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Basic scenario:

almost degenerate chargino/neutralino in the MSSM 

• Neutralino mass parameters: M1, M2, mu

• Chargino mass parameters: M2, mu

• Smallest parameter dominates mass & mixing of lightest states

• Degeneracy expected in wino (M2) and higgsino (mu) scenarios 
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Extend MSSM by trilinear RPV operators

• Several couplings strongly constrained, especially products of couplings

• Baryon and lepton number violation
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Examples of chargino decay modes

• Decay rate scaling:
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Can RPV chargino decays be important?

• Compete with RPC decays to neutralino + pion(s) or l nu

• RPC decay modes depend on chargino-neutralino mass difference

• Wino/higgsino scenarios give small Δm - can RPV decays dominate?

• Some RPV decays suppressed by R-chirality (wino chargino)
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Investigate using a Bayesian parameter scan

• Likelihood function from MW, g-2, B-physics, mhiggs, LEP limit

• Additional requirement: Δm < 1 GeV (equivalent to prior req. on M1, M2, mu) 

• Log priors for dimensionful parameters 
(prior dependece checked using flat priors)

• RPV couplings not included in scan - way too many parameters!

• After scan: introduce a single RPV operator and recalculate decay 
rates for all points in posterior sample

• For each point, use the maximum allowed coupling value 
(Allanach et al., hep-ph/9906209) 
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Posterior distributions
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Figure 1: Marginalized posterior in the M2 − µ plane. The 68% and 95% C.R. contours
are shown in black and white, respectively.

pointed out a very similar situation in the MSSM restricted to Natural SUSY models in [7].

In Fig. 2 (left) we show the marginalised posterior distribution in the mχ̃0
1
−∆m plane.

We see that the points naturally accumulate around the 150 MeV mass difference given by
the wino radiative correction of order α2M2/4π. However, there is still a significant part
of the preferred parameter space that has negative mass difference. To compare the wino
and higgsino cases, in Fig. 2 (right), we plot only the posterior points with a higgsino LSP.

The preference for a wino scenario, M2 < |µ|, is even stronger in the scan using flat
priors. Following the shift in priors, the posterior distributions for the mass parameters
are weighted towards higher absolute values. This increases the importance of the wino
radiative correction in Eq. (2.4), thus strengthening the preference for ∆m values around
150 MeV. Also, the range of preferred chargino and neutralino masses is widened, with
the 68% and 95% C.R. in the mχ̃0

1
− ∆m plane extending up to mχ̃0

1
∼ 650 GeV and

mχ̃0
1
∼ 1100 GeV, respectively, for ∆m ∼ 165 MeV.

4 Implications for collider searches

The propensity for a mass difference∆m ∼ mπ± in the degenerate scenario means that in R-
parity conserving models the relevant decay modes of the chargino are χ̃±

1 → χ̃0
1(e

±ν, µ±ν)
and χ̃±

1 → χ̃0
1π

±, where the latter is dominant [8]. If R-parity is violated we must also
consider the three-body decays of the chargino to three fermions via a virtual sfermion.
Depending on the size and flavour of the RPV couplings, and to some extent the sfermion

8
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Posterior distributions
choose the largest allowed value of the coupling. We remind the reader that the effect of
changing the size of the coupling is a simple scaling of the RPV widths as λ2.
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Figure 3: Posterior distribution of∆m versus the branching ratio for various chargino decay
channels. The 68% and 95% C.R. contours are shown in black and white, respectively.

The top panels of Fig. 3 show the RPC decays to leptons (left) and hadrons (right).
The latter dominate down to mass differences of ∼ 0.15GeV, near the pion threshold. The
two-pronged structure of these plots in the 95% C.R. contour shows the difference between
a wino and higgsino LSP, where the higgsinos prefer leptonic decays. We note that, given
the discovery of a long-lived chargino with a displaced vertex in the detector, the nature of
the decay products could potentially be used to discriminate between wino and higgsino.
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Figure 3: Posterior distribution of∆m versus the branching ratio for various chargino decay
channels. The 68% and 95% C.R. contours are shown in black and white, respectively.

The top panels of Fig. 3 show the RPC decays to leptons (left) and hadrons (right).
The latter dominate down to mass differences of ∼ 0.15GeV, near the pion threshold. The
two-pronged structure of these plots in the 95% C.R. contour shows the difference between
a wino and higgsino LSP, where the higgsinos prefer leptonic decays. We note that, given
the discovery of a long-lived chargino with a displaced vertex in the detector, the nature of
the decay products could potentially be used to discriminate between wino and higgsino.
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Figure 3: Posterior distribution of∆m versus the branching ratio for various chargino decay
channels. The 68% and 95% C.R. contours are shown in black and white, respectively.

The top panels of Fig. 3 show the RPC decays to leptons (left) and hadrons (right).
The latter dominate down to mass differences of ∼ 0.15GeV, near the pion threshold. The
two-pronged structure of these plots in the 95% C.R. contour shows the difference between
a wino and higgsino LSP, where the higgsinos prefer leptonic decays. We note that, given
the discovery of a long-lived chargino with a displaced vertex in the detector, the nature of
the decay products could potentially be used to discriminate between wino and higgsino.
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Posterior distributions
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Figure 3: Posterior distribution of∆m versus the branching ratio for various chargino decay
channels. The 68% and 95% C.R. contours are shown in black and white, respectively.

