arXiv:hep-ph/0404024 v1 2 Apr 2004

CERN-PH-TH/2004-058 Edinburgh 2004/08 IFT-2004-16 IISc-CHEP-2/04

hep-ph/0404024

CP Studies of the Higgs Sector:

A contribution to the LHC / LC Study Group document^∗

R.M. Godbole^1, S. Kraml^{2,3}, M. Krawczyk^4, D.J. Miller^5, P. Nieżurawski^6 and A.F. Żarnecki^6

1 Centre for Theoretical Studies, Indian Institute of Science, Bangalore 560012, India 2 Inst. f. Hochenergiephysik, Österr. Akademie d. Wissenschaften, 1050 Wien, Austria 3 CERN, Physics Department, Theory Div., 1211 Geneva 23, Switzerland 4 Institute of Theoretical Physics, Warsaw University, 00-681 Warsaw, Poland 5 School of Physics, The University of Edinburgh, Edinburgh EH9 3JZ, Scotland 6 Institute of Experimental Physics, Warsaw University, 00-681 Warsaw, Poland

Abstract

The CP structure of the Higgs sector will be of great interest to future colliders. The measurement of the CP properties of candidate Higgs particles will be essential in order to distinguish models of electroweak symmetry breaking, and to discover or place limits on CP-violation in the Higgs sector. In this report we briefly summarize various methods of determining the CP properties of Higgs bosons at different colliders and identify areas where more study is required. We also provide an example of a synergy between the LHC, an e^+e^− Linear Collider and a Photon Collider, for the examination of CP-violation in a Two-Higgs-Doublet-Model.

∗This report is a slightly modified version of the contribution to the LHC / LC Study Group document.

1 Introduction

Discovery of the Higgs boson will be one of the primary goals of the next generation of colliders. If, as hoped, one or more “Higgs boson like” particles are observed, the next task will be to measure their masses and quantum numbers and identify whether they are the Higgs bosons of the Standard Model (SM), a Two-Higgs-Doublet-Model (2HDM), the Minimal Supersymmetric Standard Model (MSSM), or some more exotic alternative. In particular, the CP quantum numbers of the Higgs boson(s) provide good discrimination, and consequently CP studies in the Higgs sector will be a major focus when the physics programme of the LHC [1, 2], an e^+e^− Linear Collider [3] or a Photon Collider [4] is mature. Such studies of the CP properties of the Higgs sector will involve establishing the CP eigenvalue(s) for the Higgs state(s) if CP is conserved, and measuring the mixing between the CP-even and CP-odd states if it is not. CP violation in the Higgs sector [5], possible in multi-Higgs models, is indeed an interesting option to generate CP violation beyond that of the SM, possibly helping to explain the observed Baryon Asymmetry of the Universe [6].

In order to identify the CP nature of a Higgs boson, one must probe the structure of its couplings to known particles, in either its production or decay. At tree level, the couplings of a neutral Higgs boson ϕ, which may or may not be a CP eigenstate,^† to fermions and vector bosons can be written as

ff̄ ϕ : − f̄ (v_f + ia_f γ_5)f gm_f 2m_W , V V ϕ : c_V gm^2_V m_W g_{μν} (1)

where g is the usual electroweak coupling constant; v_f , a_f give the Yukawa coupling strength relative to that of a SM Higgs boson, and c_V (V = W, Z) are the corresponding relative couplings to gauge bosons^‡. In the SM, for a CP-even Higgs v_f = c_V = 1 and a_f = 0. A purely CP-odd Higgs boson has v_f = c_V = 0 and a_f ≠ 0, with the magnitude of a_f depending on the model. In CP-violating models, v_f , a_f and c_V may all be non-zero at tree level. In particular, in the case of a general 2HDM or the MSSM with CP violation, there are three neutral Higgs bosons ϕ_i, i = 1, 2, 3, which mix with each other and share out between them the couplings to the Z, W and fermions; various sum rules are given in [7,8,9]. Due to this fact, limits on the MSSM (and 2HDM) Higgs sector implied by LEP data are strongly affected by the presence of CP violation [8, 10, 11].

