arXiv:0910.2106v1 [hep-ph] 12 Oct 2009

Supersymmetry and New Physics at γγ colliders^∗

Rohini M. Godbole Centre for High Energy Physics, Indian Institute of Science, Bangalore, 560012, India.

DOI: will be assigned

In this contribution we present a discussion of some aspects of the capabilities of a photon collider to probe physics beyond the standard model. I will take a few examples from Higgs physics, supersymmetry , extra dimensional theories as well as unparticles, pointing out the special rôle that a photon collider can play in each case.

1 Introduction

I have been asked to discuss new physics at the γγ collider [1]. In general, new physics can be discussed in two different ways:

a) In the framework of specific models proposed with a view to cure one or more of the ills of the SM, some well motivated and some speculative. Supersymmetry (SUSY), extra dimensional models (ED), little higgs models, noncommutative theories,unparticles etc. are some examples.

b) The second is to look at the effect on different aspects of phenomenology at a γγ collider such as jet production, tt̄ production or Higgs physics studies etc., in a model independent manner.

In this contribution I will pick some combination of the two above mentioned strategies as well as that of the topics. I will mainly concentrate on physics of the sparticles and (BSM) Higgs at the γγ colliders, trying to identify where the γγ collider has a distinct advantage in terms of adding clarity to a particular study, and/or increasing the coverage in (SUSY) model parameter space as well as the reach in masses, compared to the e^+e^− option. I will also include some discussion of new physics such as extra dimensional theories or more speculative case of unparticles in the context of γγ colliders.

The two special features of the PLC of great help in this are: the very accurate measurements (∼ 2%) of the Γ_{γγ} decay width for the Higgs boson into two photons and good control on the polarisation of the initial photon beams.

∗Invited review presented at the International Conference on the Structure and the Interactions of the Photon including the 18th International Workshop on Photon-Photon Collisions and the International Workshop on High Energy Photon Linear Colliders, May 11-15, 2009.

2 SUSY: LHC Wedge, LEP hole and LHC/ILC

It is necessary to summarise the LHC and LHC/ILC possibilities for SUSY studies and searches [2], before turning to a discussion of the possibilities at the PLC. Recall that, the sparticle mass spectrum depends on the mechanism responsible for SUSY breaking and can vary widely, but the sparticle spins and couplings are predicted unambiguously. To establish SUSY with the help of the two colliders LHC and ILC, we need to find the sparticles, measure their masses, spins and couplings. Another thing is to note that for χ̃^±, χ̃^0_l as well as the supsesymmetric partners of the third generation of the quarks/leptons, the masses as well as the couplings, can depend on the SUSY breaking mechanism and parameters. The LHC will be able to ’see’ the strongly interacting sparticles if the SUSY scale is TeV. If the sparticle mass is within the kinematic reach of the ILC, we will be able to make accurate mass measurements and also can make clean spin determination. In this situation the ILC can even help us determine the SUSY model parameters and hence the SUSY breaking mechanism as has been summarised in the SPA program [3]. In spite of this very impressive and exhaustive coverage of SUSY by the LHC and the ILC in e^+e^− mode, there are a few ’holes’ in the SUSY parameter space. In the so called LHC wedge [4], tan β ≃ 4 − 10, M_A, M_H > 200–250 GeV, only the light Higgs h of SUSY will be observable at the LHC and the H/A will not be visible at the first generation ILC. In case of CP violating MSSM also, there exists a ’hole’ in the tan β-m_H± plane, for low tan β <∼ 3 − 5. This corresponds to three neutral higgses ϕ_i, i = 1 − 3, which may not be CP eigenstates, in the mass range m_{ϕ1} < 50, 100 < m_{ϕ2} < 110 and 130 < m_{ϕ3} < 180 . This region can not be ruled out by LEP searches and where the LHC also may not have reach [5]. The γγ collider (PLC), can indeed offer unique possibilities in this case. Further, discovery of any charged scalar would uniquely signal physics beyond the SM (BSM). In the following we will present examples of the special role that the PLC can play in this context.

