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1. Introduction

The first run of the Large Hadron Collider (LHC) has placed stringent bounds on the scale
of physics beyond the Standard Model (BSM), putting under pressure most of the candidate sce-
narios to address the hierarchy problem. In particular, the minimal supersymmetric extension of
the Standard Model is at present considerably constrained. However non-standard supersymmetric
scenarios, still within the MSSM but with exotic supersymmetric spectra, have already proven to
be able to weaken the LHC constraints [1, 2, 3, 4, 5, 6]. With the imminent start of the run 2 of
LHC, it is then important to revisit the implementation of supersymmetry and its breaking in the
MSSM, and explore the possibility that supersymmetry is realized with a non-minimal pattern in
the structure of the soft terms.

As an example of scenarios which were previously less studied, one could consider relax-
ing the minimal flavour violation (MFV) assumption on SUSY models. One interesting option
for non-standard SUSY beyond MFV involves considerations of mixing between squark flavours.
Current experimental results, particularly from flavour physics, give strong constraints on mixing
between first and second generation squarks, while mixing between third and first/second gener-
ations remains relatively unconstrained. Several scenarios of SUSY models with squark mixing
have recently been discussed in Refs. [6, 7, 8, 9, 10].

In this note, based on the paper [11], we study the possibility that the low energy part of the
supersymmetric spectrum is characterized by a single (right handed) light squark, highly mixed
in flavour between stop and up-squark or stop and scharm-squark. We first propose an explicit
realization of such scenario in an extension of gauge mediation, also discussing the low energy
physics constraints. Then we study the phenomenology at LHC14 for the case where the light
squark is maximally mixed between top- and up-type squark. We focus on the collider signatures
which are peculiar to a scenario with maximal stop-sup mixing, i.e. single top and same sign di-top
production.! Our collider analysis represents a concrete proposal to test the mixing property of the
light squark in the next LHC runs.

2. The model formulation

Low Energy Constraints In the minimal supersymmetric extension of the Standard Model (MSSM),
the supersymmetry breaking parameters (the soft terms) can be generic sources of flavour and CP
violation. The flavour bounds in the MSSM can be analysed in a model independent way by con-
straining the structure of the supersymmetry breaking parameters [32]. The up-type squark mass
matrix in the superCKM basis can be written as

LL SLR
%:”hz(ﬂ6><6+5u) 5u = <6u 6u ) (21)

RL SRR
S, 8y

where the dimensionless 0, parameterise the deviations from flavour alignment. We are interested
in flavour mixing showing up in the right-right part of the up-type squark mass matrix, since they

I These signatures have already been investigated in several new physics scenarios, single top in [12, 13, 14, 15, 16,
17] and same sign tops in [18, 19, 20, 21, 22, 23, 24, 25, 26, 27, 28, 29, 30, 31].



Signs of Tops from Highly Mixed Stops Alberto Mariotti

are less constrained by flavour physics [2]. The matrix (6X);; is a 3 x 3 matrix which is deter-
mined by the soft mass of the up-type squark (m2); ;. The most relevant constraint on the mass
matrix is obtained through the measurement of the Dy — Dy mixing, which bounds the absolute
value of the (§%%)}, to be smaller than 0.05 [32, 33]. Apart from this bound, low energy observ-
ables do not independently constrain (§%%);3 or (§8%),;. Another possibly relevant constraint to
keep into account for the 1-3 mixing is given by the neutron electric dipole moment (EDM) [34].
However, the neutron EDM processes also involve L-R mixing, hence they can be relevant only in
the combined presence of large 1-3 RR mixing and (diagonal or off diagonal) large LR mixing. In
the following we provide a computable model which induces large off diagonal contribution only
to the RR up-type squark mass matrix (m2); ; in the framework of extension of gauge mediation,
and which is compatible with flavour constraints.

Extended Gauge Mediation Gauge mediation (for a review see [35]) is a predictive framework
for supersymmetry breaking which is automatically flavour diagonal and can predict the structure
of the soft terms as functions of few UV parameters. The principle of gauge mediation is that the
SUSY breaking sector is connected to the MSSM only via SM gauge interactions. Gauge mediation
can be deformed by considering additional interactions between the SUSY breaking sector and the
MSSM.

