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Hidden gauginos of an unbroken U(1):Cosmologial onstraints andphenomenologial prospets

A. Ibarraa;b, A. Ringwaldb, C. Wenigerba Physik Department T30, Tehnishe Universit�at M�unhen,James-Frank-Strasse, 85748 Garhing, Germany.b Deutshes Elektronen-Synhrotron DESY,Notkestrasse 85, 22607 Hamburg, Germany.
AbstratWe study supersymmetri senarios where the dark matter is thegaugino of an unbroken hidden U(1) whih interats with the visibleworld only via a small kineti mixing with the hyperharge. Strongonstraints on the parameter spae an be derived from avoiding over-losure of the Universe and from requiring suessful Big Bang Nule-osynthesis and struture formation. We �nd that for typial values ofthe mixing parameter, senarios with neutralino NLSP are exluded,while senarios with slepton NLSP are allowed when the mixing pa-rameter lies in the range � � O(10�13 � 10�10). We also show that ifthe gravitino is the LSP and the hidden U(1) gaugino the NLSP, thebounds on the reheating temperature from long lived harged MSSMrelis an be onsiderably relaxed and we omment on the signaturesof these senarios at future olliders. Finally, we disuss the ase of ananomalously small mixing, � � 10�16, where the neutralino beomesa deaying dark matter andidate, and derive onstraints from gammaray experiments.
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1 IntrodutionThe existene of dark matter in the Universe is perhaps the most solid india-tion for physis beyond the Standard Model of partile physis [1℄. Amongthe many extensions of the Standard Model that have been proposed inreent years, supersymmetry (SUSY) arguably remains as the most popu-lar. Among other merits, supersymmetri senarios provide a very promis-ing andidate for the dark matter: the lightest supersymmetri partile(LSP) [2, 3℄. With the partile ontent of the Minimal SupersymmetriStandard Model (MSSM), the LSP an be, over a large range of param-eters, either the lightest neutralino, the lightest sneutrino or the lighteststau. Among these, only the lightest neutralino is still allowed by presentexperiments as a viable dark matter andidate, provided R-parity is almostexatly onserved. Furthermore, if supersymmetry is promoted to a loalsymmetry, the partile ontent of the MSSM also inludes the gravitationalsupermultiplet, of whih the spin 3=2 omponent, the gravitino, is also aviable dark matter andidate [4℄, even if R-parity is slightly violated [5, 6℄.On the other hand, many extensions of the MSSM ontemplate the possi-bility of a hidden setor, onsisting of super�elds whih are singlets under theStandard Model gauge group. Hidden setor super�elds usually ouple veryweakly to our observable setor, thus onstituting a very natural arena for�nding dark matter andidates. Generially, hidden setor partiles oupleto our observable setor only via non-renormalizable operators, presumablysuppressed by a large mass sale, with a struture that is strongly modeldependent. In onsequene, deriving impliations of the hidden setor darkmatter on the thermal history of the observable Universe and for future ol-lider experiments is hindered by our omplete ignorane of the strength andthe struture of the hidden setor interations with our observable setor.There are however three instanes where the hidden setor partiles anouple to the MSSM partiles via renormalizable operators, with a struturewhih is well de�ned by the Lorentz and gauge symmetries. Firstly, a hiddensetor hiral super�eld, S, ould ouple to the lepton and up-type Higgsdoublet super�elds via the Yukawa oupling SHuL in the superpotential, orto the two MSSM Higgs doublets, via SHuHd, provided these terms are alsoinvariant under the hidden setor gauge group (as well as possible disreteand global symmetries of the theory). Seondly, if one of the MSSM hiralsuper�elds is harged under a hidden setor gauge group, it will interatwith the orresponding hidden setor gauge super�eld, and in turn withother hidden setor hiral super�elds via the D-term. Finally, a hiddensetor abelian vetor super�eld, X, may ouple to the hyperharge vetor2



super�eld through a kineti mixing term, whih is always allowed by thegauge symmetries [7, 8℄.In this paper we will onentrate on the last situation and we will studysenarios where the hidden U(1) gauge group is unbroken at low energies.If this is the ase, the orresponding hidden U(1) gaugino will have a massomparable to the typial soft SUSY breaking masses of the observable se-tor partiles and, in some instanes, smaller. Therefore, the hidden U(1)gaugino will not only be the lightest supersymmetri partile of the hiddensetor, but also the lightest among all the supersymmetri partiles.Our motivation to onsider an unbroken hidden setor U(1) group istwofold. First, in string theory ompati�ations hidden setor U(1) groupsare ubiquitous and some of them ould remain unbroken at low energies,in omplete analogy to the familiar eletromagneti U(1) of our observablesetor. Seondly, the ase of the hidden setor unbroken U(1) is partiu-larly intriguing, sine this situation is pratially unonstrained by presentexperiments. Indeed, it was shown long ago by Holdom that, in a non-supersymmetri world, the hidden U(1) gauge boson (the \paraphoton" [9℄)ompletely deouples from the observable setor [10℄. This result an be alsogeneralized to a supersymmetri theory. Let us onsider the SUSY invariantpart of the Lagrangian,L = Z d2� �Ŵ�BŴB � + Ŵ�XŴX � + 2�Ŵ�BŴX ��+ h.. ++Z d2�d2�� ��yeY gY B̂�+ hyeqgXX̂h� ; (1)where the �eld strength super�eld is de�ned as Ŵ�V = �14 �D �DD�V̂ , V̂ =B̂; X̂ being the hyperharge or the hidden U(1) vetor super�eld, while� and h denote, respetively, any Standard Model or hidden setor hiralsuper�eld. Finally, � is the kineti mixing parameter, whih is induedthrough quantum e�ets by hiral super�elds harged under both gaugegroups. Without additional symmetries, values around � � 10�3� 10�4 arenaturally obtained. However, e.g. in ompati�ations of heteroti [11, 12℄and type II [13, 14, 15, 16, 17℄ strings, muh smaller mixings are possible. Alower bound around � & 10�16 was argued to hold in ases of gauge mediatedsupersymmetry breaking in heteroti string models [11℄, whereas in type IImodels with warped extra dimensions the kineti mixing parameter an beexponentially small [17℄.The gauge kineti terms in Eq. (1) an be made anonial by introduing3



