
*∣
20
9.
22
99
*

 DESY 12-151
ar

X
iv

:1
20

9.
22

99
v1

  [
he

p-
ph

] 
 1

1 
Se

p 
20

12

Sear
hing for axions and ALPs from string theoryAndreas RingwaldDeuts
hes Elektronen-Syn
hrotron DESY, Notkestr. 85, D-22607 Hamburg, GermanyE-mail: andreas.ringwald�desy.deAbstra
t. We review sear
hes for 
losed string axions and axion-like parti
les (ALPs) inIIB string 
ux 
ompa
ti�
ations. For natural values of the ba
kground 
uxes and TeV s
alegravitino mass, the moduli stabilisation me
hanism of the LARGE Volume S
enario predi
ts theexisten
e of a QCD axion 
andidate with intermediate s
ale de
ay 
onstant, fa � 109�12 GeV,asso
iated with the small 
y
les wrapped by the branes hosting the visible se
tor, plus a nearlymassless and nearly de
oupled ALP asso
iated with the LARGE 
y
le. In setups where thevisible se
tor branes are wrapping more than the minimum number of two interse
ting 
y
les,there are more ALPs whi
h have approximately the same de
ay 
onstant and 
oupling to thephoton as the QCD axion 
andidate, but whi
h are exponentially lighter. There are ex
itingphenomenologi
al opportunities to sear
h for these axions and ALPs in the near future. Forfa � 1011�12 GeV, the QCD axion 
an be the dominant part of dark matter and be dete
tedin halos
opes exploiting mi
rowave 
avities. For fa � 109�10 GeV, the additional ALPs 
ouldexplain astrophysi
al anomalies and be sear
hed for in the up
oming generation of helios
opesand light-shining-through-a-wall experiments.1. Introdu
tionThe QCD axion arises [1, 2℄ in the 
ourse of the arguably most plausible solution of the strongCP puzzle [3℄, that is the non-observation of a �-angle term in QCD. In this 
ontext, the axion�eld a is introdu
ed as a dynami
al �-angle term, enjoying a shift symmetry, a! a+ 
onstant,broken only by anomalous CP-violating 
ouplings to gauge �elds. Correspondingly, its mostgeneral low-energy e�e
tive Lagrangian below the weak s
ale has the form [4℄,L = 12 ��a ��a� g2332�2 ��� + afa�F b3;�� ~F b;��3 � e232�2Ca
 afa F em�� ~F ��em+P	 �12( ~X R + ~X L)	
�
5	+ 12( ~X R � ~X L)	
�	���afa ; (1)where F b3;�� is the bth 
omponent of the gluon �eld strength tensor, ~F b;��3 = 12�����F b3;�� itsdual, g3 is the strong 
oupling, F em�� is the ele
tromagneti
 �eld strength, 	 denotes standardmodel matter �elds, and fa is the axion de
ay 
onstant. The �-term in the QCD Lagrangian 
anthen be eliminated by absorbing it into the axion �eld, a = �a � ��fa. Moreover, the topologi
al
harge density / hF b3;�� ~F b;��3 i 6= 0, indu
ed by topologi
al 
u
tuations of the gluon �elds su
has QCD instantons, provides a nontrivial potential for the axion �eld �a whi
h is minimized atzero expe
tation value, h�ai = 0, thus wiping out strong CP violation, and giving the 
u
tuating�eld around this minimum, the QCD axion, a massma = m�f�fa pmumdmu +md ' 0:6meV ��1010GeVfa � ; (2)
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in terms of the light (u; d) quark masses, the pion mass m� and the pion de
ay 
onstant f� [1℄,For large axion de
ay 
onstant fa, we see that the axion is a very weakly intera
ting (
f. Eq. (1))slim parti
le [5, 6, 7, 8℄. In parti
ular, its 
oupling to photons [9, 10, 11℄ and ele
trons,L � � �2�fa �Ca
 � 23 mu + 4mdmu +md � a4 F em�� ~F ��em + Cae2fa �e
�
5e��a ; (3)are very mu
h suppressed, e.g.ga
 � �2�fa �Ca
 � 23 mu + 4mdmu +md �| {z }Ca
 � 10�13 GeV�1�1010GeVfa � Ca
 : (4)Laboratory experiments as well as astrophysi
s, in parti
ular the non-observation of solaraxions by the helios
ope CAST and the non-observation of drasti
 energy losses in horizontalbran
h stars or white dwarfs, 
onstrain the axion de
ay 
onstant, divided by the appropriatedimensionless 
oupling 
onstants, to a s
ale mu
h above the weak s
ale (see also Fig. 1),faCa
 > 107 GeV , ga
 < 10�10 GeV�1 ; faCae > 109 GeV: (5)