The top panels of Fig. 3 show the RPC decays to leptons (left) and hadrons (right).
The latter dominate down to mass differences of ∼ 0.15GeV, near the pion threshold. The
two-pronged structure of these plots in the 95% C.R. contour shows the difference between
a wino and higgsino LSP, where the higgsinos prefer leptonic decays. We note that, given
the discovery of a long-lived chargino with a displaced vertex in the detector, the nature of
the decay products could potentially be used to discriminate between wino and higgsino.
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Figure 3: Posterior distribution of∆m versus the branching ratio for various chargino decay
channels. The 68% and 95% C.R. contours are shown in black and white, respectively.

The top panels of Fig. 3 show the RPC decays to leptons (left) and hadrons (right).
The latter dominate down to mass differences of ∼ 0.15GeV, near the pion threshold. The
two-pronged structure of these plots in the 95% C.R. contour shows the difference between
a wino and higgsino LSP, where the higgsinos prefer leptonic decays. We note that, given
the discovery of a long-lived chargino with a displaced vertex in the detector, the nature of
the decay products could potentially be used to discriminate between wino and higgsino.
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Figure 3: Posterior distribution of∆m versus the branching ratio for various chargino decay
channels. The 68% and 95% C.R. contours are shown in black and white, respectively.

The top panels of Fig. 3 show the RPC decays to leptons (left) and hadrons (right).
The latter dominate down to mass differences of ∼ 0.15GeV, near the pion threshold. The
two-pronged structure of these plots in the 95% C.R. contour shows the difference between
a wino and higgsino LSP, where the higgsinos prefer leptonic decays. We note that, given
the discovery of a long-lived chargino with a displaced vertex in the detector, the nature of
the decay products could potentially be used to discriminate between wino and higgsino.
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What about LQD and UDD?

• Similar results for LQD, RPV decays to (l d d) and (nu u d)

• UDD processes suppressed by heavy squark propagators preferred by scan

• When RPC decays dominate, small Δm leads to long chargino lifetime 

• LHC searches for kinked tracks important, τ > 10-11 s (arXiv: 1310.3675)
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Benchmark collider study

• Focus on LLE

• Benchmark point from posterior sample

Values of cτ > 1 cm or τ > 3.3×10−11 s, will give rise to a substantial number of kinked
tracks in the inner detector of for example ATLAS [54], and should be detectable in the LHC
experiments if a sufficient number of charginos are produced. Recent searches in ATLAS
have set limits down to lifetimes of 0.06 ns (cτ = 1.8 cm) [55] in AMSB models where the
chargino is dominantly wino. We have checked our posterior sample against these limits,
assuming a dominant λ121 coupling, and find that in the conservative interpretation, where
we assume that the charginos have a pure wino production cross section, the competitive
region ∆m ∈ [0, mπ] is moderated, excluding parts of the parameter space with lifetime
longer than 0.1 ns and chargino masses below 150GeV.

Nevertheless, significant parts of the parameter space remain within the 68% C.R. with
a 50% branching ratio to three charged leptons. This surviving region prefers somewhat
heavier charginos than the posterior sample following the scan, relatively high tanβ, and
sees lifetimes in the region 0.1− 0.01 ns, which can be within the future reach of the LHC
experiments looking for displaced vertices. We study three such points, RPV C1, RPV C2

and RPV C3, as benchmark points in the next section. Details of these points are given in
Table 3.

Point RPV C1 RPV C2 RPV C3

m
χ̃±

1

252.1 327.7 526.4

∆m 0.119 0.108 0.182
Wino 0.990 0.986 0.989
Higgsino 0.142 0.166 0.148

M1 944.1 -1082.0 -728.4
M2 235.4 311.4 502.3
M3 1627.6 560.6 3418.6
µ 668.0 668.5 913.2
mA0 3430.3 2775.5 3220.5
m

l̃
503.5 434.6 757.6

mq̃ 2156.2 2517.0 4742.9
mq̃3 6429.4 4951.8 1424.6
A0 -25.8 2775.5 1498.1
tan β 47.1 55.4 46.2

Table 3: Summary of the properties of the benchmark points studied. All masses are in
GeV.

The dependence of these conclusions on which RPV coupling is dominant, for a par-
ticular class of operators, say LLĒ, is very weak because of the assumptions in the scan,
namely that of common weak-scale sfermion soft masses. For the LQD̄ operators the sit-
uation is similar to LLĒ, with somewhat shorter lifetimes predicted. This is because the
dominant RPV decay channels, $+i djd̄k and νiujd̄k, have the same slepton propagators as
the dominant LLĒ decays; at the same time the upper bound on the coupling size is less

13

restrictive, since, for most couplings, this depends on large squark masses. After applying
the ATLAS limits from displaced vertices, we still have significant regions of the parameter
space with dominant decays to !+i djd̄k and νiujd̄k within the 68% confidence region. One
exception here is λ′

111 where the bound on the coupling from neutrino-less double beta de-
cay is sufficiently strong to exclude most points with dominant RPV decays, except points
that also have very large slepton masses.

