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DESY 07-054PARTICLE INTERPRETATIONS OF THE PVLAS DATA�ANDREAS RINGWALDDeutshes Elektronen-Synhrotron DESY, Notkestra�e 85D-22607 Hamburg, GermanyE-mail: andreas.ringwald�desy.deABSTRACTReently the PVLAS ollaboration reported the observation of a rotation oflinearly polarized laser light indued by a transverse magneti �eld { a sig-nal being unexpeted within standard QED. In this review, we emphasize twomehanisms whih have been proposed to explain this result: prodution of asingle light neutral spin-zero partile or pair prodution of light minihargedpartiles. We disuss a lass of models, involving, in addition to our familiar\visible" photon, further light \hidden paraphotons", whih mix kinematiallywith the visible one, and further light paraharged partiles. In these models,very strong astrophysial and osmologial bounds on the weakly interatinglight partiles mentioned above an be evaded. In the upoming year, a numberof deisive laboratory based tests of the partile interpretation of the PVLASanomaly will be done. More generally, suh experiments, exploiting high uxes oflow-energy photons and/or large eletromagneti �elds, will dig into previouslyunonstrained parameter spae of the above mentioned models.1. IntrodutionWe are entering a new era in partile physis: Next year, the Large Hadron Col-lider (LHC) will start to probe, through the ollision of 7 TeV protons, the strutureof matter and spae-time at an unpreedented level. There is a lot of irumstantialevidene that the physis at the TeV sale exploited at LHC and later at the Inter-national Linear Collider (ILC) will bring deisive insights into fundamental questionssuh as the origin of partile masses, the nature of dark matter in the universe, andthe uni�ation of all fores, inluding gravity. Indeed, most proposals to embed thestandard model of partile physis into a more general, uni�ed framework, notablythe ones based on string theory or its low energy inarnations, supergravity and su-persymmetry, predit new heavy, m� 100 GeV, partiles whih may be searhed forat TeV olliders. Some of these partiles, prominent examples being neutralinos, arenatural andidates for the onstituents of old dark matter in the form of so-alledweakly interating massive partiles (WIMPs).�Talk presented at the XII International Workshop on \Neutrino Telesopes", Marh 6-9, 2007,Venie, Italy.

http://arxiv.org/abs/0704.3195v1


Figure 1: Shemati illustration of the PVLAS experiment1).However, there is also evidene that there is fundamental physis at the sub-eVsale. Indeed, atmospheri, reator, and solar neutrino data strongly support thehypothesis that neutrinos have masses in the sub-eV range. Moreover, the vauumenergy density of the universe, as inferred from osmologial observations, points tothe sub-eV range, �� � meV4. As a matter of fat, many of the above mentioned ex-tensions of the standard model not only predit WIMPs, but also WILPs, i.e. weaklyinterating light partiles, some of them even having possibly a tiny eletri harge(so-alled miniharged partiles). Prominent andidates for suh partiles go underthe names axions, dilatons, and moduli. Unlike for WIMPs, TeV olliders are not thebest means to searh for WILPs. For this purpose, small, high-preision experiments,exploiting high uxes of low-energy photons and/or large eletromagneti �elds, seemto be superior.2. Vauum Magneti Dihroism and BirefringeneThe PVLAS ollaboration is running a prime example for suh an experiment atthe INFN Legnaro in Italy1). Similar experiments have been performed in the early
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Figure 2: Changes of the polarization state of initially linearly polarized photons after the passagethrough a magneti �eld, due to real and virtual onversion into an axion-like partile (from Ref. 6))(top panel) or into a pair of miniharged partiles (bottom panel). The double lines in the bottompanel denote the exat propagator of the miniharged partile in the bakground of the magneti�eld.



