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Abstract: LHC searches for supersymmetry currently focus on strongly produced spar-

ticles, which are copiously produced if gluinos and squarks have masses of a few hundred

GeV. However, in supersymmetric models with heavy scalars, as favored by the decou-

pling solution to the SUSY flavor and CP problems, and mg̃ & 500GeV as indicated

by recent LHC results, chargino-neutralino (W̃±
1 Z̃2) production is the dominant cross

section for m
W̃1

∼ m
Z̃2

< mg̃/3 at LHC with
√
s = 7TeV (LHC7). Furthermore, if

m
Z̃1

+ mZ . m
Z̃2

. m
Z̃1

+ mh, then Z̃2 dominantly decays via Z̃2 → Z̃1Z, while W̃1

decays via W̃1 → Z̃1W . We investigate the LHC7 reach in the WZ+ 6ET channel (for both

leptonic and hadronic decays of the W boson) in models with and without the assumption

of gaugino mass universality. In the case of the mSUGRA/CMSSM model with heavy

squark masses, the LHC7 discovery reach in the WZ+ 6ET channel becomes competetive

with the reach in the canonical 6ET + jets channel for integrated luminosities ∼ 30 fb−1. We

also present the LHC7 reach for a simplified model with arbitrary m
Z̃1

and m
W̃1

∼ m
Z̃2
.

Here, we find a reach of up to m
W̃1

∼ 200 (250)GeV for 10 (30) fb−1.
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1 Introduction

A major goal of the CERN Large Hadron Collider (LHC) is to test the idea of weak

scale supersymmetry (SUSY) (for a rewiev of SUSY see [1]), wherein superpartners of the

Standard Model (SM) particles have masses of the order of 1TeV. The SUSY searches by

the ATLAS and CMS collaborations have reported no signal beyond SM expectations [2–8]

in ∼ 1 fb−1 of data. Interpreting their results within the mSUGRA/CMSSM model [9–13],

ATLAS and CMS exclude roughly the mass range mq̃ ∼ mg̃ . 1TeV for mq̃ ≃ mg̃, and

mg̃ . 550GeV in the case where mq̃ ≫ mg̃.
1 This reach will soon be extended since each

experiment now has ∼ 5 fb−1 of data collected. Analysis of this extended data sample is

eagerly anticipated by the HEP community.

Within a large class of SUSY models, it is expected that pair production of strongly

interacting sparticles—g̃g̃, g̃q̃ and q̃q̃ production — constitutes the dominant SUSY pro-

duction cross sections [15, 16]. The gluinos and squarks are then expected to decay through

a (possibly lengthy) cascade to lighter sparticles plus SM particles, until the decay chain

terminates in the (stable) lightest SUSY particle (LSP) ([17–20, 22, 23]; for earlier work on

sparticle decays to just gauginos, see [21]). The LSP is expected from cosmological argu-

ments to be a massive, neutral, weakly interacting particle (such as the lightest neutralino

Z̃1) and so does not deposit energy in the experimental apparatus, giving rise to the classic

missing transverse energy ( 6ET ) signature. Thus, gluino and squark pair production fol-

lowed by cascade decays is expected to give rise to final states containing multiple isolated

leptons, multiple jets and 6ET [24, 25].

While weak scale supersymmetric models are theoretically very compelling, they do

suffer from a variety of problems, including 1. the SUSY flavor problem, 2. the SUSY CP

problem, 3. the gravitino problem, and 4. the danger of too rapid proton decay in SUSY

grand unified theories (GUTs). All four of these problems are greatly ameliorated if not

1To be precise, in the mSUGRA/CMSSM interpretation, squark masses are varied up to mq̃ . 2TeV,

giving a gluino mass limit of about mg̃ & 700GeV; this limit suffers further weakening for decoupling

scalars: see [14].

– 1 –
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solved by the decoupling solution, wherein first and second generation sfermion masses

are pushed into the multi-TeV regime or even beyond. Naturalness may be maintained in

models wherein sparticles that couple directly to the Higgs sector — the third generation

scalars and electroweak-inos — remain at or below the TeV scale [26–31]. Also, in many

SUSY models, it is expected that gaugino mass parameters unify at the GUT scale, in

parallel with unification of gauge couplings. Renormalization group running effects result

in weak scale gaugino masses occurring in the approximate ratio M1 : M2 : M3 ∼ 1 : 2 : 7.

We would thus expect the physical gluino g̃, the wino-like chargino W̃1 and the bino-like

neutralino Z̃1 to be found with roughly the same mass ratio, provided the superpoten-

tial µ-parameter |µ| ≫ M2. Consequently, in models with gaugino mass unification, the

experimental bounds on the gluino mass impose severe constraints on chargino and neu-

tralino masses. Current analyses do not put independent constraints on the electroweak-ino

masses if the gaugino mass unification condition is dropped [32]. Moreover, the relative

strengths of signals in various multilepton topologies (as well as the gluino mass reach if

the parent-daughter mass difference is sufficiently small) depend sensitively on the g̃ − Z̃1

and/or g̃ − W̃1 mass differences. Finally, an independent discovery of directly produced

charginos and neutralinos is essential to elucidate the supersymmetry origin of any excess

in the well-studied multilepton plus multijet plus 6ET channel at the LHC. It is therefore

interesting and relevant to find ways to discover charginos and neutralinos independently

of gluinos.

Another point is important to note: as we push the gluino mass to larger values,

convolution of the g̃g̃ subprocess cross sections with parton distribution functions (PDFs)

requires sampling higher and higher values of parton fractional momentum xF . For such

high values of xF , the parton-parton luminosity is sharply falling. At some point we expect

that, despite being strongly-produced, gluino pair production will no longer dominate over

electroweak-ino pair production, since these latter reactions will sample the PDFs at much

lower values of xF if electroweak-inos are significantly lighter than gluinos.

