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AbstratIf the hidden setor ontains more than one U(1) groups, additional dim-4 ouplings (beyondthe kineti mixing) between the massive U(1) �elds and the hyperharge generally appear.These are of the form similar to the Chern{Simons interations. We study the phenomenologyof suh ouplings inluding onstraints from laboratory experiments and impliations fordark matter. The hidden vetor �elds an play the role of dark matter whose harateristisignature would be monohromati gamma ray emission from the galati enter. We showthat this possibility is onsistent with the LHC and other laboratory onstraints, as well asastrophysial bounds.
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1 IntrodutionThe existene of new physis strutures beyond those of the Standard Model (SM) is motivated,among other things, by the puzzles of dark matter (DM) and ination. The minimal way toaddress these problems is to add a \hidden" setor ontaining the required SM{singlet �elds.The existene of the hidden setor an also be motivated from the top{down viewpoint, inpartiular, by realisti string onstrutions [1, 2℄. Suh a setor an ouple to the SM �eldsthrough produts of gauge{singlet operators, inluding those of dimension 2 and 3. In thiswork, we study in detail the orresponding ouplings to the hyperharge �eld.Let us de�ne the \hidden setor" as a set of �elds whih arry no SM gauge quantumnumbers. Then a \portal" [3℄ would be an operator that ouples the SM �elds to suh SMsinglets. Let us onsider the minimal ase: suppose that the relevant low energy degrees offreedom in the hidden setor are those of a Weyl fermion �, or a massive vetor V�, or a realsalar S (one �eld at a time). Then the lowest, up to dim{4, dimension operators whih ouplethe SM to the hidden setor are given byO1 = 	LH�+ h:: ;O2 = F Y�� F V �� ;O3 = 	i�(1 + �ij5)	j V � + h:: ;O4 = HyH V�V � + � HyiD�H V � + h:: ;O5 = HyH S2 + �S HyH S : (1)Here 	L is the lepton doublet; F Y�� and F V�� are the �eld strength tensors for hyperharge andV�, respetively; 	i is an SM fermion with generation index i; D� is the ovariant derivativewith respet to the SM gauge symmetries, and �ij ; �; �S are onstants. Note that a partiularversion of operator O3 is indued by O2 after diagonalization of the vetor kineti terms.An attrative feature of suh an extension of the Standard Model is that it an o�er viabledark matter andidates as well as provide a link to the inaton setor. In partiular, a suÆientlylight \right{handed neutrino" � is long{lived and an onstitute warm dark matter [4℄. Also,a massive vetor V� (or a salar S [5℄) an inherit a Z2 symmetry from hidden setor gaugeinterations, whih would eliminate terms linear in V� and make it a stable old dark matterandidate [6℄. Finally, the Higgs oupling HyH S2 to the inaton S would be instrumental inreoniling metastability of the eletroweak vauum with ination [7℄.2



In this work, we explore a more general dim{4 hyperharge oupling to the hidden setor,when the latter ontains multiple U(1)'s. In this ase, a Chern{Simons{type oupling beomespossible [8, 9, 10, 11, 12℄. If suh a oupling is the only SM portal into the hidden setor,the lightest U(1) vetor �eld an play the role of dark matter. The trademark signature ofthis senario is the presene of monohromati gamma{ray lines in the photon spetrum ofthe galati enter. We analyze general experimental onstraints on the Chern{Simons{typeoupling as well as the onstraints appliable when the vetor �eld onstitutes dark matter.2 Hyperharge ouplings to the \hidden" setorSuppose the \hidden" setor ontains two massive U(1) gauge �elds C� and D�. Before ele-troweak symmetry breaking, the most general