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Axions are light pseudo-scalar bosons which have been postulated
with many good motivations:

Strong CP problem, Dark matter, Axiogenesis, ...

Also axions are ubiquitous in compactified string theory which is
perhaps the best candidate for a theory incorporating both the SM
of particle physics and quantum gravity .



Axions are described by a periodic field variable, so characterized
by a mass scale f, (=axion decay constant or axion scale) defining
the radius of the circular field space:

Angular nature of the axion field implies that all axion couplings
involving a single axion field are inversely proportional to f,, .



Two types of axions

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

(either elementary or composite) Peccei & Quinn '77; Weinberg '78; Wilczek ‘78
KSVZ, DFSZ, Composite, ...

Extra-dimensional axion (EDA) from a p-form gauge field ),
in higher-dim theory compactified on internal space involving

a closed p-dim surface ¥,,, e.g. string theory axions:
Witten ‘84, KC & Kim ‘85, Barr ‘85, ...

e"'-" fzp Cp _ E-ia(;r)/fa.
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Another key feature of axions is that their interactions are constrained
by an approximate global U(1) Peccei-Quinn (PQ) symmetry which is
non-linearly realized in low energy (<< f, ) limit, taking the form:

U(l)pg: alxr) — a(x)+ constant

For QCD axions postulated to solve the strong CP problem, PQ-symmetry
iIs required to be broken dominantly by the QCD anomaly, which is quite
puzzling as quantum gravity generically breaks global symmetry.

(the PQ (axion) quality problem)



PQ-quality problem for QCD axion

* Strong CP problem

Locp 2 35,2 gG‘ﬁyéﬂ“’” (0 = 0qcp + arg - Det(M,Mg))

=  dy ~ 1076 8¢ cm

dy| < 107%e.cm = |0 < 107



* QCD axion solution
Peccei & Quinn '77; Weinberg 78; Wilczek '78

1 1
Leg = Lqcp + 5() ada 7 G“"”’(*Ey + AL
272 f, ‘
(U(1)pq : a(x) — a(x) + constant) ‘ Additional
PQ-breaking PQ-breaking

= d,~10%F,4c-cm by QCD anomaly

Vaxion = I’::f;}'(j]} + AV

(TVQCD ~ —mﬂfﬂ CUH(; —|-f§))
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To get |f.z| < 1071 w/o fine-tuning, all PQ-breakings other than
the QCD anomaly should be negligible as

AV < 10792 2 ~ 107 M GeV?

= feg] = () + 0] < 10710

fa
(U(1)pq should be broken dominantly by the QCD anomaly.)



On the other hand, U(1)pq can also be broken by quantum gravity effects:
blackhole evaporation, gravitational instantons, .....

As the quantum gravity mass scale >> 1 GeV, unless certain limitation on
PQ-breaking is imposed, it is expected

AV > 1GeV?

which would spoil the axion solution of the strong CP problem.

PQ-quality problem for the QCD axion:

What is the underlying feature of the QCD axion which would assure
that PQ-breakings other than the QCD anomaly are all suppressed
enough to have

AV < 1079m2 f2 ~ 107 GeVv? 2



Questions on axion

* Can a qualified U(1)pq secured from quantum gravity be achieved
with a reasonable amount of model-building effort?

* Any connection between [, and other mass scales such as
Mei Mgy M Msysys - 7

*Can fq < Mp; be achieved in a natural manner?
* Pre-inflationary or post-inflationary axion cosmology?

* Any testable prediction on the axion couplings to the SM particles?

¥

@fa and qualified U(1)pq




In regard to the origin of fa and qualified U(1)pq EDA provides
a simple and appealing answer. KC 03, ..

Reece 24, Craig et al 24
= fa is determined by the geometry of compactified extra-dim:

fa < Mp; can be easily achieved by the well-known extra-dimensional
mechanism generating scale hierarchy, i.e. large or warped extra-dim.

