arXiv:1201.5275v1 [hep-ph] 25 Jan 2012

EPJ manuscript No. (will be inserted by the editor)

Flavor and LHC Searches for New Physics

Yael Shadmi^1

Physics Department, Technion—Israel Institute of Technology, Haifa 32000, Israel

Received: date / Revised version: date

Abstract. Uncovering the physics of electroweak symmetry breaking (EWSB) is the raison-d’etre of the LHC. Flavor questions, it would seem, are of minor relevance for this quest, apart from their role in constraining the possible structure of EWSB physics. In this short review article, we outline, using flavordependent sleptons as an example, how flavor can affect both searches for supersymmetry, and future measurements aimed at understanding the nature of any new discoveries. If the production cross-sections for supersymmetry are relatively low, as indicated by the fact that it has not revealed itself yet in standard searches, the usual assumptions about the superpartner spectra need re-thinking. Furthermore, one must consider more intricate searches, such as lepton-based searches, which could be susceptible to flavor effects. We start by reviewing the flavor structure of existing frameworks for mediating supersymmetry breaking, emphasizing flavor-dependent models proposed recently. We use the kinematic endpoints of invariant mass distributions to demonstrate how flavor dependence can impact both searches for supersymmetry and the Inverse Problem. We also discuss methods for measuring small-mass splittings and mixings at the LHC, both in models with a neutralino LSP and in models with a charged slepton (N)LSP.

PACS. 12.60.Jv Supersymmetric models – 14.80.Ly Supersymmetric partners of known particles – 11.30.Hv Flavor symmetries

1 Introduction

The subject of this review is the interplay between flavor questions and LHC searches for the origin of electroweak symmetry breaking. The latter is the most pressing problem of the standard model (SM). With just the observed SM particles, this theory fails around the TeV scale, because it predicts W and Z scattering cross-sections above the unitarity bounds. If the W and Z cross section is unitarized by a Higgs scalar, one is still faced with the hierarchy, or fine-tuning, problem. This is of course the raison-d’etre of the LHC, and the main argument for new particles at or below the TeV.

Flavor^1, too, refers to one of the open issues in the SM. The SM flavor puzzle is the fact that the intricate generation structure of the SM has no fundamental explanation. Both the fermion masses and their couplings to the W bosons involve many small and hierarchical dimensionless parameters with no explanation in the SM. This puzzle is really a question of aesthetics. Not only is there no fine-

Send offprint requests to:

1 The term “flavor” is somewhat vague, and often redundant, since it can usually be replaced by “generation.” The matter fields of the SM carry both gauge indices and generation indices. The latter are often called flavor indices. Flavordependence simply means generation-dependence, and flavor parameters refer to the generation-dependent parameters of the SM.

tuning involved, but the small parameters are technically natural. There is certainly no inherent inconsistency in the SM with its unexplained generation structure. Still, it seems to suggest an underlying flavor theory, one that would naturally generate the observed masses and mixings.

There are several ways in which flavor physics, and the new physics (NP) motivated by electroweak symmetry breaking (which we will refer to simply as NP), are related. We list these here, and will elaborate on each of them in the next sections.

(i) Bounds on flavor violation constrain the NP. The NP could exhibit a non-trivial generation structure. At the very least, if the new states couple directly to the SM fermions, the couplings could apriori be generation dependent. Furthermore, the new states could also appear in three copies, corresponding to the three generations of the SM. This is necessarily the case if this NP is the consequence of enlarging the space-time symmetry of the SM, as in supersymmetric and extra-dimension models. The SM matter fields then have new partners that come in three copies, and the masses and couplings of the new states are matrices, or more generally higher-rank tensors, in generation space. If these matrices are arbitrary, and the new states are around the TeV, the stringent bounds on flavor violation would be grossly violated^2. This greatly con-

2 For a review of EDM bounds on CP-violating phases, see the article by B. Batell in this chapter.

strains the structure of the NP, and has led to the spreading belief that the NP must be Minimally Flavor Violating (MFV), that is, the only source of generation dependence of the NP can be the SM Yukawas [1].

That this assumption needs rethinking is clear. In the case of supersymmetry for example, the fact that it has not shown up yet at the LHC may hint at possibilities that are markedly different from MFV scenarios. The most drastic possibility, if supersymmetry exists, is that all sfermions, or at least all squarks, are heavy, as in [2,3,4], and beyond the LHC reach. This may imply a certain amount of finetuning in the Higgs sector, and would altogether eliminate flavor constraints for scalar masses of 10^4 TeV (see, e.g., [5]). A more moderate possibility is that only the first- and second-generation squarks are heavy, as in More Minimal Supersymmetry Breaking [6,7].

At this stage, however, given the (relatively) low energy of the LHC, the small dataset analyzed so far (1 fb^{−1}), and the simplifying assumptions made in many of the analyses, it is still possible that more mundane supersymmetric models are within LHC reach. Even in this case, as was emphasized in recent years (see e.g., [8,9,10]), there is room for generation-dependent superpartner spectra that are nonetheless consistent with low-energy bounds, and there are natural models that predict such spectra.

(ii) Flavor impacts NP search strategies. The flavor structure of the NP obviously determines its LHC signatures. It is important to bear in mind that most studies of NP at the LHC assume a flavor-blind, or MFV spectrum. In the busy LHC environment, however, if we don’t specifically look for something, it can be easily missed. That More Minimal Supersymmetry may be missed by traditional search techniques is clear (see for example the recent analyses of [11,12]) but the same could hold for more “bread-and-butter” models, especially if only a subset of the superpartners are light enough to be produced.

(iii) Flavor can exacerbate the Inverse Problem. Even if NP is discovered at the LHC, understanding the nature of this NP, and whether and how it is related to EWSB, would be far from trivial (see, e.g., [13,14]). This task would be especially hard if only a few new particles are discovered. In particular, it is well known that different solutions to the hierarchy problem, such as supersymmetry and UED models, have similar LHC signatures, and would therefore be hard to tell apart. This has been called the “Inverse Problem” [14]. This problem can be even more challenging if the NP is generation dependent. We will see an example of this kind in section 4.

(iv) How well can we measure the NP flavor parameters? If NP is discovered at the LHC, one would like to understand its flavor structure. Are the new states single states, with universal couplings to different SM generations? Are they single states with generation-dependent couplings? Are there three copies of new states with different or equal masses and with different couplings to the SM generations? It is therefore important to devise methods for measuring the flavor parameters of the NP. A particularly plausible possibility, given the stringent bounds on flavor violation involving the first and second generations, is that some of the new states are almost degenerate, especially if these states are far from pure flavor states. Such a scenario would be hard to distinguish from having a single state which couples to different SM generations, or from having two degenerate pure flavor states.

(v) The NP flavor parameters would provide information about the underlying NP theory. Thus for example, they could tell us about the mediation mechanism of supersymmetry breaking.

(vi) The NP flavor parameters may provide information about the underlying flavor theory. If the SM generation structure is explained by some flavor theory, this flavor theory may control the generation structure of the NP. The NP flavor parameters will then provide new handles on the flavor theory, whether this theory involves a flavor symmetry, new strong dynamics, or the wave-functions of the matter fields in an extra-dimension.