Table 1: Current experimental data on vauum magneti dihroism, birefringene, and on photonregeneration.Top: The vauum rotation ��, elliptiity  and photon regeneration rate from the BFRT3) ex-periment. For the polarization data, BFRT used a magneti �eld with time-varying amplitudeB = B0 +�B os(!mt+ �m), where B0 = 3:25 T and �B = 0:62 T. For photon regeneration, theyemployed B = 3:7 T.Middle: The vauum rotation �� and elliptiity  per pass measured by PVLAS, for B = 5 T. Therotation of polarized laser light with � = 1064 nm is published in Ref. 1). Preliminary results aretaken from Refs. 7;8;9) and are used here for illustrative purposes only.Bottom: The vauum rotation �� from the Q&A experiment4) (B = 2:3 T).BFRT experimentRotation (L = 8:8 m, � = 514:5 nm, � = �4 )Npass j��j [nrad℄ ��noise [nrad℄254 0:35 0:3034 0:26 0:11Elliptiity (L = 8:8 m, � = 514:5 nm, � = �4 )Npass j j [nrad℄  noise [nrad℄578 40:0 11:034 1:60 0:44Regen. (L = 4:4 m, h�i = 500 nm, Npass = 200)� [rad℄ rate [Hz℄0 �0:012 � 0:009�2 0:013 � 0:007PVLAS experimentRotation (L = 1 m, Npass = 44000, � = �4 )� [nm℄ �� [10�12 rad=pass℄1064 (�?)3:9 � 0:2532 +6:3� 1:0 (preliminary)Elliptiity (L = 1 m, Npass = 44000, � = �4 )� [nm℄  [10�12 rad=pass℄1064 �3:4� 0:3 (preliminary)532 �6:0� 0:6 (preliminary)Q&A experimentRotation (L = 1 m, � = 1064 nm, � = �4 )Npass �� [nrad℄18700 �0:4� 5:3



nineties in Brookhaven (Brookhaven-Fermilab-Rohester-Trieste (BFRT) ollabora-tion2;3)) and are urrently pursued also in Taiwan (Q&A ollaboration4)) and inFrane (BMV ollaboration5)). In these experiments, linearly polarized laser pho-tons are send through a superonduting dipole magnet (f. Fig. 1), with the aim ofmeasuring a hange of the polarization state in the form of a possible rotation (va-uum magneti dihroism) and elliptiity (vauum magneti birefringene) (f. Fig. 2).Quite surprisingly and in ontrast to the other experiments mentioned, PVLAS re-ported reently the observation of a quite sizeable vauum magneti dihroism1) (f.Table 1). Moreover, preliminary data seem to indiate also evidene for an anoma-lously large vauum magneti birefringene (f. Table 1). These observations haveled to a number of theoretial and experimental ativities, sine the magnitude of thereported signals exeeds the standard model expetations10;11;12) by far (see howeverRef. 13)).3. Possible ExplanationsAmong possible partile physis explanations14;15;16;17;18) of the reported signalstwo are partiularly appealing in the sense that they an easily be embedded inpopular extensions of the standard model:The real and virtual prodution of(i) a neutral spin-0 (axion-like) partile14) (ALP) � with mass m� and a ouplingto two photons viaL(+)int = �14g�(+)F��F �� = 12g�(+)( ~E2 � ~B2); (1)or L(�)int = �14g�(�)F�� eF �� = g�(�)( ~E � ~B); (2)depending on its parityy, denoted by the supersript (�) (f. Fig. 2 (top)), or(ii) a pair of miniharged, Q� = �e, partiles16) (MCP) �+�� with massm�, ouplingto photons in the usual way via the minimal substitution �� ! D� � ��� i�eA�in the Lagrangian (f. Fig. 2 (bottom)).Indeed, as apparent from Fig. 3 (top), the rotation observed by PVLAS an bereoniled with the non-observation of a signal by BFRT and Q&A, if there is anALP with1) a mass m� � meV and a oupling g � 10�6 GeV�1. Alternatively, theurrently published experimental data are ompatible with the existene of an MCPwith16) m�<� 0:1 eV and � � 10�6 (f. Fig. 3 (middle)).This degeneray an be lifted eventually by inluding more data from di�erentexperimental settings from the PVLAS ollaboration. As an illustration, one mayyFor an analysis, where the ALP is not assumed to be an eigenstate of parity, see Ref. 19).



