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ABSTRACT: How light can a fermion be if it has unit electric charge? We revisit the
lore that LEP robustly excludes charged fermions lighter than about 100 GeV. We review
LEP chargino searches, and find them to exclude charged fermions lighter than 90 GeV,
assuming a higgsino-like cross section. However, if the charged fermion couples to a new
scalar, destructive interference among production channels can lower the LEP cross section
by a factor of 3. In this case, we find that charged fermions as light as 75 GeV can evade
LEP bounds, while remaining consistent with constraints from the LHC. As the LHC
collects more data, charged fermions in the 75-100 GeV mass range serve as a target for
future monojet and disappearing track searches.
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1 Introduction

New fermions with electroweak quantum numbers may be present at the TeV scale. New
electroweak fermions are motivated by solutions to the naturalness problem of the Higgs,
such as the charginos predicted by supersymmetry. In addition, weak scale dark matter
may be associated with new electroweak fermions [1-5], and if these fermions couple to the
Higgs, they may also be relevant for understanding the electroweak phase transition [6-8].

The LHC is now sensitive to charginos with masses of hundreds of GeV [9-16]. As
more data are collected, heavier states will come into reach. Significant attention has been
devoted towards maximizing the mass reach for new electroweak fermions (see for example
refs. [17-35]). However, it is also important to be mindful of any gaps in the exclusion
limits at lower masses, to make sure that new physics is not missed during the march to
higher masses.

The conventional view is that LEP sets the strongest bounds on electroweak fermions
lighter than about 100 GeV, while the LHC probes higher masses. The clean environment
of LEP, plus the robust production mechanism through s-channel v/Z, implies powerful
bounds on fermions lighter than half the maximum center-of-mass energy, /s = 209 GeV.
Photons from initial state radiation (ISR) can be tagged, and therefore detection does not



require energetic decay products from the new fermions. There has developed a sort of
folk bound: it is commonly believed that LEP robustly excludes fermions with unit charge
lighter than about 100 GeV. Indeed, most LHC searches for charginos only display bounds
above 100 GeV [9, 11-16, 36-45],! and many theory studies of charginos also only consider
masses above 100 GeV.

In this work, we explore fermions with unit electric charge and masses between my /2
and 100 GeV. We limit ourselves to study charged fermions in the higgsino gauge repre-
sentation and call these fermions charginos, both if they are part of the MSSM or if they
arise in a more generic, possibly non-supersymmetric, context. We critically examine the
robustness of the LEP-IT bounds on charginos. We do not consider the region below my/2,
where the Z boson can decay to the new fermions, leading to powerful constraints from
LEP-T [51-54].

The LEP SUSY working group combined limits from the 4 experiments: ALEPH,
DELPHI, L3, and OPAL (“ADLO” combination). A combined limit excludes charginos
with masses below 103.5 GeV [55], however this bound relies on a restrictive set of assump-
tions: (1) wino-like production cross section, (2) gaugino-unified relation between the bino
and wino mass (implying a large splitting between the chargino and lightest neutralino),
and (3) decoupled sneutrinos. There is also a combined limit applied to the regime of
small splitting between the chargino and neutralino [56], excluding charginos lighter than
92.4GeV (91.9GeV) for higgsino (wino)-like cross sections, respectively. In this work, we
review the LEP bounds, including newer searches not included in the LEP SUSY work-
ing group combination, and we find that charginos with a higgsino-like cross section are
excluded in the range my/2 to approximately 90 GeV.

In figure 1, we compare the cross section of higgsino-like charginos to two bounds
from LEP. Note that although we find a bound of about 90 GeV, the higgsino cross
section is always within an order one factor of the bound for all masses above my/2. If
the cross section can be reduced, the bound may be significantly weakened. We consider
a deformation of the minimal model, illustrated in figure 2, where the cross section is
reduced. A new scalar has a Yukawa coupling with the charged fermion and the electron,
such that t-channel exchange of the scalar destructively interferes with the usual s-channel
diagram. The dashed curve in figure 1 shows how the fermion’s cross section is reduced,
for a particular choice of the scalar mass and the strength of its Yukawa interaction.

As we will describe below, we find that the ¢-channel scalar can reduce the LEP-II
limit on charginos from about 90 GeV to about 75 GeV. We find that this gap survives
current searches at the LHC. A previous study identified a window of light charginos that
decay to leptons through displaced vertices and survive LEP searches [58], however this
gap has now been closed by LHC searches for displaced leptons [59]. Previous studies have
considered charged scalars, below 100 GeV, that are not excluded by LEP [60-62].

The rest of this paper is organized as follows. In section 2, we review LEP searches
and find that a charged fermion, with a higgsino-like cross section, is bounded to be heavier
than about 90 GeV. In section 3, we introduce the simplified model that we use to study

'A few LHC searches, mainly from /s = 7 TeV, do show bounds on masses below 100 GeV [10, 46-50].
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Figure 1. LEP higgsino pair production cross section, Ot (black solid), and charged fermion
pair production cross section, op+p-, allowing for ¢- channel interference (black dashed). In the
t-channel diagram shown in figure 2, the coupling is set to x = 0.5 and the singlet mass to mg =
110 GeV. The light and dark red lines are the LEP limits on the pair production cross section
from [56] and [57], respectively. The limits in this figure assume higgsino-like decays, and a charged-
neutral mass splitting of Am = 2.7 GeV.
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Figure 2. Feynman diagrams for F'7F~ pair production at LEP. The s-channel production is
fixed by the fermion’s quantum numbers, while the ¢-channel production depends on the scalar’s
mass and the strength of the Yukawa interaction between the charged fermions and the scalar.

the effect of ¢-channel interference on the chargino bounds. In section 4, we discuss LEP-II
limits in the presence of t-channel interference. Then, in section 5, we evaluate the limits
from LHC searches for monojets, multileptons, and disappearing tracks. Section 6 contains
our conclusions. We include an appendix that describes the validations of our simulations
for recasting LHC searches.

2 A review of LEP limits on higgsinos

We start by providing a brief summary of LEP limits on the pure higgsino model. The
pure higgsino model corresponds to an extension of the Standard Model with a vector-like
pair of color-neutral, SU(2)y doublet fermions with hypercharge Y = 4+1/2. We assume
that discrete symmetries prevent mixing between the new doublet fermions and Standard
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Figure 3. Feynman diagrams for charged higgsino pair production at LEP (left) and charged
higgsinos decays (center and right). fy, fq stand for Standard Model up or down type quarks or
leptons. Both the cross section and branching ratios are fixed by the higgsino’s quantum numbers
and the chargino and neutralino masses.

Model leptons. At the renormalizable level, all of the new doublet fermion interactions are
set by their quantum numbers.

The spectrum of the higgsino system contains one charged and one neutral Dirac
fermion: the chargino, Xﬁ, and the neutralino, X0H~ At dimension-five, the masses of
X]i—[ and XOH may be split by the Weinberg operator (in the MSSM this mass splitting
arises from the mixing among the higgsinos, winos, and bino). At one-loop, there is an
additional irreducible contribution to the mass splitting from infrared effects. In the range
50 GeV < m, < 100 GeV, this radiative splitting monotonically increases from 206 MeV
to 256 MeV [63]. In this work, we assume that the neutral fermion is the lightest component
of the doublet and is stable.

At LEP, charginos are pair produced via s-channel diagrams mediated by gauge bosons
and they decay through W bosons into quarks, leptons or pions, as shown in figure 3. The
decays may be two or three-body, depending on the chargino-neutralino mass splitting.
Since all interactions are fixed by the higgsino’s quantum numbers, the properties of the
higgsino system, including the chargino lifetime and branching ratios, are completely de-
termined by the chargino and neutralino masses.

LEP performed several searches for charged higgsinos heavier than half the Z boson
mass. The searches may be divided into different categories depending on the chargino-
neutralino mass splitting

0, (2.1)

Am=m_+ —m
lefl XH

which controls both the typical momentum of the final state particles and the chargino
lifetime [66]. The region Am > 3 GeV is covered by conventional searches looking for
charginos promptly decaying into leptons and jets. For 320 MeV < Am < 3 GeV, the
most effective searches require a photon from ISR as well as other detector activity from the
chargino’s decay products. For m_+ < Am < 320 MeV the chargino lifetime is greater than
~ 1 cm, and dedicated searches for disappearing tracks and large impact parameters set
the strongest limits. Finally, for mass splittings below the charged pion mass, Am < m. .+,
the chargino quickly becomes collider-stable and is probed by heavy stable charged particle
(HSCP) searches. According to [56], the combination of the above searches leads to a lower
limit on the chargino mass of m > 924 GeV.



Search Prompt decays Displaced decays Am = My — My
ADLO conventional
0,5, Ep X >3 GeV
[55] ([64])
OPAL multilepton [65] L, Br X >3 GeV
ADLO “low DM” 0,4, Br, kinked tracks, 320 MeV < Am < 10 GeV (prompt)
[56] ([66-70]) ISR assisted impact parameter my+ < Am < 320 MeV (displaced)
OPAL ISR assisted [57] ISR assisted X 320 MeV < Am <5 GeV
OPAL HSCP [71] X HSCP <m+

Table 1. Summary of LEP limits used in this work, and the topologies considered within each
reference. Above, ¢ stands for leptons (e, i, 7), j for jets, ISR for initial state radiation (of a photon),
and HSCP for heavy stable charged particles. The searches included in the ADLO combination
are specified in parentheses. They include a combination of the analyses using a subset of the full
dataset, up to 2001, for conventional searches and using the full dataset, up to 2002, for “low DM”
compressed searches. We further break down the ADLO compressed searches into “prompt” and
“displaced” depending on the chargino-neutralino mass splitting, which fixes the chargino lifetime.
The ADLO combination also reports limits on HSCP searches for Am < m,+, which we do not
use in this work. Instead, we recast the OPAL HSCP search [71], which provides stronger limits.
None of the OPAL searches in the table are included in the ADLO combination, and they are all
performed with the full luminosity. The last column indicates the charged-neutral higgsino mass
splitting covered by each reference.

To understand this limit in more detail, we reanalyze a selection of LEP results, which
we summarize in table 1. These results include the ADLO results, which are a combina-
tion of the ALEPH, DELPHI, L3, and OPAL limits, and additionally, results published
afterwards individually by the OPAL collaboration.

The results of our analysis are shown in figure 4. Most regions of the chargino-
neutralino parameter space are excluded by more than one search, so each region is labeled
by the search that leads to the strongest limit at that point in parameter space. We find
that charged higgsinos are excluded up to at least 100 GeV, except in two well-defined
regions. In the first region, the mass splitting is large, Am 2 60 GeV. In this case, for
myo < 25 GeV, the limit on the chargino mass degrades to 96 GeV because the signal

X
kinematics resemble the background from W boson pair production.