3 Increased reach for new particle searches at the PLC

As already mentioned charged Higgs, for that matter, any charged scalar will be a signal of BSM physics beyond any doubt. The production cross-sections of such scalars are enhanced in γγ collisions, compared to that in e^+e^− collisions, by a factor of Q^2_S, where Q_S is the electromagnetic charge of the scalar S. This is relevant, for example, in the little higgs models, which have doubly charged scalars. Even for the singly charged scalars, the dependence of the pair production cross-section on the original e^± beam energy depends on the polarisation combination of the two beams and can be used to increase the mass reach. Right panel in Figure 1, taken from Ref. [6], showing this polarisation dependence as function of m_H++ illustrates this. In fact the right hand side panel of the same figure, taken from Ref. [7], showing the cross-section for scalar quark production, both in e^+e^− collisions and at the γγ collider, as a function of the scalar quark mass, directly illustrates how one can increase the reach in the charged scalar sector over the LC mode, at a 1 TeV LC.

Above discussion clearly highlights the advantage offered by a PLC in case of charged scalars with a clear increase in the range of scalar masses that can be probed with a given e^+/e^− beam energy. An increase in the range (by about a factor of 1.6 ) in the reach in the mass of the heavy Higgs of SUSY (H/A), due to the single Higgs production that is possible at the PLC, compared to that in pair production in e^+e^− colliders, had also been noted in the context of MSSM higgs boson searches. This in fact can fill the LHC wedge region of the MSSM parameter

Figure 1: Beam polarisation dependence of the production cross-section charged scalars for doubly charged scalars(left panel) [6] and for squarks (right panel) [7] as a function of the mass.

space [8]. In addition to this, the PLC, in the e–γ option can increase the range of m_{ẽR} mass if the mass difference between the ẽ_R and χ̃^0_1 is large. At an e-γ collider, the eγ → ẽ_Rχ̃^±_1 process has reach up to m_{ẽR} + m_{χ̃01} < 0.9 √ s_{ee} , where as at an e^+e^− collider the reach is 0.5 √ s_{ee}. This has already been discussed in other talks at this conference [9]. Further, this is possible without the need of a polarised initial beam.

4 Better measurement of SUSY parameters

Not just for the charged scalars but also for the new charged fermions, like χ̃^±_1 , pair production in γγ collisions, can afford a good measurement of the B.R. (χ̃^±_1 → W χ̃^0_1) and can increase the accuracy of tan β determination in the SPA fit by over a factor 2–3 [9, 10], for a MSSM point with parameter choice very similar to that for SPS 1a.

In fact determination of tan β at an e^+e^− collider is a particularly notorious for the lack of accuracy at large tan β in the process χ̃^+χ̃^−, χ̃^0_j χ̃^0_i mainly due to the fact that the observable involves cos 2β [11]. γγ → τ^+τ^−ϕ → τ^+τ^−bb̄, on the other hand offers a very good measurement of tan β. Results of a phenomenological calculation [12], show that at tan β = 30 it may be possible to have Δ tan β = 0.9–1.3, to be contrasted with an accuracy of about 10–12 [11] at the e^+e^− option. It is clear that this process has the potential to help enormously in SUSY parameter determination. However, this needs to be backed up by detailed simulations.

5 Higgs physics and the PLC

An accurate measurement of Γ(ϕ → γγ), determination of the CP property of the Higgs, as well as measurement of CP mixing in case of CP violation, are the three important ways in which a PLC can make value addition compared to an e^+e^− collider. Many of these features, apart from the CP violation in the Higgs sector, both in the context of a particular model (SUSY) and in a model independent approach were already described in different talks [9, 13] at this conference.

Almost any new physics, may it be SUSY, with and without CP violation [14, 15, 16, 17] or 2-higgs doublet model [18] will in fact affect the γγ-Higgs couplings and hence the width. In the CPV MSSM or MSSM with non universal gaugino masses, these effects can be significant, yet being consistent with the current limits on all the sparticle masses.

A unique feature of a PLC is that the two photons can form a J_z = 0 state with both even and odd CP. As a result, unlike the gauge boson fusion mode which contributes mainly in the e^+e^.− mode to the production, the 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, (1)

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 possible 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 [5, 19].

In this talk I should like to concentrate on the CP violation and anomalous hV V couplings in the Higgs sector pointing out the role that the PLC can play in their study, after briefly mentioning the prominent issues in the first two topics.

