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Axions or axion-like particles (ALPs) are light pseudo-scalar bosons
postulated in many well-motivated models for BSM physics:

Strong CP problem,
Dark matter,
Inflation,
Baryogenesis,
String theory, ...



Axions have a finite field range (periodic):

a(r) = a(r) +2rf, (f. = axion decay constant)

Axions can be naturally light as their interactions are constrained

by an approximate PQ-symmetry non-linearly realized in low energy
effective theory:

U(l)pq: al(x) — a(x)+ constant



Classification of axions by the origin of the field variable

Field-theoretic axions from the phase of complex scalar fields:
i PQWW, KSVZ, DFSZ, ...
Ja

o) = pla)e @/ (L= (o))

String-theoretic axions from p-form gauge fields in string theory:

(or in any theory with extra-dim)
Witten ‘84, Svrcek & Witten '06, ...

a(r) = / P (,y) dy™ ...dy™ (Xp = p-cycle in extra-dim)
Sy

[my,..,myp]

or 0,0 = €,,p5(0"BP7 + ...) (B, = 2-form gauge field in 4D spacetime)



Classification by low energy couplings

For model-independent discussion of axion couplings, it is convenient to
use a field basis for which all fields other than the axion are PQ-invariant:

Georgi, Kaplan, Randall '85

U(l)pq: a(r) — alxz)+ constant, ¢ = (), H,...) — @



Axion couplings to the SM at high scales around fg_:

PQ-invariant derivative couplings to matter fields
described by real-valued ¢, & ¢y

/

Log = % f2(0,0)° + aﬂa(z% Jotap +icy(H'DFH — D“HTH)) (PQ-invariant)
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5 O(2)F¥ED —Vo(0(x)) — m%(8(2)|H|* + ...  (PQ-breaking)
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T
Bare axion potential \

Couplings to the SM gauge fields

normalized in such a way that Cg, Cy . Cg

are rational numbers or integers.

Non-derivative coupling to |H|?
(axion-dependent Higgs mass)

= Axion couplings €
fa



QCD axion postulated to solve the strong CP problem

U(1)pq is broken dominantly by the coupling to the gluon anomaly:

Peccei & Quinn
ce a(x)
3212 fa

L
PQ-breaking couplings other than the anomalous couplings to the SM
gauge fields are highly suppressed as
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P- and CP-invariant QCD:  |flqcp| = |m::<;i>| < 10719
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Ultra-light ALP which may constitute (part of) dark matter
(e.g. fuzzy dark matter with m, ~ 1072 — 107 eV )

No coupling to the gluon anomaly (cg = 0) , but may have non-zero
coupling to the EW anomalies

1 a(x)
3272 f,

(E'B B [Ny B‘Lw -+ CW I 1[_.—’[”; IT Fl,m,r )

All other PQ-breakings are so tiny, yielding

f”fr.f?r

fa

Mg << Magep ™



Low energy axion couplings:

At 1 =0(1) GeV

photon gluons light quarks and electron
1 a(x) ~ i O,a ., -
, LV el rglst H A A
32?{2 fa ((.—:.:F [ + (GCT (.Tlub,.) + wz:d Qfa 011;1:[1 Y Ir_JlIr
—=u,d,e

/ / ~

Rational numbers Tree level values Radiative corrections

which are typically
of O(1).

Cy = g (fa) + cus (fa) + cu(fa).
Cq = cqy(fa) + cas (fa) — cu(fa).
CY = ¢ty (fa) + ces(fa) — cu(fa)-



Measurable axion couplings in low energy experiments:

! Jap Jae _
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fa My, + Mg My, + My
~ Mn ( — 0.39C', + 0.88C'; — 0. U?(c) The parts depending on Cg are
fa mostly from the axion-meson mixing.
m
Jae = ——Ce
fa

Au = 0.807(27), Ad = —0.376(27) for C,g at u =2 GeV

(H‘”’&q — <P|‘]' y t}-"p} (ff _— (f-)) Cortona et al, arXiv:1511.02867



Typical parameter space for theoretically well-motivated light axions
which may have good potential to be experimentally detected:

gﬁX I
(X =~,n,p,¢€)

QCD axion:

GaX X — X Mg

fa,

Ultralight ALP
(no particular correlation
between m, and g,y )

ALP dark matter
produced by

misalignment

) 1;4
Gax X A o —7a—

4 PALP

(ﬂALP X ??llﬂfg)
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Observational bounds and the sensitivities of planned experiments
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Once an axion is discovered by any means, so its mass is known, we might
be able to experimentally determine all of gax (X =~,n.p.e) In some future.