The second region with weaker limits occurs when the chargino and neutralino are
compressed, but the chargino is not collider-stable, namely m + < Am < 3 GeV. This
region of parameter space is covered by ISR assisted searches and searches for large impact
parameters or disappearing tracks. In this region, the limit on the charged higgsino mass
degrades ~ 90 GeV, as discussed in the introduction. This is the absolute lower limit
that we find on the charged higgsino mass, and is approximately consistent with the limit
m > 92.4 GeV reported by the ADLO combination [56].

The limits presented in figure 4 rule out most of the parameter space with charginos
below 100 GeV, but are specific to the pure higgsino model. In the introduction we pointed
out that O(1) modifications to the pure higgsino production rates may lead to considerably
weaker limits. In the following sections, we investigate quantitatively how the limits on
charginos change when the basic assumptions of the pure higgsino model are relaxed.
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Figure 4. Limits on the pure higgsino model, set by the searches in table 1, in the uncompressed re-
gion (left) and in the compressed region (right). In the uncompressed region the strongest limits are
set by the OPAL multilepton search [65] and by ADLO searches for promptly decaying higgsinos [55].
The range m,+ < 50 GeV is not covered by the OPAL multilepton search, so we rely exclusively
on the ADLO combination. In the compressed region, the space from 3 GeV < Am < 10 GeV is
mainly covered by a combination of the ADLO conventional and ADLO “low DM” prompt searches,
as well as by the OPAL multilepton search. The OPAL and ADLO ISR assisted searches [56, 57],
set bounds in the regions 320 MeV < Am < 3 GeV and 320 MeV < Am < 5 GeV, respectively. In
the region m,+ < Am < 320 MeV, the chargino decays within the detector, and we rely exclusively
on the ADLO combination, which contains dedicated searches for kinked tracks and large impact
parameters. The region Am < m,+ is covered by the OPAL HSCP search [71], which applies
to particles with a decay length > 3 m. The black dashed line indicates the one-loop radiative
chargino-neutralino mass splitting.

3 Simplified model for charged fermions

In this section, we consider a minimal extension of the pure higgsino model to illustrate
how simple deviations from this model modify the LEP phenomenology.

We add to the Standard Model a pair of color-neutral, vector-like doublet fermions F'
and F with hypercharges Y = —1/2 and Y = 1/2, respectively, as in the pure higgsino
model. The charged and neutral components of the doublets are defined as

0
F:(ﬁ_), F:(?Z) (3.1)

We refer to the fermions F'* as charginos to indicate that they have unit charge and are
part of an SU(2)y;, doublet, even though our simplified model is non-supersymmetric.

Consider now introducing a real scalar singlet S, which couples to the doublet F' and
the electron doublet L.. Up to dimension-five, the Lagrangian contains the operators,

2

Lo mpFF %52 + %(FH)(FHC) + kL FS+he. +V(H,S). (32



We require the potential, V(H,S), to be minimized at the origin of the field space of
S, so that it does not condense. This model does not violate lepton number, as can be
seen by assigning F and F electron numbers of 1 and —1, respectively. Individual lepton
flavor numbers are also preserved, implying that the model is safe from flavor constraints.
Additional renormalizable interactions beyond the ones in eq. (3.2) are easily forbidden
by imposing discrete and continuous global symmetries. Such symmetries forbid mixing
of the new doublets with Standard Model fermions and stabilize the lightest component
of the singlet-doublet sector. The only dimension-five term we include is the Weinberg
operator, which is responsible for splitting the neutral and charged components of the
SU(2)w doublets at tree-level.? The couplings x and A are generically complex, but for
simplicity we set the phases to zero and do not study the CP-violating phenomenology.
Without loss of generality, we work in the basis where mp > 0 and x > 0.

In addition to the scalar singlet with mass mg, the model contains one charged Dirac
fermion with mass mp+ = mp and one neutral Dirac fermion with mass mgo. The mass
splitting between the charged and neutral fermions is

02
Am=mpt —Mmpo = — + O,y (3.3)
2A
where the Higgs condensate is v = 246 GeV and §,,_, is positive and accounts for the
radiative splitting of the doublet. We assume that mp+ > mpo.

The model in eq. (3.2) is very similar to the pure higgsino model, but the Yukawa
interaction, k L.FS, leads to two important modifications to LEP phenomenology. First,
the pair production rate of F'* at LEP is modified with respect to the pure higgsino case,
since a new t-channel singlet-mediated contribution interferes destructively with the s-
channel gauge-mediated contribution. The diagrams contributing to the production cross
section are shown in figure 2. To show the effect of this interference, in figures 5 and 6 we
plot the LEP F* pair production cross section normalized to the charged higgsino cross
section, as a function of the coupling x and the singlet mass mg for mp+ = 75 GeV. We
see that over a wide range of couplings and masses, the LEP pair production cross section
is reduced with respect to the pure higgsino case (which is recovered in the limits k — 0
or mg — 00). For mp+ = 75 GeV, the absolute minimum is obtained for £ = 0.5 and
mg = 81 GeV, at which point the cross section is reduced to a factor of 0.3 of the cross
section when x = 0. This minimum is indicated by the red cross in figure 6.

The second effect of the singlet-doublet Yukawa interaction is to alter the decay branch-
ing fractions and lifetime of the charged fermion. When mg > mpg+, as we assume for the
rest of this work, the scalar singlet mediates a new three-body decay mode, shown in fig-
ure 7 (right panel). In figure 8 (left panel), we show the branching fractions into quarks,
leptons, and pions as a function of the coupling «, and in figure 8 (right panel) as a func-
tion of the charged-neutral fermion mass splitting Am. Since the new Yukawa interaction

2The Weinberg operator (FH)(FH¢) may be obtained from integrating out a heavy complex singlet
with electron number coupling to the bilinears FH and FH® at tree-level. Note that in this case the
operator (F'F) (HTH), which may not be forbidden by continuous and discrete symmetries respected by the
interactions in eq. (3.2), is not generated.
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Figure 5. Chargino pair production cross section, op+p-, at LEP within our simplified model,
normalized to the charged higgsino pair production cross section o, + o The cross section is shown
as a function of the coupling x for fixed singlet mass mg = 150 GeV (left) and as a function of the
singlet mass mg for fixed coupling x = 0.5 (right). In both cases, the charged fermion mass is set

to mp+ =75 GeV. Cross sections are obtained from [72].
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Figure 6. Chargino pair production cross section, op+p-, at LEP within our simplified model,
normalized to the charged higgsino pair production cross section Ot The cross section is shown
as a function of the coupling x and singlet mass mg, for mp+ = 75 GeV. The red cross indicates
the point of maximal s and ¢-channel interference, at which the cross section is minimal. Cross

sections are obtained from [72].

couples the fermion doublets to electrons, larger values of this interaction increase the
branching fraction to electrons. This modification to the branching ratios results in more
electron-rich decays, which alter the LEP search efficiencies relative to the pure higgsino
case. Moreover, the singlet-mediated decay mode increases the charged fermion width (for
fixed masses). This effect is particularly strong for mass splittings below the pion thresh-
old. For example, for Am = 100 MeV and mp+ = 80 GeV, increasing « from 0 to 1 lowers

the decay length from 57 to 3 m.
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Figure 7. Feynman diagrams for charged fermion F'* decays. f,, f4 stand for Standard Model up
or down type quarks or leptons. The decays through a W* (left) or the two body decays into 7
(center) are set by the fermion’s quantum numbers, while the singlet-mediated decay width (right)
is controlled by the coupling x and the scalar singlet mass mg. In the singlet-mediated diagram,
both FO, and F°%, final states are possible.
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Figure 8. Charged fermion F'* decay branching fractions as a function of the coupling  for a
mass splitting of mp+ — mpo = 3 GeV (left), and as a function of the mass splitting for coupling
k = 0.5 (right). In both cases, the charged fermion mass is mp+ = 75 GeV and the scalar singlet
mass is mg = 110 GeV. Decays into the charged pion are matched to decays into up and down
quarks at Am = 0.9 GeV. Decay widths are obtained from [63, 73].

UV completions. We conclude this section by briefly commenting on some possible UV
completions of our simplified singlet-doublet model. One motivation for this is the fact
that the electroweak-scale mass of the scalar singlet within our simplified model is not
technically natural. This is easily remedied by, for instance, promoting the scalar to be
part of a chiral superfield in a supersymmetric setup.

The singlet-doublet model is a simplified version of the wino-bino-sneutrino system. In
the MSSM with decoupled higgsinos, the lightest chargino is wino-like. At LEP, s-channel
production proceeds via gauge-mediated diagrams, while the interfering t-channel diagram
is mediated by the electron sneutrino. Destructive interference due to the sneutrino-
mediated diagram modifies the charged wino production rates at LEP, and weakens the
limits. As an example, consider taking the bino, wino, and higgsino masses to be M; =
300 GeV, My = 95 GeV, and u = 500 GeV, with tan 8 = 2. In this case, the lightest neu-
tralino and chargino are wino-like, with a chargino mass mk = 82.4 GeV and a chargino
neutralino mass splitting Am = 0.5 GeV. With a decoupled sneutrino, the chargino
production cross section is ¢ = 5.35 pb and the chargino is excluded by the ADLO com-



bination [56], which sets a 2 pb limit on the cross section. Taking mj, = 85 GeV reduces
the wino production cross section by more than a factor of 6, ¢ = 0.81 pb, so the lim-
its in [56] are avoided. Differently from our simplified model, in this scenario there are
a plethora of additional states with electroweak charges at the electroweak scale, includ-
ing a 105 GeV left-handed selectron and ~ 500 GeV higgsinos. While the selectron and
higgsinos in this example are beyond LEP reach, a careful analysis of LHC multilepton
and monojet searches is required to decisively test the possibility of light charginos in
this supersymmetric context. We leave a detailed study of the wino-sneutrino system for
future work.

An alternative UV realization of our simplified model is to consider the MSSM extended
by a complex scalar singlet charged under electron number. The scalar singlet can then
couple to the higgsinos through a superpotential interaction, kL. H,.S, where H,, is the up-
type Higgs superfield and S has been promoted to a superfield. In this theory, the charged
higgsinos would play the role of the fermions F* in our simplified model. If the fermion
partners of the singlet field are heavy, the discussion would be similar to the one in this
work, but with a complex scalar in the effective theory providing the ¢-channel interference
in figure 2 instead of a real scalar.

4 LEP limits on the simplified model

In the previous section, we found that a simple modification to the pure higgsino benchmark
scenario, namely the addition of a singlet scalar, can lead to significant differences in the
production rates and decay branching fractions relevant for LEP searches for charginos.
In this section, we reanalyze LEP limits in the context of our simplified model. Due to
the modified branching ratios, the relative composition of final states is different in the
simplified model compared to the pure higgsino model. As a result, the overall search
efficiency is different in the simplified model than in the benchmark models considered in
the experimental searches. We take a conservative approach to setting limits meaning that
we only set limits from experimental searches that can be reliably recast. When insufficient
information about a search is available we do not set limits using that search, however, we
do show the would-be limits under specified assumptions. We make use of the different
searches as follows.