To illustrate this, we plot in figure 1 the g̃g̃, W̃±
1 Z̃2 and W̃+

1 W̃−
1 production cross

sections in pb at LHC with pp collisions at
√
s = 7TeV. Our results are in NLO QCD from

the program Prospino [33]. We take mq̃ ≃ 15TeV for the first and second generations, in

accord with a decoupling solution to the above-mentioned pathologies and, for simplicity,

assume universal gaugino masses at the GUT scale. From figure 1, we see that gluino-pair

production is dominant for mg̃ . 500GeV. For higher values of mg̃, W̃
±
1 Z̃2 production is

dominant, followed by W̃+
1 W̃−

1 production (the reaction W̃±
1 Z̃1 has lower cross section,2

as can be seen e.g. in figure 12.23 of ref. [1]). For LHC with
√
s = 14TeV, g̃g̃ production

remains dominant up to mg̃ ∼ 1TeV if squarks are very heavy. Since ATLAS and CMS

already exclude mg̃ . 550GeV when mq̃ is large it may prove fruitful to probe electroweak

gaugino pair production in the 2011 data but most of all in the 2012 LHC run. This was

recognized early on in [15, 16] and also more recently in in [34, 35]. Recognizing that the

2For the wino-like W̃1 and Z̃2, W̃1Z̃2 production occurs via the unsuppressed isotriplet WW̃1Z̃2 gauge

coupling, whereas the WW̃1Z̃1 coupling is strongly suppressed because it arises only due to the subdominant

higgsino content of the wino-like chargino and the bino-like neutralino — the W -bino-wino coupling is

forbidden by gauge invariance.

– 2 –
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Figure 1. Total NLO cross sections (from Prospino) for g̃g̃, W̃±

1 Z̃2 and W̃+

1 W̃−

1 production at

LHC7 versus mg̃, where mq̃ = 15TeV and m
W̃1

≈ m
Z̃2

≈ mg̃/3. The dotted line shows the cross

section for t̃1
¯̃
1t production with mt̃1

= mg̃ and neglecting intra-generational squark mixing.

stability of the Higgs sector also requires sub-TeV top squarks, we also show the cross

section for top squark pair production for mt̃1
= mg̃ by the dotted line3 in figure 1. We see

that this cross section also drops off rapidly with the top squark mass. Unless top squarks

are exceptionally light (with masses of order m
W̃1

or smaller, and certainly much smaller

than mg̃), electroweak-ino production remains the dominant mechanism.

Let us next examine the signatures resulting from W̃1Z̃2 production. If m
Z̃2

< MZ +

m
Z̃1
, the well-known trilepton signal provides a golden signature for chargino-neutralino

production [16, 36, 37] provided only that the branching fraction for neutralino decay is

not unduly suppressed [38]. The two-body chargino decay W̃1 → Z̃1W is expected to

dominate for m
W̃1

& MW + m
Z̃1
, while the two-body decay Z̃2 → Z̃1Z dominates for

MZ +m
Z̃1

. m
Z̃2

. mh +m
Z̃1
. For even higher values of m

Z̃2
, i.e. m

Z̃2
& m

Z̃1
+mh, the

decay mode Z̃2 → Z̃1h turns on and dominates.

This is illustrated in figure 2, where we show the Z̃2 branching fractions versus m
Z̃2

for a mSUGRA model line with m0 = 10TeV, A0 = −2m0, tanβ = 25 and µ > 0.

We vary m1/2 to obtain the variation in m
Z̃2
. In this case, W̃1Z̃2 → WZ + Z̃1Z̃1 is

kinematically allowed for 175GeV . m
Z̃2

. 250GeV, which corresponds to gluino masses

in the interval 600GeV . mg̃ . 800GeV. Thus, in this mass range, we expect the single

reaction pp → W̃1Z̃2 followed by W̃1 → Z̃1W and Z̃2 → Z̃1Z to be the dominant SUSY

production and decay process at LHC7 for models with full gaugino mass unification. The

endpoints of this interval can shift up or down in non-universal mass scenarios.

3The LO top squark pair production cross section is determined by QCD and is independent of mg̃. In

other words, for the dotted line, the graph is plotted versus mt̃1
. If other third generation squarks are also

light, their pair production cross sections are also given by the dotted line with the understanding that the

label on the horizontal axis is the corresponding squark mass.
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Figure 2. Some prominent branching fractions for Z̃2 decay in the mSUGRA model with parame-

ters m0 = 10TeV, A0 = −2m0, tanβ = 25 and µ > 0. We also show the W̃1 → W + Z̃1 branching

fraction (dotted line).

2 Trilepton+ 6ET channel

We begin by examining the viability of the reaction pp → W̃1Z̃2 → WZ+ 6ET for SUSY

discovery at LHC7, focusing on the case where both Z and W decay leptonically, resulting

in clean trilepton events. It is worth mentioning that the trilepton signal from the decay

Z̃2 → Z̃1Z where a pair of opposite-sign same-flavor (OS/SF) dileptons reconstruct the Z

mass has generally been regarded as unobservable because of large SM background from

WZ production. The case where the W decays hadronically will be discussed in section 3.

For our LHC7 event generation, we use the event generator Isajet 7.79 [39] for signal

reactions, while for the simulation of the background events, we use AlpGen [40] and

MadGraph [41] to compute the hard scattering events and Pythia [42] for the subsequent

showering and hadronization. In our simulation, we include the following backgrounds

for the WZ+ 6ET signal: tt̄, W (ℓν)W (ℓν), W (ℓν)Z(ℓℓ), ZZ, W (ℓν) + tb, Z(ℓℓ) + jets,

W (ℓν) + jets, Z(ℓℓ) + bb̄, Z(ℓℓ) + tt̄ and W + tt̄. For tt̄, Z + jets, W + jets, Z + bb̄ and

Z + tt̄ we include the full matrix elements for at least two real parton emissions and use

the MLM matching algorithm to avoid double counting. For WZ production we include

the full matrix elements for the 2 → 4 process pp → WZ → ℓ+ℓ−ℓ
′

ν
′

.4 K-factors for

both signal and background5 (BG) are included and are computed using Prospino [33] and

MCFM [43], respectively.

In our calculations, we employ a toy detector simulation with calorimeter cell size

∆η × ∆φ = 0.05 × 0.05 and −5 < η < 5 . The HCAL (hadronic calorimetry) energy

resolution is taken to be 80%/
√
E ⊕ 3% for |η| < 2.6 and FCAL (forward calorimetry) is

4The background W ∗γ∗ → 3ℓ+ 6ET is important for trilepton searches where the dilepton mass doesn’t

reconstruct MZ ; since here we require reconstruction of MZ , we neglect this background.
5For the background processes where the NLO cross section is not known we take the K-factor to be 1.

