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On Stability of the Eletroweak Vauum and the Higgs Portal
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AbstratIn the Standard Model (SM), the Higgs mass around 125 GeV implies that the eletroweakvauum is metastable sine the quarti Higgs oupling turns negative at high energies. I pointout that a tiny mixing of the Higgs with a heavy singlet an make the eletroweak vauumompletely stable. This is due to a tree level orretion to the Higgs mass{oupling relation,whih survives in the zero{mixing/heavy{singlet limit. Suh a situation is experimentallyindistinguishable from the SM, unless the Higgs self{oupling an be measured. As a result,Higgs ination and its variants an still be viable.
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1 IntrodutionThe Higgs setor of the Standard Model (SM) enjoys a speial status. The Higgs bilinear HyHis the only gauge and Lorentz invariant dimension{2 operator that an be onstruted out ofthe SM �elds. This operator an ouple to the \hidden" setor at the renormalizable level [1, 2℄,�L =  HyHS2 ; (1)where S is an SM singlet. More general allowed ouplings inlude, for example, a oupling tomassive vetors [3, 4℄ and a salar urvature [5℄, whih ould be relevant to dark matter andination, respetively. In the ase of a salar Higgs portal, the phenomenology depends ruiallyon whether or not S develops a vauum expetation value (VEV). If it does, the Higgs bosonmixes with the singlet [6, 7℄, otherwise S beomes a good dak matter andidate [1, 8, 9℄. Herewe fous on the �rst possibility. A signi�ant Higgs{singlet mixing an be probed at the LHC[10, 11℄ by measuring prodution ross setions for the Higgs{like states, whereas the smallmixing (< 10%) ase is muh more hallenging.In this paper, we explore some onsequenes of an unobservably small Higgs{singlet mixing.We �nd, in partiular, that suh a mixing together with tiny singlet ouplings an stabilizethe eletroweak (EW) vauum, whih otherwise appears metastable [12, 13℄. Furthermore, itan lead to a signi�ant (O(1)) tree{level modi�ation of the Higgs self{oupling, whih anbe measured at olliders. Finally, although Higgs ination within the SM is disfavored by thetentative 125 GeV Higgs signal seen at the LHC [14, 15℄, suh a possibility remains open in ourframework.2 Higgs portal potential and stabilityWe start by reviewing properties of the Higgs portal potential following Ref. [16℄. Related workan be found in [17, 18, 19℄.2.1 Relevant formulaeThe salar potential in the unitary gauge HT = (0; h=p2) is given byV = 14�hh4 + 14�hss2h2 + 14�ss4 + 12m2hh2 + 12m2ss2 : (2)Here h and s are real �elds; �i are the quarti ouplings and m2i are mass parameters. In whatfollows, we will be interested in the ase when both h and s develop non{zero VEVs. Denoting2



hhi = v; hsi = u, extremization of the low energy salar potential (2) requiresv2 = 2 �hsm2s � 2�sm2h4�s�h � �2hs ;u2 = 2 �hsm2h � 2�hm2s4�s�h � �2hs : (3)The diagonal matrix elements of the Hessian at this point are 2�su2 and 2�hv2, while its deter-minant is (4�s�h � �2hs)v2u2. Then, the extremum is a loal minimum if�hsm2h � 2�hm2s > 0 ;�hsm2s � 2�sm2h > 0 ;4�s�h � �2hs > 0 : (4)In this ase, the mass squared eigenvalues arem21;2 = �hv2 + �su2 �q(�su2 � �hv2)2 + �2hsu2v2 (5)with the mixing angle � given by tan 2� = �hsuv�hv2 � �su2 : (6)Following the onvention of [16℄, the mixing angle is de�ned byOT M2 O = diag(m21;m22) ; O = � os � sin �� sin � os �� ; (7)where M2 is a 2�2 mass squared matrix. The range of � is related to the ordering of theeigenvalues through sign(m21 �m22) = sign(�su2 � �hv2) sign(os 2�) and we take m1 to be thesmaller eigenvalue. The mass eigenstates areH1 = s os � � h sin � ;H2 = s sin � + h os � : (8)Note that the lighter mass eigenstate H1 is \Higgs{like" for �su2 > �hv2 and \singlet{like"otherwise. The former ase orresponds to j�j > �=4.2.2 Large singlet VEV limitIn the limit u� v, we have m21 ' 2��h � �2hs4�s� v2 ;m22 ' 2�su2 + �2hs2�s v2 ;tan 2� ' ��hsv�su ; (9)3



