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1 Introduction

Supersymmetry (SUSY) is a well-motivated possibility for new physics, and is one of the
main discovery targets of the Large Hadron Collider (LHC). A broad range of SUSY
searches have been performed by the ATLAS and CMS collaborations with up to 5fb™! of
data at 7TeV and 20fb~! of data at 8 TeV. Despite this great effort, no conclusive signals
beyond the predictions of the Standard Model (SM) have been observed so far.

The absence of new signals puts constraints on the masses of the SM superpartners.
The strongest bounds apply to the light-flavour squarks and the gluino, and can be as large
as Mg /g 2 1500 GeV [1, 2]. Limits on stops and sbottoms, which must not be too heavy if
they are to protect the naturalness of the weak scale [3], range between m; /b 2 200700 GeV
depending on how they decay [4-8]. In contrast, superpartners that are uncharged under

QCD can often be much lighter while remaining consistent with the current data.



In the present work we study the implications of existing ATLAS and CMS searches
on the charginos and neutralinos of the minimal supersymmetric standard model (MSSM).
These states, which we will refer to collectively as electroweakinos, are mixtures of the
superpartners of the electroweak vector and Higgs bosons, and they take the form of four
Majorana-fermion neutralinos x? (i = 1—4 with |m;| < |m;;1]) and two Dirac-fermion
charginos Xii (i = 1,2 with |my| < |mg]). All other superpartners, namely the sfermions
and the gluino, are assumed to be heavy enough that they can be neglected. Such a
spectrum is motivated by the non-observation of squarks or the gluino, and can occur in
theories of natural [9-13], or (mini-)split [14-22] supersymmetry. This leads to a relatively
simple parameter space of four variables: {M;, Ma, u, tan 5}.

A number of dedicated searches for electroweakinos have been performed by the LHC
collaborations [23-25]. These searches focus primarily on final states with multiple lep-
tons, and their results have been interpreted mainly within the context of simplified mod-
els [26, 27]. Our work extends these results in three important ways. First, while simplified
models are very useful in modelling key features of the production and decay processes,
they do not capture the full dynamics of the MSSM. For example, multiple production
channels can contribute importantly to the signal, and individual states can have many
significant decay paths [28-31]. Second, we investigate the sensitivity to electroweakinos
of a much broader range of searches than were considered by the ATLAS and CMS col-
laborations in this context. And third, we translate the search results into exclusions on
{My, My, p, tan 5}, which has only recently been attempted in a limited way by the collab-
orations. This is useful for comparing with indirect limits on the electroweakinos, such as
from flavour mixing and CP violation [32], precision electroweak tests [33], Higgs production
and decay rates [34, 35], and cosmological processes like electroweak baryogenesis [36, 37]
and dark matter production [38-40].

The implications of LHC searches on electroweakinos have also been the subject of
many recent theoretical studies. These analyses often concentrate on specific collider
topologies [41-43] or kinematic regimes [44-52], or are focussed on specific dark-matter-
motivated scenarios [53-60]. Relative to these studies, we attempt to cover the MSSM
parameter space more broadly, and without imposing any restrictions motivated by cos-
mology. At the same time, our analysis is more focussed on the electroweakinos than the
detailed MSSM parameter scans considered in refs. [61, 62].

The outline of this paper is as follows. After this introduction, we describe the param-
eter ranges to be studied, their relationship to the spectrum, and their effect on production
and decay processes in section 2. In section 3 we describe in detail the methods used to
reinterpret the LHC results. Next, in section 4 we give our results in terms of exclusions on
the underlying electroweakino parameters. Finally, section 5 is reserved for our conclusions.
Formulas for the relevant masses and couplings are collected in appendices A and B.

2 Masses and mixings, production and decay

In this work we study the electroweakinos of the MSSM in the limit where all other su-
perpartners (and the additional Higgs bosons) are much heavier. To be concrete, we set



the values of the sfermion and gluino soft mass parameters to 2000 GeV together with
ma = 1500 GeV, which effectively decouples these states from the LHC searches to be
studied. This leaves a four-dimensional parameter space for the electroweakinos consisting
of {My, M, p, tan 5}. We take as input the running values of these parameters at the scale
Mg = 2000 GeV and fix tan 3 = 10.! Explicit tree-level expressions for the electroweakino
masses and couplings in terms of these parameters are collected in appendices A and B.

In most of the regions of interest, the diagonal mass-matrix elements, set by M; and
M, for the gauginos and p for the Higgsinos, are significantly larger than the off-diagonal
elements, which are proportional to mz. As a result, the mass eigenstates tend to be
closely aligned with the underlying gauge eigenstates unless there is a degeneracy among the
diagonal terms. We will therefore speak frequently of Bino-like, Wino-like, and Higgsino-
like mass eigenstates. The two Higgsino-like neutralino states coincide with the linear
combinations

oo = \}5 (ﬁzg + ﬁg) . (2.1)
Away from degeneracies, the mixing of the Higgsinos ﬁi with the gaugino Xa (a=1,2)is
proportional to myz/|u £+ M,|, where M, is the relevant gaugino mass. Note that when p
and M, have the same sign, the HO state mixes more strongly with the gaugino than the
fI?L [38]. Mixing between different gaugino-like states requires two small mixing factors
and is further suppressed. We will apply these considerations below to explain the relative
production and decay rates of the physical chargino and neutralino states.
The relatively small mixing away from degeneracies also motivates us to focus on
a specific value of tan8 = 10. This parameter only enters into the properties of the
electroweakinos through the off-diagonal elements of the mixing matrices (and in the direct
couplings to the Higgs boson), as described in appendices A and B. Thus, we expect
qualitatively similar results for production rates and decay fractions throughout the range
2 < tan 8 < 50 except where the splitting between two of M7, Ms, or u becomes small.

2.1 LHC production rates

In figure 1 we show the LHCS8 production cross-sections of Bino-like, Wino-like, and
Higgsino-like states for tan § = 10 with all other parameters taken to be much larger:
m = 2000 GeV for the sfermions and gluino and m = 1000 GeV for the other electroweakino
parameters. The physical masses in this limit are given approximately by My, My, or u.
The neutral Higgsino-like states are labelled in order of increasing mass and correspond
to the linear combinations ﬁ? ~ H° and PNIS ~ ﬁ_?_ defined above. All rates shown in
the figure are computed at leading order (LO) with MadGraph 5 [63] and cross-checked in
Prospino2.1 [64, 65].

