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Axions from higher-dimensional gauge fields

In the 2nd lecture, we will study a different type of axion models in which
4-dim axions originate from higher-dimensional p-form gauge field,
which is most naturally realized in string/M theory.

In such models, PQ symmetry is not introduced by hand, but it appears
in 4D effective theory as a consequence of the higher-dimensional
gauge symmetry associated with the p-form gauge field.

More concretely, the PQ symmetry corresponds to a locally well-defined,
but globally ill-defined higher-dimensional gauge symmetry.

Therefore the PQ symmetry can be broken only by non-local effects
in extra dimension, which are exponentially suppressed in the limit
where the volume of the relevant extra dimension is large compared to
the fundamental length scale.



As it is locally a gauge transformation of the p-form gauge field,
the PQ symmetry is intrinsically a non-linear symmetry.

Therefore such models do not admit a cosmological phase transition
from the linear PQ phase to non-linear phase.

Low energy couplings of the axions from p-form gauge field have
a different pattern from the axion couplings in models with
a linear PQ symmetry, which might be experimentally testable.



Axion from a 5-dim gauge field

(This is a simple 5-dim theory which exhibits many features of axions in
string/M theory. Part of this discussion is based on KC, hep-ph/0308024.)

5-dim QCD compactified on S'/Z, with the minimal structure for
4-dim axion which couple to the 4-dim gluons and quarks:
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Z, boundary condition on 5D fields
Iun(y) = gun(y + 21 R) = eprengun(—y) _
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Z, boundary condition eliminates the unwanted partners of
the 4-dim graviton, gluons, axion and quarks.

Ayv(z,y) = Ay, y+27R)
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Au(=y) = (Au(=y). As(=y)) = (= Au(y). 4s5(y))

allows to have an axion zero mode from A without a vector
zero mode from A4,.



U(r,y) =V(r,y+27R)

= to(x) + Z ['@';L(-l") cos (%) + 1, (r)sin (%)}

n=1

U(—y) = 75U (y) allows to have a 4-dim left-handed quark zero mode

without a right-handed zero mode having the same gauge charge.

In string/M theory, such a projection onto the desired form of
4-dim zero modes is achieved by a more complicate geometrical
and/or topological structure of the compact internal space.



4-dim angular axion from 5-dim gauge field
a(r)
Ja

For subsequent discussion, let us consider a locally well-defined, but globally
ill-defined 5-dim U(1) gauge transformation:

= j{ dy As(r,y) (y=y+27R = —y)

Ul As = As + 9Auly), Bsp — v Whellay),

(Aa(y) =a

2 H for continuous real parameter o, qg € Z)
/I

Qo (y) = e Wu/2mR = Qu(—y) = Qu(y+ 27 R) only for a = 27 x integer
= U(1), is globally well-defined only for o = 27 x integer

u(z) R u(z)
Ja Ja
There is no U(1)-charged 4-dim zero mode, then the U(1),-s,transformation

of &, corresponds to an invariant reshuffling of the massive KK modes.
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= al(r) Zalr)+ 2nf, in 4-dim effective theory



U(l)y: As— A+ 2 & — eltecv)ay/2mRg,

N

(Ct‘ = continuous real 1)2'11'1-1.1110'[01')

Because it is locally a good gauge symmetry, [/(1), can be broken
only by non-local effects stretched over the 5" dimension S!/7,:

U(1)s breaking ox e ™ME iy the limit MR > 1

In case that there is no U(1)-charged light matter field in 4-dim effective
theory, which is the case in our 5-dim theory and also for the axions from
p-form gauge field in string/M theory, the low energy consequence of
U(1), is a nonlinear PQ symmetry in the GKR basis, whose breaking is
exponentially suppressed in the limit that the orbifold radius is larger than
the fundamental length scale of the 5-dim theory:
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Dimensional reduction to 4D effective theory

Flat 5D spacetime background:

1 1 N

ds? = gyndxMdzN = Nudatdz” + d Ta (y= —y=y+27R)

U(1)-neutral 5D quarks & antiquarks:
Qr = (Qi. Q)
U(1)-charged massive 5D scalar:
§ with My > 1/nR

(Weak gravity conjecture for the 5D U(1): M < ¢Zgi M:)