The OPAL multilepton search [65] sets bounds on the chargino pair production cross
section times branching fraction squared into electrons, muons, and hadronically-decaying
taus. The search assumes lepton flavor universality, which is violated in our simplified
model since the singlet S mediates three-body decays into electrons only (see figure 7).
The efficiencies of electrons and muons are similar, and higher than that of hadronically-
decaying taus [65]. Consequently, the search efficiency in our simplified model should be
larger than in the flavor universal scenario, since decays to electrons are enhanced. There is
not enough information presented by OPAL to determine the efficiencies for separate final
states, so we conservatively apply the OPAL limit by assuming the same overall efficiency
for leptonic final states, despite the higher efficiency expected in our simplified model.

~10 -
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Figure 9. Limits on charginos F* (from the simplified model of section 3), set by the searches in
table 1, in the uncompressed region (left) and in the compressed region (right). The coupling is set
to k = 0.5 and the scalar singlet mass to mg = 110 GeV. All the searches included present limits
for the pure higgsino, so we present limits for our simplified model by conservatively estimating
the efficiencies, as explained in section 4. For comparison, we also show in hatched regions the
excluded space that one would obtain assuming the same efficiencies as in the pure higgsino scenario.
In the uncompressed region, limits are obtained from the OPAL multilepton search [65] and the
ADLO combination with promptly-decaying higgsinos [55]. In the compressed region, limits are
obtained from the ADLO conventional combination [55], ADLO “low DM” combination [56], OPAL
multilepton, OPAL ISR assisted, and OPAL HSCP searches [57, 65, 71]. The black dashed line
indicates the one-loop radiative charged-neutral mass splitting.

The OPAL ISR assisted search [57] and ADLO combination with prompt decays [55, 56]
set limits on the charged fermion pair production cross section assuming three body decays
through a W™ or two body decays into a charged pion, with rates fixed by the higgsino
quantum numbers. Due to S-mediated decays into electrons, in our simplified model the
W® and 7 decay modes are diluted with respect to the pure higgsino case by a common
factor, so we simply dilute the reported limits on the cross section by this common factor
squared. This choice is again conservative, since it does not take into account the gain in
efficiency due to the additional electrons in the final state.

In the case of the ADLO combination with searches for kinked tracks or for large impact
parameters [56], estimating the efficiencies is more challenging, since they depend on both
the decay branching fractions and the chargino lifetime. For these searches, we only present
for reference the limits that one would obtain by (crudely) assuming the same efficiencies
as in the pure higgsino case. In section 5, we recast LHC searches for disappearing tracks
to provide a more reliable bound in the case of displaced decays.

Finally, the OPAL HSCP search [71] covers the very small mass splitting region with
collider-stable charginos. In this case, we simply use the reported pure higgsino cross
section limits by rescaling by the fraction of events where both charged fermions have a
flight distance longer than 3 m, as required by the search.

— 11 -



The resulting limits, for coupling x = 0.5 and singlet mass mg = 110 GeV, are
presented in figure 9, where different colors represent the searches leading to the strongest
limit on the pair production cross section at each point. The hatched regions show the
would-be limits by assuming that the efficiencies are unchanged between the pure higgsino
model and the simplified model.

From figure 9 (left panel), we see that in the uncompressed region, Am > 10 GeV, the
absolute LEP limit on the charged fermion mass is mp+ > 77 GeV. The weakest end of
the limit is achieved for mpo < 5 GeV. In this region, multilepton searches lose sensitivity
due similarity between the kinematics of the signal and the W W~ background.

In figure 9 (right panel), we show the limits in the compressed region, Am < 10 GeV.
First, we note that we cannot set reliable bounds in the region m, + < Am < 320 MeV,
due to our inability to reliably recast kinked track and large impact parameter searches
at LEP. The hatched region indicates the would-be limit (crudely assuming higgsino-like
efficiencies) and rules out charginos up to ~ 75 GeV. In the highly compressed region,
which is covered by HSCP searches, Am < m_ =+, the limit on charginos is mp+ = 92 GeV,
which is weaker than in the pure higgsino case due to the smaller charged fermion lifetime,
as discussed in the previous section.

For promptly decaying fermions, Am = 300 MeV, we see from figure 9 (right panel)
that there are a couple of small gaps in coverage in the range myz/2 < mp+ < 63 GeV.
These gaps are at the interface between the region of validity of different searches. They
occur due to unphysical discrete jumps due coarse binning in the excluded cross section
reported by the corresponding LEP references, and we expect them to be excluded if more
fine-grained limits were provided. In addition, these gaps will be covered by LHC searches
(see section 5). Disregarding these small gaps, we find that the absolute limit on charginos
within our simplified model is mp+ 2 73 GeV. The weakest end of the limit is achieved
for Am ~ 2 — 3 GeV, a mass splitting region which is covered by ISR assisted searches.
Note that including the hatched regions does not change our conclusions.

Finally, we briefly comment on electroweak precision tests. In the renormalizable the-
ory, since the fermion doublets do not couple to the Higgs, there is no one-loop contribution
to the S, T, and U parameters [63]. On the other hand, at the renormalizable level the
extended oblique parameters, V, W, and X, are finite at one loop [74]. To set limits,
we obtain the one-loop V, W, and X parameters using PACKAGE-X [75, 76] and per-
form an electroweak fit as in [58]. We find a 95% CL limit on the charged fermion mass
mp+ > 54 GeV, which is independent of coupling x and singlet mass mg at one-loop.

In addition to the oblique analysis, we also check non-oblique precision electroweak
limits. First, we check the impact on the Bhabha scattering, eTe™ — eTe™, cross section
at LEP. In our model, the Bhabha scattering cross section is modified at one-loop by
box diagrams with F and S in the loop. To set limits, we calculate the amplitudes with
FEYNCALC [77, 78] and the one-loop integrals with PACKAGE-X. We then perform a full
fit to the measured Bhabha scattering cross section for 7 LEP center of mass energies and
15 scattering angle bins including full correlations reported in [79]. Additional limits are
set by Z-pole observables, namely by the Z decay width to electrons and the leptonic
effective weak mixing angle. In our model, these observables are also modified at one-loop

- 12 —



by diagrams with charged fermions F* and a scalar singlet S in the loop. We obtain
the amplitudes as above and we set limits by directly comparing with [80] and [81]. The
Bhabha scattering and Z-pole non-oblique limits depend strongly on the singlet-doublet
Yukawa coupling and the doublet fermion and scalar singlet masses. We find that all of
the parameter space presented in figure 9 is allowed. For reference, fixing the fermion
doublet masses at mp+ = 75 GeV and scalar singlet mass mg = 110 GeV, we find that
couplings of k > 1.5 are excluded by the precision Bhabha scattering analysis at 95% CL,
while the strongest limit from Z-pole observables comes from the leptonic effective weak
mixing angle, which excludes x > 1. Future colliders as FCC-ee, ILC, and CEPC could
improve on the current limit on the leptonic effective weak mixing angle by at least one
order of magnitude [82—-84] which is enough to decisively probe all the parameter space for
our charged fermions up to mp+ = 100 GeV.

5 LHC limits on the simplified model

In the previous section, we concluded that LEP rules out charginos within our simplified
model with mass mp+ < 77 GeV in the uncompressed region, Am > 10 GeV, and with
mass mp+ < 73 GeV in the compressed region, Am < 10 GeV. In this section, we discuss
the impact of searches from the LHC.

There are a number of searches that can be used to probe charginos at the LHC.
Since the fermion doublets F, F' couple to the Higgs via the Weinberg operator, invisible
Higgs decays set constraints which we discuss in section 5.1. In the compressed region,
the charged fermions may decay leaving little-to-no activity in the detector, and can be
probed by monojet searches, presented in section 5.2. For even smaller mass splittings, the
charged fermions may lead to kinked or disappearing tracks, as discussed in section 5.3.
Other LHC searches leading to weaker limits are mentioned in section 5.4. Finally, the
combination of LEP and LHC searches is shown in section 5.5.

5.1 Invisible decays of the Higgs
The Weinberg operator in eq. (3.2) leads to an effective dimension-five coupling between
the Higgs and the neutral fermions F9, F©

gnpopo = — 3 = o (5.1)

v 2Am

where the second equality uses eq. (3.3) at tree-level. The charged fermion does not couple
to the Higgs. The invisible decay width of the Higgs to the neutral fermion is

3/2
m 4m?
T =242 om0 (1_ §°> : (5.2)

8

The current limit on the Higgs invisible width is BRj_iny < 0.24 [85, 86], and rules out most
of the parameter space with mpo < my, /2, except when mp+ and mpo are very compressed
(since the compression also suppresses the couplings to the Higgs). The corresponding
limits are shown in figure 10.

~13 -



5.2 Monojet searches

In the compressed region of 300 MeV < Am < 10 GeV, the decay products of the charged
fermion are soft and therefore challenging to detect at the LHC. In this region, fermion
pair production (F*F~, FtF° F~F9 and F'F?) results in a signal with missing energy
and little-to-no hadronic or leptonic activity in the detector. This topology is constrained
by LHC searches that look for large missing energy along with an ISR jet, namely monojet
searches. For splittings below ~ 300 MeV the decays are no longer prompt, and dedicated
searches for displaced objects become effective.

There are 13 TeV monojet searches from both ATLAS [87] and CMS [88] with about
36 fb~! of data. Here, for simplicity, we just recast the CMS search, which is representative
of both (but sets stronger limits due to an apparent downward fluctuation). This search
selects events by defining 22 exclusive o regions, from J = 250 to 1400 GeV. The leading
jet is required to have a transverse momentum of pr > 100 GeV and a pseudorapidity of
’77‘ < 2.5. A pr cut on leptons, taus, photons, and b-jets is imposed, and minimum angles
are required between the four leading jets.

In order to recast the CMS monojet search, we perform a Monte Carlo Simulation.
We implement our simplified model with FEYNRULES [89] and simulate events at leading
order with MADGRAPH5_AMC@NLO [90], using the NN23L01 PDF dataset [91]. We use
PYTHIAS [92] to simulate the parton shower, and DELPHES 3 to perform the detector
simulation using the CMS detector card [93]. Jets are clustered using the anti-kp algo-
rithm [94] with jet radius R = 0.4. We match up to three jets using the MLM matching
scheme [95] with a matching scale of 50 GeV. In appendix A, we describe the validation
of our simulaton.

For the signal, we generate a sample of fermion pair production events. We set limits
using the CL; method [96], and combine the limits from the different missing energy bins
by making use of the bin with the best expected limit at each point in the model parameter
space. The resulting limits for coupling £ = 0.5 and singlet mass mg = 110 GeV are pre-
sented in figure 10. The limits are mostly driven by the low missing transverse energy bins,
Fp <590 GeV, for which the errors are already close to being dominated by systematics.