As we show in this section, scenarios with large squark mixing can be realized by extensions
of gauge mediation augmented with extra superpotential interactions among the messengers and
some superfield of the MSSM. This class of models has recently been studied in several papers
[36, 37, 38, 39, 40, 41, 42,43, 44, 45, 46, 47, 48, 49, 50, 51, 52]. An interesting aspect of these de-
formations is that they are not automatically diagonal in flavour space, and hence they can represent
controllable sources of flavour violation, which are normally absent in vanilla gauge mediation.

The model we propose consists of a pair of messengers in the 5+ 5 that we denote (¢, ¢, 1, §»).
We assume that the component of the 5 messengers with the same quantum numbers of right handed
down quark interact with the up type quarks via the superpotential couplings

3
SW =21 Z{ ciUiy3.p)P2(3.0)» (2.2)

i=
where the index i runs here on the flavour index. Hence the interaction is not diagonal in flavor,
and can induce non-trivial flavor mixing, depending on the values of the vector ¢ = {cy,c2,c3}. We
take the normalization |/c? +¢3 +c3 = 1, while A sets the overall size of the deformation. We take
all couplings to be real, in order to not introduce sources of CP violation. The superpotential (2.2)

adds to the usual MSSM superpotential which includes the Yukawa couplings and the u term.
The supersymmetry breaking superpotential for the two pairs of 5+ 5 messengers is

Wrpres = M (9101 + 0202) + Y (9162 + $261), (2.3)

with the SUSY breaking spurion ¥ = 02F. The messenger scale M sets the energy scale where the
soft masses are generated. Note that there is a residual Z4 R-symmetry under which the spurion Y
has charge 2, with the other charges reported in Table 1. This implies that gaugino masses and also
A-terms cannot be generated by this sector and by the deformation A. The discrete R-symmetry,
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Table 1: Z, R-symmetry charge assignment.

together with a messenger Z, symmetry under which ¢; and ¢; are odd, implies that the deformation
(2.2) is the only one compatible with these discrete simmetries and with gauge invariance.

The boundary conditions induced at the messenger scale by this SUSY breaking sector in-
cludes gauge mediated contributions to the scalar masses and the contribution arising because of
the new interaction A. The gauge mediation contribution, defining A = %, is

m? = q 67:2 Zcf 4(2/\2 )) (2.4)

where fy(x) is the usual minimal gauge mediation function for sfermions (see e.g. [53]) f;(x) =
1+ % + O(x*). The contribution to the soft masses induced by the A deformation are

2 1 )L 12 2 2 dy 242 A A
myy, = 756 Se a1 Cij dy dy —2 21:3Crgr A —487r2Cij h(M)Mfg
r=1,
dyA?
mQQi/ ~ 25674 Oy A2 (2.5)
3dyA?
2 U t 2
My, =~ ~eca Tr(y'.c.y) A

where we defined the matrix ¢;; = ¢;cj, dy =2 and dy =4, C; = 2/5,C, =0,C3 = 4. The one loop
function A(x) is given in [11] and can be expanded as h(x) = 1+ %xz +0(x*). Note that the up type
right squark gets off diagonal contributions whose flavour structure is determined by the matrix
cij. In order to induce non vanishing gaugino masses and sizable scalar masses we consider also
in addition to the previous SUSY breaking sector another supersymmetry breaking sector inducing
general gauge mediation contribution, with different gaugino and scalar SUSY breaking scales,
respectively Ag and Ag

2
8
Mg, = 167:2

_ 42
= 167r2 22 A

(2.6)

For simplicity we assume that such contribution is induced at the same messenger scale M as above,
which hence sets the range of scales of the renormalisation group (RG) flow.

In summary, the total contribution to the soft masses in the complete model is given by adding
expressions (2.4,2.5,2.6).