Light 4D fields (zero modes) from the 5D fields:
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4D Planck scale, axion scale and the QCD coupling:

1 1 TR
172 N3 2 _
Mp=nmRM:, f;= Er Ry = 02

4D axion couplings from the 5D CS term and the 5D U(1) magnetic moments:

A (1Q.» HQs)
o =kes, (Cq.Cy) = QTBQ‘




Weak gravity conjecture (WGC) applied for our model implies the existence
of a U(1)-charged 5-dim particle { with a mass bounded as

. . Arkani-H d et al, hep-th/0601001
ﬂirg ::,; qéggﬂﬂfg’ rkani-Hamed et al, hep-th/
Such U(1)-charged 5-dim field have axion-dependent KK masses:

(n + qe0/2m)?
2

m2 (&) = ;'l[f — (n E)

generating an axion-dependent 1-loop Casimir energy density.

Summing over the KK modes of 5-dim field can be rearranged to be
a sum over the number of windings of the 5D field around S'/7, .

For more details, see for instance M. Reece, arXiv:2304.08512.

In the limit M. > 1/R , the rearranged Casimir energy can be interpreted
as an axion potential induced by the Euclidean worldline of { winding
St/ Z,, i.e. worldline instanton with the Euclidean action SV = 20/.7R
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Weak gravity conjecture (WGC) implies the existence of an instanton
generating a bare axion potential

AV o .f'-:_‘f'.’l‘inS A%T\.r COH((*'/ fa).

which would require

Q) ‘ / 2 "
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This is likely to be a generic feature of the axions from higher-
dimensional gauge field.



PQ-breaking
1) QCD anomaly:
3 —872/bg? (1)
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2) PQ breaking by the instanton implied by the WGC:

L - —OM:mR
Worldline instanton = Vv ox e e

In the limit M R, MR > 1, allowing M,/M, to vary by just a factor of few,
the axion #(x) can be identified as any of

QCD axion: 0Viyy < 107" %qep ~ 107m2 2 (cq #0)

Heavy ALP: Vv > m? f?

Ultralight ALP:  6Viyy < m2f2  (cq = 0)



Axion scale and couplings in the experimentalist's notation
Caxion = —FWEA 4 4 D 1) % 3,0(2) DT+~ gana(ar) AW A
axion =~ o T W Dy + —0,a0"a + gay0ya(x)U bt + igaﬂa(l_) o
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4D Weak Gravity Conjecture (WGC) on axion from the 5D WGC on
U(1) gauge coupling:
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Scales and couplings in 5D theory

4D 5D ‘ String/M theory?
l 11
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Two characteristic features of the axion from 5D gauge field, which are
shared by the axions from p-form gauge field in string/M theory

1) Axion decay constant nearly saturates the WGC bound in relatively
simple compactification without a big hierarchy among the moduli VEVs:

1 s L
o — ~ 2 =0107)

J[P ins b!l
WL instanton suggested by the WGC

2) Comparable couplings to the gauge and matter fields at 1t ~ f,:

i H P 1 1 1 Gar) 8 ?TQ l -
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which might be compared to

~ \KSVZ 5 ~ \ DFSZ 5
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For QCD axion which couples to the gluons, this parametric difference might
be faded away below the QCD scale where ¢%(;1)/87% ~ 1 (1 < 1GeV), while
for an ALP without the coupling to the gluons, this difference survives down
to the observable low energy scales.




Hierarchy between the axion and Planck scales from geometry

1) Large extra n-dimensions through which the gravity can propagates,
while the axion and the SM fields are confined on 5D spacetime

. 1. . .
f(;5+nl\/_—u§j;:125+n = /d“l:r\/—g;ﬂfstJ:(Q) (Mp = Mg RV,)

’ ] \
(5+n)-dim Planck mass Large volume
: | . of the extra
= Ja ~ L 1 n-dimension
Mp Vo ME,, S

5+n " 1115

\

Additional suppression (relative to the Planck scale)
of the axion decay constant by the large volume factor



2) Warped 5-th dimension along which the axion is localized near the IR-end,
for which the axion scale is red-shifted by an exponentially small warp factor

Randall-Sundrum background KC, hep-ph/0308024

—2k|y|

ds® = gundr™dsN = e qudrtde’ + dy* (k= AdS curvature
q Ju Uy

(y=0(UV-end). y=nR (IR-end))
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Axion zero mode

