arXiv:1306.0279v2 [hep-ph] 10 Jun 2013

Pair production of a 125 GeV Higgs boson in MSSM and NMSSM at the ILC

Zhaoxia Heng, Liangliang Shang, Peihua Wan Department of Physics, Henan Normal University, Xinxiang 453007, China

Abstract

In this work we investigate the Higgs pair production in the MSSM and NMSSM at the ILC. We consider various experimental constraints and scan over the parameter space of the MSSM and NMSSM. Then we calculate the cross section of Higgs pair production in the allowed parameter space and compare the results with the predictions in the SM. We find that the enhancement of the cross section is mainly due to the contributions from loops mediated by the top-squark. For a large trilinear soft breaking parameter A_t and a moderately light top-squark, the production rate can be enhanced by a factor of 1.4 in the MSSM and 2 in the NMSSM (relative to the SM prediction). Moreover, we also calculate the χ^2 values with the LHC Higgs data and display the results for the parameter space with χ^2 better than the SM value.

PACS numbers: 14.80.Da,14.80.Ly,12.60.Jv

I. INTRODUCTION

Since the observation of a resonance near 125 GeV at the LHC in July 2012 [1], both the ATLAS and CMS collaborations have accumulated more data and updated their Higgs search results [2, 3]. The combined data corresponding to the integrated luminosities of ∼ 5fb^{−1} at 7 TeV and ∼ 20fb^{−1} at 8 TeV showed that the observed particle has properties roughly consistent with the Standard Model (SM) Higgs boson. However, the excess in the di-photon signal rate with respect to the SM prediction reported by the ATLAS collaboration may indicate possible physics beyond the SM, such as supersymmetry [4, 5]. So the next important goal of the LHC is to precisely measure its properties, which is also the prime motivation for the future International Linear Collider (ILC) [6, 7]. With accurate measurement of the Higgs self-couplings, including the trilinear self-couplings and the quartic self-couplings at the ILC, the Higgs potential can be reconstructed properly. Considering the important role of Higgs pair production for testing the Higgs self-couplings and the high intensity of the synchrotron radiation photon by the laser backscattering mechanism as well as the beamstrahlung mechanism at the ILC [8], it is of intense interest to investigate the Higgs pair production at the photon-photon colliders.

In the SM the Higgs pair production at a photon-photon collider (i.e.γγ → hh) proceeds through one-loop triangle and box diagrams induced by the heavy quarks and W^± bosons [9]. This process may also be a sensitive probe for new physics and has been studied in various new physics models, such as 2HDM [10, 11], the vector-like quark model [12] and the supersymmetric (SUSY) models [13]. The cross section of γγ → hh in these new physics models can deviate significantly from the SM prediction due to the one-loop correction to the trilinear Higgs self-couplings [12]. For the Higgs boson near 125 GeV, the most efficient detectable channel at the ILC is γγ → hh → bb̄bb̄. The backgrounds, such as γγ → W^+W^−, ZZ and bb̄bb̄, can be suppressed if correct assignment of tracks to parent partons and appropriate invariant-mass and angular cut are achieved [14, 15].

With the updated experimental data at the LHC, the constraints on the parameter space of SUSY models have been becoming more and more stringent. Therefore, motivated by the latest experimental results, we assume a SM-like Higgs boson in 123-127 GeV and study its pair production at the photon-photon collider in the Minimal Supersymmetric Standard Model (MSSM) [16]. In the MSSM, the pair production of the SM-like Higgs boson receives additional contributions from loops mediated by the third generation squarks, the charginos and the charged Higgs bosons. It was found that the cross section of γγ → hh can be enhanced due to the non-decoupling effect and the mixing between the left-handed and righthanded top-squarks. In the Next-to-Minimal Supersymmetric Standard Model (NMSSM) [17], which is more favored by the experimental data [18], the studies of γγ → hh are still absent. Therefore, it is necessary to investigate the SM-like Higgs pair production in the NMSSM and compare the predictions with the MSSM results.

This work is organized as follows. We first briefly describe the features of the Higgs sector in the MSSM and NMSSM in Section II. Then we present our numerical results for the Higgs pair production in both models in Section III. Finally, we draw our conclusions in Section IV.

