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Enhanement of assoiated H�W� prodution in the NMSSMR. Enberg,1, � R. Pasehnik,2, y and O. St�al3, z1Department of Physis and Astronomy,Uppsala University, Box 516, SE{751 20 Uppsala, Sweden2Department of Astronomy and Theoretial Physis,Lund University, SE{223 62 Lund, Sweden3Deutshes Elektronen-Synhrotron DESY,Notkestra�e 85, D{22607 Hamburg, GermanyAbstratWe study the assoiated prodution of a harged Higgs and a W boson in high-energy pp olli-sions at the Large Hadron Collider. This is an interesting proess for harged Higgs disovery, orexlusion, sine the prodution ross setion ould depend strongly on the model, o�ering poten-tial disriminating power between supersymmetri extensions of the Standard Model with minimalor extended Higgs setors. We ompute the ross setion for this proess in the next-to-minimalsupersymmetri Standard Model (NMSSM), at the tree level for quark-quark sattering and atone-loop level for gluon-gluon sattering. The most important orretions beyond leading orderare taken into aount using an improved Born approximation. We �nd that the pp ! H�W�ross setion an be resonantly enhaned by up to an order of magnitude over its MSSM value(both for ps = 7 TeV and 14 TeV) through the ontributions of heavy, neutral, singlet-dominatedHiggs bosons appearing in the s-hannel. Sine suh Higgs mass on�gurations are normally notpossible in the MSSM, the observation of assoiated H�W� prodution at the LHC ould providea striking, although indiret, signature of a more ompliated Higgs setor.
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I. INTRODUCTIONThere are good phenomenologial and theoretial reasons to onsider supersymmetri(SUSY) extensions of the Standard Model, inluding amelioration of the hierarhy problemor the �ne-tuning of the Higgs mass, uni�ation of the gauge ouplings, and the existeneof a dark matter WIMP andidate. The most ommon SUSY model is the minimal super-symmetri extension of the Standard Model (MSSM) [1, 2℄, whih exhibits all of the abovebene�ts. These bene�ts ome at the prie of introduing a mass term (alled the �-term)for the two Higgs doublets that are required in the MSSM. This leads to another �ne-tuningproblem, namely why the mass parameter � of the Higgs doublets should be at the ele-troweak mass sale, as is required by phenomenology. This is known as the �-problem.Furthermore, the mass of the lightest Higgs boson annot be less than � 115 GeV, whilein the MSSM at the tree-level it has an upper limit equal to the Z boson mass. To ful�llthe experimental onstraints, large orretions to the Higgs mass from top- and stop-loopsare needed, whih require a rather large stop mass leading to an additional amount of �ne-tuning in the model. If we take �ne-tuning arguments seriously, we may therefore onsiderwhether there are alternatives to the MSSM (see e.g. [3, 4℄).One suh alternative is the next-to-minimal supersymmetri Standard Model (NMSSM),whih has reently been reviewed in Refs. [5, 6℄. In the NMSSM, there is in addition to thetwo Higgs doublets of the MSSM a singlet Higgs �eld, whih is the salar omponent of ahiral singlet super�eld added to the MSSM superpotential. The reason for introduing thisadditional salar is that the �-term is now dynamially generated, so that the �ne-tunedparameter � is no longer needed. This salar mixes with the other salars from the twodoublets, leading to a Higgs setor with seven Higgs bosons, ompared to the �ve presentin the MSSM. The fermion omponent of the singlet super�eld, the singlino, additionallymixes with the neutralinos, providing interesting possibilities for dark matter that an be,e.g., singlino or singlino{Higgsino-dominated [5℄, or very light [7, 8℄.There are two extra neutral Higgs bosons in the NMSSM ompared to the MSSM; oneCP-even and one CP-odd. The tree-level mass relations for the Higgs bosons are then alsomodi�ed, and it is possible for one or more Higgs bosons to be quite light. In partiular thelightest CP-odd Higgs, A1, an be signi�antly lighter than in the MSSM|viable senarioswith mA1 < 2mb exist [9℄. The harged Higgs boson an also be rather light [10, 11℄, albeitnot as light as the A1.Beause of the di�erent Higgs phenomenology due to the modi�ed mass relations and theadditional partiles, the parameters of the model are not as onstrained as in the MSSM,and new deay hannels and prodution mehanisms may beome important at the LHC.For example, the harged Higgs may deay as H+ ! W+A1, and the A1 in turn maydeay dominantly as A1 ! b�b; �+��. Suh di�erenes are important to take into aount insearhes at LHC, so that no possibilities are missed.In this paper, our fous is on prodution of the harged Higgs boson H� in assoiationwith a W� boson. This is not the main prodution hannel usually onsidered for H� and,to the best of our knowledge, it has not been studied in the ontext of the NMSSM. Itwas however pointed out in Ref. [12℄ that a related proess, the assoiated entral exlusiveprodution of H�W�, may be useful in the NMSSM.The usual prodution mehanisms for H� are top quark deays t ! H+b for lightharged Higgs (where the harged Higgs boson mass mH� < mt), and prodution witha top, bg ! H�t or gg! H�t�b, for heavy harged Higgs (mH� > mt). The assoiated pro-2



