arXiv:1106.3794v5 [hep-ph] 2 Dec 2011

Constraint from recent ATLAS results on non-universal sfermion mass models and naturalness

Kazuki Sakurai^{1,2,3∗} and Kenichi Takayama^{1†}

1Department of Physics, Nagoya University, Nagoya 464-8602, Japan

2Cavendish Laboratory, J.J. Thomson Avenue, Cambridge CB3 0HE, UK

3Department of Applied Mathematics and Theoretical Physics Wilberforce Road, Cambridge CB3 0WA, UK

Abstract

We investigate the impact of recent direct supersymmetry (SUSY) searches on a non-universal sfermion mass scenario focusing on naturalness. One of the advantages of this scenario is that the non-universality between third generation and first two generation sfermion masses can relax the tension between naturalness and constraints from flavour and CP violating observables. In the parameter region, where various phenomenological constraints are satisfied, the constraints to this scenario from ATLAS 165 pb^{−1} “0-lepton” search and 35 pb^{−1} “b-jet” search are much weaker than those to the constrained minimal SUSY standard model, because of differences in the main SUSY production processes and the main decay chains. Naturalness can be easily achieved in this scenario in accord with the current direct SUSY searches. An additional dedicated analysis may be needed to discover/exclude this scenario.

1 Introduction

Weak scale supersymmetry (SUSY) is one of the most promising candidates for physics beyond the Standard Model (SM). The minimal SUSY extension of the Standard Model (MSSM) has several attractive features. For instance, it improves the gauge coupling unification indicating grand unified theories (GUT) and provides a dark matter candidate as the lightest supersymmetric particle (LSP) [1, 2, 3]. One of the most attractive and important features of the MSSM is to provide a solution to the gauge hierarchy problem. The MSSM removes a quadratically divergent radiative correction to the Higgs mass up to the SUSY breaking scale, which is a mass scale of supersymmetric particles. An unnatural tuning is therefore not required if this scale is around the weak scale, O(100) GeV. In other words, “naturalness” of the theory disfavours the superparticle mass scale ≫ O(100) GeV.

∗E-mail address: sakurai@hep.phy.cam.ac.uk †E-mail address: takayama@th.phys.nagoya-u.ac.jp

However, there may be a tension between experimental constraints and naturalness in the MSSM. Flavour Changing Neutral Current (FCNC) processes and CP violating (CPV) observables place stringent constraints on the MSSM parameters. Under these constraints, the mass scale of superparticles has to be above O(100) TeV, otherwise the SUSY breaking parameters must be precisely aligned in a flavour and CP conserving manner.

In addition, new constraints have been reported by the ATLAS and CMS experiments at the CERN Large Hadron Collider (LHC). They have conducted direct searches for supersymmetric particles with √ s = 7 TeV pp collision data. With the 35 pb^{−1} data recorded in 2010, the strongest limit on the constrained MSSM (CMSSM) comes from the ATLAS “0-lepton” search [4]. It excludes equal mass squarks and gluinos with masses below 775 GeV at 95% confidence level (CL) in the A_0 = 0, tan β = 3, μ > 0 slice of CMSSM. Recently, a new result has been reported by the ATLAS with the 165 pb^{−1} data recorded in 2011 [5]. It excludes equal mass squarks and gluinos with masses below 950 GeV at 95% CL in the CMSSM with A_0 = 0, tan β = 10, μ > 0. It may be getting more difficult to realise naturalness within the framework of the CMSSM in accord with the experimental constraints^1.

The situation may change if one relaxes the assumption of universality among the scalar fermion (sfermion) masses. Strictly speaking, the experiments and naturalness constrain different parameters. Naturalness indicates the parameters that are sensitive to the low energy up-type Higgs mass squared, m^2, should not be much larger than the weak scale^2. Such parameters are typically masses of gluino and third generation squarks.

In contrast, FCNC and CPV observables provide stringent constraints mainly on the first two generation sfermion sectors. The constraints on the third generation sector are, on the other hand, not so severe. The introduction of non-universality between the third generation and the first two generation sfermion masses is therefore possible without conflicting with the FCNC and CPV constraints [8, 9, 10, 11, 12].

In the light of this observation, one can assume the first two generation sfermions are much heavier than the weak scale. This assumption relaxes the necessity of the alignment mentioned above among the SUSY breaking parameters and allows the parameters to have some amount of flavour and CP violations. At the same time, the gluino mass and the third generation sfermion masses can be assumed to be in the region of the weak scale to keep naturalness. In what follows, we call this scenario modified universal sfermion mass (MUSM) scenario. The mass spectrum of MUSM scenario is supported by several earlier models [8, 9, 13, 14, 15, 16, 17]. Various phenomenological constraints, such as FCNC, EDM and colour and charge breaking (CCB), are investigated in Refs [18, 19, 20, 21, 22].

It is not clear whether naturalness of this scenario can still be realised under the recent direct SUSY search constraints. Those searches have set strong limits on the CMSSM parameter space. However, there are remarkable differences between the CMSSM and the MUSM scenario. First, the main SUSY production processes are q̃q̃, q̃g̃ and g̃g̃ in the CMSSM, whilst they are g̃g̃ and t̃_1t̃^∗_1 (b̃_1b̃^∗_1) in MUSM scenario. The main decay chain is also different. It is q̃ → g̃j → χ̃^0_1jjj (g̃ → q̃j → χ̃^0_1jj) if m_{q̃} > m_{g̃} (m_{g̃} > m_{q̃}) in the CMSSM. On the other hand, long cascade chains such as g̃ → t̃_1t̄ → χ̃^+_1 bt̄ → χ̃^0_1W^+bt̄ are anticipated in the MUSM scenario.

