arXiv:hep-ph/0308103 v1 9 Aug 2003

nuhep-exp/03-003 UCD-03-08

Complementarity of a Low Energy Photon Collider and LHC Physics

David Asner,^1 Stephen Asztalos,^2 Albert De Roeck,^3 Sven Heinemeyer,^4 Jeff Gronberg,^2 John F. Gunion,^5 Heather E. Logan,^6 Victoria Martin,^7 Michal Szleper,^7 and Mayda M. Velasco^7 1University of Pittsburgh, Pittsburgh, Pennsylvania 15260, USA 2Lawrence Livermore National Laboratory, Livermore, California 94550, USA 3CERN, CH-1211 Geneva 23, Switzerland 4 Institut für theoretische Elementarteilchenphysik, LMU München, Theresienstr. 37, D-80333 München, Germany 5University of California , Davis, California 95616, USA 6University of Wisconsin, Madison, Wisconsin, 53706, USA 7Northwestern University, Evanston, Illinois 60201, USA

We discuss the complementarity between the LHC and a low energy photon collider. We mostly consider the scenario, where the first linear collider is a photon collider based on dual beam technology like CLIC.

PACS numbers:

I. INTRODUCTION

The LHC is scheduled to turn on in the year 2007. Within the first few years of operation LHC will discover the Higgs boson, if it exists. When this long awaited new particle is finally found, it will no doubt become the most important object to be studied in detail in high energy physics (HEP) – unless of course at the same time also many other new particles, such as SUSY sparticles, are copiously produced at the LHC –.

The LHC will be able to measure many characteristics of the Higgs boson rather precisely, such as mass and width. However, has not yet been demonstrated that the couplings to fermions and gauge bosons cannot be measured in a model independent way, rather ratios of couplings are directly accessible at LHC. The measurement of other properties, such as spin and CP quantum numbers and Higgs self coupling, will be even more tedious. Hence data on Higgs measurement in different reactions such as in electron-positron and photon-photon collisions will be needed to determine the Higgs parameters in greater detail.

If the physics beyond the Standard Model is low energy supersymmetry, then the mass of the Higgs will be relatively low, e.g. below about 135 GeV [1] as predicted in the minimal supersymmetric model (MSSM). This will put the production of Higgs bosons within reach of future lepton or photon colliders. Such colliders benefit from a much cleaner production environment for Higgs particles as compared to hadron machines.

A linear e^+e^− collider is seriously considered as an option for the next large accelerator in HEP [2] by international consensus. Such a machine would certainly be ideal to study the properties of the Higgs particle in detail. These linear colliders, for which presently several proposals exist [3, 4, 5] are generally huge machines, of a length of about 20-40 km, to reach approximately 1 TeV center of mass energy (E_{CM} ) with conventional accelerating techniques. Regrettably, it is unlikely that the construction of such an accelerator will start any time before 2007-2009[6], and the construction/commissioning will take of the order of 10 years.

Two beam acceleration (TBA) has been proposed as an alternative accelerating technique to reach higher accelerating gradients, and is presently studied most intensively at CERN through the CLIC R&D project [7, 8]. TBA is still in an experimental stage, but when ready it will allow to construct e^+e^− colliders with higher E_{CM} , and/or, for a more compact e^+e^− collider to reach the energy region of interest. That is, one 600 m accelerating module with the CLIC technology will accelerate electrons by about 70 GeV. The TBA technology has been demonstrated for low currents and small pulses in test facilities CTF1 and CTF2 at CERN. Presently, the CTF3 test facility[9] is under construction and should demonstrate the feasibility of the machine parameters for the drive beam for CLIC. When successful this will allow to complete a technical design for a machine based on TBA.

In this paper we consider physics studies for a Higgs factory which could be decided upon and built, based on TBA, soon after the discovery of a light Higgs at the LHC during the last year of this decade. The smallest (but not necessary simplest) collider would be one based on two TBA modules, which accelerate each an electron beam up to 70-75 GeV. When these beams are converted into photon beams via Compton scattering using powerful lasers, Higgs particles with a mass of up to 130 GeV can be produced in the s-channel. Such photon colliders (γC) have been extensively proposed in Ref.[10], and all e^+e^− linear collider (LC) projects consider such an option as an upgrade of their base-line [3, 4, 5] program. R&D projects for γC are presently ongoing. To exploit the physics opportunities as discussed in this paper it is further imperative that the electron beams can be polarized, which is generally considered to be technologically feasible.

A low energy Higgs factory driven by a γC based on CLIC technology, such as the one assumed here, has already been elaborated in Ref.[11], and was coined CLICHE. The basic parameters of such a machine and initial physics studies have been presented. As discussed in Ref.[11], the H → γγ vertex is due to loop diagrams making it sensitive to physics beyond the Standard Model, and as an example, they show how the precision obtained on the branching ratio measurements made at CLICHE could help us to distinguish between the Standard Model (SM) and its minimal supersymmetric extension, the MSSM. Further work on the comparison between the SM and the MSSM at a γC was discussed in Ref.[12].

Here we follow up on this opportunity, and we extend the physics arguments in favor of vigorously pursuing a γC collider, either at CLICHE, or possibly as an adjunct to an upcoming LC. We find that CLICHE by itself could provide invaluable complementarity to the LHC. For example, we show the crucial role that CLICHE could play in: (1) detecting and/or confirming the LHC signal for a CP-even Higgs boson that decays to two light pseudo-scalar Higgs bosons, (2) providing a precise measurement of the H → γγ partial width, which allows us to test large scales in the Littlest Higgs model after combining with branching ratio measurements made at an e^+e^− collider or the LHC, and (3) in the presence of Higgs-Radion mixing in the Randall-Sundrum model, one could test possible gg and γγ anomalous couplings to the h and ϕ among many other things, since the LHC will give access to the gg coupling, while the γC will give us the coupling to γγ.

II. MACHINE AND DETECTOR DESIGN UPDATE

As discussed in detailed in Ref.[11], the technical requirements to produce a γC with warm accelerating technology and for TBA are compatible, and therefore their R&D is in common. Details about the parameters for γC based on warm, cold and TBA technology can be found in Refs. [3, 5, 11]. Here we will discuss the recent progress in the R&D, and detector requirements due to the environment at the interaction region of a γC.

A. R&D for photon collider technology

The straw man design for the γC technology for a warm machine that was presented at Snowmass 2001 by LLNL has continued to develop. The MERCURY laser has been commissioning and has reached it’s full repetition rate of 10Hz with 20 Joule pulses. It is now undergoing a major refit to include the second amplifier head. Once that is completed it will reach its full power of 100 Joules. The basic layout of the optics has remained unchanged, but much work is going into the details of aligning the system and maintaining the laser pulse quality, which is critical to efficient utilization of the laser power.

A collaboration of DESY and MBI have been exploring a design for a cavity laser system to reduce the total laser power by exploiting the larger bunch spacing of TESLA to reuse the laser pulses. This type of system cannot be used for the warm machine since the 2.8 ns bunch spacing does not allow time to reuse the laser pulse.

Choices in the operating parameters of the electron accelerator can improve the ratio of delivered luminosity to laser power. The percentage of electrons which Compton scatter is set by the laser photon density, and is independent of the electron bunch charge. Maximizing the bunch charge increases the luminosity at no cost in laser power and should always be pursued. In fact, since luminosity increases as the bunch charge squared, it can be a win to reduce the number of

FIG. 1: Photon-photon Interactions. (left) Direct interactions involve only electroweak couplings. (center) Once resolved process where one photon probes the parton structure of the other photon, similar to deep inelastic scattering. (right) Twice resolved process where the partons of each photon interact, similar to a ρ − ρ collisions.

bunches, while increasing the bunch charge to keep the total beam current constant. This can both increase luminosity, while reducing the total laser power needed, and therefore reduce cost.

B. Resolved photons and impact on detector

The photon is the gauge boson of QED that can couple to the electroweak and strong interactions via virtual charged fermion pairs. As a consequence, photon-photon interactions are more complex than e^+e^− interactions, and a careful simulation of the beam is extremely important.

In a γC we have a few × 10^{10} primary e^−, in addition to ∼^2_3 × few × 10^{10} Compton photons. We have used CAIN [13] to obtain the ee, eγ and γγ luminosity distributions. The CAIN simulations include real particles from beam related backgrounds, such as e^+e^− from pair production, and real beamstrahlung photons. Pythia is used to simulate the virtual photon cloud associated with the electron beam.

As illustrated in Fig. 1, photon-photon interactions can be classified into three types of processes. Direct interactions that involve only electroweak couplings, the once resolved process that is similar to deep inelastic scattering because one photon probes the parton structure of the other photon, and the twice resolved process that can be thought of as a ρ − ρ collisions because the partons of each photon interact.

Similarly, photon-electron interactions can be classified into direct interactions involving only electroweak couplings, and the once resolved process, where the electron probes the parton structure of the photon. Additionally, the virtual photon cloud associated with the electron beam can interact with the Compton photons as described above.

The electron-electron interact by direct processes, and the virtual electron cloud associated with each beam, also lead to all combinations of photon-photon and photon-electron processes.

We use the Pythia [14] Monte Carlo program to simulate the resolved photon cross sections, which are potential backgrounds to all other two-photon physics processes. These backgrounds, usually referred to as γγ → hadrons, are also a concern at e^+e^− and have been studied in detail [16]. However, at a γγ collider the high energy Compton photons provide an additional and dominant source of γγ → hadron background.

There has been a long standing discrepancy between the resolved photon backgrounds calculated by Pythia and those computed assuming the observed LEP cross section for γγ → hadrons^1. This problem was mostly due to the parameters used by Pythia to describe this processes, and it is now understood. Nominally, we use the default settings for Pythia with the exception of the parameters listed in Table I. The complete Pythia parameter list used is taken from Ref. [15]. We find that ∼ 83%,∼ 17% and ∼ 0.4% of interactions are due to photon-photon, photon-electron, and electron-electron interactions, respectively, and the photon-photon and photon-electron interaction cross section is dominated by resolved photons.

1 At Snowmass 2001, it was noted that the cross sections predicted by Pythia were much larger than naively expected from LEP data. At ECFA/DESY in St. Malo, the discrepancy was determined to be approximately an order of magnitude. A more detailed comparison by Asner and de Roeck, narrowed the discrepancy to a factor of six. It was reported at ECFA/DESY in Prague that Pythia predicted the cross section for γγ → hadrons to be consistent with the LEP data after better taking a better choice of parameters.

TABLE I: Pythia parameter settings for resolved photon processes. Other parameters are taken from Ref. [15].

Parameter Setting Explanation MSTP(14)=30 Sets Structure of Photon MSTP(53)=3 choice of pion parton distribution set MSTP(54)=2 choice of pion parton distribution function library MSTP(55)=N/A for MSTP(14)=30 choice of photon parton distribution set MSTP(56)=2 choice of photon parton distribution function library CKIN(3)=1.32 ptmin for hard 2 →2 interactions

FIG. 2: Photon-Photon and Photon-Electron Cross Section. (left) From Ref. [17]. Updated photon-photon cross sections predicted by CJLK, GRS densities and measurements from LEP. (center) Photon-photon cross section and (right) Photon-electron cross section from Pythia using parameter described in the text.

Over the energy range, ∼ 10−150 GeV, of the LEP data the Pythia and LEP cross sections are in reasonable agreement, ∼ 400 nb, as shown in Fig. 2. Also shown in Fig. 2 is the cross section for photon-electron processes, which are not negligible relative to the photon-photon processes. Beyond the range of the existing data, there are large uncertainties in the estimated of the once and twice resolved photon cross sections. These uncertainties at higher energies are a concern for a 500 GeV linear collider, but not for the lower energy Higgs factory. Ref. [20] provides an excellent discussion of the theoretical and experimental challenges of determining the photon structure. The most recent experimental data is from HERA [21] and LEP-II [22]. Despite the new data, there are large uncertaintes at small x_γ , and the uncertainties at large x_γ are also significant. The QCD stucture function is probed by examining the high E_t jets, but extrapolating to smaller E_t introduces additional uncertainty. These large uncertainties could be reduce by data obtained from a proposed γγ engineering run at the SLC [23].