dution mehanism may, however, be important to seure additional information about theHiggs setor if the harged Higgs is �rst observed in one of the above-mentioned proesses.An advantage of the H�W� proess is that a leptonially deayingW may be used as an ex-perimental requirement. The ross setion for assoiated prodution is as we shall see rathermodel-dependent, and the observation of this proess may therefore provide onstraints onthe model parameters. For example, in the NMSSM, smaller tan� is allowed, leading toa possible enhanement of the ross setion. A potentially more important di�erene be-tween the MSSM results and the NMSSM omes from the resonant s-hannel exhangesof additional singlet-dominated Higgs bosons. Due to the very restrited mass relations ofthe MSSM Higgs setor, these ontributions annot be resonant in the MSSM, while in theNMSSM they an. The resonant enhanement of the parton-level ross setion will also en-hane the hadron-level ross setion in some range of harged Higgs boson masses and thisenhanement ould be potentially visible at the LHC. It ould be important for diserningdi�erenes between MSSM and NMSSM, and for setting limits on the parameter spae.The H�W� prodution hannel was �rst onsidered in [13℄, where the ross setions werealulated in the approximation that mb = 0. This study did not inlude any ontributionfrom squark loops. The ross setions were later alulated in full generality for two-Higgs-doublet models (2HDM) and the MSSM in [14{17℄, where in partiular [16, 17℄ inluded thesquark loop ontributions. In [18℄, it was further shown that there may be a substantialenhanement of the ross setion ompared to the MSSM in a general 2HDM. Our paperextends these studies to the NMSSM, and we are going to investigate in partiular thedi�erenes between the MSSM and the NMSSM for this proess.Next-to-leading order (NLO) orretions to the b�b! H�W� subproess, inluding QCD,SUSY QCD, and eletroweak ontributions, are known for the MSSM [19{24℄. There havealso been phenomenologial studies of this proess for the LHC at 14 TeV [22, 25{28℄. Whilewe do disuss the LHC aspets of the H�W� proess in the NMSSM below, the inlusion ofNLO orretions and a detailed study of LHC signatures are beyond the sope of this paperand will be left for future studies.Finally, we restrit ourselves to the ase of harged Higgs bosons heavier than the topquark, whih means that the t! bH+ prodution mehanism is not e�etive. The reason istwofold: �rst, this deay is the same in the MSSM and the NMSSM, but we are interestedin di�erenes between the two models. Seond, the experimental onstraints on this deayhannel are already quite strit [29{31℄, ruling out BR(t! bH+) > 5�10% (in the MSSM).II. THE NMSSM HIGGS SECTORThe NMSSM is de�ned by removing the �-term from the MSSM superpotential andadding a singlet hiral super�eld Ŝ, whih only ouples to the Higgs doublets. Assumingsale invariane, the general form of the superpotential isWNMSSM =WMSSM + �ŜĤuĤd + �3 Ŝ3: (2.1)In the above superpotential, the (unhanged) Yukawa terms are ontained in WMSSM. Thesalar potential of the NMSSM is obtained from the F - and D-terms plus the soft SUSY-breaking terms for the Higgs setor,Vsoft = m2Hu jHuj2 +m2Hd jHdj2 +m2S jSj2 + ��A�SHuHd + 13�A�S3 + h..� ; (2.2)3



where the dimensionless ouplings � and �, the soft SUSY-breaking parameters A� andA� with dimension of mass, and the singlet mass mS are new parameters ompared tothe MSSM. As usual, mS is �xed by the minimization of the potential. Requiring that Saquires a vauum expetation value (vev), s = hSi, yields an additional new parameter ofthe model, and gives rise to an e�etive �-parameter �e� = �s. Together with the ratio ofvevs of the two Higgs doublets, tan � = vu=vd, where v2u + v2d = v2 = (174 GeV)2, we havesix free parameters of the Higgs setor of the NMSSM: �; �; A�; A�; s, and tan�.As S is a omplex �eld, there will be two additional physial Higgs bosons in the NMSSMompared to the MSSM. For a CP-onserving theory (as is assumed here) we have threeCP-even neutral states H1; H2; H3 and two CP-odd neutral states A1 and A2, where we takethe states to be ordered in mass with H1 and A1 the lightest states.The mass of the harged Higgs boson is at tree-levelm2H� = 2�e�sin 2� (A� + �s) +m2W � �2v2; (2.3)whih an be ompared with the MSSM expression m2H� = m2A+m2W . It therefore simpli�esour expressions to de�ne an e�etive \doublet mass" in the NMSSM asm2A = 2�e�sin 2� (A� + �s) = �ss�� (A� + �s) = �e�s�� (A� + ���e�); (2.4)where we de�ned s� = sin� and � = os �. Thus, for �xed �e� , the squared doublet massand the harged Higgs mass both depend linearly on A� and on �=�. The parameter A�may be everywhere swapped for mA as a parameter of the Higgs setor. The mass relation(2.3) an then be written as m2H� = m2A +m2W � �2v2: (2.5)This exhibits one important di�erene between the NMSSM and the MSSM: in the MSSM,the harged Higgs and the CP-odd Higgs are almost degenerate in mass as soon as theyare heavier than � 200 GeV. In the NMSSM there is no suh strong orrelation; partlybeause of the additional ontribution ��2v2 whih lowers m2H� , but mainly beause thereis usually no physial state with mass mA. The two CP-odd states in the NMSSM arise asmixtures of the CP-odd state of the MSSM, A = Im(Hu� + Hds�), and of the imaginarypart of the salar S. The e�etive mass mA thus only orresponds to a physial mass if themixing between the two pseudosalar bosons vanishes. This mixing is obtained from themass matrix for A1; A2,M2P = 0� m2A vs (m2As�� � 3��s2)vs (m2As�� � 3��s2) v2s2 s�� (m2As�� + 3��s2)� 3�A�s1A : (2.6)In terms of the weak basis eigenstates Aweakj = (ImHd; ImHu; ImS), the physial CP-oddeigenstates Amassi = (A1; A2) (ordered in inreasing mass) are given by Amassi = PijAweakjwith the 2� 3 mixing matrix Pij, or expliitly�A1A2� = �P11 P12 P13P21 P22 P23�0�ImHdImHuImS 1A :4



