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1 Introduction

Search for supersymmetry (SUSY) is an important task for the LHC. The current null

search results indicate that the SUSY breaking scale may be far above the weak scale and

hence we must tolerate some extent of unnaturalness. However, for the explanation of dark

matter relic density and the unification of gauge couplings, the electroweak gauginos and

higgsinos (collectively called electroweakinos) cannot be too heavy and should be accessible

in the upcoming runs of the LHC [1]. Search for these electroweakinos at the LHC is rather

challenging and has been recently intensively studied [2–4]. For example, when the lightest

electroweakinos have compressed mass spectrum, their pair productions through Drell-

Yan processes only give missing energy and an extra jet or gauge boson is needed for

the detection [5–8]. Another type of productions of electroweakinos at the LHC is vector

boson fusion (VBF), which is shown quite promising despite of small cross sections [9–16].

These VBF productions naturally produce two highly energetic quark jets with large dijet

invariant mass in the forward and backward regions of the detector [17]. An important

feature of VBF is the absence of color exchange between these two jets, which leads to a

reduction of gluon emission in the central region. This is in contrast to the case of typical

QCD backgrounds. Due to this feature, the VBF processes have been studied for producing

electroweakinos [9–16] and the Higgs bosons [18–23].

Note that in the VBF productions of electroweakinos at the LHC, e.g., the dominant

channel pp → χ±

1 χ
0
1jj, in order to have a sizable cross section, the lightest electroweakinos

(χ±

1 and χ0
1) must be wino-like and have compressed mass spectrum, which gives a signal

of two jets plus missing energy in the general framework of minimal supersymmetric model

with R-parity. In the multi-sector SUSY breaking scenario, however, both χ±

1 and χ0
1 can

decay to visible particles plus pseudo-goldstino inside the detector and then the VBF pro-

duction pp → χ±

1 χ
0
1jj will give rather different signals. Such multi-sector SUSY breaking

scenario refers to SUSY breaking in more than one hidden sector, in which one goldstino
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Figure 1. A diagrammatic description of the interaction and mixing between pseudo-goldstino G′

and higgsino H̃ in the two-sector SUSY breaking scenario.

will become the longitudinal component of gravitino and other orthogonal states will be-

come the physical pseudo-goldstinos. Unconstrained by the supercurrent, the couplings

of the pseudo-goldstinos could be large enough to have intriguing phenomenology [24–38].

In our previous work [39] we investigated the Drell-Yan productions of the lightest elec-

troweakinos followed by the decays to pseudo-goldstino at the LHC. In this work we extend

the study to the VBF productions of electroweakinos.

The structure of this note is as follows. In section II, we briefly describe the neutralino

and chargino decays to pseudo-goldstino, and then perform the Monte Carlo simulations for

the signal and backgrounds of their VBF productions at the LHC. Finally our conclusions

are given in section III.

2 Phenomenological study at the LHC

2.1 Chargino/neutralino decays to pseudo-goldstino

We now recapitulate our scenario (for a detailed description, see our previous work [39]).

Our scenario is that SUSY is broken in two hidden sectors, in which the sector with a

low SUSY breaking scale gives very small contribution to the soft gaugino masses. In this

scenario the pseudo-goldstino (G′) couplings to the photon and transverse Z-boson are

suppressed while its interaction with Higgs and longitudinal gauge bosons are enhanced

comparing to ordinary gravitino. So a light neutral higgsino can decay to a Higgs boson

or Z-boson plus G′ while a light charged higgsino can only decay to a W -boson plus G′

(because the charged Higgs is usually heavier than the light charged higgsino), as shown

in figure 1. In the VBF productions, the chargino (χ+
1 ) and neutralino (χ0

1) must be wino-

like in order for a sizable production rate. Such a wino-like neutralino can have a decay

χ0
1 → h + G′ through its mixing with the neutral higgsino, while the wino-like chargino

can have a decay χ+
1 → W + G′ through two insertions. Since the two insertions may

lead to a rather small decay width, the gravitino (goldstino) channel χ+
1 → W + G can

be comparable. Considering the gravitino and pseudo-goldstino have the same collider

signature (missing energy), we only consider the pseudo-goldstino decay channel.

