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1 IntrodutionMany extensions of the standard model ontain extra light partiles with very feeble interationswith the standard model partiles { so alled WISPs (for very Weakly Interaing Sub-eV Parti-les). Two prominent examples for WISPs are axion like partiles (ALPs) [1,2℄ and hidden setorphotons (HSPs) [3{5℄ (see e.g. Refs. [6,7℄ for reviews). Apart from astrophysial and osmologialobservations (see e.g. Ref. [8℄), the best laboratory probes exploit the enormous preision of lowenergy photon experiments (see e.g. Ref. [9,10℄). A partiularly sensitive tehnique is a so-alledlight-shining-through-walls setup [3,11{13℄, as shown in Fig. 1. In suh an experiment photons areonverted into one of those partile speies, the latter traverse the wall and are re-onverted intophotons on the opposite side of the wall. The wall prevents the unonverted photons from reah-ing the detetor. In suh experiments, the prodution/regeneration probability an be inreasedby reeting the light many times bak and forth [14, 15℄. This orresponds to a high qualityavity. Cavities with partiularly high quality fators an be build in the mirowave regime andpromise to be quite sensitive probes of WISPs [16,17℄. In this note we want to study the tehnialfeasibility and the physis reah of these experiments. In partiular, we disuss state of the artmirowave detetion methods and investigate to what extend one an probe so-far untested pa-rameter spae. This is a timely enterprise in view of the fat that a number of mirowave avityexperiments are urrently set up [18℄ or planned [19,20℄ at various laboratories around the world.2 Setting the stageLet us start by looking at the simplest ase of a hidden setor photon (HSP) with Lagrangian,L = �14F ��F�� � 14B��B�� � 12�F ��B�� + 12m20B�B�; (1)where F �� is the ordinary eletromagneti gauge �eld strength, B� is the hidden setor gauge �eldand B�� the orresponding gauge �eld strength. The HSP mass is m0 . Finally � is the kinetimixing parameter [4℄ whih indues photon { hidden photon osillations whih are analogous toneutrino osillations (for urrent onstraints, see Fig. 7).In Ref. [17℄ it was shown that, in ase of HSP indued mirowave-shining-through-walls, the poweroutput Pdet of the reeiver avity (with quality fator Q0) is related to the power input Pem ofthe emitter avity (with quality fator Q) by the expressionPdet = �4 m80!80 jGj2QQ0 Pem; (2)where !0 = 2�f0 is the resonane frequeny of the avity. The geometrial details of the setupare enoded in the fatorG(k=!0) � !20 ZV 0 ZV d3x d3y exp(ikjx� yj)4�jx� yj A!0(y)A0!0(x); (3)2



 X X
Figure 1: Shemati of a \light-shining-through a wall" experiment. An inoming photon  isonverted into a new partile X whih interats only very weakly with the opaque wall. It passesthrough the wall and is subsequently reonverted into an ordinary photon whih an be deteted.In the ase of an axion the onversion is failitated by a magneti �eld that interats with theinoming photon. In ontrast, photon $ hidden photon osillations our via a non-diagonalmass term and an therefore also our in vauum (analog to neutrino osillations).where V and V 0 are the volumina of the emitter and reeiver avities and A!0 and A0!0 are thenormalized eigenmodes of the avities. A very similar expression holds for ALPs,Pdet � �g B!0 �4 j ~Gj2QQ0 Pem; (4)where g is the oupling of ALPS to two photons1 and B denotes the magnitude of an externalmagneti �eld whih is needed in this ase sine, unlike HSPs, ALPs have spin-0, prohibitingphoton-ALP osillations in vauum. ~G is a geometry fator similar to Eq. (3).In any ase, the measurable quantity from whih we want to extrat the signal is the power outputPdet of the reeiver avity. To optimize the sensitivity of the experiment we an now try toa) inrease this power output and/orb) improve the sensitivity of the detetor in order to detet smaller power outputs from thereeiver avity.E�etively, a) means optimizing the right hand side of the expressions (2) or (4). Here, we antry to inrease the Qs, the emitter power or try to optimize jGj.The latter an be done only to a limited degree. Geometry fators muh bigger than 1 arediÆult to ahieve. But in realisti setups with not too large distanes between emitter andreeiver avities and using low modes of the avities values between jGj � 10�3 and 1 are doable.One an inrease the quality of the emitter avity Q, but what e�etively ounts is the totalamount of energy stored inside the avity whih is proportional to QPem. Typially avities havea lower Q when operated at high �eld strength, so one should diretly optimize the relevant1For a salar or pseudosalar ALP this oupling orresponds to a term � g4�+F��F�� or � g4��F�� ~F�� , respe-tively. 3