It has been argued, for example by Dermisek and Gunion [9, 32{34℄, that A1 may be muhlighter than the other Higgs bosons, and an even be as light as a few GeV, and still beallowed by EWPT and ollider onstraints.The masses of the CP-even Higgs states require a three-dimensional mixing matrix Sijrotating the weak basis Hweakj = (ReHd; ReHu; ReS) to the physial one,Hmassi = SijHweakj ;suh that the physial mass eigenstates Hmassi are ordered in inreasing mass. The orre-sponding expressions for masses and mixings are omitted here; they may be found in e.g. [5℄.It an be shown that the tree-level mass of the lightest Higgs boson H1 is no longer limitedby mZ as in the MSSM, but instead bym2H1 � m2Z os2 2� + �2v2 sin2 2�: (2.7)To summarize, in the NMSSM (at tree-level), the lightest CP-even Higgs is allowed to besomewhat heavier, and the harged Higgs somewhat lighter, than in the MSSM, while thelightest CP-even Higgs may be muh lighter than in the MSSM.In the above disussion we have onsidered only the tree-level masses, but just as in theMSSM there an be onsiderable orretions to these masses at higher orders [35{42℄. Totake these into aount to the best preision available [43℄, we use the ode NMSSMTools(version 2.3.5) [44, 45℄ for our numerial evaluation of the Higgs mass spetrum. We alsouse this ode in the following to alulate the mixing, all oupling strengths, and the Higgsdeay widths from the given input parameters.Beyond leading order, the Higgs spetrum depends on all the parameters listed above,as well as on the soft SUSY-breaking parameters of other setors; the most importantorretions typially ome from stop mixing. The standard way to ope with this situationin the MSSM is to onsider a benhmark senario (suh as those de�ned in [46, 47℄) to�x the higher order orretions from other SUSY setors, and then vary independentlythe parameters in the Higgs setor. We shall use the same approah here, extending in astraightforward manner the MSSM benhmark senario to the NMSSM. We therefore use�e� as an input, whih together with the NMSSM oupling � determines the value of thesinglet vev s. Sine we are mainly interested in omparing the NMSSM to the MSSM,rather than the MSSM to itself, we use the same benhmark (inspired by maximal mixing)throughout this work:MSUSY = 1 TeV; XDRt � At � �e� ot � = p6MSUSY; Ab = A� = At�e� = 250 GeV; M1 = 100 GeV; M2 = 200 GeV; M3 = 1 TeVFor the remaining (free) input parameters of the NMSSM Higgs setor, we shall take A�,tan �|whih are equivalent to the two parameters mH�, tan � in the MSSM throughEqs. (2.4), (2.5)|and in addition �, �, and A�, whih are spei� to NMSSM. For anyhoie of NMSSM parameters, the orresponding MSSM limit an be obtained by taking�! 0, �! 0, while keeping the ratio �=� and all dimensionful parameters �xed.
5
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bFIG. 1. Leading-order diagrams for the quark-initiated hard subproess b�b! H�W�.III. ASSOCIATED H�W� PRODUCTIONAssoiated H�W� prodution has two ontributing subproesses at leading order, quark-antiquark (q�q) and gluon-gluon (gg) sattering. The leading order ontributions orrespondto the tree-level for q�q, and one loop for gg fusion. Representative diagrams for thesesubproesses are depited in Figs. 1 and 2, respetively. Working in a �ve-avor sheme(5FS) with an e�etive parton distribution for the b quark, the q�q proess is ompletelydominated by the b�b ontribution. Although the ross setion for gg fusion is formallysuppressed by two powers of the QCD oupling �s relative to b�b annihilation, it may yield aomparable ontribution at LHC energies due to the large gluon density at small x and needsto be taken into aount. In the 5FS, there are additional ontributions at higher orders of�s where one gluon splits into a b�b pair, giving bg ! H�W�b. These ontributions shouldin priniple be mathed to the b�b ! H�W� proess, whih would yield an e�etive QCDorretion fator slightly less than one [14℄. For simpliity we ignore this fator throughoutthis work. If the harged Higgs boson is light enough (mH� < mt), there is an additionalontribution to H�W� prodution through top quark deays t! bH+. When ŝ is lose tothe t�t threshold ŝ � 4m2t , on-shell top quarks an therefore give an additional produtionhannel gg ! t�t ! H�W�b�b, whih is enhaned by top resonanes. However, in thiswork we study the ase when the H+ boson is heavy enough to be above the threshold forprodution in top deays, and this extra prodution hannel is not relevant.The next-to-leading order (NLO) orretions to the H�W� ross setion in the MSSM areknown [19{24℄, but for the present study the leading order ontributions suÆe sine we aremainly interested in omparing the NMSSM to the MSSM. We will, however, aount for themost important higher order ontributions from running quark masses, loop orretions toHiggs masses and mixings, and inluding (mass-dependent) widths of Higgs bosons appearingin s-hannel propagators. The treatment of these e�ets is desribed in further detail below.Consider �rst the b�b ! H�W� ontribution, whih to the leading order is given by thetree-level diagrams in Fig. 1. At the parton-level, this ontribution typially dominates overthe gluoni one onsidered below. The orresponding parton-level ross setion has the sameform as in the MSSM ase [14℄,d�̂dt̂ (b�b! H+W�) = G2F24�ŝ(m2b2 �(ŝ; m2W ; m2H�)�jSb(ŝ)j2 + jPb(ŝ)j2� (3.1)+ m2b tan �t̂�m2t �m2Wm2H� � ŝp2? � t̂2�RehSb(ŝ)� Pb(ŝ)i+ 1(t̂�m2t )2hm4t ot2 ��2m2W + p2?� +m2b tan2 ��2m2Wp2? + t̂2�i) ;6