– 4 –
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100%/
√
E⊕5% for |η| > 2.6, where the two terms are combined in quadrature. The ECAL

(electromagnetic calorimetry) energy resolution is assumed to be 3%/
√
E ⊕ 0.5%. In all

these, E is the energy in GeV units. We use the cone-type Isajet [39] jet-finding algorithm

to group the hadronic final states into jets. Jets and isolated lepton are defined as follows:

• Jets are hadronic clusters with |η| < 3.0, R ≡
√
∆η2 +∆φ2 ≤ 0.4 and ET (jet) >

40GeV.

• Electrons and muons are considered isolated if they have |η| < 2.5, pT (l) > 10GeV

with visible activity within a cone of ∆R < 0.2 about the lepton direction, ΣEcells
T <

min[5, 0.15pT (l)] GeV.

• We identify hadronic clusters as b-jets if they contain a B hadron with ET (B) >

15GeV, |η(B)| < 3.0 and ∆R(B, jet) < 0.5. We assume a tagging efficiency of 60%

and light quark and gluon jets can be mis-tagged as a b-jet with a probability 1/150

for ET ≤ 100GeV, 1/50 for ET ≥ 250GeV, with a linear interpolation for 100GeV

≤ ET ≤ 250GeV.

Next, we invoke the following pre-selection cuts on our signal and background event

samples to extract those with a ℓ+ℓ−ℓ
′

+ 6ET topology:

Pre-Selection Cuts:

– n(b− jets) = 0 (to aid in vetoing tt̄ background),

– 3 isolated leptons with pT (ℓ) > 20GeV and

– |m(ℓ+ℓ−)−MZ | < 10GeV,

where two of the leptons in the event must form an OS/SF pair. If more than one OS/SF

pairing is possible, the pair which minimizes |m(ℓ+ℓ−) − MZ | is chosen. The remaining

lepton is labeled ℓ
′

.

In figure 3 we show the 6ET and transverse mass (mT (ℓ
′

, 6ET )) distributions for the

signal and the SM BG after the pre-selection cuts have been applied. The signal point

has m
W̃1

= 189.3GeV, m
Z̃2

= 187.3GeV and m
Z̃1

= 89.4GeV and we only consider

W̃1Z̃2 production. Due to its relatively light parent mass scale, the signal presents a soft

6ET spectrum, barely visible above the SM background. This is in strong contrast with

events from production of the much heavier gluinos or squarks, where the cascade decays

to the LSP result in a usually much harder 6ET spectrum. Therefore, the usual 6ET plus

jets/leptons searches (optimized to look for strongly produced gluinos and squarks) are

insensitive to the W̃1Z̃2 signal.

As seen in the upper frame of figure 3, after the pre-selection cuts the BG is dominated

by ZZ production at low 6ET and by WZ production for 6ET & 20GeV. The transverse mass

mT (ℓ
′, 6ET ) from W → ℓ′νℓ′ , shown in the lower frame of figure 3, falls sharply beyond the

expected Jacobian peak at mT = MW . In constrast, the corresponding signal distribution

from W̃1Z̃2 production extends to considerably larger values due to the presence of the two

neutralinos in the final state. Therefore, a mT cut is extremely efficient to suppress the

– 5 –
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Figure 3. 6ET and transverse mass (mT (ℓ
′

), 6ET ) distributions in 3ℓ+ 6ET events after pre-selection

cuts, for an integrated luminosity of 5 fb−1. The summed SM backgrounds are shaded while the

signal plus background is shown by the dashed histogram. Only the dominant background processes

are shown. The signal point has m
W̃1

= 189.3GeV, m
Z̃2

= 187.3GeV and m
Z̃1

= 89.4GeV.

WZ background. This is seen in the lower frame of figure 3, where the signal distribution

clearly stands out for mT > 100GeV. However, since a precise prediction for the mT tail

from WZ events requires a full detector simulation or data-driven estimates, we define a

conservative signal region requiring:

• 6ET > 50GeV,

• mT (ℓ
′

, 6ET ) > 125GeV .

The BG cross sections from the dominant SM processes after each of the cuts mentioned

above, together with the corresponding cross sections for the representative signal point

with m
W̃1

= 189.3GeV, m
Z̃2

= 187.3GeV and m
Z̃1

= 89.4GeV, are shown in table 1.

– 6 –
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tt̄ WZ ZZ Z + tt̄ W + tt̄ Total BG Signal

Events Generated 5.1M 100K 194K 451K 9.5M 200K

Total σ (fb) 1.6× 105 5.1× 102 5.4× 103 22.3 183 7.8× 106 1.1× 104

n(b) = 0, n(l) = 3 1.6 85.1 9.2 0.9 0.4 97.5 6.7

OS/SF pair 1.1 84.9 9.2 0.9 0.3 96.6 6.7

m(ℓ+ℓ−) cut 0.3 79.1 9.1 0.66 0.06 89.5 6.6

mT > 125GeV 0.03 0.20 0.03 0.03 0.02 0.31 0.67

6ET > 50GeV 0.03 0.17 0 0.03 0.02 0.25 0.64

Table 1. Number of events generated, total cross section and cross section after cuts for the

dominant backgrounds in the trilepton channel and for the signal. All cross sections are in fb and

the signal is from just W̃1Z̃2 production with m
W̃1

= 189.3GeV, m
Z̃2

= 187.3GeV and m
Z̃1

=

89.4GeV. The Total BG values include all processes listed in the text, including the subdominant

ones not shown in the table.

We stress that the signal shown in figure 3 and listed in table 1 comes exclusively from

W̃1Z̃2 production. Depending on the sparticle spectrum, the actual signal may be larger

if heavier electroweak-inos are also accessible, or if gluino and/or squark pair production

followed by their cascade decays to the WZ final state is sizeable. Nonetheless, a trilepton

signal would be visible with an integrated luminosity of ∼ 10 fb−1 at LHC7 even if light

electroweak-inos are the only SUSY particles being produced.