There is a huge literature on flavor, and it’s impossible to coherently review it within the limited length of this review. We will therefore focus on a very specific example, namely the sleptons of supersymmetry, in order to demonstrate the inter-relations listed above. There are several reasons why sleptons are a useful example. First, as opposed to quarks, (especially the light quarks), the flavor of a lepton–whether it is an electron, a muon, and to a lesser extent, a tau—can be determined very precisely in collider detectors. Second, many frameworks for mediating supersymmetry breaking predict sleptons at the bottom of the spectrum, below colored particles, so that they typically appear at the end of decay chains and will therefore be easier to reconstruct. For the same reason, if colored particles are above LHC reach, we may have to content ourselves with sleptons and electroweak gauginos only. These have much smaller production cross sections, so may still be hiding in LHC data. Finally, the lepton inter-generation mixings, measured in neutrino oscillations, are much larger than the quark inter-generation mixings. These mixings could feed into the slepton intergenerational mixings, resulting in observable lepton flavorchanging processes at the LHC (see, e.g., [15]). It should also be noted that much of the above reasoning in favor of sleptons can be repeated for different lepton partners, such as KK leptons.

2 The mediation of supersymmetry breaking in light of flavor-constraints

Supersymmetry would not have much theoretical appeal if we didn’t have plausible theoretical frameworks for generating the 100 or so soft supersymmetry-breaking terms from a few fundamental parameters. Flavor is an important guiding principle in devising such frameworks, since weak-scale superpartners generically give rise to large loop contributions to flavor changing processes, such as μ → eγ or K^0 − K̄^0 mixing.

The experimental constraints on flavor violation are usually derived by working in the interaction basis, in which the sfermion-fermion-gaugino coupling is a diagonal matrix in generation space, using the mass-insertion approximation [16], δ^{MN}_{ij} ≡ ΔM̃^{2,MN} i≠j m̃^2

≪ 1 . (1)

Here M, N = L, R, with L, R denoting the sfermion partners of left-handed or right handed-fermions, M̃^{2,MN} is the mass squared matrix for the relevant sfermions, and m̃^2 is the typical sfermion mass squared. The bounded quantities are then the off-diagonal elements in the sfermion mass-squared matrices, which provide useful information for top-down model building. When discussing the collider signatures of superpartners, however, it is more natural to work in terms of the physical observables—the sfermion masses and mixings. These are found by diagonalizing the 6 × 6 mass matrix for the three L-sfermions and three R-sfermions. The gaugino coupling to a (mass-eigenstate) fermion of generation i and sfermion J is then proportional to some mixing matrix K_{iJ} , where J = 1, . . . , 6 runs over the six mass eigenstates.

There are several possible approaches to suppressing the superpartner loop contributions to FV processes. Essentially, these follow from the different limits in which the FV contributions vanish. Since we would first like to enumerate different approaches to mediating supersymmetry breaking, it is convenient to phrase the discussion in terms of the theoretical input parameters M̃^{2,MN} . Often, these contain a few sources of FV and one or two of the approaches below must be combined. Below we list features of the soft terms that lead to reduced FV, starting with the scalars and continuing with the gauginos^3:

1. Heavy Scalars (often called decoupling): Some diagonal elements of M̃^{2,MM} are much larger than a TeV^2, so that the corresponding scalars are heavy.

2. Alignment: The matrices M̃^{2,MN} are approximately diagonal in the fermion mass basis.

3. Universality: M̃^{2,MN} ∝ 1_{3×3}.

4. Small A terms. Penguin-type FV processes like μ → eγ require a helicity flip on the fermion line. If they don’t involve Higgsinos, the diagrams therefore require an insertion of δ^{LR}. These can be dangerous even if they are not flavor-violating, since multiple insertions involving a flavor-diagonal δ^{LR} can dominate over a single insertion.

5. Heavy gauginos: Since the loop diagrams contain both virtual spin-0 sfermions and spin-1/2 gauginos or Higgsinos it suffices to take either the sfermions or the spin-1/2 superpartners to be heavy.

6. Gauginos are Dirac fermions: In this case, Penguin type diagrams with a helicity flip on the gaugino line are absent.

We can now classify existing models and frameworks according to which of these features they employ^4.

3 To better understand these points, one should examine the structure of FV diagrams. See for example eqn. 20 of [17]. 4 Some of these are actual models, with a well-defined mechanism for generating the soft terms and controlling their structure. Others are simply ansatze, which may have some concrete realization(s).

Heavy superpartners occur in different scenarios. Indeed, the null results of LHC searches for supersymmetry could indicate that some, or all, scalars are heavy. Models in which all scalars are beyond LHC reach are not relevant for this review. Dirac gauginos [18], as in R-symmetric models [10], can be heavier than the scalar superpartners since their effect on the Higgs mass is relatively small. R symmetric models therefore allow^5 for generation-dependent slepton and squark masses [10,19]. Similarly, the first-and second-generation squarks can be heavy with only mild tuning of the Higgs mass [7,6]. This pattern is sometimes called an “Inverted Hierarchy” or “More Minimal Supersymmetry”. The flavor constraints and LHC signatures of this scenario were recently studied in [11,12]).

Universality is achieved if the soft terms are determined solely by the gauge charges of the scalars. This is the case for the soft terms of Gauge Mediated Supersymmetry Breaking (GMSB) [20,21] or Gaugino Mediated Supersymmetry Breaking (gMSB) [22,23] at the scale at which supersymmetry breaking is mediated to the MSSM. The A terms at the mediation scale are zero in these models. “Minimal SUGRA” (mSUGRA) imposes universality at the mediation scale as an ansatz, and actually assumes that all scalar masses are the same at this scale^6. In Anomaly Mediated Supersymmetry Breaking (AMSB) [24], the soft terms at the mediation scale are only approximately universal. They are determined by the anomalous dimensions of the MSSM fields, and therefore involve both the gauge couplings and the Yukawa couplings.

In all these models, the soft terms acquire some Yukawa dependence due to the RG evolution to the weak scale. These models are then “Minimally Flavor Violating” (MFV): the only source of generation dependence is the SM Yukawa couplings [1]. The size of the Yukawa dependence is affected by the amount of running, and is therefore the smallest in GMSB models with a low mediation scale.

Alignment can be achieved when the underlying theory responsible for generating the SM fermion mass matrices also controls the soft terms [25]. Known examples include models with flavor symmetries [25], (or Froggatt-Nielsen symmetries [26]), and theories in which the SM fields develop large anomalous dimensions through their couplings to a near-conformal theory [27].

Small A terms arise naturally in some of the frameworks mentioned above such as GMSB and gMSB. They are also a feature of R-symmetric models, since they break R-symmetry. Other mechanisms for suppressing these include the Higgsophobic supersymmetry breaking of [28,9], which relies on a fifth dimension to separate the supersymmetrybreaking fields from the Higgses.

5 These models have additional features that contribute to the suppression of FV processes, including the absence of A terms and the Dirac nature of the gauginos (see items 5, 6 above).

6 In gravity mediated models, without additional ingredients, the scalar mass matrices could be arbitrary, so that bounds on FV are not satisfied.