Numerical analysis We explored the parameter space of this model and the implication for flavor
observables using the tools SARAH [54, 55], SPheno [56] and SUSYFLAVOR [57]. The flavour
observables that we checked, together with the bounds that we applied, were taken from [58] and
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Figure 1: Left: results of the scan on the parameter space of the model on the (A,A/M) plane. We fixed Ag =
1 x10° GeV, Ag = 1.9 x 10° GeV (corresponding to gluino mass around 1.5 TeV), A = 5 x 10° GeV. We scanned
over A,cy,ca,c3 and M. The red points have one squark with mass smaller than 1.5 TeV. Right: we focus on a region
with light squark: we fixed A = 1 and we restricted M to be such that A/M ~ 0.2, varying freely on (c1,c2,c3); we
show only points having one light squark with mass smaller than 1.2 TeV, and we plot in the physical mixing angle
plane (|Uy4,|U;5]), where U4 is the up component and U is the charm component of the lightest squark. All points
displayed have my = 125+ 2.5 GeV.

are listed in details in [11]. The most stringent constraint, as explained above, arises from the Dg
mixing which impose the bound AMp < 8.82 x 10~15 GeV [59].

We performed a scan by fixing the values of Ag, Ay and A and varying the messenger mass
M, the deformation size A, and the flavour direction ¢ of the deformation. In the left plot of Fig.
1 we show the result in the (A, A/M) plane. The points respecting flavour constraints are shown
as circular dots, while the crosses are points violating flavour observables. The red points are
scenarios where the lightest up type squark is lighter than 1.5 TeV. The Higgs mass is correct
(within the errors) on all the points shown in the plot, due to the large value of Ag.

The main effect of the deformation is on the mass squared m%,l_j (see eqn. (2.5)), which can
be negative (or very small) at the messenger scale and hence positive but small at the EW scale,
in the region of moderate A and large ratio A/M. The allowed region in Fig. 1 is determined by
the fact that for large values of A/M the negative one loop contribution to the up-type squark mass
(independently on the flavour direction) renders tachionic the squark eigenstate aligned with ¢, and
the spectrum is rejected. Indeed, the points where there is a single light right-handed up squark
with mass smaller than 1.5 TeV, the red points, are at the border of the allowed region.

Note that in the red region only one mass eigenstate i; is light and much lighter than all
the other squarks. This mass eigenstate will be aligned along the vector ¢ in flavor space, as the
deformation A, and hence it will be a mixture of right handed stop, scharm and up-squark in the
combination 2

iy = Upiig +Uisr+Uisfr ~ with  |[Upa>+|Uss)* +|Uie)> = 1 .7

where |U14| ~Cq, |U15| ~ Cp, |U16| >~ C3.

In the plot on the right of Fig. 1 we focus on points with one light up-type squark with a
mass smaller than 1.2 TeV. The red crosses are points which are not allowed because they do not
respect flavour observables, while the circular dots are viable points. Hence in this model we can

2We used here the SLHA?2 notations [60] (i.e. 4 <> fig ,5 ¢ Cr,6 <> 7g).
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Figure 2: Maximally Mixed Sup-Stop (MMUT) scenario: the simplified model considered in the collider analysis.

realize scenarios where the lightest squark is a highly mixed state in the flavor basis, either sup-
stop or scharm-stop (essentially the circular red points along the two axes). In the plots, all points
have a viable Higgs mass, which is a consequence of the fact that at least one of the two stops is
very heavy, with a mass set mainly by Ag. However the Higgs mass constraint implies that the
deformation cannot lower too much the mass of the lightest eigenstate, if this has a significant
component in the direction 3 in flavor space. Hence very low mass values for the lightest squark
are allowed only if they are not aligned along the third family. This explains the hole of points
in the region of small ¢; and ¢, where the deformation is mainly aligned along the direction 3 in
flavour (note, we have fixed A = 1 and that ¢} 4¢3 +¢3 = 1).

Summarizing, the deformation presented in this section provides a model realization of scenar-
ios with a light squark with a large stop-sup or stop-scharm mixing. In the following we focus on
the case of large sup/stop mixing, assuming a small scharm component, consistently with one set
of points shown in Fig. 1. The phenomenology of the complementary case with large scharm/stop
mixing been recently discussed in [6].

3. The collider signatures

Simplified model Based on the previous analysis of the parameter space of the model, we here
define a simplified spectra that we investigate in the phenomenological study of the rest of the
paper, and we set our benchmark points. The only light supersymmetric states are a highly mixed
right handed up-type squark, that we denote with i}, with masses varying between 400 and 1000
GeV, and a pure Bino neutralino yp, with mass varying between 200 and (m;, —200). The gluino,
which is relevant since it participates in the production mechanism of the light squark, and can also
be directly produced, is fixed to 2 TeV. We focus on the case with maximal stop-sup mixing, i.e.
the light squark state is a perfect mixture of sup and stop right-handed squarks

1 -
= (ﬂR—l-lR).