Using these new sets of Pythia parameters, we can quatify the effect of this ‘extra’ beam related activity in the detector. For this purpose, we consider the beam parameters for √ s_{ee} = 160 GeV and √ s_{ee} = 500 GeV given in Table II, and use the luminosity distributions shown in Fig. 3.

We process the events through the LC Fast MC detector simulation within the ROOT[18] framework. The simulation includes calorimeter smearing and the detector configuration described in Section 4.1 of Chapter 15 of Ref. [19]. From our preliminary studies, we find that the two-photon cross section is dominated by the twice resolved process at both 160 GeV and 500 GeV. For the beam parameters given in Table II, we expect a background event rate of 6,700 and 20,500 events/second for the 160 GeV and 500 GeV machines, respectively. This corresponds to 0.6 and 1.8 overlay events per

TABLE II: Laser and electron beam parameters for √ s = 160 GeV √ s = 500 GeV. The beam parameters for √ s = 500 GeV differ from the NLC-e^+e^− parameters. The bunch charge has been doubled to improve luminosity. Consequently, both the vertical emittance, ϵy, and the bunch length, σz are increased. Additionally, the total current is conserved as the rep. rate reduced by a factor of 2. The optimal laser wavelength decreases as the beam energy decreases. We assume that non-linear optics are used to triple the laser frequency for the √ s = 160 GeV machine and that this procedure is 70% efficient, thus more laser power is required.

Electron Beam Energy (GeV) 80 250 βx/βy (mm) 1.4/0.08 4/0.065 ϵx/ϵy (×10^{−8}) 360/7.1 360/7.1 σx/σy (nm) 179/6 172/3.1 σz (microns) 156 156 N (×10^{10} ) 1.5 1.5 e^− Polarization (%) 80 80 rep. rate (Hz) 120×95 120×95 Laser Pulse Energy (J) 1.0/70%=1.4 1.0 Laser λ (microns) 1.054/3 = 0.351 1.054 CP-IP distance (mm) 1 2

TABLE III: Event Multiplicity Due to Resolved Photon Backgrounds.

160 GeV 500 GeV Events/Crossing 0.6 1.8 Tracks/Crossing (p > 0.2 GeV, | cos θ| < 0.9) 3.7 14.6 Energy/Track (p > 0.2 GeV, | cos θ| < 0.9) 0.70 GeV 0.74 GeV Clusters/Crossing (E > 0.1 GeV, | cos θ| < 0.9) 5.5 21.8 Energy/Cluster (E > 0.2 GeV, | cos θ| < 0.9) 0.45 GeV 0.49 GeV

beam crossing. For the TBA machine beam parameters discussed in Ref.[11], 0.1 overlay events per beam crossing are expected. Most of the products of the γγ → hadrons will be produced at small angles relative to the photon beam and will escape undetected down the beam pipe. We are interested in the decay products that enter the detector. For this reason we are only considering tracks and showers with | cos θ| < 0.9 in the laboratory frame, and we require tracks to have momentum greater than 200 MeV, while the showers must have energy greater than 100 MeV. The resulting track and shower energy distributions integrated over 17,000 beam crossings for √ s_{ee} = 160 GeV and 5,500 beam crossings for √ s_{ee} = 500 GeV are shown in Fig. 4-7, and summarized in Table III. Experimental, theoretical and modeling errors have not yet been evaluated for these distributions.

Future studies of the physics possibilities of a γC should include the impact of the resolved photons on the event reconstruction, and we need to determine the appropriate number of beam crossing that we need to integrate over. It is generally assumed that the γC and e^+e^− detectors will be the same or at least have comparable performance. At e^+e^−, the plan is to integrate over 100’s to 1000’s of beam crossings. This depends, of course, on the choice of detector technology as well as the bunch structure of the electron beam. At a γC experiment, the desire to minimize the resolved photon backgrounds may drive the detector design to be able to minimize the number of crossings that are being readout together. In preliminary studies, integrating over about 10 crossings appears tractable. The required detector readout rate due to backgrounds from resolved photons call into question the assumptions that the e^+e^− and γγ detectors will be based on the same technology and/or have comparable performance. An important distinction between the TESLA

FIG. 3: Luminosity for a 10^7 sec year and associated expectation value for the product of photon polarizations, ⟨λλ^′ ⟩, are plotted for √ s = 160 GeV (x = 4.1 for 1.054/3 μm laser wavelength), assuming 80% electron beam polarizations.

and NLC/TBA machine designs is the time between bunch crossings, 337 ns and ≤2.8 ns^2 , respectively. The authors plan to study the difference between the detector design and performance.

The impact of resolved photon backgrounds on the physics reach of a γC has yet to be determined. Previously, we reported that including the resolved photon contribution to the background in an analysis of γγ → h → γγ [12] cause a S/B ∼ 3, and that the background was dominated by the resolved photons. However, now we know that the resolved photon background was overestimated by a factor of six.

III. PHYSICS STUDIES

All the studies presented here are based on the CLICHE parameters given in [11]. This γC was tunned for a 115 GeV Standard Model Higgs, and it is designed to be a Higgs factory capable of producing around 20,000 light Higgs bosons per year. The CLIC-1 beams and a laser backscattering system are expected to be capable of producing a γγ total (peak) luminosity of 2.0 (0.36) × 10^{34} cm^{−2}s^{−1}, see Fig. 8. In the MSSM and some of the other models under consideration, the Higgs could have a mass as low as 90 GeV, and as high as 130 GeV. For the low mass case, the CLIC-1 energy could be lower, but an energy upgrade would be required in the high mass case.

2 The NLC-e^+ e^− design has 1.4 ns bunch spacing – see the caption of Table II for discussion.

FIG. 4: Tracks contributing to the resolved photon background for √ s_{ee} = 160 GeV. Energy and cos θ distribution for tracks with p > 0.2 GeV. The plots corresponds to 6,700 beam crossings.

FIG. 5: Showers contributing to the resolved photon background for √ s_{ee} = 160 GeV. Energy and cos θ distribution for showers with E > 0.1 GeV. The plots corresponds to 6,700 beam crossings.

A. Standard Model expactations at the γC Higgs factory

In the Standard Model, the branching ratios for Br(H → bb̄), Br(H → W W ), Br(H → ZZ) and Br(H → γγ) for a Higgs mass of 115 GeV are: 73.7%, 8.8% 0.9% and 0.2%, respectively. In [11], it was shown that the most promising reaction for a 115 GeV Higgs, is γγ → H → b̄b, but the expectations for other decay channels like H → W W and H → γγ were also given. Their results are summarized in Table IV.

However, since one of the objectives of a γC Higgs factory would be to test the prediction for these branching ratios,

FIG. 6: Tracks contributing to the resolved photon background for √ s_{ee} = 500 GeV. Energy and cos θ distribution for tracks with p > 0.2 GeV. The plots corresponds to 20,500 beam crossings.

FIG. 7: Showers contributing to the resolved photon background for √ s_{ee} = 500 GeV. Energy and cos θ distribution for showers with E > 0.1 GeV. The plots corresponds to 20,500 beam crossings.

and use their measurements to distinguish between the Standard Model and its possible extensions, we are making an effort to also look at the γγ → H → ZZ. In order to evaluate the signal to background ratio in this decay mode, we need the cross sections for γγ → ZZ and γγ → four − fermions. We have made progress adding the processes γγ → γγ, γγ → ZZ and γγ → γZ to Pandora [25]. To date, these processes have not been included in Pandora as they are 1-loop processes, and as such the cross section is difficult to calculate. As it is the most interest to us, we have focused on the γγ → ZZ process.

The FormCalc and LoopTools packages [26] can be used to calculate the cross sections for various loop processes.

FIG. 8: Luminosity spectra and beam polarization as functions of ECM (γγ) for the CLIC 1 parameters for 75 GeV electrons obtained with DIMAD [24] and CAIN [13] for Lee = 4.8 × 10^{34} cm^{−2}s^{−1} .

We use code generated from these packages for us by Thomas Hahn, called AAAA, which can be used to calculate one loop integrals for general 2 to 2 processes, and 2 to 3 process. Given the mass, charge, polarization and nature (scalar, fermion, vector or photon) of the initial and final particles AAAA calculates the cross section for a given center of mass energy. We have modified the AAAA code to create a subroutine that returns the cross section for the process γγ → ZZ given the masses of the Z’s, the initial and final polarizations, cos(θ) and center of mass energy.

We have based the Pandora class for the γγ → ZZ process on the γγ → W W class. When the cross section is required by Pandora we call the subroutine discussed above.

The tools that we have develop will allows us to use the CAIN prediction of the full γγ energy spectra and their corresponding polarization. The expected cross section for γγ → ZZ is smaller than 0.01 fb, for the CLICHE luminosity spectra and polarization shown in Fig. 8.

In order to determine the impact of γγ → four − fermions, background samples were generated with WHIZARD 1.24. For details concerning the usage of WHIZARD for four-fermion processes, please refer to point B3 below.

At the moment, we have only studied the prospects for the detection of γγ → ZZ based on the search for the heaviest decay bb̄bb̄, and compare them to the light decays like e^+e^−e^+e^−, e^+e^−μ^+μ^− and μ^+μ^−μ^+μ^− final states.

The signal sample for γγ → H → ZZ → bb̄bb̄ was generated using Pythia 6.158 with an interface to CAIN to get the correct CLICHE spectrum. Event reconstruction and analysis were done in the framework of the FastMC program and PAW. About 75% of generated events had four or more reconstructed jets. We required |cosΘ_j| < 0.9 for j = 1, 2, 3, 4, where Θ_j is the polar angle of the jet with respect to the beam direction, measured in the lab frame. The efficiency of this cut for the four-fermion background processes depends strongly on the mass of the particle involved and for γγ → bb̄bb̄ it produces a 20-fold reduction of the initial sample. Meanwhile, signal events are distributed nearly isotropically, so that ∼70% of them will survive the cut.

Necessary signature to identify the ZZ intermediate state is the appearance of the Z mass peak. We therefore assume here that one Z must be on the mass shell, leaving at most a 24 GeV mass for the other Z. Consequently, we selected only events for which one finds two jets with 85 GeV < M_{j1j2} < 97 GeV, and the remaining two with 12 GeV < M_{j3j4} < 30 GeV. It is to be noted that barely half of the Pythia-generated signal events do actually satisfy the above criteria. Final selection is done by looking at the four-jet invariant mass and taking events for which M_{4j} > 100 GeV, which should include nearly all signal events which survived previous selection criteria. The final selection efficiency for signal

TABLE IV: The statistical errors on selected decay modes of a 115 GeV Higgs boson in the Standard Model. The γγ → h cross section for the full (peak) Lγγ is assumed to be 112 (624) fb (see Ref.[11]). The expected yield for 200 (36) fb^{−1} is 22,400 Higgs particles.

decay mode raw events/year S/B ϵsel Br ΔΓγγ Br/Γγγ Br b̄b 16509 2.0 0.20 73.7% 2% W^+W^− 1971 1.2 0.32 8.8% 5% γγ 47 1.3 0.85 0.23% 22% ZZ 201 0.9% 11%

events is around 25%.