Using recent direct SUSY searches, the aim of this paper is to investigate constraints on the

1 There are some regions in the CMSSM where naturalness can still be realised without conflicting with the LHC constraints [6, 7].

2 A parameter tuning appears in the condition^{m2Z}_2 =^{|m21 −m2 |}_2√_{1−sin2 2β} −^{m21 +m2}_2 = −m^2 + |m^2_1 − m^2|O(^1_{tan2 β} ), where

m^2_1 is the low energy down-type Higgs mass squared. The m1 is not so sensitive to naturalness due to the 1/ tan^2 β suppression.

MUSM parameters that are relevant to naturalness. More precisely, we will set constraints on the (m_3 − m_{1/2}) parameter plane, where m_{1/2} is universal gaugino mass and m_3 is the mass of the third generation sfermions involved in the SU(5) 10-plet. We shall use the ATLAS “b-jet” search [23] with 35 pb^{−1} data and the ATLAS “0-lepton” search [5] with 165 pb^{−1} data. The former search targets large tan β scenarios in the CMSSM or cases where gluinos predominantly decay to third generation squarks. We shall also use the latter search because it currently provides the strongest limit on the CMSSM parameter space.

The paper proceeds as follows: in Section 2, we clarify the parameters in our analysis and identify the region of parameter space where various phenomenological constraints are satisfied. Production cross sections of SUSY particles and gluino branching ratios are also discussed. In Section 3, we review the properties of ATLAS b-jet search and 0-lepton search. In Section 4, we describe our setup for simulation and formulae for the exclusion p-value. We present the results of the ATLAS b-jet search and 0-lepton search constraints on the MUSM scenario in Section 5. Section 6 summarises our results.

2 Viable parameter space, cross sections and branching ratios

First, we clarify the parameters in our analysis. As discussed in the Introduction, the MSSM parameters can be classified into two groups. One is the group of parameters which are relevant to naturalness, and the other is for parameters which are less sensitive to it. The members of the first group are m_{Hu} , |μ|, m_{t̃R} , m_{Q̃3} and m_{1/2}, where Q̃_3 is the third generation squark doublet. Those parameters are defined at the GUT scale. In this paper, for simplicity, we assume an SU(5) GUT[24, 25] relation for the soft SUSY breaking parameters and employ universality for the two Higgs soft masses. We then define the following parameters:

m_3 ≡ m_{t̃R} = m_{Q3} = m_{τ̃R} , m_H ≡ m_{Hu} = m_{Hd} . (1)

The second group involves the trilinear couplings and the other soft scalar masses. We assume their universality for simplicity. The same symbols A_0 and m_0 are used for the universal trilinear coupling and the universal scalar mass, respectively, as in the CMSSM.

In summary, our interest region is where the three parameters in the first group are of the order of the weak scale and the two parameters in the second group are of the order larger than the weak scale.

Group 1: m_{1/2}, m_3, m_H ≃ O(100) GeV

Group 2: m_0, (|A_0|) ≫ O(100) GeV

The value of |μ| is determined by the condition of electroweak symmetry breaking. The sign of μ remains physical. We fix sign(μ) = +, so that the b → sγ constraint is relaxed due to a cancelation between the charged Higgs-top quark contribution and the chargino-stop contribution. We do not address the b → sγ constraint explicitly because it depends on the off-diagonal entries of V_{uR} , V_{uL} and V_{dL} in this scenario [11], where V_{fI} (f = u, d and I = L, R) is the unitary matrix that diagonalises the Yukawa matrix as Y^{diag}_f = V^T_{fL} Y_f V^∗_{fR} . Finally, we take tan β = 10 in our analysis. This type of MUSM spectrum can be obtained from an E_6 GUT model with SU(2) horizontal symmetry [8, 9, 13]^3. Moderate value for tan β (5 <∼ tan β <∼ 15) is also a prediction of this model. In what follows, we fix m_3 = m_H for simplicity and take m_0 = 1.5 TeV. The value of m_0 is not

3 The assumption mH_u = mH_d at the GUT scale can be removed in this model.

Figure 1: Left: the excluded regions by the Higgs mass bound (the green region) and by the tachyonic stop (the pink region) on the (m_3 − A_0) plane at m_{1/2} = 150 GeV. Right: viable parameter space on the (m_3 − m_{1/2}) plane.

sensitive to our collider study as far as m_0 > 1.5 TeV because the superparticles with masses > 1.5 TeV are almost inaccessible in 165 pb^{−1} data at √ s = 7 TeV due to the small cross sections.

Let us identify the region of parameter space where various phenomenological constraints are satisfied. There are two major constraints to this scenario. One is a CCB constraint where one of the mass squared eigenvalues of scalar tops (stops) m^2_{t̃1} is negative. The m^2_0 negatively contributes to low energy values of m^2_{t̃L} and m^2_{t̃R} via renormalisation group evolution in a two-loop level. Moreover, if |A_t| is large at low energy, one of the eigenvalues of the mass squared matrix for stops becomes small. These two effects may drive m^2_{t̃1} negative. With fixed m_0, the CCB (or tachyonic stop) constraint requires large m_3, m_{1/2} and small |A_0|.