5.1 LHC-wedge

At large tan β region, the dominant decay mode of the H/A is into the bb̄ channel, where the bb̄ background can be controlled by a judicious choice of photon polarisation. H/A separation can be achieved by choosing polarisation vectors of the two photons to be perpendicular and parallel; but this has implications for the QED qq̄ background as well. Results of a detailed simulation [20], which were already discussed at this conference, show that for a light higgs it would be possible to measure the γγ rates accurate to ≃ 2% whereas for H/A measurement precision would be somewhat worse : ∼ 11%–21% . In fact in these region the Supersymmetric decay of the H/A into χ̃^±, χ̃^0_l pairs can also be used [8].

5.2 CP properties and CP violation in the Higgs sector

In the MSSM the properties of the Higgs sector, at the tree level, are determined in terms of two parameters tan β and μ. If some of the SUSY parameters have nonzero phases, then the Higgs sector can have loop generated CP violation, even with a CP conserving tree level scalar potential [21]. Recall the existence of the ’LEP-hole’ mentioned earlier. Effect of this CP violation on the masses and the coupling of the Higgses in this parameter range, can also affect the LHC reach and part of the ’hole’ remains [5], even after the recovery of some part of the parameter space through the decay chain t → bH^+ → bW h → bW bb̄ [22].

A PLC will be able to produce such a neutral Higgs in all cases; independent of whether it is a state with even/odd or indeterminate CP parity. For the PLC, one can form three polarization asymmetries in terms of helicity amplitudes which give a clear measure of CP mixing [23]. Note however that these require linearly polarised photons in addition to the circular polarisation. With circular beam polarization almost mass degenerate (CP-odd) A and (CP-even) H of the MSSM may be separated [8, 20]. In addition, one can use information on the decay products of W W , ZZ [24]. Further, Higgs contribution to γγ → ff̄ can give nontrivial information on the CP mixing [25, 26, 27, 28, 29, 30, 5].

• ff̄ final state.

The process receives contributions from the s–channel Higgs exchange and the t-channel QED diagram. It is possible to determine the CP mixing, if present, by using the polarisation of the initial state γ or that of the fermions into which the ϕ_i decays. In MSSM the CP-even H and the CP-odd A are degenerate. In the situation that the mass difference between the two is less than the sum of their widths, a coupled channel analysis technique [31] has to be used. The authors of Refs. [28] and [29] explore the use of beam polarisation and final state fermion polarisation to analyse this situation whereas the use of decay fermion polarisation for determination of the Higgs CP property for a generic choice of the MSSM parameters is explored in Ref. [30].

The most general couplings of a Higgs to ff̄ and γγ can be written in a model independent way, accounting for possible CP violation, as [26, 27]: V_f¯_{f ϕ} = −ie m_f M_W (S_f + iγ_5P_f ) , V_{γγϕ} = −i √ sα 4π [ S_γ (s) ( ϵ_1.ϵ_2 − 2 s (ϵ_1.k_2)(ϵ_2.k_1) ) − P_γ (s) 2 s ϵ_{μναβ} ϵ^μ_1 ϵ^ν_2 k^α_1 k^β_2 ] . When we consider this in the context of a particular model then the form-factors, {S_f , P_f , S_γ , P_γ } depend upon model parameters. For example, for the CP violating MSSM these depend on m_H+ , tan β, μ, A_{t,b,τ} , Φ_{t,b,τ} , M_{q̃} , M_{l̃} etc. The model independent case and the specific case of