In most formulations of CP-violating Higgs sectors [13, 14, 15, 10, 9, 12] the amount of CP mixing is small, being generated at the loop level, with only one of the couplings to gauge bosons or fermions sizable. In most cases, the predicted CP mixing is also a function of the CP-conserving parameters of the model, along with the CP-violating phases.^§ Thus observation and measurement of this mixing at the LC may give predictions for LHC physics; for instance for sparticle phenomenology in the MSSM. Moreover, experiments at different colliders have different sensitivities to the various couplings of eq. 1. Hence a combination of LHC, LC and photon collider (PLC) measurements of both CP-even and CP-odd variables may be necessary to completely determine the coupling

†For CP eigenstates, a pure scalar will be denoted by H and a pure pseudoscalar by A. Otherwise we use the generic notation ϕ.

‡In principle, the V V ϕ coupling could also contain an additional pseudoscalar coupling, although this is absent in the SM and 2HDMs at tree-level (see later).

§For the MSSM with explicit CP violation, computational tools for the Higgs sector are available [16,17].

structure of the Higgs sector. These are two ways in which the high potential of LHC-LC synergy for CP studies can be realised.

In what follows, we give an overview of the LHC, LC, and PLC potentials for CP studies in the Higgs sector. An example of the LHC-LC synergy is presented as well.

2 CP Studies at the LHC

There are several ways to study the CP nature of a Higgs boson at the LHC. In the resonant s-channel process gg → ϕ → ff̄ , the scalar or pseudoscalar nature of the Yukawa coupling gives rise to ff̄ spin-spin correlations in the production plane [18]. A more recent study [19] looks at this process in the context of a general 2HDM.

In the process gg → tt̄ϕ, the large top-quark mass enhances the v^2 − a^2 contribution, allowing a determination of the CP-odd and CP-even components of a light Higgs Boson [20, 21]. While this method should provide a good test for verifying a pure scalar or pseudoscalar, examination of a mixed CP state would be far more challenging, requiring 600 fb^{−1} to distinguish an equal CP-even/CP-odd mixture at ∼ 1.5 σ [20].

Higgs decay into two real bosons, ϕ → ZZ, with Z → l^+l^−, [22,23] can be used to rule out a pseudoscalar state by examining the azimuthal or polar angle distributions between the decay lepton pairs. Below the threshold, ϕ → Z^∗Z, extra information is provided by the threshold behaviour of the virtual Z boson invariant mass spectrum. This way, one could rule out a pure 0^− state at > 5σ with 100 fb^{−1} in the SM. An extension of these studies to scalar-pseudoscalar mixing is under progress.

In weak boson fusion, the Higgs boson is produced in association with two tagging jets, qq → W^+W^−qq → ϕqq. As with the decay to ZZ, the scalar and pseudoscalar couplings lead to very different azimuthal distributions between the two tagging jets [24]. A similar idea may be employed in ϕ + 2jets production [25] in gluon fusion. Higher order corrections [26] may, however, reduce this correlation effect strongly.

Another approach uses the exclusive (inclusive) double diffractive process pp → p + ϕ + p (pp → X + ϕ + Y ) [27, 28, 29] with large rapidity gaps between the ϕ and the (dissociated) protons. The azimuthal angular distribution between the tagged forward protons or the transverse energy flows in the fragmentation regions reflect the CP of the ϕ and can be used to probe CP mixing. This process is particularly promising for the region m_ϕ < 60 GeV, in which a Higgs signal may have been missed at LEP due to CP violation.

3 CP Studies at an e^+e^− Linear Collider

In e^+e^− collisions, the main production mechanisms of neutral Higgs bosons ϕ are (a) Higgsstrahlung e^+e^− → Zϕ, (b) W W fusion e^+e^− → ϕ νν̄, (c) pair production e^+e^− → ϕ_i ϕ_j (i ≠ j) and (d) associated production with heavy fermions, e^+e^− → ff̄ ϕ. Studies of CP at the Linear Collider aim at extracting the relevant couplings mentioned in eq. 1. Recall that a pure pseudoscalar of the 2HDM or MSSM does not couple to vector bosons at tree level. The observation of all three ϕ_i (i = 1, 2, 3) in a given process, e.g. e^+e^− → Zϕ_{1,2,3}, therefore represents evidence of CP violation [30, 31, 32].