where GF is the Fermi onstant, ŝ, t̂, û are the usual Mandelstam variables, p? is thetransverse momentum of the W boson in the b�b .m. frame, and �(x; y; z) = x2 + y2 + z2 �2(xy + yz + zx) is the K�all�en funtion. The �rst line in Eq. (3.1) represents the s-hannelresonane ontribution, the last line orresponds to the non-resonant top quark exhange inthe t-hannel, and the seond line ontains the interferene term.The funtions Sq and Pq ontain the propagators and relative ouplings for the neutralHiggs bosons to quark avor q. In Eq. (3.1) only the b quark ontribution is needed, but forthe gg ontribution disussed below we need also the orresponding expressions for the topquark. These funtions are de�ned asSt(ŝ) = 1sin� Xi=1;2;3 Si2 (Si2 os � � Si1 sin�)ŝ�m2Hi + imHi�Hi ;Sb(ŝ) = 1os � Xi=1;2;3 Si1 (Si2 os � � Si1 sin �)ŝ�m2Hi + imHi�Hi ;Pt(ŝ) = 1sin� Xi=1;2 Pi2 (Pi2 os � � Pi1 sin �)ŝ�m2Ai + imAi�Ai ;Pb(ŝ) = � 1os � Xi=1;2 Pi1 (Pi2 os � � Pi1 sin�)ŝ�m2Ai + imAi�Ai ; (3.2)where �Hi and �Ai are the total (mass-dependent) deay widths of the Hi and Ai bosons,respetively. We have obtained the expressions given in Eq. (3.2) by modifying the S; Pfuntions given in [14℄ with the appropriate Yukawa ouplings for the NMSSM ase. We ne-glet the Yukawa ouplings of the �rst- and seond-generation quarks, as their ontributionsto the amplitude are negligibly small. If the masses of two (or more) neutral Higgs bosonswith the same CP properties beome degenerate, then the approximation used in Eq. (3.2)breaks down, and one has to take into aount Higgs mixing e�ets (see e.g. Refs. [48, 49℄).For the NMSSM senarios we shall onsider below, the masses will however always be suhthat Eq. (3.2) remain valid.Let us now turn to the gg ontribution. In analogy to the MSSM ase [14{17℄, theresonant amplitude of the gg ! H1;2;3; A1;2 ! H�W� subproess from quark loops is givenby the sum of all triangle diagrams of the type shown as the �rst diagram (upper left) inFig. 2. This ontribution an be written asV ��W =p2� �s(�R)GFmW ��(pW )(q1 + q2)� ��(q1)��(q2)"�q�2 q�1 � ŝ2g����(ŝ) + i�����q1�q2��(ŝ)#; (3.3)where �s(�R) is the strong oupling evaluated at the renormalization sale �R, �� is thepolarization vetor of the W boson with momentum pW and heliity �W , and ��;� are thepolarization vetors of the gluons with momenta q1;2. These are summed over the olorindex . The funtions � and � ome from the loop integration and orrespond to neutralCP-even H1;2;3 exhanges (�) and neutral CP-odd A1;2 exhanges (�) in the s-hannel. They7