Figure 3: Pure ALP salar (pseudo-salar) (top left (right)) and pure MCP spin-0 (1=2) (middleleft (right) and bottom) interpretation of the data on vauum magneti dihroism, birefringene andphoton regeneration20): 5� on�dene level of the model parameters (red). The blue-shaded regionsarise from the BFRT upper limits3) for regeneration (dark blue), rotation (blue) and elliptiity (lightblue). The gray-shaded region is the Q&A upper limit4) for rotation. The dark-green band showsthe published result of PVLAS for rotation1) with � = 1064 nm. The bottom panel inludes also the5� C.L.s for rotation (oarse hathed) and elliptiity (�ne hathed) with � = 532 nm (left hathed)and � = 1064 nm (right hathed), respetively, from the preliminary PVLAS data (f. Table 1).
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Figure 4: Light shining through a wall. Top: Shemati view of ALP prodution through photononversion in a magneti �eld (left), subsequent travel through a wall, and �nal detetion throughphoton regeneration (right). Bottom: Superonduting HERA dipole magnet exploited for lightshining through a wall in the Axion-Like Partile Searh (ALPS) experiment34), a ollaborationbetween DESY, Laser Zentrum Hannover and Sternwarte Bergedorf.inlude the preliminary PVLAS data from Table 1. It is easily seen that the signsof the rotation and the elliptiity are inompatible with a pure salar (0+) ALP, apure pseudo-salar (0�) ALP, and a pure MCP spin-0 interpretation20). They prefera pure MCP spin-1=2 interpretation (f. Fig. 3 (bottom)). A slightly better �t isfound21) from a ombination of ALP 0+ plus MCP 1=2.4. Cruial Laboratory TestsIt is very omforting that a number of laboratory-basedz low-energyx tests ofthe ALP and MCP interpretation of the PVLAS anomaly are urrently set up andexpeted to yield deisive results within the upoming year. For example, in additionto PVLAS, the Q&A4), BMV5), and later the OSQAR26;27) ollaborations will runfurther polarization experiments with di�erent experimental parameter values whih�nally may lead to a disrimination between the ALP and the MCP hypothesis20).4.1. Light Shining Through a WallThe ALP interpretation of the PVLAS signal will ruially be tested by photon re-zFor astrophysis-based tests of the ALP interpretation of the PVLAS anomaly see Refs. 22;23;24).xHigh-energy ollider-based tests do not seem to be ompetitive in the near future25).



Table 2: Experimental parameters of upoming photon regeneration experiments: magneti �eldsBi and their length `i on prodution (i = 1) and regeneration (i = 2) side (f. Fig. 4); and theorresponding photon onversion and reonversion probability P� , for g � 2� 10�6 GeV�1.Name Laboratory Magnets P�jg�2�10�6=GeVALPS34) DESY/D B1 = B2 = 5 T`1 = `2 = 4:21 m � 10�19BMV5) LULI/F B1 = B2 = 11 T`1 = `2 = 0:25 m � 10�21LIPSS35) Jlab/USA B1 = B2 = 1:7 T`1 = `2 = 1 m � 10�23:5OSQAR27) CERN/CH B1 = B2 = 11 T`1 = `2 = 7 m � 10�17B1 = 5 TPVLAS36) Legnaro/I `1 = 1 m � 10�23B2 = 2:2 T`2 = 0:5 mgeneration (sometimes alled \light shining through walls") experiments28;29;30;31;32;33),presently under onstrution or serious onsideration5;27;34;35;36) (f. Table 2). Inthese experiments (f. Fig. 4), a photon beam is direted aross a magneti �eld,where a fration of them turns into ALPs. The ALP beam an then propagate freelythrough a wall or another obstrution without being absorbed, and �nally anothermagneti �eld loated on the other side of the wall an transform some of these ALPsinto photons | seemingly regenerating these photons out of nothing. A pioneeringphoton regeneration experiment has been done also by the BFRT ollaboration3;37).No signal has been found and the orresponding upper limit on g vs. m� is inludedin Fig. 3 (top). In Hamburg, the Axion-Like Partile Searh (ALPS) ollaborationbetween DESY, Laser Zentrum Hannover and Sternwarte Bergedorf is presently set-ting up suh an experiment (f. Fig. 4 (bottom)) whih will take data in summer2007 and �rmly establish or exlude the ALP interpretation of the PVLAS data.As an inidental remark let us note an obvious, but remarkable spin-o� if a positivesignal is deteted in one of the light shining through a wall experiments mentionedabove. It would provide the proof of priniple of an \ALP beam radio" { basedon the possibility to send signals through material whih is untransparent to pho-tons { as a means of long-distane, possibly world-wide teleommuniation. Withpresently available tehnology, however, only a very low signal transmission rate maybe ahieved38).