The other major constraint is the lower mass bound on the lightest CP-even Higgs, h. In our parameter region, the lightest CP-even Higgs is SM Higgs like^4. Thus, we use the LEP II SM Higgs mass bound (m_{HSM} > 114.4 GeV) [26] as the lower bound on the lightest CP-even Higgs mass. The approximate one-loop expression of m_h is given by [27]^5

m^2_h ≃ m^2_Z cos^2 2β +

3G_F m^4_t √ 2π^2 [ log m^2_{t̃} m^2_t + A^2_t m^2_{t̃} ( 1 − A^2_t 12m^2_{t̃} )] , (2)

where m_{t̃} ≃ m_{t̃R} ≃ m_{t̃L} . The log term in the bracket slowly increases as m_{t̃} increases. The second term proportional to (A_t/m_{t̃})^2 is maximised when |A_t/m_{t̃}| = √ 6. The Higgs mass constraint requires large m_3, m_{1/2} and also large |A_0|.

As we aim to explore the small m_3 and m_{1/2} region, we optimise A_0 by taking the above two constraints into account at each (m_3, m_{1/2}) point. Figure 1 (left) shows the allowed/excluded regions on the (m_3 − A_0) plane at m_{1/2} = 150 GeV. The pink and green regions are excluded by the tachyonic stop and the Higgs mass constraints, respectively. To obtain viable model points with small m_3, we take A_0 = −m_3 − 350 GeV throughout our analysis.

4 We have checked g_{ZZh}/gZZH_{SM} > 0.978 is hold in our parameter region, where the gZZH_{SM} (g_{ZZh}) is the ZZHSM (ZZh) coupling. 5 This equation is however not used in calculating low energy particle spectra. Instead, we use SOFTSUSY [28] v3.1.7 program.

Figure 1 (right) shows the allowed/excluded region on the (m_3 − m_{1/2}) plane. The pink and green regions are, again, excluded by the tachyonic stop and the Higgs mass constraints. The purple region is excluded by the chargino mass bound m_{χ̃}±_1 > 94 GeV [29] from the direct search conducted by LEP II. The red (orange) region is excluded because the LSP is the lighter stop (stau).

As we mentioned in the Introduction, FCNC and CPV observables do not place constraints on this parameter plane. As we adopt the large m_0 (m_0 = 1.5 TeV) and the moderate tan β (tan β = 10), it is difficult to explain the anomaly of (g − 2)_μ [30] in our setup. We do not address this issue in this paper.

Now we discuss the cross sections and branching ratios in our scenario. Figure 2 shows the total SUSY cross section and the cross sections for the leading production processes, g̃g̃ and t̃_1t̃^∗_1, at √ s = 7 TeV pp collision. The values are obtained using the PROSPINO [31, 32, 33, 34, 35, 36] v2.1 program. The next-to-leading order (NLO) corrections are taken into account. The total SUSY cross section is not large. It can be as large as O(10) pb only in the m_{1/2} < 160 GeV region or the m_3 < 700 GeV and m_{1/2} < 260 GeV region. This is because the two dominant production processes, q̃g̃ and q̃q̃, in the CMSSM (apart from the m_0 ≫ m_{1/2} region) are highly suppressed due to the large m_0 value. The dominant process then turns out to be g̃g̃ in the small m_{1/2} region and t̃_1t̃^∗_1 in the small m_3 region. The other processes are negligible across the (m_3 − m_{1/2}) parameter plane.

In this scenario, gluinos decay utterly into third generation squarks if the two-body decay mode g̃ → t̃_1t̄ or g̃ → b̃_1b̄ is open. Figure 3 shows Br(g̃ → t̃_1t̄ (t̃^∗_1t)) and Br(g̃ → b̃_1b̄ (b̃^∗_1b)). The branching ratios are calculated using the SUSYHIT [37] v1.3 program. The g̃ → t̃_1t̄ mode dominates throughout the parameter space. Around m_3 ≃ 700 − 1200 GeV, those branching ratios abruptly become zero because the two-body decay modes become kinematically forbidden. In m_3 > 700 − 1200 GeV region, gluinos decay to charginos or neutralinos via three-body decays through off-shell squarks. The branching ratio of g̃ → χ̃f̄_3f^′_3, where gluinos decay into third generation quark pairs, together with weak gauginos, via three-body decay, is also shown in Figure 3. In m_3 < 1100 GeV region, the g̃ → χ̃f̄_3f^′_3 mode has sizable branching ratios since off-shell stops and sbottoms are still lighter than first two generation squarks. The Br(g̃ → χ̃^0_{1,2}t̄t) and Br(g̃ → χ̃^+_1 t̄b) rapidly decrease compared to Br(g̃ → χ̃^0_{1,2}b̄b) because of phase space suppression due to the top mass.

3 ATLAS b-jet search and 0-lepton search

To assess the impact of the direct SUSY searches on the MUSM scenario, we use two ATLAS search results: the ATLAS “b-jet” search with 35 pb^{−1} data and the ATLAS “0-lepton” search with 165 pb^{−1} data.

