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Dominant two-loop eletroweak orretionsto the hadroprodution of a pseudosalarHiggs boson and its photoni deayJoahim Brod�, Frank Fugely, and Bernd A. Kniehlz� Institut f�ur Theoretishe Teilhenphysik, Universit�at Karlsruhe,Engesserstra�e 7, 76131 Karlsruhe, Germanyy Paul Sherrer Institut, 5232 Villigen PSI, Switzerlandz II. Institut f�ur Theoretishe Physik, Universit�at Hamburg,Luruper Chaussee 149, 22761 Hamburg, GermanyAbstratWe present the dominant two-loop eletroweak orretions to the partial deaywidths to gluon jets and prompt photons of the neutral CP-odd Higgs boson A0,with mass MA0 < 2MW , in the two-Higgs-doublet model for low to intermediatevalues of the ratio tan � = v2=v1 of the vauum expetation values. They apply asthey stand to the prodution ross setions in hadroni and two-photon ollisions,at the Tevatron, the LHC, and a future photon ollider. The appearane of three5 matries in losed fermion loops requires speial are in the dimensional regu-larization of ultraviolet divergenes. The orretions are negative and amount toseveral perent, so that they fully ompensate or partly sreen the enhanement dueto QCD orretions.PACS: 12.15.Lk, 13.66.Fg, 13.85.-t, 14.80.Cp
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The searh for Higgs bosons is among the prime tasks at the Fermilab Tevatron and willbe so at the CERN Large Hadron Collider (LHC), to go into operation later during thisyear, and the International e+e� Linear Collider (ILC), whih is urrently being designed.The standard model (SM) ontains one omplex Higgs doublet, from whih one neutralCP-even Higgs boson (H) emerges in the physial partile spetrum after the eletroweaksymmetry breaking. Despite its enormous suess in desribing almost all experimentalpartile physis data available today, the SM is widely believed to be an e�etive �eldtheory, valid only at presently aessible energy sales, mainly beause of the naturalnessproblem related to the �ne-tuning of the ut-o� sale appearing quadratially in the Higgs-boson mass ounterterm, the failure of gauge oupling uni�ation, the absene of a oneptto inorporate gravity, and the lak of a old-dark-matter andidate. Supersymmetry(SUSY), whih postulates the existene of a partner, with spin shifted by half a unit, toeah of the established matter and exhange partiles, is ommonly viewed as the mostattrative extension of the SM solving all these problems. The Higgs setor of the minimalSUSY extension of the SM (MSSM) onsists of a two-Higgs-doublet model (2HDM) andaommodates �ve physial Higgs bosons: the neutral CP-even h0 and H0 bosons, theneutral CP-odd A0 boson, and the harged H�-boson pair. At the tree level, the MSSMHiggs setor has two free parameters, whih are usually taken to be the mass MA0 of theA0 boson and the ratio tan� = v2=v1 of the vauum expetation values of the two Higgsdoublets.The disovery of the A0 boson would rule out the SM and, at the same time, givestrong support to the MSSM. At the LHC, this will be feasible exept in the wedge ofparameter spae with MA0 �> 250 GeV and moderate value of tan�, where only the h0boson an be deteted [1℄. For low to intermediate values of tan �, gluon fusion is byfar the dominant hadroprodution mehanism. At large values of tan �, A0bb assoiatedprodution beomes important, too, espeially at LHC .m. energy, ps = 14 TeV [2℄. Atthe ILC operated in the  mode, via Compton bak-sattering of highly energeti laserlight o� the lepton beams, single prodution of the A0 boson will allow for its disovery,also throughout a large fration of the LHC wedge, and for a preision determination ofits pro�le [3℄. Two-photon ollisions, albeit with less luminosity, will also take plae in theregular e+e� mode of the ILC through eletromagneti bremsstrahlung or beamstrahlungo� the lepton beams.In the mass range MA0 < 2mt and for large values of tan � in the whole MA0 range,the A0 boson dominantly deays to a bb pair, with a branhing fration of about 90% [2℄.As in the ase of the H boson of the SM, the rare  deay hannel may then providea useful signature at the LHC if the b and b quarks annot be separated suÆiently wellfrom the overwhelming bakground from quantum hromodynamis (QCD). The A0 ! gghannel will greatly ontribute to the deay mode to a light-hadron dijet, whih will bemeasurable at the ILC.Sine the A0 boson is neutral and olorless, the A0 and A0gg ouplings are loopindued. As the A0 boson has no tree-level oupling to the W boson and its ouplingto sfermions ips their \handedness" (left or right), the A0 oupling is mediated atleading order (LO) by heavy quarks and harged leptons and by light harginos [4℄. The2