Figure 1. A summary of 
onstraints on and hints for the 
ouplings fai=Cij of axion-like parti
lesai to standard model parti
les j [22℄. Red regions are ex
luded, and the orange region would beex
luded by red giants but is 
ompatible with the hints from white dwarfs. The green regionsfrom top to bottom 
orrespond respe
tively to the 
lassi
 `axion dark matter window', hints ofan axion from white dwarf 
ooling and transparen
y of the Universe to very high energy gammarays. The blue region would be ex
luded by dark matter overprodu
tion in the absen
e of adilution me
hanism or tuning of the initial misalignment angle.Intriguingly, for an even higher de
ay 
onstant, fa & 1011 GeV, the QCD axion 
an 
ontributesigni�
antly to 
old dark matter (CDM), being non-thermally produ
ed in the early universe



via initial misalignment of the axion �eld, resulting in 
oherent �eld os
illations 
orrespondingto a 
ondensate of non-relativisti
 axions [12, 13, 14℄. In fa
t, assuming that the reheatingtemperature after in
ation is below fa and that there is no dilution by, e.g., late de
ays ofparti
les beyond the standard model, the expe
ted 
osmi
 mass fra
tion in QCD axion CDM is
ah2 � 0:71 �� fa1012 GeV�7=6��a� �2 ; (6)where �a is the initial misalignment angle.Therefore, the QCD axion is ne
essarily asso
iated with a very high energy s
ale and soit is natural to sear
h for it in ultra-violet 
ompletions of the standard model su
h as stringtheory. Indeed, it has long been known that the low-energy e�e
tive �eld theory of string
ompa
ti�
ations predi
ts natural 
andidates for the QCD axion [15, 16, 17, 18, 19℄, often evenan `axiverse' [20℄, 
ontaining many additional light axion-like parti
les (ALPs) whose masses arelogarithmi
ally hierar
hi
al. But only very re
ently expli
it moduli-stabilised string theoreti
examples with a viable QCD axion 
andidate and possibly additional light ALPs have been
onstru
ted (
f. Se
. 2), with de
ay 
onstants ranging from the GUT s
ale, fa � 1016 GeV [21℄down to the intermediate s
ale, fa � 109�12 GeV [22℄ { the latter o�ering ex
iting opportunitiesto dete
t e�e
ts of axions and ALPs in astrophysi
s and in the up
oming generation of axionexperiments (
f. Se
. 3).2. Axions and ALPs in IIB string 
ux 
ompa
ti�
ationsString theory requires the existen
e of six extra spa
e dimensions, whi
h appear to beunobservable be
ause they are supposed to be 
ompa
t and of very small size. Stringphenomenology is then the attempt to make 
onta
t between the perturbative ten dimensional(10D) e�e
tive �eld theories (EFTs) des
ribing the massless degrees of freedom of string theoryat very high energies { say, the heteroti
 or type II (with D-branes) EFT { and the low energyphysi
s in our 4D real world. In fa
t, di�erent 4D low energy EFTs emerge depending on theEFT to start with in 10D. One of the fundamental tasks of string phenomenology is to �nd a
ompa
ti�
ation whose low energy EFT reprodu
es (a suitable extension of) the standard model.Along this way it is also mandatory to understand moduli stabilisation: expe
tation values ofthe moduli �elds, whi
h parameterise the shape and size of the extra dimensions, determinemany parameters of the low energy EFT, su
h as gauge and Yukawa 
ouplings. Often, oneneeds to in
orporate quantum 
orre
tions in order to �x many of these expe
tation values andto give their asso
iated parti
le ex
itations a non-zero mass.Moduli stabilisation is best understood in type IIB string 
ux 
ompa
ti�
ations, on whi
hwe 
on
entrate in the following. They provide expli
it and well motivated realisations of braneworld s
enarios: the standard model is supposed to live on a sta
k of spa
e-time �lling braneswrapping 
y
les in the 
ompa
t dimensions, while gravity propagates in the bulk, leading to astring s
ale Ms � MP =pV possibly mu
h smaller than the Plan
k s
ale MP , at the expense ofa large 
ompa
ti�
ation volume V � 1 (in units of the string length). Importantly, axion-like�elds emerge in those 
ompa
ti�
ations inevitably as Kaluza-Klein zero modes of ten dimensionalform �elds, as we will review in the following subse
tion.2.1. Tree-level 
andidates for axions and ALPsWe will 
onsider here type IIB 
ux 
ompa
ti�
ations on Calabi-Yau orientifolds X in thepresen
e of spa
e-time �llingD7 branes and O7 planes. Below the Kaluza-Klein s
aleMKK, theylead to a low-energy N = 1 (supergravity) EFT in 4D. Their 4D 
losed string moduli, 
omprisedby the axio-dilaton S = e��+ iC0, the 
omplex stru
ture moduli U�, � = 1; :::; h2;1� (X), and the