Qualified U(1)pq originates from higher-dim gauge symmetry:
Ul)gc: Cp — Cp+dAp_q
((p-1)-form-valued gauge transformation)
Ul)pg: Cp — Cp+awy ( /; Wp = 1)
(p-form global symmetry generated by the harmor;i:I;)—form w

alx ] a(x
= {. ) — / Cp — (' ) + «
Jx, f

Ja Ja

(4-dim axion is not a genuine local field, but an extended p-dim degree of freedom)

o associated with Zp)




Ul)c: Cp = Cp+dAy_

Ul)pg: Cp — Cp+aw, ( L wp = 1)
v ~p

awp = dAp_1 locally, but not globally

= U(l)pq = U(1)c locally (but not globally) in the low energy limit
when all U(1)-charged objects ((p-1)-brane) are integrated out.

PQ-breaking is severely constrained, e.g. U(1)pq can be broken
only in non-local manner through non-derivative couplings of ,.

AV o< e HeVolXp) g ((d;}?)/ﬁl) (,t.r.th:Jl[Zp) P 1)

— f

Yukawa suppression for nonlocal effect or Tension of U(1).-charged (p-1)-brane
nonperturbative suppression for instanton effect

PQ quality can be easily achieved:

ppVol(Xp) Z O(100) = AV < 10792 2 ~ 107 GeV?



Many essential features of EDA can be studied in the context of 5-dim
field theory models.

Particularly interesting example is an EDA from 1-form gauge field in
warped 5-dim orbifold M, x S/Z, . «c 03,
KC, C.H. Lee & C.S. Shin, in preparation
= The axion potential induced by U(1).-charged (p-1)-brane, which
we call an “irreducible axion potential” as it's existence is implied
by the weak gravity conjecture, can be explicitly computed by
familiar field-theoretic methods.

(For p=1, U(1)-charged objects are point-like particles.)

= One can also study how the detailed feature of higher-dim theory
such as warped geometry and orbifold boundary conditions affect
the PQ-quality and fa .



Field theory on 5-dim orbifold M, x S'/Z,

st/ z,

y=y+2rR
= coordinate of the fifth-dim S’

Orbifold fixed points
at y=0 & y=mR.




* 5-dim 1-form gauge field giving 4-dim axion: Cy; = (C),.C5)
Cu(x,y) = Culx,y+27R) = —Cylx, —y),
Cs(x,y) = Cs(x,y+27R) = Cs (2, —y)
Ulc: Cu — Oy + OuA

(ﬁ(y} = ANy +27R) = —A(—y) mod 2?()

) . . o
Ulpg: Cs — C5 + T

a(r) N a9 (Al — Y

o = el l?{d;,ff-a(.:.y) > ), (x) + 2 (ix(_e__,r}_ = (HEZ))

— Oc(2) — Be() + v

Imposing the orbifold boundary conditions does not affect the feature

U(l)pq @ U(1)c locally (but not globally).



The weak gravity conjecture (= Consistency with quantum gravity)
tells that there should exist U(1).-charged matter fields with

< 11{3,2 Arkani-Hamed et al ‘06
m S gse Mg .

5-dim U(1) gauge coupling and Planck mass

* U(1)-charged matter fields in 5-dim:

Ul)c: & — e, & — aWhe e(y) = +1

d(y) = ©(y +27R) = L'eP*(—y),

O(y) = Oy + 27R) = T3 P(—y)

-21R -mR 0 R 2R
y

(A ol s — (Al 2 2
(@=(0.9), ©=(0), TG=Tg=1) /Zz-odd gauge coupling

Dy® = (0y —iqaCrr)®,  Dy® = (O — iqae(y)Car) P

* U(1)c-neutral SM fields either in 5-dim bulk or at the 4-dim orbifold
fixed points.



U(1)pq can be broken only in non-local manner by non-derivative
couplings of €, .