dim-4 interations of these �elds with the hyper-harge boson B� are desribed by the LagrangianL = �14B��B�� � 14C��C�� � 14D��D�� � Æ12 B��C�� � Æ22 B��D�� � Æ32 C��D��+ M2C2 C�C� + M2D2 D�D� + ÆM2C�D� + � �����B��C�D� : (2)Here we have assumed CP symmetry suh that terms of the type B��C�D� are not allowed(see [13℄ for a study of the latter). The kineti and mass mixing an be eliminated by �eldrede�nition [14℄, whih to �rst order in the mixing parameters Æi and ÆM2 readsB� ! B� + Æ1 C� + Æ2 D� ;C� ! C� + Æ3 M2D � ÆM2M2D �M2C D� ;D� ! D� � Æ3 M2C � ÆM2M2D �M2C C� : (3)In terms of the new �elds, the Lagrangian isL = �14B��B�� � 14C��C�� � 14D��D�� + M2C2 C�C� + M2D2 D�D� + � �����B��C�D�; (4)whih will be the starting point for our phenomenologial analysis. We note that, due to thekineti mixing Æ1;2, C� and D� have small ouplings to the Standard Model matter. Sine weare mainly interested in the e�et of the Chern{Simons{type term �����B��C�D�, we will setÆ1;2 to be very small or zero in most of our analysis.The term �����B��C�D� has dimension 4. However, it vanishes in the limit of zero vetorboson masses by gauge invariane, both for the Higgs and St�ukelberg mehanisms. This means3



that it omes e�etively from a higher dimensional operator with � proportional to MCMD=�2,where � is the uto� sale or the mass sale of heavy partiles we have integrated out. Onone hand, this operator does not deouple as � ! 1 sine both MC;D and � are given bythe \hidden" Higgs VEV times the appropriate ouplings; on the other hand, �����B��C�D� isphenomenologially relevant only ifMC;D are not far above the weak sale. Thus, this term rep-resents a meaningful approximation in a partiular energy window, whih we will quantify later.(A similar situation ours in the vetor Higgs portal models, where the interation HyHV�V �has naive dimension 4, but originates from a dim-6 operator [6℄.) From the phenomenologialperspetive, it is important that �����B��C�D� is the leading operator at low energies, e.g.relevant to non{relativisti annihilation of dark matter omposed of C� or D�, and thus we willrestrit our attention to this oupling only.A oupling of this sort appears in various models upon integrating out heavy �elds hargedunder both U(1)'s and hyperharge. Expliit anomaly{free examples an be found in [11℄ and[10℄. In these ases, the Chern{Simons term arises upon integrating out heavy, vetor{like withrespet to the SM, fermions. Both the vetors and the fermions get their masses from the Higgsmehanism, while the latter an be made heavy by hoosing large Yukawa ouplings omparedto the gauge ouplings. In this limit, Eq. 4 gives the orresponding low energy ation.1Finally, we note that inreasing the number of hidden U(1)'s does not bring in hyperharge{portal interations with a new struture, so our onsiderations apply quite generally.3 Phenomenologial onstraintsIn this setion we derive onstraints on the oupling onstant � from various laboratory exper-iments as well as unitarity onsiderations. The relevant interation to leading order is givenby �L = � os �W �����F ��C�D� � � sin �W �����Z��C�D� ; (5)where F �� and Z�� are the photon and Z-boson �eld strengths, respetively.In what follows, we set the kineti mixing to be negligibly small suh that the lighter of theC and D states is not deteted and thus appears as missing energy and momentum. There arethen two possibilities: the heavier state deays into the lighter state plus  either outside or1We note that ertain \genuine" gauge invariant dim-6 operators suh as 1�2 �����B��C��D�� redue to theChern-Simons term on{shell in the non{relativisti limit (C�� ! C0i = iMCCi ; C0 = 0 and similarly for D��).Suh operators should generally be taken into aount when deriving the low energy ation in expliit mirosopimodels. 4