K�ahler moduli, Ti = �i + i 
i; �i = Vol(Di); 
i = ZDi C4; i = 1; :::; h1;1 ; (7)are obtained via the Kaluza-Klein redu
tion of the massless bosoni
 �elds of the original 10Dtheory { the latter in
luding, in the Ramond-Ramond se
tor, the forms C0 and C4, and, in theNeveu S
hwarz-Neveu S
hwarz se
tor, the dilaton �. Importantly, the number of K�ahler moduliTi is determined by the topology of X, namely the number of inequivalent four-
y
les Di of X(we have spe
ialised for 
onvenien
e to orientifold proje
tions su
h that h1;1� = 0) h1;1+ = h1;1).Their imaginary parts 
i have all the properties of axion-like �elds, as we will see next.As already mentioned, (a suitable extension of) the standard model is realised in su
h
ompa
ti�
ations through (sta
ks of) spa
e-time �lling D7-branes wrapping some of the four-
y
les Di. At low energies, the dynami
s of a D7-brane redu
es to a U(1) gauge theory thatlives on its eight-dimensional world-volume. Moreover, D7-branes 
an be magnetised by turningon internal magneti
 
uxes F . Taking all these e�e
ts into a

ount, the 4D low energy e�e
tiveLagrangian of the axion-like �elds 
i, in
luding the brane-lo
alised U(1) gauge bosons Ai, isobtained from the Kaluza-Klein redu
tion of the D7-brane a
tion as follows [23, 24℄:L � ��d
� + MP� Aiqi�� K��8 ^ ?�d
� + MP� Ajqj��+ 14�MP ri�
� tr(F ^ F )+ M2P2(2�)2AiAjqi�K��qj� � ri���4�MP tr(Fi ^ ?Fi); (8)where MP = (8�GN )�1=2 ' 2:4 � 1018 GeV is the redu
ed Plan
k mass, while the various otherquantities in Eq. (8) are de�ned as follows:� The K�ahler metri
 K�� , des
ribing the kineti
 mixing of the axion-like �elds, is obtainedvia K�� � �2K������ from the K�ahler potential, the latter taking, at tree-level, the followingform: Ktree = �2 lnV � ln �S + �S�� ln0��iZX 
 ^ �
1A : (9)It depends impli
itly on the 
omplex stru
ture moduli via the holomorphi
 (3,0)-form 
and on the K�ahler moduli via the Calabi-Yau volume V, measured by an Einstein framemetri
 gE�� = e��=2 gs�� , and expressed in units of the string length `s = 2�p�0, in terms ofits tension �0, V = 16 ZX J ^ J ^ J = 16 k��
t�t�t
 : (10)Here, the K�ahler form J has been expanded, in a basis fD̂�gh1;1�=1 of H1;1(X;Z) of two-formswhi
h are Poin
ar�e dual to D�, as J = t�D̂�, and we denoted the triple interse
tion numbersof X by k��
 . The volume, the K�ahler form and ultimately the K�ahler metri
 
an then beobtained as a fun
tion of the �� by inverting the following relations:�� = 12 ZX D̂� ^ J ^ J = �V�t� = 12 k��
 t� t
 : (11)The string s
ale Ms = 1=`s is obtained from the dimensional redu
tion of the IIBsupergravity a
tion, Ms =MP =p4�V : (12)



