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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: QCD axion

* Weak scale hierarchy problem: Relaxion

* Dark matter

* Inflaton for natural inflation

* axion-driven baryogenesis, magnetogenesis, ...

* Generic prediction of string theory

Axions introduced for different reasons generically have quite different masses
and different pattern of couplings.



Axions have a finite field range (periodic):

a(r) = a(r)+2nf, (fo = 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, involving a constant shift of the axion field:

U(l)pq: al(x) — a(x)+ constant

Terminology:

"axions or ALP" = Pseudo-Nambu-Goldstone bosons associated
with generic U(1)pq

"QCD axion” = Specific type of axion with U(1),q broken dominantly
by the QCD anomaly to solve the strong CP problem



Classification of axions by the origin of the field variable

* Field-theoretic axions from the phase of U(1)pq-charged complex scalar fields
. PQWW, KSVZ, DFSZ, ...
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L= ()

NG

* 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) = /; C“[{i }1,..._-m.p] (x.y)dy™ ...dy™" (X, = p-cycle in extra-dim)
'p

o(z) = p(a)ea®)/fa (

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

Field-theoretic axions have a UV completion with linearly realized U(1)pq

(fa = 0), while string-theoretic axions do not have such a limit within
4-dim effective theory.



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(xr) — al(x)+ constant,

o= (o H,.)— d

* angular field variable for axion:

O(x) = “Ej') ~ f(z) + 2

= Axion couplings fL
L



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)% + aﬁe(z% Doty +icg(HTDFH — D“HTH)) (PQ-invariant)
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FA=G,W,B t
/ Bare axion potential \

Couplings to the SM gauge fields Non-derivative coupling to |H|?

normalized in such a way that C5, Gy, Cg (axion-dependent Higgs mass)
are rational numbers or integers.
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= either perturbative loop-factor
(field-theoretic axions)

or 1/Sistanton (String-theoretic axion).

Each coupling in this effective lagrangian is not an observable by itself, while
their reparametrization-invariant combinations are observable quantities.



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(z)
3272 f,

PQ-breaking couplings other than the anomalous couplings to the SM gauge
fields are highly suppressed as

d (v, 1 5 2 —10 £2, 2
%(LD(H)_ ——m(6)A ) < 10710 £22
, fam ) 10 42, 2
> Vidon(t) = —;\/m% + m5 + 2mymg cos(cgtl) + O(107 foms)
My + Mg

P- and CP-invariant QCD:  |flqcp| = |m::<;i>| < 10719

1012GeV
%) eV

Mg =~ 5.7ca (



Ultra-light ALP which may constitute (part of) dark matter

(e.g. fuzzy dark matter with m, ~ 1072 — 10721 eV )

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

1 a(x)
3272 f,

”"?rf?r

All other PQ-breakings are so tiny, yielding ma < magep ~ 3

Relaxion postulated to solve the weak scale hierarchy problem:

Higgs mass is relaxed by the cosmological excursion of the relaxion field:
Graham, Kaplan & Rajendran 15

m3;(0)|H |



Low energy axion couplings:

At 1= O(1) GeV

photon gluons light quarks and electron
1 a(z) = ’ L ., a _
3272 J(f (“-:«F W+ (-G(;—’fﬁ”(xffy) + ), S Culyiasl
¢ U=ude °°

/ /

Radiative corrections

Rational numbers Tree level values
which are typically
of O(1). Cl) = cqu(fa) + cus (fa) + cu(fa),

Cq = cqu(fa) + caz(fa) — cr(fa).
CY = ¢ty (fa) + ces (fa) — cr(fa)-



Measurable axion couplings in low energy experiments:
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fa

Au = 0.897(27), Ad = —0.376(27) for C, 4 at ;=2 GeV
(*’*“AG — (p|lgr*vsqlp) (¢ = w. n,)) Cortona et al, arXiv:1511.02867



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

(Assume there is no big hierarchy among {ca. ¢y, ...})

1

HJa X OCE

(X =~,n,p,¢€)

QCD axion:

1
GaX X — X Mg

fa

Ultralight ALP

(no particular correlation
between m, and f,)

