arXiv:1306.3229v1 [hep-ph] 13 Jun 2013

PITT-PACC-1302

Non-Decoupling MSSM Higgs Sector and Light Superpartners

Tao Han^{a,e,f} , Tong Li^b, Shufang Su^c, and Lian-Tao Wang^d a Pittsburgh Particle physics, Astrophysics, and Cosmology Center, Department of Physics and Astronomy, University of Pittsburgh, 3941 O’Hara St., Pittsburgh, PA 15260, USA b ARC Centre of Excellence for Particle Physics at the Terascale, School of Physics, Monash University, Melbourne, Victoria 3800, Australia c Department of Physics, University of Arizona, P.O.Box 210081, Tucson, AZ 85721, USA d Department of Physics, Enrico Fermi Institute, and Kavli Institute for Cosmological Physics, University of Chicago, Chicago, IL 60637-1434, USA e Center for High Energy Physics, Tsinghua University, Beijing 100084, China f Korea Institute for Advanced Study (KIAS), Seoul 130-012, Korea

Abstract

In the “non-decoupling” region of the Higgs sector in MSSM, the heavier CP-even Higgs boson (H^0) is Standard-Model-like and close to the charged Higgs bosons (H^±) in mass, while other neutral Higgs bosons (h^0, A^0) are lighter and near the Z mass. This scenario is consistent with the current Higgs search limits. We demonstrate that it can pass the stringent flavor constraints, provided there are other light SUSY particles to contribute in the loop induced processes. In turn, the non-decoupling Higgs sector implies the existence of light (left-handed) stop, sbottom and Wino-like gauginos, with mass all below 250 GeV. These light super-partners can still escape the current SUSY searches at the LHC. Dedicated searches for soft decay products should be devised for the LHC experiments to improve the searching sensitivity. The ILC would be able to cover the full spectrum region. The solutions for the viable SUSY parameters result from subtle cancellations and are often missed by the generic multiple dimensional scans, highlighting the importance of theoretical guidance in search for such special cases.

I. INTRODUCTION

The milestone discovery of the Higgs boson in the LHC experiments [1] has not only established the Standard Model (SM) as the correct effective theory to describe Nature up to the weak scale, but also opened a window to new physics associated with the Higgs sector.

One of the best motivated theories beyond the SM is the weak scale supersymmetry (SUSY). In the framework of the Minimal Supersymmetric Standard Model (MSSM), the Higgs sector [2, 3] has been extensively studied in the light of the recent Higgs discovery [4, 5]. It was elaborated [5] that, for a Higgs boson of a mass m_h ≈ 126 GeV, requiring the SM-like cross sections for gg → h → γγ, W W , the MSSM Higgs parameters split into two distinct regions:

(a) m_A ≲ 130 GeV: the “non-decoupling” region [6]. In this region, the light CP-even Higgs h^0 and the CP-odd state A^0 are nearly mass degenerate and close to m_Z , while the heavy CP-even state H^0 is close to 126 GeV and the charged state H^± is slightly heavier.

(b) m_A >∼ 400 GeV: the “decoupling” region [6]. In this region, the light CP-even Higgs h^0 has a mass around 126 GeV, while all the other Higgs bosons are nearly degenerate with m_A [7].

The non-decoupling scenario could be of immediate relevance for the LHC phenomenology: If the non-SM Higgs bosons are all light, they may be accessible at the LHC even with the existing data [8]. In particular, the processes of Higgs pair production,

pp → H^±A^0, H^+H^−, (1)

are via pure electroweak gauge interactions and are independent of the MSSM parameters except for their masses, in contrast to the gluon fusion and vector boson associated production processes. Additionally, there may be sizable contributions from the processes

pp → H^±h^0, A^0h^0, (2)

in the low-mass non-decoupling region which, on the other hand, do depend on the MSSM parameters and, thus, may be used to study the model.

However, it is well known that the b-quark rare decays via the flavor-changing neutral currents (FCNC) put very stringent constraints on the light Higgs and SUSY states [9, 10]. It is thus not obvious if the non-decoupling region with light Higgs bosons would still be viable with respect to the stringent constraints from the flavor sector. Because of the theoretical and observational importance, we set to explore this question in detail in the current work. We not only scan over a broad range of SUSY parameter space, but also explore the detailed structure seeking for subtle cancellations. Although the data from B rare decays put significant bounds on the Higgs and gaugino sector, we find that this scenario can pass the stringent flavor constraints, provided there are other light SUSY particles to contribute in the loop induced processes. The subtle cancellation among the contributing diagrams implies the existence of a light (left-handed) stop with a mass typically in the range of 100 GeV−190 GeV, a light (left-handed) sbottom of 160 GeV−250 GeV, and light Wino-like gauginos of 100 GeV−250 GeV. In addition, a Bino-like LSP is strongly favored due to the dark matter consideration in the MSSM [11]. Taking into account the current stop and sbottom direct search limits from colliders, we find that there are two practical scenarios still viable to give consistent solutions:

Case A : M_1 < M_2 < m~_{t1} < m~_{b1} , and Case B : M_1 < m~_{t1} < M_2 < m~_{b1} .

Our findings are of both academic and practical significance: On the one hand, the solutions obtained rely on cancellations that could be easily missed by generic scanning [5, 12]. The lesson for us is not to draw conclusions from simple generic features, since Nature might well be more subtle than naively expected. On the other hand, the solutions can be viewed as a sharp prediction. While the dominant stop decay is t̃_1 → bW^{(∗)}χ̃^0_1 or t̃_1 → cχ̃^0_1, the sbottom mostly decays via b̃_1 → bχ̃^0_2 with χ̃^0_2 decay subsequently to Z^{(∗)}χ̃^0_1, h^{0(∗)}χ̃^0_1, etc. The study of such a light stop and sbottom, as well as χ̃^0_2 at the LHC poses special interest for the Higgs non-decoupling region, which calls for further theoretical and dedicated experimental investigations. An e^+e^− International Linear Collider (ILC), on the other hand, would be able to cover the full spectrum region, once it crosses over the mass threshold of the SUSY partners.

The rest of the paper is organized as follows. In Sec. II, we summarize the SUSY contribution to rate B decays, in particular, to b → sγ. In Sec. III, we recall the Higgs sector of the MSSM in the non-decoupling region and present the parameter choices for our scan. we also present our results with the scanning subject to the stringent flavor constraints. We discuss the consequences of the scan results for the LHC searches of stop, sbottom and neutralinos/charginos and also comment on the potential benefits for their studies at the ILC in Sec. IV. We summarize our results in Sec. V. We collect the formulae of loop functions for flavor observables in the Appendix.