The cuts adopted in the ATLAS b-jet search are shown in Table 1. This search examines two signal regions: 0-lepton region and 1-lepton region. The 0-lepton region targets the g̃ → b̃_1b̄ mode. It requires at least one b-tagged jet and adopts higher p_T and E^{miss}_T cuts. Events are discarded if they contain more than zero isolated leptons. On the other hand, the 1-lepton region targets the g̃ → t̃_1t̄ mode. It requires at least one isolated lepton and b-tagged jet assuming leptonic top decays. The p_T and E^{miss}_T cuts are mild compared to the 0-lepton signal region. This is because events that undergo the g̃ → t̃_1t̄ modes contain a large number of final state particles. The p_T of each final state particle can therefore not be large on average. In the MUSM scenario, as shown in Section 2, Br(g̃ → t̃_1t̄ (t̃^∗_1t)) + Br(g̃ → b̃_1b̄ (b̃^∗_1b)) = 100% in the small m_3 region. It is therefore reasonable to expect this search has a good sensitivity to the MUSM scenario.

The cuts used in the ATLAS 0-lepton search are shown in Table 2. This search defines three signal regions: 2-jets, 3-jets and 4-jets regions. All regions require very high p_T jets and large E^{miss}_T , since a larger number of SUSY events are available compared to the b-jet search, due to 165 pb^{−1}

Figure 2: Production cross section of supersymmetric particles.

Figure 3: Gluino branching ratio (only for the channels where the third generation quarks are involved). If m_3 is large and m_{1/2} is small, the gluino cannot decay into two particles. In the last figure, all decay process containing t or b quarks are added.

Signal Region 0-lepton 1-lepton number of b-jets ≥ 1 ≥ 1 E^{miss}_T [GeV] > 100 > 80 Leading jet p_T [GeV] > 120 > 60 Second jet p_T [GeV] > 30 > 30 Third jet p_T [GeV] > 30 - Δϕ(jet, E^{miss}_T )_{min} > 0.4 > 0.4 E^{miss}_T /m_{eff} > 0.2 - m_{eff} [GeV] > 600 > 500 m_T [GeV] - > 100 SM Background 19.6 ± 6.9 14.7 ± 3.7 Observed Events 15 9

Table 1: The cut used to define two signal regions of ATLAS b-jet analysis [23].

Signal Region ≥ 2 jets ≥ 3 jets ≥ 4 jets E^{miss}_T [GeV] > 130 > 130 > 130 Leading jet p_T [GeV] > 130 > 130 > 130 Second jet p_T [GeV] > 40 > 40 > 40 Third jet p_T [GeV] - > 40 > 40 Fourth jet p_T [GeV] - - > 40 Δϕ(jet, E^{miss}_T )_{min} > 0.4 > 0.4 > 0.4 E^{miss}_T /m_{eff} > 0.3 > 0.25 > 0.25 m_{eff} [GeV] > 1000 > 1000 > 1000 SM Background 12.1 ± 2.8 10.1 ± 2.3 7.3 ± 1.7 Observed Events 10 8 7

Table 2: The cut used to define three signal regions of ATLAS 0-lepton analysis[5].

Figure 4: Reproduction of the ATLAS observed exclusion limit for validation of our method. Solid (dashed) lines are our (ATLAS’) exclusion contours.

data. Events are discarded if they contain more than zero isolated leptons. A very high effective mass cut (m_{eff} ≡ ∑_N j=1 |p^{(j)}_T | + E^{miss}_T > 1000 GeV (for N-jets region)) is also adopted. This search currently places the strongest limit on the CMSSM parameter space.

ATLAS provides the number of observed events n^{(i)}_{obs} that made it past cuts and the expected SM backgrounds n^{(i)}_b together with their systematic error σ^{(i)}_b for each search signal region. Here i represents the search signal regions. The σ^{(i)}_b are calculated by adding the uncorrelated background systematic and the jet energy scale systematic in quadrature. Those numbers are listed in Table 1 and 2 for each search signal region.

At each SUSY model point, the predicted number of signal events n^{(i)}_s can be calculated using a Monte Carlo simulation. If one observes a statistically significant excess of the n^{(i)}_s + n^{(i)}_b from n^{(i)}_{obs}, one can reject the SUSY model point at some confidence level. ATLAS presents the 95% CL exclusion regions in the CMSSM (m_0 − m_{1/2}) plane at the tan β = 40, A_0 = 0, μ > 0 slice for the b-jet search and at the tan β = 10, A_0 = 0, μ > 0 slice for the 0-lepton search. The dashed curves in Figure 4 show the ATLAS’ 95% CL exclusion contours. As can be seen, the m_0 < 400 GeV and m_{1/2} < 400 GeV region is excluded by the 0-lepton search. In the small m_{1/2} <∼ 160 GeV region, m_0 is excluded up to 1000 GeV by both the b-jet and 0-lepton searches.

4 Monte Carlo simulation and its validation

Before discussing the constraints using the ATLAS searches on the MUSM scenario, we summarise our setup for event and detector simulations. We generate 10 000 SUSY events at various model points using the HERWIG++ [38] v2.5.0 Monte Carlo program. The SUSY sample is scaled so that the corresponding luminosities are 35 pb^{−1} (165 pb^{−1}) for the b-jet search (0-lepton search). We use NLO SUSY cross sections obtained by using the PROSPINO program. To simulate detector effects, we use the DELPHES [39] v.1.9 program. The parameters defined in the DELPHES are tuned for the

ATLAS’ analyses. For example, we use a R = 0.4 anti-k_T algorithm for a jet reconstruction and assume the b-tagging efficiencies to be 50%, 10% and 1% for b-jet, c-jet and light flavour or gluon jets. We analyse the SUSY sample and estimate the number of expected events n^{(i)}_s that survived the cuts which were used in the ATLAS searches.

