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DCPT/06/136; DESY 06-188; IPPP/06/68; UAB-FT-612The Need for Purely Laboratory-BasedAxion-Like Partile SearhesJoerg Jaekel,1,2 Eduard Mass�o,3 Javier Redondo,3Andreas Ringwald,2 and Fuminobu Takahashi21Centre for Partile Theory, Durham University, Durham, DH1 3LE, UK2Deutshes Elektronen Synhrotron,Notkestrasse 85, 22607 Hamburg, Germany3Grup de F��sia Te�oria and Institut de F��siad'Altes Energies Universitat Aut�onoma de Barelona,08193 Bellaterra, Barelona, SpainAbstratThe PVLAS signal has led to the proposal of many experiments searhing for light bosonsoupled to photons. The oupling strength probed by these near future searhes is, however, farfrom the allowed region, if astrophysial bounds apply. But the environmental onditions for theprodution of axion-like partiles in stars are very di�erent from those present in laboratories.We onsider the ase in whih the oupling and the mass of an axion-like partile dependon environmental onditions suh as the temperature and matter density. This an relaxastrophysial bounds by several orders of magnitude, just enough to allow for the PVLASsignal. This reates exiting possibilities for a detetion in near future experiments.
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I. INTRODUCTIONReently the PVLAS ollaboration has reported the observation of a rotation of thepolarization plane of a laser propagating through a transverse magneti �eld [1℄. Thissignal ould be explained by the existene of a new light neutral spin zero boson �, witha oupling to two photons [2, 3℄L(�)I = 14M�(�)F�� eF �� or L(+)I = 14M�(+)F��F �� (1)depending on the parity of �, related to the sign of the rotation whih up to now has notbeen reported1. Suh an Axion-Like Partile (ALP) would osillate into photons andvie versa in the presene of an eletromagneti �eld in a similar fashion as the di�erentneutrino avors osillate between themselves while propagating in vauum.The PVLAS signal, ombined with the previous bounds from the absene of a signal inthe BFRT ollaboration experiment [5℄, implies [1℄1 meV . m . 1:5 meV; 2� 105 GeV .M . 6 � 105 GeV; (2)with m the mass of the new salar.It has been widely notied that the interation (1) with the strength (2) is in seriousonit with astrophysial onstraints [6, 7℄, while it is allowed by urrent laboratory andaelerator data [8, 9℄. This has motivated reent work on building models that evadethe astrophysial onstraints [10, 11, 12, 13, 14℄, as well as alternative explanations tothe ALP hypothesis [15, 16, 17℄.At the same time, many purely laboratory-based experiments have been proposed or arealready on the way to hek the partile interpretation of the PVLAS signal [18, 19, 20,21, 22, 23, 24, 25, 26, 27℄. It is important to notie, for the purpose of our paper, thatthese experiments are optial, and not high-energy, aelerator experiments.Quite generally, these experiments will have enough sensitivity to hek values ofM equalor greater than 106 GeV, but, apart from Ref. [18℄, they do not have the impressive reah1 The PVLAS ollaboration has also found hints for an elliptiity signal. The sign of the phase shiftsuggests an even partile �(+) [4℄. 2



of the astrophysial onsiderations, implyingM & 1010 GeV. Thus, if the PVLAS signalis due to e�ets other than �� osillations and the astrophysial bounds are appliable,these experiments an not detet any interesting signal.However, the astrophysial bounds rely on the assumption that the vertex (1) appliesunder typial laboratory onditions as well as in the stellar plasmas that onern the as-trophysial bounds. It is lear that, if one of the future dediated laboratory experimentseventually sees a positive signal, this an not be the ase.In this work we investigate the simplest modi�ation to the standard piture able toaommodate a positive signal in any of the forthoming laboratory experiments lookingfor ALPs, namely that the struture of the interation (1) remains the same in bothenvironments, while the values of M and m an be di�erent. Interestingly enough, theenvironmental onditions of stellar plasmas and of typial laboratory experiments arevery di�erent