As in our previous work [39], we can start the analysis from the effective interaction

between pseudo-goldstino, chargino and neutralino

Leff =
m̃2

φ

F
[ghχhχ

0G′ + gχZḠ′σ̄µχ0Zµ + gχW1
Ḡ′σ̄µχ+W−

µ + gχW2
Ḡ′σ̄µχ−W+

µ + h.c.], (2.1)
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Figure 2. The representative Feynman diagrams for neutralino and chargino pair production via

VBF processes at the LHC.

where F =
√
F 2
1 + F 2

2 with Fi being the SUSY breaking scales in two hidden sectors,

m̃2
φ = −m2

φ,1 tan θ +m2
φ,2 cot θ with tan θ = F2/F1 and mφ,i the soft masses for the chiral

fields. With fixed parameters m̃φ/
√
F = 0.1 and all the couplings gX = 1, the decay width

of neutralino or chargino into pseudo-goldstino is of the order ∼ 10−4GeV and the decay

length is about 10−10 cm which means that the decays will occur inside the detector. As

shown in figure 2 of [39], the lightest electroweakinos decay dominantly to pseudo-goldstino

and in our calculation we the assume such a decay has a branching of 100%.

2.2 Signal of VBF productions of chargino/neutralino

For neutralino/chargino productions through VBF processes, we focus on the pair produc-

tion of a neutralino and a chargino. The representative Feynman diagrams are shown in

figure 2. Note that apart from these pure VBF processes, some non-VBF processes could

also provide the same final states. For instance, the higher order QCD effects in the Drell-

Yan productions of neutralino and chargino could also give contributions because of the

hard emission of partons from the initial states. In our calculation, we consider the full set

of diagrams and employ kinematic constraints to reduce the contribution from non-VBF

processes.

The main feature of VBF processes is the presence of two jets produced in the forward

and backward regions at the detector and with large pseudo-rapidity separation between

them. They also must be hard enough in order to create a pair of neutralino and chargino.

Therefore, we calculate the cross sections by characterizing the signal in terms of the

following selections:

(a) The two jets in the forward/backward regions, labeled as j1 and j2, must satisfy the

requirement | ∆η(j1, j2) |> 4.2 and ηj1 · ηj2 < 0.

(b) We accept the jets with P j1,j2
T > 40GeV and | ηj |< 5.

(c) The invariant mass of these two jets should be large, Mj1j2 > 500GeV.
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Figure 3. The cross section for neutralino and chargino production in association with two jets

after imposing selections (a)-(c) at the LHC with
√
s = 14TeV and 8TeV.

Now we discuss the productions of neutralinos and charginos through VBF. In our

study, the squarks, sleptons, gluino and non-SM Higgs bosons are assumed too heavy to

be inaccessible. We fix the mass of the SM-like Higgs boson at 125GeV. For the param-

eter space in the neutralino/chargino sector, we focus on the region in which the lightest

neutralino and chargino are wino-like because only the wino-like neutralino and chargino

can be sizably produced via the VBF processes at the LHC [9–16].

For the wino-like neutralino and chargino, they are produced through the VBF channel

pp → χ±

1 χ
0
1jj, χ+

1 χ
−

1 jj, χ±

1 χ
±

1 jj, χ0
1χ

0
1jj. (2.2)

In our numerical calculation we choose the same benchmark scenario as in [39]:

M2 = 200 GeV, µ = 1.0 TeV, M1 = 1.5 TeV, tanβ = 10. (2.3)

Note that our results are not sensitive to the value of tanβ because the wino-like neu-

tralino and chargino are produced in VBF processes dominantly via the gauge couplings.

The value of tanβ can only have effects through the higgsino component which is small in

a wino-like neutralino or chargino. On the other hand, since the neutralino and chargino

produced in VBF processes are wino-like, their masses are mainly determined by the value

of M2. So for a lower value of M2 (while being consistent with current LHC and LEP

limits), the neutralino and chargino are lighter, whose production rate is larger and the

statistical significance can be higher.