* PQ-breaking by CS-term with integer-valued coefficients:

1 . | r
*SCS = W /Cp A ('H-lG NG+ )

~ 1 4 ) . apy ~a
= Seff = 392 d*x0.(x) (-u.lG Gy + )
274 . K—y—)

PQ-breaking by QCD anomaly Additional PQ-breaking with integer coefficients
which can be set to zero if dangerous

* Irreducible PQ-breaking by the gauge interaction of U(1).-charged
matter fields required by the weak gravity conjecture:

_ ) . . ~ b (x
Ds® = (Jy —iqpCs)P, Ds® = (Jy — iqape(y)Cs)P ((.‘-‘5 = - (!))

— Irreducible axion potential:

AV x e ins cos (G'cbﬁc) (Sins ~ ppVol(Xp) ~ MemR? > 1)



Although the orbifold boundary conditions do not spoil “U(1)pq = U(1)c
locally”, they break U(1). down to its Z,-subgroup at the orbifold
fixed-points, which can have an important consequence for the irreducible
axion potential.
Ulc: Cu — Cu+0duA (A(y) = Aly+27R) = —A(—y) mod 27)
= Ay=0,7R)=nm (n€Z)
U(1)-breaking fixed-point interactions, e.g.
1:55 = f5(;f;)(?‘U(_?}Jrfg:i;:Jrhgq.?}Q+5U{_52+f}'}ac_?}:i;:Jr...)

+o(y—7mR) (r‘ﬂ(_fﬂrfﬂ (;+ bﬂog + ?_}ﬁéﬂg + rr'aﬂf._{}éﬂr ... )

(I‘gﬂ-,— # for g4 = even, mox # 0 for ¢4 + ¢35 = even, )



Issues to be discussed

* Scale hierarchies among Mpy, f.. Mg generated by warped
extra-dim

* Effects of “warping” and “U(1)--breaking fixed point interactions”
on the PQ-quality, specifically on the irreducible axion potential



General linear-dilaton model for warped geometry

KC, Im, Shin ‘17
Im, Nilles, Olechowski ‘18

1 I Ge =k
Sgray = M2 f d°x\/g (— - —.;)M,saf‘f S +2(e k) + Z—L(6(y) — 6(y — rm))
gs5
= ds? = e 2klyl (Nudatdz”) + ekl qy? 0§ = —koly|
2k 2
k1 = —————=, ko = 3¢k
— 0 : Randall-Sundrum
;‘2 — 32 1 : Linear Dilaton (Antoniadis etal "11)
1

> 6: Heterotic M (Horava & Witten '96)

OM3
12 5 _ ____,_(2;:1+;:2)q.-3)
2 21 + ko ( ‘

4-dim reduced Planck mass ~ 2x10'® GeV



Axion localization by warping and the resulting scale hierarchy

KC 03,
KC, C.H. Lee & C.S. Shin, in preparation

Wavefunction of 4-dim axion embedded in 5-dim gauge field:
Cps = 0,C5 — 0,C,, ~ ePRi=F)=—"Rg g
(0 <y <R, (2% — ko)TR > 1)

Oc(2) = 9{'51-;; Cs(x.y) is localized near the IR fixed point y = 7F,
which results in an exponentially red-shifted axion scale:

fa » E?‘_{kl —%L‘Q}TTR



* Scale hierarchy from warping for generic values of k; (i =1,2)

ﬂf}{}{ 1(..]_3 (;i'l — .-"fg}ﬂ'f?
Mpy - elki—=k2)mR _

fo 1o \/ (2k; — ko)T R
€

Mp1 (2k1—k2)mR _ q

Depending on ko /ky and kymR, various different scale hierarchies
between Mp. f.. Mg can be realized.

