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From Axions to Other WISPsAndreas RingwaldDESY, Notketra�e 85, 22607 Hamburg, GermanyDOI: http://dx.doi.org/10.3204/DESY-PROC-2008-02/ringwald andreasWe illustrate, taking a top-down point of view, how axions and other very weakly inter-a
ting sub-eV parti
les (WISPs) arise in the 
ourse of 
ompa
ti�
ation of the extra spatialdimensions in string/M-theory.It is a tantalizing question whether there is new physi
s below the Standard Model. Thatis to ask, whether there are new very light parti
les { apart from the known ones with sub-eVmass, the photon and the neutrinos { whi
h are very weakly 
oupled to the Standard Model.In fa
t, embeddings of the latter into more uni�ed theories, in parti
ular into string theory,suggest their possible existen
e in a so-
alled hidden se
tor of the theory. Prominent examplesof inhabitants of the latter are the axion and axion-like parti
les, arising as pseudo Nambu-Goldstone bosons asso
iated with the breakdown of global anomalous U(1) symmetries. Theyo

ur generi
ally in realisti
 string 
ompa
ti�
ations, as we will review below. Extra, hiddenU(1) gauge bosons are also frequently en
ountered in string embeddings of the Standard Model,as we will summarize below. There is no reason why some of these hidden U(1) gauge bosons
an not be massless or very light, in whi
h 
ase they also belong to the 
lass of very weaklyintera
ting sub-eV parti
les (WISPs). Further 
andidates for WISPs are very light hiddense
tor parti
les whi
h are 
harged under the hidden U(1)s.In this 
ontribution, we will take a top-down point of view: we will illustrate how axions andother WISPs arise in the 
ourse of 
ompa
ti�
ation of the extra dimensions of string theory. Forthe bottom-up point of view, i.e. for arguments and phenomenologi
al as well as 
osmologi
alhints whi
h point to the possible existen
e of WISPs, see the 
ontributions of Joerg Jae
kel andJavier Redondo in these pro
eedings.Axions from string 
ompa
ti�
ations.{ The low-energy e�e
tive a
tions des
ribing the dy-nami
s of the massless bosoni
 ex
itations of the heteroti
 and type II string theories in 9+1dimensions are summarized in Table 1. As we will see, after 
ompa
ti�
ation of six of thespatial dimensions, pseudo-s
alar �elds a will generi
ally arise whi
h have a 
oupling a trG^GHeteroti
 SH = 2�M8sg2s R d10xp�gR� M6s2�g2s R 14 trF ^ ?F � 2�M4sg2s R 12H ^ ?H + : : :Type II SII = 2�M8sg2s R d10xp�gR� 2�Mp+1sgs R dp+1xtrp� det (g +B + F=(2�Ms))�2�iMp+1s RDp tr exp (B + F=(2�Ms)) ^Pq Cq + : : :Table 1: Low-energy e�e
tive a
tions des
ribing the dynami
s of the massless bosoni
 ex
ita-tions in the weakly 
oupled heteroti
 (top) and type II string theories with Dp-branes in 9+1dimensions. R is the Ri

i s
alar, F is the �eld strength of the gauge �elds, and H is the �eldstrength of the two-form �eld B. In our 
onventions, Ms = 1=(2�p�0), with string tension �0.Patras 2008 1
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to the gluon �eld strength G in the e�e
tive Lagrangian des
ribing the low-energy dynami
sof the theory in 3+1 dimension and possess an anomalous Pe

ei-Quinn global shift symmetry,a! a+ �.These are the properties needed for the axioni
 solution of the strong CP problem [1℄.Indeed, the anomalous shift symmetry implies that the axion �eld 
an enter in the low-energyLagrangian only through derivative and expli
it symmetry violating terms originating from
hiral anomalies,La = 12��a��a+ Linta ���afa ; �+ r�s4�fa a trG�� ~G�� + s�8�fa aF �� ~F�� + : : : ; (1)with dimensionless 
onstants r 6= 0 and s, the (
onventionally normalized) ele
tromagneti
(gluoni
) �eld strength F (G), and the axion de
ay 
onstant fa. The CP violating term�s=(4�) �� trG�� ~G�� in the QCD Lagrangian 
an then be eliminated by exploiting the shiftsymmetry, a ! a � ��fa=r: the �� dependen
e is wiped out by the axion, providing a naturalexplanation why e.g. the ele
tri
 dipole moment of the neutron is so small. Finally, the topo-logi
al 
harge density / htrG�� ~G��i 6= 0, indu
ed by topologi
al 
u
tuations of the gluon �eldssu
h as QCD instantons, provides a nontrivial potential for the axion �eld, giving a small massto the axion [2℄, whi
h 
an be inferred via 
urrent algebra and expressed in terms of the light(u; d) quark masses, the pion mass m� and the pion de
ay 
onstant f�,ma = pmumd=(mu +md)m�f�=(fa=r) ' 0:6meV� �1010GeV=(fa=r)� : (2)For large axion de
ay 
onstant fa, we see that the axion is a prime example for a WISP:it is very weakly intera
ting (
f. Eq. (1)) and it is very light [3℄. For various astrophysi
al,
osmologi
al, and laboratory limits on fa arising from the 
ouplings of the axion to the StandardModel parti
les a

