arXiv:1202.2673v2 [hep-ph] 23 Feb 2012

Higgs portal dark matter at a linear collider

Takehiro Nabeshima^1

Department of Physics, University of Toyama, Toyama 930-8555, Japan

We investigate the possibility of detecting dark matter at TeV scale linear colliders in the scenario where the dark matter interacts with standard model particles only via the Higgs boson. In this scenario, the dark matter would be difficult to be tested at the LHC especially when the decay of the Higgs boson into a dark matter pair is not kinematically allowed. In this talk, we discuss whether even such a case can be explored or not at the ILC and CLIC via the Z boson fusion process. This talk is mainly based on Refs. [1] and [2].

1 Introduction

The existence of dark matter has been established. It occupies more than one fifth of the energy density in the Universe [3]. If the essence of dark matter is a particle, it must be electrically neutral and weakly interacting. A plausible candidate for dark matter would be a Weakly Interacting Massive Particle (WIMP). According to the WMAP experiment [3], the WIMP dark matter mass is deduced at the TeV scale or below by a rough estimation. Therefore, we may be able to directly produce the dark matter and to test it at high energy collider experiments such as the CERN Large Hadron Collider (LHC), the International Linear Collider (ILC) [10] and the Compact Linear Collider (CLIC) [11].

The fact that the scale of the WIMP dark matter mass is similar to the electroweak symmetry breaking scale would indicate that there is a strong connection between the Higgs boson and the dark matter. There are many new physics models involving a dark matter candidate. In some of them, it can happen that the dark matter couples only to the Higgs boson in the low energy effective theory below TeV scale, where the stability of dark matter is guaranteed by an unbroken discrete symmetry. Such a scenario is often called the Higgs portal dark matter scenario [1, 2, 4–9].

In this talk [1, 2], we discuss the possibility whether the Higgs portal dark matter can be tested at TeV scale colliders such as the LHC, the international Linear Collider (ILC) [10] and the Compact Linear Collider (CLIC) [11]. We here study pair production processes of the Higgs portal dark matter via weak boson fusion processes. As a result, when the Higgs boson h decay into pair of the dark matter D, h → DD, is kinematically allowed, so that the signal would be detectable at the LHC after appropriate kinematic cuts [12] unless the coupling constant between h and D is too small. On the other hand, if the decay h → DD is not kinematically allowed, the detection of the signal would be

1 LCWS11 hopeless at the LHC. However, the signal could be detected at the linear collider with a collision energy √ s > 1 TeV the integrated luminosity 1 ab^{−1}, when the mass of D is up to about 100 GeV and the Higgs boson mass is 120 GeV.

2 The model

We here consider the simple model in which a dark matter field is added to the SM. We impose an unbroken Z2 parity, under which the dark matter is assigned to be odd while the SM particles are to be even. Stability of the dark matter is guaranteed by the Z2 parity. We consider three possibilities for the spin of the dark matter; i.e., the real scalar ϕ, the Majorana fermion χ and the real massive vector Vμ.

The Lagrangian for each case of the dark matter is given [1] by

LS = LSM + 1 2 (∂ϕ)^2 − 1 2 M^2_S ϕ^2 − cS 2 |H|^2ϕ^2 − dS 4! ϕ^4, (1)

LF = LSM + 1 2 χ̄ (i∂/ − MF) χ − cF 2Λ |H|^2χ̄χ, (2) LV = LSM − 1 4 V^{μν} Vμν + 1 2 M^2_VVμV^μ + cV 2 |H|^2VμV^μ − dV 4! (VμV^μ)^2, (3)

where Mi(i = S, F and V) are the bare masses of ϕ, χ and Vμ, ci and di are dimensionless coupling constants, Λ is a dimensionfull parameter, and Vμν and Bμν are Abelian field strength tensors. In this case, the dark matter in Eqs. (1)-(3) only couples to the SM particles via the Higgs doublet field H: i.e., it is so-called the Higgs portal dark matter.

3 Dark Matter signals at the LHC

3.1 The case m_D < m_h/2

In this case, when the mass of the Higgs boson is not heavy (m_h <∼ 150 GeV), its partial decay width into quarks and leptons is suppressed due to small Yukawa couplings. As a result, the branching ratio of the decay into the dark matter particles can be almost 100% unless the interaction between the dark matter and the Higgs boson is too weak [1].