No b tagging was simulated. We assume an additioanl 70% efficiency for tagging a single bb̄ pair. Taking σ(γγ → H) = 112 fb, BR(H → ZZ) = 0.009 and BR(Z → bb̄) = 0.15, we end up at 0.6 reconstructed γγ → H → ZZ → bb̄bb̄ events per canonical year of 10^7s. For the background, we have considered the direct bb̄bb̄ production, as well as γγ → bb̄cc̄ with a cc̄ pair mistagged as bb̄ and γγ → cc̄cc̄ with a double cc̄ mistagging. We assume a 3.5% probability of mistagging cc̄ as bb̄. Total selection acceptance for background processes as a function of energy was found to vary from less than 0.01% for all three considered processes at 100 GeV and below to 0.4% at 120 GeV for γγ → bb̄bb̄, to 0.2% at 120 GeV for γγ → bb̄cc̄ and to 0.04% at 120 GeV for γγ → cc̄cc̄. Total cross sections in this energy region, calculated by WHIZARD 1.24, were found to be around 300 fb for γγ → bb̄bb̄, 8 pb for γγ → bb̄cc̄ and 90 pb for γγ → cc̄cc̄, and slowly varying with energy. From all this input, we arrive at a final number of 4.4 bb̄bb̄ events, 4.7 bb̄cc̄ events and 0.9 cc̄cc̄ events in the signal window per 10^7s. Therefore, the signal to background is not optimal in this channel.

However, similar analysis for Z → ee, μμ seem to give a better signal to background ratio, but higher monte carlo statistics is needed to be able to confirm. The reasons are the following: the reconstruction efficiency of the signal is much higher, and even though the σ(γγ → 4l, l = e or μ) are higher that for bb̄bb̄, their stronger cosΘ dependence causes most of the events to go down the beampipe. For example, σ(γγ → 4μ)=0.16 nb, but only 1.7 fb have at least all four μ’s in the detector.

Further work is needed before we can conclude, but the required tools are now available.

B. NMSSM Scenario with h → aa

In this section, we demonstrate that a γC add-on to the CLIC test machines could provide invaluable complementarity to the LHC when it comes to studying and verifying difficult Higgs signals that can arise at the LHC in the context of the Next to Minimal Supersymmetric Model or other Higgs sectors in which a SM-like Higgs boson can decay to two lighter Higgs bosons.

1. Introduction

As repeatedly stressed, one of the key goals of the next generation of colliders is the discovery of Higgs boson(s) [27]. Assuming the absence of CP violation in the Higgs sector, the Higgs bosons of the Minimal Supersymmetric Model (MSSM) comprise the CP-even h^0 and H^0, the CP-odd A^0 and the charged Higgs, H^±. Recent reviews of the prospects for Higgs discovery and study at different colliders include [28, 29]. It has been established that the LHC with L > 100 fb^{−1} will discover at least one of these Higgs bosons. A LC or a γC will be able to perform detailed precision measurements of great importance to testing the details of the MSSM Higgs sector and are very likely to discover those Higgs bosons of the MSSM that can not be seen at the LHC. For example, the γC can detect the H^0 and A^0 in the large-m_A0 , moderate-tan β wedge region where the LHC will not be able to detect them.

The results for the CP-conserving (CPC) MSSM do not generalize to supersymmetric models with more complicated Higgs sectors. One highly motivated extension of the MSSM is the Next-to-Minimal Supersymmetric Model (NMSSM), in which one additional singlet Higgs superfield is introduced in order to naturally explain the poorly understood μ parameter [27, 30]. The NMSSM Higgs sector comprises three (mixed) CP-even states (h_{1,2,3}) two (mixed) CP-odd states (a_{1,2}) and a charged Higgs pair (H^±). Guaranteeing discovery of at least one NMSSM Higgs boson is a considerable challenge. In particular, one of the key ingredients in the no-lose theorem for CPC MSSM Higgs boson discovery is the fact that the SM-like Higgs boson (the h when m_A >∼ 125 GeV or H when m_A <∼ 115 GeV) never has significant decays to other Higgs bosons (h → AA or H → AA, hh, respectively). In the NMSSM, Higgs boson masses are not very strongly correlated, and h_1 → a_1a_1 or h_2 → a_1a_1 decays can be prominent [31, 33]. (If one-loop-induced CP violation is substantial in the MSSM Higgs sector, decays of one CP-mixed MSSM Higgs boson to two others are also possible [32].) Such decays fall outside the scope of the usual detection modes for the SM-like MSSM h on which the MSSM no-lose LHC theorem largely relies. The first question is whether this makes an absolute LHC no-lose theorem for the NMSSM impossible. Second, if there are regions of parameter space in which the LHC signal is marginal or of uncertain interpretation, could a LC or (our particular interest here) a γC alone (i.e. in the absence of a LC) guarantee Higgs discovery or help verify the nature of the signal for such regions. The purpose of this note is to remark on the complementarity of a γC to the LHC in such regions. We will find that it could be very crucial.

In earlier work [34], a partial no-lose theorem for NMSSM Higgs boson discovery at the LHC was established. In particular, it was shown that the LHC would be able to detect at least one of the NMSSM Higgs bosons (typically, one of the lighter CP-even Higgs states) throughout the full parameter space of the model, excluding only those parameter choices for which there is sensitivity to the model-dependent decays of Higgs bosons to other Higgs bosons and/or superparticles.

In more recent work, the assumption of a heavy superparticle spectrum has been retained and the focus was on the question of whether or not this no-lose theorem can be extended to those regions of NMSSM parameter space for which Higgs bosons can decay to other Higgs bosons. It is found [35] that the parameter choices such that the “standard” discovery modes fail are such that either the h_1 or h_2 (numerically ordered according to increasing mass) is very SM-like in its couplings, but mainly decays to a_1a_1. Detection of h_{1,2} → a_1a_1 will be difficult since each a_1 will decay primarily to either bb (or 2 jets if m_{a1} < 2m_b) and τ^+τ^−, yielding final states that will typically have large backgrounds at the LHC. In the end, there is a signal at the LHC for those cases in which the a_1 decays to bb with a substantial branching ratio even for these most difficult cases, but it will be hard to be sure if the signal really corresponds to a Higgs boson. We will show that a γC would be very important for clarifying the nature of the signal.

2. Details Regarding Earlier Results

In the earlier work, the simplest version of the NMSSM is considered, in which the term μ ^H_1 ^H_2 in the superpotential of the MSSM is replaced by (using the notation ^A for the superfield and A for its scalar component field) λ ^H_1 ^H_2 ^S + κ 3 ^S^3 , (1)

so that the superpotential is scale invariant. No assumptions regarding the “universal” soft terms are made. Hence, the five soft supersymmetry breaking terms

m^2_{H1} H^2_1 + m^2_{H2} H^2_2 + m^2_S S^2 + λA_λH_1H_2S + κ 3 A_κS^3 (2)

are considered as independent. The masses and/or couplings of sparticles are assumed to be such that their contributions to the loop diagrams for gg → h and γγ → h couplings are negligible. In the stop sector, which appears in the radiative corrections to the Higgs potential, the soft masses m_Q = m_T ≡ M_{susy} = 1 TeV are chosen. Scans are perfomred over the stop mixing parameter, related to M_{susy} and the soft mixing parameter A_t by X_t ≡ 2^{A2t}_{M 2susy+m2t} ( 1 −^{A2t} 12(M^2_{susy}+m^2_t ) ) . As in the MSSM, the value X_t = √ 6 – so called maximal mixing – maximizes the radiative corrections to the Higgs boson masses, and it is found that it leads to the most challenging points in NMSSM parameter space.

In the studies of [35], a numerical scan over the free parameters is performed. For each point, the masses and mixings of the CP-even and CP-odd Higgs bosons, h_i (i = 1, 2, 3) and a_j (j = 1, 2) are computed, taking into account radiative corrections up to the dominant two loop terms. Parameter choices excluded by LEP constraints on e^+e^− → Zh_i and e^+e^− → h_ia_j are eliminated and m_h± > 155 GeV is required, so that t → h^±b would not be seen. LHC discovery modes for a Higgs boson considered were (with ℓ = e, μ): 1) gg → h/a → γγ; 2) associated W h/a or tt̄h/a production with γγℓ^± in the final state; 3) associated tt̄h/a production with h/a → bb̄; 4) associated bb̄h/a production with h/a → τ^+τ^−; 5) gg → h → ZZ^{(∗)} → 4 leptons; 6) gg → h → W W^{(∗)} → ℓ^+ℓ^−νν̄; 7) W W → h → τ^+τ^−; 8) W W → h → W W^{(∗)}.

The expected statistical significances at the LHC in all Higgs boson detection modes 1) – 8) was estimated by rescaling results for the SM Higgs boson and/or the the MSSM h, H and/or A. Among these modes, the tth → ttbb mode is quite important. The experimentalists extrapolated this beyond the usual SM mass range of interest. Results for N_{SD} = S/ √ B (where S and B are the signal and background, respectively) assuming K_S = K_B = 1 were employed, awaiting the time when all K factors are known. (For all cases where both K_S and K_B are known, their inclusion improves the N_{SD} value.) For each mode, the procedure was to use the results for the “best detector” (e.g. CMS for the tth channel), assuming L = 300 fb^{−1} for that one detector.

Some things that changed between the 1st study of [34] and the 2nd study of [35] were the following. 1) The gg → h_{SM} → γγ N_{SD} values from CMS were reduced by the inclusion of detector cracks and other such detector details. 2) The CMS tth_{SM} → ttbb N_{SD} vales came in substantially larger than the ATLAS values. 3) The experimental evaluations of the W W fusion channels yield lower N_{SD} values than the original theoretical estimates.

The results from [34] can be summarized as follows. For parameter space regions where none of the “higgs-to-higgs” decays i) h → h^′h^′ , ii) h → aa , iii) h → h^±h^∓ , iv) h → aZ , v) h → h^±W^∓ , vi) a^′ → ha , vii) a → hZ , viii) a → h^±W^∓ . is kinematically allowed it is possible for the LHC signals to be much weaker than SM Higgs signals. In particular, one can find parameters such that the gg → h_i → γγ rates are all greatly suppressed and all the h_i → W W branching fractions and couplings are suppressed. The result is greatly decreased N_{SD} values for all the channels 1) – 8), and a not very wonderful combined statistical significance after summing over various sets of channels. Nonetheless, the very worst parameter choices for the no-higgs-to-higgs decay part of parameter space does predict a ≥ 5σ signal for at least one Higgs boson in at least one channel — in particular, in the tth → ttbb channel or the W W → h → τ^+τ^− channel.

In order to probe the complementary part of the parameter space, in [35], it was required that at least one of the decay modes i) − viii) is allowed. In the set of randomly scanned points, those for which all the statistical significances in modes 1) – 8) are below 5σ were selected. There were a lot of points, all with similar characteristics. Namely, in the Higgs spectrum, there is a very SM-like CP-even Higgs boson with a mass between 115 and 135 GeV (i.e. above the LEP limit), which can be either h_1 or h_2, with essentially full strength coupling to the gauge bosons. This state decays dominantly to a pair of (very) light CP-odd states, a_1a_1, with m_{a1} between 5 and 65 GeV. (The singlet component of a_1 has to be small in order to have a large h_1 → a_1a_1 or h_2 → a_1a_1 branching ratio when the h_1 or h_2, respectively, is the SM-like Higgs boson.) Since the h_1 or h_2 is very SM-like, the e^+e^− → h_1a_1 or e^+e^− → h_2a_1 associated production processes have very low rate and place no constraint on the light CP-odd state at LEP. For illustration, six difficult benchmark points were selected. The features of these points are displayed in Table V. For points 1 – 3, h_1 is the SM-like CP-even state, while for points 4 – 6 it is h_2. One should note the large BR(h → a_1a_1) of the SM-like h (h = h_1 for points 1 – 3 and h = h_2 for points 4 –6). For points 4 – 6, with m_{h1} < 100 GeV, the h_1 is mainly singlet and therefore evades LEP constraints. Further, in the case of the points 1 – 3, the h_2 would not be detectable either at the LHC or the LC. For points 4 – 6, the h_1, though light, is singlet in nature and would not be detectable. Further, the h_3 or a_2 will only be detectable for points 1 – 6 if a super high energy LC is eventually built so that e^+e^− → Z → h_3a_2 is possible. Thus, it was necessary to focus on searching for the SM-like h_1 (h_2) for points 1 – 3 (4 – 6) using the dominant h_1(h_2) → a_1a_1 decay mode.

