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• Distilled the talk to the main points

• Talk may last less than an hour

• I’m happy to talk after about this or other things I’m working on

DISCLAIMER
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• Elegant extension of 
spacetime symmetries

• Grand unification works 
better than SM

• Well motivated R-parity 
automatically gives dark 
matter candidate

• Solves hierarchy problem?

SUPERSYMMETRY IS GREAT!
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LHC ASSAULT

4 Mass scale [TeV]
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ATLAS SUSY Searches* - 95% CL Lower Limits (Status: HCP 2012)
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• What is the minimal particle content needed for naturalness?                   

Brust, Katz, Lawrence, Sundrum, 1110.6670.  Papucci, Ruderman, Weiler, 1110.6926.  

MINIMAL OR NATURAL SUSY

5

relatively light charginos and neutralinos in the superpartner spectrum. (Of course, after

EWSB, these physical states may also contain admixtures of electroweak gauginos.)

hu hut hu hu

t̃

FIG. 1. Higgs mass corrections

Next, we turn to quantum loops. We assume that q̃L, t̃R have approximately the same

mass, mt̃, for simplicity, and we also neglect the µ and A-terms. We work pre-EWSB since we

are concerned with sensitivity to parametrically higher scales. By evaluating the diagrams

in figure 1, we find that the m2
hu

parameter receives the following correction:

δm2
hu

= −
3y2t
4π2

m2
t̃ ln

(

ΛUV

mt̃

)

(5)

Naturalness therefore requires, very roughly,

mt̃ ! 400GeV. (6)

There are also electroweak gauge/gaugino/Higgsino one-loop contributions to Higgs mass-

squared. Again, working before electroweak symmetry breaking (gaugino-Higgsino mixing)

and just looking at the stronger SU(2)L coupling, the Higgs self-energy diagrams are in

figure 2.

hu hu

h̃u

W̃

W

huhu hu hu hu

W hu

huhu

FIG. 2. Higgs mass correction

The Higgs mass correction is then given by

δm2
hu

=
3g2

8π2
(m2

W̃
+m2

h̃
) ln

ΛUV

mW̃

. (7)
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We identify the Higgsino mass with µ. Because we are already taking µ ! 200 GeV, this

translates into a roughly natural wino mass range of

mW̃ ! TeV. (8)

Next, we compute the hypercharge D-term loop contribution to Higgs mass-squared, in

figure 3:

huhu

φi

FIG. 3. Higgs mass correction

This gives rise to a higgs mass correction:

δm2
hu

=
∑

scalars i

g′2YiYhu

16π2

(

Λ2
UV −m2

i ln
Λ2

UV +m2
i

m2
i

)

. (9)

Including both the right-handed sbottom and the down-type higgs, as we do in this

section, ensures that the quadratic divergence cancels, but there is still a residual correction

to the higgs mass. Given that other scalars have already been argued to be relatively light,

we can use this correction to estimate the natural range for the mass of b̃R,

mb̃R
! 3TeV. (10)

Finally, q̃L, t̃R also being relatively light scalars, suffer from their own naturalness problem,

with mass corrections dominated by the diagrams in figure 4:

t̃ t̃

t

g̃

g

t̃t̃ t̃
t̃ t̃

g t̃

t̃t̃

FIG. 4. Stop mass correction
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• What is the minimal particle content needed for naturalness?                   

Brust, Katz, Lawrence, Sundrum, 1110.6670.  Papucci, Ruderman, Weiler, 1110.6926.  

This gives rise to a stop mass correction:

δm2
t̃ =

2g2s
3π2

m2
g̃ ln

ΛUV

mg̃

. (11)

For squark masses ∼ few hundred GeV, naturalness requires

mg̃ ! 2mt̃. (12)

III. EFFECTIVE SUSY ! 1 TEV

Although the LHC has a multi-TeV reach in principle, parton distribution functions fall

so rapidly at high energies that most parton collisions have sub-TeV momentum transfers.

In the early LHC era, statistically signficant effective SUSY signals would be in this regime.

For example, in effective SUSY, gluino production would have a cross-section of just a few

fb for TeV gluino mass. We can therefore focus our attention on just the early accessible

physics by constructing a rough effective SUSY theory with a cutoff ΛUV ∼ TeV, while not

committing to the physics above this scale. With such a low cutoff, only top quark loops in

the SM destabilize Higgs naturalness. This is cured by SUSY cancellation upon including the

squarks, q̃L, t̃R, to form complete supermultiplets, Q ≡ (q̃L, qL), T̄ ≡ (t̃cR, t
c
R), as before. Even

hypercharge D-term divergences from the uncanceled Tr(Y ) are not quantitively significant.

It therefore appears that we can dispense with Higgsinos, b̃R, and the gauginos in the effective

theory. However, if Higgsino mass arises from a supersymmetric µ term, as discussed in

Subsection IIC, then electroweak naturalness also forces the Higgsinos to be light. We will

continue with this assumption in this section, and therefore retain complete supermultiplets,

Hu,d ≡ (hu,d, h̃u,d).

Even though we do not commit here to the structure of the theory above 1 TeV, one

possibility is that it is just that of the last section. But in that case, by Eq. (11), we should

include the gluino in the sub-TeV effective theory. However, non-minimal physics in the

1 − 10 TeV window can change this conclusion, and indeed the gluino might naturally be

considerably heavier than 1 TeV. We illustrate such new physics in Section VII, with the

example of a Dirac gluino. It exemplifies the general theme that non-minimal UV physics

can lead to more minimal IR physics, while still being compatible with naturalness. Here,

we merely check within the TeV effective theory that naturalness indeed requires stops, but

that these stops do not require gluinos. The first statement follows from Eq. (5), where

13
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For squark masses ∼ few hundred GeV, naturalness requires
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Although the LHC has a multi-TeV reach in principle, parton distribution functions fall

so rapidly at high energies that most parton collisions have sub-TeV momentum transfers.

In the early LHC era, statistically signficant effective SUSY signals would be in this regime.

For example, in effective SUSY, gluino production would have a cross-section of just a few

fb for TeV gluino mass. We can therefore focus our attention on just the early accessible

physics by constructing a rough effective SUSY theory with a cutoff ΛUV ∼ TeV, while not

committing to the physics above this scale. With such a low cutoff, only top quark loops in

the SM destabilize Higgs naturalness. This is cured by SUSY cancellation upon including the

squarks, q̃L, t̃R, to form complete supermultiplets, Q ≡ (q̃L, qL), T̄ ≡ (t̃cR, t
c
R), as before. Even

hypercharge D-term divergences from the uncanceled Tr(Y ) are not quantitively significant.

It therefore appears that we can dispense with Higgsinos, b̃R, and the gauginos in the effective

theory. However, if Higgsino mass arises from a supersymmetric µ term, as discussed in

Subsection IIC, then electroweak naturalness also forces the Higgsinos to be light. We will

continue with this assumption in this section, and therefore retain complete supermultiplets,

Hu,d ≡ (hu,d, h̃u,d).

Even though we do not commit here to the structure of the theory above 1 TeV, one

possibility is that it is just that of the last section. But in that case, by Eq. (11), we should

include the gluino in the sub-TeV effective theory. However, non-minimal physics in the

1 − 10 TeV window can change this conclusion, and indeed the gluino might naturally be

considerably heavier than 1 TeV. We illustrate such new physics in Section VII, with the

example of a Dirac gluino. It exemplifies the general theme that non-minimal UV physics

can lead to more minimal IR physics, while still being compatible with naturalness. Here,

we merely check within the TeV effective theory that naturalness indeed requires stops, but

that these stops do not require gluinos. The first statement follows from Eq. (5), where

13
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We identify the Higgsino mass with µ. Because we are already taking µ ! 200 GeV, this

translates into a roughly natural wino mass range of

mW̃ ! TeV. (8)

Next, we compute the hypercharge D-term loop contribution to Higgs mass-squared, in

figure 3:
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∑
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Including both the right-handed sbottom and the down-type higgs, as we do in this

section, ensures that the quadratic divergence cancels, but there is still a residual correction

to the higgs mass. Given that other scalars have already been argued to be relatively light,

we can use this correction to estimate the natural range for the mass of b̃R,

mb̃R
! 3TeV. (10)

Finally, q̃L, t̃R also being relatively light scalars, suffer from their own naturalness problem,

with mass corrections dominated by the diagrams in figure 4:
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• What is the minimal particle content needed for naturalness?                   

Brust, Katz, Lawrence, Sundrum, 1110.6670.  Papucci, Ruderman, Weiler, 1110.6926.  

Dirac

A. Naturalness

Expanding the soft gaugino mass term from superspace into components yields couplings,

L ⊃
√
2mλi

Di(φi + φ̄i)−mλi
(χiλi + λ̄iχ̄i) (27)

The D-term contributes mass to the real part of φi so that the total mass-squared is m2
Ri

=

2(m2
λi
+m2

φi
), while the imaginary part has mass-squared of just m2

φ. In addition, the D-term

generates a coupling of the real part of φ to the other scalars charged under the related gauge

group. For the case of Dirac gluinos, we obtain the coupling L ⊃ −
√
2mλ3

gs(φi
3+ φ̄

a)(¯̃qT aq̃),

where T a are the Gell-Mann color matrices. This provides a new correction to the stop mass-

squared at one loop which cancels the logarithmic divergence found in Eq. (11) [41]. Eq. (11)

is then replaced by a UV-finite total correction,

δm2
t̃ =

2g2sm
2
g̃

3π2
ln

mR3

mg̃

. (28)

Taking the stop much lighter than the gluino and the scalar gluon (“sgluon”) to be compa-

rable to the gluino mass (the above logarithm ∼ 1), and requiring naturalness of the stop

mass, yields

mg̃ ! 4mt̃. (29)

This implies it is natural to have gluinos above a TeV for stops as light as ∼ 300 GeV. In

such cases, it is sensible to remove the gluino and sgluons from the sub-TeV effective theory,

and from early LHC phenomenology.

B. R-parity violation

As advertized in Subsection VIE, Dirac gauginos are also important for the case of

lepton-number conserving RPV because they completely relax the stringent constraints from

neutron-antineutron oscillations by allowing one to have a U(1) baryon number symmetry.

The trick is that this symmetry is realized as an R-symmetry in the sense that different fields

in a supermultiplet carry different charges. The charges of the fields are given in table I.

One can then check that Eq. (26) and the RPV couplings of Eq. (23) respect such a baryon

number R-symmetry in the absence of the A term.

With baryon R-symmetry, neutron-antineutron oscillations are forbidden, even when

RPV couplings are sizeable, which raises the possibility that stops can be singly produced

27
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• Stop is lightest particle required by naturalness

• R-parity and neutralino LSP is well motivated

• Consider minimal spectrum with only right handed 
stop, light invisible particle, and

STOP SCENARIO

8
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Search can be improved with additional kinematic variables       
Bai, Cheng, Gallicchio, Gu 1203.4813.

ADDITIONAL KINEMATIC VARIABLES

11

which is more sensitive to this background topology because of the additional kinematic information

applied in the definition. Specifically, the variable MW
T2 (where the superscript W represents the on-

shell intermediate W information is included when combining lepton and neutrino) can no longer be

cast into the “maximum of two side’s MT ” form, but is instead defined directly as the minimization 5

MW
T2 = min

{

my consistent with:

[

!pT1 + !pT2 = !Emiss
T , p21 = 0 , (p1 + p!)2 = p22 = M2

W ,
(p1 + p! + pb1)

2 = (p2 + pb2)
2 = m2

y

]}

.(3)

0 100 200 300 400 500
0.00
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W !GeV"

Fr
ac
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n

t t dilep
t t semi
mt
!"500 GeV

Figure 5: Schematic of MW
T2, along with its signal and background event distributions. Here all of the

information is used, including theW -on-shell mass condition on both sides. As with the other variables,
p2 is the entire missing on-shell W , but p1 is the neutrino that gets paired with the visible lepton to
form the other on-shell W . All the events in the plot have Emiss

T > 150 GeV and MT > 100 GeV. The
events with no compatible top mass under 500GeV are placed in the last bin.

The diagram, along with signal and background distributions are shown in Fig. 5. We use the same

method as before to pick the two b-jets, and a method similar to that for M b!
T2 is used to choose which

b-jet gets paired with the visible lepton. Calculating this variable can be done efficiently in a similar

way as the MT2 calculation in Ref. [47] by generalizing the method there to this case. For perfect

measurements, this variable for the dileptonic tt̄ backgrounds is less than the true top quark mass

since the top mass should be compatible with all background events. On the other hand, the signal

events do not need to satisfy such a bound, because of its different topology and additional missing

massive particles χ̃. For some of the signal events we may not even be able to find a compatible

mass because we apply the variable to a wrong topology with the wrong mass-shell conditions. The

5The programs for calculating all new variables defined in this paper can be downloaded at
https://sites.google.com/a/ucdavis.edu/mass/

8
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Figure 3: Distribution of all events in the arctanm13/m12 vs m23/m123 plane. We show tt̄ (left). W+jets (center) and
pure QCD jets (right) samples. More densely populated regions of the phase space appear in red.

2. for each fat jet, find all hard subjets using a mass drop criterion: when undoing the last clustering of the
jet j, into two subjets j

1

, j
2

with m
j1 > m

j2 , we require m
j1 < 0.8 m

j

to keep j
1

and j
2

. Otherwise, we
keep only j

1

. Each subjet j
i

we either further decompose (if m
ji > 30 GeV) or add to the list of relevant

substructures.

3. iterate through all pairings of three hard subjets: first, filter them with resolution R
filter

=
min(0.3,�R

jk

/2). Next, use the five hardest filtered constituents and calculate their jet mass (for less
than five filtered constituents use all of them). Finally, select the set of three-subjet pairings with a jet
mass closest to m

t

.

4. construct exactly three subjets j
1

, j
2

, j
3

from the five filtered constituents, ordered by p
T

. If the masses
(m

12

,m
13

,m
23

) satisfy one of the following three criteria, accept them as a top candidate:
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with R
min

= 85%⇥m
W

/m
t

and R
max

= 115%⇥m
W

/m
t

. The numerical soft cuto↵ at 0.35 is independent
of the masses involved and only removes QCD events. The distributions for top and QCD events we show
in Fig. 3.

5. finally, require the combined p
T

of the three subjets to exceed 200 GeV.

In step 3 of the algorithm there exist many possible criteria to choose three jets from hard subjets inside a fat
jet. For example, we can include angular information (the W helicity angle) in the selection criterion and select
the smallest �m

t

+A
W

�m
W

+A
h

� cos
h

. In that case, the tagging e�ciency increases, but simultaneously the
fake rate also increases, so to reach the best signal significance we simply select the combination with the best
m

t

. This allows us to apply e�cient orthogonal criteria based on the reconstructed m
W

and on the radiation
pattern later.

In step 4, the choice of mass variables shown in Figure 3 is of course not unique. In general, we know that
in addition to the two mass constraints (m

123

= mrec

t

as well as m
jk

= mrec

W

for one (j, k)) we can exploit one
more mass or angular relation of the three main decay products. Our three subjets j

k

ignoring smearing and
assuming p2

i

⇠ 0 give

m2

t
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, (A2)

TOP TAGGING
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• Use HEPTopTagger to distinguish hadronic top Plehn, Spannowsky, Takeuchi, 

Zerwas, 1006.2833. See also Thaler et. al. 0806.0023, Kaplan et. al. 0806.0848, Almeida et. al. 0807.0234.
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Appendix A: HEPTopTagger: Boosted Tops in the Standard Model

Top taggers are algorithms identifying top quarks inside geometrically large and massive jets. They rely on
the way a jet algorithm combines calorimeter towers into an actual jet. An obvious limitation is the geometrical
size of the jet which for a successful tag has to include all three main decay products of the top quark. At
the parton level we can compute the size of the top quark from the three R distances of its main decay
products: following the Cambridge/Aachen algorithm [24, 25] we first identify the combination (i, j) with the
smallest �R

ij

. The length of the second axis in the top reconstruction we obtain from combining i and j and
computing the R distance of this vector to the third constituent. The maximum of the two R distances gives
the approximate partonic initial size �R

bjj

of a C/A jet covering the main top decay products. In Figure 2 we
first correlate this partonic top size with the transverse momentum of the top quark for a complete tt̄ sample
in the Standard Model. As expected, if for technical reasons we want to limit the size of the C/A fat jet to
values below 1.5 we cannot expect to see top quarks with a partonic transverse momentum of p

T

<⇠ 150 GeV.
In the right panel we show the same correlation, but after tagging the top quark as described below and based
on the reconstructed kinematics. The lower boundaries indeed trace each other, and the main body of tagged
Standard Model top quarks resides in the prec

T,t

= 200 · · · 250 GeV range, correlated with �Rrec

bjj

= 1 · · · 1.5. This
result illustrates that for a Standard Model top tagger it is indeed crucial to start from a large initial jet size.