and thus one ould expet a very big impat on M and m.We onsider qualitatively the situation in whih the dependene of M and m on theenvironmental parameters produes a suppression of ALP prodution in stellar plasmas.The main work of the paper is devoted to ompute this suppression using a realisti solarmodel and to investigate how it relaxes the astrophysial bounds on the oupling (1).This leaves room for the proposed laboratory experiments to potentially disover suhan axion-like partile.In setion II we revisit the astrophysial bounds and disuss general mehanisms to evadethem. In the following setion III, we present our senario of environmental suppressionand alulate the modi�ed bounds. We present our onlusions and omment on thereah of proposed future laboratory experiments in setion IV.II. ASTROPHYSICAL BOUNDS AND GENERAL MECHANISMS TOEVADE THEMPresuming the � vertex (1), photons of stellar plasmas an onvert into ALPs inthe eletromagneti �eld of eletrons, protons and heavy ions by the Primako� e�et,3
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EFIG. 1: Primako� proesses in whih a photon turns into an ALP in the eletri �eld of aharged partile like a proton or eletron.depited shematially in Fig. 1. If M is large enough, these partiles esape from thestar without further interations onstituting a non-standard energy-loss hannel. Thisenergy-loss hannel aelerates the onsumption of nulear fuel and thus shortens theduration of the di�erent stages of stellar evolution with respet to the standard evolutionin whih ALPs do not exist.In general, the astrophysial observations do agree with the theoretial preditions with-out additional energy-loss hannels so one is able to put bounds on the interation saleM [28℄. The most important for our work are those oming from the lifetime of the Sun[29℄, the duration of the red giant phase, and the population of Helium Burning (HB)stars in globular lusters [30, 31℄. The last of them turns out to be the most stringent,implying M > 1:7� 1010 GeV �MHB; (3)for m < O(1 keV). Moreover, if ALPs are emitted from the Sun one may try to re-onvert them to photons at Earth by the inverse Primako� e�et exploiting a strongmagneti �eld. This is the heliosope idea [32℄ that it is already in its third generationof experiments. Reently, the CERN Axion Solar Telesope (CAST) ollaboration haspublished their exlusion limits [33℄ from the absene of a positive signal,M > 8:6� 109 GeV �MCAST; (4)for m < 0:02 eV.One should be aware that these astrophysial bounds rely on many assumptions toalulate the ux of ALPs produed in the plasma. In partiular, it has been assumed4



Env. param. Solar Core HB Core PVLAST [keV℄ 1:3 8:6 � 0q2 [keV2℄ � 1 � 1 � 10�12!P [keV℄ 0:3 2 0� [g m�3℄ 1:5� 102 104 < 10�5TABLE I: Comparison between the values of environmental parameters, suh as the temper-ature T , typial momentum transfer q, plasma frequeny !P , and matter energy density �, inthe stellar plasma and in the PVLAS experiment. Other parameters to onsider ould be theDebye sreening sale ks, or, to name something more exoti, the neutrino ux, or the averageeletromagneti �eld.widely in the literature that the same value of the oupling onstant that desribes ��osillations in a magneti �eld in vauum desribes the Primako� prodution in stellarplasmas, and the mass has been also assumed to be the same. We want to remark thatthis has been mainly an argument of pure simpliity. In fat, there are models in whihM depends on the momentum transfer q at whih the vertex is probed [10℄ or on thee�etive mass !P of the plasma photons involved [13℄. These models have been built withthe motivation of evading the astrophysial bounds on ALPs, by dereasing the e�etivevalue of the oupling 1=M in stellar plasmas in order to solve the inonsisteny betweenthe ALP interpretation of PVLAS and the astrophysial bounds. This has proven tobe a very diÆult task beause of the extreme di�erene between the PVLAS value(2) and the HB (3) or CAST (4) exlusion limits. These models require very spei�and somehow unattrative features like the presene of new on�ning fores or tunedanellations (note, however, [17℄). Anyway, they serve as examples of how M (andeventually m) an depend on \environmental" parameters � = q; !P , et... (for othersuitable parameters, see Table I),M !M(�); m! m(�); (5)suh that the prodution of ALPs is suppressed in the stellar environment.In the following, we will not try to onstrut miro-physial explanations for this depen-dene but rather write down simple e�etive models and �x their parameters in order5