TABLE V: Properties of selected scenarios that could escape detection at the LHC. The production rate for gg → hi fusion relative to the gg fusion rate for a SM Higgs boson with the same mass is given. Important absolute branching ratios are displayed. For points 2 and 6, BR(a1 → jj) ≃ 1 − BR(a1 → τ^+τ^−). For the heavy h3 and a2, only their masses are shown. For all points 1 – 6, the statistical significances for the detection of any Higgs boson in any of the channels 1) – 8) (as listed in the introduction) are tiny; their maximum is indicated in the last row, together with the process number and the corresponding Higgs state.

Point Number 1 2 3 4 5 6 Bare Parameters λ 0.2872 0.2124 0.3373 0.3340 0.4744 0.5212 κ 0.5332 0.5647 0.5204 0.0574 0.0844 0.0010 tan β 2.5 3.5 5.5 2.5 2.5 2.5 μeff (GeV) 200 200 200 200 200 200 Aλ (GeV) 100 0 50 500 500 500 Aκ (GeV) 0 0 0 0 0 0 CP-even Higgs Boson Masses and Couplings mh_1 (GeV) 115 119 123 76 85 51 Relative gg Production Rate 0.97 0.99 0.99 0.00 0.01 0.08 BR(h1 → bb) 0.02 0.01 0.01 0.91 0.91 0.00 BR(h1 → τ^+ τ^−) 0.00 0.00 0.00 0.08 0.08 0.00 BR(h1 → a1 a1) 0.98 0.99 0.98 0.00 0.00 1.00 mh_2 (GeV) 516 626 594 118 124 130 Relative gg Production Rate 0.18 0.09 0.01 0.98 0.99 0.90 BR(h2 → bb) 0.01 0.04 0.04 0.02 0.01 0.00 BR(h2 → τ^+ τ^−) 0.00 0.01 0.00 0.00 0.00 0.00 BR(h2 → a1 a1) 0.04 0.02 0.83 0.97 0.98 0.96 mh_3 (GeV) 745 1064 653 553 554 535 CP-odd Higgs Boson Masses and Couplings ma_1 (GeV) 56 7 35 41 59 7 Relative gg Production Rate 0.01 0.03 0.05 0.01 0.01 0.05 BR(a1 → bb) 0.92 0.00 0.93 0.92 0.92 0.00 BR(a1 → τ^+ τ^−) 0.08 0.94 0.07 0.07 0.08 0.90 ma_2 (GeV) 528 639 643 560 563 547 Charged Higgs Mass (GeV) 528 640 643 561 559 539 Most Visible Process No. 2 (h1) 2 (h1) 8 (h1) 2 (h2) 8 (h2) 8 (h2) Significance at 300 fb^{−1} 0.48 0.26 0.55 0.62 0.53 0.16

For points 1 and 3 – 5, a_1 → bb decays are dominant with a_1 → τ^+τ^− making up the rest. In the case of points 2 and 6, m_{a1} < 2m_b so that a_1 → τ^+τ^− decays are dominant, with a_1 → jj decays making up most of the rest. For points 1 and 3 – 5, the b jets will not be that energetic and b-tagging will be somewhat inefficient. However, because of a large jjτ^+τ^− background from Drell-Yan τ^+τ^− pair production, b-tagging will be needed. The situation is illustrated in Fig. 9, where the cross section vs. the reconstructed M_{jjτ} +_τ − is plotted. The signals and backgrounds are plotted prior to the implementation of b-tagging. For all six NMSSM setups, the Higgs resonance produces a somewhat amorphous bump in

14 LHC, √ spp = 14 TeV

FIG. 9: Reconstructed mass of the jjτ^+ τ^− system for signals and backgrounds after the selections described, at the LHC. The distribution dσ/dM_{jjτ} +_τ − [fb/10 GeV] vs. M_{jjτ} +_τ − [GeV] is plotted. The lines corresponding to points 4 and 5 are visually indistinguishable. No K factors are included.

the very end of the low mass tail of the tt̄ background (see the insert in the top frame of Fig. 9). The large size of the τ^+τ^− background is apparent. After implementing single b-tagging, assuming criteria for which ϵ_b = 0.5 and ϵ_{mis−tag} = 0.01, the signal and tt background rates will be reduced by a factor of about 2 and the τ background will be negligible for points 1 and 3 – 5. (Viable techniques for observation of points 2 and 6 have not yet been developed.) Although the signal is somewhat amorphous in nature, statistics are significant. To estimate S/ √ B, the following procedure was employed.

First, assume L = 300 fb^{−1}, a K factor of 1.1 for W W fusion and a K factor of 1.6 for the tt background. (These K factors are not included in the plots of Fig. 9.) Then, sum events over the region 60 ≤ M_{jjτ} +_τ − ≤ 90 GeV. Assuming a net efficiency of 50% for single b-tagging, the tt background rate is B ∼ 160. For points 1 and 3 – 5, one finds signal rates of about S = 445, 375, 515, 460, corresponding to N_{SD} = S/ √ B of 35, 30, 41 and 36, respectively. However, given the broad distribution of the signal, it is clear that a crucial question will be the accuracy with which the background shape can be predicted from theory. (The background normalization after the cuts imposed in the analysis would be very well known from the higher M_{jjτ} +_τ − regions.) Even more important is the question of how certain the interpretation of this signal will be, given that it would be the only signal for Higgs boson production. In this regard, detection of the a_1a_1 → bbbb final state would be very valuable as it would allow us to determine if BR(a_1 → τ^+τ^−)/BR(a_1 → bb) was in the ratio predicted (by the ratio of fermion masses). However, there are large backgrounds in the bbbb final state. A study is in progress.

3. The role of a γC

While further examination of and refinements in the LHC analysis may ultimately lead one to have good confidence in the viability of the NMSSM Higgs boson signals discussed above, an enhancement at low M_{jjτ} +_τ − of the type shown (for some choice of m_{a1} ) will nonetheless be the only evidence on which a claim of LHC observation of Higgs bosons can be based. Ultimately, confirmation and further study at another collider will be critical.

One possibility would be an LC, with energy up to 800 GeV. (In the following, h = h_1 for points 1–3 and h = h_2 for points 4–6 in Table V.) Because the ZZh coupling is nearly full strength in all cases, and because the h mass is of order 100 GeV, discovery of the h would be very straightforward via e^+e^− → Zh using the e^+e^− → ZX reconstructed M_X technique which is independent of the “unexpected” complexity of the h decay to a_1a_1. This would immediately provide a direct measurement of the ZZh coupling with very small error. The next stage would be to look at rates for the various h decay final states, F , and extract BR(h → F ) = σ(e^+ e^− → Zh → ZF )/σ(e^+e^− → Zh). For the NMSSM points considered here, the main channels would be F = bbbb, F = bbτ^+τ^− and F = τ^+τ^−τ^+τ^−. At the LC, a fairly accurate determination of BR(h → F ) should be possible in all three cases. This would allow us to determine BR(h → a_1a_1) independently. As demonstrated in [35], the W W fusion production mode would also yield an excellent signal and provide a second means for studying the h and its decays. Indeed, at 800 GeV or above, W W fusion is the dominant Higgs boson production channel for CP-even Higgs bosons in the intermediate mass range.

Here, however, we wish to focus on the γC. In scenarios (1), (3), (4) and (5) outlined in Table VI, the main signal channel to look for experimentally is γγ → h → aa → bb̄bb̄. A sizable signal would also be present for the bb̄τ^+τ^− final state. In scenarios (2) and (6), the most promising channel to look at is γγ → h → aa → τ^+τ^−τ^+τ^−. In what follows, we will demonstrate the photon collider potential for observing the h_{NMSSM} → aa decay based on the detection of its bb̄bb̄ final state.

Samples of signal and background events were generated and respective detector responses simulated. Signal samples were generated with Pythia 6.158, using a full γγ luminosity spectrum as obtained from CAIN. We assume here the standard CLICHE spectrum as employed in [11], which peaks at E_{CM} = 115 GeV and falls off quickly at larger energies. Note that in most scenarios under consideration here, m_h > 115 GeV, and so this particular spectrum is unlikely to be the optimum in the general case. The Pythia process γγ → H → AA was considered, where H and A are usually taken to be the “heavy” scalar and pseudoscalar Higgs bosons, respectively (e.g., in the MSSM). Their masses were set accordingly to the respective h and a masses in the four relevant NMSSM scenarios. The H couplings were changed by hand to ensure a close to unity branching fraction for H → AA. Overall normalization was given by the total cross section for γγ → h_{SM} , where h_{SM} is the Standard Model Higgs boson of an appropriate mass. Higgs production cross sections in each of the four relevant scenarios are listed in Table VI (fourth column).

The main background sources are the direct four-quark production processes: γγ → bb̄bb̄, γγ → bb̄cc̄ with a cc̄ pair mistagged as bb̄, and γγ → cc̄cc̄ with a double cc̄ mistagging. Background samples were generated with WHIZARD 1.24. Several cross checks of WHIZARD have been done, which are relevant for this analysis. The four-fermion generator in WHIZARD was cross checked for the processes γγ → e^+e^−e^+e^−, e^+e^−μ^+μ^− and μ^+μ^−μ^+μ^−, and output cross sections were found to be consistent with existing theoretical computations [36]. Typical cross sections in this energy region were found to be around 300 fb for γγ → bb̄bb̄, 8 pb for γγ → bb̄cc̄ and 90 pb for γγ → cc̄cc̄, and slowly varying with energy. The effects of beam polarization were cross checked between WHIZARD and Pythia for γγ → bb̄ and cc̄ and found to be consistent. For the four fermion processes, beam polarization plays a minor role. Events were generated at several fixed center-of-mass energies, analysis was consistently repeated for every sample. Correct γγ luminosity spectra were obtained by interpolation of the results (cross sections and selection efficiencies) to arbitrary intermediate energies and applying appropriate weights to events.

Event reconstruction and analysis was done in the framework of the FastMC program. We required exactly 4 reconstructed jets and |cosΘ_j | < 0.9 for j = 1, 2, 3, 4, where Θ_j is the polar angle of the jet with respect to the beam direction, measured in the lab frame. Four-fermion processes have angular distributions strongly peaked at small angles, so that this cut reduces the amount of surviving background by up to two orders of magnitude. Meanwhile, signal events are distributed nearly isotropically, with ∼80% of them surviving the cut.

The remaining events were checked for the two-jet invariant masses. From the three possible combinations of two two-jet invariant masses in a four-jet event, the one yielding two values the closest to each other was selected. We required consistency of the two values within 10 GeV. The acceptance of this cut is close to 100% for signal events and around 60% for background events.

No b tagging was simulated. We assume a 50% b tagging efficiency and a 3.5% probability of mistagging a cc̄ pair as bb̄. Signal samples remaining at this point in each of the four scenarios considered, normalized to 10^6s of data taking, are given in Table VI (quoted acceptances do not include the b tagging efficiency). Obviously, the final amount of signal

TABLE VI: NMSSM points 1,3,4,5. We give cross sections, acceptance after all cuts other than b-tagging, and the number of events (assuming a b-tagging efficiency of ϵb = 0.5) in a canonical 10^6 second year.

Scenario mh (GeV) ma (GeV) σ(γγ → h) (fb) Acceptance No. events / 10^6s (1) 115 56 112 0.26 139 (3) 123 35 9.1 0.33 14.7 (4) 118 41 46 0.28 63 (5) 124 59 6.0 0.24 7.1

strongly depends on the h mass. This dependence is, however, almost entirely due to the luminosity spectrum assumed and the resulting sensitivity of the total h production cross section to m_h.

The expected four-jet invariant mass distributions of all surviving signal and background events are depicted in Fig. 10 (the background samples are the same in each case). Absolute numbers are again normalized to 10^6 seconds. We find a clear signal, visible over the background after a short time of running, even in the most disfavorable scenario (5). It is also clear that the particular choice of E_{CM} = 115 GeV was not the most fortunate for this study and that an upgrade of E_{CM} to 120-125 GeV would very probably have the effect of producing signals for cases (3) and (5) that look much more like those shown here for cases (1) and (4). If the beam energy happens to be well tuned to m_h (as was the case here for scenario (1)), a prominent signal peak in the four-jet invariant mass is bound to appear immediately.