4.2. Dark Current Flowing Through a WallClearly, light shining through a wall in the above set up will be negligible inpure MCP models, sine the probability that the �� pairs produed before the wallmeet again and reombine behind the wall will be negligible. However, one mayexploit in this ase Shwinger pair-prodution of MCPs in the strong eletri �eldsavailable in aelerator avities39). This will lead to a new form of energy loss. Infat, one of the best urrent laboratory limits on very light MCPs, � < 10�6 form�<� 0:1 meV, arises from the fat that the superonduting avities of the typedeveloped for the Tera Eletronvolt Superonduting Linear Aelerator (TESLA)have a very high quality fator40), orresponding to a very low energy loss. A morediret approah to infer the existene of suh partiles may be based on the detetionof the marosopi eletrial urrent omprised of them in the form of a \dark urrentowing through a wall" experiment39). In Fig. 5 (top), we show shematially howone ould set up an experiment to detet this urrent. In fat, a ollaboration betweenDESY, GSI, and the University of Jena has already developed41) a so-alled ryogeniurrent omparator (CCC) (f. Fig. 5 (bottom)) for the absolute measurement of thedark urrents leaving the TESLA avities down to values of pA. Plaing an absorberbetween the TESLA avity in Fig. 5 (bottom) and the CCC, one may realize easily adark urrent owing through a wall experiment. An exlusion of a dark urrent of size�A (nA) will result in a limit43) � < 10�6 (10�7) for very light MCPs, m� < 0:1 meV.We note in passing that the eventual experimental demonstration that a darkurrent, produed in an aelerator avity, ows through a wall and an be detetedbehind the wall would indiate the exiting possibility of an \MCP beam radio" as anew-type of teleommuniation, in analogy to the ALP beam radio mentioned above,4.3. Searh for Invisible Orthopositronium DeayA lassial probe for MCPs is the searh for invisible orthopositronium (OP)deays44;45). Reently, the ETH-INR ollaboration published46) a new stringentlimit on the branhing ratio Br(OP ! invisible) < 4:2 � 10�7, whih translates,on aount of the predition Br(OP ! �+��) ' 371 �2, for m� � me, into a limit� < 3:4� 10�5 on the frational harge of the MCPs ��. Further improvements andother experiments are being developed47;48), whih may reah �nally a sensitivity of10�10 in the branhing ratio Br(OP ! invisible), orresponding to a sensitivity of



Figure 5: Dark urrent owing through a wall. Top: Shemati set up for a \dark urrent owingthrough a wall" experiment. The alternating dark urrent (frequeny �), omprised of the produedmilliharged partiles (dashed line), esapes from the aelerator avity and traverses also a thikshielding (\wall"), in whih the onventional dark urrent of eletrons is stopped. The dark urrentindues a magneti �eld in a resonant (frequeny �) detetor avity behind the wall, whih is detetedby a SQUID39). Bottom: Proposed set up for an absolute measurement of the dark urrent from aTESLA superonduting aelerator avity with the help of a ryogeni urrent omparator41;42).5� 10�7 in �, seriously probing the MCP interpretation of the PVLAS data{.4.4. Searhes Near Nulear ReatorsAnother method to infer the existene of MCPs is the searh for exess eletronsfrom elasti �� sattering in a detetor near a nulear reator. Indeed, nulear reatorswith power exeeding 2 GW emit more than 1020 photons per seond, whih maypartially onvert into �� pairs within the reator ore. A small fration of thesepartiles ould lead to an observable exess of eletrons via the above mentioned elastisattering proess. Reent orresponding results from the TEXONO experiment setup at the Kuo-Sheng Nulear Power Station (2:8 GW), originally given in terms{The searh for the Lamb shift ontribution of light MCPs does not seem to be ompetitive withthe searh for invisible OP deays: it yields a weaker limit49), � < 10�4, for m� <� 1 keV.