These production cross sections are dominated by processes with intermediate elec-
troweak vector bosons. Both the Winos and Higgsinos couple to vector bosons through
their gauge-covariant derivatives. This leads to unsuppressed couplings for X?xfW? and

!The running of these parameters below this scale is mild, and we find nearly identical results using the
same input values defined instead at Mg = 300 GeV.
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Figure 1. Production cross sections of the electroweakinos at the LHC with /s = 8 TeV in the
limit of nearly pure gauge eigenstates. One of M7, My, or u is varied independently with the other
values set to 1000 TeV and all other MSSM parameters set to 2000 GeV. The “Mass” label refers
to the average mass of the two states being produced. Higgsino states are expressed in terms of

HY = (H)+ HY)/\/(2).

Xiifoo when both states are pure Wino or pure Higgsino. In contrast, the neutralino
couplings x?x?Z O involve only the Higgsino states, and are also suppressed when the i = j
state is Higgsino-like. The absence of a direct Wino coupling to the Z° arises because Wwo
has t3 = Y = 0. Thus, the production rates of WOW0 and BB are suppressed since both
processes require two Higgsino mixings in the amplitude. The very small ﬁ?ﬁ[f rates are
due to a cancellation in the pure Higgsino limit reflecting the fact that the corresponding
mass eigenstates approach Dirac states with only a vector coupling to the Z° as mz/u — 0.
Production through a W= is generally larger than via the neutral vector bosons.

In figure 2 we show the dominant chargino and neutralino production cross sections as
a function of the p parameter for tan 5 = 10 and fixed (M, M) = (200, 300) GeV. Similar
plots for (M7, Ma) = (300, 200) GeV are shown in figure 3. These figures can be understood
in terms of the gauge-eigenstate content of the corresponding mass eigenstates within the
six possible hierarchies of My, Ms, and u.

Of the processes shown in figures 2 and 3, the chargino pair production rates in the
leftmost panels are the easiest to understand. Here, the X%E state is Higgsino-like for p < My
and evolves smoothly into a Wino-like state as y increases above Ms. The x{x; and x4 x5
rates follow the expectations for pure states in the appropriate limits, while the rate for
X?X%F is suppressed by the mixing factor it requires.

Neutralino-neutralino production, shown in the middle panels of figures 2 and 3, has
a slightly more complicated dependence on u. Away from pu ~ My, Mo, the physical mass
eigenstates are closely aligned with pure gaugino (W°, B%) or Higgsino (HY) states. The
hierarchy of production rates can be understood by recalling that neutralino pair production
occurs only through the Zoﬁgfl O coupling, and that the HO-like state mixes much more
readily with gauginos than the fIﬁ—like state (for g and M o of the same sign). Thus, the
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Figure 2. Leading electroweakino production cross sections as a function of y for M; = 200 GeV
and Ms = 300 GeV. The leftmost panel shows the chargino-chargino rates, the middle panel shows
the dominant neutralino-neutralino rates, and the rightmost panel shows the largest chargino-
neutralino rates.
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Figure 3. Leading electroweakino production cross sections as a function of y for M; = 200 GeV
and Ms = 300 GeV. The leftmost panel shows the chargino-chargino rates, the middle panel shows
the dominant neutralino-neutralino rates, and the rightmost panel shows the largest chargino-
neutralino rates.

largest production rate occurs for the pair of states coinciding with figf{r& followed by
gaugino—f—lﬂor pairs, and then gaugino—ﬁg. The production of gaugino-gaugino or ﬁiﬁi
pairs requires more small mixing factors and is further supressed.

These considerations explain the p dependence of neutralino pair production seen in
the middle panels of figures 2 and 3. The ﬁ[?rﬁg—like combination is x{x9 for u < M. =
min{ M, Mo}, x9x3 for Mo < p < M = max{My, Ms}, and x3xY for 4 > M-, and these
are seen to have the largest rates (away from the gaugino masses). A sharp crossover is
seen in both panels for the rates of x{x9 and X?X(?z at a value of u between M. and M-.
For increasing Iz in this range, mixing with the lighter gaugino tends to push the H? mass
up relative to H? Y, while mixing with the heavier gaugino tends to push the H” HO mass down.
This leads to a crossover where the HO-like state becomes lighter than the H?r-hke state,
and the gauge contents of the mass-ordered x3 and xJ states are suddenly exchanged with
each other. At this point, X?Xg goes from a moderately suppressed gaugino—]?{f?r process to
a highly suppressed gaugino-H® process, with the opposite occurring for X?X%- A similar
crossover is seen for the x9x{ and x3x{ rates. In both cases, the physically relevant quantity
is the inclusive neutralino pair production rate, and this varies smoothly with u.



The rightmost panels of figures 2 and 3 show the leading mixed neutralino-chargino
production rates. For pu < Ma, the largest cross sections occur for pairs of Higgsino-like
states, such as XiEX% As i grows larger than Ms, there is a smooth transition such that the
largest rates occur for pairs of Wino-like states. This corresponds to Xfxg for M7 < My
and Xlixg for My > Mo.

We have also examined the effects of varying tan g over the range 2 < tan 8 < 50. The
dependence of the production cross sections on tan 3 saturates at larger values, with almost
no variation between tan f = 10 and tan 8 = 50. For smaller tan 8 ~ 2, the variation can
be stronger near a mass degeneracy although the net qualitative effect tends to be mild.

2.2 Decay branching fractions

The collider signatures of the electroweakinos depend crucially on how they decay. When
all the sfermions are very heavy, the dominant decay channels are

X0 = WFE 3D = 3200\ — xR0,

Xi = xXGWEE L xE S F 200, o xR,

(2.2)

where j < i, and the W*, Z° and h° can be potentially off-shell (as indicated by (*)).
A loop-mediated decay with a photon is also possible, but we almost always find it to be
highly suppressed compared to the channels listed above.