ALP dark matter

produced by

misalianment
: 1;4
JaX OC — O

fa PALP
(!’ALP x ml/? fg)
mﬂ-
1eV

10~21 eV 107 %eV



Observational bounds and the sensitivities of planned experiments
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Resonant cavity:
Sikivie ‘83,
Semertzidis et al ‘09

ABRACADABRA;
Kahn et al ‘16

Optical ring cavity:
Obata et al 18

TOORAD:
Marsh et al ‘19

SRF cavity:
Berlin et al ‘20

KC, Im and Shin, arXiv:2012.02029



Log10[gaN]

JaN

Comagnetometers

SN1987A

-10t+

s
4
Future - H
7 [

. Neutron star

1
1
i
Comagnetonieters/ |
""""" NS / ICASPEr Wind/
‘\\ ’I : /’
e - i /.
=12} mmmmmmmea TS ! y
Proton Storage Ring | K
i ’
i /
. | L
Ultralight ALP i--.
-14} -
.S
o S
‘)\\? @
N 5
16 o
-20 -15 -10 5
Logqglms / eV]

LOg10[gae]

Gae

I Stellar cooling |

—14!L

-12

-181

-20!

-16}

~10 _5 0
Logqg[ma / eV]

-20

Once an axion is discovered by any means, so its mass is known, it will be

much easier to experimentally measure the axion couplings, which may make

it possible to determine all of gax (X =~.n,p,e) in some future.




Couplings of field-theoretic axions

UV completion with linearly realized

Ulpg: ¢ — X2 (X = quantized PQ-charges)

Couplings of field-theoretic axions (in the unit of 1/f, ) are determined
mostly by the quantized PQ-charges which are either of order unity or
precisely zero.

* Couplings to the photon and gluons: PQWW, KSVZ, DFSZ. .

Cy = Z Xy ng h), eq = Z XUQCG lor (1) (1) = chiral fermions)

* Tree-level couplings to the light quarks and electron:
C,E = ‘YQ —+ }‘:u“ —+ ...
Cy = Xg+ Xge +
C'E = }{L —+ }{ef -+ ...



Minimal DFSZ: SM fields have flavor-universal non-zero U(1)pqg charges as

Dine-Fischler-Srednicki-Zhitnitsky
| 3
("-‘,-"‘ e SM), eca =cw =—-cp=3

5

1

CH, = CH; = —=, Cy =

2

> C=co?s, C)=C=sin’f (tanf=H,/H,)

(7

Minimal KSVZ: All SM fields are neutral under U(1)pq , but there exist
exotic PQ-charged (SU(2),y-singlet) quark Q & Q° with Lyukawa = yooQQ°

Kim-Shifman-Vainshtein-Zakharov

1 ] -
CQ = CQc = —5 Copp = 0 (""T-"' c SE[) co = 1. W = 0. cg = 6}{3

> -0 (~fhco(g)=o((er))) @=uio

1 3 n L |
(from Planck-scale-suppressed higher-dim operator W(J"@#J}wa‘ {0

with the weak gravity conjecture bound f, < Mp/Sins (Sins ~ g2ur/87°) )
Arkani-Hamed et al ‘07



For our discussion, we can categorize generic field-theoretic axions into
two classes:

DFSZ-type : SM fields are PQ-charged
-> cg and/or ewp = O(1)
Y =01) (¥=u.de)
KSVZ-type: SM fields are all PQ-neutral, but there exist some exotic

PQ-charged fermions charged under the SM gauge group

> cqg and/or ewp = O(1)

) = o) < o (%))




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 +T17)+ Zy(T +T")®7Pr + ...