FIG. 10: Four-jet invariant mass distributions after 10^6 s of running, and after including b-tagging with ϵb = 0.5, in scenarios (1), (3), (4) and (5). Signal γγ → h → aa → bb̄bb̄ is shown in red, backgrounds: γγ → bb̄bb̄ in green, γγ → bb̄cc̄ in blue and γγ → cc̄cc̄ in yellow.

For the two scenarios not considered here, (2) and (6), the prospects for observing γγ → h → aa → τ^+τ^−τ^+τ^− are potentially just as good as found here for the bbbb channel for scenarios (1) and (3 – 5). With the cross section for direct 4τ production being of the order of 500 fb, the final signal to background ratio should, in fact, be very similar to the one obtained here in the 4b channel, except for the slightly different h masses; the overall normalization will depend on the τ reconstruction efficiency. The main difficulty will be the impossibility of fully reconstructing the mass peak in the τ^+τ^−τ^+τ^− channel. A full study is needed.

Returning to scenarios (1), (3), (4) and (5) given Table VI, we note that BR(a → τ^+τ^−) ≈ 0.1 so that signal detection seems plausible also in the channel bb̄τ^+τ^−, provided m_h is not too far away from E_{CM} (a slight upgrade of E_{CM} should be enough for this purpose). Combination of data obtained from the two channels will provide invaluable information for physics studies. In particular, the very important ratio BR(a_1 → τ^+τ^−)/BR(a_1 → bb) can be measured and the consistency with predictions for this ratio in the case of the NMSSM (or more generally with expectations for a pseudoscalar Higgs boson) can be checked. In addition, we can expect that other possible decay modes for the h can be strictly limited, allowing a determination of the absolute rate for γγ → h production and hence of Γ(h → γγ). The magnitude of this partial width is determined primarily by the h’s couplings to W W , tt and bb (assuming a heavy sparticle spectrum in the case of the NMSSM). Thus, a measurement of Γ(h → γγ) provides invaluable constraints on these couplings and would, in particular, allow us to check for consistency with their being approximately SM-like.

4. Conclusions for the NMSSM

We have demonstrated that a γC would provide an invaluable confirmation of the very amorphous and difficult to interpret LHC signals for h → aa production that would be present in the aa → bbτ^+τ^− channel. In particular, we have demonstrated a clear signal in the important complementary channel aa → bbbb. We have also argued that the other two final state channels of aa → bbτ^+τ^− and aa → τ^+τ^−τ^+τ^− will also yield clear signals at a γC that will allow us to confirm the Higgs boson nature of the signals. In contrast, the viability of a LHC signal in the aa → bbbb final state is quite uncertain. Finally, in cases where m_a is so small that a → bb decays are not allowed, we believe that the γC will be able to detect the aa → τ^+τ^−τ^+τ^− and possibly the aa → jjτ^+ τ^− final states that have not yet been shown to be detectable at the LHC.

C. Higgs boson physics in the Complex MSSM

The MSSM with complex parameters (cMSSM) offers an interesting extension of the “real MSSM” (rMSSM), especially concerning Higgs boson physics. At the tree-level, CP-violation in the Higgs boson sector is absent. However, complex phases of the trilinear couplings, A_t, A_b, . . . , of the gluino mass and of the gaugino masses, m_{~g} , M_2 and M_1 and possibly also from the Higgs mixing parameter μ can induce CP-violation at the loop-level. As a consequence all three neutral Higgs bosons, h, H and A are no longer CP eigenstates, but can mix with each other [37],

(h, H, A) → (h_1, h_2, h_3) with m_{h1} ≤ m_{h2} ≤ m_{h3} . (3)

Higher order corrections to the Higgs boson masses and couplings have been evaluated in several approaches [38, 39, 40, 41].

Due to loop corrections, the lightest Higgs boson can decouple from the gauge bosons. In this case, at e^+e^− colliders, the main production modes for Higgs bosons can be

e^+e^− → Z → Z h_2 e^+e^− → Z → h_2 h_1 . (4)

Higgs boson searches at LEP in the context of the cMSSM [42] have shown that in this case the decay h_2 → h_1h_1 poses special experimental problems. This decay mode, which is often dominant in this case, results in a six jet final state topology (with the Higgs bosons decaying to b quarks). Such a final state can be quite complicated to handle, e.g. due to jet pairing problems.

In a γC the situation is more favorable. Here the Higgs bosons are produced singly. Thus the decay h_2 → h_1h_1 results in a four jet final state that is easy to handle. (In a similar fashion the problem at an e^+e^− collider could be overcome if the Higgs bosons are produced in the W W fusion mode at high energies.) The topology of the decay h_2 → h_1h_1 resembles strongly the topology that arises for h → AA in the rMSSM, the NMSSM or the THDM. Thus the analysis methods can (nearly) directly be taken over from these cases.

D. The Little Higgs boson at a Photon Collider

The Standard Model (SM) of the strong and electroweak interactions has passed stringent tests up to the highest energies accessible today. The precision electroweak data [43] point to the existence of a light Higgs boson in the SM, with mass m_H <∼ 200 GeV. The Standard Model with such a light Higgs boson can be viewed as an effective theory valid up to a much higher energy scale Λ, possibly all the way up to the Planck scale. In particular, the precision electroweak data exclude the presence of dimension-six operators arising from strongly coupled new physics below a scale Λ of order 10 TeV [44]; if new physics is to appear below this scale, it must be weakly coupled. However, without protection by a symmetry, the Higgs mass is quadratically sensitive to the cutoff scale Λ via quantum corrections, rendering the theory with m_H ≪ Λ rather unnatural. For example, for Λ = 10 TeV, the “bare” Higgs mass-squared parameter must be tuned against the quadratically divergent radiative corrections at the 1% level. This gap between the electroweak scale m_H and the cutoff scale Λ is called the “little hierarchy”.

Little Higgs models [45, 46] revive an old idea to keep the Higgs boson naturally light: they make the Higgs particle a pseudo-Goldstone boson [47] of some broken global symmetry. The new ingredient of little Higgs models is that they are constructed in such a way that at least two interactions are needed to explicitly break all of the global symmetry that protects the Higgs mass. This forbids quadratic divergences in the Higgs mass at one-loop; the Higgs mass is then smaller than the cutoff scale Λ by two loop factors, making the cutoff scale Λ ∼ 10 TeV natural and solving the little hierarchy problem.

From the bottom-up point of view, in little Higgs models the most important quadratic divergences in the Higgs mass due to the top quark, gauge boson, and Higgs boson loops are canceled by loops of new weakly-coupled fermions, gauge bosons, and scalars with masses around a TeV. In contrast to supersymmetry, the cancellations in little Higgs models occur between loops of particles with the same statistics. Electroweak symmetry breaking is triggered by a Coleman- Weinberg [48] potential, generated by integrating out the heavy degrees of freedom, which also gives the Higgs boson a mass at the electroweak scale.

The Littlest Higgs model [46] is a minimal model of this type. It consists of a nonlinear sigma model with a global SU (5) symmetry which is broken down to SO(5) by a vacuum condensate f ∼ Λ/4π ∼ TeV. The gauged subgroup [SU (2) × U (1)]^2 is broken at the same time to its diagonal subgroup SU (2) × U (1), identified as the SM electroweak gauge group. The breaking of the global symmetry leads to 14 Goldstone bosons, four of which are eaten by the broken gauge generators, leaving 10 states that transform under the SM gauge group as a doublet h (which becomes the SM Higgs doublet) and a triplet ϕ. A vector-like pair of colored Weyl fermions is also needed to cancel the divergence from the top quark loop. The particle content and interactions are laid out in detail in Ref. [49].

In the Littlest Higgs model, the tree-level couplings of the Higgs boson to SM particles are modified from those of the SM Higgs boson by corrections of order v^2/f^2 (where v ≃ 246 GeV is the SM Higgs vacuum expectation value) that arise due to the nonlinear sigma model structure of the Higgs sector and, for the couplings to gauge bosons and the top quark, due to mixing between the SM particles and the new heavy states. The experimental sensitivity to the Higgs couplings to W and Z bosons in this model has been considered in Ref. [50]. Here we focus on the loop-induced Higgs coupling to photon pairs, which receives corrections from the modifications of the Higgs couplings to the SM top quark and W boson, as well as from the new heavy particles running in the loop [51]. Like the tree-level couplings, the loop-induced Higgs couplings receive corrections of order v^2/f^2.

Any charged particle that couples to the Higgs boson will contribute to H → γγ. In the Littlest Higgs model, those states include the heavy charged SU (2) gauge boson W^±_H , the vector-like top quark partner T , and the charged scalars

Φ^±, Φ^{±±}. Besides the condensate f as the most important scale parameter, the mass and couplings of each new state depend upon additional dimensionless parameters. The mixing between the two gauge groups SU (2)_1 and SU (2)_2, with couplings g_1 and g_2 respectively, is parameterized by c. The mixing between the top quark and the heavy vector-like quark T is parameterized by c_t. In the Higgs sector, the ratio of the triplet and doublet vacuum expectation values (v^′/v) is parameterized by x. More explicitly, we have (for additional details, see Refs. [49, 51]):

0 < c = g_1 √ g^2_1 + g^2

< 1, 0 < c_t = λ_1 √ λ^2_1 + λ^2 < 1, 0 ≤ x = 4fv^′ v^2

< 1. (5)

We also define s ≡ √ 1 − c^2 and s_t ≡ √ 1 − c^2_t . The electroweak data prefers a small value for c [52], while the positivity of the heavy scalar mass requires x < 1.

The partial width of the Higgs boson into two photons is given in the Littlest Higgs model by [27, 51]

Γ(H → γγ) = √ 2G_F α^2m^3_H y^2_{GF} 256π^3 | | | | | ∑ i y_iN_{ci}Q^2_i F_i | | | | | 2 , (6)

where N_{ci} and Q_i are the color factor and electric charge, respectively, for each particle i running in the loop. The standard dimensionless loop factors F_i for particles of spin 1, 1/2, and 0 are given in Ref. [27]. The factor y^2_{GF} contains the order v^2/f^2 correction to the relation between the Higgs vacuum expectation value v ≃ 246 GeV and the Fermi constant G_F in the Littlest Higgs model: v^{−2} = √ 2G_F y^2_{GF} , where [51]

y^2_{GF} = 1 + v^2 f^2 [ − 5 12 + 1 4 x^2 ] . (7)

The remaining factors y_i incorporate the couplings and mass suppression factors of the particles running in the loop. For the top quark and W boson, whose couplings to the Higgs boson are proportional to their masses, the y_i factors are equal to one up to a correction of order v^2/f^2 [51]:

y_t = 1 + v^2 f^2 [ − 2 3 + 1 2 x − 1 4 x^2 + c^2_t (1 + c^2_t ) ] , y_W = 1 + v^2 f^2 [ − 1 6 + 3 4 (c^2 − s^2)^2 − x^2 ] . (8)

For the heavy particles in the loop, on the other hand, the y_i factors are of order v^2/f^2. This reflects the fact that the masses of the heavy particles are not generated by their couplings to the Higgs boson; rather, they are generated by the f condensate. This behavior naturally respects the decoupling limit for physics at the scale f ≫ v. The couplings are [51]:

y_T = −c^2_t (1 + c^2_t ) v^2 f^2 , y_{WH} = −s^2c^2 v^2 f^2 , y_Φ+ = v^2 f^2 [ − 1 3 + 1 4 x^2 ] . (9)

The Φ^{++}Φ^{−−}H coupling is zero at leading order, so the corresponding y_Φ++ is suppressed by an extra factor of v^2/f^2 and we thus ignore it.