� The 
ouplings ri� appearing in the gauge kineti
 term and in the axioni
 
ouplings to gaugebosons, the respe
tive last terms in both lines of Eq. (8), are the expansion 
oeÆ
ients ofthe two form D̂i = ri�!�,ri� � `�4s ZDi ~!� = `�4s Z D̂i ^ ~!�; � = 1; :::; h1;1; (13)where the basi
 forms satisfy `�4s R !� ^ ~!� = Æ�� . The gauge 
oupling 
an be inferred fromthe gauge kineti
 term as 1g2i = ri���2�MP �� 1 U(1)1=2 SU(N) : (14)� The 
ouplings qi� appearing in the (St�u
kelberg) mass terms for the U(1) gauge �elds Aiin Eq. (8) are given by qi� � `�2s ZDi !� ^ F2� = `�4s ZDi !� ^ `2sF ; (15)where F is the gauge 
ux on Di. Axions 
� experien
ing su
h a 
oupling disappear fromthe low energy EFT be
ause they are eaten by the 
orresponding U(1) gauge boson [25, 26℄.Thus, it appears from Eq. (8), that IIB string 
ux 
ompa
ti�
ations have potentially many,h1;1 � d, axion 
andidates 
i, where d is the number of U(1) bosons Ai whi
h get a St�u
kelbergmass by eating the asso
iated axions. However, before rea
hing this 
on
lusion one has to
onsider perturbative and non-perturbative 
orre
tions to this tree-level result. In fa
t, su
h
orre
tions are ne
essarily to be taken into a

ount in the 
ourse of the stabilisation of theasso
iated K�ahler moduli �i. Importantly, the me
hanisms to �x the �i may also generate largemasses for the 
orresponding axions 
i [27, 28℄, as we will see next.2.2. Axions and ALPs in moduli stabilised IIB string 
ux 
ompa
ti�
ationsIn IIB string 
ux 
ompa
ti�
ations, the tree-level superpotential [29℄Wtree = ZX G3 ^ 
 : (16)whi
h is generated by turning on ba
kground 
uxes of the form G3 = F3+iSH3, where F3 = dC2and H3 = dB2, does not depend on the K�ahler moduli, but on the dilaton C and the 
omplexstru
ture moduli U�. This implies that the dilaton and the 
omplex stru
ture moduli 
an be�xed at tree-level by imposing vanishing F-term 
onditions [30℄. By appropriate tuning of theinternal 
uxes, one 
an always �x the dilaton su
h that the string 
oupling, gs = 1=Re(S), isin the perturbative regime. Further e�e
ts from �xing S and U are then parametrised by the
ux-dependent 
onstant W0 = hWtreei and by an overall fa
tor in the F-term s
alar potentialarising from the S and U dependent part in the tree-level K�ahler potential (9).The K�ahler moduli �i, however, remain pre
isely massless at leading semi
lassi
al order,be
ause of the no-s
ale stru
ture of Ktree. Their stabilisation requires taking into a
ountperturbative (p) and nonperturbative (np) �0 and gs 
orre
tions to the tree-level result,W =Wtree + ÆWnp; K = Ktree + ÆKp + ÆKnp; (17)eventually leading also to non-trivial potentials, i.e. masses, for the axions 
i asso
iated withthe s
alars �i. These masses 
an arise, however, only via the non-perturbative 
orre
tions to