shifted vetor super�elds, X = X̂ + �B̂ ; (2)B = p1� �2B̂ ; (3)leading to L = Z d2� (W�BWB � +W�XWX �) + h.. + (4)+Z d2�d2�� ��yeY g0Y B�+ hyeqgXX�qg0XBh� ;where g0Y = gY =p1� �2 and g0X = �gX=p1� �2. Therefore, the anoni-al normalization of the kineti terms produes an unobservable shift of thehyperharge gauge oupling and the generation of a \minihyperharge" forthe hidden setor hiral super�elds [7℄. Di�erent astrophysial observationsand laboratory experiments onstrain the possible values of the minihy-perharge and the masses of the hidden setor partiles. For instane, oneobtains � . 10�13 for masses below 10 keV from plasmon deay in red giants[18, 19℄ (see also Ref. [20℄). Nevertheless these bounds an be automatiallyavoided if the masses are large. In this ase, as long as supersymmetryremains unbroken, the hyperharge vetor super�eld ompletely deouplesfrom the observable setor and is not subjet to any experimental onstraint.The breaking of supersymmetry hanges dramatially the previous pi-ture. Although the hidden U(1) gauge boson remains deoupled from theobservable setor, we will show that in the presene of SUSY breaking e�etsa mixing between the hidden U(1) gaugino and the MSSM neutralinos is in-dued. Then, the unbroken hidden U(1) might produe observable e�etsin the osmologial evolution of the Universe, at ollider experiments or inosmi ray uxes.Models with a hidden U(1) extension of the SM or MSSM have beenextensively studied in the literature (see e.g. [21℄, for a reent review seeRef. [22℄). Some of these works take into aount kineti- and mass-mixing[23, 24, 25, 26, 27, 28, 29℄, but it is typially assumed that the gauge symme-try of the additional U(1) is broken by a Higgs or Stuekelberg mehanism.1In this ase, it is possible to derive bounds from high preision LEPI data1Exeptions are e.g. Ref. [30, 31℄, where onstraints on, and onsequenes of, higherdimensional operators that ouple hidden and observable setor are studied. In Ref. [32℄the authors study BBN and CMB onstraints on the partile ontent of a ompletelydeoupled hidden setor whih may ontain unbroken U(1)s. Furthermore, see Ref. [33℄for a short disussion about gauge oupling uni�ation in the presene of kineti mixing.4



if the hidden U(1) gauge boson mass is large (namely, � . 0:05 for massesaround 200GeV [24℄), and from di�erent astronomial observations and lab-oratory experiments if the masses are small (namely, for masses around100 eV, the observed lifetime of the sun translates into a bound � . 10�13[34℄, see Ref. [35℄ for bounds from onsiderations of the hidden CMB).The purpose of this paper is to onsider in some detail osmologialonstraints and phenomenologial properties of a kinetially mixed hiddenU(1) extension of the MSSM with unbroken gauge symmetry. We will as-sume that the hidden U(1) gaugino is the LSP in most of the paper, andonentrate on its prospet of being dark matter. In setion 2, we will de-sribe the model in the omponent formalism and disuss typial values formass- and mixing-parameters in senarios with gauge and gravity media-tion of supersymmetry breaking. In setion 3, we derive a bound on themixing parameter from thermal overprodution of the hidden U(1) gaugino.Setion 4 onsiders bounds from primordial nuleosynthesis for the ases ofstau and neutralino NLSPs. There, we also analyze the e�ets of a possiblylight gravitino and show how bounds on the reheating temperature an berelaxed. In setion 5 we briey disuss the ollider phenomenology of thissenario. In setion 6 we study the ase with an anomalously small kinetimixing, where the neutralino NLSP ould beome a viable, though unstable,dark matter andidate. Finally, we present our onlusions and an outlookin setion 7.2 ModelIn this setion, we will briey desribe the model under onsideration in themore familiar omponent formalism. In the Wess-Zumino gauge, a vetorsuper�eld an be expanded in omponent �elds as V = ������V� + i�������i������+ 12������D. Then, the pure gauge part of Eq. (1), inluding supersym-metry breaking e�ets, reads:Lgauge = �14 �X̂�� B̂���K�X̂��B̂���� i��̂yX �̂yB�K�������̂X�̂B� (5)+12 �D̂�X D̂�B�K�D̂XD̂B�� 12 ��̂X �̂B�M̂��̂X�̂B�+ h.. ;where K and M̂ denote, respetively, the kineti and mass mixing matries:K = �1 �� 1� and M̂ = �M̂X ÆM̂ÆM̂ M̂B� : (6)5



It is onvenient to work in the basis where the kineti terms are anonial.To this end, we will rede�ne the vetor super�elds aording to�X̂̂B� = 0�1 � �p1��20 1p1��2 1A�XB� : (7)As explained in the introdution, the anonially normalized �elds X�� andDX ompletely deouple from the observable setor. On the other hand,a mixing between the hidden gaugino and the bino remains, unless ÆM̂ '�M̂X . More preisely, in the basis where the kineti terms are anonial,the extended neutralino (5� 5) mass matrix reads, to lowest order in �,MN = 0BBBB�MX ÆM 0 0 0ÆM MB 0 �MZ�sW MZs�sW0 0 MW MZ�W �MZs�W0 �MZ�sW MZ�W 0 ��0 MZs�sW �MZs�W �� 0
1CCCCA ; (8)where, ÆM ' ÆM̂ � �M̂X , MX ' M̂X and MB ' M̂B . Here, � denotesthe MSSM �-term, MZ the mass of the Z0 gauge boson, sW the sine of theWeinberg angle and s� is related to the ratio of the two Higgs VEVs.Lastly, as was mentioned in the introdution, hidden setor matter par-tiles harged under the hidden U(1) will aquire a minihyperharge, as aonsequene of the anonial normalization of the kineti terms. For simpli-ity we will assume throughout the paper that hidden setor matter partilesare too heavy to be produed during reheating, and thus do not inuenethe evolution of the Universe.The size of the gaugino mass terms M̂ in the Lagrangian, Eq.(5), is verymodel dependent. For example, in models with gravity mediation, gauginomasses would arise from the termL � Z d�2d��2 1MP (Ẑy1ŴBŴB + 2�Ẑy2ŴBŴX + Ẑy3ŴXŴX):+ h:: ; (9)where oeÆients of order one have been dropped. In this equation Ẑi arethree spurion super�elds, whih will eventually aquire a vauum expeta-tion value, hẐii = MP + �2Fi, by some unspei�ed mehanism2, yielding2We assume that breaking of supersymmetry takes plae in a setor that is distintfrom the hidden U(1) under onsideration, hene the D-terms are zero and kineti mixinghas no e�et on the MSSM mass spetrum (like e.g. in Ref. [11℄).6