PSfrag replaements

H�H�H�
H�

H�
H�
H�H�

H�H�
H� H�

W�W�W�
W�

W�
W�
W�W�

W�W�
W� W�gggggg

g
g

g
g gg

gggg
gggg
gg gg
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must be ontinued analytially for three regions in r, suh that for r � 0; 0 < r � 1, orr > 1, arsinhp�r must be represented by arsinhp�r;�i arsinpr, or aroshpr � i�=2,respetively. The ontribution to the parton-level ross setion is then given byd�̂�dt̂ (gg! H+W�) = �2s (�R)G2F2048�3 �(ŝ; m2W ; m2H�)�j�(ŝ)j2 + j�(ŝ)j2� : (3.8)Due to Bose symmetry, the gg ! H�W� ross setion is symmetri with respet to t̂ $ ûinterhange. Additionally, sine we only onsider the CP-invariant ase, the ross setionsfor the gg! H+W� and gg! H�W+ hannels oinide.In our numerial alulations we take all possible quark and squark loop ontributionsinto aount from both triangle and box diagrams. For simpliity, we show here only theformulas for quark triangles, and do not list the ompliated expressions for either the boxesor the diagrams with squark loops, shematially shown in Fig. 2. The full result alsoinludes interferene between these di�erent ontributions. We have heked our numerialresults in the MSSM limit (whih will be desribed below) against previous results from theliterature [14, 24℄.Formally, the leading order ontributions (as given by Eqs. (3.2){(3.8) above) ontaintree-level masses and ouplings. As advoated previously (see [24℄ and referenes therein),higher order QCD and eletroweak orretions an signi�antly a�et MSSM observables.In partiular the bottom Yukawa oupling is subjet to large quantum orretions in theMSSM|as well as in the NMSSM|and these need to be taken into aount properly. Forthis purpose, we follow the general reipe given in [24℄. To take into aount the large(SM) QCD orretions to the leading-order result, we use the QCD running b quark massmb = mDRb (�R). At two-loop order it is given by [50℄mDRb (�R) = mMSb (�R)h1� �s3� � �2s144�2 (73� 3n)i; (3.9)where n is the number of ative quark avors and mMSb (�R) is the standard MS running mass(we use mMSb (mb) = 4:2 GeV as input). Then, inluding the tan �-enhaned supersymmetriQCD (SQCD) and eletroweak (SEW) orretions [51℄ by a straightforward generalizationof the MSSM results [52℄, we obtain the following e�etive bottom-Higgs ouplings:�e�b�bHi = �i mDRbp2 v os � Si11 + �b �1 + �b Si2Si1 tan �� ; i = 1; 2; 3 (3.10)�e�b�bAk = mDRbp2 v os � Pk11 + �b �1 + �b Pi2Pi1 tan�� ; k = 1; 2 (3.11)In a similar manner we also inlude the relevant orretions to the H+tb vertex [53℄. Theseso-alled �b orretions onsist of two dominating parts, �b = �SQCDb +�SEWb , absorbing theleading SQCD and SEW orretions. In our ase, the latter is dominated by the Higgsino-stop ontribution �SEWb ' � ~H~tb . In omplete analogy to the MSSM ase we therefore have�b ' �SQCDb +� ~H~tb , where�SQCDb = 2�s(Q)3� m~g �e� tan � I(m2~b1 ; m2~b2 ; m2~g); Q = (m~b1 +m~b2 +m~g)=3;� ~H~tb = m2t16�2v2 sin2 �At �e� tan � I(m2~t1 ; m2~t2 ; j�e� j2);9