2.1 LHC7 reach

As shown in table 1 and figure 3, for m
W̃1

= 189.3GeV, m
Z̃2

= 187.3GeV and m
Z̃1

=

89.4GeV, only an excess of ∼ 2 events in the trilepton channel (after cuts) would be

expected for luminosity of ∼ 5 fb−1. Thus larger integrated luminosities are required in

order to claim a signal. In figure 4, we show the signal significance for various integrated

luminosities versus m
W̃1

(solid lines). For now we use a mSUGRA model line with m0 =

10TeV, A0 = −2m0, tanβ = 25 and µ > 0, and we consider the signal only from W̃1Z̃2

production. To allow for the low signal rates, the significance is computed using Poisson

statistics. For m
W̃1

. 170GeV, the decay into real Zs is kinematically forbidden– as shown

in figure 2– and the signal significance (solid lines) sharply drops in this region. In this

case, however, the well-studied trilepton signal mentioned earlier from W̃1Z̃2 → 3ℓ+ 6ET

where m(ℓ+ℓ−) < MZ is observable. To illustrate this, we show by dashed lines the

signal significance, where the same cuts listed in table 1 are applied, except for the mT

and m(ℓ+ℓ−) cuts. Since in this region Z̃2 and W̃1 can decay to off-shell Zs and W s we

require instead:

• mT > 0, m(ℓ+ℓ−) < MZ − 10GeV.

– 7 –
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As seen from figure 4, we confirm that the signal in the low m
W̃1

region (. 170GeV) is

readily observable via this “golden” trilepton channel, due to the large W̃1Z̃2 production

cross sections and small background.6

As m
W̃1

≃ m
Z̃2

increases so that the Z̃2 → Z̃1Z decay turns on, the significance for

our WZ → 3ℓ+ 6ET signal increases, reaching its maximum for m
W̃1

∼ 220GeV. This

is due to the fact that, for m
W̃1

. 200GeV, m
Z̃2

− m
Z̃1

− MZ . 15GeV and the Z̃1’s

coming from Z̃2 decays (and to some extent also those from W̃1 decay) are rather soft

and so contribute relatively little to both 6ET and to mT . As a result, the 6ET > 50GeV

and mT > 125GeV requirements significantly reduce the signal in this region. As m
W̃1

increases beyond 220GeV, the W̃1Z̃2 production cross section (after cuts) decreases, and

so does the signal significance. Finally, once m
Z̃2

> m
Z̃1

+mh (at m
W̃1

∼ 255GeV), the

Z̃2 → Z̃1h decay turns on and dominates7 causing the signal to drop sharply.

We remark that for 5 fb−1 of data, we would expect a 2σ effect over essentially the entire

region where the decay Z̃2 → Z̃1Z dominates. Therefore, the LHC experiments already

have accumulated enough luminosity to probe this entire region at ∼ 95% C.L.! However,

in the happy circumstance that some excess is seen in the data, ∼ 20 − 30 fb−1 of data

will be required in order to establish a 5σ discovery. This may indeed be achieved in the

2012 run of LHC7. We note further that the SUSY signal events will contain a distinctive

asymmetry of trilepton charges +(+−) vs. − (+−) (where the (+−) pair reconstructs mZ)

that originates from the PDFs since LHC is a pp collider. In contrast, SM backgrounds

from tt̄ and Ztt̄ (but not WZ) should have the number of +(+−) events equal to −(+−)

events, up to statistical fluctuations. In addition, should a large enough data sample be

accrued, the pT (Z) distribution should be well-suited for a Z̃2 mass extraction since the

production and decay modes are single channel.

Up to now, we have focussed our attention on physics backgrounds to the trilepton

signal. However, the reader may be legitimately concerned about backgrounds where jet

fluctuations with a leading hard track might be mistaken for an electron.8 A proper analysis

of this background involves details of the detector that are beyond the scope of the present

study. We have checked, however, that if we assume that QCD jets may fake an electron

with a probability of 10−4, the total background in table 1 after all cuts changes from

0.25 fb to 0.28 fb. If instead we very conservatively9 take this probability to be 10−3, the

rate of trileptons from tt̄ production and from Z + j production before the 6ET and MT

cuts is significantly increased. The Z + j events, however, do not have a physics source

6The valley at the intersection of the solid and dashed lines in figure 4 arises because we have different

analysis cuts for the two-body and three-body decays of Z̃2. This valley would be smoothed out (and

partially filled in) in a treatment that treats Z as a resonance rather than a particle with a definite mass.
7This decay occurs via the Higgs-higgsino-gaugino coupling and so is suppressed by the higgsino content

of just one of the two neutralinos. In contrast, the decay to Z occurs via the doubly suppressed higgsino

content of both neutralinos.
8Since muons penetrate much deeper, the chance that a jet is mistaken for a muon is much smaller. In

this analysis we will assume that jets may fake electrons, but never a muon.
9It is our understanding that probability of jets to fake electrons is no larger than 10−3 with loose

electron requirements even in the current data sample. With tight electron requirements (which would

somewhat reduce the detection efficiency) the jet faking probability is closer to 10−4.
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at LHC7. The solid lines have all the trilepton cuts listed in table 1, while the dashed lines do not

include the mT cut and require MZ −m(ℓ+ℓ−) > 10GeV instead.

of 6ET and the background from these, even allowing for the possibility that jets may fake

an electron, is compeltely eliminated by the 6ET and MT cuts. This is not true for the

tt̄ events which, with the 10−3 probability for a jet to fake an electron, doubles the total

background shown in table 1 to 0.55 fb after all the cuts. The signal as well as other

backgrounds that have physics sources of trileptons is essentially unaffected. In this case,

the significance shown in figure 4 is reduced by roughly a factor of
√
2. Having given the

reader some idea of the potential impact of jets faking electrons, we will not consider this

highly detector-dependent background any further.

In figure 5, we generalize our results to models with unrelated W̃1 and Z̃1 masses, i.e.

models without gaugino mass universality, taking m
Z̃2

= m
W̃1

and µ ≫ M2. In this figure,

we show the discovery regions for several integrated luminosities. We require the following

discovery criteria:

• significance > 5σ,

• signal/BG> 0.2 and

• at least 5 signal events.

The mSUGRA model line with m0 = 10TeV, A0 = −2m0, tanβ = 25 and µ > 0, assumed

in figure 4, is shown as the dashed orange line. The purple band shows the kinematically

allowed region, where MZ < m
Z̃2

− m
Z̃1

< mh. As can be seen, chargino masses up to

∼ 170GeV can already be probed with 5 fb−1, if m
Z̃1

. 50GeV. As discussed above, for

heavier Z̃1, the m
Z̃2

−m
Z̃1

mass gap reduces, resulting in softer mT and 6ET distributions.