For ŪD̄D̄ the heavy squark propagators reduce the decay width for RPV decays, leading
to longer chargino lifetimes as compared to LLĒ and LQD̄. As a result, the displaced
vertices search excludes all regions of the preferred parameter space, the 95% C.R., where
RPV decays from ŪD̄D̄ are substantial, having above 1% branching ratio.

The restrictions on the individual RPV couplings, from above by the indirect bounds
taken from [53], and from below by the ATLAS lifetime bounds, when seen together, are
quite severe for all the preferred regions in the parameter space discussed in Section 3. As
an example we list maximum values for the LLĒ couplings in Table 4 for the benchmark
points RPV C1, RPV C2 and RPV C3. The minimum values for RPV C1 vary in the range 0.222–
0.228. Since the ATLAS bound extends up to chargino masses of 500 GeV, it is difficult
to find points with low fine-tuning that completely escape this bound. For comparison,
a benchmark point RPV C2 with higher chargino mass has minimum values in the range
0.055–0.059, where the less severe bounds are in part also caused by lower slepton masses.
The point RPV C3 has no such lower bound, since it has a chargino mass above 500 GeV
and is thus outside the reach of the ATLAS search. From these results, we conclude that
certain combinations of couplings and points with dominant RPV decays are unlikely in
the context of natural models; in particular a dominant λ133 coupling is hard to realize.

Point/Coupling λ121 λ122 λ123 λ131 λ132 λ133 λ231 λ232 λ233

RPV C1 0.244 0.244 0.260 0.309 0.309 0.013 0.349 0.349 0.372

RPV C2 0.215 0.215 0.221 0.272 0.272 0.011 0.307 0.308 0.316

RPV C3 0.369 0.369 0.388 0.467 0.467 0.016 0.527 0.528 0.554

Table 4: Maximum allowed values of the LLĒ couplings for the benchmark points discussed
in the text.

4.3 LHC resonance searches

To study the possibility of observing RPV chargino decays at the LHC we generate events
at 13 TeV using PYTHIA 8.1.80 [57], with FASTJET 3.0.6 [58] for jet reconstruction using
the kt-algorithm [59, 60] with jet radius R = 0.4.6 We use the single dominant coupling

6In order to calculate decay widths and branching rations for the sparticles, including RPV operators,
we use PYTHIA 6.4.25 [56], modified to include the χ̃±

1
→ χ̃0

1π
± decay.

14

• EW production cross section (NLO): 49.9 fb 

• Generate 106 events (smooth distributions), normalize yield to 1 fb-1 

• Simulation includes both chargino and neutralino RPV decays
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Event selection

• At least three isolated leptons 

• pT > 70, 20, 20 GeV

• ETmiss > 100 GeV (neutrinos)

Dominant SM backgrounds

• Diboson production (if no Z veto)

• ttbar production (if Z veto)
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Charged trilepton resonance
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Figure 5: Various flavour combinations of tri-lepton invariant masses for the L1L2Ē1,
L1L2Ē3, L2L3Ē2 and L1L3Ē3 couplings. The thin dashed lines give the dominant back-
ground and the distributions are normalized to 1 fb−1 of integrated luminosity.

For these couplings the chargino should be observable as a resonance up to quite high
masses at 13–14 TeV. Due to the large content of taus, L1L3Ē3 appears more challenging;
there is a small kink in the eττ distribution, but one should bear in mind that these plots
are produced from 106 generated events (before cuts) and this is an unrealistically high
number as compared to experimental expectations, so it remains an open question whether
these smaller features can actually be observed.

From preliminary studies by ATLAS of the tri-lepton reach in supersymmetry models
at 14 TeV [62], the main background to the tri-lepton resonance is expected to be di-
boson production, in the absence of a Z-boson veto, and tri-boson and tt̄ with said veto.
Comparing the total NLO cross section of 175 pb for di-boson production at 13 TeV [63],
to the total neutralino and chargino pair-production cross section for RPV C1 and RPV C3

of 0.99 pb and 49.9 fb, respectively, calculated using Prospino 2.1 [64], both benchmark
points seem promising for early discovery.10

10We note here that some of the four-lepton searches in [65] may be sensitive to chargino masses as low
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Figure 5: Various flavour combinations of tri-lepton invariant masses for the L1L2Ē1,
L1L2Ē3, L2L3Ē2 and L1L3Ē3 couplings. The thin dashed lines give the dominant back-
ground and the distributions are normalized to 1 fb−1 of integrated luminosity.

For these couplings the chargino should be observable as a resonance up to quite high
masses at 13–14 TeV. Due to the large content of taus, L1L3Ē3 appears more challenging;
there is a small kink in the eττ distribution, but one should bear in mind that these plots
are produced from 106 generated events (before cuts) and this is an unrealistically high
number as compared to experimental expectations, so it remains an open question whether
these smaller features can actually be observed.

