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Outline
• What is an EWK-ino?
• What are the current limits on EWK-inos?
• Why hasn’t the LHC found them yet?
• How do you search for EWK-inos directly?
• Why are (final states with) taus important?
• How “model-independent” are the EWK-ino 

bounds in terms of simplified models?
• How can theorists reinterpret EWK-ino 

searches at the LHC?
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What is EWK-ino?
• EWK-ino = Neutralino, other light stuff.
• For the purposes of this talk:

– basically the charginos and neutralinos in SUSY.
– but do not include the LSP (Bino or gravitino)

• direct DM production needs an ISR tag: monojet signature
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Gluinos and squarks are
the low hanging fruit

• Colored superpartners have larger cross-sections
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MLSP

MLSP

MLCSP

MLEWSP

What signatures to look for?

5See Danielle’s talk yesterday

mSUGRA

MUED

0

0

Strong production 
dominates

Electroweak 
production 
dominates

Look for colored 
superpartners

Look for EWK-inos



20-th century expectations

• Jetty channels always showed better reach
• Lepton channels were considered more reliable
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Baer,Chen,Drees,Paige,Tata (1998) 

FIG. 1. A plot of the reach of the CERN LHC for various n-lepton plus multijet plus missing

ET events from mSUGRA in the m0 vs. m1/2 plane for A0 = 0, µ > 0 and a) tan β = 2, b)
tan β = 20, c) tan β = 35 and d) tan β = 45. We take mt = 170 GeV.
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EWK-inos are the tastier fruit
• Jetty signature suffer from 

large QCD backgrounds
• Lepton signatures are clean

–  EWK-inos may give leptons
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The gold-plated SUSY mode
• Run II SUSY-Higgs workshop, SUGRA WG report:

– “the clean trilepton channel from C1N2 production potentially offers 
the greatest reach at luminosity upgrades of the Tevatron, and has, 
therefore, received the maximum attention”
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EWK-ino cuts 
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6 4 Results with Simplified Models

m�χ0
2
= 1.01MZ. For the T5zz and T3w, the intermediate �χ0

2 and �χ± mass are specified with
x = 1

4 , 1
2 , and 3

4 . The weak bosons decay inclusively, producing final states with combinations
of jets and leptons.

Illustrations of the SMS for chargino and neutralino direct production are given in Figure 5.
TChiwz and TChiSlepSlep are models of the associated production of a chargino and a neu-
tralino. In TChiwz, the chargino and neutralino decay to a W boson and LSP and a Z boson
and LSP, respectively. In TChiSlepSlep, an intermediate slepton is introduced with a mass equal
to the average of the chargino and LSP mass. TChizz is a model of the associated production
of neutralinos. This process is modeled by the production of a pair of different neutralinos,
�χ0

2 �χ0
3, with similar masses, as can be realized in a light Higgsino model. These processes have

kinematics similar to chargino-neutralino production.
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Figure 5: Diagrams of chargino and neutralino production: TChizz (left,top) TChiwz
(right,top), and TChiSlepSlep (bottom).

4 Results with Simplified Models
4.1 Results for models with hadronic decays

Two searches probe the all-hadronic channels – the αT and the high- �HT + jets searches. These
analyses are interpreted in the SMS T1, T2, and T5zz (x= 1

2 as defined in Eq. 1).

The αT variable is a kinematic discriminant that can be used to select events with real �ET bal-
ancing a dijet system. The αT analysis [2] searches for an excess of events in data over the
SM expectation for large αT and HT above 275 GeV. Figure 6 (left) shows the signal selection
efficiency as a function of the mother and LSP mass for the T1, T2, and T5zz topologies, respec-
tively. Only the lower half of the plane is filled because the LSP must be lighter than the mother
particle.

The signal selection efficiency increases for higher mother particle masses, and decreases to-
wards the diagonal, where the mass splitting is small and jets are produced with lower trans-
verse momentum. The overall selection efficiency of this analysis decreases for a fixed mother

Should not form a “Z”

Should not form a “W”

Figure 1: The invariant mass distribution of any pair opposite sign, same flavor
leptons for the signal events (with M0 = 700 GeV, M1/2 = 160 GeV, tan β = 5)
and the PYTHIA WZ background. We impose a set of cuts from Ref. [14]: pT (") >
{11, 7, 5} GeV, central lepton with pT > 11 GeV and |η| < 1.0, /ET > 25 GeV and
|m!+!− − MZ | > 10 GeV. Each histogram is normalized to its cross section.