of bounds on the magneti dipole moment of neutrinos, an be translated into abound50) � < 10�5, for m� <� keV, whih is only about one order of magnitude belowthe required sensitivity to test the pure MCP interpretation of PVLAS. This boundmay be improved in the near future by exploiting a massive liquid Argon detetor.5. Problems of Partile Interpretations5.1. Constraints from Astrophysis and CosmologyBoth, the ALP as well as the MCP interpretation of the PVLAS data seem to bein serious onit with astrophysial bounds, arising from energy loss onsiderationsof stars51;52).ALP prodution due to Primako� proesses Z ! �Z in the stellar plasma andsubsequent ALP esape would lead to drasti hanges in the timesales of stellarevolution, plaing a bound g < 8 � 10�11 GeV�1 for m� <� keV, slightly strongerthan the published bound arising from the non-observation of photon onversion ofALPs, eventually produed in the sun, by the CERN Axion Solar Telesope CAST53)(f. Fig. 6 (top)). These bounds on g are more than four orders of magnitudesmaller than the values suggested by a pure ALP interpretation of PVLAS. Thisserious onit may be solved if the prodution of ALPs is heavily suppressedk inastrophysial plasmas62;63;64;65), i.e. if gjplasma � gvauum. Interestingly enough,mirophysial models ahieving suh a suppression require typially even more sub-eV partiles and �elds66;67).In the ase of MCPs, a prominent prodution mehanism in stellar plasmas isplasmon deay, � ! �+��, whih is e�etive as soon as the plasma frequeny !p � fewkeV exeeds the threshold for pair prodution, 2m�. The lifetime of red giants leadsto the most stringent bound � < 2� 10�14, for m� <� 5 keV, on the frational eletriharge, onsiderably stronger than the bound arising from big bang nuleosynthesis(f. Fig. 6 (bottom)). The red giant bound on � is thus more than seven ordersof magnitude below the value required by a pure MCP interpretation of PVLAS.Again, a reoniliation an be ahieved if the e�etive harge in the plasma is muhsmaller than in vauum, i.e. �jplasma � �vauum { as for example in the models66;68;69)disussed in the next setion.Reently, it has been pointed out that the prodution of sub-eV mass MCPsthrough ollisions of osmi mirowave bakground (CMB) photons, + ! �++ ��,may distort the CMB energy spetrum70). From a omparison with the observedspetrum, a limit � < 10�7 is inferred. This is about one order of magnitude belowthe value required in a pure MCP interpretation of PVLAS (f. Fig. 3 (middle andkFor alternative proposals to solve this onit based on trapping of ALPs within stellar oressee Refs.60;61).



HB stars

Galactic dark matter 

Figure 6: Constraints on ALP (top) and MCP (bottom) parameters. Top: Upper limits on ALPoupling g vs. its mass m�. The laser experiments1;3) aim at � prodution and detetion inthe laboratory. The galati dark matter experiments exploit mirowave avities to detet ALPsunder the assumption that they are the dominant onstituents of our galati halo54), and the solarexperiments searh for ALPs from the sun53). The onstraint from horizontal branh (HB) stars51)arises from a onsideration of stellar energy losses through ALP prodution. The preditions fromtwo quite distint QCD axion models, namely the KSVZ55;56) (or hadroni) and the DFSZ57;58) (orgrand uni�ed) one, are also shown. Bottom: Exlusion regions in MCP frational eletri harge � vs.mass m = m� (from Ref. 52)). The bounds arise from the following onstraints: AC { aeleratorexperiments; Op { the Tokyo searh for the invisible deay of orthopositronium45); SLAC { theSLAC miniharged partile searh59); L { Lamb shift; BBN { nuleosynthesis; 
 { 
 < 1; RG {plasmon deay in red giants; WD { plasmon deay in white dwarfs; DM { dark matter searhes; SN{ supernova 1987A.