Figure 2: Expected values (in %) of δP^−_t and δP^{CP}_t for the top quarks produced in the process, γγ → tt̄, including the s-channel Higgs exchange contribution, in the CPV MSSM, in the CPX scenario, in the m^+_H –tan β plane [30] . CP violating SUSY are analysed in Refs. [26, 27] and [30] respectively. The helicity amplitude for the production will in general involve CP even combinations such as S_f ℜ(S_γ )(viz.x_i) as well as CP odd-combinations such as S_f ℑ(P_γ )(viz.y_i). Note that the QED background is P , CP and chirality conserving. Higgs exchange diagram violates these symmetries. This means that in the presence of the Higgs, existence of chirality flipping interaction imply nonzero values of the various {x_i, y_j } which in turn means that the fermion-polarisation carries a footprint of the Higgs contribution as well as any CP violation in the ϕγγ and ϕff̄ couplings. It is also very gratifying that the heavier fermions t, τ which have the largest ϕff̄ coupling are also the fermions whose polarisation is amenable to experimental measurements. The polarisation of the initial state γ can be controlled by adjusting the initial laser and the e polarisation. The ϕ contribution is enhanced using the combination λ_e × λ_l = −1. One can construct observables, with unpolarised and polarised laser and e beams in terms of expected fermion polarisation: P^U_f being the expected one for unpolarised initial states and P^{++}_f , P^{−−}_f being the observables with polarised beams. Here +/− in the (double) superscripts refer to the polarisation of the e, λ_e. P^{++}_f , P^{−−}_f are nonzero even for the QED diagrams alone, but the P invariance of QED implies P^{++}_f = −P^{−−}_f Hence a nonzero value for P^{++}_f + P^{−−}_f will clearly indicate parity violation. In case of C invariance this then is also CP violating. Thus P^U_f and δP^{CP}_f = P^{++}_f + P^{−−}_f are both probes of CP violating contribution. Further, P^{++}_f is modified by the Higgs contribution such that P^{++}_f − (P^{++}_f )^{QED} ≠ 0 even if ϕ is CP eigenstate. Hence, δP^+_f = P^{++}_f − (P^{++}_f )^{QED} and δP^−_f = P^{−−}_f − (P^{−−}_f )^{QED} are both probes of chirality flipping interactions. Figure 2, taken from Ref. [30], shows the values for δP^−_t and δP^{CP}_t , expected in the CP-violating MSSM, in the m^+_H –tan β plane, for the CPX scenario [21], in the left and the right panel respectively. A

Figure 3: CP violating asymmetries constructed out of different combination of cross-sections with final state t helicity and initial state photon helicity for top quarks produced in the process, γγ → tt̄, including the s-channel Higgs exchange contribution, in the degenerate ϕ_2/ϕ_3 case in CPV MSSM as a function of the γγ centre of mass energy (two left panels) [28] and the mixed lepton charge-photon helicity asymmetry (in%) for the generic case in the CPX scenario, in the m^+_H –tan β plane with a choice of e^+e^− beam energy to maximise the asymmetries (right panel) [30].

similar calculation of the expected τ polarisation indicates that the two fermion polarisation offer coverage in the complementary regions of this parameter space and part of the ’LEP’-hole, which can not be covered at the LHC, can in fact be covered by these measurements. Note that the ILC can provide part coverage of the region through production of other Higgs bosons, but γγ collisions and/or production in the decay of the charged higgs [22], remain the only two modes for the light neutral higgs, in this left over region of the ’LEP-hole’.

The expected values of the various observables presented in the Figure 2 and the rightmost panel of 3, are for a value of the common CP violating phase Φ = 90^∘. and the beam energy is adjusted for each point in the scan such that the peak of the photon spectrum matches with scaled mass m_ϕ/√s_{γγ} , m_ϕ being the average mass of the two states which may be close in mass. Nowhere in this range of the parameters are such that the two states are extremely degenerate, and hence a coupled channel analysis is not required. We see that even in this case, the size of the expected asymmetries is not too small. Thus in a generic case of CPV MSSM, the PLC can probe this CP-mixing in the Higgs sector. In case of extreme degeneracy of the two states, the expected polarisation asymmetries for both the fermion final states containing τ and t, are enhanced resonantly and the observability is increased even more. The left two panels of Figure 3 taken from Ref. [28] show two such CP violating asymmetries constructed out of combination of cross-sections with different helicities for the initial state photons and final state quarks, as a function of √s_{γγ} , with model parameter values chosen to maximise the effect.

Since the top quark decays before it hadrnoises, the decay products retain the top quark spin information. In fact, the decay lepton angular distribution is a particularly good probe of this polarisation due to the independence of the correlation between the polarisation and the angular distribution and any anomalous tbW vertex [32]. The above mentioned polarisation asymmetries translate into ’mixed beam polarisation-lepton charge asymmetry’ constructed out of cross-sections with different photon helicity combinations as in Ref. [26], but for values of the form factors S_f , P_f , S_γ , P_γ , calculated in the CPX scenario as a function of the MSSM parameters tan β–m_H+ plane. These, taken from Ref. [30] are shown in the rightmost panel of the Figure 3.

• 2HDM and W W/ZZ final states at a PLC

As mentioned earlier, CP violation in the Higgs sector has also been studied in the context of a two Higgs doublet model and the possibility of determining the CP violating phase through the kinematic distribution of the decay products of the W and the Z [24], with a realistic photon spectra has been investigated. The phase Φ_{CP} and the relative strength of the ϕV V coupling relative to that in the SM can be measured to about <∼0.02–0.05 depending on the mass of the Higgs.. The errors are computed, assuming the SM value of 0 and 1 respectively for the two. The interesting part of this study is the fact that the two photon width, its phase and the relative normalisation of both samples, are all allowed to vary in the fit. The former, which is available only at a PLC, is seen to impact the results significantly.