In what follows we use PYTHIA for our background estimate.

We illustrate the above discussion in Fig. 1 where we show the invariant mass distribution of

any pair of opposite sign, same flavor leptons for both signal and WZ background. The signal

point has M0 = 700 GeV, M1/2 = 160 GeV and tanβ = 5, which results in mχ̃±

1
" mχ̃0

2
" 122

GeV. The leptons are required to pass the set of cuts from Ref. [14]: pT (") > {11, 7, 5} GeV,

central lepton with pT > 11 GeV and |η| < 1.0, /ET > 25 GeV and |m!+!− − MZ | > 10 GeV.

The histograms are normalized to the respective cross section.

Even with the modeling of the Z-width effect, we caution that the WZ simulation in

PYTHIA is still not realistic, since the Wγ∗ contribution is neglected. It results in a peak at

low invariant mass, and the resulting distribution is markedly different from the result shown

in Fig. 1. We anticipate that it will be necessary to cut away all events on the low-end of the

dilepton invariant mass distribution. We therefore always apply the cut |m!+!−| > 11 GeV for

8
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FIG. 4. a) Distribution of same-flavor, opposite sign dilepton mass from W ∗γ∗,
W ∗Z∗ → eµµ, µee background after cuts SC1, but with the Z-mass veto removed. In b), we
show the distribution in transverse mass from the same background with cuts SC1, including the

Z and γ veto.
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Diagrams by MadGraph
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FIG. 3. Feynman diagrams contributing to W ∗γ∗, W ∗Z∗ background.
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Unintended “discoveries”

10

Insert W->3L+nu 
discovery plot here

see Sunil’s talk yesterday

Diagrams by MadGraph
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FIG. 3. Feynman diagrams contributing to W ∗γ∗, W ∗Z∗ background.
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Simplified models of EWK-inos

• What about the “irrelevant” parameters?
– squark mass
– higgsino parameter mu

11
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FIG. 1. Emiss
T distributions for events in signal regions SR1

(left) and SR2 (right). The error band includes both statisti-
cal and systematic uncertainty, while the errors on the data
points are statistical only. The SUSY reference point used in
SR1 is described in the text.

No significant excess of events is found in either sig-
nal region. Upper limits on the visible production cross-
section of 9.9 fb in SR1 and 23.8 fb in SR2 are placed at
95% confidence level (CL) with the modified frequentist
CLs prescription [52]. No corrections for the effects of ex-
perimental resolution, acceptance and efficiency are ap-
plied. All systematic uncertainties and their correlations
are taken into account via nuisance parameters. The cor-
responding expected limits are 7.1 fb and 14.1 fb, respec-
tively. SR1 provides better sensitivity in the parameter
space considered and the limits are interpreted in sim-
plified models and pMSSM scenarios with M1=100GeV
and tanβ=6 (Fig. 2). The chosen M1 value leads to a
sizable mass splitting between χ̃±

1 and χ̃0
1 and therefore to

a large acceptance. The value of tanβ does not have a sig-
nificant impact on σ(pp → χ̃±

i χ̃
0
j)×BR(χ̃

±
i χ̃

0
j → $$$χ̃0

1),
which varies by ∼10% if tanβ is raised to 10.

In the simplified models, degenerate χ̃±
1 and χ̃0

2 masses
up to 300GeV are excluded for large mass differences
from the χ̃0

1. Care has to be taken when interpreting
the simplified model limit in the context of a pMSSM
scenario, where the mass of the sneutrino is lighter than
the mass of the left-handed slepton, leading to higher
lepton momenta from chargino decays and to a change
in the branching ratios of the χ̃0

2.