From preliminary studies by ATLAS of the tri-lepton reach in supersymmetry models
at 14 TeV [62], the main background to the tri-lepton resonance is expected to be di-
boson production, in the absence of a Z-boson veto, and tri-boson and tt̄ with said veto.
Comparing the total NLO cross section of 175 pb for di-boson production at 13 TeV [63],
to the total neutralino and chargino pair-production cross section for RPV C1 and RPV C3

of 0.99 pb and 49.9 fb, respectively, calculated using Prospino 2.1 [64], both benchmark
points seem promising for early discovery.10

10We note here that some of the four-lepton searches in [65] may be sensitive to chargino masses as low
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ground and the distributions are normalized to 1 fb−1 of integrated luminosity.

For these couplings the chargino should be observable as a resonance up to quite high
masses at 13–14 TeV. Due to the large content of taus, L1L3Ē3 appears more challenging;
there is a small kink in the eττ distribution, but one should bear in mind that these plots
are produced from 106 generated events (before cuts) and this is an unrealistically high
number as compared to experimental expectations, so it remains an open question whether
these smaller features can actually be observed.

From preliminary studies by ATLAS of the tri-lepton reach in supersymmetry models
at 14 TeV [62], the main background to the tri-lepton resonance is expected to be di-
boson production, in the absence of a Z-boson veto, and tri-boson and tt̄ with said veto.
Comparing the total NLO cross section of 175 pb for di-boson production at 13 TeV [63],
to the total neutralino and chargino pair-production cross section for RPV C1 and RPV C3

of 0.99 pb and 49.9 fb, respectively, calculated using Prospino 2.1 [64], both benchmark
points seem promising for early discovery.10

10We note here that some of the four-lepton searches in [65] may be sensitive to chargino masses as low
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L1L2Ē3, L2L3Ē2 and L1L3Ē3 couplings. The thin dashed lines give the dominant back-
ground and the distributions are normalized to 1 fb−1 of integrated luminosity.

For these couplings the chargino should be observable as a resonance up to quite high
masses at 13–14 TeV. Due to the large content of taus, L1L3Ē3 appears more challenging;
there is a small kink in the eττ distribution, but one should bear in mind that these plots
are produced from 106 generated events (before cuts) and this is an unrealistically high
number as compared to experimental expectations, so it remains an open question whether
these smaller features can actually be observed.

From preliminary studies by ATLAS of the tri-lepton reach in supersymmetry models
at 14 TeV [62], the main background to the tri-lepton resonance is expected to be di-
boson production, in the absence of a Z-boson veto, and tri-boson and tt̄ with said veto.
Comparing the total NLO cross section of 175 pb for di-boson production at 13 TeV [63],
to the total neutralino and chargino pair-production cross section for RPV C1 and RPV C3

of 0.99 pb and 49.9 fb, respectively, calculated using Prospino 2.1 [64], both benchmark
points seem promising for early discovery.10

10We note here that some of the four-lepton searches in [65] may be sensitive to chargino masses as low

16

Identifiable features in trilepton spectra



Anders Kvellestad 13

Comments on collider study

• Cuts kept general to encompass several RPV operators

• Benchmark: early discovery at 13 TeV, but rather optimistic 
(chargino mass, RPV coupling)

• Cross sections decrease with chargino mass, but RPV decay rates increase

• Useful information also in dilepton invariant mass spectra
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Summary

• Direct RPV chargino decays can dominate for small Δm

• BR for RPV decays increase with chargino mass 

• For dominant LLE operator: resonance/features in trilepton spectra

• Signals from RPV chargino decays compliment previous RPV studies
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Summary

• Direct RPV chargino decays can dominate for small Δm

• BR for RPV decays increase with chargino mass 

• For dominant LLE operator: resonance/features in trilepton spectra

• Signals from RPV chargino decays compliment previous RPV studies

Thank you!
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Parameter Range Prior Reference

M1 [−4000, 4000] log -
M2 [0, 4000] log -
M3 [−4000, 4000] log -
µ [−4000, 4000] log -
mA0 [0, 4000] log -
m

l̃
[0, 7000] log -

mq̃ [0, 7000] log -
mq̃3 [0, 7000] log -
A0 [−7000, 7000] log -
tan β [2, 60] linear -

mt 173.4 ± 1.0 gaussian [29]

mMS
b (mb) 4.18 ± 0.03 gaussian [30]

MZ 91.1876 ± 0.0021 gaussian [30]
α−1 127.944 ± 0.014 gaussian [30]
αs 0.1184 ± 0.0007 gaussian [30]

Table 1: List of scan parameters with ranges and priors. Dimensionful parameters are
given in GeV. All non-SM parameters are given at the scale Q = 1.0 TeV, except tanβ
and µ which are given at the EWSB scale, and the pseudoscalar Higgs pole mass mA0 . Log
priors are set to zero over the ranges (−25, 25) and (0, 25) GeV for signed and non-negative
parameters, respectively.

∆m. The values and distributions used for these constraints are summarised in Table 2.
Note that although the CMS limit on BR(Bs → µµ) [39], is slightly more constraining
than the corresponding LHCb limit [40,41], since the latter provides a likelihood covering
a wider range of branching ratio values, we use that in our scan.