M̂B = F1=MP , ÆM̂ = �F2=MP , M̂X = F3=MP , where MP ' 2:4� 1018GeVdenotes the redued Plank mass.The simplest ase onsists on assuming just one spurion super�eld whihouples universally to all vetor super�elds, namely Zi � Z for all i. If thisis the ase, at the sale MP , the di�erent soft terms satisfy the relationsM̂B = M̂X = p3m3=2 and ÆM̂ = p3�m3=2, m3=2 being the gravitino mass.Therefore, after the anonial normalization of the gaugino kineti terms,the mass mixing term ÆM in Eq. (8) vanishes. However, the universality ofthe gaugino mass terms is broken by quantum e�ets, thus induing a non-vanishing ÆM at low energies. Using the renormalization group equationsfor the gaugino mass matrix in appendix B, we �nd that the mass mixingat the eletroweak sale readsÆMEW ' 18�2 g2XBXX ln� MPMhid��EWMX ; (10)where gX is the gauge oupling of the hidden U(1) gauge group, Mhid is themass sale of hidden setor matter, and BXX = PiQ2i is the sum, for allthe partiles in the theory, of all the hidden U(1) harges squared. On theother hand, the renormalization group evolution will also make the hiddengaugino mass smaller at low energies. If there is an enough number of(heavy) matter states in the hidden setor, the hidden gaugino will beomethe lightest supersymmetri partile.In more general senarios with gravity mediation, where several spurion�elds ontribute to the breaking of supersymmetry, a tree level mixing be-tween the bino and the hidden gaugino will usually remain after anonialnormalization of the kineti terms. On the other hand, the nature of thelightest supersymmetri partile, whether it is the gravitino, the bino or thehidden gaugino, depends on the details of the model.The most natural senarios with a light hidden U(1) gaugino are proba-bly those with gauge mediated supersymmetry breaking. Assuming that themessenger �elds are not harged under the hidden U(1) gauge group, the softmass of the hidden gaugino will entirely ome from gravity e�ets. If thisis the ase, the gravitino and the hidden U(1) gaugino will aquire similarmasses, whih are naturally muh smaller than the masses of the supersym-metri partiles of the MSSM. Again, whether the LSP is the gravitino orthe hidden gaugino depends on the partile ontent of the hidden setor,whih will drive the hidden gaugino mass to smaller values at low energiesthrough radiative e�ets.An important quantity in our analysis will be the mixing angle � between7



the bino and the hidden U(1) gaugino mass and interation eigenstates3.The approximate diagonalization of Eq. (8) yields� ' ÆMEWMEWB �MEWX ; (11)where we have emphasized that all the quantities should be evaluated at theeletroweak sale. In the senarios of supersymmetry breaking proposed inthis setion with hidden U(1) gaugino as LSP, the mixing angle � an bewritten as � ' C � �EW MEWXMEWB �MEWX ; (12)where C is a onstant that an roughly vary between 10�2 . C . 1, de-pending on whether ÆMEW is already present at tree level or is generatedradiatively, and on the partile ontent of the hidden setor. For de�nitenesswe will hoose C = 1 in the subsequent analysis.Following the above disussion, we will �rst study the phenomenology ofa hidden U(1) gaugino LSP, and seond the ase where both, the hiddenU(1)gaugino and the gravitino, onstitute the lightest supersymmetri partiles.3 Overprodution onstraintsThe least model dependent bound on the hidden U(1) gaugino senarioomes from onsiderations of the thermal history of the universe. Afterreheating of the visible setor, hidden U(1) gauginos an be produed in thehot primeval plasma through the mixing with the MSSM neutralinos.This mehanism is similar to the thermal prodution of gravitinos or ax-ions (see e.g. Ref. [36, 37, 38℄). However, in ontrast to these ases, the �nalabundane of the hidden U(1) gaugino does not depend on the reheatingtemperature, TR. This follows from the fat that mass- and kineti-mixingsappear at the renormalizable level of the Lagrangian, whereas gravitino andaxion ouplings are mass-suppressed. Atually, the prodution is most eÆ-ient at low temperatures, and this makes an exat alulation of the hid-den U(1) gaugino abundane extremely ompliated, sine at temperaturesaround T � 100GeV the QCD oupling onstant gs is of the order of one,whih preludes a sharp separation between hard, T , and soft, gsT , momentaas required for the proper treatment of hard thermal loops and sreening3Note that we always assume the mass hierarhy MB < MW < � in this paper.8