II. HIGGS SECTOR IN MSSM AND NMSSM

As the most economical realization of supersymmetry in particle physics, the MSSM consists of two Higgs doublet Ĥ_u and Ĥ_d. Its superpotential has the form as follows,

W_{MSSM} = W_F + μĤ_u · Ĥ_d = Y_uQ̂ · Ĥ_uÛ − Y_dQ̂ · Ĥ_dD̂ − Y_eL̂ · Ĥ_dÊ + μĤ_u · Ĥ_d, (1)

where Q̂, Û and D̂ denoting the squark superfields, L̂ and Ê denoting slepton superfields, and Y_i (i = u, d, e) being the corresponding Yukawa coupling coefficients. After the electroweak symmetry breaking, the MSSM predicts two physical CP-even Higgs bosons h and H, one physical CP-odd Higgs boson A and a pair of charged Higgs bosons H^±. At tree level, this Higgs sector is determined by the mass of the CP-odd Higgs m_A and the ratio of the Higgs vacuum expectation values tan β ≡^{vu}_{vd} . In most cases of the MSSM, the lightest Higgs boson h is SM-like (with the largest coupling to vector bosons), and for large m_A and moderate tan β, the mass is given by[19]

m^2_h ≃ m^2_Z cos^2 2β +

3m^4_t 4π^2v^2 [ ln m^2_{t̃} m^2_t + X^2_t m^2_{t̃} ( 1 − X^2_t 12m^2_{t̃} )] , (2)

with v = 174 GeV, m~_t = √m~_{t1} m~_{t2} (m~_{t1} and m~_{t2} denote the stop masses), X_t ≡ A_t − μ cot β (A_t denotes the trilinear Higgs-stop coupling). Obviously, in order to lift the Higgs boson mass up to about 125 GeV, large m~_t or X_t is needed, which in turn usually requires a large |A_t|.

Since the MSSM suffers from μ-problem and large m~_t and |A_t| induce some extent of fine-tuning, the NMSSM has been intensively studied. Its superpoential is give by

W_{NMSSM} = W_F + λĤ_u · Ĥ_dŜ + 1 3 κŜ^3, (3)

with Ŝ being singlet Higgs superfield and dimensionless parameters λ and κ denoting the coupling strengthes of Higgs self interactions. Note that when the singlet field Ŝ develops a vacuum expectation value s, an effective μ-term is generated by μ_{eff} = λs. Compared with the MSSM, the NMSSM predicts one more CP-even Higgs boson and one more CP-odd Higgs boson.

Due to the coupling λĤ_u · Ĥ_dŜ in the superpotential, there is additional tree level contribution to the SM-like Higgs boson mass, i.e. m^2_{h,tree} = (m^2_Z −λ^2v^2) cos^2 2β +λ^2v^2. Moreover, the mixing between the singlet and doublet Higgs fields can significantly alter the Higgs boson mass. Affected by the above two factors, for λ ∼ 0.7 and tan β ∼ 1, the mass of the SM-like Higgs boson can reach 125 GeV even without the radiative correction, which can significantly ameliorate the fine-tuning suffered by the MSSM.

In the limit λ, κ → 0 and μ is fixed, the singlet field decouples from the doublet Higgs sector so that the NMSSM phenomenology reduces to the MSSM. So in order to compare the Higgs sector between the two models, we require 0.53 ≤ λ ≤ 0.7 in the NMSSM and consider two scenarios:

• NMSSM1 scenario: The lightest Higgs boson acts as the SM-like Higgs boson h. In this scenario, the mixing effect is to pull down m_h, and if the mixing effect is dominant, large radiative correction is needed to predict m_h ≃ 125 GeV.

• NMSSM2 scenario: The next-to-lightest Higgs boson acts as the SM-like Higgs boson h. In this scenario, the mixing effect is to push up m_h. Both the mixing effect and the additional tree level contribution make the large radiative correction unnecessary.