To eliminate the mixing between As; and A, , introduce the gauge-fixing

: 1 (e A 552kl (2Kl A )
Sgf = _29§_4 fd53_ Vi (g” A, — g, (e |y|A5))
Lo i T2kl 402 — (o (e=2k 4.0
= 20 d’x [e (0, As5)" — ((?y(f' _.-'-15)) }
=J5A
ee2kly| ‘ : .
=  As O(x) (Axion zero mode localized near the IR-end y = 7R )
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(Axion decay constant exponentially red-shifted relative to the Planck scale)

Gluon and quark zero modes in warped background:

] _ _ ¢3klyl/2 | |
=G (). (Q:,Q5) = N (gi(2), ¢f(2))
L (1Q, 1Qe)
— g = ’I“CS* ((-'qr (-qf) = QTRQ

Introducing nonzero masses for the 5D quarks, the shape of
the quark zero modes and their axion couplings can be modified.



Axions in string/M theory

String/M theory involves a variety of (p-1)-dimensional objects ((p-1)-brane)
which couples to a p-form gauge field

Ap = = Apt . g XM A DX A A XM (XM= (X0, X7, X))
)

worldsheet  world volume
worldline ﬁ\

\brane From Wikipedia

particle

(p-1)-dim brane which couples to p-form gauge potential over
the p-dim worldline (p=1), worldsheet (p=2), worldvolume (p>2).



String compactifications also involve p-dimensional cycles X\
and the associated harmonic p-forms w,’

From arXiv:2102.00532

. p-cycle= p-dim closed surfaces in CY, which can not
6D Calabi-Yau be smoothly deformed to a point or to other cycles

Zero modes of the p-form gauge fields include the 4D axions:

N . . Witten ‘84
Ap(z,y) = ZH?'(R?);L,,I(]-l)(EI) < 0 (z) = [Z(*‘ Ap
i=1 p
W) = o]
(AS n Z‘ET}JI' ) (fzéﬂ o ) (6(3?) - f{dy As)

2-form gauge field gives an additional axion: 9,0 = €,,,,0" A™



Axion in 4-dim N=1 Supergravity

We are mostly interested in compactifications preserving 4-dim N=1 SUSY.
Then the axion physics near the compactification scale can be described
by 4-dim N=1 SUGRA lagrangian.

With N=1 SUSY, each axion has its modulus (saxion) partner forming
the complex scalar component of a chiral superfield:
T'=7"+i9" (0= o'+ 21, T = Q.{i))

~Ins

Modulus VEV corresponds to the Euclidean action of a (p-1) brane-instanton
which couples to the p-form gauge potential while wrapping the p-cycle:

— i e ] - ;'—1 — ] ~ .
Ainﬁ x e (SIHE’—H J; Xp P ) — (T‘H‘H) (bins o brane-tension x p-cycle 1-'(:)11_1111(_‘)
Axion= p-form gauge field over a p-cycle

& Brane instanton= Euclidean (p-1)-brane wrapping the p-cycle

Non-linear PQ symmetry in the GKR basis:

Ul)pqg: T"— T+ i (o = real constant)



Axion scales and the couplings to the gauge and matter fields are
determined by the PQ-invariant Kaehler potential and the PQ-breaking
holomorphic gauge kinetic functions:

Moduli Kaehler potential Matter Kaehler metric
N e
K=KyT"+T")+ Zs(T" + T)D*P
: o\ :
Integer or rational number SM matter superfields
N
8’:’?2./":_4 = 1"+ ... (R{‘:(}—A) — l/gi)
1 2 o niornjd 1 i pAuy ;A S il e -t I fF — Qi
Laion = 2 GO O 3272 Caitl E 00 (CMJ@ T (“%"'f‘ijw) ( N E)
(Jg = i(¢" Dy — h.c), ff‘ = I__(_T”L)
9 (‘—}QIKQ

C dln Zg Co O ln(e Ko/2 7g)
e g v oT"




In most case, the brane instanton generates a PQ-breaking nonperturbative
superpotential or Kaehler potential, yielding a bare axion potential as
Dine et al. '86; Blumenhagen et al, arXiv:0902.3251

bW ~ e T = Viv~em 372 M f-, cos(a/ f,)