Therefore, our tagger for Standard Model tops is based on the Cambridge/Aachen [24, 25] jet algorithm with
R = 1.5, combined with a mass-drop criterion [9–11]. Because the generic p

T

range for the tops does not exceed
500 GeV the granularity of the detector does not play a role, and we can optionally apply a b tag to improve
the QCD rejection rate. Since such a subjet b tag [30] will only enter as a probabilistic factor (60%, 10%, 2%)
for (b, c, q/g) jets we do not include it in the following discussion. Note that whenever we require a b tag in our
actual analysis, the numbers do not yet include the (70%, 1%) improvements found for a b tag inside a boosted
Higgs [30].

The algorithm proceeds in the following steps:

1. define a fat jet using the C/A algorithm with R = 1.5

1

10

210

310

[GeV]TP
0 200 400 600

bj
j

R
Δ

0

1

2

3

1

10

210

[GeV]TP
0 200 400 600

bj
j

R
Δ

0

1

2

3

Figure 2: Left: partonic �Rbjj vs pT distribution for a Standard Model tt̄ sample. Right: the same correlation, but
only for tagged top quarks and based on the reconstructed kinematic properties.
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these searches are most sensitive to are in special corners
of phase space, and thus k-factors may represent a poor
approximation.
There are two classes of backgrounds; those that in-

clude top quarks and those that do not. Backgrounds
which do not contain tops can be much more easily elim-
inated with loose “top-tags,” and we will discuss them
below. The dominant backgrounds, are those with on-
shell tops. The largest of these is tt̄+ jets, where one of
the tops decays leptonically producing a hard neutrino.
A lepton veto can eliminate most of the events where
the W decays to an electron or muon, but a τ , espe-
cially one that decays hadronically, cannot be eliminated
in this way. We simulated background samples of tt̄ and
tt̄ + 1 and 2 jets again using MadGraph 5 and Pythia 6.
The samples were matched using the MLM procedure [25]
with a matching scale of 30 GeV.
Single top +W + jets is also a significant background,

where one of the two W ’s decays leptonically. Extra ra-
diation in these events can make it look like a tt̄ + !ET

event, and we simulate t + W + 1 and 2 jets using the
same techniques as the tt̄ + jets sample.
The largest background without tops is Z + jets, where

the Z decays invisibly. Since our signal contains fully
hadronic tops, the jets produced in association with the Z
can in principle look like tops. As we will see in the next
section, this does not happen very often, namely top-tags
efficiently suppress this background. Furthermore, typi-
cal Z’s are produced with a transverse momentum ∼ MZ ,
so our large !ET cut further reduces this background. An
even smaller background is W + jets where the W decays
leptonically but the charged lepton is either lost or a τ .
This is small for the same reasons as Z + jets, and fur-
ther reduced because in the W decay, the neutrino does
not carry all of the W momentum, so an even smaller
fraction of the events pass the !ET cut. Because we will
require a b-tag, we separately simulate V + bb̄ + 1 and 2
jets, and V+ 3 and 4 jets, where V = W,Z.
Additional backgrounds which can produce this signal

topology include tt̄Z, and diboson production, but the
cross sections for these processes are very small and they
need not be considered with the amount of luminosity we
study here.
Finally, we note that pure QCD multijet production

can produce !ET from various sources including leptonic
heavy flavor decays and detector effects. The contribu-
tion of these events can be estimated in data (see for
example [14, 26]) and are small for large !ET and events
with at least one b-tag. Furthermore, we implement a cut
on !ET /

√

∑

ET as per ATLAS [27] and a cut on ∆φmin

as used, for example, in this CMS study [28]. These cuts
have negligible effects on the signal and are described in
Section III.
The cross sections for all the signals and backgrounds

at both 7 and 8 TeV energies are shown in Table I.

III. OUR METHOD OF SIGNAL EXTRACTION

Our event selection is as follows. We cluster all
hadronic activity in the event with |η| < 2.5 into
“fat” jets using the FastJet [29] implementation of the
Cambridge-Aachen algorithm [30, 31] with R=1.2. Then
we take the same event and cluster “skinny” jets to mimic
the usual experimental algorithms using the anti-kt algo-
rithm [32] with R=0.5. We then make the following pre-
selection cuts on our simulated samples which will have
limited effect on the signal.2

• We veto all events with an isolated lepton. The
isolation criteria is that the lepton’s energy com-
prise at least 80% of all energy in a cone of R = 0.4
centered on the lepton. We require |η| < 2.5 and a
minimum pT of 4 and 8 GeV for muons and elec-
trons, respectively.

• We veto all events that contain a hadronic “τ”. We
parameterize experimental τ -tagging efficiency by
adopting a 50% tagging efficiency for hadronic tau
decays in which the hadronic decay products have
phadT > 20 GeV and a fake rate of 2% for other jets
[33, 34]. Our tau identification uses skinny jets in
order to match the experimental measurement. We
assume that hadronic tau decays with less than 20
GeV of visible pT cannot be tagged.

• We define !ET = −
∑

i $pTi
where i runs over all

visible particles and HT =
∑

j pTj
where j runs

over all skinny jets with pT > 25 GeV. We then
require all events to have !ET /

√
HT > 5

√
GeV.

• We require that the !ET vector be separated by
more than ∆φ of 0.4 from each of the three hardest

TABLE I. Tree level cross sections of signal and relevant back-
ground processes. The number in parentheses for the signal
rows is the stop mass. The cross section does not depend on
the neutralino mass. In tt̄ and single top we require exactly
one W to decay leptonically. Here V = Z,W .

Process Generator cuts σ (fb) σ (fb)

and parameters 7 TeV 8 TeV

t̃t̃∗ (340 GeV)
t̃t̃∗ → bb̄+ 4j + 2χ

254 1.04 × 103

t̃t̃∗ (440 GeV) 48.8 205

t̃t̃∗ (540 GeV) 11.8 51.1

tt̄+ jets W→!ν, pTν > 80GeV 16.3 × 103 26.7 × 103

sing. top + jets pTν > 100 GeV 4.65 × 103 8.27 × 103

V + bb̄+ jets Z → νν̄, W → $ν 1.08 × 103 1.53 × 103

V+ jets
∑

pTν
> 80 GeV 66.6 × 103 96.3 × 103

2 These pre-cuts will eliminate some signal events, but the vast
majority of those events would not have passed our subsequent
selection cuts.

*LO cross sections
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these searches are most sensitive to are in special corners
of phase space, and thus k-factors may represent a poor
approximation.
There are two classes of backgrounds; those that in-

clude top quarks and those that do not. Backgrounds
which do not contain tops can be much more easily elim-
inated with loose “top-tags,” and we will discuss them
below. The dominant backgrounds, are those with on-
shell tops. The largest of these is tt̄+ jets, where one of
the tops decays leptonically producing a hard neutrino.
A lepton veto can eliminate most of the events where
the W decays to an electron or muon, but a τ , espe-
cially one that decays hadronically, cannot be eliminated
in this way. We simulated background samples of tt̄ and
tt̄ + 1 and 2 jets again using MadGraph 5 and Pythia 6.
The samples were matched using the MLM procedure [25]
with a matching scale of 30 GeV.
Single top +W + jets is also a significant background,

where one of the two W ’s decays leptonically. Extra ra-
diation in these events can make it look like a tt̄ + !ET

event, and we simulate t + W + 1 and 2 jets using the
same techniques as the tt̄ + jets sample.
The largest background without tops is Z + jets, where

the Z decays invisibly. Since our signal contains fully
hadronic tops, the jets produced in association with the Z
can in principle look like tops. As we will see in the next
section, this does not happen very often, namely top-tags
efficiently suppress this background. Furthermore, typi-
cal Z’s are produced with a transverse momentum ∼ MZ ,
so our large !ET cut further reduces this background. An
even smaller background is W + jets where the W decays
leptonically but the charged lepton is either lost or a τ .
This is small for the same reasons as Z + jets, and fur-
ther reduced because in the W decay, the neutrino does
not carry all of the W momentum, so an even smaller
fraction of the events pass the !ET cut. Because we will
require a b-tag, we separately simulate V + bb̄ + 1 and 2
jets, and V+ 3 and 4 jets, where V = W,Z.
Additional backgrounds which can produce this signal

topology include tt̄Z, and diboson production, but the
cross sections for these processes are very small and they
need not be considered with the amount of luminosity we
study here.
Finally, we note that pure QCD multijet production

can produce !ET from various sources including leptonic
heavy flavor decays and detector effects. The contribu-
tion of these events can be estimated in data (see for
example [14, 26]) and are small for large !ET and events
with at least one b-tag. Furthermore, we implement a cut
on !ET /

√

∑

ET as per ATLAS [27] and a cut on ∆φmin

as used, for example, in this CMS study [28]. These cuts
have negligible effects on the signal and are described in
Section III.
The cross sections for all the signals and backgrounds

at both 7 and 8 TeV energies are shown in Table I.

III. OUR METHOD OF SIGNAL EXTRACTION

Our event selection is as follows. We cluster all
hadronic activity in the event with |η| < 2.5 into
“fat” jets using the FastJet [29] implementation of the
Cambridge-Aachen algorithm [30, 31] with R=1.2. Then
we take the same event and cluster “skinny” jets to mimic
the usual experimental algorithms using the anti-kt algo-
rithm [32] with R=0.5. We then make the following pre-
selection cuts on our simulated samples which will have
limited effect on the signal.2

• We veto all events with an isolated lepton. The
isolation criteria is that the lepton’s energy com-
prise at least 80% of all energy in a cone of R = 0.4
centered on the lepton. We require |η| < 2.5 and a
minimum pT of 4 and 8 GeV for muons and elec-
trons, respectively.

• We veto all events that contain a hadronic “τ”. We
parameterize experimental τ -tagging efficiency by
adopting a 50% tagging efficiency for hadronic tau
decays in which the hadronic decay products have
phadT > 20 GeV and a fake rate of 2% for other jets
[33, 34]. Our tau identification uses skinny jets in
order to match the experimental measurement. We
assume that hadronic tau decays with less than 20
GeV of visible pT cannot be tagged.

• We define !ET = −
∑

i $pTi
where i runs over all

visible particles and HT =
∑

j pTj
where j runs

over all skinny jets with pT > 25 GeV. We then
require all events to have !ET /

√
HT > 5

√
GeV.

• We require that the !ET vector be separated by
more than ∆φ of 0.4 from each of the three hardest

TABLE I. Tree level cross sections of signal and relevant back-
ground processes. The number in parentheses for the signal
rows is the stop mass. The cross section does not depend on
the neutralino mass. In tt̄ and single top we require exactly
one W to decay leptonically. Here V = Z,W .

Process Generator cuts σ (fb) σ (fb)

and parameters 7 TeV 8 TeV

t̃t̃∗ (340 GeV)
t̃t̃∗ → bb̄+ 4j + 2χ

254 1.04 × 103

t̃t̃∗ (440 GeV) 48.8 205

t̃t̃∗ (540 GeV) 11.8 51.1

tt̄+ jets W→!ν, pTν > 80GeV 16.3 × 103 26.7 × 103

sing. top + jets pTν > 100 GeV 4.65 × 103 8.27 × 103

V + bb̄+ jets Z → νν̄, W → $ν 1.08 × 103 1.53 × 103

V+ jets
∑

pTν
> 80 GeV 66.6 × 103 96.3 × 103

2 These pre-cuts will eliminate some signal events, but the vast
majority of those events would not have passed our subsequent
selection cuts.

*LO cross sections
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these searches are most sensitive to are in special corners
of phase space, and thus k-factors may represent a poor
approximation.
There are two classes of backgrounds; those that in-

clude top quarks and those that do not. Backgrounds
which do not contain tops can be much more easily elim-
inated with loose “top-tags,” and we will discuss them
below. The dominant backgrounds, are those with on-
shell tops. The largest of these is tt̄+ jets, where one of
the tops decays leptonically producing a hard neutrino.
A lepton veto can eliminate most of the events where
the W decays to an electron or muon, but a τ , espe-
cially one that decays hadronically, cannot be eliminated
in this way. We simulated background samples of tt̄ and
tt̄ + 1 and 2 jets again using MadGraph 5 and Pythia 6.
The samples were matched using the MLM procedure [25]
with a matching scale of 30 GeV.
Single top +W + jets is also a significant background,

where one of the two W ’s decays leptonically. Extra ra-
diation in these events can make it look like a tt̄ + !ET

event, and we simulate t + W + 1 and 2 jets using the
same techniques as the tt̄ + jets sample.
The largest background without tops is Z + jets, where

the Z decays invisibly. Since our signal contains fully
hadronic tops, the jets produced in association with the Z
can in principle look like tops. As we will see in the next
section, this does not happen very often, namely top-tags
efficiently suppress this background. Furthermore, typi-
cal Z’s are produced with a transverse momentum ∼ MZ ,
so our large !ET cut further reduces this background. An
even smaller background is W + jets where the W decays
leptonically but the charged lepton is either lost or a τ .
This is small for the same reasons as Z + jets, and fur-
ther reduced because in the W decay, the neutrino does
not carry all of the W momentum, so an even smaller
fraction of the events pass the !ET cut. Because we will
require a b-tag, we separately simulate V + bb̄ + 1 and 2
jets, and V+ 3 and 4 jets, where V = W,Z.
Additional backgrounds which can produce this signal

topology include tt̄Z, and diboson production, but the
cross sections for these processes are very small and they
need not be considered with the amount of luminosity we
study here.
Finally, we note that pure QCD multijet production

can produce !ET from various sources including leptonic
heavy flavor decays and detector effects. The contribu-
tion of these events can be estimated in data (see for
example [14, 26]) and are small for large !ET and events
with at least one b-tag. Furthermore, we implement a cut
on !ET /

√

∑

ET as per ATLAS [27] and a cut on ∆φmin

as used, for example, in this CMS study [28]. These cuts
have negligible effects on the signal and are described in
Section III.
The cross sections for all the signals and backgrounds

at both 7 and 8 TeV energies are shown in Table I.

III. OUR METHOD OF SIGNAL EXTRACTION

Our event selection is as follows. We cluster all
hadronic activity in the event with |η| < 2.5 into
“fat” jets using the FastJet [29] implementation of the
Cambridge-Aachen algorithm [30, 31] with R=1.2. Then
we take the same event and cluster “skinny” jets to mimic
the usual experimental algorithms using the anti-kt algo-
rithm [32] with R=0.5. We then make the following pre-
selection cuts on our simulated samples which will have
limited effect on the signal.2

• We veto all events with an isolated lepton. The
isolation criteria is that the lepton’s energy com-
prise at least 80% of all energy in a cone of R = 0.4
centered on the lepton. We require |η| < 2.5 and a
minimum pT of 4 and 8 GeV for muons and elec-
trons, respectively.

• We veto all events that contain a hadronic “τ”. We
parameterize experimental τ -tagging efficiency by
adopting a 50% tagging efficiency for hadronic tau
decays in which the hadronic decay products have
phadT > 20 GeV and a fake rate of 2% for other jets
[33, 34]. Our tau identification uses skinny jets in
order to match the experimental measurement. We
assume that hadronic tau decays with less than 20
GeV of visible pT cannot be tagged.

• We define !ET = −
∑

i $pTi
where i runs over all

visible particles and HT =
∑

j pTj
where j runs

over all skinny jets with pT > 25 GeV. We then
require all events to have !ET /

√
HT > 5

√
GeV.

• We require that the !ET vector be separated by
more than ∆φ of 0.4 from each of the three hardest

TABLE I. Tree level cross sections of signal and relevant back-
ground processes. The number in parentheses for the signal
rows is the stop mass. The cross section does not depend on
the neutralino mass. In tt̄ and single top we require exactly
one W to decay leptonically. Here V = Z,W .

Process Generator cuts σ (fb) σ (fb)

and parameters 7 TeV 8 TeV

t̃t̃∗ (340 GeV)
t̃t̃∗ → bb̄+ 4j + 2χ

254 1.04 × 103

t̃t̃∗ (440 GeV) 48.8 205

t̃t̃∗ (540 GeV) 11.8 51.1

tt̄+ jets W→!ν, pTν > 80GeV 16.3 × 103 26.7 × 103

sing. top + jets pTν > 100 GeV 4.65 × 103 8.27 × 103

V + bb̄+ jets Z → νν̄, W → $ν 1.08 × 103 1.53 × 103

V+ jets
∑

pTν
> 80 GeV 66.6 × 103 96.3 × 103

2 These pre-cuts will eliminate some signal events, but the vast
majority of those events would not have passed our subsequent
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leading skinny jets. Namely, min[∆φ( !ET , ji)] >
0.4. This cut quantifies the notion that !ET arising
in QCD events tends to lie along a jet direction.

• We require HT > 275 GeV. This has practically no
effect on the signal since we expect two hadronic
top decays.