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III. NUMERICAL RESULTSLet us �rst state how a suppression S of the ux of ALPs a�ets the bounds arising fromenergy loss onsiderations and heliosope experiments. If the ux of ALPs from a stellarplasma is suppressed by a fator S, the energy loss bounds on M are relaxed by a fatorof pS while the CAST bound relaxes with 4pS,Mloss !pSMloss; energy loss bound; (6)MCAST ! 4pSMCAST; CAST bound; (7)sine the former depends only on the Primako� prodution, � 1=M2, and the latter getsan additional fator � 1=M2 for the reonversion at Earth resulting in a total ountingrate � 1=M4.A. Dynamial SuppressionWe onsider �rst a possible variation of the oupling that we have enumerated as meh-anism (i). Treating the emission of ALPs as a small perturbation of the standard solarmodel, we an ompute the emission of these partiles from the unperturbed solar data.The �� Primako� transition amplitude an be written as (negleting the plasma mass!P for the moment)2�(!)�� = Tk2s64� Z 1�1d os � 1 + os ��2 + 1 � os � 1M(�)2 ; (8)where ! is the energy of the inoming photon, andk2s = 4��T (ne +Xi Z2i ni); (9)is the Debye sreening sale. ni; Zi are the number densities and harges of the di�erentharged speies of the plasma, � ' 1=137, ne is the eletron number density, os � isthe relative angle between the inoming photon and the outgoing ALP in the target2 We are using natural units ~ =  = 1 with the Boltzman onstant, kB = 1.8
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Rrit=R� Trit [keV℄ �rit [g m�3℄ !P;rit [keV℄ S0 1:35 150 0:3 10:2 0:81 35 0:16 0:670:5 0:34 1:3 0:03 0:080:7 0:2 0:2 0:01 2� 10�30:8 0:12 0:09 0:008 2� 10�50:85 0:08 0:05 0:006 2� 10�70:9 0:05 0:03 0:004 4� 10�110:95 0:025 0.009 0.0025 � 10�20TABLE II: Several values of S(!0 = 1 keV;Rrit) with their respetive values of the suppressionsales �rit.we infer that in order to reonile it with the PVLAS result,MPVLAS � (105�106) GeV,we need SCAST � 10�20 : (13)Looking at Table II, we �nd that this is possible, but the ritial environmental pa-rameters are quite small; for example, the ritial plasma frequeny is in the eV range.Moreover, the results are sensitive to the region lose to the surfae of the Sun wherelog(S) hanges very fast and our alulation beomes somewhat less reliable.We now take a look at the solar energy loss bound (6). The age of the Sun is known tobe around 5:6 billion years from radiologial studies of radioative rystals in the solarsystem (see the dediated Appendix in [35℄). Solar models are indeed built to reproduethis quantity (among others, like today's solar luminosity, solar radius, et...), so onemight think that a model with ALP emission an be onstruted as well to reproduethis lifetime. However, this seems not to be the ase for large ALP luminosity [31℄ andit is onluded that the exoti ontribution annot exeed the standard solar luminosityin photons. For our purposes this meansLALP < L� = 3:846 � 1026 W � 1:60� 1030 eV2; (14)11



with LALP � Z 10 d! ! d2Nd!dt: (15)We have omputed the ALP emission in BS05(OP),LALP = 1:8� 10�3�1010 GeVM �2 L�: (16)This value is slightly bigger than that of Ref. [36℄, whih relies on an older solar model[37℄, probably as a onsequene of the di�erent data.For the total ux, we �nd a suppression~S(Rrit) = LALP(Rrit)LALP ; (17)whih we plot in Fig. 6. Using the modi�ed energy loss bound (6), (14) and (16) we getM >q ~S(Rrit) 6� 109 GeV; (18)and we need a muh more moderate ~Sloss � 10�10 (19)to avoid a onit between the PVLAS result and the energy loss argument. Aordingly,this bound alone requires values for the ritial environmental parameters that are larger(and therefore less restritive) than those from the CAST bound.2. Dynamial suppression from mirosopi parameters: q2In the previous subsetion, we have onsidered marosopi environmental parameterslike, e.g., the temperature T . However, suppression ould also result from a dependeneon mirosopi parameters like, e.g., the momentum transfer q2 in a sattering event(not averaged).In this setion we disuss the well motivated (f. [10℄) example of a possible dependeneM = M(q2) on the momentum transfer involved in the Primako� prodution (Fig. 1).12