The branching ratios of these decays depend on the gauge-eigenstate content and the
mass splittings among the states. In figures 4-9 we show the dominant gauge eigenstate
components and the leading decay modes for all the neutralino and chargino states in the
w-Ms plane at fixed slices of M7 = 20, 100, 180, 260, 340 GeV with tan 8 = 10. In all cases,
the mixing factors and branching ratios were computed with SUSY-HIT 1.3 [66] interfaced
with SuSpect 2.41 [67] or SoftSusy 3.3.10 [68]. The upper panels in figures 4-9 indicate
where the dominant neutralino gauge component is .F~IS]r (light yellow), H° (light-medium
blue), wo (dark-medium orange), or B° (dark blue). The variations in shading in these
panels show where the fraction of the corresponding state exceeds 50 % or 75 %. The lower
panels of figures 6-9 show the dominant decay fractions. The dotted, dot-dashed, and
dashed lines in these figures indicate boundaries where the decay modes can occur on shell.
While we only show results for positive values of u, My, and Ms, we find similar results
for other relative signs.

The relative importance of the decay channels shown in figures 5-9 can be understood
by counting the number of mixings required for each to occur while also taking into account
the mass splitting between the initial and final states. Recall that the mixing goes like
my/|My £ u|. As listed in appendix B, couplings to W* involve Wino-Wino or Higgsino-
Higgsino, couplings to Z° involve only Higgsino-Higgsino, and couplings to h® involve
Higgsino-Wino or Higgsino-Bino. The mass matrices of appendix A also show that the mass
splitting between two relatively pure Wino-like or Higgsino-like states is less than about m.

To illustrate this counting, and an additional subtlety associated with it, consider the
decay of a Bino-like neutralino into a much lighter Wino-like neutralino or chargino. The
gauge modes BY - WEWT and B° — Z°W?O both require two mixings in the decay
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Figure 4. \9 : Dominant gauge eigenstate content of the lightest neutralino x! in the Ms-p plane
for various slices of M7 and tan 8 = 10. Shaded, dash-enclosed regions indicate the boundary of
50% and 75% composition, as noted in the legend.
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Figure 5. x; : Dominant gauge eigenstate content (top) and leading decay modes (bottom) of
the Xli chargino in the Ms-p plane for various slices of M; and tan 8 = 10. The thick, dashed
lines indicate where the corresponding decay only occurs with an off-shell vector boson. Shaded,
dash-enclosed regions indicate the boundary of 50% and 75% composition/branching ratio, as
noted in the legend.

amplitude while B — pOW0 requires only one. While this would seem to favour the Higgs
mode when all three can occur on-shell, the gauge modes are found to be comparable or
even more likely. This follows from the Goldstone boson equivalence theorem [69-71]. For
large mass splittings AM, the decay rates to massive vectors are enhanced by a factor
on the order of (AM/mz)? relative to the Higgs channel, and this effectively cancels the
additional mixing factor appearing in the amplitudes for the gauge modes [72]. Note
that this enhancement is present only when the intial and final states have a mass splitting
parametrically larger than my. In particular, no such enhancement occurs for vector boson
decays involving Higgsino to Higgsino or Wino to Wino states.

The dominant gauge-eigenstate component of the x? neutralino is shown in figure 4.
Unsurprisingly, it nearly always corresponds to the smallest of the underlying neutralino
mass parameters. When the x! is mostly Higgsino, it coincides with the HO linear combi-
nation (for pu, My, and My of the same sign). This state is stable by assumption, and there
are no decay modes to be shown.
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Figure 6. Y3 : Dominant gauge eigenstate content (top) and leading decay modes (bottom) of
the x9 neutralino in the Ma-u plane for various slices of M; and tan 8 = 10. The thick, dashed
and dotted lines indicate where the corresponding decays only occur with an off-shell vector boson.
Shaded, dash-enclosed regions indicate the boundary of 50% and 75% composition/branching ratio,
as noted in the legend.
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Figure 7. X9 : Dominant gauge eigenstate content (top) and leading decay modes (bottom) of
the xJ neutralino in the My-p plane for various slices of M; and tan3 = 10. The thick, dashed
and dotted lines indicate where the corresponding decays only occur with an off-shell vector boson.
Shaded, dash-enclosed regions indicate the boundary of 50% and 75% composition/branching ratio,
as noted in the legend.

In figure 5, we show the gauge content and the leading decay modes of the lighter
chargino, Xli. For our choice of positive signs for u, My, and Mo, we find that it is always
the next-to-lightest state in the spectrum. For this reason, the only available decay mode
is Xf — WE® xJ, as can be seen in the lower panels of the figure. The dashed lines in
these plots show the boundary between where this decay occurs with the W off or on
shell. This line lies slightly above the contour in figure 4 where the lightest x! state is
Bino-like. When this is not the case, the Xli and x! modes are typically both Wino-like or
Higgsino-like and the mass splitting between them is less than myy.
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Figure 8. Y9 : Dominant gauge eigenstate content (top) and leading decay modes (bottom) of
the x{ neutralino in the Ma-u plane for various slices of M; and tan 8 = 10. The thick, dashed
and dotted lines indicate where the corresponding decays only occur with an off-shell vector boson.
Shaded, dash-enclosed regions indicate the boundary of 50% and 75% composition/branching ratio,
as noted in the legend.
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Figure 9. xi Dominant gauge eigenstate content (top) and leading decay modes (bottom) of
the Xét chargino in the Ms-u plane for various slices of M7 and tan 8 = 10. The thick, dashed
and dotted lines indicate where the corresponding decays only occur with an off-shell vector boson.
Shaded, dash-enclosed regions indicate the boundary of 50% and 75% composition/branching ratio,
as noted in the legend.