Observable Constraint Likelihood Reference/Comment

MW 80.385 ± 0.021 gaussian [42]
a
exp
µ − aSMµ (26.1 ± 8.0) × 10−10 gaussian [43,44]

BR(Bs → µµ) 2.9+1.1
−1.0 × 10−9 from experiment [40,41]

BR(b → sγ) (3.55 ± 0.33) × 10−4 gaussian [45]
R(B → τν) 1.63 ± 0.54 gaussian [45]
mh 125.0 ± 2.0 gaussian [46]
mχ̃±

1

> 45 lower limit, hard cut [47]

m
χ̃±

1

−mχ̃0
1

< 1.0 upper limit, hard cut see text

Table 2: List of the constraints used in the full likelihood for the scans. All masses are
given in GeV. Experimental and theoretical errors have been added in quadrature.
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Tools:

MultiNest 2.17

SOFTSUSY 3.3.5

FeynHiggs 2.9.4

MicrOMEGAS 2.4.5



•Most constraints from collider searches do not apply due to 
combination of RPV and small Δm


•Would in general need separate scans for each coupling... 


•Computationally challenging (but we are working on it...)


•Limits on couplings, chargino lifetime, etc. are taken into account when 
we study the effects of specific RPV operators

No LHC search constraints in scan?
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Figure 2: Marginalized posterior in mχ̃0
1
versus ∆m for all neutralinos (left) and for

higgsino-like neutralinos only (right). The 68% and 95% C.R. contours are shown in black
and white, respectively.

masses, as well as ∆m, this might instead be the dominant decay channel.

Here we discuss the implication of RPV chargino decays for collider searches, starting by
describing the parameter space where these are dominant and the consequences of current
bounds on the RPV couplings. Then, we continue with a discussion of the possibility of
displaced vertices and the limits that can be set from the absence of massive metastable
particles at the LHC. Finally, we turn to the possibility of direct searches for chargino
resonances at the 13 TeV LHC.

4.1 RPV chargino decays and current bounds

If the mass difference between the chargino and the neutralino is small but still larger than
mπ± , the most important R-parity conserving decay channel for the chargino is χ̃±

1 → χ̃0
1π

±.
The decay width of this channel has been given in [8]. The competing R-parity violating
decay widths were given in [12, 51].

We begin by studying the effect of the LLĒ operators on our set of posterior sam-
ples. Figure 3 shows the resulting posterior distribution in the planes of relevant chargino
branching ratios versus the mass difference ∆m. Here we have assumed a dominant RPV
coupling of λ121. The current best experimental limit on this coupling, from charged-
current universality, is at the weak scale λ121 < 0.049 × mẽR

100GeV
[52, 53]. In the discussion

below we take the upper bounds for all couplings from [53]. For each posterior point we

9



Values of cτ > 1 cm or τ > 3.3×10−11 s, will give rise to a substantial number of kinked
tracks in the inner detector of for example ATLAS [54], and should be detectable in the LHC
experiments if a sufficient number of charginos are produced. Recent searches in ATLAS
have set limits down to lifetimes of 0.06 ns (cτ = 1.8 cm) [55] in AMSB models where the
chargino is dominantly wino. We have checked our posterior sample against these limits,
assuming a dominant λ121 coupling, and find that in the conservative interpretation, where
we assume that the charginos have a pure wino production cross section, the competitive
region ∆m ∈ [0, mπ] is moderated, excluding parts of the parameter space with lifetime
longer than 0.1 ns and chargino masses below 150GeV.

Nevertheless, significant parts of the parameter space remain within the 68% C.R. with
a 50% branching ratio to three charged leptons. This surviving region prefers somewhat
heavier charginos than the posterior sample following the scan, relatively high tanβ, and
sees lifetimes in the region 0.1− 0.01 ns, which can be within the future reach of the LHC
experiments looking for displaced vertices. We study three such points, RPV C1, RPV C2

and RPV C3, as benchmark points in the next section. Details of these points are given in
Table 3.

Point RPV C1 RPV C2 RPV C3

m
χ̃±

1

252.1 327.7 526.4

∆m 0.119 0.108 0.182
Wino 0.990 0.986 0.989
Higgsino 0.142 0.166 0.148

M1 944.1 -1082.0 -728.4
M2 235.4 311.4 502.3
M3 1627.6 560.6 3418.6
µ 668.0 668.5 913.2
mA0 3430.3 2775.5 3220.5
m

l̃
503.5 434.6 757.6

mq̃ 2156.2 2517.0 4742.9
mq̃3 6429.4 4951.8 1424.6
A0 -25.8 2775.5 1498.1
tan β 47.1 55.4 46.2

Table 3: Summary of the properties of the benchmark points studied. All masses are in
GeV.