In the Higgsstrahlung process, if ϕ is a pure scalar the Z boson is produced in a state of longitudinal polarization at high energies [33, 34]. For a pure pseudoscalar, the process proceeds via loops and the Z boson in the final state is transversally polarized. The angular distribution of e^+e^− → ZH is thus ∝ sin^2 θ_Z , where θ_Z is the production angle of the Z boson w.r.t. to the beam axis in the lab frame, while that of e^+e^− → ZA is ∝ (1 + cos^2 θ_Z ). A forward-backward asymmetry would be a clear signal of CP violation. Furthermore, angular correlations of the Z → ff̄ decay can be used to test the J^{P C} quantum numbers of the Higgs boson(s). Measurements of the threshold excitation curve can give useful additional information [35, 36]. A study in [3] parametrised the effect of CP violation by adding a small ZZA coupling with strength η to the SM matrix element, M = M_{ZH} + iηM_{ZA}, and showed that η can be measured to an accuracy of 3.2% with 500 fb^{−1}.

Angular correlations of Higgs decays can also be used to determine the CP nature of the Higgs boson(s), independent of the production process; see [37, 38, 39] and references therein. The most promising channels are ϕ → τ^+τ^− (m_ϕ < 2m_W ) and ϕ → tt̄ (m_ϕ > 2m_t) which in contrast to decays into W W or ZZ allow equal sensitivity to the CP-even and CP-odd components of ϕ.

A detailed simulation of e^+e^− → ZH followed by H → τ^+τ^− and τ^± → ρ^±ν̄_τ (ν_τ ) [40, 41, 42] showed that CP of a 120 GeV SM-like Higgs boson can be measured to ≥ 95% C.L. at a 500 GeV e^+e^− LC with 500 fb^{−1} of luminosity. In case of CP violation, the mixing angle between the scalar and pseudoscalar states may be determined to about 6 degrees [43], the limiting factor being statistics.

4 CP Studies at a Photon Collider

A unique feature of a PLC is that two photons can form a J_z = 0 state with both even and odd CP. As a result a PLC has a similar level of sensitivity for both the CP-odd and CP-even components of a CP-mixed state:

CP−even :ϵ_1 · ϵ_2 = −(1 + λ_1λ_2)/2, CP−odd :[ϵ_1 × ϵ_2] · k_γ = ω_γ iλ_1(1 + λ_1λ_2)/2, (2)

ω_i and λ_i denoting the energies and helicities of the two photons respectively; the helicity of the system is equal to λ_1 − λ_2. This contrasts the e^+e^− case, where it is easy to discriminate between CP-even and CP-odd particles but may be difficult to detect small CP-violation effects for a dominantly CP-even Higgs boson [44]. For the PLC, one can form three polarization asymmetries in terms of helicity amplitudes which give a clear measure of CP mixing [45]. In addition, one can use information on the decay products of W W , ZZ, tt̄ or bb̄ coming from the Higgs decay. Furthermore, with circular beam polarization almost mass degenerate (CP-odd) A and (CP-even) H of the MSSM may be separated [46, 47, 48].

A measurement of the spin and parity of the Higgs boson may also be performed using the angular distributions of the final-state fermions from the Z boson decay, which encode the helicities of Z’s. A detailed study was performed for above and below the ZZ threshold in [22]. A realistic simulation based on this analysis was made recently in [49].

The same interference effects as mentioned above can be used in the process γγ → ϕ → tt̄ [50, 51] to determine the tt̄ϕ and γγϕ couplings for a ϕ with indefinite CP parity.