III. CALCULATIONS AND NUMERICAL RESULTS

At the ILC, the photon-photon collider can be achieved from Compton backscattering of laser photon off e^+e^− beams, so the total cross section of e^+e^− → γγ → hh can be obtained in the form σ(s) = ∫_{xmax} 2m_h/ √ s dz dL_{γγ} dz σ̂(γγ → hh) at ŝ = z^2s (4)

where √ s ( √ ŝ) is the center of mass energies of e^+e^− (γγ), and dL_{γγ} /dz is distribution function of photon luminosity, which is defined as dL_{γγ} dz = 2z ∫_{xmax} z^2/x_{max} dx x f_{γ/e}(x)f_{γ/e}(z^2/x) (5) For the unpolarized initial electrons and laser photon beams, the energy spectrum of the backscattered photon is given by[8]

f_{γ/e}(x) = 1 1.8397 ( 1 − x +^1_{1−x} −^{4x}_{ξ(1−x)} +^{4x2}_{ξ2(1−x)2} ) for x < 0.83, ξ = 2(1 + √ 2), 0 for x > 0.83 (6)

In SUSY models the SM-like Higgs pair production at the photon-photon collider receives additional contributions from the loops mediated by the third generation squarks, charginos and the charged Higgs boson, which are at the same perturbation order with the SM contributions. Therefore, the cross section of the Higgs pair production in SUSY may be enhanced significantly with respect to that in the SM. In the calculations, we adopt the^′t Hooft Feynman gauge [20], which involves a large number of diagrams from the loops mediated by W bosons, charged Higgs bosons, the Goldstone particles and also the ghost particles, so we do not present the Feynman diagrams from these particles, which can be seen in [10, 13], and only show the Feynman diagrams arising from the third generation squarks and charginos in Fig. 1. The diagram can be divided into six parts labeled from (i) to (vi), and each part is UV finite and gauge invariant. The calculations of the loop diagrams are usually tedious if one expands the tensor loop functions in terms of scalar loop functions. So we retain the tensor loop functions and use the improved LoopTools[21] to calculate them. In Fortran code, we use arrays to encode the tensor loop functions as well as other quantities such as Lorentz vectors, Dirac spinors and Dirac γ matrices[22]. The analytical expressions are so lengthy that we do not presented explicit forms here.

In the numerical calculations we take m_t = 173.5 GeV, m_b = 4.18 GeV, m_W = 80.385 GeV and α = 1/128 [23], and fix the center of mass energy of ILC to be 1 TeV. For m_h = 125 GeV, the cross section of e^+e^− → γγ → hh in the SM is 0.63 fb, which changes little for m_h varies from 123 GeV to 127 GeV. And we also numerically checked our results, which are agreement with [9].

FIG. 1: Feynman diagrams arising from the third generation squarks and charginos for the pair production of the SM-like Higgs boson at the photon-photon collider in the MSSM and NMSSM, where H_a denotes a CP-even Higgs (a = 1, 2 for the MSSM and a = 1, 2, 3 for the NMSSM), q̃_{i,j} (i, j = 1, 2) denotes a squark and χ^−_i (i = 1, 2) stands for a chargino. The diagrams with initial photons or final Higgs bosons interchanged are not shown here.

In this work, we use the package NMSSMTools [24] to scan over the parameter space of the MSSM and NMSSM, and investigate the samples which predict a SM-like Higgs boson within 125 ± 2 GeV. The scan ranges of the parameter space are same as [18], and the surviving samples satisfy the following experimental constraints: (1)the LHC constraints on the nonstandard Higgs boson and the mass of sparticles; (2) the 2σ limits from the muon anomalous magnetic moment, the electroweak precision data and various B-physics observables, such

FIG. 2: The scatter plots of the surviving samples in the MSSM and NMSSM, projected in the plane of R ≡ σ_{SUSY} /σ_{SM} versus the mass of SM-like Higgs boson.

as the latest experimental result of Br(B_s → μ^+μ^−) [25]; (3) the constraints from dark matter relic density (2σ range given by the WMAP) as well as the direct search result from XENON2012 experiment (at 90% confidence level); (4) the global fit of the SUSY predictions on various Higgs signals to the LHC Higgs data [26–29]. For each surviving samples, we calculate the Higgs pair production rate R ≡ σ_{SUSY} (e^+e^− → γγ → hh)/σ_{SM} (e^+e^− → γγ → hh), which is less sensitive to higher order QCD corrections.