In fact in the eγ option the photon collider offers also a unique possibility of determining accurately the hW W anomalous coupling. The accuracy of determination of this coupling in the e^+e^− option is limited due to the big background from the ZZh contribution to the same final state. This does not require polarised beams either [33].

5.3 Higgs self coupling and the γγ collider

The ILC in the e^+e^− mode offers only a very limited information on the trilinear hhh coupling [2, 34]. This information can be obtained through a study of Higgs pair production at a γγ collider and is shown to be a good probe of hhh couplings and comparable perhaps to other probes at the LHC and the ILC. Recently, the modification of the hhh coupling in the framework of a general two Higgs doublet models was addressed in a couple of analyses [35, 36, 37]. If the modification of the hhh coupling is due to new particles in the spectrum, then it will also modify hγγ as well the γγhh coupling. So in the framework of a two higgs doublet model they calculate the net change in the cross-section γγ → hh and show that the sensitivities possible at the PLC can indeed test these models.

6 Extra Dimensional models and the PLC

In the context of models with TeV scale gravity; ie. models with extra dimensions, the γγ production of all the matter and gauge boson fields is altered substantially. The extra dimensions can be probed in the dijet final state [38], through the gauge boson couplings to a pair of photons [39], in the production of a tt̄ pair [40] as well as in the eγ mode [41], up to a scale comparable and/or somewhat higher level, compared to the LC option. However, all these calculations have been done at the theorists level and an evaluation of the net gain due to PLC, when a realistic photon spectrum is used, is not available.

7 Unparticles and the PLC

Figure 4: The γγ invariant mass distribution for a 500 GeV machine showing the effect of scaling dimension of the unparticles(left panel) and the values of σ_U + σ_{SM} /σ_{SM} as a function of γγ centre of mass energy(right panel) [42].

Along with the very well motivated physics beyond the SM like Supersymmetry and extra dimensions, the PLC can also probe speculative physics like unparticles. Among the different discussions that exist, I am going to give only one example taken from [42], where they consider the effect of unparticles on the process γγ → γγ, which can be studied at a photon collider. In these theories a hidden conformal sector provides “unparticle” which couples to the Standard Model sector through higher dimensional operators in low energy effective theory. If one focuses on operators which involve unparticle, the Higgs doublet and the gauge bosons, after the Electroweak Symmetry breaking, a mixing between unparticle and Higgs boson ensues. In turn this can cause sizable shifts for the couplings between Higgs boson and a pair of photons [43]. Since the process proceeds in the SM only at loop level, it has a great potential to probe new physics. The authors of Ref. [42] show that γγ collider in this case can be sensitive to a scale of 5 TeV for √ s = 500 GeV. The plot in the left panel of Figure 4 taken from this reference, shows the cross-section as a function of γγ invariant mass. The structure in this distribution reflects the scaling dimension of unparticle. The second plot (right panel) in Figure 4 shows ratio of σ_U + σ_{SM} /σ_{SM} .

8 Conclusions

Thus a PLC can play an important and unique role in many ways in probing BSM physics. Loop effects on γγ processes and couplings can probe it indirectly. Further, it can affect search prospects of new charged scalars, a sure harbinger of New Physics, by providing comparable reach, if not more, as the e^+e^− option for a TeV energy LC. Polarisation dependence of the photon spectrum and cross-section can play an important role. Δβ ≃ 1 at large tan β can be achieved using ττ fusion. There are major gains for the SUSY Higgs sector as it provides reach for H/A in regions where LHC does not have any. The s channel production increases reach in the mass of neutral Higgses by a factor ∼ 1.6 due to single production that is possible. Advantages of a γγ collider are even more if CP violation is present in the Higgs sector. The polarisation asymmetries constructed using initial state photon polarisation and final state fermion polarisations, can be a very good probe of the CP violation in the Higgs sector. The H/A contribution can be probed therefore through mixed polarisation-charge asymmetries, i.e asymmetries in initial state polarisation and final state lepton charge. If CP violation makes the lightest higgs dominantly pseduoscalar and hence ’invisible’ at LEP/ILC/LHC, then γγ collider is the only place it can be produced directly. The PLC is capable of probing new physics such as extra dimension through production of dijets, top pairs, gauge bosons etc. in γγ collisions.