CA . .
5 T+ ... ((:'A = rational numbers of order unlt.}f')

Gauge kinetic function: F4 = 3

(- iRe{FAJF-’*”‘”F-’* + %Im(?_q)F"j‘”"FA )

p p

Axion couplings at o~ f, ~ Mg :

1, dya o — 4 alx -
5&)"”(13‘”’(:- + ‘;,: '.f'.c(é(rj)* DHF o — (EJD‘“’(_EJ*) -+ (_"%b-?,.-"-‘ﬁ‘“’ -g-f:} —+ 3(2er ”;:L) FAHPF;}%
A2 77
lfg _ ﬂ I%‘() I\D
2 DT OT™
Oz d1n(e=Ko/27p) J

L o an2
eor =TT 0 v aT ca = 8T GrSa



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




Q72
For T:Smszo(i )}}1'
g
GuUT
0K %K f2 O(rfGUT)
or T2 Mz ™~ 82
dln Zg N 1 O(H%:UT)
ot T 872

~0 1 G"E T
> Cg =0 (—) = O (.ELET) (U =u.d. e)
T ™

for string-theoretic axions



Overall strength of 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, K¢ & Kim, 85
Svrcek & Witten ‘06

2 . -
f,=0 (’-”GUTJ-UP) ~ 10" — 10" GeV

872

However, in string compactifications with a large compactification volume

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

Conclon 06,
Cicoli et al "12;

ST

‘}’2 Burgess, Ibanez, Quevedo '99,
10" —10° GeV < £, <O (*EUTM,U.)

Astrophysics Weak Gravity Conjecture



Axions in heterotic string or M-theory ;... a. «c & im &5 ganks & Dine 96 kc 97

- o, o . - Model-independent axion & Kahler axion
ho=- hi(b o _.3) N ?H(T +17), from NS 2—form/ l
R —

T —|— T* 3 b —I— 15* . .“-1 .0_2
1 1 b:Tl_'_'éf—._. T:T2_|—'5f—
Fre = S+ 8T, Fggs = —=(5 - 5T 1 2
p6 = g5 (5 + A1), JFps = g5(5—p5T)
Ibanez & Nilles '86; Lukas, Ovrut, Waldram ‘97
B = L /J A {tr(F ANF) — ltr(!? N R) Re(FEy) = % Re(FEy) = EL
47 2 dcuT 9hid

For the QCD axion combination which is decoupled from the hidden E8-sector,

2 9 2 V2 _ 2 2
gér Jhid \/ (9hia T 9GuT)” ~ Jhia9GuT

| .f 16
fa=V2Mp="5 — = O(1077) GeV
T 9hia — dGuT|
9 )2
| | ~Ycur JGUT
ca=l o) =wsiga cu=wifga
. 2 2 12 0)2 — g2 g2
_ _.f}ﬁid [(glglid + F}(Q}UT)Q + Qﬂﬁidﬂéuﬂ o~ oy = Jhid (9hia * g50r)” — dhiadcun

Wy = — 0(1)

Wa =

(Qﬁid + QQéUT) (Hﬁid - .f.-fé-UT) (5-5'1%'1.:1 + 29’(23UT) (i-'r’ﬁid - -géUT)



Axions in Large Volume Scenario of Type |IB with D7 supporting the SM:
Conlon '06; Cicoli, Goodsell, Ringwald 12
(T +T*)3/2 (T 41T 1
+ OTPr,  Fa= T,
(T}, + 17)3/2 (1 +T7) = AT 82

Axions from RR 4-form

e W

Ty =1 +i6,, T —T—I—ei

fa

Mp\ 3 872 2
™ Ve~ (U—P) ~ TS, Ty
LWlgt

K =-3In(T, +T;) +

. M : ,
Ja ~ S;D Mg : Axion decay constant exponentially lower than Mp
T
b

1 : : :
wr =g for charged matter fields on the intersections of D7

Conlon, Cremades, Quevedo ‘06

L JGU 1 . Yaur 1
ca=1. ey lfa) =wives +O(T_b)’ Cor = I 1m2+o(m)



Three types of axions with different couplings ratios

Y tree-level axion-matter )
L= : : UV=ude A=~.G)
ca quantized axion-gauge ’
1 al(x - ) ) a.a _
, () c FFE,, + caGMGET ) + E E Oy UAHAe T
3272 f ' ‘[ HY 2f
. ! 1 1
U=u.d.e

Cy = C% + ACy

/ N

Cy = CW T CB,

Radiative corrections

C, =rational numbers
Tree level values
(A=y, G)
.«TD
DFSZ-type: - Y — 0Q)