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ontribute to the integral. Hene, we �nd that the e�et of the step funtion (20) is torestrit the integration limits of Eq. (22),���(!) = Tk2s64�M2(0) Z +1Æ(!) d os � sin2 �(x� os �)(y � os �) ; (24)with Æ(!) = 0BBBB� 1 for qrit < qm(!)1 � q2rit�q2m(!)2!p!2�!2P for qrit > qm(!); 1 � q2rit�q2m(!)2!p!2�!2P > �1�1 for qrit > qm(!); 1� q2rit�q2m(!)2!p!2�!2P 6 �11CCCCA : (25)When Æ(!) = 1, the integral is zero and Primako� onversion is ompletely suppressed.This happens for values of the plasma frequeny !P and the energy ! for whih theminimum momentum transfer is already larger than the ut-o� sale qrit. We pointout that this is an energy dependent statement. For ! � !P large enough, qm is smallenough to satisfy qrit � qm. When this is the ase we have only partial suppression. Theintegral goes only over the small interval [Æ(!); 1℄ where Æ(!) � 1� q2rit=2!2, x � 1 andy � 1 + k2s=2!2. Then the integral an be easily estimated by the value of the integrandat os � = 1, ���(!) � Tk2s64�M2 4!2k2s q2rit2!2 ; for ! � !P ; ks; qrit: (26)Notie that although we have used the strongest possible suppression, a step funtion,at the end of the day, at high energies, the transition rate is only suppressed by a fatorq2rit=k2s . This means that the � � � transition is suppressed at most quadratially.This holds even for a generi suppressing fator F (q2) = M(q2)=M(0). The limitationomes from the part of the integral whih is lose to os � = 1. There the integrandis a onstant, 1 + os �=(y � 1) � 4!2=k2s . By ontinuity, the suppression fator F (q2),whatever it is, must be lose to unity beause q2 is very lose to zero and normalizationrequires F (q2 = 0) = 1. This holds for values of q2 up to a ertain range, limited by theshape of F (q2). De�ning q2rit as the size of the interval where F (jq2j . q2rit) � 1, thenq2rit = jq2j gives a minimum value for os � for whih the integrand is nearly onstant(os �m � 1� q2rit=2!2), leading to�(!) / Z 1�1 d os � 1 + os �y � os � F (q2) & Z 1os �m d os � 4!2k2s � 2q2ritk2s : (27)14
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plest dependene on these parameters,m(� < �rit) = m (� meV); m(� > �rit) =1; (30)the suppression is idential to the one omputed in Set. IIIA 1, sine the Boltzmanntail vanishes for in�nite mass. Aordingly, Figs. 5 and 6 give the orret suppressionalso for the ase of an environment dependent mass.Before we ontinue let us point out that a strong dependene of the mass on envi-ronmental parameters suh as in Eq. (30) is problemati beause it requires a strongoupling between the ALP and its environment. This still holds even if we require onlym(� > �rit) & 10 keV. The strong oupling is likely to lead to unwanted side e�ets,as we ommented in Se. II, but let us however disuss some phenomenologial aspetswhih ould distinguish kinematial suppression from a dynamial suppression via theoupling. As an expliit example, we disuss a dependene on the density �. The waveequation for the ALP will be ��+m2(�(x))� = 0: (31)The e�etive mass, m(�(x)), ats as a potential for �. This an atually lead to a newway to avoid the CAST bound. For example onsider a situation where ALPs are emittedwith energy !. When they enounter a marosopi \wall" with m(�wall) > ! on theirway to the CAST detetor, they will be reeted due to energy onservation (tunnelingthrough a marosopi barrier is negligible). In other words, they will not be able toreah the CAST detetor and an not be observed. In this ase only the energy lossarguments require a suppression of the prodution (19) whereas the stronger onstraint(13) from CAST is irumvented by the reetion.This e�et will also play a entral role in the interpretation of the PVLAS result interms of an ALP. Note that the interation region (length L) of the PVLAS set up isloated inside a Fabri-Perot avity whih enlarges the optial path of the light insidethe magneti �eld by a fator Nr � 105 aounting for the number of reetions insidethe avity.. In the standard ALP senario, the ALPs reated along one path ross themirror and esape from the avity. Coherent prodution takes plae only over the length16
