arXiv:hep-ph/0507004 v1 1 Jul 2005

2005 International Linear Collider Workshop - Stanford, U.S.A.

Final results for the SM Higgs-boson production at the Photon Collider

P. Nieżurawski Institute of Experimental Physics, Warsaw University, ul. Hoża 69, 00-681 Warsaw, Poland

Feasibility of the precise measurement of the SM Higgs-boson production cross section γγ → h → bb̄ at the Photon Collider is studied in detail for M_h = 120–160 GeV. All relevant experimental and theoretical issues, which could affect the measurement, are taken into account. The study is based on the realistic γγ-luminosity spectra simulation. The heavy-quark background γγ → QQ̄(g) is estimated using the NLO QCD results. Other background processes, which were neglected in earlier analyses, are also studied: γγ → W^+ W^−, γγ → τ^+τ^− and light-quark pair production γγ → qq̄. The contribution from the so-called overlaying events, γγ → hadrons, is taken into account. The nonzero beam crossing angle and the finite size of colliding bunches are included in the event generation. The detector simulation and realistic b-tagging are used. Criteria of event selection are optimized separately for each considered Higgs-boson mass. In spite of the significant background contribution and deterioration of the invariant mass resolution due to overlaying events, precise measurement of the Higgs-boson production cross section is still possible. For the Standard-Model Higgs boson with mass of 120 to 160 GeV the corresponding partial width Γ(h → γγ)BR(h → bb̄) can be measured with a statistical accuracy of 2.1–7.7% after one year of the Photon Collider running. The systematic uncertainties of the measurement are estimated to be of the order of 2%.

1. INTRODUCTION

The neutral Higgs boson, h, couples to the photon pair only at the loop level, through loops of all massive charged particles. In the Standard Model (SM) the dominant contribution is due to W and t loops. This loop-induced hγγ coupling is sensitive to contributions of new particles which may appear in various extensions of the SM. Hence, the precise measurement of the Higgs-boson partial width Γ(h → γγ) can indicate existence of very heavy particles even if their direct production is not possible. A photon-collider option of the e^+e^− collider offers a unique possibility to measure Γ(h → γγ) as the Higgs boson can be produced in the s-channel process γγ → h. The SM Higgs boson with the mass below ∼ 140 GeV is expected to decay predominantly into the bb̄ final state. Therefore, we consider the measurement of the cross section for the process γγ → h → bb̄, for M_h = 120–160 GeV. The aim of this study is to estimate the precision of the Γ(h → γγ) measurement obtainable after one year of the Photon Collider running, taking all relevant experimental and theoretical effects into account.

2. PHOTON-PHOTON COLLISIONS

The analysis is based on the realistic γγ-luminosity simulation for the Photon Collider at TESLA [1]. The simulated photon-photon events were directly used in this analysis for generation of the so-called overlaying events γγ → hadrons where a proper description of the low energy tail of the spectrum was crucial. In case of other processes, for which only the high-energy part of the γγ spectrum is important, the subroutines of the CompAZ package [2] were used. We assume that the center-of-mass energy of colliding electron beams, √ s_{ee}, is optimized for the production of a Higgs boson with a given mass. Presented results are obtained for the total integrated luminosity between 400 and 500 fb^{−1}, corresponding to the luminosity expected after one year of the TESLA Photon Collider running [1].

For our analysis the longitudinal size of the collision region is most important. As this is of the order of 100 μm, we can expect that additional tracks and clusters due to overlaying events (resulting in additional vertexes, changed jet characteristics etc.) can influence the flavour-tagging algorithm and affect the event selection. Therefore, generation of all event samples used in the described analysis took into account the Gaussian smearing of primary vertex and the beams crossing angle in horizontal plane, α_c = 34 mrad.

3. EVENT GENERATION AND SIMULATION

Total widths and branching ratios of the Higgs boson were calculated with the program Hdecay [3], where higher order QCD corrections are included. Event generation for Higgs-boson production process, γγ → h → bb̄, was done with the Pythia program [4]. A parton shower algorithm implemented in Pythia was used to generate the finalstate partons. The fragmentation into hadrons was also performed using the Pythia program, both for Higgs-boson production and for all background event samples.

The main background for the considered signal process is the heavy-quark pair production, γγ → QQ̄. Events of ’direct’, nonresonant bb̄ production contribute to the irreducible background. In LO approximation the cross section for J_z = 0 is suppressed and the dominant contribution is due to the |J_z| = 2 state. This is very fortunate as the γγ-luminosity spectrum is optimized to give highest J_z = 0 luminosity and the |J_z| = 2 component is small in the higgs-production region. Unfortunately, NLO corrections compensate partially the m^2_Q/s suppression and, after taking into account luminosity spectra, both contributions (for J_z = 0 and |J_z| = 2) become comparable.