There are several studies on the invisible decay of the Higgs boson at the LHC [5,12]. The most significant process for investigating such a Higgs boson is found to be its production through weak gauge boson fusion. According to the analysis in Ref. [13], the 30 fb^{−1} data can allow us to identify the production of the invisibly decaying Higgs boson at the 95% confidence level when its invisible branching ratio is larger than 0.250 for m_h = 120 GeV. With the use of the analysis, we plot the experimental sensitivity to detect the signal in Fig. 1. The sensitivity is shown as green lines with m_D ≤ m_h/2, where the signal can be observed in the regions above these lines. Most of parameter

LCWS11 2 regions with m_D ≤ m_h/2 can be covered by investigating the signal of the invisible decay at the LHC.

3.2 The case m_D ≥ m_h/2

In this case, the dark matter cannot be produced from the decay of the Higgs boson. We consider, however, the process of weak gauge boson fusion again [1]. With V^∗ and h^∗ being a virtual weak gauge boson and the Higgs boson, the signal is from the process qq → qqV^∗V^∗ → qqh^∗ → qqDD, which is characterized by two energetic quark jets with large missing energy and a large pseudo-rapidity gap between them [12].

Following the Ref. [12], we apply kinematical cuts in order to reduce backgrounds,

p^j_T > 40 GeV, p/_T > 100 GeV, |ηj | < 5.0, |ηj_1 − ηj_2 | > 4.4, ηj_1 · ηj_2 < 0, Mj_1 j_2 > 1200 GeV, ϕj_1 j_2 < 1, (4)

where p^j_T , p/_T , and ηj are the transverse momentum of j, the missing energy, and the pseudo-rapidity of j, respectively. The invariant mass of the two jets is denoted by Mjj , while ϕjj is the azimuthal angle between two jets. We also impose a veto of central jet activities with pT > 20 GeV in the same manner of this reference. From the analysis of these backgrounds, it turns out that, at the LHC with the energy of √ s = 14 TeV and the integrated luminosity of 100 fb^{−1}, the signal will be detected at 95% confidence level when its cross section exceeds 4.8 fb after applying these kinematical cuts [12].

The result is shown in Fig. 1 as the regions above green lines for m_D ≥ m_h/2, where with an integrated luminosity of 100 fb^{−1} the signal at 95% confidence level can be observed. The allowed region which satisfies the WMAP data (2σ) is the magenta region. The sensitivity does not reach the region consistent with the WMAP observation, but it is close for fermion and vector dark matters with m_h = 120 GeV.

4 Dark Matter signals at the e^+e^−collider

We consider the possibility to detect the dark matter at electron-positron linear colliders such as the ILC and the CLIC [2]. We are interested in the case of m_h < 2mD , where the Higgs boson cannot decay into a pair of dark matters. We concentrate on the Z boson fusion process e^+e^− → e^+e^−Z^∗Z^∗ → e^+e^−h^∗ → e^+e^−DD. This process can, in principle, be used to detect the dark matter by measuring the outgoing electron and positron in the final state and by using the energy momentum conservation.

We impose the polarization for both incident electron and positron beams [10]; N_e−_R − N_e−_L N_e−_R + N_e−_L

= 80%,

N_e+_R − N_e+_L N_e+_R + N_e+_L

= 50%, (5)

3 LCWS11

Figure 1: Sensitivities to detect the dark matter signal at the LHC. Constraints and expected sensitivities on direct detection experiments for dark matter are also shown.

where N_e−_{R,L} and N_e+_{R,L} are numbers of right (left) handed electron and positron in the beam flux per unit time. By using the polarized beams, the backgrounds which are mediated by the W boson can be reduced. The backgrounds mediated by the Z boson are reduced by the basic cut in Eq. (7) as we will see soon.

The cross section of the signal process is the larger as the collision energy √ s increases, so that the higher collision energy may be more useful to detect the signal. However, for √ s = 1-5 TeV, the outgoing electron and positron tend to be emitted to forward and backward directions, and the detectability of the leptons near the beam line is therefore essentially important. We assume the detectable area as [14]

| cos θ| < 0.9999416, (6)

where θ is the scattering angle. Assuming the situation that the Higgs boson mass is already known, we impose the condition for the missing invariant mass Minv as

Minv > m_h, (7)

in order to discuss the detection of the dark matter in the case m_D > m_h/2.

Backgrounds against the signal process are all the process with the final state of e^+e^− with a missing momentum. The main background processes are those with the final state e^+e^−νeνe. We impose kinematical cuts in order to gain the signal significance [2].