As mentioned above, for the purposes of this review, the parameters of interest are the physical parameters in the slepton mass basis, namely, the maximal mass splittings and mixings consistent with FV bounds. Universality and small A terms result in mass degeneracy. Alignment results in small mixings.

As we saw above, models exhibiting universality are MFV. Since the only order one Yukawa coupling is the top Yukawa (except at large tan β, for which the bottom and tau Yukawas can be significant) the charged matter sector of the low-energy supersymmetric models have an approximate SU(2)_{UL} ×SU(2)_{UR} × SU(3)_{DL} ×SU(3)_{DR} ×SU(3)_{lepton} symmetry. To see interesting flavor effects at the LHC, we must therefore go beyond MFV. The models must involve some of the remaining ingredients listed above: alignment, heavy scalars or gauginos, or Dirac gauginos.

To be concrete, let us focus from now on on the sleptons. We can estimate the sizes of the slepton mass matrices using their transformation properties under the SU(3)_L× SU(3)_e flavor symmetry, broken by the charged lepton Yukawa Y_L which transforms as a bi-triplet of this symmetry^7. To leading order in Y_L, the slepton soft terms are then

M^2_L = m̃^2_L ( 1_{3×3} + Y_LY^†_L + . . . ) , M^2_e = m̃^2_e ( 1_{3×3} + Y^†_L Y_L + . . . ) , (2) A_{LR} = m̃_{LR} (Y_L + . . .) , where m̃^2_L, m̃^2_e and m̃_{LR} are numbers. We then find that, for LHC purposes, the spectrum is almost generation blind. The only potentially observable effect is the stau splitting from the other sleptons, with Δm̃_{I3}/m̃ ∼ 10^{−4} tan^2 β (with I = 1, 2) which for tan β ∼ m_t/m_b is roughly 10%. In order to have either slepton mixings, or selectron-smuon mass splittings, we must go beyond MFV.

We now give a few representative examples. • Flavor constraints satisfied by a combination of universality and alignment: Some examples of this type are based a dominant universal contribution from GMSB [8,29], or AMSB [30]^8, with a sub-dominant non-universal contribution controlled by the flavor symmetry responsible for the structure of the SM fermion masses. This can be realized purely in GMSB models [29], with the non-universal contribution coming from superpotential matter-messenger couplings, or in high-scale GMSB [8] models which always have sub-dominant but non-negligible gravity-mediated contributions to the soft masses. Such models typically have small LR mixings. The right handed sleptons can have order-one relative mass splittings, with small mixings: 1 − 2 mixings at the percent level and 2 − 3 mix-

7 SU(3)L is further broken by the neutrino masses. Here, for simplicity, we will neglect the spurions associated with the neutrinos. This is justified if the seesaw scale is higher than the mediation scale. We can then take the charged lepton Yukawa to be a diagonal matrix without loss of generality. 8 As mentioned above, AMSB is not universal but MFV.

ings at the ten percent level^9. The left handed sleptons can have relative mass-splittings of order one with negligible mixings, or, at the other extreme, order-one mixings with relative mass splittings of order 10^{−3} (such splittings will probably be below LHC sensitivity). Between these two extremes, there are models in which both the relative mass splittings and the mixings are a few percent.

• R-symmetric Models[10]. Here FV is suppressed by a combination of having Dirac gauginos (some of which can additionally be heavy—see item 4 above), and the absence of A terms. Ref. [19] performed a detailed analysis of the predictions of a class of R symmetric models to e − μ FV processes, and showed that even for large selectronsmuon mass splittings of 50%, 10% mixings are generically allowed. In small wedges of the parameter space, even O(1) mixings are possible.

• Supersymmetric 5d models. The SM flavor parameters may be the result of different overlaps of the 5d fermion wave-functions with the Higgs wave function, in either flat or warped 5d models [31,32]. Since the hierarchy problem is solved by supersymmetry, the 5th dimension can be very small in this case, thus for example it can be of GUT-scale size. The 5d locations of the matter fields will generically affect the soft terms [33,34]. As mentioned above, in Higgsophobic models, the Higgs fields and supersymmetry breaking fields are localized at different points along an extra dimension. In this case, A terms are adequately suppressed. The resulting R-sleptons can then exhibit relative mass splittings of O(10^{−2}) between the selectron and smuon, with order one mass splittings from the stau [28,9]. A detailed analysis of flavor in 5D models recently appeared in [35]. In these models, the Higgses and the supersymmetry breaking sector are taken to be on the same 4d brane. The O(1) 5d mass-parameters of the matter fields (which determine the wave-functions of these fields) are chosen so that viable fermion masses are obtained. Flavor constraints then imply several allowed superpartner spectra, with all colored superpartners above LHC reach. The lightest superpartners are the R-handed sleptons (often the selectron or smuon), with masses that are rather large, around 500-600 GeV and relative mass splittings of roughly 20%, and mixings of order 10%.

To summarize, we have examples of viable models that predict potentially observable generation-dependent slepton spectra at the LHC, with mass splittings of the selectron and smuon of up to tens (or even hundreds, in R-symmetric models) of GeV, and with slepton mixings up to order one. Some examples can exhibit selectron and smuon splittings above a few GeV with non-negligible mixings.

9 These small mixings are a generic result of the flavor symmetry.

3 Flavor impacts NP search strategies.

The basic supersymmetry searches rely on jets plus missing E_T and are therefore truly blind to slepton flavor^{10}. Searches involving leptons are especially important given the fact that colored superpartners have so far not revealed themselves at the LHC. If squarks and gluinos are beyond LHC reach, and only neutralinos, charginos and sleptons can be produced, lepton-based searches would be essential (see, e.g., [39]). Lepton searches are important even if colored superpartners are within reach, but are very heavy. In this case, the electroweak cross sections for producing neutralinos, charginos, and sleptons can become comparable to strong SUSY production. Relying on missing E_T is then problematic, since the masses of the pair produced non-colored particles is not that much higher than the top, W and Z masses. The missing E_T carried by a neutralino χ̃^0_1 that is produced from cascade decays of heavier charginos or neutralinos, is likely to be smaller than the missing energy carried by a neutralino coming from the decay of a much heavier colored object.