. _ L . _ ‘ 9 ) .
Oins Lo ~ € r o Vuv ~ e T-mé /Qﬂfﬁ cos(a/ fa)

4-dim N=1 SUSY expressions show some generic features of the axions
from p-form gauge field, which we already noticed for the axion from
5-dim gauge field.

dln Zg Y dln(eHK0/274)

1 —_

T YT o

SoR ]

1
= (= O(—) in the limit 7 > 1

T



Couplings to the canonically normalized SM gauge and matter fields:

Ji-l ( )F—LLU/F—l _|_JQL() (f( ) 10—:[31

L
2 2 : 1 -
ga 1 gcur 1 . 1
JaA = CA -~ — Japy ™~ — —
AT, T s f o T,

Brane-instanton induced axion potential:
Vv ~ e "mg ﬂﬂ[f—, cos(a/f,) or e_T-?'rz..g ﬁﬂ[}% cos(a/fq)

= 7 2 In(mgppMp /m?) or 111(?1?% /9 /m?) = O(60 — 100)

For axions which couple to the SM gauge fields,

CA 1 T 8772
S pawpa o = T L o < O( ) — O(100
327 fa " 9 8 N Geur (100
872 _
N r:o( i ):0(100)
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The implication of this parametric difference for the low energy
(below the QCD scale) couplings of the QCD axion needs a more
careful analysis, which can be found in arXiv:2106.05816.
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Axions from 3-form (2-form) field in heterotic EgxEg M/string theory

Heterotic M-theory (string theory) compactified on CY x S'/Z,
with wr, = wyn:

(Het-M - Het-string in the limit R;; = 0.)
C3 = Ay (z) dot A da” A da't + 0'(x) Lugi) Adz't (i=1,..,hy1)
S =tg+ils (005 X €pe” A7), T' =1t"+ 10
ts o< Vaoy : M5 brane-instanton wrapping CY

t' o 11V : M2 brane-instanton wrapping Y’
* and stretched along the 11th dim

1 ik : j k)
Voy = Edz‘jkfaﬁfk (diji. = f wy) Awd Awy?)
cy



K ~—In(S+S5") —InVey + %@}7@2—7 (ts >t > 1)
cY
1
82

1
S7r2

Fpe = (S+ 6T, Fps =

(S — 617

1 _i 1
(f.i - — /wy A [tr(F AF) = Str(R A R)D

1 1 - 1 1
9re  YJESR 96  YES
S 27 T 2T .
— 4 — & — = ts. " 2 O2rm
27 S 2 T s, 2 0@

All moduli have similar VEVs of the order of 87%/¢é;r ~ 10%, yielding

1

1016 1 7 ~ ~ . ~ ~ —
fa ~107GeV,  gaalpt ~ fa) ~ gaw(pt ~ fa) 1018 GoV



Axions from 4-form field in Type IIB string theory

T = 7' + i)

- - C Vey 1
0" = C. 7= = = —dipt’tt o Vi
24

(D3 brane-instanton wrapping ggjj)

SM gauge fields on D7 branes wrapping a combination of X
82 F, = (T
K = -2 Vey (T + T*) + Zg(T' + T#)0*®
Voy (i) = %fﬂf.jkfifjtk for 78 = %df_jkz‘j t

Moduli-dependence of the matter Kaehler metric Zz(7") is more model-
dependent, but it reveals the limiting behavior

olnZzZs 1
T

: >1
T (r>1)



Axions in Large Volume Scenario of Type IIB string theory

Balasubramanian et al, hep-th/0502058
Cicoli et al, arXiv:1206.0819

Visible

sector

Large CY space involving

1) a big 4-cycle with the volume ~ Tp
2) smaller 4-cycles with the volume ~ T,

Se egues tered

Axions associated with the 4-cycles:
5;'? C)/c/e

95:/ . 93:/ c,
Xap s

SM living on D7 branes wrapping the smaller cycle:

82 3/2
= Ty 2> Ts = —5 (VCYNTb )
Jout
S?TQFA :TS

-

Ko(To+T¥)  Za(Ty+T7)

+ O* P
(L + Ty (Th + 1y)