The content and decays of the x3 neutralino are shown in figure 6. Three distinct decay
modes are now possible, and the thick dashed and dotted lines in the lower panels illustrate
where they can occur on-shell. The decay x3 — h°x{ is seen to dominate in the upper right
corner of these plots when xJ is Wino- or Higgsino-like and x{ is Bino-like. The related
decay with a Z° typically has a similar (but smaller) branching in this region. It requires
an additional mixing factor relative to the Higgs mode, but can also receive a Goldstone
boson enhancement. On the other hand, no such enhancement occurs for x9 — I/V:Fxli in
this region, since both states are close in mass, and the corresponding branching ratio is
negligible. Note as well that the Higgs decay dominates only when it is two-body due to

89T (VPTOCZ) CTAdHHL



the very small width of the Higgs. Vector boson modes are dominant in the rest of the
parameter space. When the X9 state is Wino-like, it tends to be very degenerate with the
Xf, and so the Z%? channel dominates due to the larger available phase space. For a
Bino- or Higgsino-like x3 state, the neutral and charged vector modes tend to have similar
branchings, with the Higgs mode contributing at a significant (but sub-leading) level when
it can occur on-shell.

The leading components and decay channels of Xg are shown in figure 7. The Xg —
Z%%Y mode dominates when it can occur on-shell but Xg — WjFxf cannot. This occurs
when |Mj| < |u| < |Ms|. Otherwise, the WT is dominant, although xJ — hx{ can be
significant as well when it can occur on-shell.

In figure 8, we show the content and leading decay modes of the heaviest neutralino
xJ. The dominant decay channel is to the kinematically unsuppressed xJ — X%W:F in
the regions where the xJ has a significant Higgsino or Wino components. For intermediate
values of M, where the LSP is either Wino-like or Higgsino-like and either xJ or Xg is
Bino-like, the production of Xﬂxéc is important, as lighter modes will be either suppressed
(Bino production) or result in soft decays with low acceptance rates. In the region where
XY is significantly Bino-like, the branching ratio is split between all unsuppressed modes
with one mixing (xsW¥, xW¥, x92), with the largest component (though < 50%) to the
Wino-like Xzi. As the mass of the Xét increases, the XéthF mode becomes kinematically
suppressed, and the Higgsino-like x32° mode dominates over the Higgsino-like X{EW:F for
the remainder of the region with a Bino-like x!.

Finally, we show the dominant components and leading decay modes of the heavier
chargino X;E in figure 9. Production of the Xét is important where the LSP is either Higgsino-
like or Wino-like, since the X{E state will decay to soft leptons in this region, as indicated
in figure 5. The decays of the X;: are relatively uniformly split between X{EZ , X(Q)VVjE and
X?Wi, as very little of the parameter space shows branching ratios larger than 50%.

We have also examined the dependence of these decay fractions on tan 5 in the range
2 < tan 8 < 50. The results throughout this wide range are qualitatively very similar to
the tan § = 10 case that we have studied in detail.

2.3 Implications for LHC signals

Before turning to a detailed analysis of the sensitivity of LHC searches to electroweaki-
nos, let us briefly emphasize three points that will be important in the analysis to follow.
First, production rates tend to be greatest for the lightest pairs of states with significant
Higgsino or Wino components, and the subsequent cascade decays are usually fairly short.
This motivates searches for relatively simple decay topologies. Second, in a very significant
fraction of the parameter space, the leading decay modes occur between states with mass
splittings less than myz or myy. As a result, the decay products frequently have low pr,
and invariant mass pairings that do not reconstruct a resonance (or a kinematic edge).
This limits the sensitivity of searches that attempt to reconstruct specific kinematic fea-
tures characteristic of on-shell vector boson decays or large missing energy. And third,
many states are found to have multiple relevant decay modes. This implies that the full
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inclusive signals of MSSM electroweakinos can be much richer and more complicated than
the simplified-model realizations that are frequently applied (e.g. ref. [24]).

3 Methodology of LHC sensitivity estimates

We turn next to investigate the sensitivity of ATLAS and CMS searches to neutralinos
and charginos. Both collaborations have explored a wide variety of possible SUSY signals,
including specific searches geared towards the electroweakinos. In this section we describe
the techniques we used to apply these and more general searches to the MSSM. Our results
will be presented in the section to follow.

Signal events were generated independently for all 21 possible production pairings
using MadGraph5 [63] interfaced with Pythia 6.4 [73]. Hard scattering processes with zero
or one additional jets (pp — xix; + {0,1}j) were obtained from MadGraph5 and passed to
Pythia 6.4 to be decayed, showered, and hadronized, with the inclusion of MLM matching
between additional hard jets and the parton shower [74]. For each MSSM parameter point
and each inclusive production channel, 50000 events were generated. These events were
then passed to the Delphes 3 detector simulator [75], with triggers, jet reconstruction (anti-
kT), and hadronic/leptonic tagging efficiencies modified to match the specifications for each
experimental search channel considered. The results from all 21 production channels were
combined for each search to obtain the inclusive MSSM signal by weighting each channel
by its net cross section after matching and cuts.

The cuts implemented in each search channel in each analysis were reproduced from the
information provided by Delphes. All analyses were vetted against cut-flow tables where
provided by the experimental groups. To account for pile-up, the F; values extracted
from Delphes were smeared in an additional post-processing step, which was found to
be necessary in the vetting process. Specifically, a Gaussian smearing was applied to the
Delphes F7 values with a standard deviation of 0.75 times the value given in ref. [76], where
the multiplicative factor compensates for the smearing already present in Delphes.? Values
of the mpo variable used in some of the analyses were computed using the MT2_Bisect
package [78, 79], while the Razor variables of ref. [80] were calculated using the algorithm
provided by the CMS collaboration.

Two superimposed grids of points were generated in the Ms — i plane, with a 5 x 5
grid of My (100-500 GeV) and p (50-500 GeV), and a 4 x 4 grid of My (140-440 GeV) and
p (95-433 GeV), for seven slices of M; (20, 60,100, 180,240, 320,420 GeV). The 4 x 4 grid
was critical in adding insight into the large regions between the rough 5 x 5 grid without
significantly increasing the computation time, as would a more populated, uniform grid.
The signals calculated at each grid point were then extended to form a uniform 9 x 9
grid using linear interpolation of the logarithm of the event rates, following which a three-
dimensional order-three polynomial interpolation was performed over the entire 7 x 9 x 9
dataset, again on the logarithm of the event rates. Exclusion regions were then determined
from comparison of the calculated number events to the 95% confidence level (C.L.) limit

2Ref. [77] found that modifying the Delphes J7 smearing by a post-processed Gaussian smearing with
a standard deviation of ~20 GeV effectively reproduced the smearing effect at LHCS.
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on the number of signal events (Ni%). For the ATLAS studies, the Ni95 were provided, while
for the CMS studies, the N° were calculated using the C'Ls method [81] with Gaussian-
distributed uncertainties as implemented in RooStats [82]. In our analysis, we combine the
exclusion regions from each separate signal region in a boolean fashion.