the superpotential, ÆWnp, and to the K�ahler potential, ÆKnp: only those 
an break the shiftsymmetry of the axions 
i.The respe
tive order of magnitude of the perturbative versus the nonperturbative 
orre
tionsto the s
alar potential is set by W0. The main me
hanisms proposed for � moduli stabilisationand their 
onsequen
es for the physi
s of their asso
iated 
 axions 
an be 
hara
terised as follows:� The �rst s
enario of K�ahler moduli stabilisation in IIB string 
ompa
ti�
ations negle
tedthe 
orre
tions to the K�ahler potential and 
onsidered only the non-perturbative 
orre
tionsto the superpotential [31℄, ÆWnp = h1;1Xi=1 Ai(S;U) e�aiTi ; (18)whi
h arises by ED3 instantons (in whi
h 
ase ai = 2�) or by sta
ks ofD7 branes supportinga 
ondensing gauge theory (for whi
h ai = 6�=b0 with b0 being the 
oeÆ
ient of the one-loopbeta fun
tion), wrapping the four-
y
les Di. The threshold e�e
ts Ai 
an be 
onsidered asO(1) 
onstants sin
e they depend on the 
omplex stru
ture moduli whi
h are 
ux-stabilisedat tree-level. The four-
y
le volumina are then �xed at�i � 1ai ln�W0Ai � : (19)Thus, W0 has to be �ne-tuned to extremely small values, W0 � 1, in order that the volumeis large, V � �3=2i � 1, the latter being a prerequisite of the underlying supergravityapproximation. Therefore, in these s
enarios it is extremely hard to lower the strings
ale (12) mu
h below the Plan
k s
ale. Moreover, sin
e the axioni
 shift symmetry
i ! 
i + 
onstant of all axions is broken non-perturbatively by Eq. (18), all the axion
andidates get a large mass of the order of the mass of the parti
le ex
itations of theasso
iated K�ahler moduli (the so-
alled \saxions"),m
i � m�i � aiW0MP =V;leaving no 
andidate for a QCD axion [16℄, let alone a light ALP.� This 
an be avoided if the non-pertubative e�e
ts arise from wrapping an ample four-
y
le,Dam = h1;1Xi=1 �iDi; with �i > 0 8 i = 1; :::; h1;1; (20)in terms of a basis fDig of H4(X;Z), resulting in a 
ontribution to the superpotential ofthe form ÆWnp = Ae� a Tam = Ae� aPh1;1i=1 �iTi : (21)In this 
ase, by �ne-tuning W0 � Ae� a Tam � 1, this single non-perturbative e�e
t 
angenerate a minimum for all the K�ahler moduli �i within the regime of validity of theEFT [32℄. However it 
an lift only one axion 
orresponding to the imaginary part of theample divisor modulus: 
am = Im(Tam). All the remaining h1;1 � 1 axions are masslessat leading order and develop a potential only via tiny higher order instanton e�e
ts of theform [21℄: ÆWnp = Ae� a Tam + h1;1�1Xi=1 Ai e�niaiTi ; (22)where Ti is a 
ombination of moduli orthogonal to Tam 8 i = 1; :::; h1;1 � 1.



Thus, this moduli stabilisation s
enario gives rise to an axiverse [20℄: possibly many, h1;1�1,axions whi
h a
quire a mass spe
trum whi
h is logarithmi
ally hierar
hi
al. This numbermay still be diminished in 
ase that some of the axions are eaten by the St�u
kelbergme
hanism to provide masses to brane-lo
alised U(1) gauge bosons.Two main 
on
erns regarding the mi
ros
opi
 realisation of this s
enario are related to thediÆ
ulty to �nd an ample divisor whi
h is rigid (and so de�nitely re
eives non-perturbativee�e
ts), and the possibility to 
hoose gauge 
uxes that avoid 
hiral interse
tions betweenthe instanton and the visible se
tor. Moreover, it should be noted that in this 
ase againvery large volumina are not possible: the string s
ale (12) is expe
ted not mu
h below thePlan
k s
ale, of order the GUT s
ale.� The latter diÆ
ulties are avoided in the LARGE volume s
enario (LVS), whi
h realizesthe possibility of exponentially large volumina for generi
 values of W0 � O(1) [33℄ andallows for the 
onstru
tion of expli
it globally and lo
ally 
onsistent Calabi-Yau exampleswith magnetised D7-branes, realising MSSM or GUT like 
hiral extensions of the standardmodel [34, 35℄.The LVS requires the existen
e of a single del Pezzo four-
y
le �dP whi
h guarantees theemergen
e of a non-perturbative 
ontribution to the superpotentialÆWnp = Ae� a TdP (23)via an ED3 instanton or gaugino 
ondensation. This e�e
t �xes �dP at a small size andgives the 
orresponding saxion and axion a large mass [36℄,m�dP � m
dP � W0plnVV MP : (24)All the other � moduli are stabilised perturbatively by �0 or gs e�e
ts or by D-termsarising from magnetised branes. The exponential large volume emerges from an interplaybetween the non-perturbative 
ontribution asso
iated with del Pezzo 
y
le and the leading�0 
orre
tion [37℄: ÆKp ' � �g3=2s V ; with � / (h1;2 � h1;1) ; (25)whi
h yields, for h1;2 > h1;1 > 1 (i.e. negative Euler number), a supersymmetry-breakinganti de Sitter (AdS) minimum at exponentially large volume [33℄:V �W0 e a �dP : (26)Hen
e only one axion, 
dP = Im(TdP), be
omes heavy whereas all the other ones (ex
eptthose eaten up by anomalous U(1)s, whose s
alar partners are �xed by the above mentionedD-terms) remain light and develop a potential via subleading higher order instanton e�e
ts.The simplest version of a standard LVS is build upon a Swiss-
heese Calabi-Yau three-foldwith volume given by [38℄: V = �0��3=2b � h1;1�1Xi=1 
i�3=2i 1A : (27)It is dominated by the exponentially large volume �b of one of the four-
y
les, Db, while allthe other, h1;1 � 1, four-
y
les are small.Importantly, the realisation of an LVS requires h1;1 � 4 (
f. Fig. 2): a single del Pezzodivisor DdP to support the non-perturbative e�e
ts, one big four-
y
le �b to parametrise