ording to Eq. (1), see other 
ontributions in these pro
eedings. Typi
ally,for axions, the limit is fa=r & 109 GeV. Here, we will turn now to predi
tions of fa in stringembeddings of the Standard Model.In the 
ompa
ti�
ation of the weakly 
oupled heteroti
 string, a universal,model-independentaxion appears as the dual of the antisymmetri
 tensor �eld B�� (whose �eld strength has beendenoted by H in Table 1), da � ?dB�� , with � and � tangent to 3+1 dimensional Minkowskispa
e-time [4℄. Its de
ay 
onstant fa is quite independent of the details of the 
ompa
ti�
ation.In fa
t, after 
ompa
ti�
ation of the theory, originally des
ribed in 9+1 dimensions by SH inTable 1, on a 6 dimensional man�old with volume V6, the resulting e�e
tive a
tion 
an bemat
hed to its standard normalization in 3+1 dimensions,S3+1 = M2P2 Z d4xp�g R� 14g2YM Z d4xp�g trF��F�� � 1f2a Z 12H ^ ?H + : : : ; (3)with M2P = (4�=g2s)M8s V6; g2YM = 4�g2s=(M6sV6); f2a = g2s=(2�M4sV6) ; (4)expressing the redu
ed Plan
k mass MP = 2:4 � 1018 GeV, the gauge 
oupling gYM, and theaxion de
ay 
onstant fa in terms of the string 
oupling gs, the string s
aleMs, and the volumeV6. Eliminating the volume V6 and the string s
ale by means of the �rst two relations in Eq. 4,we end up with an axion de
ay 
onstant of order of the GUT s
ale [5℄,fa=r = �YMMP =(2�p2) ' 1:1� 1016 GeV ; for �YM = g2YM=(4�) � 1=25 : (5)2 Patras 2008



Model-dependent axions arise in the 
ontext of weakly 
oupled heteroti
 strings frommasslessex
itations of the two-form B-�eld on the 6 dimensional 
ompa
t manifold [4℄. Correspondingly,their properties depend mu
h more on the details of the 
ompa
ti�
ation. Nevertheless, a re
entexhaustive study has elu
idated [6℄ that also in this 
ase the axion de
ay 
onstant 
annot besmaller than 1015 GeV. Similar 
on
lusions have been drawn for the axions in strongly 
oupledheteroti
 string theory [6℄. These �ndings 
an be easily understood physi
ally: it is the strings
aleMs whi
h mainly determines the axion de
ay 
onstant [7℄. And in the heteroti
 
ase, thiss
ale is large, e.g. Ms =p�YM=(4�)MP for the weakly 
oupled heteroti
 string (
f. Eq. (4)).
Q

L

Q

eL

U(2)

U(3)

R

U(1)

U(1)

eR

�������������������������������������
�������������������������������������
�������������������������������������
�������������������������������������
�������������������������������������
�������������������������������������
�������������������������������������
�������������������������������������
�������������������������������������
�������������������������������������
�������������������������������������
�������������������������������������
�������������������������������������
�������������������������������������
�������������������������������������
�������������������������������������
�������������������������������������
�������������������������������������
�������������������������������������
�������������������������������������
�������������������������������������
�������������������������������������
�������������������������������������
�������������������������������������
�������������������������������������
�������������������������������������
�������������������������������������
�������������������������������������
�������������������������������������
�������������������������������������
�������������������������������������
�������������������������������������
�������������������������������������
�������������������������������������

�������������������������������������
�������������������������������������
�������������������������������������
�������������������������������������
�������������������������������������
�������������������������������������
�������������������������������������
�������������������������������������
�������������������������������������
�������������������������������������
�������������������������������������
�������������������������������������
�������������������������������������
�������������������������������������
�������������������������������������
�������������������������������������
�������������������������������������
�������������������������������������
�������������������������������������
�������������������������������������
�������������������������������������
�������������������������������������
�������������������������������������
�������������������������������������
�������������������������������������
�������������������������������������
�������������������������������������
�������������������������������������
�������������������������������������
�������������������������������������
�������������������������������������
�������������������������������������
�������������������������������������
�������������������������������������

Visible Sector (SM)