The other processes γγ → qq̄(g), where q = u, d, s, c, and γγ → τ^+τ^− contribute to the reducible background. One has to consider these processes due to the non-zero probability of wrong flavour assignment by the reconstruction procedure. Events with cc̄(g) in the final state have the highest mistagging probability. In comparison to the γγ → bb̄ process there is an enhancement factor of (e_c/e_b)^4 = 16 in the γγ → cc̄ cross section. It turns out that after flavour tagging both processes give similar contribution to the background. The background events due to processes γγ → bb̄(g), cc̄(g) were generated using the program written by G. Jikia [5], where a complete NLO QCD calculation for the production of massive quarks is performed in the massive-quark scheme.

In cases of M_h = 150 and 160 GeV also the pair production of W bosons, γγ → W^+W^−, is considered as a possible background. For generation of γγ → W^+W^− events the Pythia program is used with polarized differential cross section formulae from [6] to obtain correct distributions for J_z = 0 and |J_z| = 2 contributions.

Because of the large cross section and huge γγ-luminosity at low W_{γγ} , about one γγ → hadrons event is expected on average per bunch crossing. Such events can contribute to the background on their own and may have a great impact on the reconstruction of other events produced in the same bunch crossing, by changing their kinematical and topological characteristics.

We generate γγ → hadrons events with Pythia, using luminosity spectra from the full simulation of the photonphoton collisions [1], rescaled to the chosen beam energy. For each considered e^−e^− energy, √ s_{ee}, an average number of the γγ → hadrons events per bunch crossing is calculated. Then, for every signal or background event, the γγ → hadrons events are overlaid (added to the event record) according to the Poisson distribution. Fortunately, the γγ → hadrons cross section is very forward-peaked. A cut on the polar angle of tracks and clusters measured in the detector can greatly reduce contribution of particles from γγ → hadrons processes to selected events. For more details concerning γγ → hadrons overlaying events and their influence on the reconstruction see [7].

The fast simulation program for the TESLA detector, Simdet version 4.01 [8], was used to model the detector performance. Because two forward calorimeters, Low Angle Tagger and Low Angle Calorimeter, cannot be installed in the detector at the Photon Collider, they are not used in our simulation setup. To take into account the modified mask setup for the photon–photon option, all generator-level particles are removed from the event record, before entering the detector simulation, if their polar angle is less than θ_{mask} = 130 mrad.

4. RESULTS

The contribution from overlaying events is expected to affect observed particle and energy flow mainly at low polar angles. Therefore, we introduce an angle θ_{T C} defining the region strongly contaminated by this contribution; tracks and clusters with polar angle less than θ_{T C} are not taken into account when applying energy-flow algorithm. We decided to use the value θ_{T C} = 0.85 which results in the best final cross-section measurement precision. In the presented study jets are reconstructed using the Durham algorithm [9], with y_{cut} = 0.02.

Figure 1: The expected ratio of signal (γγ → h → bb̄) to background (γγ → QQ̄(g), Q = c, b, and γγ → qq̄, q = u, d, s) event distributions in the plane btag(jet1) ⊗ btag(jet2). The region which results in the best precision measurement for the cross-section measurement is indicated by stars.

Higgs-boson decay events are expected to consist mainly of two b-tagged jets with large transverse momentum and nearly isotropic distribution of the jet directions. The significant number of events (∼ 25%) contains the third jet due to the real-gluon emissions which are approximated in this analysis by the parton shower algorithm, as implemented in Pythia. The following cuts are used to select properly reconstructed bb̄ events coming from Higgs decay.

1. Number of selected jets should be 2 or 3.

2. The condition | cos θ_{jet}| < C_θ is imposed for all jets in the event where θ_{jet} is the jet polar angle, i.e. the angle between the jet axis and the beam line. This cut should improve signal-to-background ratio as the signal is almost uniform in cos θ, while the background is peaked at | cos θ| = 1.

3. Since the Higgs bosons are expected to be produced almost at rest, the ratio of the total longitudinal momentum calculated from all jets in the event, P_z, to the total energy, E, should fulfill condition |P_z|/E < C_{Pz} .

The cut parameter values C_θ and C_{Pz} were optimized for each considered Higgs boson mass value to obtain the best statistical precision of the cross section measurement. For M_h = 120 GeV the optimized values are C_θ = 0.725 and C_{Pz} = 0.1.