quantity whih is the energy stored inside. For example, the avities originally designed for theTESLA aelerator [21, 22℄ ahieve QPem � 1010 � 10W.Finally, we an try to optimize the quality Q0 of the reeiver avity. In priniple, this quality fatoris the quality fator at low �eld strengths whih an be somewhat higher than the one at high �eldstrength. However, we have to assure that both avities have the same resonant frequeny. Morepreisely the frequenies have to agree in a small range �!0=!0 � 1=Q0. This is a non-trivial task.However, ompared to optial frequenies (as proposed in [14, 15℄), this should be signi�antlysimpler for mirowave or RF avities: the wavelength is longer and orrespondingly the allowedinauraies in the avity are muh larger. Indeed, the avities originally developed for the TESLAaelerator [22℄ may be mutually tuned in frequenies to a few � 100Hz [23℄. With a resonanefrequeny of roughly 1 GHz, this orresponds to an allowed quality fator of the detetor avityof Q0 � 106. Suh Q values are also reahable with normal onduting avities, the latter havingthe advantage also to be usable with an external magneti �eld whih is mandatory for the ALPsearh.This leaves us with optimizing the detetor to whih we turn in the next setion.3 Narrowband mirowave detetion methodsOne advantage of the mirowave-shining-through-walls setup is that the frequeny of the signalmust be exatly the same frequeny as used to produe the new partiles. This an be used tosuppress noise { and therefore improve signal to noise { by using a narrowband detetion method.We will illustrate this method by skething the the priniple of a lok-in ampli�er (for a briefreview see, e.g., [24℄). Later on we will desribe a more omfortable and more powerful relativeof this method using a Fast Fourier Transform (FFT) signal analyzer (for an introdution see,e.g., [25, 26℄),.A lok-in ampli�er takes the input signal { in our ase the power oupled out of the reeiveravity { and mixes it with (i.e. multiplies it by) the referene signal { in our ase taken from thegenerator of the �eld in the emitter avity. In fat, a true signal aused by WISPs would followexatly the frequeny of the generator. Therefore, a suitable referene signal an be obtainedby taking a small part of the generator power. The lok-in ampli�er then integrates the mixedsignal over time. Beause sine and osine funtions of di�erent frequenies are orthogonal whenintegrated over in�nitely long times this proedure gives a non-vanishing signal only if the inputfrequeny mathes the referene frequeny. For �nite integration times �t, the mathing has tobe within a bandwidth given by BW = 1=�t. For example a sine referene signal and an inputwaveform Uin(t), the DC output signal Uout(t) an be alulated for an analog lok-in ampli�erby: Uout(t) = 1�t Z tt��t sin [!ref � t0 + �℄Uin(t0) dt0 (5)where !ref is referene frequeny and � is a phase that an be set on the lok-in. Using an input
4



signal Uin(t) = Uin sin(!0t) we haveUout(t) = 12�t(!ref � !0) [sin((!ref � !0)t+ �)� sin((!ref � !0)(t��t) + �)℄ (6)+ 12�t(!ref + !0) [sin((!ref + !0)t + �)� sin((!ref + !0)(t��t) + �)℄:This funtion is strongly peaked around !0 = �!ref . The width of the peak is � 1=�t. Thereforethe lok-in ampli�er ats as a bandpass of widthBW = 1=�t: (7)To obtain the signal to noise ratio we have to ompare this output signal to the one aused bywhite noise in the reeiver, SNR = PdetkTRBW = Pdet�tkTR ; (8)where TR is the so-alled noise temperature of the reeiver. Here, we note that the SNR growslinearly with the measurement time �t. This advantageous property arises beause with the lok-in tehnique the e�etive bandwidth a�eted by the white noise dereases with time aordingto (7). We stress that this improvement relies on our knowledge of the phase of the produedhidden photons and in turn the regenerated