A0gg oupling is generated at LO by heavy-quark loops [5℄.Reliable theoretial preditions for the A0 and A0gg ouplings, inluding higher-order radiative orretions, are urgently required to math the high preision to be reahedby the LHC and ILC experiments [6℄. Spei�ally, the properties of the A0 boson, es-peially its CP-odd nature, must be established, and the sensitivity to novel high-masspartiles irulating in the loops must be optimized. The present state of the art isas follows. The next-to-leading-order (NLO) QCD orretions, of relative order O(�s)in the strong-oupling onstant �s, to the partial deay widths �(A0 ! ) [7, 8℄ and�(A0 ! gg) [8℄, and the prodution ross setion �(gg ! A0) [9, 8℄ are available forarbitrary values of quark and A0-boson masses as one-dimensional integrals, whih weresolved in terms of harmoni polylogarithms for �(A0 ! ), �(A0 ! gg), and the virtualorretion to �(gg ! A0) [10, 11℄. The latter was also obtained for general olor fatorsof the gauge group SU(N) in the limit mt !1 using an e�etive Lagrangian [12℄. Thenext-to-next-to-leading-order (NNLO) QCD orretions, of O(�2s), to �(A0 ! gg) [13℄and �(gg ! A0) [14℄ were found for mt ! 1 using an e�etive Lagrangian. The O(�s)SUSY QCD orretion, due to virtual squarks and gluinos besides the heavy quarks, to�(gg! A0) was obtained from an e�etive Lagrangian onstruted by also integrating outthe SUSY partiles [15℄. The two-loop master integrals appearing in the latter alulationif the masses of the virtual salar bosons and fermions are kept �nite were expressed interms of harmoni polylogarithms [11℄.In this Letter, we take the next step and present the dominant eletroweak orretionsto �(A0 ! ) and �(A0 ! gg) at NLO. Sine these are purely virtual, arising fromtwo-loop diagrams, they arry over to �( ! A0) and �(gg! A0), via�(=gg! A0) = 8�2N2;gMA0 �(A0 ! =gg)Æ �ŝ�M2A0� ; (1)where N = 1 and Ng = N2 � 1 = 8 are the olor multipliities of the photon and thegluon, respetively, and ŝ is the partoni .m. energy square. For the time being, wefous our attention on the partiularly interesting region of parameter spae with low tointermediate Higgs-boson masses, Mh0 ;MH0;MA0 ;MH� < mt, and low to moderate valueof tan�, tan � � mt=mb, and assume that the SUSY partiles are so heavy that they anbe regarded as deoupled, yielding subdominant ontributions. The dominant eletroweaktwo-loop orretions are then of relative order O(xt), where xt = GFm2t =(8�2p2) �3:17� 10�3 with GF being Fermi's onstant. In the ase of �(A0 ! ), they arise fromthe lass of generi Feynman diagrams shown in Fig. 1, whih, besides the t and b quarks,involve the harged and neutral Goldstone bosons, w� and z0, and the �ve Higgs bosons.Here, it is understood that the b quark only ouples to the w� and H� bosons beause itsouplings to the neutral salar bosons are suppressed unless tan ��<mt=mb and, of ourse,that the z0, h0, H0, and A0 bosons do not ouple to the photon. We expliitly hekedthat the W� and Z0 bosons do not ontribute at O(xt). The diagrams ontributing to�(A0 ! gg) at O(xt) emerge from Fig. 1 by omitting those where a photon ouples to asalar boson and by replaing the photons by gluons.3
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Figure 1: Feynman diagrams ontributing to �(A0 ! ) at O(xt). S =w�; z0; h0; H0; A0; H� and f = t; b denote generi salar bosons and fermions, respe-tively. The ouplings of the z0, h0, H0, and A0 bosons to the b quark are to be negletedand those to the photon vanish.We now outline the ourse of our alulation and exhibit the struture of our results.Full details will be presented in a forthoming ommuniation [16℄. Sine we onsider theSUSY partners to be deoupled, we may as well work in the 2HDM without SUSY. Wemay thus extrat the ultraviolet (UV) divergenes by means of dimensional regularization,with D = 4 � 2� spae-time dimensions and 't Hooft mass sale �. For onveniene,we work in 't Hooft-Feynman gauge. We take the Cabibbo-Kobayashi-Maskawa quarkmixing matrix to be unity, whih is well justi�ed beause the third quark generation is,to good approximation, deoupled from the �rst two. We adopt Sirlin's formulation ofthe eletroweak on-shell renormalization sheme [17℄, whih uses GF and the physialpartile masses as basi parameters. Various presriptions for the renormalization of theauxiliary variable tan �, with spei� virtues and aws, may be found in the literature (fora review, see Ref. [18℄). For de�niteness, we employ the Dabelstein-Chankowski-Pokorski-Rosiek (DCPR) sheme [19℄, whih maintains the relation tan � = v2=v1 in terms of the\true" vaua through the ondition Æv1=v1 = Æv2=v2, and demands the residue ondition4