We note that the limits are roughly independent of x in the compressed region. This is
because monojets searches are sensitive to prompt decays, and therefore the only effect of
the Yukawa coupling is to change fermion branching ratios, to which the monojet searches
are not sensitive.

5.3 Disappearing track searches

As the charged-neutral splitting goes below ~ 300 MeV, the decay length of the charged
fermion becomes macroscopic. At the LHC, there are a number of searches that target
various decays lengths. Roughly speaking, decay lengths of O(mm) are probed by searches
for displaced vertices, O(cm) are probed by searches for kinked or disappearing tracks,
and O(m) are probed by searches for heavy stable particles. Displaced vertex searches do
not set the dominant limit anywhere in our parameter space, because they tend to require
energetic particles originating from the displaced vertex [97], and are therefore not relevant
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when the charged and neutral fermions are compressed. Heavy stable particle searches will
be discussed in section 5.4.

The most recent search for disappearing tracks was performed by ATLAS at 13 TeV
with 36.1 fb~! of data [98]. (The most recent disappearing track search from CMS was at
8 TeV [99].) The search looks for the partial track of a chargino, which decays mid-flight
to xO7t or x%¢*v. The outgoing pion or lepton is very soft, since its momentum is set by
Am, and is typically not seen, which means the chargino track appears to end abruptly.
In addition to the disappearing track, this search requires an ISR jet for triggering.

We recast the disappearing tracks search using the following procedure. Using MAD-
GRAPH5_AMC@NLO, we simulate pair production events at leading order and compute
the efficiency to select an event with a disappearing track as a function of the lifetime of the
charged fermion and its mass (see appendix A for a more detailed description). We then
compute the expected number of events as a function of lifetime and mass and compare to
the 95% CL excluded number from ATLAS. The results are shown in figure 10.

The disappearing tracks search excludes chargino masses below 100 GeV for mass split-
tings between 100 and 300 MeV, for our benchmark point of mg = 110 GeV and x = 0.5.%
For splittings smaller than 100 MeV, the charged fermion decay length becomes long enough
that the majority of charged fermions do not decay within the tracker. For splittings larger
than 300 MeV, most of the charged fermions decay before they reach the tracker. Note
that Am = 300 MeV corresponds to ¢r ~ 1 cm for our benchmark point, which is naively
too short to leave a particle track. However, the large production cross section and sizable
relevant boost factor, Sy ~ 2 — 5, imply that limits can be set using the exponential tail

of the decay distribution.

5.4 Other LHC searches

As can be seen in figure 10, in the uncompressed region, the invisible Higgs limits close the
parameter space left open by LEP while in the compressed region monojet searches, and
disappearing track searches work together to constrain some of the parameter space. There
are a number of other searches at the LHC that can be used to constrain the simplified
model for chargino masses below 100 GeV. We mention them briefly in this section.
Multilepton searches look for one or more charged leptons. Dedicated searches in the
compressed region using an ISR jet have been performed by both ATLAS and CMS [10,
16, 41], but still the minimal lepton py required in these searches is at least 3.5 GeV
(for muons at CMS) and more typically ~ 5 — 10 GeV. For this reason, these searches
do not outperform LEP searches for chargino masses below 100 GeV and mass splittings
below ~ 3 GeV. This expectation is confirmed by the latest ATLAS results [10], which
do not improve on the ~ 90 GeV LEP charged higgsino bound at small mass splittings.
Multilepton searches at LHC are most effective when the leptons are hard and they set
limits in the uncompressed region Am > 10 GeV, but as discussed above, the only space

3The limits do depend on &, but only very weakly. Increasing x leads to a shorter decay length, leading
to an overall shift of the limits towards lower mass splittings. From « = 0 to 1, the limits on Am only
change by < 40 MeV.
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uncovered by LEP searches in the uncompressed region is already excluded by invisible
Higgs searches.

For O(cm) decay lengths, the disappearing track searches are the most sensitive, while
for longer decay lengths, HSCP searches become the most sensitive. The HSCP searches
performed by LEP constrain cross sections at the ~ 0.01 pb~! level, which is far below
the cross section in our simplified model within the range of masses that we consider.
Since HSCP searches at the LHC cover approximately the same range of Am as the LEP
searches, we do not recast HSCP searches from the LHC.

Finally, as pointed out in section 5.1, note that the charged fermions in our simplified
model do not couple to the Higgs at tree-level. As a consequence, there is no one-loop
diagram with charged fermions F* modifying the h — ~v rate, and no significant limits
on our simplified model may be set with current measurements of the Higgs to diphoton
branching fraction.

5.5 Combined LEP and LHC limits

The combined LEP and LHC limits are shown in figure 10, where we indicate with colors
the LHC limits, while the LEP limits discussed in section 4 are shown in gray.

From the left panel in figure 10 we see that the uncompressed region, Am > 10 GeV,
is completely excluded up to mp+ = 100 GeV by a combination of LEP results and the
constraint on the Higgs invisible width, where in the plot we highlight in red the region
which is exclusively ruled out by the Higgs invisible width constraint.

In the right panel of figure 10 we present the limits in the compressed region, Am <
10 GeV. In red, blue, and green we show LHC constraints from the Higgs invisible width,
monojet, and disappearing track searches, respectively. Some parts of parameter space are
excluded by both LHC and LEP, and here we simply overlap LHC constraints on top of
LEP constraints. In the uncompressed region, the Higgs invisible width constraints do not
lead to any significant improvement with respect to LEP limits, since the couplings of the
Higgs to the neutral fermion are suppressed by the small charged-neutral mass splitting
(see eq. (5.1)). On the other hand, the combination of LHC monojet and disappearing
track searches cover the region m_+ < Am < 300 MeV, which is hard to exclude reliably
with published data from LEP displaced searches as discussed in section 4. In addition,
for Am > 300 MeV, monojet searches at LHC cover most of the small gaps for charged
fermion masses mp+ < 63 GeV left out by our LEP exclusion in figure 9.

From figure 10 we conclude that the absolute limit on the chargino mass within our
simplified model is mp+ > 73 GeV, and is not improved with respect to the absolute
LEP limit. The lower end of this limit is obtained in the compressed region, with mass
splittings of a couple of GeV. In the uncompressed region, Am > 10 GeV, the combination
of available LEP and LHC limits rule out charginos in our simplified model up to at least
mp+ = 100 GeV. The limits are summarized in table 2.

We conclude the discussion by briefly commenting on the future projected sensitiv-
ity from the LHC (with 300 fb~!). As shown in figure 10, the remaining window is in
the compressed region, where disappearing tracks searches and monojet searches are the
most constraining. The existing disappearing track search already excludes masses up to
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Figure 10. Limits on charginos F* (from the simplified model of section 3), set by LEP and by
the LHC, in the uncompressed region (left) and in the compressed region (right). The coupling is
set to k = 0.5 and the scalar singlet mass to mg = 110 GeV. The LEP limits are the same as in
figure 9 but here are indicated in gray, while LHC limits are colored. In the uncompressed region,
the strongest limits are obtained from LEP and from LHC constraints on invisible Higgs decays.
In the compressed region, the strongest limits are obtained from LEP and from LHC monojet and
disappearing track searches. The black dashed line indicates the one-loop radiative charged-neutral

mass splitting.

LEP LEP+LHC
Am > 10 GeV | mp+ > 76 GeV | mp+ > 100 GeV
Am <10 GeV | mpx > 73 GeV | mpx > 73 GeV

Table 2. Combined absolute limits on charginos in the region mz/2 < mpx < 100 GeV,
for the simplified model of section 3. LEP limits are obtained from the searches in table 1, while
LHC limits consider constraints on the Higgs invisible width [85, 86], disappearing track [98], and
monojet [88] searches.

100 GeV, but in a limited range of Am. The limits from these searches lose sensitivity
steeply as a function of decay length, as discussed in section 5.3. Near Am = 300 GeV,
the decay length scales like ~ (Am)3, so that an eight-fold improvement on the lifetime
only improves the Am reach by a factor of about 2. Consequently, extrapolating current
searches to 300 fb~!, we estimate that the limit will improve moderately, by ~ 10 MeV.
Other projections have also been made [28, 32].

Monojet searches, on the other hand, cover a wide range of Am values, but only extend
to ~ 65-78 GeV in charged fermion mass (depending on Am). A number of projections
have been performed [19-23, 26, 30-32, 100] and typically estimate the reach for higgsinos
to extend to ~ 100-200 GeV. These estimates, however, are strongly dependent on the
assumed systematics, making it hard to say conclusively whether or not monojet searches,
with the high luminosity data, will be sufficient to cover the remaining parameter space

below 100 GeV.
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6 Conclusions

In this work, we surveyed the limits on charginos with masses ranging from myz/2 to
100 GeV. We reviewed LEP limits on chargino pair production, and found that charged
higgsinos with masses below ~ 90 GeV are excluded. To study limits on fermions with unit
charge in a more general scenario, we introduced small modifications to the pure higgsino
case in the context of a simplified model. If a singlet scalar couples to the charged fermions
and electrons, then the production cross section is reduced, due to destructive interference,
and decay branching fractions are modified. We showed that for our simplified model, LEP
only excludes fermions with unit charge belonging to an SU(2);, doublet up to 73 GeV.

We also discussed LHC limits on such low mass “charginos”. We discussed a combina-
tion of searches, including Higgs precision measurements, monojet, multilepton, displaced
decay, and HSCP searches. For our simplified model, we found that the LHC, with current
statistics, is unable to improve on the overall LEP limit on the mass of charginos. The most
challenging topology to probe at the LHC corresponds to the compressed region, where
charginos decay leaving little-to-no energy deposition in the detector and limits rely mostly
on monojet searches.

Our results lead to several questions which remain to be addressed. First, it would
be interesting to identify the broader class of models with light fermions with unit charge
which are consistent with current data. In this work, we explored charged fermions as part
of an SU(2),, doublet, but a similar analysis may be carried out for other representations.
In the case of SU(2)y;, singlets, fermions with unit charge may evade LEP bounds due to ¢-
channel interference in the production cross section, as in this work. In the case of SU(2)y;,
triplets, LEP bounds may also be relaxed with t-channel interference, but we point out that
the increased pair production cross section at LHC with respect to the SU(2),, doublet
case should lead to stronger limits from monojet and multilepton searches. It would be
interesting to study the embedding of these models into full UV completions. The case of
SU(2)yy, triplets is particularly interesting, since it corresponds to the case of the charged
wino in the MSSM, where interference in LEP pair production arises through an electron
sneutrino. Finally, a careful analysis of the systematics and limit projections at both the
LHC and future colliders targeting the low mass region is needed. Future ete™ colliders,
such as FCC-ee, could definitively test the existence of fermions with unit charge below
100 GeV.