Proess jMj2=�2(g0gs)2jT jbaj2Y 2L;R1) qg ! ~q�X �2us2) ~q~g ! ~q�X �2 � ts + st �3) ~qg ! q�X 2ut4) q~g ! q�X 45) q�~q ! g�X �4 su6) q�q ! ~g�X 87) ~q�~q ! ~g�X 4 � tu + ut �Table 1: Squared matrix elements for inelasti two-body satterings with ahidden U(1) gaugino in the �nal state. Here, T iba denotes the generators ofthe fundamental representation of the SU(3) gauge group, YL;R the hyper-harges of the (s)quarks, and g0 and gs the gauge ouplings of the eletroweakand strong interations, respetively. We average over initial and sum over�nal spins.e�ets [39℄. How to deal with this drawbak is an open problem even in themilder ase of gravitino prodution (see, however, Ref. [38℄).For the purposes of this paper it is enough to derive an order of mag-nitude estimate on the hidden U(1) gaugino abundane. To this end, wehave alulated the ollision integral in a relativisti QCD plasma, takinginto aount 2 ! 2 sattering in the QCD and hyperharge setor with abino in the �nal state. Sine binos mix with hidden U(1) gauginos withthe mixing angle �, the prodution rate of hidden U(1) gauginos an bestraightforwardly alulated by multiplying the result for the binos by �2.The relevant sattering proesses and the orresponding squared matrix el-ements are listed in Tab. 1.Summing over all spins and partiles, the ollision term of hidden U(1)gauginos in the relativisti MSSM plasma reads4QCD � d4nXdV dt = 3083�3�0�s�(T )2�1� 47E � 47 ln k�T �T 4' 3� 10�3�(T )2T 4 ; (13)where one has in general to take into aount the temperature dependeneof the mixing angle �, whih stems from the thermal mass of the bino (seeEq. (12)). Here, we simply take MB(T ) 'MB , sine most of the produtionis expeted to happen when the partiles beome non-relativisti. In this4We use Boltzmann distribution funtions for simpliity.9



equation, �0 and �s denote the hyperharge and QCD ouplings, respe-tively, and E ' 0:577. Furthermore, k� denotes the ut-o� of intermediatethree-momenta in t-hannel proesses. Only proesses with quarks in theintermediate state ontribute to these divergenes, and we identify k� withtheir thermal mass (at T � 100GeV the thermal quark masses lie between0:63T and 0:84T [38℄). Finally, solving the Boltzmann equation yields thethermal abundane of hidden U(1) gauginos,
Xh2 � 5:5� 107� MX100GeV�Z TRT0 dT MPT 2 QCD(T )�2(T )T 4 : (14)Taking into aount thermal masses ould atually lead to a further order-one enhanement due to partile deay in the QCD plasma [38℄. Contribu-tions from eletroweak interations and Yukawa ouplings are also expetedto give sizable orretions, again of order one.Requiring that 
Xh2 . 0:1 gives the overprodution bound� . 5� 10�12 �MXMB ��1=2 ; (15)where we have used T0 'MB as a uto� in Eq. (14), whih orresponds tosquark- and gluino masses around 3MB . For other values the bound salesroughly like pT0.In Fig. 1 (for MB = 180GeV) and Fig. 2 (for MB = 150GeV) we showthe region in the (�;MX) parameter spae where the hidden U(1) gauginois overprodued. Remarkably, a large part of the parameter spae suggestedby string theory is exluded by the onstraint Eq. (15).54 Bounds from primordial nuleosynthesis andstruture formationIn general, dark matter an be produed thermally and/or in the late deayof some other reli partile �. The abundane of dark matter today is thengiven by 
DM = 
th.DM + (MDM=M�)
th.� , where 
th.� refers to the thermalabundane of the partile �. Typial andidates for �, like the stau or aneutralino, naturally freeze out with an abundane of the right order ofmagnitude to aount for the observed dark matter abundane, and a given5A sizable annihilation rate between hidden U(1) gauginos would allow to irumventthis bound. If the mixing angle � is small, this would require additional light matterstates in the hidden setor, whih do not exist in our senario.10



i) ii) iii) iv)NNLSP � � slepton sleptonNLSP slepton neutralino gravitino �XLSP �X �X �X gravitinoTable 2: The di�erent senarios that we will investigate in this work.dark matter andidate an inherit this property as long as its diret thermalprodution is negligible and provided the masses of the two partiles areomparable.These so-alled superWIMP senarios (super-weakly interating massivepartiles, see Ref. [42℄), where the dark matter superWIMPs are produed inthe late deay of other partiles, are subjet to strong onstraints due to theirpotential impat on primordial nuleosynthesis and struture formation. Ifthe prodution takes plae during or after Big Bang Nuleosynthesis (BBN),the hadroni and eletromagneti energy released in the deay an destroythe suessful preditions of the standard senario (see e.g. Ref. [40, 43℄). Inases where the deaying partile is eletrially harged, it ould additionallyform bound states with 4He, triggering the atalyti prodution of 6Li and9Be [41, 44℄. Furthermore, the superWIMP itself is potentially produedwith a momentum that is large enough to wash out density utuationson small sales with impat on struture formation, similar to senarioswith warm dark matter (for a disussion in the ontext of superWIMPs seeRef. [45℄).Below, we will apply these bounds to the ase of a hidden U(1) gauginosuperWIMP, onentrating on the four di�erent senarios shown in Tab. 2.Following the superWIMP paradigm, the reli abundane of the neutralinoor the slepton is �xed by the requirement that the LSP onstitutes all darkmatter today.Senario i) After freeze out, the slepton NLSP deays predominantlythrough the hannel ~l ! �X l into a lepton and the hidden U(1) gauginoLSP. The orresponding deay width is given by�~l!�X l ' g028��2Y 2~l M~l 1� M2XM2~l !2 ; (16)where Y~l and M~l denote, respetively, the hyperharge and the mass of theslepton NLSP. 11