From ATLAS, we investigated the following searches:
e opposite-sign dileptons with F and no jets [25]
e trilepton plus Fp [24, 83];
e four or more leptons [84];
e dileptons with razor variables [85]
e hadronic di-7 plus £ [86]
e same-sign dileptons plus jets [87]
e monojet [5, 88].
e jets plus Fr [89];
e disappearing charged tracks [90]

From CMS, we considered the following studies:

e leptons (dilepton, trilepton, multi-lepton) with £ [91]
e chargino and neutralino search using h — bb decays [23].

e monojet [92].

Many of the LHC searches use similar final states but different specific search strategies.
In particular, ATLAS searches tend to focus on a small number of cut regions that are
designed to enhance the signal from a specific simplified model, whereas CMS searches
tend to be more broadly focused, arranging a grid of cut regions over a larger phase space.
As a result, these searches are frequently complementary.

4 Limits from the LHC

Following the methods described above, we have derived exclusions on the parameter space
of MSSM charginos and neutralinos using existing LHC searches. Many of the searches we
apply were designed to find other superpartners (or forms of new physics), while others
have only been used by the collaborations to constrain specific simplified models of the
electroweakinos. We find that some of these searches also give new constraints on the more
general MSSM electroweakino sector.

The most important LHC exclusions are shown in figures 10-13. These correspond to
the ATLAS opposite-sign dilepton, trilepton, and four-plus lepton studies, together with
the CMS lepton plus bb search, and will be discussed in more detail below. The thick
black lines in the figures show the boundaries of the combined 95 % confidence level (c.l.)
exclusions in the Ms-u plane for tan 8 = 10 and several values of M;. The colour shading
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Figure 10. Parameter exclusions from the ATLAS opposite-sign dilepton search of ref. [25] in the
Ms-p plane for several fixed values of M;. The boundaries of the 95% c.l. excluded regions are
denoted by the thick black solid lines (thick black dashed lines) assuming a K factor of 1.0 (1.2).
Colour shading indicates the number of predicted signal events relative to the number excluded by
the experimental analysis. The hatched area shows the 95 % c.l. exclusion from LEP. Contours of

constant AM = My =M, are indicated by the thin dashed lines — long dash: AM = 2my; mid

dash: AM = my; short dash: AM = 15GeV.

indicates the number of predicted signal events (after cuts) relative to the number that are
excluded by the corresponding experimental analyses. The hatched regions in figures 10—
13 indicate the 95% c.l. exclusions from the LEP experiments [93], which are close to
m, & > 103.4GeV for AM = m, +—m,o > 3GeV or AM < 0.15GeV [93] but can fall
to as low as 92.4GeV for mass differences between these boundaries [35, 94]. In these
figures we also show contours of constant mass differences AM with thin dashed lines:
long dash for AM = 2my,; mid dash for AM = mg; short dash for AM = 15GeV —
where m, = my and AM = M+ —Myo for the lepton analyses in figure 10-11, m, = myz
with AM = m_o —m.o in figure 12, and my = my, with AM =m

e X9 X5
motivated bb analysis in figure 13. These lines are useful for understanding constraints, as

9 = My for the Higgs-
acceptance rates typically depend on whether decays occur on- or off-shell.

In setting these exclusions, we used the leading-order production cross sections ob-
tained from MadGraph5. These were generally found to lie between the LO and NLO
cross sections derived from Prospino2.1 [64, 65], and thus our exclusions are somewhat
conservative. However, to illustrate the effects of slightly larger cross sections, we also
show with thick solid dashed lines the boundaries of the regions excluded when a K-factor
of 1.2 is applied to the MadGraph LO signal cross sections. This is typical of the ratio of

NLO to LO cross sections computed with Prospino2.1.

4.1 ATLAS opposite sign dileptons

The ATLAS opposite-sign (OS) dilepton search of ref. [25] was designed to probe direct
slepton and chargino production. Five distinct search regions were considered. All regions
had a minimal requirement of two isolated OS leptons with pr > 10 GeV and || < 2.4, and
no jets. Additional requirements were imposed on lepton pr, Er, relative lepton flavour,
and dileptonic kinematic variables. To suppress backgrounds, an effective Z° veto was
imposed on all five regions, either by rejecting events with the leading dilepton invariant
mass in the range |mgy — myz| < 10GeV, or by demanding that the leading OS leptons
differ in flavour. In four of the five regions, a minimal requirement is imposed on the
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Figure 11. Parameter exclusions from the ATLAS trilepton search of ref. [24] in the M- plane
for several fixed values of M;. The boundaries of the 95% c.l. excluded regions are denoted by
the thick black solid lines (thick black dashed lines) assuming a K factor of 1.0 (1.2). Colour
shading indicates the number of predicted signal events relative to the number excluded by the
experimental analysis. The hatched area shows the 95% c.l. exclusion from LEP. Contours of

constant AM = M, —Myo are indicated by the thin dashed lines — long dash: AM = 2my; mid

dash: AM = my; short dash: AM = 15GeV.

variable mz s > 90 GeV, based on the dilepton system [78, 79].3 This is expected to have
an endpoint at my for SM backgrounds, while larger values can be obtained for chargino
decays with (mlet — mxcl)) > myy. The fifth signal region does not impose a cut on myo
but suffers from a much larger background rate.

The exclusions derived from this search for general electroweakino parameters are
shown in figure 10. The strongest bounds are obtained for small values of M;, and corre-
spond mostly to the production of Wino- or Higgsino-like X%E followed by decays to a Bino-
like LSP. Lower M gives larger mass differences AM = M+ =My for a given value of
or My, which leads to more [, larger mqs, and a higher fraction of electroweakino events
passing the acceptance cuts. The larger production rate of Winos relative to Higgsinos
(see figure 1) leads to a stronger exclusion when My < p. For p ~ My and M; = 60 GeV,
the exclusions are increased slightly over the p > My or p < M> regions due to contribu-
tions from xYxJ production where the decay chain x9J — XI‘LW:F — XYWEWT and off-shell
X9 — x92° decays can also contribute to the signal regions.