Therefore the signal efficiency is reduced, requiring higher luminosities in order to achieve

5σ significance. This effect is seen throughout the m
W̃1

vs. m
Z̃1

plane, rendering the narrow

region close to m
Z̃2

− m
Z̃1

∼ MZ , where the Z̃1 is produced at low pT , inaccessible even

– 9 –
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− m
Z̃1
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Z̃2
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and consider only W̃1Z̃2 production. The Higgs boson mass is

assumed to be 128.5GeV throughout the plane. The orange (red) line shows the mSUGRA line

with m0 = 10TeV, A0 = −2m0, tanβ = 25 and µ > 0 (m0 = 1.5TeV, A0 = 0, tanβ = 45 and

µ > 0).

for L = 30 fb−1. On the other hand, the region where m
Z̃2

−m
Z̃1

. mh results in boosted

Z̃1s and can be easily probed until the decay Z̃2 → Z̃1 + h turns on, c.f. figure 4. The

30 fb−1 reach extends up to m
W̃1

∼ 250GeV, for m
Z̃1

. 130GeV, covering almost all of the

kinematically allowed region for the mSUGRA line with m0 = 10TeV, A0 = −2m0. We

also show in figure 5 a second mSUGRA line with m0 = 1.5TeV, A0 = 0, tanβ = 45 and

µ > 0. For these choice of parameters the m
Z̃2

−m
Z̃1

mass difference is reduced, due to a

small (positive) A0 value and smaller squark masses. As a result, all of the region where the

WZ+ 6ET channel is open falls into the inaccessible region at high m
Z̃1
. However, values

of A0 ∼ 0 now seem excluded in mSUGRA if indeed mh turns out to be ∼ 125GeV [44].

Up to now we have only considered W̃1Z̃2 production. Despite having subdominant

production cross sections, production of heavier chargino W̃2 and neutralinos Z̃3,4 usually

leads to a harder 6ET spectrum due to their cascade decay, possibly enhancing the signal.

Furthermore, for low m0 (m1/2) squark (gluino) production and cascade decay can also

enhance the trilepton signal. In order to clearly see these effects we choose the A0 and

tanβ values from the red curve in figure 5 (A0 = 0 and tanβ = 45), where we do not

expect the W̃1Z̃2 signal to be visible for any value of m1/2, even for 30 fb−1. However, now

we perform a scan over the m0 − m1/2 plane and include the production from all SUSY

particles, including squarks and gluinos. For each point in parameter space, we apply the

trilepton cuts shown in table 1 and take the point to be visible if the discovery criteria

listed above are satisfied.

The results are shown in figure 6, again for four values of integrated luminosities. All

points shown are deemed visible for the corresponding integrated luminosity. The gray

regions show the parts of the m0−m1/2 plane excluded by theoretical considerations or by

experimental constraints. The purple band across the middle of the plot shows the region in

parameter space where MZ < m
Z̃2

−m
Z̃1

< mh, while the pink area at low values of m0 and
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m1/2 corresponds to the region where at least 50% of the signal comes from gluino and/or

squark production. From figure 6 we see that, for heavy squarks (m0 > 800GeV), the signal

mostly comes from electroweakly produced inos. For an integrated luminosity of 5 fb−1 no

points are visible. However, for an integrated luminosity of 10 fb−1, the enhancement of

the signal from gluino and squark production renders a few points at low m0 and low

m1/2 accessible. For 20 fb−1 the reach extends up to m0 ∼ 800GeV and m1/2 ∼ 300GeV.

Finally, for 30 fb−1, all of the region where the WZ+ 6ET channel is open can be probed

up to m1/2 ∼ 350GeV. In the heavy squark region (m0 > 800GeV), the signal is enhanced

by W̃2 and Z̃3 production, allowing the LHC to probe gluino masses up to 900GeV. We

point out that without the enhancement of heavy electroweak-ino production no reach is

expected even for 30 fb−1, as shown by the red curve in figure 5. We note that there

are also visible points at low m1/2, below the MZ < m
Z̃2

− m
Z̃1

< mh band, where the

Z̃2 → Z̃1Z and W̃1 → Z̃1W decays are closed, but Zs and W s are still produced from

heavier EW-ino decays. It is also worth noting that the focus point (light higgsino) region

does not enhance the signal. This is partly due to the more compressed chargino/neutralino

spectrum in this region leading to softer pT and 6ET [46, 47]. We stress that in figure 6 we

have only considered observability via WZ+ 6ET → ℓ+ℓ−ℓ
′

+ 6ET and for the region below

the “WZ band” the golden trilepton signal where the OS/SF dilepton pair has a mass

below MZ can be used as a discovery channel, as shown by the dashed lines in figure 4.

We also show in figure 6 the optimized LHC7 reach in the jets plus 6ET channel

from ref. [45] (solid lines) for L = 20 fb−1 and 30 fb−1. These curves correspond to an

optimization over several 6ET plus jets channels with zero leptons and do not include the

dedicated cuts for the WZ+ 6ET signal discussed here. As we can see, for such large

integrated luminosities the WZ+ 6ET trilepton channel is competitive with general purpose

searches if squarks are essentially decoupled (mq̃ & 2TeV) and the neutralino masses lie in

the MZ < m
Z̃2

−m
Z̃1

< mh band.

3 The ℓ+ℓ−jj+ 6ET channel

As seen in the last section, the main challenge of the trilepton signal is its small rate,

which requires relatively high luminosities for observability. A way to increase the rates

from WZ+ 6ET events is to consider the dilepton channel, where W → jj. However,

while the main SM background for the ℓ+ℓ−ℓ
′

+ 6ET channel was weakly produced (WZ),

the ℓ+ℓ−jj+ 6ET channel has an irreducible tt̄ background, which can easily overcome the

WZ+ 6ET signal due to its large cross section. Nonetheless, we will show that once evidence

of a W̃1Z̃2 signal has been seen in the trilepton channel, a corroborative signal (with lower

significance) is expected in the dilepton channel.