As more data are collected, LHC searches will tend to be optimized for higher mass
signals that come into reach. It is important to be mindful of gaps in exclusion limits, and
to identify light particles that are still allowed. Light particles can serve as a target for
future searches, but often require a careful analysis in order to separate from backgrounds.
We have found that charged fermions as light as 75 GeV may have evaded both LEP and
the LHC, so far, and therefore serve as a target for future LHC searches.
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Z(vv)+j W) + 5

Er (GeV) | News EMC Ncwms eMC
250 — 280 79700 0.68 = 0.016 49200 0.70 £0.03
280 — 310 45800 0.64 £ 0.02 24950 0.76 £ 0.43
310 — 340 27480 0.73 £ 0.027 13380 0.72 +£0.57
340 — 370 17020 0.64 +0.033 7610 0.83 £ 0.082
370 — 400 10560 0.72 +£0.044 4361 0.88 £ 0.11

Table 3. Number of events reported by CMS, Ncms, and ratio with the number of events from
our simulation, eyic. The reported uncertainties are statistical uncertainties from our simulation.
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A Validation of LHC analyses

A.1 Monojet searches

We validate our monojet analysis by generating events, applying a detector simulation,
implementing the monojet selection, and comparing the resulting number of events to the
number of events reported by CMS [88]. The CMS search was performed at 13 TeV and
used an integrated luminosity of 35.9 fb~1. We compare a sample of Z(vv) + j events and
a sample of W*(¢*v) + j events which have similar kinematics to our signal. The events
are generated at leading order using MADGRAPH5_AMC@NLO [90] with MLM matching
up to 3 jets, showered with PYTHIA8 [92], and processed through DELPHES 3 [93].

The ratio between the number of events predicted by our simulation and the number
of events found by CMS is defined to be

Nuc
eve = . Al
M Ncwms (A1)

The estimation given by CMS, Ncwms, is data-driven and therefore accounts for contribu-
tions beyond leading order. In table 3 we report the values of ey¢ found using the five
lowest 1 bins. Across these bins we find a variation of 8% in Z(vv) + j and 18% in
W*(¢*v) 4 j. The deviation of ey from unity by several tens of percent is expected
since we generate our events at leading order while the CMS estimation is data-driven so
automatically includes contributions from all orders.

A.2 Disappearing track searches

The ATLAS disappearing track search that we recast was performed at 13 TeV with an inte-
grated luminosity of 36.1 fb~* [98]. We parametrize the efficiency to select an event contain-
ing a disappearing track by €event Which we factorize, roughly following the parametrization
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Figure 11. Limits from disappearing track search as a function of mass and lifetime from the
ATLAS 13 TeV result [98] (blue) and from our simulated events with efficiencies applied according
to eq. (A.2) (red).

of ATLAS, as

€event = €track X €selection (A2)

where €ack, the track efficiency, indicates the efficiency to reconstruct a chargino as a
disappearing track and e€geection, the selection efficiency, indicates the efficiency for the
event to be selected.

We compute the track efficiency in Monte Carlo. The events are generated with MAD-
GRAPHS_AMC@NLO for a range of charged fermion masses. The distribution of decay
lengths of the charged fermion is specified by the kinematics of the event and by the charged
fermion’s lifetime. In each event, the charged fermions are decayed and assigned a track
efficiency taken from figure 4 of [98]. Our calculation of €¢a¢x is thus a function of charged
fermion mass and lifetime.

The event efficiency can be found by comparing the number of signal events produced
in our Monte Carlo with the number of signal events needed to produce the limits in figure
8 of [98]. With €gyent and €qpack we use eq. (A.2) to find e€gelection, Which will also be a
function of charged fermion mass and lifetime.

To compute €gyent in our simplified model, we assume that €gglection 1S the same as in the
ATLAS search and compute €50 in simulated simplified model events. The result of our
procedure, applied to chargino events, and the ATLAS result are compared in figure 11.
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any medium, provided the original author(s) and source are credited.

—90 —


https://creativecommons.org/licenses/by/4.0/

References

[1]

2]

[13]

[14]

[15]

B.W. Lee and S. Weinberg, Cosmological lower bound on heavy neutrino masses, Phys. Rev.
Lett. 39 (1977) 165 [INSPIRE].

J.E. Gunn et al., Some astrophysical consequences of the existence of a heavy stable neutral
lepton, Astrophys. J. 223 (1978) 1015 nSPIRE].

J.R. Ellis et al., Supersymmetric relics from the Big Bang, Nucl. Phys. B 238 (1984) 453
[INSPIRE].

G. Jungman, M. Kamionkowski and K. Griest, Supersymmetric dark matter, Phys. Rept.
267 (1996) 195 [hep-ph/9506380] [INSPIRE].

M. Cirelli, N. Fornengo and A. Strumia, Minimal dark matter, Nucl. Phys. B 753 (2006)
178 [hep-ph/0512090] [INSPIRE].

M. Carena, A. Megevand, M. Quirés and C.E.M. Wagner, Electroweak baryogenesis and
new TeV fermions, Nucl. Phys. B 716 (2005) 319 [hep-ph/0410352] [iInSPIRE].

H. Davoudiasl, I. Lewis and E. Ponton, Electroweak phase transition, Higgs diphoton rate
and new heavy fermions, Phys. Rev. D 87 (2013) 093001 [arXiv:1211.3449] [INSPIRE].

D. Egana-Ugrinovic, The minimal fermionic model of electroweak baryogenesis, JHEP 12
(2017) 064 [arXiv:1707.02306] INSPIRE].

ATLAS collaboration, Search for the direct production of charginos and neutralinos in final
states with T leptons in /s = 13 TeV pp collisions with the ATLAS detector, Eur. Phys. J.
C 78 (2018) 154 [arXiv:1708.07875] InSPIRE].

ATLAS collaboration, Search for electroweak production of supersymmetric states in
scenarios with compressed mass spectra at /s = 13 TeV with the ATLAS detector, Phys.
Rev. D 97 (2018) 052010 [arXiv:1712.08119] NSPIRE].

ATLAS collaboration, Search for electroweak production of supersymmetric particles in the
two and three lepton final state at /s = 13 TeV with the ATLAS detector,
ATLAS-CONF-2017-039 (2017).

CMS collaboration, Search for electroweak production of charginos and neutralinos in WH
events in proton-proton collisions at \/s =13 TeV, JHEP 11 (2017) 029
[arXiv:1706.09933] [INSPIRE].

CMS collaboration, Search for Higgsino pair production in pp collisions at \/s =13 TeV in
final states with large missing transverse momentum and two Higgs bosons decaying via
H — bb, Phys. Rev. D 97 (2018) 032007 [arXiv:1709.04896] [INSPIRE].

CMS collaboration, Search for electroweak production of charginos and neutralinos in
multilepton final states in proton-proton collisions at /s = 13 TeV, arXiv:1709.05406
[INSPIRE].

CMS collaboration, Search for new phenomena in final states with two opposite-charge,
same-flavor leptons, jets and missing transverse momentum in pp collisions at /s = 13
TeV, JHEP 03 (2018) 076 [arXiv:1709.08908] [INSPIRE].

CMS collaboration, Search for new physics in events with two low momentum opposite-sign
leptons and missing transverse energy at /s = 13 TeV, CMS-PAS-SUS-16-048 (2017).

M.R. Buckley, L. Randall and B. Shuve, LHC searches for non-chiral weakly charged
maltiplets, JHEP 05 (2011) 097 [arXiv:0909.4549] [INSPIRE].

- 21 —


https://doi.org/10.1103/PhysRevLett.39.165
https://doi.org/10.1103/PhysRevLett.39.165
https://inspirehep.net/search?p=find+J+%22Phys.Rev.Lett.,39,165%22
https://doi.org/10.1086/156335
https://inspirehep.net/search?p=find+J+%22Astrophys.J.,223,1015%22
https://doi.org/10.1016/0550-3213(84)90461-9
https://inspirehep.net/search?p=find+J+%22Nucl.Phys.,B238,453%22
https://doi.org/10.1016/0370-1573(95)00058-5
https://doi.org/10.1016/0370-1573(95)00058-5
https://arxiv.org/abs/hep-ph/9506380
https://inspirehep.net/search?p=find+EPRINT+hep-ph/9506380
https://doi.org/10.1016/j.nuclphysb.2006.07.012
https://doi.org/10.1016/j.nuclphysb.2006.07.012
https://arxiv.org/abs/hep-ph/0512090
https://inspirehep.net/search?p=find+EPRINT+hep-ph/0512090
https://doi.org/10.1016/j.nuclphysb.2005.03.025
https://arxiv.org/abs/hep-ph/0410352
https://inspirehep.net/search?p=find+EPRINT+hep-ph/0410352
https://doi.org/10.1103/PhysRevD.87.093001
https://arxiv.org/abs/1211.3449
https://inspirehep.net/search?p=find+EPRINT+arXiv:1211.3449
https://doi.org/10.1007/JHEP12(2017)064
https://doi.org/10.1007/JHEP12(2017)064
https://arxiv.org/abs/1707.02306
https://inspirehep.net/search?p=find+EPRINT+arXiv:1707.02306
https://doi.org/10.1140/epjc/s10052-018-5583-9
https://doi.org/10.1140/epjc/s10052-018-5583-9
https://arxiv.org/abs/1708.07875
https://inspirehep.net/search?p=find+EPRINT+arXiv:1708.07875
https://doi.org/10.1103/PhysRevD.97.052010
https://doi.org/10.1103/PhysRevD.97.052010
https://arxiv.org/abs/1712.08119
https://inspirehep.net/search?p=find+EPRINT+arXiv:1712.08119
http://cds.cern.ch/record/2267406
https://doi.org/10.1007/JHEP11(2017)029
https://arxiv.org/abs/1706.09933
https://inspirehep.net/search?p=find+EPRINT+arXiv:1706.09933
https://doi.org/10.1103/PhysRevD.97.032007
https://arxiv.org/abs/1709.04896
https://inspirehep.net/search?p=find+EPRINT+arXiv:1709.04896
https://arxiv.org/abs/1709.05406
https://inspirehep.net/search?p=find+EPRINT+arXiv:1709.05406
https://doi.org/10.1007/JHEP03(2018)076
https://arxiv.org/abs/1709.08908
https://inspirehep.net/search?p=find+EPRINT+arXiv:1709.08908
http://cds.cern.ch/record/2256640
https://doi.org/10.1007/JHEP05(2011)097
https://arxiv.org/abs/0909.4549
https://inspirehep.net/search?p=find+EPRINT+arXiv:0909.4549

[18]

[19]

[20]

[21]

[22]

M. Lisanti and N. Weiner, FElectroweakinos hiding in Higgs searches, Phys. Rev. D 85
(2012) 115005 [arXiv:1112.4834] [INSPIRE].

P. Schwaller and J. Zurita, Compressed electroweakino spectra at the LHC, JHEP 03 (2014)
060 [arXiv:1312.7350] [INSPIRE].

M. Low and L.-T. Wang, Neutralino dark matter at 14 TeV and 100 TeV, JHEP 08 (2014)
161 [arXiv:1404.0682] [INSPIRE].

C. Han, D. Kim, S. Munir and M. Park, Accessing the core of naturalness, nearly
degenerate higgsinos, at the LHC, JHEP 04 (2015) 132 [arXiv:1502.03734] INSPIRE].