Searches involving leptons usually require missing energy, one or more leptons, and possibly some number of jets. The latest ATLAS search of this type, for example, based on 1 fb^{−1} is described in [40]. Slepton flavor mostly affects the two lepton channels, since these are sensitive to two correlated leptons coming from the decay chain

χ^0_2 → l^±l̃^∓ → χ^0_1l^±l^∓ . (3)

Such searches were designed with the assumption that the selectron and smuon are degenerate with no mixing, so that the OS leptons of Eq. (3) are of the same flavor (SF). This assumption is important in even the simplest counting-experiment dilepton searches, since these rely on “flavor subtraction” in order to enhance the SUSY signal contribution over the SM background (and over the SUSY background of uncorrelated leptons), by measuring N_{f lav−sub} ≡ N(e^+e^−) + N(μ^+μ^−) − N(e^±μ^∓) . (4) If the slepton spectrum is generation-independent, the supersymmetric signal contributes in only the first two terms of Eq. (4), while the uncorrelated lepton SM background contributes equally to these and to the third term and therefore drops out. If the slepton spectrum is generationdependent, N_{f lav−sub} might not be a sensible observable. The relevant slepton states (between the heavier and lighter neutralinos) are in general some combinations of the selectron, smuon and stau, with some mass differences. For simplicity, assume that two of the lightest sleptons are selectron-smuon mixtures, with mixing sin θ,

l̃_1 = cos θ ẽ − sin θ μ̃ ,

l̃_2 = sin θ ẽ + cos θ μ̃ , (5)

and with masses m_1 = m and m_2 = m + δm, such that

m_{χ̃}0_1 < m < m + δm < m_{χ̃}0_2 . (6)

10 Flavor-dependent squark spectra and their impact on LHC searches were discussed for example in [36,37,38].

If the mixing is very small, sin θ ≪ 1, flavor subtraction still works. Note however that in this case, flavor constraints allow a substantial slepton mass splitting δm, and if this splitting is not much smaller than m_χ0_2 − m, the branching ratios of χ^0_2 to the different sleptons are different and N(e^+e^−) ≠ N(μ^+μ^−). If, on the other hand, the mixing is substantial, the leptons in Eq. (3) can have either flavor. In particular, both SF and DF dileptons appear in the decay Eq. (3), and N_{f lav−sub} dilutes the signal.

Another common strategy (also employed in [40], see also [39]) for enhancing the SUSY signal over the background, is to measure the OS dilepton invariant mass distribution. The reason is that the signal distribution has a triangle shape, which peaks at the kinematic endpoint of the dilepton invariant mass [42,43,44,45,46,47,48], while the background from uncorrelated leptons is roughly constant (at least over some range of the dilepton invariant mass near the endpoint)^{11}. If the slepton spectrum is generation-independent, δm = 0 and sin θ = 0, and the dilepton-invariant mass distribution has a single peak, at the endpoint of m_{ll},

m^2_{ll}|_{ep} =

(m^2_{χ̃02} − m^2_{l̃} )(m^2_{l̃} − m^2_{χ̃01} )

m^2_{l̃}

. (7)

with identical contributions from the two sleptons. The resulting SF invariant mass distribution has a triangle shape (see Figure 1). With δm ≠ 0, the two sleptons give rise

Fig. 1. The l^+l^− invariant mass distribution (l = e, μ) for degenerate sleptons (dashed) and for sleptons of different masses (solid).

to two separate endpoints, m_{ll,1} and m_{ll,2} [49]. For small δm, the edge separation is Δm_{ll} ≡ m_{ll}|_2 − m_{ll}|_1 ∼ m_{ll} m_{l̃} m^2_{χ02} m^2_{χ01} − m^4_{l̃}

(m^2_{χ02} − m^2_{l̃} )(m^2_{l̃} − m^2_{χ01} ) δm . (8) 11 The dilepton invariant mass distribution is an important tool for measuring superpartner masses and we will return to it in sections 4 and 5. For now, however, we are mainly interested in it at the level of the discovery potential for SUSY.

Note that this edge separation can either enhance or suppress the slepton mass difference. In particular, for m(m+ δm) ∼ m_{χ̃}0_1 m_{χ̃}0_2 one finds Δm_{ll} ≪ δm, and for m(m+δm) very far from this value, Δm_{ll} ≫ δm.

Consider first a small slepton mixing sin θ ≪ 1 [49]. In this case, the ee distribution is only sensitive to the selectron, and the μμ distribution is only sensitive to the smuon, so flavor subtraction can be used. The m_{ll} distribution of SF dilepton pairs now exhibits two endpoints, separated by δm_{ll} (see Figure 1). If δm_{ll} is large, the height of the corresponding peaks is smaller than the height of the single peak in the generation-independent model with δm = 0 (see Figure 1). It would therefore be harder to detect these peaks.

If, on the other hand, δm_{ll} is just somewhat above the possible resolution of the experiment, the two endpoints are one or two bins apart. Because of detector effects, the SF distribution will then exhibit a fuzzier peak, which again would be harder to observe compared to the single peak of the flavor-blind spectrum.

A non-zero mixing complicates the picture, since now the signal generates both SF and DF dileptons. The two endpoints appear therefore in both the SF and DF m_{ll} distribution, again with heights smaller than the single peak obtained for δm = 0. As suggested in [50], a better approach in this case would be to consider the flavor-added (ie, SF+DF) m_{ll} distribution. This distribution contains all the signal contributions to the two endpoints. Furthermore, its shape is independent of the mixing sin θ. Irrudicble backgrounds from uncorrelated lepton pairs are expected to be roughly constant over reasonable ranges of m_{ll}, so one should be able to extract them by fitting this distribution.

4 Interpreting the new physics in the presence of generation-dependence

If superpartners are eventually discovered, a lot of work would be required in order to establish that they are indeed the supersymmetric partners of SM particles (see, e.g. [13,14]). This would entail, beyond the obvious mass measurements, also measuring the sizes of couplings of the new particles, and ultimately their spins. The latter are particularly important since different SM extensions motivated by the hierarchy problem, most notably UED [51], have similar signatures at the LHC [52]. This problem has come to be known as the “Inverse Problem” [14], since it is the inverse of the traditional approach to NP at colliders, whose starting point is a specific NP model. Determining the spins of new particles would typically require measuring angular distributions or other event shape variables.

Supersymmetric models and their look-alikes [52] often have a stable neutral particle at the bottom of the spectrum, with all other new particles decaying to this new lightest particle plus some SM particles. As a result, NP events cannot be fully reconstructed, and some sophisticated methods are required even for mass measurements. The kinematic endpoint of the dilepton invariant mass distribution from Eq. (3) is a well-known tool for extracting superpartner masses [42,43,44,45,46,47,48]. Furthermore, since the m_{ll} distribution depends on the spin of the intermediate particle in the decay, it has been extensively discussed as a useful discriminator between different types of NP [53,54,55]. Both applications of the m_{ll} distribution are complicated by having a generation-dependent NP spectrum. Here we focus on its use as a spin discriminator.

The sharp triangle form of the m_{ll} distribution for dileptons from the SUSY decay Eq. (3) follows from the fact that the intermediate slepton is a scalar. In the slepton rest frame, m^2_{ll} ∝ (1 − cos θ) where cos θ is the angle between the two leptons. Since dσ/dm^2_{ll} is constant, dσ/dm_{ll} is a straight line. Different NP models give rise to analogs of the decay Eq. (3), with the intermediate particle potentially having a nonzero spin. In that case, the m_{ll} distribution is no longer a straight line. As shown in [53,54], with a SUSY-like mass spectrum, it would still be hard to differentiate between SUSY and UED models based on this distribution, but other spin combinations can be distinguished. Thus for example, replacing the intermediate slepton by a vector particle results in a very different distribution. For near-degenerate spectra, UED and SUSY can be better differentiated. In any case, distinguishing between SUSY and other frameworks relies on the triangular shape of the SUSY distribution. As we saw in the previous section, in the presence of flavor-dependence, the single triangle shape of the SUSY distribution is replaced by the double triangle of Figure 1. This shape would be smeared by detector effects, so that it would be harder to differentiate from the shapes obtained in other models.