and �nally I(a; b; ) = � 1(a� b)(b� )(� a) �ab ln ab + b ln b + a ln a� :Here m~g denotes the gluino mass, and m~bi ; m~ti (i = 1; 2) the sbottom and stop masses.From these expressions it is lear that the �b orretions ould beome large for either largevalues of �e� and/or large tan �.We shall refer below to the alulation at leading order, inluding the improvementsdisussed here (higher order orretions to Higgs masses and mixing, the Higgs widths inthe s-hannel Higgs propagators, the running mb, and the SUSY orretions to the bottomYukawa ouplings), as the improved Born approximation.To alulate the ross setions and perform the numerial omputations, we have modi�edand extended the MSSM model �le [54℄ of FeynArts [55℄ to ontain the relevant NMSSMouplings and the neessary steps to use the improved Born approximation as disussedabove. The parton-level amplitudes have been omputed with FormCal [56℄ and inte-grated numerially. For the evaluation of the salar master tree- and four-point integrals inthe gluon ontribution we have used the LoopTools library [56℄. The Higgs mass spetra,mixing, ouplings and deay widths have been alulated using NMSSMTools [44, 45℄.IV. RESULTSA. NMSSM parameter dependene and benhmark senariosAs a �rst step, we investigate the impat on the parton-level ross setions �̂b�b!H�W� and�̂gg!H�W� of varying the NMSSM parameters. This information will be useful for de�ningthe benhmark senarios we are going to study in more detail below. We start from a generiNMSSM senario with parameter values hosen as follows (this is what we will below referto as Senario A): � = 0:25; � = 0:25; A� = �235 GeV;A� = �150 GeV; tan � = 10; (4.1)and perform variations around these values. For eah parameter point the partoni rosssetions are evaluated as a funtion of pŝ, using the improved Born approximation asdesribed in Setion III.To be able to study genuine NMSSM e�ets on the H�W� proess, we �rst want toompare our results to those obtained in the MSSM limit. We therefore look at the behaviorof the partoni ross setions during the gradual transition from the NMSSM point de�nedby the parameter set given by Eq. (4.1) to the orresponding MSSM limit.1 The results areshown in Fig. 3. A striking di�erene between the NMSSM and the MSSM is the presene ofresonant enhanement of the partoni ross setions in the NMSSM. These resonanes anbe attributed to the heavy neutral Higgs poles ŝ = m2H3 and ŝ = m2A2 , whih for the defaultparameters have masses mH3 = 462:6 GeV and mA2 = 349:3 GeV (see Table I below). Sinein the MSSM it is generally true that mH;A < mH�, these resonant ontributions vanishin the MSSM limit. They are therefore an inherent feature of the NMSSM. As we will1 We remind the reader that the MSSM limit is de�ned by taking �; � ! 0, while keeping the ratio �=�and all other parameters �xed to their respetive values.10
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ŝ (GeV)GeV

10
-5

10
-4

10
-3

10
-2

10
-1

10
0

10
1

10
2

 200  300  400  500  600  700  800

λ = 0.17
0.21
0.24

σ b
b̄,

gg
→

H
±

W
∓

(p
b

)