Couplings of field-theoretic axions

UV completion within 4D EFT with linearly realized roww «svz prsz, .
Ul)pg: & — ¢X22d  (Xg = quantized PQ-charges)
Couplings of field-theoretic axions (in the unit of 1/f, ) are determined

mostly by the quantized PQ-charges:

* Couplings to the photon and gluons:

y = Z Xp Q2 (1), o= ZX,@QEGM(:;) (1) = chiral fermions)
iil-:l

* Tree-level couplings to the light quarks and electron:

C,E = ‘YQ —+ }‘:u“ —+ ...
C) = Xo+ Xge +
C'E = }{L —+ }{ef -+ ...



Minimal DFSZ: SM fields have flavor-universal non-zero U(1)pg charges as
Dine-Fischler-Srednicki-Zhitnitsky
1 1 3

CH, — CH,; = —E Cofy = 1 (';;-"1 - Sl[) cCao = CWw = g(_'B — 3

-> ('-'B — cos? 3, C'dﬂ = C-'E — sin? 3 (tan 3=H,/H d)

Minimal KSVZ: All SM fields are neutral under U/(1)pq , but there exist
exotic PQ—charged quark Q & QC Kim-Shifman-Vainshtein-Zakharov

1
(.’Q — (_-Qc — —E Cofy = 0 (-;T.-"‘ e SEI) ca = 1. W =

vy
|
=N
e
Qs

-> CPI, =0 (U =u.d, e)



Generic field-theoretic axions may be categorized into two classes:

DFSZ-type : SM fields are PQ-charged
> cqg and/or cwp = O(1)
Y =01) (T=u.de)

KSVZ-type: SM fields are all PQ-neutral, but there exist some exotic
PQ-charged fermions charged under the SM gauge group

= ¢ and/or cwp = O(1)
CT\DII =0 (l]:’l = u,d, 1r)



Couplings of string-theoretic axions

r'r{;r}—/ (._T[E} . ](;J'.'_f,r)r'.’yml.,.f'f'_f,rmp
B, P

or  Jua = €,p0(0"BP7 + ...)

For each string-theoretic axion, there exists a modulus partner which
forms an N=1 chiral superfield together with the axion:

T = r(x)+ ;”('I')

Ja ) (x)

. . .r AN

Modulus partner of an angular axion field “; = ”f + 27

= Euclidean action (S;,,) of the brane instanton which is a low energy
consequence of the brane which couples to the underlying
p-form gauge field

x Vol(X,) and/or iﬂ (gst = string coupling)

st

=
I




4D effective SUGRA

Kahler potential: K = Ko(T'+T")+ Z1(T'+T7)P;Pr + ...

CA : 1
= T+ ... ((114 — rational numbers of order u111t.}-')
m

Gauge kinetic function: Fjy =
1 Re(F4) Ffl i Ffl 1 Im(F F_ﬁ[;a I F-q
( — 1 .E'-[ A L + 1 1’11{ _31) 1 )

Couplings of string-theoretic axions (in the unit of1/f, ) at pu ~ f, ~ My
are determined by the modulus-dependence of the 4D gauge couplings
and the matter wavefunction coefficients:

1. d,a | Ny - ‘A alx) a4, =,
5{)}“ ata + | ;,t: e’r(.’(j(f.j’* DH &b — b D'“(_f)':) 4 Cop ) FH f:".'} 4 3; ;1]— . C J'; ; ) Fﬂiw F,Li;
}fg —1 9 321‘;{]
27 P aToT™
OlnZ; Oln(e=Ko/27r) 5 O
Copp = T Copy = 57 . A =87 ﬁf A,



Moduli vacuum value;

fa

* Axion potential induced by the brane-instanton; Dine etal 5

Blumenhagen et al ‘09; ...

. ) . . , _ﬂj}; Arkani-Hamed et al '07
* Axion weak gravity conjecture: 7 = S;s <O

o . : : ( . ;
SV = e TA2) ff_, COS (}‘_) with A% ~ mg oMp or '*'”%;2

J @

For QCD axion, oV < 107272 & 7 = In(10"A%/ frm.)
For ultra-light ALR. sV <m2f2 = 7 2 2In(A/m,)
(Note that this lower bound is meaningful only for mg, << m3/s.)