Figure 2. S
hemati
 pi
ture of the simplestSwiss-
heese setup of a 
ompa
ti�
ation inthe LARGE volume s
enario: a big four-
y
le (=divisor) Db with exponentially largevolume �b � V2=3; a del Pezzo divisor DdPsupporting the leading non-perturbative e�e
t(ED3 instanton or gaugino 
ondensation of apure Yang-Mills theory des
ribed by a sta
k ofD7 branes); a rigid divisor Dvs supporting thesta
k of D7 branes des
ribing the visible se
tor;a rigid divisor Ds interse
ting with Dvs andsupporting a sta
k of magnetised D7 branes forD-term stabilisation.the large volume, V � �3=2b , one small rigid four-
y
le Dvs to support the sta
k of spa
e-time �lling magnetised D7-branes 
orresponding to (a suitable extension of) the MSSMand interse
ting with another small 
y
le Ds whose brane setup is there to provide D-termswhi
h stabilise �vs and thus the visible se
tor gauge 
oupling g�2vs � �vs. Two of the h1;1 � 4axion-like �elds disappear from the low energy spe
trum, however: 
dP, as explained above,and 
s, whi
h is eaten by the St�u
kelberg me
hanism. Thus, realisations of the LVS axiverseinvolve at least two light axions: one QCD axion 
andidate plus one ALP [22℄. More generi
models for h1;1 very large will in
lude an arbitrarily large number of ALPs.The main s
ales in the model are:Ms = MPp4�V � 1010GeV;m�s � MPV1=2 � 1010GeV;MKK � MPV2=3 � 109GeV;m�dP � pgsW0MPV lnV � 30TeV;msoft � m3=2 � pgsW0MPV � 1TeV; (28)m�vs � �vsm3=2 � 40GeV;m�b � MPV3=2 � 0:1MeV:The numeri
al values have been given for generi
 values of the underlying parameters,gs � 0:1;W0 � 1, and for a volume V � 1014, demonstrating that, for an intermediatestring s
ale, the LVS naturally realises TeV-s
ale SUSY.� Finally, the 
ontributions from both ÆKp and non-perturbative terms in the superpotentialÆWnp from gaugino 
ondensation on sta
ks of 4-
y
le wrapping D7 branes allow for a2nd bran
h of supersymmetry breaking \K�ahler uplifted" va
ua distin
t from the LVSbran
h. These va
ua 
an be either AdS, Minkowski or dS by themselves without any needfor further `external' sour
es of uplifting. Their possible existen
e was �rst pointed outin [39℄, while they were shown to be viable in produ
ing 
ontrolled large-volume va
uafor all moduli in a supergravity analysis [40, 41℄. Re
ently, [42℄ provided the �rst expli
itglobal and 
onsistent F-theory 
onstru
tions of su
h K�ahler uplifted dS va
ua. On Swiss-
heese Calabi-Yau threefolds the K�ahler uplifting bran
h generates a 
lass of minima forthe volume moduli, where �b � Nb with Nb the rank of the 
ondensing gauge group of theD7 brane sta
k wrapping the large divisor Db. The blow-up K�ahler moduli �i � Ni arestabilised at smaller volume di
tated by the rank of the 
orresponding 
ondensing gaugegroups. For ranks Nb � 30 � 100 this leads to stabilisation of all K�ahler moduli at anoverall volume V � N3=2b � 102�3, with volume moduli masses suppressed by a fa
tor 1=V




