u + -md>c'8) ga =127, golp =2 GeV) ~ 0.52
90 [ ~ ~
“w a 2fa. N Gay = ?em f_ (CW’ + Ccp — 102cg)
S . 27 fa
0 o 2 2(_ o 2(9&;0 o gan) 1 ‘
Jar = T3 GarN = T on = 37 (0:94¢¢ + 0.85C, (2 GeV) = 0.39Cu(2 GeV))
=Ja

1., .
Jat = ﬁ(*‘- (£=ep) Jan ™~ _,)lf (()‘04@ — 0.39C, (2 GeV) + 0.88Cy(2 G:‘:V))
We now have the full recipe to derive the low energy axion couplings

in a given axion model, which are relevant for studying the laboratory,
cosmological, or astrophysical implications of axion.



Axion models with a linear PQ symmetry
(Axions originating from the phase of complex scalar field)

Recipe for model building

1) Introduce a linear PQ symmetry with quantized PQ charges, which is
explicitly broken by the SM gauge anomalies that arise from the loops of
PQ and gauge-charged fermion (=anomalous variation of the fermion path
integral measure)

Ul)pg: © — B0 (P = ¢, 1))

) 1 A = 5
oy .__fﬁQ = 39,3 Z e FATA (r4 =2 Z (]¢t1'(fﬁ{{.']})
S Pl P "

2) Introduce a dynamics to generate a VEV of PQ-charged local operator,
breaking the PQ symmetry spontaneously:

(O(P)) ~ fre gla(z (n@ = dim(Q). a(x) = a(x) + Eﬂfa)

In such models, much of the physical properties of axion is determined
by the PQ charges of the matter fields in the model.



KSVZ model ‘™ 7

Shifman, Vainshtein, Zakharov ‘80
'C'KSVZ = é)ﬂaﬁ”a* + EQC_T#D'LL(Q + 'iﬁ?CC_TMDﬁQC + ESM
1 2
- (ychQc + 1‘1.(1) — A(r_m* — 5f§)

Exotic PQ-charged

_ ‘ / left-handed quarks
Ullpg: 0 =%, (Q.QF) = ¢™/(Q.Q)"  and anti-quarks

Q=1(32y,, Q=32

A key feature of the model is that all SM fields are PQ-neutral,
leading to a distinctive pattern of axion couplings.

Explicit PQ breaking by anomalies: Q Q are SU(2),, singlet, cg= Npy=1.
0, "

1 = T Ve — _ i ¢ 2 /2
by = m(zc;c; LW + b}g—BB) ca = (ca.cw.cp) = (2,3,6Y5)

T Q.Q°

1 .
Spontaneous PQ breaking by (o) = ﬁfae‘*‘“(ﬂﬂffa



DFSZ mode| Zhitnitsky ‘80
Dine, Fischler, Srednicki ‘81

Lprsz = dy00c* + D, HID*H, + D,H D" H,
- (yu.Hu,que + ygHaqd® + Hayele® + h.c)

— )\(UJ* — éff)g — (H.Hqu(fn + 11.-:‘) + ...

U(l)pg: o — €90, Hyqg— e "“Hyq, tsu — e sy
Oulbo = 255 (6GC +6WIW +10BB)  ca = (ca.cw.cn) = (6.6,10)

1 :
_ 1 p ia(@)/fa
(O-> \/Efae
SM fields are PQ-charged, yielding different pattern of axion couplings
from the KSVZ axion and the axions from p-form gauge field in

string/M theory.



Composite axion

In the KSVZ and DFSZ models, PQ symmetry is spontaneously broken by
the scalar potential introduced by hand, so the model does not provide
an explanation for the origin of the axion scale.

In composite axion models, PQ symmetry is spontaneously broken by
a new confining dynamics (axicolor) whose confinement scale can be
identified as the axion scale.

Composite axion models avoid the potential fine-tuning problem associated

with the mass parameters in the scalar potential, and in some models the PQ
symmetry is not introduced by hand, but corresponds to an accidental symmetry
that appears as a consequence of the gauge symmetries of the model.

In most models of composite axion, the SM fields are PQ-neutral, therefore
axion couplings are similar to those of the KSVZ axion.



Model with vector-like axicolor

Kim ‘85; KC, Kim ‘85
Gauge group: G = SU(N,) x SU(3),

PQ-charged & axicolored fermions:  (v(n, ), V'(N..1)). (?’fm.z)* E’fﬁra.l))

1 N,
Woingz) = q?f"'f‘(c;{.—a__g} =5 W,y T qi‘.":l"?‘{ral_l} -5

Spontaneous and explicit breaking of the PQ symmetry:
(a3 3) = Nae™ M (Ui, 1)) = Nge™ D/

9Tl = o
d}u_; PQ - m(r -

Model with chiral axicolor

Gavela et al, arXiv:1812.08174

o . . - , , _ 1 _ 3
10 = (U‘(m,.’s)- f;"(m,?))- J = (t’-’(s,;’,)- '&'-’(5,3}) q10 = 10" 5 = 10

o o . i 2~

(10-5-5-10-5-5) ~ AZe™/fa Oplhq = 55 5GG

Gauge symmetry of this model forbids a PQ-breaking term in the lagrangian up to
dim=8 operators, so the PQ symmetry is well protected from quantum gravity.