ordinary photons in the detetor. This is in ontrastto the situation, for example, in axion dark matter experiments [27℄ where the phase and preisefrequeny of the searhed for axions is in priniple unknown.So far we have onsidered a single measurement with a measurement time �t. Sine the varianeof the noise is of the size of the noise a SNR = 1 orresponds to a 1� signal. To improve the SNRone an in priniple average over a number of measurements N . This redues the variane of thenoise by a fator of pN (the average noise power, of ourse, remains the same). And aordinglythe signi�ane improves by a fator pN . Averaging a number of times we an therefore learlydetet even signals with SNR . 1.Let us start with a modest setup at room temperature 300 K. At this temperature the whitenoise orresponds to kT � 4�10�21 W/Hz= �174 dBm/Hz. After a measurement time of 1000 swe have a bandwidth of 10�3 Hz. Therefore, the total power of noise within the bandwidth iskTBW = 4� 10�24 W= �204 dBm. Therefore in an idealized setup we have a sensitivity ofPSNR=1det = 4� 10�24W; at 300K: (9)This orresponds to less than 2 photons per seond at 5 GHz. At the end of this setion we willgive an example of a setup where a sensitivity of 10�22 W has been ahieved in pratise with ameasurement time of 300 s. In this ontext it should be noted that, of ourse, we do not reallydetet single photons but we pro�t from the huge statistis whih an be aumulated over a longmeasurement period. Let us stress here, that this is an idealized alulation and that in a realistisituation one probably has to measure longer and/or average over a number of measurements.In a more advaned setup at ryogeni temperatures we an assume noise temperatures of theorder of 10 K. Combining this with integration times of the order of 1000 s we theoretially ahievea SNR= 1 (in one measurement) with a signal power,PSNR=1det = 1:4� 10�25W; at 10K: (10)5



At a frequeny of 5 GHz this orresponds to a tiny ux of 0:04 photons per seond.At the moment it seems that we ould improve the sensitivity by measuring for longer and longertimes. One might wonder whether there is a prinipal limitation to the ahievable sensitivity.Indeed there is. As we have noted above the lok-in method relies on the knowledge of the phase(or more preisely the phase di�erene between sender and detetor) of the signal to detet.However, beause the mass of the hidden photons (or ALP) is a priori unknown this leads to anunertainty in the phase of the detetable partile. The time delay between a photon travelingthe distane d from generator to detetor and a hidden photon is,Æt = d�1v � 1� = d 1�p1�m2=!2p1�m2=!2 : (11)The unertainty now arises from the fat that the generator frequeny drifts in the time Æt. Ifthe generator frequeny drifts at a rate �drift the drift in frequeny in the time Æt and thereforethe minimal bandwidth isBWmin � Æ! = �driftÆt � 0:17� 10�8Hz� dm���driftHz=s��m! �2 : (12)In a typial situation the generator drifts very slowly within a 1 Hz window. For a frequenydrift rate �drift = 1Hz=s Eq. (12) orresponds to a measuring time tmax � 108 s � 3 years. Thisis quite a bit beyond the urrently ahievable measurement times of the order of days.We are now ready to move towards a more advaned setup involving a Fast Fourier Transform(FFT) devie. As in the lok-in ampli�er above we mix, i.e. multiply the signal with the referenefrequeny. However, instead of integrating over time one reords the full signal and does a Fourieranalysis (or more preisely an FFT) of the reorded signal.To understand the reason for this proedure let us take a look at Figure 2. In Fourier spaeour signal will typially look as the blak urve. It is entered around the very high referenefrequeny !0. In our ase this is the frequeny of the avity. On top of this there are relatively slowtime variations some of whih we will arti�ially introdue by modulation. These fall into a smallfrequeny band around the referene frequeny (width of the blak urve). After multipliationwith the referene signal the Fourier spetrum will be shifted by �!0. This is shown in the redurve. Using the FFT we an now analyze the part of the spetrum near 0 frequeny. Due to itshigh frequeny the part entered around 2!0 will average away and not disturb our measurements(we an also remove it with a bandpass �lter).Simply integrating over the reorded signal would return us to the ase of the lok-in ampli�erdisussed above. E�etively we would measure the signal strength in the blak shaded bin inFig. 