Einv < 0.4 √ s GeV, ϕee < 2.3 rad, M^{S1}_{ee} > 600 GeV, M^{F 1}_{ee} > 600 GeV, M^{V 1}_{ee} > 600 GeV, M^{S5}_{ee} > 4200 GeV, M^{F 5}_{ee} > 3900 GeV, M^{V 5}_{ee} > 3000 GeV, (8)

where Einv, Mee and ϕee are the missing energy, the invariant mass depending on the spin of the dark matter for √ s = 1 TeV and 5 TeV and the azimuthal angle between

LCWS11 4

Figure 2: Sensitivities to detect the dark matter signal at the ILC and CLIC. The areas of NS / √ NS + NB > 5 at the e^+e^− collider for √ s = 1 TeV (green) and 5 TeV (blue) with 1 ab^{−1} data are shown with assuming m_h = 120 GeV. Constraints on direct detection experiments and the tree level unitarity for dark matter are also shown.

outgoing electron and positron, respectively. As a result, the significance to detect the signal, NS / √ NS + NB with NS (NB ) being the event number for signal (backgrounds), can be greater than one even if the Higgs boson cannot decay into a dark matter pair.

In Fig. 2, we show the regions where the significance is larger than five in the plane of the coupling constant and the dark matter mass at √ s = 1 TeV (green area) and 5 TeV (blue area). The mass of the Higgs boson is set to be 120 GeV and the integrated luminosity is assumed to be 1 ab^{−1}. For the region mD < m_h/2, where the Higgs boson can decay into a pair of dark matters, the 3σ line at √ s = 350 GeV with the integrated luminosity 500 fb^{−1} is shown by the cyan curve. In each figure, the allowed region which satisfies the WMAP data (3σ) is the red area.

First, in the figure on the left side of Fig. 2, the results for the scalar dark matter are shown. There is no overlap between the region of NS / √ NS + NB > 5 and that satisfying the WMAP data even at √ s = 5 TeV. Second, in the figure on the center side of Fig. 2, the results for the fermion dark matter are shown. For the e^+e^− collision at √ s = 1 TeV, the area where NS / √ NS + NB > 5 and the WMAP data are both satisfied is very limited, while the area becomes wider at √ s = 5 TeV. Finally, in the figure on the right side of Fig. 2, the results for the vector dark matter are shown. At √ s = 1 TeV, NS / √ NS + NB > 5 and the WMAP data cannot be compatible, but a wide region of the overlap can be seen at the √ s = 5 TeV. In particular, for the m_h/2 < mD < 100 GeV, it can be seen that the vector dark matter with the coupling constant larger than 2-4 × 10^{−3} can be tested.

5 LCWS11

5 Conclusions

We have investigated the possibility of detecting dark matter at TeV scale colliders in the Higgs portal dark matter scenario. We have considered three possible cases for spin of the dark matter (the scalar, fermion or vector dark matter) and we have studied pair production processes of the dark matter via weak boson fusion processes. If the dark matter particle is light, m_D < m_h/2, the Higgs boson decays into a pair of dark matter particles with a large branching ratio. Such an invisibly decaying Higgs boson can be explored at the LHC by the Higgs boson production process. We have found that a multi-TeV collider can be more useful to explore the dark matter in these models than the 1 TeV collider when the invisible decay of the Higgs boson into a pair of dark matters is kinematically forbidden. Suppose that the Higgs boson is found to be 120 GeV at the LHC and that in future an excess will be found for the signal of e^+e^− plus missing energy above the background at the 5TeV linear collider. Our results tell us that such a signal would indicate the WIMP dark matter. The interaction is also determined to a considerable extent. Therefore, we conclude that by measuring this process at the multi-TeV linear collider, we may be able to extract the measure property of the WIMP dark matter such as its mass, spin, and coupling constants.

Acknowledgments

I would like to thank S. Kanemura, S. Matsumoto, N. Okada and H. Taniguchi for fruitful collaborations. This talk is partially supported by a JSPS grant in aid for specially promoted program ”A global research and development program of a stateof-the-art detector system for ILC”.

References

[1] S. Kanemura, S. Matsumoto, T. Nabeshima and N. Okada, Phys. Rev. D 82 (2010) 055026.

[2] S. Kanemura, S. Matsumoto, T. Nabeshima and H. Taniguchi, Phys. Lett. B 701, 591 (2011).

[3] E. Komatsu et al. [WMAP Collaboration], Astrophys. J. Suppl. 192 (2011) 18. [4] J. McDonald, Phys. Rev. D 50 (1994) 3637; C. P. Burgess, M. Pospelov and T. ter Veldhuis, Nucl. Phys. B 619 (2001) 709.