Very little new exclusion beyond the LEP limit is found for M; 2 100 GeV. In this
case, the LSP need not be Bino-like, and there is the possibility of dominantly Wino-to-
Higgsino or Higgsino-to-Wino transitions. However, the LEP chargino bounds force p and
M> to each be larger than about 100 GeV. Together with the reduced production rate at
higher mass and the need for larger AM to pass the acceptance cuts, there is not enough

data to probe this possibility using the dilepton analysis.

4.2 ATLAS trilepton

The ATLAS trilepton search [24] was designed in part to probe electroweakino production
with decays through intermediate sleptons or weak vector bosons. Events with exactly three
isolated leptons were selected. One pair must be same-flavour and opposite-sign (SFOS)
with mg > 12GeV, and events with b jets were vetoed to suppress top backgrounds.

3In contrast to refs. [78, 79], it is computed here under the assumption of massless decay products.
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Figure 12. Parameter exclusions from the ATLAS four-plus lepton search of ref. [84] in the Ma-p
plane for several fixed values of M;. The boundaries of the 95% c.l. excluded regions are denoted
by the thick black solid lines (thick black dashed lines) assuming a K factor of 1.0 (1.2). Colour
shading indicates the number of predicted signal events relative to the number excluded by the
experimental analysis. The hatched area shows the 95% c.l. exclusion from LEP. Contours of
constant AM = M0 — Mo are indicated by the thin dashed lines — long dash: AM = 2mz; mid
dash: AM = my; short dash: AM = 15GeV.

Six exclusive search regions were defined with varying (but disjoint) requirements on the
invariant mass of the SFOS pairing that is closest to my, the Fp, the pr of the lepton
not included in the SFOS pairing, and the transverse mass mr of the unpaired lepton (for
some signal regions).

The combined exclusions derived from this analysis are shown in figure 11. As in the
OS dilepton search discussed above, the strongest limits are found for low M;, where the
dominant signal processes involve Wino- or Higgsino-like states decaying to a much lighter
Bino-like LSP. Sensitivity is lost at larger p or My due to reduced production rates and the
opening of decays involving Higgs bosons, which produce fewer leptons. Also as above, the
sensitivity of this search is greatest for larger AM. The interplay between production rates
(smaller My or 1) and signal acceptance (larger AM) can be seen in the M; = 100 GeV
slice. In this slice, disjoint regions are excluded by separate signal regions that are sensitive
to either on-shell Z° decays (isolated exclusion region) or off-shell Z° decays (bulk exclusion
region). The gap between these regions is indicative of the reduced sensitivity of the study
to the region where Mg — Myo ~ Mz, which is also present in the results of [24].

For M; approaching M, and larger u, there is a rapid drop in the sensitivity of this
search as seen in the upper portions of the M; = 100, 180 GeV panels of figure 11. In
this region, the x! approaches the xljE state in mass, leading to very soft leptons from

Xf — W+X(1J decays leading to a low acceptance in the trilepton search channels.

4.3 ATLAS four lepton

The ATLAS four-lepton search in ref. [84] was motivated by electroweakino production
with decays through intermediate sleptons, R-parity violation, or to a gravitino and Z°
boson. Four or more well-identified leptons were required, with up to one tau included in
the count. Five search regions were defined, of which three have a Z° veto based on the
invariant masses of SFOS pairs, with the other two regions demanding that a SFOS pair
reconstruct a Z° to within 10 GeV. Additional requirements were imposed on £ and meg
(defined to be the scalar sum of jet, lepton, and missing pr).
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Figure 13. Parameter exclusions from the CMS lepton plus bottom quarks search of ref. [23] in
the M- plane for several fixed values of M;. The boundaries of the 95 % c.l. excluded regions are
denoted by the thick black solid lines (thick black dashed lines) assuming a K factor of 1.0 (1.2).
Colour shading indicates the number of predicted signal events relative to the number excluded by
the experimental analysis. The hatched area shows the 95% c.l. exclusion from LEP. Contours of

constant AM =m g —myo are indicated by the thin dashed lines — long dash: AM = 2my,; mid

X X
dash: AM = my,.

The exclusions derived from this search are illustrated in figure 12. The signal in
this case can be generated by X?X(JJ' production with both Xg,j — ZO(*)X? and Z°¢) — ¢¢,
or through multistep cascades with ng — Wi(*)xf We found that the most sensitive
signal regions were SRnoZa and SRnoZb defined in ref. [84]. Recall that neutralino pair
production relies on the Higgsino components of the states, and thus this study should be
mainly sensitive to smaller values of p. In addition, pu ~ Ms results in a number of states
with similar masses and significant Higgsino components, which increases the multiplicity
of production modes that can contribute to the signal. As for the previous analyses, the

sensitivity of this search falls off quickly with increasing M.

4.4 CMS lepton plus bottom quarks

The CMS lepton plus bottom quarks search of ref. [23] was designed to probe ngli pro-
duction followed by x9 — hOx{ with h® — bb and xT — WHyQ with W+ — .
Events with one lepton, two b-tagged jets, and missing energy were selected. To suppress
backgrounds from top quark production, a veto was imposed on additional leptons or jets
along with a kinematic cut. Other backgrounds involving a leptonic W were suppressed
by demanding mz > 100 GeV for the lepton. The analysis also required a bb invariant
mass in the range 100 GeV < my; < 150 GeV and applied a variable missing energy cut of
Er > 100, 125, 150, 175 GeV.

The sensitivity of this search to the general electroweakino parameter is shown in
figure 13. In contrast to ref. [23], we do not find any excluded regions. The difference
comes from our use of the computed x§ — hYx{ branching ratio, whereas the CMS analysis
assumes a branching fraction of one. As expected, a significant signal in this channel
requires AM = Myg = My > Mp, since off-shell decays involving the Higgs are very
suppressed by its narrow width. Contours of AM = my, (2my,) are indicated by mid (long)
dashed lines in figure 13. For larger M; values, AM > my, requires significantly heavy p
and My and thus the sensitivity of currect LHC searches drops off quickly.