II. NON-DECOUPLING MSSM HIGGS SECTOR CONFRONTING B RARE DECAYS

The non-decoupling MSSM Higgs scenario has been mapped out in some recent studies [5, 13– 16]. This scenario necessarily has a light charged Higgs. However, its contributions to flavor changing neutral current processes [17], such as b → sγ, are too large to be consistent with the measurements. Additional contributions can also arise in MSSM, mediated by loops containing super-partners. It is possible that such SUSY contributions [18] can partially cancel the dangerous charged Higgs contribution, rendering this scenario phenomenologically viable. Short of a symmetry, such a cancellation is indeed finely tuned. Nevertheless, given the central roles of supersymmetry and electroweak symmetry breaking in our speculations on new physics beyond the Standard Model, and the lack of knowledge of flavor physics in SUSY theories, it is important to leave no stone unturned in covering the SUSY parameter space.

In general, there are many possible new contributions to FCNC in supersymmetry. For example, squark mass matrices can have off-diagonal entries. In this case, gluino-squark diagrams with such flavor violating couplings give some of the largest new contributions to FCNC. As a result, many of the off-diagonal entries in the squark mass matrices are strongly constrained. This is a well known example of the SUSY flavor problem. While interesting and acceptable effects from such couplings are still possible, it needs to be addressed in a comprehensive framework. In this work, we follow an alternative approach which does not rely on new flavor violation from SUSY breaking, assuming they have been forbidden or strongly suppressed. In this case, supersymmetric charged-current couplings still give new contributions to FCNC processes. We note that this is the simplest realization of the Minimal Flavor Violation scenario [19]. In this case, satisfying constraints from B rare decay measurements requires the stop and sbottom to be light. Hence, this scenario necessarily predicts improved naturalness of the electroweak symmetry breaking. We now provide a qualitative discussion of the necessary cancellation.

The ΔF = 1 effective Hamiltonian relevant for the b → sγ transition is [20]

H_{eff} ⊃ − 4G_F √ 2 V^∗_{ts}V_{tb} (C_7O_7 + C_8O_8) , (3)

where the magnetic and chromomagnetic operators are

O_7 = e 16π^2 m_b(s̄_Lσ^{μν} b_R)F_{μν} , O_8 = g_s 16π^2 m_b(s̄_Lσ^{μν} T^ab_R)G^a_{μν} . (4)

The Standard Model contribution to b → sγ is dominated by the W -top loop [20]. In our scenario, the most model-independent new contribution comes from the H^±-top loop [17]. Their contributions to C_7 and C_8 are C^{H±}_{7,8} ≃ f_{7,8} ( m^2_t m^2_{H±} ) , (5)

where the loop functions f_{7,8} are given in Eq. (A1) in the Appendix. It is positive and the same as the SM contribution. The charged Higgs contribution is proportional to the top Yukawa coupling y^2_t , independent of tan β at the leading order. For the parameter region in the non-decoupling scenario, this contribution leads to a BR(b → sγ) about factor of two larger than the experimental observations for m_H± around 100 GeV. Therefore, taking into account a 10% accuracy of the current measurements, about 5% fine-tuning is needed from other SUSY contributions to b → sγ in order to cancel the large positive contribution from the charged Higgs sector.

While the charged Higgs loops always contribute constructively to the SM, the SUSY chargino loops could contribute with either sign, depending on the SUSY parameters. As usual, it is more intuitive to discuss the parameter-dependence by studying the SUSY loop contributions in the gauge eigenstate basis of H̃^+_u , H̃^−_d , W̃^±, t̃_L, t̃_R. The important SUSY contributions are shown in Fig. 1. Note a chirality flip is necessary for the diagrams to contribution to b → sγ magnetic operator as in Eq. (4), which occurs via the insertion of an odd number of fermion masses, including m_b, m_t, and/or super-partner masses M_2, μ and the Higgsino-Wino mixing. Depending on the nature of the couplings, the left-right mixing in the squark sector may be required at the same time.

In order to cancel the charged Higgs contribution, we expect at least some of the super-partners would have to be very light, with masses similar to that of the charged Higgs.^1 The two largest contributions come from diagrams Fig. 1(a) and Fig. 1(b), both are enhanced by tan β:

C^{(a)}_{7,8} ≃ 2M^2_W μM_2 tan β [ 1 M^4_{Q̃3} g^{(a)}_{7,8} ( M^2_2 M^2_{Q̃3} , μ^2 M^2_{Q̃3} ) − 1 M^4_{q̃} g^{(a)}_{7,8} ( M^2_2 M^2_{q̃} , μ^2 M^2_{q̃} )] , (6)

C^{(b)}_{7,8} ≃ − m^2_t μA_t 2M^4_{Q̃3} tan β g^{(b)}_{7,8} ( μ^2 M^2_{Q̃3} , μ^2 M^2_{t̃R} ) , (7)

where the loop functions g^{(a),(b)}_{7,8} are given in Eqs. (A2)-(A5) in the Appendix. M~_{Q3} (M~_{tR} ) is the mass parameter for the left(right)-handed stop and M_{q̃} is the common squark mass parameter for

1 One possible alternative is to have enhanced large couplings. However, within our scenario, this effect is limited. For example, as we discussed later, tan β is strongly constrained by collider searches and cannot be very large, and it does not negate the requirement of very light super-partners.

(a) (b)

(c) (d) (e)

FIG. 1: Dominant SUSY contributions to b → sγ.

the first two generation squarks. Note that in the case of M^2_{Q̃3} = M^2_{q̃} , the SUSY contribution is small due to super-GIM suppression. However, we are working in the limit of M_{q̃} ≫ M~_{Q3} and the super-GIM cancellation is not relevant for either process in Fig. 1(a) or those discussed later.

Figs. 1(a) shows the loop contribution from H̃^±/W̃^±-t̃_L, with the chirality flip via fermion mass insertions indicated. Even with moderate values of tan β ∼ 5 − 10, the enhancement proportional to tan β is still significant. The contribution to b → sγ is negative for μM_2 > 0, and its value can be as large as factor of two of the charged Higgs contributions in the non-decoupling region. Therefore, this diagram is very important in canceling the charged Higgs contribution if M_2 and M~_{Q3} are not much larger than m_H± .

Fig. 1(b) shows the contribution of H̃-t̃_L/t̃_R loop, with the chirality flip achieved via Higgsino mass insertion. A stop left-right mixing, m_tA_t, is also required. The contribution of this diagram can be comparable in size to the charged Higgs contribution. At the same time, it is still somewhat smaller than the contribution in Fig. 1(a), due to the heavy right-handed stop in the loop.^2 It is positive for μA_t > 0 and flips sign for μA_t < 0. There is another term in the stop left-right mixing, which gives a contribution proportional to |μ|^2 that is not tan β enhanced. Such term is only important for μ/ tan β > A_t, which is not realized in the parameter region that we are considering.