D. Barducci et al., Uncovering natural supersymmetry via the interplay between the LHC
and direct dark matter detection, JHEP 07 (2015) 066 [arXiv:1504.02472] [INSPIRE].

A. Arbey, M. Battaglia and F. Mahmoudi, Monojet searches for MSSM simplified models,
Phys. Rev. D 94 (2016) 055015 [arXiv:1506.02148] [INSPIRE].

M. Badziak et al., Detecting underabundant neutralinos, JHEP 11 (2015) 053
[arXiv:1506.07177] [INSPIRE].

J. Bramante et al., Towards the final word on neutralino dark matter, Phys. Rev. D 93
(2016) 063525 [arXiv:1510.03460] [INSPIRE].

H. Baer, V. Barger, M. Savoy and X. Tata, Multichannel assault on natural supersymmetry
at the high luminosity LHC, Phys. Rev. D 94 (2016) 035025 [arXiv:1604.07438] [INSPIRE].

C. Arina, M. Chala, V. Martin-Lozano and G. Nardini, Confronting SUSY models with LHC
data via electroweakino production, JHEP 12 (2016) 149 [arXiv:1610.03822] [INSPIRE].

R. Mahbubani, P. Schwaller and J. Zurita, Closing the window for compressed Dark Sectors
with disappearing charged tracks, JHEP 06 (2017) 119 [Erratum ibid. 10 (2017) 061]
[arXiv:1703.05327] [INSPIRE].

H. Baer et al., Aspects of the same-sign diboson signature from wino pair production with
light higgsinos at the high luminosity LHC, Phys. Rev. D 97 (2018) 035012
[arXiv:1710.09103] [INSPIRE].

D. Curtin, K. Deshpande, O. Fischer and J. Zurita, New physics opportunities for long-lived
particles at electron-proton colliders, arXiv:1712.07135 [INSPIRE].

J. Halverson, N. Orlofsky and A. Pierce, Vectorlike leptons as the tip of the dark matter
Iceberg, Phys. Rev. D 90 (2014) 015002 [arXiv:1403.1592] [InSPIRE].

H. Fukuda, N. Nagata, H. Otono and S. Shirai, Higgsino dark matter or not: role of
disappearing track searches at the LHC and future colliders, Phys. Lett. B 781 (2018) 306
[arXiv:1703.09675] [iNSPIRE].

A. Falkowski, D.M. Straub and A. Vicente, Vector-like leptons: Higgs decays and collider
phenomenology, JHEP 05 (2014) 092 [arXiv:1312.5329] [INSPIRE].

R. Krall and M. Reece, Last electroweak WIMP standing: pseudo-Dirac Higgsino status and
compact stars as future probes, Chin. Phys. C 42 (2018) 043105 [arXiv:1705.04843|
[INSPIRE].

V.V. Khoze, A.D. Plascencia and K. Sakurai, Simplified models of dark matter with a
long-lived co-annihilation partner, JHEP 06 (2017) 041 [arXiv:1702.00750] [INSPIRE].

- 29 —


https://doi.org/10.1103/PhysRevD.85.115005
https://doi.org/10.1103/PhysRevD.85.115005
https://arxiv.org/abs/1112.4834
https://inspirehep.net/search?p=find+EPRINT+arXiv:1112.4834
https://doi.org/10.1007/JHEP03(2014)060
https://doi.org/10.1007/JHEP03(2014)060
https://arxiv.org/abs/1312.7350
https://inspirehep.net/search?p=find+EPRINT+arXiv:1312.7350
https://doi.org/10.1007/JHEP08(2014)161
https://doi.org/10.1007/JHEP08(2014)161
https://arxiv.org/abs/1404.0682
https://inspirehep.net/search?p=find+EPRINT+arXiv:1404.0682
https://doi.org/10.1007/JHEP04(2015)132
https://arxiv.org/abs/1502.03734
https://inspirehep.net/search?p=find+EPRINT+arXiv:1502.03734
https://doi.org/10.1007/JHEP07(2015)066
https://arxiv.org/abs/1504.02472
https://inspirehep.net/search?p=find+EPRINT+arXiv:1504.02472
https://doi.org/10.1103/PhysRevD.94.055015
https://arxiv.org/abs/1506.02148
https://inspirehep.net/search?p=find+EPRINT+arXiv:1506.02148
https://doi.org/10.1007/JHEP11(2015)053
https://arxiv.org/abs/1506.07177
https://inspirehep.net/search?p=find+EPRINT+arXiv:1506.07177
https://doi.org/10.1103/PhysRevD.93.063525
https://doi.org/10.1103/PhysRevD.93.063525
https://arxiv.org/abs/1510.03460
https://inspirehep.net/search?p=find+EPRINT+arXiv:1510.03460
https://doi.org/10.1103/PhysRevD.94.035025
https://arxiv.org/abs/1604.07438
https://inspirehep.net/search?p=find+EPRINT+arXiv:1604.07438
https://doi.org/10.1007/JHEP12(2016)149
https://arxiv.org/abs/1610.03822
https://inspirehep.net/search?p=find+EPRINT+arXiv:1610.03822
https://doi.org/10.1007/JHEP06(2017)119
https://arxiv.org/abs/1703.05327
https://inspirehep.net/search?p=find+EPRINT+arXiv:1703.05327
https://doi.org/10.1103/PhysRevD.97.035012
https://arxiv.org/abs/1710.09103
https://inspirehep.net/search?p=find+EPRINT+arXiv:1710.09103
https://arxiv.org/abs/1712.07135
https://inspirehep.net/search?p=find+EPRINT+arXiv:1712.07135
https://doi.org/10.1103/PhysRevD.90.015002
https://arxiv.org/abs/1403.1592
https://inspirehep.net/search?p=find+EPRINT+arXiv:1403.1592
https://doi.org/10.1016/j.physletb.2018.03.088
https://arxiv.org/abs/1703.09675
https://inspirehep.net/search?p=find+EPRINT+arXiv:1703.09675
https://doi.org/10.1007/JHEP05(2014)092
https://arxiv.org/abs/1312.5329
https://inspirehep.net/search?p=find+EPRINT+arXiv:1312.5329
https://doi.org/10.1088/1674-1137/42/4/043105
https://arxiv.org/abs/1705.04843
https://inspirehep.net/search?p=find+EPRINT+arXiv:1705.04843
https://doi.org/10.1007/JHEP06(2017)041
https://arxiv.org/abs/1702.00750
https://inspirehep.net/search?p=find+EPRINT+arXiv:1702.00750

[36]

[37]

[38]

ATLAS collaboration, Searches for supersymmetry with the ATLAS detector using final
states with two leptons and missing transverse momentum in \/s =7 TeV proton-proton
collisions, Phys. Lett. B 709 (2012) 137 [arXiv:1110.6189] INSPIRE].

ATLAS collaboration, Search for charginos nearly mass degenerate with the lightest
neutralino based on a disappearing-track signature in pp collisions at \/s =8 TeV with the
ATLAS detector, Phys. Rev. D 88 (2013) 112006 [arXiv:1310.3675] [INSPIRE].

ATLAS collaboration, Search for nonpointing and delayed photons in the diphoton and
missing transverse momentum final state in 8 TeV pp collisions at the LHC using the
ATLAS detector, Phys. Rev. D 90 (2014) 112005 [arXiv:1409.5542] [INSPIRE].

ATLAS collaboration, Searches for heavy long-lived charged particles with the ATLAS
detector in proton-proton collisions at /s = 8 TeV, JHEP 01 (2015) 068
[arXiv:1411.6795] [INSPIRE].

ATLAS collaboration, Search for direct pair production of a chargino and a neutralino
decaying to the 125 GeV Higgs boson in /s = 8 TeV pp collisions with the ATLAS detector,
Eur. Phys. J. C 75 (2015) 208 [arXiv:1501.07110] [INSPIRE].

ATLAS collaboration, Search for the electroweak production of supersymmetric particles in
Vs =8 TeV pp collisions with the ATLAS detector, Phys. Rev. D 93 (2016) 052002
[arXiv:1509.07152] [INSPIRE].

CMS collaboration, Searches for electroweak production of charginos, neutralinos and
sleptons decaying to leptons and W, Z and Higgs bosons in pp collisions at 8 TeV, Eur.
Phys. J. C 74 (2014) 3036 [arXiv:1405.7570] InSPIRE].

CMS collaboration, Search for supersymmetry in events with a photon, a lepton and
missing transverse momentum in pp collisions at /s = 8 TeV, Phys. Lett. B 757 (2016) 6
[arXiv:1508.01218] INSPIRE].

CMS collaboration, Search for supersymmetry in events with soft leptons, low jet
multiplicity and missing transverse energy in proton—proton collisions at /s = 8 TeV, Phys.
Lett. B 759 (2016) 9 [arXiv:1512.08002] [INSPIRE].

CMS collaboration, Search for supersymmetry in electroweak production with photons and
large missing transverse energy in pp collisions at \/s = 8 TeV, Phys. Lett. B 759 (2016)
479 [arXiv:1602.08772] [INSPIRE].

ATLAS collaboration, Search for supersymmetry in events with three leptons and missing
transverse momentum in /s =7 TeV pp collisions with the ATLAS detector, Phys. Rev.
Lett. 108 (2012) 261804 [arXiv:1204.5638] [INSPIRE].

ATLAS collaboration, Search for direct slepton and gaugino production in final states with
two leptons and missing transverse momentum with the ATLAS detector in pp collisions at
Vs =T TeV, Phys. Lett. B 718 (2013) 879 [arXiv:1208.2884] [INSPIRE].

ATLAS collaboration, Search for direct production of charginos and neutralinos in events
with three leptons and missing transverse momentum in \/s =7 TeV pp collisions with the
ATLAS detector, Phys. Lett. B 718 (2013) 841 [arXiv:1208.3144] [INSPIRE].

ATLAS collaboration, Search for direct chargino production in anomaly-mediated
supersymmetry breaking models based on a disappearing-track signature in pp collisions at

Vs =T TeV with the ATLAS detector, JHEP 01 (2013) 131 [arXiv:1210.2852] [INSPIRE].