~16 —



4.5 Other searches

In addition to the four channels described above, we have investigated the sensitivity of a
number of other LHC searches listed at the end of section 3. These give weaker exclusions,
and we will only comment on them briefly.

The CMS collaboration has performed searches for two, three, and four leptons with
missing energy in ref. [91] that are similar to the ATLAS studies considered above. In the
CMS studies the signal region is subdivided into a large number of disjoint bins, whereas
ATLAS uses a small number of signal regions geared towards specific decay cascades. Since
we do not attempt to combine signal bins and only use boolean exclusions, the ATLAS
limits are stronger. ATLAS has also performed a second trilepton analysis in ref. [83] with
slightly different signal requirements than ref. [24] discussed above. We find similar bounds
from ref. [83], and our trilepton-excluded region matches fairly well with their limit in the
Mos-p1 plane with low Mj.

We have also examined a broad range of searches that include one or more hard jets and
missing energy among the selection requirements. These include the monojet [5, 88, 92] and
Razor analyses [85] that have been used to test dark matter production at the LHC [95-98],
as well as channels with both hard jets and leptons [87]. The limits obtained from these are
weaker than the lepton-centric studies above, with the typically high requirements on jet
pr greatly reducing the electroweakino signal. In particular, we do not find any exclusion
beyond the LEP limit from monojet searches, consistent with refs. [48, 49].

A qualitatively different analysis is the ATLAS search for disappearing charged tracks
of ref. [90]. This search is sensitive to charginos that decay slowly to the lightest neutralino.
Such long-lived charginos are expected to occur in the MSSM when |Ms| < |M;|, u, as can
occur in anomaly-mediated supersymmetry breaking [99, 100]. In this limit, the tree-level
splitting between Xf and x! is negligible, and the net mass splitting is dominated by loop
effects that give Am ~ 160 MeV [101-103] This leads to a dominant x© — 7~ x? decay
with a lifetime on the order of 0.1 ns [101]. For the moderate values of u considered here, we
find that the mass splitting between Xic and x{ is larger than 200 MeV, leading to lifetimes
below the sensitivity of the ATLAS search. Larger values of y than are explored in this
study are needed to generate masses with a sufficiently compressed spectrum to be sensitive
to bounds from ATLAS, and sufficiently large M; and p can result in sensitivity up to
M < 260 GeV. We also find that the mass splitting can be smaller (or even negative [104])
when some of the mass parameters are negative.

4.6 Combined exclusions

Putting our results together, we show in figure 14 the combined sensitivity of all LHC
searches considered in the Ms-pu plane for M7 = 20, 60, 100, 180 GeV. The thick solid black
line shows the 95% c.l. exclusion obtained using LO MadGraph production cross sections,
while the dashed black line gives the exclusion when a signal K factor of 1.2 is applied. The
hatched region is excluded by LEP analyses. As expected, the excluded region is significant
for small M7, but shrinks quickly as M is increased.
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Figure 14. Combined exclusions from the LHC analyses discussed in the text in the M-y plane
for several fixed values of M;. The boundaries of the 95 % c.l. excluded regions are denoted by the
thick black solid lines (thick black dashed lines) assuming a K factor of 1.0 (1.2). Colour shading
indicates the number of predicted signal events relative to the number excluded by the experimental
analysis. The hatched area shows the 95 % c.l. exclusion from LEP.

To investigate the M; dependence of these exclusions in more detail, we show in fig-
ure 15 the combined sensitivity of all LHC searches considered in the M,-M; plane for
uw =162, 275, 388, 478 GeV. In each of these plots we also indicate the gaugino universal-
ity condition of My ~ 2M; with a blue dotted line. The excluded region only reaches to
M; ~ 100 GeV. For larger M; values (and accounting for the LEP limits on charginos),
either the mass splittings x5 — x¥ and Xf —x¥ become small or the non-LSP states become
heavy. Small mass splittings lead to a poor acceptance by the searches considered, while
heavier non-LSP states are produced less frequently.

The excluded regions also shrink as p becomes large. In particular, the exclusion in
the p = 478 GeV panel of figure 15, where the LSP is typically Bino-like and the Xli and
x) states are Wino-like, is much weaker than the exclusion than the exclusion quoted for
a Bino-Wino simplified model in ref. [24]. In their analysis, they set BR(x3 — Z°x{) = 1.
In contrast, we find that in this limit the alternative decay mode x5 — h%x? can become
very significant at large p. Since the Higgs boson h® decays only rarely produce more than
a single lepton, this strongly suppresses the trilepton signal.* Decreasing p increases the
probability of the Z° decay, and larger exclusions are found.

Note that in this work we have not examined the detailed dependence of the excluded
regions on tan 3, having fixed its value to tan 8 = 10. However, as discussed previously, we
find very similar production cross sections and decay branching fractions for 2 < tan 8 < 50.
Thus, we expect qualitatively similar results for other values of tan 5.

5 Conclusions

In this work we have investigated the sensitivity of current LHC searches to the general
chargino and neutralino sector of the MSSM in the limit where all the other superpartners
are heavy enough to be neglected. This leaves a simple four-dimensional parameter space
of {M;, Ma, u, tan 5}. We have reinterpreted a diverse set of studies by ATLAS and CMS
to derive exclusions on this space.

“We have also checked that our analysis methods give exclusions similar to ref. [24] when the Higgs
decay mode is turned off.
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Figure 15. Combined exclusions from the LHC analyses discussed in the text in the Ms-M;
plane for several fixed values of u. The boundaries of the 95% c.l. excluded regions are denoted
by thick black solid lines (thick black dashed lines) assuming a K factor of 1.0 (1.2). Colour
shading indicates the number of predicted signal events relative to the number excluded by the
experimental analysis. The hatched area shows the 95 % c.l. exclusion from LEP. The dotted blue
line indicates where My = 2M;.

The greatest LHC sensitivity to general electroweakinos comes from searches requiring
multiple leptons and missing energy. This helps to reduce the dominant background to
vector diboson production. However, distinguishing the signal from electroweakinos from
this remaining background is challenging, especially when the mass spectrum is compressed.
For this reason, we only find significant parameter exclusions for relatively small values of
M; < 100 GeV with a Bino-like LSP. In this case, signals come from the production of
heavier Wino- or Higgsino-like charginos and neutralinos followed by their decays to the
LSP, primarily through weak vector bosons.