The ATLAS papers provide their estimate for the signal cross sections. Variations of the renormalisation and factorisation scales by a factor of two results in uncertainties of 16%, 10%, 15%, 27% and 30% for g̃g̃, q̃q̃^{(∗)}, q̃g̃, t̃_1t̃^∗_1 and b̃_1b̃^∗_1 processes, respectively. The PDF uncertainties are expected to be 11 − 25%, 5%, 15% and 7 − 16% for g̃g̃, q̃q̃^{(∗)}, q̃g̃ and t̃_1t̃^∗_1 (b̃_1b̃^∗_1) processes, respectively. Those values depend on production processes and mass spectra for superparticles. We use the same numbers for the scale variations and the PDF uncertainties as the ATLAS b-jet searches but simply take the constant values. We take 25% and 11% for the PDF uncertainties on the g̃g̃ and t̃_1t̃^∗_1 (b̃_1b̃^∗_1) processes, respectively, across the SUSY parameter space. We then define the cross section error σ_{cross} by adding those errors in quadrature.

ATLAS does not supply the other systematic errors on the signal, such as jet energy scale uncertainty, b-tagging uncertainty and luminosity uncertainty. To model these uncertainties, we use a single constant error σ^{(i)}_s′ for each search signal region. Our approximate σ^{(i)}_s is then constructed as √ σ^2_{cross} + (σ^{(i)}_{s′} )^2. We vary σ^{(i)}_{s′} and choose reasonable values so that our exclusion contours match the ATLAS’ contours well. We choose 50% (50%) for the b-jet 0 (1)-lepton search signal region and 10%, 30%, 30% for the 0-lepton 2-, 3-, 4-jets search signal regions, respectively. We find that the exclusion contours are not so sensitive to σ^{(i)}_{s′} because σ_{cross} provides a sizeable contribution to σ^{(i)}_s .

Given information, n^{(i)}_{obs}, n^{(i)}_s , n^{(i)}_b , σ^{(i)}_s and σ^{(i)}_b , we can compute the exclusion p-value^6. We follow Ref [40]. The expectation value for observed events is given as

λ^{(i)} = n^{(i)}_s (1 + δ_sσ^{(i)}_s ) + n^{(i)}_b (1 + δ_bσ^{(i)}_b ), (3)

where the impact of systematic variations is accounted for by the nuisance parameters δ_s and δ_b. Using Poisson probability, the probability of observing n events is given by

P(n) = 1 N^{(i)}

∫_5

max(−5,−1/σ^{(i)}_s ) dδ_s ∫_5

max(−5,−1/σ^{(i)}_b ) dδ_b e^{−λ(i)} (λ^{(i)})^n n! e^{− 12 (δ2s +δ2b )}, (4)

with the normalisation

N^{(i)} =

∫_5

max(−5,−1/σ^{(i)}_s ) dδ_s ∫_5

max(−5,−1/σ^{(i)}_b )

dδ_be^{− 12 (δ2s +δ2b )}, (5)

where we have truncated the Gaussian modelling of the systematic errors at 5σ in computational practice. The lower edge of the integration is restricted to keep the signal and background contributions independently non-negative. Finally, given observed events n^{(i)}_{obs}, the exclusion p-value, defined as the cumulative marginalised likelihood, is obtained as

p_{excl}(n^{(i)}_{obs}) = n^{(i)}_{obs}∑

n=0 P(n). (6)

The 95% CL exclusion region corresponds to p_{excl} < 0.05.

6 There are various decent statistical methods, for example CLs, and those provide slightly different exclusion limits. Because the aim of this paper is not to investigate the dependence on the statistical methods, we simply use the frequentist p-value method in our analysis.

Figure 5: p_{excl}-value distribution of b-jet search regions for MUSM scenario. The green curves correspond to the 95% CL exclusion contour.

The solid curves in Figure 4 show the 95% CL exclusion contours obtained by the above procedure. The ATLAS’ 95% CL exclusion contours are shown with dashed curves on the same figures. It can be seen that our exclusion contours reproduce the ATLAS’ contours well.

5 Constraint from ATLAS searches on MUSM scenario

We are now ready to examine the constraints of the ATLAS searches on the MUSM scenario. We focus on the MUSM (m_3 − m_{1/2}) parameter plane in the m_0 = 1.5 TeV, m_H = m_3, A_0 = m_3 − 350 GeV, tan β = 10 slice, where the phenomenological allowed region has been found in Section 2. We divide the (m_3, m_{1/2}) plane into grids with (75, 20) GeV intervals. At each grid model point, we calculate the p_{excl} following the procedure described in Section 4 for each search signal region.

Figure 5 shows the p_{excl} distributions for the b-jet search in the 0-lepton (left) and 1-lepton (right) signal regions. The 95% CL exclusion contours are also shown in Figure 5. As can be seen, the 95% CL exclusion region is very limited. It is compacted only in the m_{1/2} < 220 GeV region. We attribute this to the suppression of the g̃g̃ cross section. In the m_{1/2} > 220 GeV region, the g̃g̃ cross section is less than 1 pb as shown in Figure 2, and the produced number of g̃g̃ pairs may not be sufficient in the 35 pb^{−1} data.