The deay indues eletromagneti asades in the plasma, the branhingfration into eletromagneti energy being lose to one, B~lEM ' 1. Theorresponding energy release is given by �~lEM � (M2~l � M2X)=(2M~l) (seeRef. [46℄ for an exhaustive disussion).Contributions to the hadroni energy release stem, if kinematially al-lowed, from three-body deays into Z0, W� and Higgs bosons. The orre-sponding branhing ratios are all of the order of, or smaller than, �0=(16�s2w) �10�2, whereas the hadroni branhing frations of the subsequent deay pro-esses are all of the order of one. If these deay hannels are kinematiallylosed, the dominant ontribution to hadroni energy release omes fromthe strongly suppressed four-body deay ~l ! �X lq�q, with a branhing ra-tio of the order of 10�6. Hene, the overall hadroni branhing fration isB~lhad � 10�6 for large masses of the hidden U(1) gaugino (MX &M~l�MZ)and B~lhad � 10�2 for small masses (MX . M~l �MZ). Variations in theorresponding energy release �~lhad are subdominant beause B~lhad varies byseveral orders of magnitude, and we simply take �~lhad = (1=3)(M~l �MX)[46℄.Applying the BBN bounds from Ref. [40℄ to this senario, a onsider-able part of the hidden U(1) gaugino parameter spae an be exluded (seeFig. 1).6 We also show the region that is exluded by the atalyti enhane-ment of 6Li and 9Be prodution. These e�ets essentially require that thelifetime of the slepton is smaller than around 2� 103 s [41℄.The impat of superWIMP senarios on struture formation is enodedin the free streaming length �FS, de�ned as the omoving distane traveledby a partile sine it was produed:�FS = Z zprod.0 dz v(z)H(z) : (17)On sales below the free streaming length of dark matter partiles, den-sity utuations are washed out before struture formation begins (see e.g.Ref. [47℄). The non-observation of this e�et in the latest Lyman-� Forestdata from the Sloan Digital Sky Survey [48℄ exludes a free streaming lengthlarger than roughly �FS & 0:5Mp.7 The region in the parameter spae ofthe hidden U(1) gaugino that is exluded by this requirement is shown inFig. 1 and lies ompletely in the region already ruled out by BBN.6In Ref. [40℄ the bounds are shown for the ases Bhad = 1, 10�3 and zero. We justinterpolate between Bhad = 1 and Bhad = 10�3 linearly in log10(Bhad) and use Bhad = 0as a uto�.7See Ref. [49℄, where the power spetrum of non-thermally produed dark matter isonfronted with lower bounds on the mass of sterile neutrino dark matter [50, 51℄.12



Senario ii) Two-body deays of a neutralino NLSP lead to �nal stateswhere the hidden U(1) gaugino LSP is aompanied either by a Z0 or Higgsboson or a photon. However, if the deay into Z0 or Higgs bosons is kinemat-ially forbidden, neutralinos predominantly deay via �B ! �Xf �f , sine theradiative two-body deay into photons is one-loop suppressed and negligiblein most ases. We have summarized all relevant deay widths in appendix A,partiularized to the ase of a bino-like neutralino. The hadroni branh-ing fration for the deay of a bino-like neutralino is of the order of onefor hidden U(1) gaugino masses that allow the deay into Z0 bosons, andan range between 10�2 and order one otherwise (depending on the squarkmasses). For de�niteness we hoose B�Bhad � O(1) for all masses MX , sinesmaller values at large MX will not hange our onlusions. For the orre-sponding energy release we simply take �had = 1=3(MB �MX). We applythe BBN bounds of Ref. [40℄ and show the orresponding exluded regionin Fig. 2. Together with the overprodution bounds, this senario is ex-luded in the whole (�;MX) parameter spae suggested by string theory,� � 10�2 � 10�16.Senario iii) We will now disuss the e�ets of an additional light grav-itino, onentrating on the spetra shown in Fig. 3, where we also showtypial values for the relevant deay widths.If the hidden U(1) gaugino is the LSP (see Fig. 3a), it an be produedin three di�erent ways: thermally, via slepton deay and via gravitino deay.For mixings and masses that are allowed in Fig. 1, the deay of sleptons intogravitinos is strongly suppressed, and the deay of gravitinos into hiddenU(1) gauginos is only aompanied by hidden U(1) gauge bosons and invis-ible to MSSM partiles. Hene, bounds from BBN and overprodution areessentially the same than in ase i).However, this does not hold for the free streaming bounds, sine, in on-trast to hidden U(1) gauginos whih are produed thermally or via sleptondeay, hidden U(1) gauginos that stem from the deay of gravitinos an havea quite large free streaming length, of the order of several Mp, as shownin Fig. 4. This leads to dark matter with a old and a warm omponent,so-alled �CWDM models.Constraints on �CWDM models where reently studied in Refs. [52, 53,54℄. A warm dark matter omponent would indue a step in the powerspetrum of density utuations, with a size whih depends on the frationof the dark matter that is warm and a position whih is roughly given bythe orresponding free streaming length as kFS � 2�=�FS. Although models13



with mixed old/warm dark matter arise quite naturally in many situations,a full general analysis with all the latest data is still laking.8 Bearing inmind this limitation, we will simply show the orresponding bounds on thereheating temperature and mixing parameter for the two referene valuesf = 0:2 and f = 0:02, where f denotes the fration of dark matter that iswarm, 
DM = f
WDM + (1 � f)
CDM; a omplete analysis of the mixedold/warm dark matter senario is beyond the sope of this paper.As disussed above, the warm omponent of hidden U(1) gaugino DMomes from the late deay of gravitinos. The thermal abundane of graviti-nos diretly depends on the reheating temperature TR like [36, 37, 38℄
 ~Gh2 ' 0:27� TR1010GeV��100GeVm ~G �� m~g1TeV�2 ; (18)where m~g denotes the gluino mass. Hene, the bounds on �CWDM modelstranslate into a bound on the reheating temperature as shown in the rightpart of Fig. 5.Senario iv) Senarios with a gravitino LSP and a slepton (usually a stau)NLSP are known to be strongly onstrained due to the atalyti produtionof 6Li and 9Be in the presene of long-lived harged partiles during BBN (seeabove disussion). The resulting bound on the lifetime of staus translatesinto an upper bound on the gravitino mass of around m ~G . 1GeV. At thesame time, requiring that gravitinos withm ~G . 1GeV are not overproduedforbids reheating temperatures as high as TR � 109GeV (see left part ofFig. 5 and Eq. (18)). However, these high reheating temperatures are favoredin senarios with leptogenesis as the soure of the baryon asymmetry of theuniverse [56, 57℄.One way to relax the tension between leptogenesis and gravitino DMis to assume that the prodution of entropy between stau freeze out andBBN dilutes the stau abundane suÆiently to evade the bounds [58, 59℄.8In Ref. [54℄ a onsideration of the unertainty of the power spetrum from WMAP1-yr data [55℄ bounds the fration f of dark matter that is allowed to have �FS ' 6Mp tobe f . 0:2� 0:4. This seems to be onsistent with a hydrodynamial analysis in Ref. [52℄,where the bound on the fration of dark matter that an be made out of thermal lightgravitinos with a mass of m ~G � 16 eV is stated as f . 0:12, sine the orresponding freestreaming length (using Eq. (17)) is around �FS � 40Mp. However, both analyses donot take into aount the latest Lyman-�-forest data [48℄. An analysis in Ref. [53℄ whihinorporates these data, and where lower bounds on the mass of sterile neutrino darkmatter from Ref. [50℄ are resaled for the ase of �CWDM models, suggests that even aomponent with a free streaming lengths around �FS � 4Mp is bounded strongly withf . 0:1. 14