√
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SenarioParameter A B C D EA� (GeV) �235 �235 �235 �185 �243A� (GeV) �150 �250 �400 �150 �150� 0:25 0:25 0:25 0:5 0:25� 0:25 0:25 0:25 0:5 0:25tan � 10 10 10 2:2 40Higgs mass spetrum (GeV)mH� 174:3 174:3 174:3 195:3 171:7mH1 118:4 117:4 115:0 114:6 120:3mH2 173:5 174:1 174:3 203:6 246:0mH3 462:6 435:3 391:1 459:6 463:3mA1 139:0 156:4 165:4 92:0 213:2mA2 349:3 438:2 549:2 383:4 355:7Singlet elements of H3; A2S3;3 0.993 0.991 0.986 0:988 0:992P2;3 0.945 0.981 0.993 0:875 0:897TABLE I. Seleted NMSSM benhmark senarios, the orresponding Higgs mass spetrum, andsinglet elements S3;3, P2;3 of the Higgs mixing matries for the neutral heavy Higgs bosons.ontributions below.Table I shows some features whih are ommon to all the senarios. As a general strategywe hoose the parameters to obtain a rather low mH� in all senarios (but still keepingmH� > mt). For ompatibility with LEP onstraints [57℄, we make sure that the light-est CP-even Higgs mass mH1 > 114:4 GeV.2 The senarios are also ompatible with thelimits from diret Higgs searhes at the Tevatron and the LHC implemented in Higgs-Bounds v.2.1.0 [58℄. Going into the spei�s of the individual senarios, the only di�erenebetween the de�nitions of senarios A, B, and C is the value for A�. This variation leadsto three di�erent hierarhies for mH3 and mA2 , as an be read o� from the table. SenariosD and E are both mostly similar to Senario A in terms of the heavy Higgs mass struture.Here we instead onsider two \extreme" ases of low (D) and high (E) values for tan �.B. Parton-level ross setionsWe now proeed to study assoiated H�W� prodution in the NMSSM, making use ofthe benhmark senarios de�ned in the previous setion. The parton-level ross setions areevaluated as desribed in Setion III, and the results for �̂b�b!H�W� are shown in Fig. 5.In this �gure the solid lines give the NMSSM ross setions, while the dashed lines arethe orresponding ross setions in the MSSM limit. As already disussed above, the most2 Applying this limit to the NMSSM in general is a very onservative approah, sine it stritly speakingonly applies to a Higgs with SM-like ouplings. Spei� NMSSM senarios admit mH1 � 114:4 GeVwithout being in onit with experimental data. However, in this work the seleted senarios orrespondto the ase where H1 is SM-like, and therefore the SM limit applies.13
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Turning now to �̂gg!H�W�, the ontribution from gluon fusion is expeted to be riherthan that initiated by b-quarks, sine it involves additional non-resonant box diagrams.The interferene with these an strongly a�et the resulting ross setion (for a study ofthese interferene e�ets in the MSSM, see [14℄). The ross setion is again evaluated asoutlined in Setion III and the results are shown in Fig. 6. One look at this �gure revealsthat the gluon-initiated proess has a muh lower ross setion ompared to the b�b initialstate, about 3{4 orders of magnitude. We an however expet this di�erene to be (atleast partly) ompensated in the hadroni ross setion by the larger gluon ontent of theproton at intermediate and small x (see below). Compared to the b�b proess, we do observea general broadening of the resonanes, and larger di�erenes between the NMSSM andthe MSSM limit|the latter in partiular for energy ranges between near-lying resonanes,where interferene an lead to either an enhaned or suppressed ross setion predition inthe NMSSM ompared to the MSSM. Most of the gg distributions show a feature at thetop pair threshold pŝ = 2mt (sometimes masked by an NMSSM resonane). Sine thiskinemati e�et is present also in the MSSM it is not interesting for the omparison of theresults between the two models.Looking spei�ally at the results for senarios A{C in Fig. 6, they display the sameresonane struture as the b�b ase. This tells us that both the H3 and A2 resonanesplay a role also here. However the peaks are more similar in size (for Senario A), and inthe ase of Senario C we see that the low energy peak is dominating the ross setion.Sine this orresponds to the H3 ontribution, we onlude that the resonant proess hereis instead dominated by the H3t�t oupling whih enters the top loop ontribution. Theimportane of the oupling to the top for lower tan � beomes evident for Senario D. Thissenario has a greatly enhaned ross setion, both ompared to senarios A{C, and withvery pronouned resonane enhanements ompared to the MSSM limit. Also Senario Ebene�ts from the same large ontinuum ross setion as observed for the b�b ontribution,but with the additionally boosted resonane ontribution of H3 observed generally for thegg proess.C. Hadron-level ross setionsThe total hadroni ross setion �pp!H�W� is obtained from the partoni ross setions�̂ij (with ij = b�b; gg) by integration over the parton distribution funtions (PDFs). Thisan alternatively be expressed in terms of parton luminosities, whih allows studying theimpat of the PDFs on the ross setion. The parton luminosities Lij for partons i; j arede�ned as � dLijd� = Z dx1 dx2 x1x2Æ(� � x1x2)nfi(x1; �2F)fj(x2; �2F) + i$ jo; (4.2)where � = x1x2 and fi(x; �2F) is the PDF for parton i evaluated at the fatorization sale �F .Note that, sine we are interested in b�b and gg sattering, we will always have fi(x) = fj(x).The signi�ane of � is that the enter-of-mass energy of the partoni system is given bypŝ = p�s, where ps = ECM is the ollider energy. Using the parton luminosities, the totalross setion an be expressed as�pp!H�W�(s) = Z 10 d�� �1s dLijd� � [ŝ�̂ij(ŝ)℄ : (4.3)16
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above will remain unaltered over ertain ranges formH� (when the doublet mass is well belowthe singlet mass sale). This important point is demonstrated in Fig. 8, whih shows thedependene of the �ve neutral Higgs masses in Senario A on mH� (when varying A�). Aqualitatively similar piture is obtained in the other senarios we study.For the numerial evaluation of the ross setions we onsider pp ollisions at the LHCat the two enter of mass energies ps = 7 TeV and ps = 14 TeV. We use CTEQ6.6