Using the same signal and BG event samples discussed in section 2, we extract events

with a ℓ+ℓ−jj+ 6ET topology requiring:

Pre-Selection Cuts:

– pT (ℓ) > 20GeV and |η(ℓ)| < 2.5 on isolated leptons,

– n(jets) ≥ 2,
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Figure 6. LHC reach in the mSUGRA plane for various integrated luminosities for the WZ+ 6ET

trilepton signal. The pink region is where gluino and/or squark production contribute to at least

half the signal, whereas in the purple band the WZ+ 6ET channel is accessible via electroweak

W̃1Z̃2 production. Below the green (orange) solid contours there will be a 5σ signal for SUSY via

the optimized jets plus 6ET LHC7 search discussed in ref. [45] for 30 fb−1 (20 fb−1).

– n(b− jets) = 0,

– n(isol. leptons) = 2 (of OS/SF).

In table 2, we show the cross sections after the pre-selection cuts above for the leading

BG processes and the W̃1Z̃2 signal for the same chargino and neutralino masses used in

table 1. As seen in the table, after the pre-selection cuts, the SM BG is dominated by

Z + jets, followed by tt̄. To remove much of the background from Z + jets production, we

further require:

• 6ET > 40GeV,

• 6ET /Meff > 0.1,

• ∆φ(~pjet, ~6ET ) > 0.4 for the three hardest pT jets.

After these cuts have been applied, the SM background becomes dominated by tt̄, which

still surpass the signal by almost two orders of magnitude, as shown in table 2. However, we

have not yet made use of the fact that, for the signal, the dijet invariant mass distribution

should reconstruct tom(jj) ∼ MW . Therefore, in addition to the previous cuts, we include:

• |m(jj)−MW | < 20GeV,

where m(jj) is the invariant mass of the two highest pT jets.

In figure 7, we show the m(ℓ+ℓ−) distribution for signal and background after all the

above cuts have been applied. The dominant backgrounds displayed are tt̄ and Z + jets

(including Z → τ τ̄). Due to the 6ET cut, the remaining Z + jets contribution comes
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Z + jets tt̄ Total BG Signal

Events Generated 6.9M 5.1M 200K

Total σ 7.6× 106 5× 103 7.8× 106 1.1× 103

Pre-selection 11,542 465 12,155 9.0

6ET > 40GeV 71.1 357 453 6.4

6ET /Meff > 0.1 45.8 345 415 6.2

∆φ(j, 6ET ) > 0.4 31.0 296 346 5.3

m(jj) cut 5.4 40.4 48.6 1.7

m(ℓ+ℓ−) cut 0 5.9 6.5 1.6

Table 2. Number of events generated, total cross section and cross section after cuts for the

dominant backgrounds and for the signal in the dilepton OS/SF channel. All cross sections are

in fb and the signal corresponds to W̃1Z̃2 production with m
W̃1

= 189.3GeV, m
Z̃2

= 187.3GeV

and m
Z̃1

= 89.4GeV. The total BG values include all processes listed in the text, including the

subdominant ones not shown in the table.

mostly from Z → τ τ̄ , with τs decaying leptonically. Therefore all Z + jets events have

m(ℓ+ℓ−) < MZ . For these dominant backgrounds– tt̄, Z → τ τ̄ etc.– we expect nearly equal

contributions of opposite-flavor dileptons (OF): e±µ∓ pairs, while signal is all in the SF

dilepton channel. Hence the OF distribution can serve as a background normalization. As

seen in figure 7, the signal is visible over the tt̄ distribution at m(ℓ+ℓ−) = MZ .
10 Therefore,

after applying the cuts listed above, we also require:

• |m(ℓ+ℓ−)−MZ | < 10GeV .

As shown in table 2, after the m(ℓ+ℓ−) cut has been included, the BG is almost entirely

given by tt̄, which contribution can be estimated using the opposite-flavor dilepton invariant

mass, as mentioned above. However, although the dilepton signal rate is considerably

superior to the trilepton case, the signal still is significantly below the background. In

figure 8 we plot the signal significance after the above cuts have been applied for various

integrated luminosity values versus m
W̃1

. As in figure 4 we assume a mSUGRA line with

m0 = 10TeV, A0 = −2m0, tanβ = 25 and µ > 0. We see immediately that the significance

in the dilepton channel is almost half of the significance in the trilepton channel, shown in

figure 4. Nevertheless, corroborative evidence at the 2σ level is expected over almost the

entire kinematically allowed range for an integrated luminosity of 20-30 fb−1.

4 Summary and conclusions

In this paper, we have pointed out that for a class of SUSY models with decoupled matter

scalars, m
W̃1

∼ m
Z̃2

. mg̃/3 and gluino masses above ∼500GeV, electroweak production

of W̃1Z̃2 dominates the SUSY production rate at LHC7. We have examined the case where

MZ < m
Z̃2

− m
Z̃1

< mh, for which we expect the two-body decay modes Z̃2 → Z̃1Z

10Isajet does not include the Z width smearing in the real Z emission, so all Z → ℓ+ℓ− fall exactly at MZ .
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and W̃1 → Z̃1W to dominate, leading to rather simple final state topologies including

(Z → ℓ+ℓ−) + (W → ℓ′νℓ′)+ 6ET (trileptons) and (Z → ℓ+ℓ−) + (W → qq̄′)+ 6ET (dilepton

plus jets).

Evaluation of the trilepton signal against SM backgrounds shows that the SUSY signal

should be observable with a 5σ significance at LHC7 up to m
W̃1

∼ 250GeV (depending

on m
Z̃1
), for an integrated luminosity of 30 fb−1. In models with gaugino mass unification,

this corresponds to a range in gluino masses of mg̃ ∼ 700 − 900GeV. Moreover, we find

that a 95% CL signal may already be present in the 5 fb−1 data sample that has already
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been accumulated. Assuming 30 fb−1 of integrated luminosity at LHC7, the trilepton

channel will be competitive in reach with the canonical multijet plus 6ET search in models

with unified gaugino mass parameters. If a signal is seen in the trilepton channel, a 2 −
3.5σ confirmatory signal is also expected in the dilepton plus jets channel for most of the

parameter space, thus making a stronger case for the W̃1Z̃2 signal. Most importantly, the

simultaneous presence of these signals will point to the SUSY origin of any new physics

that might be discovered in the 2012 run.