The dependence of these conclusions on which RPV coupling is dominant, for a par-
ticular class of operators, say LLĒ, is very weak because of the assumptions in the scan,
namely that of common weak-scale sfermion soft masses. For the LQD̄ operators the sit-
uation is similar to LLĒ, with somewhat shorter lifetimes predicted. This is because the
dominant RPV decay channels, $+i djd̄k and νiujd̄k, have the same slepton propagators as
the dominant LLĒ decays; at the same time the upper bound on the coupling size is less
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restrictive, since, for most couplings, this depends on large squark masses. After applying
the ATLAS limits from displaced vertices, we still have significant regions of the parameter
space with dominant decays to !+i djd̄k and νiujd̄k within the 68% confidence region. One
exception here is λ′

111 where the bound on the coupling from neutrino-less double beta de-
cay is sufficiently strong to exclude most points with dominant RPV decays, except points
that also have very large slepton masses.

For ŪD̄D̄ the heavy squark propagators reduce the decay width for RPV decays, leading
to longer chargino lifetimes as compared to LLĒ and LQD̄. As a result, the displaced
vertices search excludes all regions of the preferred parameter space, the 95% C.R., where
RPV decays from ŪD̄D̄ are substantial, having above 1% branching ratio.

The restrictions on the individual RPV couplings, from above by the indirect bounds
taken from [53], and from below by the ATLAS lifetime bounds, when seen together, are
quite severe for all the preferred regions in the parameter space discussed in Section 3. As
an example we list maximum values for the LLĒ couplings in Table 4 for the benchmark
points RPV C1, RPV C2 and RPV C3. The minimum values for RPV C1 vary in the range 0.222–
0.228. Since the ATLAS bound extends up to chargino masses of 500 GeV, it is difficult
to find points with low fine-tuning that completely escape this bound. For comparison,
a benchmark point RPV C2 with higher chargino mass has minimum values in the range
0.055–0.059, where the less severe bounds are in part also caused by lower slepton masses.
The point RPV C3 has no such lower bound, since it has a chargino mass above 500 GeV
and is thus outside the reach of the ATLAS search. From these results, we conclude that
certain combinations of couplings and points with dominant RPV decays are unlikely in
the context of natural models; in particular a dominant λ133 coupling is hard to realize.

Point/Coupling λ121 λ122 λ123 λ131 λ132 λ133 λ231 λ232 λ233

RPV C1 0.244 0.244 0.260 0.309 0.309 0.013 0.349 0.349 0.372

RPV C2 0.215 0.215 0.221 0.272 0.272 0.011 0.307 0.308 0.316

RPV C3 0.369 0.369 0.388 0.467 0.467 0.016 0.527 0.528 0.554

Table 4: Maximum allowed values of the LLĒ couplings for the benchmark points discussed
in the text.

4.3 LHC resonance searches

To study the possibility of observing RPV chargino decays at the LHC we generate events
at 13 TeV using PYTHIA 8.1.80 [57], with FASTJET 3.0.6 [58] for jet reconstruction using
the kt-algorithm [59, 60] with jet radius R = 0.4.6 We use the single dominant coupling

6In order to calculate decay widths and branching rations for the sparticles, including RPV operators,
we use PYTHIA 6.4.25 [56], modified to include the χ̃±

1
→ χ̃0

1π
± decay.

14



the two distinct flavours in the lepton superfield doublets L will give rise to contributions
in the same-sign invariant mass distributions from the chargino decays. After same-sign
subtraction this will show up as a negative contribution in the distribution, and interfere
with the positive contributions from both decaying charginos and neutralinos.
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Figure 6: Di-lepton invariant masses for L1L2Ē3 (left) and L2L3Ē1 (right). The thin
dashed lines give the dominant background and the distributions are normalized to 1 fb−1

of integrated luminosity.

Following [61], the cleanness of the di-lepton distributions can be used to extract a sub-
stantial amount of information about the scenario at hand, including the chargino/neutralino
mass and the flavours of the couplings, also in the difficult cases where the decays are dom-
inated by taus. In addition one could hope to establish the ratio of neutralino to chargino
decays in the final distribution.

To illustrate this, let us look at the ee and µµ distributions in the right-hand panel
of Fig. 6. The negative perturbation in the µµ channel shows that we have a decaying
chargino, while the absence of a clear cutoff as in the eµ channel indicates that one of
the muons comes from a decaying tau. This means that our coupling must have an L2L3

component. The large peak in the eµ channel indicates that the last component of the
RPV operator must be Ē1, and it also gives us the chargino/neutralino mass. Finally, the
positive perturbation in the ee distribution is caused by neutralino and chargino decays
with an ee pair where one of the electrons comes from a decaying tau and the other from
the Ē1 operator.

We can now compare the height of the perturbation in the ee distribution to the one
of the negative perturbation in the µµ distribution. Since the contribution from chargino
decays is the same in both distributions, the difference in height between the positive and
negative perturbations, when compared to the (negative) height of the µµ distribution,
reveals the ratio of neutralino to chargino decays in our event sample. In this case charginos
are slightly more common than neutralinos.
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LQD̄ operators

In Fig. 7 (left) we show the distribution of the invariant mass of ljj combinations for
the RPV C3 benchmark point with the L1Q1D̄1 operator for signal only, with arbitrary
normalization. Since light quark flavour, and thus charge, is impossible to determine
experimentally from jet physics, chargino resonances decaying through the LQD̄ operators
have already received significant attention in searches for leptoquarks and neutralinos with
RPV decays. We will therefore limit our discussion here. In terms of chargino masses the
same cross section limits should apply as for neutralinos.
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Figure 7: Lepton plus dijet invariant mass distributions for L1Q1D̄1 (left), and the same
for L1Q3D̄1 including same-sign subtraction (right). Signal only, normalized to 1 fb−1 of
integrated luminosity.