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illustrate in Fig. 12 the ontributions from (boxes)2 and (triangles)2 to the total ross setionfor Senario A. At ps = 7 TeV, we see that the box and triangle ontributions are similarin the non-resonant region, i.e. at relatively large harged Higgs masses mH� & 380 GeV.Interestingly enough, the full ross setion is numerially at the same level as separately thebox and triangle ontributions, whih means that the destrutive interferene between thetwo is large and similar to that in MSSM. However, in the resonant region (orresponding tomH� < 380 GeV), the triangle ontribution beomes muh more pronouned and stronglyenhanes the total ross setion. The interferene e�ets are naturally quite small there. Athigher energies, ps = 14 TeV, we observe a somewhat di�erent piture in Fig. 12. The boxesin this ase gives a large (dominant) ontribution to the total gluon-initiated ross setionover the whole range in mH� . In the non-resonant region, mH� & 380 GeV, the interferenewith the smaller triangle ontribution notieably dereases the ross setion ompared to thebox ontribution alone. In the resonant region, mH� < 380 GeV, the triangles beome moreimportant, but remain sub-dominant ompared to the boxes. The ross setion is thereforeonly enhaned slightly with respet to the MSSM ase. Analogously to the 7 TeV ase, theinterferene turns out to be less important than in the non-resonant region.V. COLLIDER PHENOMENOLOGYWe have shown that the total ross setions for assoiated H�W� prodution in theNMSSM an be substantially enhaned ompared to the orresponding ross setions in theMSSM. We would now like to disuss the phenomenologial impliations of this for searhesat the LHC. Dediated ollider studies of this hannel have been performed for MSSM andtwo-Higgs doublet models [22, 25{28℄. While we will omment here on what features ofthese studies that are relevant for NMSSM|and what features will be di�erent|we leavea dediated phenomenologial study for the future, sine this would require alulation ofdi�erential ross setions and onsideration of bakgrounds and sensitivities.The de�ning feature of the various possible ways of deteting assoiated prodution ishow the harged Higgs deays. The previous studies have all onentrated on the deaysthat are relevant in the MSSM or 2HDM, namely H+ ! �+�; �s for light harged Higgsbosons and H+ ! t�b for heavy harged Higgs. Deays to SUSY partiles may also beimportant for heavy H�. As we disussed above, in the NMSSM the deay H� ! W�A1is sometimes dominant, and will lead to quite di�erent experimental requirements. Thishannel is normally not possible in the MSSM, sine mA and mH� are lose to degenerate.In the NMSSM, the deay width is proportional to the doublet omponent of A1, but maybe large even if the A1 is mostly singlet [10, 11℄. The A1 boson an be very light in theNMSSM, and in suh a ase its dominant deays will be A1 ! b�b or A1 ! �+��. We do notonsider senarios with a light A1 in this paper, but they ould nevertheless be of interest.In Fig. 13 we show the deay branhing ratios of H+, alulated using NMSSMTools,for three of our benhmark senarios. Sine the most important parameter entering thedetermination of the deay modes is tan�, the results for senarios B and C are very similarto those for Senario A and we do not show them expliitly. All our senarios have, asexplained above, harged Higgs masses above the threshold for the deay H+ ! t�b. As anbe seen from Fig. 13, the deay H+ ! t�b dominates over a wide range in masses, but forsenarios A and E the deay H+ ! �+� is appreiable over the entire mass ranges plotted,and dominates lose to the t�b threshold. The H� ! W�A1 deay is only relevant forSenario D, whih has a somewhat lighter A1, or for very heavy H+ in senarios A{C. SUSY21
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reonstruted, while the harged lepton from the other W provides a useful trigger. Theonlusion of this work was unfortunately that the t�t bakground ompletely overwhelmsthe signal. However, it was reently argued [28℄ that with the use of optimized uts thishannel an be useful to obtain signi�ant results. No numbers for the signi�ane of theH+ ! t�b hannel have been given in [25℄, but we note that in our Senario A, the totalross setion times branhing ratio at mH� = 200 GeV is roughly 10 times larger than theone used in the analysis there, and it is therefore plausible that the signi�ane ould beimproved.The remaining, possibly useful, deay hannel is H� ! W�A1, followed by A1 ! b�b orA1 ! �+�� deay. Note that the �nal state in the b�b ase is the same as for the hadroniH+ ! t�b ase, but with a b�b pair that should reonstrut the A1 mass. This may providean additional handle on the signal, but it is not obvious that this is useful experimentally; itmay be that the �+�� deay proves more useful. If possible, we would like to suggest to theexperiments that t�t samples with leptoni W deays are investigated for b�b resonanes. Tolook for (low mass) b�b resonanes in more energeti events has also been proposed reently asa means of searhing for light, singlet-dominated, NMSSM Higgs bosons produed in SUSYasades [61℄. In any ase, we think that the H� ! W�A1 hannel deserves a detailedstudy, and as far as we know this has not been performed for the ase of H�W� prodution.VI. SUMMARY AND CONCLUSIONSWe have studied assoiated harged Higgs and W boson prodution in the NMSSM.This proess is omplementary to the main prodution modes antiipated for heavy hargedHiggs bosons (mH� > mt) at the LHC. We alulated the leading order ontributions to thetotal hadroni ross setion pp ! H�W� in a general NMSSM setting, orresponding tothe tree-level b�b ontribution and the gg-initiated subproess at one loop. The alulationhas been performed using an improved Born approximation, taking into aount the mostimportant e�ets of (S)QCD higher order orretions.For H�W� prodution in the NMSSM, we have �rst investigated the parameter depen-dene of the parton-level ross setion and the orresponding result in the MSSM limit.Starting from a maximal mixing senario, we have then de�ned �ve NMSSM benhmarksenarios, with the ommon feature that they allow for resonant ontributions from heavysinglet-like Higgs bosons. These resonanes ouple both to the b�b and gg initial states, andwe �nd that they an lead to signi�ant enhanements of the ross setion (by up to anorder of magnitude) over a wide range of harged Higgs masses in the benhmark senarios.The presene of these resonanes is a genuine feature of the NMSSM, sine Higgs mass on-�gurations like this are not possible in the MSSM. This proess might therefore be useful asa disriminator between the two models.We also disussed briey the phenomenologial impliations of H�W� prodution in theNMSSM. Based on previous work for the MSSM, we estimated the disovery signi�anethat ould be expeted for di�erent deay hannels of H�. From these estimates it seemslikely that the hanes of deteting the harged Higgs boson of the NMSSM at the LHCthrough this proess are quite good, at least in senarios similar to ours with a not too heavyH�. It may not even be neessary to wait for the 300 fb�1 at 14 TeV that were previouslyassumed in MSSM studies, but learly it will still require more data than \standard" Higgssearhes. However, it should be remembered that these results are rough estimates basedon resaling of earlier MSSM results with the total ross setion ratio. More detailed Monte23
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