The first two cuts reduce leptonic contributions from W
decays. The signal, of course, also can have leptonic W
decays and this has been used to look for stops by the
experiments [6–10]. Here we are doing the orthogonal
search of looking for all hadronic final states so we veto
leptons. The last two cuts are designed to eliminate con-
tributions from pure QCD, and these are cuts that the
experiments use for this purpose. In particular, the res-
olution on !ET in multi-jet events has been shown to be
proportional to

√
HT [27], so requiring large !ET /

√
HT

reduces QCD events where the !ET is mis-measured.
The intuition for the fourth cut is that large !ET in

multi-jet events often comes from large mis-measurement
of the energy, but not angle, of a single jet. In that case,
the !ET should point in nearly the same φ direction as
that jet, so requiring !ET to be well separated from all the
leading jets reduces the QCD background. This variable
is used in many hadronic searches, see for example [28].
After the preselection, we make our main cuts to dis-

tinguish signal from background.

• We require !ET > 175 GeV.

• Among the two highest pT fat jets, we require one
to pass a HEPTopTagger [18]. The definition of the
algorithm is given in Appendix A.

• We require the fat jet that is not top-tagged to be b-
tagged. We assume a 70% b-tagging efficiency and
a 1% fake rate [35, 36]. As discussed below, we fil-
ter the non top-tagged fat jet, and it is the filtered
subjets that we use for b-tagging. This procedure
facilities a more direct comparison with experimen-
tal procedures; it would be interesting to have di-
rect measurements of b-tagging in fat jets without
using subjets.

The !ET is the hallmark of our signal and is used to dis-
tinguish it from events with just jets. This cut ensures
that at least one hard neutrino is present in the back-
ground sample (up to drastic mis-measurement, which is
accounted for in the preselection cuts). The HEPTopTag
helps eliminate V + bb̄+ jets, while the b-tag reduces the
V+ jets background. We find that requiring the b-tag
to be in the jet that is not top-tagged improves signal
to background relative to allowing either fat jet to be b-
tagged. This is because in the dominant background, the
fat jet which is not top-tagged is often made up of exter-
nal radiation rather than real top decay products, so this
method of b-tagging does a better job of suppressing this
background. An interesting alternative to b-tagging may
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FIG. 1. Distribution of the non-HEP-tagged filtered jet mass
for (mt̃,mχ) = (340 GeV, 0 GeV) at

√
s = 7 TeV and L =

5 fb−1. This includes the preselection cuts as well as the main
cuts, but not the transverse mass cuts.

be to use a W -tag on a non-HEP tagged jet, but we did
not explore this possibility it in detail.
After making these cuts, the dominant background re-

maining comes from tops, specifically

tt̄+ jets → (bjj) (b τh ντ ) + jets, (2)

where τh is a hadronically decaying τ . In order to pass
the large !ET cut, the ντ typically carries most of the
momentum of its mother W , although the neutrino pro-
duced in the τh decay also has some of the momentum.
After making these cuts, we can look at the filtered [37]
invariant mass of the fat jet which is not top-tagged. We
have chosen the filtering clustering radius and number of
subjets to be Rfilt = 0.3 and nfilt = 3.3 This variable
is plotted in Fig. 1. In that figure we see that there are
some background events that pass the above cuts, but
the mass distribution is smoothly falling. If there are
relatively light stops and very light neutralinos, there is
a distinct signal peak above the background around the
top mass. Figure 2 shows that increasing the neutralino
mass with fixed stop mass reduces the size of the signal
peak because there is both less !ET , and the tops are less
boosted on average, so fewer signal events pass our cuts.
Even in Fig. 2, however, there is still modest evidence for
signal events above the background.
In order to further reduce background, we use two kine-

matic variables. First, the usual transverse mass, mT ,
which is a function of two objects, one of which could be
the !ET of the event:

m2
T (p

α
T ,mα,q

β
T ,mβ) = m2

α+m2
β+2(Eα

TE
β
T−pα

T ·q
β
T ) (3)

3 We tested pruning [38] and trimming [39] as well, and found
filtering to give a somewhat more peaked distribution about the
top mass.

p
s = 7TeV

L = 5 fb�1

mt̃ = 340GeV
m� = 0GeV
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FIG. 2. Same as Fig. 1 except with (mt̃, mχ) =
(340 GeV, 100 GeV).

with

Eα
T =

√

m2
α + (pα

T )
2. (4)

We also use the mT2 [40, 41] variable which is a function
of two visible objects as well as the !ET of the event and
a candidate mass for the !ET , mχ:

m2
T2
(pα

T ,mα,p
β
T ,mβ , ! pT ,mχ) = min

!q
(1)
T

+ !q
(2)
T

= !pT

[

max{m2
T (p

α
T ,mα, ! q(1)

T ,mχ), m
2
T (p

β
T ,mβ , ! q(2)

T ,mχ)}
]

.

(5)

We have found that the optimal cuts to reduce the dom-
inant background (2) are:

• Construct mT2 with the two leading fat jets and
the missing energy of the event. Take the masses
of the fat jets to be the measured masses and the
missing energy to be massless, mχ = 0. We require
mT2 > 200 GeV. This computation is done using
the algorithm implemented by the Oxbridge MT2
library [42].

• We require thatmT between the !ET and each of the
leading fat jets be greater than 200 GeV. Namely,
min[mT ( !ET , j1,2)] > 200 GeV. We take the !ET to
be massless, and the mass for the fat jets to be the
measured masses.

The mT2 variable is designed for the events in which two
identical massive particles decay into two identical invis-
ible particles, as is the case for our signal process. In
events where this is not the case, like the majority of the
backgrounds, themT2 value for the event tends be smaller
than signal events. Therefore, this cut on mT2 increases
the signal to background ratio, and this fact has been
exploited in many similar contexts, for example [15, 18].
A second observation is that in the dominant tt̄ back-

ground (2), the invariant mass of the hard neutrino with

 (GeV)jM
0 50 100 150 200 250 300 350 400 450 500

-1
 (2

0 
G

eV
)

dMdN

0

1

2

3

4

5

6 *t~t~

 + jetstt
Single top + jets
V+jets

+jetsbV+b

FIG. 3. Same variable as Fig. 1, but with the additional
kinematic cuts described in the text also imposed, and the
binning changed.

one of the fat jets approaches (but shouldn’t be larger
than) mtop because the neutrino is carrying most the
momentum of the W . Of course, we can only measure
the transverse momentum of the neutrino, but the trans-
verse mass of the neutrino with one fat jet has a cutoff

at
√

m2
top −m2

W ∼ 155 GeV. This cutoff is observed at

parton level, but it is smeared out by hadronization and
combinatoric background. We still find that the cut we
implement above significantly improves signal to back-
ground ratio.
The same distribution as Fig. 1 is shown in Fig. 3 after

implementing the above two kinematic cuts. Compar-
ing Figs. 1 and 3, we see that the kinematic cuts reduce
the number of both signal and background events, but
they make the signal jump out above the background.
Furthermore, the effect of these cuts on the signal point
shown in Fig. 2 is shown in Fig. 4. While Fig. 2 shows
only modest evidence of a signal, Fig. 4 demonstrates
that the kinematic cuts make the excess much more sig-
nificant. The detailed results of all the cuts on the back-
grounds and some signal points are shown in Table II.

IV. CONCLUSION: ESTIMATED REACH

We estimate the reach in the (mt̃,mχ) plane by look-
ing at the invariant mass of the fat jet which is not top-
tagged in the events where all cuts have been applied.
This is what is shown in Figs. 3 and 4. In this sample,
we take the events which lie in a top-like mass window
of [150 GeV, 230 GeV] and do a simple counting exper-
iment of the number of total events versus the number
expected background events. We then compute a signif-
icance assuming a Poisson distribution. The results for
the 2011 data set of

√
s = 7 TeV and L = 5 fb−1 are

shown in Fig. 5, and we see that if stops exist in this
scenario with a mass around 340 GeV along with a very
light neutralino, then they can be discovered with cur-
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Figure 1: Normalized mT2 distributions for the stop signal (mt̃ = 340 GeV) and the tt̄ background, after reconstructing
two (real of fake) hadronic top quarks. The hypothetical LSP mass we set to m�̃0

1
= 0 GeV (left) or to the correct value

of m�̃0
1
= 98 GeV (right).

without any physical missing energy [19], which we apply in the following. Next, we veto isolated leptons with
p
T,`

> 15 GeV, |⌘
`

| < 2.5, requiring Ehad

T

< 0.1Elep

T

within R < 0.3 around the lepton.
At this level we apply the top tagger described later and in the Appendix and require two tops to be identified

and reconstructed. Finally, after requiring one b tag inside the first tagged top we construct m
T2

[26]. Assuming
we do not know the LSP mass, i.e. setting it to zero in the m

T2

construction, we require

m
T2

> 250 GeV . (7)

While in Table II we will see that this cut has hardly any impact on the signal significance S/
p
B, at least for

small stop masses, we apply it to increase the signal-to-background ratio S/B and hence become less sensitive
to systematic and theory errors.

Constructing the m
T2

distributions has two motivations, of which the background rejection cut might even
be the lesser. From the two panels of Figure 1 we see that m

T2

with an assumed massless LSP is better suited
to distinguish the stop signal from the top background. As expected, Figure 1 also shows that for larger stop
masses this cut becomes increasingly e↵ective. More importantly, once we know the correct value of m

�̃

0
1
we

can determine the stop mass from the endpoint of the m
T2

distribution. Determining the uncertainties of such
a mass measurement, however, is beyond the scope of our phenomenological analysis. Obviously, due to the
wrong decay topology the endpoint of the tt̄ background has nothing to do with the physical top mass, so we
cannot use it to gauge the stop mass measurement.

For a double Standard Model top tag the mis-tagging probability when applied to a pure QCD or W+jets
sample after our process specific cuts turns out to be (not much) below 0.1%, comparable to the numbers
quoted in the Appendix, Table III. From the first column of Table II it is clear that such a reduction rate is
not su�cient. Therefore, we follow the example of the Higgs tagger [9, 11] and apply an additional b tag inside
the main constituents of the first tagged top. Limiting this b tag to the three main constituents of one specific
tagged top reduces the fake rate in particular from charm jets or gluons splitting into bb̄ pairs. Assuming a
60% tagging e�ciency and a light-flavor rejection around 1/50 this will give the first top tag a mistag rate
well below 0.1%. As it will turn out, this is su�cient to render the QCD and W+jets backgrounds negligible
compared to the tt̄ background. Charm jets in the QCD jets sample we do not expect to be a problem. On the
one hand, they have a 10% mis-tagging probability for our b tag, but on the other hand the will appear much
less frequently, based for example on the reduced probability of gluon jets splitting into quarks — a factor 1/4
from counting quark flavors in g ! qq̄ alone. Last but not least, given the moderate boost of the top quarks
we check that including a (0.1, 0.1) granularity of the detector in a lego plot has no impact on our analysis.

The large transverse momentum of the two candidate fat jets in Eq.(6) allows us not to worry about triggering
on the one hand and to generate events with a sizeable e�ciency — for the actual analysis this cut has little
e↵ect, because inside the top tagger we apply a lower cut on the transverse momentum of the reconstructed
top prec

T,t

> 200 GeV. We explicitly check this by lowering the acceptance cuts to p
T,j

> 100 GeV and find no
e↵ect on the final numbers of the analysis.

• Plehn, Spannowsky, Takeuchi, Zerwas, 1006.2833
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FIG. 2. Same as Fig. 1 except with (mt̃, mχ) =
(340 GeV, 100 GeV).

with

Eα
T =

√

m2
α + (pα

T )
2. (4)

We also use the mT2 [40, 41] variable which is a function
of two visible objects as well as the !ET of the event and
a candidate mass for the !ET , mχ:

m2
T2
(pα

T ,mα,p
β
T ,mβ , ! pT ,mχ) = min

!q
(1)
T

+ !q
(2)
T

= !pT

[

max{m2
T (p

α
T ,mα, ! q(1)

T ,mχ), m
2
T (p

β
T ,mβ , ! q(2)

T ,mχ)}
]

.

(5)

We have found that the optimal cuts to reduce the dom-
inant background (2) are:

• Construct mT2 with the two leading fat jets and
the missing energy of the event. Take the masses
of the fat jets to be the measured masses and the
missing energy to be massless, mχ = 0. We require
mT2 > 200 GeV. This computation is done using
the algorithm implemented by the Oxbridge MT2
library [42].

• We require thatmT between the !ET and each of the
leading fat jets be greater than 200 GeV. Namely,
min[mT ( !ET , j1,2)] > 200 GeV. We take the !ET to
be massless, and the mass for the fat jets to be the
measured masses.

The mT2 variable is designed for the events in which two
identical massive particles decay into two identical invis-
ible particles, as is the case for our signal process. In
events where this is not the case, like the majority of the
backgrounds, themT2 value for the event tends be smaller
than signal events. Therefore, this cut on mT2 increases
the signal to background ratio, and this fact has been
exploited in many similar contexts, for example [15, 18].
A second observation is that in the dominant tt̄ back-

ground (2), the invariant mass of the hard neutrino with
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FIG. 3. Same variable as Fig. 1, but with the additional
kinematic cuts described in the text also imposed, and the
binning changed.

one of the fat jets approaches (but shouldn’t be larger
than) mtop because the neutrino is carrying most the
momentum of the W . Of course, we can only measure
the transverse momentum of the neutrino, but the trans-
verse mass of the neutrino with one fat jet has a cutoff

at
√

m2
top −m2

W ∼ 155 GeV. This cutoff is observed at

parton level, but it is smeared out by hadronization and
combinatoric background. We still find that the cut we
implement above significantly improves signal to back-
ground ratio.
The same distribution as Fig. 1 is shown in Fig. 3 after

implementing the above two kinematic cuts. Compar-
ing Figs. 1 and 3, we see that the kinematic cuts reduce
the number of both signal and background events, but
they make the signal jump out above the background.
Furthermore, the effect of these cuts on the signal point
shown in Fig. 2 is shown in Fig. 4. While Fig. 2 shows
only modest evidence of a signal, Fig. 4 demonstrates
that the kinematic cuts make the excess much more sig-
nificant. The detailed results of all the cuts on the back-
grounds and some signal points are shown in Table II.

IV. CONCLUSION: ESTIMATED REACH

We estimate the reach in the (mt̃,mχ) plane by look-
ing at the invariant mass of the fat jet which is not top-
tagged in the events where all cuts have been applied.
This is what is shown in Figs. 3 and 4. In this sample,
we take the events which lie in a top-like mass window
of [150 GeV, 230 GeV] and do a simple counting exper-
iment of the number of total events versus the number
expected background events. We then compute a signif-
icance assuming a Poisson distribution. The results for
the 2011 data set of

√
s = 7 TeV and L = 5 fb−1 are

shown in Fig. 5, and we see that if stops exist in this
scenario with a mass around 340 GeV along with a very
light neutralino, then they can be discovered with cur-
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TABLE II. Number of events passing a given cut with 5 fb−1 luminosity at 7 TeV. The LSP is assumed to be massless.

Process Pre-cut !ET > 175 GeV 1 top-tag b-tag mT2 > 200 GeV mT > 200 GeV

t̃t̃∗ (340 GeV) 688 327 109 50 32 26

t̃t̃∗ (440 GeV) 150 112 42 20 16 14

t̃t̃∗ (540 GeV) 39 33 13 7 6 6

tt̄+ jets 12.5 × 103 872 248 110 28 18

Single top + jets 1.56 × 103 611 145 23 8 6

V + bb̄+ jets 906 169 < 1 < 1 # 1 # 1

V + jets 9.01 × 103 2.34× 103 166 6 3 2

Total Background 23.9 × 103 3.98× 103 559 140 39 27
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FIG. 4. Same as Fig. 3 but with (mt̃,mχ) =
(340 GeV, 100 GeV).
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FIG. 5. Significance of excess computed by counting events
in mj2 ∈ [150 GeV, 230 GeV] and assuming a Poisson Distri-
bution. This is for

√
s = 7 TeV and L = 5 fb−1.

rent data. The same data set can also exclude stops up
to about 440 GeV.
Looking forward, we can repeat the analysis for a hypo-

thetical 2012 data set with
√
s = 8 TeV and L = 20 fb−1.

In Fig. 6, we see that even for larger stop and neutralino
masses, this data set is enough to see a dramatic signal.
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√
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FIG. 7. Same as Fig. 5 but with
√
s = 8 TeV and L = 20 fb−1.

Boxes with significance ≥ 8 all have the same color.