ompared the masses of the 
omplex stru
ture moduli and the axio-dilaton from 
uxes.So far, stabilisation of the h1;1 �i moduli utilises an identi
al number of non-perturbative
ontributions to the superpotential from gaugino 
ondensation. Hen
e, all asso
iated 
iaxions are rendered massive with mass s
ales tied to their s
alar partners. K�ahler upliftingwith an (partially) ample divisor utilising less than h1;1 instanton e�e
ts for stabilisationand in turn realising an axiverse represents an open question.2.3. Axion and ALP de
ay 
onstants and their 
ouplings to visible se
tor parti
les in the LVSLet us know for the remainder of this review 
on
entrate on the LVS, be
ause, as we have seen,it predi
ts the existen
e of a QCD axion 
andidate plus at least one ALP. Their de
ay 
onstantsfai and their 
ouplings Cij to gauge bosons (or matter �elds) j 
an be read o� from the mat
hingof the predi
tion (8) with the generalisation of the generi
 low energy e�e
tive Lagrangian (1) tothe 
ase of many axion-like �elds, by transforming in the former from the original basis f
ig toa basis of �elds faig with 
anoni
ally normalised kineti
 terms [22℄. For the simple Swiss-
heeseCalabi-Yau setup dis
ussed above and illustrated in Fig. 2, the original axion �elds 
b and 
vs
an be written in terms of the 
anoni
ally normalised �elds ab and avs as:
b�b ' O (1) ab +O ��3=4vs V�1=2� avs ; 
vs�vs ' O (1) ab +O ���3=4vs V1=2� avs ; (29)leading to fab ' MKK4� ; favs ' Msp4��1=4vs ; (30)Cbb ' O (1) ; Cvsb ' O �V�1=3� ; Cbvs ' O �V�2=3� ; Cvs vs ' O (1) : (31)The axion avs 
an be identi�ed with the QCD axion. A range of values for the proper QCDaxion de
ay 
onstant, spanning the 
lassi
 QCD axion window,fa � favsCvs vs �Ms �sMP m3=2g1=2s W0 � 109�12 GeV ; (32)are then possible depending upon the exa
t numeri
al 
oeÆ
ients, the value of the gravitinomass m3=2 & TeV, and the tuning of gs . 1 and W0.The large 
y
le ALP ab has a smaller de
ay 
onstant fab � MKK, but its 
oupling to thestandard Model gauge bosons is 
ompletely negligible, Cbvs ' O �V�2=3�.More ALPs, but with de
ay 
onstant similar to the one of the QCD axion,fALPi � favs �Ms; (33)and 
oupling to gauge bosons other than the gluon similar to the one of the QCD axion,CALPi vs � Cvs vs � O(1)) gi
 � �2�faiCi
 � 10�15 � 10�11 GeV�1; (34)are obtained, if there are more small 
y
les Dvsi interse
ting the visible branes, but withoutintrodu
ing additional D-term 
onditions. Their masses are expe
ted to be smaller than themass of the QCD axion and to be distributed logarithmi
ally hierar
hi
al [22℄,mALPi � e�n��ALPi �� MP ; for ÆWnp terms or QCD-like masses;m3=2; for ÆKnp terms: (35)These �ndings have been reprodu
ed also in expli
it 
onstru
tions of LVS examples, exploiting
on
rete Calabi-Yau orientifolds and semi-realisti
D7-brane and 
ux setups [22, 35℄. That paper
onsiders also LVS variants with asymmetri
 �bred Calabi-Yaus and sequestered SUSY breaking,allowing for more freedom in m3=2 and msoft, at the expense of more �ne tuning in W0, anddis
usses brie
y the 
osmologi
al evolution of the di�erent LVS in
arnations.
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Figure 3. Axion and ALP 
oupling to photons, gi
 � �Ci
=(2�fai), vs. its mass (adapted by JavierRedondo [49℄ from Refs. [50, 51℄). The yellow band is the generi
 predi
tion for the QCD axion, exploitingEqs. (2) and (4), whi
h relate its mass with its 
oupling to photons.3. Opportunities to probe the intermediate string s
ale LVS3.1. Halos
ope sear
hesWe have seen, that the LVS predi
ts { for the least �ne-tuning of 
uxes, su
h that gs � 0:1and W0 � 1, and a TeVish gravitino mass { an intermediate string s
ale and thus a QCD axionin the 
lassi
 window, 
f. Eq. (32). For de
ay 
onstants in the upper part of this window,fa & 1011�12 GeV, the QCD axion is expe
ted to 
ontribute substantially to the 
old darkmatter in the universe, see Eq. (6). Therefore, the intermediate string s
ale LVS 
an be probedby halos
ope sear
hes for axion 
old dark matter [43℄ su
h as ADMX [44, 45, 46, 47℄. Theseexperiments exploit the 
oupling (4) by sear
hing for the signal of dark matter axion to photon
onversions in a narrow bandwidth mi
rowave 
avity sitting in a strong magneti
 �eld. As 
anbe seen from the light green area in Fig. 3 labelled as \Halos
opes", a substantial range of theQCD axion dark matter parameter range will be probed by ADMX and other halos
opes [48℄in the next de
ade.3.2. Helios
ope sear
hesA 
omplementary sear
h for the QCD axion in the lower part of the 
lassi
 window, fa &109�10 GeV, 
an be 
ondu
ted with the next generation of axion helios
opes [43℄, in whi
hone tries to dete
t solar axions by their 
onversion into photons inside of a strong magnetpointed towards the sun. Indeed, the proje
ted sensitivity of the proposed International AxionObservatory IAXO [52℄ 
overs ni
ely a part of QCD axion parameter spa
e whi
h will not be
overed by the halos
ope sear
hes, as 
an be seen in Fig. 3.A very wel
ome feature of helios
opes is that they do not lose sensitivity towards low masses:their proje
ted sensitivity are best and stay 
onstant at small masses, see Fig. 3. That means,with IAXO one may also probe the LVS axiverse, in parti
ular the possible existen
e of moreALPs with approximate the same 
oupling to photons as the QCD axion.This is very important in view of re
ent tantalising astrophysi
al hints, su
h as the anomaloustransparen
y of the Universe for TeV photons [53℄ and the anomalous 
ooling of white