where the negleted terms are suppressed by v2=u2. As u inreases, tan 2� ! 0 and the singlet{Higgs mixing approahes zero. The light eigenstate H1 is almost a pure Higgs, yet its masssquared is not 2�hv2 as in the SM, but reeives a �nite negative orretion ��2hsv2=(2�s).Therefore, a given Higgs mass orresponds to a larger �h than what it would be in the StandardModel.A 125 GeV Higgs an then be obtained for various �h up to order one as long as�h � �2hs4�s ' 0:13 : (10)As a result, all the ouplings an remain positive at all sales, ensuring stability of the potential.This an be ahieved with tiny �hs and �s as long as �2hs=�s is signi�ant.As one inreases u� v (while keeping both states as relevant degrees of freedom at a givenenergy sale), the e�et on the light eigenvalue remains �nite. The SM result is not reovereddue to the large ross term �hsu2v2, although the light state is (almost) exatly SM{like. Theross term generates a leading order O(u2v2) orretion to the determinant of the mass squaredmatrix, resulting in a �nite shift in m1.Rewriting m2h = �12�hsu2 � �hv2 ;m2s = �12�hsv2 � �su2 ; (11)one �nds that the u!1 limit means that both m2s and m2h inrease in magnitude inde�nitely,while m2s=m2h ! 2�s=�hs. The hierarhy between v and u is then equivalent to tuning of m2s=m2hto this value. Note also that the vauum energy is negative and sales like �u4.Sine the singlet{Higgs mixing an be very small, this senario is essentially indistinguishablefrom the SM apart from the Higgs quarti oupling. Suppose that both mass eigenstates aresuÆiently light so that they are degrees of freedom of our TeV{sale e�etive theory,m1 � m2 � E ; (12)with E � O(TeV). Given the Higgs mass mHiggs (whih we also identify with m1), the quartiouplings are given by �h��SM = m2Higgs2v2 ;�h��SM+singlet = m2Higgs2v2 + �2hs4�s : (13)4



For a TeV{sale singlet, the orretion to the quarti Higgs oupling an be of order 100%,whereas the gauge{Higgs oupling is modi�ed by less than 10%. An ILC [20℄ or high{luminosityLHC [21℄ study of the Higgs self{oupling would then be able to reveal the presene of thesinglet.If the singlet is very heavy, m2 � TeV ; (14)the e�etive low energy theory ontains just the Higgs doublet and the Higgs mass{ouplingrelation is not a�eted [22℄. The quarti oupling reeives the singlet{indued ontributionabove the singlet threshold, whih has an analogous stabilizing e�et. In this ase, the mixing� v=u an be as small as 10�7 with the onstraint oming from \ativating" the singlet belowthe SM instability sale.2.3 Numerial exampleThe quarti ouplings at high energies are determined by the following 1{loop renormalizationgroup equations (see e.g. [23℄)16�2 d�hdt = 24�2h � 6y4t + 38�2g4 + (g2 + g02)2�+ (�9g2 � 3g02 + 12y2t )�h + 12�2hs ;16�2 d�hsdt = 4�2hs + 12�h�hs � 32(3g2 + g02)�hs+ 6y2t �hs + 6�s�hs ;16�2 d�sdt = 2�2hs + 18�2s ; (15)where t = ln(�=mt) with � being the energy sale. The e�et of the heavy singlet threshold anbe inluded by inserting appropriate Heaviside �{funtions. The RG equations for the gaugeand the top Yukawa ouplings are given by the usual SM expressions. The low energy inputvalues for these ouplings are g(mt) = 0:64; g0(mt) = 0:35; g3(mt) = 1:16, while for the topYukawa oupling we use its running value at mt, yt(mt) = 0:93 [24℄. A two{loop SM running of�h as well as �nite orretions are onsidered in a reent analysis [12℄ (see [25℄ for a disussion).Within the unertainties of mt, our 1{loop SM results are onsistent with theirs.Figure 1 displays a few possible hoies of low energy ouplings onsistent with mh ' 125GeV and the resulting evolution of �h with energy. We have hosen small ouplings � 10�2 inwhih ase the singlet loop ontribution to �h is suppressed, as is the singlet threshold e�et5