Re �̂0A0(MA0) = 0 and the vanishing of the A0{Z0 mixing on shell as Re �̂A0Z0(MA0) = 0,where �̂A0(q2) and �̂A0Z0(q2) are the renormalized A0-boson self-energy and A0{Z0 mixingamplitude, respetively.The evaluation of the diagrams in Fig. 1 is aggravated by the appearane of three5 matries inside losed fermion loops. This leads us to adopt the 't Hooft-Veltman-Breitenlohner-Maison (HVBM) sheme [20℄, whih allows for a onsistent treatment ofthe Dira algebra within the framework of dimensional regularization. Then, one has5 = i4!"���� ����; (2)where the totally antisymmetri Levi-Civita tensor is de�ned in D dimensions as"���� = 8><>: 1 if (�; �; �; �) even permutation of (0,1,2,3),-1 if (�; �; �; �) odd permutation of (0,1,2,3),0 otherwise. (3)In fat, we expliitly veri�ed that the na��ve antiommuting de�nition of the 5 matrixyields ambiguous results, whih depend on the way of exeuting the Dira traes. Fur-thermore, in the renormalization of the pseudosalar urrentP (x) = Z2ZpZp5 (x)5 (x); (4)one needs to introdue a �nite renormalization onstant Zp5 , besides the usual fermionwave-funtion and pseudosalar-urrent UV renormalization onstants Z2 and Zp of themodi�ed minimal-subtration (MS) sheme, to e�etively restore the antiommutativityof the 5 matrix [21℄. Within QCD, Zp5 is known through O(�3s) [21℄. Here, we need Zp5at O(xt). We thus need to onsider the diagrams depited in Fig. 2 with the external legsamputated, where a ross indiates the insertion of the Fourier transform of P (x) and a dotthe operator renormalization. Sine the A0bb oupling is suppressed in our ase, dominantontributions only arise from the neutral salar bosons. Using the mixed ommutationand antiommutation relations properly distinguishing between 4 and (D�4) dimensions[20℄, we deompose the string of gamma matries appearing in the expression for Fig. 2(b)into the term proportional to the LO result of Fig. 2(a) that one would obtain with anantiommuting 5 matrix and an evanesent remainder, whih lives in the unphysial(D � 4)-dimensional part of spae-time and vanishes in the physial limit D ! 4. Uponloop integration, the �rst term may produe an UV divergene, whih would be aneledby Z2Zp in Fig. 2(), while the evanesent remainder may generate an unphysial �niteontribution to be aneled by Zp5 . By expliit evaluation, the latter is found to vanish atO(xt), owing to the anellation of the individual ontributions from the z0, h0, H0, andA0 bosons, so that Zp5 = 1 for our appliation.We �rst onsider the A0 !  deay. By Lorentz ovariane, its transition matrixelement takes the form T = "����"��(q1)"��(q2)q�1q�2A; (5)5
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(a) (b) (c)Figure 2: Feynman diagrams ontributing to Zp5 at O(xt). Crosses and dots indiatethe insertions of the Fourier transform of P (x) and its operator renormalization Z2Zp,respetively.where "�(q) is the polarization four-vetor of a photon with four-momentum q� and "����is de�ned in Eq. (3), so that �(A0 ! ) = M3A064� jAj2: (6)The form fator A is evaluated perturbatively as A = A0 + A�s + Axt + � � �. In Ddimensions, the LO result readsA0 = �CQ2t  4��2m2t e�E!� �1� arsin2p� +O(�)� ; (7)where C = (21=4=�)G1=2F �N ot� with � being Sommerfeld's �ne-struture onstant,Qt = 2=3 is the frational eletri harge of the top quark, E is the Euler-Masheronionstant, and � = M2A0=(2mt)2. For � � 1, the funtion within the square brakets ofEq. (7) has the expansion 1 + O(�). The O(xt) result Axt = ACTxt +A0xt is omposed ofa ounterterm ACTxt and the ontribution A0xt from the proper vertex diagrams in Fig. 1.We have ACTxt = �CQ2tZp5  Ævv � �r2 � 2�Æmtmt ! ; (8)where Æv=v is the ommon DCPR ounterterm for the two Higgs doublets given inEq. (3.11) of Ref. [22℄, �r [17℄ ontains those radiative orretions to the muon lifetimewhih the SM introdues on top of those derived in the QED-improved Fermi model, andÆmt=mt may be found, e.g., in Eq. (74) of Ref. [23℄. In terms of (transverse) self-energies,we have Ævv � �r2 = 12 "��W�;T (0)M2W � �0A0(M2A0) + (tan � � ot �)�A0Z0(M2A0)MZ #= N2 xt: (9)6