K =-3In(T,+1y) +



The decay constant of the small-cycle axion is suppressed by a certain power
of the big-cycle volume, therefore it can have any value above the astrophysical
bound~ 108 GeV:

M 16 o~ s
fa, ~ 57— < 10" GeV

Tb g

The couplings of the small-cycle axion to the SM gauge and matter fields have
the anticipated pattern that we have discussed about:

. g2 1 | . 1
.gﬂ-sA{!u ~ fas) — }GLT_ tgas'l_il’(!u ~ fas} ~ —

S?TQ fah . fsfa.s

~ ga.sA (_,U ~ fﬂmj

The decay constant of the big-cycle axion is also suppressed by the large volume
factor, but by a different amount. The big-cycle axion does not couple to the SM
gauge fields, while it has a Planck-scale-suppressed coupling to the matter fields:

. Mp 16 o xr . _ . 1 1
~ wd =0 Guplpt ~ fa) ~ ~
Jay o < 10" Gel YayA Japy (11~ fa,) AT




Axion and the SM at strongly warped region

We can imagine a situation that both the SM and some axions are localized in
a strongly warped region (warped throat) in string compactification.

Axion and the SM
localized in
warped throat

bulk CY

\\
N
N
\
N
- \
RS \
N I
N I

The axion decay constant is red-shifted
by an exponentially small warp factor,
while the couplings to the SM fields

warped throat take a similar form as other cases.

K =KyX, X*) + XX'Ko(T +T) + QUX, X*) Zo(T + T*)>d*

(|X|) = warp factor < 1
M 12T o
fur~ |XIE2E o |X ”;UQT Mp < 101 CGeV
T s
geor 1 1
JaA = JGUT_ Gayp ™~ ~ (aA

® ﬂ_g fa. bl J "}'_ fa_



Summary on axions from p-form gauge field in string/M theory

For each axion from p-form gauge field, there exist a modulus partner
parameterizing the associated brane-instanton suggested by the WGC:

T =14 (Wﬂ_ungﬁu)Hh'T_%m)

Often the brane-instanton generates a bare axion potential as

- . V3 e
= Vv ~e "mg s Mp cos(a/ f,)

5 IV ~ o™

= T2 111(-m;;;/g_.-Up/mi) = O(100)

For axions with nonzero coupling to the SM gauge fields,

CA A 4 o~ 1 T Q72 o
LSFWEL 5 =t = 1S 0(5—) = 0(100)
3272 f, / 94 872 GéuT

8._2
N r:o(q )zoum)
Jour

For axions which do not couple to the SM gauge fields, their moduli
partner can have a much bigger VEV.



Axion decay constant is generically given by

M |
fu ~ e GeV

(e = volume suppression or small warp factor)

Couplings to the SM gauge and matter fields:

J{—'l_l ( )F_I#UF_I + Jat,() (f( )-":,-‘O'*u'-?__i;,j

Ny
g 924 1 JCUT 1 ; 11
aAd — ~ e atp ™~ T
. 8T f r fo
Gar) 37 1 |
N (J) 5L o
YaA ) pny Ycur T

which might be compared to

KS5VZ 2 DFSZ 59
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Sr2 2
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It should be stressed that all of our discussions are about the axions at
high scales ~ f, , not the light axions at low energy world.

It is quite likely that some or even most of these high scale axions obtain
a mass heavier than O(100) GeV by certain UV physics, e.g. by hidden
gaugino condensation generating

Vv oc e THOMN (N~ 1)

It is also possible that some of high scale axions are eaten by U(1) gauge
bosons by the Stuekelberg mechanism, thus do not appear in low energy
world.

Therefore, for a complete story about light axions in string/M theory,
we should carefully examine what happens to axions at scales below f, .

In regard to this, a particularly relevant question is how some of those
high scale axions remain to be light, while their moduli (saxion) partners
get heavy masses, presumably heavier than 10 TeV, to avoid the
cosmological moduli problem.



In view of the difficulties of stabilizing moduli, a large part of the story
about light axions in string/M theory is still an open question, and it is
beyond the scope of this lecture.

Yet, if some of the high scale axions from p-form gauge field survive
down to the low energy world, which looks like a plausible possibility,
their low energy properties can be determined by what we have found

at high scales ~ f, .