2 Note that M_{t̃R} has to be heavy in order to accommodate the sizable SM-like Higgs mass while keeping M_{Q̃3} small.

Fig. 1(c) shows the W̃^±-t̃_L loop, with the chirality flip in bottom quark. The contribution from this diagram depends on M_2 and M~_{Q3} :

C^{(c)}_{7,8} ≃ 2M^2_W [ 1 M^2_{Q̃3} g^{(c)}_{7,8} ( M^2_2 M^2_{Q̃3} ) − 1 M^2_{q̃} g^{(c)}_{7,8} ( M^2_2 M^2_{q̃} )] , (8)

where the loop functions g^{(c)}_{7,8} are given in Eq. (A6) in the Appendix. We find that, even for M~_{Q3} ∼ m_H± , it is numerically much smaller than the charged Higgs contribution, as it is suppressed by at least a relative factor g^2/y^2_t . Therefore, although it is of the opposite sign, it cannot play an important role in satisfying the b → sγ constraint.

Fig. 1(d) shows the H̃_u-t̃_R loop, with again the chirality flip in bottom quark propagator. The contribution from this diagram depends on |μ| and M~_{tR} :

C^{(d)}_{7,8} ≃ m^2_t M^2_{t̃R} g^{(c)}_{7,8} ( μ^2 M^2_{t̃R} ) . (9)

Given the viable range of large μ and M~_{tR} , contribution from Fig. 1(d) is always negative and relatively small. A similar diagram with H̃_d-t̃_L is also small given the extra bottom Yukawa suppression.

Fig. 1(e) shows the H̃_d/W̃ − t̃_L loop with the loop contributions being

C^{(e)}_{7,8} ≃ 2M^2_W [ 1 M^2_{Q̃3} g^{(e)}_{7,8} ( M^2_2 M^2_{Q̃3} , μ^2 M^2_{Q̃3} ) − 1 M^2_{q̃} g^{(e)}_{7,8} ( M^2_2 M^2_{q̃} , μ^2 M^2_{q̃} )] , (10)

where the loop functions g^{(e)}_{7,8} are given in Eqs. (A7)-(A8) in the Appendix. The contribution from Fig. 1(e) is also small and negative.

We reiterate that the non-decoupling region favors μA_t > 0. This is because a large positive radiative correction to the bottom Yukawa, Δm_b, is needed to suppress H^0 → bb̄ so as to enhance gg → H^0 → γγ [5]. Since we choose M_2, μ > 0, which is favored from the muon g − 2 consideration, A_t has to be positive. Fig. 1(b) is the only diagram that depends on A_t, which gives a positive contribution to b → sγ for μA_t > 0. The contribution from Fig. 1(a), however, is large and negative when lowering M_2 as well as M~_{Q3} . Therefore, the large positive contributions from both the charged Higgs and Fig. 1(b) can be cancelled by contributions from Fig. 1(a), with about 5% fine-tuning.

B_s → μ^+μ^− does not impose additional very stringent constraint on our scenario. It is not nearly as precisely measured as the b → sγ. It is well known that MSSM Higgs amplitude can be proportional to tan^3 β [10], and hence very important at large tan β, which are disfavored for the non-decoupling scenarios. In fact, the limits on tan β from direct collider searches seems to be always stronger than the one from B_s → μ^+μ^− [21].

We see that satisfying the flavor constraints in the non-decoupling scenario naturally leads to the presence of light third generation squarks, in particular, t̃_L and b̃_L. Given the close connection of the third generation squarks to the Higgs sector, there have been extensive collider studies on the direct collider searches for the stops and sbottoms at the Tevatron and the LHC. We will discuss the implications of collider searches on our scenario in Section IV.

III. SUSY PARAMETER REGION AND EXPERIMENTAL BOUNDS

To explore the parameter space which is consistent with the current observation including the flavor constraints, we follow the procedure as in Ref. [5], and perform a comprehensive scan over the MSSM parameter space

3 < tan β < 55, 50 GeV < m_A < 500 GeV, 100 GeV < μ < 1000 GeV, 100 GeV < M~_{tR} , M~_{Q3} < 2000 GeV, −4000 GeV < A_t < 4000 GeV. (11)

To study the non-decoupling region, we focus on the reduced low m_A range with positive A_t:

95 GeV < m_A < 130 GeV, 0 < A_t < 4000 GeV. (12)

The SU(2)_L gaugino mass parameter has significant impact on the flavor sector in the nondecoupling region and we scan it over a low-value range

100 GeV < M_2 < 300 GeV. (13)

Other SUSY soft masses, which are less relevant to our consideration, are all fixed to be 3 TeV.

A. Constraints from the Higgs signal and exotic Higgs searches

We perform our scan by using the FeynHiggs 2.9.4 package [22–25] to calculate the mass spectrum, couplings and other SUSY parameters. We use HiggsBound 3.8.1 [26] to check the exclusion constraints from LEP2 [27], the Tevatron [28] and the LHC [29–45]. The latest LHC Higgs search results [46, 47] are implemented by hand. We generate a large random data sample that passes these constraints. We require that the heavy CP-even Higgs boson is SM-like and satisfies the following properties

H^0 in the mass range of 124 GeV − 128 GeV, (14) σ × BR(gg → H^0 → γγ)_{MSSM} ≥ 90%(σ × BR)_{SM}. (15)

We note that the recent search for MSSM neutral Higgs by CMS apparently excludes tan β > 5 for M_A < 250 GeV [48]. However, that exclusion is made under particular assumptions. First of all, the limit is obtained in the so-called m^{max}_h scenario, with M_{SUSY} assumed to be large. Recently, Ref. [49] has argued that this limit can be extended beyond the m^{max}_h scenario. However, in our scenario, there are additional light squarks and gauginos, which can induce a significant shift of Higgs couplings to the SM quarks. For example, studies in Refs. [13, 16] showed that tan β as large as 8 − 9 are still allowed. Given this uncertainty, we will not attempt to recast the CMS search, and we will consider a broader range of tan β.