~ 93 -


https://doi.org/10.1016/j.physletb.2012.01.076
https://arxiv.org/abs/1110.6189
https://inspirehep.net/search?p=find+EPRINT+arXiv:1110.6189
https://doi.org/10.1103/PhysRevD.88.112006
https://arxiv.org/abs/1310.3675
https://inspirehep.net/search?p=find+EPRINT+arXiv:1310.3675
https://doi.org/10.1103/PhysRevD.90.112005
https://arxiv.org/abs/1409.5542
https://inspirehep.net/search?p=find+EPRINT+arXiv:1409.5542
https://doi.org/10.1007/JHEP01(2015)068
https://arxiv.org/abs/1411.6795
https://inspirehep.net/search?p=find+EPRINT+arXiv:1411.6795
https://doi.org/10.1140/epjc/s10052-015-3408-7
https://arxiv.org/abs/1501.07110
https://inspirehep.net/search?p=find+EPRINT+arXiv:1501.07110
https://doi.org/10.1103/PhysRevD.93.052002
https://arxiv.org/abs/1509.07152
https://inspirehep.net/search?p=find+EPRINT+arXiv:1509.07152
https://doi.org/10.1140/epjc/s10052-014-3036-7
https://doi.org/10.1140/epjc/s10052-014-3036-7
https://arxiv.org/abs/1405.7570
https://inspirehep.net/search?p=find+EPRINT+arXiv:1405.7570
https://doi.org/10.1016/j.physletb.2016.03.039
https://arxiv.org/abs/1508.01218
https://inspirehep.net/search?p=find+EPRINT+arXiv:1508.01218
https://doi.org/10.1016/j.physletb.2016.05.033
https://doi.org/10.1016/j.physletb.2016.05.033
https://arxiv.org/abs/1512.08002
https://inspirehep.net/search?p=find+EPRINT+arXiv:1512.08002
https://doi.org/10.1016/j.physletb.2016.05.088
https://doi.org/10.1016/j.physletb.2016.05.088
https://arxiv.org/abs/1602.08772
https://inspirehep.net/search?p=find+EPRINT+arXiv:1602.08772
https://doi.org/10.1103/PhysRevLett.108.261804
https://doi.org/10.1103/PhysRevLett.108.261804
https://arxiv.org/abs/1204.5638
https://inspirehep.net/search?p=find+EPRINT+arXiv:1204.5638
https://doi.org/10.1016/j.physletb.2012.11.058
https://arxiv.org/abs/1208.2884
https://inspirehep.net/search?p=find+EPRINT+arXiv:1208.2884
https://doi.org/10.1016/j.physletb.2012.11.039
https://arxiv.org/abs/1208.3144
https://inspirehep.net/search?p=find+EPRINT+arXiv:1208.3144
https://doi.org/10.1007/JHEP01(2013)131
https://arxiv.org/abs/1210.2852
https://inspirehep.net/search?p=find+EPRINT+arXiv:1210.2852

[50]

[51]

[52]

CMS collaboration, Search for electroweak production of charginos and neutralinos using
leptonic final states in pp collisions at /s =7 TeV, JHEP 11 (2012) 147
[arXiv:1209.6620] [INSPIRE].

ALEPH collaboration, D. Decamp et al., Searches for new particles in Z decays using the
ALEPH detector, Phys. Rept. 216 (1992) 253 [INSPIRE].

DELPHI collaboration, P. Abreu et al., A search for sleptons and gauginos in Z° decays,
Phys. Lett. B 247 (1990) 157 [nSPIRE].

L3 collaboration, M. Acciarri et al., Search for neutralinos in Z decays, Phys. Lett. B 350
(1995) 109 [1NSPIRE].

OPAL collaboration, G. Alexander et al., Topological search for the production of
neutralinos and scalar particles, Phys. Lett. B 377 (1996) 273 [INSPIRE].

LEPSUSYWG, ALEPH, DELPHI, L3 and OPAL collaboration, Combined LEP
chargino results, up to 208 GeV for large mo, LEPSUSYWG/01-03.1 (2001).

LEPSUSYWG, ALEPH, DELPHI, L3 and OPAL collaboration, Combined LEP
chargino results, up to 208 GeV for low DM, LEPSUSYWG /02-04.1 (2002).

OPAL collaboration, G. Abbiendi et al., Search for nearly mass degenerate charginos and
neutralinos at LEP, Eur. Phys. J. C 29 (2003) 479 [hep-ex/0210043] [INSPIRE].

B. Batell, S. Jung and C.E.M. Wagner, Very light charginos and Higgs Decays, JHEP 12
(2013) 075 [arXiv:1309.2297] [INSPIRE].

ATLAS collaboration, Search for massive, long-lived particles using multitrack displaced
vertices or displaced lepton pairs in pp collisions at \/s = 8 TeV with the ATLAS detector,
Phys. Rev. D 92 (2015) 072004 [arXiv:1504.05162] [INSPIRE].

A. Pierce and J. Thaler, Natural dark matter from an unnatural Higgs boson and new
colored particles at the TeV scale, JHEP 08 (2007) 026 [hep-ph/0703056] [INSPIRE].

Q.-H. Cao, G. Li, K.-P. Xie and J. Zhang, Searching for weak singlet charged scalar at the
Large Hadron Collider, arXiv:1711.02113 [INSPIRE].

N. Blinov, J. Kozaczuk, D.E. Morrissey and A. de la Puente, Compressing the inert doublet
model, Phys. Rev. D 93 (2016) 035020 [arXiv:1510.08069] INSPIRE].

S.D. Thomas and J.D. Wells, Phenomenology of massive vectorlike doublet leptons, Phys.
Rev. Lett. 81 (1998) 34 [hep-ph/9804359] [INSPIRE].

K. Jakobs, MSSM SUSY searches at LEP-2, talk given at the 36'"® Rencontres de Moriond
on Electroweak Interactions and Unified Theories, March 10-17, Les Arcs, France (2001),
hep-ex/0107084 [INSPIRE].

OPAL collaboration, G. Abbiendi et al., Search for anomalous production of dilepton
events with missing transverse momentum in ete™ collisions at /s = 183 Gev to 209 GeV,
Eur. Phys. J. C 32 (2004) 453 [hep-ex/0309014] [iINSPIRE].

DELPHI collaboration, J. Abdallah et al., Searches for supersymmetric particles in ete™
collisions up to 208 GeV and interpretation of the results within the MSSM, Eur. Phys. J. C
31 (2003) 421 [hep-ex/0311019] [INSPIRE].

ALEPH collaboration, A. Heister et al., Search for charginos nearly mass degenerate with
the lightest neutralino in ete™ collisions at center-of-mass energies up to 209 GeV, Phys.

Lett. B 533 (2002) 223 [hep-ex/0203020] [nSPIRE].

— 24 —


https://doi.org/10.1007/JHEP11(2012)147
https://arxiv.org/abs/1209.6620
https://inspirehep.net/search?p=find+EPRINT+arXiv:1209.6620
https://doi.org/10.1016/0370-1573(92)90177-2
https://inspirehep.net/search?p=find+J+%22Phys.Rept.,216,253%22
https://doi.org/10.1016/0370-2693(90)91064-I
https://inspirehep.net/search?p=find+J+%22Phys.Lett.,B247,157%22
https://doi.org/10.1016/0370-2693(95)00260-R
https://doi.org/10.1016/0370-2693(95)00260-R
https://inspirehep.net/search?p=find+J+%22Phys.Lett.,B350,109%22
https://doi.org/10.1016/0370-2693(96)00502-3
https://inspirehep.net/search?p=find+J+%22Phys.Lett.,B377,273%22
https://doi.org/10.1140/epjc/s2003-01237-x
https://arxiv.org/abs/hep-ex/0210043
https://inspirehep.net/search?p=find+EPRINT+hep-ex/0210043
https://doi.org/10.1007/JHEP12(2013)075
https://doi.org/10.1007/JHEP12(2013)075
https://arxiv.org/abs/1309.2297
https://inspirehep.net/search?p=find+EPRINT+arXiv:1309.2297
https://doi.org/10.1103/PhysRevD.92.072004
https://arxiv.org/abs/1504.05162
https://inspirehep.net/search?p=find+EPRINT+arXiv:1504.05162
https://doi.org/10.1088/1126-6708/2007/08/026
https://arxiv.org/abs/hep-ph/0703056
https://inspirehep.net/search?p=find+EPRINT+hep-ph/0703056
https://arxiv.org/abs/1711.02113
https://inspirehep.net/search?p=find+EPRINT+arXiv:1711.02113
https://doi.org/10.1103/PhysRevD.93.035020
https://arxiv.org/abs/1510.08069
https://inspirehep.net/search?p=find+EPRINT+arXiv:1510.08069
https://doi.org/10.1103/PhysRevLett.81.34
https://doi.org/10.1103/PhysRevLett.81.34
https://arxiv.org/abs/hep-ph/9804359
https://inspirehep.net/search?p=find+EPRINT+hep-ph/9804359
https://arxiv.org/abs/hep-ex/0107084
https://inspirehep.net/search?p=find+EPRINT+hep-ex/0107084
https://doi.org/10.1140/epjc/s2003-01466-y
https://arxiv.org/abs/hep-ex/0309014
https://inspirehep.net/search?p=find+EPRINT+hep-ex/0309014
https://doi.org/10.1140/epjc/s2003-01355-5
https://doi.org/10.1140/epjc/s2003-01355-5
https://arxiv.org/abs/hep-ex/0311019
https://inspirehep.net/search?p=find+EPRINT+hep-ex/0311019
https://doi.org/10.1016/S0370-2693(02)01584-8
https://doi.org/10.1016/S0370-2693(02)01584-8
https://arxiv.org/abs/hep-ex/0203020
https://inspirehep.net/search?p=find+EPRINT+hep-ex/0203020

[68] L3 collaboration, M. Acciarri et al., Searches for scalar quarks in eTe™ interactions at
V'S =189 GeV, Phys. Lett. B 471 (1999) 308 [hep-ex/9910020] [INSPIRE].

[69] OPAL collaboration, Searches for charginos with small AM in e*e™ collisions at
Vs =189-202 GeV, CERN, Geneva (2000).

[70] M. Chemarin et al., Search for gauge mediated susy breaking signatures at /s = 192-208
GeV, CERN, Geneva (2001).

[71] OPAL collaboration, G. Abbiendi et al., Search for stable and longlived massive charged
particles in ete™ collisions at \/s = 130 GeV to 209 GeV, Phys. Lett. B 572 (2003) 8
[hep-ex/0305031] [INSPIRE].

[72] H.K. Dreiner, H.E. Haber and S.P. Martin, Two-component spinor techniques and Feynman
rules for quantum field theory and supersymmetry, Phys. Rept. 494 (2010) 1
[arXiv:0812.1594] [INSPIRE].

[73] A. Djouadi, Y. Mambrini and M. Muhlleitner, Chargino and neutralino decays revisited,
Eur. Phys. J. C 20 (2001) 563 [hep-ph/0104115] [INSPIRE].

[74] 1. Maksymyk, C.P. Burgess and D. London, Beyond S, T and U, Phys. Rev. D 50 (1994)
529 [hep-ph/9306267] [INSPIRE].

[75] H.H. Patel, Package-X: a Mathematica package for the analytic calculation of one-loop
integrals, Comput. Phys. Commun. 197 (2015) 276 [arXiv:1503.01469] [INSPIRE].

[76] H.H. Patel, Package-X 2.0: A Mathematica package for the analytic calculation of one-loop
integrals, Comput. Phys. Commun. 218 (2017) 66 [arXiv:1612.00009] [INSPIRE].