9 Acknowledgments

I wish to complement the organisers for the excellent organisation of this meeting. This work was partially supported by the Department of Science and Technology, India under the grant of the J.C. Bose Fellowship, under project number Grant No. SR/S2/JCB-64/2007.

References

[1] B. Badelek et al. TESLA Technical Design Report, Part VI, Chapter 1: Photon collider at TESLA. Int.

J. Mod. Phys., A19:5097–5186, 2004.

[2] G. Weiglein et al. Physics interplay of the LHC and the ILC. Phys. Rept., 426:47–358, 2006. [3] Juan Antonio Aguilar-Saavedra et al. Supersymmetry parameter analysis: SPA convention and project.

Eur. Phys. J., C46:43–60, 2006.

[4] J. A. Aguilar-Saavedra et al. TESLA Technical Design Report Part III: Physics at an e+e- Linear Collider.

hep-ph/0106315, 2001.

[5] E. Accomando et al. Workshop on CP Studies and Non-Standard Higgs Physics. hep-ph/0608079, 2006. [6] Surajit Chakrabarti, Debajyoti Choudhury, Rohini M. Godbole, and Biswarup Mukhopadhyaya. Observing doubly charged Higgs bosons in photon photon collisions. Phys. Lett., B434:347–353, 1998.

[7] S. Berge, M. Klasen, and Y. Umeda. Sfermion pair production in polarized and unpolarized gamma gamma collisions. Phys. Rev., D63:035003, 2001.

[8] M. M. Muhlleitner, M. Kramer, M. Spira, and P. M. Zerwas. Production of MSSM Higgs bosons in photon photon collisions. Phys. Lett., B508:311–316, 2001.

[9] K. Moenig. Physics at a gamma gamma collider. In these proceedings, 2009.

[10] G. Klamke and K. Moenig. Studies on chargino production and decay at a photon collider. Eur. Phys. J., C42:261, 2005.

[11] S. Y. Choi et al. Reconstructing the chargino system at e+ e- linear colliders. Eur. Phys. J., C14:535–546, 2000.

[12] S. Y. Choi et al. Determining tan(beta) in tau tau fusion to SUSY Higgs bosons at a photon collider. Phys.

Lett., B606:164–172, 2005.

[13] Spira M. Higgs Physics at ee and photon collider. These Proceedings, 2009.

[14] Abdelhak Djouadi. Squark effects on Higgs boson production and decay at the LHC. Phys. Lett., B435:101– 108, 1998.

[15] G. Belanger, F. Boudjema, F. Donato, R. Godbole, and S. Rosier-Lees. SUSY Higgs at the LHC: Effects of light charginos and neutralinos. Nucl. Phys., B581:3–33, 2000.

[16] S. Moretti, S. Munir, and P. Poulose. Explicit CP violation in the MSSM through Higgs to gamma gamma.

Phys. Lett., B649:206–211, 2007.

[17] S. Hesselbach, S. Moretti, S. Munir, and P. Poulose. Exploring the Di-Photon Decay of a Light Higgs Boson in the MSSM With Explicit CP Violation. Eur. Phys. J., C54:129–147, 2008.

[18] Ilya F. Ginzburg, Maria Krawczyk, and Per Osland. Potential of photon collider in resolving SM-like scenarios. Nucl. Instrum. Meth., A472:149–154, 2001.

[19] R. M. Godbole et al. CP studies of the Higgs sector. hep-ph/0404024, 2004.

[20] M. Spira, P. Niezurawski, M. Krawczyk, and A. F. Zarnecki. Heavy neutral MSSM Higgs Bosons at the PLC - a comparison of two analyses. Pramana, 69:931–936, 2007.

[21] Apostolos Pilaftsis and Carlos E. M. Wagner. Higgs bosons in the minimal supersymmetric standard model with explicit CP violation. Nucl. Phys., B553:3–42, 1999.

[22] Dilip Kumar Ghosh, R. M. Godbole, and D. P. Roy. Probing the CP-violating light neutral Higgs in the charged Higgs decay at the LHC. Phys. Lett., B628:131–140, 2005.