We evaluate A0xt by applying the asymptoti-expansion tehnique with the help of theprograms QGRAF [24℄, q2e, exp [25℄, and MATAD [26℄. Our �nal result readsAxt = Cxt 29  7sin2 � �N! : (10)Comparison with Eq. (7) shows that, for � � 1, �(A0 ! ) reeives the eletroweakorretion fator [1� xt(4 + 7= tan2 �)℄.We now turn to �(A0 ! gg). We then need to inlude the olor fator Ng=4 = 2 inEq. (6) and substitute C ! ~C = (21=4=�)G1=2F �s ot � and Qt ! 1 in Eqs. (7) and (8).Implementing the appropriate substitutions in the relevant subset of diagrams in Fig. 1and ombining the outome with the ounterpart of Eq. (8), the ounterpart of Eq. (10)is found to be ~Axt = ~Cxt  5sin2 � � N2 ! ; (11)so that �(A0 ! gg) reeives the eletroweak orretion fator [1� xt(7 + 10= tan2 �)℄.
tan βþþ

O(αs)

O(xt)

δΓ/Γ [%] A0 → γγ

-2

-1.5

-1

-0.5

0

0.5

1

1.5

2

2 3 4 5 6 7 8 9 10
MA

0  [GeV]þþþ

O(αs)

O(xt)

δΓ/Γ [%] A0 → γγ

-4

-3

-2

-1

0

1

2

3

4

0 20 40 60 80 100 120 140 160Figure 3: O(xt) and O(�s) orretions to �(A0 ! ) (a) forMA0 = 100 GeV as funtionsof tan � and (b) for tan � = 2 as funtions of MA0 .As a hek for our omputational setup, we also realulated the O(�s) orretionsto Zp5 and, as an expansion in � through O(� 4), to �(A0 ! ) to �nd agreement withRefs. [21℄ and [7, 8, 10, 11℄, respetively. Notie that the O(� 0) term vanishes, so that theO(�s) orretion is suppressed for small values of MA0 . In fat, as a onsequene of theAdler-Bardeen theorem [27℄, the large-mt e�etive Lagrangian of the A0 interationdoes not reeive QCD orretions at any order [28℄. The O(xt) and O(�s) orretionsto �(A0 ! ) are ompared in Fig. 3. We observe from Fig. 3(a) that the O(xt)orretion amounts to �1:7% at tan � = 2 and rapidly reahes its asymptoti value of�1:2% as tan� inreases, whereas the O(�s) orretion is positive and independent oftan �. TheMA0 dependene of the O(xt) orretion shown in Fig. 3(b) is indued by A0 inEq. (7) to whih Axt is normalized. Sine it is rather feeble, we may expet the unknown7
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