inside the detetor. Consider �rst the ase where the mass splitting and � are relatively smallsuh that both C and D are \invisible".3.1 UnitarityThe oupling �����B��C�D� involves longitudinal omponents of the massive vetors. Therefore,some sattering amplitudes will grow inde�nitely with energy, whih imposes a uto� on oure�etive theory. For a �xed uto�, this translates into a bound on �.Consider the sattering proess C� C� ! D� D� (6)at high energies, E � MC;D. The vertex an ontain longitudinal omponents of at most onevetor sine �����(p1 + p2)�p�1p�2 = 0. Then one �nds that the amplitude grows quadratiallywith energy, A � �2 E2M2C;D ; (7)with the subsripts C and D applying to the proesses involving longitudinal omponents of C�and D�, respetively. On the other hand, the amplitude annot exeed roughly 8�. Negletingorder one fators, the resulting onstraint is�M < p8�� ; (8)where M = minfMC ;MDg and � is the uto� sale. As explained in the previous setion, �is assoiated with the mass sale of new states harged under U(1)Y. Sine onstraints on suhstates are rather stringent, it is reasonable to take � � 1 TeV. This implies that light vetorbosons an ouple only very weakly, e.g. � < 10�5 for M � 1 MeV.It is important to note that the unitarity bound applies irrespetive of whether C and D arestable or not. Thus it applies to the ase MD � MC or vie versa and also in the presene ofthe kineti mixing.3.2 Invisible � deaySuppose that D is the heavier state and the deay D ! C+ is not fast enough to our insidethe detetor. Then prodution of C and D would appear as missing energy. In partiular, lightC;D an be produed in the invisible � deay�! inv ; (9)5



whih is a powerful probe of new physis sine its branhing ratio in the Standard Model is small,about 10�5 [15℄. In our ase, this deay is dominated by the s{hannel annihilation through thephoton, while the Z{ontribution is suppressed by m4�=m4Z . We �nd�(�! CD) = 2��2 os2 �W Q2d f2�m� s1� 2M2C +M2Dm2� + (M2C �M2D)2m4�� �1 + m2�12 � 1M2C + 1M2D��1� 2M2C +M2Dm2� + (M2C �M2D)2m4� �� ; (10)where � is the �ne struture onstant, Qd is the down quark harge and f� is the � deayonstant, h0j�b�bj�i = f�m��� with �� being the � polarization vetor. In the limit M2C;D �m2� and MC 'MD =M , the deay rate beomes�(�! CD) ' 13��2 os2 �W Q2d f2�m�M2 : (11)Taking m�(1S) = 9:5 GeV, ��(1S) = 5:4�10�5 GeV, f� = 0:7 GeV and using the BaBar limitBR(�! inv) < 3� 10�4 at 90% CL [16℄, we �nd�M < 4� 10�3 GeV�1 : (12)This bound applies to vetor boson masses up to a few GeV and disappears above m�=2. Ananalogous bound from J=	! inv is weaker.We note that the � / 1=M2 dependene is harateristi to prodution of the longitudinalomponents of massive vetor bosons. The orresponding polarization vetor grows with energyas E=M , or in other words, at M � m�, the deay is dominated by the Goldstone bosonprodution, whose ouplings grow with energy. Thus, stronger onstraints on � are expetedfrom the deay of heavier states.The orresponding bound from the radiative � deay � !  + inv is muh weaker. ByC{parity, suh a deay an only be mediated by the Z boson, whih brings in the m4�=m4Zsuppression fator. The resulting onstraint is negligible.3.3 Invisible Z deayThe invisible width of the Z boson �Zinv is strongly onstrained by the LEP measurements [17℄.The proess Z ! CD ontributes to �Zinv for vetor boson masses up to about 45 GeV, thereby
6