The excluded regions obtained from the 0-lepton and 1-lepton signal regions are complementary. The former signal region excludes the m_3 >∼ 850 GeV and m_{1/2} <∼ 150 GeV region, whilst the latter excludes the 650 GeV <∼ m_3 <∼ 900 GeV and m_{1/2} <∼ 200 GeV region. The 0-lepton signal region adopts larger p_T , E^{miss}_T and m_{eff} cuts. It therefore prefers the g̃g̃ events that undergo three-body gluino decays such as g̃ → bb̄χ̃^0_{1(2)} because the number of the final state particles is expected to be relatively small and the averaged p_T of each particle can be sufficiently large. Indeed, gluinos decay to three-body decay modes only in the m_3 >∼ 700 GeV region (See Figure 3.). In contrast, the cuts defined in the 1-lepton signal region are designed for the g̃ → t̃_1t̄ mode leading to long cascade decays and isolated leptons from leptonic top/stop decays.

Figure 6 shows the p_{excl} distributions for the 0-lepton search in the 2-, 3- and 4-jets signal regions. As can be seen, the constraints from these search signal regions on the MUSM parameter space are rather weak despite the larger luminosity data with 165 pb^{−1}. There are no 95% CL exclusion regions found on the (m_3 − m_{1/2}) plane in the 2- and 4-jets region, whilst the 4-jets region excludes the 1220 GeV <∼ m_3 <∼ 1350 GeV and m_{1/2} <∼ 130 GeV region^7. This result is not surprising. The

7 We have also applied the ATLAS 2010 (35 pb^{−1}) 0-lepton analysis [4] to the MUSM scenario and checked that

Figure 6: p_{excl}-value distribution of 0-lepton search regions for MUSM scenario. The green curve corresponds to the 95% CL exclusion contour.

0-lepton search requires rather large p_T , E^{miss}_T and m_{eff} cuts. On the other hand, in the MUSM scenario, the p_T of each particle can not be significantly large because of the small gluino mass and a large number of final state particles.

To illuminate this observation, we show distributions of the E^{miss}_T , leading jet p_T and m_{eff} (2- jets) before cuts for representative model points for the CMSSM (blue histograms) and MUSM scenario (green histograms) in Figure 7. The model points we have chosen are m_0 = 350 GeV, m_{1/2} = 250 GeV, A_0 = 0, tan β = 10, μ > 0 for the CMSSM and m_3 = 350 GeV, m_{1/2} = 250 GeV, A_0 = −700 GeV, tan β = 10, μ > 0, m_0 = 1.5 TeV for MUSM scenario. As can be seen, the distributions for the MUSM model point are much softer than those for the CMSSM point. The red arrows represent the cuts adopted in the 0-lepton search. We can see that the cuts remove the majority of events for the MUSM model point. Especially, the m_{eff} cut significantly reduces the number of signal events. To exclude the MUSM scenario, lower p_T , E^{miss}_T and m_{eff} cuts are crucial.

6 Summary and conclusion

Recent ATLAS and CMS SUSY searches have pushed up the exclusion limits significantly in the CMSSM (m_0 − m_{1/2}) plane. It may be getting more difficult to achieve naturalness within the framework of the CMSSM. We examined the impact of the recent direct SUSY searches on nonuniversal sfermion mass models focusing on naturalness. We considered non-universal sfermion mass models where the third generation sfermions involved in the 10-plet of SU(5) have a different soft mass m_3 from the other sfermions’ soft mass m_0. We focused on the parameter region where the parameters that are relevant to naturalness (m_3, m_{1/2}, m_{Hu} , μ) are around the weak scale and the other dimensionful parameters have larger mass scales (m_0 = 1.5 TeV, |A_0| > 500 GeV). We applied the ATLAS b-jet search and the latest 0-lepton search to various MUSM model points and identified the 95% CL exclusion region in the (m_3 − m_{1/2}) plane.

We found the constraints on the (m_3 − m_{1/2}) plane from the ATLAS searches are rather weak. Those searches do not exclude the m_{1/2} > 220 GeV region independently of m_3. This result can be attributed to the following two features of the MUSM scenario. First, because of the large m_0 value, the cross sections of q̃g̃ and q̃q̃ processes are significantly reduced compared to the CMSSM (apart from the m_0 ≫ m_{1/2} region). Second, the main branching ratio of gluinos is typically g̃ → t̃_1t̄ → χ̃^+_1 bt̄ → χ̃^0_1W^+bt̄, and events with such long cascade decays possess a large number of final state particles. Therefore, the p_T of each particle can not, on average, be large. Most of such events fail to pass high p_T cuts and large E^{miss}_T and m_{eff} cuts. In this paper, we investigated the exclusion limit in the particular slice of the parameter space in the MUSM. The complete search

there are no constraints on our (m3 − m_{1/2}) plane at the 95% CL.

Figure 7: Distributions of the E^{miss}_T , leading jet p_T and m_{eff} for SUSY signals before event selection.

across the whole parameter space is beyond the scope of this paper. However, as long as the 1st and 2nd generation squarks are decoupled and the gluinos predominantly decay to the 3rd generation quarks, one can expect that the constraint is weaker than the CMSSM because of the reasons mentioned above.