5 Example of LHC-LC synergy

As an example of the LHC-LC synergy, we consider the SM-like, type II 2HDM with CPviolation [49, 52]. We study production of ϕ_2 in the mass range 200 to 350 GeV, decaying to V V , V = W/Z, at the LHC, LC and PLC. In particular, we investigate the interplay of different experiments for the determination of tan β and the CP mixing angle Φ_{HA}.

Figure 1 shows the expected rates for ϕ_2 with m_{ϕ2} = 250 GeV relative to the SM ones, as a function of tan β and Φ_{HA}. For a SM Higgs boson, the expected precision on σ×BR(H → V V ) is ∼ 15% at the LHC [53,54] and better than 10% at a LC and PLC [55,56]. A PLC will allow to measure Γ_{γγ} with a precision of 3–8% and the phase of the ϕ → γγ amplitude, Φ_{γγ} , to 40 − 120 mrad [56].

Figure 2 shows the 1 σ bands for determination of tan β and Φ_{HA}, at the LHC, LC and PLC for a particular choice of parameters : tan β = 0.7 and Φ_{HA} = −0.2. The chosen point is indicated by a star. For the PLC, information from Γ_{γγ} and Φ_{γγ} is included. As can be seen, an accurate determination of both parameters of the model requires a combination of data from all three colliders.

Figure 1: σ× BR for ϕ_2 → V V with V = W/Z, relative to the SM expectation, for a mass of 250 GeV, as a function of tan β and Φ_{HA} for the LHC, LC and PLC.

Figure 2: 1-σ bands for the determination of tan β and Φ_{HA} from measurements at the LHC, LC and PLC, for the case tan β = 0.7 and Φ_{HA} = −0.2. The assumed parameter values are indicated by a star (⋆).

6 Summary

The LHC, an e^+e^− LC, and a LC in the photon collider option (PLC) will be able to provide important information on the CP quantum numbers of the Higgs boson(s). We have summarised the potentials of the different colliders in this document and discussed the possible LHC-LC synergy.

In the MSSM, for instance, the size of CP-violating effects in the Higgs sector depends in part on the sparticle spectrum. Observation and measurement of Higgs-sector CP mixing at the LC can hence give predictions for phenomenology at the LHC in the CPconserving sector, thus providing a high potential of LHC-LC synergy. A detailed study of this issue is, however, still missing.

Moreover, experiments at different colliders have different sensitivities to the various couplings of eq. 1. Hence a combination of LHC and LC/PLC measurements of both CP-even and CP-odd variables may be necessary to completely determine the coupling structure of the Higgs sector. In this document we have presented a first analysis which exemplifies this realisation of LHC-LC synergy. While the example presented shows a high potential of the LHC-LC synergy for CP studies, detailed realistic simulations still need to be performed.

Acknowledgments

This work was partially supported by the Polish Committee for Scientific Research, grant no. 1 P03B 040 26 and project no. 115/E-343/SPB/DESY/P-03/DWM517/2003-2005. R.G. would like to acknowledge the support of Department of Science and Technology, India, under project number SP/S2/K-01/2000-II.

References

[1] ATLAS Collaboration, Detector and Physics Performance Technical Design Report, CERN-LHCC-99-14 & 15 (1999).

[2] CMS Collaboration, Technical Design Report, CERN-LHCC-97-10 (1997).

[3] J. A. Aguilar-Saavedra et al. [ECFA/DESY LC Physics Working Group Collaboration], “TESLA Technical Design Report Part III: Physics at an e^+e^− Linear Collider,” arXiv:hep-ph/0106315.

[4] B. Badelek et al. [ECFA/DESY Photon Collider Working Group Collaboration], “TESLA Technical Design Report, Part VI, Chapter 1: Photon collider at TESLA,” arXiv:hep-ex/0108012; Proc. of Int. Workshop on High Photon Colliders Nucl. Instrum. Meth. A 472 (2001)

[5] S. Weinberg, Phys. Rev. Lett. 37 (1976) 657.

[6] For a review, see e.g. M. Dine and A. Kusenko, arXiv:hep-ph/0303065.