G

The simplified model, that we dub as Maximally Mixed Sup-Stop (MMUT) scenario, is shown in

<

Fig. 2. 3 The branching ratio of the possible decays in Fig. 2 depend generically on the mixing

3Note that the LSP of the model, not shown in Fig. 2, is the gravitino. We assume that the MSSM sparticle decays
into gravitino are always suppressed and hence not play any role in colliders. This is consistent quantitatively with the
fact that the SUSY breaking scale for the scalars (Ag) is typically large in the model to generate a viable Higgs mass.
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Figure 3: Cross sections in the MMUT model for squark-antisquark, squark-squark and gluino-squark production at
LHCS8 and LHC14 as a function of the squark mass. The gluino mass is fixed to 2 TeV.

angle and can be computed analytically [61, 62] (see [11] for the complete discussion).

We define five benchmark points on which we concentrate in the collider analysis, all with
gluino mass fixed at 2 TeV, and with different squark and neutralino masses. They are reported in
Table 2. The first one has very light squark but quite compressed spectra, with mgz —my = 250
GeV. The others have larger squark masses and light or moderately heavy neutralino. By direct

mg mg, My, ii; mixing angles
Benchmark Point 1 | 2 TeV | 450 GeV | 200 GeV | |Uus| = |Uis| = %
Benchmark Point 2 | 2 TeV | 700 GeV | 200 GeV | |Uys| = |Uis| = %
Benchmark Point 3 | 2 TeV | 700 GeV | 400 GeV | |Uis| = |Uis| = %
Benchmark Point4 | 2 TeV | 950 GeV | 200 GeV | |Us| = |Ujs| = %
Benchmark Point 5 | 2 TeV | 950 GeV | 400 GeV | |Uis| = |Uis| = %

Table 2: Benchmark points considered in the collider study of the simplified MMUT model.

inspection with CheckMate [63], we verified that the five benchmark points for the MMUT model
we defined in Table 2 are still allowed by existing LHCS searches.

SUSY production modes Given the simplified spectrum of the MMUT scenario in Fig. 2, at the
LHC we expect the following production modes:

pp — i) 7 pp — i : pp — W18 (3.1

Cross sections for squark-antisquark, squark-squark and gluino-squark production at LHC8 and
LHC14 are shown in Fig. 3, computed at LO using MadGraph 5 [64]. Note that gluino pair
production, gluino-antisquark production and antisquark pair production do not contribute signif-
icantly to the SUSY production modes, because of the PDF suppressions. We stress that the pro-
duction modes of squark-squark and gluino-squark are sizeable only because of the up component
in the lightest squark, and thus they are weighted by the mixing angle.

One can generate the following signals from squark-antisquark pair production

pp — ity — (jjXoXo, jt XoXo,tt" XoXo) (3.2)
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the following final states from squark-squark pair production

pp — ity — (jXoXo,, jt XoX0:tt X0 X0) (3.3)

and the following signatures from squark-gluino associated production

pp — 18 — (JjjXoXo, JjtXoXo, Jjt" XoXos jtt" XoXos jtt XoXo:ttt" XoXo) (3.4)

Besides the usual supersymmetric signatures of jets plus 7 or of top-antitop pair plus £7, among
the possible final state we can find the single top (hence single lepton) and same sign tops (hence
two positive same sign leptons). Especially this second signature, i.e. same sign tops, is a unique
consequence of the maximal flavour mixing in our MMUT scenario, and can be considered as a
probe of the mixing angle of the lightest squark state. In the next section we will study the prospects
for these two new channels at LHC14 for the five benchmark points of the MMUT simplified model.

3.1 Top signatures at LHC14

Event Generation and Reconstruction We generate all events using LO MadGraph 5 [64]
with the NNPDF 2. 3 [65] set for the parton distribution functions. Upon hard level process gen-
eration, we further shower the events using Pythia 6 [66]. We match the background event
samples, where relevant, to extra jets using the MLM matching scheme [67]. Our analysis includes
detector effects on event reconstruction, where we utilise Delphes 3 [68] with the default CMS
settings for event reconstruction, b-tagging efficiencies and lepton isolation.