Another way is to impose a small violation of R-parity [6℄, whih allows thestau to deay fast into standard model partiles. In this ase, the gravitinobeomes unstable and deays with a lifetime whih is typially longer thanthe age of the universe. The gravitino deay produts ould be deteted asan anomalous ontribution to the osmi ray uxes [60, 61, 62℄, opening thepossibility to probe this senario.Interestingly, a similar mehanism an work in the presene of a hiddenU(1) gaugino for spetra of the form (slepton, �X , gravitino), as depitedin Fig. 3b. For mixings and masses of the hidden U(1) gaugino that lie inthe allowed region of Fig. 1, the lifetime of the stau is ompatible with allBBN bounds. In this ase, the reheating temperature an be as large asTR � 109GeV, as shown in Fig. 5, sine the gravitino mass and the staulifetime are deoupled.The warm omponent of gravitino dark matter, with a free streaminglength of the order of several Mp (see Fig. 4), omes now from the late deayof hidden U(1) gauginos. Hene, bounds on �CWDM models onstrain thesum over the thermal and non-thermal abundane of hidden U(1) gauginosin this ase. Firstly, this shrinks the allowed region of the hidden U(1)gaugino parameter spae as shown in Fig. 1 (dashed lines). Seondly, in aseswhere the thermal prodution of hidden U(1) gauginos is negligible, the stauabundane is bounded like Ystau . (9� 10�14 � 9� 10�13)(M ~G=100GeV)�1if we allow a fration f = 0:02 � 0:2 of dark matter to be warm. Thus, the9Be and 6Li bounds on the abundane of long-lived staus, whih are roughlygiven by Ystau . 10�15 and Ystau . 10�16, respetively (see Ref. [44℄), anbe weakened by two or three orders of magnitude.In the CMSSM with gravitino dark matter the typial reli abundaneof stau NLSPs ranges between Ystau � 10�14 and Ystau � 10�13 (althoughonsiderably smaller values are possible due to resonant e�ets or oanni-hilation [63℄, or e.g. in models with non-universal Higgs masses [64℄). Inthese kind of models, the phenomenologially allowed parameter spae willbe greatly enlarged by the above mehanism. However, a detailed analysisof the inuene of a weakly interating hidden setor on onstraints on thereheating temperature would require reliable bounds for general �CWDMmodels.5 Collider phenomenologyAt the LHC, asade deays of squarks and gluinos an produe of theorder of 106 NLSPs per year if the spartile masses are lose to the urrent15



experimental limits [65℄, thus o�ering a unique opportunity to test senarioswith a light hidden U(1) gaugino. It was shown in the previous setions thatin this lass of senarios the neutralino as NLSP is exluded, whereas the stauas NLSP is allowed only if it has a lifetime that ranges between � � 10�2 sand � � 103 s. Therefore, the stau will typially traverse the detetor leavinga distintive heavily ionizing harged trak [66℄. Moreover, if the stau is slowenough, it might get trapped in the detetor, deaying at late times and thusallowing a measurement of the lifetime and, orrespondingly, of the mixingparameter �. The number of staus trapped an be inremented by plainga 1-10 kton massive material around the LHC detetors, whih will allow toollet O(103 � 104) staus [67℄. If the stopper material is simultaneously anative real-time detetor, the deay produts and their angular distributionould be studied in detail. This will allow to distinguish this senario fromthe senario of gravitino dark matter, whih yields very similar signaturesat olliders [68℄.6 The ase with an anomalously small �We have shown in setions 3 and 4 that onstraints from overprodution,BBN and struture formation exlude the senario with a neutralino NLSPand hidden U(1) gaugino for natural values of the mixing parameter � �10�2�10�16 (see Fig. 2). However, these strong onstraints ould be evadedin more elaborated models yielding a smaller �. Our interest in exploring theregion with small � is that the neutralino lifetime ould beome larger thanthe age of the Universe, thus onstituting a viable dark matter andidateitself.9 Nevertheless, in ontrast to the standard neutralino dark mattersenario, in this senario the neutralino NLSP is unstable and deays withvery long lifetimes into the hidden gaugino and Standard Model partiles.The neutralino dark matter partile (that for de�niteness we assume tobe a pure bino) an deay into di�erent hannels:�B ! Z �X ;�B !  �X ;�B ! h �X ;�B ! f �f �X ; (19)9Clearly, the senario with harged slepton NLSP is exluded for very small values of�, sine it would yield an abundane of anomalously heavy hydrogen in onit with theexperimental onstraints. 16