Axions in models with anomalous U(1) gauge symmetry

We have discussed axions from higher-dimensional p-form gauge field
in string/M theory, whose PQ symmetries are intrinsically nonlinear.

A mechanism to convert an intrinsically nonlinear PQ symmetry to a linear
PQ symmetry has been first discussed by Witten in 84.

Volume 1498, number 4,5 PHYSICS LETTERS 20 December 1984

SOME PROPERTIES OF 0(32) SUPERSTRINGS

Edward WITTEN !
Joseph Henry Laboratories, Princeton University, Princeton, NJ 08540, USA

Received 28 September 1984

Some properties of the anomaly-free O(32) superstring theory recently discovered by Green and Schwarz are discussed.
With proper choice of ground state, the theory leads in four dimensions to an SU(5) theory with any desired number of
standard generations (and no exotic or mirror fermions). It predicts axions and stable Nielsen—Olesen vortex lines. It can be
consistently compactified only if certain topological conditions are imposed.



It involves an anomalous U(1) gauge symmetry under which certain axion
from p-form gauge field is eaten by the U(1) gauge boson to form a
massive vector boson.

After this massive U(1) gauge boson is integrated out, the U(1) symmetry
for the remained light fields becomes a linear global PQ symmetry.

At lower energy scale, this linear PQ symmetry is spontaneously broken,
giving an axion that is originated from the phase of U(1)-charged complex
scalar field.

In many cases (including the SU(5) models above),
the B Tr F4 coupling [3] leads in d = 4 to a coupling
€PUVE o Y,,where Y, ,=0,Y, —3,Y, is the field
strength of a U(1) gauge boson Y. In this case (similar-
ly to our discussion of P), B is “‘eaten”, becoming the
longitudinal component of Y#, and the Y symmetry
becomes at low energies a global Peccei—Quinn sym-
metry.



Axion from p-form gauge field and the associated nonlinear global
PQ symmetry:

0i(x) = / Cplx,y) =0 (x) + 27

Xp

U(l)pg : 61(x) — 61(x)+ 3 (5 = real constant)

U(1) gauge symmetry under which the axion ¢,(z) is charged:

Ul)x : X' = X'+ 0,Ax), 6i(x)—b(x)+qA(z)
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(D#ﬁ’l =J.,0h — X, D,o=(0,+1i9;X,)0. )

U(1)y-GA-G, anomaly cancellation condition:

q1C1A — 2 Z q.u.i__tl.(-ri (31)) — ()



In the regime where f*>> |0|*, X, obtains most of its mass by eating 6, :

1 ¢ , , £ ¥ ¢ n n o
L= SﬂDﬂ_HlD“Hl + D, *DFo+ ... = Mi~gkaif? (2> o)

At energy scales below A7y, where X, and ¢, are integrated out,
the remained symmetry is the combination of U(1)y and U(1)pq
under which X,, and ¢, do not transform:

U(l)pq = ((-f(UX)A(.r):—a*(("‘T(UPQ),-i%:qm :
6 = €% b —s ey (o = real constant)

This is a linear global PQ symmetry that we have assumed for instance
in KSVZ and DFSZ models.

If the SM Higgs and fermions are charged under U(1),, then they are also
PQ-charged, so the model corresponds to a DFSZ-type axion model.

If all SM fields are neutral under U(1),, the model is KSVZ-type.



This PQ symmetry is explicitly broken by the SM gauge anomalies and
also by brane-instanton effects which can be naturally small enough:
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At lower energy scale, a PQ-charged complex scalar ¢ can develop a
nonzero VEV, breaking the PQ symmetry spontaneously as in KSVZ or
DFSZ model: -

b=—="D (f,=v< f)

V2
One can then make an axion-dependent field redefinition to move to
the GKR basis for the resulting non-linear PQ symmetry:
v — {*’fh‘.)“( )xaqm.&{,

a(x) a(x)
fo T

= U(l)PQ : + gty



The resulting axion couplings are those of the DFSZ or KSVZ axions,
depending on whether the SM fermions are U(1),-charged or
U(1)y-neutral:
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The key condition for converting nonlinear PQ symmetry to a linear PQ
symmetry is v? < f2:

Ul)pg: 0i(x) — Oi(x)+ 3 (5 = real constant)

= U(l)rq = ([’r(1)«’\—);"1(.3):—0-_'_([jr(l)l—)Q)BZQ’la :

2 2
vt L f . ) |
O — "%, b — "M (o = real constant)

In the opposite limit v? > f%, the original nonlinear PQ symmetry
U(1)pg remains to be the PQ symmetry in low energy effective theory
and the associated axion originates mostly from the p-form gauge field.