We estimate the reach using the same procedure as for
7 TeV without combining 7 and 8 TeV data sets, and
our results are shown in Fig. 7. As expected, the reach
improves significantly, and much of the parameter region
up to 600 GeV can be covered.
Our work does not take into account systematic errors
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In Fig. 6, we see that even for larger stop and neutralino
masses, this data set is enough to see a dramatic signal.
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We estimate the reach using the same procedure as for
7 TeV without combining 7 and 8 TeV data sets, and
our results are shown in Fig. 7. As expected, the reach
improves significantly, and much of the parameter region
up to 600 GeV can be covered.
Our work does not take into account systematic errors
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We estimate the reach using the same procedure as for
7 TeV without combining 7 and 8 TeV data sets, and
our results are shown in Fig. 7. As expected, the reach
improves significantly, and much of the parameter region
up to 600 GeV can be covered.
Our work does not take into account systematic errors
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Cuts

• 6 jets, 

• Missing energy > 150 GeV 
or 260 GeV

• 1 tight or 2 loose b-tags

• Invariant mass of 3 
closest jets between 80 
and 270 GeV

• Tau rejection cuts

pT1 > 130 GeV

pT > 30 GeV
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Figure 1: Three-jet invariant mass distribution of the hadronic top-quark candidate in the control region
constructed from `+jets events shown on the left with a linear scale and on the right with a logarithmic
scale. Data are indicated by points; shaded histograms represent contributions from several SM sources
(tt̄ scaled by 0.66). The hatched error bars indicate the total statistical uncertainty on the expected
background. The distribution for the mt̃1 = 400 GeV,m�̃0

1
= 1 GeV signal expectation is overlaid.

having pT > 0.5 GeV, is < ⇡/3 radians.
Events are required to have at least one jet with pT > 130 GeV in |⌘| < 2.8 and Emiss

T > 150 GeV
to ensure full e�ciency of the trigger. At least five other jets having pT > 30 GeV and |⌘| < 2.8 must
be present. In addition to the jet and Emiss

T requirements, events containing “loose” electrons [48, 49]
with pT > 20 GeV and |⌘| < 2.47 that do not overlap with any jet within an annulus of 0.2 < �R < 0.4,
where �R =

p
(�⌘)2 + (��)2, are rejected. Similarly, events with muons [46, 50] having pT > 10 GeV

and |⌘| < 2.4 that are separated by �R > 0.4 from the nearest jet are rejected. A jet with 1 � 4 tracks and
��(pmiss

T , jet) < ⇡/5 indicates a likely W ! ⌧⌫ decay. Events with ⌧-like jets that have transverse mass

mT =
q

2pTEmiss
T (1 � cos��) < 100 GeV are rejected.

The presence of high-pT top quarks that decay through t ! bW ! b j j in the t̃1 t̃1 final state is
exploited to further reduce SM backgrounds by only considering events with reconstructed three-jet
invariant masses consistent with the top-quark mass (mt). A clustering technique resolves the combina-
torics associated with high-multiplicity jet events. The three closest jets in the ⌘ � � plane are combined
together to form one triplet; a second triplet is formed from the remaining jets by repeating the proce-
dure. The resulting three-jet mass (mjjj) spectrum is shown in Fig. 1 for the control region constructed
from `+jets events (defined below). There is a clear peak associated with the hadronically-decaying top
quarks above a small non-tt̄ background; a requirement of 80 < mjjj < 270 GeV is therefore placed on
each reconstructed triplet in the event. The t ! bW ! b`⌫ decay is also exploited to further reduce the
dominant `+jets tt̄ background, as the mT distribution of the p

miss
T with the b-jet (mjet

T ) has an endpoint
at mt (Fig. 2). When there are � 2 loose b-jets, the mjet

T for the b-jet closest to the p

miss
T is required to be

> 175 GeV. The mjet
T of the four highest-pT jets is required to be > 175 GeV in the case of only one tight

b-jet.
Two signal regions (SR) are defined including the above kinematic and mass requirements. The

first, which requires Emiss
T > 150 GeV (SRA), is optimized for low mt̃1 , while the second, requiring

2

Control Sample
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the SUSY cross-section by the theoretical uncertainties. The inner dotted contour indicates the excluded
region.
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TABLE II. Number of events passing a given cut with 5 fb−1 luminosity at 7 TeV. The LSP is assumed to be massless.

Process Pre-cut !ET > 175 GeV 1 top-tag b-tag mT2 > 200 GeV mT > 200 GeV

t̃t̃∗ (340 GeV) 688 327 109 50 32 26

t̃t̃∗ (440 GeV) 150 112 42 20 16 14

t̃t̃∗ (540 GeV) 39 33 13 7 6 6

tt̄+ jets 12.5 × 103 872 248 110 28 18

Single top + jets 1.56 × 103 611 145 23 8 6

V + bb̄+ jets 906 169 < 1 < 1 # 1 # 1

V + jets 9.01 × 103 2.34× 103 166 6 3 2

Total Background 23.9 × 103 3.98× 103 559 140 39 27
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FIG. 4. Same as Fig. 3 but with (mt̃,mχ) =
(340 GeV, 100 GeV).
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rent data. The same data set can also exclude stops up
to about 440 GeV.
Looking forward, we can repeat the analysis for a hypo-

thetical 2012 data set with
√
s = 8 TeV and L = 20 fb−1.

In Fig. 6, we see that even for larger stop and neutralino
masses, this data set is enough to see a dramatic signal.
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Boxes with significance ≥ 8 all have the same color.

We estimate the reach using the same procedure as for
7 TeV without combining 7 and 8 TeV data sets, and
our results are shown in Fig. 7. As expected, the reach
improves significantly, and much of the parameter region
up to 600 GeV can be covered.
Our work does not take into account systematic errors

L = 5 fb�1
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these searches are most sensitive to are in special corners
of phase space, and thus k-factors may represent a poor
approximation.
There are two classes of backgrounds; those that in-

clude top quarks and those that do not. Backgrounds
which do not contain tops can be much more easily elim-
inated with loose “top-tags,” and we will discuss them
below. The dominant backgrounds, are those with on-
shell tops. The largest of these is tt̄+ jets, where one of
the tops decays leptonically producing a hard neutrino.
A lepton veto can eliminate most of the events where
the W decays to an electron or muon, but a τ , espe-
cially one that decays hadronically, cannot be eliminated
in this way. We simulated background samples of tt̄ and
tt̄ + 1 and 2 jets again using MadGraph 5 and Pythia 6.
The samples were matched using the MLM procedure [25]
with a matching scale of 30 GeV.
Single top +W + jets is also a significant background,

where one of the two W ’s decays leptonically. Extra ra-
diation in these events can make it look like a tt̄ + !ET

event, and we simulate t + W + 1 and 2 jets using the
same techniques as the tt̄ + jets sample.
The largest background without tops is Z + jets, where

the Z decays invisibly. Since our signal contains fully
hadronic tops, the jets produced in association with the Z
can in principle look like tops. As we will see in the next
section, this does not happen very often, namely top-tags
efficiently suppress this background. Furthermore, typi-
cal Z’s are produced with a transverse momentum ∼ MZ ,
so our large !ET cut further reduces this background. An
even smaller background is W + jets where the W decays
leptonically but the charged lepton is either lost or a τ .
This is small for the same reasons as Z + jets, and fur-
ther reduced because in the W decay, the neutrino does
not carry all of the W momentum, so an even smaller
fraction of the events pass the !ET cut. Because we will
require a b-tag, we separately simulate V + bb̄ + 1 and 2
jets, and V+ 3 and 4 jets, where V = W,Z.
Additional backgrounds which can produce this signal

topology include tt̄Z, and diboson production, but the
cross sections for these processes are very small and they
need not be considered with the amount of luminosity we
study here.
Finally, we note that pure QCD multijet production

can produce !ET from various sources including leptonic
heavy flavor decays and detector effects. The contribu-
tion of these events can be estimated in data (see for
example [14, 26]) and are small for large !ET and events
with at least one b-tag. Furthermore, we implement a cut
on !ET /

√

∑

ET as per ATLAS [27] and a cut on ∆φmin

as used, for example, in this CMS study [28]. These cuts
have negligible effects on the signal and are described in
Section III.
The cross sections for all the signals and backgrounds

at both 7 and 8 TeV energies are shown in Table I.

III. OUR METHOD OF SIGNAL EXTRACTION

Our event selection is as follows. We cluster all
hadronic activity in the event with |η| < 2.5 into
“fat” jets using the FastJet [29] implementation of the
Cambridge-Aachen algorithm [30, 31] with R=1.2. Then
we take the same event and cluster “skinny” jets to mimic
the usual experimental algorithms using the anti-kt algo-
rithm [32] with R=0.5. We then make the following pre-
selection cuts on our simulated samples which will have
limited effect on the signal.2

• We veto all events with an isolated lepton. The
isolation criteria is that the lepton’s energy com-
prise at least 80% of all energy in a cone of R = 0.4
centered on the lepton. We require |η| < 2.5 and a
minimum pT of 4 and 8 GeV for muons and elec-
trons, respectively.

• We veto all events that contain a hadronic “τ”. We
parameterize experimental τ -tagging efficiency by
adopting a 50% tagging efficiency for hadronic tau
decays in which the hadronic decay products have
phadT > 20 GeV and a fake rate of 2% for other jets
[33, 34]. Our tau identification uses skinny jets in
order to match the experimental measurement. We
assume that hadronic tau decays with less than 20
GeV of visible pT cannot be tagged.

• We define !ET = −
∑

i $pTi
where i runs over all

visible particles and HT =
∑

j pTj
where j runs

over all skinny jets with pT > 25 GeV. We then
require all events to have !ET /

√
HT > 5

√
GeV.

• We require that the !ET vector be separated by
more than ∆φ of 0.4 from each of the three hardest

TABLE I. Tree level cross sections of signal and relevant back-
ground processes. The number in parentheses for the signal
rows is the stop mass. The cross section does not depend on
the neutralino mass. In tt̄ and single top we require exactly
one W to decay leptonically. Here V = Z,W .

Process Generator cuts σ (fb) σ (fb)

and parameters 7 TeV 8 TeV

t̃t̃∗ (340 GeV)
t̃t̃∗ → bb̄+ 4j + 2χ

254 1.04 × 103

t̃t̃∗ (440 GeV) 48.8 205

t̃t̃∗ (540 GeV) 11.8 51.1

tt̄+ jets W→!ν, pTν > 80GeV 16.3 × 103 26.7 × 103

sing. top + jets pTν > 100 GeV 4.65 × 103 8.27 × 103

V + bb̄+ jets Z → νν̄, W → $ν 1.08 × 103 1.53 × 103

V+ jets
∑

pTν
> 80 GeV 66.6 × 103 96.3 × 103

2 These pre-cuts will eliminate some signal events, but the vast
majority of those events would not have passed our subsequent
selection cuts.

*LO cross sections
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these searches are most sensitive to are in special corners
of phase space, and thus k-factors may represent a poor
approximation.
There are two classes of backgrounds; those that in-

clude top quarks and those that do not. Backgrounds
which do not contain tops can be much more easily elim-
inated with loose “top-tags,” and we will discuss them
below. The dominant backgrounds, are those with on-
shell tops. The largest of these is tt̄+ jets, where one of
the tops decays leptonically producing a hard neutrino.
A lepton veto can eliminate most of the events where
the W decays to an electron or muon, but a τ , espe-
cially one that decays hadronically, cannot be eliminated
in this way. We simulated background samples of tt̄ and
tt̄ + 1 and 2 jets again using MadGraph 5 and Pythia 6.
The samples were matched using the MLM procedure [25]
with a matching scale of 30 GeV.
Single top +W + jets is also a significant background,

where one of the two W ’s decays leptonically. Extra ra-
diation in these events can make it look like a tt̄ + !ET

event, and we simulate t + W + 1 and 2 jets using the
same techniques as the tt̄ + jets sample.
The largest background without tops is Z + jets, where

the Z decays invisibly. Since our signal contains fully
hadronic tops, the jets produced in association with the Z
can in principle look like tops. As we will see in the next
section, this does not happen very often, namely top-tags
efficiently suppress this background. Furthermore, typi-
cal Z’s are produced with a transverse momentum ∼ MZ ,
so our large !ET cut further reduces this background. An
even smaller background is W + jets where the W decays
leptonically but the charged lepton is either lost or a τ .
This is small for the same reasons as Z + jets, and fur-
ther reduced because in the W decay, the neutrino does
not carry all of the W momentum, so an even smaller
fraction of the events pass the !ET cut. Because we will
require a b-tag, we separately simulate V + bb̄ + 1 and 2
jets, and V+ 3 and 4 jets, where V = W,Z.
Additional backgrounds which can produce this signal

topology include tt̄Z, and diboson production, but the
cross sections for these processes are very small and they
need not be considered with the amount of luminosity we
study here.
Finally, we note that pure QCD multijet production

can produce !ET from various sources including leptonic
heavy flavor decays and detector effects. The contribu-
tion of these events can be estimated in data (see for
example [14, 26]) and are small for large !ET and events
with at least one b-tag. Furthermore, we implement a cut
on !ET /

√

∑

ET as per ATLAS [27] and a cut on ∆φmin

as used, for example, in this CMS study [28]. These cuts
have negligible effects on the signal and are described in
Section III.
The cross sections for all the signals and backgrounds

at both 7 and 8 TeV energies are shown in Table I.

III. OUR METHOD OF SIGNAL EXTRACTION

Our event selection is as follows. We cluster all
hadronic activity in the event with |η| < 2.5 into
“fat” jets using the FastJet [29] implementation of the
Cambridge-Aachen algorithm [30, 31] with R=1.2. Then
we take the same event and cluster “skinny” jets to mimic
the usual experimental algorithms using the anti-kt algo-
rithm [32] with R=0.5. We then make the following pre-
selection cuts on our simulated samples which will have
limited effect on the signal.2

• We veto all events with an isolated lepton. The
isolation criteria is that the lepton’s energy com-
prise at least 80% of all energy in a cone of R = 0.4
centered on the lepton. We require |η| < 2.5 and a
minimum pT of 4 and 8 GeV for muons and elec-
trons, respectively.

• We veto all events that contain a hadronic “τ”. We
parameterize experimental τ -tagging efficiency by
adopting a 50% tagging efficiency for hadronic tau
decays in which the hadronic decay products have
phadT > 20 GeV and a fake rate of 2% for other jets
[33, 34]. Our tau identification uses skinny jets in
order to match the experimental measurement. We
assume that hadronic tau decays with less than 20
GeV of visible pT cannot be tagged.

• We define !ET = −
∑

i $pTi
where i runs over all

visible particles and HT =
∑

j pTj
where j runs

over all skinny jets with pT > 25 GeV. We then
require all events to have !ET /

√
HT > 5

√
GeV.

• We require that the !ET vector be separated by
more than ∆φ of 0.4 from each of the three hardest

TABLE I. Tree level cross sections of signal and relevant back-
ground processes. The number in parentheses for the signal
rows is the stop mass. The cross section does not depend on
the neutralino mass. In tt̄ and single top we require exactly
one W to decay leptonically. Here V = Z,W .

Process Generator cuts σ (fb) σ (fb)

and parameters 7 TeV 8 TeV

t̃t̃∗ (340 GeV)
t̃t̃∗ → bb̄+ 4j + 2χ

254 1.04 × 103

t̃t̃∗ (440 GeV) 48.8 205

t̃t̃∗ (540 GeV) 11.8 51.1

tt̄+ jets W→!ν, pTν > 80GeV 16.3 × 103 26.7 × 103

sing. top + jets pTν > 100 GeV 4.65 × 103 8.27 × 103

V + bb̄+ jets Z → νν̄, W → $ν 1.08 × 103 1.53 × 103

V+ jets
∑

pTν
> 80 GeV 66.6 × 103 96.3 × 103

2 These pre-cuts will eliminate some signal events, but the vast
majority of those events would not have passed our subsequent
selection cuts.

*LO cross sections
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TABLE II. Number of events passing a given cut with 5 fb−1 luminosity at 7 TeV. The LSP is assumed to be massless.

Process Pre-cut !ET > 175 GeV 1 top-tag b-tag mT2 > 200 GeV mT > 200 GeV

t̃t̃∗ (340 GeV) 688 327 109 50 32 26

t̃t̃∗ (440 GeV) 150 112 42 20 16 14

t̃t̃∗ (540 GeV) 39 33 13 7 6 6

tt̄+ jets 12.5 × 103 872 248 110 28 18

Single top + jets 1.56 × 103 611 145 23 8 6

V + bb̄+ jets 906 169 < 1 < 1 # 1 # 1

V + jets 9.01 × 103 2.34× 103 166 6 3 2

Total Background 23.9 × 103 3.98× 103 559 140 39 27
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FIG. 4. Same as Fig. 3 but with (mt̃,mχ) =
(340 GeV, 100 GeV).
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FIG. 5. Significance of excess computed by counting events
in mj2 ∈ [150 GeV, 230 GeV] and assuming a Poisson Distri-
bution. This is for

√
s = 7 TeV and L = 5 fb−1.

rent data. The same data set can also exclude stops up
to about 440 GeV.
Looking forward, we can repeat the analysis for a hypo-

thetical 2012 data set with
√
s = 8 TeV and L = 20 fb−1.

In Fig. 6, we see that even for larger stop and neutralino
masses, this data set is enough to see a dramatic signal.
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FIG. 6. Same distribution as Figs. 3 and 4, but now
with

√
s = 8 TeV, L = 20 fb−1, and (mt̃,mχ) =

(440 GeV, 100 GeV)

FIG. 7. Same as Fig. 5 but with
√
s = 8 TeV and L = 20 fb−1.