B. Constraints from b Rare Decays

The experimental measurements considered in this study include b → sγ [50] and the LHCb report on B_s → μ^+μ^− [51]. In our study, we use the following SM predictions [9, 10, 52], and experimental limits,

BR(B_s → X_sγ)_{exp} = (3.43 ± 0.21) × 10^{−4}, BR(B_s → X_sγ)_{SM} = (3.15 ± 0.23) × 10^{−4}, (16) BR(B_s → μ^+μ^−)_{exp} = (3.2^{+1.5}_{−1.2}) × 10^{−9}, BR(B_s → μ^+μ^−)_{SM} = (3.23 ± 0.27) × 10^{−9}.(17)

BABAR also reported improved measurements of B → Dτν_τ which indicates a deviation from the SM expectation and is sensitive to new physics contributions in the form of a light charged Higgs boson at tree level. We take the observed excess as an upper limit [53] BR(B → Dτν_τ ) BR(B → Dℓν_ℓ) < 0.44, BR(B → Dτν_τ )_{SM} BR(B → Dℓν_ℓ)_{SM}

= 0.297 ± 0.017, (18) BR(B → D^∗τν_τ ) BR(B → D^∗ℓν_ℓ) < 0.332, BR(B → D^∗τν_τ )_{SM} BR(B → D^∗ℓν_ℓ)_{SM}

= 0.252 ± 0.003. (19)

In our numerical study, we use SuperIso 3.3 [54] to evaluate the above flavor observables. We also check that the values of BR(B → τν), Δm_{Bd} and Δm_{Bs} in the non-decoupling region are consistent with the recent Belle [55] and LHCb [56] measurements, respectively. As discussed in the

FIG. 2: Allowed regions for the Higgs sector parameters (a) tan β versus m_A, (b) μ versus m_A, (c) A_t/ √ M_{Q̃3} M_{t̃R} versus M_{Q̃3} , and (d) A_t versus M_{t̃R} .

previous section, the b → sγ process gives the most stringent constraint on non-decoupling region with light charged Higgs. To achieve the SM-like measurement, in MSSM, the dominant charged Higgs-top loop contribution should be largely cancelled by other SUSY loops, in particular, the chargino-stop loop, which requires small values of M_2 and M~_{Q3} .

C. Results for Allowed Region

Taking into account both the Higgs search results and the flavor constraints, we first show the surviving points in Fig. 2 in the parameter space relevant for the MSSM Higgs sector: (a) tan β versus m_A, (b) μ versus m_A, (c) A_t/ √ M~_{Q3} M~_{tR} versus M~_{Q3} , and (d) A_t versus M~_{tR} . The range of tan β, m_A, μ is found to sit in the MSSM non-decoupling region:

9 < tan β < 11, 97 GeV < m_A < 113 GeV, 700 GeV < μ < 1000 GeV, (20)

and nearly maximal stop mixing: 3.5 < A_t/ √ M~_{Q3} M~_{tR} < 4.5. (21)

The mass parameter for t̃_L, M~_{Q3} , however, is constrained to be small to maximize the negative contribution to b → sγ from H̃/W̃ -t̃_L loop [Fig. 1(a)] in order to cancel the positive contribution from a light charged Higgs. Consequently, large M~_{tR} and A_t are needed to raise the Higgs mass value to 124 − 128 GeV and we find:

150 GeV < M~_{Q3} < 240 GeV, 1500 GeV < M~_{tR} < 2000 GeV, 1800 GeV < A_t < 2600 GeV. (22) The above results indicate the presence of a light stop which is mostly t̃_L, as well as a light sbottom b̃_L, both of which are controlled by the same mass parameter M~_{Q3} .

In Figure 3, we show the allowed regions for SUSY mass parameters subject to various constraints under consideration. The three color codes indicate the relative value of M_2 with respect tot he squark masses, as specified in the figure caption. Figure 3(a) shows m~_{b1} versus m~_{t1} , from which one reads

100 GeV < m~_{t1} < 190 GeV, 160 GeV < m~_{b1} < 250 GeV. (23)

As expected, m~_{t1} and m~_{b1} are strongly correlated, numerically shifted up by about 60 GeV. The difference between them is caused by the D-term and Yukawa contribution to the supersymmetric part of the stop/sbottom mass, as well as the mixing effects in the stop sector. In our scenario with M~_{tR} ≫ √ m_tA_t, M~_{Q3} , the light stop mass is approximately

m^2_{t̃1} ≈ M^2_{Q̃3} + m^2_t − X^2_t M~_{Q3} M~_{tR} m^2_t , for X_t = A_t √ M~_{Q3} M~_{tR} . (24)

FIG. 3: Allowed regions for SUSY mass parameters (a) m_{b̃1} versus m_{t̃1} , (b) Wino mass M_2 versus M_{Q̃3} , (c) M_2 versus m_{t̃1} , and (d) M_2 versus m_{b̃1} . The red circles denote the case with M_2 < m_{t̃1} < m_{b̃1} , the green squares denote the case with m_{t̃1} < M_2 < m_{b̃1} , and the purple triangles denote the case with m_{t̃1} < m_{b̃1} < M_2.

From Fig. 2(c), we see that X_t is constrained in our scenario to be 3.5 < X_t < 4.5. At the same time, M~_{tR} lies between 1.5 − 2 TeV. Given that M~_{Q3} is not very different from m_t in our scenario, we see that the light stop mass is at most shifted by a fraction (about 30%) of the top mass. We have also effectively decoupled b̃_R by taking M~_{bR} to be very heavy. Therefore, m~_{b1} ∼ M~_{Q3} . The lightest sbottom would not be too much heavier than the lightest stop, as seen in Fig. 3(a). A smaller M~_{bR} could change the lower-lying spectrum of the sbottom sector, which will not be discussed in the current study.

Shown in Fig. 3(b) is the allowed region for M_2 versus M~_{Q3} . The plot exhibits certain correlation between M_2 − M~_{Q3} , as already discussed in Eq. (6). The mass for the Wino, M_2, is largely constrained by b → sγ to be small as discussed earlier. We find it in the range

100 GeV < M_2 < 250 GeV. (25)

Also shown in Figs. 3(c) and (d) are relations among the physical masses: the Wino mass versus m~_{t1} and m~_{b1} , respectively.

As a final remark, we consider the lightest supersymmetric particle (LSP) with R-parity to be a viable candidate for the WIMP dark matter. While neutral Wino could be the LSP, the stop/sbottom being the LSP should be avoided. The Bino mass M_1, however, is unconstrained in the MSSM since Bino does not contribute much to either the Higgs sector, or the flavor observables. We thus prefer the Bino as the LSP, with M_1 < M_2, m~_{t1} , m~_{b1} .^3 In addition, scenarios with Wino LSP are disfavored by the sbottom searches at the LHC, as explained below in Sec. IV.

IV. LIGHT SUSY SPECTRUM AT COLLIDERS

As we have shown in the previous sections, flavor constraints not only requires the presence of rather light third generation of squarks and Winos, but also restrict them to a narrow region of parameter space. Therefore, our scenario predicts the distinct feature of collider signals from such a light SUSY spectrum. In fact, current searches already put additional strong limits on our scenario. In this section, we describe the parameter space which is still allowed taken into account current stop and sbottom search limits and argue that further dedicated searches should be carried out at the LHC.