KSVZ axion couplings

Let us consider a model with SU(2),, singlet @, Q¢ and also the scale separations:

fa. > ??EQ = Ejﬂ > v = 246 CleV

2

At the scale 1 ~ [, o= (j + p)ete@/]

w

= Laxion(1t ~ fa) = 50ua0"a — (moe™ ™7 QQ" + h.c)

One may make the field redefinition at this scale
: : ) : i 1
(2 — 6?_?@@&(1)/{‘&(.2. (30 — E.—quca.(:c)/fa(_Jc (Q’Q = qge = 3)

=

to move to the GKR basis:

Lokr(p ~ fa) = é'r)#_a.@”‘a — -mQQQ + Oua(x) ((_'.‘QQ@#Q 4+ C.-'Qc(_.‘gcc—r#(_.g‘-’-)
n _j_,)l’_,z (I(;TJ (C‘GGC‘T + CWH?IT? + CBBB) fi ——— Q. Q"
Cq = ?qun =(1,3,6Y3) (4=G.,W.B)

[

Coq =1Q.q = 5



There is no RG running of the axion couplings over the scales f, > u > mg,

which is manifest in the original basis, but it is a consequence of cancellation
in the GKR basis:

%"}-‘S‘H //_\'\\'\

Thy AN
o EZ Ca(Q.Q)eca—2 Y Cyptr(T3(1')) =0
diny /) axr 2 " (gw2 Al & ’ —wr_QQe 1) Al ..

Consider the scattering amplitude of 99 —* ga for mg < /s ~ V't < f,.

In the original basis, the suppression by mfg Is manifest:

ad m3 1
Algg = ga) ~ —2=. =9

1672 f, \/5

On the other hand, in the GKR basis, it is again the result of cancellation

A(gg — ga) = Ackr(gg — ga)
ffs \/E
72 fa

g° mQQ 1
ca — (Co + Coe)(1 + Of mQ/ ] Gi'z [ANE
il a S

The GKR basis is inconvenient for the KSVZ axion at f, > p > my.



However, below ¢ , we are inevitably in the GKR basis as there is no
PQ-charged light field.

L, Loa(®), = i a2 f fa )
Laxion(p = M) = 70,a0"a + 3%27(66* +3WW +6Y3BB) - Q.Q

) s oyl

Co(pp=mg) =0 (& =1gy,H) because of the vanishing PQ charge of
the SM fermions and Higgs

Subsequent RG evolution is the dominant source of the axion couplings
to the SM fermions:

Cu(pp =2GeV) ~ Cy(pp=2GeV) ~ 1072

KSVZ axion-electron coupling: yc |m, kim, Seong, arxiv:2106.05816

4 2 4 4

‘ gs(my) y; (my) e er My +4dmy

Ce(me) = k1750 -5 Ca + Kam=—55CW,B + Ka7——5m c
e(me) (87w2)2  8r? (872)2 (872)2 1y + “

~ (0.83¢6 +0.54cy + 0.13cp — 0.03c¢ ) x 107 for mg = 10" GeV
( J

\




DFSZ axion couplings

Again consider the case with wide scale separations:

fo > mg ~VEf, > v=246GeV

Heavy combination of H, and Hy

1 ' ia(x)/ fa
At the scale it~ f,, o= EUQ + p)eta@/f
1 o
= Lodon(tt ~ fa) = 50000 a — (k[ HyHae O/ 4 1)

Field redefinition to the GKR basis:

H,4— ﬁ?_quu-da(TNfa H,q4. v — t?_iq’*'"'a'(m)’!f“ 12

1 _ 1 (1 = - ~
Laxr(i~ fa) = 50uad"a+ oo d{;) (ceGG + ewyWW + cp BB)
]_ _) T ) _
- 5‘ *"“f“ ) (Z iCrr,(HID'H, — o) + C'u-,.'r;"‘c?“-g:)
‘ H; P
ca =2 quir(T3(1) = (6,6,10) (A=G,W.B)
P

CHyo = QHuu = —1, Cyp=qu=1/2 (U =q,ui,dj (;ef)

Often the GKR basis for DFSZ axion is inconvenient for axion physics at scales
above my or above the heaviest PQ & gauge charged fermion mass m; .



Nonzero tree level axion couplings to the SM fermions and Higgs, which
are dominant in most case.

So let's consider only the tree level couplings to the SM matter.

At 1t~ mpg, integrate out the heavy Higgs doublet, yielding
H,=H"sinf, Hg=Hcosp (tanp = (Hy)/(Hqa))

™ The sM Higgs doublet
Cy(p=mg) = qu,cos* 3 — qu, sin® B = — cos 2[3

At 1 ~ v = 246 GeV, make a field redefinition to rotate away C'y :

) VYO oy, — Oy =0, ACy, =Y,Ch /Yy

C,= g ~ 308 28, Cye = 5 + 3 €08 28, Chge = 5 ~ 308 23

— cos 23

Lo =

1 i
(‘f = 3 -+ cos 2j C-"Iee =

T
!
.

Couplings to the light quarks and electron at jt ~ 1 GeV:

d#_a

Ja

_ 1 9 .
Cg—UV'v0 (U =u.d,e) Cu=5 (( g+ (u) = cos’ 3

1 1 _
Cy = 5((‘(} + (‘d_c) = (C, = ;(C-‘g + (‘ec) — sin® 3



KSVZ and DFSZ axions have a quite different pattern of couplings.

) o
Cp ) g 93 al2) F"””F" (=1, ¢ A=G,W.B)
T o7 2 fa
- ~ 2
iy YaA A A G ghca
- qa‘I’(—) ﬂ( )-’T(I) —l { )F #UF (ya,(I) — ?a E}aA — Sﬂ'gﬁ)
(]i’f — -LE(I“L-":. Jg = j{g’f}*D#g} — h,c,))

KSVZ axion DFSZ axion
Japg, U ') 92’1 ] i Jarpgy, (’{ ) 87
— "~ o n(meg/ ) —— ~ —

GaA OT JaA :_QA

WsMm
WsM
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