5 NP Flavor measurements: measuring the slepton mass splittings and mixings

If NP is discovered at the LHC, one would want to understand its flavor structure^{12}. This question is relevant even if the new particles do not come in three copies corresponding to the three generations of the SM. For any new particle with couplings to the SM fermions, one would like to know whether these couplings are generation dependent. In the case of a chargino or neutralino, this translates to information about the sfermion mixings. At the same time, for any new particle discovered, one would like to establish whether only a single particle is seen, or a few nearly degenerate particles with similar signatures. Thus for example, a supersymmetric model with a neutralino LSP and generation blind slepton spectrum (with degenerate selectrons and smuons), may be hard to distinguish from a model with a single slepton with equal selectron and smuon components. Differentiating between the two involves information on both the mass splittings and mixings. It is important to note that nearly-degenerate particles are a very plausible possibility, given the strong flavor

12 For early work on the collider signatures of generationdependent sleptons, focused on lepton flavor violation, see, e.g., [56,57,58,59,60].

constraints on the first and second generation. As we saw in section 2, these essentially restrict the product of the mass splitting and mixing, so that a small mass splitting is necessary if the mixing is non-negligible.

In the following we will discuss these questions in the context of the first and second generation sleptons, focusing on mixed sleptons as in Eq. (5), with a small mass splitting δm of order a few GeV. When discussing mass measurements, one must distinguish between two qualitatively different scenarios. One is supersymmetry with a neutralino LSP, leading to missing energy in each event, and the second is supersymmetry with a charged (N)LSP, such as a slepton, in which most events have no missing energy and are therefore fully reconstructible.

5.1 Neutralino LSP models

As discussed in section 4, the dilepton invariant mass distribution is an important tool for mass measurements in neutralino LSP models. We have already seen that a slepton mass splitting results in a double triangle shape of this distributions, with the separation of the two endpoints being a non-trivial function of the two neutralino masses, m and δm^{13}. This example was studied in detail in [50], and in the following we summarize the results. If the endpoint separation is large, it would be fairly easy to detect the two endpoints, and to infer the presence of two distinct slepton states of different masses. Note, however, that a large endpoint separation is typically obtained when the slepton masses are close to either one of the neutralino masses [recall that when the two slepton masses are close to the geometric mean of the two neutralino masses, the edge separation Δm_{ll} ≪ δm, see Eq. (8)]. In this case, one of the leptons emitted in the decay Eq. (3) is relatively soft, making the endpoint measurement more challenging [62]. Indeed, for this reason, most benchmark points chosen for measurements of the dilepton invariant mass distribution had (degenerate) sleptons far from the two neutralinos.

As discussed in section 3, in the presence of mixing, the decay Eq. (3) contributes both SF and DF dileptons. The flavor-added distribution is then particularly useful, since it does not dilute the signal. Another advantage of the flavor-added distribution is that it is independent of the mixing sin θ. One can therefore start by extracting the two endpoints from the flavor-added distribution (by fitting it to a double triangle), and then use these endpoints as input to a simultaneous fit of the ee, μμ and eμ distributions. The total numbers of events in these distributions are related by,

N_{F V} (e^±μ^∓) N_{F V} (e^+e^−) = 2(1 + R) cos^2 θ sin^2 θ cos^4 θ + R sin^4 θ (9) N_{F V} (μ^+μ^−) N_{F V} (e^+e^−) = R cos^4 θ + sin^4 θ cos^4 θ + R sin^4 θ , 13 Here and in the following we assume that the mass splitting is much bigger than the slepton decay width. The effect of nonzero width was studied in detail in [61] where R is the ratio of phase-space factors in χ^0_2 decays involving the different intermediate sleptons:

R ≡ ( m^2_{χ02} − m^2_{l̃2}

m^2_{χ02} − m^2_{l̃1}

)_2

. (10)

Fitting each one of the distributions with a double triangle with the endpoints as input, one can extract the mixing angle. In particular, for δm ≪ m_χ0_2 − m, R is approximately 1, so the fit only depends on the mixing angle. These methods were applied in [50] to an example with δm ∼ 3 GeV, with the endpoints separated by 6 GeV, showing (at a 14 TeV LHC with 10 fb^{−1}) that the two endpoints and the mixing can be resolved both for small mixing (sin^2 θ ∼ 0.03) and for large mixing (sin^2 θ ∼ 0.6).

Note that R and the two endpoints contain complementary information about the slepton and neutralino masses. As stressed above, a small endpoint difference Δm_{ll} does not necessarily mean a small δm. If Δm_{ll} is small, R ≠ 1 would indicate an appreciable slepton mass splitting, with the sleptons close to the mean of the neutralino masses.

5.2 Slepton NLSP models

Models with a metastable NLSP charged slepton can be obtained with gauge-mediated supersymmetry breaking [63], and in large regions of the parameter space of gravitymediated supersymmetry breaking [64]. The NLSP eventually decays to a gravitino, but if this decay occurs outside the detector, the slepton leaves a track in the muon detector, its momentum is measured, and its mass can be determined based on its time-of-flight or energy deposition patterns [65,66,67,68,69,70]^{14}. Supersymmetric events are then not only fully reconstructible, but also virtually background-free.

Measurements of masses and mixings in such models were discussed in [8,72,73,74,75,76]. A clean way of extracting the masses is to sequentially reconstruct each particle in a cascade decay by looking for the peak it generates [75]. Consider for example the decay of a heavy slepton l̃_{heavy} → χ^0_1l_a → l̃_{NLSP}l_bl_a , (11)

where l̃_{NLSP} is the metastable slepton. The χ^0_1 can be identified through the peak in the OS lepton-l̃_{NLSP} invariant mass distribution. The next superpartner in the chain, l̃_{heavy}, is often hard to detect by looking for a peak in the

lll̃_{NLSP} distribution, due to the large combinatorial background. Choosing however only those ll̃_{NLSP} pairs whose invariant mass is close to the χ^0_1 peak, one can construct a

14 Apart from [70], these techniques rely on the low slepton speed. Sleptons produced in the decay of heavier particles can have large boosts, and therefore look like fake muons. Such sleptons may be detected by looking for a peak in the muonlepton invariant mass distribution [71].

sample of χ^0_1 candidates, and then add to each of them another lepton. The resulting lepton-χ^0_1-candidate invariant mass distribution would exhibit a clearer l̃_{heavy} peak.

Once the masses are determined, the mixings can be measured by comparing the relative numbers of events contributing to peaks involving different flavor leptons. Thus for example, comparing the number of events in the χ^0_1 peak of the el̃_{NLSP}, μl̃_{NLSP}, and τl̃_{NLSP}, resolves the flavor composition of the l̃_{NLSP}, and similarly for the heavier sleptons.