[7] J. F. Gunion, H. E. Haber and J. Wudka, Phys. Rev. D 43 (1991) 904.

[8] J. F. Gunion, B. Grzadkowski, H. E. Haber and J. Kalinowski, Phys. Rev. Lett. 79 (1997) 982 [arXiv:hep-ph/9704410].

[9] I. F. Ginzburg, M. Krawczyk and P. Osland, arXiv:hep-ph/0211371. [10] M. Carena, J. R. Ellis, S. Mrenna, A. Pilaftsis and C. E. Wagner, Nucl. Phys. B 659, 145 (2003) [arXiv:hep-ph/0211467].

[11] OPAL Collaboration, OPAL Physics Note PN524 (2003).

[12] M. N. Dubinin and A. V. Semenov, Eur. Phys. J. C 28, 223 (2003) [arXiv:hep-ph/0206205].

[13] A. Dedes and S. Moretti, Phys. Rev. Lett. 84 (2000) 22 [arXiv:hep-ph/9908516]; Nucl.

Phys. B 576 (2000) 29 [arXiv:hep-ph/9909418].

[14] A. Pilaftsis and C. E. Wagner, Nucl. Phys. B 553, 3 (1999) [arXiv:hep-ph/9902371]. [15] S. Y. Choi, M. Drees and J. S. Lee, Phys. Lett. B 481, 57 (2000) [arXiv:hep-ph/0002287].

[16] S. Heinemeyer, Eur. Phys. J. C 22, 521 (2001) [arXiv:hep-ph/0108059]. [17] J. S. Lee, A. Pilaftsis, M. Carena, S. Y. Choi, M. Drees, J. Ellis and C. E. Wagner, [arXiv:hep-ph/0307377].

[18] W. Bernreuther, M. Flesch and P. Haberl, Phys. Rev. D 58 (1998) 114031 [arXiv:hep-ph/9709284]; W. Bernreuther, A. Brandenburg and M. Flesch, arXiv:hep-ph/9812387.

[19] W. Khater and P. Osland, Nucl. Phys. B 661, 209 (2003) [arXiv:hep-ph/0302004]. [20] J. F. Gunion and X. G. He, Phys. Rev. Lett. 76 (1996) 4468 [arXiv:hep-ph/9602226]. [21] B. Field, Phys. Rev. D 66 (2002) 114007 [arXiv:hep-ph/0208262]. [22] S. Y. Choi, D. J. Miller, M. M. Muhlleitner and P. M. Zerwas, Phys. Lett. B 553 (2003) 61 [arXiv:hep-ph/0210077].

[23] C. P. Buszello, I. Fleck, P. Marquard and J. J. van der Bij, Eur. Phys. J. C 32 (2004) 209 [arXiv:hep-ph/0212396].

[24] T. Plehn, D. Rainwater and D. Zeppenfeld, Phys. Rev. Lett. 88 (2002) 051801 [arXiv:hep-ph/0105325].

[25] V. Del Duca, W. Kilgore, C. Oleari, C. R. Schmidt and D. Zeppenfeld, [arXiv:hep-ph/0109147].

[26] K. Odagiri, JHEP 0303, 009 (2003) [arXiv:hep-ph/0212215].

[27] V. A. Khoze, A. D. Martin and M. G. Ryskin, Eur. Phys. J. C 23 (2002) 311 [arXiv:hep-ph/0111078].

[28] B. E. Cox, J. R. Forshaw, J. S. Lee, J. Monk and A. Pilaftsis, Phys. Rev. D 68 (2003) 075004 [arXiv:hep-ph/0303206].

[29] V. A. Khoze, A. D. Martin and M. G. Ryskin, arXiv:hep-ph/0401078. [30] A. Mendez and A. Pomarol, Phys. Lett. B 272 (1991) 313.

[31] B. Grzadkowski, J. F. Gunion and J. Kalinowski, Phys. Rev. D 60 (1999) 075011 [arXiv:hep-ph/9902308].

[32] A. G. Akeroyd and A. Arhrib, Phys. Rev. D 64 (2001) 095018 [arXiv:hep-ph/0107040].