[5] M. C. Bento, O. Bertolami, R. Rosenfeld and L. Teodoro, Phys. Rev. D 62 (2000) 041302; R. Barbieri, L. J. Hall and V. S. Rychkov, Phys. Rev. D 74 (2006) 015007;

LCWS11 6

V. Barger, P. Langacker, M. McCaskey, M. J. Ramsey-Musolf and G. Shaughnessy, Phys. Rev. D 77 (2008) 035005; M. Aoki, S. Kanemura and O. Seto, Phys. Rev. Lett. 102 (2009) 051805; Phys. Rev. D 80 (2009) 033007, M. Aoki, S. Kanemura and K. Yagyu, Phys. Rev. D 83, 075016 (2011), K. Ghosh, B. Mukhopadhyaya and U. Sarkar, Phys. Rev. D 84, 015017 (2011).

[6] X. G. He, T. Li, X. Q. Li, J. Tandean and H. C. Tsai, Phys. Lett. B 688 (2010) 332; M. Farina, D. Pappadopulo and A. Strumia, Phys. Lett. B 688 (2010) 329; M. Kadastik, K. Kannike, A. Racioppi and M. Raidal, Phys. Lett. B 694 (2010) 242; K. Cheung and T. C. Yuan, Phys. Lett. B 685 (2010) 182; M. Aoki, S. Kanemura and O. Seto, Phys. Lett. B 685 (2010) 313; M. Asano and R. Kitano, Phys. Rev. D 81 (2010) 054506; A. Bandyopadhyay, S. Chakraborty, A. Ghosal and D. Majumdar, JHEP 1011 (2010) 065; S. Andreas, C. Arina, T. Hambye, F. S. Ling and M. H. G. Tytgat, Phys. Rev. D 82 (2010) 043522; V. Barger, M. McCaskey and G. Shaughnessy, Phys. Rev. D 82 (2010) 035019; C. Arina, F. X. Josse-Michaux and N. Sahu, Phys. Rev. D 82 (2010) 015005 A. Drozd, B. Grzadkowski and J. Wudka, arXiv:1112.2582 [hep-ph]. A. Djouadi, O. Lebedev, Y. Mambrini and J. Quevillon, arXiv:1112.3299 [hep-ph].

[7] O. Bertolami and R. Rosenfeld, Int. J. Mod. Phys. A 23 (2008) 4817. [8] G. Jungman, M. Kamionkowski and K. Griest, Phys. Rept. 267 (1996) 195;

G. Bertone, D. Hooper and J. Silk, Phys. Rept. 405 (2005) 279; J. March-Russell, S. M. West, D. Cumberbatch and D. Hooper, JHEP 0807 (2008) 058; J. McDonald and N. Sahu, JCAP 0806 (2008) 026; Y. G. Kim, K. Y. Lee and S. Shin, JHEP 0805 (2008) 100; Y. G. Kim and S. Shin, JHEP 0905 (2009) 036, N. Okada and O. Seto, Phys. Rev. D 82, 023507 (2010), S. Kanemura, O. Seto and T. Shimomura, Phys. Rev. D 84, 016004 (2011), S. Kanemura, T. Nabeshima and H. Sugiyama, arXiv:1111.0599 [hep-ph].

[9] M. Perelstein, Prog. Part. Nucl. Phys. 58 (2007) 247; D. V. Ahluwalia, C. Y. Lee, D. Schritt and T. F. Watson, Phys. Lett. B 687 (2010) 248; S. Gopalakrishna, S. Jung and J. D. Wells, Phys. Rev. D 78 (2008) 055002. O. Lebedev, H. M. Lee and Y. Mambrini, Phys. Lett. B 707, 570 (2012) [arXiv:1111.4482 [hep-ph]].

[10] H. Flacher, M. Goebel, J. Haller, A. Hocker, K. Monig and J. Stelzer, Eur. Phys.

J. C 60 (2009) 543.

[11] E. Accomando et al. [CLIC Physics Working Group], arXiv:hep-ph/0412251. [12] O. J. P. Eboli and D. Zeppenfeld, Phys. Lett. B 495 (2000) 147. [13] M. Warsinsky [ATLAS Collaboration], J. Phys. Conf. Ser. 110 (2008) 072046;

Di Girolamo B and Neukermans L, 2003 Atlas Note ATL-PHYS-2003-006. [14] P. Bambade, V. Drugakov and W. Lohmann, Pramana 69 (2007) 1123.

7 LCWS11