leading to a bound on �. We �nd�(Z ! CD) = 12� �2 sin2 �W mZ s1� 2M2C +M2Dm2Z + (M2C �M2D)2m4Z� �1 + m2Z12 � 1M2C + 1M2D��1� 2M2C +M2Dm2Z + (M2C �M2D)2m4Z �� : (13)In the limit M2C;D � m2Z and MC 'MD =M , it beomes�(Z ! CD) ' �2 sin2 �W12� m3ZM2 : (14)Taking the bound on the BSM ontribution to �Zinv to be roughly 3 MeV (twie the experimentalerror{bar of �Zinv [17℄), we have �M < 8� 10�4 GeV�1 : (15)In the given kinemati range, this onstraint is even stronger than the unitarity bound for � = 1TeV and omparable to the latter with a multi{TeV uto�. As explained above, suh sensitivityof Z ! inv to � is due to the E=M enhanement of the longitudinal vetor boson prodution.3.4 B ! K + inv and K ! � + invFlavor hanging transitions with missing energy are also a sensitive probe of matter ouplings to\invisible" states (see e.g. [18℄). The deay B ! K +C D proeeds via the SM avor violating�bsZ and �bs verties with subsequent onversion of Z;  into C and D. Numerially, the proessis dominated by the Z ontribution with the avor hanging vertex [19, 20℄L�bsZ = ��bsZ �bL�sL Z� ; (16)with ��bsZ = g316�2 os �W V �tbVts f � m2tm2W � ; (17)where Vij are the CKM matrix elements and f(x) is the Inami{Lim funtion [19℄,f(x) = x4 �x� 6x� 1 + 3x+ 2(x� 1)2 lnx� : (18)We �nd�(B ! K + C D) = �2�2�bsZ sin2 �W27�3m3Bm4Z Z (mB�mK)2(MC+MD)2 dss f2+(s) (19)� q(s�M2C �M2D)2 � 4M2CM2D �(s+m2B �m2K)2 � 4m2Bs�3=2� �1 + 112s � 1M2C + 1M2D��(s�M2C �M2D)2 � 4M2CM2D�� ;7



where the form fator f+(s) is de�ned by hK(pK)j�b�sjB(pB)i = (pK + pB)�f+(s) + (pB �pK)�f�(s) with s = (pB � pK)2. The deay rate is dominated by the ontribution from largeinvariant masses of the C;D pair due to the longitudinal vetor boson prodution. This justi�esthe subleading harater of the photon ontribution: the orresponding dipole operator an besigni�ant at low invariant masses due to the 1=s pole, as in the B ! Kl+l� proesses (seee.g. [21℄ for a reent summary). The relative size of various �F = 1 operators an be found in[20, 19℄, and we �nd that the photon ontribution is unimportant.The relevant experimental limit has been obtained by BaBar: BR(B+ ! K+���) < 1:3�10�5at 90% CL [22℄. Then taking f+(0) = 0:3 and using its s{dependene from [21℄, we �nd�M < 1 GeV�1 ; (20)for MC ' MD = M up to roughly 2 GeV. The above onsiderations equally apply to theproess K ! � + inv, up to trivial substitutions. We �nd that the resulting bound is weak,�=M < 30 GeV�1. This stems from the m7meson=(M2m4Z) behavior of the rate, whih favorsheavier mesons.Finally, the Chern{Simons oupling does not ontribute to B ! CD due to the �{tensorontration, so there is no bound from the B ! inv deay. Also, � ontributes to (g � 2)� onlyat the two loop level suh that the resulting bound is insigni�ant.The summary of the bounds is shown in Fig. 1. We see that the most stringent limits areset by the Z invisible width and unitarity onsiderations. The latter has the advantage of notbeing limited by kinematis and plaes a tight bound on � for vetor masses up to about 100GeV.3.5 Bounds on deaying vetor bosons D ! C + When the vetor boson mass di�erene is not too small, the heavier partile, say D, will deayinside the detetor. In this ase, the onstraints on � get somewhat modi�ed. The deay width�D is given by �(D ! C + ) = �2 os2 �W24� (M2D �M2C)3M3D � 1M2C + 1M2D� ; (21)assuming that the Z{emission is kinematially forbidden. Given the veloity vD and lifetime�D, D deays inside the detetor if vD�D = jpDj=(MD�D) is less than the detetor size l0, whihwe take to be � 3 m. In this ase, � is onstrained by radiative deays with missing energy.8