[23] B. Grzadkowski and J. F. Gunion. Using back scattered laser beams to detect CP violation in the neutral Higgs sector. Phys. Lett., B294:361–368, 1992.

[24] P. Niezurawski, A. F. Zarnecki, and M. Krawczyk. Model-independent determination of CP violation from angular distributions in Higgs boson decays to W W and Z Z at the Photon Collider. Acta Phys. Polon., B36:833–844, 2005.

[25] Eri Asakawa, Jun-ichi Kamoshita, Akio Sugamoto, and Isamu Watanabe. Production of scalar Higgs and pseudoscalar Higgs in multi-Higgs doublet models at gamma gamma colliders. Eur. Phys. J., C14:335–345, 2000.

[26] Rohini M. Godbole, Saurabh D. Rindani, and Ritesh K. Singh. Study of CP property of the Higgs at a photon collider using γγ → tt̄ → lX. Phys. Rev., D67:095009, 2003.

[27] Eri Asakawa and Kaoru Hagiwara. Probing the CP nature of the Higgs bosons by t anti-t production at photon linear colliders. Eur. Phys. J., C31:351–364, 2003.

[28] John R. Ellis, Jae Sik Lee, and Apostolos Pilaftsis. Resonant CP violation in MSSM Higgs production and decay at gamma gamma colliders. Nucl. Phys., B718:247–275, 2005.

[29] S. Y. Choi, J. Kalinowski, Y. Liao, and P. M. Zerwas. H / A Higgs mixing in CP-noninvariant supersymmetric theories. Eur. Phys. J., C40:555–564, 2005.

[30] Rohini M. Godbole, Sabine Kraml, Saurabh D. Rindani, and Ritesh K. Singh. Probing CP-violating Higgs contributions in γγ → ff̄ through fermion polarization. Phys. Rev., D74:095006, 2006.

[31] Apostolos Pilaftsis. Resonant CP violation induced by particle mixing in transition amplitudes. Nucl.

Phys., B504:61–107, 1997.

[32] Rohini M. Godbole, Saurabh D. Rindani, and Ritesh K. Singh. Lepton distribution as a probe of new physics in production and decay of the t quark and its polarization. JHEP, 12:021, 2006.

[33] Debajyoti Choudhury and Mamta. Probing anomalous Higgs couplings at an e gamma collider using unpolarised beams. Pramana, 69:795–800, 2007.

[34] Gerald Aarons et al. International Linear Collider Reference Design Report Volume 2: PHYSICS AT THE ILC. 0709.1893, 2007.

[35] Eri Asakawa, Daisuke Harada, Shinya Kanemura, Yasuhiro Okada, and Koji Tsumura. Higgs boson pair production at a photon-photon collision in the two Higgs doublet model. Phys. Lett., B672:354–360, 2009.

[36] Abdesslam Arhrib, Rachid Benbrik, Chuan-Hung Chen, and Rui Santos. Neutral Higgs boson pair production in photon-photon annihilation in the Two Higgs Doublet Model. Phys. Rev., D80:015010, 2009.

[37] Fernando Cornet and Wolfgang Hollik. Pair Production of Two-Higgs-Doublet-Model Light Higgs Bosons in γγ Collisions. Phys. Lett., B669:58–61, 2008.

10 PHOTON09

[38] Dilip Kumar Ghosh, Prakash Mathews, P. Poulose, and K. Sridhar. Large extra dimensions and dijet production in gamma gamma collisions. JHEP, 11:004, 1999.

[39] Thomas G. Rizzo. Tests of low scale gravity via gauge boson pair production in gamma gamma collisions.

Phys. Rev., D60:115010, 1999.

[40] Prakash Mathews, P. Poulose, and K. Sridhar. Probing large extra dimensions using top production in photon photon collisions. Phys. Lett., B461:196–202, 1999.

[41] Dilip Kumar Ghosh, P. Poulose, and K. Sridhar. Seeking TeV-scale quantum gravity at an e gamma collider.

Mod. Phys. Lett., A15:475–482, 2000.

[42] Tatsuru Kikuchi, Nobuchika Okada, and Michihisa Takeuchi. Unparticle physics at the photon collider.

Phys. Rev., D77:094012, 2008.

[43] Tatsuru Kikuchi and Nobuchika Okada. Unparticle physics and Higgs phenomenology. Phys. Lett., B661:360–364, 2008.

PHOTON09 11