For a fixed value of the scale f, only three parameters of the Littlest Higgs model affect the loop-induced partial width of H → γγ: c, c_t, and x. Varying these parameters within their allowed ranges, we obtain the possible range of Γ(H → γγ), which is shown normalized to its SM value as a function of f in Fig. 11. The effect can be quite significant: for instance, for f = 1 TeV the deviation from the SM prediction ranges between +10% and −20%.

A γC can produce the Higgs resonance in the s-channel with a cross section proportional to Γ(H → γγ). For a light Higgs boson with mass around 115 − 120 GeV, the most precisely measured process will be γγ → H → bb̄, with

FIG. 11: Range of values of Γ(H → γγ) accessible in the Littlest Higgs model as a function of f, normalized to the SM value, for mH = 120, 150 and 180 GeV. From Ref. [51].

an uncertainty of about 2% on the rate [11, 53]. (The uncertainty rises with increasing Higgs mass to about 10% for m_H = 160 GeV.) This can be combined with the ∼ 1.5 − 2% measurement of the branching ratio of H → bb̄ from the e^+e^− collider [54, 55, 56] to extract Γ(H → γγ) with a precision of about 3%. Such a measurement could probe f < 2700 GeV at the 1σ level, or f < 1800 GeV at the 2σ level. A 5σ deviation is possible for f < 1200 GeV. For comparison, the electroweak precision constraints [52] on the Littlest Higgs model require f >∼ 1 TeV, while naturalness considerations prefer as low a value of f as possible.

In the absence of an e^+e^− collider, a similar analysis could be done combining LHC and γC data on Higgs boson production and decay rates to look for deviations of the various Higgs couplings from their SM values that would indicate the little Higgs nature of the Higgs boson. Such an analysis has not yet been done.

E. Higgs-Radion Mixing

In this section, we demonstrate the important complementarity of a γC for probing the Higgs-radion sector of the Randall-Sundrum (RS) model [57].

1. Introduction

In the RS model, there are two branes, separated in the 5th dimension (y) and y → −y symmetry is imposed. With appropriate boundary conditions, the metric

ds^2 = e^{−2σ(y)}η_{μν} dx^μdx^ν − b^2_0dy^2, (10)

where σ(y) ∼ m_0b_0|y|, is an exact solution of Einsteins equations. The factor e^{−2σ(y)} is called the warp factor; scales at y = 0 of order M_{P l} on the hidden brane are reduced to scales at y = 1/2 of order TeV on the visible brane, thereby solving the hierarchy problem.

Fluctuations of g_{μν} relative to the flat space metric η_{μν} are the KK excitations h^n_{μν} . Fluctuations of b(x) relative to b_0 define, after rescaling to obtain correct kinetic energy normalization, the radion field, ϕ_0. In addition, we place a Higgs doublet ^H on the visible brane. After various rescalings, the properly normalized quantum fluctuation field is called h_0.

It is extremely natural (and certainly not forbidden) for there to be Higgs-radion mixing via a term in the action of the form

S_ξ = ξ ∫ d^4x √ g_{vis}R(g_{vis}) ^H^† ^H , (11)

where R(g_{vis}) is the Ricci scalar for the metric induced on the visible brane. The ξ ≠ 0 kind of phenomenology has been studied in [58, 59, 60, 61, 62, 63, 64, 65]. The ensuing discussion in this introductory section is a summary of results found in [64].

A crucial parameter is the ratio γ ≡ v_0/Λ_ϕ , where Λ_ϕ is vacuum expectation value of the radion field. After writing out the full quadratic structure of the Lagrangian, including ξ ≠ 0 mixing, we obtain a form in which the h_0 and ϕ_0 fields for ξ = 0 are mixed and have complicated kinetic energy normalization. We must diagonalize the kinetic energy and rescale to get canonical normalization.

h_0 = ( cos θ − 6ξγ Z sin θ ) h + ( sin θ + 6ξγ Z cos θ ) ϕ ≡ dh + cϕ (12) ϕ_0 = − cos θ ϕ Z + sin θ h Z ≡ aϕ + bh . (13) In the above equations

Z^2 ≡ 1 + 6ξγ^2(1 − 6ξ) , (14)

and the procedure for computing θ is given in [64]. To avoid a tachyonic situation, Z^2 > 0 is required. This leads to a constraint on the maximum negative and positive ξ values: 1 12 ( 1 − √ 1 + 4 γ^2 ) ≤ ξ ≤ 1 12 ( 1 + √ 1 + 4 γ^2 ) . (15)

The process of inversion is very critical to the phenomenology and somewhat delicate and leads to further constraints on the ξ range. The result found is that the physical mass eigenstates h and ϕ cannot be too close to being degenerate in mass, depending on the precise values of ξ and γ; extreme degeneracy is allowed only for small ξ and/or γ. For fixed m_h and Λ_ϕ, the resulting theoretically allowed region in (m_ϕ, ξ) space has an hourglass shape that can be seen in Fig. 15. In the theoretically allowed region of parameter space, for given choices of ξ, γ, m_h and m_ϕ we compute Z^2 and perform the inversion to obtain m^2_{h0} and m^2_{ϕ0} , and θ from which we compute a, b, c, d in Eqs. (12) and (13).

In all it takes four independent parameters to completely fix the mass diagonalization of the scalar sector when ξ ≠ 0. These are: ξ , γ , m_h , m_ϕ , (16) where we recall that γ ≡ v_0/Λ_ϕ with v_0 = 246 GeV. The quantity ^Λ_W =^{1√}_3 Λ_ϕ fixes the KK-graviton couplings to the h and ϕ and

m_1 = x_1 m_0 M_{P l} Λ_ϕ √ 6 (17) is the mass of the first KK graviton excitation, where x_1 is the first zero of the Bessel function J_1 (x_1 ∼ 3.8). Here, m_0/M_{P l} is related to the curvature of the brane and should be a relatively small number for consistency of the RS scenario. Sample parameters that are safe from precision EW data and RunI Tevatron constraints are Λ_ϕ = 5 TeV (corresponding to ^Λ_W ∼ 3 TeV) and m_0/M_{P l} = 0.1. We will focus on these parameter choices for the studies discussed here. The latter implies m_1 ∼ 780 GeV; i.e. m_1 is typically too large for KK graviton excitations to be present, or if present, important, in h, ϕ decays. But, KK excitations in this mass range (and much higher) will be observed and well measured at the LHC. This will provide important information. In particular, the mass gives m_1 in the above notation, while the excitation spectrum as a function of m_{jj} determines m_0/M_{P l} . These can be combined ala Eq. (17) to get Λ_ϕ. Knowledge of Λ_ϕ will really help in any study of the Higgs sector.

The h_0 has SM-like couplings to V V and ff . The ϕ_0 has V V and ff couplings deriving from the interaction −^{ϕ0}_{Λϕ} T^μ_μ . The result, after introducing the Higgs-radion mixing, is that g_{fV h} ≡ g_{V V h} g_{V V hSM} = g_f¯_{f h} g_f¯_{f hSM} = d + γb, , g_{fV ϕ} ≡ g_{V V ϕ} g_{V V hSM} = g_f¯_{f ϕ} g_f¯_{f hSM} = c + γa . (18)

An important point to note is that the factors for W W and ff̄ couplings are the same. The gg and γγ couplings to the h and ϕ are not related to those of the h_{SM} simply by the same universal rescaling factors. In addition to the standard one-loop contributions, that are simply rescaled by g_{fV h} or g_{fV ϕ}, there are anomalous contributions. These are expressed in terms of the SU(3)×SU(2)×U(1) β function coefficients b_3 = 7, b_2 = 19/6 and b_Y = −41/6 and enter only through their radion admixtures, g_h = γb for the h, and g_ϕ = γa for the ϕ. Finally, there are cubic h → ϕϕ and ϕ → hh couplings, the former being particularly interesting since the coupling is only present for ξ ≠ 0. These couplings depend somewhat on the ϕ^3_0 coupling associated with the radion stabilization mechanism. Graphs presented below assume small direct ϕ^3_0 coupling from this source.

FIG. 12: In the left figure, we plot g^2_{ZZh}/g^2_{ZZhSM} = g^2_{f f h}/g^2_{f f hSM} as a function of ξ for several mϕ values. The right figure shows g^2_{ZZϕ}/g^2_{ZZhSM} = g^2_{f f ϕ}/g^2_{f f hSM} . The behavior of g^2_{fV h} and g^2_{fV ϕ} is illustrated in Fig. 12. Some important general features of these couplings are the following. First, if g^2_{fV h} < 1 (g^2_{fV h} > 1) is observed then m_ϕ > m_h (m_ϕ < m_h), respectively, except for a small region near ξ = 0. For m_ϕ > m_h, the suppression is most severe for large |ξ| where g^2_{fV h} ∼ 0.1 ÷ 0.2 is possible. Second, for any given m_h, g_{fV ϕ} can be quite small and even has zeroes as one scans over the allowed ξ range at a given m_ϕ. However, at large |ξ|, if m_ϕ > m_h then g_{fV ϕ} can be a substantial fraction of the SM strength, g_{fV ϕ} = 1, implying SM type discovery modes could become relevant. The most important result of this is that gg → ϕ → ZZ → 4ℓ can be a viable discovery mode when m_ϕ >∼ 2m_Z and |ξ| is near the maximum allowed.

The universal scaling of the ff and V V couplings of the h and ϕ relative to the SM h_{SM} implies that, unless these couplings are very suppressed, the h and ϕ will have branching ratios that are quite SM-like. The only exceptions are the

FIG. 13: The ratios gg → h → γγ/gg → hSM → γγ and W W → h → τ^+ τ^−/W W → hSM → τ^+τ^− (the latter being the same as for gg → tth → ttbb) for mh_{SM} = mh = 120 GeV and Λϕ = 5 TeV.

following. (1) Decays of the type h → ϕϕ can be significant at larger ξ when m_ϕ is modestly below the m_h/2 threshold — BR(h → ϕϕ)_{max} < 0.2 is typical for Λ_ϕ > 5 TeV and large |ξ|. (2) Where g_{fV ϕ} is near a zero, ϕ → gg decays, induced by the anomalous coupling, will dominate. (3) For m_ϕ > 2m_h, BR(ϕ → hh) ∼ 0.3 ÷ 0.5 is typical. Of course, the total width of the h or ϕ will be scaled down relative to an h_{SM} of the same mass when g^2_{fV h} < 1 or g^2_{fV ϕ} < 1 (respectively).

2. Numerical Results: LHC and γC

In order to illustrate the complementarity of the LHC and γC we will focus on the case m_h = 120 GeV, Λ_ϕ = 5 TeV and m_0/M_{P l} = 0.1. Once these parameters are fixed, the remaining free parameters are m_ϕ and ξ. of the results found there.

To illustrate the impact of the couplings on the standard LHC discovery modes, we give two plots. In Fig. 13 we see that the h → γγ mode can be greatly suppressed if m_ϕ > m_h, especially if ξ < 0. Also, if m_ϕ < m_h, h → γγ will be strong if ξ < 0, but can be considerably weakened if ξ > 0. From Fig. 14, we observe that the discovery mode gg → ϕ → ZZ → 4ℓ can approach SM level viability at the largest allowed |ξ| values, especially for ξ < 0.

A study of the resulting LHC prospects for h and ϕ detection was performed in [65]. Based on the preceding discussion, it should be possible to understand the features of Fig. 15 where we show the regions of (m_ϕ, ξ) parameter space in which h and/or ϕ discovery using LHC modes, designed for SM Higgs boson discovery, will be possible. The results are obtained by simply rescaling the signal rates for a SM Higgs boson of the same mass as the h or ϕ using the type of rescaling factors plotted in Figs. 13 and 14.

Fig. 15 exhibits regions of (m_ϕ, ξ) parameter space in which both the h and ϕ mass eigenstates will be detectable. In these regions, the LHC will observe two scalar bosons somewhat separated in mass, with the lighter (heavier) having a non-SM-like rate for the gg-induced γγ (Z^0Z^0) final state. Additional information will be required to ascertain whether these two Higgs bosons derive from a multi-doublet or other type of extended Higgs sector or from the present type of model with Higgs-radion mixing.