Note added. After we completed this paper, we became aware of ref. [48] in which it is

noted that for simplified models where charginos and neutralinos decay leptonically with

enhanced branching ratios (the results weaken if there are decays to on-shell Z bosons), the

results from Higgs boson searches at the LHC may be used to constrain particular SUSY

models at the 90%CL.
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do Estado de São Paulo (FAPESP).

Open Access. This article is distributed under the terms of the Creative Commons

Attribution License which permits any use, distribution and reproduction in any medium,

provided the original author(s) and source are credited.

References

[1] H. Baer and X. Tata, Weak scale supersymmetry: from superfields to scattering events,

Cambridge University Press, Cambridge U.K. (2006).

[2] ATLAS collaboration, G. Aad et al., Search for squarks and gluinos using final states with

jets and missing transverse momentum with the ATLAS detector in
√

(s) = 7TeV

proton-proton collisions, Phys. Lett. B 710 (2012) 67 [arXiv:1109.6572] [INSPIRE].

[3] ATLAS collaboration, G. Aad et al., Search for supersymmetry in final states with jets,

missing transverse momentum and one isolated lepton in
√
s = 7TeV pp collisions using

1 fb−1 of ATLAS data, Phys. Rev. D 85 (2012) 012006 [arXiv:1109.6606] [INSPIRE].

[4] ATLAS collaboration, Search for new phenomena in final states with large jet multiplicities

and missing transverse momentum using
√
(s) = 7TeV pp collisions with the ATLAS

detector, JHEP 11 (2011) 99 [arXiv:1110.2299] [INSPIRE].

[5] ATLAS collaboration, G. Aad et al., Searches for supersymmetry with the ATLAS detector

using final states with two leptons and missing transverse momentum in
√
s = 7TeV

proton-proton collisions, Phys. Lett. B 709 (2012) 137 [arXiv:1110.6189] [INSPIRE].

[6] https://twiki.cern.ch/twiki/bin/view/AtlasPublic/SupersymmetryPublicResults.

[7] CMS collaboration, Search for supersymmetry with the razor variables at CMS,

PAS-SUS-11-008 (2011).

– 15 –

http://arxiv.org/abs/1109.6572
http://inspirehep.net/search?p=find+EPRINT+arXiv:1109.6572
http://arxiv.org/abs/1109.6606
http://inspirehep.net/search?p=find+EPRINT+arXiv:1109.6606
http://dx.doi.org/10.1007/JHEP11(2011)99
http://arxiv.org/abs/1110.2299
http://inspirehep.net/search?p=find+EPRINT+arXiv:1110.2299
http://dx.doi.org/10.1016/j.physletb.2012.01.076
http://arxiv.org/abs/1110.6189
http://inspirehep.net/search?p=find+EPRINT+arXiv:1110.6189
https://twiki.cern.ch/twiki/bin/view/AtlasPublic/SupersymmetryPublicResults
http://cdsweb.cern.ch/record/1404167


J
H
E
P
0
3
(
2
0
1
2
)
0
9
2

[8] https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsSUS.

[9] A.H. Chamseddine, R.L. Arnowitt and P. Nath, Locally supersymmetric grand unification,

Phys. Rev. Lett. 49 (1982) 970 [INSPIRE].

[10] R. Barbieri, S. Ferrara and C.A. Savoy, Gauge models with spontaneously broken local

supersymmetry, Phys. Lett. B 119 (1982) 343 [INSPIRE].

[11] N. Ohta, Grand unified theories based on local supersymmetry,

Prog. Theor. Phys. 70 (1983) 542 [INSPIRE].

[12] L.J. Hall, J.D. Lykken and S. Weinberg, Supergravity as the messenger of supersymmetry

breaking, Phys. Rev. D 27 (1983) 2359 [INSPIRE].

[13] R. Arnowitt and P. Nath, Developments in supergravity unified models, arXiv:0912.2273

[INSPIRE].

[14] ATLAS collaboration, Search for supersymmetry in pp collisions at
√
s = 7TeV in final

states with missing transverse momentum, b-jets and no leptons with the ATLAS detector,

ATLAS-CONF-2011-098 (2011).

[15] H. Baer, C.-h. Chen, F. Paige and X. Tata, Signals for minimal supergravity at the CERN

Large Hadron Collider: multi-jet plus missing energy channel, Phys. Rev. D 52 (1995) 2746

[hep-ph/9503271] [INSPIRE].

[16] H. Baer, C.-h. Chen, F. Paige and X. Tata, Signals for minimal supergravity at the CERN

Large Hadron Collider. 2: multi-lepton channels, Phys. Rev. D 53 (1996) 6241

[hep-ph/9512383] [INSPIRE].

[17] H. Baer, V.D. Barger, D. Karatas and X. Tata, Detecting gluinos at hadron supercolliders,

Phys. Rev. D 36 (1987) 96 [INSPIRE].

[18] H. Baer et al., Gluino decays to W and Z bosons at the SSC,

Int. J. Mod. Phys. A 2 (1987) 1131 [INSPIRE].

[19] H. Baer, A. Bartl, D. Karatas, W. Majerotto and X. Tata, Searching for supersymmetry at

e+e− supercolliders, Int. J. Mod. Phys. A 4 (1989) 4111 [INSPIRE].

[20] H. Baer, X. Tata and J. Woodside, Phenomenology of gluino decays via loops and top quark

Yukawa coupling, Phys. Rev. D 42 (1990) 1568 [INSPIRE].

[21] H. Baer, J.R. Ellis, G. Gelmini, D.V. Nanopoulos and X. Tata, Squark decays into gauginos

at the pp̄ collider, Phys. Lett. B 161 (1985) 175 [INSPIRE].

[22] G. Gamberini, Heavy gluino and squark decays at pp̄ collider, Z. Phys. C 30 (1986) 605

[INSPIRE].

[23] H. Baer and E.L. Berger, Prospects for supersymmetry at the Fermilab collider,

Phys. Rev. D 34 (1986) 1361 [Erratum ibid. D 35 (1987) 406] [INSPIRE].

[24] H. Baer, X. Tata and J. Woodside, Gluino cascade decay signatures at the Tevatron collider,

Phys. Rev. D 41 (1990) 906 [INSPIRE].

