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Axions are light pseudo-scalar bosons motivated by various considerations

in particle physics and cosmology, notably as a solution to the strong CP
problem and as a candidate for dark matter.

Axions also arise naturally in string theory, which is widely regarded as

the leading theoretical framework unifying the SM of particle physics with
quantum gravity.



Various laboratory experiments have been proposed or employed to search
for axions, as well as astrophysical and cosmological probes, which may be
able to detect axions in the foreseeable future.

Experimental Probes of the Axion—Photon Coupling
(Present Constraints and Future Reach)
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Axions are described by an angular field variable, so characterized by
a mass scale f, called the axion decay constant or the axion scale
defining the radius of the circular field space:

Circular axion field space a(r) = alz) + 27 f,
with radius f,

Angular nature of the axion field implies that axion couplings are
suppressed by 1/~ ( N = # of the involved axions).



Two types of axions

Field-theoretic axion (FTA) from the phase of complex scalar fields

(either elementary or composite) Peccei & Quinn '77; Weinberg '78; Wilczek '78
KSVZ '79-80, DFSZ '80-81, Composite ‘85, ...
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Extra-dimensional axion (EDA) from a higher-dim (p-form valued)
gauge field ', on compact internal space involving a closed

e.z. pr Cp _ E'iﬂ(lf)/fa.
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For each axion, one can consider the associated global Peccei-Quinn (PQ)
U(1) symmetry non-linearly realized in low energy limit (<< f, ) as

f’l[;‘l') r’l[;‘l')
fa fa

+ o (a = constant)

FTA & EDA have different UV realization of the PQ symmetry:

* FTA: o(x) = p(a)e" @)/ e (\fﬁ ()

Ul)pg: & — 4%, (fh'- < Z)
(Linearly realized phase rotation)

* EDA 1'”? pr Gp — E-_ﬂ’l-ﬂli.lf)ffa

Ul)pq: Cp = Cp+awp ( L Wp = 1)
JXp

(Higher-dim p-form symmetry generated by a harmonic p-form wy
associated with the p-dim surface %)

Due to their different UV realizations of the PQ symmetry, FTA and EDA
can exhibit very different cosmological evolutions.



Axion couplings to the SM fields at scales below fa (but above the
weak scale): Georgi, Kaplan, Randall ‘86
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The QCD axion, a particular type of axion whose PQ symmetry is broken
predominantly by the low energy QCD anomaly, offers a compelling solution
to the strong CP problem and simultaneously provides an attractive candidate
for dark matter. Preskill, Wise, Wilczek '83; Abbott, Sikivie ‘83; Dine, Fischler ‘83

Strong CP problem

Lqocp 2 (GLMyqr +h.c) + HQCDGaﬂ'yéiy
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) dy ~ 1070 e-cm (0 = Oqep + arg(Det(My)))

\dn| < 107%%¢.cm = 0| < 1071

Why is this CP angle combination so small?



Axion solution . , , ,
Peccei & Quinn '77; Weinberg '78; Wilczek '78

1
3272 f,
(U(l)pq: a—a+ wnhtant) 7 Additional PQ-breaking

PQ-breaking by QCD anomaly with cc € Z innc;g;;jscliric\)/r?:ive axion
(necessary to solve the strong CP problem)
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Bias axion potential

r r :-/
Vaxion = TVQCD + AV

(VQCD(u} ~ —mmiz f7 cos (H " rGJf >)
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QCD axion potential

—~ dy, ~ 107%0.4¢-cm

(ﬁ‘eff —H+fc:<};>)

Original proposal simply assumes that the bias potential is negligible,
yielding #.4 = 0 obtained by minimizing the QCD axion potential:
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Axion quality problem

From a modern perspective, such an assumption requires justification,
particularly in view of the fact that global symmetries are generically
expected to be broken by quantum-gravity effects. Barm Seckel '92; Holman et al '92;

Kamionkowski, March-Russell ‘92

Bias potential induced by short-distance non-QCD PQ-breaking effects
such as quantum gravity effects:
AV (a) = Ay cos (}—I + (5U\:)

i
Total axion potential V,,;.,, including

QCD potential Vqcp(6) E i . . .
- Total potential w?th additional PQ breaking E é the b|aS pOtenual AV |nduced by
D, o 5 I short-distance non-QCD PQ-breaking

-= Bmin=0.11 (CP shift)
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To solve the strong CP problem without fine-tuning, the short-distance
non-QCD contribution to the axion potential must be suppressed
relative to the QCD potential by at least 10-10:

AV
QD

< 10710

This is in sharp contrast with the expectation from simple dimensional
analysis, raising a question:

"What underlying feature of the theory suppresses all UV PQ-breaking

effects sufficiently to ensure that PQ symmetry breaking is dominated
by the low-energy QCD anomaly?”



Extra-dim axions (EDA) provide a robust solution to the axion quality
problem. KC '03; Reece '24; Craig & Kongsore 24

For EDA, U(1)pq is locally equivalent to a higher-dim gauge symmetry
in the limit where charged objects coupled to the p-form gauge field Cp
are integrated out.

* Higher-dim gauge symmetry:

Ul)c: Cp = Cp+dAy_ ( / dAp_1 = “)

p

* PQ symmetry as a higher-dim p-form symmetry:

Ul)pg: Cp — Cp+ awp ( [ Wp = 1)

)
J Lip

aw, = dA,_1 (locally, but not globally)

= Low-energy PQ breaking arises from nonlocal effects mediated by
U(1)c-charged (p-1)-branes coupled to ¢, , and is exponentially suppressed
when the charged branes are heavier than the extra-dimensional scale

set by the volume of the p-dim surface %, .