As explained above, a particularly plausible scenario is that two sleptons are nearly degenerate. If both of these sleptons have observable decays, as would be the case for example for nearly degenerate l̃_{heavy}’s, one would see two different peaks in the lχ^0_1 invariant-mass distributions. Whether or not the two peaks can be resolved depends both on the l̃_{heavy} masses and on their flavor composition. An even more challenging scenario however is that two (or more) of the lighter sleptons are nearly degenerate. Consider for concreteness a spectrum with a second slepton, l̃_2, a few GeV above the mass of l̃_{NLSP}, so that l̃_2 decays to l̃_{NLSP} via a three-body decay l̃_2 → l̃_{NLSP}X, where X is a dilepton [77,78]. The two leptons in X are typically soft because of the small slepton mass difference, and will go undetected, so that the l̃_2 decays are invisible. The existence of l̃_2 can then be probed using the “Shifted Peak” method, proposed in [74], which utilizes the hard lepton l_2 emitted in association with l̃_2. The neutralino χ^0_1 has two possible decays into sleptons. The first is the direct decay to l̃_{NLSP}, χ^0_1 → l̃^±_{NLSP}l^∓_1 . (12)

The second is the decay to l̃_2,

χ^0_1 → l̃^±_2 l^∓_2 , (13)

followed by one of the two three-body decays [77,78]

l̃^±_2 → l̃^±_{NLSP}X^{±∓} , (14)

l̃^±_2 → l̃^∓_{NLSP}X^{±±} , (15)

where X^{±∓} contains two OS leptons, and X^{±±} contains two SS leptons. Note that the charge-flipping decays of Eq. (15) resulting in SS leptons are possible because the neutralino is a Majorana fermion. SS leptons are also present in models other than supersymmetry when the decay is mediated by a vector boson or a scalar. Thus, the observed particles are the hard lepton from Eq. (12) or Eq. (13), and the long-lived slepton l̃_{NLSP} from Eq. (12), Eq. (14), or Eq. (15).

We can thus construct distributions for the following invariant masses-squared:

m^2_{l̃l1} ≡ ( p_{l̃NLSP} + p_{l1}

)_2 , (16)

m^2_{l̃l2} ≡ ( p_{l̃NLSP} + p_{l2}

)_2 , (17)

where the l̃_{NLSP} and l_2 charges can be either opposite or the same. The distribution Eq. (16) peaks of course at the neutralino mass m_χ0_1 , but, because of the missing leptons, Eq. (17) peaks somewhat below this mass, at m_χ0_1 − E_{shift}, with

E_{shift} = m^2_{χ01} + m^2

2mm_χ0_1 δm . (18) The slepton mass difference δm can therefore be extracted from the shift E_{shift} between the two peak locations.

The charge-flipping decays of Eq. (15) provide a useful handle on the shifted peak. A peak in the invariant mass m^2_{l̃±NLSPl±2} , formed from events with SS sleptons and

leptons, can only come from the decays of Eq. (13) and will therefore exhibit the shift E_{shift}. The analogous OS distribution will contain both types of events specified in Eq. (12) and Eq. (13), and will therefore generically exhibit a double peak structure, with the two peaks separated by E_{shift}.

The identities of l_1 and l_2 depend, of course, on the flavor compositions of l̃_{NLSP} and l̃_2. In one extreme case, if these are the left- and right-handed sleptons associated with the same flavor, the two leptons are identical. In the opposite extreme, the two sleptons could be pure states of different flavors. In this case, the leptons l_1 and l_2 are different flavors, and there is no need to rely on the charges to separate the distributions. More generally, the two sleptons contain both selectron and smuon components, and each of the OS l̃_{NLSP}e and l̃_{NLSP}μ distributions will exhibit both the true neutralino peak and the shifted peak. Still, the SS distributions will be sensitive to just the l̃_2, and can therefore be used to cleanly determine its flavor composition. In [75], it was shown that mixings of around 5% and mass differences of around 5 GeV can be resolved in this way.

6 Acknowledgments

Research supported in part by the Israel Science Foundation (ISF) under grant No. 1367/11, by the United States- Israel Binational Science Foundation (BSF) under grant No. 2010221.

References

1. G. D’Ambrosio, G. Giudice, G. Isidori, and A. Strumia, “Minimal flavor violation: An Effective field theory approach,” Nucl.Phys. B645 (2002) 155–187,

arXiv:hep-ph/0207036 [hep-ph].

2. J. L. Feng, K. T. Matchev, and T. Moroi, “Focus points and naturalness in supersymmetry,” Phys.Rev. D61 (2000) 075005,

arXiv:hep-ph/9909334 [hep-ph].

3. G. Giudice and A. Romanino, “Split supersymmetry,” Nucl.Phys. B699 (2004) 65–89,

arXiv:hep-ph/0406088 [hep-ph].

4. N. Arkani-Hamed and S. Dimopoulos, “Supersymmetric unification without low energy supersymmetry and signatures for fine-tuning at the LHC,” JHEP 0506 (2005) 073,

arXiv:hep-th/0405159 [hep-th].

5. G. Isidori, Y. Nir, and G. Perez, “Flavor Physics Constraints for Physics Beyond the Standard Model,” Ann.Rev.Nucl.Part.Sci. 60 (2010) 355,

arXiv:1002.0900 [hep-ph].

6. A. G. Cohen, D. Kaplan, and A. Nelson, “The More minimal supersymmetric standard model,” Phys.Lett. B388 (1996) 588–598,

arXiv:hep-ph/9607394 [hep-ph].

7. G. Dvali and A. Pomarol, “Anomalous U(1) as a mediator of supersymmetry breaking,” Phys.Rev.Lett. 77 (1996) 3728–3731,

arXiv:hep-ph/9607383 [hep-ph].

8. J. L. Feng, C. G. Lester, Y. Nir, and Y. Shadmi, “The Standard Model and Supersymmetric Flavor Puzzles at the Large Hadron Collider,” Phys.Rev. D77 (2008) 076002,

arXiv:0712.0674 [hep-ph].

9. Y. Nomura and D. Stolarski, “Naturally Flavorful Supersymmetry at the LHC,” Phys. Rev. D78 (2008) 095011,

arXiv:0808.1380 [hep-ph].

10. G. D. Kribs, E. Poppitz, and N. Weiner, “Flavor in supersymmetry with an extended R-symmetry,” Phys. Rev. D78 (2008) 055010,

arXiv:0712.2039 [hep-ph].

11. H. Baer, S. Kraml, A. Lessa, S. Sekmen, and X. Tata, “Effective Supersymmetry at the LHC,” JHEP 1010 (2010) 018, arXiv:1007.3897 [hep-ph].

12. C. Brust, A. Katz, S. Lawrence, and R. Sundrum, “SUSY, the Third Generation and the LHC,”

arXiv:1110.6670 [hep-ph].

13. J. L. Feng, M. E. Peskin, H. Murayama, and X. R. Tata, “Testing supersymmetry at the next linear collider,” Phys.Rev. D52 (1995) 1418–1432,

arXiv:hep-ph/9502260 [hep-ph].

14. N. Arkani-Hamed, G. L. Kane, J. Thaler, and L.-T.

Wang, “Supersymmetry and the LHC inverse problem,” JHEP 08 (2006) 070, arXiv:hep-ph/0512190.