The relevant parameters under our consideration are M_2, m~_{t1} , m~_{b1} , and M_1. The ordering of the Wino mass with respect to the stop mass can be crucial in determining the pattern of stop

3 The values of M_1 and M_2 are approximately the same as the physical masses of χ̃^0_1 and χ̃^+_1 /χ̃^0_2 for relatively large value of |μ|. We thus use them as symbols for the corresponding physical masses over the whole context, for simplicity.

FIG. 4: Schematic drawing of two benchmark scenarios for Case A (left): M_1 < M_2 < m_{t̃1} < m_{b̃1} and Case B (right): M_1 < m_{t̃1} < M_2 < m_{b̃1} . The dominant decay modes are shown. The dashed horizontal lines are for illustrative purposes and do not represent precise mass values.

decay, which in turn dictates the searching strategy. We thus categorize the allowed region into the following two cases:

• Case A: M_1 < M_2 < m~_{t1} < m~_{b1} ; • Case B: M_1 < m~_{t1} < M_2 < m~_{b1} , as illustrated in Fig. 4. The other possibility of M_1 < m~_{t1} < m~_{b1} < M_2 is highly disfavored by sbottom search, as explained below.

A. Stop/Sbottom Decay Patterns and Searches at the LHC In Fig. 5, we show the branching fractions of t̃_1 decay in panels (a), (b) and b̃_1 decay in panels (c), (d) for Cases A and B, respectively. We have kept M_1 = 90 GeV for illustration. A light stop

FIG. 5: Branching fractions of t̃_1 decay for (a) Case A: M_1 < M_2 < m_{t̃1} < m_{b̃1} and (b) Case B: M_1 < m_{t̃1} < M_2 < m_{b̃1} , and b̃_1 decay for (c) Case A and (d) Case B, respectively. dominantly decays via t̃_1 → bχ̃^+_1 with χ̃^+_1 → W^{+(∗)}χ̃^0_1, for Case A, (26) t̃_1 → cχ̃^0_1, for Case B. (27) If the Winos are lighter than the stop as in Case A, the dominant decay mode is as in Eq. (26). There are dedicated LHC searches for this channel [57, 58]. However, the reaches of such searches are limited by the lepton and/or b-jet thresholds, governed by the SUSY particle mass differences. For example, for m~_{t1} ∼ 160 GeV, a limit only exists for m_{χ̃}0_1 < 80 GeV. In Case B where M_2 > m~_{t1} , the loop mediated FCNC decay mode t̃_1 → cχ̃^0_1 could become dominant, especially when m~_{t1} − m_{χ̃}0_1 < m_W . In such a case, the strongest experimental limit comes from the Tevatron [59], which is only relevant for m_{χ̃}0_1 < 80 GeV. Phenomenological studies [60, 61] have claimed that additional LHC analysis can be re-casted to set stronger limits on this and on the competing 4- body stop decay modes. These results, if validated by the experimental collaborations, will further reduce the viable parameter region of our scenario. On the other hand, if a stop signal is established at the LHC, the decay patterns as in Eqs. (26) and (27) would help to determine the mass relation for the SUSY particles as Case A or B.

In parallel to the above discussion, the sbottom dominantly decays to one possible mode

b̃_1 → bχ̃^0_2 with χ̃^0_2 → Z^{(∗)}/h^{0(∗)}χ̃^0_1, for Cases A and B. (28)

The other possibility that b̃_1 → bχ̃^0_1 dominates for the case of M_1 < m~_{t1} < m~_{b1} < M_2 is highly disfavored by direct sbottom searches, as will be explained below. Even though relatively suppressed by the available phase space, BR(b̃_1 → bχ̃^0_2) is typically around 80% − 90%, given the larger SU(2)_L coupling. With the further decay of χ̃^0_2 into h^{0(∗)}χ̃^0_1 or Z^{(∗)}χ̃^0_1, these longer decay chains tend to give softer decay products and smaller missing energy as well. There are SUSY searches focusing on final states with higher multiplicity of jets [62]. However, such searches typically require more energetic final states, for example the scalar sum of the transverse energy of jets H_T > 600 GeV. Therefore, they will not cover the low mass scenario we are considering. Sbottom decay also gives rise to multi-lepton signals, although they are suppressed by Z leptonic branching ratio. A detailed recast of such limits on our scenario is beyond the scope of this paper.

Recently CMS has put the lower limit on the m_{χ̃}±_{1 ,χ̃}0_2 to 330 GeV with m_{χ̃}0_2 − m_{χ̃}0_1 > m_Z and the assumption that BR(χ̃^0_2 → Zχ̃^0_1) = BR(χ̃^±_1 → W^±χ̃^0_1) = 100% [63]. This limit would not directly constrain our case with smaller mass splitting m_{χ̃}0_2 − m_{χ̃}0_1 and possible suppression of BR(χ̃^0_2 → Zχ̃^0_1).

There are also strong limits from sbottom searches using the standard decay channel b̃_1 → bχ̃^0_1, even if the spectrum is somewhat squeezed [64]. ATLAS searches of bb+ E̸_T final states with sbottom pair production excludes sbottom mass up to 650 GeV for m~_{b1} − m_{χ̃}0_1 ≳ 20 GeV [64], while the CMS limits of m~_{b1} ≳ 650 GeV only applies to m~_{b1} − m_{χ̃}0_1 ≳ 200 GeV [65], with the assumption of BR(b̃_1 → bχ̃^0_1) = 100%. Since the sbottom is always somewhat heavier than the stop, it is typical for the mass splitting between the sbottom and the LSP to be sizable with m_{χ̃}0_1 ≤ m~_{t1} . As a result, the case with only light wino LSP, which is the simplest possibility to satisfy the flavor constraints, has already been ruled out by direct searches at the LHC. For the mass spectrum of M_1 < m~_{t1} < m~_{b1} < M_2, the dominant decay mode for b̃_1 is also b̃_1 → bχ̃^0_1. In this case, BR(b̃_1 → bχ̃^0_1) = 100%, thus this scenario is excluded by the sbottom searches as well. This exclusion pushes the upper limit of M_2 down to about 200 GeV as seen in Fig. 3(d). It is thus important to observe the gaugino mass limit as

100 GeV < M_2 < 160 GeV for Case A, and 100 GeV < M_2 < 200 GeV for Case B. (29)

Viable points corresponding to Case (A) and (B) are indicated in Fig. 3 in red and green, respectively.

The conclusion of this section can be summarized with Fig. 4, in which we show the mass hierarchies and dominant decay modes in the two benchmark cases. We emphasize that the mass scales (as indicated by the horizontal bars) are only indicative of the size of viable values, and the bino mass can be raised or lowered without significantly changing the flavor constraints. A general lesson from the LHC bounds is that dedicated searches with rather soft decay products should be devised when considering the light SUSY spectrum.