In the following we consider signatures of our model in the single top (i.e. [+ E1 + b) channel
as well as the same sign positive top (i.e. /7] + K1) channel. For single-top final state we consider
as SM background 7 and W + bb events matched to one extra jet as well as tW events, where we
require at least one lepton of unspecified charge at hard process generation level.

Our SM background samples for the same sign lepton analysis consist of ¢7 and W + bb events
matched to one extra jet, where we require one positively charged lepton at generator level. In addi-
tion, we also consider rare SM processes where we include production of 1iW,fZ,ZZ,WTWTW~
and WZ. Here we require at least one positive lepton in the final state.

In order to improve our estimates of background event yields, we normalise the ¢7 production
cross sections to the NNLO+NNLL value of Ref. [69], while we assume a conservative K-factor of
1.4 for W + bb and single top production and 1.3 for rare SM processes. For the signal generation,
we always assume a K-factor of 1.1 for i, 1.4 for éig and 1.5 for ii* production [70, 71].

Single-top Channel Our analysis of the single top channel (i.e. [+ E 1+ b) is inspired by previous
work of Ref. [72]. We include modifications to optimise the analysis for the high luminosity LHC.
Besides minimal cuts on the final state object identification, we apply £ > 250 GeV and we choose
mr > (210,310,410) GeV for the benchmarks with m; = (450,700,950) GeV respectively.

Our results, summarised in Table 3, show that the m; = 450 GeV, my, = 200 GeV benchmark
point is discoverable with the signal significance of S/v/B > 5 with L = 300 fb~! of integrated
luminosity at LHC Run II, while with the same amount of data we should be able to rule out our
model for squark masses of roughly < 1 TeV

A potential discovery of a signal in the / 4+ £7 + b channel would give indirect evidence for
the existence of supersymmetry, but would not provide information on the degree (if any) of the
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my,/ma(GeV) | 450 700 950
200 (0.32,20.0) (0.24,11.0) (0.12,3.8)
400 - (0.11,5.3)  (0.11,3.4)

Table 3: Summary of reach for benchmark points in the single top channel. The table entries show S/B and S/v/B
at 300 fb~! respectively which can be achieved at LHC Run II in the single top channel. The masses of squarks and
neutralinos are listed on in the topmost row and leftmost column respectively. All results assume mgz =2 TeV.

il —f mixing, as even then minimal flavor-conserving SUSY models predict signals in the single-
lepton channel. Measuring additional channels would be required to determine the presence of
ii — 7 mixing, of which we find that the channel with two positively charged leptons is an excellent
candidate.

Same sign top Channel Within the framework of SUSY, the “smoking gun” signal of the maxi-
mally mixed # model at the LHC is the final state containing two positive leptons and large missing
energy.

The same-sign positive lepton final states are a consequence of the uu — i process, with
consecutive decays to ), or of the ug — iig process, where i decay to o and the decay chain of
the gluino present one positive top. Though suppressed by two powers of the i —7 mixing angle,
as well as the small branching ratios of W to leptons, the [T/" + E7 channel offers a very clean
probe of the presence of large ii — 7 mixing. Production of #*#* and gii* which would yield two
negative sign leptons in the final state, contributes only few % to the total signal cross section, due
to the PDF suppressions. In the context of SUSY, the strong PDF suppression is a valuable feature
of signals with large iif mixing, as other RP conserving supersymmetric models can predict same-
sign lepton signals with the same amounts of [T/ and /=~ events [31]. Furthermore typical RPV
models with Baryon violation lead to signals with dominant /= /~ [27], while RPV models which
also includes lepton number violation could lead to dominant /" [29].

Fig. 4 shows the characteristic kinematic distributions of the signal and background in the
[T + E7 channel. SM backgrounds consist mainly of ¢'(10) fb level rare SM processes (here we
consider ttW,tfZ,ZZ, W W*W~ and W*Z), as well as SM t7 and W + bb, where the same sign
lepton background comes mainly from leptonic b decays which yield isolated leptons. With the
exception of rare processes, the probability that SM processes contain two positive isolated leptons
is tiny, yet significant due to the large production cross sections. In addition, both the amount
of missing energy and the transverse mass of the signal events are much larger than in the SM
backgrounds, as shown in the right panel of Fig. 4.