with deay rates listed in appendix A. The fragmentation of the Z0 andthe Higgs boson produes a ontinuous spetrum of stable partiles, suh asphotons, positrons or antiprotons whih ontribute to the primary uxes ofosmi rays. The experimental onstraints on these uxes will then translateinto onstraints on the parameters of the model.On the other hand, it has been pointed out reently that the deay of adark matter partile with a lifetime � � 1026s into weak gauge bosons witha momentum � 50 GeV ould simultaneously explain the EGRET anomalyin the extragalati gamma-ray bakground and the HEAT exess in thepositron fration [61, 62℄. Interestingly, the senario we are onsidering here,where the neutralino dark matter partile deays into a Z0 gauge boson,onstitutes a promising andidate of this kind. Moreover, in ontrast toother andidates for deaying dark matter that have been proposed, suh asthe gravitino [6℄ or a hidden U(1) gauge boson [69℄, the unstable neutralinoould be deteted in diret dark matter searhes.Although the simplest models with hidden gaugino LSP and neutralinoNLSP predit a mixing parameter � ranging between 10�2 and 10�16, andthus a neutralino lifetime ranging between � � 10�14 s and � � 1014 s, it isnot diÆult to onstrut plausible models where the neutralino lifetime anbe orders of magnitude longer than the age of the Universe. To this end, letus onsider a model with two hidden U(1) gauge groups, U(1)X and U(1)X0 ,and vetor super�elds denoted by X̂ and X̂ 0, respetively. We will assumethat the hidden setor partiles that generate the kineti mixing are hargedeither under U(1)Y and U(1)X0 , or under U(1)X and U(1)X0 , but not underU(1)Y and U(1)X simultaneously. If this is the ase, the kineti mixingsŴ�BŴX0 � and Ŵ�XŴX0� will be generated, but not Ŵ�BŴX �. Therefore,the SUSY invariant part of the Lagrangian readsLSUSY = Z d2� �Ŵ�BŴB � + Ŵ�XŴX � + Ŵ�X0ŴX0 �+2�1Ŵ�BŴX0 � + 2�2Ŵ�XŴX0��+ h:: : (20)In addition, there exists a soft SUSY breaking Lagrangian:LSUSY�� = �12 ��̂X �̂X0 �̂B�M̂0� �̂X�̂X0�̂B1A+ h.. ; (21)where M̂ = 0�M̂X ÆM̂2 0ÆM̂2 M̂X0 ÆM̂10 ÆM̂1 M̂B1A : (22)17



This struture for the soft mass matrix an be straightforwardly derivedfrom Eq. (20) introduing �ve arbitrary spurion super�elds as in Eq. (9).Note that ÆM̂1 and ÆM̂2 are suppressed by �1 and �2, respetively.In order to anonially normalize the vetor super�elds, we de�neB = B̂ ;X = X̂ � �1 �2B̂ ;X 0 = X̂ 0 + �1B̂ + �2X̂ ; (23)where we have assumed �1; �2 � 1. Then, the SUSY invariant part of theLagrangian reads:LSUSY = Z d2� (W�BWB � +W�XWX � +W�X0WX0 �) + h:: ; (24)while the SUSY breaking Lagrangian reads:LSUSY�� = �12 ��X �X0 �B�M0��X�X0�B1A+ h:: ; (25)with M' 0�MX ÆM2 ÆM12ÆM2 MX0 ÆM1ÆM12 ÆM1 MB 1A : (26)In this equation, MX ' M̂X , MX0 ' M̂X0 and MB ' M̂B , while ÆM2 'ÆM̂2 � �2MX0 and ÆM1 ' ÆM̂1 � �1MX . More importantly, after theanonial normalization of the kineti terms, a mixing term between thebino and the hidden gaugino �X has been generated, ÆM12 ' �1 �2 (MX +MX0)� �2 ÆM̂1 � �1 ÆM̂2, whih is doubly suppressed by �1 and �2.If �X is the LSP and �B is the NLSP, the deay rate of the bino NLSP isvery strongly suppressed, thus yielding very long lifetimes for the neutralinodark matter. For instane, assuming that the kineti mixing between theobservable setor and the hidden setor is �1 � 10�16, as suggested by stringtheory, a mixing between the two hidden setor U(1)s of �2 � 10�7 wouldbe neessary in order to render a neutralino lifetime of the order of 1026 s.The signatures in osmi ray experiments of the senario of neutralinodark matter whih deays into hidden gauginos are fairly model dependentand will be shown elsewhere [70℄. In this paper we will just derive a onser-vative bound on the mixing parameter � from requiring a gamma ray uxfrom neutralino deay in agreement with the EGRET observations. To this18



end, we will just onsider the ontribution to the gamma ray ux from thetwo body deay �B !  �X .The total gamma ray ux reeives several ontributions. First, we expeta gamma ray ux from the enter of the Galaxy produed by neutralinoannihilations. This ontribution does not depend on whether the neutralinois absolutely stable or on the ontrary deays at late times. Hene, it doesnot onstrain our senario and will not be further disussed. The interestedreader an �nd in the vast existing literature the prospets of deteting suha signal from neutralino annihilation oming from the enter of the Galaxy(see e.g. Ref. [1℄).In addition, we expet a di�use ux produed in the deay of neutralinosat osmologial distanes and in the Milky Way halo. Following Ref. [6, 71℄,we will average the halo gamma ray signal of the �B ! �X hannel overthe whole sky, exluding a band of �10Æ around the Galati disk in orderto ompare our results with the EGRET data [72℄. To be onservative,we will require that the orresponding peak in the energy spetrum, afteronvolving with the energy resolution of 15% quoted by EGRET, remainsbelow the 2� band of the EGRET spetrum obtained by Sreekumar et al.in [73℄,dJEGRETdE = (7:32� 0:34)� 10�6(m2 s str GeV)�1� E0:451 GeV��2:1�0:03 :(27)The result is shown in Fig. 6, where we used a referene bino mass of MB =150GeV. For hidden U(1) gaugino masses around MX � 75GeV, mixingsdown to � � 10�21 an be exluded from the EGRET measurements of thegamma ray ux.7 ConlusionsAn unbroken hidden U(1) that interats with the Standard Model only viakineti mixing with hyperharge deouples ompletely from the visible world.However, in the supersymmetri version of this senario this is no longer thease. We have shown that a mass mixing between the bino and the hiddenU(1) gaugino is always generated via radiative e�ets, although this mixingan be generated already at tree level in some well motivated senarios.Moreover, we have disussed di�erent senarios of supersymmetry breakingin whih the hidden U(1) gaugino is the lightest supersymmetri partile.We have mostly onentrated on this possibility and we have derived os-mologial bounds on this senario from preluding overprodution of hidden19