B. Light SUSY spectrum and the ILC

Although the super-partners in a light spectrum could be copiously produced at the LHC, identification of the signals can be very challenging in certain parameter region because of the hostile background environment. As discussed in the previous session, for the same reason that light SUSY partners may have not been seen because of the soft products in the mass degenerate situation, this scenario may persist to prevent us from observing the SUSY signals. On the other hand, once crossing the mass threshold, the super-partners can be produced via the SU(2)_L gauge interaction in e^+e^− collisions

e^+e^− → t̃_1t̃^∗_1, b̃_1b̃^∗_1, and χ̃^+_1 χ̃^−_1 . (30)

As long as the mass difference between the produced particle and the LSP χ̃^0_1 is higher than the detection threshold for leptons and jets, typically about a few GeV, the signal identification should be straight forward, without suffering from much background. For instance, at the ILC, even with the early phase with a C.M. energy √ s = 250 − 500 GeV and integrated luminosity 250 − 500 fb^{−1} [66], it would be essentially adequate to fully cover the low mass SUSY searches in the non-decoupling Higgs scenario.

V. CONCLUSIONS

The non-decoupling scenario of the MSSM Higgs sector presents an interesting extension beyond the SM and could be of immediate relevance for the LHC phenomenology after the discovery of the SM-like Higgs boson.

By scanning the SUSY parameter space and zooming in certain narrowly defined region, we demonstrated that this scenario is consistent with the current SUSY search limits. Moreover it can pass stringent flavor constraints from rare B decay measurements, provided there are other light SUSY particles to contribute in the loop induced processes. The regions of the parameter space which can realize such cancellations are often missed by generic multiple parameter scans. Therefore, special caution is called for when scrutinizing the SUSY parameter space.

To satisfy the flavor constraints in the non-decoupling scenario, in particular from b → sγ, it is necessary to have light super-partners with quite specific properties, as summarized in Section III, Figs. 2 and 3. In particular, a (left-handed) stop, a (left-handed) sbottom, and Wino-like gauginos are required to be lighter than about 250 GeV.

In Sec. IV, we discussed the current search limits from the LHC and Tevatron, and identified two scenarios which are still allowed, as illustrated in Fig. 4. The viable mass ranges of the light SUSY particles, their corresponding branching fractions and the typical signal rates at the LHC are summarized in Tables I. Although these light SUSY states may be copiously produced at the LHC as seen in the Table, the signal identification could still be challenging at the LHC due to the large SM backgrounds and disfavored kinematics. An ILC with several hundred GeV center of mass energy could be more beneficial to discover and study those low mass states once crossing their mass threshold in a definitive way.

We also emphasize that these cases discussed here represent complementary opportunities to explore the non-decoupling scenario in addition to the direct searches for the Higgs bosons in the MSSM.

Case A mass range search mode BR LHC signal rate χ̃^±_1 100 − 160 GeV BR(χ̃^±_1 → qq̄^′ + χ̃^0_1) ≈ 70% σ(χ̃^+_1 χ̃^−_1 ) × BR^2 ≈ 5 − 0.9 pb χ̃^0_2 100 − 160 GeV BR(χ̃^0_2 → bb̄ + χ̃^0_1) ≈ 100% σ(χ̃^0_2χ̃^±_1 ) × BR^2 ≈ 9.6 − 1.6 pb t̃_1 110 − 190 GeV BR(t̃_1 → bχ̃^+_1 /bW^{+(∗)} + χ̃^0_1) ≈ 100% σ(t̃_1t̃^∗_1) × BR^2 ≈ 10^3 − 10^2 pb b̃_1 170 − 250 GeV BR(b̃_1 → b + χ̃0_2) ≈ 85% σ(b̃_1b̃∗_1) × BR^2 ≈ 110 − 22 pb Case B

χ̃^±_1 110 − 200 GeV BR(χ̃^±_1 → b + t̃_1) ≈ 100% σ(χ̃^+_1 χ̃^−_1 ) × BR^2 ≈ 7.6 − 0.85 pb χ̃^0_2 110 − 200 GeV BR(χ̃^0_2 → bb̄ + χ̃^0_1) ≈ 100% σ(χ̃^0_2χ̃^±_1 ) × BR^2 ≈ 9.6 − 0.96 pb t̃_1 100 − 160 GeV BR(t̃_1 → c + χ̃^0_1) ≈ 100% σ(t̃_1t̃^∗_1) × BR^2 ≈ 10^3 − 200 pb b̃_1 170 − 220 GeV BR(b̃_1 → b + χ̃0_2) ≈ 85% σ(b̃_1b̃∗_1) × BR^2 ≈ 110 − 36 pb

TABLE I: Predicted light SUSY particles, their search modes and the signal rates for Cases A and B at the 14 TeV LHC.

Acknowledgments

T. L. and L.T.W. would like to thank Wolfgang Altmannshofer for helpful discussions. The work of T.H. was supported in part by the U.S. Department of Energy under Grant No. DE- FG02-95ER40896 and in part by the PITT PACC. The work of T.L. is supported by the Australian Research Council. The work of S.S. is supported by the Department of Energy under Grant DE-FG02-13ER41976. L.T.W. is supported by the DOE Early Career Award under grant de-sc0003930. L.T.W was also supported in part by the Kavli Institute for Cosmological Physics at the University of Chicago through grant NSF PHY-1125897 and an endowment from the Kavli Foundation and its founder Fred Kavli. T.H., S.S. and L.T.W. would also like to thank the Aspen Center for Physics for the hospitality during which part of this work was carried out. ACP is supported by NSF under grant 1066293.

Appendix A: Formulae for loop functions relevant for b → sγ.

f_7(x) = x 4 [ 3 − 5x 6(x − 1)^2 + 3x − 2 3(x − 1)^3 log x ] , f_8(x) = x 4 [ 3 − x 2(x − 1)^2 + −1 (x − 1)^3 log x ] . (A1) g^{(a)}_7 (x, y) = 2x − 3 6(x − y)(x − 1)^3 log x + 2y − 3 6(x − y)(1 − y)^3 log y + −7x − 7y + 5xy + 9 12(x − 1)^2(y − 1)^2

,(A2)

g^{(a)}_8 (x, y) = x 2(x − y)(x − 1)^3 log x + y 2(x − y)(1 − y)^3 log y + x + y + xy − 3 4(x − 1)^2(y − 1)^2

. (A3)

g^{(b)}_7 (x, y) = y(3 − 2x) 3(y − x)(1 − x)^3 log x + y^2(−3 + 2y) 3x(x − y)(1 − y)^3 log y + y(−7 + 5x + 5y − 3xy) 6x(1 − x)^2(1 − y)^2

,(A4)

g^{(b)}_8 (x, y) = xy (x − y)(1 − x)^3 log x − y^3 x(x − y)(1 − y)^3 log y + y(1 + x + y − 3xy) 2x(1 − x)^2(1 − y)^2