2. However, performing an FFT we an now analyze the full spetrum with the sameresolution �! = 2�=�t, i.e. we obtain the information about all the bins indiated in the �gure.E�etively we are performing a large number of lok-in ampli�er measurements with slightlydi�erent frequenies simultaneously. As we will see in the next setion this will be very useful todistinguish signal and bakground. The noise/sensitivity onsiderations for the lok-in ampli�ernow hold for eah individual bin. 6



-10 -5 0 5 10Figure 2: The blak line shows the Fourier transform of a signal whih is onentrated around thereferene frequeny !0 = �5 (arbitrary units). After multiplying it with the referene frequenythe signal is now onentrated around 0;�2!0 (red urves). Using the a measurement time �t wean then analyze the spetrum with a resolution Æ! = 2�=�t (thin blak lines denote the borderof the bins). The blak shaded bins shows the bin measured by a simple lok-in ampli�er.There is one �nal ingredient to our FFT. So far we have not disussed the sampling rate of ourreorded data. Of ourse, this rate annot be in�nite. This will limit the range of frequenieswe an analyze. If we sample with a frequeny !sample we an at best obtain information in afrequeny band of width �!FFT = !sample=2. This follows from the Nyquist-Shannon theorem[28℄ but beomes immediately plausible when omparing the number of reorded data pointsNpoints = !sample�t=(2�) to the number of Fourier oeÆients N in a frequeny band �!FFT withfrequeny resolution Æ! = 2�=�t, Noe� = 2�!FFT=Æ! = 2�!FFT�t=(2�). E�etively this �nitebandwidth was also the reason why we �rst moved the signal to a low frequeny by multiplyingit with the referene frequeny.Using the setup shown in Fig. 3 with a ommerially available vetor spetrum analyzer2 (Agilent9020 MXA) and a standard low-noise ampli�er a sensitivity for a detetion of 10�22W with 10measurements of 300 s eah has been demonstrated at room temperature [29℄. As one an seefrom the right hand side of Fig. 3 the signal stiks out quite learly from the bakground and onewould expet that even a 3 (roughly 5 dB) times smaller signal would have been learly deteted.4 Distinguishing between a signal and a leak { Shieldingand leakage monitoringA ruial ingredient for the experiment is to ahieve suÆient shielding. For the intended sensi-tivity one has to ahieve roughly a shielding of 300 dB (a fator 10�30) between the emitter and2For the FFT. 7



Figure 3: In the upper panel a test setup for mirowave detetion with the methods desribedin the text (f. also [29℄). A weak signal is generated in the signal generator and is then furtherattenuated down to �190 dBm= 10�22 W. This signal is then ampli�ed by a total of 33.8 dBand ombined (i.e. mixed) with the referene signal in the vetor spetrum analyzer whih alsoreords the signal and performs the FFT. In the lower panel the observed signal averaged over10 measurements (this smoothes out the utuations of the envelope of the narrowband �lteredand peak deteted noise) is shown (the resolution bandwidth is 3 mHz). A narrow signal line isobserved [29℄ whih is learly distint from thermal bakground (-199 dBm) plus the noise fromthe ampli�er (2dB).reeiver avity. In order to provide sound data, testing of the shielding is mandatory. Sine wemust be absolutely sure that we are not fooled by simple eletromagneti leakage. Obviously inorder to redue the noise it would also be desirable to have a very good shielding of the emittersetion. Of ourse, as long as no signal is observed this demonstrates that the shielding works.However, here we want to be slightly more ambitious and show that one an atually monitor theshielding even during the measurement.Our proposed setup is shown in Fig. 4. A suitable way to ahieve the required amount of shieldingis a box-in-the-box setup. In the simplest setup the avity itself provides the internal box and8