Figure 1: Higgs quarti oupling evolution with energy for various �hs and �s = 0:01 at mt. The Higgs mass is�xed at approximately 125 GeV.(for de�niteness, we have set the singlet mass to be sub{TeV). For �2hs=(4�s) greater than about0.015, the Higgs quarti oupling is positive at all sales. As seen from the RG equations, �sremains positive if it is positive at low energies. This also applies to �hs as its evolution isdominated by the top{quark ontribution. The potential is therefore positive{de�nite at highenergies and the EW vauum is stable. Note that this result an be ahieved with tiny �hs and�s sine what matters is �2hs=(4�s).Analogous examples an be onstruted for �hs < 0 as well. In that ase, one must obey theadditional onstraint 4�s�h � �2hs > 0 at all sales. Even though this quantity is positive in thelow energy limit, it may turn negative at higher energies signifying the existene of a run{awaydiretion.This illustrates how the eletroweak vauum an be stabilized by invoking a heavy salarwhih has pratially no observable e�ets other than hanging the Higgs self{oupling. In thatase, the bound on the reheating temperature [12℄ relaxes and, furthermore, the Higgs �eld anbe responsible for ination [5℄.One may also stabilize the Higgs potential entirely by loop e�ets involving a relativelylight singlet with a zero VEV [26, 27, 28℄. As seen from the RG equations, the singlet makesa positive ontribution to �h, so a substantial ross oupling �hs � 0:4 would stabilize theeletroweak vauum. Although viable, this mehanism is quite onstraining and the optionsfor Higgs{like ination would be limited. In ontrast, the tree{level mehanism desribed aboveworks even for very small ouplings and a heavy singlet providing ample opportunities for model6



building.3 Resuing Higgs inationSalar �elds with the usual quarti potentials an drive ination if they possess large ouplings�i � 1 to salar urvature R [5, 29℄. Below we summarize basi ideas of Higgs portal ination,losely following Ref. [16℄. Variants of this senario whih inlude dark matter onsiderationshave appeared in [23, 30℄.3.1 The setupThe relevant Jordan frame Lagrangian in the unitary gauge isL=p�g = �12M2PlR� 12�hh2R� 12�ss2R+ 12(��h)2 + 12(��s)2 � V (16)with �h;s > 0. The salar ouplings to urvature an be eliminated by a onformal transformation~g�� = 
2g�� ; 
2 = 1 + �hh2 + �ss2M2Pl ; (17)whih brings us to the Einstein frame. Let us set MPl to 1 and onsider the limit�hh2 + �ss2 � 1 : (18)At � � �h + �s � 1, the kineti terms and the potential for new variables� =r32 log(�hh2 + �ss2) ;� = hs (19)are given by Lkin = 12(���)2 + 12 �2h�2 + �2s(�h�2 + �s)3 (���)2 (20)and U = �h�4 + �hs�2 + �s4(�h�2 + �s)2 ; (21)respetively. Note that at large �, the potential is independent of � whih allows for slow{rollination. The omposition of the inaton depends on the value of � at the minimum of the
7



potential. The minima of U are lassi�ed as follows(1) 2�h�s � �hs�h > 0 ; 2�s�h � �hs�s > 0 ; � =s 2�s�h � �hs�s2�h�s � �hs�h ;(2) 2�h�s � �hs�h > 0 ; 2�s�h � �hs�s < 0 ; � = 0 ;(3) 2�h�s � �hs�h < 0 ; 2�s�h � �hs�s > 0 ; � =1 ;(4) 2�h�s � �hs�h < 0 ; 2�s�h � �hs�s < 0 ; � = 0;1 : (22)In all of these minima, the � �eld is heavy (m � 1=p� in Plank units) and an be integratedout, leaving � as the only dynamial variable during ination. If we are to retain the subleadingM2Pl=(�hh2 + �ss2) term in 
2, the potential for � beomesU(�) = �e�4�2h �1 + exp�� 2�p6���2 (23)in Plank units. Here �e� depends on the omposition of the inaton. For Higgs ination,�e� = �h; for singlet ination, �e� = �s=x2 with x = �s=�h; and for mixed ination, �e� =(4�s�h � �2hs)= �4(�s + �hx2 � �hsx)�.Depending on the values of �i and �i, 3 variants of ination are possible. Sine the shape ofthe potential is the same in all ases (at tree level), they all share the same predition for thespetral index n ' 1�2=N and the tensor to salar perturbation ratio r ' 12=N2, with N beingthe number of e-folds during ination [5℄. Obviously, the prerequisite for ination is that therelevant �e� be positive at high energies. Then, given the low value of the Higgs mass, Higgsination beomes problemati [31, 32, 33℄. To revive this option, one may use the mehanismof �h{enhanement desribed in the previous setion.3.2 Singlet{assisted Higgs inationAlthough the minimalisti version of the original Higgs ination [5℄ appears disfavored, thepresene of an almost deoupled singlet an save the idea. Of ourse, the Higgs �eld is no longerspeial in this ase as there is another salar whih ould drive ination. Yet, Higgs inationremains an interesting possibility.For Higgs ination to our, we require the following onditions at the Hubble sale �H �MPl=�h with �h � 5� 104 [5℄ : �h > 0 ;2�h �s�h � �hs < 0 : (24)8