The non-universal sfermion mass models of this type can easily evade the current direct SUSY search constraints and keep naturalness. In order to exclude/discover these models, ordinary selection cuts, based on high p_T jets and large E^{miss}_T and m_{eff} , are not efficient. The cuts based on the number of b-jets, isolated leptons and the total number of final state particles may be preferable. We leave this study for future work.^8

8 During the publication process, ATLAS updated their analysis with the 1 fb^{−1} luminosity data collected in 2011. In the 0-lepton analysis [41] the exclusion region is substantially improved in the large m0 region by raising the pT cut of the 4-jet signal region. However, one may naively expect that this update does not change our conclusion, because as we have seen in Figure 7, raising the pT cut significantly looses the efficiency for the MUSM scenario, although the detail study is required for the quantitative conclusion. For the b-jet analysis, the constraint from the 1-lepton signal region on the simplified model, where g̃g̃ and t̃1t̃^∗_1 productions are assumed and their decay chains are fixed, turned out to be weaker than for the 35 pb^{−1} result, since they observed an upward fluctuation in the data [42]. For the 0-lepton signal region [43], the gluino mass limit for the simplified model, where g̃g̃ and b̃1b̃^∗_1 productions are assumed and their decay chains are fixed, is updated from 600 GeV to 700 GeV, by requiring more than 0 or 1 b-tagged jets. This should extend the 95% exclusion region in the large m3 region in Figure 5, although this region is less interesting compared to the small m3 region where the fine-tuning problem is relaxed. The MUSM scenario may still provide an interesting possibility for the tension between naturalness and LHC constraint. Updating our analysis with the other LHC analyses is also our future work.

Acknowledgement

We thank N. Maekawa for discussion at the beginning of this work. KS thanks members of the Cambridge SUSY Working Group for helpful discussions held, particularly B. Allanach, T.J. Khoo, C. Lester and A. Papaefstathiou. KS thanks Gareth Shelton, Stuart Shelton and Steven Suchting for helpful discussions. KS is supported in part by YLC (Young Leaders Cultivation) program in Nagoya University. This work is partially based on a project “New physics searches at the LHC” in 2011 performed by KS.

References

[1] H. P. Nilles, “Supersymmetry, Supergravity and Particle Physics,” Phys. Rept. 110 (1984) 1.

[2] H. E. Haber and G. L. Kane, “The Search for Supersymmetry: Probing Physics Beyond the Standard Model,” Phys. Rept. 117 (1985) 75.

[3] S. P. Martin, “A Supersymmetry primer,” arXiv:hep-ph/9709356.

[4] J. B. G. da Costa et al. [Atlas Collaboration], “Search for squarks and gluinos using final states with jets and missing transverse momentum with the ATLAS detector in sqrt(s) = 7 TeV proton-proton collisions,” Phys. Lett. B 701 (2011) 186 [arXiv:1102.5290 [hep-ex]].

[5] ATLAS Collaboration, ATLAS-CONF-2011-086.

[6] S. Cassel, D. M. Ghilencea, S. Kraml, A. Lessa and G. G. Ross, “Fine-tuning implications for complementary dark matter and LHC SUSY searches,” JHEP 1105 (2011) 120 [arXiv:1101.4664 [hep-ph]].

[7] S. Akula, N. Chen, D. Feldman, M. Liu, Z. Liu, P. Nath, G. Peim, “Interpreting the First CMS and ATLAS SUSY Results,” Phys. Lett. B699 (2011) 377-382. [arXiv:1103.1197 [hep-ph]].

[8] N. Maekawa, “NonAbelian horizontal symmetry and anomalous U(1) symmetry for supersymmetric flavor problem,” Phys. Lett. B 561 (2003) 273 [arXiv:hep-ph/0212141].

[9] N. Maekawa, “E(6) unification, large neutrino mixings, and SUSY flavor problem,” Prog. Theor.

Phys. 112 (2004) 639 [arXiv:hep-ph/0402224].

[10] S. -G. Kim, N. Maekawa, A. Matsuzaki, K. Sakurai, T. Yoshikawa, “Lepton flavor violation in SUSY GUT model with non-universal sfermion masses,” Phys. Rev. D75 (2007) 115008. [hep-ph/0612370].

[11] S. G. Kim, N. Maekawa, A. Matsuzaki, K. Sakurai and T. Yoshikawa, “CP asymmetries of B —¿ phi K(S) and B —¿ eta-prime K(S) in SUSY GUT Model with Non-universal Sfermion Masses,” Prog. Theor. Phys. 121 (2009) 49 [arXiv:0803.4250 [hep-ph]].

[12] M. Ishiduki, S. -G. Kim, N. Maekawa, K. Sakurai, “CEDM constraints on modified sfermion universality and spontaneous CP violation,” Prog. Theor. Phys. 122 (2009) 659-671. [arXiv:0901.3400 [hep-ph]].

[13] N. Maekawa and T. Yamashita, “Horizontal symmetry in Higgs sector of GUT with U(1)(A) symmetry,” JHEP 0407 (2004) 009 [arXiv:hep-ph/0404020].

[14] J. Hisano, K. Kurosawa and Y. Nomura, “Natural effective supersymmetry,” Nucl. Phys. B584, 3 (2000) [arXiv:hep-ph/0002286].

[15] D. E. Kaplan, F. Lepeintre, A. Masiero, A. E. Nelson and A. Riotto, “Fermion masses and gauge mediated supersymmetry breaking from a single U(1),” Phys. Rev. D60, 055003 (1999) [arXiv:hep-ph/9806430].

[16] J. L. Feng, C. F. Kolda and N. Polonsky, “Solving the supersymmetric flavor problem with radiatively generated mass hierarchies,” Nucl. Phys. B546, 3 (1999) [arXiv:hep-ph/9810500].