In Fig. 2 we project the surviving samples of the MSSM and NMSSM in the plane of R ≡ σ_{SUSY} /σ_{SM} versus the mass of SM-like Higgs boson. For the case in the NMSSM, we show the results for the NMSSM1 and NMSSM2 scenario separately. The figure shows that in most cases the cross sections of Higgs pair production are slightly enhanced in the MSSM and NMSSM with respect to that in the SM. However, in some special cases, the normalized production rate can reach ∼1.4 in the MSSM and ∼2 in the NMSSM. From the figure we can also see that the production rates in the NMSSM1 scenario usually slightly larger than that in other two scenarios, and in the NMSSM2 scenario the production rates can also be suppressed. The reasons will be explained later.

Compared the normalized production rate of process e^+e^− → γγ → hh at the ILC with the process pp → gg → hh at the LHC[30], we find the normalized production rate of e^+e^− → γγ → hh is usually smaller than that of pp → gg → hh. This is because the destructive effect between the contributions from the squark loops and W boson loops in the process γγ → hh, in which the contributions from the W boson loops may be dominant.

FIG. 3: Same as Fig. 2, but showing R versus^{At}_{mt̃1} .

FIG. 4: Same as Fig. 2, but showing R versus m_{t̃1} .

From the numerical calculations we also find that the contributions from the chargino loops to the cross section of e^+e^− → γγ → hh are quite small. And the enhancement of the cross section is mainly due to the contributions from the squark loops, which is similar with the process pp → gg → hh at the LHC. Therefore in Fig. 3 and Fig.4 we show the normalized production rate R as a function of^{At}_{mt̃1} and m~_{t1} , respectively. From the two figures we can see that large^{|At|}_{mt̃1} and light m~_{t1} usually predict a large normalized production rate R. This is because for a light m~_{t1} , the dominant contributions from squark loops scale like (A_t/m~_{t1} )^4(m^2_t m^2_{t̃1} /m^4_{t̃2} )[30]. However, Fig.4 also indicates that in a corner of the parameter space in the NMSSM1 scenario, the deviation can be larger than 40% for m~_{t1} > 1 TeV. In such cases, the contributions from the W boson loops are usually larger than the other cases.

FIG. 5: Same as Fig. 2, but showing R versus χ^2. Here only the samples satisfying 125 GeV ≤ m_h ≤ 126 GeV are plotted.

As analyzed in the section II, in order to predict a 125 GeV Higgs in the MSSM, the average stop mass m~_t or the trilinear soft breaking parameter |A_t| must be large. However, in the NMSSM1 scenario, the mixing effect is destructive with the additional tree level contribution, so large radiative corrections are needed to predict a 125 GeV Higgs boson. For the same values of the top-squark in the MSSM and NMSSM, the NMSSM1 scenario usually prefers a larger |A_t|, which leads to the larger production rate than the other two scenarios, as shown in Fig. 2. In the NMSSM2 scenario, both the additional tree level contribution and the mixing effect can enhance the Higgs boson mass up to about 125 GeV, so the constraints on the parameter |A_t| is not so strong. That is why the production rate can also be enhanced or suppressed in the NMSSM2 scenario.

Finally, we calculate the χ^2 values with the LHC Higgs data for the samples with 125 GeV ≤ m_h ≤ 126 GeV in the best fitted mass region [26–29], and show the relationship with the normalized production rate R in Fig. 5. From the figure we can see that there exist some samples with χ^2 slightly smaller than its SM value (χ^2_{SM} = 17.57). For the χ^2 better than the SM value, the production rates only deviate slightly from the SM prediction in the MSSM and NMSSM2 scenario, while the deviation can reach 40% in the NMSSM1 scenario.

IV. SUMMARY AND CONCLUSION

For the precise measurement of the Higgs boson properties at the ILC, the Higgs pair production at the photon-photon collision will play an important role since it can test the Higgs self-coupling. In this work we investigated the Higgs pair production in the MSSM and NMSSM at the photon-photon collision of the ILC. We considered various experimental constraints and scanned over the parameter space of the MSSM and NMSSM. Then in the allowed parameter space we calculated the cross section of Higgs pair production at the ILC and compared the results with the predictions in the SM. We found that the enhancement of the cross section is mainly due to the contributions from the loops mediated by the topsquark. For a large trilinear soft breaking parameter A_t and a moderate top-squark mass m~_{t1} , the normalized production rate R ≡ σ_{SUSY} /σ_{SM} can reach ∼1.4 in the MSSM and ∼2 in the NMSSM. We also calculated the χ^2 values with the LHC Higgs data. For the χ^2 better than the SM value, the production rates only deviate slightly from the SM prediction in the MSSM and NMSSM2 scenario, while the deviation can reach 40% in the NMSSM1 scenario.