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φFIG. 8: Shemati view of a \light shining through a wall" experiment. (Pseudo-)salar pro-dution through photon onversion in a magneti �eld (left), subsequent travel through an(opaque) wall, and �nal detetion through photon regeneration (right).L. The net result produes a rotation non-linear in L but only linear in Nr [3℄,j��j = Nr� B!Mm2�2 sin2�Lm24! � : (32)However, if m = m(�) the ALPs have a potential barrier in this mirror and they will bereeted in the same way as the photons. In fat, the whole setup now ats like one passthrough an interation region of length NrL. The ALP �eld in the avity will inreasenow non-linearly in NrL modifying the predited rotation in the following wayj��modi�edj = � B!Mm2�2 sin2�NrLm24! � ; (33)where ! is the frequeny of the laser. For small enough m . few � 10�6 eV this growsas j��modi�edj � N2rL2B216M2 : (34)Under these onditions the PVLAS experiment annot �x m using the exlusion boundsfrom BFRT. Using Eq. (33) the rotation measurement suggests, however, a muh moreinteresting value Mmodi�ed � 108 GeV; for m . few� 10�6eV; (35)where we have used l � 1 m, Nr � 105 and ! � 1 eV for the PVLAS setup. That ouldbe reoniled more easily with astrophysial bounds within our framework.Suh an e�etive mass will also play a role in \light shining through a wall" experiments(f. Fig. 8). Typially, the wall in suh an experiment will be denser than the ritialdensity �rit required from the energy loss argument. Consequently, an ALP produed17



on the prodution side of suh an experiment will be reeted on the wall and annot bereonverted in the detetion region. Hene, suh an experiment would observe nothingif a density dependent kinematial suppression is realized in nature.IV. SUMMARY AND CONCLUSIONSThe PVLAS ollaboration has reported a non-vanishing rotation of the polarization ofa laser beam propagating through a magneti �eld. The most ommon explanation forsuh a signal would be the existene of a light (pseudo-)salar axion-like partile (ALP)oupled to two photons. However, the oupling strength required by PVLAS exeedsastrophysial onstraints by many orders of magnitude. In this paper, we have quantita-tively disussed ways to evade the astrophysial bounds by suppressing the produtionof ALPs in astrophysial environments, in partiular in the Sun.The simplest way to suppress ALP prodution is to make the oupling 1=M of ALPsto photons small in the stellar environment. Motivated by mirophysial models [10,13, 14, 17℄, we onsidered a dependene of M on environmental parameters, suh astemperature, plasma mass !P , or density �. One of our main results is that it is notsuÆient to suppress prodution in the enter of the Sun only. One has to ahieveeÆient suppression also over a signi�ant part of the more outer layers of the Sun. Asapparent from Tables I, II and Eq. (13), it is possible to reonile the PVLAS result withthe bound from the CERN Axion Solar Telesope (CAST) if strong suppression sets in atsuÆiently low ritial values of the environmental parameters, e.g. � � 10�3 g/m3, or!P � eV. The bounds arising from solar energy loss onsiderations are less restritive (f.Eq. (19) and Figs. 2, 6). As an alternative suppression mehanism, we have also exploitedan e�etive mass that grows large in the solar environment. This ase, too, requires thatthe e�et sets in already for low ritial values of the environmental parameters (f.Figs. 5, 6).Most proposed near-future experiments to test the PVLAS ALP interpretation are of the\light shining through a wall" type (f. Fig. 8). In these experiments, the environment,i.e. the onditions in the prodution and regeneration regions, may be modi�ed. The18
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