Boxes with significance ≥ 8 all have the same color.

We estimate the reach using the same procedure as for
7 TeV without combining 7 and 8 TeV data sets, and
our results are shown in Fig. 7. As expected, the reach
improves significantly, and much of the parameter region
up to 600 GeV can be covered.
Our work does not take into account systematic errors

2012 PROSPECTS
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TABLE II. Number of events passing a given cut with 5 fb−1 luminosity at 7 TeV. The LSP is assumed to be massless.

Process Pre-cut !ET > 175 GeV 1 top-tag b-tag mT2 > 200 GeV mT > 200 GeV

t̃t̃∗ (340 GeV) 688 327 109 50 32 26

t̃t̃∗ (440 GeV) 150 112 42 20 16 14

t̃t̃∗ (540 GeV) 39 33 13 7 6 6

tt̄+ jets 12.5 × 103 872 248 110 28 18

Single top + jets 1.56 × 103 611 145 23 8 6

V + bb̄+ jets 906 169 < 1 < 1 # 1 # 1

V + jets 9.01 × 103 2.34× 103 166 6 3 2

Total Background 23.9 × 103 3.98× 103 559 140 39 27
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FIG. 4. Same as Fig. 3 but with (mt̃,mχ) =
(340 GeV, 100 GeV).
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rent data. The same data set can also exclude stops up
to about 440 GeV.
Looking forward, we can repeat the analysis for a hypo-

thetical 2012 data set with
√
s = 8 TeV and L = 20 fb−1.

In Fig. 6, we see that even for larger stop and neutralino
masses, this data set is enough to see a dramatic signal.
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We estimate the reach using the same procedure as for
7 TeV without combining 7 and 8 TeV data sets, and
our results are shown in Fig. 7. As expected, the reach
improves significantly, and much of the parameter region
up to 600 GeV can be covered.
Our work does not take into account systematic errors
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FIG. 2. Same as Fig. 1 except with (mt̃, mχ) =
(340 GeV, 100 GeV).

with

Eα
T =

√

m2
α + (pα

T )
2. (4)

We also use the mT2 [40, 41] variable which is a function
of two visible objects as well as the !ET of the event and
a candidate mass for the !ET , mχ:

m2
T2
(pα

T ,mα,p
β
T ,mβ , ! pT ,mχ) = min

!q
(1)
T

+ !q
(2)
T

= !pT

[

max{m2
T (p

α
T ,mα, ! q(1)

T ,mχ), m
2
T (p

β
T ,mβ , ! q(2)

T ,mχ)}
]

.

(5)

We have found that the optimal cuts to reduce the dom-
inant background (2) are:

• Construct mT2 with the two leading fat jets and
the missing energy of the event. Take the masses
of the fat jets to be the measured masses and the
missing energy to be massless, mχ = 0. We require
mT2 > 200 GeV. This computation is done using
the algorithm implemented by the Oxbridge MT2
library [42].

• We require thatmT between the !ET and each of the
leading fat jets be greater than 200 GeV. Namely,
min[mT ( !ET , j1,2)] > 200 GeV. We take the !ET to
be massless, and the mass for the fat jets to be the
measured masses.

The mT2 variable is designed for the events in which two
identical massive particles decay into two identical invis-
ible particles, as is the case for our signal process. In
events where this is not the case, like the majority of the
backgrounds, themT2 value for the event tends be smaller
than signal events. Therefore, this cut on mT2 increases
the signal to background ratio, and this fact has been
exploited in many similar contexts, for example [15, 18].
A second observation is that in the dominant tt̄ back-

ground (2), the invariant mass of the hard neutrino with
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FIG. 3. Same variable as Fig. 1, but with the additional
kinematic cuts described in the text also imposed, and the
binning changed.

one of the fat jets approaches (but shouldn’t be larger
than) mtop because the neutrino is carrying most the
momentum of the W . Of course, we can only measure
the transverse momentum of the neutrino, but the trans-
verse mass of the neutrino with one fat jet has a cutoff

at
√

m2
top −m2

W ∼ 155 GeV. This cutoff is observed at

parton level, but it is smeared out by hadronization and
combinatoric background. We still find that the cut we
implement above significantly improves signal to back-
ground ratio.
The same distribution as Fig. 1 is shown in Fig. 3 after

implementing the above two kinematic cuts. Compar-
ing Figs. 1 and 3, we see that the kinematic cuts reduce
the number of both signal and background events, but
they make the signal jump out above the background.
Furthermore, the effect of these cuts on the signal point
shown in Fig. 2 is shown in Fig. 4. While Fig. 2 shows
only modest evidence of a signal, Fig. 4 demonstrates
that the kinematic cuts make the excess much more sig-
nificant. The detailed results of all the cuts on the back-
grounds and some signal points are shown in Table II.

IV. CONCLUSION: ESTIMATED REACH

We estimate the reach in the (mt̃,mχ) plane by look-
ing at the invariant mass of the fat jet which is not top-
tagged in the events where all cuts have been applied.
This is what is shown in Figs. 3 and 4. In this sample,
we take the events which lie in a top-like mass window
of [150 GeV, 230 GeV] and do a simple counting exper-
iment of the number of total events versus the number
expected background events. We then compute a signif-
icance assuming a Poisson distribution. The results for
the 2011 data set of

√
s = 7 TeV and L = 5 fb−1 are

shown in Fig. 5, and we see that if stops exist in this
scenario with a mass around 340 GeV along with a very
light neutralino, then they can be discovered with cur-

SYSTEMATICS

29

• Systematics such as BG              
x-section uncertainties not 
taken into account

• Can do more sophisticated 
shape analysis of distributions

• Can do data driven 
measurements of backgrounds

3

leading skinny jets. Namely, min[∆φ( !ET , ji)] >
0.4. This cut quantifies the notion that !ET arising
in QCD events tends to lie along a jet direction.

• We require HT > 275 GeV. This has practically no
effect on the signal since we expect two hadronic
top decays.

The first two cuts reduce leptonic contributions from W
decays. The signal, of course, also can have leptonic W
decays and this has been used to look for stops by the
experiments [6–10]. Here we are doing the orthogonal
search of looking for all hadronic final states so we veto
leptons. The last two cuts are designed to eliminate con-
tributions from pure QCD, and these are cuts that the
experiments use for this purpose. In particular, the res-
olution on !ET in multi-jet events has been shown to be
proportional to

√
HT [27], so requiring large !ET /

√
HT

reduces QCD events where the !ET is mis-measured.
The intuition for the fourth cut is that large !ET in

multi-jet events often comes from large mis-measurement
of the energy, but not angle, of a single jet. In that case,
the !ET should point in nearly the same φ direction as
that jet, so requiring !ET to be well separated from all the
leading jets reduces the QCD background. This variable
is used in many hadronic searches, see for example [28].
After the preselection, we make our main cuts to dis-

tinguish signal from background.

• We require !ET > 175 GeV.

• Among the two highest pT fat jets, we require one
to pass a HEPTopTagger [18]. The definition of the
algorithm is given in Appendix A.

• We require the fat jet that is not top-tagged to be b-
tagged. We assume a 70% b-tagging efficiency and
a 1% fake rate [35, 36]. As discussed below, we fil-
ter the non top-tagged fat jet, and it is the filtered
subjets that we use for b-tagging. This procedure
facilities a more direct comparison with experimen-
tal procedures; it would be interesting to have di-
rect measurements of b-tagging in fat jets without
using subjets.

The !ET is the hallmark of our signal and is used to dis-
tinguish it from events with just jets. This cut ensures
that at least one hard neutrino is present in the back-
ground sample (up to drastic mis-measurement, which is
accounted for in the preselection cuts). The HEPTopTag
helps eliminate V + bb̄+ jets, while the b-tag reduces the
V+ jets background. We find that requiring the b-tag
to be in the jet that is not top-tagged improves signal
to background relative to allowing either fat jet to be b-
tagged. This is because in the dominant background, the
fat jet which is not top-tagged is often made up of exter-
nal radiation rather than real top decay products, so this
method of b-tagging does a better job of suppressing this
background. An interesting alternative to b-tagging may
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FIG. 1. Distribution of the non-HEP-tagged filtered jet mass
for (mt̃,mχ) = (340 GeV, 0 GeV) at

√
s = 7 TeV and L =

5 fb−1. This includes the preselection cuts as well as the main
cuts, but not the transverse mass cuts.

be to use a W -tag on a non-HEP tagged jet, but we did
not explore this possibility it in detail.
After making these cuts, the dominant background re-

maining comes from tops, specifically

tt̄+ jets → (bjj) (b τh ντ ) + jets, (2)

where τh is a hadronically decaying τ . In order to pass
the large !ET cut, the ντ typically carries most of the
momentum of its mother W , although the neutrino pro-
duced in the τh decay also has some of the momentum.
After making these cuts, we can look at the filtered [37]
invariant mass of the fat jet which is not top-tagged. We
have chosen the filtering clustering radius and number of
subjets to be Rfilt = 0.3 and nfilt = 3.3 This variable
is plotted in Fig. 1. In that figure we see that there are
some background events that pass the above cuts, but
the mass distribution is smoothly falling. If there are
relatively light stops and very light neutralinos, there is
a distinct signal peak above the background around the
top mass. Figure 2 shows that increasing the neutralino
mass with fixed stop mass reduces the size of the signal
peak because there is both less !ET , and the tops are less
boosted on average, so fewer signal events pass our cuts.
Even in Fig. 2, however, there is still modest evidence for
signal events above the background.
In order to further reduce background, we use two kine-

matic variables. First, the usual transverse mass, mT ,
which is a function of two objects, one of which could be
the !ET of the event:

m2
T (p

α
T ,mα,q

β
T ,mβ) = m2

α+m2
β+2(Eα

TE
β
T−pα

T ·q
β
T ) (3)

3 We tested pruning [38] and trimming [39] as well, and found
filtering to give a somewhat more peaked distribution about the
top mass.
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• Cutting hard on MET eliminates QCD bg. Is that necessary?

• Experimentalists can potentially make data driven 
measurement. Can we reduce MET cut?

• Allows us to push into lighter stop region
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Figure 2: Top vs. anti-top transverse momenta for 400 GeV stop pairs (left) and the tt̄ background (center) at 8 TeV.
The right panel shows the ratio t̃ t̃⇤/tt̄.

To generate the signal sample we rely on Herwig++ [24] and assume stop masses of mt̃ = 350, 400, 450,
500, 600, and 700 GeV. We normalize their production cross section to the Prospino results at next-to-leading
order [3]. They range from 0.8 pb (mt̃ = 350 GeV) to 0.1 pb (500 GeV) as shown in Fig. 1. Resummation slightly
increases this rate further [22]. For all stop masses we choose the same lightest neutralino mass m�̃0

1
= 100 GeV.

Our Standard Model backgrounds are tt̄+jets, QCD jets, W+jets, Z+jets, and tt̄Z. We use Alp-
gen+Pythia [25, 26] to generate the corresponding samples. For all processes except for tt̄Z production
we use MLM matching [27] to simulate additional hard radiation. We match up to tt̄+2 jets, W+3 jets,
Z+4 jets, and 3� 5 jets for the QCD sample.

The leading tt̄+jets background sample we normalize to the approximate NNLO rate of 234 pb [23]. For the
subleading background channels we use the leading order normalization. The tt̄Z cross section at LO yields
21.5 fb, based on Alpgen including the Z ! ⌫⌫̄ branching ratio. Since the tt̄Z rate only becomes comparable
to the stop rate for mt̃

>⇠ 600 GeV we neglect this irreducible tt̄Z background. We have checked that for all
processes considered this does not a↵ect the quoted results.

Our analysis is based on a simple calorimeter simulation with granularity of 0.1 ⇥ 0.1 in (⌘,�). We sum
the four momentum of all particles in each cell and rescale the resulting three-momentum such as to make
the cells massless. The calorimeter cells are later on used as (fat)-jet constituents. Throughout this work
we use the Cambridge/Aachen (C/A) algorithm [28] with R = 1.5, as implemented in FastJet [29]. The
resulting fat jets are then used as input for the HEPTopTagger. Preliminary ATLAS analysis show that the
HEPTopTagger results are only very mildly a↵ected by detector e↵ects, underlying event, or pile-up [30].
For regular QCD jets use the same C/A algorithm with R = 0.5. When analyzing leptonic or semileptonic top
decays we require the leptons to be hard and isolated: pT,` > 20 GeV and ET,had < 0.1ET,` within R < 0.2
around the lepton.

p
s = 8 TeV t̃ t̃⇤ tt̄ �t̃ t̃⇤/�tt̄

mt̃[GeV] 350 400 450 500 600 700 400
at least one top with pT,t > 200 GeV 252.21 158.38 96.83 57.67 19.80 6.67 3.45 · 104 4.6 · 10�3

only one top with pT,t > 200 GeV 172.13 109.63 64.93 36.77 10.49 2.80 1.57 · 104 7.0 · 10�3

two tops with pT,t > 200 GeV 80.07 48.75 31.90 20.90 9.30 3.87 1.89 · 104 2.6 · 10�3

Table I: Signal and background cross sections [fb] for di↵erent stop masses. We assume BR(t̃ ! t�̃0
1) = 1.

Stops SM Ratio
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Figure 2: Top vs. anti-top transverse momenta for 400 GeV stop pairs (left) and the tt̄ background (center) at 8 TeV.
The right panel shows the ratio t̃ t̃⇤/tt̄.

To generate the signal sample we rely on Herwig++ [24] and assume stop masses of mt̃ = 350, 400, 450,
500, 600, and 700 GeV. We normalize their production cross section to the Prospino results at next-to-leading
order [3]. They range from 0.8 pb (mt̃ = 350 GeV) to 0.1 pb (500 GeV) as shown in Fig. 1. Resummation slightly
increases this rate further [22]. For all stop masses we choose the same lightest neutralino mass m�̃0

1
= 100 GeV.

Our Standard Model backgrounds are tt̄+jets, QCD jets, W+jets, Z+jets, and tt̄Z. We use Alp-
gen+Pythia [25, 26] to generate the corresponding samples. For all processes except for tt̄Z production
we use MLM matching [27] to simulate additional hard radiation. We match up to tt̄+2 jets, W+3 jets,
Z+4 jets, and 3� 5 jets for the QCD sample.

The leading tt̄+jets background sample we normalize to the approximate NNLO rate of 234 pb [23]. For the
subleading background channels we use the leading order normalization. The tt̄Z cross section at LO yields
21.5 fb, based on Alpgen including the Z ! ⌫⌫̄ branching ratio. Since the tt̄Z rate only becomes comparable
to the stop rate for mt̃

>⇠ 600 GeV we neglect this irreducible tt̄Z background. We have checked that for all
processes considered this does not a↵ect the quoted results.

Our analysis is based on a simple calorimeter simulation with granularity of 0.1 ⇥ 0.1 in (⌘,�). We sum
the four momentum of all particles in each cell and rescale the resulting three-momentum such as to make
the cells massless. The calorimeter cells are later on used as (fat)-jet constituents. Throughout this work
we use the Cambridge/Aachen (C/A) algorithm [28] with R = 1.5, as implemented in FastJet [29]. The
resulting fat jets are then used as input for the HEPTopTagger. Preliminary ATLAS analysis show that the
HEPTopTagger results are only very mildly a↵ected by detector e↵ects, underlying event, or pile-up [30].
For regular QCD jets use the same C/A algorithm with R = 0.5. When analyzing leptonic or semileptonic top
decays we require the leptons to be hard and isolated: pT,` > 20 GeV and ET,had < 0.1ET,` within R < 0.2
around the lepton.

p
s = 8 TeV t̃ t̃⇤ tt̄ �t̃ t̃⇤/�tt̄

mt̃[GeV] 350 400 450 500 600 700 400
at least one top with pT,t > 200 GeV 252.21 158.38 96.83 57.67 19.80 6.67 3.45 · 104 4.6 · 10�3

only one top with pT,t > 200 GeV 172.13 109.63 64.93 36.77 10.49 2.80 1.57 · 104 7.0 · 10�3

two tops with pT,t > 200 GeV 80.07 48.75 31.90 20.90 9.30 3.87 1.89 · 104 2.6 · 10�3

Table I: Signal and background cross sections [fb] for di↵erent stop masses. We assume BR(t̃ ! t�̃0
1) = 1.

6

To study ways out of this rate limitation we can turn to the top tagging e�ciencies. After requiring /pT >
100 GeV we show these e�ciencies in Tab. II. For the first (mis-)tag it ranges around 30% for the signal, 20%
for tt̄, and 1% to 2% for QCD jets, W+jets, and Z+jets. For the second tag the e�ciencies are around 10%
for the signal, 2% for tt̄, while QCD jets, W+jets, and Z+jets remain at 1 to 2%. The reason for this small tt̄
e�ciency is that in events with large missing momentum one of the tops has to decay leptonically. The second
tag then is a fake-top from the remaining b jet combined with hard QCD radiation. Hence the second top tag
is very helpful against the leading top pair background. Unfortunately due to the already small signal rate, the
second top tag does not increase the sensitivity significantly.