If a linear collider is constructed, there is no region of (m_ϕ, ξ) parameter space for which the h (assuming modest m_h) will not be detected. This is because the ZZh coupling strength is always such that g^2_{fV h} > 0.01 (a value easily probed at the LC in the e^+e^− → ZX missing mass discovery mode). Depending on m_ϕ, the ϕ will also be detectable in the ZX final state if g^2_{fV ϕ} > 0.01. In particular, LC observation of the ϕ should be possible in the region of low m_ϕ, large ξ > 0

FIG. 14: The ratio of the rate for gg → ϕ → ZZ to the corresponding rate for a SM Higgs boson with mass mϕ assuming mh = 120 GeV and Λϕ = 5 TeV as a function of ξ for mϕ = 110, 140 and 200 GeV. Recall that the ξ range is increasingly restricted as mϕ becomes more degenerate with mh. Note: for mϕ > mh the mode approaches SM strength if ξ < 0 and is nearing SM strength if ξ > 0 and near maximal.

within which detection of either at the LHC might be difficult. This is because the ZZϕ coupling-squared is >∼ 0.01 relative to the SM for most of this region.

However, let us imagine that the LC has not yet been built but that a photon-collider add-on to the CLIC test machine has been constructed. Let’s remind ourselves about the results for the SM Higgs boson obtained in the CLIC study of [11]. There, a SM Higgs boson with m_{hSM} = 115 GeV was examined. After the cuts, one obtains about S = 3280 and B = 1660 in the γγ → h_{SM} → bb channel, corresponding to S/ √ B ∼ 80!

We will assume that these numbers do not change significantly for a Higgs mass of 120 GeV. After mixing, the S rate for the h will be rescaled relative to that for the h_{SM} . Of course, B will not change. The rescaling is shown in Fig. 16. The S for the ϕ can also be obtained by rescaling if m_ϕ ∼ 115 GeV. For m_ϕ < 120 GeV, the ϕ → bb channel will continue to be the most relevant for ϕ discovery, but studies have not yet been performed to obtain the S and B rates for low masses.

Observe that for m_ϕ < m_h we have either little change or enhancement, whereas significant suppression of the gg → h → γγ rate was possible in this case for positive ξ. Also note that for m_ϕ > m_h and large ξ < 0 (where the LHC signal for the h is marginal) there is much less suppression of γγ → h → bb than for gg → h → γγ — at most a factor of 2 vs a factor of 8 (at m_ϕ = 200 GeV). This is no problem for the γC since S/ √ B ∼^1_2 80 ∼ 40 is still a very strong signal. In fact, we can afford a reduction by a factor of 16 before we hit the 5σ level! Thus, the γγ collider will allow h discovery (for m_h = 120) throughout the entire hourglass, which is something the LHC cannot absolutely do.

Using the factor of 16 mentioned above and referring to the rescaling factors plotted in Fig. 14, it is apparent that the ϕ with m_ϕ < 120 GeV is very likely to elude discovery at the γγ collider. (Recall that it also eludes discovery at the LHC for this region.) The only exceptions to this statement occur at the very largest |ξ| values for m_ϕ ≥ 55 GeV where S_ϕ > S_{hSM} /16. Of course, we need to have signal and background results after cuts for these lower masses to know if the factor of 16 is actually the correct factor to use. To get the best signal to background ratio we would want to lower the machine energy (as would be relatively easy at a CLIC test facility) and readjust cuts and so forth. This study should be done. For the m_ϕ > m_h region, we will need results for the W W and ZZ modes that are being worked on.

FIG. 15: Illustration of mode complementarity at the LHC for mh = 120 GeV. The outer hourglass shape defines the theoretically allowed region in the (mϕ, ξ) parameter space. The cyan regions show where neither the gg → h → γγ mode nor the (not very important at this mh value) gg → h → 4ℓ mode yields a > 5σ signal. LHC discovery of the h with > 5σ is possible throughout the white region within the hourglass-shaped boundary. The graphs are for Λϕ = 5 TeV and L = 30 fb^{−1} (left) and L = 100 fb^{−1} (right). In the left-hand, L = 30 fb^{−1} plot, the regions between the dark blue curves are those where gg → ϕ → 4ℓ is > 5σ. These regions expand somewhat as L increases. These figures are taken from [65].

FIG. 16: The rates for γγ → h → bb and γγ → ϕ → bb relative to the corresponding rate for a SM Higgs boson of the same mass. Results are shown for mh = 120 GeV and Λϕ = 5 TeV as functions of ξ for mϕ = 20, 55 and 200 GeV.

3. Conclusions and discussion for Higgs-Radion Mixing

Overall, the γC is more than competitive with the LHC for h discovery. In particular, the γC can see the h where the LHC signal will be marginal (i.e. at the largest theoretically allowed ξ values). Of course, the marginal LHC regions are not very big for full L. Perhaps even more interesting is the fact that there is a big part of the hourglass where the h will be seen at both colliders. When the LHC achieves L > 100 fb^{−1}, this comprises most of the hourglass. Simultaneous observation of the h at the two different colliders will greatly increase our knowledge about the h since the two rates measure different things. The LHC rate in the γγ final state measures Γ(h → gg)Γ(h → γγ)/Γ^h_{tot} while the γC rate in the bb final state determines Γ(h → γγ)Γ(h → bb)/Γ^h_{tot}. Consequently, the ratio of the rates gives us^{Γ(h→gg)}_{Γ(h→bb)} , in terms of which we may compute R_{hgg} ≡ [ Γ(h → gg) Γ(h → bb) ] [ Γ(h → gg) Γ(h → bb) ]_{−1} SM . (19)

This is a very interesting number since it directly probes for the presence of the anomalous ggh coupling. In particular, R_{hgg} = 1 if the only contributions to Γ(h → gg) come from quark loops and all quark couplings scale in the same way. A plot of R_{hgg} as a function of ξ for m_h = 120 GeV, Λ_ϕ = 5 TeV and m_ϕ = 20, 55 and 200 GeV appears in Fig. 17.

FIG. 17: We plot the ratios Rhgg and Rϕgg of the hgg and ϕgg couplings-squared including the anomalous contribution to the corresponding values expected in its absence. Results are shown for mh = 120 GeV and Λϕ = 5 TeV as functions of ξ for mϕ = 20, 55 and 200 GeV. (The same type of line is used for a given mϕ in the right-hand figure as is used in the left-hand figure.)

We can estimate the accuracy with which R_{hgg} can be measured as follows. Assuming the maximal reduction of 1/2 for the signal rate (S) rescaling at the γγ CLIC collider, we find that Γ(h → γγ)Γ(h → bb)/Γ^h_{tot} can be measured with an accuracy of about √ S + B/S ∼ √ 3200/1600 ∼ 0.035. The dominant error will then be from the LHC which will typically measure Γ(h → gg)Γ(h → γγ)/Γ^h_{tot} with an accuracy of between 0.1 and 0.2 (depending on parameter choices and available L). From Fig. 17, we see that 0.2 fractional accuracy will reveal deviations of R_{hgg} from 1 for all but the smallest ξ values. The ability to measure R_{hgg} with good accuracy may be the strongest reason in the Higgs context for having the γC as well as the LHC. Almost all non-SM Higgs theories predict R_{hgg} ≠ 1 for one reason another, unless one is in the decoupling limit.

Depending on L at the LHC, there might be a small part of the hourglass (large |ξ| with m_ϕ > m_h) where only the ϕ will be seen at the LHC and the h will only be seen at the γC. This is a nice example of complementarity between the two machines. By having both machines we maximize the chance of seeing both the h and ϕ.

As regards the ϕ, we have already noted from Fig. 16 that the bb final state rate (relevant for the m_ϕ = 20 and 55 GeV cases) will only be detectable in the latter case (more generally for 55 GeV < m_ϕ < 2m_W ), and then only if |ξ| is as large as theoretically allowed. If γγ → ϕ → bb can be observed, Fig. 17 shows that a large deviation for R_{ϕgg} relative to the value predicted for an h_{SM} of the same mass is typical (but not guaranteed). For m_ϕ > 2m_W , BR(ϕ → bb) will be very small and detection of γγ → ϕ → bb will not be possible. We are currently studying γγ → ϕ → W W, ZZ final states in order to assess possibilities at larger m_ϕ.

Overall, there is a strong case for the γC in the RS model context, especially if a Higgs boson is seen at the LHC that has non-SM-like rates and other properties.

IV. OUTLOOK

Important progress in establishing the TBA technique has been made over the last 7 years with the various CLIC Test facilities, and a Technical Design Report for a machine based on TBA technology could be available by 2008. The next technological step toward a multi-TeV collider could be the construction and operation of several full CLIC modules, each of them providing acceleration by about 70 GeV in 600 m, or even think of a staged program with different physics capablities that will eventually take us to a multi-TeV machine. Some of this could be running at the Z, W W and/or tt̄ threshold, etc.

By the time one would have to decide on the physics program of the initial stages of CLIC, it will be clear from the LHC if the Higgs exists, and if it is within the mass reach of CLICHE. Under this circumtances, CLICHE will have a strong motivation because it could provide complementary information on the Higgs boson from that obtained at the LHC, and help to distinguish among models.

In addition, the experience on a γC that could be gained at a dedicated facility such as CLICHE will be very useful in order to learn how to operate what eventually will be a multi-TeV collider based on TBA technology just like CLIC [66].

It is true that CLICHE is only one of several options for doing physics with a limit number of CLIC modules. However, we consider CLICHE to be a very attractive option for an early stage of a TBA machine because it could simultaneously test all components for accelerating high-energy beams, and in addition it can give important scientific output. CLICHE could provide unique information on the properties of the Higgs boson, whose study will be central to physics at the high-energy physics frontier over the next decade or two.

Acknowledgments

We would like to thank John Ellis and Daniel Schulte for important discussion of the physics and machine issues of CLICHE. We would also like to thank Thomas Hahn and Michael Peskin for providing some of the tools used in our simulations.

This research was partially supported by the Illinois Consortium for Accelerator Research, agreement number 228- 1001 and the U.S. Department of Energy by the University of California, Lawrence Livermore National Laboratory under Contract No.W-7405-Eng.48. H.E.L. is supported in part by the U.S. Department of Energy under grant DE- FG02-95ER40896 and in part by the Wisconsin Alumni Research Foundation. J.F.G. thanks U. Ellwanger, C. Hugonie, and S. Moretti for their contributions to their joint NMSSM studies and he thanks M. Battaglia, S. de Curtis, D. Dominici, B. Grzadkowski, and M. Toharia, for their collaboration on the Higgs-radion mixing phenomenology. J.F.G. is supported by the U.S. Department of Energy and by the Davis Institute for High Energy Physics.

[1] G. Degrassi, S. Heinemeyer, W. Hollik, P. Slavich and G. Weiglein, Eur. Phys. J. C 28 (2003) 133 [arXiv:hep-ph/0212020]. [2] N. Graf, Proc. of the APS/DPF/DPB Summer Study on the Future of Particle Physics (Snowmass 2001), eConf C010630.

[3] NLC Collaboration, 2001 Report on the Next Linear Collider: A Report Submitted to Snowmass 2001, SLAC-R-571, FERMILAB-CONF-01-075-E, LBNL-PUB-47935, UCRL-ID-144077, June 2001.

[4] I. Watanabe et al., Gamma Gamma Collider as an Option of JLC, KEK-REPORT-97-17, AJC-HEP-31, HUPD-9807, ITP- SU-98-01, DPSU-98-4, March 1998.

[5] B. Badelek, et al., TESLA TDR, Part IV: The Photon Collider at TESLA,

http://arXiv.org/abs/hep-ex/0108012.

[6] http://doe-hep.hep.net/HEPAP/Jul2003/jd072403hepaprev1.pdf.

[7] The CLIC Study Team, G. Guignard (ed.), A 3 TeV Linear Collider Based on CLIC Technology, CERN 2000-008 (2000). [8] I. Wilson, G. Geschonke, H.H. Braun, G. Guignard, CLIC activities and resources for the years 2003-2008, CERN/AB 2003- 049-RF, CLIC-Note-561.