Figure 2: Parameter spae allowed by Higgs ination for the two vaua: u � v (left) and u = 0 (right). TheHiggs mass is �xed at approximately 125 GeV and �s=�h = 10�3.The seond onstraint follows from (22) and ensures that � =1 is a loal minimum. (The signof 2�s�h � �hs�s determines whether this is the only loal minimum.) It follows then that �hsmust be positive, �hs > 0. Furthermore, we impose the \perturbativity" onstraintj�ij < 1 (25)at the Hubble sale. This judiious hoie is motivated by perturbativity (�2i =(4�) < 1) all theway up to the Plank sale.We take a onservative viewpoint [16℄ and do not impose further onstraints arising fromloop orretions to the shape of the inaton potential (the \running" spetral index). Theseare likely to be a�eted by the presene of higher dimensional operators and/or heavy states[34, 35, 36, 37, 38℄. In the absene of a UV omplete theory, suh subtle e�ets annot bealulated reliably.The allowed parameter spae for �h � �s is shown in Fig. 2. Here we set the singlet massin the TeV range, so the threshold e�ets are unimportant. The left panel orresponds to theu� v vauum suh that �h��2hs=(4�s) ' 0:13 at the EW sale. The right panel orresponds tou = 0 and �h ' 0:13 at the EW sale, in whih ase the stabilization is due to loop e�ets. Theobvious di�erene is that the �rst option allows for arbitrarily small ouplings �hs; �s, whereasin the other ase �hs must be greater than 0.3-0.4. The allowed region is bounded on the rightand from above by perturbativity, and on the left by �h(�H) > 0 in both ases. The onstraint2�h �s=�h��hs < 0 amounts essentially to positivity of �hs. Finally, we note that the magnitudeof �h � 5� 104 is �xed by the potential normalization [5℄.9



The two possibilities an potentially be distinguished at olliders. The u � v option anlead to a signi�ant orretion to the Higgs self{oupling �h, whereas the u = 0 ase requires asubstantial Higgs oupling to the singlet. To observe prodution of the (EW{sale) singlet pairswould be hallenging, but feasible given very high luminosities [18℄.Finally, we note that other variants of Higgs portal ination are possible. The inaton analso be a mixture of the Higgs and the singlet as well as the singlet alone, depending on �i and�i [16℄. To disentangle all the possibilities at olliders would be very hallenging as it requiresdetermination of the sign of �hs.4 ConlusionWe have studied the possibility that the Higgs boson has a small admixture of an SM singlet.We �nd that, as the singlet VEV inreases, the Higgs mass{oupling relation reieves a tree levelontribution whih does not vanish in the zero{mixing/heavy{singlet limit. Suh a orretionan be order one and make the EW vauum ompletely stable rather than metastable. Therequisite Higgs{singlet oupling �hs and the singlet self{oupling �s are allowed to be verysmall, as long as �2hs=(4�s) is greater than about 0:015 for a TeV{sale singlet. This situationis pratially indistinguishable from the SM at low energies unless the Higgs quarti oupling ismeasured.We also �nd that Higgs ination is possible in our framework sine the quarti ouplingremains positive at high energies. This result an also be ahieved purely through singlet{indued loop e�ets, although a substantial Higgs{singlet oupling would be required in thisase.Aknowledgements. The author is grateful to H.M. Lee for useful omments.Referenes[1℄ V. Silveira and A. Zee, Phys. Lett. B 161, 136 (1985).[2℄ In the ontext of mirror matter, the Higgs portal interation also appeared in R. Foot,H. Lew and R. R. Volkas, Phys. Lett. B 272, 67 (1991).[3℄ S. Kanemura, S. Matsumoto, T. Nabeshima and N. Okada, Phys. Rev. D 82, 055026(2010). 10
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