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Figure 4: Setup of the experiment with \test signals" at slightly di�erent frequenies for leakagemonitoring. For details see main text.the another layer of external shielding is plaed around it (thik lines in Fig. 4). If we use ooledavities and separate ryostats for the emitter and the reeiver the outer layer of shielding isatually already provided by the ryostat. If more shielding is desired one an add more layers.Let us now look at the setup in more detail. The generator (bottom of the �gure) generates asignal of frequeny f0 = !0=(2�). This signal is then modulated with a set of frequeny lokedsynthesizers3, whih return, in addition to the signal at the original frequeny three modulatedsignals with frequenies f0+�fi, i = 1; : : : 3 (the three other signals are for heterodyne detetionand leakage monitoring we will return to this below). The signal with frequeny f0 is then fedinto the emitter box on the left hand side. Inside the emitter box the signal is ampli�ed and runsthrough a bandpass �lter. After that it is fed into the avity. As usual in avities we an monitorthe exited mode and that we are on resonane by heking the reeted wave.On the reeiver (right hand side box) side we proeed similarly. The signal is oupled out of theavity ampli�ed and passes through a bandpass. However, in order to minimize the number ofables going in and out of the avity (to avoid leakage) we then use an eletro optial onverter(EOC) to hange the signal into an optial signal whih is then transmitted to the outside ofthe box with a glass �bre (dotted lines) where it is reonverted with an opto eletrial onverter(OEC). In a similar way the power to the ampli�er is fed in with an EOC-OEC set.We an now turn to the detetion. The �rst of our modulated signals with frequeny f0 + �f1(bottom of the piture) is then fed into a mixer where it is ombined, i.e., multiplied with thesignal from the avity (superheterodyne onept). This then passes through a low frequeny bandpass �lter is onverted into a digital data with an analog digital onverter (ADC) and is thenreorded. The last bandpass �lter redues the total amount of noise by eliminating the noise fromhigh frequenies where we do not expet a signal. The reorded signal will then be analyzed with3In a more advaned setup this ould also be done by using serrodyne type frequeny shifters whih provide abetter frequeny lok. 9



�f1 �f1+�f2 �f1+�f3�f1��f2�f1��f30.0 0.2 0.4 0.6 0.8 1.0Figure 5: Expeted struture for a \true" signal (arbitrary units). The blak peak at the frequeny�f1 is the signal. Our leakage monitoring leads to sidebands at frequenies �f1��f2 (red) and�f1 ��f3 (blue) whih are hopefully muh smaller.the FFT method disussed in the previous setion. A proper signal should appear at frequeny�f1 in the Fourier analysis (s. Figure 5).Finally, let us disuss the leakage monitoring. In a set of frequeny loked synthesizers we havereated two additional frequenies f0+�f2 and f0+�f3. We an use these for leakage monitoring.Sine we will look for unwanted leakages and orresponding resonanes in our setup we will hooseour test frequenies f0��f2;3 to lie within the bandwidth of the resonant avities. The frequenyf0 +�f3 an be diretly onneted to an antenna that emits this signal outside the reeiver box.Looking for them at a frequeny �f1 � �f3 in our signal spetrum (f Fig. 5) we an omparethis \leaked" signal to the signal emitted from the antenna to determine the amount of shieldingahieved (of ourse in the desirable ase where we observe no signal at this frequeny we know theminimal amount of shielding). In a similar fashion we an (optionally) put a small signal insidethe outer box to monitor the amount of shielding of the inner box. Taking the frequeny of thistest signal to be f0 + �f2 we would observe it in the �nal spetrum at �f1 � �f2 (see Fig. 5).We an also separately monitor the shielding provided by the outer box. Inserting a reeiver, intothe box (in Fig. 4 upper right orner of the box) and putting the signal to a separate analyzer wean observe the leaked signals at frequenies �f1 and �f1 ��f3.So far we have looked at a setup to searh for hidden photons. It is straightforward to modifythe setup also to searh for axion like partiles. The only di�erene is that here the onversionand reonversion of the photons requires a magneti �eld. This an be provided by a suitablesolenoid magnet. This is shown in Fig. 65 Example setups for HSPs and ALPsLet us now see what sensitivities we an ahieve using the tehnology disussed above and omparethem to the urrent experimental bounds shown in Fig. 7.As a �rst modest step we start with a setup at room temperature. Using the tehnology desribed10