Hidden Sectors

CY3

M 4

Figure 1: In 
ompa
ti�
ations of type II string theories the Standard Model is lo
ally realizedby a sta
k of D-branes wrapping 
y
les in the 
ompa
t dimensions. In general, there are alsohidden se
tors lo
alized at di�erent pla
es. Light visible and hidden matter parti
les arise fromstrings lo
ated at interse
tion lo
i and stret
hing between brane sta
ks. Adapted from Ref. [8℄.This may be di�erent in 
ompa
ti�
ations of type II string theories whi
h give rise to\interse
ting brane worlds". In these theories, the Standard Model lives on a sta
k of D(3+ q)-branes whi
h are extended along the 3+1 non-
ompa
t dimensions and wrap q-
y
les in the
ompa
ti�
ation manifold (see Fig. 1), while gravity propagates in the bulk, leading to a possiblysmaller string s
ale at the expense of a larger 
ompa
ti�
ation volume, Ms � gsMP =pV6M6s .In type II string theory, the axions 
ome from the massless ex
itations of the q-form gauge�eld Cq (
f. Table 1). The pre
ise predi
tions depend on the parti
ular embedding of theStandard Model [7, 6℄, but generi
ally one �nds that the axion de
ay 
onstant, fa � Ms, 
anbe substantially lower than in the heteroti
 
ase and in a phenomenologi
ally very interestingrange, e.g. fa �MP =pV6M6s � 1011 GeV; for V6M6s � 1014 ; (6)in LARGE volume 
ux 
ompa
ti�
ation models [7℄.Other WISPs: Hidden U(1)s and hidden matter.{ Additional hidden se
tor U(1) gaugefa
tors are a generi
 feature of string 
ompa
ti�
ations. For example, in the \mini-lands
ape"of orbifold 
ompa
ti�
ations of the heteroti
 string [9℄ one en
ounters, at the 
ompa
ti�
ations
ale, a breaking of the gauge symmetry to a theory involving many hidden U(1)s, e.g. E8�E8 !GSM�U(1)4� [SO(8)�SU(2)�U(1)3℄ and the like. Similarly, as illustrated in Fig. 1, the typeII 
ompa
ti�
ations generi
ally invoke hidden se
tor U(1)s1, often also for global 
onsisten
yrequirements. Some of these hidden U(1)s may remain unbroken down to very small s
ales [11℄.1Not shown are possible U(1)s arising from branes wrapping bulk 
y
les and interse
ting the SM branes. Fora large volume of the bulk, these intera
t very weakly with the SM [10℄ and are thus WISP 
andidates.Patras 2008 3



In this 
ase their dominant intera
tion with the Standard Model will be through kineti
 mixingwith the hyper
harge U(1)Y , des
ribed by the termL � �2gg0 Ŷ��X̂�� ; (7)in the low energy e�e
tive Lagrangian, where Y�� (X��) is the hyper
harge (hidden) U(1) �eldstrength and g (g0) is the hyper- (hidden-) 
harge. Often there is also light hidden matter
harged under the hidden U(1)s, as illustrated for the type II 
ompa
ti�
ations in Fig. 1. Af-ter diagonalization of the gauge kineti
 terms by a shift X̂ ! X̂ + �Ŷ and a multipli
ativehyper
harge renormalization, one observes that the hidden se
tor parti
les a
quire a minihy-per
harge gh = �g0 [12℄. There are strong astrophysi
al limits, gh . 10�14, for masses below afew keV, as reviewed by Javier Redondo in these pro
eedings, and there are a number of ideasto probe su
h values in the laboratory as summarized by Joerg Jae
kel. Here, we would like to
on
entrate on the string theory predi
tions for �, whi
h turn out to be 
omfortably small, butstill of phenomenologi
al interest.Kineti
 mixing is generated by the ex
hange of heavy messengers that 
ouple both to thehyper
harge U(1) as well as to the hidden U(1). In the 
ontext of 
ompa
ti�
ations of theheteroti
 string, its size has been estimated as [13℄� � gg0=(16�2)C�m=MP & 10�17 ; for C & 10; �m & 100 TeV ; (8)where �m is the mass splitting in the messenger se
tor. Small values for � 
an also be a

om-modated in type II 
ompa
ti�
ations. Here, kineti
 mixing 
an be understood as originatingfrom the ex
hange of 
losed strings through the bulk [14℄. Correspondingly, it 
an experien
ea volume suppression [11℄, e.g., from D3-brane mixing,� � gg0=(16�2) (V6M6s )�2=3 � 10�14 ; for V6M6s � 1014 : (9)Exponentially suppressed values 
an be naturally obtained in 
ux 
ompa
ti�
ations with warpedthroats [11℄. Intriguingly, values even as small as � � 10�25 may be of phenomenologi
al interestin the 
ontext of de
aying dark matter [15℄.Referen
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