One exception that is worth mentioning are operators of the type LiQ3D̄k that cause
relatively light neutralinos to always decay to neutrino plus jets, νibd̄k, while heavier neu-
tralinos can decay to l−i td̄k. Light charginos will always have the possibility to decay to
charged lepton plus jets, l−i bd̄k, thus improving the detectability significantly with both a
lepton and a b-tag, and potential charge identification, for the resonance reconstruction.
This can be further improved by same-sign subtraction for the electron and b-jet pair in
order to reduce combinatorial background. We show the resulting distribution of

me−b̄j +me+bj −me+b̄j −me−bj , (4.7)

for the L1Q3D̄1 operator in Fig. 7 (right). Here the chargino contribution has been sub-
tracted, showing up as the downward fluctuation in the distribution at ∼ 530 GeV.

We also note that models with large λ′

111 and mχ̃0
1
from 500 GeV to 1 TeV were recently

studied [66] as a possible explanation of the deviations from the Standard Model seen in the
eejj channel in CMS data [67], however, this requires sleptons with masses around 2 TeV,
which are very disfavoured in our search due to the naturalness bias and the constraint
on (g − 2)µ that we have applied. Even so, it is worth pointing out that a degenerate

19

LLE123

LQD111

WZ bkg, same-sign subtraction. Plot: m(+-) - m(++) - m(--)

LLE231



For a study of the flavour structure in RPV neutralino 
decays, see arXiv: 1105.4022 



Δm expressions
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Backup: Δm expressions

• Higgsino limit (tree-level):

• Wino limit (tree-level):
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Figure 1: Contours of mass difference ∆m for tan β = 10 and µ = 80 GeV (left), and
M1 = −200 GeV and µ = 80 GeV (right).

the chargino.

In Natural SUSY models the higgsino limit is commonly realised.2 Here, with M2 >
µ,MW , the tree-level mass difference ∆m ≡ mχ̃±

1

−mχ̃0

1
from an expansion in 1/M2 is [23]

∆m =

[

M2

M1

tan2 θW + 1 + sgnµ

(

M2

M1

tan2 θW − 1

)

sin 2β

]

M2
W

2M2

+O

(

1

M2
2

)

. (2.1)

For positive M1 and M2, ∆m is in this limit always positive. It gets small for very large
M1,M2 # MW , but numerically this does not decrease the mass difference below 300 MeV
unless both masses are larger than O(10 TeV), or if tan β $ 1 and either mass is very
large. The above expansion breaks down if µ → 0, however, because of LEP bounds on
the Z–decay, we know that µ > MZ/2 as the chargino would otherwise contribute in the
decay.

In Fig. 1 we show contours for the mass difference ∆m (using Eq. (2.1) expanded to
include terms of order 1/M2

2 ), in the M1−M2 mass plane and in the M2−tan β plane. This
demonstrates that very small and even negative mass differences are possible at tree level,
for negative M1 and for relatively large values of M2. Larger values of |µ|, and negative
µ, require larger values of M2 for this to happen. We also see that small mass differences
favour low tan β.

The leading higher order corrections to Eq. (2.1) stem from top–stop loops and γ(Z)–
higgsino loops. These are generally small unless tan β is small and/or the stop mixing

2Note that, as we will see later, a substantial bino or wino component in the lightest neutralino is not
a priori impossible in Natural SUSY, however, large values for the parameters M1 and M2 do not heavily
penalise the naturalness of the model.

3

is near maximal and/or for large values of |µ|. In the scans that follow these effects are
included.

In the wino limit, M2 < |µ|, |M1|, the corresponding expression for the mass difference
is

∆m =
M2

W

µ2

M2
W

M1 −M2

tan2 θW sin2 2β + 2
M4

WM2 sin 2β

(M1 −M2)µ3
tan2 θW

+
M6

W sin3 2β

(M1 −M2)2µ3
tan2 θW (tan2 θW − 1) +O

(

1

µ4

)

, (2.2)

when expanded in 1/µ [6, 7]. This is small for large values of tanβ, and in the limit
of tanβ → ∞ the lowest contributing order is 1/µ4. In this case the mass difference is
dominated by loop corrections.

2.2 Natural SUSY

The essential phenomenological properties of Natural SUSY are the existence of two light
stop quarks, a light left-handed sbottom quark, a light higgsino chargino and neutralino,
and a relatively light gluino. These are the necessary ingredients that provide a less fine-
tuned electroweak sector.