B. One top tag and one bottom tag

To improve the fully hadronic analysis presented in the last section we propose a search for one boosted top
and one b-tag in the recoiling softer top decay jets. As a starting point we apply a lepton veto and require
exactly one fat jet together with missing transverse momentum,

pT,j > 150 GeV and /pT > 100 GeV . (6)

One subjet inside the tagged top has to be b-tagged. In addition, we require a continuum b-tag which cannot
be a constituent of the tagged top. In Tab. III we see that after these two b-tags all backgrounds except for
top pair production are negligible.

To reduce the still overwhelming tt̄ background we construct a specific transverse mass variable from the
general form

mT (pvis, /~pT ) =
q
m2

vis + 2|/~pT |(ET,vis � pT,vis cos�) , (7)

where � is the angle between the transverse visible and missing momenta. In events with an isolated lepton
and missing momentum this variable is commonly used to reject leptonic W decays because mT is bounded
from above.

The main background in the no-lepton mode with large missing momentum comes from tt̄ events where one
top decays through a tau lepton. In these events large missing momentum can be induced by the neutrinos
from the W and ⌧ decays. To separate these events from the signal with its two neutralinos we construct the
transverse mass with a b-jet instead of the lepton, and require

m(b)
T ⌘ mT (pb, /~pT ) > 200 GeV. (8)

The left panel of Fig. 3 shows the normalized m(b)
T distributions for the signal and the tt̄ background. As

expected, there is an endpoint at mt for the background. As a cross check the thin dashed line shows the

m(b)
T distribution from the missing momentum and the bottom momentum from a leptonic top decay in semi-

leptonic tt̄ events. This parton level distribution shows good agreement with the background distribution from

the hadronic final state. We also tested a similar m(b)
T2, but the remaining number of signal events turns out to

be too small.

p
s = 8 TeV t̃ t̃⇤ tt̄ QCD W+jets Z+jets S/B S/

p
B10fb�1

mt̃[GeV] 350 400 450 500 600 700 400
` veto, nfat � 1 378 186 92.3 47.8 14.0 4.40 6.9 · 104 3.8 · 107 1.9 · 105 5.0 · 104 5 · 10�6 0.1
/~pT > 100 GeV 264 149 78.6 42.1 12.9 4.15 7.1 · 103 3.8 · 105 1.3 · 104 3.2 · 103 4 · 10�4 0.7
ntag � 1 48.8 32.6 19.9 12.0 4.29 1.54 959 2.7 · 103 106 57.3 9 · 10�3 1.7
ntag = 1, b-tag inside 13.0 8.57 5.34 3.14 1.15 0.42 322 26.4 1.05 0.57 0.024 1.4
additional b-tag 4.41 2.81 1.75 1.04 0.39 0.15 116 0.26 0.01 – 0.024 0.82

m(b)
T > 200 GeV 0.92 0.90 0.73 0.50 0.24 0.10 1.20 – – – 0.73 2.6

(⌧ rejection) 0.89 0.89 0.71 0.49 0.23 0.10 0.85 – – – 1.00 3.0

Table III: Analysis flow for one top tag and one b-tag. All numbers are given in fb. The symbol “–” denotes less than
0.01 fb. In the last line we illustrate the potential of a 100% e�cient tau veto.

Stops SM Ratio
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Figure 2: Top vs. anti-top transverse momenta for 400 GeV stop pairs (left) and the tt̄ background (center) at 8 TeV.
The right panel shows the ratio t̃ t̃⇤/tt̄.

To generate the signal sample we rely on Herwig++ [24] and assume stop masses of mt̃ = 350, 400, 450,
500, 600, and 700 GeV. We normalize their production cross section to the Prospino results at next-to-leading
order [3]. They range from 0.8 pb (mt̃ = 350 GeV) to 0.1 pb (500 GeV) as shown in Fig. 1. Resummation slightly
increases this rate further [22]. For all stop masses we choose the same lightest neutralino mass m�̃0

1
= 100 GeV.

Our Standard Model backgrounds are tt̄+jets, QCD jets, W+jets, Z+jets, and tt̄Z. We use Alp-
gen+Pythia [25, 26] to generate the corresponding samples. For all processes except for tt̄Z production
we use MLM matching [27] to simulate additional hard radiation. We match up to tt̄+2 jets, W+3 jets,
Z+4 jets, and 3� 5 jets for the QCD sample.

The leading tt̄+jets background sample we normalize to the approximate NNLO rate of 234 pb [23]. For the
subleading background channels we use the leading order normalization. The tt̄Z cross section at LO yields
21.5 fb, based on Alpgen including the Z ! ⌫⌫̄ branching ratio. Since the tt̄Z rate only becomes comparable
to the stop rate for mt̃

>⇠ 600 GeV we neglect this irreducible tt̄Z background. We have checked that for all
processes considered this does not a↵ect the quoted results.

Our analysis is based on a simple calorimeter simulation with granularity of 0.1 ⇥ 0.1 in (⌘,�). We sum
the four momentum of all particles in each cell and rescale the resulting three-momentum such as to make
the cells massless. The calorimeter cells are later on used as (fat)-jet constituents. Throughout this work
we use the Cambridge/Aachen (C/A) algorithm [28] with R = 1.5, as implemented in FastJet [29]. The
resulting fat jets are then used as input for the HEPTopTagger. Preliminary ATLAS analysis show that the
HEPTopTagger results are only very mildly a↵ected by detector e↵ects, underlying event, or pile-up [30].
For regular QCD jets use the same C/A algorithm with R = 0.5. When analyzing leptonic or semileptonic top
decays we require the leptons to be hard and isolated: pT,` > 20 GeV and ET,had < 0.1ET,` within R < 0.2
around the lepton.

p
s = 8 TeV t̃ t̃⇤ tt̄ �t̃ t̃⇤/�tt̄

mt̃[GeV] 350 400 450 500 600 700 400
at least one top with pT,t > 200 GeV 252.21 158.38 96.83 57.67 19.80 6.67 3.45 · 104 4.6 · 10�3

only one top with pT,t > 200 GeV 172.13 109.63 64.93 36.77 10.49 2.80 1.57 · 104 7.0 · 10�3

two tops with pT,t > 200 GeV 80.07 48.75 31.90 20.90 9.30 3.87 1.89 · 104 2.6 · 10�3

Table I: Signal and background cross sections [fb] for di↵erent stop masses. We assume BR(t̃ ! t�̃0
1) = 1.

6

To study ways out of this rate limitation we can turn to the top tagging e�ciencies. After requiring /pT >
100 GeV we show these e�ciencies in Tab. II. For the first (mis-)tag it ranges around 30% for the signal, 20%
for tt̄, and 1% to 2% for QCD jets, W+jets, and Z+jets. For the second tag the e�ciencies are around 10%
for the signal, 2% for tt̄, while QCD jets, W+jets, and Z+jets remain at 1 to 2%. The reason for this small tt̄
e�ciency is that in events with large missing momentum one of the tops has to decay leptonically. The second
tag then is a fake-top from the remaining b jet combined with hard QCD radiation. Hence the second top tag
is very helpful against the leading top pair background. Unfortunately due to the already small signal rate, the
second top tag does not increase the sensitivity significantly.

B. One top tag and one bottom tag

To improve the fully hadronic analysis presented in the last section we propose a search for one boosted top
and one b-tag in the recoiling softer top decay jets. As a starting point we apply a lepton veto and require
exactly one fat jet together with missing transverse momentum,

pT,j > 150 GeV and /pT > 100 GeV . (6)

One subjet inside the tagged top has to be b-tagged. In addition, we require a continuum b-tag which cannot
be a constituent of the tagged top. In Tab. III we see that after these two b-tags all backgrounds except for
top pair production are negligible.

To reduce the still overwhelming tt̄ background we construct a specific transverse mass variable from the
general form

mT (pvis, /~pT ) =
q
m2

vis + 2|/~pT |(ET,vis � pT,vis cos�) , (7)

where � is the angle between the transverse visible and missing momenta. In events with an isolated lepton
and missing momentum this variable is commonly used to reject leptonic W decays because mT is bounded
from above.

The main background in the no-lepton mode with large missing momentum comes from tt̄ events where one
top decays through a tau lepton. In these events large missing momentum can be induced by the neutrinos
from the W and ⌧ decays. To separate these events from the signal with its two neutralinos we construct the
transverse mass with a b-jet instead of the lepton, and require

m(b)
T ⌘ mT (pb, /~pT ) > 200 GeV. (8)

The left panel of Fig. 3 shows the normalized m(b)
T distributions for the signal and the tt̄ background. As

expected, there is an endpoint at mt for the background. As a cross check the thin dashed line shows the

m(b)
T distribution from the missing momentum and the bottom momentum from a leptonic top decay in semi-

leptonic tt̄ events. This parton level distribution shows good agreement with the background distribution from

the hadronic final state. We also tested a similar m(b)
T2, but the remaining number of signal events turns out to

be too small.

p
s = 8 TeV t̃ t̃⇤ tt̄ QCD W+jets Z+jets S/B S/

p
B10fb�1

mt̃[GeV] 350 400 450 500 600 700 400
` veto, nfat � 1 378 186 92.3 47.8 14.0 4.40 6.9 · 104 3.8 · 107 1.9 · 105 5.0 · 104 5 · 10�6 0.1
/~pT > 100 GeV 264 149 78.6 42.1 12.9 4.15 7.1 · 103 3.8 · 105 1.3 · 104 3.2 · 103 4 · 10�4 0.7
ntag � 1 48.8 32.6 19.9 12.0 4.29 1.54 959 2.7 · 103 106 57.3 9 · 10�3 1.7
ntag = 1, b-tag inside 13.0 8.57 5.34 3.14 1.15 0.42 322 26.4 1.05 0.57 0.024 1.4
additional b-tag 4.41 2.81 1.75 1.04 0.39 0.15 116 0.26 0.01 – 0.024 0.82

m(b)
T > 200 GeV 0.92 0.90 0.73 0.50 0.24 0.10 1.20 – – – 0.73 2.6

(⌧ rejection) 0.89 0.89 0.71 0.49 0.23 0.10 0.85 – – – 1.00 3.0

Table III: Analysis flow for one top tag and one b-tag. All numbers are given in fb. The symbol “–” denotes less than
0.01 fb. In the last line we illustrate the potential of a 100% e�cient tau veto.

Stops SM Ratio
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Figure 2: Top vs. anti-top transverse momenta for 400 GeV stop pairs (left) and the tt̄ background (center) at 8 TeV.
The right panel shows the ratio t̃ t̃⇤/tt̄.

To generate the signal sample we rely on Herwig++ [24] and assume stop masses of mt̃ = 350, 400, 450,
500, 600, and 700 GeV. We normalize their production cross section to the Prospino results at next-to-leading
order [3]. They range from 0.8 pb (mt̃ = 350 GeV) to 0.1 pb (500 GeV) as shown in Fig. 1. Resummation slightly
increases this rate further [22]. For all stop masses we choose the same lightest neutralino mass m�̃0

1
= 100 GeV.

Our Standard Model backgrounds are tt̄+jets, QCD jets, W+jets, Z+jets, and tt̄Z. We use Alp-
gen+Pythia [25, 26] to generate the corresponding samples. For all processes except for tt̄Z production
we use MLM matching [27] to simulate additional hard radiation. We match up to tt̄+2 jets, W+3 jets,
Z+4 jets, and 3� 5 jets for the QCD sample.

The leading tt̄+jets background sample we normalize to the approximate NNLO rate of 234 pb [23]. For the
subleading background channels we use the leading order normalization. The tt̄Z cross section at LO yields
21.5 fb, based on Alpgen including the Z ! ⌫⌫̄ branching ratio. Since the tt̄Z rate only becomes comparable
to the stop rate for mt̃

>⇠ 600 GeV we neglect this irreducible tt̄Z background. We have checked that for all
processes considered this does not a↵ect the quoted results.

Our analysis is based on a simple calorimeter simulation with granularity of 0.1 ⇥ 0.1 in (⌘,�). We sum
the four momentum of all particles in each cell and rescale the resulting three-momentum such as to make
the cells massless. The calorimeter cells are later on used as (fat)-jet constituents. Throughout this work
we use the Cambridge/Aachen (C/A) algorithm [28] with R = 1.5, as implemented in FastJet [29]. The
resulting fat jets are then used as input for the HEPTopTagger. Preliminary ATLAS analysis show that the
HEPTopTagger results are only very mildly a↵ected by detector e↵ects, underlying event, or pile-up [30].
For regular QCD jets use the same C/A algorithm with R = 0.5. When analyzing leptonic or semileptonic top
decays we require the leptons to be hard and isolated: pT,` > 20 GeV and ET,had < 0.1ET,` within R < 0.2
around the lepton.

p
s = 8 TeV t̃ t̃⇤ tt̄ �t̃ t̃⇤/�tt̄

mt̃[GeV] 350 400 450 500 600 700 400
at least one top with pT,t > 200 GeV 252.21 158.38 96.83 57.67 19.80 6.67 3.45 · 104 4.6 · 10�3

only one top with pT,t > 200 GeV 172.13 109.63 64.93 36.77 10.49 2.80 1.57 · 104 7.0 · 10�3

two tops with pT,t > 200 GeV 80.07 48.75 31.90 20.90 9.30 3.87 1.89 · 104 2.6 · 10�3

Table I: Signal and background cross sections [fb] for di↵erent stop masses. We assume BR(t̃ ! t�̃0
1) = 1.

6

To study ways out of this rate limitation we can turn to the top tagging e�ciencies. After requiring /pT >
100 GeV we show these e�ciencies in Tab. II. For the first (mis-)tag it ranges around 30% for the signal, 20%
for tt̄, and 1% to 2% for QCD jets, W+jets, and Z+jets. For the second tag the e�ciencies are around 10%
for the signal, 2% for tt̄, while QCD jets, W+jets, and Z+jets remain at 1 to 2%. The reason for this small tt̄
e�ciency is that in events with large missing momentum one of the tops has to decay leptonically. The second
tag then is a fake-top from the remaining b jet combined with hard QCD radiation. Hence the second top tag
is very helpful against the leading top pair background. Unfortunately due to the already small signal rate, the
second top tag does not increase the sensitivity significantly.

B. One top tag and one bottom tag

To improve the fully hadronic analysis presented in the last section we propose a search for one boosted top
and one b-tag in the recoiling softer top decay jets. As a starting point we apply a lepton veto and require
exactly one fat jet together with missing transverse momentum,

pT,j > 150 GeV and /pT > 100 GeV . (6)

One subjet inside the tagged top has to be b-tagged. In addition, we require a continuum b-tag which cannot
be a constituent of the tagged top. In Tab. III we see that after these two b-tags all backgrounds except for
top pair production are negligible.

To reduce the still overwhelming tt̄ background we construct a specific transverse mass variable from the
general form

mT (pvis, /~pT ) =
q
m2

vis + 2|/~pT |(ET,vis � pT,vis cos�) , (7)

where � is the angle between the transverse visible and missing momenta. In events with an isolated lepton
and missing momentum this variable is commonly used to reject leptonic W decays because mT is bounded
from above.

The main background in the no-lepton mode with large missing momentum comes from tt̄ events where one
top decays through a tau lepton. In these events large missing momentum can be induced by the neutrinos
from the W and ⌧ decays. To separate these events from the signal with its two neutralinos we construct the
transverse mass with a b-jet instead of the lepton, and require

m(b)
T ⌘ mT (pb, /~pT ) > 200 GeV. (8)

The left panel of Fig. 3 shows the normalized m(b)
T distributions for the signal and the tt̄ background. As

expected, there is an endpoint at mt for the background. As a cross check the thin dashed line shows the

m(b)
T distribution from the missing momentum and the bottom momentum from a leptonic top decay in semi-

leptonic tt̄ events. This parton level distribution shows good agreement with the background distribution from

the hadronic final state. We also tested a similar m(b)
T2, but the remaining number of signal events turns out to

be too small.

p
s = 8 TeV t̃ t̃⇤ tt̄ QCD W+jets Z+jets S/B S/

p
B10fb�1

mt̃[GeV] 350 400 450 500 600 700 400
` veto, nfat � 1 378 186 92.3 47.8 14.0 4.40 6.9 · 104 3.8 · 107 1.9 · 105 5.0 · 104 5 · 10�6 0.1
/~pT > 100 GeV 264 149 78.6 42.1 12.9 4.15 7.1 · 103 3.8 · 105 1.3 · 104 3.2 · 103 4 · 10�4 0.7
ntag � 1 48.8 32.6 19.9 12.0 4.29 1.54 959 2.7 · 103 106 57.3 9 · 10�3 1.7
ntag = 1, b-tag inside 13.0 8.57 5.34 3.14 1.15 0.42 322 26.4 1.05 0.57 0.024 1.4
additional b-tag 4.41 2.81 1.75 1.04 0.39 0.15 116 0.26 0.01 – 0.024 0.82

m(b)
T > 200 GeV 0.92 0.90 0.73 0.50 0.24 0.10 1.20 – – – 0.73 2.6

(⌧ rejection) 0.89 0.89 0.71 0.49 0.23 0.10 0.85 – – – 1.00 3.0

Table III: Analysis flow for one top tag and one b-tag. All numbers are given in fb. The symbol “–” denotes less than
0.01 fb. In the last line we illustrate the potential of a 100% e�cient tau veto.