[33] V. D. Barger, K. m. Cheung, A. Djouadi, B. A. Kniehl and P. M. Zerwas, Phys. Rev.

D 49 (1994) 79 [arXiv:hep-ph/9306270].

[34] K. Hagiwara and M. L. Stong, Z. Phys. C 62 (1994) 99 [arXiv:hep-ph/9309248]. [35] D. J. Miller, S. Y. Choi, B. Eberle, M. M. Muhlleitner and P. M. Zerwas, Phys. Lett. B 505 (2001) 149 [arXiv:hep-ph/0102023].

[36] M. T. Dova, P. Garcia-Abia and W. Lohmann, arXiv:hep-ph/0302113. [37] M. Kramer, J. H. Kuhn, M. L. Stong and P. M. Zerwas, Z. Phys. C 64 (1994) 21 [arXiv:hep-ph/9404280].

[38] B. Grzadkowski and J. F. Gunion, Phys. Lett. B 350 (1995) 218 [arXiv:hep-ph/9501339].

[39] J. F. Gunion, B. Grzadkowski and X. G. He, Phys. Rev. Lett. 77 (1996) 5172 [arXiv:hep-ph/9605326].

[40] G. R. Bower, T. Pierzchala, Z. Was and M. Worek, Phys. Lett. B 543 (2002) 227 [arXiv:hep-ph/0204292].

[41] K. Desch, Z. Was and M. Worek, Eur. Phys. J. C 29 (2003) 491 [arXiv:hep-ph/0302046].

[42] M. Worek, Acta Phys. Polon. B 34 (2003) 4549 [arXiv:hep-ph/0305082]. [43] K. Desch, A. Imhof, Z. Was and M. Worek, arXiv:hep-ph/0307331. [44] K. Hagiwara, Nucl. Instrum. Meth. A 472 (2001) 12 [arXiv:hep-ph/0011360]. [45] B. Grzadkowski and J. F. Gunion, Phys. Lett. B 294 (1992) 361 [arXiv:hep-ph/9206262].

[46] M. M. Muhlleitner, M. Kramer, M. Spira and P. M. Zerwas, Phys. Lett. B 508, 311 (2001) [arXiv:hep-ph/0101083].

[47] P. Niezurawski, A. F. Zarnecki and M. Krawczyk, arXiv:hep-ph/0307180. [48] E. Asakawa, J. i. Kamoshita, A. Sugamoto and I. Watanabe, Eur. Phys. J. C 14 (2000) 335 [arXiv:hep-ph/9912373].

[49] P. Niezurawski, A. F. Zarnecki and M. Krawczyk, arXiv:hep-ph/0307175;

arXiv:hep-ph/0403138;

[50] E. Asakawa, S. Y. Choi, K. Hagiwara and J. S. Lee, Phys. Rev. D 62 (2000) 115005 [arXiv:hep-ph/0005313].

[51] R. M. Godbole, S. D. Rindani and R. K. Singh, Phys. Rev. D 67 (2003) 095009 [arXiv:hep-ph/0211136].

[52] I. F. Ginzburg, M. Krawczyk and P. Osland, Nucl. Instrum. Meth. A472:149, 2001 [arXiv:hep-ph/0101229]; arXiv:hep-ph/0101331; arXiv:hep-ph/0101208.

[53] D. Bomestar, D. Denegri, R. Kinnunen, A. Nikitenko, FIZIKA B 4 (1995) 3, 273-286;

CMS TN/95-018.

[54] R. Kinnunen, “Higgs physics at the LHC,” in: Proceedings of the 10th International Conference on Supersymmetry and Unification of Fundamental Interactions (SUSY02), Eds. P. Nath, P. M. Zerwas, and C. Grosche, DESY, Hamburg, Germany, 2002; CMS CR-2002/020.

[55] N.Meyer, LC-PHSM-2003-066.

[56] P.Nieżurawski, A.F.Żarnecki, M.Krawczyk, JHEP 0211 (2002) 034 [arXiv:hep-ph/0207294]