We first calculate their cross sections at the partonic level using the package Mad-

Graph5 [40] and employ these cuts (a)-(c) for the two jets. The results at the LHC with
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√
s = 14TeV and 8TeV are displayed in figure 3. We check our results with CalcHEP [41]

and find agreements. The results in figure 3 show that the largest cross sections come from

pp → χ±

1 χ
0
1jj and pp → χ+

1 χ
−

1 jj. The cross sections at 8TeV LHC are approximately

7-8 times smaller than 14TeV LHC. Therefore, we consider the these two channels at the

14TeV LHC in the following analysis. We also check the higgsino-like and bino-like neu-

tralino/chargino and find that their production cross sections are much smaller than the

wino-like case.

2.3 The observability of χ±

1 χ0
1
jj production at the LHC

First we focus on the χ±

1 χ
0
1jj production. As we discussed earlier, in our scenario the light-

est chargino χ±

1 decays to a pseudo-goldstino plus a W -boson and the lightest neutralino

χ0
1 decays to a pseudo-goldstino plus a Higgs boson. Thus the signal of this production is

a single lepton and two bottom quarks associated with two energetic light jets and large

missing transverse energy:

pp → χ±

1 χ
0
1jj → W±hG′G′jj → ℓ±νbb̄G′G′jj → ℓ+ 2b+ 2j + /ET (ℓ = e, µ, τ). (2.4)

The dominant SM backgrounds are from the production of top quark pair with semi-

leptonic decays of top quarks. The di-leptonic decays of top pair could also fake the signal

when the τ lepton decays hadronically. In addition, the single top production and W+jets

may also mimic the signal. The jets from these backgrounds are less energetic and more

central in the detector, which are different from the signal. Therefore, the VBF selection

cuts could reduce them effectively. The productions of WV (V = W,Z) via VBF processes

with the W -boson decaying leptonically and the vector boson decaying to a pair of quarks

could also fake the signal. The missing energy in all these backgrounds come from neutrinos.

But for the signal process, the pseudo-goldstino G′ escapes the detector and leads to large

missing energy. So the /ET cut could further reduce these backgrounds. Besides, the top

pair production associated with a Z-boson and the production of Wh via VBF process

could also fake the signal. Due to smaller cross sections than other backgrounds, we do

not consider them in this work.

We use MadGraph5 [40] to generate the signal and background events. For our signal

events generation, the effective Lagrangian in eq. (2.1) is implemented in FeynRules [42] and

then passed to MadGraph5 via the UFO model file [43]. We apply Pythia [44] for parton

shower and hadronization, Delphes [45] with the ATLAS detector for the fast detector sim-

ulations. The MLM scheme [46] is used to match our matrix element with parton shower.

Jets are clustered employing FastJet [47] with anti-kt algorithm [48] using the radius pa-

rameter ∆R = 0.5. Finally, we employ MadAnalysis5 [49] to perform sample analysis.

As we discussed earlier, we must first impose the VBF selections to make the VBF

processes dominant. Then we present some kinematic distributions in order to get some

other efficient cuts. In figure 4, we display the normalized distribution of /ET and transverse

mass MT (l1, /ET ) for the signal and background processes at the LHC with
√
s = 14TeV,

where the MT (l, /ET ) is defined as

MT =
√
2pℓT /ET [1− cos∆φℓ, /ET

], (2.5)
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Figure 4. The normalized MT and /ET distributions for the signal pp → χ±
1 χ

0
1jj → W±hG′G′jj →

l±νbb̄G′G′jj → l + 4j + /ET and background processes after VBF selections at the LHC with√
s = 14TeV. For the signal we fixed the relevant mass parameters as µ = 200GeV, M1 = 1.0TeV,

M2 = 1.5TeV.
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Figure 5. The normalized MT and /ET distributions for the signal pp → χ±
1 χ

0
1jj → W±hG′G′jj →

l±νbb̄G′G′jj → l + 4j + /ET and W+jets before VBF selections at the LHC with
√
s = 14TeV.

with ∆φℓ, /ET
standing for the azimuthal angle difference between the lepton and the missing

energy. These distributions show that requiring a lower cut of about 150GeV for /ET and

100GeV for MT (l1, /ET ) could be effective to reduce the backgrounds. Note that we have

checked the VBF selection efficiency is 10−3 for W+jets background. In figure 5, we

present the /ET and MT (l1, /ET ) distributions for signal and W+ jets background before

VBF selections. We can find that the /ET and MT (l1, /ET ) cuts can almost remove the

W+jets background. Thus we neglect it in the following analysis. Based on the above

discussion, we summary our event selections in our final state analysis:

• VBF selections: we require at least four jets with PT > 40GeV in | η |< 5. There

must also be one pair of light jets (j1, j2) satisfying; (i) | ∆η(j1, j2) |> 4.2 and

ηj1 · ηj2 < 0; (ii) P j1,j2
T > 50GeV; (iii) Mj1j2 > 500GeV.