(L"gf k1 =0: RS, ko/k; =1: Linear dilaton, ko/k; > 6; Heterotic M)



* Irreducible axion potential
KC, C.H. Lee & C.S. Shin, in preparation

.- o NP N - -~ ~ - I a tc
Dsd = Oy — iqCs0, Dy = Jy — iqe(y)Cs0 (C.-5 — ‘)Tf?f_ - ‘)TR)
iy i1 &0

S = / (55:1?\/5 (D;ur(;'JDM o* + DyoDMo* — M 200" — M2po* + )

+ o) I(T D+tod+bod>+bod> +mopd+ )
”55 DU D ¢ 204 QW ses U(,I)C —breaking
o fixed-point
oy —7mR) interactions
—+ (Trc)+fﬂf)+bﬂo }q—(,) —+1m Wr,u;:-Jr ...... )
955

The leading axion potential arises from

* the 6.-dependent tree-level VEV of ¢.¢ induced by fo.x.%ox

* one-loop Casimir energy of the KK modes with 6. -dependent
KK masses H?ﬂ_(HC)Z Hosotani ‘83

34 Cheng et al ‘02
- ( 2
Vi loop = / my Z In(k2 4+ my(6.)?)

(These axion potentials can also be computed in the world-line formulation,
for which the instanton interpretation is manifest.)




Axion potential induced by the U(1)--breaking fixed-point interactions
in flat background geometry.

(L‘:l = ko9 = [))

* Tree-level axion potential from tadpole-terms ( ty ».%y~) at fixed-points
(Worldline instantons stretched over the fundamental domain)

{._.__—fl-jr?TR—FquCfQ
—MnR+iGf.
E.'.

+0(y —TR)(trd +t20) 540 p&d TRitx

tolr _n, totr g .
= AV ~ %f;‘-_"” ™R cos(q8, /2) + ?5 e~ MR cos(qf./2)

pra

(g.q = even integer)



* 1-loop axion potential induced by fixed-point interactions

(Worldline instantons wrapped on the covering space S' with
non-trivial transition at the fixed points)

3(y) (bog” + bog® + modo)

" 5(;@1’ B WR) (bﬂmz + 6'.rr‘f:'::jz + ?"I'l-?rf_fl'fg)

(J_Jﬁﬁﬂjuiqec;z

AV ~ bobr 1 o—2MnR

_ = ~ >
¢ TRy 1672 (27 R)?2
o— M R+igo. /2

COS (@HC)

jl]

(=1

c >
.

GJC

(}_—ﬂfﬁrR—Hqﬂc /2

. Mgy 1 YRy _
= AV~ —— e (MR o (g + §)6,/2)
mge0 d&p TRYMT ~ 64 (_.?TR)
o—MmR+idbe /2

(q + ¢ = even integer)



U(1)-breaking fixed point interactions induce a variety of
additional irreducible axion potentials, affecting the details
of the PQ quality of the model.

However those additional axion potentials are all exponentially
suppressed as expected, so there is no essential change of

the PQ quality.



* Effect of warping on the PQ quality

tt0  p&¢ TRtz

totr _n
AV ~ Dlir ¢ MrR CUS((_{HC/Q} (f,:l — ko = [})

f- .f. ,—Q{kl—;\ig)ﬂR .
AV ~ Olg€ = {:___,—ELJEﬁ?rR cOoS (qec,’ﬁ—-)

Sins(0e) : MTR — MegmR




12M7R)Y? / 1 \* _.
AV ~: 3( i ) (,,,R) (.J—Qfl-hrR cos b, (}‘"1 — Jg = [})

(2MegmR)?
6472
(for generic warped case with nonzero k; ,)

1 S
L oavel M e Men™R s (5,

U

Flat Warped

L _ f{'l — fa"g
TR e(k1i—k2)mR _ 1

J[KK .

Sins(0) : 2MTR — 2Megm R (Meﬁ\/iu-zﬂﬂ.lf )2)

72
9
Warping improves the PQ-quality by

(i) red-shifting the characteristic mass scale of the axion potential,
(i) enlarging the instanton action.



Conclusion

* In regard to the origin of qualified U(1)pq and the axion scale,
extra-dimensional axions (EDA) provide an appealing answer.

* Orbifolding the extra-dimension can cause a variety of additional
PQ-breaking, changing some details of the PQ-quality, but it does
not change the essential feature of EDA.

* Warped extra-dim can be useful for both the axion scale hierarchy
and the PQ quality. It allows f, < Mp; in a natural manner, and
also improves the PQ quality by i) red-shifting the KK scale and
i) enlarging the associated instanton action.
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