In summary, results from the first ATLAS search for
the weak production of chargino and neutralino can-
didates in three-lepton and missing transverse momen-
tum final states are reported. The analysis is based
on 2.06 fb−1 of proton-proton collision data delivered by
the LHC at

√
s =7TeV. No significant excess of events

is found in the data. The null result is interpreted in
pMSSM and in simplified models. For the simplified
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FIG. 2. Observed and expected 95% CL limit contours for
chargino and neutralino production in the pMSSM (upper)
and simplified model (lower) scenarios. For the simplified
models, the 95% CL upper limit on the production cross-
section is also shown. Interpolation is used to account for the
discreteness of the signal grids.

models, degenerate lightest chargino and next-to-lightest
neutralino masses are excluded up to 300GeV for mass
differences to the lightest neutralino up to 300GeV.
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Be careful how you interpret
• The cross-section depends on the squark mass

– destructive interference
• The BR’s of EWK-inos to right-handed sleptons 

depend on the higgsino-ness of the EWK-inos
– only tau leptons 

12

M2=200 GeV



Taus are important
• EWK-inos may decay predominantly to taus, 

especially at large tan beta.
– also see talks in the tau physics session this morning

13
FIG. 1. Cross section of pp̄ → χ±

1 χ0
2 → 3"′s + X without cuts at

√
s = 2 TeV verses tan β,

with µ < 0, m1/2 = 200 GeV, m0 = 100 GeV for 4 final states: (a) τττ (solid), (b) ττ" (dot-dash),

(c) τ"" (dash) and (d) """ (dot), where " = e or µ.

10
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Why are taus important?
• Staus are lighter than selectrons and smuons

– stau mixing
– Yukawa terms in the RGEs

• EWK-inos may have no other choice but decay to taus

14

Figure 1: Scatter plot of minimal SUGRA model points versus the ratios mẽR
/mχ̃0

1

and mτ̃1/mχ̃0
1
.

• Region II: mẽR
> mχ̃+

1
, but mχ̃0

1
< mτ̃1 < mχ̃+

1
, so that BR(χ̃+

1 χ̃0
2 → τττ) " 100%.

Note that if the stau mass is too close to either mχ̃0
1

or mχ̃+
1
, at least one of the

resulting taus will be quite soft. One would therefore expect the largest efficiency

if mτ̃1 " (mχ̃+
1

+ mχ̃0
1
)/2.

• Region III: mτ̃1 > mχ̃+
1

and mχ̃0
1

< mẽR
< mχ̃+

1
. Then the gauginos can only decay

to selectrons or smuons via two-body decays. Note that χ̃0
2 is mostly W̃3, while χ̃+

1 is

mostly W̃+, and those do not couple to right-handed squarks or sleptons. Therefore

the decay χ̃0
2 → #̃±#∓ proceeds through the relatively small B̃ component of the χ̃0

2,

while the decay χ̃+
1 → #̃+ν# is severely suppressed by the small muon or electron

Yukawa couplings, and the three-body decays χ̃+
1 → χ̃0

1#
+ν#, χ̃+

1 → χ̃0
1τ

+ντ become

dominant. Since those can also be mediated by an off-shell W , we expect both of

them to be present. Notice how the assumption of generational independence of

the scalar masses at the GUT scale assures that mτ̃1 < m#̃R
, so that there are no

SUGRA model points in region III, but this can be avoided if one alows for different

stau and first two generation slepton masses at the GUT scale [20]3.
3Such a situation, however, is not well motivated from the point of view of SUSY GUTs. One can

imagine that strict universality holds at the Planck scale, and then RGE running down to the GUT scale
introduces intergenerational mass splittings. But then, due to the large tau Yukawa coupling, we would

4
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Figure 2: Scatter plot of MGM model points versus the ratios mẽR
/mχ̃0

1
and

mτ̃1/mχ̃0
1
.

• Region IV: mχ̃0
1

< mẽR
< mχ̃+

1
and mχ̃0

1
< mτ̃1 < mχ̃+

1
, so that the signatures

from both regions II and III can be present. Now, the trilepton signal is somewhat

suppressed, since the chargino decays mostly to taus.

• Region V: mτ̃1 < mχ̃0
1
. Here one finds a charged LSP (stau), which is stable, if

R-parity is conserved, and therefore excluded cosmologically.

• Region VI: mẽR
< mχ̃0

1
. This region is excluded for the same reason as Region V,

since now the smuon is the LSP.

To summarize, in SUGRA models, on most general grounds we expect chargino-neutralino

pair production to give rise to τττ , τ"" or """ final states, where the first two can be

dominant in certain regions of parameter space.