[77] R. Mertig, M. Bohm and A. Denner, FEYN CALC: computer algebraic calculation of
Feynman amplitudes, Comput. Phys. Commun. 64 (1991) 345 [INSPIRE].

[78] V. Shtabovenko, R. Mertig and F. Orellana, New developments in FeynCalc 9.0, Comput.
Phys. Commun. 207 (2016) 432 [arXiv:1601.01167] INSPIRE].

[79] DELPHI, OPAL, LEP ELECTROWEAK, ALEPH, L3 collaboration, S. Schael et al.,
Electroweak measurements in electron-positron collisions at W-boson-pair energies at LEP,
Phys. Rept. 532 (2013) 119 [arXiv:1302.3415] [INSPIRE].

[80] PARTICLE DATA GROUP collaboration, C. Patrignani et al., Review of particle physics,
Chin. Phys. C 40 (2016) 100001 [NSPIRE].

[81] J. Haller et al., Update of the global electroweak fit and constraints on two-Higgs-doublet
models, arXiv:1803.01853 [INSPIRE].

[82] M. Dam, Precision Electroweak measurements at the FCC-ee, arXiv:1601.03849 [INSPIRE].

[83] H. Baer et al., The International Linear Collider Technical Design Report - Volume 2:
Physics, arXiv:1306.6352 [INSPIRE].

[84] EPC-SPPC Study Group, CEPC-SPPC preliminary conceptual design report. 1. Physics
and detector, IHEP-CEPC-DR-2015-01 (2015).

[85] ATLAS collaboration, Constraints on new phenomena via Higgs boson couplings and
invisible decays with the ATLAS detector, JHEP 11 (2015) 206 [arXiv:1509.00672]
[INSPIRE].

collaboration, Searches for invisible decays of the Higgs boson in pp collisions at
86] CMS collab i Searches f ble d f the H b ll
Vs=17,8 and 13 TeV, JHEP 02 (2017) 135 [arXiv:1610.09218] [INSPIRE].

— 95—


https://doi.org/10.1016/S0370-2693(99)01363-5
https://arxiv.org/abs/hep-ex/9910020
https://inspirehep.net/search?p=find+EPRINT+hep-ex/9910020
https://doi.org/10.1016/S0370-2693(03)00639-7
https://arxiv.org/abs/hep-ex/0305031
https://inspirehep.net/search?p=find+EPRINT+hep-ex/0305031
https://doi.org/10.1016/j.physrep.2010.05.002
https://arxiv.org/abs/0812.1594
https://inspirehep.net/search?p=find+EPRINT+arXiv:0812.1594
https://doi.org/10.1007/s100520100679
https://arxiv.org/abs/hep-ph/0104115
https://inspirehep.net/search?p=find+EPRINT+hep-ph/0104115
https://doi.org/10.1103/PhysRevD.50.529
https://doi.org/10.1103/PhysRevD.50.529
https://arxiv.org/abs/hep-ph/9306267
https://inspirehep.net/search?p=find+EPRINT+hep-ph/9306267
https://doi.org/10.1016/j.cpc.2015.08.017
https://arxiv.org/abs/1503.01469
https://inspirehep.net/search?p=find+EPRINT+arXiv:1503.01469
https://doi.org/10.1016/j.cpc.2017.04.015
https://arxiv.org/abs/1612.00009
https://inspirehep.net/search?p=find+EPRINT+arXiv:1612.00009
https://doi.org/10.1016/0010-4655(91)90130-D
https://inspirehep.net/search?p=find+J+%22Comput.Phys.Commun.,64,345%22
https://doi.org/10.1016/j.cpc.2016.06.008
https://doi.org/10.1016/j.cpc.2016.06.008
https://arxiv.org/abs/1601.01167
https://inspirehep.net/search?p=find+EPRINT+arXiv:1601.01167
https://doi.org/10.1016/j.physrep.2013.07.004
https://arxiv.org/abs/1302.3415
https://inspirehep.net/search?p=find+EPRINT+arXiv:1302.3415
https://doi.org/10.1088/1674-1137/40/10/100001
https://inspirehep.net/search?p=find+J+%22Chin.Phys.,C40,100001%22
https://arxiv.org/abs/1803.01853
https://inspirehep.net/search?p=find+EPRINT+arXiv:1803.01853
https://arxiv.org/abs/1601.03849
https://inspirehep.net/search?p=find+EPRINT+arXiv:1601.03849
https://arxiv.org/abs/1306.6352
https://inspirehep.net/search?p=find+EPRINT+arXiv:1306.6352
https://doi.org/10.1007/JHEP11(2015)206
https://arxiv.org/abs/1509.00672
https://inspirehep.net/search?p=find+EPRINT+arXiv:1509.00672
https://doi.org/10.1007/JHEP02(2017)135
https://arxiv.org/abs/1610.09218
https://inspirehep.net/search?p=find+EPRINT+arXiv:1610.09218

[87]

[88]

[89)]

[90]

[91]

[92]

[93]

[94]

[95]

[96]

[97]

[98]

ATLAS collaboration, Search for dark matter and other new phenomena in events with an
energetic jet and large missing transverse momentum using the ATLAS detector, JHEP 01
(2018) 126 [arXiv:1711.03301] [INSPIRE].

CMS collaboration, Search for new physics in final states with an energetic jet or a
hadronically decaying W or Z boson using 35.9 fo=1 of data at \/s = 13 TeV,
CMS-PAS-EX0-16-048 (2017).

A. Alloul et al., FeynRules 2.0 — A complete toolbox for tree-level phenomenology, Comput.
Phys. Commun. 185 (2014) 2250 [arXiv:1310.1921] [NSPIRE].

J. Alwall et al., The automated computation of tree-level and next-to-leading order
differential cross sections and their matching to parton shower simulations, JHEP 07
(2014) 079 [arXiv:1405.0301] [INSPIRE].

NNPDF collaboration, R.D. Ball et al., Parton distributions with QED corrections, Nucl.
Phys. B 877 (2013) 290 [arXiv:1308.0598] [INSPIRE].

T. Sjostrand, S. Mrenna and P.Z. Skands, A brief introduction to PYTHIA 8.1, Comput.
Phys. Commun. 178 (2008) 852 [arXiv:0710.3820] [INSPIRE].

DELPHES 3 collaboration, J. de Favereau et al., DELPHES 3, a modular framework for
fast simulation of a generic collider experiment, JHEP 02 (2014) 057 [arXiv:1307.6346|
[INSPIRE].

M. Cacciari, G.P. Salam and G. Soyez, The anti-k; jet clustering algorithm, JHEP 04
(2008) 063 [arXiv:0802.1189] [INSPIRE].

J. Alwall et al., Comparative study of various algorithms for the merging of parton showers
and matriz elements in hadronic collisions, Fur. Phys. J. C 53 (2008) 473
[arXiv:0706.2569] [INSPIRE].

A.L. Read, Presentation of search results: the CL(s) technique, J. Phys. G 28 (2002) 2693
[INSPIRE].

ATLAS collaboration, Search for long-lived, massive particles in events with displaced
vertices and missing transverse momentum in /s = 13 TeV pp collisions with the ATLAS
detector, Phys. Rev. D 97 (2018) 052012 [arXiv:1710.04901] [INSPIRE].

ATLAS collaboration, Search for long-lived charginos based on a disappearing-track
signature in pp collisions at /s = 13 TeV with the ATLAS detector, arXiv:1712.02118
[INSPIRE].

CMS collaboration, Search for disappearing tracks in proton-proton collisions at \/s = 8
TeV, JHEP 01 (2015) 096 [arXiv:1411.6006] [INSPIRE].

G.F. Giudice, T. Han, K. Wang and L.-T. Wang, Nearly degenerate gauginos and dark
matter at the LHC, Phys. Rev. D 81 (2010) 115011 [arXiv:1004.4902] [INnSPIRE].

— 96 —


https://doi.org/10.1007/JHEP01(2018)126
https://doi.org/10.1007/JHEP01(2018)126
https://arxiv.org/abs/1711.03301
https://inspirehep.net/search?p=find+EPRINT+arXiv:1711.03301
https://doi.org/10.1016/j.cpc.2014.04.012
https://doi.org/10.1016/j.cpc.2014.04.012
https://arxiv.org/abs/1310.1921
https://inspirehep.net/search?p=find+EPRINT+arXiv:1310.1921
https://doi.org/10.1007/JHEP07(2014)079
https://doi.org/10.1007/JHEP07(2014)079
https://arxiv.org/abs/1405.0301
https://inspirehep.net/search?p=find+EPRINT+arXiv:1405.0301
https://doi.org/10.1016/j.nuclphysb.2013.10.010
https://doi.org/10.1016/j.nuclphysb.2013.10.010
https://arxiv.org/abs/1308.0598
https://inspirehep.net/search?p=find+EPRINT+arXiv:1308.0598
https://doi.org/10.1016/j.cpc.2008.01.036
https://doi.org/10.1016/j.cpc.2008.01.036
https://arxiv.org/abs/0710.3820
https://inspirehep.net/search?p=find+EPRINT+arXiv:0710.3820
https://doi.org/10.1007/JHEP02(2014)057
https://arxiv.org/abs/1307.6346
https://inspirehep.net/search?p=find+EPRINT+arXiv:1307.6346
https://doi.org/10.1088/1126-6708/2008/04/063
https://doi.org/10.1088/1126-6708/2008/04/063
https://arxiv.org/abs/0802.1189
https://inspirehep.net/search?p=find+EPRINT+arXiv:0802.1189
https://doi.org/10.1140/epjc/s10052-007-0490-5
https://arxiv.org/abs/0706.2569
https://inspirehep.net/search?p=find+EPRINT+arXiv:0706.2569
https://doi.org/10.1088/0954-3899/28/10/313
https://inspirehep.net/search?p=find+J+%22J.Phys.,G28,2693%22
https://doi.org/10.1103/PhysRevD.97.052012
https://arxiv.org/abs/1710.04901
https://inspirehep.net/search?p=find+EPRINT+arXiv:1710.04901
https://arxiv.org/abs/1712.02118
https://inspirehep.net/search?p=find+EPRINT+arXiv:1712.02118
https://doi.org/10.1007/JHEP01(2015)096
https://arxiv.org/abs/1411.6006
https://inspirehep.net/search?p=find+EPRINT+arXiv:1411.6006
https://doi.org/10.1103/PhysRevD.81.115011
https://arxiv.org/abs/1004.4902
https://inspirehep.net/search?p=find+EPRINT+arXiv:1004.4902

	Introduction
	A review of LEP limits on higgsinos
	Simplified model for charged fermions
	LEP limits on the simplified model
	LHC limits on the simplified model
	Invisible decays of the Higgs
	Monojet searches
	Disappearing track searches
	Other LHC searches
	Combined LEP and LHC limits

	Conclusions
	Validation of LHC analyses
	Monojet searches
	Disappearing track searches