For b-tagging the Zvtop-B-Hadron-Tagger package was used [10–12], based on the the neural-network algorithm trained on the Z decays. For each jet the routine returns a “b-tag” value – the number between 0 and 1 corresponding to “b-jet” likelihood. In order to optimize the signal cross-section measurement, the two-dimensional cut on b-tag values for two jets with highest transverse momentum is used. The selection criterion is found by considering the value of the signal to background ratio S/B, where S and B denote the expected numbers of events for the signal γγ → h → bb̄ and for the sum of background contributions from processes γγ → QQ̄(g) (Q = c, b) and γγ → qq̄ (q = u, d, s), respectively. Obtained S/B distribution in the b-tag(jet_1)⊗b-tag(jet_2) plane for Higgs-boson production with M_h = 120 GeV is shown in Fig. 1. The selection region which results in the best precision of the Γ(h → γγ)BR(h → bb̄) measurement corresponds to the condition S/B > 0.19 as indicated in the figure (stars).

The invariant-mass distributions for signal events passing all optimized selection cuts, before and after taking into account the overlaying events γγ → hadrons, are compared in Fig. 2 (left). The overlaying events and cuts suppressing their contribution significantly influence the mass reconstruction and result in the increase of distribution width by about 2 GeV, and in the shift of the mean value, μ, by about 3 GeV. A drop in the selection efficiency, resulting in

Figure 2: Reconstructed invariant-mass, Wrec , (left) and corrected invariant-mass, Wcorr , (right) distributions for selected γγ → h → bb̄ events, for Mh = 120 GeV. Distributions obtained without and with overlaying events (OE) are compared. Results for the mean μ and dispersion σ from the Gaussian fit in the region from μ − 1.3σ to μ + 1.3σ, are also shown.

the reduced number of events expected after selection cuts is also observed. The tail towards low masses is due to events with energetic neutrinos coming from semileptonic decays of D and B mesons (see [13] for more details). To compensate for this effect we use the corrected invariant mass defined as [13]: W_{corr} ≡ √ W^2_{rec} + 2P_T (E + P_T ).

In Fig. 2 (right) the distributions of W_{corr} for the selected signal events, without and with overlaying events, are presented. The tail of events with invariant masses below ∼ 110 GeV is much smaller than for the W_{rec} distributions (compare with the left figure). The final W_{corr} distributions for the signal and background events (with overlaying events included) are shown in Fig. 3. For M_h = 120 GeV the most precise measurement of the Higgs-boson production

Figure 3: Distributions of the corrected invariant mass, Wcorr , for selected bb̄ events. Contributions of the signal, for Mh = 120 GeV, and of the background processes, i.e. γγ → QQ̄(g) for Q=c, b, γγ → qq̄ for q =u, d, s, γγ → τ^+τ^−, and γγ → hadrons (as a separate contribution with hadron-like×hadron-like interactions only, indicated as ’resolved’), are shown separately. Arrows indicate the mass window, 107.5 to 132.5 GeV, optimized for the measurement of the Γ(h → γγ)BR(h → bb̄), which leads to the statistical precision of 2.1%.

Figure 4: Statistical precision of Γ(h → γγ)BR(h → bb̄) measurement for the SM Higgs boson with mass 120–160 GeV. Final results of analysis [7] are compared with our earlier results, which did not take into account all aspects of the measurement.

cross section is obtained for the mass window between 108 and 133 GeV, as indicated by arrows. In the selected W_{corr} region one expects, after one year of the Photon Collider running at nominal luminosity, about 4900 reconstructed signal events and 5400 background events (i.e. μ_S /μ_B ≈ 0.9). This corresponds to the statistical precision of: Δ [ Γ(h → γγ)BR(h → bb̄) ] Γ(h → γγ)BR(h → bb̄) = 2.1%.

The systematic uncertainty of the total background contribution is estimated to be about 2%, and the J_z = 0 luminosity contribution will be measured with precision of around 1% [14]. Using maximal likelihood method to take these uncertainties into account we obtain precision of 2.7% for σ(γγ → h → bb̄) measurement at M_h = 120 GeV, corresponding to the systematic error of the measurement of 1.8%.

We have performed the full simulation of signal and background events for M_h = 120 to 160 GeV choosing optimal e^−e^− beam energy for each Higgs-boson mass. Statistical precision of Γ(h → γγ)BR(h → bb̄) measurement was estimated in each case. Results are presented in Fig. 4. For comparison, our earlier results obtained without overlaying events, without various background contributions or without distribution of interaction point are also shown. For M_h = 160 GeV, after the full optimization of the selection cuts, better precision is obtained than in earlier analyses, which did not take into account some background contributions.

5. SUMMARY

One of the measurements crucial for understanding of the Higgs sector and for the verification of the particle physics models is the measurement of Γ(h → γγ). The Photon Collider, which has been proposed as an extension of the e^+e^− linear collider project, is considered the best place to do this measurement.

We present the first fully realistic estimates for the precision of γγ → higgs → bb̄ cross-section measurement at the Photon Collider with parameters of the TESLA project. The analysis is based on the realistic γγ-luminosity spectrum simulation. Due to the high beam intensity, resulting in high γγ-luminosity per bunch crossing, the contribution of overlaying events γγ → hadrons turns out to be sizable and affects the event reconstruction. Crossing angle between beams resulting in the significant broadening of the interaction region is also taken into account. These two factors have significant impact on the performance of the b-tagging algorithm. It is shown that the contamination of γγ → hadrons overlaying events in the signal can be reduced by rejecting low-angle tracks and clusters in the event. Additional cuts are proposed to suppress contributions from other background sources.