We next consider the minimal gauge mediated models (we follow the conventions of

Ref. [21]) and show the corresponding scatter plot in Fig. 2. Our discussion of regions

I-IV above applies here as well. The novel feature is that now the goldstino G̃ is the

LSP, and therefore regions V and VI are in principle allowed. We do indeed find points

in those regions, but only if mẽR
> mτ̃1 . This is again a consequence of the generation

expect the tau slepton masses to be the lightest slepton masses at the GUT scale.

5



• To lepton or to tau: that is the question

Leptons and taus from EWK-inos
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Experimental Trilepton SUSY signal

signature τττ ττ" τ"" """

τhτhτh 0.268 — — —

"τhτh 0.443 0.416 — —

""τh 0.244 0.458 0.645 —

""" 0.045 0.126 0.355 1.00

Table 1: Branching ratios of the four possible SUSY signals into the corre-
sponding experimental signatures involving final state leptons " (electrons or
muons) as well as identified tau jets (τh).

independence of the scalar masses at the messenger scale, which is a robust prediction of

the minimal gauge-mediated models. In order to avoid this argument, one would have to

allow for messenger-matter mixing and arrange for different couplings of the messengers

to the three families.

A very interesting situation may arise in the intersection of regions V and VI. If

the mass splitting between ẽR, µ̃R and τ̃1 is very small (i.e. at rather small values of

tanβ), they may all be co-NLSP’s. Just as before, χ̃+
1 will preferentially decay to taus:

χ̃+
1 → τντ G̃. The neutralino decays, however, are of two sorts: χ̃0

i → τ̃±
1 τ∓ → τ±τ∓G̃

and χ̃0
i → "̃±R"∓ → τ̃±

1 "∓X → τ±"∓G̃X, where i = 1, 2 and X stands for the very soft

products of the selectron (or smuon) decay to a stau. The typical signature in this case

would be ττ".

2.2 Tau Jets

The above discussion of the two most popular supersymmetric models reveals that, de-

pending on the model parameters, the gaugino decay chains may overwhelmingly end up

in any one of the four final states τττ , ττ", τ"" and """. In order to decide as to which

experimental signatures are most promising, we have to first factor in the tau branching

ratios to leptons4 and jets. About two-thirds of the subsequent tau decays are hadronic,

so it appears advantageous to consider signatures with tau jets in the final state as alter-

natives to the clean trilepton signal. The branching ratios for three leptons or undecayed

taus into a final state containing leptons and tau jets is shown in Table 1. We see that
4Recall that here we call only the electrons and muons “leptons”, following experimentalists’ lingo.
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Figure 3: Distribution of the pT fraction that the visible tau decay products
(charged leptons or tau jets) inherit from the tau parent.

the presence of taus in the underlying SUSY signal always leads to an enhancement of

the signatures with tau jets in comparison to the clean trileptons. This disparity is most

striking for the case of τττ decays, where BR(τττ → ""τh)/BR(τττ → """) ∼ 5.5.

An additional advantage of the tau jet channels over the clean trileptons is that the

leptons from tau decays are much softer than the tau jets and as a result will have a

relatively low reconstruction efficiency. We illustrate this point in Fig. 3, where we show

the distribution of the pT fraction carried away by the visible decay products (charged

lepton or tau jet) in tau decays (for theoretical discussions, see [22]). We can see that the

leptons from tau decays are very soft, and it has been suggested [15] to use softer lepton

pT cuts in order to increase signal acceptance.

However, there are also some factors, which work against the tau jet channels. First

and foremost, the background in those channels is larger than for the clean trileptons. The

physical background (from real tau jets in the event) is actually smaller, but a significant

part of the background is due to events containing narrow isolated QCD jets with the

correct track multiplicity, which can be misidentified as taus. In Fig. 4 we show the tau

fake rate that we obtained from SHW in W events. We define the fake rate as the number

of QCD jets misidentified as taus over the total number of reconstructed QCD jets. The

fake rate that we find with SHW is somewhat higher than in real data and/or with full

7
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Figure 4: The tau fake rate defined as the number of QCD jets misidentified as
taus over the total number of reconstructed QCD jets, in W events.