Figure 1: Bounds on �. The unitarity bound assumes � = 1 TeV.Consider the radiative deay �(1S)! + inv. Its branhing ratio is onstrained by BaBar:BR(�(1S) !  + inv) < 6 � 10�6 for a 3{body �nal state and MC up to about 3 GeV [23℄.Sine BR(D ! C + ) � 100%, this requires approximately�M < 6� 10�4 GeV�1 ; (22)whih is the strongest bound on � in the kinemati range M <� 3 GeV. This bound applies for�M >� � 3�m�M4�2 os2 �W l0�1=3 ; (23)where we have made the approximation MD �MC = �M � M � m�. For example, takingthe maximal allowed � onsistent with (22) atM = 1 GeV, the deay ours within the detetorfor �M > 2 MeV. (However, sine the experimental ut on the photon energy is 150 MeV, �Mlose to this bound would not lead to a detetable signal.)On the other hand, the bound on � from the invisible Z width does not hange even fordeaying D. The reason is that the invisible width is de�ned by subtrating the visible deaywidth into fermions �(Z ! �ff) from the total width �Z measured via the energy dependeneof the hadroni ross setion [17℄. Thus, Z !  + inv quali�es as \invisible" deay and we stillhave �M < 8� 10�4 GeV�1 ; (24)9



as long as the deay is kinematially allowed.Finally, the unitarity bound �M < p8�� (25)remains intat as well. Another onstraint in the higher mass range mZ=2 <�M <� 100 GeV isimposed by the LEP monophoton searhes e+e� !  + inv [24℄. We �nd, however, that it issomewhat weaker than the unitarity bound for � = 1 TeV (the same applies to e+e� ! inv).Thus, the strongest onstraints in Fig. 1 apply also to the ase of deaying vetor bosons,while the � bound beomes ompetitive and even the tightest one at lower masses. ForM >� 100GeV, some of the relevant LHC onstraints will be disussed in the next setion, while theiromprehensive analysis requires a separate study.Let us onlude by remarking on the astrophysial onstraints. These apply to very light,up to O(MeV), partiles. In partiular, the rate of energy loss in horizontal{branh stars setsstringent bounds on light partile emission in Compton{like sattering +e! e+C+D. We �ndthat this ross setion in the non{relativisti limit sales approximately as �2�2=(6�m2e) (T=M)2,with T � keV being the ore temperature. Comparison to the axion models [25℄ leads then tothe bound �=M < 10�7 GeV�1 for M � keV, whih is muh stronger than the laboratoryonstraints in this mass range. Analogous supernova ooling onsiderations extend the range toO(MeV). A dediated study of astrophysial onstraints will be presented elsewhere.4 Vetor Dark Matter and the Chern{Simons ouplingIn this setion, we onsider a speial ase of the Lagrangian (2) withÆ1;2 = 0 ; (26)that is, the new gauge bosons do not mix with the hyperharge. This an be enfored by theZ2 symmetry C� ! �C� ; D� ! �D� : (27)It is straightforward to onstrut mirosopi models whih lead to an e�etive theory endowedwith this symmetry at one loop. However, to make the Z2 persist at higher loop levels is muhmore hallenging and beyond the sope of this paper.The relevant Lagrangian in terms of the propagation eigenstates is again given by (4), exeptnow C and D do not ouple to ordinary matter. The Z2 symmetry forbids their kineti mixing10
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Figure 5: Parameter spae (between the lines) satisfying h�vi = (1:27 � 0:32+0:18�0:28) �10�27 m3s�1 and �tting the tentative FERMI gamma{ray line at 135 GeV.limitations and provides bounds in the DM mass range 500 GeV .MC . 20 TeV.3 Combiningthe two analyses allows us to eliminate large portions of parameter spae as shown in Fig. 3 [right℄and Fig. 4. We note that inreasing the mediator mass MD has the same e�et as dereasingthe oupling �. The important onlusion is that FERMI and HESS exlude the possibility ofthermal DM reli abundane in the relevant mass ranges. Indeed, their bounds are of orderh�vi . 