) 1 T
* To avoid a too large —5— = Re(Fa) = cag
gGUT 8:’h

82
SR TjS(?( 5 )
JdourT




géUT
oKy 92K f2 o ( IGUT )
or 72 M2 ™~ 872
dln Zg N 1 O(H%:UT)
ot T 872

0 1 Jeu
-> C‘l];r =0 (—) — ( ELET) (117 — u.d. {:_._)
T m

for string-theoretic axions



Overall strength of the axion couplings is determined by f, .
Is there any range of f, favored by string-theoretic axions?

In string compactifications without a big hierarchy between the string scale

and the 4D Planck scale, «c & kim, 85
Svrcek & Witten ‘06

fo=0 (”'GUT \/ ) ~ 10 — 107 GeV

82 °

However, in string compactifications with a large compactification volume

and/or a large warp factor which would generate a big scale hierarchy,
f. of string-theoretic axions can in principle be anywhere in the range

g Burgess, Ibanez, Quevedo '99,
T _ 108 =V < < GUT Conclon ‘06,
10 107 GeV ~ fa ~ O( 2 :u Cicoli et al "12;

Astrophysics Weak Gravity Conjecture

The same is also true for the f, of generic field-theoretic axions.



Three types of axions with different pattern of couplings:

('-'g, tree-level axion-matter L ] A G)
— =u,d,e; A=~,G
CA quantized axion-gauge ' |
1 a(x) ( o,a , -
, e By + cGOM G, ) + L2 Oy Ty T
32?{2 fa pr G’ [ Z Qfa "I / /

U=u,d,e

Cy = cw + B, Cy = CPI; + ACy

C, =rational numbers (A=y, G) T AN Radiative corrections

Tree level values

o Y
DFSZ-type: (—‘1’ = O(1) KSVZ-type: —L =0
CA CA
i ) o r 1 géuT
String-theoretic: o ~ = 5 = O( o2

All three types of axions can have f, anywhere in the range

82

Astrophysics Weak Gravity Conjecture

107 -108 GeV < £, < O (GGUT M )



Would it be possible to distinguish these three types of axions
by experimentally measurable g.x (X =17.p.n.e)?
1

— — ) I.;ﬂ-' _ (jaﬂ _ Hﬂ.t_" —
~gaya(z)E - B+ Oua(z) E pyHysp + iy ysn + evyse
97" 211y 2, 2me

Both KSVZ-type and string-theoretic axions have (3 /c4 < 1, therefore

one needs to study radiative corrections ACy (¥ =u,d,e) to see
if they have a distinguishable pattern of g.x (X =7.p.n.e).



RG evolution of axion couplings

High scale axion couplings at it ~ fa:

d,,a | - g3 a(x) 4, =,
B (AT A b T A T L _JA Apv A
icy (0" DF b — o DP ™) + eyibat } + e, , FAHYE
fa [ qb( . ) i A 3972 fa Ny
¢ ={Hy,Hg, ..} 1 = {Qi, u, ds, Ly, €5 F;‘i, — ‘;f.f:f-f' H-"T;H.

ca ={cq,cw,cp} : rational numbers

co(fa) = (_?g. cy(fa) = {’_.‘g-,

B,Lw)



RG evolution of axion couplings

Yukawa-induced 1-loop running:
KC, Im, Park, Yun, 1708.00021

a

o T w T Q QT T Q QT w X / \
HS ~ =7 o g H - =7 a T Q
dep £ 1 . - ,

dlnp|,_, - 161;2 (g{ﬂﬁ. .Y}Fa}’fﬁa} + y}pa_cf YfFa T C"HQY}FQYfFQ :
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i _ Sy o i P
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- ~ 1—loop Fa
{ICHQ 1 | i ; ; -
(1}111‘!.{ - 8m—2 Z (('iHatr(yfFﬂyfFCt) —I—tr{yfFacFyfFCt) +tr(yfFQnyfFﬂ)) )
. “ I1—loop " f.F

F; = {q:. l;} fi = {u§, dS, €5}

non-SUSY : &, =1 SUSY : & =2



Gauge-induced 2-loop (computationally 1-loop) running:

KC, Im, Shin, 2012.05029
Baur et al, 2012.12272
KC, Im, Seong, Kim, arXiv:2106.05816

AN

dc.ﬁ, . 3 5:,:?1 2 .- 1
dInjify ey _"(’g; 2 (w) Ca()(ea - QZ’ET(%JJM@“ )1
deg, . 3 [ g3
dnjily o, = —iH; B} (8?r" ) c.)(f4 — ZZtr(c NTa@’) )
C4(®) = quadratic Casimir T4 (P) = Dynkin index
| | | | 2
non-SUSY : {, =1, {g =0 SUSY : & =&y = S



. dc £ 1 o x N _ _ _ . i
MSSM: lnqis =75 (E{CQ~ Vivu + 555} + hclyu + ek va+ em 3y, + tifdeLyd)

[ a? 903 _ of
—$g | 5560+ 5o 5w + 1.