15. J. L. Feng, Y. Nir, and Y. Shadmi, “Neutrino parameters, Abelian flavor symmetries, and charged lepton flavor violation,” Phys.Rev. D61 (2000) 113005,

arXiv:hep-ph/9911370 [hep-ph].

16. F. Gabbiani, E. Gabrielli, A. Masiero, and L. Silvestrini, “A Complete analysis of FCNC and CP constraints in general SUSY extensions of the standard model,” Nucl.Phys. B477 (1996) 321–352,

arXiv:hep-ph/9604387 [hep-ph].

17. J. L. Feng, K. T. Matchev, and Y. Shadmi, “Theoretical expectations for the muon’s electric dipole moment,” Nucl.Phys. B613 (2001) 366–381,

arXiv:hep-ph/0107182 [hep-ph].

18. P. J. Fox, A. E. Nelson, and N. Weiner, “Dirac gaugino masses and supersoft supersymmetry breaking,” JHEP 0208 (2002) 035, arXiv:hep-ph/0206096 [hep-ph].

19. R. Fok and G. D. Kribs, “mu to e in R-symmetric Supersymmetry,” Phys.Rev. D82 (2010) 035010,

arXiv:1004.0556 [hep-ph].

20. M. Dine, A. E. Nelson, and Y. Shirman, “Low-energy dynamical supersymmetry breaking simplified,” Phys.Rev. D51 (1995) 1362–1370,

arXiv:hep-ph/9408384 [hep-ph].

21. M. Dine, A. E. Nelson, Y. Nir, and Y. Shirman, “New tools for low-energy dynamical supersymmetry breaking,” Phys.Rev. D53 (1996) 2658–2669,

arXiv:hep-ph/9507378 [hep-ph].

22. Z. Chacko, M. A. Luty, A. E. Nelson, and E. Ponton, “Gaugino mediated supersymmetry breaking,” JHEP 0001 (2000) 003, arXiv:hep-ph/9911323 [hep-ph].

23. D. Kaplan, G. D. Kribs, and M. Schmaltz, “Supersymmetry breaking through transparent extra dimensions,” Phys.Rev. D62 (2000) 035010,

arXiv:hep-ph/9911293 [hep-ph].

24. L. Randall and R. Sundrum, “Out of this world supersymmetry breaking,” Nucl.Phys. B557 (1999) 79–118,

arXiv:hep-th/9810155 [hep-th].

25. Y. Nir and N. Seiberg, “Should squarks be degenerate?,” Phys.Lett. B309 (1993) 337–343,

arXiv:hep-ph/9304307 [hep-ph].

26. C. Froggatt and H. B. Nielsen, “Hierarchy of Quark Masses, Cabibbo Angles and CP Violation,” Nucl.Phys. B147 (1979) 277.

27. A. E. Nelson and M. J. Strassler, “Exact results for supersymmetric renormalization and the supersymmetric flavor problem,” JHEP 0207 (2002) 021,

arXiv:hep-ph/0104051 [hep-ph].

28. Y. Nomura, M. Papucci, and D. Stolarski, “Flavorful supersymmetry,” Phys.Rev. D77 (2008) 075006,

arXiv:0712.2074 [hep-ph].

29. Y. Shadmi and P. Z. Szabo, “Flavored Gauge-Mediation,”

arXiv:1103.0292 [hep-ph].

30. C. Gross and G. Hiller, “Flavorful hybrid anomaly-gravity mediation,” arXiv:1101.5352 [hep-ph].

31. N. Arkani-Hamed and M. Schmaltz, “Hierarchies without symmetries from extra dimensions,” Phys.Rev. D61 (2000) 033005,

arXiv:hep-ph/9903417 [hep-ph].

32. T. Gherghetta and A. Pomarol, “Bulk fields and supersymmetry in a slice of AdS,” Nucl.Phys. B586 (2000) 141–162,

arXiv:hep-ph/0003129 [hep-ph].

33. D. E. Kaplan and T. M. Tait, “Supersymmetry breaking, fermion masses and a small extra dimension,” JHEP 0006 (2000) 020, arXiv:hep-ph/0004200 [hep-ph].

34. D. E. Kaplan and T. M. Tait, “New tools for fermion masses from extra dimensions,” JHEP 0111 (2001) 051,

arXiv:hep-ph/0110126 [hep-ph].

35. F. Brummer, S. Fichet, and S. Kraml, “The Supersymmetric flavour problem in 5D GUTs and its consequences for LHC phenomenology,” arXiv:1109.1226 [hep-ph].

36. T. Hurth and S. Kraml, “Interplay of Direct and Indirect Searches for New Physics,” arXiv:1110.3804 [hep-ph].

37. T. Hurth and W. Porod, “Nondiagonal flavor observables in B and collider physics,” Eur.Phys.J. C33 (2004) S764–S766,

arXiv:hep-ph/0311075 [hep-ph].

38. G. F. Giudice, B. Gripaios, and R. Sundrum, “Flavourful Production at Hadron Colliders,” JHEP 1108 (2011) 055,

arXiv:1105.3161 [hep-ph].

39. J. Eckel, W. Shepherd, and S. Su, “Slepton Discovery in Electroweak Cascade Decay,” arXiv:1111.2615 [hep-ph].

40. ATLAS Collaboration, G. Aad et al., “Searches for supersymmetry with the ATLAS detector using final states with two leptons and missing transverse momentum in sqrts = 7 TeV proton-proton collisions,” arXiv:1110.6189 [hep-ex].

41. CMS Collaboration, “Search for new physics in events with opposite-sign dileptons and missing transverse energy,” CMS-PAS-SUS-11-011.

42. I. Hinchliffe, F. Paige, M. Shapiro, J. Soderqvist, and W. Yao, “Precision SUSY measurements at CERN LHC,” Phys.Rev. D55 (1997) 5520–5540,

arXiv:hep-ph/9610544 [hep-ph].

43. H. Bachacou, I. Hinchliffe, and F. E. Paige, “Measurements of masses in SUGRA models at CERN LHC,” Phys.Rev. D62 (2000) 015009,

arXiv:hep-ph/9907518 [hep-ph].

44. B. Gjelsten, . Miller, D.J., and P. Osland, “Measurement of SUSY masses via cascade decays for SPS 1a,” JHEP 0412 (2004) 003, arXiv:hep-ph/0410303 [hep-ph].

45. C. G. Lester, M. A. Parker, and . White, Martin J., “Determining SUSY model parameters and masses at the LHC using cross-sections, kinematic edges and other observables,” JHEP 0601 (2006) 080, arXiv:hep-ph/0508143 [hep-ph].

46. C. Lester, M. A. Parker, and . White, Martin J., “Three body kinematic endpoints in SUSY models with non-universal Higgs masses,” JHEP 0710 (2007) 051,

arXiv:hep-ph/0609298 [hep-ph].

47. A. J. Barr, B. Gripaios, and C. G. Lester, “Weighing Wimps with Kinks at Colliders: Invisible Particle Mass Measurements from Endpoints,” JHEP 0802 (2008) 014,

arXiv:0711.4008 [hep-ph].

48. C. Autermann, B. Mura, C. Sander, H. Schettler, and P. Schleper, “Determination of supersymmetric masses using kinematic fits at the LHC,” arXiv:0911.2607 [hep-ph].