• Lepton selection: only one lepton with PT > 20GeV and | η |< 2.5. We assume a

τ -tagging efficiency of 40% and include the mis-tagging of QCD jets in Delphes.

• /ET > 150GeV.
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cut tt̄ → lνbbjj tt̄ → lνlνbb tX → lνbX WV jj → lνjjjj signal

VBF selctions 341917 49824 48512 32528 255

Lepton selections 162975 22761 22389 15975 130

/ET > 150GeV 11480 2603 1332 1836 53

MT (ℓ1, /ET )>100GeV 1731 1586 295 236 28

Table 1. The numbers of events for the signal pp → χ±
1 χ

0
1jj → W±hG′G′jj → ℓ±νbb̄G′G′jj →

ℓ+4j+ /ET and backgrounds at the LHC with
√
s = 14TeV and 100 fb−1 of integrated luminosity.

√
s = 14TeV 100 fb−1 500 fb−1 1000 fb−1 2000 fb−1 3000 fb−1

S1/
√
S1 +B1 0.37 0.83 1.17 1.66 2.03

S2/
√
S2 +B2 0.46 1.02 1.45 2.04 2.5

Table 2. The statistical significance of the signal pp → χ±
1 χ

0
1jj → W±hG′G′jj → ℓ±νbb̄G′G′jj →

ℓ+4j+ /ET at the LHC with
√
s = 14TeV and different luminosities. S1 and B1 stand for the signal

and background events after VBF selection, while S2 and B2 stand for the signal and background

events after all the cuts.

• MT (ℓ1, /ET ) > 100GeV.

In table 1, we present the numbers of events for signal and background processes under

the above cuts at the LHC with
√
s = 14TeV and 100 fb−1 of integrated luminosity. The

VBF selections reduce the backgrounds effectively, especially the top pair background.

Although the light jet pair that comes from W -boson decay in tt̄ production could not pass

the VBF selections, bottom quarks or hadronic τ would be misidentified as light jets so

that the event could survive. So there are still many events from the top pair backgrounds

after VBF selections. table 1 shows that the /ET cut is very effective in reducing the

backgrounds. As we expected, a rather hard cut on MT (ℓ1, /ET ) could further suppress the

background and improve the significance.

In table 2 we display the signal significance for different luminosities at the 14TeV

LHC. As expected, the significance is improved by the cuts efficiently. With a luminosity

of 3000 fb−1, a statistical significance of 2.5σ can be achieved. We notice that the ratio of

signal to backgrounds is very small, which means that the systematic uncertainty should

be well controlled in order to detect the signal.

2.4 Observability of χ+

1 χ
−

1 jj production at the LHC

Now we turn to the production of χ+
1 χ

−

1 jj at the LHC. Since the chargino decays to a

W -boson and a pseudo-goldstino, the signal of this production is characterized by two

opposite sign leptons and a pair of forward/backward jets associated with large /ET :

pp → χ+
1 χ

−

1 jj → W+G′W−G′jj → ℓ+ℓ− + 2j + /ET (ℓ = e, µ, τ). (2.6)

The dominant background comes from the top pair dileptonic processes. As we discussed

before, it could be reduced by VBF selections effectively. The two opposite signW -boson or

– 7 –
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cuts tt̄ → lνlνbb ττjj WWjj → ℓνℓνjj ZZjj → ℓℓννjj signal

VBF selctions 912261 1852740 57330 2867 601

Central Jet veto 54978 310074 11662 869 116

Lepton selections 16606 22148 4606 441 55

Veto b-jet 14287 22148 4606 441 55

/ET > 150GeV 1272 963 588 135 25

MT (ℓ1, /ET )>100GeV 898 481 441 131 21

Table 3. The numbers of events for the signal pp → χ+

1 χ
−
1 jj → W+G′W−G′jj → ℓ+ℓ−+2j+ /ET

and backgrounds at the LHC with
√
s = 14TeV and 1000 fb−1 of integrated luminosity.