Cy fa - 9&ut )
-type: ~ Ja_ < -
KSVZ-type: %~ 7y S O (( GUT )

0 2
String-theoretic: Co [ 1_ ﬁl = o (Jeur
: T Sins 82




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

1 = = Ja Ja Jae _
g.fja.-;,-f'* (x)E - B + a;_:,“(-f') (2 ap P sp + Q.Jcm Ayt ysn 4 = ae ey yse
e I =

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

one needs to examine 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
(reparameterization covariance, diagrammatic computation,
spurion analysis on N=1 superspace for SUSY models)

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

H - = 7 — 7 - Q u

de &y Lo . ot

{fln‘u 1 loop o 1672 - (Q{CF.yfFayfFQ}+yf}:acfyfFa+fHQYfFQYfFQ \

del : 1 |

! _ S “{cT i T : t

dln p 1672 (Q{Cf'yfFanFQ}erfFaCFyfFa +fHa}’fFa}’fFQ) .
1—loop Fa

deyr, 1 .

dlnp|,_, ~ Q2 Z (fi'HatI’(Y}FQYfFQ) + ’[.I‘{}’fFaCF}’}FQ) + tr(y}mc}ryﬁ&)) _
—loop f.F

Fi = {fj.i. {3} f-i = {u.f. (ff (:’E}

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
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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
del. &y (1 o ﬂ_%
L) — _ .. w u u = 5 ,., ‘ ‘: ]]- -
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deq, | 902 307
dIn i - 'T ( Vuy'u, —|_ tr(yuCQyH) + tr(yix, ucyu)) _ &H (32?2 cw + 32?2 cB | .
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ding ( Ar(Fh5a) + tr(Facy)) ‘|—tI‘(YdCchd))
+ ( tr(§1¥e) + tr(Feery!) + tr(¥! )) (205 L 30t
r € T{YyeC I'\¥e eC e) ] — ¢ ( :
Sﬂg e tr(yLy YeCLY e yicty SH | 35-2W T 353°B

cq = cq —tr(2cq + cye +cge) |
- 3.
W= Cw — t.r(3cQ +cp,) — §QH(CHH +cny) .

_ 1 3
cgp = cp — tr (g(cQ +8cye +2c4c) oL + QCec) — §QH(CHLI +cH,)



One can systematically integrate the RG evolution, while including the

relevant threshold corrections to compute ACy (U =u,d.e) at p =2 GeV
and then use

1

Eﬂa-':f”(”f*)E - B+ Opalz) (éja.p Py ysp + 2.)’&” iy ysn + Jac 5 :‘”’”r’«'f'“?)

My My 2Me

T~ ™ - |\ &y — 5 €G
Yary 2 . f& Y 3 Ty, -+ mg ¢

ga-p =~ f—p ((T Au + C—l—f&(f — (ﬁ&?i + LAJ) ('Q)
Mp

My, + My
; (0 88C", — 0.30C,; — 0. 47((;)

m m
Jun = (('dAu +C,Ad — (—“Au n —dm) f;@)
Ty + 1Ty My, + Mg

|2

mn

(—039(u+088(}—002{@)

m accidental cancellation for
Goe ~ —C. the contribution from
Ja the axion-meson mixing

)




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 (c¢ =0, cp or ew = 1)

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

» Axions can be categorized into three types by the origin of the axion
field variable and the pattern of low energy couplings:

Field-theoretic: DFSZ-type, KSVZ-type & String-theoretic

These three type of axions have 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, it might be possible
to measure multiple number of low energy axion couplings and determine
the coupling ratios g.x /9., (X=p,n,e) which can give us information on
the underlying axion model.

DFSZ-type axions have a clearly distinct pattern of low energy couplings,
while KSVZ-type and string-theoretic axions have a numerically similar pattern.

Therefore it requires a precision analysis taking into account the radiative
corrections to axion couplings to see if string-theoretic axions can be
discriminated from KSVZ-type axions by the measurable g,y /g,, (X=p,n,e).



> 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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