49. B. Allanach, J. Conlon, and C. Lester, “Measuring Smuon- Selectron Mass Splitting at the CERN LHC and Patterns of Supersymmetry Breaking,” Phys.Rev. D77 (2008) 076006,

arXiv:0801.3666 [hep-ph].

50. I. Galon and Y. Shadmi, “Kinematic Edges with Flavor Splitting and Mixing,” arXiv:1108.2220 [hep-ph].

51. T. Appelquist, H.-C. Cheng, and B. A.

Dobrescu, “Bounds on universal extra dimensions,” Phys.Rev. D64 (2001) 035002,

arXiv:hep-ph/0012100 [hep-ph].

52. H.-C. Cheng, K. T. Matchev, and M. Schmaltz, “Bosonic supersymmetry? Getting fooled at the CERN LHC,” Phys.Rev. D66 (2002) 056006,

arXiv:hep-ph/0205314 [hep-ph].

53. J. M. Smillie and B. R. Webber, “Distinguishing Spins in Supersymmetric and Universal Extra Dimension Models at the Large Hadron Collider,” JHEP 10 (2005) 069,

arXiv:hep-ph/0507170.

54. C. Athanasiou, C. G. Lester, J. M. Smillie, and B. R. Webber, “Distinguishing Spins in Decay Chains at the Large Hadron Collider,” JHEP 0608 (2006) 055,

arXiv:hep-ph/0605286 [hep-ph].

55. L.-T. Wang and I. Yavin, “A Review of Spin Determination at the LHC,” Int. J. Mod. Phys. A23 (2008) 4647–4668,

arXiv:0802.2726 [hep-ph].

56. N. Arkani-Hamed, H.-C. Cheng, J. L. Feng, and L. J. Hall, “Probing Lepton Flavor Violation at Future Colliders,” Phys. Rev. Lett. 77 (1996) 1937–1940,

arXiv:hep-ph/9603431.

57. N. Arkani-Hamed, J. L. Feng, L. J. Hall, and H.-C. Cheng, “CP violation from slepton oscillations at the LHC and NLC,” Nucl. Phys. B505 (1997) 3–39,

arXiv:hep-ph/9704205.

58. K. Agashe and M. Graesser, “Signals of supersymmetric lepton flavor violation at the LHC,” Phys. Rev. D61 (2000) 075008, arXiv:hep-ph/9904422.

59. J. Hisano, R. Kitano, and M. M. Nojiri, “Slepton oscillation at Large Hadron Collider,” Phys. Rev. D65 (2002) 116002, arXiv:hep-ph/0202129.

60. A. Bartl, K. Hidaka, K. Hohenwarter-Sodek, T. Kernreiter, W. Majerotto, et al., “Test of lepton flavor violation at LHC,” Eur.Phys.J. C46 (2006) 783–789,

arXiv:hep-ph/0510074 [hep-ph].

61. Y. Grossman, M. Martone, and D. J. Robinson, “Kinematic Edges with Flavor Oscillation and Non-Zero Widths,” JHEP 1110 (2011) 127, arXiv:1108.5381 [hep-ph].

62. A. J. Buras, L. Calibbi, and P. Paradisi, “Slepton mass-splittings as a signal of LFV at the LHC,” JHEP 1006 (2010) 042, arXiv:0912.1309 [hep-ph].

63. J. L. Feng and T. Moroi, “Tevatron signatures of longlived charged sleptons in gauge mediated supersymmetry breaking models,” Phys.Rev. D58 (1998) 035001,

arXiv:hep-ph/9712499 [hep-ph].

64. J. L. Feng, A. Rajaraman, and F. Takayama, “Superweakly interacting massive particles,” Phys.Rev.Lett. 91 (2003) 011302,

arXiv:hep-ph/0302215 [hep-ph].

65. A. Nisati, S. Petrarca, and G. Salvini, “On the possible detection of massive stable exotic particles at the LHC,” Mod. Phys. Lett. A12 (1997) 2213–2222,

arXiv:hep-ph/9707376.

66. CDF Collaboration, A. Connolly, “Search for longlived charged massive particles at CDF,” arXiv:hep-ex/9904010.

67. S. Tarem, S. Bressler, H. Nomoto, and A. Di Mattia, “Trigger and reconstruction for heavy longlived charged particles with the ATLAS detector,” Eur. Phys. J. C62 (2009) 281–292.

68. ATLAS Collaboration, G. Aad et al., “Search for Heavy Long-Lived Charged Particles with the ATLAS detector in pp collisions at sqrt(s) = 7 TeV,” Phys.Lett. B703 (2011) 428–446,

arXiv:1106.4495 [hep-ex].

69. CMS Collaboration, V. Khachatryan et al., “Search for Heavy Stable Charged Particles in pp collisions at sqrt(s)=7 TeV,” JHEP 1103 (2011) 024, arXiv:1101.1645 [hep-ex].

70. J. Chen and T. Adams, “Searching for high speed long-lived charged massive particles at the LHC,” Eur.Phys.J. C67 (2010) 335–342,

arXiv:0909.3157 [hep-ph].

71. I. Galon, Y. Shadmi, S. Tarboush, and S. Tarem, “When a Muon Is Not a Muon: Detecting Fast Long-Lived Charged Particles from Cascade Decays Using a Mass Scan,”

arXiv:1112.4486 [hep-ph].

72. R. Kitano, “A Clean Slepton Mixing Signal at the LHC,” JHEP 03 (2008) 023, arXiv:0801.3486 [hep-ph].

73. S. Kaneko, J. Sato, T. Shimomura, O. Vives, and M. Yamanaka, “Measuring Lepton Flavour Violation at LHC with Long-Lived Slepton in the Coannihilation Region,” Phys. Rev. D78 (2008) 116013,

arXiv:0811.0703 [hep-ph].

74. J. L. Feng, S. T. French, C. G. Lester, Y. Nir, and Y. Shadmi, “The Shifted Peak: Resolving Nearly Degenerate Particles at the LHC,” Phys.Rev. D80 (2009) 114004,

arXiv:0906.4215 [hep-ph].

75. J. L. Feng, S. T. French, I. Galon, C. G. Lester, Y. Nir, et al., “Measuring Slepton Masses and Mixings at the LHC,” JHEP 1001 (2010) 047, arXiv:0910.1618 [hep-ph].

76. T. Ito, R. Kitano, and T. Moroi, “Measurement of the Superparticle Mass Spectrum in the Long-Lived Stau Scenario at the LHC,” JHEP 1004 (2010) 017,

arXiv:0910.5853 [hep-ph].

77. S. Ambrosanio, G. D. Kribs, and S. P. Martin, “Three body decays of selectrons and smuons in low-energy supersymmetry breaking models,” Nucl.Phys. B516 (1998) 55–69,

arXiv:hep-ph/9710217 [hep-ph].

78. J. L. Feng, I. Galon, D. Sanford, Y. Shadmi, and F. Yu, “Three-Body Decays of Sleptons with General Flavor Violation and Left-Right Mixing,” Phys.Rev. D79 (2009) 116009,

arXiv:0904.1416 [hep-ph].