[9] R. Corsini, et al., An overview of the New CLIC Test Facility (CTF3), CERN/PS 2001-030 (EA). [10] V. Telnov, Nucl. Instrum. Meth. A355 (1995) 3; I. F. Ginzburg, G. L. Kotkin, V. G. Serbo and V. I. Telnov, Nucl. Instr.

Meth. 205 (1983) 47; I. F. Ginzburg, G. L. Kotkin, S. L. Panfil, V. G. Serbo and V. I. Telnov, Nucl. Instr. Meth. A219 (1984) 5.

[11] D. Asner, H. Burkhardt, A. De Roeck, J. Ellis, J. Gronberg, S. Heinemeyer, M. Schmitt, D. Schulte, M. Velasco, F. Zimmermann, Eur. Phys. Journal C, Volume 28, Issue 1, (2003) 27-44 [arXiv:hep-ex/0111056].

[12] D. Asner, B. Grzadkowski, J. F. Gunion, H. E. Logan, V. Martin, M. Schmitt and M. M. Velasco, arXiv:hep-ph/0208219. [13] P. Chen et al., Nucl. Instrum. Meth. A355, 107 (1995).

http://www-acc-theory.kek.jp/members/cain/cain21b.manual/main.html.

[14] T. Sjostrand, hep-ph/9508391. T. Sjostrand, P. Eden, C. Friberg, L. Lonnblad, G. Miu, S. Mrenna and E. Norrbin, hep-ph/0010017. See the PYTHIA and JETSET web pages, http://www.thep.lu.se/~ torbjorn/Pythia.html.

[15] http://jetweb.hep.ucl.ac.uk/Fits/322/index.html.

[16] D. Schulte, TESLA 97-08, 1996, http://tesla.desy.de/TTF Report/TESLA/TTFnot97.html; C. Hensel, LC-DET-2000-001, 2000, http://www.desy.de/∼lcnotes/.

[17] M. Godbole, A. Grau, G. Pancheri and A. De Roeck, arXiv:hep-ph/0303018. [18] R. Brun and F. Rademakers, Nucl. Instrum. Meth. A 389, 81 (1997). [19] T. Abe et al. [American Linear Collider Working Group Collaboration], hep-ex/0106058.

[20] J. M. Butterworth, in Proc. of the 19th Intl. Symp. on Photon and Lepton Interactions at High Energy LP99 ed. J.A. Jaros and M.E. Peskin, Int. J. Mod. Phys. A 15S1, 538 (2000) [eConf C990809, 538 (2000)] [arXiv:hep-ex/9912030].

[21] B. Andrieu [H1 and ZEUS Collaborations], J. Phys. G 28, 823 (2002). [22] A. Csilling, arXiv:hep-ex/0112020.

[23] We plan to demonstrate the technical feasibility of the NLC γγ interaction region design. We propose to integrate a 1/2 scale NLC γγ interaction region into the SLC and generate two-photon luminosity by Compton scattering 30 GeV beams from the SLC off a 0.1 J short pulse laser.

[24] R. Servranckx, K. L. Brown, L. Schachinger and D. Douglas, SLAC-0285;

    http://www-project.slac.stanford.edu/lc/local/AccelPhysics/Codes/Dimad/.
[25] see http://www-sldnt.slac.stanford.edu/nld/new/Docs/Generators/PANDORA.htm

[26] T. Hahn, Comp. Phys. Comm. 118 (1999) 153.

[27] J.F. Gunion, H.E. Haber, G. Kane and S. Dawson, The Higgs Hunter’s Guide (Perseus Publishing, Reading, MA, 1990). [28] M. Carena and H. E. Haber, Prog. Part. Nucl. Phys. 50, 63 (2003) [arXiv:hep-ph/0208209]. [29] J. F. Gunion, H. E. Haber and R. Van Kooten, arXiv:hep-ph/0301023.

[30] J. R. Ellis, J. F. Gunion, H. E. Haber, L. Roszkowski and F. Zwirner, Phys. Rev. D 39 (1989) 844. [31] J. F. Gunion, H. E. Haber and T. Moroi, arXiv:hep-ph/9610337.

[32] M. Carena, J. R. Ellis, S. Mrenna, A. Pilaftsis and C. E. Wagner, arXiv:hep-ph/0211467.

[33] B. A. Dobrescu, G. Landsberg and K. T. Matchev, Phys. Rev. D 63, 075003 (2001) [arXiv:hep-ph/0005308]. B. A. Dobrescu and K. T. Matchev, JHEP 0009, 031 (2000) [arXiv:hep-ph/0008192].

[34] U. Ellwanger, J. F. Gunion and C. Hugonie, arXiv:hep-ph/0111179. [35] U. Ellwanger, J. F. Gunion, C. Hugonie and S. Moretti, arXiv:hep-ph/0305109. [36] C. Carimalo, W. da Silva, F. Kapusta, Nucl. Phys. Proc. Suppl. 82, 391 (2000). [37] A. Pilaftsis, Phys. Rev. D 58 (1998) 096010, hep-ph/9803297;

A. Pilaftsis, Phys. Lett. B 435 (1998) 88, hep-ph/9805373. [38] D. Demir, Phys. Rev. D 60 (1999) 055006, hep-ph/9901389;

S. Choi, M. Drees and J. Lee, Phys. Lett. B 481 (2000) 57, hep-ph/0002287. [39] A. Pilaftsis and C. Wagner, Nucl. Phys. B 553 (1999) 3, hep-ph/9902371. [40] M. Carena, J. Ellis, A. Pilaftsis and C. Wagner, Nucl. Phys. B 586 (2000) 92, hep-ph/0003180. [41] S. Heinemeyer, Eur. Phys. Jour. C 22 (2001) 521, hep-ph/0108059;

M. Frank, S. Heinemeyer, W. Hollik and G. Weiglein, in preparation. [42] [The OPAL Collaboration], OPAL Physics Note PN517.

[43] K. Hagiwara et al. [Particle Data Group Collaboration], Phys. Rev. D 66, 010001 (2002). [44] R. Barbieri and A. Strumia, Phys. Lett. B 462, 144 (1999) [arXiv:hep-ph/9905281]; arXiv:hep-ph/0007265. [45] N. Arkani-Hamed, A. G. Cohen and H. Georgi, Phys. Lett. B 513, 232 (2001) [arXiv:hep-ph/0105239]; N. Arkani-Hamed, A. G. Cohen, E. Katz, A. E. Nelson, T. Gregoire and J. G. Wacker, JHEP 0208, 021 (2002) [arXiv:hep-ph/0206020]; I. Low, W. Skiba and D. Smith, Phys. Rev. D 66, 072001 (2002) [arXiv:hep-ph/0207243]; D. E. Kaplan and M. Schmaltz, arXiv:hep-ph/0302049; S. Chang and J. G. Wacker, arXiv:hep-ph/0303001; W. Skiba and J. Terning, arXiv:hep-ph/0305302; S. Chang, arXiv:hep-ph/0306034.

[46] N. Arkani-Hamed, A. G. Cohen, E. Katz and A. E. Nelson, JHEP 0207, 034 (2002) [arXiv:hep-ph/0206021]. [47] S. Dimopoulos and J. Preskill, Nucl. Phys. B 199, 206 (1982); D. B. Kaplan and H. Georgi, Phys. Lett. B 136, 183 (1984);

D. B. Kaplan, H. Georgi and S. Dimopoulos, Phys. Lett. B 136, 187 (1984); H. Georgi and D. B. Kaplan, Phys. Lett. B 145, 216 (1984); H. Georgi, D. B. Kaplan and P. Galison, Phys. Lett. B 143, 152 (1984); M. J. Dugan, H. Georgi and D. B. Kaplan, Nucl. Phys. B 254, 299 (1985); T. Banks, Nucl. Phys. B 243, 125 (1984).

[48] S. R. Coleman and E. Weinberg, Phys. Rev. D 7, 1888 (1973).

[49] T. Han, H. E. Logan, B. McElrath and L. T. Wang, Phys. Rev. D 67, 095004 (2003) [arXiv:hep-ph/0301040]. [50] D. Choudhury, A. Datta and K. Huitu, arXiv:hep-ph/0302141; J. L. Diaz-Cruz and D. A. Lopez-Falcon, arXiv:hep-ph/0304212. [51] T. Han, H. E. Logan, B. McElrath and L. T. Wang, Phys. Lett. B 563, 191 (2003) [arXiv:hep-ph/0302188]. [52] C. Csaki, J. Hubisz, G. D. Kribs, P. Meade and J. Terning, Phys. Rev. D 67, 115002 (2003) [arXiv:hep-ph/0211124];

J. L. Hewett, F. J. Petriello and T. G. Rizzo, arXiv:hep-ph/0211218; C. Csaki, J. Hubisz, G. D. Kribs, P. Meade and J. Terning, arXiv:hep-ph/0303236.

[53] M. M. Velasco et al., in Proc. of the APS/DPF/DPB Summer Study on the Future of Particle Physics (Snowmass 2001) ed.

N. Graf, eConf C010630, E3005 (2001) [arXiv:hep-ex/0111055]; G. Jikia and S. Soldner-Rembold, Nucl. Phys. Proc. Suppl. 82, 373 (2000) [arXiv:hep-ph/9910366]; Nucl. Instrum. Meth. A 472, 133 (2001) [arXiv:hep-ex/0101056].

[54] T. Abe et al. [American Linear Collider Working Group], “Linear collider physics resource book for Snowmass 2001. 2: Higgs and supersymmetry studies,” in Proc. of the APS/DPF/DPB Summer Study on the Future of Particle Physics (Snowmass 2001) ed. N. Graf, arXiv:hep-ex/0106056.

[55] 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.

[56] K. Abe et al. [ACFA Linear Collider Working Group Collaboration], “Particle physics experiments at JLC,” arXiv:hep-ph/0109166.

[57] L. Randall and R. Sundrum, Phys. Rev. Lett. 83, 3370 (1999) [arXiv:hep-ph/9905221]. [58] G. Giudice, R. Rattazzi, J. Wells, Nucl. Phys. B595 (2001), 250, hep-ph/0002178. [59] C. Csaki, M.L. Graesser, G.D. Kribs, Phys. Rev. D63 (2001), 065002-1, hep-th/0008151. [60] T. Han, G. D. Kribs and B. McElrath, Phys. Rev. D 64, 076003 (2001) [arXiv:hep-ph/0104074]. [61] M. Chaichian, A. Datta, K. Huitu and Z. h. Yu, Phys. Lett. B 524, 161 (2002) [arXiv:hep-ph/0110035]. [62] J. L. Hewett and T. G. Rizzo, hep-ph/0202155.

[63] C. Csaki, M. Graesser, L. Randall and J. Terning, Phys. Rev. D 62, 045015 (2000) [arXiv:hep-ph/9911406]. [64] D. Dominici, B. Grzadkowski, J. F. Gunion and M. Toharia, “The scalar sector of the Randall-Sundrum model,” arXiv:hep-ph/0206192. The authors of [61] (see their Appendix A) employ the same full mixing procedure as that employed in this paper. Their results can be usefully compared to the LHC discussion of [65]. As pointed out in the recent revision of [62], dated July 2, 2003, the present reference (hep-ph/0206192) appeared in June 2003, 4 months after their original hep-ph submission in February of 2002. However, prior to the July 2, 2003 revision, their results employed the small ξ approximations to the mixing/diagonalization procedures that were given in [58]. Their July 2, 2003 revision (which comes some 12 months after hep-ph/0206192) contains results that now appear to be in accord with those of this reference.

[65] M. Battaglia, S. De Curtis, A. De Roeck, D. Dominici and J. F. Gunion, “On the complementarity of Higgs and radion searches at LHC,” arXiv:hep-ph/0304245.

[66] H. Burkhardt, Nucl. Instrum. Meth. A472 (2001) 67.