U(1) gauginos and from the requirements of suessful Big Bang nuleosyn-thesis and struture formation. The ombination of these onstraints ex-ludes a neutralino NLSP exept for extremely small mixings (see Fig. 2).On the other hand, when the NLSP is a stau, an allowed window for mixingsaround � � 10�10�10�13 remains (see Fig. 1). In this window, the stau hasa lifetime larger than 10�1 s and thus might be deteted at future ollidersas a heavily ionizing harged trak.The reheating temperature in senarios with gravitino dark matter andstau NLSPs is known to be strongly onstrained, and we have shown thatthese onstraints relax onsiderably in the presene of a hidden U(1) gaugino(see Fig. 5). This might be a rather general e�et of very weakly interatinghidden setors and deserves further attention.Finally, we have disussed the ase of an anomalously small mixing pa-rameter, � � 10�16. For these small mixings, the neutralino NLSP anbeome long lived enough to onstitute the dark matter of the Universe.We have onstruted a simple model with two hidden U(1)s where a tinymixing an be naturally obtained. Even though the neutralino is very longlived, it eventually deays into the hidden gaugino and standard model par-tiles, whih might be deteted as an anomalous ontribution to the osmiray uxes. Using the EGRET measurement of the extragalati gammaray ux, we have derived a onservative bound on the mixing parameter� . 10�20�21 (see Fig. 6).AknowledgmentsC.W. thanks Chlo�e Papineau, James Wells, and espeially Javier Redondofor valuable disussions.A Deay ratesFor onveniene, we summarize the neutralino, slepton and gravitino deayrates that we used in this paper.The deay widths for bino-like neutralinos that deay into hidden U(1)
20



gauginos an be derived from the results in Ref. [74, 75℄. They are�(�B ! Z0�X) ' 1128� g02s2W�2MB�1=2�1; M2XM2B ; M2ZM2B��� M6Z�4M2B  M2BM2Z + M2XM2Z � 2 +�M2BM2Z � M2XM2Z �2 + 6MXMZ MBMZ! ; (28)�(�B ! �X) ' 1128� � 1532�2�2 e2g04�2MB ��M4BM4sf �1� M2XM2B �3�1� MXMB �2 ; (29)�(�B ! h�X) ' 132�g02�2MBM2Zs2W�2 �1=2�1; M2XM2B ; M2hM2B����1 + M2XM2B � M2hM2B + 2MXMB � ; (30)�(�B ! f �f�X) ' 1:4 � 10�4g04�2MBM4BM4sf �1� M2XM2B �5 ; (31)where we have used the funtion�(a2; b2; 2) = (a2 � (b+ )2)(a2 � (b� )2) :The approximations that we use for the neutralino mixing angles beome ex-at in the limitMX �MB �MW � �. Note that the two-body deay intoa hidden U(1) gaugino and a photon, Eq. (29), is one-loop suppressed, andwe sum over all (s)leptons in the loop, assuming that they have a ommonmass Msf. The �nal state in Eq. (31) inorporates neutrinos and hargedleptons, and we took into aount sfermions and Z0 gauge bosons in theintermediate state, where the later are subdominant.The relevant deay widths with gravitinos in the initial or �nal state anbe found in Ref. [46, 76℄ and are�(�X ! ~GX) = 148�M2pl M5XM2~G  1� M2~GM2X!3 1 + 3M2~GM2X! ; (32)�( ~G! �XX) = 132�M2plM3~G 1� M2XM2~G!3 1 + 13M2XM2~G! ; (33)�(~l ! ~Gl) = 148�M2pl M5~lM2~G  1� M2~GM2~l !4 : (34)21



B Renormalization group equationsThe RGEs for multiple U(1) models with kineti mixing where �rst pub-lished in Ref. [77℄. One-loop RGEs for gaugino masses and their mixingsan be found in Ref. [78℄.10The RGEs aquire their simplest form in the basis where gauge bosonsand gauginos have a anonial kineti term. The matrix of the gauge ou-plings �gij is de�ned aording to the term L � �gijj�i Aj� in the Lagrangian,where the indies i = 1; 2 and j = 1; 2 run over the harged urrents of thetwo setors and over the gauge boson states, respetively. In this represen-tation, the one-loop RGEs for the oupling onstants areddt�g = 116�2 �g�gTB�g ; (35)where we have used the harge matrix Bij = tr(QiQj), and t = ln(Q=Q0)with Q as RG sale. The trae in Bij runs over all hiral supermultiplets.The RGEs for the gaugino mass matrix �M take a similar formddt �M = 116�2 � �M�gTB�g + �gTB�g �M� : (36)Note that only three of the four entries of �g are physial beause the basisof the gauge bosons is only �xed up to a rotation. It is onvenient to statethe RGEs for the ase where the non-diagonal elements in the ouplings gijare hosen to vanish, and where their third free omponent is absorbed inthe kineti mixing term like in Eq. (5). We obtainddtgX;B = 116�2 g3X;BBXX;BB ; (37)ddt� = � 18�2 gXgBBXB + 116�2� �g2XBXX + g2BBBB�+O(�2) ; (38)ddtM̂X;B = 18�2 g2X;BBXX;BBM̂X;B ; (39)ddtÆM̂ = 116�2 �g2XBXX + g2BBBB� ÆM̂ +O(�2) : (40)10Note that our result for the RGEs of the gaugino mass matrix in Eq. (36) di�ers fromthe one given in Ref. [78℄ by an additional symmetrization.22
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Figure 1: Summary of bounds on the hidden U(1) gaugino parameter spaefor the ase of a slepton NLSP. We use M~l = 150GeV and MB = 180GeV.The upper dark blue region is exluded by thermal overprodution. Belowthis region, the hidden U(1) gaugino is dominantly produed via late deay-ing sleptons. The light blue region is exluded by energy injetion duringBBN [40℄, whereas the light green region is exluded by atalysis of 6Li pro-dution [41℄. We also show the region whih would be exluded solely byfree streaming arguments. The dotted lines show the slepton lifetime. Inthe presene of a gravitino with M ~G = 100GeV the slepton would domi-nantly deay into the hidden U(1) gaugino, exept in the red lower region.The dashed lines show the region that is potentially exluded by bounds on�CWDM models in senarios where the thermally produed hidden U(1)gaugino deays into a gravitino LSP with large free streaming length (seeFig. 4). The lines orrespond to a dark matter fration f = 0:02 and f = 0:2whih is allowed to be warm. 28
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