. (A5)

g^{(c)}_7 (x) =

7x^2 − 5x − 8 72(x − 1)^3 + x(3 − 2x) 12(x − 1)^4 log x, g^{(c)}_8 (x) =

2x^2 + 5x − 1 24(x − 1)^3 + −x^2 4(x − 1)^4 log x.(A6)

g^{(e)}_7 (x, y) = x(2x − 3) 6(x − y)(x − 1)^3 log x + y(2y − 3) 6(x − y)(1 − y)^3 log y + −5x − 5y + 3xy + 7 12(x − 1)^2(y − 1)^2

,(A7)

g^{(e)}_8 (x, y) = x^2 2(x − y)(x − 1)^3 log x + y^2 2(x − y)(1 − y)^3 log y + −x − y + 3xy − 1 4(x − 1)^2(y − 1)^2

. (A8)

[1] G. Aad et al. [ATLAS Collaboration], Phys. Lett. B 716, 1 (2012) [arXiv:1207.7214 [hep-ex]]; S. Cha-

trchyan et al. [CMS Collaboration], Phys. Lett. B 716, 30 (2012) [arXiv:1207.7235 [hep-ex]].

[2] J. F. Gunion, H. E. Haber, G. L. Kane and S. Dawson, Front. Phys. 80, 1 (2000); J. F. Gunion and

H. E. Haber, Nucl. Phys. B 272, 1 (1986) [Erratum-ibid. B 402, 567 (1993)].

[3] A. Djouadi, Phys. Rept. 459, 1 (2008) [hep-ph/0503173].

[4] H. Baer, V. Barger and A. Mustafayev, Phys. Rev. D 85, 075010 (2012) [arXiv:1112.3017 [hep-ph]];

S. Heinemeyer, O. Stal and G. Weiglein, Phys. Lett. B 710, 201 (2012) [arXiv:1112.3026 [hep-ph]];

P. Draper, P. Meade, M. Reece and D. Shih, arXiv:1112.3068 [hep-ph]; M. Carena, S. Gori, N. R. Shah

and C. E. M. Wagner, arXiv:1112.3336 [hep-ph]; O. Buchmueller et al., arXiv:1112.3564; S. Akula,

B. Altunkaynak, D. Feldman, P. Nath and G. Peim, arXiv:1112.3645; J. Cao, Z. Heng, D. Li and

J. M. Yang, arXiv:1112.4391 [hep-ph]; M. W. Cahill-Rowley, J. L. Hewett, A. Ismail and T. G. Rizzo,

Phys. Rev. D 86, 075015 (2012) [arXiv:1206.5800 [hep-ph]]; A. Arbey, M. Battaglia, A. Djouadi and

F. Mahmoudi, JHEP 1209, 107 (2012) [arXiv:1207.1348 [hep-ph]]; H. Baer, V. Barger, P. Huang,

A. Mustafayev and X. Tata, Phys. Rev. Lett. 109, 161802 (2012) [arXiv:1207.3343 [hep-ph]].

[5] N. D. Christensen, T. Han and S. Su, Phys. Rev. D 85, 115018 (2012) [arXiv:1203.3207 [hep-ph]].

[6] H. E. Haber, hep-ph/9501320.

[7] H. E. Haber, hep-ph/9505240.

[8] N. D. Christensen, T. Han and T. Li, Phys. Rev. D 86, 074003 (2012) [arXiv:1206.5816 [hep-ph]]. [9] M. Misiak, H. M. Asatrian, K. Bieri, M. Czakon, A. Czarnecki, T. Ewerth, A. Ferroglia and P. Gambino et al., Phys. Rev. Lett. 98, 022002 (2007) [hep-ph/0609232]; T. Becher and M. Neubert, Phys. Rev. Lett. 98, 022003 (2007) [hep-ph/0610067].

[10] K. S. Babu and C. F. Kolda, Phys. Rev. Lett. 84, 228 (2000) [hep-ph/9909476]; A. J. Buras, J. Girrbach, D. Guadagnoli and G. Isidori, Eur. Phys. J. C 72, 2172 (2012) [arXiv:1208.0934 [hep-ph]].

[11] T. Han, Z. Liu and A. Natarajan, arXiv:1303.3040 [hep-ph].

[12] J. A. Conley, J. S. Gainer, J. L. Hewett, M. P. Le and T. G. Rizzo, Eur. Phys. J. C 71, 1697 (2011) [arXiv:1009.2539 [hep-ph]].

[13] R. Benbrik, M. Gomez Bock, S. Heinemeyer, O. Stal, G. Weiglein and L. Zeune, Eur. Phys. J. C 72, 2171 (2012) [arXiv:1207.1096 [hep-ph]]; P. Bechtle, S. Heinemeyer, O. Stal, T. Stefaniak, G. Weiglein and L. Zeune, Eur. Phys. J. C 73:2354 (2013) [arXiv:1211.1955 [hep-ph]].

[14] K. Hagiwara, J. S. Lee and J. Nakamura, JHEP 1210, 002 (2012) [arXiv:1207.0802 [hep-ph]]. [15] J. Ke, H. Luo, M. -x. Luo, K. Wang, L. Wang and G. Zhu, Phys. Lett. B 723 (2013) 113 [arXiv:1211.2427 [hep-ph]].

[16] M. Carena, S. Heinemeyer, O. Stl, C. E. M. Wagner and G. Weiglein, arXiv:1302.7033 [hep-ph]. [17] B. Grinstein and M. B. Wise, Phys. Lett. B 201, 274 (1988); W. -S. Hou and R. S. Willey, Phys.

Lett. B 202, 591 (1988); V. D. Barger, J. L. Hewett and R. J. N. Phillips, Phys. Rev. D 41, 3421 (1990); M. Ciuchini, G. Degrassi, P. Gambino and G. F. Giudice, Nucl. Phys. B 527, 21 (1998) [hepph/9710335].

[18] S. Bertolini, F. Borzumati and A. Masiero, Nucl. Phys. B 294, 321 (1987); S. Bertolini, F. Borzumati, A. Masiero and G. Ridolfi, Nucl. Phys. B 353, 591 (1991); V. D. Barger, M. S. Berger and R. J. N. Phillips, Phys. Rev. Lett. 70, 1368 (1993) [hep-ph/9211260]; R. Barbieri and G. F. Giudice, Phys. Lett. B 309, 86 (1993) [hep-ph/9303270].

[19] G. D’Ambrosio, G. F. Giudice, G. Isidori and A. Strumia, Nucl. Phys. B 645, 155 (2002) [hepph/0207036].