10�27m3s�1, whereas thermal dark matter requires h�vi ' 10�26m3s�1.To �ll the gap between 300 and 500 GeV where the monohromati signal is not onstrained,one an use the di�use gamma{ray ux. Indeed, even though the FERMI energy uf{o� is at300 GeV, annihilation of heavy partiles produes a ontinuum photon spetrum whih an bedeteted by FERMI. In our ase, the ontinuum omes from the ZZ and Z �nal states withsubsequent Z{deay. Sine suh �nal states ontribute about 40% to the total ross setion,the resulting onstraint is not very strong. There exist several analyses of bounds on DMannihilation in the galati halo [32℄, galati enter [33℄ and dwarf galaxies [34℄. The latterprovides the strongest FERMI onstraint at the moment, while that from HESS is very weak,and we use it to restrit our parameter spae (Fig. 4). The onlusion is that thermal DM inthe 300{500 GeV mass range remains viable and an soon be tested by HESS/FERMI.3 HESS reports its results for the Einasto DM distribution pro�le, while FERMI has extended its study toother pro�les as well. To be onservative, we use the FERMI limits for the isothermal pro�le.14
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Figure 7: Limit on � from monojet searhes at CMS for ps =8 TeV and 20 fb�1 integratedluminosity.tively. The former is suppressed both by the loop fator and the nuleon mass, while thelatter is suppressed by the loop fator only. The resulting ross setions are quite small,�SI � �4=M2 (�=4�)2(mN=M)4 � 10�46m2 for � � 1 and M � 100 GeV, whereas thespin{dependent ross{setion is of the order of �SD � �4=M2 (�=4�)2(mN=M)2 � 10�42m2for the same parameters. The urrent XENON100 bounds are �SI <� O(10�45)m2 [40℄ and�SD <� O(10�40)m2 [41℄ for the DM mass around 100 GeV (whih maximizes the XENON100sensitivity). We thus onlude that no signi�ant bounds on � an be obtained from diretdetetion experiments. Furthermore, sine the gamma{ray onstraints require � < O(10�1) inthis mass range, the prospets for diret DM detetion are rather bleak, orders of magnitudebeyond the projeted sensitivity of XENON1T [42℄.4.5 LHC monojet onstraintsThe vetor states C andD an be produed at the LHC. If their mass di�erene is not suÆientlylarge, the photon oming from D{deay would not pass the experimental ut on the photonenergy (pT > 150 GeV). In this ase, prodution of C and D would appear as missing energy.The latter an be deteted in onjuntion with a jet oming from initial{state radiation, whihsets a bound on DM prodution (see also [43℄).In this subsetion, we estimate the sensitivity of urrent monojet searhes at the LHC todark matter prodution through its oupling to Z and . Our onstraints are based on the searhfor monojets performed by the CMS ollaboration whih makes use of 19.5 fb�1 of data at 816



TeV enter of mass energy [44℄. The basi seletion requirements used by the CMS experimentfor monojet events are as follows:� at least 1 jet with pjT > 110 GeV and j�j j < 2:4;� at most 2 jets with pjT > 30 GeV;� no isolated leptons.The CMS ollaboration quotes the event yields for 7 di�erent uts on the missing transversemomentum pmissT between 250 and 550 GeV. These are largely dominated by the SM bakgrounds,namely Z+jets, where the Z boson deays invisibly, and W+jets, where the W boson deaysleptonially and the harged lepton is not reonstruted. In partiular, with 19.5 fb�1 data,the CMS ollaboration estimates the bakground to be 18506 � 690(1931 � 131) events forpmissT > 300 (450) GeV.A virtual Z{boson or a photon produed with a signi�ant transverse momentum and oupledto invisible states an also lead to the topology that is targeted by the monojet searhes. Inorder to estimate the sensitivity of the CMS monojet searh to the \Z= ! invisible" signal,we generate the pp ! Z=+jets ! CD+jets proess at the parton level with Madgraph 5[45℄. Showering and hadronization is performed using Pythia 6 [46℄, while Delphes 1.9 [47℄ isemployed to simulate the