dwarfs [54, 55℄, whi
h 
ould be explained by the existen
e of an ALP with de
ay 
onstants,
ouplings and mass [56, 57, 58, 59, 60, 61, 62℄:faiCi e ' (0:7 � 2:6)� 109 GeV ; faiCi 
 � 108 GeV; mai . 10�9 � 10�10 eV ; (36)
ompatible with the predi
tion of an intermediate string s
ale LVS axiverse with Ci 
=Ci e � 10.The proje
ted sensitivity of IAXO ni
ely overlaps with the ALP parameter region required toexplain these hints, see Fig. 3.3.3. Light-shining-through-walls sear
hesIntriguingly, this parameter region for ALPs 
an also be partially probed by purely laboratorybased light-shining-through-walls experiments [63℄, where laser photons are send along a strongmagneti
 �eld, allowing for their 
onversion into ALPs, whi
h may then re
onvert in the strongmagneti
 �eld behind a blo
king wall into photons, apparently shining through the wall andsus
eptible to dete
tion. The proje
ted sensitivities of the proposed experiments ALPS-II atDESY and REAPR at Fermilab partially 
over the expe
tations (34) from an intermediate strings
ale LVS axiverse and from the hints (36) from astrophysi
s, see Figs. 1 and 3.4. Con
lusionsString phenomenology holds the promise of an axiverse { the QCD axion plus a (possibly large)number of further ultralight axion-like parti
les, possibly populating ea
h de
ade of mass downto the Hubble s
ale, 10�33 eV. However, although a plenitude of axion-like �elds is a generi
predi
tion of string theory, there may be few or no light axions remaining on
e 
onstraints su
has tadpole 
an
ellation and moduli stabilisation are taken into a

ount.Interestingly, the promise of an axiverse seems to be ful�lled in the LARGE VolumeS
enario (LVS) of IIB string 
ux 
ompa
ti�
ations. In fa
t, the simplest globally 
onsistentLVS 
onstru
tions with magnetised D7-branes and 
hirality have at least two light axions: aQCD axion 
andidate, with a de
ay 
onstant of order the string s
ale, whi
h is intermediate,fa �Ms �MP =pV � (MPm3=2=W0)1=2 � 109�12 GeV, for a TeV s
ale gravitino massm3=2 andan expe
tation value of the 
ux indu
ed tree-level expe
tation value W0 of the superpotentialof order one, plus a nearly de
oupled superlight axion-like parti
le. In setups where the smallsize branes des
ribing the visible se
tor are wrapping more than the minimally required twointerse
ting four-
y
les, there are more ultralight axion-like parti
les whi
h have approximatelythe same de
ay 
onstant and 
oupling to the photon as the QCD axion 
andidate.At both ends of the above range of the de
ay 
onstant there are ex
iting phenomenologi
alopportunities. For fa � 1011�12 GeV, the QCD axion 
an be the dominant part of dark matterand be dete
ted in halos
opes exploiting mi
rowave 
avities. For fa � 109�10 GeV, the additionalALPs 
ould explain astrophysi
al anomalies and be sear
hed for in the up
oming generation ofhelios
opes or light-shining-through-a-wall experiments.A
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