Despite the limited reach of existing LHC searches, our results show that they have a
reasonable acceptance for larger electroweak masses. For this reason, we expect that much
larger exclusions will be possible using similar analysis techniques with improved data
sets from upcoming LHC runs. Additional data should also allow for the investigation of
scenarios with a Wino- or Higgsino-like LSP. Further improvements may also be possible
with modified analysis techniques, such as those proposed in refs. [44, 47, 105, 106].

Our results can be applied to test scenarios where the charginos and neutralinos play
an important role. One example is dark matter, where the relic density is very sensitive
to the gauge content of the LSP [38-40]. A second case is supersymmetric electroweak
baryogenesis, in which the charginos and neutralinos are frequently the dominant new
source of CP violation required for the net creation of baryons [107, 108]. In particular,
our results suggest that the Bino-driven scenario of refs. [36, 37, 109] is not significantly
constrained by current LHC data.
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A Mass matrices and mixings

The charginos are mixtures of the charged components of the Winos and Higgsinos. Writ-
ing Y = (—iW+, H) and ¢~ = (—iW—, H )t the corresponding mass term (in two-
component notation) is [110, 111]

— 2 D (W) XYT + (he) (A1)
with

B My ﬂsBmW

(g, ), "

The matrix X is not Hermitian in general, so there may not exist a unitary matrix that
diagonalizes it. However, it can always be bi-diagonalized with a pair of unitary matrices
U and V such that

VXIXVI = U X XUt = diag(m, =, m, +), (A.3)

where \mxli| < \mXQi |. In terms of U and V, the mass and gauge eigenstates are related by

X;_: ij¢;_> X; = zgw_ (A'4)

It is conventional to combine these into four-component Dirac fermions with X?_ =
(xi", (x;)T) (in an obvious abuse of notation).

For the neutralinos, the mass term in the basis ¢° = (—iB°, —iW?°, Hy, H,)! is [110,
111]

25 LYY+ (he) (A.5)
with
My 0 —cgswmyz  SgsSwmyzg
v 0 Mo cgewmy  —sgewmy (A.6)
—Cgswmyz cgewmyz 0 —u
sgswmy —sgCwmy —u 0

This matrix is complex symmetric, and can be diagonalized by a unitary matrix N such
that

N*YNT = diag(m,o0,m,q9, My, my0) (A.7)

where [m o] < [m,g| < |myo| < |m,of. The mass cigenstates are related to the gauge
eigenstates via

Xi = Nijvf . (A.8)

These two-component fermions can be combined into four-component Majorana spinors
V=, (T (with another abuse of notation).
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B Couplings to the standard model

For our purposes, we need the couplings of the charginos and neutralinos to the weak vector
bosons and the light SM-like Higgs boson.

B.1 Vector boson couplings

These can be found in refs. [110, 112]. We will write everything in four-component notation.

Wx9x;
~ZL D —gW XN (OEPL + OFPr)XT + (R B.1
0 -9 ,qu’Y( ij L+ ij R)Xj ('C')7 ( )

where
L 1 * *
O = —ENZA jo + NigVjy (B.2)
1 * *

Of} = —=Ni3Uj2a + NppUj (B.3)

V2

with ¢g the SU(2),, gauge coupling. These terms derive from the SU(2)-covariant deriva-
tives of the Higgsinos (first terms) and the Wino (second terms).

ZOXi_Xj'_:
~ > —g 20X (O Py + 0L Pr)xT (B.4)
where
1L * 1 * 2
@ ij — —Va 1~ §Vi2Vj2 + dijsiy (B.5)
1
O = —UjUj — 3UiUjz +0ijsy (B.6)

with § = g/cw. These come from the SU(2)z, x U(1)y gauge couplings of the Winos (first
terms) and Higgsinos (second terms).

Zoxgxg:
_#5 —%g 200" Py + 0" F )y, (B.7)
where
Of = _%NBN;?, +% 4Ny, (B.8)
of = (0", (B.9)

with § = g/cw. Note that these couplings come only from the Higgsinos. The Bino has
no gauge couplings at all, while the WO has 3 = 0 = Y and therefore does not couple to
the Z°. For i = j, this coupling is purely axial. It also vanishes for i = j in the limit that
1 corresponds to a pure Higgsino state.
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X5 X
—Z D e APX (B.10)

which is purely diagonal and present only for the charginos due to conservation of electric
charge. Off-diagonal couplings and couplings to neutralinos can only occur by way of
higher-dimensional operators such as the electric and magnetic moment forms.

B.2 (SM-like) Higgs couplings

These are listed in refs. [113, 114]. We will focus exclusively on the couplings to the SM-like
Higgs h". The corresponding mixing angles with the H? and Hg gauge eigenstates are

ho Co, —Sa V2(ReH? — v,)
o | = o . (B.11)

H S Ca \/ﬁ(ReHd — vq)
In the decoupling limit, the couplings of the lighter A" state to matter are identical to the
SM. In this limit, the mixing angle reduces to o = § — /2 so that c, = s3 and s, = —cg.

hoxi_xj':
—Z 2 gh" X [(caQi; + $555) Pr + (c3Qij + $35i5) Pr] X (B.12)
with
1
Qij = ﬁvhsz, (B.13)
1
Sij = ﬂWQUj1- (B.14)

These couplings involve one Higgsino component and one Wino component. They come
from the —iv/2gW*H*t*H, supersymmetrizations of the Higgs boson gauge couplings.

hoxgx‘;:
- >5gh°x} [(csQ"5i — 585" 5) P+ (csQ" 3 — 535" 15) PR X? (B.15)
with
Q%j:%UW(Nﬂ—tWNﬂ%+NﬁMM—¢WNth, (B.16)
SQJZ%UW(Nﬁ—inﬁ%+Nme—¢thHq, (B.17)

where ¢; is the sign of the i-th mass eigenvalues (for real parameters). As above, these
couplings involve one Higgsino component and one Wino or Bino component, and they
come from the supersymmetrizations of the Higgs boson gauge couplings.
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