After optimizing selection cuts and applying correction for escaping neutrinos from D- and B-meson decays the quantity Γ(h → γγ)BR(h → bb̄), for the SM Higgs boson with mass around 120 GeV, can be measured with the precision of about 2% already after one year of the Photon Collider running. The systematic uncertainties of the measurement are estimated to be of the order of 2%. The statistical precision of the measurement decreases up to 7.7% for the SM Higgs boson with mass M_h = 160 GeV. For higher masses of the SM Higgs boson other decay channels are expected to give better precision of Γ(h → γγ) measurement, see e.g. [15]. Presented results are consistent with earlier studies [16, 17], which however did not take into account all aspects of the measurement considered here.

The measurement discussed in this paper can be used to derive the partial width Γ(h → γγ), taking BR(h → bb̄) value from precise measurement at the e^+e^− International Linear Collider. With 2% accuracy on Γ(h → γγ)BR(h → bb̄), as obtained in this analysis, and assuming BR(h → bb̄) will be measured to 1.5% [18], Higgs-boson partial width Γ(h → γγ) can be extracted with accuracy of about 2.5%. With this precision the measurement will be sensitive to the deviations from the SM coming from loop contributions of new heavy charged particles. For example, heavy charged higgs contribution in the SM-like 2HDM is expected to change Γ(h → γγ) by 5–10% [19]. Using in addition the result from the e^+e^− Linear Collider for BR(h → γγ) [20], one can also extract the total width Γ_h with precision of about 10%.

Acknowledgments

I would like to thank A. F. Żarnecki and M. Krawczyk for guiding me during my work on this analysis. Valuable discussions with V. Telnov are acknowledged. I also thank for useful comments of other colleagues from the ECFA/DESY working groups. This work was partially supported by the Polish Committee for Scientific Research, grants no. 1 P03B 040 26 and 2 P03B 128 25, and project no. 115/E-343/SPB/DESY/P-03/DWM517/2003-2005.

References

[1] V. I. Telnov, http://www.desy.de/~telnov/ggtesla/spectra/. [2] A. F. Żarnecki, Acta Phys. Polon. B 34 (2003) 2741, hep-ex/0207021.

[3] A. Djouadi, J. Kalinowski, M. Spira, Comput. Phys. Commun. 108 (1998) 56, hep-ph/9704448. [4] T. Sjöstrand et al., Comput. Phys. Commun. 135 (2001) 238, hep-ph/0108264. [5] G. Jikia, S. Söldner-Rembold, Nucl. Instrum. Meth. A 472 (2001) 133, hep-ex/0101056. [6] G. Belanger, F. Boudjema, Phys. Lett. B 288 (1992) 210. [7] P. Nieżurawski, hep-ph/0503295.

[8] M. Pohl, H. J. Schreiber, DESY-02-061, hep-ex/0206009.

[9] S. Catani, Yu. L. Dokshitzer, M. Olsson, G. Turnock, B. R. Webber, Phys. Lett. B 269 (1991) 432. [10] R. Hawkings, LC-PHSM-2000-021-TESLA.

[11] S. M. Xella Hansen, D. J. Jackson, R. Hawkings, C. Damerell, LC-PHSM-2001-024. [12] T. Kuhl, K. Harder, talk presented at the II Workshop of ECFA-DESY Study, Saint Malo, April 2002. [13] P. Nieżurawski, A.F. Żarnecki, M. Krawczyk, Acta Phys. Polon. B 34 (2003) 177, hep-ph/0208234. [14] V. Makarenko, K. Mönig, T. Shishkina, hep-ph/0306135.

[15] P. Nieżurawski, A. F. Żarnecki, M. Krawczyk, JHEP 0211 (2002) 034, hep-ph/0207294 [16] D. M. Asner, J. B. Gronberg, J. F. Gunion, Phys. Rev. D 67 (2003) 035009, hep-ph/0110320. [17] S. Soldner-Rembold, G. Jikia, Nucl. Instrum. Meth. A 472 (2001) 133, hep-ex/0101056. [18] J.-C. Brient, LC-PHSM-2002-003. M. Battaglia, hep-ph/9910271.

[19] I. F. Ginzburg, M. Krawczyk, P. Osland, Nucl. Instrum. Meth. A 472 (2001) 149; hep-ph/0101331. [20] E. Boos, J. C. Brient, D. W. Reid, H. J. Schreiber, R. Shanidze, Eur. Phys. J. C 19 (2001) 455, hep-ph/0011366.