For string compactification preserving 4-dim N=1 SUSY, it is somewhat
nontrivial to have v <« .

-V = 0 - — :\ [ N .

(Tl =T + '3'.91)

For any gauge symmetry in SUSY model, there exists the auxiliary
D-term whose nonzero VEV breaks SUSY spontaneously:

Ul)x : X' = X' +0,A(z), bi(z) = bi(z) + aA(2)
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For SUSY preserved at the compactification scale ~ f,
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k1| < f? should be achieved while keeping the moduli VEV large enough
to suppress the PQ-breaking brane instanton effect.

It is usually not possible when only a single axion+modulus Dart|C|Dates
in the game. Such a case even leads to the opposite limi|&p1| > f*

Ko=-3In(T'+T1") (T =71+410)
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However, in models involving multiple axions which have opposite sign
of U(1) charges, it is rather straightforward to achieve |&pp| < f? .
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For the case that axions have opposite sign of U(1) charges, there exists
a (hy4-1)-dim hypersurface in the h,,;-dim moduli space over which
§rr = 0, while all axion decay constants are of the order of 10 GeV.



Such a hypersurface in moduli space satisfying
§F1 = ‘@F — Dy =0,

f)sz{j M E,

i 16 2
aTiare ~ o2 ~ (107 GeV)

: y
Eigenvalues of f,i = 203

IS a supersymmetric stationary point of the scalar potential:

| ;
V = 5._(;3-95;- 4

Turning on SUSY breaking, this SUSY solution is shifted to a nearby
local minimum where a nonzero VEV of ¢ is developed as a
consequence of SUSY breaking:  KC et al, arXiv:1104.3274

v = () ~ (10" = 10') GeV <« f ~ 101 GeV



Examples

Heterotic string g shbinder et al, arxiv:1412.8696
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Turn on U(1), magnetic flux satisfying - (Fx)NJaNJo =0

This defines a (h;; — 1)-dim surface in h;;-dim moduli space, on which
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Type 1IB String Similar Type IIA model by
Honecker and Staessens, arXiv:1312.4517
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Summary

String theory generically predict multiple axions at the compactification
scale, which originate from higher-dimensional p-form gauge fields.

After the 4-dim physics for SUSY breaking and moduli stabilization is
taken into account, some of those axions remain to be light, e.g. have
masses light than 100 GeV, while the others get a mass much heavier
than 100 GeV.

The remained light axions may include the QCD axion solving the strong
CP problem, which is the best motivated axion, as well as a variety of
ALPs in wide range of mass, e.g. from multi-GeV to O(H,)~10-32 eV.



Some axions from the higher-dimensional p-form gauge field can be
eaten by U(1) gauge bosons at the compactification scale, while leaving
as their low energy remnants the same number of linear PQ symmetries.

At lower energy scale, these linear PQ symmetries can be spontaneously
broken, giving more conventional axions such as the KSVZ and DFSZ
axions that originate from the phase of complex scalar fields.

As usual, the space of possible string compactifications is huge, so it can
accommodate most of the possibilities that have been discussed in the
context of 4-dim EFT.

Yet string theory provides an attractive rationale for global PQ symmetry
well protected by quantum gravity. PQ symmetry corresponds to a
locally well-defined but globally ill-defined gauge symmetry, which can
be broken only by nonlocal effects in extra dimension.



In relatively simple compactification, light axions from higher-dimensional
p-form gauge field have a decay constant f, ~ Mp/S;,. ~ 10 GeV.

On the other hand, the decay constant of the axions from the phase of
complex scalar field can be more model-dependent, particularly depend
on the SUSY breaking scale.

Light axions that originate from higher-dimensional p-form gauge field
have a characteristic pattern of low energy couplings different from
those of the conventional KSVZ or DFSZ axions.

This difference might be experimentally testable if we can measure
multiple axion couplings including the couplings to the photon, nucleons
and electron.
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