Acknowledgement

We thank Jin Min Yang, Junjie Cao and Jingya Zhu for helpful discussions. This work was supported in part by the National Natural Science Foundation of China (NNSFC) under grant No. 11247268.

[1] G. Aad et al. [ATLAS Collaboration], Phys. Lett. B 716, 1 (2012); S. Chatrchyan et al. [CMS Collaboration], Phys. Lett. B 716, 30 (2012).

[2] The ATLAS Collaboration, ATLAS-CONF-2013-012; ATLAS-CONF-2013-034. [3] The CMS Collaboration, CMS-PAS-HIG-13-001; CMS-PAS-HIG-13-005. [4] J. Cao, et al., JHEP 1203, 086 (2012); Phys. Lett. B 710, 665 (2012); Phys. Lett. B 703, 462 (2011).

[5] M. Carena, et al., JHEP 1203, 014 (2012); M. Kadastik, et al., JHEP 1205, 061 (2012);

P. Draper et al., Phys. Rev. D 85, 095007 (2012); S. Heinemeyer, et al., Phys. Lett. B 710,

201 (2012); A. Arbey et al., Phys. Lett. B 708, 162 (2012); C. -F. Chang et al., JHEP 1206, 128 (2012); M. Carena et al., JHEP 1207, 175 (2012); V. Barger, et al., arXiv:1207.0779; K. Hagiwara, J. S. Lee, J. Nakamura, arXiv:1207.0802; J. Ke et al., arXiv:1207.0990; arXiv:1211.2427; T. Li et al., arXiv:1207.1051; M. R. Buckley and D. Hooper, Phys. Rev. D 86, 075008 (2012); J. F. Gunion, Y. Jiang, S. Kraml, arXiv:1207.1545; H. An, T. Liu, L.-T. Wang, arXiv:1207.2473. Z. Kang et al., Phys. Rev. D 86, 095020 (2012); arXiv:1208.2673; D. Chung, A. J. Long and L. -T. Wang, arXiv:1209.1819; G. Bhattacharyya and T. S. Ray, arXiv:1210.0594; G. Belanger et al., arXiv:1210.1976; H. Baer et al., arXiv:1210.3019; Z. Heng, Adv. High Energy Phys. 2012, 312719 (2012); P. M. Ferreira et al., arXiv:1211.3131; D. Berenstein, et al., arXiv:1211.4288; K. Cheung, et al., arXiv:1212.1288; J. Cao et al., arXiv:1301.4641; T. Liu et al., arXiv:1301.5479; D. G. Cerdeno, et al., arXiv:1301.1325 [hep-ph]; N. D. Christensen, et al., arXiv:1303.2113 [hep-ph]; W. Wang, J. M. Yang and L. L. You, arXiv:1303.6465 [hepph]; R. Barbieri, et al., arXiv:1304.3670 [hep-ph]; T. Cheng, J. Li, T. Li and Q. -S. Yan, arXiv:1304.3182 [hep-ph]; M. Badziak, et al., arXiv:1304.5437 [hep-ph]; C. Han, F. Wang and J. M. Yang, arXiv:1304.5724 [hep-ph]; S. Munir, et al., arXiv:1305.0591 [hep-ph]; B. Bhattacherjee, et al., arXiv:1305.4020 [hep-ph]; T. Cheng and T. Li, arXiv:1305.3214 [hep-ph].

[6] M. E. Peskin, arXiv:1207.2516 [hep-ph].

[7] I. F. Ginzburg, Nuovo Cim. C 033N2, 11 (2010) [arXiv:0912.4841 [hep-ph]]. [8] V. I. Telnov, Nucl. Instrum. Meth. A 294, 72 (1990); M. Bohm, H. Spiesberger and W. Hollik, Fortsch. Phys. 34, 687 (1986).