[20] T. Inami and C. S. Lim, Prog. Theor. Phys. 65, 297 (1981) [Erratum-ibid. 65, 1772 (1981)]. [21] W. Altmannshofer, M. Carena, N. R. Shah and F. Yu, JHEP 1301, 160 (2013) [arXiv:1211.1976 [hepph]].

[22] G. Degrassi, S. Heinemeyer, W. Hollik, P. Slavich and G. Weiglein, Eur. Phys. J. C 28, 133 (2003)

[hep-ph/0212020].

[23] S. Heinemeyer, W. Hollik and G. Weiglein, Eur. Phys. J. C 9, 343 (1999) [hep-ph/9812472]. [24] M. Frank, T. Hahn, S. Heinemeyer, W. Hollik, H. Rzehak and G. Weiglein, JHEP 0702, 047 (2007) [hep-ph/0611326], and references therein.

[25] S. Heinemeyer, W. Hollik and G. Weiglein, Comput. Phys. Commun. 124, 76 (2000) [hepph/9812320], and references therein.

[26] P. Bechtle, O. Brein, S. Heinemeyer, G. Weiglein and K. E. Williams, Comput. Phys. Commun. 181, 138 (2010) [arXiv:0811.4169 [hep-ph]], and references therein; ibid., Comput. Phys. Commun. 182, 2605 (2011) [arXiv:1102.1898 [hep-ph]], and references therein.

[27] Combined results from the LEP2 experiments, Phys. Lett. B565, 61 (2003). [28] T. Aaltonen et al. [CDF Collaboration], Phys. Rev. Lett. 103, 101803 (2009) [arXiv:0907.1269 [hepex]]; V. M. Abazov et al. [D0 Collaboration], Phys. Lett. B 682, 278 (2009) [arXiv:0908.1811 [hepex]].

[29] G. Aad et al. [ATLAS Collaboration], ATLAS-CONF-2012-168. [30] G. Aad et al. [ATLAS Collaboration], ATLAS-CONF-2012-158. [31] G. Aad et al. [ATLAS Collaboration], ATLAS-CONF-2012-163. [32] S. Chatrchyan et al. [CMS Collaboration], CMS PAS HIG-13-001. [33] S. Chatrchyan et al. [CMS Collaboration], CMS PAS HIG-12-042. [34] S. Chatrchyan et al. [CMS Collaboration], CMS PAS HIG-12-041. [35] G. Aad et al. [ATLAS Collaboration], ATLAS-CONF-2012-161. [36] G. Aad et al. [ATLAS Collaboration], ATLAS-CONF-2012-135. [37] S. Chatrchyan et al. [CMS Collaboration], CMS PAS HIG-12-044. [38] S. Chatrchyan et al. [CMS Collaboration], CMS PAS HIG-12-025. [39] G. Aad et al. [ATLAS Collaboration], ATLAS-CONF-2012-160. [40] G. Aad et al. [ATLAS Collaboration], ATLAS-CONF-2012-094. [41] S. Chatrchyan et al. [CMS Collaboration], CMS PAS HIG-12-011.

[42] S. Chatrchyan et al. [CMS Collaboration], CMS PAS HIG-12-026; CMS PAS HIG-12-027. [43] G. Aad et al. [ATLAS Collaboration], JHEP 1206, 039 (2012) [arXiv:1204.2760 [hep-ex]]. [44] S. Chatrchyan et al. [CMS Collaboration], JHEP 1207, 143 (2012) [arXiv:1205.5736 [hep-ex]]. [45] G. Aad et al. [ATLAS Collaboration], ATLAS-CONF-2011-094.

[46] G. Aad et al. [ATLAS Collaboration], ATLAS-CONF-2013-010; ATLAS-CONF-2013-012; ATLAS-

CONF-2013-013; ATLAS-CONF-2013-030.

[47] S. Chatrchyan et al. [CMS Collaboration], CMS PAS HIG-13-001; CMS PAS HIG-13-002; CMS PAS HIG-13-003; CMS PAS HIG-13-004; CMS PAS HIG-13-012.

[48] S. Chatrchyan et al. [CMS Collaboration], CMS PAS HIG-12-050. [49] A. Djouadi and J. Quevillon, arXiv:1304.1787 [hep-ph].

[50] Y. Amhis et al. [Heavy Flavor Averaging Group Collaboration], arXiv:1207.1158 [hep-ex]. [51] RAaij et al. [LHCb Collaboration], Phys. Rev. Lett. 110, 021801 (2013) [arXiv:1211.2674 [Unknown]].

[52] M. Misiak and M. Steinhauser, Nucl. Phys. B 764, 62 (2007) [hep-ph/0609241]. [53] J. P. Lees et al. [BaBar Collaboration], Phys. Rev. Lett. 109, 101802 (2012) [arXiv:1205.5442 [hepex]].

[54] F. Mahmoudi, Comput. Phys. Commun. 178, 745 (2008) [arXiv:0710.2067 [hep-ph]]; F. Mahmoudi, Comput. Phys. Commun. 180, 1579 (2009) [arXiv:0808.3144 [hep-ph]]; F. Mahmoudi, Comput. Phys. Commun. 180, 1718 (2009).

[55] I. Adachi et al. [Belle Collaboration], Phys. Rev. Lett. 110, 131801 (2013) [arXiv:1208.4678 [hepex]].

[56] Ulrich Eitschberger and Frank Meier, poster at the Rencontres de Moriond EW, March, 2013, CERN- Poster-2013-258.

[57] G. Aad et al. [ATLAS Collaboration], ATLAS-CONF-2012-166; ATLAS-CONF-2012-167; ATLAS- CONF-2013-037.

[58] S. Chatrchyan et al. [CMS Collaboration], CMS PAS SUS-12-023. [59] CDF Collaboration, http://www-cdf.fnal.gov/physics/exotic/r2a/20090709.stop charm/ [60] K. Krizka, A. Kumar and D. E. Morrissey, arXiv:1212.4856 [hep-ph].

[61] A. Delgado, G. F. Giudice, G. Isidori, M. Pierini and A. Strumia, Eur. Phys. J. C 73, 2370 (2013) [arXiv:1212.6847 [hep-ph]].

[62] G. Aad et al. [ATLAS Collaboration], ATLAS-CONF-2013-047; S. Chatrchyan et al. [CMS Collaboration], arXiv:1305.2390 [hep-ex].

[63] S. Chatrchyan et al. [CMS Collaboration], CMS PAS SUS-12-022. [64] G. Aad et al. [ATLAS Collaboration], ATLAS-CONF-2012-165. [65] S. Chatrchyan et al. [CMS Collaboration], CMS PAS SUS-12-028.

[66] J. E. Brau, R. M. Godbole, F. R. L. Diberder, M. A. Thomson, H. Weerts, G. Weiglein, J. D. Wells and

H. Yamamoto, arXiv:1210.0202 [hep-ex].