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Figure 6: Setup for an experiment suitable for axion like partile detetion. A solenoid providesfor the required strong magneti �eld.above a detetion sensitivity of 10�22 Wwas reahed with ommerially available equipment in [29℄with a measurement time of 300 s and an average over 10 measurements.The next important ingredient are the avities, their quality and their frequeny. Sine themaximal mass of a partile that an be tested in suh an experiment is given by the frequenymmax = !0 = 2�f0 we would like to hoose the frequeny as high as possible. For the hiddenphoton searh high frequenies are also preferred beause the urrent experimental bounds weakenabove masses of the order of 10�6 eV orresponding to frequenies above 240 MHz. The downsideof high frequenies is that the Q typially dereases as Q � 1=pf . As an example we hoosef = 5 GHz. At this frequeny a simple \pillbox" avity in the lowest TM010 mode has a radiusof � 2 m and is therefore easy to handle and also �ts inside a magnet.The geometry fator will depend mainly on the hosen mode and the distane between the avities.Typially the geometry fator is larger for low modes suh as the TM010 mode mentioned above(for a more in depth study see [20℄). For this mode the geometry fator for reasonable distanes,say d . 50 m is typially of the order of G � 0:01� 1. In the following we will simply assumejGj = 0:1 for most setups.To have optimal power input/output for the avities we take avities to be ritially oupled tothe generator and the reeiver. For the reeiver this means that half the energy goes into thereeiver and half is lost in the avity. Therefore, the \loaded" Q is exatly half the \empty" Q0 ofthe unoupled avity (similarly for the emitter avity). For the TM010 mode the quality fator isgiven by (negleting surfae roughness whih typially derease the quality fator by 20� 30%),2Q = Q0 = 2:405 r��04�f 11 + x; (13)where � is the ondutivity of the avity walls and x is the ratio between radius and lengthof the avity. For onveniene we have inluded a fator  for the speed of light and a fator11
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already probe a small region of previously unexplored parameter spae. To searh for axion likepartiles we need in addition a magneti �eld. Sine we an rotate the avity to obtain optimaloverlap with the magneti �eld we an hoose a more pratiable solenoid �eld. A �eld strength of5 T is straightforward with urrent tehnology (for example modern magneti resonane imagingsystems for medial uses employ �eld strength in exess of 5 T).Let us now turn to possible improvements. With a longer measurement time of the order of104 s it is realisti to expet a sensitivity of the order of 10�24 W. Using high quality avitieswith Q � 104 we an improve the sensitivity to the green region. For hidden photons theexperiment then already probes a signi�ant part of unexplored parameter spae. This ould befurther improved by measuring at various di�erent frequenies whih would move the exlusiontriangle horizontally (not shown). For the axion experiment this still quite modest setup alreadysigni�antly improves upon the urrent best purely laboratory limits from light-shining-through-walls experiments.Going to low temperatures further signi�ant improvements are possible. Due to the lower thermalnoise a detetion sensitivity of 10�26 W beomes realisti. Also the quality of the avities anbe improved. At vanishing magneti �elds the ondutivity an inrease by a large fator alledthe residual resistive ratio RRR. For ultra-pure opper values as high as RRR � 104 have beenahieved [49℄. This would allow Q to be of the order of 106. More realisti values are RRR � 102,orresponding to Q � 105. Moreover, in the high magneti �elds required for the axion-likepartile searh the ondutivity of the material is redued due to magnetoresistane. This an beroughly desribed by the K�ohler law [50, 51℄,�(B) = �(0)1 + 0:002 �BTRRR�1:055 : (14)At 5 Tesla and an RRR = 100 the magnetoresistane redues the