In order to maximise the signal significance in the same-sign positive lepton channel, here we
employ a set of cuts:

Ny (pr >20GeV,n <2.5)=2, Er>120GeV,
Nj(pr >30GeV,n <2.5)>1, mr(l])>mpn,
N;-(pr >20GeV,n <2.5)=0 (3.5

where [ refer to isolated positive/negative leptons and [ f’ refers to the highest pr positive lep-
ton in the event. For the purpose of illustration, we set miF" = (200,300,400) GeV, for m; =
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Figure 4: Kinematic distributions relevant for the signal search in the [ ™/ + E7 channel. All histograms are normalised
to unit area. The label “rare proc.” includes SM production of tfW,t7Z,ZZ,W+WTW~ and WZ. In the top panels, we
are showing only the benchmark point with (mz,my,) = (450,200) GeV. In the bottom panels, the values in the legend

represent different (mg,my,) benchmark points.

(450,700,950) GeV respectively.

Table 4 shows an example cutflow for the benchmark parameter point with m; = 450 GeV.
The requirement on the lepton multiplicity efficiently reduces the t7 and W + bb backgrounds,
while the £ cut efficiently suppresses the rare-process contribution to the total event yield. We
find that a minimal set of cuts in Eq. 3.5 results in a factor of ~ 10 — 15 improvement in S/B, at a

cost of ~ 50% in signal efficiency.

mg = 450 GeV,my, = 200 GeV,mz = 2 TeV

Y+ Ep+jj | aa ag tf  W+ets rare proc.| S/B |S/+/B(3000fb!)
N+ =2,N- =0/ 021 0.037| 0067 0.022 19.0 [0.013 3.1
N;>1 020 0.037] 0.033 0.022 140 |0.017 3.4
Er>120GeV | 0.12 0.034] 0.033 <001 12 |0.12 7.6
mr >200GeV [0.080 0.019|<0.01 <001 045 |0.21 7.9

Table 4: Example cutflow in the [7/™ + E7 channel. The entries show cross sections in fb after each consecutive cut.
The label “rare proc.” includes SM production of tfW,tfZ,ZZ, WrW+W~ and WZ. We compute m7 using the hardest

positive lepton in the event and £7.

10
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my,/ma(GeV) | 450 700 950
200 021, 7.9) (0.31,7.5) (0.26,4.1)
400 - (0.22,5.3) (0.26, 4.0)

Table 5: Summary of reach for benchmark points in the same sign positive lepton channel. The table entries show S/B
and S/+/B at 3000 fb~! respectively which can be achieved at LHC Run II in the same-sign positive lepton channel.
The masses of squarks and neutralinos are listed on in the topmost row and leftmost column respectively. All results
assume mg =2 TeV.

Table 5 shows a summary of results on five benchmark points in the m;,my, space. We find
that the LHC can achieve a signal significance of 5¢ for & with masses of up to ~ 700 GeV for
a neutralino mass < 400 GeV. A significance higher than 30 can be achieved for masses up to
~ 1 TeV, assuming the neutralino masses of < 400 GeV, suggesting that the same sign positive
lepton channel could rule out the model up to ~ 1 TeV at the high luminosity LHC.

We conclude that the reach of the single top channel at 300 fb~! is comparable to the reach
of the same-sign positive leptons search at 3000 fb~!. Therefore in case a signal is observed in
the single top channel at 300 fb~!, the high luminosity LHC should be able to probe and measure
possible large squark mixings searching for same sign tops.

4. Conclusions

The canonical paradigm of supersymmetry typically assumes aligned or diagonal flavour struc-
ture for the soft terrms. Yet, the possibility of large off diagonal entries represents a viable and
interesting option to be investigated in the context of the MSSM.

In this note we studied a class of models of supersymmetry with large mixing in the right-
handed up-type squark mass matrix in the context of extended gauge mediation. Our analysis
includes the study of the constraints imposed on the parameter space by flavour observables, as
well as the prospects for LHC Run II to discover models with large squark mixings. We find that
the single-top signature can be accessible at LHC14 with 300 fb~!. The more distinctive feature of
the maximally mixed sup-stop scenario, the same sign positive lepton final state, can be eventually
probed at the high luminosity LHC. A combination of the two searches could provide useful insight
into the flavor mixing properties of the light squark state.
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