Stops SM Ratio
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Figure 3: Left: m(b)
T distribution for the hadronic signal (solid) and the tt̄ background (dashed). The thin dashed line

shows tt̄ semi-leptonic events at parton level. Right: mT distribution for the signal, for the semi-leptonic top pairs and
for di-leptonic top pairs. The distributions are based on events which have exactly one lepton (e, µ) in the final state.

After this final m(b)
T cut all signal and background rates shown in Tab. III are again at the fb level. For

a 400 GeV stop we find S/B = 0.73 and S/
p
B = 2.6 with 10 fb�1 of data. Because we know the origin of

the remaining tt̄ events we could further improve the results by rejecting tau leptons. Just to illustrate the
potential of such a requirement, we assume a 100% e�ciency for tau rejection in the last line of Tab. III.

C. One top tag and one lepton

Following the previous section, events with one boosted and one non-boosted top are well suited to extract
stop pairs from Standard Model backgrounds. An obvious question then becomes what happens if the softer
of the two tops decays leptonically,

pp ! t̃t̃⇤ ! (t�̃0
1) (t̄�̃

0
1) ! (b`+⌫�̃0

1) (b̄jj�̃
0
1) + (bjj�̃0

1) (b̄`
�⌫̄�̃0

1). (9)

This time we require one isolated lepton, a sizable amount of missing energy and one fat jet with a top tag. In
Table IV we see that the tt̄ background is still overwhelming. The reason is a significant fraction of semi-leptonic
tt̄ events passing these cuts.

The transverse mass, Eq.(7), has an upper kinematic endpoint for events where the missing energy comes
from leptonic W decays. To e�ciently reject leptonic top pair events as well as any kind of W events we
require [32]

mT > 150 GeV . (10)

p
s = 8 TeV t̃ t̃⇤ tt̄ tt̄Z W+jets S/B S/

p
B10fb�1

mt̃[GeV] 350 400 450 500 600 700 400
cross section [fb] 760 337 160 80.5 23.0 7.19 2.3 · 105 21.5 1.6 · 106
n` = 1 241 108 52.3 26.5 7.58 2.39 6.9 · 104 6.24 2.8 · 105
nfat � 1 145 76.5 40.6 22.1 6.83 2.24 2.4 · 104 3.21 3.7 · 104
/~pT > 100 GeV 104 61.5 34.8 19.5 6.28 2.11 5631 2.20 8547
ntag = 1 13.1 9.02 5.80 3.60 1.33 0.50 789 0.33 80.5 0.01 1.0
mT > 150 GeV 4.63 4.27 3.25 2.19 0.94 0.38 3.28 0.10 0.99 1.0 6.5
b-tag inside top 1.47 1.38 1.06 0.70 0.31 0.13 0.63 0.03 – 2.1 5.4

Table IV: Analysis flow for one top tag and one lepton. All numbers given in fb. The symbol “–” denotes less than
0.01 fb.
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Figure 4: Normalized m``
T2 distributions for the stop signal and the tt̄ background. The light dotted line for the tt̄

background includes a Gaussian smearing of the missing energy.

Surprisingly, a non-negligible number of tt̄ events survives this cut. Similarly to the last section, purely leptonic
top pairs can fake a top tag from the b jets and additional QCD radiation. The right panel of Fig. 3 shows the
normalized mT distributions for the signal, for semi-leptonic tt̄ events, and for purely leptonic tt̄ events.

After imposing all the above cuts we arrive at a promising signal-to-background ratio of S/B = 1 and a
significance of S/

p
B = 6.5 for 10 fb�1 of 8 TeV running. Unlike the hadronic channels this analysis does not

require a b inside or outside the top tag. However, if we are willing to pay the price in available rate we can
apply the usual b-tag among the top tag constituents.

D. Two leptons

Until now, all our stop pair analyses involve one boosted hadronic top decay which we identify and reconstruct
using a top tagger. If we loosen our requirements on event reconstruction we can of course search for top pairs
in purely leptonic top pairs,

pp ! t̃t̃⇤ ! (t�̃0
1) (t̄�̃

0
1) ! (b`+⌫�̃0

1) (b̄`
�⌫�̃0

1) . (11)

This di-lepton channel turns out to have the largest reach in finding or ruling out anomalies in the top sector.
On the other hand, in the absence of any reconstructed mass a deviation from the Standard Model cannot
confirm the existence of top partners. Therefore, we consider the di-lepton channel a very powerful tool to
confirm and statistically support any anomaly found in one of the hadronic channels.

The previous sections show that the transverse massmT with a lepton or a b-jet momentum e�ciently reduces
semi-leptonic tt̄ backgrounds. For events with two sources of missing energy a better-suited variable is [20]

m``
T2 = min

/~pT=/p1+/p2

[max (mT (p`1 , /p1),mT (p`2 , /p2))] . (12)

p
s = 8 TeV t̃ t̃⇤ tt̄ tt̄Z S/B S/

p
B10fb�1

mt̃[GeV] 350 400 450 500 600 700 400

n` = 2 31.0 14.3 7.07 3.58 1.04 0.33 7651 n.a.
/~pT > 100GeV 19.0 9.99 5.40 2.94 0.91 0.30 1313 0.35
m``

T2 > 100 GeV 6.05 4.30 2.70 1.65 0.56 0.20 0.65 (0.79) 0.09 5.8 (4.9) 15.8 (14.5)
m``

T2 > 150 GeV 0.81 1.21 1.06 0.81 0.34 0.14 0.00 (0.03) 0.02 n.a. n.a.

Table V: Analysis flow for the di-lepton mode. All numbers are given in fb. The tt̄Z numbers are shown including the
decay Z ! ⌫⌫̄. The number in parentheses include a smeared transverse momentum measurement.
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Figure 3: Left: m(b)
T distribution for the hadronic signal (solid) and the tt̄ background (dashed). The thin dashed line

shows tt̄ semi-leptonic events at parton level. Right: mT distribution for the signal, for the semi-leptonic top pairs and
for di-leptonic top pairs. The distributions are based on events which have exactly one lepton (e, µ) in the final state.

After this final m(b)
T cut all signal and background rates shown in Tab. III are again at the fb level. For

a 400 GeV stop we find S/B = 0.73 and S/
p
B = 2.6 with 10 fb�1 of data. Because we know the origin of

the remaining tt̄ events we could further improve the results by rejecting tau leptons. Just to illustrate the
potential of such a requirement, we assume a 100% e�ciency for tau rejection in the last line of Tab. III.

C. One top tag and one lepton

Following the previous section, events with one boosted and one non-boosted top are well suited to extract
stop pairs from Standard Model backgrounds. An obvious question then becomes what happens if the softer
of the two tops decays leptonically,

pp ! t̃t̃⇤ ! (t�̃0
1) (t̄�̃

0
1) ! (b`+⌫�̃0

1) (b̄jj�̃
0
1) + (bjj�̃0

1) (b̄`
�⌫̄�̃0

1). (9)

This time we require one isolated lepton, a sizable amount of missing energy and one fat jet with a top tag. In
Table IV we see that the tt̄ background is still overwhelming. The reason is a significant fraction of semi-leptonic
tt̄ events passing these cuts.

The transverse mass, Eq.(7), has an upper kinematic endpoint for events where the missing energy comes
from leptonic W decays. To e�ciently reject leptonic top pair events as well as any kind of W events we
require [32]

mT > 150 GeV . (10)

p
s = 8 TeV t̃ t̃⇤ tt̄ tt̄Z W+jets S/B S/

p
B10fb�1

mt̃[GeV] 350 400 450 500 600 700 400
cross section [fb] 760 337 160 80.5 23.0 7.19 2.3 · 105 21.5 1.6 · 106
n` = 1 241 108 52.3 26.5 7.58 2.39 6.9 · 104 6.24 2.8 · 105
nfat � 1 145 76.5 40.6 22.1 6.83 2.24 2.4 · 104 3.21 3.7 · 104
/~pT > 100 GeV 104 61.5 34.8 19.5 6.28 2.11 5631 2.20 8547
ntag = 1 13.1 9.02 5.80 3.60 1.33 0.50 789 0.33 80.5 0.01 1.0
mT > 150 GeV 4.63 4.27 3.25 2.19 0.94 0.38 3.28 0.10 0.99 1.0 6.5
b-tag inside top 1.47 1.38 1.06 0.70 0.31 0.13 0.63 0.03 – 2.1 5.4

Table IV: Analysis flow for one top tag and one lepton. All numbers given in fb. The symbol “–” denotes less than
0.01 fb.
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Figure 4: Normalized m``
T2 distributions for the stop signal and the tt̄ background. The light dotted line for the tt̄

background includes a Gaussian smearing of the missing energy.

Surprisingly, a non-negligible number of tt̄ events survives this cut. Similarly to the last section, purely leptonic
top pairs can fake a top tag from the b jets and additional QCD radiation. The right panel of Fig. 3 shows the
normalized mT distributions for the signal, for semi-leptonic tt̄ events, and for purely leptonic tt̄ events.

After imposing all the above cuts we arrive at a promising signal-to-background ratio of S/B = 1 and a
significance of S/

p
B = 6.5 for 10 fb�1 of 8 TeV running. Unlike the hadronic channels this analysis does not

require a b inside or outside the top tag. However, if we are willing to pay the price in available rate we can
apply the usual b-tag among the top tag constituents.

D. Two leptons

Until now, all our stop pair analyses involve one boosted hadronic top decay which we identify and reconstruct
using a top tagger. If we loosen our requirements on event reconstruction we can of course search for top pairs
in purely leptonic top pairs,

pp ! t̃t̃⇤ ! (t�̃0
1) (t̄�̃

0
1) ! (b`+⌫�̃0

1) (b̄`
�⌫�̃0

1) . (11)

This di-lepton channel turns out to have the largest reach in finding or ruling out anomalies in the top sector.
On the other hand, in the absence of any reconstructed mass a deviation from the Standard Model cannot
confirm the existence of top partners. Therefore, we consider the di-lepton channel a very powerful tool to
confirm and statistically support any anomaly found in one of the hadronic channels.

The previous sections show that the transverse massmT with a lepton or a b-jet momentum e�ciently reduces
semi-leptonic tt̄ backgrounds. For events with two sources of missing energy a better-suited variable is [20]

m``
T2 = min

/~pT=/p1+/p2

[max (mT (p`1 , /p1),mT (p`2 , /p2))] . (12)

p
s = 8 TeV t̃ t̃⇤ tt̄ tt̄Z S/B S/

p
B10fb�1

mt̃[GeV] 350 400 450 500 600 700 400

n` = 2 31.0 14.3 7.07 3.58 1.04 0.33 7651 n.a.
/~pT > 100GeV 19.0 9.99 5.40 2.94 0.91 0.30 1313 0.35
m``

T2 > 100 GeV 6.05 4.30 2.70 1.65 0.56 0.20 0.65 (0.79) 0.09 5.8 (4.9) 15.8 (14.5)
m``

T2 > 150 GeV 0.81 1.21 1.06 0.81 0.34 0.14 0.00 (0.03) 0.02 n.a. n.a.

Table V: Analysis flow for the di-lepton mode. All numbers are given in fb. The tt̄Z numbers are shown including the
decay Z ! ⌫⌫̄. The number in parentheses include a smeared transverse momentum measurement.
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Figure 3: Left: m(b)
T distribution for the hadronic signal (solid) and the tt̄ background (dashed). The thin dashed line

shows tt̄ semi-leptonic events at parton level. Right: mT distribution for the signal, for the semi-leptonic top pairs and
for di-leptonic top pairs. The distributions are based on events which have exactly one lepton (e, µ) in the final state.

After this final m(b)
T cut all signal and background rates shown in Tab. III are again at the fb level. For

a 400 GeV stop we find S/B = 0.73 and S/
p
B = 2.6 with 10 fb�1 of data. Because we know the origin of

the remaining tt̄ events we could further improve the results by rejecting tau leptons. Just to illustrate the
potential of such a requirement, we assume a 100% e�ciency for tau rejection in the last line of Tab. III.

C. One top tag and one lepton

Following the previous section, events with one boosted and one non-boosted top are well suited to extract
stop pairs from Standard Model backgrounds. An obvious question then becomes what happens if the softer
of the two tops decays leptonically,

pp ! t̃t̃⇤ ! (t�̃0
1) (t̄�̃

0
1) ! (b`+⌫�̃0

1) (b̄jj�̃
0
1) + (bjj�̃0

1) (b̄`
�⌫̄�̃0

1). (9)

This time we require one isolated lepton, a sizable amount of missing energy and one fat jet with a top tag. In
Table IV we see that the tt̄ background is still overwhelming. The reason is a significant fraction of semi-leptonic
tt̄ events passing these cuts.

The transverse mass, Eq.(7), has an upper kinematic endpoint for events where the missing energy comes
from leptonic W decays. To e�ciently reject leptonic top pair events as well as any kind of W events we
require [32]

mT > 150 GeV . (10)

p
s = 8 TeV t̃ t̃⇤ tt̄ tt̄Z W+jets S/B S/

p
B10fb�1

mt̃[GeV] 350 400 450 500 600 700 400
cross section [fb] 760 337 160 80.5 23.0 7.19 2.3 · 105 21.5 1.6 · 106
n` = 1 241 108 52.3 26.5 7.58 2.39 6.9 · 104 6.24 2.8 · 105
nfat � 1 145 76.5 40.6 22.1 6.83 2.24 2.4 · 104 3.21 3.7 · 104
/~pT > 100 GeV 104 61.5 34.8 19.5 6.28 2.11 5631 2.20 8547
ntag = 1 13.1 9.02 5.80 3.60 1.33 0.50 789 0.33 80.5 0.01 1.0
mT > 150 GeV 4.63 4.27 3.25 2.19 0.94 0.38 3.28 0.10 0.99 1.0 6.5
b-tag inside top 1.47 1.38 1.06 0.70 0.31 0.13 0.63 0.03 – 2.1 5.4

Table IV: Analysis flow for one top tag and one lepton. All numbers given in fb. The symbol “–” denotes less than
0.01 fb.
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Figure 4: Normalized m``
T2 distributions for the stop signal and the tt̄ background. The light dotted line for the tt̄

background includes a Gaussian smearing of the missing energy.

Surprisingly, a non-negligible number of tt̄ events survives this cut. Similarly to the last section, purely leptonic
top pairs can fake a top tag from the b jets and additional QCD radiation. The right panel of Fig. 3 shows the
normalized mT distributions for the signal, for semi-leptonic tt̄ events, and for purely leptonic tt̄ events.

After imposing all the above cuts we arrive at a promising signal-to-background ratio of S/B = 1 and a
significance of S/

p
B = 6.5 for 10 fb�1 of 8 TeV running. Unlike the hadronic channels this analysis does not

require a b inside or outside the top tag. However, if we are willing to pay the price in available rate we can
apply the usual b-tag among the top tag constituents.

D. Two leptons

Until now, all our stop pair analyses involve one boosted hadronic top decay which we identify and reconstruct
using a top tagger. If we loosen our requirements on event reconstruction we can of course search for top pairs
in purely leptonic top pairs,

pp ! t̃t̃⇤ ! (t�̃0
1) (t̄�̃

0
1) ! (b`+⌫�̃0

1) (b̄`
�⌫�̃0

1) . (11)

This di-lepton channel turns out to have the largest reach in finding or ruling out anomalies in the top sector.
On the other hand, in the absence of any reconstructed mass a deviation from the Standard Model cannot
confirm the existence of top partners. Therefore, we consider the di-lepton channel a very powerful tool to
confirm and statistically support any anomaly found in one of the hadronic channels.

The previous sections show that the transverse massmT with a lepton or a b-jet momentum e�ciently reduces
semi-leptonic tt̄ backgrounds. For events with two sources of missing energy a better-suited variable is [20]

m``
T2 = min

/~pT=/p1+/p2

[max (mT (p`1 , /p1),mT (p`2 , /p2))] . (12)

p
s = 8 TeV t̃ t̃⇤ tt̄ tt̄Z S/B S/

p
B10fb�1

mt̃[GeV] 350 400 450 500 600 700 400

n` = 2 31.0 14.3 7.07 3.58 1.04 0.33 7651 n.a.
/~pT > 100GeV 19.0 9.99 5.40 2.94 0.91 0.30 1313 0.35
m``

T2 > 100 GeV 6.05 4.30 2.70 1.65 0.56 0.20 0.65 (0.79) 0.09 5.8 (4.9) 15.8 (14.5)
m``

T2 > 150 GeV 0.81 1.21 1.06 0.81 0.34 0.14 0.00 (0.03) 0.02 n.a. n.a.