possible Q by about 30%.Using this Q � 5� 104 seems plausible. Finally, in order to not spent too muh power on oolingwe then have to redue the power input to 103 W. With this setup we ould test the parameterspae above the green dashed line.Finally, we an think about a more advaned setup. Moreover we now speialize for the spei�partile speies. For a hidden photon searh we an use superonduting avities. These anhave Q � 1010 at an input power of the order of 10 W [21, 22℄. Here, the preise tuning of theavities within their bandwidth � 1 Hz beomes more hallenging. At a temperature of 2 Kand measuring for about 5 days one might be able to detet signals as low as 10�28 W. Thiswould then test the area above the blak dashed line, orresponding to an improvement of morethan four orders of magnitude beyond the urrent limits. For the axion like partile searh usingsuperonduting avities is problemati. However, we an improve the setup by using a strongermagneti �eld. Improving the magneti �eld is espeially e�etive sine the bound in the ouplingis linear in 1=B (in ontrast the bound sales as (Pdet)1=4). Continuous �elds as high as 45 T arepossible [52℄. Due to magnetoresistane the Q value dereases at these high �eld. Optimistiallywe an ahieve Q � 3 � 104. To ompensate we inrease the power input to 105 W (this is anextreme hallenge for the ooling system). Finally, we an also hope to use an improved geometrywith jGj = 1. With this (admittedly hallenging) setup one an even venture beyond the urrentbest astrophysial bounds for axion like partiles.13



6 Conlusions and outlookIn this note we have argued that mirowave avity experiments an provide a powerful tool tosearh for weakly interating sub-eV partiles, in partiular for hidden setor photons and axionlike partiles.Employing a narrowband detetion method already with o� the shelf tools from radio frequenytehnology detetion sensitivities of the order of 10�23 W have been demonstrated and . 10�26seem ahievable. For typial frequenies in the GHz range this orresponds to sensitivities betterthan 1 photon per seond. To make full use of this sensitivity we have disussed a box-in-the-box setup that allows to ahieve suÆient shielding and on-line monitoring for leaks during themeasurement. Combining these ingredients with high quality avities this setup allows to probesigni�ant amounts of unexplored parameter spae for hidden setor photons. Adding a magneti�eld we an also searh for axion like partiles and improve upon urrent laboratory bounds.With a more advaned setup it also seems possible to improve upon the astrophysial bounds foraxion like partiles.Further improvements ould be ahieved by improving the quality of the avities. In partiularfor the axion like partile searh one would like to inrease the quality of normal ondutingavities (the magneti �eld annot penetrate a superondutor). One tempting idea is to useavities (partially) �lled with dieletri materials (f. also [20℄). This typially allows for muhhigher quality fators Q & 109 even in normal onduting avities. However, typially the highestquality fators are ahieved with relatively high order avity modes whih typially redues thegeometrial fator [20℄. Moreover, a dieletri medium has a tendeny to derease the produtionof hidden photons and axion like partiles. Nevertheless, due to the enormous inrease in thequality fator a more areful investigation to optimize the setup with a dieletri medium seemspromising. An alternative route for improvements ould be to use \hard superondutors" forthe avities. These type-II superondutors remain superonduting even when penetrated by amagneti �eld. If this an be realised it would open the way for improvements by several ordersof magnitude in the sensitivity for axion like partiles.Overall, already with relatively simple and heap tehnology mirowave avity experiments anprovide a powerful too to searh for new physis beyond the standard model in the form of weaklyinterating sub-eV partiles.AknowledgementsThe authors would like to thank K. Zioutas for bringing the authors together. F. C. would like tothank R. Heuer, S. Myers and E. Ciapala for enouragement and support. J. J. and A. R. wouldlike to thank A. Gamp and A. Lindner for stimulating disussions.
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