Implication for the axion quality problem

1 :
I
Elarr) ™ Vol(¥,) for gauge fields coupled to EDA

{0 T
= VqQcp x ;‘i?écn x ¢ ?/9gep(Maur) o o=AVol(Zyp)

Bias axion potential generated by non-QCD effects including those of
charged (p-1)-branes & other quantum gravity effects:

AV o =N Vol(S)

AV (VA )Vo(Ey)

= _ o
Vaep

In the regime where the charged branes are heavier than the extra-dim
scale, the model-dependent coefficients A. X' can be parametrically
larger than Vol( X,), which results in a large exponential suppression

of AV/Vacep .



Some (more detailed & model-dependent) questions on

the extra-dim axion quality:
KC, Lee, Shin arXiv:2604.08700

* Effects of singular structures in extra-dim such as branes,
boundaries, or orbifold fixed points

* Effects of warped geometry



EDA from 1-form gauge field in 5-dim theory on warped S'/Z,

(a slice of AdS:)
st/ 7,

y=10 y=mR

ds® = f:-.'_%y-rpwdﬂf“fi:ﬁ” +dy? (0<y<7R)
Randall, Sundrum ‘99
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— = j{ dyCy (C’ = Cpdat + C-"ydy)
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Charged matter-fields (0-branes) coupled to the 1-form gauge field,
which are characterized by the 5-dim mass and appropriate Z, orbifold
boundary conditions:

* P-type mattter P = ((E). r) with 5-dim mass M, satistying the orbifold BC
oz, —y) = mz0(x.y). Pz —y) =n Y(e,y)  (gg==+1)
x C-twisted matter ® = (¢, 1) with 5-dim mass M, satistying the orbifold BC
oz, —y) = ns0" (2, y).  P(x.—y) = (x.y) (Ngyp = £1)
* Hypermultiplet scalar Hj 9 with Zs-even mass My and Zsg-odd mass i, satistying

the orbifold BC
Hi(x,—y) = H5(x,y)



Bias axion potential induced by non-local effects mediated by charged

matter fields (0-branes) coupled to the 1-form gauge field C:
KC, Lee, Shin arXiv:2604.08700

Worldline instanton of C-twisted matter Worldline instanton of P-type or
wrapping the covering S' (Loop) C-twisted scalar stretched across

the interval (Tree)
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Warping generically improves EDA quality through an additional suppression
of short-distance non-QCD PQ-breaking effects.



Phenomenology: Low energy couplings of EDA

Axion couplings at scales below f, , but above the weak scale:
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Experimentally measurable couplings at the laboratory scale ~ m,;:
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4 Jay H 2m€ 9mn 2mp F st

For QCD axions solving the strong CP problem,

- - (1{]1‘2 GQV) i
Mg >~ 5.7cq | —— | peV
fa

~ 2 (e + ew — 1.92¢c)

Jay = T fa
mn

Jan =~ (0 0C; — 0.38C, — 0. (]—l((f)
Ja

~ 1 ((J.ﬂcu —0.38Cq — 0*48“'@)

Jap =
Ja
Me
Gae ~ —Co
fa

(Cu =cq+cye + ACy,, Cqg=cqg+cge+ACq, Co=cyg+ cee +AC,)

ACY, 4. = radiative corrections



Present status & future projection for experimental detection of fJay
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Benchmark models

*FTA:  U(l)pq: & — 4%, (q?; c Zi)

KSVZ-type: ¢; =0 for the SM matter fields
Kim ‘79; Shifman, Vainshtein, Zakharov ‘80

DFSZ-type: q; = O(1) for the SM matter fields
Dine, Fischler, Srednicki ‘81; Zhitnitsky ‘81

* String-theoretic (Heterotic, Type |, lIA, 11B) EDA in

N=1 SUSY preserving compactifications such as Calabi-Yau, orbifolds, ...

Witten ‘84; KC & Kim '85; Barr '85,...
Svrcek, Witten 06, ...



* Distinctive high-scale axion couplings to the SM matter fields
KC, Im, Kim, Seong arXiv:2106.05816

KSVZ-type FTA :  cy(fa) = 0 (7/ = SM quarks and leptons)

DFSZ-type FTA 1 cy(fa) = O(1)
82 .
String-theoretic EDA : ¢y(fa) = ( 5 ) = O(107?)
Your

This distinction may lead to observable differences in low-energy
axion couplings, particularly in channels that are relatively insensitive
to strong QCD effects:
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. GJavy R : .
* Predictions for 2% ~ Zem__ . p="BTW g
mg 2w (7THMeV)2 cq

GUT FTA., Minimal non-SUSY DFSZ: ca=cw=—-=¢cp = R ~0.75

| e

Minimal KSVZ: ey =ecp=0 = R~ -—-1.92

Minimal SUSY DFSZ: e =6, ey =4. cp =8 = R ~0.08

String-theoretic EDA :

22 2 : §

( W ( c ._ 1 1
(f_) ~ W (f_) ~P 5 Re0msE0(; o)
95/ Mapr G 91 Mapr W 4 20

(This result for EDA holds regardless of whether the SM gauge group
Is embedded in a simple GUT group at M¢r. )
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String-theoretic EDA.
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Conclusion

Extra-dimensional axions provide a particularly robust solution to
the axion quality problem associated with the QCD axion, while
arising naturally in string theory.

Warping generically improves extra-dimensional axion quality through
additional suppression of short-distance non-QCD PQ-breaking effects.

Extra-dimensional axions predict distinctive patterns of low-energy
couplings, potentially distinguishable from field-theoretic axions
in future axion experiments.
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