τ production associated with two jets can fake the signal, where W or τ decay leptonically.

In addition, another background comes from ZZ production associated with two jets, with

one of the Z bosons decays to leptons and the other decays to neutrinos.

Since an important feature of the VBF processes is the absence of color exchange

between the forward/backward jets and this leads to a suppression of hadron productions

between these two jets, we could enhance the signal to background ratio by vetoing addition

jets in the rapidity gap region between these jets. This cut will be effective for suppressing

the top pair backgrounds. We also veto b-jets to further suppress the top pair. The /ET

in the backgrounds comes from neutrinos from W/Z boson or τ lepton decay. But in the

signal the pseudo-goldstino give rise to /ET . Therefore a large /ET cut and MT (ℓ1, /ET ) will

reduce all the backgrounds and improve the signal significance. In summary, we employ

the following cuts

• VBF selections: we require a pair of light jets (j1, j2) satisfying (i) | ∆η(j1, j2) |> 4.2

and ηj1 · ηj2 < 0; (ii) P j1,j2
T > 50GeV; (iii) Mj1j2 > 500GeV.

• Central jet veto: no jets with PT > 20GeV between ηj1 and ηj2 .

• Lepton selection: two opposite sign leptons with PT > 20GeV and | η |< 2.5.

• Veto b-jet: we reject events with any b-tagging jets. Note that we apply the b-jet

tagging and c-jet mis-tagging efficiency as in1 which also includes a misidentified rate

for the light jets.

• /ET > 150GeV.

• MT (ℓ1, /ET ) > 100GeV.

A summary of events with the luminosity of 1000 fb−1 at each selection stage is dis-

played in table 3. The VBF cuts and central jet veto are very effective in reducing the

backgrounds, especially the top pair background. We also find that the large /ET cut

can suppress the important backgrounds to 1/11-1/23. The MT (ℓ1, /ET ) cut could fur-

ther reduce the backgrounds and improve the signal significance. The result shows that

1The ATLAS parametric approach at default in Delphes.
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Figure 6. The /ET distributions after VBF cut for the signal pp → χ±
1 χ

0
1jj → W±hG′G′jj →

ℓ±νbb̄G′G′jj at the 14TeV LHC for different psedo-goldstino masses.

the significance (S/
√
S +B) can reach about 0.48σ and 0.83σ for an integrated lumi-

nosity of 1000fb−1 and 3000 fb−1 at the 14TeV LHC. So we conclude that the signal

pp → χ+
1 χ

−

1 jj → W+G′W−G′jj → ℓ+ℓ− + 2j + /ET is not accessible at the 14TeV LHC.

2.5 Pseudo-goldstino mass effects

In our above study we simply assumed the pseudo-goldstino is massless. Actually in con-

crete models with multi-hidden sectors, the pseudo-goldstino acquires a universal mass at

tree level [24, 31], which is twice the gravitino mass, and also gets model-dependent contri-

butions at loop level. Some authors have argued that the loop contributions should be at

least the GeV scale [35] (a concrete calculation is still missing even in the simplest model).

In the following we show the mass effects of the pseudo-goldstino in our simulations.

Comparing to a massless pseudo-goldstino, the phase space and the amount of missing

transverse energy for a massive pseudo-goldstino will be reduced. For the VBF processes

with two energetic jets, the missing transverse energy should not be as sensitive to the

pseudo-goldstino mass as the Drell-Yan processes. To show this explicitly, we take the signal

process χ±χ0jj as an example. We simulate the signal pp → χ±

1 χ
0
1jj → W±hG′G′jj →

ℓ±νbb̄G′G′jj with the pseudo-goldstino mass of 40GeV and 80GeV, respectively.