ATLAS and CMS detetor response. We have imposed the analysisuts listed above on the simulated events to �nd the signal eÆieny. As a ross-hek, wehave passed (Z ! ��) + jets bakground events through the same simulation hain, obtainingeÆienies onsistent with the data{driven estimates of that bakground provided by CMS.We use the total event ross setion to put onstraints on the dark matter oupling to theZ= gauge bosons. We ompute the observed 95%CL exlusion limits on the dark matter{SMoupling � for given masses MC ;MD by requiring (see, e.g. [48℄)�2 = (Nobs �NSM �NDM (MC ;MD; �))2NSM +NDM (MC ;MD; �) + �2SM = 3:84 : (31)Here Nobs is the number of observed events, NSM the number of expeted events, NDM thenumber of expeted signal events and �SM being the unertainty in the predited number ofbakgrounds events. The expeted strongest bounds should ome from the analysis with thehardest pmissT > 550 GeV uts, but the strongest observed bound ome from the pmissT > 450 GeVuts due to an important downward utuations in the data. Fig. 7 shows the resulting limitson � for two di�erent sets of uts, pmissT > 300 GeV and pmissT > 450 GeV, with the latterproviding the best limit. We see that the urrent monojet bounds are relatively weak, � < O(1)17



Figure 8: Limits on � from monophoton searhes at CMS (5 fb�1 at ps =7 TeV) and ATLAS(4.6 fb�1 at ps =7 TeV).for MC � MD � 100 GeV, and not ompetetive with the onstraints from the monohromatigamma{ray searhes.4.6 LHC monophoton onstraintsAnother harateristi ollider signature of vetor DM prodution is monophoton emission plusmissing energy. In this ase, C and D are produed on{shell through the photon or Z, whiletheir mass di�erene must be suÆiently large suh that D deays inside the detetor and thephoton energy is above the threshold. We rely on the searh for a single photon performed bythe CMS ollaboration whih makes use of 5 fb�1 of data at 7 TeV enter of mass energy [49℄and the one performed by the ATLAS ollaboration whih makes use of 4.6 fb�1 of data at 7TeV enter of mass energy [50℄. The basi seletion requirements used by the CMS experimentfor monophoton events are as follows:� 1 photon with pT > 145 GeV and j� j < 1:44;� pmissT > 130 GeV;� no jet with pjT > 20 GeV that is �R > 0:04 away from the photon andidate;� no jet with pjT > 40 GeV and j�j j < 3:0 within �R < 0:5 of the axis of the photon;Analogous requirements used by ATLAS are:� 1 photon with pT > 150 GeV and j� j < 2:37;� pmissT > 150 GeV;� no more than 1 jet with pjT > 30 GeV and j�j j < 4:5;18



� ��(; pT ) > 0:4, �R(; jet) > 0:4 and ��(jet; pmissT ) > 0:4;The event yields obtained by ATLAS and CMS are largely dominated by the SM bakgrounds,namely Z+, where the Z boson deays invisibly, and W+, where the W boson deays lep-tonially and the harged lepton is not reonstruted. Sine ATLAS aepts events with onejet, W=Z+jets is also an important bakground for the ATLAS analysis. With 4.6 fb�1 data,the ATLAS ollaboration estimates the bakground to be 137� 18(stat:)� 9(syst:) events andobserved 116 events. The analogous numbers for CMS with 5 fb�1 are 75:1� 9:4 and 73 events,respetively.In order to estimate the sensitivity of the ATLAS and CMS single photon searh to DMprodution, we have generated the pp! Z= ! CD ! CC + proess. We have used theprogram Madgraph 5 [45℄ for the hannels at the parton level. Showering and hadronisationwas performed using Pythia 6 [46℄ and Delphes 1.9 [47℄ was employed to simulate the CMSdetetor response. We have imposed the analysis uts listed above on the simulated events to�nd the signal eÆieny and used the total event ross{setion to onstrain the DM ouplingto  and Z. The observed 95%CL exlusion limits on � for given MC ;MD are obtained byrequiring �2 = (Nobs �NSM �NDM (MC ;MD; �))2NSM +NDM (MC ;MD; �) + �2SM = 3:84 : (32)The resulting limits on � for two hoies of MD = 500 GeV and MD = 1 TeV are shown inFig. 