Table V: Analysis flow for the di-lepton mode. All numbers are given in fb. The tt̄Z numbers are shown including the
decay Z ! ⌫⌫̄. The number in parentheses include a smeared transverse momentum measurement.
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Figure 3: Left: m(b)
T distribution for the hadronic signal (solid) and the tt̄ background (dashed). The thin dashed line

shows tt̄ semi-leptonic events at parton level. Right: mT distribution for the signal, for the semi-leptonic top pairs and
for di-leptonic top pairs. The distributions are based on events which have exactly one lepton (e, µ) in the final state.

After this final m(b)
T cut all signal and background rates shown in Tab. III are again at the fb level. For

a 400 GeV stop we find S/B = 0.73 and S/
p
B = 2.6 with 10 fb�1 of data. Because we know the origin of

the remaining tt̄ events we could further improve the results by rejecting tau leptons. Just to illustrate the
potential of such a requirement, we assume a 100% e�ciency for tau rejection in the last line of Tab. III.

C. One top tag and one lepton

Following the previous section, events with one boosted and one non-boosted top are well suited to extract
stop pairs from Standard Model backgrounds. An obvious question then becomes what happens if the softer
of the two tops decays leptonically,

pp ! t̃t̃⇤ ! (t�̃0
1) (t̄�̃

0
1) ! (b`+⌫�̃0

1) (b̄jj�̃
0
1) + (bjj�̃0

1) (b̄`
�⌫̄�̃0

1). (9)

This time we require one isolated lepton, a sizable amount of missing energy and one fat jet with a top tag. In
Table IV we see that the tt̄ background is still overwhelming. The reason is a significant fraction of semi-leptonic
tt̄ events passing these cuts.

The transverse mass, Eq.(7), has an upper kinematic endpoint for events where the missing energy comes
from leptonic W decays. To e�ciently reject leptonic top pair events as well as any kind of W events we
require [32]

mT > 150 GeV . (10)

p
s = 8 TeV t̃ t̃⇤ tt̄ tt̄Z W+jets S/B S/

p
B10fb�1

mt̃[GeV] 350 400 450 500 600 700 400
cross section [fb] 760 337 160 80.5 23.0 7.19 2.3 · 105 21.5 1.6 · 106
n` = 1 241 108 52.3 26.5 7.58 2.39 6.9 · 104 6.24 2.8 · 105
nfat � 1 145 76.5 40.6 22.1 6.83 2.24 2.4 · 104 3.21 3.7 · 104
/~pT > 100 GeV 104 61.5 34.8 19.5 6.28 2.11 5631 2.20 8547
ntag = 1 13.1 9.02 5.80 3.60 1.33 0.50 789 0.33 80.5 0.01 1.0
mT > 150 GeV 4.63 4.27 3.25 2.19 0.94 0.38 3.28 0.10 0.99 1.0 6.5
b-tag inside top 1.47 1.38 1.06 0.70 0.31 0.13 0.63 0.03 – 2.1 5.4

Table IV: Analysis flow for one top tag and one lepton. All numbers given in fb. The symbol “–” denotes less than
0.01 fb.
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Figure 4: Normalized m``
T2 distributions for the stop signal and the tt̄ background. The light dotted line for the tt̄

background includes a Gaussian smearing of the missing energy.

Surprisingly, a non-negligible number of tt̄ events survives this cut. Similarly to the last section, purely leptonic
top pairs can fake a top tag from the b jets and additional QCD radiation. The right panel of Fig. 3 shows the
normalized mT distributions for the signal, for semi-leptonic tt̄ events, and for purely leptonic tt̄ events.

After imposing all the above cuts we arrive at a promising signal-to-background ratio of S/B = 1 and a
significance of S/

p
B = 6.5 for 10 fb�1 of 8 TeV running. Unlike the hadronic channels this analysis does not

require a b inside or outside the top tag. However, if we are willing to pay the price in available rate we can
apply the usual b-tag among the top tag constituents.

D. Two leptons

Until now, all our stop pair analyses involve one boosted hadronic top decay which we identify and reconstruct
using a top tagger. If we loosen our requirements on event reconstruction we can of course search for top pairs
in purely leptonic top pairs,

pp ! t̃t̃⇤ ! (t�̃0
1) (t̄�̃

0
1) ! (b`+⌫�̃0

1) (b̄`
�⌫�̃0

1) . (11)

This di-lepton channel turns out to have the largest reach in finding or ruling out anomalies in the top sector.
On the other hand, in the absence of any reconstructed mass a deviation from the Standard Model cannot
confirm the existence of top partners. Therefore, we consider the di-lepton channel a very powerful tool to
confirm and statistically support any anomaly found in one of the hadronic channels.

The previous sections show that the transverse massmT with a lepton or a b-jet momentum e�ciently reduces
semi-leptonic tt̄ backgrounds. For events with two sources of missing energy a better-suited variable is [20]

m``
T2 = min

/~pT=/p1+/p2

[max (mT (p`1 , /p1),mT (p`2 , /p2))] . (12)

p
s = 8 TeV t̃ t̃⇤ tt̄ tt̄Z S/B S/

p
B10fb�1

mt̃[GeV] 350 400 450 500 600 700 400

n` = 2 31.0 14.3 7.07 3.58 1.04 0.33 7651 n.a.
/~pT > 100GeV 19.0 9.99 5.40 2.94 0.91 0.30 1313 0.35
m``

T2 > 100 GeV 6.05 4.30 2.70 1.65 0.56 0.20 0.65 (0.79) 0.09 5.8 (4.9) 15.8 (14.5)
m``

T2 > 150 GeV 0.81 1.21 1.06 0.81 0.34 0.14 0.00 (0.03) 0.02 n.a. n.a.

Table V: Analysis flow for the di-lepton mode. All numbers are given in fb. The tt̄Z numbers are shown including the
decay Z ! ⌫⌫̄. The number in parentheses include a smeared transverse momentum measurement.See also:                           

Cao, Han, Wu, Yan, Zhang, 1206.3865. Dutta, Teruki, Kamon, Kolev, Sinha, Wang, 1207.1873. 
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                            CDF  1203.4171

ATLAS ICHEP searches

Various LHC searches ongoing
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Stop mass near top mass recently studied Han, Katz, Krohn, Reece, 1205.5808
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Figure 6: ��(`+, `�) for tt̄ production, t̃¯̃t production, and tt̄ production with spin correlation
turned o↵ (i.e., the di↵erential rates for production and decay are factorized and we randomize the
top helicities in between). Notice that, from the point of view of this variable, stops are essentially
the same as spin-uncorrelated tops. Also, polarization e↵ects are small, as left- and right-handed
stops have the same distribution.

hypothesis that a spin-correlated tt̄ sample has O(10%) contamination from scalar events,

which approximately look like spin-uncorrelated tops.3

When the LSPs are soft, stop events are similar to top pair events without correlation.

This is illustrated in Figure 6, which shows one distribution, ��(`+, `�), which is sensitive

to spin correlations, and for which stops look like tops with spin correlation turned o↵. We

have calculated the observable for tops with MC@NLO [72, 73] at parton level, and checked

that corrections from varying the top mass and the renormalization and factorization scales

are small relative to the shift that would arise from adding a sample of stops to the tops.

This observable has been studied by ATLAS to probe the existence of spin correlations in

tt̄ production, but so far only in early data and with rather large error bars [74].

In order to confirm the SM top pair spin correlation Ref. [45] proposed a method using

full matrix elements with and without spin correlation. This method has been implemented

experimentally in Tevatron searches [75, 76], which observed evidence for spin correlation

in both the dileptonic and semileptonic channels. Since many more top events are produced

at the LHC than at the Tevatron, we are expecting a more precise measurement at the

LHC of the tt̄ spin correlation. Any deviation from the SM prediction will be a sign of

new physics. In the presence of light stops, we will observe a mixture of correlated and

uncorrelated top pairs. In the following, we discuss the use of the matrix element method

in stop searches. We concentrate on the dileptonic channel in the following discussion.

3One other e↵ect that could play a role in angular distributions turns out to be unimportant for us: the

stop can be mostly right-handed or mostly left-handed (as some theoretical models predict; see e.g. [24]),

and so the tops coming from the stop decays can be polarized. While it can be an appreciable e↵ect if the

mass splitting between top and stop is large [70, 71], it is a small e↵ect in the stealthy regime, as we have

checked explicitly. Hence, we will not discuss it further.

– 10 –

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5
0.00

0.05

0.10

0.15

0.20

0.25

Dy

Fr
ac
tio
n
of
Ev
en
ts

Rapidity Gap

Stops H220 GeVL
Stops H180 GeVL
Tops HMCûNLOL
Tops, m = 0.5 mDefault
Tops, m = 2.0 mDefault

Figure 9: �y distribution between top and antitop for tt̄ production (orange) and for a 180 GeV
scalar top (blue), both normalized to 1. Stops are more likely to be produced at small rapidity
di↵erence because the t- and u-channel poles in fermionic quark production from gg are absent in
scalar quark production. Three curves are shown for tops, corresponding to di↵erent choices of
renormalization and factorization scales in MC@NLO.

We have generated large samples of tt̄ events using MC@NLO [72, 73] to assess the

systematic uncertainties. We have varied both the factorization and renormalization scales,

and the top quark mass, to analyze the e↵ects on the shape of the �y distribution. The

fractional change in shape, bin-by-bin, is plotted in Figure 10. Here we have computed the

binned �y shape for di↵erent scale choices, normalized the shapes to unit area, and given

the size of the shift in each bin relative to MC@NLO with default choices. We do not show

variations of the top mass in the plot because we found the shape to be insensitive to it. We

also show in Figure 10 the change in the default shape from tops when 12% of the sample is

composed of 180 GeV stops instead of tops. Although the shape change can be significant,

we see that much of the e↵ect can be mimicked by increasing the renormalization scale.

This compares only the shape, not the normalization. Doubling the renormalization scale

also lowers the cross section by about 13%, whereas the presence of 180 GeV stops increases

it by about 12%. However, the lowered cross section can be compensated to some extent if

the top mass is lower, and the total top rate has at least a 10% theoretical uncertainty, as

we reviewed in Section 2. The bottom line is that the rapidity distribution carries definite

physical information, but to use it we must be cautious about systematic uncertainties in

our understanding of top quark production. Continuing progress in understanding of tops

at NNLO [79] could play a role in reducing these uncertainties.

Parton distribution functions could also be a source of uncertainty. We have not

systematically explored this, but as one illustrative example, switching MC@NLO’s choice

of PDF set from the default CTEQ 6M to an Alekhin NLO FFN set produced a curve

similar to the µ = 0.5 µ
Default

curve in Figure 10. Understanding PDF uncertainties would

clearly be one component of getting Standard Model tt̄ predictions under enough control

to make statements about the presence of new physics with any confidence.
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Figure 15: The log likelihood ratio L by combining two variables: R and �yt¯t. Each point on the
curve corresponds to a pseudoexperiment with 32.8k events.

individual variable: the two distributions are separated by ⇠ 3� in Fig. 15, while the two

variables alone each give us ⇠ 2� significance.

B. Boosted Stops

As discussed in Sec. 2, while measurements of the top production rate are in principle sen-

sitive to stop production, di�culties arise because of challenging systematic uncertainties.

Indeed, even at NNLL theoretical uncertainties in the top cross section are comparable to

the size of the contributions we expect from stops.
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Figure 16: Parton-level pT distributions of tops and stops (left) and of the corresponding visible
decay products (right). These distributions are normalized so that the top and stop share the same
inclusive rate. Note that here we have taken m

˜t = 200 GeV.

However, the physics which suppresses the stop production rate relative to that of

– 22 –
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B. Boosted Stops

As discussed in Sec. 2, while measurements of the top production rate are in principle sen-

sitive to stop production, di�culties arise because of challenging systematic uncertainties.

Indeed, even at NNLL theoretical uncertainties in the top cross section are comparable to

the size of the contributions we expect from stops.
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However, the physics which suppresses the stop production rate relative to that of
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See also:                           
Alves, Buckley, Fox, Lykken, Yu, 1205.5805
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• Naturalness requires left 
handed sbottom

•                   has more missing 
energy than corresponding 
stop

• 2012 data can probe up to 
~ 800 GeV sbottom

• Natural SUSY sbottoms out          

Lee, Sanz, Trott, 1204.0802

b̃ ! b�0

15

IV. NATURAL MSSM HIGGS AND THE STOP/SBOTTOM MASS LIMITS.

In this section, we explore in more detail the interplay of the three sources of constraints on stops

discussed in Sec. II: SUC(2) violation, naturalness and a MSSM Higgs. SUC(2) violation bounds from �⇢

already relates the stop and sbottom sectors, but accommodating a natural MSSM Higgs at mh ⇠ 125 GeV

in the theory adds an even stronger correlation between the two sectors. We illustrate this point in Fig. (8),

where we plot the bound on the lightest stop derived from a bound on the lightest sbottom. The blue line

corresponds to imposing SUC(2) constraints, whereas the red line corresponds to adding the constraints

of accommodating a natural Higgs in the MSSM. We chose the maximal stop mixing case, and a value of

finetuning of 1%. The end-point of the red line corresponds to the situation where no solutions with less

than 1% fine-tuning are obtained.
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FIG. 8: Left:The sbottom bound versus the stop bound using restrictions from custodial violations (blue line) and a

natural MSSM Higgs, with a finetuning at the level of 1%. Maximal mixing case. Right:The sbottom bound versus

stop bound imposing constaints from violations of custodial symmetry for different stop mixing angles.

One may wonder how those constraints vary with the stop mixing angle, as we know the custodial

constraints are weakened when the lightest stop is purely right-handed. In Fig. (8), we show the effect of

this variation, when constraints from violations of custodial symmetry are applied. If the lightest stop is

purely right-handed, there is no correlation between a bound on sbottoms and the lightest stop. This bound

would only be correlated with the heaviest stop. But if the lightest stop has any admixture of left-handed

stop, improvements on the sbottom bounds lead to a push of the lightest stop mass. If we also imposed

a constraint on naturalness, or the MSSM Higgs, even the case of the light right-handed stop becomes

correlated with sbottom searches as we have discussed, as a nearly degenerate spectra is selected for. Note

that mixing angles are not renormalization group invariant. Invoking particular mixing angles to disassociate
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before the mCT selection compared to the SM predictions
(solid line) and SM+MSSM predictions (dashed lines). The
dashed grey band represents the total systematic uncertain-
ties.
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FIG. 2: Expected and observed exclusion limits, as well as
±1σ variation on the expected limit, in the b̃1 − χ̃0
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plane. The band around the observed limit delimited by the
two dashed lines shows the effect of renormalization and fac-
torization scale variation. The reference point indicated on
the plane corresponds to the MSSM scenario with sbottom
and neutralino masses of 300 GeV and 100 GeV, respectively.
Results are compared to previous exclusion limits from Teva-
tron experiments. Results from LEP cover the region with
sbottom mass below 100 GeV.

result. Figure 2 shows the observed and expected exclu-
sion limits at 95% C.L. in the b̃1 − χ̃0

1 mass plane, as-
suming BR(b̃1 → bχ̃0

1)=100%. Systematic uncertainties
are treated as nuisance parameters and their correlations
are taken into account. For the MSSM scenarios consid-
ered, the upper limit at 95% C.L. on the sbottom masses
obtained in the most conservative hypothesis, σmin, is
390 GeV for mχ̃0

1

= 0. The limit becomes 405 GeV for

σnom and 420 GeV for σmax. Neutralino masses of 120
GeV are excluded for 275 < mb̃

1

< 350 GeV. The three
signal regions are used to set limits on the effective cross
section of new physics models, σeff , including the effects

of experimental acceptance and efficiency. The observed
(expected) excluded values of σeff at 95% C.L. are 13.4 fb,
9.6 fb and 5.6 fb (15.2 fb, 9.2 fb and 4.7 fb), respectively
for mCT>100, 150, 200 GeV.

In summary, we report results of a search for sbottom
pair production in pp collisions at

√
s = 7 TeV, based

on 2.05 fb−1 of ATLAS data. The events are selected
with large Emiss

T and two jets consistent with originating
from b-quarks in the final state. The results are in agree-
ment with SM predictions for backgrounds and translate
into 95% C.L. upper limits on sbottom and neutralino
masses in a given MSSM scenario for which the exclusive
decay b̃1 → bχ̃0

1 is assumed. For neutralino masses below
60 GeV, sbottom masses up to 390 GeV are excluded,
significantly extending previous results.
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• Stops are lightest indication of naturalness

• All hadronic final states are good way to search for missing energy

• Top tagging combined with other simple cuts can bring out stop 
signal with data already taken

• Many other stop scenarios, a lot of work has been done

• Searches for stops and gluinos are well underway

• Modern techniques helped disfavor natural vanilla stops
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