[25] H. Baer, X. Tata and J. Woodside, Multi-lepton signals from supersymmetry at hadron super

colliders, Phys. Rev. D 45 (1992) 142 [INSPIRE].

[26] M. Dine, A. Kagan and S. Samuel, Naturalness in supersymmetry, or raising the

supersymmetry breaking scale, Phys. Lett. B 243 (1990) 250 [INSPIRE].

– 16 –

https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsSUS
http://dx.doi.org/10.1103/PhysRevLett.49.970
http://inspirehep.net/search?p=find+J+Phys.Rev.Lett.,49,970
http://dx.doi.org/10.1016/0370-2693(82)90685-2
http://inspirehep.net/search?p=find+J+Phys.Lett.,B119,343
http://dx.doi.org/10.1143/PTP.70.542
http://inspirehep.net/search?p=find+J+Prog.Theor.Phys.,70,542
http://dx.doi.org/10.1103/PhysRevD.27.2359
http://inspirehep.net/search?p=find+J+Phys.Rev.,D27,2359
http://arxiv.org/abs/0912.2273
http://inspirehep.net/search?p=find+EPRINT+arXiv:0912.2273
http://cdsweb.cern.ch/record/1369212
http://dx.doi.org/10.1103/PhysRevD.52.2746
http://arxiv.org/abs/hep-ph/9503271
http://inspirehep.net/search?p=find+J+Phys.Rev.,D52,2746
http://dx.doi.org/10.1103/PhysRevD.53.6241
http://arxiv.org/abs/hep-ph/9512383
http://inspirehep.net/search?p=find+J+Phys.Rev.,D53,6241
http://dx.doi.org/10.1103/PhysRevD.36.96
http://inspirehep.net/search?p=find+J+Phys.Rev.,D36,96
http://dx.doi.org/10.1142/S0217751X87000521
http://inspirehep.net/search?p=find+J+Int.J.Mod.Phys.,A2,1131
http://dx.doi.org/10.1142/S0217751X89001709
http://inspirehep.net/search?p=find+J+Int.J.Mod.Phys.,A4,4111
http://dx.doi.org/10.1103/PhysRevD.42.1568
http://inspirehep.net/search?p=find+J+Phys.Rev.,D42,1568
http://dx.doi.org/10.1016/0370-2693(85)90632-X
http://inspirehep.net/search?p=find+J+Phys.Lett.,B161,175
http://dx.doi.org/10.1007/BF01571810
http://inspirehep.net/search?p=find+J+Z.Physik,C30,605
http://dx.doi.org/10.1103/PhysRevD.34.1361
http://inspirehep.net/search?p=find+J+Phys.Rev.,D34,1361
http://dx.doi.org/10.1103/PhysRevD.41.906
http://inspirehep.net/search?p=find+J+Phys.Rev.,D41,906
http://dx.doi.org/10.1103/PhysRevD.45.142
http://inspirehep.net/search?p=find+J+Phys.Rev.,D45,142
http://dx.doi.org/10.1016/0370-2693(90)90847-Y
http://inspirehep.net/search?p=find+J+Phys.Lett.,B243,250


J
H
E
P
0
3
(
2
0
1
2
)
0
9
2

[27] N. Arkani-Hamed and H. Murayama, Can the supersymmetric flavor problem decouple?,

Phys. Rev. D 56 (1997) 6733 [hep-ph/9703259] [INSPIRE].

[28] M. Drees, N = 1 supergravity GUTs with noncanonical kinetic energy terms,

Phys. Rev. D 33 (1986) 1468 [INSPIRE].

[29] S. Dimopoulos and G. Giudice, Naturalness constraints in supersymmetric theories with

nonuniversal soft terms, Phys. Lett. B 357 (1995) 573 [hep-ph/9507282] [INSPIRE].

[30] A. Pomarol and D. Tomassini, Horizontal symmetries for the supersymmetric flavor problem,

Nucl. Phys. B 466 (1996) 3 [hep-ph/9507462] [INSPIRE].

[31] A.G. Cohen, D. Kaplan and A. Nelson, The more minimal supersymmetric standard model,

Phys. Lett. B 388 (1996) 588 [hep-ph/9607394] [INSPIRE].

[32] S. Sekmen et al., Interpreting LHC SUSY searches in the phenomenological MSSM,

JHEP 02 (2012) 075 [arXiv:1109.5119] [INSPIRE].

[33] W. Beenakker, R. Hopker and M. Spira, PROSPINO: a program for the production of

supersymmetric particles in next-to-leading order QCD, hep-ph/9611232 [INSPIRE].

[34] CMS collaboration, S. Mrenna, A closer look at the 2011 CMSSM Results from CMS,

arXiv:1110.4078 [INSPIRE].

[35] H. Baer, V. Barger, A. Lessa, W. Sreethawong and X. Tata, Wh plus missing-ET signature

from gaugino pair production at the LHC, arXiv:1201.2949 [INSPIRE].

[36] H. Baer, C.-h. Chen, F. Paige and X. Tata, Trileptons from chargino-neutralino production

at the CERN Large Hadron Collider, Phys. Rev. D 50 (1994) 4508 [hep-ph/9404212]

[INSPIRE].

[37] H. Baer, T. Krupovnickas, S. Profumo and P. Ullio, Model independent approach to focus

point supersymmetry: from dark matter to collider searches, JHEP 10 (2005) 020

[hep-ph/0507282] [INSPIRE].

[38] H. Baer and X. Tata, Probing charginos and neutralinos beyond the reach of LEP at the

Tevatron collider, Phys. Rev. D 47 (1993) 2739 [INSPIRE].

[39] F.E. Paige, S.D. Protopopescu, H. Baer and X. Tata, ISAJET 7.69: a Monte Carlo event

generator for pp, p̄p and e+e− reactions, hep-ph/0312045 [INSPIRE].

[40] M.L. Mangano, M. Moretti, F. Piccinini, R. Pittau and A.D. Polosa, ALPGEN, a generator

for hard multiparton processes in hadronic collisions, JHEP 07 (2003) 001 [hep-ph/0206293]

[INSPIRE].

[41] J. Alwall, M. Herquet, F. Maltoni, O. Mattelaer and T. Stelzer, MadGraph 5: going beyond,

JHEP 06 (2011) 128 [arXiv:1106.0522] [INSPIRE].
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