CDF detector simulation [23, 24]. This is to be expected in a much cleaner simulated

environment, where, unlike real data, there is less junk flying around, and the jets tend

to pass the isolation cuts more easily.

The jetty signatures are also hurt by the lower detector efficiency for tau jets than for

leptons. The main goal of our study, therefore, was to see what would be the net effect

of all these factors, on a channel by channel basis.

2.3 A Challenging Scenario

For our analysis we choose to examine one of the most challenging scenarios for SUSY

discovery at the Tevatron. We assume the typical large tanβ mass hierarchy mχ̃0
1

< mτ̃1 <

mχ̃+
1

< mµ̃R
. One then finds that BR(χ̃+

1 χ̃0
2 → τττ + X) " 100% below χ̃±

1 → W±χ̃0
1

and χ̃0
2 → Zχ̃0

1 thresholds. In order to shy away from specific model dependence, we shall

conservatively ignore all SUSY production channels other than χ̃±
1 χ̃0

2 pair production. The

pT spectrum of the taus resulting from the chargino and neutralino decays depends on the

mass differences mχ̃+
1
−mτ̃1 and mτ̃1 −mχ̃0

1
. The larger they are, the harder the spectrum,

and the better the detector efficiency. However, as the mass difference gets large, the χ̃+
1

and χ̃0
2 masses themselves become large too, so the production cross-section is severely
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Figure 8: The same as Fig. 5, but for the tau jets in τhτhτh !ET signal events.

Experimental signatures

!!! !ET !!τh !ET !+!+τh !ET !τhτh !ET τhτhτh !ET

ZZ 0.196 ± 0.028 0.334 ± 0.036 0.094 ± 0.019 0.181 ± 0.027 0.098 ± 0.020

WZ 1.058 ± 0.052 1.087 ± 0.053 0.447 ± 0.034 1.006 ± 0.051 0.248 ± 0.025

WW — 0.416 ± 0.061 — 0.681 ± 0.078 0.177 ± 0.039

tt̄ 0.300 ± 0.057 1.543 ± 0.128 0.139 ± 0.038 1.039 ± 0.105 0.161 ± 0.041

Zj 0.112 ± 0.079 7.34 ± 0.64 0.168 ± 0.097 20.3 ± 1.1 17.9 ± 1.0

Wj — — — 37.2 ± 2.9 6.1 ± 1.2

σtot
BG 1.67 ± 0.11 10.7 ± 0.7 0.85 ± 0.11 60.4 ± 3.1 24.7 ± 1.6

Table 3: Results for the individual SM backgrounds (in fb), as well as the
total background σtot

BG in the various channels for case A: !ET > 20 GeV and no
jet veto.

Z → τ+τ− → !+!− !ET . The WZ rate then is a factor of three higher than in

recent trilepton analyses prior to the SUSY/Higgs workshop (see, e.g. [7, 8, 15]).
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Figure 10: The total integrated luminosity L needed for a 3σ exclusion (solid
lines) or observation of 5 signal events (dashed lines), as a function of the
chargino mass mχ̃+

1
, for the three channels: """ !ET (blue), ""τh !ET (red) and

"+"+τh !ET (green); and for various sets of cuts: (a) cuts A; (b) cuts B; (c) cuts
C and (d) cuts D.

have collected a total of 4 fb−1 of data. Considering the intrinsic difficulty of the SUSY

scenario we are contemplating, the mass reach for Run IIb is quite impressive. One should

also keep in mind that we did not attempt to optimize our cuts for the new channels.

For example, one could use angular correlation cuts to suppress Drell-Yan, transverse W

mass cut to suppress WZ [31], or (chargino) mass–dependent pT cuts for the leptons and

tau jets [27, 29], to squeeze out some extra reach. In addition, the ""τh channel can be

explored at smaller values of tanβ as well [8, 15, 27, 29], since the two-body chargino

decays are preferentially to tau sleptons. In that case, the clean trilepton channel still

offers the best reach, and a signal can be observed already in Run IIa. Then, the tau

channels will not only provide an important confirmation, but also hint towards some

probable values of the SUSY model parameters.
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Advertisement

• How can theorists recast LHC results for other 
models? See Maurizio’s talk.
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Summary

• It is time to reach for the high hanging fruit
• Direct EWK-ino searches are already under way
• (Final states with) taus are important
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