In order to cover the MSSM parameter space that features Natural SUSY we must
investigate a suitable subset of the MSSM parameters. For EWSB we choose µ, mA0 and
tan β as the free parameters, and derive mHu

and mHd
. For the higgsinos we further need

the gaugino masses M1 and M2. The gluino mass is also a free parameter through M3. The
properties of the light squarks are covered by separate soft masses for the third generation
squarks, mQ3

, mu3
and md3 and a free choice of trilinear term for the squark mixing A0. For

the remaining MSSM parameters we assume that the squarks and sleptons are too massive
to be relevant, and we simply fix a common high value of 3 TeV for their corresponding
soft masses. All parameters are defined at a scale of 1 TeV, except for tanβ and the pole
mass mA0.

In total we have ten free parameters for our model of Natural SUSY. The next ques-
tion is what priors one should assume for these parameters and what ranges it would be
reasonable to scan over. The authors of [24] show that using logarithmically flat priors
corresponds to penalising unnatural models with exactly the Barbieri–Giudice fine-tuning
measure [25]

ca =

∣

∣

∣

∣

∂ lnM2
Z

∂ ln a

∣

∣

∣

∣

, (2.3)

for a parameter a of the model. For this reason, we use log-priors for all dimensionful
parameters of the model.

For the ranges, taking too wide intervals is problematic for scan efficiency; nevertheless,
we want to ensure that we capture all of the parameter space which can reasonably be
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Backup: Δm expressions

• Higgsino limit (tree-level):

• Wino limit (tree-level):
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Figure 1: Contours of mass difference ∆m for tan β = 10 and µ = 80 GeV (left), and
M1 = −200 GeV and µ = 80 GeV (right).
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For positive M1 and M2, ∆m is in this limit always positive. It gets small for very large
M1,M2 # MW , but numerically this does not decrease the mass difference below 300 MeV
unless both masses are larger than O(10 TeV), or if tan β $ 1 and either mass is very
large. The above expansion breaks down if µ → 0, however, because of LEP bounds on
the Z–decay, we know that µ > MZ/2 as the chargino would otherwise contribute in the
decay.

In Fig. 1 we show contours for the mass difference ∆m (using Eq. (2.1) expanded to
include terms of order 1/M2

2 ), in the M1−M2 mass plane and in the M2−tan β plane. This
demonstrates that very small and even negative mass differences are possible at tree level,
for negative M1 and for relatively large values of M2. Larger values of |µ|, and negative
µ, require larger values of M2 for this to happen. We also see that small mass differences
favour low tan β.

The leading higher order corrections to Eq. (2.1) stem from top–stop loops and γ(Z)–
higgsino loops. These are generally small unless tan β is small and/or the stop mixing

2Note that, as we will see later, a substantial bino or wino component in the lightest neutralino is not
a priori impossible in Natural SUSY, however, large values for the parameters M1 and M2 do not heavily
penalise the naturalness of the model.
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when expanded in 1/µ [6, 7]. This is small for large values of tanβ, and in the limit
of tanβ → ∞ the lowest contributing order is 1/µ4. In this case the mass difference is
dominated by loop corrections.

2.2 Natural SUSY

The essential phenomenological properties of Natural SUSY are the existence of two light
stop quarks, a light left-handed sbottom quark, a light higgsino chargino and neutralino,
and a relatively light gluino. These are the necessary ingredients that provide a less fine-
tuned electroweak sector.

In order to cover the MSSM parameter space that features Natural SUSY we must
investigate a suitable subset of the MSSM parameters. For EWSB we choose µ, mA0 and
tan β as the free parameters, and derive mHu

and mHd
. For the higgsinos we further need

the gaugino masses M1 and M2. The gluino mass is also a free parameter through M3. The
properties of the light squarks are covered by separate soft masses for the third generation
squarks, mQ3

, mu3
and md3 and a free choice of trilinear term for the squark mixing A0. For

the remaining MSSM parameters we assume that the squarks and sleptons are too massive
to be relevant, and we simply fix a common high value of 3 TeV for their corresponding
soft masses. All parameters are defined at a scale of 1 TeV, except for tanβ and the pole
mass mA0.

In total we have ten free parameters for our model of Natural SUSY. The next ques-
tion is what priors one should assume for these parameters and what ranges it would be
reasonable to scan over. The authors of [24] show that using logarithmically flat priors
corresponds to penalising unnatural models with exactly the Barbieri–Giudice fine-tuning
measure [25]
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for a parameter a of the model. For this reason, we use log-priors for all dimensionful
parameters of the model.

For the ranges, taking too wide intervals is problematic for scan efficiency; nevertheless,
we want to ensure that we capture all of the parameter space which can reasonably be

4

•Higgsino limit (tree–level):

•Wino limit (tree–level):

•Tree-level contribution small for large tan β  

•Leading loop correction from gauge bosons ~ 165 MeV   
  
 (bino part of Neutralino breaks the degeneracy) 

•Smaller Δm requires significant and negative tree-level contribution.

•Positive M1 and M2 ―> Δm > 300 MeV 

•Negative M1: Can have negative Δm if M1 is small, M2 is large and tan β is small 

•Main loop contributions from top–stop loops (either sign, mixing)  
  
and γ(Z)–higgsino loops (small unless tan β is large)
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