8. In the latter ase, the bounds are relatively weak, � < 1 for MC > 100 GeV, and do notonstrain the parameter spae onsistent with WMAP/PLANCK, FERMI and HESS (Fig. 4).For MD = 500 GeV, the monophoton onstraint is more important, although it does not yetprobe interesting regions of parameter spae (Fig. 3). In partiular, it does not rule out the DMinterpretation of the 135 GeV gamma{ray line (Fig. 5). Indeed, for MC = 135 GeV, the LHCbound is about � < 0:5, whereas the gamma{ray line requires � � 0:3.We thus �nd that the monophoton onstraint is not yet ompetitive with the astrophysi-al/osmologial ones. We have also heked that no useful onstraint is imposed by searhesfor mono{Z emission (D ! Z + C), mostly due to its smaller prodution ross setion.4.7 Summary of onstraintsFor the DM mass above 100 GeV, the most relevant laboratory onstraints are imposed by theLHC searhes for monojets and monophotons. The former are appliable for quasi{degenerateC and D, while the latter apply if there is a substantial mass di�erene between them. The19



monophoton onstraint is rather tight for light DM, e.g. � < few�10�1 for MC � 100 GeV andMD � 500 GeV. This is stronger than the unitarity bound (8), whih only applies for ��MC;D.On the other hand, the monojet onstraint is rather weak, � <� 1.The most important bounds on the model are imposed by astrophysial observations, inpartiular, by FERMI and HESS searhes for monohromati gamma{ray lines. These exludesubstantial regions of parameter spae even for relatively heavy dark matter, MC;D � 1 TeV.Analogous bounds from ontinuum gamma{ray emission are signi�antly weaker as the latter issubleading in our framework (unlike in other models [51℄), while diret DM detetion is ineÆientdue to loop suppression. These onstraints still allow for thermal DM in the mass range 200{600GeV (Fig. 4).Finally, the model allows for an \optimisti" interpretation of the tentative 135 GeV gamma{ray line in the FERMI data. The line an be due to (non{thermal) dark matter annihilationwith MC ' 135 GeV for a range of the mediator mass MD. This interpretation is onsistentwith the onstraints oming from the ontinuum gamma{ray emission, diret DM detetion andthe LHC searhes.5 ConlusionWe have onsidered the possibility that the hidden setor ontains more than one massivevetor �elds. In this ase, an additional dim{4 interation struture of the Chern{Simons typebeomes possible. It ouples the hyperharge �eld strength to the antisymmetri ombinationof the massive vetors. If the latter are long{lived, the phenomenologial signatures of suha oupling inlude missing energy in deays of various mesons and Z, as well as monojet andmonophoton prodution at the LHC.The hidden setor may possess a Z2 symmetry, whih would make the lighter vetor �eld sta-ble and a good dark matter andidate. The harateristi signature of this senario is monohro-mati gamma{ray emission from the Galati Center, while the orresponding ontinuum ontri-bution is suppressed. We �nd that this possibility is onsistent with other onstraints, inludingthose from the LHC and diret DM detetion. Large portions of the allowed parameter spaean be probed both by indiret DM detetion and the LHC monophoton searhes.Aknowledgements. We are grateful to A. Ali for useful disussions. This work was par-tially supported by the Frenh ANR TAPDMS ANR-09-JCJC-0146, the Spanish MICINNsConsolider-Ingenio 2010 Programme under grant Multi- Dark CSD2009-00064 and the Collab-20
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