[17] N. Haba, N. Maru and N. Nakamura, “Decoupling and lepton flavor violation in extra dimensional theory,” Phys. Lett. B557, 240 (2003) [arXiv:hep-ph/0209009].

[18] S. Dimopoulos and G. F. Giudice, “Naturalness constraints in supersymmetric theories with nonuniversal soft terms,” Phys. Lett. B 357 (1995) 573 [arXiv:hep-ph/9507282].

[19] A. Pomarol and D. Tommasini, “Horizontal symmetries for the supersymmetric flavor problem,” Nucl. Phys. B 466 (1996) 3 [arXiv:hep-ph/9507462].

[20] A. G. Cohen, D. B. Kaplan and A. E. Nelson, “The More minimal supersymmetric standard model,” Phys. Lett. B 388 (1996) 588 [arXiv:hep-ph/9607394].

[21] N. Arkani-Hamed and H. Murayama, “Can the supersymmetric flavor problem decouple?,” Phys. Rev. D 56 (1997) 6733 [arXiv:hep-ph/9703259].

[22] K. Agashe and M. Graesser, “Supersymmetry breaking and the supersymmetric flavor problem:

An Analysis of decoupling the first two generation scalars,” Phys. Rev. D 59 (1999) 015007 [arXiv:hep-ph/9801446].

[23] G. Aad et al. [ATLAS Collaboration], “Search for supersymmetry in pp collisions at sqrts = 7TeV in final states with missing transverse momentum and b-jets,” Phys. Lett. B 701 (2011) 398 [arXiv:1103.4344 [hep-ex]].

[24] H. Georgi, S. L. Glashow, “Unity of All Elementary Particle Forces,” Phys. Rev. Lett. 32 (1974) 438-441.

[25] Ross, G. (1984). Grand Unified Theories. Westview Press. ISBN 978-0-805-36968-7.

[26] R. Barate et al. [LEP Working Group for Higgs boson searches and ALEPH Collaboration and and], “Search for the standard model Higgs boson at LEP,” Phys. Lett. B 565 (2003) 61 [arXiv:hep-ex/0306033].

[27] J. R. Ellis, G. Ridolfi and F. Zwirner, “On radiative corrections to supersymmetric Higgs boson masses and their implications for LEP searches,” Phys. Lett. B 262 (1991) 477.

[28] B. C. Allanach, “SOFTSUSY: a program for calculating supersymmetric spectra,” Comput.

Phys. Commun. 143 (2002) 305 [arXiv:hep-ph/0104145].

[29] LEP2 SUSY Working Group (ALEPH, DELPHI, L3 and OPAL collaborations),

http://lepsusy.web.cern.ch/lepsusy/

[30] K. Hagiwara, A. D. Martin, D. Nomura and T. Teubner, “Improved predictions for g-2 of the muon and alpha(QED) (M**2(Z)),” Phys. Lett. B 649 (2007) 173 [arXiv:hep-ph/0611102] and references are there in.

[31] Prospino 2.1, available at http://www.ph.ed.ac.uk/~tplehn/prospino [32] W. Beenakker, R. Hopker, M. Spira and P. M. Zerwas, “Squark and gluino production at hadron colliders,” Nucl. Phys. B 492 (1997) 51 [arXiv:hep-ph/9610490].

[33] W. Beenakker, M. Kramer, T. Plehn, M. Spira and P. M. Zerwas, “Stop production at hadron colliders,” Nucl. Phys. B 515 (1998) 3 [arXiv:hep-ph/9710451].

[34] W. Beenakker, M. Klasen, M. Kramer, T. Plehn, M. Spira and P. M. Zerwas, “The Production of charginos / neutralinos and sleptons at hadron colliders,” Phys. Rev. Lett. 83 (1999) 3780 [Erratum-ibid. 100 (2008) 029901] [arXiv:hep-ph/9906298].

[35] M. Spira, “Higgs and SUSY particle production at hadron colliders,” arXiv:hep-ph/0211145. [36] T. Plehn, “Measuring the MSSM Lagrangean,” Czech. J. Phys. 55 (2005) B213 [arXiv:hepph/0410063].

[37] A. Djouadi, M. M. Muhlleitner and M. Spira, “Decays of supersymmetric particles: The Program SUSY-HIT (SUspect-SdecaY-Hdecay-InTerface),” Acta Phys. Polon. B 38 (2007) 635 [arXiv:hep-ph/0609292].

[38] M. Bahr et al., “Herwig++ Physics and Manual,” Eur. Phys. J. C 58 (2008) 639 [arXiv:0803.0883 [hep-ph]].

[39] S. Ovyn, X. Rouby and V. Lemaitre, “DELPHES, a framework for fast simulation of a generic collider experiment,” arXiv:0903.2225 [hep-ph].

[40] B. C. Allanach, T. J. Khoo, C. G. Lester and S. L. Williams, “The impact of the ATLAS zero-lepton, jets and missing momentum search on a CMSSM fit,” JHEP 1106 (2011) 035 [arXiv:1103.0969 [hep-ph]].

[41] G. Aad et al. [ATLAS Collaboration], arXiv:1109.6572 [hep-ex]. [42] ATLAS Collaboration, ATLAS-CONF-2011-130. [43] ATLAS Collaboration, ATLAS-CONF-2011-098.