In figure 6 we present the /ET distribution after VBF cut for a massive pseudo-goldstino

compared with the massless case. From the left panel we can see that the /ET distribu-

tions with mG′ = 0, 40GeV almost overlap with each other. The /ET distribution with

mG′ =80GeV is presented in the right panel of figure 6, which shows that the missing

transverse energy is just a little softer than in the massless case. Note that 80GeV is the

largest value of pseudo-goldstino mass to open the neutralino decay channel. Finally, we

also present the signal events with 100 fb−1 of integrated luminosity for different pseudo-

goldstino masses in table 4. We see that as the pseudo-goldstino mass increases, the effi-

ciency of the /ET cut slightly decreases. The results also show that the signal event number

is not sensitive to the pseudo-goldstino mass. In the last low of table 4, we display the signal

significances for different pseudo-goldstino masses with 3000 fb−1 of integrated luminosity

at the 14TeV LHC. The significance can reach to 2.2σ and 1.9σ with mG′ =40GeV and

80GeV, respectively.
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cut VBF selctions Lepton selections /ET >150GeV MT (ℓ1, /ET )>100GeV S/
√
S+B

mG′ =0GeV 255 130 53 28 2.5

mG′ =40GeV 252 128 51 25 2.2

mG′ =80GeV 243 122 45 22 1.9

Table 4. The numbers of events for the signal pp → χ±
1 χ

0
1jj → W±hG′G′jj → ℓ±νbb̄G′G′jj with

different pseudo-goldstino masses for 100 fb−1 of integrated luminosity. The signal significance is

shown for 3000 fb−1 of integrated luminosity at the LHC with
√
s = 14TeV.

Next, we look at the electroweakino search results at the LHC. The most relevant

search is the production of chargino and neutralino in final states with l + bb̄ + /ET by

ATLAS [50] and CMS [51]. They have interpreted their results in the context of a simplified

model, where they assumed the lightest neutralino (χ0
1) is bino-like while the second lightest

neutralino (χ0
2) and the lightest chargino (χ±

1 ) are wino-like (their masses are approximately

degenerate mχ±

1

= mχ0

2

). They searched the production pp → χ±

1 χ
0
2 → (W±χ0

1)(hχ
0
1)

(with 100% branching ratios) by employing the h → bb̄ channel. The limit was found to

be mχ0

2

= mχ±

1

& 200GeV [51] and 300GeV [50] for mχ0

1

. 30GeV. It means that in

our scenario the benchmark point mχ±

1

= mχ0

1

= 200GeV may have been excluded for

mG′ . 30GeV and survive for mG′ = 40GeV and 80GeV.

Before concluding, we make some comments. (1) Our simulations above are just to

demonstrate that our scenario are possiblly accessible at the high-luminosity LHC. More

dedicated selections of the signal from the backgrounds may improve the significance, which

should be considered in the future experimental search. (2) In our study we focused on

MSSM, while in other low energy SUSY models the pseudo-goldstino may also have similar

new decay channels which deserve searches.

3 Conclusion

The multi-sector SUSY breaking scenario predicts pseudo-goldstino, which can couple to

the visible sector more strongly than the ordinary gravitino. Then the lightest electroweaki-

nos can decay to a pseudo-goldstino plus a Z-boson, Higgs boson or W -boson. In our pre-

vious work [39] we investigated the Drell-Yan productions of the lightest electroweakinos

followed by the decays to pseudo-goldstino at the LHC. In this work we extended the study

to the VBF productions of electroweakinos. From the Monte Carlo simulations we found

that the largest rate channel pp → χ±

1 χ
0
1jj can have a statistical significance above 2σ at

the 14TeV LHC with an luminosity of 3000 fb−1, while the second largest rate channel

pp → χ+
1 χ

−

1 jj is not accessible.

Finally we point out that in our study we considered the decays of electroweakinos to

a pseudo-goldstino, i.e., χ+
1 → W + G′ and χ0

1 → h + G′. Our results are approximately

applicable to other scenarios which predict a light singlet invisible particle (X) as long as

the decays χ+
1 → W +X and χ0

1 → h+X happen inside the detector. For example, in the

next-to-minimal supersymmetric model, the singlino-like lightest neutralino can be as light

as a few GeV [52, 53] and thus similar decays can happen for the chargino/neutralino.
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