[9] G. V. Jikia, Nucl. Phys. B 412, 57 (1994).

[10] S. -H. Zhu, C. -S. Li and C. -S. Gao, Phys. Rev. D 58, 015006 (1998) [hep-ph/9710424]. [11] F. Cornet and W. Hollik, Phys. Lett. B 669, 58 (2008) [arXiv:0808.0719 [hep-ph]]; E. Asakawa, et al., Phys. Lett. B 672, 354 (2009) [arXiv:0809.0094 [hep-ph]].

[12] E. Asakawa, et al., Phys. Rev. D 82, 115002 (2010) [arXiv:1009.4670 [hep-ph]]. [13] Y. -J. Zhou, et al., Phys. Rev. D 68, 093004 (2003) [hep-ph/0308226]. [14] S. -i. Kawada, et al., Phys. Rev. D 85, 113009 (2012) [arXiv:1205.5292 [hep-ph]]. [15] R. Belusevic and G. Jikia, Phys. Rev. D 70, 073017 (2004) [hep-ph/0403303]. [16] H. E. Haber and G. L. Kane, Phys. Rept. 117, 75 (1985); J. F. Gunion and H. E. Haber, Nucl. Phys. B 272, 1 (1986).

[17] U. Ellwanger, C. Hugonie and A. M. Teixeira, Phys. Rept. 496, 1 (2010); M. Maniatis, Int. J.

Mod. Phys. A25 (2010) 3505; J. R. Ellis et al. Phys. Rev. D 39, 844 (1989); M. Drees, Int. J. Mod. Phys. A4, 3635 (1989); S. F. King, P. L. White, Phys. Rev. D 52, 4183 (1995); B. Ananthanarayan, P.N. Pandita, Phys. Lett. B 353, 70 (1995); B. A. Dobrescu, K. T. Matchev, JHEP 0009, 031 (2000); R. Dermisek, J. F. Gunion, Phys. Rev. Lett. 95, 041801 (2005); G. Hiller, Phys. Rev. D 70, 034018 (2004); F. Domingo, U. Ellwanger, JHEP 0712, 090 (2007); Z. Heng et al., Phys. Rev. D 77, 095012 (2008); R. N. Hodgkinson, A. Pilaftsis, Phys. Rev. D 76, 015007 (2007); W. Wang et al., Phys. Lett. B 680, 167 (2009).

[18] J. Cao, Z. Heng, J. M. Yang and J. Zhu, JHEP 1210, 079 (2012). [19] M. Carena, S. Gori, N. R. Shah and C. E. M. Wagner, JHEP 1203, 014 (2012). [20] G. ’t Hooft, Nucl. Phys. B 35, 167 (1971).

[21] T. Hahn and M. Perez-Victoria, Comput. Phys. Commun. 118, 153 (1999) [hep-ph/9807565]. [22] J. J. Cao,et al., Phys. Rev. D 75, 075021 (2007) [hep-ph/0702264]. [23] J. Beringer et al. [Particle Data Group Collaboration], Phys. Rev. D 86, 010001 (2012). [24] U. Ellwanger and C. Hugonie, Comput. Phys. Commun. 175, 290 (2006); U. Ellwanger, J. F. Gunion and C. Hugonie, JHEP 0502, 066 (2005).

[25] Raij et al. [LHCb Collaboration], Phys. Rev. Lett. 110, 021801 (2013). [26] P. P. Giardino, K. Kannike, M. Raidal and A. Strumia, Phys. Lett. B 718, 469 (2012) [arXiv:1207.1347 [hep-ph]]; JHEP 1206, 117 (2012) [arXiv:1203.4254 [hep-ph]].

[27] J. R. Espinosa, C. Grojean, M. Muhlleitner and M. Trott, JHEP 1205, 097 (2012) [arXiv:1202.3697 [hep-ph]].

[28] J. Ellis and T. You, arXiv:1303.3879 [hep-ph]. [29] P. P. Giardino, et al., arXiv:1303.3570 [hep-ph].

[30] J. Cao, et al., JHEP 1304, 134 (2013) [arXiv:1301.6437 [hep-ph]].