p pFigure 7: Exhange of a salar ALP, oupled two photons via Eq. (1), between two protons, givingrise to a Yukawa-type non-Newtonian fore between two neutral test bodies (from Ref. 72)).bottom)). It remains to be seen whether this apparent onit an be reoniled inertain models.5.2. Constraints from Searhes for Non-Newtonian ForesA salar ALP will ouple radiatively to protons, leading to a spin-independentnon-Newtonian fore between test bodies of the Yukawa-type, / (gmp)2 exp(�m�r)(f. Fig. 7). From the non-observation of suh a fore in sensitive torsion-balanesearhes for Yukawa violations of the gravitational inverse-square law one may put avery stringent limit71;72), g < 4 � 10�17 GeV�1, for m� = 1 eV and assuming thatthe e�etive interation Eq. (1) is valid up high energies �� mp � 1 GeV. This limitseemingly rules out ompletely the ALP 0+ interpretation of the PVLAS data, whihrequires a oupling in the 10�6 GeV�1 range. However, in models where new physisarises already at sub-eV sales, � � meV, this strong onit may relax very muh,as we will see in the next setion.6. WILPs in Models with Light Extra-U(1)'sFinally, let us onsider in this setion a lass of models� in whih MCPs with �� 1 arise naturally,� whih may be easily embedded in popular extensions of the standard model,� in whih most of the onits with astrophysis, osmology, et. an be evaded.Partiles with small, unquantized harge arise very naturally in so-alled para-photon models73), ontaining, beyond the usual \visible" eletromagneti U(1) gaugefator additional \hidden" U(1) fators, whih may kinetially mix with the visible
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Figure 9: Upper limit on the mixing parameter � as a funtion of the mass � of a light hidden-setorparaphoton. The limits arise from: Cavendish { searhes for deviations from Coulomb's law75;76);BFRT { light shining through a wall3) (in vauum, without magneti �eld); Red Giant { plasmondeay � ! f �f .whih is naturally small, as long as the gauge kineti mixing parameter �� 1.This model, for � � 10�6, therefore, readily reprodues the MCP interpretation ofPVLAS. Moreover, the onit with the lifetime of stars an be relaxed by hosing � inthe sub-eV range68), � <� 0:1 eV. In fat, in the stellar plasma, the four-momentumsquared q2 = !2p � keV2 of the plasmon � is in this ase large enough that theadditional suppression fator �2=!2p <� 10�8 in Eq. (5) leads to a reoniliation of thePVLAS suggested value for j�f(q2 = 0)j ' � � 10�6 with the requirement that instellar plasma �f <� 10�14. Further onstraints on the paraphoton parameters of suha model an be obtained from Cavendish-type searhes for deviations from Coulomb'slaw and from searhes for light-shining through a wall, exploiting vauum osillationsof photons into hidden-setor paraphotons73). As apparent from Fig. 9, the pioneeringexperiments of this type have already nearly reahed the sensitivity to probe for therequired paraphotons. Values of � <� 10�6 in the meV { 0.1 eV mass range may readilybe probed by the next-generation of light shining through a wall experiments, whih,in the ase of photon-paraphoton osillations and in ontrast to the ase of photon-ALP osillations, require only high initial photon uxes, but no external magneti�eld, sine they our, for �nite paraphoton mass, already in vauum. Therefore,should light paraphotons exist, the orresponding \paraphoton beam radio" seems too�er the heapest way of WILP-based teleommuniation.This lass of minimal68) models for explaining PVLAS may be extended66) byintroduing a light hidden setor spin-0 boson �, with a Yukawa oupling yf to thehidden-setor paraharged partile f . The orresponding radiatively indued oupling
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