272 3272 062 B
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One can systematically integrate the RG evolution, while including the

relevant threshold corrections to compute ACy (U = u.d. ¢)

t n=2GeV,
and then use

1 =

—s ]
Egﬂ-?”(:‘?ﬁ) . B+ d,a(x) (QMP j’j"‘.r"“"}’EEJ—F 2 !Jﬁﬁaﬁr!} I Jae ey e )

Mp My 2Me

Oer 1 2 ((my + 4mg
o - Cy — o ca
Yary 2 fa. Y 3 Ty, -+ mg ¢

o 220 A+ CgAd — [ — 2 Au+ —" Ad) e
Jap fa ( 1 ase Ty, + Mg S My, + 111y ¢) e
myp

; (0 88C", — 0.30C,; — 0. 47((;)

m m
Gan = (('dAu +C,Ad — (—u&u—i— —dm) f;@)
My, + Mg My, + 1

|2

mn

(—039(u+088(}—002@)

m accidental cancellation for
E _T . .

Jae = f ‘e the contribution from Cs
{1

™




ZaX /an (X — p.Il.e) including radiative corrections

QCD axion (c¢ # 0)

* All three-types of QCD axions have a similar value of g,,/g,, because of
the contribution from the axion-meson mixing induced by c¢.

KC, Im, Seong, Kim, arXiv:2106.05816

* As the axion-meson mixing contribution to g,, & g, are small, these
three-type of QCD axions have distinguishable pattern of g,,/g,, and g,./9,,.
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Ultra-light ALP (cc =0, cp or ew = 1)

Different type of ALPs have clearly distinguishable pattern for all three
coupling ratios:

{ { { -
(e () () (500
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Coupling of KSVZ-type QCD axion to the electron

;/ axion-meson
mixing

u, d
Srednicki ‘85

a
) G Gy g g §
Chang & KC 93

Baur, Neubert, Thamm '17(\\
Dessert, Long, Safdi ‘19

Two-loop RG-running from the exotic heavy quark mass to m,

— 3GBID 3 Cw 5 CR j\[ﬂQKSVZ — t:ll'l 'L?nd + 1y, _ —LTffr
Yae — - +<-—7)In , celn
KSVZ fa

472 \8 5%1 8 ¢y Me 272 \ oy, + my Me
ryraz Moo \ o
+ O( — )(-(_-; hlﬂ} axion-meson-mixing
ST 1y

higher-loop

— 10~ ;;:E {1 Jcg+ 54w —0.3¢cq + 8.3 (»(_-;1 for fo 2 moxsyz = 10" GeV

The higher loop contribution which was not considered before gives
the dominant contribution.



Conclusion

» Considering the low energy couplings and the origin of axion field variable,
axions can be categorized into three types:

DFSZ-type, KSVZ-type, String-theoretic,

having parametrically different ratios between the couplings to gauge fields
and the couplings to matter fields at the UV scale.

> If an axion is discovered, so its mass is identified, we might be able to
measure multiple number of low energy axion couplings and determine
the coupling ratios g.x /9., (X=p,n,e) which would give us information
on the underlying axion model.

Compared to the other two types, DFSZ-type has a clearly distinct pattern
of low energy couplings.

However, to discriminate string-theoretic from KSVZ-type, we need an analysis
taking into account the radiative corrections to axion couplings.



> For QCD axions, Yac/9ay of KSVZ-type and string-theoretic axions differ
by about an order ot magnitude, while g,n/gq~ are similar to each other.

For ultra-light ALPs without the coupling to gluons, different types of
ALPs have clearly distinguishable pattern for all three coupling ratios

Jax /gay (X=p,n,e).

» The coupling of KSVZ-type QCD axion to the electron is dominated by
the higher-loop contribution involving the top quark and Higgs boson,
which was ignored in the previous studies.



Thank you for your attention.
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